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Introduction


Nanoscale one-dimensional materials have stimulated great
interest due to their importance in basic scientific research
and potential technology applications.[1, 2] Many unique and
fascinating properties have been proposed and demonstrated
for this class of materials, such as metal-insulator transition,[3]


superior mechanic toughness,[4] higher luminescence efficien-
cy,[5, 6] enhancement of thermoelectric figure of merit,[7] and
lowered lasing threshold.[8±10] One-dimensional materials can
also be used as building blocks to assemble new generations of
nanoscale electronic circuits and photonics.[11±15]


An important issue in the study and application of one-
dimensional materials is how to assemble individual atoms


into one-dimensional nanostructures in an effective and
controllable way. A number of nanolithographic techniques,
such as electron-beam lithography[16] and proximal probe
patterning,[17, 18] have been developed. These processes, how-
ever, generally are slow and the cost is high. Chemical
synthesis represents another important approach to one-
dimensional structures.[19±26] It is much more promising in
terms of cost and potential for high volume production. A
significant challenge of the chemical synthesis is how to
rationally control the nanostructures so that their interfaces
and ultimately their two-dimensional and three-dimensional
superstructures can be tailor-made towards desired function-
ality. Below, we present the investigation results from our
laboratory directed toward controlled growth of inorganic
nanowires. The organization is as follows. In Section 1, we
describe the vapor ± liquid ± solid (VLS) mechanism for nano-
wire growth used in this study. In Section 2, we introduce a
novel vapor ± liquid ± solid epitaxy (VLSE) process for the
controlled nanowire growth. In Sections 3 and 4, we describe
the thermal stability and optical properties of these nano-
wires. In Section 5, a novel microfluidic-assisted nanowire
integration (MANI) process will be presented for the purpose
of hierarchical assembly of nanowire building blocks into
functional devices and systems. Finally, future directions will
be discussed.


1. Vapor±Liquid ± Solid Nanowire Growth
Mechanism


A single-crystalline inorganic nanowire is an interesting
example of an anisotropic crystal. The diameter of nanowire
is in the range of 1 ± 200 nm and the length is several microns
or longer. In general, nanowires are not thermodynamically
stable relative to their bulk materials. Consequently, a critical
issue in nanowire growth is how to kinetically promote
anisotropic crystal growth. A well-accepted mechanism of
nanowire growth through a gas-phase reaction is the so-called
vapor ± liquid ± solid (VLS) process proposed by Wagner in
1960s during his studies of large single-crystalline whisker
growth.[27, 28] According to this mechanism, the anisotropic
crystal growth is promoted by the presence of liquid alloy/
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solid interface. This process is illustrated in Figure 1 for the
growth of Si nanowire by using Au clusters as the solvent at
high temperature. Based on Si�Au binary phase diagram, Si
(from the decomposition of SiH4, for example) and Au will
form a liquid alloy when the temperature is higher than the
eutectic point (363 �C, Figure 1 I). The liquid surface has a
large accommodation coefficient and is therefore a preferred
deposition site for incoming Si vapor. After the liquid alloy
becomes supersaturated with Si, Si nanowire growth occurs by
precipitation at the solid ± liquid interface (Figure 1 II, III).


Figure 1. Schematic illustration of vapor ± liquid ± solid nanowire growth
mechanism including three stages: I) alloying, II) nucleation, and III) axial
growth.


Recently, real-time observation of Ge nanowire growth was
conducted in a high-temperature in situ transmission electron
microscope (TEM).[29] The experiment result clearly shows
three growth stages: formation of Au�Ge alloy (Figure 2b, c),
nucleation of Ge nanocrystal (Figure 2d) and elongation of
Ge nanowire (Figure 2e, f). This experiment unambiguously
demonstrates the validity of the VLSmechanism for nanowire
growth. The establishment of VLS mechanism at the nano-
meter scale is very important for the rational control of
inorganic nanowires, since it provides the necessary under-
pinning for the prediction of metal solvents and preparation
conditions.


Figure 2. In situ TEM images recorded during the process of nanowire
growth. a) Au nanoclusters in solid state at 500 �C. b) Alloying is initiated at
800 �C, at this stage Au exists mostly in solid state. c) Liquid Au/Ge alloy.
d) The nucleation of a Ge nanocrystal on the alloy surface. e) Ge
nanocrystal elongates with further Ge condensation, and f) eventually
forms a wire.


Based on our mechanism study of the nanowire growth, it is
conceivable that one can achieve controlled growth of nano-
wires at different levels. First of all, one can, in principle,
synthesize nanowires of different compositions by choosing
suitable solvents and growth temperatures. A good solvent
should be able to form a liquid alloy with the desired nanowire
material, ideally they should be able to form a eutectic alloy.
Meantime, the growth temperature should be set between the
eutectic point and the melting point of the nanowire material.


Both physical methods (laser ablation, arc discharge, thermal
evaporation) and chemical methods (chemical vapor trans-
port and chemical vapor deposition) can be used to generate
the vapor species required during the nanowire growth. As an
example, Figure 3 shows Ge nanowires synthesized by a
chemical vapor transport process.[19] Figure 3a shows the


Figure 3. a) Au�Ge binary phase diagram. b) Schematic illustration of the
vapor transport tube for the Ge nanowire growth. c) SEM image of the as-
made Ge nanowires.


binary phase diagram of the Au�Ge system. As shown in the
diagram, Au is a good solvent for the Ge nanowire growth
because of the existence of the Au�Ge eutectic. Figure 3b
illustrates the chemical vapor transport scheme in a sealed
quartz tube. A mixture of Ge/I2 powder and a Si wafer coated
with a thin film of Au are placed at the high- (1000 �C) and
low-temperature (800 �C) end, respectively. Ge reacts with I2
to formGeI2 vapor at the hot end, which is then transported to
the cold end. GeI2 then decomposes into Ge and I2 vapor and
forms Ge nanowires as shown in Figure 3c. Nanowires of
many different materials have been synthesized by using both
chemical and physical methods, including elemental semi-
conductors (Si and Ge), III ±V semiconductors (GaAs, GaP,
InP, InAs), II ±VI semiconductors (ZnS, ZnSe, CdS, CdSe),
and oxides (ZnO, MgO, SiO2).[19±26]
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The diameter of nanowire is an important parameter. Many
physical and thermodynamic properties are diameter depen-
dent. According to the VLS mechanism, the diameter of
nanowire is determined by the size of the alloy droplet, which
is in turn determined by the original cluster size. By using
monodispersed metal nanoclusters, nanowires with a narrow
diameter distribution can be synthesized. We have utilized
this strategy to grow uniform Si nanowires in a chemical vapor
deposition system.[29] Uniform nanowires with 20.6� 3.2,
24.6� 4.0, 29.3� 4.5, and 60.7� 6.2 nm diameters were grown
by using Au clusters with sizes of 15.3� 2.4, 20.1� 3.1, 25.6�
4.1, and 52.4� 5.3 nm, respectively. Figure 4a shows a field
emission scanning electron microscope (FESEM) image of
uniform, long and flexible nanowires grown by using 15 nm
Au clusters as solvent. Figure 4b shows a TEM picture with
both Au clusters and the Si nanowires on the same TEM grid.
The correlation between the size of Au clusters and the
diameter of Si nanowires can been clearly observed. Similar
results have also been observed in GaP nanowires prepared
by laser ablation method.[30]


Figure 4. a) FESEM image of Si nanowires grown on Au clusters
embedded in mesoporous silica thin film. b) TEM image of the nanowires
and the Au clusters dispersed on the same copper grids.


2. Vapor±Liquid ± Solid Epitaxial Growth of
Semiconductor Nanowire Array


Orientation control : Controlling the growth orientation is
important for many of the proposed application of nanowires.
By applying the conventional epitaxial crystal growth tech-


nique into this VLS process, it is possible to achieve precise
orientation control during the nanowire growth. This tech-
nique, vapor-liquid-solid epitaxy (VLSE), is particularly
powerful in controlled synthesis of nanowire arrays.


Nanowires generally have preferred growth directions. For
example, Si nanowires prefer to grow along the �111�
direction, whereas ZnO nanowires prefer to grow along
�001� direction. One strategy to grow vertically aligned
nanowires is to properly select the substrate and to control
the reaction conditions, so that the nanowires grow epitaxially
on the substrate. Take Si as an example, if a (111) Si wafer is
used as substrate, Si nanowires will grow epitaxially and
vertically on the substrate and form a nanowire array
(Figure 5a). Figure 5b shows the obtained Si nanowire array
grown at 1050 �C with SiCl4 and H2 as reactants on a (111) Si
wafer. They are typically 80 nm in diameter and 10 microns in
length. The effect of epitaxial nanowire growth is evident. If a
(001) Si wafer is used as substrate instead, three sets of
oriented Si nanowire arrays can be epitaxially grown out of
the wafer surface along the three equivalent �111� directions


Figure 5. a) Schematic illustration of the VLSE process. b) Vertical Si
nanowire array grown on a (111) Si wafer. c) Three sets of Si nanowire
arrays interpenetrate on the surface of a (100) Si substrate, the three
preferred orientations were indicated by arrows.
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(Figure 5c). Another VLSE example is the ZnO nanowires
grown epitaxially on an a-plane (110) sapphire substrate.[15]


ZnO nanowires have wurzite structure with lattice constant
a� 3.24 ä and c� 5.19 ä and prefer to grow along the �001�
direction. A ZnO nanowire can grow epitaxially on the (110)
plane of sapphire, because the ZnO a axis and sapphire c axis
are related by a factor of four (mismatch less than 0.08% at
room temperature, Figure 6a). Figure 6b shows vertical ZnO
nanowire arrays grown the a-plane sapphire substrate. Their
diameters range from 70 ± 120 nm and lengths can be adjusted
between 2 ± 10 microns. Previously, InAs nanowhiskers were
oriented on Si substrate by using a fairly complicated metal-
organic vapor-phase epitaxy technique.[31]


Figure 6. The epitaxial growth of ZnO nanowires on the a plane of a (110)
sapphire substrate can be readily seen by examination of the crystal
structures of ZnO and sapphire (a� 0.4754 nm, c� 1.299 nm). a) Schematic
illustration of ZnO ab plane overlapping with the underlying (110) plane of
sapphire substrate. The arrow is drawn along the a axis of ZnO structure
and the c axis of the sapphire crystal structure. b) Arrays of ZnO nanowires
grown on the a plane sapphire substrate.


Positional control : It is apparent from the VLS nanowire
growth mechanism that the positions of nanowires can be
controlled by the initial positions of Au clusters or thin films.
Various lithographical techniques including, for example, soft
lithography, e-beam, and photolithography, can be used to
create patterns of the Au thin film for the subsequent
semiconductor nanowire growth. Figure 7 shows the SEM
images of ZnO nanowires grown from the line and square Au
patterns on the a-plane sapphire substrate. It is clear that
nanowires grow vertically only from the region that is coated
with Au and form the designed patterns of ZnO nanowire
arrays.[15]


During the nanowire array growth, generally a thin film of
gold was deposited as the solvent/initiator for the nanowire
growth. Upon heat-up, these gold thin films will self-aggregate
into a high density of Au clusters. The diameters and the


Figure 7. Site-selective growth of ZnO nanowire arrays on a-plane
substrates. The pattern of nanowire array is defined by the initial Au
thin-film pattern fabricated by photolithography.


density of these clusters are determined by the thickness of
the thin film and the growth temperature. Thus it is possible to
control the nanowire areal density by modifying the thin film
thickness. Another approach to control the areal density of
the nanowire array is to use the solution-made Au clusters. By
dispersing a different amount/density of Au clusters on the
sapphire substrate, it is possible to obtain nanowire arrays
with different densities. We can now readily synthesize, for
example, ZnO nanowire arrays with areal density spanning
from 106 ± 1010 cm�2.


Nanowire network growth : As a comparison, when the
epitaxial nanowire growth conditions are not satisfied, most
of the nanowires will grow parallel to the surface, that is,
nanowires ™crawl∫ along the substrate. This surface-parallel
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growth is actually important for their potential applications in
nanoscale electronics, which requires precise placement of
individual wires on substrate with desired configuration. It×s
critical to have the capability to define the start and end points
during the nanowire growth in order to form a surface
nanowire network. While the starting point of nanowires can
be defined by the positions of metal particles as outlined in the
previous section, it×s necessary to create certain anisotropic
chemical environment so that nanowires can be guided to
grow along a preset direction on the substrate surface. A
feasible method is to create a local vapor pressure gradient
near the nanowire. A nanowire grows faster along the
direction with higher vapor pressure. This local vapor pressure
gradient can be created by the formation of liquid alloy
droplet between the metal solvent (at high temperature) and
the nanowire material. Figure 8a shows an SEM image of Si
nanowire network growth from patterned Au dots. The Au
dots are fabricated by electron beam lithography. Each dot is
300 nm in diameter and 10 nm in thickness. The substrate is an
Si (111) wafer. After Si nanowire growth, triangle-shaped


Figure 8. a) Si nanowire network grown on patterned Au dot array.
b) ZnO nanowire network grown on Au thin-film hexagonal array. The Au
thin-film pattern was generated by shadow mask deposition through a
TEM grid.


holes appear at the positions of Au dots as a result of chemical
etching. Meantime, Si nanowires grow from one site to the
adjacent sites. The liquid alloy phase increases the vapor
pressure of Si. As a result, there is a local vapor pressure
gradient around each Au dot; this guides the Si nanowire
growth from one dot to the adjacent ones. This surface
patterning strategy can be readily applied to the ZnO system.
Figure 8b reveals extensive growth of fine, long, and flexible
ZnO nanowires from the edges of patterned Au hexagons.
The wire growth conforms to the hexagonal Au pattern in high
fidelity. Most of the wires actually bridge the neighboring
metal Au hexagons and form an intricate network.[20]


3. Thermal Stability of the Semiconductor
Nanowires


Compared with bulk materials, low-dimensional nanoscale
materials, with their large surface area and possible quantum
confinement effect, exhibit distinct electric, optical, chemical,
and thermal properties. Thermal stability of the semiconduc-
tor nanowires is of critical importance for their potential
implementation as building blocks for the nanoscale elec-
tronics. A size-dependent melting/recrystallization process of
carbon-sheathed semiconductor Ge nanowires has been
studied in our laboratory by using an in-situ high-temperature
transmission electron microscope.[32±33]


Ge nanowires with diameters in the range 10 ± 100 nm were
made by the VLS mechanism. These nanowires were further
coated with a 1 ± 5 nm thick carbon sheath to confine the
molten Ge and prevent the formation of liquid droplets at
high temperature. Two distinct features are observed during
the melting and recrystallization process. One is the signifi-
cant melting point depression, which is inversely proportional
to the radius of nanowire. Another is the large hysteresis
during the melting/recrystallization cycle. Figure 9 shows the


Figure 9. In-situ TEM images of the melting and recrystallization process
for a 55 nm Ge nanowire. a) 766 �C, b) 780 �C, c) 842 �C, d) 847 �C,
e) 848 �C, f) 558 �C. The solid ± liquid interfaces are indicated by arrows.


TEM image sequence during the melting and recrystallization
process of a Ge nanowire with a diameter of 55 nm and a
length of 1 micron. The melting starts from two ends at
around 650 �C (the melting point of bulk Ge is 930 �C) and
moves towards the center of the wire as shown in Figure 9a ± e.
At 848 �C, the whole wire melts. During cooling process, the
recrystallization happens at much lower temperature than the
initial melting temperature. For this particular nanowire, it
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happens at 558 �C as shown in Figure 9f. Significantly, utilizing
the low melting points of the nanowires encapsulated in
nanotubes, we have been able to manipulate individual
nanowires including, for example, in-situ cutting, intercon-
nection, and welding.[32±33]


The marked reduction in melting temperature for these
nanowires in nanotubes has several important implications.
First, the optimum annealing temperature for the preparation
of high-quality, defect-free nanowires can be expected to be a
small fraction of the bulk annealing temperature. It is possible
to conduct nanowire zone-refining at a modest temperature
with the current simple configuration. Second, the capability
of cutting, linking, and welding nanowires at relatively modest
temperatures may provide a new approach for integrating
these one-dimensional nanostructures into functional devices
and circuitry. Finally, as the dimension of the wires is reduced
to nanometer length scale, the chemical and thermal stability
of the new devices may be limited, which should be
considered during the implementation of nanoscale electron-
ics.


4. Semiconductor Nanowire Nanolaser


ZnO is a wide band-gap (3.37 eV) compound semiconductor
that is suitable for blue optoelectronic applications, with
ultraviolet lasing action being reported in disordered particles
and thin films. In addition, ZnO has exciton binding energy as
high as 60 meV, significantly larger than that of ZnSe
(22 meV) and GaN (25 meV); this indicates that the excitons
in ZnO are thermally stable at room temperature. Nanowires
of ZnO are thus good candidates as room temperature
ultraviolet lasing media.[15]


The ZnO nanowire arrays were optically pumped by the
fourth harmonic of Nd:YAG laser at room temperature to
measure the power-dependent emission. Figure 10a shows the
evolution of the emission spectra as we increased the pump
power. At low excitation intensity, the spectrum consists of a


Figure 10. Emission spectra from vertical ZnO nanowire arrays on an a-
place sapphire substrate below (bottom trace) and above the lasing
threshold (upper trace). The pump powers for these spectra are 20,
150 kWcm�2, respectively. The spectra are offset for easy comparison. The
inset shows the schematic illustration of a nanowire as a resonance cavity
with two naturally faceted hexagonal end-faces acting as reflecting mirrors.


single broad spontaneous emission peak with a full width at
half maximum (FWHM) of approximately 17 nm. This
spontaneous emission is generally ascribed to the recombi-
nation of excitons through an exciton ± exciton collision
process in which one of the excitons radiatively recombines
to generate a photon. When the excitation intensity exceeds a
threshold (�40 kWcm�2), sharp peaks emerge in the emission
spectra. The FWHM line widths of these peaks are less than
0.3 nm, which is more than 50 times smaller than that of the
spontaneous emission peak below the threshold. Above the
threshold, the integrated emission intensity increases rapidly
with the pump power. The narrow line width and the rapid
increase of emission intensity indicate that stimulated emis-
sion takes place in these nanowires. The fact that we observed
lasing action in these nanowire arrays without any fabricated
mirror prompts us to consider these single-crystalline, well-
facetted nanowires as natural resonance cavities (Figure 10,
inset). For our nanowires, one end is the epitaxial interface
between the sapphire and ZnO, while the other end is the
sharp flat (001) plane of the ZnO nanocrystals. Both can serve
as good laser cavity mirrors considering the refractive indexes
for sapphire, ZnO, and air are 1.8, 2.45, and 1, respectively.
This natural cavity/waveguide formation in nanowires sug-
gests a simple chemical approach to form a nanowire laser
cavity without cleavage and etching. This has been further
confirmed with the optical characterization of a single ZnO
nanowire by near field scanning optical microscopy (NSOM).[34]


It should be emphasized that the concept of using well-
cleaved nanowires as natural optical cavities should be
applicable to many other different semiconductor systems
such as GaN and CdSe. Our results obtained in ZnO nanowire
system suggest the feasibility of nanoscale surface-emitting
lasers operating at ultraviolet or other wavelengths when the
material of the nanowire cavity is altered. In addition, by
creating pn junctions in these individual nanowires, one
should be able to test the feasibility of making electron
ejection UV/blue lasers out of individual nanowires. Such
miniaturized nanowire nanolasers will find applications in
nanophotonics and microanalysis.


5. Integration of Nanowires into Functional
Networks


The integration of nanowire building blocks into a complex
functional structure in a predictable and controlled way
represents a major scientific challenge in the nanowire
research community. Basically, there are two possible routes.
One is to form nanowire superstructures through direct one-
step growth process, as illustrated above in the sections of the
controlled growth of Si and ZnO nanowire networks and
arrays. The other possibility is to develop suitable hierarchical
assembly techniques to put nanowire building blocks together
into a functional structure. Atomic force microscopes have
been used to push or deposit nanotubes into desired config-
uration.[17, 35] The shortcoming of this method is that it is slow
and time-consuming. We have developed a simple and
parallel method in our laboratory dubbed the microfluidic-
assisted nanowire integration (MANI) process (Figure 11).[36]
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Figure 11. Schematic illustration of the MANI process for nanowire
surface patterning.


The microchannels are formed between a poly(dimethylsilox-
ane) (PDMS) micro mold and a flat Si/glass substrate. The
microchannels have a variable height of 1 ± 4 microns, width
of 1 ± 10 microns and length of 5-10 mm. This technique has
been successfully applied for the alignment of Mo3Se3�


molecular wires, conducting polymer nanowires, and carbon
nanotubes. Take the Mo3Se3� molecular wires as an example:
a droplet of the wire solution/suspension was placed at the
open end of the microchannels and the liquid fills the channels
under capillary effect. After the evaporation of the solvent
and the removal of the PDMS mold, bundles of molecular
wires (10 ± 100 nm in diameter) were aligned along the edges
of the microchannels and formed parallel array as shown in
Figure 12a. After patterning the first layer of nanowires, the
process can be repeated to deposit multilayers of nanowires
and form complex structures. By rotating the microchannel
90� during the second application, we are able to fabricate


Figure 12. a) SEM image of the aligned Mo3Se3� molecular wire bundles
on an Si wafer. The inset shows the cross-junction formed through multiple
layer alignment process. A solution of Mo3Se3� molecular wire in methanol
was used. b) SEM image of the aligned nanowires of the conducting
polymer polyaniline on an Si wafer. Polyaniline aqueous solution was used
in the experiment.


arrays of nanowire cross-junctions in a well-controlled and
reproducible fashion as shown in Figure 12a, inset. This
method provides a general and rational approach for the
hierarchical assembly of one-dimensional nanomaterials into
well-defined functional networks. Figures 12b and 13 show
SEM and atomic force microscope (AFM) images of aligned
conducting polymer nanowires and nanotubes on a substrate.
The methodology has also recently been extended to the
assembly of other inorganic nanowires.[37]


Figure 13. Atomic force microscopy image of aligned carbon nanotube
(CNT) bundles on an Si wafer. Sectional height analysis indicates these
aligned CNT bundles have diameters in the range 10 ± 60 nm. The CNTs
were sonicated in dimethylformamide to form a suspension in the
experiment.


Conclusion and Outlook


In this article, we have given a brief survey of work directed
toward the rational growth and assembly of semiconductor
nanowires. The VLS mechanism has proven to be a valuable
guide in choosing metal solvent and reaction conditions.
Based on this mechanism, single-crystalline nanowires of a
wide range of elemental and compound materials have been
prepared. Our capability of growth control represents a
significant step toward the applications of nanowires as
building blocks in nanoscale electronics and photonics.


The investigation of these one-dimensional nanostructures
will continue to be exciting and highly rewarding. Many
interesting properties can be investigated, such as electron
transport, optical, photoconductivity, thermoelectricity, as
well as their chemical properties. With the easy access to
many different compositions and possible electronic struc-
tures, these non-carbon based inorganic semiconductor nano-
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wires surely represent a broad class of nanoscale building
blocks for fundamental studies and many technological
applications.
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Three-Coordinate [CuIIX3]� (X�Cl, Br), Trapped in a Molecular Crystal


Catrin Hasselgren,*[a] Susan Jagner,*[a] and Ian Dance*[b]


Abstract: Mixtures of [Ph3PNPPh3]�Cl�


with CuBr2 (or CuBr2�CuCl2) in etha-
nol/dichloromethane yield crystals con-
taining three-coordinate copper(��) with
mixed chloride and bromide ligands,
namely [Ph3PNPPh3]�[CuCl0.9Br2.1]� (1)
and [Ph3PNPPh3]�[CuCl2.4Br0.6]� (2).
The trigonal-planar coordination of cop-
per(��) is angularly distorted but unam-
biguous, as there is no other halide
ligand within 6.7 ä of the copper atom.
Density functional theory (DFT) calcu-
lations on planar [CuClBr2]� show that
the energy surface for angle bending is
very soft. Crystallisation in the presence
of CH3CN yields [Ph3PNPPh3]�[CuCl0.7-


Br2.3(NCCH3)]� (3), in which there is
additional secondary coordination by
NCCH3 (Cu�N 2.44 ä). DFT calcula-
tions of the potential energy surface for
this secondary coordination show that it
is remarkably flat (�3 kcalmol�1 for a
variation of Cu�N by 0.8 ä). The crystal
packing in 1, 2 and 3, which involves
multiple phenyl embraces between
[Ph3PNPPh3]� ions and numerous
C�H ¥¥¥ Cl and C�H ¥¥¥ Br motifs, is as-


sociated with intermolecular energies that
are larger than the variations in intra-
molecular energies. For reference, the
crystal structures of [Ph3PNPPh3


�]2-
[Cu2Cl6]2� (4) and [Ph3PNPPh3


�]2-
[Cu2Br6]2� (5) are described. We con-
clude 1) that three-coordinate copper(��)
with monatomic halide ligands, although
uncommon, can be regarded as normal,
2) that steric control by ligands is not
necessary to enforce three-coordination,
3) that a hydrophobic aryl environment
stabilises [Cu(Cl/Br)3]� , and 4) that the
energy change in the transition from
three- to four-coordinate copper(��) is
very small (ca 5 kcalmol�1).


Keywords: copper ¥ coordination
modes ¥ crystal packing ¥ density
functional calculations ¥ halides


Introduction


Copper(��) complexes are generally four-, five- or six-coor-
dinate and display various coordination geometries, often
distorted. Three-coordinate CuII is rare and is best known and
studied in the copper protein sites of type 1, in which the
coordination number varies between 3 and 4 in association
with electron transfer between CuII and CuI.[1, 2] For CuI,
three-coordination is relatively common, as are four- and two-
coordination. It is notable that a 1999 review[3] of three-
coordinate transition metal complexes reported that CuI has
more instances of three-coordination in the Cambridge
structural database (CSD) than any other transition metal,


but that the CSD then contained no instance of three-
coordinate CuII. Recently, the first small molecules containing
trigonally coordinated CuII were prepared and characterised,
as CuLY: they involve the bi-
dentate ligand L, with Cl or
SCPh3 as the third ligand Y
(Scheme 1).[4, 5] Some steric
protection is provided by L,
and this exemplifies the estab-
lished strategy for imposition of
unusually low coordination
numbers, namely, enclosure of
the metal by bulky substituents on the ligand. Thus, the two
known methods for limiting CuII to three-coordination
involve protective restriction by surrounding protein or by
ligand bulk.


Here we report another effect that evidently restricts CuII


to planar three-coordination with the smallest possible
ligands, halide ions, as the species [CuClxBr3�x]� . This effect
is enclosure of the anion in a hydrophobic domain of a lattice
stabilised by interactions between polyatomic cations. The Cl�


and Br� ligands provide no steric restriction to three-
coordination, and the analogous three-coordinate halocupra-
te(�) complexes are well known.[6] Two crystalline compounds
were characterised, both with the [Ph3PNPPh3


�] ion,[7] name-
ly, (Ph3PNPPh3


�)[CuCl0.9Br2.1]� (1), and [Ph3PNPPh3
�][Cu-
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Scheme 1. CuLY complexes.
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Cl2.4Br0.6]� (2). The three coordination is unambiguous, as
there is no other donor atom within 6.7 ä of the Cu centre.
This is a molecular crystal, maintained by supramolecular
interactions which are analogous energetically (but not
chemically) to the stabilising interactions at the protein sites.
The key question here is whether the supramolecular
interactions in these molecular crystal lattices enforce the
novel three-coordination of copper(��), just as the stabilising
supramolecular interactions between [MePh3P�] ions enforce
the unique coordination chemistry of the anion [Cu2Br5]2�.[8]


In response to this question, we analyse the crystal supra-
molecularity of 1 and 2, and of other relevant compounds.


Another aspect of the coordination chemistry of copper(��)
in the type 1 blue copper proteins is weak coordination by a
methionine sulfur atom.[2] We also report here the crystal
structure of [Ph3PNPPh3


�] [CuCl0.7Br2.3(NCCH3)]� (3), in
which acetonitrile is a fourth weak ligand for three-coordinate
[CuCl0.7Br2.3]� .


When X is a ligand with bridging capability, [MIIX3]�


normally occurs as dimetallic [X2M(�-X)2MX2]2� to achieve
four-coordination (tetrahedral or planar) at M. Thus with Cl�


and Br� as the only ligands, the complexes [Cu2Cl6]2� and
[Cu2Br6]2� could be expected. In the context of the unusual
crystals 1 and 2 involving the cation [Ph3PNPPh3]� , the
question arises why the alternative complexes with four-
coordinate copper(��), crystallised as [Ph3PNPPh3


�]2-
[X2CuX2CuX2]2� (X�Cl or Br), did not form in the mixtures
from which 1 and 2 crystallised. We address this question by
reporting here also the different crystal structures of the
homo-halo four-coordinate complexes [Ph3PNPPh3


�]2-
[Cl2CuCl2CuCl2]2� (4), and [Ph3PNPPh3


�]2 [Br2CuBr2CuBr2]2�


(5), and analysing their crystal supramolecularity. We also
report the results of density functional calculations of the
relevant intramolecular and intermolecular energies.


Experimental Section


[Ph3PNPPh3]�[CuCl0.9Br2.1]� (1): [Ph3PNPPh3]�Cl� (0.0475 g, 0.083 mmol)
was dissolved in ethanol (25 mL), CuBr2 (0.0185 g, 0.083 mmol) was added
and the solution turned yellow-brown. Green-black crystals suitable for
X-ray diffraction were grown by addition of CH2Cl2 to the solution (1:1) in
a micro test tube (4 mL), followed by evaporation. Thin green-black plates
of 1 formed after a few days.


[Ph3PNPPh3]�[CuCl2.4Br0.6]� (2): [Ph3PNPPh3]�Cl� (0.0471 g, 0.082 mmol)
was dissolved in ethanol (25 mL), and CuCl2 (0.0057 g, 0.042 mmol) and
CuBr2 (0.0095 g, 0.042 mmol) were added. The solution turned dark yellow,
and 2 mL of this solution was placed in a micro test tube (4 mL), and
CH2Cl2 (2 mL) added. Brown-black crystals formed upon evaporation after
9 d.


The halide ratios in 1 and 2 were determined from the refinement of the
X-ray diffraction data, and the approximate ratios were substantiated by
EDAX measurements on the relevant single crystals.


[Ph3PNPPh3
�][CuCl0.7Br2.3(NCCH3)]� (3): [Ph3PNPPh3]�Cl� (0.0492 g,


0.086 mmol) was dissolved in acetonitrile (25 mL). Addition of CuBr2
(0.019 g, 0.086 mmol) with stirring resulted in a dark green-black solution.
Black, needle-shaped crystals formed upon evaporation. The halide ratio
was determined from the refinement of the X-ray diffraction data, and the
approximate ratio was confirmed by EDAX measurements on the crystal
used for data collection.


[Ph3PNPPh3
�]2[Cu2Cl6]2� (4): CuCl2 (0.0196 g, 0.146 mmol) was added to a


solution of [Ph3PNPPh3]�Cl� (0.0836 g, 0.146 mmol) in ethanol (20 mL).
The solution changed colour from light green to a darker yellow-green.
Dark green needles suitable for X-ray diffraction formed upon slow
evaporation.


[Ph3PNPPh3
�]2[Cu2Br6]2� (5): [Ph3PNPPh3]�Br� (0.0177 g, 0.0286 mmol)


was dissolved in ethanol (25 mL), and CuBr2 (0.006 g, 0.0286 mmol) was
added. The solution was stirred for a few minutes and then left to
evaporate. Black, prismatic crystals (m.p. 156 �C) formed.


Further crystallisation experiments : The formation and crystallisation of 1
and 2 under different conditions was investigated. Alternative solvents
added to the preparative mixture in ethanol were CCl4, n-hexane, THF,
cyclohexanol and diethyl ether, but in all cases the crystals formed were
unsuitable for single-crystal X-ray diffraction. The preparation described
above was also performed on a larger scale in ethanol, and with addition of


Table 1. Crystallographic data for 1 ± 5.


[PNP][CuX3] (1) [PNP][CuX3] (2) [PNP][CuX3(NCCH3)] (3) [PNP][Cu2Cl6] (4) [PNP][Cu2Br6] (5)


formula C36H30P2NCuBr2.1Cl0.9 C36H30P2NCuBr0.6Cl2.4 C38H33P2N2CuBr2.3Cl0.7 C36H30P2NCuCl3 C36H30P2NCuBr3
Mr [g�1mol�1] 802.7 735.3 850.14 708.4 841.8
crystal system triclinic triclinic monoclinic monoclinic orthorhombic
space group P1≈ P1≈ C2/c P21/c Fddd
a [ä] 10.000(2) 9.9690(6) 35.032(3) 9.2026(1) 15.3556(4)
b [ä] 11.258(4) 11.2737(11) 9.0719(4) 22.3956(2) 26.9512(8)
c [ä] 15.926(3) 15.9871(13) 23.124(2) 16.3270(1) 34.7035(15)
� [�] 73.28(2) 72.501(7) 90 90 90
� [�] 82.21(2) 81.814(7) 96.508(7) 103.198(1) 90
� [�] 87.16(3) 87.598(7) 90 90 90
V [ä3] 1701.2(7) 1696.1(2) 7301.6(9) 3276.1(1) 14362.1(8)
Z 2 2 8 4 16
�calcd [g�1 cm�3] 1.57 1.44 1.55 1.44 1.56
� [ä] 0.85 0.71073 0.71073 0.71073 0.71073
R1 0.0749 0.0738 0.0487 0.0505 0.0647
wR2 0.2076 0.2183 0.1007 0.1455 0.2185
GOF 0.691 1.027 0.992 0.976 1.011
no. of ind. reflections 6718 5963 6419 5751 3173
no. of ind. reflections (I� 2�(I)) 2444 2939 3416 3783 1468
no. of parameters 392[a] 391 415 388 196
F(000) 802 748 3406 1452 6672
� [mm�1] 3.32 1.67 3.25 1.04 4.06
Max./min. residual electron density [eä�3] 1.4/� 0.9 0.9/� 0.8 0.6/� 0.6 0.8/� 0.6 1.6/� 0.6


[a] Extinction coefficient refined.
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varying amounts of CH2Cl2, but did not yield suitable crystals. The mixture
was prepared in the solvents nitromethane, methanol, n-propanol, and n-
butanol, without the formation of suitable crystals. Reaction in acetonitrile
yielded 3. The ratio of [Ph3PNPPh3]�Cl� and CuBr2 was also varied, to 2:1
and 1:2, but it was not until CuCl2 was added as well that any good crystals
formed (2). Even with the successful method of crystallising 1 and 2, it is
difficult to obtain good crystals, and many batches instead contain
unsuitable crystals. It also appears that the amount of CH2Cl2 is important,
although most of the CH2Cl2 would probably have evaporated prior to
crystallisation.


Crystal structure determinations: The crystals of 1 ± 5 were cleaved prior to
diffraction measurements. The diffraction data for 1 were collected with
synchrotron X-ray vertical wiggler radiation at the MAX I711 beamline[9]


in Lund by using the SMART-NT software.[10] Data reduction used
SAINT� and absorption correction used SADABS included in the
SAINT� package.[11] Diffraction data for compounds 2 ± 5 were collected
on an Enraf-Nonius CAD-4 diffractometer with MoK� radiation. Psi scans
were used for absorption corrections for 2 ± 4, but no suitable reflections for
psi scan correction were found for 5. All structures were solved by direct
methods (SHELXS) and refined with SHELXL.[12] Refinement of the
disordered atoms was performed by refining one component of the site and
resetting the other while constraining the total site occupancy to 1.0.
Details of the structure determinations and refinements are compiled in
Table 1. ORTEP plots of the five anions showing the atom labelling and the
well-behaved thermal ellipsoids are shown in Figure 1. Atom occupancies
and intramolecular dimensions are given in Tables 2 and 3. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication numbers CCDC-170690 (1), CCDC-
170691 (2), CCDC-170692 (3), CCDC-
170693 (4), and CCDC-170694 (5).
Copies of the data can be obtained
free of charge on application to
CCDC, 12 Union Road, Cambridge
CB21EZ, UK (fax: (�44)1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).


ESR spectroscopy: An ESR spectrum
of crystalline 1 is shown in Figure 2.
The parameters for a frozen solution
of 1 in ethanol are gx� 2.065, gy�
2.085, gz� 2.426, Az� 114 Gauss. Fur-
ther investigations of the ESR and the
electronic spectra of 1 are in progress.


Methods of calculation : Unrestricted
density functional calculations were performed with numerical basis sets as
implemented in the program DMol.[13] Our procedure for evaluation and


validation of functionals (BLYP,
VWN) for the present purposes in-
volved calculation of the geometry
and vibrational frequencies of
CuCl2,[14] and the geometries of
[Cu2Cl6]2� and [Cu2Br6]2�. Details are
given in the Supporting Information.
The conclusion is that, with numerical
basis sets, the BLYP functional under-
estimates the strength of CuII�halide
bonding by 0.10 to 0.14 ä, while the
VWN functional calculates bond
lengths with an accuracy of 0.01 ä. In
previous work,[15] we showed that the
VWN functional slightly overesti-
mates intermolecular energies, and
that VWN-calculated intermolecular
energies scaled by 0.7 yield experi-
mental energies for arene ¥¥¥ arene in-


Figure 1. The molecular structures of the anions in 1 ± 5, with atom labels
for the asymmetric unit (4 is centrosymmetric and the centroid of 5 is at a
222 (D2) site), and thermal ellipsoids at 50% probability. X1 is the Cl1/Br1
site, X2 is Cl2/Br2 and X3 is Cl3/Br3.


Table 2. Bond lengths [ä], bond angles [�] and atom occupancies for the anions of 1 ± 3.


[PNP][CuX3] (1) [PNP][CuX3] (2) [PNP][CuX3(NCCH3)] (3)


X�Cl/Br X�Cl/Br X�Cl/Br
Cu�X1 2.263(2) 0.11(1)/0.89(1) 2.163(2) 0.77(1)/0.23(1) 2.292(1) 0.14(1)/0.86(1)
Cu�X2 2.164(2) 0.38(1)/0.62(1) 2.093(3) 0.86(1)/0.14(1) 2.238(1) 0.37(1)/0.63(1)
Cu�X3 2.226(2) 0.39(1)/0.61(1) 2.150(2) 0.76(1)/0.24(1) 2.211(1) 0.23(1)/0.77(1)
Cu�N2 2.439(8)
X1-Cu1-X2 103.48(9) 108.52(1) 107.81(4)
X1-Cu1-X3 118.89(7) 116.57(1) 119.56(4)
X2-Cu1-X3 137.63(9) 134.91(1) 124.46(5)
X1-Cu1-N2 105.63(2)
X2-Cu1-N2 102.16(2)
X3-Cu1-N2 91.91(2)
Displ. of Cu 0.002(1) 0.003(2) 0.372(1)
from X3 plane [ä]


Table 3. Bond lengths [ä] and angles [�] for the anions of 4 and 5.[a]


[PNP][Cu2Cl6] (4) [PNP][Cu2Br6] (5)


Cu1�Cl1 2.301(1) Cu1�Br1b (ä) 2.440(2)
Cu1�Cl2 2.216(1) Cu1�Br2t (ä) 2.326(2)
Cu1�Cl3 2.214(1) Br1-Cu1-Br1i 86.86(8)
Cu1�Cl1iii 2.302(1) Br1-Cu1-Br2 147.85(4)
Cl1-Cu1-Cl2 91.36(5) Br1-Cu1-Br2i 95.36(5)
Cl1-Cu1-Cl3 169.81(6) Br2-Cu1-Br2i 99.33(1)
Cl2-Cu1-Cl3 95.99(5) Cu1-Br1-Cu1ii 93.14(8)
Cl1-Cu1-Cl1iii 82.10(5)
Cl1iii-Cu1-Cl2 170.90(6)
Cl1iii-Cu1-Cl3 91.31(5)
Cu1-Cl1iii-Cu1 97.90(5)


[a] Symmetry codes: i: x, �y� 3/4, �z� 3/4; ii : �x� 3/4, �y� 3/4, z ; iii :
2� x, �y, 2� z. t� terminal, b� bridging.


Figure 2. ESR spectrum of
crystalline 1. The sample was
rotated between each record-
ing.
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teractions. The BLYP functional cannot be used for intermolecular
energies.[15, 16]


Results


Molecular structures of [Cu(Cl/Br)3]� in 1 and 2 : Crystals 1
and 2 are isostructural; both contain the trigonal-planar
[Cu(Cl/Br)3]� ion, but with differences in the disordered
distribution of Cl and Br ligands. Figure 3 summarises the key


Figure 3. Summary of the molecular dimensions of the [CuX3]� ions in 1
(upper values) and 2 (lower values). The percentages are occupancies at
X1, X2, X3, values in rectangles are distances [ä], and encircled values are
angles [�] marked.


compositional and geometrical properties of these two
anions: the ligands are labelled X1, X2, X3. In 1 there is
more Br than Cl at each ligand position, and vice versa for 2.
Each anion has one X-Cu-X angle 15 ± 18� larger than 120�,
and another 11 ± 17� smaller than 120�. The variation in the
Cu�X distances (2.09 ± 2.26 ä) follows approximately the
distribution of Cl/Br at each location. However, regression of
the six observed distances in terms of one Cu�Cl distance
(2.12 ä) and one Cu�Br distance (2.20 ä) indicates large
statistical errors, which means that the Cu�X distances vary
for both Cl and Br (the normal correlation of distance with
opposite angle for distorted three-coordination also does not
hold for the observations in Figure 3). This is consistent with
the calculated flat potential for variation of the Cu coordina-
tion geometry described below.


Electronic structure and potential surface of [CuClBr2]�:
Key questions about the electronic structure and the poten-
tial energy surface of these three-coordinate [Cu(Cl/Br)3]�


species were addressed with density functional calcula-
tions.


Figure 4 shows the relative energies of three different
structures of planar [CuClBr2]� with different angles. The C2v


Figure 4. Relative energies [kcalmol�1] for three planar forms of
[CuClBr2]� with the angles [�].


structure with angles of 130� (Cl-Cu-Br) and 100� (Br-Cu-Br)
is less than 1 kcalmol�1 more stable than angularly distorted
structures with Cl-Cu-Br angles down to 102� and Br-Cu-Br
up to 134�, and it is clear that the energy surface for angle
bending is very soft.


Figure 5 shows the orbital structure of [CuClBr2]� as
optimised with the VWN functional. The Cu 3d-based MOs
are not widely differentiated by the halide ligands. The
HOMO is an in-plane combination of Cu 3dxy and Cu 3dx2�y2
orbitals, and there is a large gap to the LUMO. The relatively
high energy of the HOMO indicates that [CuClBr2]� is not
unusually oxidised or susceptible to reduction to the formally
CuI complex [CuClBr2]2�.


Molecular structure of [CuCl0.7Br2.3(NCCH3)]�: The molec-
ular structure of [CuCl0.7Br2.3(NCCH3)]� in crystalline 3 is
shown in Figure 6. The Cu atom has distorted trigonal-
planar coordination, Cl and Br are disordered over the three
halide ligand positions and the Cu atom is displaced 0.37 ä
from the X3 plane towards the more distant CH3CN ligand.
The secondary nature of the coordination to acetonitrile
is shown by the elongation of the Cu�N distance by
0.45 ä relative to that of 1.99 ä in [Cu(NCCH3)4]� , for
instance.


Figure 5. Molecular orbitals near the Fermi level for the optimised
structure of [CuClBr2]� as depicted, calculated with the VWN functional
in symmetry Cs. This is a spin-restricted calculation; the results for the spin-
unrestricted calculation are similar. Principal contributing atomic orbitals
are identified. The HOMO is 29A� with large contributions from the in-
plane Cu 3dxy and Cu 3dx2�y2 orbitals. The z axis is defined as perpendicular
to the molecular plane.
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Figure 6. Dimensions [ä, �] of [Cu(Cl/Br)3(NCCH3)]� (3). The percen-
tages are occupancies of Cl at the three halide ligand positions. The Cu
atom is displaced 0.37 ä from the X3 plane.


Electronic structure and potential energy surface of
[CuClBr2(NCCH3)]�: The electronic structure of 3 was
investigated for [CuClBr2(NCCH3)]� (3a). The molecular


orbitals (see Supporting Infor-
mation) are unremarkable, with
a HOMO (Cu 3d�Br 4p�Cl
3p) at �1.4 eV and a HOMO±
LUMO gap of 3.5 eV. Of more
significance is the potential en-
ergy surface for variation of the
copper coordination environ-
ment between the planar
three-coordinate [CuClBr2]�


and trigonal-pyramidal [CuClBr2(NCCH3)]� . This energy
variation, calculated as a function of the Cu�N axial distance
with concomitant optimisation of the full coordination, is
plotted in Figure 7. Variation of the copper coordination from
compressed tetrahedral (Cu�NCCH3 stronger than Cu�Cl/
Br) through to the trigonal-planar structure represented by 1
and 2, is accompanied by energy variation of less than
5 kcalmol�1. This is a remarkable result. It further demon-
strates the softness of the potential energy surface for
copper(��) coordination with these ligands, and it indicates
that analysis of any geometrical details of copper(��) coordi-
nation with such ligands is unimportant, because the energy


Figure 7. Calculated potential energy for axial coordination of [CuClBr2]�


by CH3CN in 3a. Variation of the Cu�N distances was accompanied by
variation of the Cu coordination between compressed tetrahedral at the
shortest Cu�N distance, to tetrahedral at the minimum, through axially
extended pyramidal, to planar. Note that the associated energy changes are
a few kilocalories per mole.


changes are less than the supramolecular interaction energies
of the complex with its surroundings. We analyse below the
crystal packing and crystal supramolecular energies, and seek
the reasons for stabilisation of 1 and 2.


Molecular structures of [Cu2Cl6]2� and [Cu2Br6]2� in 5 and 6 :
The [Cu2Cl6]2� ion is centrosymmetric and almost planar, with
Cl deviations from the best plane of 0.07 and 0.18 ä. The
geometry of the [Cu2Br6]2� anion is midway between square-
planar and tetrahedral (Figure 1). For distances and angles see
Table 3. The DFT calculations confirm that the energy surface
for bending within the anions is very flat, as is the case for the
trigonally coordinated copper(��).


The crystal packing of 1 and 2 : The crystal lattices of 1 and 2
are very similar (see Table 1), and are presented together. The
space group is P1≈, the unit cell is relatively small and almost
equidimensional (10.0, 11.4, 16.2 ä; 72.7, 81.5, 87.2�) and the
asymmetric unit contains one [Ph3PNPPh3]� ion, one [CuX3]�


ion and no solvent. In view of the disorder of Cl and Br, both
within each of 1 and 2 and between their isomorphous lattices,
the halides are labelled simply as X1, X2 and X3. The phenyl
rings of the cation are differentiated in the figures as 1A, 1B,
and 1C on P1, and 2A, 2B, and 2C on P2.


The lattice contains an approximately cubic array of
[CuX3]� anions, at x� 0, and most of the [Ph3PNPPh3]�


material is located around x� 1/2, as shown in Figure 8. The
unambiguous dispersal of the anions and the absence of
interactions between them are demonstrated by the Cu ¥¥ ¥ Cu
distances, which are 8.1, 8.9, 10.0 and 11.4 ä, and the shortest
interanion X ¥¥¥ Cu distance of 6.73 ä.


Figure 8. The arrangement of [Ph3PNPPh3]� ions and [CuX3]� ions in 1.
The X atoms are brown, Cu black, C green, P magenta, N blue; H atoms are
omitted. The separations between Cu atoms are 8.1 and 8.9 ä along c,
10.0 ä along a and 11.4 ä along b.


The stability of this lattice is the key question. We first
evaluate all of the stabilising interactions between
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[Ph3PNPPh3]� ions, and then examine the interactions be-
tween cations and anions. The most prominent interaction
between [Ph3PNPPh3]� ions occurs at the centre of the unit
cell (and at the centre of an approximate cube of anions),
around the centre of inversion at (1/2, 1/2, 1/2). This is a
multiple-phenyl embrace involving six phenyl rings, 1A and
1B from one end and 2A from the other end of each cation,
engaged in six edge-to-face (EF) local motifs, as shown in
Figure 9. This embrace occurs in other crystals containing
[Ph3PNPPh3]� and was described previously as a parallel
expanded phenyl embrace.[17]


Figure 9. The centrosymmetric multiple-phenyl embrace of two
[Ph3PNPPh3]� ions at (1/2, 1/2, 1/2) in 1. The embrace comprises six
edge-to-face (EF) interactions, marked with arrows.


Complete description of the cation ¥¥¥ cation interactions in
the crystal can be achieved by examining the surroundings of
the other centres of inversion. Two cations form a good pair of
EF interactions involving phenyl rings 1C and 2B at (1/2, 0, 0).
The centres of inversion at (1/2, 0, 1/2) support a poor offset
face-to-face (OFF) interaction, and there is no phenyl
embrace around the inversion centre at (1/2, 1/2, 0). A full
list of the phenyl ¥ ¥ ¥ phenyl local motifs–1A EF to 2A�, 1A
OFF to 1A�, 1B EF to 1A�, 1C EF to 2B�, 2A EF to 1B�, and 1C
EF to 2C (intracation)–shows that all phenyl rings except 2C
are involved in at least one good attractive intercation
interaction. We conclude from this that the packing of the
[Ph3PNPPh3]� ions in this crystal is efficient (there is no
included solvent, which is sometimes evidence of poorer
packing), and that intercation motifs contribute appreciably
to the lattice stabilisation. Note that the net interaction
between polyatomic cations such as [Ph3PNPPh3]� is attrac-
tive and stabilising: the van der Waals stabilisation at the
optimum separation exceeds any coulombic destabilisation.


Having described the [Ph3PNPPh3]� ¥ ¥ ¥ [Ph3PNPPh3]� mo-
tifs occurring at x� 1/2, we now examine the anions and their
surroundings in the vicinity of x� 0. As is evident from


Figure 8, centres of inversion occur between all pairs of
anions, and so the anions are parallel. There are no cations
centred between these anions, but phenyl rings of the cations
do protrude close to the interanion spaces. Specific C�H ¥¥¥ X
interactions occur between [CuX3]� and the surrounding
cations. Each of the three Cl/Br atoms has three immediately
neighbouring H atoms at distances up to 3.3 ä and a number
of slightly longer H ¥¥¥ X contacts (Figure 10); the H ¥¥¥ X


Figure 10. The immediate surrounding of a [CuX3]� ion by phenyl rings of
[Ph3PNPPh3]� ions in 1. The more significant C�H ¥¥¥ X contacts are
marked with black and white stripes.


vectors are mainly close to the CuX3 plane. Further, the
principal H ¥¥¥ X distances (C�H ¥¥¥ X angles) of 3.04 (154),
3.09 (137), 3.17 (137) for X1; 2.76 (161), 3.08 (125), 3.19 (140)
for X2; and 2.94 (142), 3.00 (139), 3.17 ä (138�) for X3
indicate energetically significant interactions between the
anion and cation: the variations in distance are consistent with
the flat region of the stabilising van der Waals potential, and
the prevalence of C�H ¥¥¥X angles near 140� is noteworthy.


Intermolecular energies : The preceding analyses of geometry
lead to the general conclusion that the crystal lattice of 1 (and
2) is an effective capsule for the three-coordinate [CuX3]� ion,
which is stabilised within it by C�H ¥¥¥ Cl/Br interactions.
However, the key questions about the trapping and stabilisa-
tion of [CuX3]� involve energies rather than geometries. We
performed density functional calculations of intermolecular
energy using the VWN and PWC functionals previously
tested and calibrated for weaker intermolecular energies.[15, 16]


The errors known to occur for such calculations on charged
species were avoided by internal isoelectronic substitution,
which has little effect on the charge distribution of polyatomic
molecules and on the resulting intermolecular energies. Thus
[Ph3PNPPh3]� was calculated as Ph3PCPPh3, and [CuX3]� as
GaX3.


The calculated van der Waals energy for two Ph3PCPPh3


adopting the main embrace of two [Ph3PNPPh3]� shown in
Figure 9 was calculated by DF methods to be �18.3 kcal {mol
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(Ph3PCPPh3)2}�1. This is consistent with the known energy of
about �2 kcalmol�1 per pair of benzene molecules. We know
that the coulombic destabilisation for [Ph4P�]2 in similar
embraces is about 5 kcalmol�1, and therefore, since the
positive charge density on the surface of Ph3PNPPh3


� is less
than that of [Ph4P]� , the magnitude of the net stabilisation of
the main [Ph3PNPPh3


�]2 embrace (Figure 9) is estimated to be
about �13 kcalmol�1. This agrees with our previous estimates
(using tested intermolecular potentials) that the energies of
embracing [Ph3PNPPh3]� are in the range of �9 to
�13 kcalmol�1.[17]


The intermolecular energies between the anion in 1 and its
surrounding cations was calculated by DFT methods for an
assembly of six benzene molecules around GaCl3 (or GaBr3)
in the same conformation as the immediate environment in
the crystal (Figure 10; the assembly is shown in the Supporting
Information). Each of these benzene molecules forms one or
two definite C�H ¥¥¥ X interactions with the halogen ligands.
The calculated net intermolecular energy between GaCl3 and
the (C6H6)6 assembly is �8 kcalmol�1 (VWN functional), and
between the GaBr3 and the (C6H6)6 assembly �9 kcalmol�1


(VWN). For [Ph3PNPPh3]� ¥ ¥ ¥ [CuX3]� interactions a small
coulombic stabilisation will enhance these values.


The general and semiquantitative conclusion from these
calculations is that in 1 and 2 each Ph ¥¥ ¥ Ph interaction
contributes about 1.5 kcalmol�1 to the lattice stabilisation,
and that each Ph ¥¥¥ X interaction also contributes about
1.5 kcalmol�1 to the lattice stabilisation. The geometrical
analysis of the crystal packing indicates that these stabilisa-
tions work in concert, and that all aspects of the crystal
packing stabilise the unusual [CuX3]� ions.


Crystal packing of 3, 4 and 5 : Because compounds 3, 4 and 5
occur as alternatives to 1 and 2, it is important to assess the
alternative crystal packing that they exhibit. We present here
some principal features, and will publish separately full
analyses of the crystal packing.


Figure 11, a projection of the crystal structure of 3 along the
shortest axis (b� 9.1 ä), shows a well-developed three-
dimensional network of embraces between [Ph3PNPPh3]�


cations, with channels which contain the [CuX3NCCH3]� ions.
Along these channels the complex anions are well-separated,
and linked by C�H ¥¥¥ X interactions, as shown in Figure 12. In
addition, there are many (Ph)C�H ¥¥¥ X interactions in 3, not
unlike those in 1 (Figure 10).


Compound 4, [Ph3PNPPh3
�]2[Cu2Cl6], crystallises in the


space group P21/c. The crystal lattice consists of waves of
cations engaged in unconventional embraces. Cations encap-
sulate centrosymmetric [Cu2Cl6]2� ions in a pseudocubic
manner with multiple C�H ¥¥¥ Cl interactions, as illustrated
in Figure 13.


Compound 5, [Ph3PNPPh3
�]2[Cu2Br6]2�, crystallises in the


space group Fddd with a network of embracing cations that
surround cavities containing the [Cu2Br6]2� ions with many
C�H ¥¥¥ Br interactions. Key motifs in the structure are shown
in Figure 14.


Thus, it can be seen that the crystal packings of 3, 4 and 5
are all different in detail, but manifest the same general
principles. All possess cation-embrace motifs; all have well


separated anions; all have well-
developed C�H ¥¥¥ X interac-
tions; and all are devoid of
lattice solvent molecules. It can
be expected that the intermo-
lecular energies for the
[Ph3PNPPh3]� ¥ ¥ ¥ [Ph3PNPPh3]�


embrace motifs and for the
C�H ¥¥¥X interactions will be
similar to those calculated (see
above) for 1 and 2. On the basis
of the packing and energy anal-
ysis there is no reason to be-
lieve that any of these crystal
structures 1 ± 5 has a marked
stability advantage.


Discussion


We have shown that crystalli-
sation from ethanol solutions
containing copper(��) and the
elementary chloride and bro-
mide ligands, together with the


Figure 11. Projection of the crystal packing of [Ph3PNPPh3]�[CuX3NC-
CH3]� (3) along the shortest axis (b� 9.1 ä) in the space group C2/c. The
three-dimensional net of PNP ¥¥¥ PNP motifs is indicated by the P ¥¥¥ P
connectors (magenta and black candystripes), which occur as four types
with P�P distances of 7.80, 8.44, 8.39 and 8.50 ä. The [CuX3NCMe]� ions
are well separated along channels in the cation net.


Figure 12. The chain of
[CuX3NCCH3]� ions in 3. The
H�X distances of the C�H ¥¥¥ X
interactions (black and white
stripes) are 3.37 and 3.45 ä.
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[Ph3PNPPh3]� ion, can yield three- and four-coordinate CuII


halide complexes, and in the presence of CH3CN (3� 1)-
coordinate copper(��) is formed. Four different molecular
crystal lattices occur, albeit with similar crystal packing
principles. From the perspective of the crystallisation con-
ditions there appears to be little difference in stability
between these related complexes with different coordination
numbers, and this conclusion is supported by the calculated
intermolecular energies. We have not yet resolved the
question of the apparent requirement for mixed chloride
and bromide ligands in the stabilisation of [CuX3]� , but we
suspect that the crystallisation of homoleptic [CuCl3]� or
[CuBr3]� in the lattice of 1 or 2 is possible.


It is clear that this simple preparative mixture can be used
to crystallise the uncommon three-coordinate CuII, and that it
is not necessary to deploy enforcing ligands to control the
coordination number and stereochemistry. Indeed, the sol-
ution and crystallisation behaviour with the simplest of


ligands, monatomic halide ions,
provide further insight into the
relative inherent stabilities of
coordination numbers for CuII,
and it can be concluded that
three is a normal coordination
number for CuII, and that pre-
vious occurrences need not be
regarded as abnormal. With
halide ligands it appears that
the coordination preferences of
CuII are not very different from
those of CuI. There is weak
EXAFS evidence for [CuBr3]�


in aprotic media.[18]


The [Ph3PNPPh3]� ions are
evidently favourable in this
demonstration of alternative
coordination complexation by
CuII, and we have identified the
significance of the stabilising
intercation embrace motifs and
the numerous C�H ¥¥¥ X inter-
actions with the halocuprate(��)
complexes. In this context we
draw attention to another re-
port, obscure and previously
unrecognised, of the [CuCl3]�


anion stabilised in a crystal
lattice by similar crystal supra-
molecular interactions. This oc-
curs in the compound
[GdCl2(OPPh3)4]�[CuCl3]� ,
crystallised (Cambridge struc-
tural database refcode GEX-
RIK) from dichloromethane.[19]


This compound crystallises in
the space group P1≈ with two
formula units per asymmetric
unit. The two independent
[CuCl3]� ions are planar but


with different dimensions, as shown in Figure 15. Full analysis
of the crystal packing[20] reveals that each of the [CuCl3]�


anions is encapsulated by a cage of phenyl groups on the
peripheries of the cations, with well-developed C�H ¥¥¥ Cl
interactions (see Figure 16).


All of these results indicate that the deployment of cations
with hydrophobic phenylated surfaces is favourable for the
stabilisation and crystallisation of halocuprate(��) anions with


Figure 13. Eight [Ph3PNPPh3]� ions surround a [Cu2Cl6]2� ion in 4, space group P21/c. In addition to the four
[Ph3PNPPh3]� that are evident, four [Ph3PNPPh3]� are translated behind the anion. a) The black and white stripes
identify the 26 C�H¥¥¥Cl interactions (H ¥¥¥ Cl�3.2 ä) between [Cu2Cl6]2� and surrounding cations. b) The space-
filling representation allows identification of the multiple pairs of approximately parallel phenyl rings.


Figure 14. Cages of embracing [Ph3PNPPh3]� ions surrounding [Cu2Br6]2� ions in 5. Parallel fourfold phenyl
embraces between [Ph3PNPPh3]� ions are marked with magenta and white stripes, and C�H ¥¥¥ Br interactions
(H ¥¥¥ Br�3.3 ä) as black and white stripes: each Br has two C�H¥¥¥ Br interactions. Views along (a) and
perpendicular (b) to sequences of [Cu2Br6]2� ions.


Figure 15. Dimensions [ä, �] of the two planar [CuCl3]� ions in
[GdCl2(OPPh3)4]�[CuCl3]� (CSD GEXRIK).
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unusual copper coordination. Such cations have stabilised
other unusual stereochemistries and redox states in bromo-
cuprate anions.[8, 21] However, considerable experience with
similar cations shows that the presence of hydrophobic
phenylated surfaces is not a sufficient condition for stabilisa-
tion of unusual coordination.


The major conclusion from this work is that these alter-
native coordination stereochemistries for copper(��) should
not be regarded as abnormal. We reiterate the calculated
energy potential for CuIIX3 ±NCCH3 coordination (Figure 7),
in which the full range of coordination between tetrahedral
and trigonal planar involves intramolecular energy variations
of less than 5 kcalmol�1, and less than the intermolecular
energies. These results provide a relevant background for
similar considerations of the energy-coordination stereo-
chemistry surface for CuII and CuI in the blue type 1 copper
proteins, particularly since the cysteine ligands are pseudo-
halides.


Acknowledgement


We thank Dr. Roland Aasa, Dept. of Molecular Biotechnology, Chalmers
University of Technology, for carrying out the ESR measurements. This
research has been supported by The Swedish Research Council (Natural
and Engineering Sciences (VR/NFR)), Chalmers University of Technology,
The Royal Society of Arts and Sciences in Gothenburg (KVVS), the
Australian Research Council and the University of New South Wales.


[1] E. N. Baker inEncyclopedia of Inorganic Chemistry (Ed.: R. B. King),
Wiley, New York 1994, pp. 883 ± 905.


[2] P. Comba, Coord. Chem. Rev. 2000, 200 ± 202, 217 ± 245.
[3] S. Alvarez, Coord. Chem. Rev. 1999, 193 ± 195, 13 ± 41.
[4] P. L. Holland, W. B. Tolman, J. Am. Chem. Soc. 1999, 121, 7270 ± 7271.
[5] D. W. Randall, S. D. George, P. L. Holland, B. Hedman, K. O.


Hodgson, W. B. Tolman, E. I. Solomon, J. Am. Chem. Soc. 2000,
122, 11632 ± 11648.


[6] S. Jagner, G. Helgesson, Adv. Inorg. Chem. 1991, 37, 1 ± 45.
[7] [Ph3PNPPh3]� is the bis(triphenylphosphoranylidene)ammonium ion.
[8] C. Horn, I. G. Dance, D. Craig, M. L. Scudder, G. A. Bowmaker, J.


Am. Chem. Soc. 1998, 120, 10549 ± 10550.
[9] Y. Cerenius, K. Sta hl, L. A. Svensson, T. Ursby, ä. Oskarsson, J.


Albertsson, J. Synchrotron Rad. 2000, 7, 203 ± 208.
[10] v. SMART-NT, Bruker AXS Inc. Madison, Wisconsin, USA, 1999.
[11] v. SAINT� , Bruker AXS Inc. Madison, Wisconsin, USA, 1999.
[12] G. M. Sheldrick, University of Gottingen, Germany, 1997.
[13] B. Delley, J. Chem. Phys. 1990, 92, 508 ± 517.
[14] B. K. Ystenes, V. R. Jensen, Inorg. Chem. 1999, 38, 3985 ± 3993.
[15] S. Lorenzo, G. R. Lewis, I. G. Dance,New J. Chem. 2000, 24, 295 ± 304.
[16] T. A. Wesolowski, O. Parisel, Y. Ellinger, J. Weber, J. Phys. Chem.


1997, 101, 7818 ± 7825.
[17] G. R. Lewis, I. G. Dance, J. Chem. Soc. Dalton Trans. 2000, 299 ± 306.
[18] G. Kickelbick, U. Reinohl, T. S. Ertel, A. Weber, H. Bertagnolli, K.


Matyjaszewski, Inorg. Chem. 2001, 40, 6 ± 8.
[19] W. Xukun, Z. Mingjie, W. Jitao, Jiegou Huaxue (J. Struct.Chem.) 1988,


7, 142 ± 147.
[20] I. G. Dance, unpublished results.
[21] G. A. Bowmaker, P. D. W. Boyd, C. E. F. Rickard, M. L. Scudder, I. G.


Dance, Inorg. Chem. 1999, 38, 5476 ± 5477.


Received: September 27, 2001 [F3580]


Figure 16. The surrounding phenyl groups and C�H ¥¥¥ Cl interactions
(black and white stripes) for one of the [CuCl3]� ions in
[GdCl2(OPPh3)4]�[CuCl3]� (CSD GEXRIK).








Stereodynamics of Bond Rotation in Tertiary Aromatic Amides


Ryan A. Bragg, Jonathan Clayden,* Gareth A. Morris, and Jennifer H. Pink[a]


Abstract: The degree to which the ro-
tations about the C�N and Ar�CO
bonds of aromatic amides occur in a
concerted manner was investigated by a
variety of NMR and kinetic techniques.
Otherwise complex kinetic analyses
were simplified by exploiting symmetry
and asymmetry in the N-substituents of
amides. In 2-unsubstituted 1-naphtha-


mides bearing branched N-substituents,
most conformational changes about the
amide group were by correlated rota-
tion, though uncorrelated Ar�CO rota-


tion also occurred to some extent. In
2-substituted 1-naphthamides, correlat-
ed rotation accounted for all of the
Ar�CO rotations, though a significant
amount of uncorrelated C�N rotation
also occurred. Naphthamides bearing
branched N-substituents thus turn out
to be efficient molecular gears: Com-


Keywords: amides ¥ bond rotation
¥ NMR spectroscopy ¥ saturation
transfer


Introduction


Tertiary aromatic amides 1 are not in general planar, and even
moderate steric hindrance forces a dihedral angle of 90� on
the Ar�CO bond.[1] Subject to certain constraints of substi-
tution pattern (such as X�Y), the two perpendicular con-
formers about the Ar�CO bond are enantiomeric, and when
the rate of rotation about this bond is slow the compound 1 is
atropisomeric.[2, 3] For simple amides 1 bearing achiral sub-
stituents X, Y and R, the rate of rotation about the Ar�CO
bond is also the rate of enantiomerisation (half the rate of
racemisation). We[4, 5] and others[6±11] have determined the
rates of enantiomerisation of a range of amides 1: As a rule,
2,6-disubstituted tertiary benzamides (and 2-substituted
naphthamides) are atropisomeric at ambient temperatures
(half-life for racemisation greater than an arbitrary 1000 s[12])
but 2-substituted benzamides are not.


For more complex amides bearing chiral substituents R, X
or Y, the conformers about Ar�CO are diastereoisomeric, and
at equilibrium they need not be equally populated. We have
exploited examples with chiral X and Y in which one
conformer is heavily favoured over the other to transfer
stereochemistry from a stereogenic centre attached to the
aromatic ring to the stereogenic axis of the amide.[13±20]


For the more rapidly rotating (non-atropisomeric) amides,
we have followed[4] the interconversion of diastereotopic
1H NMR signals by variable temperature nuclear magnetic
resonance (VT NMR) techniques,[21] being aware nonetheless
of their limitations.[22, 23] We were able in some cases to
observe not only coalescence of peaks arising from the slow
Ar�CO rotations but also coalescence of peaks arising from
slow C�N rotation.[24] This enabled us to estimate also the rate
of rotation about the C�N bond of some of the compounds.
We found that, for less hindered amides (up to and including 2
for example), C�N rotation occurs rather more slowly than
Ar�CO rotation, but that as steric hindrance increases, the
rate of Ar�CO rotation decreases until, in the most hindered
example we studied, 3, the two appear to have about the same
rate. This led us to speculate at that time that Ar�CO rotation
may be correlated with C�N rotation: the two rotations may
not be occurring independently but as a single geared
(concerted) process. Similar correlated rotations in amides,[10]


diamides[25] and thioamides[26, 27] have been previously pro-
posed, but lack of symmetry in the molecules under inves-
tigation led to complex kinetic schemes involving numerous
unrelated rate constants. In this paper we present in full our
use of symmetrical amides to simplify the analysis of the
kinetics of correlated rotation, and we conclude that geared
bond rotation is a common feature of hindered aromatic
amides.[28, 29]
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VT NMR experiments on tertiary amides with one chiral
N-substituent : We started with a set of amides in which all
four possible rotamers arising from Ar�CO and C�N rotation
are diastereoisomeric, unlike 1 ± 3. The amides 4 ± 9 were
made by acylation of the amines with 1-naphthoyl chloride
(benzoyl chloride for 8). The diastereoisomeric conformers of


these compounds interconvert by rotation about their Ar�CO
and C�N bonds sufficiently slowly for them to give rise to
clear, discrete sets of signals in their NMR spectra at room
temperature or just below. For each compound, four diaster-
eoisomeric conformers were discernible, divided into one
more populated pair and one less populated pair, with ratios
shown in Table 1 and tentatively assigned structures in
Scheme 1. We assume the significant population difference
between the pairs arises from their being different C�N
rotamers (cis or trans); the small population difference within
each pair arises from their being different Ar�CO conformers
(M and P). This analysis is supported by the populations of the


two conformers of 8 and 9, which can exhibit only cis/trans
rotamers; the ratio of 3:1 approximates to the cis/trans ratio of
the similar compound 4. By integration it was therefore
straightforward to make provisional assignments of the peaks
in the spectrum to the four conformers.


Assignment of stereochemistry to the conformers is tenta-
tive: The cis/trans assignment is based on the expectation that
signals of N-substituents cis to O are shifted downfield
relative to those of N-substituents cis to the aromatic ring.[4, 30]


The surprising preference of 4, 6, 8 and 9 for what appears to
be the more crowded amide geometry is precedented,[30, 31]


and the similarity of the spectra of 4 and 5 allows us
reasonable confidence in assigning them opposite preferred
amide geometry. The M/P assignment is purely arbitrary,
though we chose to assign (M, trans) to the major conformer
of 4 and (P, cis) stereochemistry to the major conformer of 7
as these are the conformations adopted in the crystalline state
(see Figure 1).[32]


Table 1. Populations of diastereoisomeric conformers of amides 4 ± 9.


Compound Solvent, T [�C] (P, cis) (M, cis) (P, trans) (M, trans)


1 4 CDCl3, �20 0.19 0.12 0.33 0.35
2 5 CDCl3, �20 0.47 0.47 0.04 0.02
3 6 CDCl3, �20 0.10 0.10 0.41 0.39
4 7 CDCl3, �55 0.63 0.24 0.09 0.04
5 8 CDCl3, �20 0.25 ± 0.75 ±
6 9 CDCl3, �20 0.25 ± 0.75 ±


Scheme 1. Conformational interconversions in 4.
Figure 1. a) X-ray crystal structure of 4 [showing (M, trans) conformation];
b) X-ray crystal structure of 7 [showing (P, cis) conformation].
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We had hoped that VT NMR studies of amides 4 ± 7 would
allow us to follow the interconversion of the rotamers in detail
by analysing the patterns of coalescence between various pairs
of signals, and variable temperature NMR experiments with
4 ± 7 were carried out in CDCl3 or [D6]DMSO at 300 MHz. In
the event, 1H NMR spectra acquired at increased temper-
atures led to very complex, broadened lineshapes from which
it was possible to draw only the most general of conclusions.
Figure 2a shows how the lineshapes of signals corresponding
to the methyl doublet of the conformers of 4 (Me(M, cis),
Me(M, trans) etc.) change with increasing temperature. A simple
qualitative conclusion is quite clear: The signals of the minor
pair of conformers (M, cis) and (P, cis)-4 coalesce well before
the signals of the major pair of conformers (M, trans) and (P,
trans)-4, despite having a greater chemical shift difference. A
similar pattern was evident in other signals belonging to the
four rotamers. Given the apparent isolation of the conforma-
tional process interconverting the (M, cis) and (P, cis)
rotamers from interconversions of the (M, trans) and (P,
trans) rotamers or from interconversion of cis and trans, we
applied the Gutowski ± Holm equations to these signals
(which show only a moderate population bias)[21] to obtain a
crude estimate of the rate of Ar�CO rotation in the cis
rotamers. Table 2, entries 1 ± 3, tabulates the chemical shift
differences between the HMe, Hq and HAr signals in the M and
P rotamers of the cis conformer, their coalescence temper-
atures, and estimates of k (the rate constant for conforma-
tional interconversion, i.e., Ar�CO rotation), �G� (the
barrier to Ar�CO rotation), and t1/2 (the half-life for Ar�CO
rotation at 20 �C, assuming �G� is invariant with temper-
ature). The three estimates of �G� lie within experimental
error, and are also close in value to the previously determined
barrier to Ar�CO rotation in N,N-dibenzyl-1-naphthamide
and in the minor conformer of N-benzyl-N-isopropyl-1-
naphthamide cis-9.[4]


Analysis of the coalescence of signals for the major, trans
conformer (Table 2, entry 4) gives a rather higher barrier to
rotation from M to P about the Ar�CO bond, as would be
expected. The figures obtained match those for other amides
bearing branched substituents trans to O (and therefore close
to the aromatic ring), including N,N-diisopropyl-1-naphtha-
mide and the major conformer of N-benzyl-N-isopropyl-1-
naphthamide trans-9.[4]


Conformational interconversion of the trans rotamers of 4
can be observed more clearly in DMSO at temperatures
exceeding 50 �C (Table 2, entries 5, 6). The spectra of 4 in
DMSO are shown in Figure 2b. At 20 �C in DMSO, coales-
cences of the signals for the cis isomer are well under way;
broadening of the signals of the trans conformers begins at
40 �C and coalescence takes place at 81 �C. Tentative figures
derived from these and other signals are given in Table 2.
However, some of these coalescences appear to involve not
only the M and P rotamers of the trans conformer, but also the
already-coalesced signals arising from (M, cis) and (P, cis)-4
(note too the way that, in Figure 2a, the Me(M, trans) signal
closer to the coalesced cis signals broadens more than the
Me(P, trans) signal further from them). Purely qualitatively, this
suggests that while the less congested interconversion of (M,
cis) and (P, cis)-4 may take place without concerted rotation,


Figure 2. VT NMR of 4 in a) CDCl3, b) [D6]DMSO.


interconversion of the rotamers of trans-4 may involve both
Ar�CO and C�N rotation.


Amide 5 behaves similarly, with the signals of the cis isomer
coalescing sooner than for the trans isomer. The major signals
of 5 (assigned to cis-5) are broadened in CDCl3 even at 20 �C
and there is a clear coalescence of the major Me signals at
24 �C (Table 2, entry 7) corresponding to an approximate
barrier again matching closely that of cis-4 and of N,N-
dibenzyl-1-naphthamide. The minor signals of 5 (assigned to
trans-5) remain sharp to much higher temperatures, but we
could draw no conclusions with regard to the concerted nature
of the rotations.


Figure 3 shows a series of 1H NMR spectra of the methyl
singlet region of 7 in CDCl3 at temperatures between �50 and
�50 �C. Again, the signals of the cis isomer coalesce first, and
in this case there is evidence that the resulting cis signals
become involved in the coalescence of the signals of the trans
isomer. The signals for the two Me(P, cis) signals coalesce with
those of the Me(M, cis) at about �25 �C. Importantly, all four
signals due to the trans isomer retain the same degree of
broadening throughout this coalescence, and MeA


(P, trans) at
about �1.56 remains sharp despite its closeness to MeB


(P, cis) ;
this indicates that Ar�CO rotation in the cis isomer is totally
independent of C�N rotation. The coalescences of the cis
signals correspond to a barrier to Ar�CO rotation of
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55 kJmol�1 (Table 2, entries 8 and 9). By �10 �C, the M and P
rotamers of the cis isomer no longer give rise to discrete
signals, and single sharp MeA


cis and MeB
cis singlets are


observed. At this temperature, coalescence of the signals
due to the trans isomer of 7 begins. MeA


(M, trans) and MeB
(M, trans)


begin to broaden at �20 �C, but these signals cannot be
interconverting with each other because they are diastereo-
topic signals arising from the same conformer–the broad-
ening arises from coalescences of MeA


(M, trans) with MeA
(P, trans)


and of MeB
(M, trans) with MeB


(P, trans), and final coalescence must
take place at �55 �C, as shown in Table 2, entry 10. However,
it seems that Ar�CO rotation of the trans isomer of 7 is not
fully independent of C�N rotation. During the coalescence of
the trans peaks the newly sharpened cis peaks begin to


broaden again; this suggests that Ar�CO rotation of the trans
conformers involves interconversions with the cis conformers,
and is to some extent correlated with C�N rotation.


The complexity of these systems, with at least six possible
processes interconverting the rotamers of 4, 5 and 7 meant
that attempts at more detailed lineshape analysis of these
coalescences were fruitless.


VT NMR experiments on tertiary amides with two chiral
N-substituents : The three compounds 10 ± 12 overcome some
of the problems associated with the detailed analysis of 4, 5
and 7 since symmetry means that they possess only two
diastereoisomeric conformers, giving rise to only two sets of
signals in the NMR spectra. All three were made by the
methods described below (see Experimental Section), and
their symmetry places them in two classes.


The meso-compounds 10 and 11 can exist as two diaster-
eoisomeric conformers, which we name exo and endo
according to the relationship between the Me group and the
naphthalene ring. Either a C�N or an Ar�CO rotation will
convert exo to endo or vice versa, as shown in Scheme 2. But
there is a subtle difference between these two rotations: From
any single conformer, both rotations give rise to its diaster-
eoisomer, but Ar�CO rotation gives one enantiomer while
C�N rotation gives the other. The overall effect of a concerted
Ar�CO/C�N rotation however is merely enantiomerisation:
Concerted rotations do not interconvert diastereoisomeric
conformers.


The assignment of endo or exo, cis or trans to every peak in
the NMR spectrum is in principle achievable by using
integration (the ratio between the two diastereoisomeric
conformers is close to, but not exactly, 1) and chemical shift
(we expect the cis methyl groups to be upfield of the trans).
However, it is possible to come to significant conclusions
regarding the importance or otherwise of correlated rotations


in these compounds even with-
out detailed assignment of sig-
nals. Because both Ar�CO and
C�N rotations exchange the
signals of the two diaster-
eoisomers, they must lead to
an exchange involving every
peak in the entire NMR spec-
trum of 10. However, the corre-
lated rotations, which intercon-
vert the enantiomers of either
the exo or the endo diastereo-
isomeric conformer, involve on-
ly the signals arising from that
diastereoisomer, and further-
more interconvert only signals


Table 2. VT NMR studies of 4, 5 and 7.


Entry Amide Solvent Coalescing signals �� [Hz] Tc [�C] k [s�1] �G�
Ar�CO


[a] [kJmol�1] half-life[b] [s]


1 cis-4 CDCl3 Me(M,cis) ± Me(P,cis) 60 32 133 62.3 0.007
2 cis-4 CDCl3 Hq


(M, cis) ± Hq
(P, cis) 56 31 124 62.3 0.007


3 cis-4 CDCl3 HAr
(M, cis) ± HAr


(P, cis) 90 35 200 61.9 0.007
4 trans-4 CDCl3 HAr


(M, trans) ± HAr
(P, trans) 24 52 53 69.1 0.12


5 trans-4 DMSO Me(M, trans) ± Me(P, trans) 45 81 100 73.6 0.75
6 trans-4 DMSO Hq


(M, trans)-Hq
(P, trans) 26 57 58 69.9 0.16


7 cis-5 CDCl3 Me(M, cis) ± Me(P, cis) 38 24 83 61.8 0.005
8 cis-7 CDCl3 MeA


(M, cis) ± MeA
(P, cis) 34 � 20 24 55.0 0.0003


9 cis-7 CDCl3 MeB
(M, cis) ± MeB


(P, cis) 17 � 30 8 54.9 0.0003
10 trans-7 CDCl3 MeA


(M, trans) ± MeA
(P, trans) 113 � 55 100 � 68 � 0.7


[a] Value at coalescence temperature Tc ; error �1 kJmol�1. [b] Estimated half-life for racemisation at 20 �C,
assuming constancy of �G�


Ar�CO with temperature. Note that k is the rate of enantiomerisation of the amide; the
rate of racemisation is k/2.


Figure 3. VT NMR of 7 in CDCl3.
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of the NR2 groups. So, if an exchange process can be shown to
involve only two of the four signals Mecis


exo, Metrans
exo, Mecis


endo,
Metrans


endo or only two of the four signals Hcis
exo, Htrans


exo, Hcis
endo,


Htrans
endo then it must necessarily be a correlated Ar�CO and


C�N rotation. Similarly, any exchange process which leaves
some aromatic protons unchanged (they will be the ones of
the naphthyl ring) must be a correlated rotation.


We carried out variable temperature NMR experiments on
10 at 300 MHz in [D6]DMSO and in CDCl3. Figure 4a shows
portions of the NMR spectrum of 10 in [D6]DMSO at a range
of temperatures from 25 to 90 �C; the signals arising from Hcis


and Htrans (four signals) and Mecis and Metrans (four signals) are
labelled A-H.


At 25 and 30 �C it is clear that
some of the signals (quartets A
and C, doublets E and H) are
already undergoing exchange,
as they are somewhat broad-
ened, and their broadening in-
creases as the temperature ris-
es. An important feature of this
spectrum is that only some of
the signals are broadened. At
40 �C the situation is even more
marked: F and G are still clear-
ly doublets close to the slow
exchange limit, while E and H
are close to coalescence. At
50 �C, B, D, F and G have also
begun to take part in exchange
processes, but nonetheless F
and G retain doublet structure
(and quartet structure is still
just visible for B and D) while E
and H are fully coalesced. Coa-
lescence of F and G finally
occurs at about 60 �C.


There can be no doubt that
the process exchanging E and H
is faster than the process ex-
changing Fand G since E and H
broaden and coalesce sooner
than F and G despite being


separated by a much greater
chemical shift difference (about
70 Hz for E and H; 20 Hz for F
and G). This fast process must
be a correlated rotation, since it
leaves some signals unaffected.
Moreover, one diastereoisomer
must undergo much faster cor-
related rotation than the other,
because while A and C, and B
and D, have similar chemical
shift differences, A and C clear-
ly broaden at a lower temper-
ature than B and D.


This simple analysis proves
that racemisation of either the


endo or the exo isomer (we have not established which) by
correlated rotation is the main rotational process intercon-
verting the conformers of 10. Using more detailed lineshape
analysis[33] we deduced that correlated rotation accounts for
more than a third of the rotational processes in 10 ; this
indicates that it is a simple molecular gear with rate of
rotation of the order of 10 Hz at room temperature and a gear-
slippage rate of less than one third.


Variable temperature experiments on 10 in CDCl3 (Fig-
ure 4b) are less conclusive, and it is possible to draw only
general conclusions from the spectra. As the temperature rose
above 10 �C, one pair only of Mecis


exo, Metrans
exo, Mecis


endo and


Figure 4. VT NMR of 10 in a) [D6]DMSO; b) CDCl3.


Scheme 2. Conformational interconversions in 10.
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Metrans
endo (signals F and G) broaden, and by 60 �C they


coalesce, while the other (E and H) remains sharp to almost
40 �C. However, the significance of the different behaviour of
the two sets of peaks is not clear since the broadening pair
have a much smaller chemical shift difference than the non-
broadening pair. The signals A ± D (corresponding to Hcis


exo,
Htrans


exo, Hcis
endo and Htrans


endo) behave similarly. Above 10 �C,
signals A and C become broad, up to a temperature of 50 �C,
at which the other pair (B and D) also begin to broaden.
Given that these two pairs have a very similar chemical shift
separation, this difference in behaviour must be due to a
concerted rotation.


Variable temperature experiments on 11 were carried out at
300 MHz in CD3OD and in [D6]DMSO. Coalescence of
Metrans


exo with Metrans
endo and of Htrans


exo with Htrans
endo (the exo


and endo conformers had coincident peaks for Mecis and Hcis)
at about 25 �C in CD3OD indicated that these peaks inter-
converted with a barrier of about 59� 1 kJmol�1. Only
uncorrelated Ar�CO rotation can account for this intercon-
version. The coalescence of Mecis with Metrans and of Hcis with
Htrans occurred at about 95 �C in DMSO, and indicated a
barrier for C�N rotation (both correlated and uncorrelated)
of 73� 1 kJmol�1. For the cyclic 11, therefore, uncorrelated
Ar�CO rotation is the fastest conformational process.


For the chiral (and, incidentally, enantiomerically pure) 12,
there are only two conformers, named exo and endo according
to the relationship between the methyl group trans to oxygen
and the ring. The two conformers are diastereoisomeric and
are interconverted by either an Ar�CO or a concerted
Ar�CO/C�N rotation. C�N rotation is degenerate, and leaves
the molecule unchanged, though it exchanges MeA and MeB.
Scheme 3 illustrates conformational interconversions in 12.


Amide 12 lacks some of the advantages afforded 10 by its
symmetry, and careful consideration of the signal exchanges
associated with each conformational change is required for
any information to be gained from VT NMR studies on 12
(which was performed at 300 MHz). C�N rotation will
exchange the two methyl doublets of each exo diastereoisom-
er, while Ar�CO rotation will exchange the cis methyl group
of exo with the cis methyl group of endo. A concerted rotation
will exchange the cis and trans methyl groups of different
diastereoisomers. In principle, since signals belonging to the


endo and exo diastereoisomers can be assigned by integration,
and signals cis or trans to O tentatively assigned by chemical
shift, clear coalescences between pairs of peaks would
indicate the predominant conformational processes in 12.


Figure 5 shows VT NMR spectra of 12 in [D6]DMSO
between 22 and 80 �C; integration of the spectrum at 22 �C
allows assignment of the outer pair of methyl doublets to one
diastereoisomer (arbitrarily endo) and the inner pair to the
other (arbitrarily exo). Unfortunately, the coalescences shown
in Figure 5 are very difficult to analyse–essentially, all four
Me groups coalesce to a single signal at about 70 �C. While this


is consistent with a picture of different mechanisms occurring
at similar rates, it neither proves nor disproves correlated
rotation.


Saturation transfer experiment on 12 : Given the good
separation of the methyl doublets in the room temperature
spectrum of 12, we turned to the method of saturation
transfer, or more properly inversion transfer, originated by
Forse¬n and Hoffmann,[34] in order to obtain more detailed
information on exchanges between the peaks in the spectrum.
In a series of four experiments, coupling to the methyl signals
was eliminated by irradiating the CHMe quartets, and each
methyl signal in turn was selectively inverted and a series of
spectra acquired at intervals starting at 0.05 s over the
subsequent 5 s period. Figure 6 shows the evolution of the
methyl signals following the selective inversion of Mecis


endo,
and Figure 7 plots the peak height against time for the four


peaks. Magnetisation is clearly
transferred principally to one
other signal–a member of the
pair belonging to the other
conformer of 12 (Metrans


exo).
In order to extract detailed


kinetic data from these results,
the signal peak heights were
normalised to the averaged in-
tegrals of peaks assigned to
each conformer in the fully
relaxed spectra, the ratio of
the integrals giving a value for
K, the equilibrium constant be-
tween the two conformers. The
symmetry of 12 is now turned to
advantage, since–given K–Scheme 3. Conformational changes in C2-symmetric amide 12.


Figure 5. VT NMR of 12 in DMSO.
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just three first-order rate constants describe the interconver-
sion of the conformers of 12, kAr�CO, kC�N and kcorrel . These rate
constants are represented by rates of interconversion of these
four methyl doublets, as shown in Scheme 3. Assignment of
the four methyl doublets was made firstly by integration and
secondly by assuming that the downfield methyl doublet in
each conformer is the one cis to oxygen. The results of the
saturation transfer experiments were analysed using the
program cifit.[35] Initially, cifit was used to fit the normalised
experimental peak heights using the mechanism, above, with
the four initial and equilibrium peak heights, the T1 values of
all signals, and the three rates as variable parameters. From
these fits the T1 values of the four signals were calculated by
averaging the spin lattice relaxation rates estimated for each
signal in the two experiments where it was inverted and where
it exchanged most rapidly with the inverted signal. The
resultant T1 values were 0.43 s (Mecis


endo), 0.44 s (Mecis
exo),


0.23 s (Metrans
exo) and 0.21 s (Metrans


endo), with estimated
uncertainties of less than 5%. The T1 values of all signals
were then fixed at these values, and cifit run once again with
only the four initial and equilibrium peak heights, and the
three rates as variable parameters. The three rate constants
were then averaged over the four sets of data, giving values (at
23 �C) of:[36]


K� 1.695� 0.005


kAr�CO� 0.34� 0.04 s�1


kC�N�� 0.0� 0.04 s�1


kcorrel� 4.27� 0.04 s�1


In other words, there is no evidence for C�N rotation
occurring without a correlated Ar�CO rotation, and only
about 1 in 12 Ar�CO rotations are uncorrelated. Compound
12 is close to being a perfect molecular gear.


EXSYexperiment on 3 : Previous VT NMR experiments with
3 had led us to speculate that it may undergo conformational
change through concerted rotation.[4] Unlike 12, however,
assignment of peaks in 3 is not straightforward because the
two conformers of 3 are enantiomeric and not diastereoiso-
meric. Furthermore, the pairs of doublets, even in DMSO
where they are best separated, lie rather too close for selective
perturbation. The solution was to use EXSY both to assign the
diastereotopic methyl groups of 3 and to follow the transfer of
saturation between the signals. We were helped by the fact
that N,N-diisopropylnaphthamides appear to adopt a well-
defined conformation in solution (illustrated by the X-ray
crystal structure of 3[37] and shown in Figure 8) in which the


Figure 8. Conformation of 3 and the choreography of a correlated
rotation.


isopropyl group cis to oxygen straddles the C�O group while
the isopropyl group trans to oxygen in turn straddles the
Me2C�H bond of the other isopropyl group. A preliminary
COSY experiment facilitated assignment of protons in the
aromatic region.


Details of the 400 MHz EXSY spectrum of 3, acquired with
a mixing time of 300 ms, are shown in Figure 9. Cross-peaks
between the two trans methyl groups and Hcis (Figure 9b) are
much stronger than cross-peaks between the two cis methyl
groups and Htrans, adding further evidence that Figure 8
represents the preferred conformation of 3 in solution. The
cross-peaks in the aromatic region (Figure 9a) confirmed the
COSY assignment and allowed a definitive assignment of the
2- and 8-protons of the naphthalene ring, as shown. This
consequently allowed us to assign each of the diastereotopic
methyl doublets either exo or endo stereochemistry: The two


Figure 6. Evolution of the 1H NMR spectrum of 12 in [D6]DMSO over 5 s
following selective inversion of Mecis


endo.


Figure 7. Evolution of the peak intensities in the spectrum of 12 in
[D6]DMSO following selective inversion of Mecis


endo. � Mecis
endo, � Mecis


exo,
� Metrans


exo, � Metrans
endo.







FULL PAPER J. Clayden et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0806-1286 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 61286


exo protons have clear cross-peaks with H2, while the two
endo protons have cross-peaks with H8. This leads to the
assignment of the four methyl doublets as Mecis,endo, Mecis,exo,
Metrans,exo, Metrans,endo (respectively from low to high field), as
shown in Figure 8.


The EXSY experiment also gives detailed information on
the transfer of saturation from one methyl doublet to another,
and the cross-peaks between the methyl doublets clearly
indicate that the major process taking place is the one which
interconverts Mecis,endo with Metrans,exo–a correlated rotation


(see Figure 8). Smaller cross-
peaks are visible for the inter-
conversion of the endo and exo
methyl groups within each iso-
propyl group, corresponding to
Ar�CO rotation. The lack of a
cross-peak between the two exo
or two endo peaks indicates
that C�N rotation, as for 12, is
very slow.


Integration of the EXSY di-
agonal cross-peak volumes us-
ing the standard Vnmr software
allowed us to estimate rate
constants for kAr�CO, kC�N and
kcorel as shown below: Again,
correlated rotation is by far the
most important process in 3,
accounting for essentially all
C�N rotation and over 90% of
Ar�CO rotation:


kAr�CO � 0.04 s�1


kC�N � 0 s�1


kcorrel � 0.64 s�1


Correlated rotation in a 2-sub-
stituted naphthamide : Having
proved correlated rotation in
two naphthamides bearing
branched N-substituents, we
were keen to know whether
correlated rotation also occurs
in more hindered systems such
as 2-substituted 1-naphtha-
mides. Such compounds are
atropisomeric, and we have de-
termined their rates of Ar�CO
rotation to be typically of the
order of 10�5 s�1 at 20 �C (half-
lives of the order of hours, days
or weeks) by following their
racemisation after chromato-
graphic resolution. Rotations
occurring with rates of less than
about 0.01 s�1 are not amenable
to study by NMR methods, so
we decided to use a similar
separation/isomerisation meth-
od for our study.


In order to distinguish the
various types of rotation possi-Figure 9. EXSY spectrum of 3 in [D6]DMSO at 22 �C. a) H2,8 and Me cross-peaks; b) Hcis,trans and Me cross-peaks.
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ble, we require a compound with four possible conformers,
and to simplify both assignment and analysis we chose 13,
which has the same symmetry as 10 and 11, in that its
conformers comprise the two enantiomers of each of two
diastereoisomers. As with 10, its symmetry means that there
are four possible conformational processes, as shown in
Scheme 4 (K is the equilibrium constant for interconversion
of the diastereoisomers).


Non-correlated Ar�CO and C�N rotations interconvert
diastereoisomers, with each leading to a different enantiomer.
Assignment of stereochemistry for all four conformers of 13
will be necessary to distinguish these two rotations. However,
the correlated rotation we are seeking to prove interconverts
enantiomers, and enantiomers are immediately recognisable
by their 1:1 ratio in an HPLC trace. A very important point
about the design of 13 is therefore that no assignment of
stereochemistry to the conformers of 13 is required for
identification of correlated rotation: it is the only process
interconverting conformers present in a 1:1 ratio in a racemic
mixture of 13.


Compound 13 was made straightforwardly by ortholithia-
tion of 11, and was resolvable into its four atropisomeric
stereoisomers by flash chromatography followed by prepara-
tive HPLC on Chiralpak-AD stationary phase. Ratios of
isomers in mixtures were determined by a combination of
HPLC on chiral and achiral stationary phases. Although it not
essential to the conclusions we shall draw from this study, the
analysis is clarified by a tentative assignment of stereochem-
istry to the atropisomers of 13. Relative stereochemistry (exo
and endo) was assigned by NOE experiments; absolute
stereochemistry was assigned by comparing the retention
times of the two pairs of enantiomers on a Whelk-O1 chiral
column and by use of Pirkle×s model[10] for binding to this
chiral stationary phase.


We then took samples of (P, exo)-13 and (P, endo)-13 and
allowed them to equilibrate with their stereoisomers by
incubating them separately in hexane at 33 �C and analysed
the resulting product mixture at intervals. The results for (P,
endo)-13 are shown in Figure 10. Kinetic analysis is simplified
by the fact that enantiomeric processes must have the same
activation energy, and also by the fact that K, the ratio of (� ,
exo)- to (� , endo)-3 at equilibrium, could be determined


accurately (1.28� 0.02) by HPLC and confirmed by NMR.
Four mechanistic rate constants are involved: kAr�CO, for
rotation about the Ar�CO bond exo to endo, kC�N, for rotation
of the exo isomer about the C�N bond exo to endo, and kexo


and kendo for the proposed concerted enantiomerisations of the
two diastereoisomers. Rates for the reverse Ar�CO and C�N
rotations (endo to exo) are then related to kAr�CO and kC�N by
the equilibrium constant K.


It is immediately clear from
the plot that the rate at which
(P, endo)-13 enantiomerises to
(M, endo)-13 is greater than the
rate at which it undergoes rota-
tion about the Ar�CO bond,
and so rotation about the
Ar�CO bond must be concert-
ed to some degree with rotation
about the C�N bond. In order
to extract rate constants from
this data, the mechanism shown
in Scheme 4 was simplified by
assuming kAr�CO� 0. A least-
squares fit using the data ob-


tained from both (P, exo)-13 and (P, endo)-13 then gave values
for kC�N, kexo and kendo at 33 �C for the four processes:


K � 1.30� 0.05


kAr�CO� 0 s�1


kC�N� 4.0� 0.3� 10�5 s�1


kexo� 1.2� 0.3� 10�5 s�1


kendo� 3.0� 0.2� 10�5 s�1


It is important to note that irrespective of the tentative
assignments of stereochemistry, kexo and kendo represent
correlated rotations. The fact that kexo and kendo are not zero
confirms that concerted rotation takes place, and since kexo


and kendo must be at least an order of magnitude larger than


Scheme 4. Conformational changes in amide 13.


Figure 10. Evolution of the composition of a sample of (P, endo)-13 with
time in hexane at 33 �C. � (P, endo)-13, � (P, exo)-13, � (M, endo)-13, � (M,
exo)-13. Solid lines indicate evolution calculated by iterative fitting.
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kAr�CO, at least 90% of rotations about the Ar�CO bond are
concerted with a rotation about the C�N bond. As kC�N has
the same magnitude as kexo�kendo, C�N rotations must also be
free to occur in a non-concerted manner, and occur about as
frequently as concerted C�N/Ar�CO rotations.


Conclusion


Gearing effects in amide rotations : Table 3 summarises the
rate constants for rotation of the four amides 3, 10, 12 and 13,
along with barriers �G� for each process calculated using the
Eyring equation. Previous results[4] had shown that aromatic
amides with unbranched N-substituents undergo Ar�CO
rotation significantly faster than C�N rotation: Ar�CO
rotation must be able to occur without concurrent C�N
rotation, though it is possible that C�N rotations are still


correlated with Ar�CO rotations. With branched N-substitu-
ents, uncorrelated Ar�CO rotation is much slower, and the
results presented in this paper indicate that it occurs almost
solely in correlation with C�N rotation, which remains.
Uncorrelated C�N rotation appears to be even rarer, and
essentially never occurs in 2-unsubstituted naphthamides with
branched N-substituents. Increasing steric hindrance still
further by introducing a substituent at the 2-position of the
ring essentially shuts down uncorrelated Ar�CO rotation–
almost all Ar�CO rotation is correlated. Uncorrelated C�N
can now take place, and only about 50% is correlated with
Ar�CO rotation.


Experimental Section


Compounds 4 ± 9, 11 and 12 were made by acylation of the corresponding
known or available amines by the following general procedure. 1-Naph-
thoyl chloride or benzoyl chloride (1.5 mmol) was added dropwise to a
solution of the amine (1.0 mmol), triethylamine (3.0 mmol) and dichloro-
methane (10 mL) at 0 �C. Stirring was continued at room temperature for
16 h. The reaction mixture was then diluted with dichloromethane (10 mL)
and washed with 1� hydrochloric acid (20 mL� 2), water (20 mL� 2),
brine (20 mL), dried (MgSO4), and the solvent removed under reduced
pressure to yield a crude product which was purified by crystallisation or
chromatography. Compounds 10 and 13 were made by lithiation and
methylation of 4 and 11.


N-Benzyl-N-[(1S)-1-phenylethyl]-1-naphthamide (4): The crude product
was recrystallised from ethyl acetate to give the naphthamide 4
(6.65 g, 39%) as prisms. M.p. 100 ± 102 �C (from EtOAc); Rf (petroleum


ether/EtOAc 2:1)� 0.48; [�]��139.6 (c� 3.8 in EtOH); IR (film):
�max� 1632 cm�1 (C�O); 1H (300 MHz, CDCl3, �20 �C): �� 8.2 ± 6.9
(m, 17 Hmaj,min, ArH), 6.47 (q, 1 Hmin�, J� 7 Hz, CHMe), 6.27 (q, 1 Hmin��,
J� 7 Hz, CHMe), 5.83 (d, 1 Hmaj��, J� 15 Hz, CHAHB), 5.19 (d, 1 Hmaj�,
J� 15.5 Hz, CHAHB), 4.98 (q, 1 Hmaj�, J� 7 Hz, CHMe), 4.96 (q, 1 Hmaj��,
J� 7 Hz, CHMe), 4.41 (d, 1 Hmin��, J� 16 Hz, CHAHB), 4.19 (d, 1 Hmin�,
J� 16.5 Hz, CHAHB), 4.10 (d, 1 Hmaj��, J� 15 Hz, CHAHB), 4.04 (d, 1 Hmin�,
J� 16 Hz, CHAHB), 4.03 (d, 1 Hmaj�, J� 15.5 Hz, CHAHB), 3.98 (d, 1 Hmin�,
J� 16.5 Hz, CHAHB), 1.72 (d, 3 H��, J� 7 Hz, Me), 1.52 (d, 3 Hmin�, J� 7 Hz,
Me), 1.44 (d, 3 Hmaj�, J� 7 Hz, Me), 1.33 (d, 3 Hmaj��, J� 7 Hz, Me); MS: m/z :
calcd for C26H23NO: 365.1780; found: 365.1773 [M]� ; CI-MS: m/z (%): 366
(100) [MH]� ; elemental analysis calcd (%) for C26H23NO: C 85.3, H 6.3, N
3.9; found: C 85.5, H 6.3, N 3.8.


N-Benzyl-N-[(1S)-1-(1-naphthyl)ethyl]-1-naphthamide (5): The crude
product which was purified by flash column chromatography, eluting with
petroleum ether/EtOAc 10:1, to give the naphthamide 5 (496 mg, 84%) as
a foam. Rf (petroleum ether/EtOAc 10:1)� 0.07; [�]��151.9 (c� 1.1 in
EtOH); IR (film): �max� 1625 cm�1 (C�O); 1H (300 MHz; CDCl3, �20 �C):
�� 8.6 ± 6.4 (m, 19 Hmaj,min, ArH), 7.01 (q, 1 Hmaj��, J� 7 Hz, CHMe), 6.90 (q,
1 Hmaj�, J� 7 Hz, CHMe), 5.78 (q, 1 Hmin�, J� 7 Hz, CHMe), 5.58 (d, 1 Hmin��,
J� 15 Hz, CHAHB), 5.52 (q, 1 Hmin��, J� 7 Hz, CHMe), 4.90 (d, 1 Hmin�, J�


15 Hz, CHAHB), 4.55 (d, 1 Hmin��, J�
15 Hz, CHAHB), 4.36 (d, 1 Hmin�, J�
15 Hz, CHAHB), 4.31 (d, 1 Hmaj��, J�
16 Hz, CHAHB), 4.13 (d, 1 Hmaj�, J�
16 Hz, CHAHB), 3.66 (d, 1 Hmaj��, J�
16 Hz, CHAHB), 3.53 (d, 1 Hmaj�, J�
16 Hz, CHAHB), 1.77 (d, 3 Hmaj��, J�
7 Hz, Me), 1.64 (d, 3 Hmaj�, J� 7 Hz,
Me), 1.56 (d, 3 Hmin��, J� 7 Hz, Me),
1.44 (d, 3 Hmin�, J� 7 Hz, Me); MS:
m/z : calcd for C30H26NO: 416.2014;
found: 416.2032 [MH]� ; CI-MS: m/z
(%): 416 (100) [MH]� .


N-(1-Methylethyl)-N-[(1S)-1-phenyl-
ethyl]-1-naphthalenecarboxamide (6):
The crude product was purified by


flash column chromatography, eluting with petroleum ether/EtOAc 5:1,
to yield the naphthamide 6 (583 mg, 85%) as a foam. Rf (petroleum
ether/EtOAc 5:1)� 0.13; [�]��148.6 (c� 2.7 in EtOH); IR (film):
�max: 1631 cm�1 (C�O); 1H (300 MHz; CDCl3, �20 �C): �� 8.2 ± 7.1
(m, 12 Hmaj,min, ArH), 4.9 ± 4.6 (m, 1 Hmaj,min, CHMe), 3.86 (sept, 1 Hmin�,
J� 7 Hz, CHMe2), 3.81 (sept, 1 Hmin��, J� 7 Hz, CHMe2), 3.36 (sept, 1 Hmaj��,
J� 7 Hz, CHMe2), 3.34 (sept, 1 Hmaj�, J� 7 Hz, CHMe2), 2.13 (d, 6 Hmin�,
J� 7 Hz, 2�Me), 2.03 (d, 3 Hmin��, J� 7 Hz, Me), 1.74 (d, 3 Hmaj�, J� 7 Hz,
CHMeAMeB), 1.65 (d, 3 Hmaj��, J� 7 Hz, CHMeAMeB), 1.59 (d, 3 Hmaj��,
J� 7 Hz, CHMe), 1.44 (d, 3 Hmaj�, J� 7 Hz, CHMe), 1.31 (d, 3 Hmaj�,
J� 7 Hz, CHMeAMeB), 1.23 (d, 3 Hmaj��, J� 7 Hz, CHMeAMeB), 1.17 (d,
6 Hmin��, J� 7 Hz, 2�Me), 1.12 (d, 3 Hmin�, J� 7 Hz, Me); MS: m/z : calcd for
C22H23NO: 317.1780; found: 317.1783 [M]� ; CI-MS: m/z (%): 318 (100)
[MH]� ; elemental analysis calcd (%) for C22H23NO: C 83.2, H 7.4, N 4.3;
found: C 83.2, H 7.3, N 4.4.


N-Benzyl-N-[(1S)-1-phenylethyl]benzamide (8): The crude product was
purified by flash column chromatography, eluting with petroleum ether/
EtOAc 6:1, to yield the benzamide 8, (721 mg, 81%) as prisms. M.p. 69 ±
70 �C (from EtOAc); Rf (petroleum ether/EtOAc 5:1)� 0.20; [�]��127.8
(c� 1.9 in EtOH); IR (film): �max� 1637 cm�1 (C�O); 1H (300 MHz;
CDCl3, �20 �C): �� 7.7 ± 6.9 (m, 15 Hmaj,min, ArH), 6.12 (q, 1 Hmin, J� 7 Hz,
CHMe), 5.24 (q, 1 Hmaj, J� 7 Hz, CHMe), 5.09 (d, 1 Hmaj, J� 15.5 Hz,
CHAHB), 4.49 (d, 1 Hmin, J� 17 Hz, CHAHB), 4.05 (d, 1 Hmin, J� 17 Hz,
CHAHB), 3.85 (d, 1 Hmaj, J� 15.5 Hz, CHAHB), 1.48 (d, 3 Hmaj,min, J� 7 Hz,
Me); MS: m/z : calcd for C22H21NO: 316.1701; found: 316.1708 [MH]� ; CI-
MS: m/z (%): 316 (100) [MH]� ; elemental analysis calcd (%) for
C22H21NO: C 83.7, H 6.9, N 4.5; found: C 83.8, H 6.7, N 4.4.


1-[N-(2,5-cis-Dimethyl)pyrrolidinylcarbonyl]naphthalene (11): The crude
product was purified by recrystallisation from EtOAc to yield the
naphthamide 11 (2.89 g, 78%). M.p. 118 ± 119 �C; IR (film): �max�
1618 cm�1; 1H (300 MHz; CDCl3): �� 7.92 ± 7.78 (m, 3H, ArH), 7.60 ± 7.42
(m, 4H, ArH), 4.52 (sextet, 1H, J� 6.5 Hz, exo-NCH), 3.65 (br s, 1H, endo-
NCH), 2.33 ± 1.48 (m, 4H, 2�CH2), 1.59 (d, 3H, J� 6.5 Hz, exo-NCHCH3),
0.90 (br s, 3H, endo-NCHCH3); 13C (75 MHz; CDCl3): �� 169.2 (s, CO),


Table 3. Summary of rates of rotation.


3 at 22 �C[a] 10 at 23 �C[29][a] 12 at 22 �C[a] 13 at 33 �C[b]


uncorrelated kAr�CO� 0.04 s�1 kAr�CO� 0.34 s�1 kAr�CO �0.1� 10�5 s�1


�G�� 80.1 kJmol�1 k� 2.5 s�1 �G�� 74.9 kJmol�1 �G� � 110 kJmol�1


kC�N � 0 �G�� 70.2 kJmol�1 kC�N � 0 kC�N� 4.0� 10�5 s�1


�G�� 100.8 kJmol�1


correlated kexo� 1.2� 10�5 s�1


k� 0.64 s�1 k� 6.7 s�1 k� 4.27 s�1 �G�� 103.9 kJmol�1


�G�� 73.3 kJmol�1 �G�� 67.8 kJmol�1 �G�� 68.7 kJmol�1 kendo� 3.0� 10�5 s�1


�G�� 101.6 kJmol�1


[a] In [D6]DMSO. [b] In hexane.
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135.9 (s, Ar), 133.4 (d, Ar), 128.6 (d, Ar), 128.2 (d, Ar), 126.8 (d, Ar), 126.2
(d, Ar), 126.1 (d, Ar), 125.0 (d, Ar), 123.2 (s, Ar), 55.6 (d, NCH), 53.8 (d,
NCH), 32.1 (t, CH2), 31.2 (t, CH2), 22.2 (q, CH3), 22.0 (q, CH3); MS: m/z :
calcd for C17H19NO: 253.1467; found: 253.1465; CI-MS: m/z (%): calcd for
253.1467 [M]� ; found: 254 (100), 155 (8); elemental analysis calcd (%) for
C17H19NO: C 80.60, H 7.56, N 5.53; found: C 80.35, H 7.56, N 5.43.


1-[N-(2,5-cis-Dimethyl)pyrrolidinylcarbonyl]-2-methylnaphthalene (13):
s-Butyllithium (0.167 mL, 1.3� solution in cyclohexane, 0.217 mmol) was
added dropwise to a solution of 11 (50 mg, 0.197 mmol) in THF (20 mL),
cooled to �78 �C under an atmosphere of nitrogen. The resulting yellow
solution was then stirred for 50 min before the addition of methyl iodide
(18 �L, 0.295 mmol). After a further 1 h at �78 �C the solution was warmed
to room temperature. Once the reaction mixture had turned colourless,
water (20 mL) was added and the THF was removed under reduced
pressure. The aqueous phase was extracted with dichloromethane (3�
20 mL) and the combined extracts washed with water (20 mL) and dried
over magnesium sulfate. The solution was filtered and the solvent was
evaporated. Purification by column chromatography (light petroleum/ethyl
acetate 7:3) afforded the two diastereoisomers of 1-[N-(2,5-dimethyl)pyr-
rolidinylcarbonyl]-2-methylnaphthalene (49 mg, 93%) as white solids.
Fraction 1 was assigned exo stereochemistry: IR (nujol): �max� 1619 cm�1;
1H (300 MHz; CDCl3): �� 7.89 (m, 1H, ArH), 7.79 (d, 1H, J� 8.5 Hz,
ArH), 7.63 ± 7.42 (m, 3H, ArH), 7.37 (d, 1H, J� 8.5 Hz, ArH), 4.58 (sextet,
1H, J� 7 Hz, NCH), 3.52 (double quintet (dqn), 1H, J� 6.5, 2 Hz, NCH),
2.54 (s, 3H, ArCH3), 2.34 ± 2.20 (m, 1H, CH2), 2.00 ± 1.73 (m, 2H, CH2),
1.64 ± 1.52 (m, 1H, CH2), 1.60 (d, 3H, J� 6 Hz, NCHCH3), 0.91 (d, 3H, J�
7 Hz, NCHCH3); 13C (75 MHz; CDCl3): �� 168.9 (s, CO), 134.2 (s, Ar),
132.0 (s, Ar), 131.6 (s, Ar), 129.2 (s, Ar), 128.5 (d, Ar), 128.2 (d, Ar), 128.1
(d, Ar), 126.9 (d, Ar), 125.2 (d, Ar), 123.8 (d, Ar), 55.4 (d, NCH), 53.6 (d,
NCH), 32.3 (t, CH2), 31.2 (t, CH2), 22.0 (q, NCHCH3), 21.4 (q, NCHCH3),
19.6 (q, ArCH3); CI-MS: m/z (%): calcd for C18H21NO: 267.1623; found:
267.1617 [M]� , 268 (100), 169 (8). The enantiomers were separated by
HPLC on a Chiralpak AD 250� 10 mm column, eluent 10% EtOH in
hexane, flow 2.4 mLmin�1, UV at 280 nm, tR � 11.46 and 19.42 min.


Fraction 2 was assigned endo stereochemistry: IR (nujol): �max� 1623 cm�1;
1H (300 MHz; CDCl3): �� 7.74 ± 7.64 (m, 2H, ArH), 7.46 ± 7.32 (m, 2H,
ArH), 7.23 (d, 1H, J� 8.5 Hz), 4.41 (sextet, 1H, J� 7 Hz, NCH), 3.52 (qnd,
1H, J� 6, 2 Hz, NCH), 2.32 (s, 3H, ArCH3), 2.23 ± 2.09 (m, 1H, CH2),
1.94 ± 1.65 (m, 2H, CH2), 1.55 (d, 3H, J� 6 Hz, CHMe), 1.53 ± 1.44 (m, 1H,
CH2), 0.61 (d, 3H, J� 8.5 Hz, CHMe); 13C (75 MHz; CDCl3): �� 168.9 (s,
CO), 134.4 (s, Ar), 131.8 (s, Ar), 130.3 (s, Ar), 130.0 (s, Ar), 128.2 (d, Ar),
128.1 (d, Ar), 127.8 (d, Ar), 126.5 (d, Ar), 125.3 (d, Ar), 125.1 (d, Ar), 55.6
(d, NCH), 53.6 (d, NCH), 32.5 (t, CH2), 31.3 (t, CH2), 22.1 (q, CH3), 21.8 (q,
CH3), 19.2 (q, ArCH3); CI-MS: m/z (%): calcd for C18H21NO: 267.1623;
found: 268 (100), 267.1625 [M]� , 254 (13), 169 (5). The enantiomers were
separated by HPLC on a Chiralpak AD 250� 10 mm column, Merck-
Hitachi system, eluent 10% EtOH in hexane, flow 2.4 mLmin�1, UV at
280 nm, tR � 11.33 and 13.13 min.


The exo and endo diastereoisomers were separable on a Phenosphere
HPLC column (100� 8 mm), eluent 5% ethanol in hexane, flow
2 mLmin�1, tR � 5.34 (exo) and 6.42 min (endo).


Mixtures of stereoisomers of 13 were analysed by HPLC on a Chiralpak
AD 250� 10 mm to determine the ratio of [(M, exo)� (M, endo)]-
[(P, endo)� (P, exo)] (both diastereoisomers of M-13 co-elute from this
column) followed by HPLC on a silica Phenosphere column (100�
8.00 mm) to determine the ratio of [(M, exo)� (P, exo)]:[(M, endo)�
(P, endo)].
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Mechanism of the Forbidden [3s,5s]-Sigmatropic Shift: Orbital Symmetry
Influences Stepwise Mechanisms Involving Diradical Intermediates


Andrew G. Leach, Saron Catak, and K. N. Houk*[a]


Abstract: The mechanisms of [3s,5s]-
sigmatropic shifts of octa-1,3,7-triene
and 7-methylenenona-1,3,8-triene have
been elaborated using B3LYP and
BPW91 density functional theory and
CASPT2 methods. These orbital sym-
metry forbidden rearrangements are
stepwise, involving diradical intermedi-
ates. A comparison with several [3,3]-
sigmatropic shifts of substituted hexa-
dienes and of [5,5]-sigmatropic shifts
that are allowed, but nevertheless follow
stepwise paths, shows that the activation
barrier for the disallowed [3,5] shift is


significantly larger than that for the
stepwise reactions that are orbital sym-
metry allowed. Cyclic diradicals that
have an aromatic circuit of electrons
including the two radical centers and
conjugated � or � bonds are stabilized as
compared to cyclic diradicals with an


antiaromatic circuit of electrons. This
applies to the transition states leading to
and from the diradicals and influences
the activation energies of stepwise sig-
matropic shifts. The magnitudes of these
effects are small but will have a signifi-
cant influence on the rates of competing
processes. This series of calculations has
been used to assess the relative capabil-
ities of the two functionals. We find that
BPW91 underestimates the endother-
micity of diradical formation and the
barrier to diradical formation whereas
B3LYP overestimates these quantities.


Keywords: ab initio calculations ¥
density functional calculations ¥
diradical intermediate ¥ reaction
mechanism ¥ sigmatropic rearrange-
ment


Introduction


The orbital symmetry selection rules proposed by Woodward
and Hoffmann establish those pericyclic reactions that may
occur by concerted pathways.[1] An ™allowed∫ reaction main-
tains bonding interactions in the cyclic transition state of the
concerted reaction. A useful formulation of these rules states
that concerted transition states of allowed pericyclic reactions
are aromatic, while the hypothetical transition states of
forbidden concerted reactions are antiaromatic.[2, 3] Such
forbidden processes must occur by lower energy stepwise
paths involving diradical intermediates.
Stepwise reaction mechanisms also occur for some orbital


symmetry allowed processes; radical stabilizing substituents
can cause diradical intermediates to be more stable than
concerted transition states. Indeed, much mechanistic atten-
tion of the late twentieth century was focussed upon whether
allowed reactions occur by concerted or stepwise mecha-
nisms.[4] Interest in this question has not entirely subsided.[5]


Classically, the feasibility of a stepwise path has been
established by thermochemical estimates.[6, 7] For example, the


energy of cyclohexan-1,4-diyl, 2, a potential intermediate in
the Cope rearrangement of 1,5-hexadiene, 1, has been
estimated from twice the CH bond dissociation energy of
cyclohexane (Scheme 1).[8] This bond dissociation energy is


Scheme 1. Several [3,3]-sigmatropic shifts (Cope rearrangements) and a
potential diradical intermediate, 2.


taken as equal to that for propane forming a propyl radical–
no interaction between the two radical centers is assumed, in
spite of well-established through-�-bond coupling of radical
centers.[9]


The [3s,5s]-sigmatropic shift is an example of an orbital-
symmetry forbidden reaction that must occur by a stepwise
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pathway involving a diradical intermediate. We have explored
several examples of this reaction with quantum mechanical
methods. These studies show that orbital symmetries influ-
ence significantly the activation energies of stepwise reactions
involving diradical intermediates and transition states. The
energetic consequences are modest, but sufficiently large to
influence the rates and product distributions of reactions
involving diradical intermediates. These results, along with
evidence from studies of forbidden [2� 2] cycloadditions[10]
and 1,3-shifts,[11] show that vestiges of the orbital symmetry
control that has such a powerful influence on concerted
reactions appear even in stepwise reactions involving dirad-
ical intermediates.


Background


Suprafacial sigmatropic shifts are thermally allowed for 4n�2
electron systems. Thus, [3s,3s]- and [5s,5s]-sigmatropic shifts
are allowed, while the [3s,5s] is forbidden. After decades of
debate, evidence has settled on the concerted mechanism for


the parent Cope rearrangement of 1a.[4] The preference for
concert can be overcome, however, by appropriate substitu-
tion. When highly radical stabilizing 2- and 5-substituents are
present (e.g., 1b or 1c) stepwisemechanisms involving stabilized
diradical intermediates, 2, become favored over concerted.[12]


Although thermally allowed, the [5,5]-sigmatropic shift of 3
is also predicted theoretically to be stepwise (Scheme 2).[13]


This is a consequence of the bis-allylic stabilization of the
intermediate 4. The transition state linking this diradical to 3
is predicted to be more stable than a concerted transition state.


Scheme 2. The stepwise mechanism of the [5,5]-sigmatropic shift.


The [3s,5s]-sigmatropic shift is a forbidden process, and is
expected to occur, if at all, through a stepwise process. The
hydrocarbon [3s,5s]-sigmatropic shift of trienes such as 5 is so
far unknown, although a heterocyclic, photochemical [3,5]
shift has found synthetic utility (Scheme 4).[14] Birney et al.
have found that formal [3,5]-sigmatropic shifts of several
dienyl esters (Scheme 5) are actually pseudopericyclic proc-
esses, not involving a cyclic delocalized system and not subject
to the Woodward ±Hoffmann rules.[15] Such processes are
facilitated by the involvement of lone pairs in orbitals
orthogonal to the �-system. These lone pairs are absent in
the all-hydrocarbon process, and a pseudopericyclic process is
not possible. Miller has explored the rearrangements of
cyclohexadienes.[16] He found that one of the products of an
acid-catalyzed rearrangement of a crotyl substituted cyclo-
hexadiene arises from a formal [3,5]-sigmatropic shift (see
Scheme 6) but attributed this to two successive Wagner ±
Meerwein migrations followed by a Cope rearrangement.[17]


The [3,5]- and [5,5]-sigmatropic shifts of the parent systems
cannot be detected experimentally, and 1,3,7-octatriene (5a)
and 1,3,7,9-decatetraene (3) can undergo alternative Cope
rearrangements (see Scheme 3). Thus, 5a undergoes a Cope
rearrangement forming 7 with an activation enthalpy of
38.0 kcalmol�1.[18]


Scheme 3. The stepwise [3,5]-sigmatropic shift and the product of a
competing [3,3]-sigmatropic shift.


Against this setting, we have explored the parent hydro-
carbon [3s,5s] shift and have revisited the corresponding
parent [3,3] and [5,5] shifts theoretically. B3LYP is known to
accurately reproduce experimental activation energies and
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energies of pericyclic reactions, including concerted and
stepwise mechanisms.[19] Some doubt has recently been cast
on its ability to describe some singlet diradicals.[20] In a report
on the [3,3] shifts of 1,5-hexadiene and some cyano-substi-
tuted analogues, BPW91 was advocated by Staroverov and
Davidson as a better functional for such systems; second-
order perturbation theory corrected CASSCF (MROPT2)
energies were used as the standard against which the func-
tionals may be assessed.[21] Our calculations employed the
B3LYP and BPW91 functionals for geometry optimizations,
and CASPT2 single point calculations using the B3LYP
geometries provided a standard against which these func-
tionals were tested.
Thermochemical estimates were also made of the energies


of the cyclic diradical intermediates involved in stepwise
paths. Such energies account for the strain inherent in these
cyclic structures but take no account of any non-classical
electronic effects. The transition states and intermediates
were further characterized by evaluation of the nucleus
independent chemical shift (NICS) value at the center of each
ring. This provides a measure of the change of magnetic
susceptibility and has been used to differentiate aromatic and
antiaromatic systems.[22]


Computational Methods


B3LYP and BPW91 calculations were performed in Gaussian98.[23] Dir-
adicals and transition states leading to diradicals were treated with
unrestricted B3LYP and BPW91; HOMO±LUMO mixing in the initial
guess led to unrestricted wave functions when these were more stable than
restricted wave functions. Diradical wave functions are not spin eigen-
functions and are generally spin-contaminated. �S 2� values provide an
indication of the degree of contamination of the singlet diradical wave


function by triplet states and those of even higher multiplicity. All minima
and transition states were characterized by their vibrational frequencies,
and all reported energetics include unscaled zero-point and thermal
corrections to 298 K.


CASPT2 single point calculations were performed in MOLCAS5 and
utilized the B3LYP geometries.[24] The CASPT2 calculations apply a
second-order perturbation correction to CASSCF calculations. The
CASSCF calculations used an active space consisting of six electrons in
six orbitals for the [3,3] shift of 1a, eight electrons in eight orbitals for the
[3,5] shift of 5a and ten electrons in ten orbitals for the [3,3] shift of 1b, the
[3,5] shift of 5b and the [5,5] shift of 3. The active space orbitals were


chosen to correspond to the � bonding
orbital of the � bond in the reactant
that is ultimately broken in the sigma-
tropic shift and all of the � bonding
orbitals of the reactant and the anti-
bonding counterparts of each of these
orbitals. The B3LYP zero-point and
thermal corrections were applied to
these CASPT2 single point energies
without scaling. B3LYP, BPW91 and
CASPT2 calculations all employed the
6-31G* basis set. Spin projection was
performed based on the reported val-
ues of �S 2� for contaminated singlets
and the energies and values of �S 2� for
triplet single points at the same geom-
etry. A method analogous to that
reported for UHF was employed.[25]


Two thermochemical estimates of the
energies of cyclic diradicals were
made, one using empirical data and
the other using the MM2 force field[26]


in MacroModel7.[27] Benson×s thermochemical tables were used to calculate
the enthalpy of formation of carbocycles corresponding to the addition of
two H atoms to various cyclic diradical intermediates.[6] The bond
dissociation energy (BDE) for each of the two CH bonds formed by this
addition of H atoms was estimated using empirical data assembled by Roth
et al.[18] The addition of these BDEs to the enthalpy of formation of the
carbocycle provides an estimate of the enthalpy of formation of each cyclic
diradical. The enthalpies of formation of the reactant polyenes were also
estimated using Benson×s tables and used to predict an empirical enthalpy
change for the formation of cyclic diradicals.


NICS values were calculated by defining a ghost atom at the center of the
ring in each cyclic transition state and diradical. Application of the NMR
keyword in Gaussian98 in combination with the UB3LYP/6-31G* or
UBPW91/6-31G* method generated isotropic chemical shifts for the ghost
atom.


Results and Discussion


Calculated energetics : We explored the potential energy
surface of the [3,5]-sigmatropic shift of octa-1,3,7-triene (5a)
at both B3LYP/6-31G* and BPW91/6-31G* levels. We were
unable to find a concerted transition state but instead located
a diradical intermediate 6a and a transition structure, 8a,
linking it to reactants. CASPT2/6-31G* single point calcu-
lations were performed on the B3LYP/6-31G* geometries.
Figure 1 shows the UB3LYP/6-31G* geometries for the


transition state 8a and intermediate 6a for the stepwise [3,5]
shift, of octa-1,3,7-triene. The activation enthalpy and en-
thalpy change on formation of the diradical intermediate at
the three levels of theory are reported below the structures.
While the three levels agree well on the energy of the
diradical, B3LYP places the transition structure, 8a,
4 kcalmol�1 higher in energy than the other two methods.
This is related to the greater spin contamination in the B3LYP


Scheme 6. The acid catalyzed formal [3,5]-sigmatropic shift of a crotyl-substituted cyclohexadiene has been
explained by two [1,2]-Wagner ±Meerwein shifts followed by a [3,3]-Cope rearrangement.[17]


Scheme 4. A photochemically mediated [3,5]-sigmatropic shift, employed
in the synthesis of tetrapyrroles.[14]


Scheme 5. The [3,5]-sigmatropic shift of a dienyl ester predicted to follow a pseudo-pericyclic mechanism.[15]
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transition structure. Both B3LYP and BPW91 predict that
�S 2�� 1.03 for the diradical intermediate, which indicates that
the diradical is nearly 50:50 singlet and triplet, and the singlet
and triplet are nearly degenerate. B3LYP predicts �S 2�� 0.66
and BPW91 predicts �S 2�� 0.50 for the transition state
leading to the diradical. This indicates contamination with
the higher energy triplet (and other higher multiplicity states).
This increases the energy of the spin-contaminated state. The
UB3LYP case has more contamination, and this will raise the
energy of the transition structure. Spin projection using the
value of �S 2� for the contaminated singlet and the �S 2� value
and energy from a triplet single point at the singlet geome-
try[25] lowers �H� to 37.8 kcalmol�1 for B3LYP and to
35.3 kcalmol�1 for BPW91. �Hint is little changed after spin
projection, with corrections of �0.1 kcalmol�1 calculated for
both functionals.
Most allowed hydrocarbon pericyclic reactions have been


observed to have an activation barrier of approximately
34 kcalmol�1. This [3,5]-sigmatropic shift has a barrier higher
than this by 5 ± 7 kcalmol�1. The diradical is found to be lower
in energy than the transition state leading to it or away from it
by anywhere from 4 ± 7 kcalmol�1.
In the transition structure, 8a, the length of the breaking


bond is virtually unchanged from that in the reactant. The
bond is 1.549 ä (B3LYP) or 1.555 ä (BPW91) long in the
reactant compared with 1.556 ä or 1.555 ä in transition
structure 8a. In the diradical intermediate, 6a, both the
™breaking∫ and ™forming∫ bonds are elongated by 0.02 ±
0.03 ä compared with the unperturbed CC � bond length in
the reactant.
B3LYP/6-31G* calculations predict that the known [3,3]-


sigmatropic shift of 5a which forms 7 is concerted, passing
through transition state 16, with an activation enthalpy of
37.9 kcalmol�1, in good agreement with the experimentally
determined value of 38.0 kcalmol�1,[18] and 1 ± 5 kcalmol�1


below the activation energy computed for the stepwise [3,5]
shift. It is interesting that the activation energy for the [3,3]


shift is about 4 kcalmol�1 higher than that of the parent
system (1a). The vinyl substituent stabilizes the reactant, 5a,
and also must assume an axial position in the transition state,
16, of the Cope rearrangement (Figure 1).
To make comparisons to allowed shifts, we have also


obtained the previously reported B3LYP/6-31G* transition
states and intermediates for the [3,3] shift of 1a and the [5,5]
shift of 3.[12, 13] These were reoptimized with UBPW91/6-31G*
and were also used as geometries for CASPT2/6-31G* single
points such that all cases have comparable data.
Figure 2 shows the concerted transition structure of the


allowed [3,3] shift of 1a according to B3LYP and BPW91. The
enthalpy of activation for this parent Cope rearrangement has
been measured experimentally to be 33.5� 0.5 kcalmol�1.[7]


Figure 1. The transition state, 8a, and diradical intermediate, 6a, for the [3,5]-sigmatropic shift of 1,3,7-octatriene, 5a, and the transition state, 16, for a
competing Cope rearrangement. The structures shown were obtained with UB3LYP/6-31G*. Distances [ä] and angles are reported for the UB3LYP
geometries with the corresponding values for the UBPW91 geometries in brackets. Enthalpies at 298 K relative to 5a are reported in kcalmol�1. Values in
parentheses were obtained by projecting out the triplet spin contamination.


Figure 2. The concerted transition state, 9a, for the [3,3]-sigmatropic shift
of 1,5-hexadiene. The structure shown was obtained with B3LYP/6-31G*.
Distances [ä] and angles are reported for the B3LYP geometry with the
corresponding values for the BPW91 geometry in brackets. Enthalpies at
298 K relative to 1,5-hexadiene are reported in kcalmol�1.
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The B3LYP and CASPT2 energetics are in good agreement
with this while BPW91 underestimates the barrier by
7 kcalmol�1. The activation enthalpy is calculated to be 7 ±
12 kcalmol�1 lower than for the forbidden [3,5] shift of 5a.
Various calculations give the partial bond length as 1.9 ±


2.0 ä, although the energy is not very sensitive to the
distance.[4b, 28] Correlating theoretically predicted kinetic iso-
tope effects with experimentally observed values predicts a
partial bond length in the ™real∫ transition structure of
2.085 ä, closer to the B3LYP value of 1.965 ä than the
BPW91 value of 1.878 ä.[28]


It was previously reported that no concerted transition state
could be found using B3LYP/6-31G* for the allowed [5,5] shift
of 3. We have found that this is also the case with BPW91/6-
31G*. The diradical 4 and transition state 10 linking it to
reactants could be located at both levels of theory and are
shown in Figure 3. Both functionals are in reasonable agree-
ment concerning the energy of diradical 4. The elevated


Figure 3. The transition state, 10, and diradical intermediate, 4, for the
[5,5]-sigmatropic shift of 1,3,7,9-decatetraene, 3. The structures shown were
obtained with UB3LYP/6-31G*. Distances [ä] and angles are reported for
the UB3LYP geometries with the corresponding values for the UBPW91
geometries in brackets. Enthalpies at 298 K relative to 3 are reported in
kcalmol�1. Values in parentheses were obtained by projecting out the
triplet spin contamination.


energy of this diradical predicted by UB3LYP corresponds to
a larger degree of spin contamination in the UB3LYP
structure (�S 2�� 0.92) compared with the UBPW91 structure
(�S 2�� 0.51). The two functionals make predictions of the
activation enthalpy that differ by 7.2 kcalmol�1. BPW91
predicts a barrier 4 kcalmol�1 lower than CASPT2 and
B3LYP predicts a barrier that is 3.2 kcalmol�1 higher. This
mirrors the different degree of spin contamination in the two
transition structures. Spin projection lowers �H� to 30.3 for
B3LYP but makes negligible change to the BPW91 energy.
The activation energies for this [5,5] shift are calculated to be
9 ± 13 kcalmol�1 lower than for the [3,5] shift of 5a and lower
by up to 3 kcalmol�1 than for the [3,3] shift of 1a. The
diradical is found to be in a well of depth 1 ± 6 kcalmol�1.


The breaking bond in transition structure 10 is stretched
compared with the same bond in the reactant tetraene, 3, by
0.07 ± 0.08 ä (from 1.552 ä with B3LYP and 1.558 ä with
BPW91). The forming bond is also long (1.93 ± 1.95 ä) in this
transition state–BPW91 even predicts that it is longer than its
counterpart distance (1.88 ä) in the concerted [3,3]-transition
state 9a, discussed above. The corresponding distances in the
diradical 4 (1.596 ä with B3LYP or 1.639 ä with BPW91) are
remarkably long for what is formally a normal C�C single
bond. It should be noted that the breaking and the forming �
bonds are both longer in 10 and 4 than in their [3,5]
counterparts 8a and 6a.
The data for the parent hydrocarbon [3,3], [3,5] and [5,5]


shifts presented above suggests that the barrier to the two
allowed reactions is considerably lower than that for the
forbidden [3,5] shift, even when the [5,5] process involves a
stepwise mechanism. However, these three examples are not
readily comparable as their differing atomic constitutions may
be responsible for the differences. In particular, 4 is a doubly
allylically stabilized diradical, while 6a is composed of an
allylic and a secondary radical.
To provide a direct comparison of systems with nominally


equal intermediate energy, a set of three isomeric decate-
traenes, 1b, 5b and 3, was studied (Figure 4). These three


Figure 4. Isomeric decatetraenes which can undergo [3,3]- (1b), [3,5]- (5b)
or [5,5]- (3) sigmatropic shifts. These reactions may all involve isomeric
diradicals 2b, 6b, or 4.


molecules can undergo a [3,3]-, a [3,5]- and a [5,5]-sigmatropic
shift, each of which follows a stepwise path and each of which
involves a diradical intermediate composed of two allylic
radicals. More meaningful comparisons of activation energies
and intermediate geometries may be made between these
reactions.
Figure 5 shows the calculated structures of the diradical


intermediates and transition structures for the stepwise
sigmatropic shifts of 1b, 5b, and 3. Both B3LYP/6-31G* and
BPW91/6-31G* calculations predict that the [3,3] shift of 1b,
the [3,5] shift of 5b and the [5,5] shift of 3 all proceed through
stepwise paths, and no concerted transition states could be
found even with restricted calculations.
As observed with the parent shifts already discussed, it can


be seen that B3LYP predicts �Hint values that are higher than
CASPT2 standard values by 1 ± 3 kcalmol�1. B3LYP activa-
tion barriers are too high by 3 ± 4 kcalmol�1. On the other
hand, BPW91 predicts �Hint values that are about correct for
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the [3,3] and [5,5] shifts but too low by 4 kcalmol�1 for the
[3,5] shift. BPW91 activation barriers are underestimated by
1 ± 4 kcalmol�1. As with the parent hydrocarbon shifts, this
discrepancy correlates with the degree of spin contamination
for each structure and spin projection using the reported
values of �S 2� improve the B3LYP energies compared to
CASPT2 but reduce agreement for BPW91.
The activation enthalpy for the stepwise mechanism of the


forbidden [3,5] shift of 5b is calculated to be 13 ± 15 kcalmol�1


higher than for the [3,3] shift of 1b and 4 ± 7 kcalmol�1 higher
than for the [5,5] shift of 3. The [3,3]-diradical 2b is bound by
5 ± 10 kcalmol�1, the [3,5]-diradical 6b by 6 ± 9 kcalmol�1 and
the [5,5]-diradical 4 by 1 ± 6 kcalmol�1.


The two functionals differ in their predictions of the length
of the forming bond in the transition structures. BPW91 predicts
that the [3,5]-transition structure 8b has the shortest forming
bond (1.921 ä compared with 2.016 ä for 11b and 1.945 ä for
10). B3LYP predicts the reverse with the [3,5] transition structure
8b having the longest forming bond length (1.997 ä). Both
functionals predict that the breaking bond is stretched to
1.61 ± 1.64 ä (from 1.55 ± 1.56 ä in the reactant tetraenes 1b
and 3) in the [3,3]- and [5,5]-transition states 11b and 10. This
compares to a barely perturbed bond in the [3,5]-transition
structure 8b (1.55 ä compared with 1.55±1.56 ä in reactant 5b).
The diradicals 2b, 6b and 4 are also shown in Figure 5. The


energy change on formation of the diradical is higher for the


Figure 5. The transition states and intermediates for the [3,3] shift of 1b, the [3,5] shift of 5b and the [5,5] shift of 3. The geometries shown were obtained with
UB3LYP/6-31G*. Distances [ä] and angles are reported for the B3LYP geometries with the corresponding values for the BPW91 geometry reported
underneath in brackets. Enthalpies, at 298 K, are reported relative to the appropriate reactant tetraene in kcalmol�1. Values in parentheses were obtained by
projecting out the triplet spin contamination.
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[3,5] and [5,5] shifts of 5b and 3 (by 11 ± 13 kcalmol�1) than for
the [3,3] shift of 1b. The ™breaking∫ and ™forming∫ � bond
lengths are shorter in the [3,3] and [5,5] diradicals 2b and 4
than in the transition states leading to them, 11b and 10. In
contrast, the breaking bond stretches slightly from 1.55 to
1.57 ä on going from the [3,5]-transition state 8b to the
diradical 6b while the forming bond contracts from �1.9 ä to
1.57 ä. Each diradical is composed of two allylic radicals
which enforce rigid, strained structures.
Diradicals 2b, 6b and 4 are all isomers and therefore, their


absolute energies, calculated with our three chosen levels of
theory may be compared. The six-membered ring diradical 2b
is lowest in energy. Eight-membered ring diradical 6b is
calculated to be 11 ± 16 kcalmol�1 higher in energy. The ten-
membered ring diradical, 4, is 11 ± 13 kcalmol�1 above 2b.
Transition states leading to and from the diradicals follow the
same pattern.
The geometries and energies suggest that the diradical for


the [3,5] shift, 6b, is destabilized relative to 2b and 4. To
investigate whether this difference is due to electronic effects
that stabilize 2b and 4 or just to differences in strain energy
between these diradicals in different rings, we have also made
thermochemical estimates of the diradical energies from
hydrocarbon energies and bond dissociation energies.
Chemically similar isomers are good candidates for com-


parison by thermochemical and force field methods. The
relative energies of the cyclic diradicals after optimization
using the MM2 force field suggests that the eight-membered
ring diradical, 6b, should be 8 kcalmol�1 above its six-
membered counterpart, 2b. The ten-membered ring diradical,
4, should be highest in energy and 10 kcalmol�1 above 2b.
Estimates of the enthalpies of formation of the diradicals


were also made using Benson×s thermochemical tables[6] and
Roth×s CH bond dissociation energies.[18] Benson×s tables
were used to estimate the enthalpies of formation of 1,4-
divinylcyclohexane and 5-vinylcyclooctene, corresponding to
dihydro 2b and 6b, respectively. The enthalpy of formation of
the corresponding structure for 4 (cis,cis-cyclodeca-1,6-diene)
has been estimated elsewhere.[29] The dissociation energies for
the two CH bonds cleaved to form 2b, 6b and 4 from these
alkenes were estimated from the data assembled by Roth
et al. for similar CH bonds.[30] The addition of the two bond
dissociation energies to the enthalpies of formation of the
cyclic diene yielded an estimate of the enthalpy of formation
of the cyclic diradical. These showed that the six-membered
ring diradical 2b should be lowest in energy. Eight-membered
ring diradical 6b should be 9 kcalmol�1 higher in energy and
ten-membered ring 4 should be 10 kcalmol�1 above 2b.
Although the empirical energies are only accurate to within


a few kcalmol�1, they clearly show that strain plays an
important part in determining the relative energy of cyclic
diradicals. Strain alone does not account for all of the
differences in energy between cyclic diradicals: We find that
the quantum mechanical energies predict that the [3,5]-
diradical 6b is higher in energy than the [3,3]-diradical 2b by
2 ± 8 kcalmol�1 more than accounted for by strain alone. The
[5,5]-diradical 4 is 1 ± 3 kcalmol�1 lower in energy than
predicted empirically. There is a quantum mechanical effect
that destabilizes 6b relative to estimates based on non-


interacting diradicals, and stabilizes 2b and 4 relative to these
non-interacting diradical models. This is consistent with some
degree of cyclic delocalization, stabilizing when six or ten
electrons are involved and destabilizing when eight electrons
are present in the cycle.
Benson×s tables were also used to predict the enthalpy of


formation of the reactant tetraenes 1b, 5b and 3. Combined
with our estimates of the energies of cyclic diradicals,
empirical predictions of the enthalpy change on reaction to
form the diradical (�Hint) were made. These were
20.0 kcalmol�1 for the [3,3] shift of 1b, 27.9 kcalmol�1 for
the [3,5] shift of 5b and 27.3 kcalmol�1 for the [5,5] shift of 3.
These numbers, along with those for the parent systems
calculated in an analogous fashion,[31] may be compared with
our CASPT2 quantum mechanical calculations (Figure 6).


Figure 6. Enthalpy changes of cyclic diradical formation from reactant
polyenes calculated by empirical methods and by CASPT2. The CASPT2
value for cyclohexan-1,4-diyl is actually for the concerted Cope transition
state.


This reveals the action of a 7 ± 8 kcalmol�1 stabilizing
electronic interaction in the case of the [3,3]-diradical 2b, a
3 ± 5 kcalmol�1 stabilization of the [5,5]-diradical, 4, and a 0 ±
1 kcalmol�1 destabilization of the [3,5]-diradical, 6b. The
parent shifts are in line with this apart from the [3,5] diradical
6a which is stabilized with CASPT2 compared to the
empirical energy.


Cyclic delocalization : We have found that the barriers to the
forbidden [3,5] shifts exceed those of allowed [3,3] and [5,5]
shifts even when they take stepwise pathways. That this arises
from cyclic delocalization is supported by the fact that in the
stepwise transition structures for allowed reactions (11b and
10), the breaking bond is considerably longer (1.62 ± 1.64 ä)
than in the comparable structures for forbidden [3,5] shifts, 8a
and 8b (1.55 ± 1.56 ä).
Strain may also play a part in determining these bond


lengths by contributing to a lengthening in the [3,5] case to
minimize the impact of partially eclipsed CH and CC bonds.
The ™forming∫ and ™breaking∫ bonds are 1.56 ± 1.58 ä in the
[3,3]-diradical, 2b, compared with 1.57 ± 1.58 ä in the [3,5]-
diradical, 6b, and 1.60 ± 1.64 ä in the [5,5]-diradical, 4.
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Cyclic delocalization by through-bond coupling is favored
for 4n�2 electrons but disfavored for 4n in these suprafacial
geometries.[9, 33] We expect that this effect will be most
pronounced when the diradicals have no exocyclic delocali-
zation and consequently can only rely upon cyclic delocaliza-
tion for stabilization. In accord
with this, we find the most
pronounced geometric varia-
tions for the three parent sig-
matropic shifts of 1a, 3 and 5a.
This cyclic delocalization and


the aromatic or antiaromatic
character it imparts, even to
stepwise reactions, is also evi-
denced in the nucleus inde-
pendent chemical shift (NICS)
values, evaluated at the center
of the ring in each transition
state and intermediate. Nega-
tive values indicate aromatic and positive values antiaromatic
character. It is found that benzene has a NICS value of around
�13.[32a] The concerted transition state of the allowed parent
Diels ±Alder reaction between ethene and butadiene has a
NICS value of about �19.[32] In accord with this, we find that
the parent concerted Cope reaction has NICS values of �22.1
with B3LYP and �20.3 with BPW91. These values compare
well with the values of �16 to �19 calculated by Schleyer
et al. with different levels of calculations.[32] The allowed [5,5]
shift of 3 has values of�6.5 (B3LYP) or �8.7 (BPW91) in the
stepwise transition state, 10, and �1.2 (B3LYP) or �5.0
(BPW91) in the diradical intermediate, 4. The forbidden [3,5]
shift of 5a on the other hand has NICS values of �7.4
(B3LYP) or �7.0 (BPW91) in the transition state leading to
diradical 6b and �3.3 or �4.7 in the diradical itself.
The NICS values also confirm that exocyclic stabilization


diminishes the effect of cyclic delocalization. The stepwise
transition state for the [3,3] shift of 1b has NICS values of
�12.5 (B3LYP) and �12.1 (BPW91). The diradical 2b has
values of�1.0 (B3LYP) and�2.1 (BPW91). Furthermore, the
[3,5] shift of vinyl-substituted 5b has values of �7.1 (B3LYP)
and �5.9 (BPW91) in the stepwise transition state 8b and
�2.1 (B3LYP) and �2.9 (BPW91) in the diradical 6b. A plot
of breaking bond length versus NICS value for the stepwise
transition states and diradicals confirms a correlation between
these two properties.
Geometric and magnetic shielding properties indicate that


cyclic delocalization operates in these stepwise sigmatropic
shifts even when they are stepwise. This imparts aromatic
character to the transition states and diradical intermediates
of formally allowed shifts and antiaromatic character to
formally forbidden shifts. Although this coupling of diradical
centers is evidenced in the [5,5]-transition structure, it has
little, if any impact on the energetics of this shift. This
decrease in impact of cyclic delocalization as the size of the
system increases has been observed previously.[33]


For each of these cyclic diradicals, the number of electrons
involved in cyclic delocalization consists of one for each
radical center, two for each of the � bonds connecting radical
fragments and overlapping with the radical � orbitals and two


for each of the endocyclic �-bonds involved in radical
delocalization (Figure 7). Electrons from groups exocyclic to
the ring are not counted in determining whether the system is
aromatic or antiaromatic.


Generalizations and extensions


Orbital symmetry is well known to have a major influence on
the activation energies of concerted pericyclic processes. This
work establishes that orbital symmetry also influences step-
wise mechanisms involving cyclic diradical intermediates. This
conclusion should have application to other stepwise reac-
tions which involve cyclic transition states. We highlight here
two reported reactions whose product mixture is likely to
have been influenced by the effects we have outlined.
For instance, the thermolysis of trans-1,2-divinylcyclobu-


tane 12 is found to yield primarily (70%) the cyclohexene
product 13.[34] The trans ring junction disfavors concerted
reactions, but the strained cyclobutane is readily thermolyzed
to the diradical 14. This diradical could plausibly combine in
one of three ways–to regenerate the cyclobutane through a
four-electron, four-membered transition state, to give the
cyclohexene through a six-electron, six-membered transition
state, or to give the cyclooctadiene 15 through an eight-
electron eight-membered transition state (Scheme 7). The
same preference for six electron cyclic transition states
discussed above could contribute to the observed preference
for 13. This is a case where an acyclic, and therefore non-


Scheme 7. Representative reactions which rates and product mixtures will
be influenced by orbital symmetry even though they are not concerted. In
these reactions, an acyclic diradical may cyclize through a number of
competing cyclic transition states.


Figure 7. Electron counting for cyclic diradicals. The same principles apply to cyclic transition states linking to
diradicals.
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aromatic diradical, cyclizes through a cyclic transition state
that can benefit from cyclic delocalization for 4n�2 electrons
but not 4n.
A related case involves the dimerization of butadiene (and


other dienes).[35] The principle product from such dimeriza-
tions is the cyclohexene Diels ±Alder-type product (92%)
which is believed to arise through both a stepwise mechanism
involving the same diradical 14 discussed above and a
competitive concerted mechanism.[36] Small amounts (8%)
of the formal [2� 2] product are also observed. An orbital
symmetry preference for the six-electron cyclization leading
to the cyclohexene product will influence this product
mixture. Our earlier studies of this reaction predict little
barrier to cyclization of diradical 14 via the six-membered
ring, while the formation of the four-membered ring is
disfavored.[37]


There is likely to be an orbital symmetry influence on the
cyclization of diradicals in general. Doubleday found,[10] for
example, that the tetramethylene diradical cyclizes by a
pathway involving rotation of one methylene center (Fig-
ure 8), to endow the cyclization transition state with four-
electron Mˆbius aromatic character.[3] We expect that all
diradical cyclizations will occur preferentially by aromatic
arrays rather than antiaromatic.


Figure 8. The favored CASSCF(4,4)/6-31G* transition state for the
cyclization of the tetramethylene diradical, as reported by Doubleday.
The transition state avoids a four-electron H¸ckel antiaromatic structure by
twisting at one methylene terminus, endowing the structure with four-
electron Mˆbius aromaticity.


Evaluation of functional performance


We observe that B3LYP predicts �Hint values that are higher
than our CASPT2 estimates by 1 ± 3 kcalmol�1. B3LYP also
predicts activation barriers for diradical formation that are 3 ±
4 kcalmol�1 higher than CASPT2 values. By the same stand-
ard, BPW91 underestimates the endothermicity of the
formation of the diradical (by up to 5 kcalmol�1) and under-
estimates the activation barrier (by 0 ± 4 kcalmol�1). This
difference in behavior of the functionals is mirrored in the
values of �S 2� which are all higher for UB3LYP than for
UBPW91; this indicates greater contamination by higher
multiplicity states in the UB3LYP wave function than in the
UBPW91 wave function. Spin projection using the values of
�S 2� for the singlet and the triplet and triplet single point
energies improves the B3LYP energetics, and the average
signed error between B3LYP and CASPT2 reduces from �2.8
to �0.7 kcalmol�1. On the other hand, the same procedure
applied with BPW91 causes a reduction in agreement
between this method and CASPT2 with the average signed


error increasing from �1.7 to �2.9 kcalmol�1. The utility of
�S 2� for evaluating the degree of spin contamination in
unrestricted density functional methods has however been
challenged and alternative methods may therefore be more
appropriate when performing spin projection.[38]


The two functionals also differ in their prediction of
geometries and NICS values. B3LYP predicts longer breaking
bond lengths in the stepwise transition states than BPW91 but
shorter corresponding lengths in the diradical intermediates
than BPW91. With the exception of the transition state of the
[5,5] shift, 10, the NICS values are larger (either positive or
negative) in the B3LYP transition states than in the BPW91
transition states but the reverse is true of diradical inter-
mediates. These two observations are consistent with B3LYP
incorporating more cyclic delocalization in the stepwise
transition states than BPW91 but less in the intermediate
diradicals.


Conclusion


The [3s,5s] rearrangement follows a stepwise path involving a
diradical intermediate, but the activation barrier is signifi-
cantly larger than the barrier for similar reactions which are
allowed by the Woodward ±Hoffmann rules even when they
too follow stepwise paths. This vestige of forbiddenness
disfavoring the stepwise [3,5]-sigmatropic shift even in a
stepwise mechanism amounts to 2 ± 5 kcalmol�1 and stems
from cyclic delocalization in the transition state leading to the
diradical intermediates. Consequently, orbital symmetry ex-
erts a significant influence on the activation energies of
potentially pericyclic sigmatropic shifts, even when they
involve alternative stepwise mechanisms. The effect is large
in the six-electron system and attenuates as the size of the
system increases.
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Synthesis of Guanidinium-Derived Receptor Libraries and Screening for
Selective Peptide Receptors in Water


Kim B. Jensen, Tobias M. Braxmeier, Mariangela Demarcus, Jeremy G. Frey, and
Jeremy D. Kilburn*[a]


Abstract: A library of ™tweezer∫ recep-
tors, incorporating a guanidinium ™head
group∫ and two peptide derived side
arms has been prepared on the solid-
phase using an orthogonally protected
guanidinium scaffold 12. The library was
screened with various tripeptide deriva-
tives in an aqueous solvent system. A


tweezer receptor 25 for the side chain
protected tripeptide 19 was identified
from the screening experiments. Recep-


tor 25 was resynthesised and solution
binding studies were carried out, which
revealed that 25 binds to tripeptide 19
with Ka� 8.2� 104� 2.5� 104 (15%
DMSO/H2O, pH 8.75) and with appre-
ciable selectivity over the tripeptide
enantiomer 22 and the side chain de-
protected tripeptide 20.


Keywords: combinatorial chemistry
¥ guanidinium ¥ peptides ¥ receptors
¥ screening


Introduction


Synthetic receptors for specific peptide sequences provide
model systems for biological protein ± peptide complexes as
well as having many potential applications, including for
separation of peptide mixtures, biosensors, and new thera-
peutics. Much recent work in the area of peptide receptors[1]


has focused on ™tweezer∫ receptors (Figure 1)[2] which,
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Figure 1. a) Schematic of a tweezer receptor with ™hinge∫ or ™head group∫
and side arms, which provide binding interactions with a suitable guest
substrate. b) Schematic of a tweezer receptor with a carboxylic acid binding
site (CBS) as the ™head group∫.


despite their inherent flexibility, have proved to be highly
selective for certain peptide sequences in both nonpolar[3] and
aqueous solvent systems.[4]


We have focused on tweezer receptors, which incorporate a
™head group∫ with a specific recognition site for the C-termi-


nus of a peptide (carboxylate binding site, CBS), and peptidic
side arms. For example we have synthesised individual
tweezer receptors incorporating a guanidinium head group,
which bind to peptides with a free carboxylate terminus in
aqueous media[4a]–with the strong interaction between
carboxylate and guanidinium proving to be essential for
binding.[5] Thus, receptor 3 was prepared on the solid-phase
using a guanidine scaffold 1 attached to the solid-phase
through a tosyl group (Figure 2). The resulting dye-labelled
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Figure 2. Schematic view of the synthesis of tweezer receptors.


receptor 3 was screened with a solid-phase library of potential
peptidic guests to identify a suitable substrate (�-Glu(OtBu)-
�-Ser(tBu)-�-Val-OH).[4a]
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We have also successfully prepared libraries of tweezer
receptors with a diamidopyridine head group as a carboxylic
acid binding site, using split-and-mix synthesis,[6] and screened
the library, on the solid-phase, to identify receptors for a
chosen peptide guest with a carboxylic acid terminus, in
nonpolar solvents.[3a,b, 7] The diamidopyridine ± carboxylic acid
interaction is too weak to promote peptide recognition in
more competitive solvents, but clearly it would be highly
desirable to extend the concept of screening such receptor
libraries to libraries suitable for peptide recognition in
aqueous media. Indeed we have previously prepared a library
of tweezers 2 from scaffold 1, but the use of a tosylated
guanidine linker meant that the tweezers, on the solid-phase,
lacked the essential guanidinium unit and screening this
library for peptide receptors in water was not successful.[4a] In
this paper we describe an alternative approach, which has
allowed us to prepare libraries of tweezer receptors with an
unprotected guanidinium head group, which, in turn, have
been successfully screened to identify a receptor for a chosen
peptidic guest in aqueous media.


Results and Discussion


In order to prepare the desired libraries, we synthesised an
orthogonally protected guanidine derivative, suitably func-
tionalised with a carboxylic acid moiety to allow attachment
to resin beads. The guanidine derivative 13 was prepared in
eleven steps with an overall yield of 37% starting from
diamine 4 (Scheme 1). Diamine 4 was first converted into the
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Scheme 1. a) (Boc)2O, CH2Cl2; b) AlocCl, dioxane, pyridine; c) 40%
CF3CO2H, CH2Cl2; d) CSCl2, NaHCO3(aq), CHCl3; e) 5, CHCl3, reflux;
f) CH3I, acetone, NH4PF6, CH2Cl2, CH3OH; g) TosNH2, DBU, toluene,
CHCl3, reflux; h) FmocCl, [Pd(PPh3)4], Bu3SnH, CH2Cl2; i) 20%
CF3CO2H, CH2Cl2; j) Fmoc-�-Glu(OtBu)-OH, PyBOP, HOBt, DIPEA,
DMF; k) 70% CF3CO2H, CH2Cl2.


mono-Boc protected amine 5 followed by Aloc protection of
the second amino function to give bis-protected diamine 6 in
95% yield over two steps. Boc deprotection of 6 gave mono-
Aloc protected diamine,[8] which was treated with thiophos-


gene to give isothiocyanate 7. Subsequent reaction of 7 with
amine 5 gave orthogonally protected thiourea 8 in 62%
overall yield from 6. Alkylation of the thiourea 8 with methyl
iodide and counterion exchange gave the thiouronium hexa-
fluorophosphorate 9, which on treament with tosyl amide, in
the presence of DBU, led to the orthogonally protected
guanidine 10. Boc deprotection of 10 and coupling with N-�-
Fmoc-�-glutamic acid �-tert-butyl ester using PyBOP/HOBt
gave 12 which was hydrolysed, using TFA, to give acid 13 in
62% overall yield from 8. The Aloc protected guanidine 10
could also be converted into the corresponding Fmoc
analogue 11 and hence to the bis-Fmoc protected acid 15
using identical procedures.
The orthogonal protecting groups used in the synthesis of


13 allows for the synthesis of libraries of ™unsymmetrical∫
tweezer receptors, that is tweezer structures where the two
peptide arms can be randomised (by split-and-mix synthesis)
independently. Initially, in order to demonstrate the potential
of such libraries in aqueous screening experiments, we chose
to prepare a relatively small and structurally less diverse
library of ™symmetrical∫ tweezers, with identical peptide
sequences appended to both sides of the starting guanidine
scaffold.
For this library synthesis a coding strand was first intro-


duced,[9] by coupling Fmoc-protected phenylalanine on to
10% of the amine sites on TentaGel resin, followed by
coupling protected guanidine 13 on to the remaining amine
sites. Subsequent Aloc and Fmoc deprotection yielded resin
16 ready for library generation. A 2197-member library of
Fmoc-protected tweezer receptors 17 was prepared by a
threefold coupling of thirteen Fmoc-protected amino acids to
the free amine groups using the split-and-mix strategy
(Scheme 2). Fmoc deprotection, Boc and tert-butyl deprotec-
tion of relevant amino acid side chains and cleavage of the
tosyl function using HF, generated the resin bound library of
tweezer receptors 18 with a guanidinium head group.
Screening experiments were carried out with the tweezer


library 18 using a range of dye-labelled guests 19 ± 23 (Fig-
ure 3). Compound 19 was chosen as it had been identified as a
guest for receptor 3 in previous studies (see above), but it was
also of interest to consider the side chain deprotected (and
more hydrophilic) analogue 20, as well as the dipeptide �-
Ala-�-Ala-OH 21, given its well-known biological rele-
vance.[10]


Screening experiments were carried out using an aqueous
buffer solution (pH 9.2, borate). At this pH the guanidinium
moiety is still protonated and the peptidic guests exist as
deprotonated carboxylates. The screening experiments are
simple to perform: a library sample is equilibrated in the
buffer system; the peptide guest, dissolved in water and 20%
DMSO, is added; after a second equilibration time, the
selectivity in binding the peptide can be judged by observation
of stained beads, visualised under a microscope. Additional
aliquots of peptide guest can be added to increase the peptide
concentration to provide optimal selectivity, as judged by the
number of highly stained beads against a background of non
or lightly stained beads.
Using this strategy, tweezer receptor library 18 was


screened with dye-labelled peptide 19. The selectivity (at
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Scheme 2. a) 10 mol% Fmoc-�-Phe-OH, HOBt, PyBOP, DIPEA, DMF;
b) 13, HOBt, PyBOP, DIPEA, DMF; c) [Pd(PPh3)4], Bu3SnH, HOAc,
CH2Cl2; d) 20% piperidine in DMF; e) three-fold split-and-mix Fmoc-
peptide synthesis using Gly, �-Ala, �-Val, �-Phe, �-Leu, �-Lys(Boc), �-Pro,
�-Glu(OtBu), �-Ser(tBu), �-Met, �-Trp, �-Asn, �-Gln; f) 20% piperidine
in DMF; g) 45% CF3CO2H, CH2Cl2; h) liquid HF.


peptide concentration 12.5 ��) was good, showing �1%
highly red coloured beads. Five of the most intensively stained
beads were selected and sequenced by Edman degradation
(Table 1).[11]


At first sight the structures identified from the screening
experiments appear to lack much consensus. However, the
third amino acid (AA3) was methionine in three cases. The
second position (AA2) was leucine or closely related valine in
three cases, and there is a clear preference for a branched hydro-
phobic side chain at this position. The first position (AA1) was
less well conserved, but proline was found in two cases.
Screening was also carried out with peptides 20 and 21, but


a much lower selectivity was observed (�10% of beads were
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Figure 3. Red dye labelled guests.


significantly stained). The simple acylated red dye 23 was also
incubated with library 18, but no selectivity or strong staining
was observed, confirming that the selectivity observed with
the dye-labelled peptide was not a consequence of selective
recognition of the dye moiety alone.
From the screening results with peptide 19, tweezer


receptor 25, with peptide arms incorporating the amino acids
�-Pro, �-Leu and �-Met (at positions AA1 ±AA3, respectively)
was identified as a consensus structure, and was resynthesised
on the solid-phase (Scheme 3).
Coupling of CBS 15 on to Rink amide resin and Fmoc


deprotection was followed by sequential coupling of Fmoc-
proline, Fmoc-leucine and Fmoc-methionine, and final Fmoc
deprotection. Cleavage from the resin gave the tosylated
guanidine tweezer 24, which was detosylated with liquid HF.
Purification on reversed-phase HPLC yielded receptor 25 as
the TFA salt.
Binding studies using tweezer 25 and various peptide guests


were carried out using a UV titration experiment. The
intensity of the UV absorption maximum (at 500 nm) of the
red dye moiety of the peptide guests was monitored as
aliquots of the tweezer 25 were added. Titration of peptide 19
with tweezer receptor 25 resulted in a decrease in the
absorption at 500 nm, with a clean isobestic point at 400 nm.
The data from this experiment showed a good fit for the
presumed 1:1 binding and allowed an estimate of the binding
constant,[12] Ka� 8.2 � 104� 2.5� 104��1. Titration of the
enantiomeric peptide 22 with 25 also resulted in a decrease
in the absorption at 500 nm, with isobestic points at 410 and
590 nm, giving a binding constant, Ka� 8.0� 103� 1.5�
103��1. The overall change in absorbance in these experi-
ments was relatively small, presumably reflecting the fact that
the dye moiety is not intimately involved in the complexation


Table 1. Sequencing data for five highly stained beads selected from the
screening experiment of peptide 19 with library 25 in water.


Bead AA1 AA2 AA3


1 Pro Leu Met
2 Phe Leu Met
3 Lys Phe Met
4 Pro Ala Gly
5 Gln Val Phe
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Scheme 3. a) 20% Piperidine in DMF; b) 15, HOBt, PyBOP, DIPEA,
DMF; c) Ac2O, DMAP, CH2Cl2; d) Fmoc-�-Pro-OH, DIC, HOBt, DIPEA,
DMF; e) Fmoc-�-Leu-OH, DIC, HOBt, DIPEA, DMF; f) Fmoc-�-Met-
OH, DIC, HOBt, DIPEA, DMF; g) 10 ± 45% CF3CO2H, TIS, CH2Cl2;
h) liquid HF.


of peptide with tweezer. Titration experiments using tweezer
25 with the deprotected peptide 20 resulted in no detectable
change to the UV absorption associated with the red dye-
labelled peptide, confirming that tweezer 25 is not a good
receptor for the side chain deprotected peptide. Titration
experiments were also carried out using the tosylated tweezer
24 and peptide 19, but again no detectable change in the UV
absorption was observed, confirming that interaction between
the free guanidinium of the receptor and the carboxylate
terminus of the guest is essential for strong binding.
The binding studies serve to confirm that the tweezer


structure identified from the screening experiments, is indeed
able to bind the side chain protected peptide 19 in water, but
also indicate that the tweezer receptor so identified is also
truly selective, as it binds with good enantioselectivity
(�10:1) and very high selectivity (�100:1) over the side
chain deprotected peptide 20.


Conclusion


Thus, we have devised a strategy for the synthesis of tweezer
receptor libraries with a guanidinium head group, and
successfully screened a small exemplar library to identify a
selective receptor for a protected tripeptide. Selective recep-
tors for less hydrophobic peptides 20 and 21 were not


identified from this library, but we can expect to find such
receptors using larger and more diverse (unsymmetrical)
tweezer libraries, which are accessible from the orthogonally
protected precursor 13. Such studies are currently underway
in our laboratory.


Experimental Section


General methods : Commercially available compounds were used without
further purification. When necessary solvents were dried according to
literature procedures.[13] Dimethylformamide for peptide synthesis was
purchased from Rathburn Chemicals, HPLC grade solvents from Riedel-
de-Hae»n. TentaGelS NH2 resin was purchased from Rapp Polymere,
T¸bingen (Germany). Rink amide resin, N-Fmoc- and N-Boc-amino acids
and coupling reagents were purchased from NovaBiochem. All other
chemicals were purchased from Aldrich or Fluka. Peptide and library
synthesis on solid-phase were performed in glass vessels with sinter frits or
polypropylene filtration tubes with polyethylene frits on a Visiprep SPE
Vacuum Manifold (Supelco). Reaction vessels were agitated either on a
shaker (Stuart Scientific Flash Shaker SF1) or on a blood tube rotator
(Stuart Scientific Blood Tube Rotator SB1). Thin-layer chromatography
(TLC) was performed on aluminium-backed plates Merck silica gel 60 F254.
Column chromatography was performed on Sorbsil C60, 40 ± 60 mesh
silica. All melting points were determined in open capillary tubes using a
Gallenkamp electrothermal melting point apparatus and are uncorrected.
Infrared spectra were recorded on a Bio-Rad FT-IR spectrometer. Optical
rotations were measured on a AA-100 Polarimeter. Proton NMR spectra
were obtained on a Bruker AC 300 and on a Bruker DPX 400. Carbon
NMR spectra were recorded at 75 MHz on a Bruker AC 300 and at
100 MHz on a Bruker DPX 400. Chemical shifts are reported in ppm on the
� scale relatively to TMS as internal standard or to the signal of the solvent
used. Coupling constants are given in Hz. Signal multiplicities were
determined using the distortionless enhancement by phase transfer
(DEPT) spectral editing technique. Mass spectra were obtained on a VG
analytical 70 ± 250-SE normal geometry double focussing mass spectrom-
eter. High resolution accurate mass measurements were carried out at
10000 resolution using mixtures of polyethylene glycols and/or poly-
ethylene glycolmethyl ethers as mass calibrates for FAB. All electrospray
(ES) spectra were recorded on a Micromass Platform quadrupole mass
analyser with an electrospray ion source using acetonitrile as solvent. UV
titration experiments were recorded on an Agilent 8453 UV-Visible
spectrophotometer. UV absorbance of ninhydrin and Fmoc assays were
measured on a Hewlett-Packard 8452A Diode Array Spectrometer using
two way quartz cells. Absorbance values were recorded at 570 nm
(ninhydrin) and 302 nm (Fmoc). The purification of red dye labelled
tripeptides and the tweezer receptor 25 was achieved by semipreparative
reversed-phase HPLC (Phenomenex Prodigy ODS(3) C-18, 250� 10 mm)
using a linear gradient from water �0.1% TFA to acetonitrile �0.042%
TFA over 40 min, acetonitrile �0.042% TFA for 10 min, a linear gradient
from acetonitrile �0.042% TFA to water �0.1% TFA over 5 min, and
water �0.1% TFA for 5 min, with a flow rate of 2.5 mLmin�1, monitoring
at 220 nm.


Abbreviations : Aloc, allyloxycarbonyl; Boc, tert-butyloxycarbonyl; DIC,
N,N�-diisopropylcarbodiimide; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene;
DIPEA, diisopropylethylamine; DMAP, 4-(dimethylamino)pyridine;
DMF, N,N-dimethylformamide; DMS, dimethyl sulphide; DMSO, dimeth-
yl sulphoxide; EDT, 1,2-ethanedithiol; Fmoc, 9-fluorenyloxycarbonyl;
HOBt, 1-hydroxybenzotriazole; HATU, N-[(dimethylamino)-1H-1,2,3-tri-
azolo[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium hexafluoro-
phosphate N-oxide; PyBOP, benzotriazole-1-yl-oxy-tris-pyrrolino-phos-
phonium hexafluorophosphate; TBTU, 2-(1H-benzotriazole-1-yl)-1,1,3,3,-
tetramethyluronium tetrafluoroborate; TFA, trifluoroacetic acid; TIS,
triisopropyl silane; TMS, trimethylsilyl ; Tos, 4-toluenesulfonyl.


1-(tert-Butyloxycarbonyl)ethyldiamine (5): Compund 5 was synthesised in
according to literature procedures.[14] A solution of di-tert-butyl dicarbon-
ate (6.1 g, 28 mmol) in dichloromethane (400 mL) was added dropwise to a
solution of ethylenediamine (4, 11.2 mL, 166.7 mmol) in dichloromethane
(50 mL) over 6 h with vigorous stirring. Stirring was continued for a further
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24 h at room temperature. After concentration to an oily residue, the
reaction mixture was dissolved in aqueous sodium carbonate (2�, 300 mL)
and extracted with dichloromethane (2� 300 mL). The organic layer was
dried (anhydrous MgSO4) and the solvent evaporated under reduced
pressure to yield 5 (4.47 g, 100%) as a colourless viscous liquid. IR (film):
�� � 3362, 3323, 2973, 2928, 2864, 1687, 1520, 1454, 1391, 1364, 1247, 1166,
867 cm�1; MS (ES�): m/z (%): 161 (28) [M�H]� , 201 (8) [M�CH3CN]� ,
321 (15) [2M�H]� . All structural assignments were in agreement with the
1H and 13C NMR data available from the literature.[14]


1-(Allyloxycarbonyl)-4-(tert-butyloxycarbonyl)ethyldiamine (6): Allyl-
chloroformate (5.1 mL, 48.4 mmol) was added slowly in small portions
(about 0.5 mL) to a solution of 5 (3.1 g, 19.4 mmol) in a mixture of dioxane
(15 mL) and pyridine (15 mL) at�5 �C and stirred at room temperature for
18 h. Evaporation of the solvents yielded a yellow solid. The crude product
was dissolved in dichloromethane (60 mL) and washed with a concentrated
aqueous solution of potassium carbonate (80 mL) and water (100 mL)
followed by another wash with an aqueous solution of potassium hydrogen
sulfate (60 mL, pH 3) and water (100 mL). The organic phase was dried
(anhydrous MgSO4) and evaporation of the solvent yielded pure 6 (4.48 g,
95%) as a white solid. M.p. 111 ± 112 �C; IR (CH2Cl2): �� � 3328, 2978, 2933,
1683, 1539, 1450, 1365, 1322, 1265, 1239, 1147, 990, 922, 870 cm�1; 1H NMR
(400 MHz, CDCl3): �� 1.44 (s, 9H, C(CH3)3), 3.28 (m, 4H, CH2CH2), 4.56
(d, J� 5.0 Hz, 2H, CH2�CHCH2O), 4.82 (br s, 1H, NHCO), 5.11 (br s, 1H,
NHCO), 5.21 (dd, J� 10.5, 1.3 Hz, 1H, CHH�CHCH2O), 5.30 (dd, J� 17.1,
1.3 Hz, 1H, CHH�CHCH2O), 5.92 (m, 1H, CHH�CHCH2O); 13C NMR
(100 MHz, CDCl3): �� 28.4 (CH3), 40.7 (CH2), 41.5 (CH2), 65.7 (CH2), 79.7
(C), 117.7 (CH2), 132.8 (CH), 156.4 (C), 156.7 (C); MS (ES�):m/z (%): 511
(100) [2M�Na]� , 527 (40) [2M�K]� .
2-(Allyloxycarbonylamino)ethylisothiocyanate (7): Orthogonal protected
diamine 6 (1.62 g, 6.66 mmol) was dissolved in a 40% solution of TFA in
dichloromethane (60 mL) and stirred for 2 h at room temperature. After
addition of toluene (300 mL) all solvents were evaporated under reduced
pressure. The TFA salt (1.71 g, 100%) was obtained as a pale yellow foam.
IR (CH2Cl2): �� � 3008, 1780, 1670, 1527, 1459, 1332, 1262, 1135, 1053, 983,
934, 838 cm�1; 1H NMR (400 MHz, CD3OD): �� 3.05 (t, J� 5.8 Hz, 2H,
NHCH2CH2NH3), 3.39 (t, J� 5.8 Hz, 2H, NHCH2CH2NH3), 4.56 (d, J�
6.8 Hz, 2H, CH2�CHCH2O), 4.88 (s, 4H, NH3, NHCO), 5.19 (d, J�
10.5 Hz, 1H, CHH�CHCH2O), 5.31 (dd, J� 17.3, 1.8 Hz, 1H,
CHH�CHCH2O), 5.94 (m, 1H, CH2�CHCH2O); 13C NMR (100 MHz,
CD3OD): �� 39.5 (CH2), 41.1 (CH2), 66.8 (CH2), 117.7 (q, J� 291 Hz, CF3),
117.8 (CH2), 134.2 (CH), 159.3 (C), 162.1 (q, J� 36 Hz, C).
Thiophosgene (0.9 mL, 11.6 mmol) was added to a solution of the TFA salt
(2.30 g, 8.91 mmol) in chloroform (530 mL) and aqueous sodium hydrogen
carbonate (4.1 g, 49.0 mmol, in 220 mL water) at 0 �C. The reaction mixture
was stirred at room temperature for 18 h. After separation of the organic
layer the aqueous layer was extracted with chloroform (200 mL). The
combined organic layers were dried (anhydrous MgSO4) and the solvent
removed under reduced pressure to afford 7 (1.45 g, 87%) as a pale orange
oil with no notable impurities. IR (film): �� � 3331, 2940, 2194, 2112, 2088,
1694, 1520, 1441, 1346, 1251, 1150, 991, 922, 774 cm�1; 1H NMR (400 MHz,
CDCl3): �� 3.45 (q, J� 5.6 Hz, 2H, NHCH2CH2NCS), 3.68 (t, J� 5.6 Hz,
2H, NHCH2CH2NCS), 4.59 (d, J� 5.0 Hz, 2H, CH2�CHCH2O), 5.24 (dd,
J� 10.5, 1.3 Hz, 1H, CHH�CHCH2O), 5.29 (br s, 1H, NHCO), 5.32 (dd,
J� 17.1, 1.3 Hz, 1H, CHH�CHCH2O), 5.93 (m, 1H, CH2�CHCH2O);
13C NMR (100 MHz, CDCl3): �� 41.2 (CH2), 45.5 (CH2), 66.1 (CH2), 118.2
(CH2), 131.2 (C), 132.7 (CH), 156.3 (C).[15]


N-[2-(Allyloxycarbonyl)ethyl]-N�-[2-(tert-butyloxycarbonyl)-ethyl]thio-
urea (8): 1-(tert-Butyloxycarbonyl)ethyldiamine (5, 1.22 g, 7.63 mmol) was
added to a solution of 2-(allyloxycarbonylamino)ethylisothiocyanate (7,
1.29 g, 6.94 mmol) in chloroform (60 mL) and the reaction mixture was
refluxed for 18 h. The solvent was removed under reduced pressure to give
a brown, oily residue. Purification by column chromatography on silica gel
(CH2Cl2/MeOH 95:5) or (CH2Cl2/EtOAc 50:50) afforded 8 (1.72 g, 72%)
as a pale brown oil. Rf� 0.22 (CH2Cl2/MeOH 95:5); IR (film): �� � 3318,
2974, 2932, 2362, 2337, 1690, 1525, 1392, 1366, 1253, 1166, 992, 911 cm�1;
1H NMR (400 MHz, CDCl3): �� 1.45 (s, 9H, C(CH3)3), 3.31 (q, J� 5.7 Hz,
2H, NHCH2CH2NHCS), 3.42 (q, J� 5.7 Hz, 2H, NHCH2CH2NHCS), 3.54
(br s, 2H, NHCH2CH2NHCS), 3.62 (br s, 2H, NHCH2CH2NHCS), 4.57 (d,
J� 5 Hz, 2H, CH2�CHCH2O), 5.09 (br s, 1H, NHCO), 5.22 (dd, J� 10.6,
1.3 Hz, 1H, CHH�CHCH2O), 5.30 (dd, J� 17.1, 1.3 Hz, 1H,
CHH�CHCH2O), 5.45 (br s, 1H, NHCO), 5.90 (m, 1H, CH2�CHCH2O),


6.83 (br s, 2H, NHCS); 13C NMR (100 MHz, CDCl3): �� 28.4 (CH3), 39.7
(CH2), 40.3 (CH2), 44.9 (CH2), 45.2 (CH2), 65.9 (CH2), 80.4 (C), 117.9
(CH2), 132.7 (CH), 157.3 (C), 182.3 (C); MS (ES�): m/z (%): 347 (5)
[M�H]� , 693 (5) [2M�H]� , 715 (27) [2M�Na]� .
N-[2-(Allyloxycarbonyl)ethyl]-N�-[2-(tert-butyloxycarbonyl)-ethyl]-S-
methylthiouronium hexafluorophosphate (9): Methyl iodide (0.62 mL,
9.93 mmol) was added to a solution of 8 (1.72 g, 4.96 mmol) in acetone
(50 mL) and the reaction mixture was stirred for 18 h at room temperature.
The solvent and other volatile compounds were removed under reduced
pressure to give a pale yellow foam. After dissolution in a mixture of
dichloromethane (30 mL) and methanol (30 mL), ammonium hexafluoro-
phosphate (1.62 g, 9.92 mmol) was added and the resulting solution stirred
for 18 h at room temperature. The solvent was evaporated and the oily
residue redissolved in dichloromethane (50 mL). After washing with water
(70 mL) and drying over magnesium sulfate the solvent was removed under
reduced pressure to give 9 (2.39 g, 96%) as a colourless foam. Rf� 0.08
(CH2Cl2/MeOH 95:5); IR (CH2Cl2): �� � 1688, 1616, 1525, 1445, 1254, 1163,
994, 838 cm�1; 1H NMR (300 MHz, CDCl3): �� 1.44 (s, 9H, C(CH3)3), 2.63
(s, 3H, CSCH3), 3.45 (br s, 4H, NHCH2CH2), 3.54 (br s, 4H,
NHCH2CH2NH), 4.57 (d, J� 4.5 Hz, 2H, CH2�CHCH2O), 5.21 (d, J�
10.4 Hz, 1H, CHH�CHCH2O), 5.30 (d, J� 17.4 Hz, 1H, CHH�CHCH2O),
5.56 (br s, 1H, NHCO), 5.89 (m, 2H, CH2�CHCH2O, NHCO), 8.12 (br s,
2H, NHCSCH3); 13C NMR (100 MHz, CDCl3): �� 13.3 (CH3), 39.5 (br,
CH2), 45.9 (br, CH2), 47.0 (CH3), 66.2 (CH2), 67.5 (br, CH2), 118.0 (CH2),
120.0 (CH), 125.2 (CH), 127.2 (CH), 127.8 (CH), 132.4 (CH), 141.3 (C),
143.7 (C), 167.2 (C).


N1-{1-[2�-(Allyloxycarbonyl)ethylamino]-1-[2��-(tert-butyloxycarbonyl)-
ethylamino]methylidene}-4-methyl-1-benzenesulfonamide (10): DBU
(150 �L, 0.88 mmol) was added to a solution of tosyl amide (377 mg,
2.2 mmol) and 9 (233 mg, 0.44 mmol) in a mixture of toluene (20 mL) and
chloroform (5 mL), and refluxed for 24 h. The solvents were removed
under reduced pressure and the residue purified by column chromatog-
raphy on silica gel (petroleum ether/EtOAc 10:90) to obtain 10 (196 mg,
92%) as a pale yellow oil. Rf� 0.34 (petroleum ether/EtOAc 10:90); IR
(film): �� � 3328, 2983, 2928, 1690, 1648, 1571, 1552, 1244, 1158, 1079,
836 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.44 (s, 9H, OC(CH3)3), 2.39 (s,
3H, ArCH3), 3.31 (br s, 8H, (NHCH2CH2NH)2CNR), 4.53 (d, J� 5.0 Hz,
2H, CH2�CHCH2O), 5.19 (d, J� 10.0 Hz, 1H, CHH�CHCH2O), 5.23 (br s,
2H, NHCO), 5.27 (dd, J� 17.1, 1.5 Hz, 1H, CHH�CHCH2O), 5.88 (m, 1H,
CH2�CHCH2O), 7.25 (d, J� 8.0 Hz, 2H, ArH), 7.72 (d, J� 8.0 Hz, 2H,
ArH), 7.93 (br s, 2H, NHCNR); 13C NMR (100 MHz, CDCl3): �� 21.8
(CH3), 28.7 (3CH3), 40.0 (br, CH2), 40.6 (br, CH2), 41.4 (br, CH2), 66.2
(CH2), 80.5 (br, C), 118.1 (CH2), 126.3 (CH), 129.8 (CH), 133.1 (CH), 140.9
(C), 142.7 (C), 156.1 (C), 157.6 (br, C); MS (ES�): m/z (%): 507 (100)
[M�Na]� , 990 (40) [2M�Na]� . Performed later on a larger scale, DBU
(1.8 mL, 11.0 mmol) was added to a solution of tosyl amide (2.6 g,
13.7 mmol) and 9 (2.78 g, 5.49 mmol) in a mixture of toluene (50 mL)
and chloroform (10 mL). After refluxing for 48 h the solvent was
evaporated under reduced pressure. Column chromatography afforded 10
as a pale yellow oil in a reduced yield (71%).


N1-{1-[2�-(tert-butyloxycarbonyl)ethylamino]-1-[2��-[(9H-fluorenyl)meth-
oxycarbonyl)]ethylamino]methylidene}-4-methyl-1-benzenesulfonamide
(11): 9-Fluorenylmethyl chloroformate (86 mg, 0.33 mmol) was added to a
solution of 10 (152 mg, 0.32 mmol) in dichloromethane followed by the
addition of a [Pd(PPh3)4] solution (18 mg, 16 �mol in 2 mL dichloro-
methane) and tributyltin hydride (110 �L, 0.41 mmol).[16] After the
additions the solution was stirred for 1 h at room temperature. The solvent
was removed under reduced pressure and the crude product purified by
column chromatography on silica gel (CH2Cl2/MeOH 98:2) to afford 11
(150 mg, 77%) as a pale yellow foam. Rf� 0.4 (CH2Cl2/MeOH 90:10); IR
(film): �� � 3329, 2967, 1699, 1580, 1520, 1443, 1362, 1255, 1132, 1076 cm�1;
1H NMR (400 MHz, CDCl3): �� 1.40 (s, 9H, C(CH3)3), 2.36 (s, 3H,
ArCH3), 3.20 (br s, 2H, NHCH2CH2), 3.33 (br s, 6H, NHCH2CH2), 4.19 (t,
J� 6.5 Hz, 1H, NHCOOCH2CHR2), 4.38 (d, J� 6.5 Hz, 2H,
NHCOOCH2CHR2), 5.05 (br s, 2H, NHCO), 7.21 (d, J� 8.2 Hz, 2H,
ArH), 7.29 (t, J� 7.5 Hz, 2H, ArH), 7.39 (t, J� 7.5 Hz, 2H, ArH), 7.57 (d,
J� 7.5 Hz, 2H, ArH), 7.75 (d, J� 8.0 Hz, 2H, ArH), 7.78 (d, J� 8.4 Hz, 2H,
ArH); 13C NMR (100 MHz, CDCl3): �� 21.4 (CH3), 28.3 (CH3), 39.9
(CH2), 40.3 (CH2), 41.7 (CH2), 42.1 (CH2), 47.2 (CH), 67.2 (CH2), 80.6 (C),
120.0 (CH), 125.1 (CH), 126.1 (CH), 127.2 (CH), 127.8 (CH), 129.3 (CH),
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140.6 (C), 141.3 (C), 142.2 (C), 143.8 (C), 155.3 (C), 157.3 (br, C); MS (ES�):
m/z (%): 621 (32) [M�H]� , 643 (100) [M�Na]� , 644 (25) [M�H�Na]� .
tert-Butyl (4S)-5-({2-[([(2-{[(allyloxy)carbonyl]amino}ethyl)-amino]{[(4-
methylphenyl)sulfonyl]imino}methyl)amino]ethyl}-amino)-4-{[(9H-fluo-
renylmethyloxy)carbonyl]amino}-5-oxo-pentanoate (12): Compound 10
(436 mg, 0.9 mmol) was stirred in 20% TFA in dichloromethane (25 mL)
at room temperature for 2 h. After addition of toluene (50 mL) the solvents
were removed under reduced pressure to yield the corresponding TFA salt
as a light brown oil.


A solution of N-�-Fmoc-�-glutamic acid �-tert-butyl ester (422 mg,
0.99 mmol), PyBOP (517 mg, 0.99 mmol), and HOBt (152 mg, 0.99 mmol)
in dichloromethane (15 mL) was stirred at room temperature for 10 min
and then added to a solution of the TFA salt in dichloromethane (5 mL).
After addition of DIPEA (0.39 mL, 2.26 mmol) the resulting reaction
mixture was stirred for 18 h. More dichloromethane (50 mL) was added
and the mixture washed with water (100 mL) to remove unwanted salts.
The organic layer was dried (anhydrous MgSO4) and the solvent removed
under reduced pressure to give a brown oil. Purification by gradient column
chromatography on silica gel (petroleum ether/EtOAc 20:80 to pure
EtOAc) afforded 12 (562 mg, 79%) as a white solid. M.p. 175 �C; [�]RTD �
�6.1� (c� 9.5 mgmL�1, l� 0.5 dm, CH3CN); Rf� 0.34 (CH2Cl2/MeOH
95:5); IR (CH2Cl2): �� � 3329, 2979, 2361, 2341, 1712, 1522, 1449, 1264, 1242,
1149, 1130, 1081 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.43 (s, 9H,
C(CH3)3), 1.93 (m, 1H, CHRCHaHbCH2CO), 2.10 (m, 1H,
CHRCHaHbCH2CO), 2.35 (br s, 5H, ArCH3 , CHRCH2CH2COO), 3.28
(br s, 8H, (NHCH2CH2NH)2CNR), 4.19 (m, 2H, NHCOOCH2CHR2,
CHRCH2CH2COO), 4.33 (brd, J� 8.6 Hz, 2H, NHCOOCH2CHR2), 4.50
(brd, J� 6.0 Hz, 2H, CH2�CHCH2O), 5.15 (d, J� 10.5 Hz, 1H,
CHH�CHCH2O), 5.24 (d, J� 17.6 Hz, 1H, CHH�CHCH2O), 5.85 (m,
1H, CH2�CHCH2O), 6.22 (br s, 3H, NHCO), 7.20 (d, J� 8.0 Hz, 2H, ArH),
7.28 (t, J� 7.5 Hz, 2H, ArH), 7.37 (t, J� 7.4 Hz, 2H, ArH), 7.53 (br s, 2H,
NHCNR), 7.61 (d, J� 7.0 Hz, 2H, ArH), 7.74 (m, 4H, ArH); 13C NMR
(100 MHz, CDCl3): �� 21.1 (CH3), 27.6 (CH2), 27.8 (CH3), 31.4 (CH2), 39.4
(br, CH2), 40.0 (br, CH2), 41.1 (br, CH2), 46.8 (CH), 54.5 (br, CH), 65.3
(CH2), 66.8 (CH2), 80.3 (C), 117.2 (CH2), 119.6 (CH), 125.0 (CH), 125.6
(CH), 126.8 (CH), 127.4 (CH), 128.9 (CH), 132.7 (CH), 140.9 (C), 141.6 (C),
143.5 (C), 143.7 (C), 155.6 (C), 156.0 (C), 156.7 (C), 172.1 (br, C), 173.0 (br,
C); MS (ES�): m/z (%): 792 (41) [M�H]� , 814 (8) [M�Na]� ; HRMS
(FAB�): m/z : calcd for C40H51N6O9S [M�H]�: 791.3438; found: 791.3412.
(4S)-5-({2-[([(2-{(Allyloxy)carbonyl]amino}ethyl)amino]{[(4-methylphen-
yl)-sulfonyl]imino}methyl)amino]ethyl}amino)-4-{[(9H-fluorenylmethyl-
oxy)carbonyl]amino}-5-oxopentanoic acid (13): Compound 12 (562 mg,
0.71 mmol) was stirred vigorously in 70% TFA in dichloromethane
(20 mL) for 24 h at room temperature. Toluene (100 mL) was added and
the solvents removed under reduced pressure. The resulting brown oil was
purified by gradient column chromatography on silica gel (CH2Cl2/MeOH
95:5 to 90:10) to yield 13 (471 mg, 90%) as a white foam. [�]RTD ��6.1�
(c� 5.3 mgmL�1, l� 0.5 dm, CH3CN);Rf� 0.34 (CH2Cl2/MeOH 90:10); IR
(film): �� � 3334, 2938, 2358, 2336, 1709, 1571, 1529, 1449, 1413, 1345, 1245,
1190, 1130, 1082 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.91 (m, 1H,
CHRCHaHbCH2CO2), 2.07 (m, 1H, NHCOCHRCHaHbCH2CO2), 2.38 (s,
5H, ArCH3, CHRCH2CH2CO2), 3.23 ± 3.38 (brm, 8H, (NHCH2CH2-
NH)2CNR), 4.16 (m, 2H, CHRCH2CH2CO2, NHCOOCH2CHR2), 4.37
(t, J� 7.5 Hz, 2H, NHCOOCH2CHR2), 4.52 (d, J� 5.0 Hz, 2H,
CH2�CHCH2O), 5.18 (d, J� 10.5 Hz, 1H, CHH�CHCH2O), 5.27 (dd,
J� 17.1, 1.5 Hz, 1H, CHH�CHCH2O), 5.87 (m, 1H, CH2�CHCH2O), 6.32
(br s, 3H, NHCO), 7.24 (d, J� 8.0 Hz, 2H, ArH), 7.30 (t, J� 7.5 Hz, 2H,
ArH), 7.40 (m, 2H, ArH), 7.61 (m, 2H, ArH), 7.73 (d, J� 8.0 Hz, 2H, ArH),
7.76 (d, J� 7.5 Hz, 2H, ArH), 7.92 (br s, 2H, NHCNR); 13C NMR
(100 MHz, CDCl3): �� 21.4 (CH3), 28.0 (CH2), 30.9 (CH2), 39.4 (CH2),
41.0 (CH2), 41.3 (CH2), 42.6 (CH2), 47.3 (CH), 54.4 (CH), 65.9 (CH2), 67.3
(CH2), 117.7 (CH2), 120.1 (CH), 125.2 (CH), 126.0 (CH), 127.3 (CH), 127.9
(CH), 129.5 (CH), 132.8 (CH), 141.4 (C), 142.5 (C), 143.9 (C), 144.0 (C),
155.0 (C), 155.8 (C), 157.0 (C), 160.2 (C), 173.7 (C); MS (ES�):m/z : 757 (10)
[M�Na]� ; HRMS (ES�): m/z : calcd for C36H42N6NaO9S [M�Na]�:
757.2626; found: 757.2618.


tert-Butyl (4S)-4-{[(9H-fluorenylmethoxy)carbonyl]amino}-5-({2-[([(2-
{[(9H-fluorenylmethyloxy)carbonyl]amino}ethyl)-amino]{[(4-methyl-
phenyl)-sulfonyl]imino}methyl)-amino]ethyl}amino)-5-oxopentanoate
(14): Compound 11 (290 mg, 0.47 mmol) was stirred in a 20% TFA in
dichloromethane (12 mL) at room temperature for 2 h. After addition of


toluene (75 mL), the solvents were removed under reduced pressure to
yield the corresponding TFA salt as a light brown oil.


A solution of N-�-Fmoc-�-glutamic acid �-tert-butyl ester (239 mg,
0.56 mmol), PyBOP (292 mg, 0.56 mmol), and HOBt (86 mg, 0.56 mmol)
in dichloromethane (8 mL) was stirred at room temperature for 10 min and
then added to a solution of the TFA salt in dichloromethane (5 mL)
followed by the addition of DIPEA (0.22 mL, 1.26 mmol). After the
reaction have been stirred for 18 h the solvent was removed under reduced
pressure to give a brown oil. Purification by gradient column chromatog-
raphy on silica gel (petroleum ether/EtOAc 20:80 to pure EtOAc) gave 14
(420 mg, 97%) as a white solid. M.p. 138 �C; [�]RTD ��5.9� (c�
8.8 mgmL�1, l� 0.5 dm, CH3CN); Rf� 0.41 (CH2Cl2/MeOH 90:10); IR
(CH2Cl2): �� � 3332, 2924, 1719, 1572, 1450, 1151, 1132, 1083 cm�1; 1H NMR
(400 MHz, CDCl3): �� 1.41 (s, 9H, C(CH3)3), 1.94 (m, 1H,
CHRCHaHbCH2CO), 2.09 (m, 1H, CHRCHaHbCH2CO), 2.32 (br s, 5H,
ArCH3, CHRCH2CH2COO), 3.27 (br s, 8H, (NHCH2CH2NH)2CNR), 4.13
(m, 3H, NHCOOCH2CHR2, CHRCH2CH2COO), 4.34 (brd, J� 7.4 Hz,
4H, NHCOOCH2CHR2), 5.60 (br s, 3H, NHCO), 7.16 (d, J� 8.0 Hz, 2H,
ArH), 7.26 (t, J� 7.5 Hz, 4H, ArH), 7.35 (t, J� 7.4 Hz, 2H, ArH), 7.36 (t,
J� 7.4 Hz, 2H, ArH), 7.54 (d, J� 8.0 Hz, 2H, ArH), 7.56 (d, J� 8.0 Hz, 2H,
ArH), 7.73 (d, J� 8.0 Hz, 4H, ArH), 7.75 (d, J� 8.0 Hz, 2H, ArH);
13C NMR (100 MHz, CDCl3): �� 21.5 (CH3), 28.1 (CH3), 29.8 (CH2), 31.7
(CH2), 39.6 (br, CH2), 40.4 (br, CH2), 41.4 (br, CH2), 47.2 (CH), 54.9 (br,
CH), 67.2 (CH2), 81.2 (C), 120.1 (CH), 125.2 (CH), 126.0 (CH), 127.2 (CH),
127.8 (CH), 129.3 (CH), 140.9 (C), 141.4 (C), 142.2 (C), 143.9 (C), 155.8 (C),
156.5 (br, C), 157.4 (br, C), 173.0 (br, C), 173.1 (br, C); MS (ES�):m/z (%):
950 (25) [M�Na]� , 951 (12) [M�Na�H]� ; HRMS (FAB�): m/z : calcd for
C51H57N6O9S [M�H]�: 929.3908; found: 929.3923.
(4S)-4-{[(9-Fluorenylmethyloxy)carbonyl]amino}-5({2-[([(2-{[(9H-fluore-
nylmethoxy)carbonyl]amino]ethyl)amino]{[(4-methylphenyl)-sulfonyl]-
imino}methyl)amino]ethyl}amino)-5-oxopentanoic acid (15): Compound
14 (400 mg, 0.43 mmol) was stirred vigorously in 70% TFA in dichloro-
methane (11 mL) for 24 h at room temperature. Toluene (50 mL) was
added and the solvents removed under reduced pressure. The resulting
brown oil was purified by gradient column chromatography on silica gel
(CH2Cl2/MeOH 95:5 to 90:10) to yield 15 (216 mg, 58%) as a white solid.
M.p. 125 ± 130 �C; [�]RTD ��6.5� (c� 3.4 mgmL�1, l� 0.5 dm, CH3CN);
Rf� 0.22 (CH2Cl2/MeOH 90:10); IR (film): �� � 3346, 2938, 2362, 2343,
1714, 1573, 1531, 1449, 1417, 1344, 1260, 1191, 1130, 1081 cm�1; 1H NMR
(400 MHz, CDCl3): �� 1.95 (m, 1H, CHRCHaHbCH2CO2), 2.09 (m, 1H,
CHRCHaHbCH2CO2), 2.27 (s, 3H, ArCH3), 2.40 (brm, CH2CO2H), 3.00 ±
3.50 (brm, 8H, (NHCH2CH2NH)2CNR), 4.10 (m, 3H, NHCOOCH2CHR2,
CHRCH2CH2COO), 4.31 (m, 4H, NHCOOCH2CHR2), 5.73 (br s, 1H,
NHCO), 6.29 (br s, 2H, NHCO), 7.11 (d, J� 8.0 Hz, 2H, ArH), 7.21 (t, J�
6.5 Hz, 4H, ArH), 7.31 (t, J� 7.0 Hz, 4H, ArH), 7.50 (t, J� 7.50 Hz, 4H,
ArH), 7.68 (d, J� 7.5 Hz, 4H, ArH), 7.73 (d, J� 8.0 Hz, 2H, ArH);
13C NMR (100 MHz, CDCl3): �� 21.3 (CH3), 27.6 (CH2), 29.9 (CH2), 40.2
(br, CH2), 40.9 (br, CH2), 47.0 (CH), 54.2 (CH), 67.1 (CH2), 67.3 (CH2),
119.9 (CH), 125.1 (CH), 125.9 (CH), 127.1 (CH), 127.7 (CH), 129.4 (CH),
140.6 (C), 141.2 (C), 142.2 (C), 143.72 (C), 155.8 (C), 156.5 (C), 157.4 (C),
173.1 (C), 176.0 (C); MS (ES�): m/z : 874 (30) [M�H]� ; HRMS (FAB�):
m/z : calcd for C47H49N6O9S [M�H]�: 873.3282; found: 873.3286.
General procedure for aloc deprotection on the solid-phase : A solution of
[Pd(PPh3)4] (0.04 equiv) and acetic acid (3.5 equiv) in dichloromethane
(3 mL per g resin) was added to the pre-swollen resin (1 equiv of Aloc
protected amino sites) followed by addition of tributyltin hydride (3 equiv)
and the reaction mixture was agitated for 60 min.[17] The resin was drained,
washed with dichloromethane (3� ), a solution of triethylamine in
dichloromethane (10% w/w) (3� ), a solution of sodium diethyldithiocar-
bamate in DMF (0.5% w/w) (3� ), methanol (3� ), and dichloromethane
(3� ) (10 mL solvent per g resin). The progress of the deprotection was
monitored by the ninhydrin test.


General procedure for Fmoc deprotection on the solid-phase : The Fmoc-
protected resin was suspended in a solution of 20% piperidine in DMF
(20 mL per g resin) and agitated for 30 to 45 min. The resin was drained and
washed with dichloromethane (3� ), DMF (3� ) and dichloromethane
(3� ) (10 mL solvent per g resin). The procedure was repeated once and
the progress of the deprotection monitored by the ninhydrin test.


General procedure for Boc deprotection on the solid-phase : The Boc-
protected resin was suspended in a mixture of 45% dichloromethane, 45%
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TFA, 4% EDT, 3%DMS, and 3% anisole (20 mL per g resin) and agitated
for 60 to 120 min. The resin was drained and washed with dichloromethane
(3� ), DMF (3� ), a 20% solution of DIPEA in dichloromethane (3� ),
methanol (3� ), DMF (3� ) and dichloromethane (3� ) (10 mL solvent
per g resin). The DIPEA solution wash was omitted for samples requiring
prolonged storage. The progress of the deprotection was monitored by the
ninhydrin test.


General procedure for tosyl deprotection on the solid-phase using the HF
procedure : The tosyl-protected resin was dried overnight under high
vacuum and placed in a Teflon apparatus. After addition of p-thiocresol
and cresol the reaction vessel was cooled with liquid nitrogen and liquid HF
was condensed into the vessel (about 30 mL per g resin). The cleavage
mixture was stirred for 120 min at 0 �C after which time the HF was
evaporated under a stream of nitrogen. The resin was then washed with
diethyl ether (4� ) and finally 20% DIPEA in dichloromethane (3� ),
methanol (3� ) and dichloromethane (3� ) (20 mL solvent per g resin).
TheDIPEA treatment was omitted for samples requiring prolonged storage.


Synthesis of the tweezer receptor library (18): A solution of Fmoc-�-Phe-
OH (14 mg, 35.7 �mol), PyBOP (19 mg, 35.7 �mol), and HOBt (5 mg,
35.7 �mol) in DMF (7 mL) was stirred for 10 min and then added to pre-
swollen TentaGelS NH2 resin (1.23 g, 0.36 mmol free NH2) in DMF
(10 mL) followed by addition of neat DIPEA (18 mg, 0.14 mmol, 50 �L).
After agitation on a tube rotator for 24 h at room temperature the resin was
drained, washed with dichloromethane (3� 15 mL), DMF (3� 15 mL),
dichloromethane (3� 15 mL) and dried. A quantitative ninhydrin test
indicated a loading of approximately 10%.


A solution of CBS 13 (354 mg, 0.48 mmol), PyBOP (250 mg, 0.48 mmol)
and HOBt (74 mg, 0.48 mmol) in DMF (4 mL) was stirred for 10 min and
added to the pre-swollen resin in DMF (10 mL) followed by addition of
neat DIPEA (145 mg, 1.12 mmol, 190 �L). After agitation on a tube rotator
for 24 h at room temperature the resin was drained, washed with dichloro-
methane (3� 15 mL), DMF (3� 15 mL), dichloromethane (3� 15 mL)
and dried. A qualitative ninhydrin test showed no free amino functions.


After performing an Aloc deprotection step (as described in the general
procedure) a qualitative ninhydrin test showed free amino functions, as
expected. Following a subsequent Fmoc deprotection (see general proce-
dure) the resin was divided into 13 equal portions. Each portion was pre-
swollen in DMF (2 mL). A solution of a Fmoc-protected amino acid
(0.11 mmol, 2 equiv), TBTU (32 mg, 0.1 mmol), and HOBt (2 mg,
0.01 mmol) in DMF (2 mL) was pre-activated for a few minutes and then
added to each portion followed by DIPEA (36 mg, 0.28 mmol, 48 �L).
Each portion was agitated on a tube rotator for at least 2 ± 24 h at room
temperature. The portions were washed with dichloromethane (3� 5 mL),
DMF (3� 5 mL), and dichloromethane (3� 5 mL) and dried. The success
of the coupling step was monitored by a qualitative ninhydrin test. Each
coupling cycle was repeated until a ninhydrin test showed no free amino
functions. The quantities of Fmoc-amino acid used per coupling cycle were
as follows: �-Ala (35 mg), �-Asn (39 mg), �-Glu(OtBu) (47 mg), �-Gln
(41 mg), �-Gly (33 mg), �-Leu (39 mg), �-Lys(Boc) (52 mg), �-Met
(41 mg), �-Phe (43 mg), �-Pro (37 mg), �-Ser(tBu) (43 mg), �-Trp
(47 mg), �-Val (38 mg). Alternatively, PyBOP (52 mg, 0.1 mmol) or HATU
(38 mg, 0.1 mmol) were employed as alternative coupling reagents.


After each successful coupling step, the resin was re-combined and Fmoc-
deprotected as described in the general procedure and monitored by a
qualitative ninhydrin test. This split-and-mix procedure was then repeated
twice in order to build up the tripeptide side arms. Finally, the resin was
mixed together and subsequently Fmoc-, Boc-, and tosyl-deprotected as
described in the general procedures to yield tweezer receptor library 18.


Red dye-spacer-�-Glu(OtBu)-�-Ser(tBu)-�-Val-OH (19):[18] A solution of
4-(4-hydroxymethyl-2-methoxyphenyl) butanoic acid (HMPB-linker)
(1.08 mmol, 347 mg), HOBt (1.08 mmol, 146 mg), TBTU (1.08 mmol,
347 mg) and DIPEA (2.43 mmol, 425 �L) in DMF (25 mL) was added to
a TentaGelS NH2 resin (2 g, 0.54 mmol NH2 sites) and agitated overnight.
After washing the resin with dichloromethane (3� 15 mL), DMF (3�
15 mL) and dichloromethane (3� 15 mL), a symmetrical anhydride
solution (generated in situ from Fmoc-�-Val-OH (2.7 mmol, 916 mg) and
DIC (2.7 mmol, 340 mg) in dichloromethane (25 mL)) was added to the
resin followed by the addition of DMAP (6.0 mg, 0.05 mmol) and agitated
overnight. After washing with dichloromethane (3� 5 mL), DMF (3�
5 mL) and dichloromethane (3� 5 mL) the completion of the coupling


step was monitored by a qualitative ninhydrin test. The Fmoc group was
removed using the general procedure and a qualitative ninhydrin test
confirmed the presence of free amino functions.


In the second amino acid coupling, a solution of Fmoc-�-Ser(tBu)-OH
(1.08 mmol, 414 mg), HOBt (1.08 mmol, 165 mg), TBTU (1.08 mmol,
347 mg) and DIPEA (2.43 mmol, 425 �L) in DMF (25 mL) was added to
the resin and agitated for 4 h. The resin was washed as before and a
qualitative ninhydrin test indicated complete coupling. Fmoc deprotection,
subsequent coupling of Fmoc-�-Glu(OtBu)-OH (460 mg, 1.08 mmol)
followed by further Fmoc deprotection provided the resin-bound tripep-
tide. A solution of red dye-linked glutaric acid[19] (1.08 mmol, 462 mg),
HOBt (1.08 mmol, 165 mg), TBTU (1.08 mmol, 347 mg) and DIPEA
(2.43 mmol, 425 �L) in DMF (25 mL) was added to the resin bound
tripeptide and agitated overnight. After washing with dichloromethane
(3� 5 mL), DMF (3� 5 mL) and dichloromethane (3� 5 mL) the resin was
dried and divided into two equal portions. One half was used in the
synthesis of red dye-spacer-�-Glu-�-Ser-�-Val-OH (20), whereas the second
half was agitated again overnight with 1% TFA in DMF. The solvent was
removed by filtration and the solvent evaporated under reduced pressure
to give the crude product 19. Purification by column chromatography
afforded the pure compound 19 (23 mg, 20%). M.p. 98 ± 100 �C; Rf� 0.37
(CH2Cl2/MeOH 90:10); IR (CH2Cl2): �� � 3344, 2966, 2918, 1728, 1701,
1672, 1645, 1627, 1600, 1512, 1422, 1388, 1336, 1250, 1228, 1194, 1137, 1104,
1016, 945, 754 cm�1; 1H NMR (400 MHz, CDCl3): �� 0.87 (d, J� 6.7 Hz,
3H, CH3CHCH3), 0.90 (d, J� 6.7 Hz, 3H, CH3CHCH3), 1.13 (s, 9H,
C(CH3)3), 1.18 (t, J� 7.2 3H, NCH2CH3), 1.37 (s, 9H, C(CH3)3), 1.87 (qv,
J� 7.3 Hz, 3H, CH2CH2CH2CO, �CHGlu), 2.01 (m, 1H, �CHGlu), 2.15 ±
2.23 (m, 3H, CH3CHCH3, CH2CH2CH2CONH), 2.29 ± 2.33 (m, 4H,
OCOCH2CH2CH2CO, �CHGlu), 3.36 (t, J� 8.0 Hz, 1H, �CHSer), 3.46
(q, J� 7.0 Hz, 2H, NCH2CH3), 3.61 (t, J� 6.0 Hz, 2H, NCH2CH2), 3.72 (m,
1H, �CHGlu), 4.23 (t, J� 6.0 Hz, 1H, OCH2CH2), 4.41 (m, 3H, �CHVal,
CH2OtBu), 6.73 (d, J� 9.0 Hz, 2H, ArH), 6.88 (br s, 1H, NHCO), 7.25 (m,
2H, NHCO), 7.84 (m, 4H, ArH), 8.25 (d, J� 9.0 Hz, 2H, ArH); 13C NMR
(100 MHz, CDCl3): �� 12.6 (CH3), 18.0 (CH3), 20.9 (CH2), 20.9 (CH2), 27.7
(CH2), 28.3 (CH2), 28.4 (CH2), 29.6 (CH3), 29.8 (CH3), 32.2 (CH2), 34.3
(CH2), 46.1 (CH2), 49.1 (CH2), 53.3 (CH), 53.7 (CH), 58.0 (CH), 61.6 (CH),
61.3 (CH2), 74.7 (C), 81.6 (C), 111.8 (2CH), 123.0 (2CH), 125.0 (2CH),
126.6 (2CH), 144.2 (C), 147.8 (C), 151.6 (C), 157.1 (C), 163.2 (C), 170.7 (C),
172.0 (C), 173.3 (C), 175.1 (C), 176.0 (C); MS (ES�): m/z (%): 856 (100%)
[M�H]� ; HRMS (ES�): m/z : calcd for C42H62N7O12 [M�H]�: 856.4451;
found: 856.4437.


Red dye-spacer-�-Glu-�-Ser-�-Val-OH (20): The resin bound red dye-
spacer-�-Glu(OtBu)-�-Ser(tBu)-�-Val-OH (300 mg) was agitated overnight
in 50%TFA in DMF. The solvent was removed by filtration and the solvent
evaporated under reduced pressure to afford crude 20. Characterisation
was achieved following purification by semipreparative reversed-phase
HPLC (for conditions see general methods). Under these conditions, the
TFA salt of 20 eluted after 18.78 min. The TFA salt of 20 was obtained as a
red foam (15 mg). Rf� 0.90 (CH2Cl2/MeOH 90:10); IR (CH2Cl2): �� � 3283,
2920, 1666, 1600, 1550, 1515, 1434, 1389, 1337, 1256, 1185, 1130, 1006, 851,
800, 753, 722 cm�1; 1H NMR (400 MHz, DMSO): �� 0.72 (d, J� 7.0 Hz,
6H, CH3CHCH3), 1.02 (t, J� 8.0 Hz, 3H, NCH2CH3), 1.60 (m, 3H,
CH2CH2CH2, CHRCHHCH2CO), 1.75 (m, 1H, CHRCHHCH2CO), 1.90
(m, 1H, CH3CHCH3), 2.02 (t, J� 7.5 Hz, 2H, CH2CH2CH2CON), 2.11 (t,
J� 7.8 Hz, 2H, CHRCH2CH2CO), 2.17 (t, J� 7.5, 2H, CH2OC-
OCH2CH2CH2), 3.39 ± 3.45 (m, 4H, NCH2CH3, CH2OH), 3.58 (br t, 2H,
NCH2CH2), 4.01 (t, J� 8.0 Hz, 1H, �CHVal), 4.10 (br t, 2H, CH2CH2O-
COCH2), 4.16 (m, 1H, �CHGlu), 4.21 (m, 1H, �CHSer), 4.71 (br s, 1H,
NHGlu), 6.78 (d, J� 9.0 Hz, 2H, ArH), 7.66 (d, J� 8.5 Hz, 1H, NHVal),
7.71 (d, J� 9.0 Hz, 2H, ArH), 7.80 (d, J� 8.8 Hz, 2H, ArH), 7.78 (d, J�
7.8 Hz, 1H, NHSer), 8.22 (d, J� 8.8 Hz, 2H, ArH); 13C NMR (400 MHz,
DMSO): �� 12.8 (CH3), 16.7 (CH3), 20.9 (CH2), 27.5 (CH2), 29.0 (CH2),
31.7 (CH2), 32.9 (CH2), 34.6 (CH2), 44.0 (CH2), 47.1 (CH2), 50.7 (CH), 53.7
(CH), 55.9 (CH), 60.0 (CH2), 60.3 (CH2), 110.5 (CH), 121.4 (CH), 123.8
(CH), 124.9 (CH), 141.7 (C), 145.8 (C), 150.4 (C), 156.6 (C), 168.8 (C), 170.2
(C), 170.6 (C), 171.5 (C), 171.6 (C), 172.8 (C); MS (ES�):m/z (%): 744 (10)
[M�H]� , 766 (10) [M�Na]� ; HRMS (ES�): m/z : calcd for C34H46N7O12


[M�H]�: 744.3199; found: 744.3198.
Red dye-spacer-�-Glu(OtBu)-�-Ser(tBu)-�-Val-OH (22):[18] To a suspen-
sion of Rink acid resin (500 mg, 0.215 mmol) in dry THF was added
triphenylphosphine (310 mg, 1.18 mmol) and hexachloroethane (280 mg,
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1.18 mmol) and the resulting mixture was stirred for 6 h at room temper-
ature. After washing the resin with THF (3� 10 mL) the resin was pre-
swollen in dichloromethane. Fmoc-�-Val-OH (233 mg, 0.68 mmol) togeth-
er with DIPEA was added to the resin and agitated for 20 h. Subsequent
washing with dichloromethane (3� 10 mL), methanol (3� 10 mL) and
dichloromethane (3� 10 mL) yield a resin which gave a negative ninhydrin
test. Fmoc deprotection was achieved as described in the general procedure
and subsequent washing with dichloromethane (3� 10 mL), DMF (3�
10 mL) and dichloromethane (3� 10 mL) yielded a resin which gave a
positive ninhydrin test. A solution of Fmoc-�-Ser(tBu)-OH (247 mg,
0.64 mmol), DIC (101 �L, 0.64 mmol) and HOBt (98 mg, 0.64 mmol) in
DMF was stirred for 10 min and added to the resin followed by DIPEA
(168 �L, 0.96 mmol), and the resulting mixture was agitated at room
temperature for 20 h. The resin was washed as before and a qualitative
ninhydrin test showed complete coupling. Fmoc deprotection and subse-
quent coupling of Fmoc-�-Glu(OtBu)-OH (275 mg, 0.64 mmol) followed
by Fmoc deprotection as described above provided the resin-bound
tripeptide 22. A solution of red dye-linked glutaric acid[19] (110 mg,
0.26 mmol), HOBt (47 mg, 0.26 mmol), HBTU (98 mg, 0.26 mmol) in DMF
(10 mL) was stirred for 10 min and added to the resin followed by DIPEA
(150 �L, 0.86 mmol) and agitated for 20 h. After this time the resin was
washed with dichloromethane (3� 10 mL), DMF (3� 10 mL) and di-
chloromethane (3� 10 mL). Cleavage of the product from the Rink acid
resin was performed by agitating with 10% acetic acid in dichloromethane
for 2 h. The solvent collected from the cleavage step was evaporated and
the crude was purified by column chromatography (CH2Cl2/MeOH 90:10)
to afford compound 22 (133 mg, 73%). The 1H, and 13C NMR spectra were
all in agreement with the structural data from the red dye-spacer-�-
Glu(OtBu)-�-Ser(tBu)-�-Val-OH. HRMS (ES�): m/z : calcd for
C42H62N7O12 [M�H]�: 856.4451; found: 856.4441.
Screening of the tweezer receptor library 18 : Preparation of the buffer
solution: aqueous borax (0.025�, 50 mL) was added to aqueous sodium
hydroxide (0.1�, 0.9 mL) and the pH was adjusted to 9.2.


A sample of library 18 (27.5 mg) was equilibrated in borax buffer solution
(300 �L) for 24 h. A solution of guest 19 (20 ��, 500 �L) in a 20% DMSO
aqueous solution was added to the library sample to give a 12.5 ��
concentration in guest. Equilibration was continued for 24 h. Beads were
analysed in flat-bottomed glass pots under a Leica inverted DML
microscope (magnification �40) and eight highly red stained beads were
selected and submitted for Edman sequencing.[11]


The same screening experiment was performed with guests 20 and 21.
However, a lower selectivity was observed.


2-{N-Ethyl-4-[2-(4-nitrophenyl)-1-diazenyl]anilino}ethyl acetate (23): Ace-
tic anhydride (60 �L, 0.64 mmol) and DMAP (8 mg, 64 �mol) was added to
a solution of Disperse Red 1 (100 mg, 0.32 mmol) in dichloromethane
(10 mL) and the reaction mixture was stirred at room temperature for 48 h.
The solvent was removed under reduced pressure and the residue purified
by column chromatography on silica gel (CH2Cl2/MeOH 99:1) to provide
23 (112 mg, 99%) as red crystals. M.p. 122 �C; Rf� 0.91 (CH2Cl2/MeOH
90:10); IR (film): �� � 3105, 2962, 1748, 1597, 1510, 1388, 1334, 1241, 1224,
1134, 1101 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.26 (t, J� 7.0 Hz, 3H,
NRCH2CH3), 2.07 (s, 3H, COCH3), 3.53 (q, J� 7.0 Hz, 2H, NRCH2CH3),
3.69 (t, J� 6.6, 2H, NRCH2CH2O), 4.30 (t, J� 6.6 Hz, 2H, NRCH2CH2O),
6.80 (d, J� 9.0 Hz, 2H, ArHNRCH2CH3), 7.90 (d, J� 8.0 Hz, 2H,
ArHNRCH2CH3), 7.92 (d, J� 8.0 Hz, 2H, ArHN2R), 8.34 (d, J� 9.0 Hz,
2H, ArHN2R); 13C NMR (100 MHz, CDCl3): �� 12.70 (CH3), 21.26 (CH3),
46.12 (CH2), 49.25 (CH2), 61.71 (CH2), 111.87 (CH), 123.06 (CH), 125.09
(CH), 126.64 (CH), 144.30 (CH), 147.90 (CH), 151.65 (CH), 157.18 (CH),
171.27 (C); MS (ES�): m/z(%): 357 (12) [M�H]� .
Control experiments : A sample of the library 18 was equilibrated in borax
buffer solution for 24 h and a solution of dye derivative 23 was added to the
equilibrated solution. The concentrations and conditions were the same as
described above for the screening experiments. After 48 h (to allow for
equilibration time) no selective staining was observed.


Preparation of tweezer receptor (25): A solution of CBS 15 (160 mg,
0.18 mmol), PyBOP (95 mg, 0.18 mmol), and HOBt (28 mg, 0.183 mmol) in
DMF (3 mL) was stirred for 5 min and then added to pre-swollen and
Fmoc-deprotected Rink amide resin (370 mg, 0.17 mmol free NH2) in DMF
(2 mL) followed by addition of neat DIPEA (70 �L, 0.41 mmol). After
agitation on a tube rotator for 24 h at room temperature the resin was


drained, washed with dichloromethane (3� 5 mL), DMF (3� 5 mL),
dichloromethane (3� 5 mL) and dried. A quantitative ninhydrin test
indicated the presence of free amino groups on the resin (0.03 mmol in
total). The coupling was repeated in the same manner on a 0.033 mmol
scale CBS 15 (29 mg), PyBOP (17 mg), HOBt (5 mg), and DIPEA
(13 �L).


In order to cap remaining free amino functions the resin was agitated on a
tube rotator for further 18 h after addition of acetic anhydride (14 �L,
0.15 mmol) and DMAP (0.4 mg, 3 �mol) in dichloromethane (3� 5 mL).
Subsequent washing with dichloromethane (3� 5 mL), DMF (3� 5 mL)
and dichloromethane (3� 5 mL) afforded a resin which gave a negative
ninhydrin test. Fmoc deprotection was achieved as described above in the
general procedures and subsequent washing with dichloromethane (3�
5 mL), DMF (3� 5 mL), and dichloromethane (3� 5 mL) yielded a resin
which gave a positive ninhydrin test.


Quantities of reagents required were calculated on basis of the loading of
the commercially available Rink amide resin (370 mg, 0.17 mmol, two
amino sites per guanidinine unit: 0.34 mmol free NH2). All deprotection
steps were monitored by qualitative ninhydrin tests. A solution of Fmoc-�-
proline (226 mg, 0.67 mmol), DIC (105 �L, 0.67 mmol), and HOBt
(102 mg, 0.67 mmol) in DMF (2 mL) was stirred for 5 min and then added
to the pre-swollen resin in DMF (2 mL) followed by addition of DIPEA
(257 �L, 1.50 mmol). After agitation on a tube rotator for 18 h at room
temperature the resin was drained, washed with dichloromethane (3�
5 mL), DMF (3� 5 mL), dichloromethane (3� 5 mL) and dried. A
ninhydrin test indicated complete coupling. A Fmoc deprotection was
followed by coupling of Fmoc-�-leucine (236 mg, 0.67 mmol). A further
Fmoc deprotection and coupling of Fmoc-�-methionine (248 mg,
0.67 mmol) provided the resin-bound tosylated tweezer receptor 24 after
final Fmoc deprotection. Cleavage of the tweezer receptor from the Rink
amide resin was performed in a glass funnel with a fine sinter by letting a
cleaving mixture percolate slowly through the resin. A cleavage mixture of
10% TFA, 1% TIS and 89% dichloromethane (50 mL) was first used
followed by a 50% TFA, 1% TIS, 49% dichloromethane cleavage solution
(25 mL). Solvents were removed under reduced pressure and a white TFA
salt of 24 precipitated after addition of diethyl ether to the oily crude. The
TFA salt was triturated with diethyl ether and centrifuged. The precipitate
was washed and centrifuged three times more, the diethyl ether was
decanted from the precipitate each time. Thus, the TFA salt of 24 was
obtained in high purity and a quantitative yield (207 mg).


The tosyl-protected TFA salt 24 (109 mg) was treated with liquid HF (see
general procedure) to give the deprotected tweezer 25 (66 mg). Character-
isation was achieved after purification by semipreparative reversed-phase
HPLC (see general methods). Under these conditions the TFA salt of the
tweezer receptor 25 eluted after 15.49 min. The TFA salt of 25was obtained
as a white solid (45.7 mg). M.p. 140 �C; [�]RTD ��42.8� (c� 4.3 mgmL�1, l�
0.5 dm, MeOH); 1H NMR (400 MHz, CD3COD): �� 0.89 (m, 12H, �Leu),
1.46 ± 1.75 (m, 6H, �CHLeu, �CHLeu), 1.78 ± 2.08 (m, 10H, �CHGlu,
�CHPro, �CHMet), 2.00 (s, 3H, SCH3), 2.02 (s, 3H, SCH3), 2.14 (m, 2H,
�CHGlu), 2.25 (m, 4H, �CHPro), 2.49 (m, 2H,?�CHMet), 3.15 ± 3.45 (m,
2H, �CHMet), (m, 8H, RNHCH2CH2NHR), 3.57 (m, 2H, �CHPro), 3.79
(m, 2H, �CHPro), 3.91 (t, J� 6.5 Hz 2H, �CHMet), 4.14 (dd, J� 9.5,
4.0 Hz, 1H, �CHGlu), 4.24 ± 4.32 (m, 2H, �CHPro), 4.60 (m, 2H,
�CHLeu); 13C NMR (100 MHz, CD3CN): �� 15.53 (CH2), 22.06 (CH3),
24.15 (CH3), 26.28 (CH), 26.58 (CH2), 29.06 (CH2), 30.00 (CH2), 30.92
(CH2), 31.26 (CH2), 32.77 (CH3), 39.76 (CH2), 40.99 (CH2), 41.19 (CH2),
42.50 (br, CH2), 51.75 (CH2), 53.81 (CH), 54.98 (CH), 62.16 (CH), 62.44
(CH), 156.39 (C), 162.00 (br, C), 170.24 (C), 173.26 (C), 173.58 (C), 175.02
(C), 178.32 (C); MS (ES�):m/z (%): 479 (100) [M�H]2�, 957 (25) [M�H]� .
Solution binding studies of tweezer receptor 25 : Preparation of buffer
solution: Sodium borate (38.12 mg, 0.1 mmol) was dissolved in water
(HPLC grade, 85 mL) and 15% DMSO (spectroscopy grade, 15 mL) to
give a sodium borate concentration of 1 m� and pH 8.75.


Preparation of tripeptide solutions : The different red dye labelled
tripeptide solutions were all made up by dissolving the red dye labelled
tripeptide in a pre-made buffer. Solutions were sonicated for 2 ± 3 h at 0 ±
25 �C prior to their use in UV binding studies. The red dye labelled
tripeptide concentrations employed were as follows: 19 (0.65 mg,
0.76 �mol, 30.4 ��, 25 mL), 20 (0.8 mg, 1.08 �mol, 43.0 ��, 25 mL) and 22
(0.80 mg, 0.93 �mol, 37.4 ��, 25 mL).
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Preparation of tweezer solutions : Tweezer receptor 25 was dissolved in the
red dye labelled tripeptide solution (1 or 2 mL) at room temperature at a
concentration to give a solution about 20 times that of the red dye labelled
tripeptide. The tweezer receptor 25 dissolved instantly and after 1 h the UV
experiment was started. To avoid possible precipitation of the guest (on
account of its poor solubility) or hydrolysis of its ester bond, solutions were
prepared shortly prior to commencement of the titration. Throughout the
titration UV absorbance was recorded at 500 nm (Amax of the red dye
labelled tripeptide). After a blank of the buffer solution. The red dye
labelled tripeptide curvette solution (1 mL) were titrated with tweezer
receptor 25. Typically was added 2� 5 �L, followed by 2� 10 �L, 3� 20 �L,
1� 30 �L and 2� 40 �L additions. Hence a total of 4 molar equivalents of
tweezer receptor 25 was added to the guest solution (Table 2).


The UV spectrum (200 ± 600 nm) was also recorded after each addition and
the overlaid UV spectra for each enantiomer of the red dye labelled
tripeptide 19 and 22. An isobestic point was observed at 400 nm for 19 and
at 410 and 590 nm for 22 which indicates a 1:1 binding stoichiometry
between tweezer receptor 25 and the red dye labelled tripeptide 19 and its
enantiomer 22. Data from Table 2 showed a good fit for the presumed 1:1
binding and allowed an estimation of the binding constants:[12]


19 ; tweezer receptor 25 ; Ka� 8.2� 104� 2.5� 104��1


20 ; tweezer receptor 25 ; Ka�no binding
22 ; tweezer receptor 25 ; Ka� 8.0� 103� 1.5�103��1


19 ; tweezer receptor 24 ; Ka�no binding
Dilution control experiments for both the red dye labelled tripeptide 19
and 20 were performed. In both cases no evidence for dimerisation was
observed.
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[18] It was not possible to get a proper optical rotation value for the red
dye labelled tripeptide. To prove that the red dye labelled tripeptid


was enantiopure the acid was transformed into the corresponding
methyl ester, which was submitted to HPLC analysis. The methyl ester
of 19 and 22 had a retention time of 17.9 and 27.6 min, respectively,
with no trace of the other enantiomer (Daicel Chiral AD colum,
hexane/iPrOH 50:50, flow rate� 1 mLmin�1, UV detection at
500 nm).


[19] Red dye-linked glutaric acid was synthesised from the corresponding
Disperse Red 1 and glutaric anhydride in presence of DMAP and
triethylamine.
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Coordination and Oxidative Addition at a Low-Coordinate Rhodium(�)
�-Diiminate Centre


Sander T. H. Willems, Peter H. M. Budzelaar,* Nicolle N. P. Moonen, Rene¬ de Gelder,
Jan M. M. Smits, and Anton W. Gal[a]


Abstract: The reaction of 14e [LMeRh-
(coe)] (1; LMe�ArNC(Me)CHC(Me)-
NAr, Ar� 2,6-Me2C6H3; coe� cis-cyclo-
octene) with phenyl halides and thio-
phenes was studied to assess the com-
petition between � coordination, arene
� coordination and oxidative addition of
a C�X bond. Whereas oxidative addi-
tion of the C�Cl and C�Br bonds of
chlorobenzene and bromobenzene to
LMeRh results in the dinuclear species
[{LMeRh(Ph)(�-X)}2] (X�Cl, Br), fluo-
robenzene yields the dinuclear inverse


sandwich complex [{LMeRh}2(anti-�-
�4:�4-PhF)]. Thiophene undergoes oxi-
dative addition of the C�S bond to give
a dinuclear product. The reaction of 1
with dibenzo[b,d]thiophene (dbt) in the
ratio 1:2 resulted in the formation of the
� complex [LMeRh(�1-(S)-dbt)2], which
in solution dissociates into free dbt and a


mixture of the mononuclear complex
[LMeRh(�4-(1,2,3,4)-dbt)] and the dinu-
clear complex [{LMeRh}2(�-�4-
(1,2,3,4):�4-(6,7,8,9)-dbt)]. The latter
could be obtained selectively by the 2:1
reaction of 1 and dbt. Reaction of 1 with
diethyl sulfide produces [LMeRh(Et2S)2],
which in the presence of hydrogen loses
a diethyl sulfide ligand to give [LMeRh-
(Et2S)(H2)] and catalyses the hydroge-
nation of cyclooctene.


Keywords: coordination modes ¥
N ligands ¥ oxidative addition ¥
rhodium ¥ sandwich complexes


Introduction


Oxidative addition of carbon ± heteroatom bonds to coordi-
natively unsaturated low-valent metal complexes is a key step
in catalytic processes such as arylation of alkenes,[1] cross-
coupling reactions[2] and hydrodesulfurisation.[3] Furthermore
it is an important method of forming carbon ± metal � bonds.
Usually, a low-valent electron-rich transition metal centre
with an empty coordination site is required for oxidative
addition.[4] Examples of oxidative addition of aryl halides to
nickel, platinum and palladium[1, 2, 4, 5] are abundant in the
literature; cobalt, rhodium and iridium[4, 5c, 6c] appear less
frequently in this context. Compared to alkyl halides, aryl
halides are relatively inert, and the reactivity decreases in the
order ArI�ArBr�ArCl�ArF.[5c]


The 14e �-diiminate complex [LMeRh(coe)] (1; LMe �
ArNC(Me)CHC(Me)NAr, Ar� 2,6-Me2C6H3; coe� cis-cy-
clooctene) catalyses the hydrogenation of some ™difficult∫
olefins[7] and is a precursor for the synthesis of mono- and
dinuclear �-arene complexes of the LMeRh fragment.[8] Here


we report on the reactivity of
[LMeRh(coe)] with fluoroben-
zene, chlorobenzene, bromo-
benzene, diethyl sulfide, allyl
methyl sulfide, thiophene and
dibenzothiophene. This al-
lowed us to closely examine
the balance between � or �


complexation and oxidative ad-
dition of the C�X bond (X�F,
Cl, Br, S).


Results and Discussion


Reaction of [LMeRh(coe)] with bromobenzene and chloro-
benzene : When 1 was dissolved in neat bromobenzene the
solution turned from dark brown to deep red in two days. The
analogous reaction with chlorobenzene required seven days.
In the presence of H2 the reactions with neat bromobenzene
and chlorobenzene were complete within one minute. With
prior addition of 10% THF to the phenyl halide the reactions
under H2 were even complete within seconds. For both PhBr
and PhCl, oxidative addition to LMeRh is followed by
dimerisation to give five-coordinate [{LMeRh(Ph)(�-X)}2]
(2a X�Br, 2b X�Cl). The crystal structure of 2a (Figure 1)
shows that each monomeric unit has a square-pyramidal
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coordination environment with the phenyl group in the apical
position.


The phenyl groups of the two units are located in a trans
arrangement, that is, on opposite sides of the Rh2Br2 plane.
Both phenyl rings are oriented parallel to the Rh�Rh vector.
This orientation, which is probably enforced by the bulky 2,6-
dimethylphenyl substituents at the nitrogen atoms, would
result in steric repulsion between the two phenyl groups in a
cis arrangement. The RhIII�Br bonds are somewhat shorter
than those of related compounds containing the RhIII


2 (�-Br)2


fragment.[9] The similarity of the 1H and 13C NMR data of 2a
and 2b indicates that the chloride-bridged complex 2b also
has the trans structure.


To determine whether � coordination of the aryl halide
precedes oxidative addition, the reaction was carried out at
�30 �C in the presence of H2 in neat phenyl bromide, and
NMR spectroscopy showed that [LMeRh(coe)(H2)] was
formed[10] but did not react further at that temperature. When
the mixture was warmed to 0 �C, 2a was formed without
observable intermediates, that is, a � complex is not formed or
rearranges instantaneously to the dinuclear oxidative addition
product.


Reaction of [LMeRh(coe)] with fluorobenzene : Complex
1 was dissolved in fluorobenzene and exposed to an atmos-
phere of hydrogen. After one minute the fluorobenzene was
removed in vacuo. The 1H NMR spectrum showed that 1 had
been partly (ca. 60%) converted to a product 3 which has
spectroscopic properties consistent with an anti-�-


�4(1,2,3,4):�4(3,4,5,6) inverse
sandwich structure.[8] Carrying
out the reaction in PhF/THF
(9/1) led to quantitative forma-
tion of 3 ; an X-ray structure
determination confirmed the
proposed structure (Fig-
ure 2).


The molecule is located on a
crystallographic twofold axis,
and the fluorobenzene ring is
disordered over two orienta-
tions. The fluorine substituent
avoids the arene ™walls∫ of the
diiminate ligand, like the non-
disordered toluene molecule in
[{LMeRh}2(�-�4 :�4-toluene)].[8]


Because of the disorder in the
X-ray structure of 3, a detailed
comparison of geometrical pa-
rameters with those of the tol-
uene complex is not possible.
However, some similar features
can be distinguished: the loss of
planarity of the fluorobenzene
ring (the deviations from pla-
narity are 0.152(7), 0.072(7),
and 0.265(8) ä for the three
pairs of symmetry-related
atoms) and the localisation of


the single bonds in the arene ring (C31�C32, C31a�C32a and
C33�C33a).


When 1 was treated with fluorobenzene/THF (9/1) for 30 s,
followed by evaporation of the solvents and immediate
dissolution of the resulting solids in [D8]THF at �50 �C, the
main component was the mononuclear �4-fluorobenzene
complex 4. On warming to room temperature, 4 completely
disproportionated into the inverse sandwich complex 3. This
behaviour is analogous to that observed for the benzene,
toluene, xylene and mesitylene complexes.[8]


The 1H and 13C NMR spectra of 3 and 4 show effective C2v


symmetry of the diiminate ligand; this indicates a highly
fluxional fluorobenzene ligand, as was found for the benzene,
toluene and m-xylene complexes.[8] The chemical shifts of the
fluorobenzene moiety in 3 agree with those calculated for its
solid-state �-�4 :�4 structure from intrinsic chemical shifts of
other arene complexes.[8] Similarly the chemical shifts of 4
agree with those calculated for a mononuclear �4 structure
with the F atom on an uncoordinated C atom.[11]


Mechanistic aspects : Reaction of 1with pure arenes (benzene,
toluene, phenyl halides) is relatively slow (hours to days).
Treatment with H2 accelerates the reaction considerably, and
this suggests that generation of a ™naked∫ 12e LMeRh species
is rate-limiting. However, formation of the fluorobenzene
complex is much slower than the previously observed
formation of the toluene complex,[8] and addition of THF
accelerates the reaction considerably. This suggests that
coordination of a solvent molecule is important, and that


Figure 1. Structure of 2a (30% ellipsoids; hydrogen atoms and C6D6 solvent molecule omitted). Selected bond
lengths [ä] and angles [�]: Rh1�C31 2.004(7), Rh1�N1 2.013(6), Rh1�N2 2.026(6), Rh1�Br1a 2.5211(8),
Rh1�Br1 2.5255(9), Br1�Rh1a 2.5211(8); C31-Rh1-N1 92.9(3), C31-Rh1-N2 95.7(3), N1-Rh1-N2 90.3(3), C31-
Rh1-Br1a 93.4(2), N1-Rh1-Br1a 172.23(17), N2-Rh1-Br1a 93.65(18), C31-Rh1-Br1 95.0(2), N1-Rh1-Br1
93.53(18), N2-Rh1-Br1 168.49(17), Br1a-Rh1-Br1 81.38(3), Rh1a-Br1-Rh1 98.62(3), C2-N1-C11 116.3(6).
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the weak donor fluorobenzene is relatively inefficient in this
respect. Although oxidative addition of chlorobenzene and
bromobenzene in the presence of hydrogen is fast in the
absence of THF, the addition of THF still speeds up the
reaction considerably. Appa-
rently solvent coordination is
important in this case as well.
Since fluorobenzene, the weak-
est � donor, forms a � complex,
chlorobenzene and bromoben-
zene could initially do the same.
Apparently, the C�F bond is
too strong to be broken, where-
as for both chlorobenzene and
bromobenzene oxidative addi-
tion of the C�X bond is fast.
Scheme 1 summarises the ob-
served reactivity of 1 with ben-
zene, toluene and phenyl hal-
ides. We cannot exclude varia-
tions involving direct oxidative
addition of a C�X bond without
initial � coordination.


Reactions of [LMeRh(coe)] with
nonaromatic sulfur com-
pounds : Since [LMeRh(coe)] is


prone to oxidative addition of
C�Cl and C�Br bonds, we
tested its reactivity towards
C�S bonds. Reaction of 1with
two equivalents of the rela-
tively unreactive diethyl sul-
fide led to substitution of coe
and formation of bis(diethyl
sulfide) complex 5. When the
reaction was carried with only
one equivalent of diethyl
sulfide, about half of the start-
ing material was converted
into 5 ; a mixed coe/sulfide
complex was not observed.
With one equivalent of the
more reactive allyl methyl
sulfide we observed formation
of complex 6. 1H NMR data
indicate chelation of the allyl
methyl sulfide through the
sulfur atom and the double
bond.


The X-ray crystal structure
of 6 (Figure 3) exhibited a
complicated disorder, which
after extensive refining could
best be described as a 4:1:1
mixture of three orientations
of the allyl methyl sulfide
ligand. Complex 6 appears to
be the first example of a


crystallographically characterised allyl alkyl sulfide metal
complex.


Reaction of [LMeRh(coe)] with ethylene sulfide led to a
complex mixture of uncharacterizable products.


Figure 2. Structure of 3 (30% ellipsoids; hydrogen atoms omitted). Selected bond lengths [ä] and angles [�]:
Rh1�N1 2.006(3), Rh1�C32 2.031(5), Rh1�N5 2.048(3), Rh1�C33 2.205(5), Rh1�C31 2.240(5), Rh1�C31a
2.353(5), C31�C31a 1.379(11), C31�C32 1.429(8), C31�Rh1a 2.353(5), C32�F32 1.331(10), C32�C33 1.407(9),
C33�C33a 1.493(13); N1-Rh1-C32 113.16(19), N1-Rh1-N5 90.45(14), N1-Rh1-C33 96.78(16), N5-Rh1-C31
111.48(18), N5-Rh1-C31a 97.51(16), C33-Rh1-C31a 73.44(17), F32-C32-C33 136.7(7), F32-C32-C31 107.6(6);
Rh1 ¥¥¥ C32a 2.879(5), Rh1 ¥¥¥ C33a 2.937(5). The angle between the Rh�Rh vector and the arene least-squares
plane is 71.86(12)�.


Scheme 1. Reactivity of 1 with benzene, toluene and phenyl halides.[10]
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Reactions of LMeRh(coe) with thiophenes : Oxidative addition
and subsequent hydrogenation of thiophenes might be
relevant steps in ™deep∫ hydrodesulfurisation (HDS), a field
of considerable interest.[3]


Thiophene readily reacted with [LMeRh(coe)] in THF at
room temperature to give product 7, which contains two
inequivalent asymmetric LMe groups and one C4H4S fragment.
The four different signals of the C4H4S fragment in both the
1H and 13C NMR spectra indicate that it is bound in an
unsymmetrical fashion. In particular, the 13C signal at �� 164
with a large C�Rh coupling (34 Hz, indicative of a Rh�C �


bond) and a smaller coupling (12 Hz, typical of a C�C bond �-
coordinated to Rh) suggests it to be a C�S-cleaved thiophene
molecule that is �-coordinated to a second Rh atom. These
NMR parameters, together with the small Rh couplings to the
carbon atoms of the C�C bond next to the sulfur atom,
suggest the structure shown in Scheme 2.


Figure 3. Structure of 6 (30% ellipsoids; hydrogen atoms omitted). The most abundant (66%) of three orientations for the disordered allyl methyl sulfide
ligand (top), and the disordered fragment (bottom). Selected bond lengths [ä] and angles [�]: Rh1�N1 2.039(8), Rh1�N5 2.042(7), Rh1�C31A 2.121(12),
Rh1�C32A 2.162(12), Rh1�S34A 2.301(4), C31A�C32A 1.41(2), C32A�C33A 1.53(2), C33A�S34A 1.862(14), S34A�C35A 1.820(15); N1-Rh1-N5 90.3(3),
N1-Rh1-C31A, 53.5(5), N5-Rh1-C31A 94.4(5), N1-Rh1-C32A 164.3(5), N5-Rh1-C32A 99.5(5), C31A-Rh1-C32A 38.6(6), N1-Rh1-S34A 96.0(3), N5-Rh1-
S34A 162.4(2), C31A-Rh1-S34A 87.3(4), C32A-Rh1-S34A 71.2(5), C32A-C33A-S34A 99.7(9), C35A-S34A-C33A 102.5(7), C35A-S34A-Rh1 112.8(6),
C33A-S34A-Rh1 86.7(5); Rh1�C32B 2.157(18), Rh1�C31B 2.170(18), Rh1�S34B 2.267(12), C31B�C32B 1.42(3), C32B�C33B 1.53(3), C33B�S34B 1.87(2),
S34B�C35B 1.81(2), Rh1�C32C 2.155(18), Rh1�C31C 2.160(18), Rh1�S34C 2.309(13), C31C�C32C 1.41(3), C32C�C33C 1.54(3), C(33C)�S(34C) 1.88(2)
S34C�C35C 1.82(2); N5-Rh1-C32B 165.7(11), N5-Rh1-C31B 151.3(14), C32B-Rh1-C31B 38.3(8), N1-Rh1-S34B 165.8(5), C35B-S34B-C33B 103.2(17),
C35B-S34B-Rh1 116(2), C33B-S34B-Rh1 86.2(11), N1-Rh1-C32C 162.9(15), N1-Rh1-C31C 155.2(19), C32C-Rh1-C31C 38.3(8), N5-Rh1-S34C 153.4(5),
C35C�S34C-C33C 103.0(18), C35C�S34C-Rh1 119(3), C33C�S34C-Rh1 88.5(11).
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A related cobalt compound, structurally characterised by
Chin and Jones,[12] was obtained from the reaction of
[(C5Me5)Co(C2H4)2] with thiophene in benzene at 70 �C. The
1H and 13C NMR shifts of the C4H4S fragment in [{(C5Me5)-
Co}2(C4H4S)] are comparable to those of 7. However,
[{(C5Me5)Co}2(C4H4S)] is fluxional, whereas 7 is not. This
fluxionality was attributed to an interchange of positions
between the thiolate sulfur atom and the coordinated double
bond, in accordance with the disorder in the bridging C4H4S
fragment found in the crystal (Scheme 3).


A similar bridged structure was suggested by Rauchfuss
et al.[14] for [{(C5Me5)Rh}2(SC4Me4)], a tetramethylthiophene
analogue, on the basis of 1H NMR data and mass spectrom-
etry. This complex was obtained from the slow thermal
decomposition of [{(C5Me5)Rh}3(�4;�1-C4Me4S)2] at 100 �C.
Unfortunately, 13C NMR data were not reported. A dinuclear
nickel diphosphane complex with a bonding mode analogous
to that of the above cobalt complex shows the same 1H NMR
pattern of chemical shifts but the spread of the thiophene
shifts is much smaller (1H: �� 6.64 ± 4.62, 13C: �� 80.8-
70.6).[15] Recently, the dinuclear C�S-cleaved 2,5-dimethyl-
thiophene (2,5-Me2T) rhenium complex [Re2(CO)7(�-2,5-
Me2T)], obtained by UV photolysis of a hexane solution of
[Re2(CO)10] and 2,5-dimethylthiophene, was structurally
characterised. In this case a Re(CO)4 moiety was inserted
into the C�S bond, and the resulting fragment is �5-
coordinated to a Re(CO)3 fragment through the two double
bonds and the sulfur atom.[16]


Reports on insertion of RhI into the thiophene C�S bond
have thus far been restricted to (C5Me5)RhI,[14, 17, 18] (TpMe2)(P-
Me3)RhI (TpMe2 � hydrotris(3,5-dimethylpyrazolyl)borate)[19]


and (triphos)RhI fragments (triphos�MeC(CH2P-
Ph2)3).[20a, 20b] A few IrI complexes have also been reported
to insert into the thiophene C�S bond.[20a, 20c, 21, 22] [Ir(PMe3)3],
generated from [Ir(cod)(PMe3)3] (cod� 1,5-cycloocta-
diene), inserts into the C�S bonds of thiophene and benzo-
thiophene to give six-membered iridathiacycles.[21a] Starting
from [(triphos)Ir(�4-C6H6)]BPh4, Bianchini et al. inserted
(triphos)IrI into benzothiophene to give a benzoiridathiaben-
zene complex, which reacted with hydrogen to form a
2-ethylbenzenethiolate complex.[21b, 21c] In contrast to this
iridathiabenzene complex, complex 7 did not react with
hydrogen (1 bar, 40 �C, 12 h). [Cp*IrIIIHX] fragments insert
into the C�S bonds of thiophene (X�H; Cl) and benzothio-
phene (X�Cl). The resulting complexes then react further
with hydrogen (600 psi, 60 �C) to give the desulfurised
products butane and ethylbenzene.[22a, 22b] Coordination and
reactivity of thiophenes at (C5Me5)Ir[23a] and the reactivity
patterns of thiophenes in organometallic complexes[23b] were
recently reviewed.


With respect to hydrodesul-
furisation, dibenzothiophene
and dimethyldibenzothiophene
are more interesting substrates
because of their lower reactivi-
ty.[18d] In THF 1 did not react
with 4,6-dimethyldibenzo[b,d]-
thiophene, even under hydro-
gen. In contrast, the reaction of
1 with two equivalents of di-
benzothiophene (dbt) in the
absence of hydrogen produced,
according to 1H and 13C NMR
data, a mixture of two LMeRh
complexes and free dbt. Re-
peated crystallisation of the
dark brown ™mixture∫ obtained
by evaporating the solvent
hardly changed its composition.


From the presence in the 1H NMR spectrum of two pairs of
triplets between �� 5.9 and 6.4 and two pairs of double
doublets in the range of �� 1.7 ± 2.6, we concluded that in
both products dbt is �-coordinated through one or both
benzene rings. Moreover, based on the relative intensities of
its 1H NMR signals, the minor product 9 should have a Rh:dbt
ratio of 2:1. After several recrystallisation attempts some
crystals were obtained which could be characterised by X-ray
diffraction. Surprisingly the compound obtained was not a �


complex but a bis(�1(S)-dbt) complex 8 (Figure 4).
To our knowledge 8 is the first structurally characterised


bisdibenzothiophene complex. The �-S bonding mode has
been observed several times for dibenzothiophene[24a] and �-
S-bonded complexes have been structurally characterised for
chromium,[24b] molybdenum,[24b, 24c] tungsten,[24b] mangane-
se,[24b, 24d] rhenium,[16, 24e] iron,[24f] ruthenium[24g] and iridium.[24h]


S-Coordination of thiophenes in oil[24c, 24g] and coal[24f] is
believed to be the first step in their catalytic desulfurisation.
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Scheme 3. Previously reported structures related to that of 7, with relevant NMR parameters.[13] Cp*� �5-C5Me5.
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Scheme 2. 1H and 13C chemical shifts (JRh,C [Hz]) and the proposed
structure for 7.
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As in the other �-S-dibenzothiophene complexes men-
tioned, the C�S bond lengths and the C-S-C angles of the dbt
moieties in 8 are essentially the same as for free dbt[25] (C�S
1.76 versus 1.74 ä and C1-S-C12 90.3 vs. 91.5�), and deviation
of the dbt moieties from planarity is very small (largest
deviation from dbt least-squares plane: 0.080(9) ä). Both dbt
ligands in 8 have a pyramidally surrounded sulfur. One of
them has a relatively large angle between the Rh�S bond and
the vector from the sulfur atom to the midpoint of the bond
connecting the benzene rings (Rh1-S2-LSL2 140.61(13)�, see
Figure 4), probably to avoid steric contacts with the arene
group of the ligand. In the other dbt molecule this angle is
only 132.41(12)�, comparable to the values found in the
ruthenium (132.0� and 130.1�) and iridium (128.0�) com-
plexes.


Clearly, there is no way to reconcile the solution NMR data
with the solid-state structure of 8. In the hope of gaining more
insight into this system, we varied the reaction conditions.
When the reaction of [LMeRh(coe)] with dbt was carried out in
a Rh:dbt ratio of 2:1, only the minor product 9 of the two
previously observed solution species was formed, and no free
dbt was left. In the 13C NMR spectrum of 9 all the dbt peaks
show coupling to rhodium, that is, both rings are �-coordi-
nated. The crystal structure of 9 confirmed its assignment as a
2:1 Rh:dbt � complex (Figure 5).


The DBT ligand has an anti-
�4:�4 coordination mode in
which the two LMeRh fragments
are coordinated to the four out-
er carbon atoms of each ben-
zene ring on opposite sides of
the dbt plane. Judging by the
loss of planarity of the benzene
rings of dbt (the outer atoms
C104, C105, C110 and C111
show deviations of more than
0.4 ä from the least-squares
plane defined by the remaining
atoms of DBT), some delocali-
sation is lost in the benzene
rings. Comparison of the bond
lengths of anti-�4:�4 dbt in 9
with those in free dibenzothio-
phene[25] reveals that all bonds
of the thiophene ring are slight-
ly shortened, whereas the re-
maining benzene bonds are all
slightly elongated. This suggests
that the thiophene ring has
gained some delocalisation
(Scheme 4), so that the thio-
phene ring in 9 is more similar
to free thiophene.[27]


� Coordination has been re-
ported or suggested for diben-
zothiophene and derivatives in
several cases.[24b, 24h, 28, 29] �4 Co-
ordination has been suggested
only for [Cp*Ir(dbt)].[28a] All


other examples are supposedly �6-dbt complexes, and of
these only two are dinuclear complexes, that is, [(CpFe)2-
(dbt)][29a] and [(CpRu)2(dbt)].[29b] The latter was characterised
by X-ray analysis.


The 1H NMR spectrum of 9 shows two triplets at �� 6.03
and 5.91 and two double doublets at �� 1.80 and 1.73. Such
rather extreme shifts for aromatic protons have been ob-
served before for �4-coordinated species.[30] Both the 1H and
13C shifts show a fair agreement with the intrinsic shifts
calculated earlier for �4-arene complexes of LMeRh; �6


coordination of the benzene ring would result in rather
different chemical shifts, especially for the annellated carbon
atoms.[24h, 28f]


After subtraction of the signals of 9 and free dbt from the
1H NMR spectrum of a solution of 8, a set of peaks for 10
(major product) is left that can be fully explained by assuming
a 1:1 LMeRh ± dbt � complex. The NMR signals for the
uncomplexed benzene ring are not very different from those
of free dbt, while those of the complexed ring are similar to
those of 9. Therefore, we propose that dissolution of 8 results
in complete redistribution to give a mixture of 9, 10 and free
dbt. Apparently, 8 only crystallises because it has the lowest
solubility of all components in the mixture, but in solution the
entropy gain associated with dissociation of dbt prevails. This
set of equilibria is summarised in Scheme 5.


Figure 4. Structure of 8 (30% ellipsoids; hydrogen atoms omitted). Selected bond lengths [ä] and angles [�]:
Rh1�N1 2.047(5), Rh1�N5 2.051(6), Rh1�S1 2.2857(19), Rh1�S2 2.2927(18), S1�C41 1.755(8), S1�C52 1.762(8),
C41�C46 1.391(10), C46�C47 1.439(11), C47�C52 1.401(10); N1-Rh1-N5 91.4(2), N1-Rh1-S1 88.69(18), N5-Rh1-
S1 169.79(17), N1-Rh1-S2 166.40(18), N5-Rh1-S2 98.18(16), S1-Rh1-S2 83.55(7), C41-S1-C52 90.0(4), C41-S1-
Rh1 112.7(3), C52-S1-Rh1 121.2(2), C46-C41-S1 113.7(6), C41-C46-C47 111.1(7), C52-C47-C46 112.9(7), C47-
C52-S1 111.9(6), Rh1-S1-LSL1 132.41(12), Rh1-S2-LSL2 140.61(13); LSL1 and LSL2 are the least-squares lines
constructed through S1-C46-C47 and S2-C66-C67, respectively. The angle between the least-squares plane of the
second dbt molecule (S2 and C61 ± C72) and the least-squares plane of the neighbouring arene ligand (C31 ± C38)
is 2.30(15)�.
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Reactivity of 5 towards hydrogen; catalytic hydrogenation :
When diethyl sulfide complex 5 was generated from 1 and
Et2S (ratio Rh:S� 1:4) in [D8]THF and subsequently sub-
jected to a H2 atmosphere, hydrogenation of cyclooctene was
observed. After all the cyclooctene had been converted, 5 was
slowly converted to mainly [LMeRh(SEt2)(H2)] (11). Its
1H NMR spectrum exhibited a sharp 2H doublet at ��
�14.65, which led us to propose an �2-H2 structure for this


complex, similar to that of [LMeRh(coe)(H2)].[7] A minor
product (12, ca. 5%) was also observed, which showed a
double triplet at ���22; this signal could be due to a
dinuclear hydrido-bridged rhodium(���) species. The relaxa-
tion time T1 of 11 (39.5 ms, room temperature) is comparable
to T1min of other Rh dihydrogen complexes,[31] whereas that of
12 (225 ms, room temperature) is typical of a classical hydrido
complex. Attempts to isolate a pure sample of either hydrido
complex by crystallisation failed due to slow decomposition.


During the entire process starting from 1, free diethyl
sulfide was present and could be clearly distinguished from
coordinated diethyl sulfide by NMR spectroscopy. During the
hydrogenation of the previously liberated cyclooctene the
ratio between coordinated and free Et2S remained at about
1:1, and only when the dihydrogen complex started to form
did the ratio start to change from 1:1 to 1:3. Thus, one of the
two coordinated diethyl sulfide molecules in 5 is readily
displaced by dihydrogen. Complex 5 is active in the hydro-
genation of cyclooctene to cyclooctane under very mild
conditions (room temperature, 1 bar H2), with an initial
turnover frequency of around two turnovers per minute. The
total turnover number after 3.5 h was 98 (ratio catalyst:coe�
1:110 at room temperature). At this stage the catalyst is
almost deactivated. Even though the observed activity is
moderate, this result is surprising, as sulfur ligands in general
tend to poison hydrogenation catalysts.[32] In contrast to 1,[7]


complex 5 does not hydrogenate 2,3-dimethyl-2-butene. This
suggests that the mechanism of hydrogenation differs from
that of 1, possibly because one Et2S ligand remains coordi-
nated during (part of) the catalytic cycle.


Conclusion


The present work clearly demonstrates the subtle balance
between complexation and oxidative addition of a C�X bond
to a coordinatively unsaturated LMeRh fragment. With phenyl
halides we found a difference between PhF (complexation
only) and PhCl and PhBr (oxidative addition). With sulfur
compounds, we find examples of �-S coordination (Et2S, dbt),
�-S plus �-C�C coordination (allyl methyl sulfide), �4-arene
coordination (dbt) and oxidative addition (thiophene).


In the case of PhCl and PhBr, the rather slow oxidative
addition to [LMeRh(coe)] in the absence of hydrogen demon-
strates that the empty site in this complex is not a sufficient
condition for high reactivity in oxidative addition. The LMeRh
fragment has a pronounced tendency to form arene �


complexes. Such � complexes could be intermediates in the
oxidative addition of phenyl halides and possibly even of
thiophene.


Figure 5. Structure of 9 (30% ellipsoids; hydrogen atoms omitted). Only
one of two independent molecules is shown.[26] Selected bond lengths [ä]
and angles [�]: Rh11�N102 2.034(3), Rh11�N101 2.037(3), Rh11�C105
2.124(3), Rh11�C104 2.136(3), Rh11�C106 2.206(3), Rh11�C103 2.301(3),
Rh12�N104 2.026(3), Rh12�N103 2.029(3), S101�C102 1.727(3),
S101�C113 1.727(3), C102�C107 1.384(4), C102�C103 1.439(5),
C103�C104 1.410(5), C104�C105 1.405(5), C105�C106 1.405(5),
C106�C107 1.456(4), C107�C108 1.429(5), C108�C113 1.386(4); N102-
Rh11-N101 90.42(11), N102-Rh11-C105 105.79(13), N101-Rh11-C105
160.70(13), N102-Rh11-C104 137.34(13), N101-Rh11-C104 122.22(13),
N102-Rh11-C106 98.06(12), N101-Rh11-C106 151.52(12), N102-Rh11-
C103 171.81(12), N101-Rh11-C103 97.75(12), C102-S101-C113 91.18(16),
C107-C102-S101 112.5(3), C102-C107-C108 112.0(3), C113-C108-C107
112.0(3), C108-C113-S101 112.3(3), C123-Rh11-Rh12-C153-154.42(12).
The deviations of the atoms C104, C105, C110 and C111 from the least-
squares plane defined by the remaining atoms of dbt are 0.405(4), 0.455(4),
�0.486(4) and �0.469(4) ä, respectively. The C223-Rh21-Rh22-C253
torsion angle in the second molecule (not shown) is �164.22(13).
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Scheme 4. Changes in bond lengths [ä] of dbt in 8 and 9 and of thiophene[27] relative to free dbt.[25]
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Experimental Section


Syntheses : All reactions were carried out in an argon atmosphere by using
Schlenk techniques. Solvents were distilled under nitrogen from Na/
benzophenone prior to use. [LMeRh(coe)] was prepared according to
previously reported methods.[33]


trans-[{LMeRh(Ph)(�-Br)}2] (2a): [LMeRh(coe)] (0.15 g) was dissolved in
bromobenzene (0.5 mL), and dry THF (0.1 mL) was added, after which the
solution was subjected to a dihydrogen atmosphere for one minute. Then
the excess bromobenzene and the THF were removed in vacuo, and the
remaining solids were washed with dry hexane (3 mL). Recrystallisation
from hot toluene yielded small red-purple crystals (0.115 g, 70%). Crystals
suitable for X-ray analysis were obtained by slow crystallisation from C6D6.
Elemental analysis calcd (%) for C54H60N4Br2Rh2 (1130.72): C 57.36, H
5.35, N 4.95; found: C 57.95, H 5.35, N 5.02; 1H NMR (200.13 MHz, 25 �C,
C6D6): �� 7.04 and 6.74 (m, 22H; m, p and Ph o, m, p), 5.37 (s, 2H; 3), 2.27
(s, 12H; o (opposite to Ph)), 1.57 (s, 12H; o� (on Ph side)), 1.32 (s, 12H; 1);
13C{1H} NMR (100.62 MHz, 25 �C, C6D6): �� 156.7 (2), 148.8 (i), 139.0 (Ph
i), 134.3 (o), 132.7 (o�), 126.2 (Ph o), 125.5 (p�), 124.2 (Ph m), (m, m�, and Ph
p, probably under C6D6 (br at 128)), 98.9 (3), 23.4 (1), 19.5 (o-Me), 19.3 (o�-
Me).


trans-[{LMeRh(Ph)(�-Cl)}2] (2b): This compound was prepared in the same
way as 2a, but with chlorobenzene instead of bromobenzene. Yield 0.10 g
(62%) of red-purple crystals. Elemental analysis calcd (%) for
C54H60N4Cl2Rh2 (1041.81): C 62.25, H 5.81, N 5.38; found: C 62.37, H 5.77,
N 5.32; 1H NMR (200.13 MHz, 25 �C, [D8]THF): �� 6.98 ± 6.43 (m, 22H;
m, p and Ph o, m, p), 5.52 (s, 2H; 3), 2.49, 2.16 (s, 12H each, o, o�), 1.59 (s,
12H; 1); 13C{1H} NMR (50.32 MHz, 25 �C, [D8]THF): �� 157.32 (2), 149.28
(i), 139.4 (Ph i), 134.75 and 133.32 (o, o�), 130.55 (Ph p), 129.30 and 128.07
(m, m�), 126.42 (Ph o), 125.98 (p), 124.30 (Ph m), 99.25 (3), 23.50 (1), 19.78
and 19.41 (o-Me, o�-Me).


[{LMeRh}2(anti-�-�4 :�4-C6H5F)] (3): [LMeRh(coe)] (0.278 g, 0.54 mmol)
was dissolved in dry fluorobenzene (2 mL), dry THF (0.05 mL) was added
and the reaction mixture was placed in a dihydrogen atmosphere for 1 min.
Then the solvents were removed in vacuo and the resulting dark red residue
was recrystallised from warm THF (2 ± 3 mL). A dark purplish red
microcrystalline powder was obtained (0.13 g, 53%). Recrystallisation
from THF yielded a few small crystals, one of which was used for X-ray
analysis. Elemental analysis calcd (%) for C48H55N4Rh2F (912.801): C 63.16,
H 6.07, N 6.14; found: C 63.06, H 6.17, N 6.06; 1H NMR (500.13 MHz, 25 �C,
[D8]THF): �� 6.97 (d, J� 8 Hz, 8H; m), 6.86 (t, J� 8 Hz, 4H; p), 4.89 (s,
2H; 3), 3.53 (m, 1H; PhF p), 2.07 (s, 24H; o-Me), 1.55 (td, J1 � 2, J2� 5 Hz,
2H; PhF m), 1.43 (s, 12H; 1), 0.92 (dd, J1 � 2, J2� 5 Hz, 2H; PhFo); 13C{1H}
NMR (125.76 MHz, 25 �C, [D8]THF) �� 158.09 (2), 156.56 (i), 133.47 (o),
129.66 (m), 126.27 (p), 99.74 (3), 69.57 (small, t, 4JC,F� 3 Hz; PhF p), 63.74
(td, 3JC,F � 6, JC,Rh� 2 Hz; PhF m), 50.68 (dt, JC,F� 16.1, JC,Rh � 5 Hz; PhFo),
23.67 (1), 20.47 (o-Me), CF not observed.


[LMeRh(�4-C6H5F)] (4): [LMeRh(coe)] (0.91 g) was dissolved in fluoroben-
zene (0.5 mL), dry THF (0.05 mL) was added and the mixture was
subjected to a dihydrogen atmosphere for 1 min. The THF and excess
fluorobenzene were immediately removed in vacuo without heating so that
the mixture was cooled by the evaporation process. After all the liquid was
removed the remaining solids were cooled to �78 �C and at this temper-
ature dissolved in [D8]THF (0.5 mL). The cooled solution was transferred
to a precooled NMR tube, and NMR spectra were recorded at various


temperatures in the range �50 to 25 �C. At low temperature the product
mixture contained both the �4-aryl and the �-�4:�4-sandwich aryl complexes
in a ratio of 5:1. Upon warming to room temperature complete conversion
of the �4-aryl complex to the �-�4 :�4-sandwich aryl complex 3was observed.
1H NMR ([D8]THF, �50 �C, 500.13 MHz): �� 7.15 (d, J� 7.4 Hz, 4H; m),
6.85 (t, J� 7.4 Hz, 2H; p), 5.44 (t, J� 4.7 Hz, 1H; PhF p), 4.96 (s, 1H; 3),
4.16 (m, 2H; PhF o), 3.20 (t, J� 5.8 Hz, 2H; PhF m), 2.30 (s, 12H; o-Me),
1.52 (s, 6H; 1); 13C{1H} NMR ([D8]THF, �30 �C, 125.76 MHz) �� 163.6 (d,
1JC,F� 244.1 Hz, CF), 156.5 (i), 154.8 (2), 132.3 (o), 128.1 (m), 124.9 (p), 99.9
(3), 84.6 (d, 2JC,F� 24.7 Hz, PhF o), 80.2 (d, JC,Rh� 6.4 Hz, PhF p), 78.4 (t,
JC,Rh� 3JC,F� 7.2 Hz, PhF m), 22.1 (1), 19.0 (o-Me).


[LMeRh(Et2S)2] (5): [LMeRh(coe)] (0.24 g) was dissolved in dry THF (2 ±
3 mL), and diethyl sulfide (0.5 mL, ca. 10 equiv) was added with a syringe.
After stirring for 30 min the reaction mixture was exposed to a dihydrogen
atmosphere for 5 ± 10 min. Then excess diethyl sulfide and THF were
removed in vacuo. The solids were extracted with warm hexane (3 ± 4 mL,
60 �C). The solution was concentrated to about 2 mL and stored at �20 �C
for a week. A crop of dark crystals was obtained (0.08 g, 30%). Elemental
analysis calcd for C29H45N2RhS2 (588.71): C 59.17, H 7.70, N 4.76; found: C
58.99, H 7.77, N 4.95; 1H NMR (500.13 MHz, 25 �C, [D8]THF): �� 6.95 ±
6.77 (m, 6H; m, p), 4.79 (s, 1H; 3), 2.39 (s, 12H; o-Me), 2.47 (q, J� 7.4 Hz,
8H; SCH2), 1.27 (s, 6H; 1), 1.01 (t, J� 7.4 Hz, 12H; SCH2CH3); 13C {1H}
NMR (50.32 MHz, 25 �C, [D8]THF): �� 155.73 (i), 155.22 (2), 133.73 (o),
128.16 (m), 124.21 (p), 98.42 (3), 29.49 (SCH2), 23.76 (1), 19.84 (o-Me),
13.41 (SCH2CH3).


[LMeRh(�1-(S):�2-C3H5SMe)] (6): [LMeRh(coe)] (0.19 g) was suspended in
dry pentane (1 ± 2 mL), and allyl methyl sulfide (1 mL) was added with a
syringe. The mixture was stirred for 30 min, after which the pentane and
excess allyl methyl sulfide were removed by filtration, and the resulting
yellow powder was washed with pentane (1 mL). A bright yellow powder
was obtained (0.16 g, 88%). A few crystals suitable for X-ray analaysis
were obtained from a mixture of cyclohexane and toluene by partial
evaporation in vacuo and subsequent cooling to �20 �C. Elemental analysis
calcd (%) for C25H33N2RhS (496.52): C 60.48, H 6.70, N 5.64, S 6.46; found:
C 60.18, H 6.64, N 5.57, S 6.23; 1H NMR (400.14 MHz, 25 �C, [D8]THF): ��
7.02 and 6.97 (d, J� 7.4 Hz, 2� 1H; m, m�), 6.95 and 6.93 (d, J� 7.9 Hz, 2�
1H; m��, m���), 6.82 and 6.80 (t, J� 7.4 Hz, 2� 1H; p, p�), 4.94 (s, 1H; 3), 3.78
(ddd, 2JH,H � 13, J2� 5.6, J3 � 1.6 Hz, 1H; CH2S), 3.05 (dd, 3Jtrans� 11, J2�
2.6 Hz, 1H; CH�CH2), 2.78 (brd, 2JH,H � 13 Hz, 1H; CH2S), 1.83 (m, 1H;
CH�CH2), 1.71 (brd, 3Jcis� 5 Hz, 1H; CH�CH2) 2.42, 2.33, 2.27, 2.11 (s, 3H
each; o-Me, o�-Me, o��-Me, o���-Me), 1.56 and 1.43 (s, 3H each, 1, 1�), 0.96 (d,
J� 1.6 Hz; SMe); 13C{1H} NMR (50.32 MHz, 25 �C, [D8]THF): �� 157.52,
155.92 (i, i�), 154.16, 150.65 (2, 2�), 132.95, 132.57, 132.47, 132.17 (o, o�, o��,
o���), 128.58, 128.36, 128.23, 128.09 (m, m�, m��, m���), 124.72, 124.26 (p, p�),
97.82 (d, JRh,C � 2.7 Hz, 3), 55.74 (d, JRh,C� 16.2 Hz, CH�CH2), 48.85 (d,
JRh,C � 3.6 Hz, CH2S), 41.33 (d, JRh,C � 9.9 Hz, CH�CH2), 24.02, 22.72 (1, 1�),
19.82, 19.65, 19.28, 18.76 (o, o�, o��, o��� Me), 18.88 (SMe).


[{LMeRh}2(C4H4S)] (7): [LMeRh(coe)] (0.16 g) was suspended in dry hexane
(1 ± 2 mL), and thiophene (0.5 mL) was added with a syringe with vigorous
stirring. After stirring for 30 min at room temperature, the mixture was
cooled to �20 �C. After a night in the freezer a brown microcrystalline
powder was obtained, which was filtered and washed with hexane (0.056 g,
40%). Elemental analysis calcd (%) for C46H54N4Rh2S (900.83): C 61.33, H
6.04, N 6.22, S 3.56; found: C 59.48, H 6.09, N 5.93, S 3.38; 1H NMR
(500.13 MHz, 25 �C, [D8]THF): �� 8.44 (t, J1 � 5.1 Hz, JRh,H � 5.1 Hz, 1H;


Scheme 5. Disproportionation equilibria upon dissolution of 8 in THF.
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RhCH), 7.14 ± 6.55 (m, 12H; m, m�, p), 5.42 (dd, J1 � 6.4 Hz, J2� 5.8 Hz,
1H; CH�CHS), 5.30 (s, 1H; 3), 5.19 (s, 1H; 3�), 4.02 (d, J� 6.4 Hz, 1H;
SCH), 1.88 (dd, J1 � 5.1 Hz, 1H; RhCH�CH), 2.46, 2.30, 2.14, 2.09, 2.07,
2.02, 1.70, 1.61 (s, 3H each, 8�o-Me), 1.50, 1.42, 1.48, 1.07 (s, 3H each, 4�
1); 13C {1H} NMR (50.32 MHz, 25 �C, [D8]THF): �� 163.97 (dd, J1Rh,C �
34.4, J2Rh,C � 12.1 Hz, RhCH�CH), 162.7, 159.11, 157.81, 157.50, 157.12,
154.54, 154.46, 151.66 (4� i, 4� 2), 136.62 (d, JRh,C � 3 Hz, SCH�CH),
134.40 (d, JRh,C � 5.4 Hz, SCH), 134.90, 134.62, 133.39, 133.28, 131.10,
130.92, 130.73, 130.04 (8� o), 129.46, 129.19, 129.03, 128.70, 128.08, 127.92,
127.80, 127.47 (8�m), 126.14, 125.15, 125.11, 124.17 (4� p), 100.65 (d,
JRh,C � 2.4 Hz, 3), 99.83 (d, JRh,C� 3.0 Hz, 3�), 84.24 (d, JRh,C� 10.8 Hz,
RhCH�CH), 25.02, 23.61, 23.52, 22.91, 21.16, 20.78, 20.55, 20.38, 19.52,
18.93, 18.88, 18.21 (4� 1, 8� o-Me).


[LMeRh(�1(S)-dibenzo[b,d]thiophene)2] (8): [LMeRh(coe)] (0.14 g) was
dissolved in dry THF (2 ± 3 mL), and a solution of dibenzothiophene
(0.1 g, 2 equiv) in THF (2 ± 3 mL) was added. After 30 min of stirring at
room temperature the solvent was evaporated. By slow diffusion of hexane
into a THF solution of the products some dark brown crystals were
obtained. Single-crystal X-ray analysis showed that the compound obtained
was the bis(S-dibenzothiophene) complex. NMR data could not be
obtained because upon dissolution the compound disproportionates into
a mixture of � complexes 9 and 10 (see below) and free dibenzothiophene.
Elemental analysis calcd (%) for C45H41N2RhS2 (776.86): C 69.67, H 5.32, N,
3.61; found: C 68.81, H 5.49, 4.34.


[{LMeRh}2(anti-�-�4(1,2,3,4):�4(6,7,8,9)-dibenzo[b,d]thiophene)] (9):
[LMeRh(coe)] (0.25 g) was dissolved in dry THF (1 ± 2 mL), and a solution


of dbt (0.05 g, 0.5 equiv) in THF (1 mL) was added. After stirring for
30 min the reaction mixture was evaporated in vacuo and the remaining
solids washed with cool hexane. A dark brown powder was obtained
(0.12 g, 49%). Recrystallisation from warm THF afforded few crystals
suitable for X-ray analysis. Elemental analysis calcd (%) for C54H58N4Rh2S:
C 64.80, H 5.84, N 5.60; found: C 64.72, H 5.64, N 5.52; 1H NMR
(500.13 MHz, 25 �C, [D8]THF): �� 7.03 (m) and 6.88 (m) (6H; m, p), 6.03
(t, J1 � J2 � 5 Hz, 2H; dbt 5, 10), 5.91 (t, J1 � J2 � 5 Hz, 2H; dbt 4, 11), 4.81
(s, 2H; 3), 2.07 and 1.97 (s, 2� 6H; o-Me, o�-Me), 1.80 (dd, J1 � 1, J2� 6 Hz,
2H; dbt 3, 12), 1.73 (dd, J1 � 1, J2 � 6 Hz, 2H; dbt 6, 9), 1.39 (s, 6H; 1);
13C{1H} NMR (50.32 MHz, 25 �C, [D8]THF): �� 156.5 (2), 155.6 (i), 135.7
and 134.2 (o, o�), 128.32 and 128.06 (m, m�), 124.95 (p), 99.97 (3), 80.88 and
79.80 (2�d, JRh,C � 8 Hz, DBT 4, 11, 10, 5), 70.16 and 69.00 (d, JRh,C� 8 Hz,
dbt 3, 12, 6, 9), 21.68 (1), 18.92 and 18.56 (o-Me); ipso-carbon atoms of DBT
not found:.


[LMeRh(�4(1,2,3,4)-dibenzo[b,d]thiophene)] (10): Compound 10 always
disproportionates partially into 9 and free dbt (see text) and hence cannot
be isolated. NMR parameters were obtained from solutions of 8 (see
above) by subtracting all peaks belonging to 10 and free dbt. 1H NMR
([D8]THF, 500.13 MHz): �� 7.51 (dt, J1 � 8, J2 � 1 Hz, 1H; dbt 11), 7.20 (m,
J1 � 4, J2 � 1 Hz, 2H; dbt 9, 12), 7.15 (dd, J1 � 8, J2 � 4Hz, 1H; dbt 10), 7.11
and 7.07 (d, J� 7 Hz, 2� 2H; m, m�) 6.96 (t, J� 7 Hz, 2H; p), 6.38 and 6.02
(tm, J1 � 5 Hz, 2� 1H; dbt 5, 4), 4.92 (s, 1H; 3), 2.51 and 2.25 (dd, J1� 6,
J2 � 1 Hz, 2� 1H; dbt 6, 3), 2.23, 2.10 (s, 2� 3H; o-Me, o-�Me) and 1.49 (s,
3H; 1); 13C{1H} NMR (50.32 MHz, 25 �C, [D8]THF,): �� 156.5 (2), 155.6 (i),
140.24 (d, small, J� 3 Hz, dbt 13), 134.77 (d, small, J� 3 Hz, dbt 8), 138.7


Table 1. Details of X-ray structure determinations.


Complex 2a 3 6 8 9


crystal colour dark red black light yellow-brown transparent red-brown black
crystal shape rather regular platelet rather irregular fragment irregular needle rather rough platelet irregular fragment
crystal size [mm] 0.46� 0.23� 0.06 0.62� 0.48� 0.31 0.40� 0.15� 0.14 0.52� 0.48� 0.05 0.39� 0.30� 0.18
empirical formula C60H66Br2N4Rh2 C48H55FN4Rh2 C25H33N2RhS C45H41N2RhS2 C54H58N4Rh2S
formula weight 1208.81 912.78 496.50 776.83 1000.92
temperature [K] 293(2) 293(2) 208(2) 293(2) 150(2)
radiation (graphite-monochromated) CuK� MoK� MoK� MoK� MoK�


wavelength [ä] 1.54184 0.71073 0.71073 0.71073 0.71073
crystal system triclinic monoclinic monoclinic monoclinic triclinic
space group P1≈ C2/c P21/n P21/c P1≈


unit cell : no. of reflections 25 25 20 25 42762
� range 40.041 ± 46.732 10.420 ± 13.448 9.346 ± 13.649 10.288 ± 12.843 1.000 ± 27.500
a [ä] 11.2908(4) 15.2610(12) 7.4020(8) 13.6043(10) 16.31280(10)
b [ä] 11.5174(3) 23.1415(18) 22.252(3) 12.1878(18) 16.3328(2)
c [ä] 12.3696(10) 14.0291(13) 14.420(3) 22.693(2) 21.5356(2)
� [�] 103.782(3) 90 90 90 89.2817(4)
� [�] 111.124(5) 119.578(7) 93.328(7) 101.849(9) 73.4717(4)
� [�] 102.899(3) 90 90 90 60.6073(4)
volume [ä3] 1369.83(13) 4308.9(6) 2371.1(6) 3682.4(7) 4736.85(8)
Z, �calcd [Mgm�3] 1, 1.465 4, 1.407 4, 1.391 4, 1.401 4, 1.404
absorption coeff. [mm�1] 6.886 0.807 0.821 0.612 0.781
diffractometer Enraf-Nonius CAD4 Enraf-Nonius CAD4 Enraf-Nonius CAD4 Enraf-Nonius CAD4 Enraf-Nonius CAD4
scan 	/2� scan 	/2� scan 	 scan 	/2� scan area detector � and 	


F(000) 614 1880 1032 1608 2064
� range for data collection [�] 4.09 ± 69.95 2.91 ± 27.47 3.89 ± 27.48 3.06 ± 27.47 1.00 ± 27.50
index ranges � 12� h� 13 0� h� 19 � 9�h� 0 � 17� h� 17 � 21� h� 21


� 13� k� 14 � 30�k� 0 0� k� 28 0� k� 15 � 21� k� 21
� 15� l� 0 � 18� l� 15 � 18� l� 18 0� l� 29 � 27� l� 27


reflections collected/unique 5442/5186 5100/4925 5823/5419 8631/8418 42762/21578
Rint 0.0899 0.1964 0.1121 0.0751 0.0417
reflections observed [Io � 21
(Io)] 4796 4217 2208 4198 14708
absorption correction semi-emp. � scan semi-emp. � scan semi-emp. � scan semi-emp. � scan ±
� scan transm. factors 1.773 ± 0.734 1.046 ± 0.958 1.029 ± 0.977 1.157 ± 0.857 ±
data/restraints/parameters 5186/0/314 4925/0/259 5419/43/279 8418/0/457 21578/0/1123
GOF on F 2 2.112 1.197 1.039 1.074 1.046
SHELXL-97 weight parameters 0.10000, 0.00000 0.15540, 0.00000 0.07100, 0.00000 0.05820, 7.71600 0.05790, 0.00000
final R1, wR2 [I� 2
(I)] 0.0925, 0.2369 0.0678, 0.1994 0.0870, 0.1587 0.0748, 0.1439 0.0407, 0.0942
R1, wR2 (all data) 0.0953, 0.2392 0.0762, 0.2102 0.2379, 0.2101 0.1740, 0.1781 0.0785, 0.1120
largest difference peak and hole [eä�3] 4.289 and �3.121 3.149 and �2.453 0.655 and �0.636 0.971, �0.536 0.637 and �0.769
extinction coefficient 0.0104(10) ± ± ± ±
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and 134.94 (o, o�), 128.42 and 128.31 (m, m�), 124.90 (p), 125.07, 123.99,
123.38, and 120.45 (dbt 12, 9, 11, 10), 100.37 (3), 81.99 and 80.91 (d, JRh,C�
8 Hz, dbt 4, 5), 69.05 and 68.30 (partly under THF, d, JRh,C� 8 Hz, dbt 3, 6),
21.68 (1), 18.92 and 18.56 (o-Me, o-�Me). dbt 2 and 7 not found.


[LMeRh(Et2S)(H2)] (11): [LMeRh(Et2S)2] 5 (0.01 g) was dissolved in
[D8]THF (0.5 mL) and exposed to a dihydrogen atmosphere for 18 h. An
NMR spectrum of the reaction mixture showed that a dihydrogen complex
had been obtained in about 90% yield. Attempts to crystallise the product
were unsuccessful ; hence, only the NMR data were recorded. 1H NMR
(400.13 MHz, 25 �C, [D8]THF): �� 6.99 ± 6.89 (m, 6H; m, p), 4.96 (s, 1H;
3), 2.32 (s, 6H; o-Me), 2.25 (s, 6H; o�-Me), 1.80 (q, J� 7.3 Hz, 4H; SCH2),
1.56 (s, 3H; 1), 1.44 (s, 3H; 1�), 0.97 (t, J� 7.3 Hz, 6H; SCH2CH3), �14.65
(d, JRh,H � 23.8 Hz, 2H; Rh(H2)); 13C {1H} NMR (50.32 MHz, 25 �C,
[D8]THF): 158.29 (i), 157.51 (i�), 155.23 (2), 153.81 (2�), 132.7 (o), 131.17
(o�), 128.32 (m), 128.24 (m�), 124.56 (p), 124.33 (p�), 97.94 (3), 34.05 (SCH2),
23.05 (1), 21.85 (1�), 19.65 (o-Me), 19.49 (o�-Me), 13.43 (SCH2CH3).


Hydrogenation experiments : Olefins (coe and 2,3-dimethyl-2-butene) were
dried over Na and then transferred to a cold trap in vacuo prior to use. The
catalyst (10 ± 20 mg) was dissolved in THF (1 ± 2 mL), and the olefin (about
100-fold excess relative to the catalyst) was added, after which the mixture
was stirred under 1 bar of dihydrogen for 3 h. At intervals of 30 min a
sample (1 �L) was taken directly from the reaction vessel and analysed by
gas chromatography.


Crystal structure determinations : Crystals were mounted in thin-walled
glass capillaries under Ar. Details of all structure determinations are
collected in Table 1. Since the glass capillaries prevented accurate
descriptions of the crystal shape, semi-empirical absorption corrections[34]


were applied for all crystals except those of 9. The structures were solved by
the PATTY option[35] of the DIRDIF program system.[36] Refinements were
carried out with the SHELXL-97 package.[37] All non-hydrogen atoms were
refined with anisotropic temperature factors, except for the atoms of the
disordered allyl methyl sulfide moiety of structure 6, which were refined
isotropically. The hydrogen atoms were placed at calculated positions and
refined isotropically in riding mode. All refinements were performed by
full-matrix least-squares methods on F 2. Geometrical calculations were
carried out either with the PLATON-93 program[38] or with the PARST96
program[39] and did not reveal unusual geometric features or unusual short
intermolecular contacts. Moreover, the calculations revealed no higher
symmetry and no solvent-accessible areas. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC-168217 (6), CCDC-168218 (3), CCDC-
168219 (8), CCDC-168220 (9) and CCDC-168221 (2a). Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223 336 ± 033; e-mail : deposit@
ccdc.cam.ac.uk).
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A Novel Approach for the Oxidative Degradation of Organic Pollutants
in Aqueous Solutions Mediated by Iron Tetrasulfophthalocyanine
under Visible Light Radiation


Xia Tao, Wanhong Ma, Tianyong Zhang, and Jincai Zhao*[a]


Abstract: An efficient approach has
been developed to decompose toxic
organic pollutants. The photodegrada-
tion of Rhodamine B (RhB), salicylic
acid, and Orange II was examined in the
presence of iron tetrasulfophthalocya-
nine ([Fe(PcS)]) and H2O2 under visible
irradiation. It was found that under
visible light irradiation, organic pollut-
ants in the [Fe(PcS)]/H2O2 system can


be rapidly degraded, but the concentra-
tion of [Fe(PcS)] remains nearly un-
changed, and this indicates that
[Fe(PcS)] has a good catalytic character.
EPR results and other experimental


results suggest that the light-activated
reaction process involves the formation
and reaction of HO. radicals. On the
basis of the experimental results, a
possible reaction mechanism for the
degradation of organic pollutants under
visible light illumination in the aqueous
[Fe(PcS)]/H2O2 solutions is proposed.


Keywords: iron ¥ photodegradation
¥ photooxidation ¥ phthalocyanines
¥ pollutants


Introduction


Recently a renewed interest has been shown in the oxidative
degradation of organic pollutants catalyzed by iron(���)
tetrasulfophthalocyanine ([Fe(PcS)]), a biomimetic complex,
in a reaction in the dark.[1] The reaction process involves a
nucleophilic iron(���) peroxo complex, [HOOFeIII(PcS)], as an
active species responsible for the degradation and minerali-
zation of organic pollutants (such as trichlorophenol) (see
Equations (1) and (2)).


[FeIII(PcS)]�H2O2��[HOOFeIII(PcS)] (1)


organic pollutants� [HOOFeIII(PcS)]��degraded products (2)


Since [Fe(PcS)] is a readily available biomimetic com-
pound, which can be supported on ion-exchange resins rather
than entering the environment to cause additional pollution,
[Fe(PcS)] is an attractive alternative in the treatment of
organic pollutants compared with the ferrous or ferric salts
employed in the (photo-)Fenton system.[2] However, although
the [Fe(PcS)]/H2O2 system can efficiently degrade organic
pollutants, the mixed solvent of acetonitrile/H2O must be
employed in this catalytic system. If water is used as the sole


solvent, the conversion rate of pollutants in this system will be
greatly reduced, which places some limitations on the treat-
ment of organic pollutants in an aqueous system.[3] Therefore,
more studies are needed to search for novel methods for the
treatment of persistent organic pollutants in aqueous solu-
tions by utilizing the biomimetic system.


We recently found that under visible light irradiation (��
470 nm) iron(���) tetrasulfophthalocyanine enabled organic
pollutants to be degraded effectively in an aqueous system by
H2O2 oxidation. Preliminary results reported in a recent
communication[4] show that in the presence of [Fe(PcS)] and
H2O2 visible light irradiation markedly accelerated the
degradation of organic pollutants compared with the reaction
in the dark, and that the photoassisted degradation process by
visible radiation involves the formation and reaction of HO.


radicals with a high oxidative activity, which is significantly
different from that in the reaction in the dark involving an
iron(���) peroxo complex as mentioned above [Eqs. (1) and
(2)].


In recent years, the textile and photographic industries have
produced dye pollutants that are emerging as a major source
of environmental contamination.[5] In China, above 1.6�
109 m3year�1 dye-polluted wastewater drains into environ-
mental water systems without treatment. Our group and
others have reported that nonbiodegradable dye pollutants
can be photodecomposed under visible irradiation in aqueous
TiO2 suspensions[6] and/or in the visible light-assisted (pho-
to-)Fenton reaction.[7] Notwithstanding, developing new types
of catalytic systems to degrade dye pollutants under visible
light irradiation remains an important issue.


[a] Prof. J. Zhao, Dr. X. Tao, Dr. W. Ma, Dr. T. Zhang
Laboratory of Photochemistry
Center for Molecular Sciences, Institute of Chemistry
Chinese Academy of Sciences, Beijing 100080 (China)
Fax: (�86)10-6487-9375
E-mail : jczhao@ipc.ac.cn
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In this paper, the photooxidation of two kinds of non-
biodegradable dyes with different structures, Rhodamine B
(RhB) and Orange II, as the target pollutants was carried out
under visible light irradiation in the aqueous [Fe(PcS)]/H2O2


solution. For comparison, the photodegradation of a small
molecular compound, salicylic acid, was also examined in this
system.


During the photoreaction, the formation of hydroxyl
radicals was detected by EPR spectroscopy as well as by the
photodegradation rate variations of RhB or Orange II upon
addition of ethanol to the reaction system. The degradation
rate of RhB and the depletion of H2O2 as a function of
irradiation time were determined in the presence and absence
of fluoride ions to elucidate the effect of ligands on the
photodegradation. The photodegradation of RhB and Or-
ange II were also carried out under irradiation by monochro-
matic light to reveal some details of the photoreaction
pathway. A possible photochemical reaction mechanism of
the pollutant degradation, particularly for the primary
reaction mechanism, is proposed on the basis of experimental
results.


This study may provide a novel approach for the oxidative
degradation of organic pollutants in aqueous solutions with
the biomimetic compound [Fe(PcS)] under visible light
irradiation.


Results and Discussion


Degradation of RhB : The temporal absorption spectra
changes taking place in the presence of [Fe(PcS)] and H2O2


under visible light illumination are displayed in Figure 1. The


Figure 1. UV/Vis spectral changes of RhB as a function of irradiation time
in aqueous [Fe(PcS)]/H2O2 solutions under visible light irradiation. The
initial concentrations of the reaction system: RhB (1� 10�5�), [Fe(PcS)]
(1.7� 10�5�), and H2O2 (1� 10�3�). pH 3. Spectra 1, 2, 3, 4, 5, 6, 7, and 8
denote irradiation for 0, 20, 40, 60, 80, 100, 120, and 140 min, respectively.
Inset shows concentration changes of RhB both in the dark and under
visible irradiation.


maximum absorption wavelengths corresponding to RhB and
[Fe(PcS)] are at approximately 555 and 639 nm, respectively.
RhB as well as [Fe(PcS)] can be simultaneously excited by
visible light irradiation (�� 470 nm). As can be seen from
Figure 1, under irradiation, the characteristic absorption band


of RhB at approximately 555 nm decreased in size rapidly and
disappeared after irradiation of 140 min, whereas the 639 nm
band was almost unchanged with increasing irradiation time;
concomitantly, the color of the reaction solution changed
from the initial pink-red to light blue (the color of [Fe(PcS)]).
This indicates that the chromophoric structure of the RhB is
destroyed. The pH value of the solution decreased slightly
(from the initial pH 3.0 to 2.9) after the photoreaction. During
the photodegradation, no significant changes of the [Fe(PcS)]
UV/Vis spectra were observed, and no free Fe2� or Fe3� ions
were detected; this indicated that [Fe(PcS)] can be regarded
as an efficient photocatalyst to degrade the persistent dye
pollutants. Furthermore, it was found that after the degrada-
tion of the dye RhB, the bleaching of [Fe(PcS)] was rather
slow (�C/�t� 1.8� 10�8 molL�1min�1); this indicated that
during the photodegradation [Fe(PcS)] was relatively stable.
As reported in the recent communication,[4] an apparent
reduction of TOC (total organic carbon) was obtained in the
aqueous RhB/[Fe(PcS)]/H2O2 system under visible light
irradiation (ca. 30% TOC removal of RhB after irradiation
of 8 h).


The inset in Figure 1 shows the temporal concentration
changes of RhB under visible light illumination and in the
dark. Under both sets of conditions, zero-order kinetics, at
least for the first 100 min of reaction, were obtained (kh��
7.5� 10�3 molL�1min�1, kdark� 1.1� 10�3 molL�1min�1). Evi-
dently, visible light irradiation accelerates markedly the
degradation of RhB in the presence of [Fe(PcS)] and H2O2


compared with the reaction in the dark. Control experiments
showed that under visible irradiation RhB did not degrade in
the presence of [Fe(PcS)], and degraded to a small extent in
the presence of H2O2, under otherwise identical experimental
conditions.


Figure 2 shows the concentration changes of H2O2 during
the whole degradation process under visible irradiation.
Within the initial 100 min of photoreaction, the rapid
degradation of RhB occurred concomitantly with the decom-
position of H2O2. After the initial RhB had degraded to a
large extent, a definite amount of RhB (ca. the same
concentration as the initial solution) was added again into


Figure 2. Variations in absorption spectra of RhB (initial concentration
1� 10�5�) and concentration changes of H2O2 (initial concentration 1.0�
10�3�) with irradiation time in the presence of [Fe(PcS)] (1.4� 10�5�). At
100 min and 160 min each, RhB (2.5� 10�3�, 100 �L) was added to the
reaction system (total volume: 50 mL). pH 3.
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the system undergoing degradation. It was found that the
second amount of RhB added also degraded at a fast rate
concomitantly with further decomposition of the residual
H2O2. Similarly, upon the third addition of RhB to the
reaction system, RhB was still degraded, although the
degradation rate of RhB decreased owing to the decrease in
the concentration of H2O2 in the system. The observed H2O2


depletion rate seems to be related to the degradation rate of
RhB, although a direct quantitative relationship between
them was not obtained owing to the complicated reaction
mechanisms (see below for discussion of the mechanisms). Of
importance is that during the whole process above no
apparent degradation of [Fe(PcS)] was observed. Control
experiments on the H2O2 determination were also carried out
under otherwise identical conditions but in the dark. It was
found that in the dark the decomposition of H2O2 was
negligible, which is consistent with the result of the very slow
degradation of RhB in the dark (see inset in Figure 1), but this
is completely different from that in the photoreaction.


Formation of radicals : To gain insight into the nature of short-
lived radicals formed during the photodegradation under
visible irradiation, the EPR technique was employed to
provide useful information on the reaction mechanism. A
visible light source (500 W halogen lamp, �� 470 nm) was
employed as the irradiation light for detecting EPR signals of
the RhB/[Fe(PcS)]/H2O2 system. The characteristic four
peaks of DMPO�.OH (DMPO� 5,5-dimethyl-1-pyrroline-
N-oxide) adducts with an intensity of 1:2:2:1 are consistent
with similar spectra reported by others for HO. adducts,[8] and
this indicates that HO. radicals are generated and participate
in the photodegradation of RhB. Figure 3 shows that the


Figure 3. Relevant intensity of DMPO�.OH adducts in the RhB
(1� 10�4�)/[Fe(PcS)] (1� 10�4�)/H2O2 (2.5� 10�2�) system measured as
a function of visible illumination time. DMPO, 0.15� ; pH 3. The inset
shows EPR signals of the DMPO�.OH adducts both in the dark and under
visible illumination.


intensity of the four peaks of DMPO�.OH was significantly
enhanced with increasing irradiation time from 0 to 240 s. The
inset in Figure 3 shows the signal changes of DMPO�.OH in
the dark and in the photoreaction, respectively. The EPR
results indicated that in the dark (even if the reaction in the
dark proceeds for 10 min) no signals with a significant
intensity were observed, which is in good agreement with


the results reported by Meunier et al.[9] that the reaction in the
dark does not involve the formation and reaction of HO.


radicals, whereas in the photoreaction, visible light irradiation
can greatly enhance the generation of HO. radicals and hence
accelerate the degradation of RhB.


In order to further verify whether HO. radicals are involved
in the course of photocatalytic degradation of RhB or
Orange II, we carried out the experiment in the presence of
ethanol, an effective HO. radical scavenger, to inhibit the
degradation reaction mediated by hydroxyl radicals. The
result showed that addition of 50 or 100 equivalents of ethanol
with respect to the RhB (1� 10�5�) markedly retarded the
oxidative degradation of RhB (k �


h� � 6.0� 10�7 molL�1min�1)
in the solutions containing [Fe(PcS)] (1.4� 10�5�) and H2O2


(1� 10�3�). A similar result was also obtained upon addition
of ethanol to the Orange II/[Fe(PcS)]/H2O2 system. All these
results strongly suggest that HO. radicals are indeed involved
in the visible light assisted photodegradation reaction of RhB
or Orange II, which is also consistent with the EPR spectra
under visible light irradiation (see Figure 3).


Degradation of small organic molecule : In order to further
examine the role of [Fe(PcS)] in the photoreaction, the
degradation of salicylic acid (SA, a small organic molecule, no
absorption in the visible region) was investigated by a HPLC
analyzer. As the degradation proceeded, the peak intensity of
SA decreased, and approximately 70% of SA was degraded
after 520 min of irradiation in the aqueous solutions contain-
ing [Fe(PcS)] and H2O2. From the HPLC spectra, we cannot
determine the change of the amount of H2O2 because H2O2


and the solvent have the same retention time. Therefore, the
concentration variations of H2O2 during the photodegrada-
tion of SA were also determined by the DPD (N,N-dimethyl-
p-phenylenediamine) method.[10] The plot of concentration
variations of SA, [Fe(PcS)], and H2O2 versus irradiation time
is shown in Figure 4. It was found that the concentration of


Figure 4. The plot of concentrations of SA, [Fe(PcS)], and H2O2 versus
irradiation time during the photodegradation of salicylic acid (SA, 1�
10�4�) in the presence of [Fe(PcS)] (1.7� 10�5�) and H2O2 (1� 10�3�) at
pH 3.


H2O2 decreased concomitantly with the degradation of SA. Of
particular relevance are the signals of [Fe(PcS)], the intensity
of which remains nearly unchanged during the course of the
photooxidation, and this indicates that [Fe(PcS)] as an
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efficient photocatalyst can also degrade the small organic
molecules in the presence of H2O2 under visible illumination.
Control experiments show that, under otherwise identical
conditions, no degradation of SA was observed in the
presence of [Fe(PcS)] alone or H2O2 alone. Also, SA could
not be degraded in the dark in the presence of both [Fe(PcS)]
and H2O2.


The EPR experimental results also showed that the
hydroxyl radicals were indeed generated by irradiating the
reaction system of SA/[Fe(PcS)]/H2O2 with the visible light
source (500 W halogen lamp, �� 470 nm) as described above.
Furthermore, the signal intensity of the DMPO�.OH adducts
was enhanced gradually with increasing illumination time,
which is paralleled with the ESR results for the RhB/
[Fe(PcS)]/H2O2 system (see Figure 3). Control experiments
show that in the dark no significant signals of DMPO�.OH
adducts were observed at the same initial concentrations of
SA/[Fe(PcS)]/H2O2 as employed in the photoreaction. These
results suggest that in the SA/[Fe(PcS)]/H2O2 system, visible
light irradiation can also generate HO. radicals and hence
accelerate greatly the degradation of SA.


Effect of axial ligands : It is well known that fluoride ions (F�)
are good axial ligands for [FeIII(PcS)]. Figure 5 depicts the
concentration changes of RhB when KF at different concen-
trations was added to the RhB/[Fe(PcS)]/H2O2 system. It can


Figure 5. Effect of adding fluoride ions (F�) at different concentrations to
the reaction system (RhB 1� 10�5�, [Fe(PcS)] 1.4� 10�5�, and H2O2 1�
10�3�) on the degradation rate of RhB. The initial concentrations of KF:
4.5� 10�3� (�), 4.5� 10�4� (�), 4.5� 10�5� (�), 4.5� 10�6� (�), and no
KF (�). pH 3.


be seen that the degradation of RhB was gradually inhibited
with increasing concentration of fluoride. Addition of
450 equivalents of KF versus RhB (1� 10�5�) significantly
inhibited the degradation rate of RhB; meanwhile, it was also
found that during the irradiation of the RhB/[Fe(PcS)]/H2O2/
KF system, no concentration variations of H2O2 were
observed. These results indicate that [Fe(PcS)] will lose the
photocatalytic activity if the axial positions of the central iron
ion are occupied by fluoride ions instead of H2O2.


Effect of pH : Figure 6 presents the effect of pH on the
oxidative degradation rate of Rhodamine B and Orange II in
the [Fe(PcS)]/H2O2 system under visible light irradiation.
Evidently, in this catalytic system, the degradation reaction,


Figure 6. Effect of pH on the photodegradation of RhB (�) and Orange II
(�) in the reaction system containing RhB (1� 10�5�)/Orange II (2.5�
10�5�), [Fe(PcS)] (1.4� 10�5�), and H2O2 (1� 10�3�) within 100 min of
visible light irradiation.


distinct from the (photo-)Fenton reaction, in which iron ions
will cause the precipitation of Fe2O3 ¥ nH2O at pH greater
than 3,[11] can proceed in a wide range of pH from 2 to 11. For
an initial solution containing RhB (1� 10�5�), [Fe(PcS)]
(1.4� 10�5�), and H2O2 (1� 10�3�), 95% conversion of RhB
at pH 2, 75% at pH 3, 38% at pH 4, and 15% at pH 6 were
observed within 100 min of irradiation. When the degradation
reaction was conducted in alkaline media, the conversion rate
of RhB at the same irradiation time was 10% at pH 8, 15% at
pH 10, and 83% at pH 11. For the Orange II/[Fe(PcS)]/H2O2


system, almost the same photodegradation tendency of
Orange II as RhB was also obtained in a wide range of pH.
Evidently, the photodegradation of both RhB and Orange II
in the [Fe(PcS)]/H2O2 system can still proceed at higher rates
even under alkaline conditions, which is superior to the
Fenton reaction.


Photodegradation of RhB and Orange II with monochromat-
ic light excitation : Taking into consideration that RhB,
Orange II, and [Fe(PcS)] all can absorb visible light, we
employed a kind of monochromatic light (with a Japan
Optical Co. Interference filter �� 640� 10 nm) near to the
maximum absorption wavelength of [Fe(PcS)] only to excite
[Fe(PcS)]. In the monochromatic light range, RhB and
Orange II have a low light absorption. Under monochromatic
light irradiation in the RhB/[Fe(PcS)]/H2O2 system, the
photodegradation rate of RhB as well as the photoefficiency
(herein symbolized as �) of RhB were examined, respectively.
The photon flow of the 500 W halogen lamp at 640� 10 nm
determined by Reineckate actinometry[12] (0.025�, 50 mL)
was 1.0� 10�8 einsteins�1. The photodegradation rate of RhB
with the monochromatic light excitation under the same
conditions as those employed for the photon flow measure-
ments is shown in Figure 7. Combined with the photon flow
data measured, the photoefficiency obtained by observation
of the changes in the absorption spectra with 640� 10 nm
monochromatic light irradiation was �� 0.004 for the RhB
degradation within 40 min of photoreaction in the [Fe(PcS)]/
H2O2 system. It was also found that upon excitation of
[Fe(PcS)] by monochromatic light irradiation, Orange II
could also be degraded at a faster rate compared with the
reaction in the dark (see Figure 7).
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Figure 7. Degradation of RhB (1� 10�5�)/Orange II (2.5� 10�5�) as
a function of irradiation time under monochromatic light irradiation
(�max� 640� 10 nm) in the aqueous [Fe(PcS)] (1.4� 10�5�)/H2O2


(1� 10�3�) solutions.


Reaction mechanism discussion : Based on all the above
results, a reasonable mechanism for the degradation of
organic pollutants, especially for the primary reaction, in the
aqueous [Fe(PcS)]/H2O2 system under visible light irradiation
is outlined in Scheme 1.


Scheme 1. Proposed photodegradation mechanism of organic pollutants in
the aqueous [Fe(PcS)]/H2O2 system under visible light irradiation.


In an aqueous solution, [Fe(PcS)] is more likely to exist in
the form of aquo complex ([HOFeIII(PcS)]).[3] Early work has
demonstrated that the primary chemistry of H2O2 involves
nucleophilic addition to the electrophilic metal center of the
transition metal complex at the axial ligand.[13±16] Thus, in the
present system H2O2 is added to the iron center of [Fe(PcS)]
to give [HOOFeIII(PcS)]. Upon visible light irradiation,
[HOOFeIII(PcS)] can be excited to form a transition state,
which can also undergo metal ± ligand charge transfer
(MLCT) (see I and II in Scheme 1).[17] Then the bond
[HO�OFeIII(PcS)] of the transition state can be rapidly
cleaved to generate the active species, namely, HO. radicals
and the high-valent iron-oxo species III or IV (see Scheme 1).
Because the oxidative activity of HO. radicals is much higher
than that of species III or IV,[18±20] the photodegradative
reaction with HO. radicals is predominant in the organics/
[Fe(PcS)]/H2O2 system under visible irradiation. These HO.


radicals generated by the photoreaction of [Fe(PcS)] and
H2O2 will react immediately with organic pollutants and


degrade them effectively. Without organic pollutants in the
[Fe(PcS)]/H2O2 system, the HO. radicals could rapidly
recombine with the species III or IV or react with H2O2 or
themselves.


In addition, we carried out the experiments on the photo-
degradation of organic pollutants under nitrogen bubbling
conditions. Almost the same degradation rates of pollutants
were obtained as those under aerated conditions, and this
indicates that [Fe(PcS)] is not a good catalyst for reactions
with oxygen but for reactions of H2O2 as reported in the
literature.[21] Therefore, in terms of the current experimental
results, we are unable to confirm that oxygen is bound to
participate in the photoreaction, although the incorporation
or the partial incorporation of oxygen in the Fenton reaction
has been reported.[22]


Conclusion


The refractory organic pollutants, Rhodamine B and Orange
II, can be efficiently photodegraded in an aqueous [Fe(PcS)]/
H2O2 system under visible illumination. The process involves
the photogeneration and reaction of HO. radicals. The
photocatalytic system of [Fe(PcS)]/H2O2 under visible light
irradiation provides another approach for the oxidative
removal of nonbiodegradable organic pollutants in an aque-
ous system.


Experimental Section


Materials : RhB was of analytical reagent grade and used without further
purification. Orange II was obtained from Fluka Co. [Fe(PcS)] was
prepared according to a method in the literature.[23] Hydrogen peroxide
(30 wt%) was obtained from Beijing Chemicals Co. The reagent 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) used as the spin-trapping agent
was purchased from Sigma Chemical Co. Horseradish peroxidase (POD)
was purchased from Huamei Biologic Engineering Co. and N,N-dimethyl-
p-phenylenediamine (DPD) reagent from Merck (p.a.). The pH of the
solutions was adjusted by diluted aqueous solution of NaOH or HClO4.
Deionized and double distilled water was used throughout the study. For
reference, the structures of RhB, Orange II, and [Fe(PcS)] are shown below.
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Photoreactor and light source : A 500 W halogen lamp (Institute of Electric
Light Source, Beijing) was positioned inside a cylindrical Pyrex vessel
surrounded by a jacket with circulating water (Pyrex) to cool the lamp. The
jacket was wrapped in a piece of black paper with a small window. A cutoff
filter was placed on the small window (diameter 3 cm) to remove
completely wavelengths less than 470 nm and to ensure irradiation only
by visible light. The center distance between the reaction vessel and the
light source was 10 cm.


Procedures and analyses : Unless otherwise noted, all the irradiation
experiments were carried out in a Pyrex vessel (60 mL) in aerated solution
at an initial pH of 3.0 adjusted with HClO4. At given irradiation time
intervals, samples (3 mL) were taken out and then analyzed by observation
of variations in UV/Vis spectra with a Lambda Bio20 spectrophotometer
(Perkin-Elmer). Electron paramagnetic resonance (EPR) signals of
radicals spin-trapped by DMPO were examined with a BruckerEPR300E
spectrometer; the irradiation source was a halogen lamp with a cutoff filter
(�� 470 nm). The settings for the EPR spectrometer were: center field,
3486.70 G; sweep width, 100.0 G; microwave frequency, 9.82 GHz; power,
5.05 mW. The photodegradation of the small molecule (salicylic acid, SA,
no absorption in visible region) was analyzed by High Performance Liquid
Chromatography (HPLC) on an InertsilODS-3 5 �m column (250�
4.6 mm) at room temperature. The HPLC system consisted of a 7725
autoinjector fitted with a 20 �L sample loop, a DionexP580 pump, and a
built-in UVD340s diode array detector. Signals for SA were detected at
295 nm by using an eluent composed of methanol/water (70:30, v/v) at a
flow rate of 1.0 mLmin�1. HPLC analysis was immediately done after
sampling. Hydrogen peroxide concentration was measured by the DPD
method[10] (a photometric method), in which the DPD reagent is oxidized
by H2O2 based on the peroxidase catalyzed reaction (�max� 531 nm, ��
21000��1 cm�1). The intensity of the monochromatic light was determined
by Reineckate actinometry.
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Dedicated to Professor Kenneth N. Raymond on the occasion of his 60th birthday


Abstract: As a part of a broader study
directed towards helical coordination
compounds with benzenedithiolate do-
nors, we have synthesized the bis(ben-
zenedithiol) ligands 1,2-bis(2,3-dimer-
captobenzamido)ethane (H4-1) and 1,2-
bis(2,3-dimercaptophenyl)ethane (H4-
2). Both ligands form dinuclear com-
plexes with NiII, NiIII and, after air-
oxidation, CoIII ions under equilibrium
conditions. Complexes (NEt4)4[NiII2(1)2]
(11b), (NEt4)2[NiIII2(1)2] (13), and Na4-


[NiII2(2)2] (14) were characterized by
X-ray diffraction. In all complexes, two
square-planar [Ni(S2C6H3R)2] units are
linked in a double-stranded fashion by
the carbon backbone and they assume a
coplanar arrangement in a stairlike
manner. Cyclic voltammetric investiga-
tions show a strong dependence of the


redox potential on the type of the ligand.
The substitution of 14� for 24� on nickel
(�785 mV for 11b versus�1130 mV for
14, relative to ferrocene) affects the
redox potential to a similar degree as
the substitution of nickel for cobalt
(�1160 mV for [Co2(1)2]2�/[Co2(1)2]4�,
relative to ferrocene). The redox waves
display a markedly less reversible be-
havior for complexes with the shorter
bridged ligand 24� compared to those of
14�.


Keywords: cobalt ¥ cyclic voltam-
metry ¥ helicates ¥ nickel ¥ S ligands


Introduction


The ability of polydentate ligands to form helical coordination
compounds by self-assembly with metal ions is an intriguing
field of modern metal-based supramolecular chemistry. The
first triple-stranded helical complex [Fe2(RA)3] (RA� rho-
dothurulic acid), was isolated and characterized as early as
1978 by Raymond et al.,[1] almost 10 years before Lehn et al.[2]


introduced the term helicate. Although [Fe2(RA)3] contained
only oxygen donors (three hydroxamate groups for each
FeIII), the early helicate chemistry was dominated by nitrogen
donor ligands.[3] Later, Raymond et al. ,[4] Albrecht and
Kotila,[5] and Stack et al.[6] developed triple-stranded helicates
based on di(catechol) ligands. Today, a large number of
helicates that are based on di(catechol) ligands have been
reported[7] and even supramolecular clusters different from
helicates can be obtained with such ligands.[8] Even helicates


containing binding groups with two different donor atoms
(e.g. aminophenoles) have been described;[9] however, sur-
prisingly, no helicates with thiolate donor functions are known
so far. This phenomenon can be rationalized in terms of the
obstacles encountered during the ligand synthesis, such as the
air sensitivity of benzene-1,2-dithiols and the often discour-
aging search for suitable equilibrium conditions for the
complex synthesis.


We have launched a systematic investigation aimed at the
incorporation of benzenedithiolate binding units into ligands
to result in helicate formation. Our interest was not only
triggered by the novelty of such ligands, but also by the
remarkable electronic and magnetic properties of benzene-
1,2-dithiolate complexes in general. A triple-stranded helicate
with nitrogen or oxygen donors, for example Fe2L3 where L�
bis(catecholate) ligand, usually contains two chiral metal
atoms that are coordinated in an octahedral fashion. This does
not hold for tris(benzenedithiolate) complexes in which the
benzenedithiolate binding units can be coordinated in an
octahedral or trigonal-prismatic fashion depending on the
metal oxidation state.[10] This unique behavior of benzenedi-
thiolate complexes reveals the intriguing opportunity to
develop dinuclear coordination compounds in which the
helicity might be switched on or off by electron transfer that
causes a change in the coordination geometry at the metal
center from achiral D3h to chiral Oh. Similar arguments hold
for bis(benzenedithiolate) complexes that can adopt a square-
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pyramidal or tetrahedral coordination geometry, depending
on the oxidation state of the metal atom. This has already
been demonstrated with MnIII and MnII complexes.[11]


We have recently reported the synthesis of chelate com-
plexes with tripodal tris(benzenedithiolate) and bis(benzene-
dithiolate) ligands based on 2,3-dimercaptobenzoic acid.[12] To
obtain dinuclear complexes, these ligands had to be substi-
tuted with shorter bridging units between the benzene-1,2-
dithiol units to disable chelate formation. This led to the
synthesis of the ligands H4-1 and H4-2 in which the benzene-
dithiol units are linked by a short diamide bridge or an alkyl
chain, respectively. The difference in the type of bridge causes


not only steric differences, but we also hoped it would cause
electronic consequences at the donor centers.


Herein, we report on the synthesis of the ligands H4-1 and
H4-2 as well as an improved method for the preparation of 2,3-
bis(isopropylmercapto)benzoic acid (6).[12a] An initial study of
the coordination chemistry of 14� and 24� with NiII, NiIII, and
CoIII ions is presented. Nickel[13] and cobalt[14] are known to
adopt a square-planar coordination geometry in bis(benzene-
dithiolate) complexes in the �2 and �3 oxidation states,
respectively. Therefore, no hel-
ical triple-stranded complexes
M2L3 (L� bis(benzenedithio-
late)) were expected. Instead it
was assumed, that the ligands
14� and 24� form double-strand-
ed dinuclear complexes with
NiII, NiIII, and CoIII. In addition
we wished to study the effect of
the different bridging units in
14� and 24� on the properties of
the resulting complexes.


Results and Discussion


Preparation of the ligands : The
key step in the synthesis of
diamide compounds of type
H4-1 is the preparation of 2,3-
bis(isopropylmercapto)benzoic
acid (6) (Scheme 1). Published


syntheses for 6, which involve multiple lithiation of benzene-
1,2-dithiol followed by reaction with CO2 and S-alkyla-
tion,[12b, 15] suffer from the use of expensive n-butyllithium as
well as low yields. In our search for a more efficient route to 6,
we found lithium 2,3-bis(isopropylmercapto)benzene (5) to
be an excellent precursor for the synthesis of 6. Compound 5
can be prepared by ortho-lithiation of 1,2-di(isopropylmer-
capto)benzene (4)[16] with one equivalent n-butyllithium in the
presence of TMEDA.[17] Compound 4 was obtained from o-
dichlorobenzene and sodium isopropylmercaptane in DMF.
Reaction of 5with dry CO2 followed by hydrolysis gave nearly
quantitatively the desired product 6, which can be readily
purified by recrystallization from diethyl ether/hexane. The
bridging of two molecules 6 by standard methods[12b] with 1,2-
ethylenediamine under formation of two stable amide bonds
gave 1,2-bis[2,3-di(isopropylmercapto)benzamido]ethane (7).
Cleavage of the four S ± alkyl bonds in 7 with sodium/
naphthalene[12b] and hydrolysis finally afforded the bis(benze-
nedithiol) H4-1 as an off-white powder.


The poor solubility in most organic solvents of bis(benze-
nedithiol) ligands with a diamide bridge, such as H4-1, is a
limiting factor for the study of their coordination chemistry.
To overcome this limitation, we designed and synthesized
ligand H4-2, the first example of an alkyl-bridged bis(benze-
nedithiol) ligand (Scheme 2). The synthesis of such ligands is
similar to the method employed by Albrecht et al. for the
preparation of alkyl-bridged bis(catechol) ligands.[5b] The key
step in the synthesis of H4-2 is the reaction of the lithiated
species 5 with paraformaldehyde to afford the benzyl alcohol
8. Treatment of 8 with PBr3 leads to the benzyl bromide 9,
which can undergo a Wurtz-type coupling reaction to give 10.
Finally, formation of H4-2 is accomplished by reductive
cleavage of the four S ± isopropyl bonds with sodium/naph-
thalene as described.[12b] As expected, and in contrast to
diamide-bridged H4-1, H4-2 is highly soluble in most common
organic solvents, such as tetrahydrofuran, dichloromethane,
chloroform, and methanol.


Scheme 1. Synthesis of ligand H4-1.
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Scheme 2. Synthesis of ligand H4-2.


Preparation of the complexes : Usually, benzenedithiolato
complexes are prepared by a simple metathesis reaction of
highly reactive alkali metal benzenedithiolates and metal
halides by salt elimination. However, the topology of the
ligands 14� and 24� also allows the formation of oligonuclear
species or even complex polymers. Therefore, a fast complex
formation reaction under kinetic control is undesirable. An
alternative to the use of alkali metal benzenedithiolates
turned out to be the ligand-transfer reaction between
titanocene benzenedithiolato complexes and tetrachlorome-
talates.[12b, 18] We have recently described the synthesis of
mononuclear bis(benzenedithiolato) cobaltate(���) complexes
by means of this reaction.[12b,c] During our efforts to optimize
the reaction pathway to dinuclear double-stranded bis(ben-
zenedithiolato) nickelate complexes we found that both the
use of alkali benzenedithiolates as well as the ligand-transfer
reaction lead to the desired complexes when elevated reaction
temperatures and long reaction times are employed.


Treatment of NiCl2 or NiCl2 ¥ 6H2O with H4-1 in a 1:1
stoichiometry in the presence of four equivalents of LiOMe in
methanol under reflux conditions afforded a brown solution
of Li4[Ni2(1)2] (11a). Complex (NEt4)4[Ni2(1)2] (11b) was
isolated after metathesis with NEt4Cl as a brown air-sensitive
microcrystalline salt (Scheme 3). Complex 11b can also be
prepared by a ligand-transfer reaction between the neutral
dinuclear bis(titanocene) complex [(Cp2Ti)2(1)] (12) and
(NEt4)2[NiCl4] in an acetonitrile/tetrahydrofuran solvent
mixture under reflux conditions. The reaction can be moni-
tored visually: the color change of the reaction mixture from
dark green (12) to dark brown indicated the formation of 11b.


Aerial oxidation of 11b, as indicated by a color change from
dark brown to intense green, led to the NiIII complex
(NEt4)2[Ni2(1)2] (13). Complexes 11b and 13 are only soluble
in N,N-dimethylformamide or N,N-dimethylacetamide, re-
spectively. Both compounds can be crystallized by vapor
diffusion of benzene (11b) and diethyl ether (13) in a
concentrated N,N-dimethylformamide solution.


Scheme 3. Preparation of complexes 11a, 11b, and 13.


The dark red nickel(��) complex Na4[Ni2(2)2] (14) was
prepared from Na4-2 and NiCl2 in methanol by salt elimi-
nation, as described for 11a (Scheme 4). Upon mixing of both


Scheme 4. Preparation of complexes 14 and 15.


reagents, a dark red precipitate was observed which dissolved
again when the reaction mixture was heated to reflux. This
behavior again proves the necessity to ensure equilibrium
conditions during complex synthesis. Exposure of a methanol
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solution of 14 to air resulted in a color change to green, which
indicated the formation of the NiIII/NiIII complex 15. Com-
plexes with the alkyl-bridged ligand 24� are more soluble than
their analogues with 14�. For example, complex 14 is freely
soluble in methanol, N,N-dimethylformamide, and acetone,
and slightly soluble in tetrahydrofuran. Red-brown crystals of
14 were grown from a concentrated acetone solution over a
period of three weeks at room temperature. Finally, the
intensely blue cobalt complex (NEt4)2[CoIII


2(1)2] (16) was
prepared from 12 and (NEt4)2[CoCl4] in an acetonitrile/THF
solution followed by aerial oxidation.


Crystal structures : Complex 11b crystallized from a DMF/
benzene solution as solvate 11b ¥ C6H6 ¥HC(O)N(CH3)2.
Complex 13 crystallized as a diethyl ether solvate. However,
the NEt4� ions as well the diethyl ether solvent molecules are
highly disordered in crystals of 13. The disorder of the solvent
molecules could not be resolved. The diffraction data were
therefore refined against a model without solvent molecules
that accepted poor R indices. The diffraction data for 13 and
the derived molecular structure can therefore only be used to
establish the identity of the molecule and the overall
geometry (see the Experimental Section, crystal structure
determination). Crystals of 14 were obtained as an acetone/
water solvate 14 ¥ 4CH3C(O)CH3 ¥ 3H2O. Figure 1 shows the
molecular structures of the nickelate anions with the diamide-
bridged ligand 14� (11b and 13). The anion of compound 14
and the stairlike arrangement of the NiS4 planes in this anion
are depicted in Figure 2.


The structure analyses of all three complexes revealed
discrete dinuclear bis(benzenedithiolato) nickelate complex
anions along with NEt4� ions for 11b and 13 and Na� ions for
14. Each complex anion contains two square-planar
[Ni(S2C6H3R)2] units with the nickel centers coordinated by
two benzenedithiolate units in a square-planar fashion. The
structural parameters of the [Ni(S2C6H3R)2] moieties are
unexceptional. The average Ni�S bond lengths in the nickel-
ate(��) complexes 11b (2.166 ä) and 14 (2.175 ä) are slightly
longer than those in the oxidized nickelate(���) complex 13
(2.152 ä) and are in good agreement with the values for the
recently reported complexes [Ni(S2C6H2tBu2)2]�2/�1.[19]


The amide N�H group in catecholamide complexes is
normally involved in a hydrogen bond to the o-oxygen atom
of the catechol.[4, 6] A similar behavior was observed in the
anion of 11b in which all amide N�H groups point to the o-
sulfur atom of the benzenedithiolate. However, only two
(O1 ¥¥ ¥ S2, O1* ¥¥ ¥ S2*) of these hydrogen bonds was observed
in the anion of 13. In any case, the N�H ¥¥¥ S hydrogen bonds
are weak and packing effects in the crystal structure might be
more important for the conformation of the ligand than the
formation of hydrogen bonds.


We were particularly interested to find out whether the
dinuclear anions in 11b, 13, and 14 adopt a double-stranded
helical molecular structure. Such a double-stranded helicate
would result if the two planar NiS4 units in each nickelate
anion were not arranged in a coplanar fashion. The structure
analyses, however, showed a stairlike arrangement of the NiS4


planes in all three complexes. This is illustrated in Figure 2 for
complex 14. It can be seen that the two [Ni(S2C6H3R)2]


Figure 1. Molecular structures of the nickelate anions in complexes 11b
(top) and 13 (bottom) with the crystallographic numbering scheme.
Hydrogen atoms, solvent molecules, and cations have been omitted.
Starred atoms in the anion of 13 are related to their corresponding atom by
a crystallographic inversion center. Selected bond lengths [ä] and angles
[�]: 11b Ni1�S1 2.167(2), Ni1�S2 2.161(2), Ni1�S5 2.170(2), Ni1�S6
2.161(2), Ni2�S3 2.162(2), Ni2�S4 2.171(2), Ni2�S7 2.171(2), Ni2�S8
2.167(2), S1�C1 1.768(8), S2�C2 1.743(8), S3�C12 1.767(7), S4�C13
1.766(8), S5�C17 1.742(7), S6�C18 1.753(8), S7�C28 1.765(7), S8�C29
1.749(8); S1-Ni1-S2 91.31(8), S1-Ni1-S5 90.45(8), S1-Ni1-S6 172.34(11), S2-
Ni1-S5 174.10(9), S2-Ni1-S6 88.88(8), S5-Ni1-S6 90.13(8), S3-Ni2-S4
89.86(8), S3-Ni2-S7 89.49(8), S3-Ni2-S8 171.44(10), S4-Ni2-S7 174.84(9),
S4-Ni2-S8 90.74(8), S7-Ni2-S8 90.67(8), C1-S1-Ni1 105.2(3), C2-S2-Ni1
106.3(3), C12-S3-Ni2 106.8(3), C13-S4-Ni2 105.5(3), C17-S5-Ni1 105.3(3),
C18-S6-Ni1 108.4(3), C28-S7-Ni2 106.9(2), C29-S8-Ni2 105.3(3); 13 : Ni�S1
2.140(3), Ni�S2 2.155(3), Ni�S3 2.151(3), Ni�S4 2.162(3), S1�C1 1.730(9),
S2�C2 1.742(9), S3�C9 1.736(10), S4�C10 1.756(10); S1-Ni-S3 88.52(10),
S1-Ni-S2 91.51(10), S1-Ni-S4 175.24(12), S2-Ni-S3 174.84(12), S2-Ni-S4
89.00(10), S3-Ni-S4 91.39(10), C1-S1-Ni 105.1(3), C2-S2-Ni 105.5(3), C9-S3-
Ni 105.3(4), C10-S4-Ni 105.4(3).


entities are arranged in a stairlike manner and with exactly
coplanar NiS4 planes. The coplanarity of the NiS4 planes in the
anion of 14 in the solid state is enforced by a crystallographic
inversion center in the center of the complex anion.


The distance between the two NiS4 units in the anions of
11b and 13 is longer than in 14 owing to the longer
ethylenediamide bridges. In addition, the rigid amide func-
tions decrease the flexibility of the ligand. However, these
features were insufficient for a distortion of the NiS4 planes
away from coplanarity. Thus, both 11b and 13 exhibit a stair-
type structure similar to 14. The distance between the two
nickel atoms in 14 amounts to 6.72 ä compared to 10.89 ä for
11b and 10.96 ä for 13.
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Figure 2. Molecular structure of the nickelate anion in complex 14 (top)
and of the stair-type conformation of the nickelate anion (bottom) with the
crystallographic numbering scheme. Hydrogen atoms, solvent molecules,
and cations have been omitted. Starred atoms are related to their
corresponding atom by a crystallographic inversion center. Selected bond
lengths [ä] and angels [�]: Ni�S1 2.1712(12), Ni�S2 2.1825(11), Ni�S3
2.1752(12), Ni�S4 2.1727(12), S1�C1 1.766(4), S2�C2 1.756(4), S3�C8
1.768(4), S4�C9 1.757(4); S1-Ni-S2 90.77(4), S1-Ni-S3 90.25(4), S1-Ni-S4
178.03(5), S2-Ni-S3 178.96(5), S2-Ni-S4 87.92(4), S3-Ni-S4 91.06(4), C1-S1-
Ni 105.94(14), C2-S2-Ni 105.92(14), C8-S3-Ni 105.41(14), C9-S4-Ni
105.97(14).


The deep blue crystals of 16 were also investigated by X-ray
diffraction. The diffraction data obtained were insufficient for
a satisfactory refinement of the structural parameters since
the majority of the diffraction data were of very low intensity.
However, the data were sufficient to show that complex 16 has
a molecular structure similar to the nickel complexes 11, 13,
and 14. Complex 16 contains two slightly distorted square-
planar [CoIIIS4] units, which are bridged in a double-stranded
fashion. This coordination geometry is typical for CoIII


benzenedithiolates and has also been reported for the
mononuclear CoIII complex with the ligand 1,7-bis(dimercap-
tobenzamido)heptane.[12c]


Even dinuclear bis(benzenedithiolate) complexes with
square-planar coordination geometry are able to form helical
structures. For such a helicity in a dinuclear complex, it would
be required that the MS4 planes are arranged in a non-
coplanar fashion and are twisted around the metal ±metal
vector. While no such helicity was found for double-stranded
dinuclear nickelate anions with bis(benzenedithiolate) li-
gands, complexes 11b, 13, and 14 are still the first examples
of dinuclear bis(benzenedithiolato) complexes in which the
two tetracoordinated metals are linked in a double-stranded
fashion by a carbon backbone.


Electronic properties of the complexes : Cyclic voltammetric
and UV/Vis studies were carried out to investigate how the
bridging itself and how the type of bridge in the ligands
influences the electronic properties of the metal centers.
Figure 3 depicts the cyclic voltammograms (CV) for the


Figure 3. Cyclic voltammograms of 11b (––) and 14 (- - - -) in DMF.


[Ni2(1)2]2�/[Ni2(1)2]4� and [Ni2(2)2]2�/[Ni2(2)2]4� couples in
N,N-dimethylformamide. Both species show quasi-reversible
two-electron transfer waves. The anodic peak potentials
versus [Cp2Fe]0/[Cp2Fe]� were recorded at �785 mV and
�1130 mV, respectively. The difference correlates well with
the electronic structure of the bridging unit. Ligand 24�, which
contains an electron-donating alkyl bridge, creates a more
electron-rich environment than 14�, which has an electron-
withdrawing diamide bridge. Thus, complexes with 24� show a
more negative reduction potential.


The substitution of a diamide bridge for an alkyl bridge in
the nickelate complex anions leads to a potential shift of
approximately �350 mV. The anodic peak potential of the
cobalt complex [Co2(1)2]2�/[Co2(1)2]4� was found at
�1160 mV. The change of the metal center in isostructural
complexes from nickel to cobalt again leads to a potential shift
of�375 mV. Thus, the change from the diamide-linked ligand
14� to the alkyl linked ligand 24� affects the NiII/NiIII potential
in a comparable way to the substitution of the metal center
from nickel to cobalt in complexes of 14�. These results
corroborate the proposal[20] that the SOMO in bis(enedithio-
late) complexes carries both metal and ligand character. The
NiIII/NiIV redox couple, reported by Sellmann et al.,[19] was not
observed. The ligands 14� and 24� generate a much less
electron-rich environment than the alkyl-substituted benze-
nedithiolates used by Sellmann. The oxidation to NiIV was
expected at potentials � � 1.0 V (vs. NHE). However, no
reversible redox reactions were observed in this region. We
assume that ligand oxidation occurs at potentials above 0.8 V
(vs. NHE).


The fact that each species exhibits only one redox wave
leads to the assumption that no strong intramolecular
interaction of the nickel centers exist in the dinuclear
complexes. Consequently, no mixed-valence species were
observed. However, a thorough analysis of the cyclic voltam-
mograms discloses slight differences between the couple 11b/
13 with the longer diamide bridge and the couple 14/15 with
the shorter ethylene bridge. The difference of the peak
potentials, �E, is close to ideal reversibility for 11b/13
(70 mV). The nickel centers behave as independent mono-
nuclear complexes. In contrast, �E for 14/15 amounts to
162 mV, which might indicate a slight nickel ± nickel inter-
action in complexes 14 and 15.
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The UV/Vis spectra of the nickel(��/���) complexes with
ligand 14� and 24� data are depicted in Figure 4. The spectra of
the NiII complexes 11b and 14 are similar to each other and


Figure 4. UV/Vis spectra of complexes 11b, 13, 14, and 15 in DMF.


show the typical � ±�* benzene ring absorptions of the ligand
at �300 nm. Both nickel(��) complexes also show intense
bands at �� 465 nm (11b) and 385 nm (14). The spectra of the
oxidized nickel complexes 13 and 15 are also very similar to
each other and show, in addition to � ±�* benzene ring
absorptions �300 nm, an additional very intense band at ��
860 nm for 13 and 875 nm for 15, respectively. This absorption
is typical for bis(benzenedithiolate) complexes in their
oxidized form. However, its assignment is discussed contro-
versially.[19, 21] The smaller energy gap of 15 compared to that
of 13 for this transition is interestingly correlated with the
shift to a more negative redox potential from 11b/13 to 14/15.


The UV/Vis data for complex 16 are typical for square-
planar Co(benzenedithiolate) complexes. Spectra of similar
complexes have been reported.[12c, 22]


Experimental Section


Materials and methods : If not stated otherwise, all manipulations were
performed in an atmosphere of dry argon by means of standard Schlenk
techniques. Solvents were dried by standard methods and freshly distilled
prior to use. N,N,N�,N�-tetramethylethylenediamine (TMEDA) was puri-
fied by vacuum distillation from Na/benzophenone. 1H and 13C NMR
spectra were recorded on a Bruker AC200 NMR spectrometer. Elemental
analyses (C,H,N,S) were performed at the Westf‰lische Wilhelms-Uni-
versit‰t M¸nster on a Vario ELIII CHNS elemental analyzer. Mass spectra
were obtained with a Varian MAT212 (EI), Micromass Quattro LC-Z
(ESI), and DANI 8521/FinniganMATIDT800 (GC-MS) spectrometers. IR
spectra were recorded on a Bruker Vektor22 spectrometer. UV/Vis spectra
were measured on a Varian Cary50 spectrometer. Cyclic voltammetric data
were acquired on a ECO/Metrohm PGSTAT30 potentiometer with a
platinum working electrode, an Ag/AgCl double-junction electrode (3�
KCl solution) as the reference electrode, and NBu4BF4 as the supporting
electrolyte. The complex salts (NEt4)2[NiCl4][23] and (NEt4)2[CoCl4][24] were
prepared as published.


1,2-Bis(isopropylmercapto)benzene (4): This compound was prepared
similarly to a previously reported method.[16] 1,2-Dichlorobenzene
(10.72 g, 8 mL, 71.00 mmol) was added dropwise to a suspension of sodium
isopropylmercaptane (35 g, 356 mmol) in N,N-dimethylformamide
(200 mL). The mixture was stirred for three days at 100 �C and was then
allowed to cool to ambient temperature. It was then poured into water
(500 mL) and extracted with diethyl ether (3� 50 mL). The combined


organic layers were dried over MgSO4 and filtered. Evaporation of the
solvent and vacuum distillation yielded 4 as a colorless oil (15.27 g,
67.45 mmol, 95% based on 1,2-dichlorobenzene). 1H NMR (CDCl3,
200 MHz, 25 �C): �� 7.33 (dd, 2H; Ar�H), 7.14 (dd, 2H; Ar�H), 3.48 (m,
3J� 6.4 Hz, 2H; SCH), 1.33 (d, 3J� 6.4 Hz, 12H; CH3); 13C NMR (CDCl3,
50.32 MHz, 25 �C): �� 137.5, 130.6, 126.3 (Ar�C), 36.8 (SCH), 22.8
(CH3) cm�1; MS (70 eV, EI): m/z (%): 226 (60) [M]� , 184 (25) [M�
C3H6]� , 142 (100) [M� 2C3H7]� , 108 (10) [M� 2C3H7�H2S]� , 97 (16)
[C5H5S]� , 78 (46) [C6H6]� , 41 (81) [C3H5]� ; elemental analysis calcd (%) for
C12H18S2 (226.39): C 63.66, H 8.01, S 28.32; found: C 63.92, H 7.91, S 28.26.


Lithium 2,3-bis(isopropylmercapto)benzene (5): A sample of n-butyllithi-
um (8.8 mL of a 2.5� solution in hexane, 22 mmol) was added dropwise to a
solution of TMEDA (3.3 mL, 22 mmol) and 1,2-bis(isopropylmercapto)-
benzene (4) (5.0 g, 22 mmol) in hexane (200 mL) at 0 �C. After 30 min, the
ice bath was removed and the stirring was continued at ambient temper-
ature for 3 h to result in the formation of an off-white slurry. The lithium
salt was used directly without further purification for the synthesis of 6.


2,3-Bis(isopropylmercapto)benzoic acid (6): Dry CO2 was bubbled through
a slurry of 5 (22 mmol) in hexane at 0 �C for 2 h. After evaporation of the
solvent, the residue was dissolved in water and acidified with hydrochloric
acid (37%) to pH 2. The aqueous solution was extracted with diethyl ether
(3� 50 mL) and the combined organic layers were dried over MgSO4.
Volatiles were removed in vacuo to afford a yellow solid. The product was
recrystallized from diethyl ether/hexane to yield an off-white powder
(5.65 g, 20.90 mmol, 95% based on 4). 1H NMR (CDCl3, 200 MHz, 25 �C):
�� 12.24 (br s, 1H; CO2H), 7.66 (dd, 3J� 3.6 Hz, 3J� 2.4 Hz, 1H; Ar�H),
7.33 ± 7.43 (m, 2H; Ar�H), 3.54 (m, 2H; SCH), 1.38 (d, 3J� 6.6 Hz, 6H;
CH3), 1.27 (d, 3J� 6.6 Hz, 6H; CH3); 13C NMR (CDCl3, 50.32 MHz, 25 �C):
�� 171.3 (CO2H), 146.1, 137.8, 129.9, 129.4, 128.8, 126.1 (Ar�C), 40.4
(SCH), 36.1 (SCH), 22.8 (CH3), 22.4 (CH3); IR (KBr pellet): �� � 2658, 2561
(br, O�H), 1701 (s, C�O) cm�1; MS (70 eV, EI): m/z (%): 270 (100) [M]� ,
228 (9) [M�C3H6]� , 209 (21) [M�H2O�C3H7]� ; elemental analysis calcd
(%) for C13H18O2S2 (270.40): C 57.74, H 6.71, S 23.71; found: C 58.00, H
6.73, S 23.24.


1,2-Bis[2,3-di(isopropylmercapto)benzamido]ethane (7): The preparation
of this compound by bridging of two molecules of 6 was carried out as
previously described[12] from 6 (1.0 g, 3.70 mmol) and 1,2-ethylenediamine
(0.106 g, 1.77 mmol). The product was isolated as a white powder (887 mg,
1.57 mmol, 85% based on 1,2-ethylenediamine). 1H NMR ([D6]DMSO,
200 MHz, 25 �C): �� 8.21 (br s, 2H; CONH), 7.36 (d, 4H; Ar�H), 7.10 (m,
2H; Ar�H), 3.60 (m, 3J� 6.3 Hz, 2H; SCH), 3.38 (m, 3J� 6.5 Hz, 2H;
SCH), 3.34 (s, 4H; CH2), 1.30 (d, 3J� 6.5 Hz, 12H; CH(CH3)2), 1.11 (d, 3J�
6.3 Hz, 12H; CH(CH3)2); 13C NMR ([D6]DMSO, 50.32 MHz, 25 �C): ��
168.2 (CONH), 145.5, 144.6, 128.8, 127.8, 126.4, 123.2 (Ar�C), 34.7
(CH(CH3)2), 22.9 (CH(CH3)2), 22.3 (CH(CH3)2), one of the CH(CH3)2
signals and the CH2 signal are hidden by the solvent peaks; IR (KBr pellet):
�� � 3355, 3257 (s, N�H), 2960, 2923, 2863 (m, SC�H), 1677 (s, C�O), 1550
(s, N�H), 1638, 1571, 1519 (m, Ar�C�C), 1442 (m, CH2) cm�1; MS (70 eV,
EI):m/z (%): 564 (46) [M]� , 521 (100) [M� iPr]� , 253 (21), 211 (29), 43 (3);
elemental analysis calcd (%) for C28H40N2O2S4 (564.87): C 59.54, H 7.14, N
4.96, S 22.70; found: C 59.35, H 7.00, N 4.81, S 22.73.


1,2-Bis(2,3-dimercaptobenzamido)ethane (H4-1): Compound 7 (1.094 g,
1.94 mmol) and naphthalene (1.242 g, 9.70 mmol) were dissolved in
tetrahydrofuran (60 mL) and pieces of sodium (450 mg, 19.57 mmol) were
added. The mixture was stirred for 12 h at ambient temperature and then
methanol (10 mL) was added dropwise. After 10 min, the solvent was
removed in vacuo, the residue was dissolved in degassed water (20 mL),
and the mixture was filtered. The aqueous filtrate was washed with diethyl
ether (3� 10 mL) and acidified with hydrochloric acid (37%) to afford a
white solid. The precipitate was filtered off and washed with water (2�
20 mL) and diethyl ether (2� 10 mL). Drying in vacuo yielded H4-1 as an
off-white powder (462 mg, 1.16 mmol, 60% based on 7). 1H NMR
([D7]DMF, 200 MHz, 25 �C): �� 8.00 (br s, 2H; CONH), 6.83 (dd, 2H;
Ar�H), 6.71 (dd, 2H; Ar�H), 6.32 (t, 2H; Ar�H), 5.17 (br s, 4H; SH), 2.87
(m, 4H; CH2); 13C NMR ([D7]DMF, 50.32 MHz, 25 �C): �� 170.0 (CONH),
135.1, 134.0, 132.0, 126.3, 125.4 (Ar�C), 40.0 (CH2); IR (KBr pellet): �� �
3285 (s, N�H), 3057, 2945 (w, Ar�H) , 2528 (m, S�H), 1633 (s, C�O), 1572
(s, N�H), 1536 (s, Ar�C�C), 1442 (m, CH2) cm�1; MS (70 eV, EI):m/z (%):
396 (31) [M]� , 364 (3) [M� SH]� , 228 (100), 199 (45), 168 (87), 78 (9), 34
(87); elemental analysis calcd (%) for C16H16N2O2S4 (396.55): C 48.46, H
4.07, N 7.06, S 32.34; found: C 48.43, H 4.37, N 6.80, S 31.96.
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2,3-Di(isopropylmercapto)benzyl alcohol (8): Dry paraformaldehyde
(663 mg, 22.1 mmol) was added slowly to an off-white slurry of 5 (22 mmol)
in hexane. The mixture was stirred for two days and carefully quenched
with water (30 mL) at 0 �C. After acidification with hydrochloric acid
(37%), the aqueous layer was separated and extracted with diethyl ether
(3� 30 mL). The combined organic phases were dried over MgSO4, and
after removal of the solvent and column chromatography (SiO2, Et2O/
petrol ether, 1:3), 8 was obtained as a colorless oil (2.82 g, 11 mmol, 50%
based on 4). 1H NMR (CDCl3, 200 MHz, 25 �C): �� 7.17 ± 7.28 (m, 3H;
Ar�H), 4.83 (s, 2H; CH2), 3.50 (m, 2H; SCH), 2.92 (s, 1H; OH), 1.37 (d,
3J� 7.2 Hz, 6H; CH3), 1.22 (d, 3J� 7.2 Hz, 6H; CH3); 13C NMR (CDCl3,
50.32 MHz, 25 �C): �� 146.2, 144.9, 130.4, 129.9, 125.8, 124.4 (Ar�C), 64.3
(CH2), 38.9 (SCH), 35.8 (SCH), 23.0 (CH3), 22.6 (CH3); IR (KBr pellet):
�� � 3606, 3473 (s, O�H), 3048 (w, Ar�H), 2965, 2927, 2867 (m, SC�H), 1560
(w, Ar�C�C), 782 (m, Ar�H) cm�1; MS (70 eV, EI): m/z (%): 256 (81)
[M]� , 239 (47) [M�OH]� , 213 (27) [M�C3H7]� , 181 (52) [M� SC3H7]� ,
153 (100) [M� SC3H7�CO]� ; elemental analysis calcd (%) for C13H20OS2


(256.42): C 60.89, H 7.86, S 25.01; found: C 60.47, H 7.86, S 24.66.


2,3-Di(isopropylmercapto)benzyl bromide (9): PBr3 (0.66 g, 2.44 mmol,
230 �L) was added dropwise to a solution of 8 (1.242 g, 4.84 mmol) in
diethyl ether (10 mL) at 0 �C. The solution was stirred for 15 min at ambient
temperature and methanol (700 �L) was added. The mixture was diluted
with diethyl ether (60 mL) and water (50 mL). The organic layer was
separated, washed with aqueous NaHCO3 (5% solution), saturated
aqueous NaCl, and dried over MgSO4. After removal of the solvent, 9
was obtained as a pale yellow oil (1.3 g, 4.07 mmol, 84%). 1H NMR
(CDCl3, 200 MHz, 25 �C): �� 7.15 ± 7.28 (m, 3H; Ar�H), 4.87 (s, 2H; CH2),
3.52 (m, 2H; SCH), 1.38 (d, 3J� 6.4 Hz, 6H; CH3), 1.24 (d, 3J� 7.0 Hz, 6H;
CH3); 13C NMR (CDCl3, 50.32 MHz, 25 �C): �� 145.7, 143.1, 131.8, 129.0,
126.8, 126.3 (Ar�C), 38.8 (SCH), 35.8 (SCH), 33.0 (CH2), 23.1 (CH3), 22.6
(CH3); IR (KBr pellet): �� � 3050 (w, Ar�H), 2967, 2927, 2867 (m, SC�H),
1559 (w, Ar�C�C), 594 (m, Ar�H) cm�1; MS (70 eV, EI): m/z (%): (42)
[M]� , 239 (7) [M�Br]� , 197 (36) [M�Br�C3H6]� , 153 (73) [M�Br�
2C3H7]� , 91 (45) [C7H7]� , 41 (100); elemental analysis calcd (%) for
C13H19BrS2 (319.31): C 48.90, H 6.00, S 20.08; found: C 48.84, H 5.93, S
19.93.


1,2-Bis[2,3-di(isopropylmercapto)phenyl]ethane (10): A solution of 9
(1.2 g, 3.8 mmol) in tetrahydrofuran (5 mL) was added to magnesium
(46 mg, 1.9 mmol). The mixture was stirred for 30 min at ambient temper-
ature and then heated to reflux until almost all of the magnesium had
dissolved (�2 h). Volatiles were removed in vacuo and the residue was
redissolved in dichloromethane (30 mL). The solution was washed with
saturated aqueous NaCl and dried over MgSO4. Removal of the solvent
and column chromatography (SiO2, Et2O/petroleum ether 1:2) gave 10 as
an off-white solid (790 mg, 1.65 mmol, 87%). 1H NMR (CDCl3, 200 MHz,
25 �C): �� 7.07 ± 7.21 (m, 3H; Ar�H), 3.47 (m, 4H; SCH), 3.16 (s, 4H;
CH2), 1.39 (d, 3J� 6.8 Hz, 12H; CH3), 1.23 (d, 3J� 6.8 Hz, 12H; CH3);
13C NMR (CDCl3, 50.32 MHz, 25 �C): �� 147.7, 144.9, 131.2, 128.6, 125.7,
123.9, (Ar�C), 38.9 (SCH), 37.0 (CH2), 35.6 (SCH), 23.0 (CH3), 22.6 (CH3);
IR (KBr pellet): �� � 3051 (w, Ar�H), 2958, 2923, 2863 (m, SC�H), 1557 (m,
Ar�C�C), 1444 (s, CH2), 788 (m, Ar�H) cm�1; MS (70 eV, EI): m/z (%):
478 (100) [M]� , 435 (63) [M�C3H7]� , 393 (89) [M�C3H7�C3H6]� , 351
(48) [M�C3H7� 2C3H6]� , 309 (37) [M� SC3H7� 3C3H6]� , 275 (23) [M�
SC3H7� 3C3H6�H2S]� , 241 (11) [M�SC3H7� 3C3H6� 2H2S]� , 91 (37)
[C7H7]; elemental analysis calcd (%) for C26H38S4 (478.82): C 65.22, H 8.00,
S 26.78; found: C 64.93, H 8.01, S 27.06.


1,2-Bis(2,3-dimercaptophenyl)ethane (H4-2): A solution of 10 (840 mg,
1.75 mmol) and naphthalene (1.12 g, 8.75 mmol) in tetrahydrofuran was
treated with sodium pieces (405 mg, 17.6 mmol). The mixture was stirred
for 12 h at ambient temperature. The resulting reddish brown reaction
mixture was cooled in an ice bath and carefully quenched with methanol
(2 mL). After the mixture had been stirred for 10 min, all solvents were
removed in vacuo and the residue was redissolved in water (20 mL). The
aqueous solution was washed with diethyl ether (3� 20 mL) and acidified
with hydrochloric acid (37%) causing the formation of a white solid which
was extracted with dichloromethane (3� 20 mL). The combined pale
yellow organic layers were dried over MgSO4. Removal of the solvent
yielded H4-2 as an off-white solid (530 mg, 1.70 mmol, 97%). 1H NMR
(CDCl3, 200 MHz, 25 �C): �� 7.29 (dd, 3J� 4.0 Hz, 3J� 5.3 Hz, 2H; Ar�H),
6.99 ± 7.01 (m, 4H; Ar�H), 3.93 (s, 2H; SH), 3.78 (s, 2H; SH), 3.04 (s, 4H;
CH2); 13C NMR (CDCl3, 50.32 MHz, 25 �C): �� 141.7, 132.5, 130.3, 129.1,


127.6, 126.2 (Ar�C), 35.9 (CH2); IR (KBr pellet): �� � 3048, 3036 (w,
Ar�C�H), 2943, 2926, 2855 (m, C�H), 2549 (m, S�H), 1440, 717
(C�H) cm�1; MS (70 eV, EI): m/z (%): 310 (100) [M]� , 276 (6) [M�
H2S]� , 138 (5), 69 (9), 43 (3); elemental analysis calcd (%) for C14H14S4


(310.50): C 54.15, H 4.54, S 41.30; found: C 54.35, H 4.46, S 41.37.


[(Cp2Ti)2(1)] (12): The complex was prepared by a published method[12b,c]


from H4-1 (400 mg, 1.01 mmol) and [Cp2TiCl2] (500 mg, 2.01 mmol). The
compound was isolated as a dark green powder (530 mg, 0.71 mmol, 71%).
1H NMR (CDCl3, 200 MHz, 25 �C): �� 7.51 (m, 2H; Ar�H), 7.34 (br s, 2H;
CONH), 7.24 (d, 3J� 7.6 Hz, 2H; Ar�H), 7.17 (d, 3J� 7.6 Hz, 2H; Ar�H),
5.96 (s, 20H; C5H5), 3.74 (d, 3J� 5.0 Hz, 4H; CH2); 13C NMR (CDCl3,
50.32 MHz, 25 �C): �� 169.0 (CONH), 158.6, 152.5, 136.1, 131.6, 125.1,
124.6 (Ar�C), 113.3 (C5H5), 39.5 (CH2); IR (KBr pellet): �� � 3107 (m,
N�H), 1637, 1518 (s, C�O), 815 (s, C5H5), 728 (m, Ar�H) cm�1; elemental
analysis calcd (%) for C36H32N2O2S4Ti2 (748.66): C 57.76, H 4.31, N 3.74, S
17.13; found: C 57.66, H 4.28, N 3.52, S 16.81.


Complexes X4[Ni2(1)2] (11a, X�Li�) and (11b, X�NEt4�): A solution of
H4-1 (580 mg, 1.46 mmol) and LiOCH3 (6 mmol, 6 mL of a 1� solution in
MeOH) in MeOH (15 mL) was added dropwise to a solution of NiCl2
(190 mg, 1.46 mmol) in MeOH (15 mL). The mixture was heated to reflux
for 2 h. After the mixture had been cooled to ambient temperature, the
solvent was removed in vacuo. The brown residue was washed with diethyl
ether (2� 10 mL) and dried under vacuum to give complex 11a (yield:
605 mg, 0.65 mmol, 89% based on H4-1). Complex 11a was dissolved in
N,N-dimethylformamide and NEt4Cl (950 mg) was added. Vapor diffusion
of benzene into this concentrated solution yielded crystals of (NEt4)4-
[Ni2(1)2] ¥ C6H6 ¥DMF (11b ¥ C6H6 ¥DMF), which were suitable for X-ray
diffraction studies. 1H NMR for solvent-free 11a ([D7]DMF, 200 MHz,
25 �C): �� 10.09 (br s, 4H; CONH), 7.38 (d, 3J� 7.3 Hz, 4H; Ar�H), 7.07 (d,
3J� 7.3 Hz, 4H; Ar�H), 6.47 (t, 3J� 7.3 Hz, 4H; Ar�H ), 3.25 (s, 8H; CH2);
13C NMR for solvent-free 11a ([D7]DMF, 50.32 MHz, 25 �C): �� 169.7
(CONH), 157.5, 151.5, 131.6, 128.5, 122.2, 118.8 (Ar�C), 39.7 (CH2); IR
(KBr pellet): �� � 3203 (s, N�H), 1623 (s, C�O) cm�1; elemental analysis
calcd (%) for the solvent-free powder C32H24Li4N4Ni2O4S8 (930.19): C
41.32, H 2.60, N 6.02, S 27.57; found: C 41.66, H 2.54, N 5.97, S 27.80.


(NEt4)2[Ni2(1)2] (13): A solution of complex 12 (200 mg, 0.27 mmol) in
tetrahydrofuran (100 mL) was added to a solution of (NEt4)2[NiCl4]
(125 mg, 0.27 mmol) in acetonitrile (100 mL). Initially the reaction mixture
was green (both 12 and the nickel salt are green in solution). While
refluxing the mixture for 12 h, the color slowly changed from green to
brown (planar NiIIS4 complexes are brown and [Cp2TiCl2] is red). Aerial
oxidation of the reaction mixture resulted in a further color change to green
again. Volatile materials were removed under vacuum and the residue was
washed with tetrahydrofuran (2� 20 mL) in order to remove [Cp2TiCl2].
After drying in a vacuum, complex 13 was isolated as a dark green solid
(81 mg, 0.07 mmol, 52%). Vapor diffusion of diethyl ether into a
concentrated N,N-dimethylformamide solution yielded crystals of a diethyl
ether solvate (see X-ray crystallography section) suitable for X-ray
diffraction studies. MS (ESI): m/z : 451 [M� 2NEt4]2� ; elemental analysis
calcd (%) for solvent-free powder C48H64N6Ni2O4S8 (1162.93): C 49.58, H
5.55, N 7.23, S 22.05; found: C 49.80, H 5.41, N 7.44, S 21.70.


Na4[Ni2(2)2] (14): A solution of H4-2 (793 mg, 2.55 mmol) and NaOCH3


(11 mmol, 11 mL of a 1� solution in MeOH) in MeOH (10 mL) was added
dropwise to a solution of NiCl2 (338 mg, 2.6 mmol) in MeOH (40 mL). The
mixture was stirred overnight and was then heated to reflux for 3 h. After
cooling to ambient temperature, the mixture was filtered and the filtrate
was dried in a vacuum. The residue was dissolved in acetone (40 mL) and
filtered again. The filtrate was concentrated to 20 mL and stored at ambient
temperature. After three weeks, red-brown needles had formed which were
collected by filtration. Further concentration of the filtrate led to the
precipitation of a second crop of crystals of 14 ¥ 4CH3C(O)CH3 ¥ 3H2O.
These crystals were dried in vacuo to yield 535 mg, 0.65 mmol, 51% of
solvent-free 14. 1H NMR of solvent-free 14 ([D7]DMF, 200 MHz, 25 �C):
�� 7.22 (dd, 4H; Ar�H), 6.62-6.52 (m, 8H; Ar�H), 3.16 (s, 8H; CH2);
13C NMR of solvent-free 14 ([D7]DMF, 50.32 MHz, 25 �C): �� 155.3, 149.8,
144.4, 139.6, 125.0, 124.5 (Ar�C), 38.0 (CH2); elemental analysis calcd (%)
for solvent-free C28H20Na4Ni2S8 (822.28): C 40.90, H 2.45, S 31.19; found: C
41.22, H 2.32, S 30.97.


Na2[Ni2(2)2] (15): This complex was synthesized by aerial oxidation of a
methanol solution of 14 (isolated yield 56%). MS (ESI): m/z : 365 [M�







FULL PAPER F. E. Hahn et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0806-1334 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 61334


2Na]2� ; elemental analysis calcd (%) for C28H20Na2Ni2S8 (776.30): C 43.32,
H 2.60, S 33.04; found: C 43.40, H 2.55, S 33.87.


(NEt4)2[Co2(1)2] (16): Complex 16 was synthesized by the same method as
described for 13 but with (NEt4)2[CoCl4] (185 mg, 0.40 mmol) and complex
12 (300 mg, 0.40 mmol) followed by aerial oxidation. An intense blue solid
(105 mg, 0.09 mmol, 45%) was obtained. MS (ESI): m/z : 451 [M�
2NEt4]2� ; UV/Vis (DMF): �max (�)� 660 (19700), 365 (26900), 320
(19700mol�1 dm3cm�1); elemental analysis calcd (%) for C48H64Co2N6O4S8


(1163.41): C 49.55, H 5.54, N 7.22, S 22.05; found: C 49.40, H 5.45, N 7.01, S
33.87.


X-ray crystallography : X-ray diffraction data were collected at �75 �C
(11b and 13) on a Enraf-Nonius KappaCCD or at �120 �C (14) on a
Bruker AXSAPEX diffractometer both equipped with a rotating anode
and with MoK� radiation (�� 0.71073 ä). An empirical absorption
correction with SORTAV[26] was applied to the raw data for 11b (0.81�
T� 0.87) and 13 (0.79�T� 0.97). An absorption correction with the
program SADABS[26] was applied to the data for 14 (0.71�T� 1.00). The
structure solution was achieved in all cases with SHELXS[27] and the
refinement was carried out with SHELXL[28] with anisotropic thermal
parameters for all non-hydrogen atoms. Hydrogen atoms were added to the
structure models on calculated positions and were refined as riding atoms
(11b and 13) or were unrefined (14), respectively. ORTEP[29] was used for
all drawings of molecular structures. Additional data collection and
refinement details are listed in Table 1. The quality of the crystals of 13
was poor. Complex 13 crystallizes as a diethyl ether solvate. The solvent
molecules are disordered. Because of this disorder, the number of diethyl
ether solvent molecules could not be determined. Microanalytical data also
gave different results as the crystals rapidly loose their solvent molecules.
Therefore, no attempt was made to resolve the disorder and the solvent
molecules were not included in the refinement; this left some electron
density unaccounted for and thus led to a relatively large residual electron
density and poor R indices. However, the identity of complex 13 could be
established unequivocally. Complexes 13 and 14 reside on an inversion
center in the unit cell, the asymmetric unit contains half of the molecule.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications nos. CCDC-171296
(11b), CCDC-171297 (13), and CCDC-171298 (14). Copies of the data can
be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge, CB21EZ, UK (fax: (�44)1223-336-033; e-mail : deposit@ccd-
c.ac.uk).
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Table 1. Selected crystal and data collection details for 11b, 13, and 14.


11b ¥ C6H6 ¥DMF 13[a] 14 ¥ 4CH3C(O)CH3 ¥ 3H2O


formula C73H117N9Ni2O5S8 C48H64N6Ni2O4S8 C40H50Na4Ni2O7S8


fw [amu] 1574.66 1162.95 1108.66
a [ä] 16.893(1) 16.740(1) 7.2375(8)
b [ä] 9.918(1) 17.436(1) 13.0760(15)
c [ä 24.295(1) 9.889(1) 13.2871(15)
� [�] 90.0 90.0 98.962(2)
� [�] 99.37(1) 96.02(1) 103.842(2)
� [�] 90.0 90.0 100.532(2)
V [ä3] 4016.2(5) 2870.5(4) 1173.9(2)
	calcd [gcm�1] 1.302 1.346 1.568
space group Pc P21/c P1≈


Z 2 2 1

 [m�1] 0.729 0.992 1.242
unique data 14024 6503 3060
observed data {I� 2�(I)} 9164 3996 2368
R1 (obs. data) 0.0686 0.1281 0.0433
wR1 0.147 0.354 0.1092
R2 (all data) 0.1201 0.1787 0.0568
wR2 0.1717 0.3861 0.1162
GOF 1.018 1.058 0.987
no. of variables 844 266 277
res. electron density [eä3] 0.926/� 0.480 1.915/� 0.960 0.692/� 0.450


[a] See the Experimental Section for an explanation of high residual electron density and poor R indices.
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The Hetero-Diels ±Alder Addition of Sulfur Dioxide to
1-Fluorobuta-1,3-dienes: The Sofa Conformations Preferred by
6-Fluorosultines (6-Fluoro-3,6-dihydro-1,2-oxathiin-2-oxides) Enjoy
Enthalpic and Conformational Anomeric Effects


Elena Roversi,[a] Rosario Scopelliti,[a] Euro Solari,[a] Raphae» l Estoppey,[a] Pierre Vogel,*[a]
Pedro Branƒ a,[b] Bibiana Mene¬ndez,[b] and Jose¬ A. Sordo*[b]


Abstract: The reactivity of (E)- and
(Z)-1-fluorobuta-1,3-diene ((E)- and
(Z)-11), 2-fluorobutadiene (12), (E)-
and (Z)-1-(fluoromethylidene)-2-meth-
ylidenecyclohexane ((E)- and (Z)-13)
toward SO2 has been explored and
compared with that of (Z)- and (E)-1-
(fluoromethylidene)-2-methylidene-3,4-
dihydronaphthalene ((Z)-8 and (E)-8).
In agreement with quantum calcula-
tions, 12 is unreactive toward SO2 (no
cycloaddition, only polymerization),
whereas (E)-1-fluoro-1,3-dienes react
more rapidly than their (Z)-isomers to
give the corresponding 6-fluorosultines
following the endo (Alder rule) mode of
hetero-Diels ±Alder addition. No sulfo-
lene has been observed following the
cheletropic mode of addition with the
fluorodienes, in contrast to other sub-
stituted dienes. In agreement with the


calculations, cis-2-fluoro-3,4-oxathia-
benzobicyclo[4.4.0]dec-1(6),9-diene-4-
oxide (cis-9, the sultine obtained by SO2


addition to (Z)-8 under conditions of
kinetic control) adopts a sofa conforma-
tion with the oxygen atom of the ring
lying in the average plane of the four
carbon atoms of its sultine moiety when
it is in the crystalline state at �100 �C. A
similar sofa conformation was found for
its trans-isomer, trans-9, obtained by
isomerization of cis-9 or by hetero-
Diels ±Alder addition of SO2 to (E)-8.
Experiments (equilibrium constant for
hetero-Diels ±Alder additions, bond
lengths, and bond angles in crystalline


fluorosultines cis-9 and trans-9) and
high-level quantum calculations on cis-
and trans-6-fluoro-3,6-dihydro-1,2-oxa-
thiin-2-oxide (cis- and trans-20) confirm
the existence of a stabilizing, enthalpic,
anomeric (gem-disubstitution by sulfi-
nyloxy and fluoro groups) effect, which
is interpreted in terms of (lone pair)
n(O1)��*(C�F) hyperconjugative in-
teractions. This effect is strongest in the
sofa conformers with a gauche arrange-
ment of the �(O1,S2) and �(C6,F)
bonds. The calculations suggest also that
n(O1)��*(S2,O2�), �*(S�O), and
n(S2)� �*(O1,C6) interactions inter-
vene and affect the relative stability of
the conformers (sofa, boat, pseudo-
chair) found for 6-fluorosultines cis-
and trans-20.


Keywords: anomeric effects ¥ con-
formation analysis ¥ cycloaddition ¥
heterocycles ¥ quantum calculations


Introduction


Conjugate dienes are known to undergo cheletropic addi-
tions[1] with sulfur dioxide to generate the corresponding 2,5-
dihydrothiophene-1,1-dioxides (sulfolenes),[2] or to generate
polymers (polysulfones).[3] At low temperature and in the
presence of a protic or Lewis acid catalyst, simple acyclic
alkyl-substituted 1,3-dienes that can adopt the s-cis-confor-
mation add reversibly to SO2 by hetero-Diels ±Alder addi-
tions to generate the corresponding 3,6-dihydro-1,2-oxathiin-
2-oxides (sultines).[4, 5] The latter are unstable above �50 �C
and undergo fast cycloreversion to liberate the starting 1,3-
dienes and SO2, which can then undergo the expected
cheletropic addition at higher temperature. The competition
between the hetero-Diels ±Alder and the cheletropic addi-
tions of SO2 strongly depends on the nature of the substituents
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of the 1,3-dienes.[6] (Z)-1-Substituted buta-1,3-dienes do not
add in the hetero-Diels ±Alder mode, whereas their (E)-
isomers 1 can be equilibrated below �75 �C with the
corresponding sultines (cis-2� trans-2) if substituted by
methyl, ethyl, tert-butyl, cyclo-hexyl, benzyl, acyloxy, benzoyl-
oxy, and �-naphthoyloxy groups.[5b] Surprisingly, the electron-
richer (E)-1-substituted derivatives such as 1-cyclopropyl,
1-phenyl, 1-(4-methoxyphenyl), 1-(trimethylsilyl), 1-(aryl-
oxy), 1-methylthio, 1-arylthio, and 1-phenylselenobuta-1,3-
diene (Scheme 1) do not equilibrate with sultines between
�100 and �10 �C, but undergo cheletropic additions to give
the expected sulfolenes 3.[5b] Similarly, (E)-1-(alkyloxy)- and
(E)-1-(trialkylsilyloxy)-1,3-dienes, which can be combined
with SO2 and enoxysilanes in our one-pot, four-component
synthesis of sulfones[7] and for which an asymmetrical version
has been proposed,[8] generate the sulfolenes 3 in the absence
of enoxysilanes.[9] Nevertheless, the corresponding sultines 2
are believed to be formed first and to be intermediates in our
new carbon ± carbon bond-forming reaction.[10]
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Scheme 1. Competition between hetero-Diels ±Alder and cheletropic
additions of SO2 to substituted dienes.


Recently, we reported that sulfur dioxide adds to (Z)-1-
(fluoromethylidene)-2-methylidene-3,4-dihydronaphthalene
((Z)-8) at �80 �C without acidic promoter giving the cis-
fluorosultine cis-9. At �40 �C, cis-9 isomerizes into the more
stable trans isomer trans-9. Above �30 �C, the latter decom-
poses, and no trace of the corresponding sulfolene 10
(Scheme 2) could be detected.[11] Diene (E)-8 is less reactive
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S
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F
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H


+  SO2
-80 °C


(Z)-8 cis-9


+  SO2


-40°C


(E)-8 trans-9


10 trans-9: ground state conformation 
             of the sultine ring (X-ray &
             calculation)


Scheme 2. The endo Alder rule is obeyed for the hetero-Diels ±Alder
addition of SO2 to fluorodienes (Z)-8 and (E)-8. Sofa conformation for
fluorosultine trans-9.


than (Z)-8. It adds to SO2 at �40 �C to give fluorosultine
trans-9 directly. This sultine has been crystallized and
analyzed by X-ray crystallography at �100 �C, thus allowing
us to firmly establish for the first time the molecular structure
of a sultine. All other derivatives are unstable above �50 �C;


Abstract in French: La re¬activite¬ du SO2 face aux (E)- et (Z)-
1-fluorobuta-1,3-die¡ne ((E)- et (Z)-11), 2-fluorobuta-1,3-die¡ne
(12), (E) et (Z)-1-(fluorome¬thylide¡ne)-2-me¬thylide¡necyclohe-
xane ((E)- et (Z)-13) est e¬tudie¬e et compare¬e avec celle du SO2


sur le (Z)- et (E)-1-(fluorome¬thylide¡ne)-2-me¬thylide¡ne-3,4-
dihydronaphthale¡ne ((Z)- and (E)-8). En concordance avec
des calculs quantiques de haut niveau (pseudo-G3), 12 ne
re¬agit pas avec le SO2 en dehors de sa polyme¬risation (pas de
cycloaddition) alors que les (E)-1-fluoro-1,3-die¡nes s×addition-
nent au SO2 plus rapidement que leurs isome¡res (Z) en donnant
des 6-fluorosultines. Ces additions du type he¬te¬ro-Diels ±Alder
suivent la re¡gle (endo) d×Alder. En accord avec les calculs
quantiques, le 4-oxide de cis-2-fluoro-3,4-oxathiabenzobicy-
clo[4.4.0]dec-1-(6),9-die¡ne (cis-9, la sultine re¬sultant de l×addi-
tion hetero-Diels ±Alder du SO2 sur (Z)-8 sous conditions de
contro√le cine¬tique) adopte une conformation sofa avec l×atome
d×oxyge¡ne cyclique se plaÁant dans le plan moyen des quatre
atomes de carbone de l×entite¬ sultine, a¡ l×e¬tat cristallin a¡
�100 �C. Une conformation sofa similaire est observe¬e a¡ l×e¬tat
cristallin de l×isome¡re trans-9, obtenu par isome¬risation de cis-9
ou par addition selon Diels ±Alder du SO2 sur (E)-8.
L×expe¬rience (constantes d×e¬quilibre pour les additions he¬te¬-
ro-Diels ±Alder, les longueurs de liaisons et les angles de
liaisons pour les fluorosultines crystallise¬es cis-9 et trans-9) et
les calculs quantiques sur les 2-oxydes de cis- et trans-6-fluoro-
3,6-dihydro-1,2-oxathiine (cis-20 and trans-20) confirment
l×existence d×un effet anome¡re enthalpique (effet de gem-
disubstitution par les groupements sulfinyloxy et fluoro)
stabilisant et d×effets anome¡res conformationels qui sont
domine¬s par une interaction hyperconjugative du type
n(O1)� �*(C�F). Cet effet est le plus marque¬ dans les
conforme¡res sofa ou¡ les liaisons �(O1,S2) et �(C6,F) sont
gauches. Les calculs sugge¡rent encore que des interactions du
type n(O1)� �*(S2,O2�), �*(S�O) et n(S2)��*(O1,C6)
interviennent e¬galement et affectent la stabilite¬ relative des
conforme¡res sofa, bateau et pseudo-chaise que l×on trouve sur
l×hypersurface d×e¬nergie des 6-fluorosultines cis-20 et trans-20.
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their structures had been inferred from their NMR data only.
In agreement with high-level quantum calculations on trans-6-
fluorosultine, in the crystalline state, trans-9 adopts a sofa
conformation with the oxygen atom lying in the average plane
of the four carbon atoms of its sultine moiety; its S�O bond
resides in a pseudo-equatorial position (Scheme 2). This was a
double surprise as high-level quantum calculations had
predicted for unsubstituted and methyl-substituted sultines a
pseudo-chair conformation in their ground state, in which the
S�O bonds prefer pseudo-axial positions.


The results of the reactions of SO2 with (Z)- and (E)-8
demonstrated that fluoro substitution of a 1,3-diene defini-
tively affects the competition between the hetero-Diels ±
Alder and cheletropic additions of SO2 and renders 1-fluo-
robuta-1,3-dienes different from the other halogenobuta-1,3-
dienes. In the cases of (E)-1-chloro- and (E)-1-bromobuta-1,3-
diene, no sultines could be detected between �100 and 25 �C,
with or without an acidic promoter. These dienes underwent
slow cheletropic additions above 25 �C, equilibrating with the
corresponding 2-halogenated sulfolenes exclusively.[6] In or-
der to learn more about the fluoro substituent effects, we have
now studied the reactions of SO2 with (E)- and (Z)-1-
fluorobuta-1,3-diene ((E)- and (Z)-11), with 2-fluorobuta-
1,3-diene (12), and with two new fluorodienes, (E)- and (Z)-1-
(fluoromethylidene)-2-methylidenecyclohexane ((E)- and
(Z)-13). We have been able to crystallize the fluorosultine


F


F


F


F


F


(E)-11 (Z)-11 12 (E)-13 (Z)-13


cis-9, the adduct of (Z)-8 and SO2, obtained under conditions
of kinetic control (endo Alder rule, see Scheme 2) and have
compared its crystalline molecular structure, obtained by
X-ray crystallography, with that predicted by high-level
quantum calculations for cis-6-fluorosultine and with that
found for trans-9. High-level quantum calculations have also
been applied to ascertain the role of fluoro substitution on the
competition between hetero-Diels ±Alder and cheletropic
additions of SO2 and on the conformation of sultines. They
suggest that the higher hetero-Diels ±Alder reactivity of
1-fluorobuta-1,3-dienes compared with their 1-chloro and
1-bromo analogues might be due to the higher exothermicity
for the formation of 6-fluorosultines than for the formation of
6-chloro and 6-bromosultines. The experiments (equilibrium
constants for hetero-Diels ±Alder addition, bond lengths and
bond angles in crystalline sultines cis-9 and trans-9) and
calculations confirm the existence of stabilizing enthalpic
anomeric effects (gem-disubstitution effects of sulfinyloxy
and fluoro substituents). Conformational anomeric effects in
6-fluorosultines will also be discussed. The calculations
suggest that 6-substituents are capable of deforming the
pseudo-chair conformation of a sultine into a sofa conforma-
tion with the ring-oxygen atom lying in the plane of the four
carbon atoms. Depending on the nature of the substituents, on
the relative configuration (cis or trans), and on the conforma-


tion (pseudo-chair, sofa, boat), a delicate balance exists
between destabilizing steric or electrostatic repulsions
(gauche effects) on the one hand and stabilizing n(O�1)�
�*(C�F), n(O)��*(S�O), n(O�1)��*(S�O), and n(S)�
�*(O�C) interactions on the other.


Synthesis of the 1-fluorodienes : The known syntheses of
mixtures of (E)- and (Z)-1-fluorobutadiene[12] are lengthy and
give low yields. Our synthesis is based on the fluoromethyl-
enation[13] of the Diels ±Alder adduct 14 of acrolein and
anthracene,[14] followed by cycloreversion (Scheme 3).
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Scheme 3. New synthesis of a 1:1 mixture of (E)- and (Z)-1-fluorobuta-1,3-
diene.


The synthesis of (E)- and (Z)-1-(fluoromethylidene)-2-
methylidenecyclohexane ((E)-13, (Z)-13) follows the method
of Bickelhaupt and co-workers reported for the synthesis of
1,2-dimethylidenecyclohexane[15] (Scheme 4). Fluoromethyl-
enation[13] of the product of Mannich condensation with
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Scheme 4. Synthesis of pure (E)-1-(fluoromethylidene)-2-methylidenecy-
clohexane, (E)-13, and of a 2.5:1 mixture of (E)-13 and (Z)-13.


cyclohexanone, formaldehyde, and dimethylamine (16) with
(Ph3PCH2F)BF4 in the presence of BuLi produced a 1.7:1
mixture of the (E)- and (Z)-fluoroalkene 17 in mediocre yield
(30%). Quaternization of 17 with MeI followed by Hoffman
elimination provided a mixture of (E)-13/(Z)-13 (2.5:1, 50%).
Pure (E)-13 could be obtained by using tBuOK/THF (25 �C)







Sofa Conformation of Fluorosultines 1336±1355


Chem. Eur. J. 2002, 8, No. 6 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0806-1339 $ 17.50+.50/0 1339


instead of BuLi/THF for the fluoromethylenation of ketone
16 (Scheme 4).


Reactions of fluorodienes with sulfur dioxide : In the absence
of protic or Lewis acid, (E)- and (Z)-1-fluorobuta-1,3-diene
did not react with SO2 (1:1 mixture of SO2/CD2Cl2) between
�80 and �10 �C. At 25 �C, (E)-11 decomposed slowly into
(Z)-crotonaldehyde whereas (Z)-11 stayed stable, even upon
heating in pure SO2 up to 50 �C (Scheme 5). Unlike (E)-1-
chloro- and (E)-1-bromobutadiene, which reacted at 50 �C
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Scheme 5. The reactions of 1-fluorobutadienes (E)-11 and (Z)-11with SO2


(excess) and CF3COOH (1 equiv).


with SO2 to form the corresponding sulfolenes (Scheme 1),[6]


(Z)-11 did not add to SO2 and generate the expected sulfolene
26 (2-fluoro-2,5-dihydrothiophene-1,1-dioxide). At higher
temperature, only polymer formation was observed
(Scheme 5).


In the presence of one equivalent of CF3COOH, (E)-11
added to SO2 to form a single sultine 20 between �80 and
�40 �C (Scheme 5). An equilibrium constant ((E)-11 �
SO2� 20) K 233K� 3.5� 10�2mol�1dm3 was measured (by
1H NMR, internal reference: toluene) at �40 �C. It is larger
than the equilibrium constants evaluated for the hetero-
Diels ±Alder additions of SO2 to (E)-piperilene[4a] (K 233K�
5� 10�4mol�1dm3) and to isoprene[4a] (K 233K� 4�
10�3mol�1dm3) at the same temperature. After standing at
�30 �C for 15 h, the mixture of fluorosultine 20 � (Z)-11 �
CF3COOH in SO2/CD2Cl2 (1:1) was half converted into a
mixture containing the trifluoroacetoxysultine 21 and sulfinyl
fluoride 22. The former product probably arises from
trifluoroacetolysis of 20 and the latter by reaction of the
liberated fluoride anion, or alternatively, by direct 1,3-migra-
tion: 20� 22.[16] At 25 �C, 20, 21, and 22 decomposed into
crotonaldehyde (25) and other unidentified products. In the
presence of CF3COOH and SO2, (Z)-11 decomposed very


slowly at 25 �C. No trace of the expected 2-fluorosulfolene
(26) could be detected by 1H NMR spectroscopy of the crude
reaction mixture after it had stood for several days. The
formation of 25 probably arises from traces of water or from
water formed during the decomposition. Hydrolysis of the
sulfinyl fluoride 22 is expected to generate sulfinic acid, 23,
which undergoes a fast retro-ene reaction with elimination of
SO2. This forms enal 24, which equilibrates with the more
stable (E)-crotonaldehyde (25) (Scheme 5).


Our attempts to catalyze the hetero-Diels ±Alder and
cheletropic additions of SO2 to 1-fluorobutadienes (Z)-11
and (E)-11 with Lewis acids all failed. With BF3 ¥Et2O,
Me3SiOTf, EtAlCl2, PCl5, and Cp2TiCl2, the mixture of (E)-
11/(Z)-11 (1:1) in SO2/CD2Cl2 (1:1) polymerized and decom-
posed to 25 at �80 �C. Decomposition was also observed in
the presence of BuBCl2 or Sn(OTf)2 above �50 �C. With
Cp2ZrCl2 above �50 �C, (E)-11 added slowly to SO2 to give
6-fluorosultine 20. None of the above catalysts (up to 3
equivalents) induced the formation of 2-fluorosulfolene (26).


In the absence of acid catalysts, 2-fluorobutadiene (12)[17a]


did not react with SO2 between �80 and �50 �C. This is a
surprise, as at least the cheletropic addition giving 3-fluoro-
sulfolene (27) should occur at 50 �C, since most 2-substituted
butadienes generate the corresponding sulfolenes under these
conditions (Scheme 6).[1, 2, 5c] At �100 �C, isoprene undergoes
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Scheme 6. Absence of reactivity of 2-fluorobuta-1,3-diene toward SO2 in
the presence of CF3COOH.


hetero-Diels ±Alder addition with SO2 in the presence of
CF3COOH. In the presence of the same acid, 2-fluorobuta-
diene did not add to SO2 after several days at various
temperatures between �80 and �10 �C. Above �10 �C it
slowly polymerized. The expected sultines 28 and 29
(Scheme 6) could not be detected by 1H NMR spectroscopy
of the crude reaction mixtures.


The structures of 20 ± 22 were deduced from 1H NMR and
13C NMR data of the crude reaction mixtures and by
comparison with data reported for derivatives cis-9 (see
below) and trans-9.[11] Because of the presence of unreacted
(Z)-11 and of polymeric material, selective TOCSY experi-
ments were necessary to obtain the 1H NMR spectra of
sultines 20 and 21. Unfortunately, the vicinal (3J(H,H)) and
homoallylic (5J(H,H)) proton ± proton coupling constants
could not be measured. We are thus unable to propose
preferred conformations and to tell whether cis-6-fluorosul-
tine (cis-20), resulting from a preferred (see our quantum
calculations below) endo-mode (Alder rule) of addition, or
trans-6-fluorosultine (trans-20) is formed by reaction of (E)-
11 with SO2. The 19F NMR spectrum of fluorosultine 20
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showed a doublet of doublets of doublets for its fluorine
atom assigned to 2J(H6,F) � 51.1 Hz, 3J(H5,F) � 8.0 Hz and
5J(Hax-3,F)� 7.9 Hz; the assignment was confirmed by double
irradiation experiments. The other nJ(H,F) coupling constants
were smaller than 2 Hz. Assuming that the homoallylic
coupling constants 5J(H3,F) follow a relationship similar to
that found for 5J(H3,H6)� (5 Hz)(sin�)2(sin��)2 in cyclohex-
enes, in which � and �� are the angles that H3 and H6 make
with the C1,C2,C3,C4 plane,[19] the data suggest that one of the
two protons H3 of 20 always resides in a pseudo-equatorial
position (5J(Heq3,F)� 2 Hz) and the other in a pseudo-axial
position (5J(Hax3,F)� 7.9 Hz) and this independently of the
relative configuration of 20, which can be either cis or trans.
These observations imply, therefore, that cis-20 is either in a
sofa conformation (cis-23(So)), as predicted by calcula-
tions,[11] or exists as an equilibrium between this conformer,
the boat (cis-20(B)) and the pseudo-chair conformer (cis-
20(C)), as shown in Scheme 7. The NMR data of 20 are also
consistent with the trans isomer adopting the sofa conforma-
tion or existing as an equilibrium of conformers trans-
20(So)� trans-20(B)� trans-20(C).
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Scheme 7. Possible conformers of a) cis-20 and b) trans-20 that are
consistent with the nJ(H,F) values. In square parenthesis the G3 calculated
energies relative to SO2 � (E)-11. [a] These conformers are not energy
minima by calculations[11] (see Scheme 9).


Comparing the �H of 6-trifluoroacetoxysultine, 21, with
those reported for 6-acetoxysultines,[5b, 6] we suggest that 21 is
the cis-diastereomer adopting a sofa or pseudo-chair con-
formation with pseudo-axial CF3COO and S�O groups. As we
had found that 1,2-dimethylidenecyclohexane[18] and other
1,2-dimethylidenecycloalkanes[5a] are much more reactive
toward SO2 than simpler alkyl-substituted buta-1,3-dienes,
we explored the reactivity of (E)- and (Z)-1-(fluoromethyli-
dene)-2-methylidenecyclohexane ((E)-13, (Z)-13) toward
SO2 under various conditions (Scheme 8). Without protic or
Lewis acid catalyst, pure (E)-13 added to SO2 (1:1 mixture of
SO2/CD2Cl2) at �78 �C to give a mixture of fluorinated
sultines cis-30 and trans-30 (93:7). The reaction was complete
after 1 h at�78 �C. Diels ±Alder adducts were stable between
�80 and �30 �C, their proportion staying the same. Above
�10 �C, no cycloreversion could be detected, but the sultines
decomposed into the sulfinyl fluoride 31. At 25 �C, the latter
was completely converted into 2-methylcyclohex-1-ene-1-
carbaldehyde (32), probably according to a mechanism
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Scheme 8. The reactions of fluorodienes (E)- and (Z)-13 with SO2 under
various conditions. The hetero-Diels ±Alder reactions of SO2 follow the
endo Alder rule.[21]


similar to that proposed in Scheme 5 for the decomposition of
the SO2 adducts of (E)-1-fluorobutadiene. Enal 32 equili-
brated with its dienol 33, which underwent a cheletropic
addition with SO2 to give the 2-hydroxysulfolene 34, which
was unstable and could not be isolated, although it was visible
by 1H NMR spectroscopy.


In the presence of one equivalent of CF3COOH, (E)-13
added to SO2 at �80 �C to give the same mixture of sultines
cis-30 and trans-30 (93:7). Trifluoroacetic acid accelerated the
decomposition of the fluorosultines 30 as they were converted
into the sulfinyl fluoride 31 at �50 �C. The reaction was
complete in 15 h at this temperature. Apparently, protonation
of the sultines 30 accelerates the 1,3-migration of the fluoride.
When a mixture 5:1 of dienes (E)-13 and (Z)-13 was allowed
to react with SO2/CD2Cl2 at �80 �C, only (E)-13 added SO2


and provided a mixture of fluorosultines cis-30 and trans-30
(93:7). As in the case of 1-fluorobuta-1,3-dienes, 11, the
fluorodiene (Z)-13 is definitively less reactive than its (E)-
isomer in the hetero-Diels ±Alder addition with SO2; this is in
agreement with predictions based on quantum calculations[11]


and as demonstrated for the hetero-Diels ±Alder additions of
SO2 to piperilenes.[4a] Because of steric repulsions between the
C�F and C�H groups (1,4-interactions) in the s-cis conformer
of the (Z)-1-fluorobutadiene moiety, the 1,4-distance is
increased and this retards the cycloaddition.[20] At �20 �C,
(Z)-13 added slowly to SO2 with preferred formation of trans-
30. Thus, an initial 5:1 mixture of (E)-13/(Z)-13 gave a 5:1
mixture of cis-30/trans-30 at �20 �C. This demonstrates that
both (E)-13 and (Z)-13 prefer the endo mode (Alder rule[4a])
for these Diels ±Alder additions with SO2, in agreement with
predictions based on quantum calculations[11] (see Scheme 9).
In CD2Cl2/SO2 (1:1) the conversion of dienes 13 into sultines
30 was complete (by 1H NMR spectroscopy); this allowed a
lower limit for the equilibrium constant to be set: K 253K (13 �
SO2� 30) �50 mol�1dm3. This value is significantly larger
than the equilibrium constant K 253 K (35 � SO2 � 36)
�0.8 mol�1dm3 evaluated for the hetero-Diels ±Alder addi-
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tion of SO2 to 1,2-dimethylidenecyclohexane (35) to give
sultine 36[5a] (Scheme 10). In fact sultine 36 is not stable at
�20 �C; it undergoes fast cycloreversion giving SO2 � 35,
which then adds slowly in the cheletropic mode to provide the
corresponding sulfolene 37 quantitatively.[5a] As suggested by
our quantum calculations (see below) the relatively large
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Scheme 10. The hetero-Diels ±Alder addition of fluorodiene (E)-13 to
SO2 is more exothermic than that of unsubstituted diene 35.


equilibrium constant K 253K (13 � SO2� 30) compared with
K 253K (35 � SO2� 36) shows the existence of an enthalpic
anomeric effect[22] in the 6-fluorosultines 30 due to the gem-
disubstitution F-C-OSO), an effect similar to that predicted
for fluoromethanol.[23] Surprisingly, neither (E)- nor (Z)-13
underwent the expected cheletropic additions with SO2, only
decomposition and polymerization products were observed
when the reactants were treated with concentrated SO2 at
0 �C. This is a surprise as our calculations (Scheme 9) suggest
that the energy barrier of the cheletropic addition (E)-11 �
SO2� 26 (18.9 kcalmol�1) is not higher than that of the


hetero-Diels ±Alder addition (Z)-11 � SO2� trans-20
(19.6 kcalmol�1).


The structures of the new compounds 30, 31, and 32 were
inferred from their 1H, 13C, and 19F NMR spectra. Assignment
of structures cis-30 and trans-30 is consistent with the
hypothesis that fluorodienes (E)-13 and (Z)-13 must have
similar relative reactivity as their analogues (Z)-8 and (E)-8,
respectively, toward SO2.[11] The coupling constants 1J(C,H)
and 1J(C,F) for the anomeric center in �- and �-glycopyr-
anosyl fluorides are remarkably different.[24] Since very
similar values are found for 1J(C2,H2) in cis-30 (185 Hz)
and trans-30 (184 Hz), and for 1J(C2,F) in cis-30 (224 Hz) and
trans-30 (220 Hz), we must admit that both fluorosultines 30
adopt similar average conformations for their C1-C2-O3-S4
moieties. The data are consistent with sofa conformations
analogous to cis-20(So) and trans-20(So) (Scheme 9), which
correspond to energy minima calculated for the cis- and trans-
6-fluorosultine,[11] and to the conformations observed in the
crystalline state for fluorosultines cis-9 (see below) and trans-
9,[11] respectively. The homoallylic coupling constants
5J(H2,Hax5)� 1.9 Hz and 5J(H2,Heq5)� 0.6 Hz measured in
the 1H NMR spectrum of cis-30 are also consistent with the
sofa conformer analogous to cis-20(So). The same analysis
could not be carried out for trans-30 because the correspond-
ing 5J(H2,H5) coupling constants could not be measured due
to spectral complexity arising from the numerous long-range
nJ(H,H) couplings.


Further proof for the formation of sultines 30 was given by
their ozonolysis.[9] When O3 was bubbled through a mixture of
cis-30 and trans-30 (93:7) in SO2/CH2Cl2 (1:1) at �78 �C, a
93:7 mixture of diketones 38 and 39 was obtained
(Scheme 11). These compounds could not be isolated as they
decomposed on concentrating above �10 �C, providing a
dark, sticky polymeric material. Their structures were de-
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dienes[5a, 6]).







FULL PAPER P. Vogel, J. A. Sordo et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0806-1342 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 61342


S


O


O


O


F


O
S


O


O


O


F


O


O3 O3


S


O


O


O


F


O
S


O


O


O


F


O


O3 O3


cis-30 cis-9


cis-38 cis-39


trans-30 trans-9


trans-38 trans-39


Scheme 11. Ozonolysis of fluorosultines cis-30, trans-30, cis-9 and trans-9
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duced from the 1H NMR of the crude reaction mixture (see
Experimental Section).


As already described in our preliminary communication[11]


the hetero-Diels ±Alder additions of SO2 to fluorodienes (Z)-
8 followed the endoAlder rule giving the 6-fluorosultines cis-
and trans-9 under conditions of kinetic control (see
Scheme 2). We shall present below the crystalline and
molecular structure of cis-9 obtained by X-ray crystallography
at �100 �C. The ozonolysis of cis-9 and trans-9 gave hetero-
cycles cis-39 and trans-39, respectively (Scheme 11). We have
also studied the decomposition of trans-9 (the most stable
sultine) at �30 �C. Similarly to the decomposition of sultines
20 (Scheme 5) and 30 (Scheme 8), trans-9 isomerized slowly at
�30 �C into the sulfinyl fluoride 40, which in its turn
decomposed slowly into enal 41 (Scheme 12). The reaction
trans-9� 40 was rapid and quantitative at 25 �C.
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Scheme 12. Decomposition of sultine trans-9 in SO2/CD2Cl2.


Like the crystalline structure of trans-9, cis-9 adopts a sofa
conformation with the oxygen of the ring lying in the average
plane of the four carbon atoms of the sultine moiety (Figure 1,
below), as predicted by our calculations[11] for cis-6-fluoro-
sultine (cis-20(So), Scheme 9). This may not be the unique
conformation available for cis-9 in solution as suggested by its
1H NMR spectrum and by comparison with that of cis-30
(Scheme 8). If the sofa conformation cis-9(So), analogous to
cis-20(So), were the unique conformation available for cis-9,
a small (0 ± 1 Hz) value would be expected for the homo-


allylic coupling constant 5J(H2,Heq5) and a larger one
(1.5 ± 3.0 Hz[19, 25]) for 5J(H2,Hax5), as found for cis-30
(5J(H2,Heq5)� 0.6 Hz, 5J(H2,Hax5)� 1.9 Hz). For cis-9 we
observe similar homoallylic coupling constants 5J(H2,H5)�
1.5 and 1.7 Hz on the one hand and 5J(F,H5)� 6.3 and 7.6 Hz
on the other. Thus, for cis-9 in solution we must admit that the
sofa conformer cis-9(So) equilibrates with a boat (cis-9(B),
another sofa cis-9(So�) and a pseudo-chair conformer (cis-
9(C), Scheme 13). Such equilibrium interchanges the H5
proton cis with respect to F from a pseudo-equatorial to a
pseudo-axial position, and the H5 proton trans with respect to
F from a pseudo-axial to a pseudo-equatorial position.


As already commented in our preliminary communica-
tion,[11] fluorosultine trans-9, which adopts a sofa conforma-
tion in the crystalline state similar to that calculated for trans-
20(So) (Scheme 9), must exist as an equilibrium of several
conformers in solution as its 1H NMR spectrum showed
similar homoallylic coupling constants 5J(H4,F)� 5.6 and
6.2 Hz and relatively small 5J(H4,H2) values (0.8 Hz �


0.2 Hz). However, since the one-bond coupling 1J(C2,H)�
184 Hz, 1J(C2,F)� 226 Hz for cis-9 and 1J(C2,H)� 184 Hz,
1J(C2, F)� 221 Hz for trans-9 are similar, one most admit that
both sultines adopt similar average conformations for their
S-O-C-F moieties in solution.


Single crystal and molecular structure of fluorosultines cis-9 :
ORTEP representations[26] of cis-9 at �100 �C are shown in
Figure 1. The most significant interatomic distances and bond
angles of this sultine are reported in Table 1 and the torsion
angles in Table 2. Fluorosultine cis-9 crystallizes with two
equivalents of sulfur dioxide (Figures 1 and 2) that strongly
coordinate the S�O moiety: (S3�O2� 2.730(6) ä, S2�O2�
2.788(5) ä) (Table 3). Nevertheless, the structural parameters
of SO2 in the crystal are only slightly affected by this
interaction as the S�O bond lengths (S2�O4� 1.432(6),
S2�O3� 1.429(7), S3�O5� 1.428(7), S3�O6� 1.419(6) ä)
and the O-S-O angle (O3-S2-O4� 117.3(4), O5-S3-O6�
116.5(4)�–see Figure 1a for atom numbering) for both
coordinated molecules are similar to those measured for pure
SO2.[27] Additional Lewis acid ± base interactions between the
molecules of the crystal are present (Figure 2) but do not
affect the molecular parameters because of the rather long
intermolecular interatomic distances (O5�S2� 3.288(6),
O4�S3� 3.001(6) ä).


Interestingly, the C1�F1 distance (1.399(8) ä) in cis-9 is
similar to the average C�F value (1.40 ä) observed in several
crystallized pyranosyl fluoride derivatives,[28] but slightly
larger than the average value of paraffinic C�F bonds
(1.38 ä).[29] This phenomenon may be associated with the
conformational anomeric effect[22] allowing electron-donation
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from O1 into the C1�F1 axial bond (atom numbering of
Figure 1). It has been well documented from experimental
and computational data that the antiperiplanar disposition of
the oxygen lone pair and the C�F bond in molecules
containing the O-C-F moiety results in shortening of the
C�O bond, elongation of the C�F bond and ™opening∫ of the
O-C-F bond angle.[28, 30, 31] The variation of these structural
parameters associated with the conformational anomeric
effect[22, 32] is clearly indicated by the theoretical structural
data calculated for the different conformers of 2-fluoro-


tetrahydropyran[30] and fluoromethanol.[23] Fluorosultine
trans-9 is ™flatter∫ than cis-9 and thus crystallizes easily
without SO2 molecules.


Table 4 shows the most significant interatomic distances
and bond angles for trans-9. The C1�F1 bond is longer in this
fluorosultine (1.414(3) ä) than in cis-9 (1.399(8) ä); the
C1�O1 bond is longer in the cis isomer, and the F1-C1-O1
bond angle is larger in trans-9 (106.6�) than in the cis (106.4�).
This suggests that the O-C-F conformational anomeric effect
involving electron donation from O1 to the trans C1�F1 bond
is stronger in trans-9 than in cis-9. Moreover, the O1�S1 bond
is longer in trans-9 (1.6840(19) ä) than in cis-9 (1.630(5) ä)
while the S1�O2 bond is longer in cis-9 (1.482(5) ä) than in
trans (1.475(2) ä). The O1-S1-O2 angle is larger (108.8�) in
cis-9 than in trans-9 (102.91�). This may be due to the
additional O/S�O conformational anomeric effect in cis-9
(axial S�O bond), in which the ring oxygen atom can donate
electrons to both the C1�F1 and S1�O2 bonds. Alternatively,
the opening of angle O1-S1-O2 in cis-9 compared with that in
trans-9 could be due to more severe electrostatic repulsions
between the C�F and S�O bonds in the former. This


Figure 1. ORTEP representations of cis-9 showing top: the two molecules
of SO2 and their coordination to the S�O group of the sultine, bottom: the
sofa conformation. For reasons of commodity the atom numbering does not
follow the IUPAC recommendations.


Table 1. Selected interatomic distances and bond angles for crystalline cis-
9 ¥ (SO2)2.


Bond lengths [ä] Angles [�]


S1�O2 1.482-5 OS�S1�O1 108.8(3)
S1�O1 1.630-5 O2�S1�C4 105.2(3)
S1�C4 1.785-7 O1�S1�C4 96.9(3)
O1�C1 1.418-9 C1�O1�S1 120.0(4)
C1�C2 1.490-10 F1�C1�O1 106.4(6)
C2�C3 1.331-10 F1�C1�C2 110.4(6)
C3�C4 1.506-10 O1�C1�C2 116.3(6)
S2�O3 1.428-6 C3�C2�C8 119.7(7)
S2�O2 2.788-5 C3�C2�C1 122.5(6)
S3�O2 2.730-6 C8�C2�C1 117.6(7)
S2�O5 3.288-6 C2�C3�C5 121.9(6)
S2�O4 1.431-6 C2�C3�C4 123.6(7)
S3�O5 1.429-6 C5�C3�C4 114.5(5)
S3�O6 1.419-6 C3�C4�S1 115.1(5)
C1�F1 1.399-8


Figure 2. Organization of the SO2 and cis-9 molecules in the crystal at
�100 �C.


Table 2. Torsion angles [�] of cis-9 (for atom numbering see Figure 1).


O2-S1-O1-C1 179.11(18) C4-S1-O1-C1 70.82(19)
S1-O1-C1-F1 73.4(2) S1-O1-C1-C2 � 49.5(3)
O1-C1-C2-C3 2.3(4) F1-C1-C2-C3 � 118.3(3)
O1-C1-C2-C8 � 174.3(2) F1-C1-C2-C8 65.1(3)
C8-C2-C3-C5 4.8(4) C1-C2-C3-C5 � 171.8(2)
C8-C2-C3-C4 � 173.1(2) C1-C2-C3-C4 10.4(4)
C2-C3-C4-S1 21.2(3) C5-C3-C4-S1 � 156.84(18)
O2-S1-C4-C3 � 158.32(18) O1-S1-C4-C3 � 53.67(19)
C2-C3-C5-C6 27.4(3) C4-C3-C5-C6 � 154.6(2)
C3-C5-C6-C7 � 45.7(3) C5-C6-C7-C12 � 147.7(2)
C5-C6-C7-C8 35.8(3) C12-C7-C8-C9 0.1(4)
C6-C7-C8-C9 176.7(2) C12-C7-C8-C2 179.0(2)
C6-C7-C8-C2 � 4.4(3) C3-C2-C8-C7 � 17.4(3)
C1-C2-C8-C7 159.2(2) C3-C2-C8-C9 161.4(2)
C1-C2-C8-C9 � 21.9(3) C7-C8-C9-C10 0.0(4)
C2-C8-C9-C10 � 178.9(2) C8-C9-C10-C11 0.0(4)
C9-C10-C11-C12 � 0.1(4) C10-C11-C12-C7 0.2(4)
C8-C7-C12-C11 � 0.2(4) C6-C7-C12-C11 � 176.7(3)
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interpretation is consistent with the fact that the latter
fluorosultine is more stable than the former in solution. The
most striking observation with crystalline cis- and trans-9 is
that both adopt sofa conformations in which the oxygen atom
of the ring lies in the average plane of the carbon atoms and
the sulfur center is gauche with respect to the fluoro
substituent of the sultine moieties. The cyclohexa-1,3-diene
moieties of both cis- and trans-9 adopt distorted boat
conformations. Twist about the sultine double bond C2�C3
(atom numbering in Figure 1) is somewhat larger in trans-9
than in cis-9.


Theoretical methods : The potential energy surfaces (PESs)
for the reactions between (E) and (Z)-1-fluoro-1,3-butadiene
((E)-11, (Z)-11)[11] or 2-fluoro-1,3-butadiene (12) and sulfur
dioxide to give sultines cis-20, trans-20, 28, 29 and sulfolenes
26, 27 (Schemes 5 and 6) were extensively explored by using
high level ab initio methodologies. According to our previous
experience on similar reactions[6, 33, 18] we carried out optimi-
zations at the MP2/6 ± 31G(d) level of theory. The structures
located on the PES were characterized by computing the
corresponding Hessian matrices at the MP2/6 ± 31G(d) level.
Further intrinsic reaction coordinate (IRC)[34] calculations
allowed us to connect the different structures, thus identifying
the several pathways on the PESs.[35]


It has been shown recently[36] that special care must be
taken to choose a basis set with an appropriate number of
polarization functions when studying processes involving
several hypervalent molecules, each with some particular


atom exhibiting different Lewis structures. Particularly, it
should be expected that the polarization functions with
contributions to the d symmetry must be much more
important in sulfolenes (in which the sulfur atom has a formal
electronic configuration 3s13p33d2 as in SO3) than in sultines
(in which the sulfur atom has a formal electronic configu-
ration 3s23p33d1 as in SO2). Therefore, basis sets with a
number of polarization functions large enough to minimize
the unbalanced description of sulfolenes and sultines should
be employed.[36] Pople×s Gaussian-n (Gn) theories,[37] in which
corrections for higher polarization functions are included, are
specially suited to that purpose.


In this work, G2(MP2, SVP) calculations[38] were performed
on all the structures located on the PESs. This method is a
variant of Pople×s G2 theory,[37c] in which the basis set
extension correction, �E(MP2), is obtained at the MP2 level
according to:


�E(MP2)�E[MP2/6 ± 311�G(3df,2p)]�E[MP2/6-311G(d,p)] (1)


and the QCISD(T) component is computed by using the
split-valence plus polarization (SVP) 6 ± 31G(d) basis. The
final expression for the G2(MP2, SVP) energy is:[38]


E[G2(MP2,SVP)]�E[QCISD(T)/6 ± 31G(d)] � �E(MP2) � E(ZPE) �
HLC (2)


in which E(ZPE) is the zero-point vibrational energy and
HLC (higher-level correction) is an empirical parameter to
account for remaining basis sets deficiencies.[37] In the present
work, the geometry optimizations were performed by corre-
lating only the valence electrons (previous tests have shown
that the discrepancies with all-electron-correlated optimiza-
tions are negligible, and, given the great number of structures
optimized in the present work, the resulting computational
saving was considerable) and the zero-point energy correc-
tions were estimated from frequencies computed at the MP2/
6 ± 31G(d) level of theory (they were scaled by a factor 0.96 to
take into account the known deficiencies at this level).[39] In
the present case, the HLC term in Equation (2) has no effect
on the energy differences.


In a recent work, Pople and co-workers have shown that a
new Gaussian-n theory (G3)[37d] leads to a considerable


Table 3. Crystal data and structure refinement for cis-9 ¥ (SO2)2 (cis-1-
fluoro-1,4,9,10-tetrahydronaphth[2,1-d][2,3]oxathiin-3-oxide.


empirical formula C12H11FO6S3


formula weight 366.39
temperature [K] 143(2)
wavelength [ä] 0.71073
crystal system Monoclinic
space group P2(1)/c
unit cell dimensions [ä] a� 7.8848(12).


b� 14.870(2)
c� 12.667(2)


[�] �� 90�
�� 93.439(14)�.
�� 90�.


volume [ä3] 1482.5(4)
Z 4
density (calcd) [Mgm�3] 1.642
absorption coefficient [mm�1] 0.536
F(000) 752
� range [�] 3.18 to 25.02
index ranges � 9�h� 9


� 17�k� 15
� 14� l� 15


reflections collected 8245
independent reflections 2556 (Rint� 0.1019)
completeness to �� 0.50� 0.0%
absorption correction None
refinement method on F 2 Full-matrix least-squares
data/restraints/parameters 2556/0/200
goodness of fit on F 2 1.191
final R indices [I� 2�(I)] R1� 0.0887, wR2� 0.1527
R indices (all data) R1� 0.1377, wR2� 0.1755
extinction coefficient 0.0017(4)
largest diff. peak and hole [eä�3] 0.432 and �0.477


Table 4. Selected interatomic distances and bond angles for crystalline
trans-9.[11]


Bond lengths [ä] Angles [�]


S1�O2 1.475(2) O2�S1�O1 102.91(11)
S1�O1 1.6840(19) O2�S1�C4 106.94(13)
S1�C4 1.796(3) O1�S1�C4 93.57(11)
O1�C1 1.413(3) C1�O1�S1 113.98(16)
C1�F1 1.413(3) F1�C1�O1 106.6(2)
C2�C3 1.351(3) F1�C1�C2 110.8(2)
C3�C4 1.517(4) O1�C1�C2 114.6(2)
C3�C5 1.514(4) C3�C2�C8 119.9(2)
C1�C2 1.511(4) C3�C2�C1 122.1(2)


C8�C2�C1 117.9(2)
C2�C3�C5 121.6(2)
C2�C3�C4 123.3(2)
C5�C3�C4 115.1(2)
C3�C4�S1 110.68(18)
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improvement in the case of hypervalent molecules (e.g. SO,
SO2). Therefore, in consequence of our previous findings,[36]


we also estimated the energetics in the present work, where
hypervalent molecules are involved (sultines, sulfolenes),
using the G3 theory, in which the energy is expressed as:


E(G3)��E(�)� �E(2df,p)� �E(QCI)� �E(G3 large)� �E(ZPE)(3)


here �E(�)�E[MP4/6 ± 31�G(d)]�E[MP4/6 ± 31G(d)],
�E(2df,p)�E[MP4/6 ± 31G(2df,p)]�E[MP4/6 ± 31G(d)],
�E(QCI)�E[QCISD(T)/6 ± 31G(d)]�E[MP4/6 ± 31G(d)],
�E(G3 large)�E[MP2(full)/G3 large]�E[MP2/6 ± 31G
(2df,p)]�E[MP2/6 ± 31�G(d)] � E[MP2/6 ± 31G(d)]


A detailed description of the basis set employed can be
found in the original reference.[37d] The computationally most
demanding step in the G3 composite procedure is the one
requiring MP4/6 ± 31G(2df,p) calculations (a typical calcula-
tion on the sultines and sulfolenes considered in the present
work took more than 20 h CPU time running on a NEC SX-4
supercomputer, employing 1.2 GB RAM, at the Swiss Center
for Scientific Computing). As we will show below, a reason-
ably accurate estimate of �E(2df,p) in Equation (3) can be
obtained at the much less computationally expensive MP2
level. We will refer to the energy computed by means of such
an approach as E(pseudo-G3).


The G3 spin ± orbit term was not included because of the
lack of data for sultines and sulfolenes and, as mentioned
above, the HLC term needs not be considered. The zero-point
energy was computed from MP2/6 ± 31G(d) harmonic fre-
quencies scaled by a factor of 0.96.[39] The frozen-core
approximation was employed to carry out the MP2/6 ±
31G(d) geometry optimizations.


Solvation effects were estimated by performing single-point
MP2/6 ± 31G(d) calculations with the self-consistent reaction
field (SCRF) Onsager model, in which the solvent is
represented by a dielectric continuum characterized by its
dielectric constant.[40] Density functional theory (DFT) with
Becke×s three-parameter hybrid functional[41] was employed
in a series of SCRF optimizations to assess the effects of
geometry relaxation on solvation calculations.


In order to estimate the importance of hyperconjugative
interactions on the stabilization of structures, natural bond
orbital (NBO)[42] analysis was used. In the NBO method, the
atomic orbital basis set is orthogonalized and the canonical
delocalized Hartree ±Fock (HF) molecular orbitals are trans-
formed into localized hybrids (NBOs). The filled NBOs
describe covalency effects in molecules while unoccupied
NBOs are used to describe noncovalency effects. Among the
latter, the most important are the antibonds. Small occupan-
cies of these antibonds correspond, in HF theory, to irredu-
cible departures from the idealized Lewis picture and thus to
small noncovalent corrections to the picture of localized
covalent bonds. The energy associated with the antibonds can
be numerically assessed by deleting these orbitals from the
basis set and recalculating the total energy in order to
determine the associated variational energy lowering. For a
X-Y-Z system, the NBO-deletion procedure allows the energy
(EXYZ) to be computed after zeroing the off-diagonal Fock
matrix elements connecting the lone pairs n on X with the Y-Z


�* antibonds. The difference Etotal�EXYZ (� EXYZ) is the
energy corresponding to the n��* interactions.[42]


All calculations were carried out by using the Gaussian
94[43] and 98[44] packages of programs.


We were tempted to compute[45] the nJ nuclear spin ± spin
coupling constants in order to complement the structural
(conformational) information coming from the corresponding
experimental values (see above). However, it is well-known
that to describe spin ± spin couplings properly one needs:[46]


a) nonstandard basis sets that render appropriate electron
densities close to the nuclei and b) sophisticated theoretical
methods to account for correlation effects (some of the
contributions to nJ involve triplet excitation operators which
may render HF or second-order many-body perturbation
theory results meaningless).[47] The Fermi contact term, in
particular, is very sensitive to the basis set and electron-
correlation effects.[48] The basis-set requirements are often
accomplished by adding a number of s functions to the
(already extended) standard basis sets used in correlation
calculations. The appropriate treatment of the correlation
effects calls for the use of multiconfigurational[46] or coupled-
cluster[49] methodologies. The computational effort required
to perform calculations on nJ nuclear spin ± spin coupling
constants, by using very extended basis sets together with
high-level methods, for the systems dealt with in this work is
not computationally tractable at present. The computational
level affordable (CASSCF/6 ± 31G(d,p) with a reduced active
space including four occupied and four virtual orbitals)
rendered unreliable coupling constants for sultines and
sulfolenes.


Calculation results : The energies calculated for the minima
and transition structures located on the potential energy
hypersurfaces of the hetero-Diels ±Alder additions of (E)-11
and (Z)-11 with SO2 have been presented earlier,[11] and are
summarized in Tables 5 and 6 and Scheme 9 together with the
G3 calculated exothermicities and energy barriers for the
cheletropic additions of SO2 to (E)-11 and (Z)-11 (see
Supporting Information for details).


Comparisons between geometrical data calculated for cis-
and trans-6-fluoro-3,6-dihydro-1,2-oxathiin-2-oxide (cis- and
trans-20) with those obtained by X-ray crystallography for cis-
9 and trans-9 are given in Tables 7 and 8.[50] Scheme 14 gives
the energies calculated for the minima and transition struc-
tures located on the potential energy hypersurfaces of the
hetero-Diels ±Alder and cheletropic additions of SO2 to
2-fluorobutadiene (12) leading to regioisomeric sultines 28
and 29, on one hand, and to sulfolene 27, on the other.
Representations of these calculated structures are shown in
Figure 3, 4, and 5.


Very good agreement is found between the calculated
geometrical parameters of cis-20 and trans-20 with those
observed for cis-9 and trans-9, in particular, the calculations
predict stable sofa conformers for cis-20 and trans-20 in
agreement with the crystalline structures of cis-9 (Figure 1)
and trans-9.[11]


The MP2 SCRF (solvation) results in Table 6 are single-
point calculations on the MP2 in vacuum geometries. The
effect of geometry relaxation has been assessed by performing
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DFT(B3LYP)/6 ± 31G(d) in a vacuum and SCRF calculations
on all the minimum structures allowing for a full geometry
optimization. As a general result, the DFT(B3LYP) method
consistently renders more stable structures than MP2 (by
about 2 ± 3 kcalmol�1) in all cases. Furthermore, solvent
effects obtained at the MP2 (by using vacuum-optimized
geometries) and DFT (by using both vacuum-optimized and


SCRF fully optimized geometries) levels are quite similar–
they differ in less than 0.4 kcalmol�1 in the worst case: see
�ESOLV(MP2) and �ESOLV(B3LYP) in Table 6. Therefore, we
can conclude that the estimates of the electrostatic solvent
effects carried out at the MP2 SCRF/6 ± 31G(d)//MP2 (in a
vacuum)/6 ± 31G(d) level (�ESOLV(MP2) in Table 6) are
plausible.


Table 5. Different contributions[a] to the G2(MP2,SVP), G3; and pseudo-G3 (see text for abbreviations) energies [kcalmol�1] for the located minima and
transition states of the hetero-Diels ±Alder and the cheletropic addition of SO2 to (E)- and (Z)-11. The energies corresponding to structures involving the (Z)
isomer are referred to (Z)-11 � SO2. The rest are referred to (E)-11 � SO2.[f]


Structure[g] �E(MP4) ��E(�) ��E(2df,p)[c] ��E(2df,p)[d] ��E(QCI) ��E(G3L) ��E(MP2) ��E(ZPE)[e] G2(MP2,SVP) pseudo�G3 G3


cis-20 (sofa) � 6.8 � 0.1 � 2.2 � 2.4 � 3.6 4.1 1.5 4.4 � 4.5 � 4.2 � 4.7
�endo (E)-11 � SO2


� cis-20
17.8 � 1.6 � 5.6 0.6 2.9 � 3.5 2.4 17.3 16.5


�exo (E)-11 � SO2


� trans-20
17.9 � 1.3 � 5.3 0.9 3.0 � 3.1 2.3 18.0 17.4


cis-20(C) � 2.3 � 0.6 � 3.2 � 3.5 3.9 � 0.3 4.3 � 1.8 � 1.4
cis-20(B) � 4.0 0.2 � 2.4 � 3.5 4.2 1.6 4.2 1.6 � 1.2
�(So�B)/cis-20 � 2.9 0.2 � 2.6 � 3.6 4.0 1.3 4.1 � 1.1 � 0.8
�(C�B)/cis-20 1.4 � 0.2 � 2.9 � 3.5 4.1 0.6 4.3 2.7 3.1
cis-20(B ) 3.4 0.6 � 3.4 � 3.6 4.0 � 0.5 3.8 3.2 4.8
trans-20 (sofa) � 5.9 � 0.5 � 2.3 � 3.5 4.0 0.9 4.3 � 4.3 � 3.9
endo (Z)-11 � SO2


� trans-20
20.9 � 1.8 � 5.5 0.6 3.3 � 3.2 2.2 20.4 19.6


exo (Z)-11 � SO2


� cis-20
20.9 � 0.9 � 4.8 1.0 3.8 � 1.2 2.1 22.7 22.1


trans-20(C) � 5.3 � 0.4 � 2.6 � 3.9 3.8 0.3 4.5 � 4.4 � 4.0
trans-20(B) � 4.8 � 0.6 � 2.5 � 3.5 4.1 0.6 4.3 � 3.4 � 3.0
�(C�B)/trans-20 � 4.0 � 0.9 � 2.4 � 3.7 4.0 0.4 4.0 � 3.3 � 2.9
�(So�B)/trans-20 � 0.4 � 0.7 � 2.3 � 3.7 4.3 0.8 4.0 0.6 1.0
trans-20(B ) � 0.7 � 0.5 � 2.6 � 3.5 3.8 0.3 3.9 0.1 � 1.0
sulfolene 26 3.9 0.5 � 11.4 � 11.7 � 2.4 � 1.2 � 10.4 4.6 � 4.3 � 6.0 � 6.7
�(E)-11 � SO2� 26 25.6 � 1.5 � 9.5 1.5 0.4 � 8.7 2.3 20.7 18.9
�(Z)-11 � SO2� 26 27.3 � 1.0 � 9.2 1.6 0.8 � 7.5 2.3 23.8 21.9


[a] �E(MP4)�E[MP4/6 ± 31G(d)]SYSTEM�E[MP4/6 ± 31G(d)]REACTANTS; ��E(A)��E(A)REACTANTS, in which A stands for the different contributions in
Equations (2) and (3). It should be noted that �E[QCISD(T)/6 ± 31G(d)]���E(QCI) � �E(MP4) (this term is needed to compute �E[G2(MP2, SVP)]
values from Equation (2). [b] Optimizations were carried out at the MP2/6 ± 31G(d) level of theory. [c] Contribution estimated at the MP2 level of theory.
[d] Contribution estimated at the MP4 level of theory. [e]MP2/6 ± 31G(d) frequencies scaled by 0.96 (see Ref. [39]). [f] Table S1 of the Supporting
Information contains the corresponding absolute energies. [g] See Scheme 9.


Table 6. In a vacuum and solvation[a] (SCRF)MP2/6 ± 31G(d) and B3LYP/6 ± 31G(d) relative energies (kcalmol�1)[b] of products and transition structures for
the Diels ±Alder and cheletropic additions of (E)-11 and (Z)-11 with SO2 (see Scheme 9).[c]


Structure �E(MP2) �E(MP2/SCRF) �Esolv(MP2) �E(B3LYP) �E(B3LYP/SCRF) �Esolv(B3LYP)


cis-20 (sofa) � 8.2 � 9.7 � 1.5 � 10.3 � 11.9 � 1.6
�endo (E)-11 � SO2� cis-20 15.4 14.8 � 0.6
�exo (E)-11 � SO2� trans-20 15.4 15.1 � 0.3
cis-20(C) � 3.9 � 5.7 � 1.8 � 6.5 � 8.6 � 2.1
cis-20(B) � 5.4 � 7.7 � 2.3 � 7.9 � 9.8 � 1.9
�(So�B)/cis-20 � 4.1 � 5.8 � 1.7
�(C�B)/cis-20 � 0.2 � 1.6 � 1.4
cis-20(B�) 2.3 � 0.2 � 2.5
trans-20 (sofa) � 7.4 � 9.2 � 1.8 � 10.0 � 11.7 � 1.7
�endo (Z)-11 � SO2� trans-20 18.7 18.8 0.1
�exo (Z)-11 � SO2� cis-20 18.7 17.1 � 1.6
trans-20(C) � 6.8 � 7.2 � 0.4 � 9.0 � 9.6 � 0.6
trans-20(B) � 6.4 � 6.6 � 0.2 � 8.3 � 8.4 � 0.1
�(C�B)/trans-20 � 5.6 � 5.8 � 0.2
�(So�B)/trans-20 � 1.5 � 3.0 � 1.5
trans-20(B�) � 2.1 � 3.9 � 1.8
sulfolene 26 0.0 � 1.8 � 1.8
�(E)-11 � SO2� 26 21.9 20.6 � 1.3
�(Z)-11 � SO2� 26 23.7 23.1 � 0.6


[a] A relative permittivity of 13.3 to simulate the experimental conditions was used. [b] �E(MP2) and �E(B3LYP) values correspond to vacuum-optimized
structures, and �E(B3LYP/SCRF) values correspond to SCRF fully optimized structures. �E(MP2/SCRF) values correspond to single-point MP2 SCRF/6 ±
31G(d)//MP2 (in a vacuum)/6 ± 31G(d) calculations. [c] Table S2 of the Supporting Information collects the corresponding absolute energies.
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A first comment on the theoretical results collected in
Table 5 is that the estimate of the G3 �E(2df,p) term in
Equation (3) at the MP2 level is really good. Indeed, Table 5
shows that the ��E(2df,p) contribution to the �E(G3)
relative energies computed at the MP2 level for sultine cis-
20, g-Soax and sulfolene 26 (�2.2 and �11.4 kcalmol�1,
respectively) differ only slightly from those computed at the
MP4 level following G3 (�2.4 and �11.7 kcalmol�1, respec-


tively). However, the two CPU times differ by a factor near to
100 (on a NEC SX-4 supercomputer). Therefore, we conclude
that the pseudo-G3 values in Table 5, computed with the MP2
estimate of ��E(2df,p), seem to be rather good estimates of
the corresponding real G3 values, obtained at a reasonable
computational cost.


On the other hand, it is very encouraging to observe in
Table 5 that the G2(MP2,SVP) theory used in this and
previous[6, 18, 34] work provides, in general, energetics in quite
good agreement with the G3 (pseudo-G3) theory, thus
reinforcing the reliability of the present and previous re-
sults.[6, 18, 34] There are, however, some cases in which the
differences become appreciable (see, for example, the ener-
gies for sulfolene 26 of transition states the cheletropic
addition of (E)- and (Z)-1-fluorobutadiene). The sophisticat-
ed correction for larger basis set effects (diffuse and polar-
ization functions) through the �E(G3 large) term[37d] [Eqs. (2)
and (3)] should lead, according to our previous findings,[36] to
more reliable results, especially in the case of the cheletropic
reaction as mentioned in the Theoretical Methods section.


Discussion


In agreement with our experimental results for (E)-11, (Z)-11,
(E)-13, (Z)-13, (E)-8, and (Z)-8, which showed lower hetero-
Diels ±Alder reactivity toward SO2 for (Z)-1-fluorobuta-
dienes than for the corresponding (E)-isomers, our calcula-
tions predicted that (E)-1-fluorobutadiene ((E)-11) is more


Table 7. Selected geometrical data for cis-fluorosultine cis-9 ; the atom numbering is
given in Figure 1 (X-ray). The corresponding MP2/6 ± 31G(d) computed values for
the most stable sofa conformer of cis-20 are given in square brackets.


Bond lengths [ä]
C1�C2 1.490(10) [1.49554] S1�O1 1.630(5) [1.71716]
C2�C3 1.331(10) [1.33864] S1�O2 1.482(5) [1.48363]
C3�C4 1.506(10) [1.4990] O1�C1 1.418(9) [1.41249]
C4�S1 1.785(7) [1.82077] C1�F1 1.399(8) [1.38775]
Bond angles [�]
C1-C2-C3 122.5(6) [123.827] O1-S1-O2 108.8(3) [112.228]
C2-C3-C4 123.6(7) [122.776] S1-O1-C1 120.0(4) [118.750]
C3-C4-S1 115.1(5) [110.435] O1-C1-F1 106.4(6) [109.789]
C4-S1-O1 96.9(3) [92.537] F1-C1-C2 110.4(6) [108.311]
C4-S1-O2 105.2(3) [106.540] O1-C1-C2 116.3(6) [115.342]
Torsional angles [�]
C1-C2-C3-C4 10.4(4) [3.057] S1-C4-C3-C2 21.2(3) [33.116]
O1-C1-C2-C3 2.3(4) [3.610] F1-C1-C2-C3 � 118.3(3) [�127.067]


Table 8. Selected geometrical data for fluorosultine trans-9 (atom numbering given
in [11]). Corresponding MP2/6 ± 31G(d) computed values for the most stable sofa
conformer of trans-20 in square brackets.


Bond lengths [ä]
C1-C2 1.511(4) [1.49875] S1-O1 1.6840(19) [1.73761]
C2-C3 1.351(3) [1.34153] S1-O2 1.475(2) [1.48173]
C3-C4 1.517(4) [1.50250] O1-C1 1.413(2) [1.39927]
C4-S1 1.796(3) [1.80908] C1-F1 1.414(3) [1.39718]
Bond angles [�]
C1-C2-C3 122.1(2) [123.478] O1-S1-O2 102.9(11) [105.189]
C2-C3-C4 123.3(2) [123.280] S1-O1-C1 113.98(16) [113.840]
C3-C4-S1 110.68(18) [108.565] O1-C1-F1 106.6(2) [110.306]
C4-S1-O1 93.57(11) [91.095] F1-C1-C2 110.8(2) [107.836]
C4-S1-O2 106.94(13) [107.802] O1-C1-C2 114.6(2) [113.841]
Torsional angles [�]
C1-C2-C3-C4 10.4(4) [2.975] S1-C4-C3-C2 21.2(3) [31.480]
O1-C1-C2-C3 2.3 [3.880] F1-C1-C2-C3 � 118.3(3) [�118.856]
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Scheme 14. In a vacuum and in solution (permittivity of 13.3 to simulate
experimental conditions) relative energies in kcalmol�1 for the reactions of
2-fluorobuta-1,3-diene (12) with SO2. In parentheses: vacuum-optimized
structures; in square brackets: single-point MP2SCRF/6 ± 31G(d)//MP2 (in
a vacuum)/6 ± 31G(d) calculations. See Supporting Information for the
corresponding absolute energies.


Figure 3. Calculated structures for sultines 28 and 29. Energies
(kcalmol�1) relative to 2-fluorobuta-1,3-diene � SO2, single-point MP2
SCRF/6 ± 31G(d)//MP2 (in vacuum)/6 ± 31G(d), see also Scheme 14.
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reactive than its (Z)-isomer in the absence of protic acid
catalyst. The calculations must be compared with the exper-
imental data obtained for the uncatalyzed reactions of (E)-8
and (Z)-8 (Scheme 2). As established experimentally for
these hetero-Diels ±Alder additions, the endo mode of cyclo-
addition is predicted to be favored for (E)-11 � SO2 and (Z)-
11 � SO2. In the light of these predictions, the sultine
observed by NMR for the reaction SO2 � (E)-11 in the
presence of CF3COOH might well be cis-20. Similarly, the


major sultines formed by hetero-Diels ±Alder additions of
(E)-13 and (Z)-13 might well be cis-30 and trans-30, respec-
tively, both arising from favored endo mode cycloadditions.


Our calculations for 2-fluorobuta-1,3-diene (12)
(Scheme 14) predict an energy barrier (�E� 17.4 kcalmol�1)
for the formation of sultine 28 that is similar to that calculated
(�E� 16.5 kcalmol�1) for the hetero-Diels ±Alder addition
(E)-11 � SO2� cis-20. However the energy of reaction 12 �
SO2� 28 (�E��1.7 kcalmol�1) appears too low for that
equilibrium to exist under our experimental conditions (�100
to �10 �C). The same prediction is made concerning the
cheletropic addition 12 � SO2� 27 for which �E�
�1.9 kcalmol�1 is calculated, thus explaining that no product
of addition is observed for SO2 to 12 (compare with the
exothermicities calculated for the reactions of (E)-11 � SO2,
Scheme 9). The prediction that �E(12 � SO2� 27) is similar
to �E(12 � SO2� 28) is unexpected. We must admit that it
could be due to imperfections of our calculations method.


Compared with isoprene or (E)-piperylene, (E)-1-chloro-
and (E)-1-bromobutadiene are much less reactive toward
SO2, both for the hetero-Diels ±Alder and cheletropic
additions.[6] In fact, no trace of sultines could be detected
for the reactions of 1-chloro and 1-bromobutadiene with SO2.
Only slow and incomplete formation of the corresponding
chloro- and bromosulfolenes was observed.[6] In contrast,
none of our 1-fluoro-1,3-dienes underwent the cheletropic
addition, although our calculations predicted similar heats of
reaction for the hetero-Diels ±Alder and for the cheletropic
additions of SO2 to (E)-11 to give fluorosultine cis-20 and
fluorosulfolene 26, respectively (Table 6). The calculations
predict, however, that the energy barrier for the hetero-
Diels ±Alder addition (E)-11 � SO2� cis-20 is significantly
lower than that for the cheletropic addition (E)-11 � SO2�
26, and that the latter is higher that the energy barrier of the
cheletropic addition of SO2 to (E)-1-chlorobutadiene; this is
consistent with our experiments.


With the tricyclic fluorosultines cis-9 and trans-9 we have
demonstrated that the latter isomer is more stable in solution
than the former. The calculations do not predict any
significant stability difference between cis-20 and trans-20
(Table 5). It is thus possible that the greater stability of trans-9
compared with cis-9 arises from the substitution of the
fluorosultines at their C4,5 olefinic centers, or/and from
differential solvation effects, or/and from differences in the
flexibility (entropy factor) of these sultines. Similar relative
stabilities are calculated for the chair (trans-20(C)), the boat
(trans-20(B)) and sofa (trans-20(So)) conformers of 6-fluo-
rosultine trans-20 (see Scheme 15). This confers a greater
flexibility on trans-20 relative to cis-20 and thus could make
the former sultine more stable than the latter in solution.


Except for 6-methoxy-3,6-dihydro-1,2-oxathiin-2-oxide
(42) and 2-methoxy-2,5-dihydrothiophene-1,1-dioxide (43),
which were calculated to have similar relative stabilities,[6] all
the sulfolenes are generally more stable than their isomeric
sultines by about 10 kcalmol�1.[5a, 8] In the case of the
chlorinated derivatives, 2-chloro-2,5-dihydrothiophene-1,1-
dioxide (44) is calculated to be �5.6 kcalmol�1 more stable
than cis-6-chloro-3,6-dihydro-1,2-oxathiin-2-oxide (cis-45)
(Table 9). As for cis-20, it is calculated that the latter adopts


Figure 4. Calculated transition structures for the hetero-Diels ±Alder
addition of 2-fluorobutadiene � SO2 giving 4-fluorosultine (28) or
5-fluorosultine (29). Energies in kcalmol�1, see also Scheme 14.


Figure 5. Calculated structure of 3-fluorosulfolene (27) and of the
transition structure of the cheletropic addition 12 � SO2� 27. Energies
in kcalmol�1, see also Scheme 14.
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a sofa conformation (ring oxygen in the carbon plane, gauche
O�S and Cl�C bonds, pseudo-axial positions of the S�O
moiety).[6] Thus, our calculations, which predict similar
stabilities for 6-fluorosultine cis-20 and 2-fluorosulfolene 26,
suggest the intervention of special electronic interactions in
sultines, such as the gem-fluoro sulfinyloxy substitution effect
(enthalpic anomeric effect), as also suggested by our experi-
ments (Scheme 10). In order to evaluate such a possibility, we
have estimated the heats of the isodesmic reactions, shown in
Scheme 15, for the three conformers located on the potential
energy hypersurfaces of cis-20 and trans-20, and compared
them with those calculated for other isodesmic reactions
involving 4-fluoro (28), 5-fluoro (29), cis-6-methoxy- (cis-42),
cis-6-chlorosultine (cis-44), and cis-6-methyl-3,6-dihydro-1,2-
oxathiin-2-oxide. The calculations suggest the existence of


enthalpic anomeric effects[51] that stabilize the 6-fluorosultines
and 6-methoxysultines relative to the 4-fluoro and 5-fluoro-
sultines and to the 6-methyl and 6-chlorosultines. This effect is
the largest for trans-20, which takes up the sofa conformation
(Scheme 7), then in the boat and in the sofa conformer of cis-
20. The origin of these effects has been researched by
evaluating the total hyperconjugative contributions arising
from n��* interactions[51] in the three conformers located on
the potential energy hypersurface of cis-20 and trans-20
(Scheme 9, Table 10). Particularly significant are the contri-
butions due to the n(O1)� �*(C6,F) electron transfer, which
is commonly associated with the conformational anomeric
effect.[52] It is found to be more important in the sofa and boat
conformers, which authorize a better alignment between the
n(O1) electron pair and the empty �*(C6,F) orbitals than for
the pseudo-chair conformations of cis-20 and trans-20
(Figure 6).


The data in Table 10 suggest that the n(O1)� �*(C6,F)
interaction is not the only hyperconjugative interaction
affecting the relative stability of the various conformers of
the 6-fluorosultines.


Sultines cis-20(C) and trans-20(So) with pseudo-equatorial
S�O moieties are less stabilized by the n(O1)��*(S2,O2�)
interaction than the other conformers with a pseudo-axial
S�O group. This is also calculated for the mother sultine (3,6-
dihydro-1,2-oxathiin-2-oxide 2H) and alkyl substituted de-
rivatives.[6] For sofa and pseudo-chair conformers, the calcu-
lations show that the n(S2)� �*(O1,C6) interaction is less
stabilizing in sultines with pseudo-equatorial S�O than in
conformers with pseudo-axial S�Omoieties. Conformers with
pseudo-equatorial S�O have their n(S2) electron pair at the
sulfur center gauche with respect to the �(O1,C6) bond
whereas in conformers with pseudo-axial S�O it is antiperi-
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Scheme 15. Evaluated (MP2/6 ± 31G(d)) energies (�E in kcalmol�1) of isodesmic reactions involving sultines. Values in boxes are the largest enthalpic
anomeric effects.


Table 9. Comparison of the G2(MP2,SVP) calculated heat of reaction
(�Hr) and energy barriers (�E�) for the hetero-Diels ±Alder and chele-
tropic additions of SO2 to (E)-1-X-butadiene (X�F, Cl) [kcalmol�1].[a,b]


Reactants Products X�F X�Cl[b]


X


+  SO2


‡


‡endo
O


S


H


X


O


cis-20[c] cis-45[c]


�Hr��4.0 (�1.5) � 4.4 (�0.8)
�E�� 17.3 (�0.6)[d] 23.6 (0.1)[d]


SO2


X


26 44
�Hr��3.8 (�1.8) � 10.0 (�2.6)
�E�� 20.7 (�1.3) 19.6 (0.5)


[a] MP2 SCRF/6 ± 31G(d) estimates of the electrostatic solvent effect by
using a relative permittivity of 13.3 to simulate the experimental conditions
in parentheses. [b] Taken from Ref. [6]. [c] Both sultines cis-20 and cis-6-
chloro-3,6-dihydro-1,2-oxathiin-2-oxide (cis-45) prefer sofa Soax conforma-
tions (ring oxygen atom in the four carbon atom plane, pseudo-axial S�O).
[d] Lowest barriers calculated for the endo mode of cycloaddition in both
cases.
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planar with respect to �(O1,C6). We must bear in mind that
this analysis (Table 10) does not consider possible differential
effects due to electrostatic repulsions between the polar
groups of the fluorosultines, and steric factors.


Comparison of the crystalline structures of fluorosultines
cis-9 and trans-9,[11] which both adopt sofa conformations, had
suggested that the ring oxygen in cis-20(So) must share its n
electron lone-pair with both the C�F and S�O moieties,
whereas in trans-20(So) the ring oxygen atom has all its n
electrons available for the hyperconjugative n(O1)�
�*(C6,F) interaction. Accordingly, a larger enthalpic anome-
ric effect is expected for the latter 6-fluorosultine in agree-
ment with the calculations on the isodesmic reaction in
Scheme 15 and the stabilizing n(O1)��*(C6,F) contribu-
tions in Table 10 that predict the largest effect for trans-
20(So).


Calculations show only two minima on the energy hyper-
surfaces of both 4-fluorosultine 28 and 5-fluorosultine 29,
which correspond to Cax and Ceq pseudo-chair conformations,
as in the case of the parent sultine.[6] As expected for
stereoelectronic reasons (n(O1)��*(S2,O2�), �*(SO)), the
Cax conformers with pseudo-axial S�O moieties are more
stable than Ceq conformers with pseudo-equatorial S�O
groups by about 3 kcalmol�1 (Scheme 14). The finding of


sofa conformations in the crys-
talline fluorosultines cis-9 and
trans-9 is corroborated by our
calculations for cis-20 and
trans-20. It suggests that 6-sub-
stitution is capable of deform-
ing the pseudo-chair conform-
ers into the corresponding
sofa conformers. Calculations
on 6-methyl, 6-chloro-, and
6-methoxysultines[6] suggest
the same phenomenon in these
sultines. In the case of the cis-
sultines, steric repulsion (gau-
che interactions) between the
pseudo-axial substituent at C6
and the pseudo-axial S�O
group in the pseudo-chair con-
formers might be responsible
for their deformation into sofa
conformers.[53, 54]


Conclusion


Unlike 1-chloro- and 1-bromobuta-1,3-diene, 1-fluoro-1,3-
dienes can undergo hetero-Diels ±Alder addition with sulfur
dioxide to give the corresponding 6-fluoro-3,6-dihydro-1,2-
oxathiin-2-oxides (6-fluorosultines). (E)-1-fluoro-1,3-dienes
are more reactive than their (Z)-isomers and tend to undergo
the endo (Alder rule) mode of cycloaddition, as proven for the
reaction of SO2 with (Z)- and (E)-1-(fluoromethylidene)-2-
methylidene-1,2,3,4-tetrahydronaphthalene (E)-8, (Z)-8) that
provides crystalline cis-2-fluoro-3,4-oxathiabenzobicy-
clo[4.4.0]dec-1(6)-9-diene-4-oxide (cis-9) and its trans-isomer
(trans-9),[11] respectively, and as predicted by high-level
quantum calculations. Unlike 1-chloro-, 1-bromo- and other
1-substituted buta-1,3-dienes (Scheme 1), 1-fluoro-1,3-dienes
(8, 11, 13) do not undergo cheletropic additions to give the
corresponding 2-fluoro-2,5-dihydrothiophen-1,1-dioxides (2-
fluorosulfolenes). The greater hetero-Diels ±Alder reactivity
of 1-fluoro-1,3-dienes relative to their 1-chloro and 1-bromo
analogues might be due to the higher exothermicity for the
formation of the corresponding 6-fluorosultines than for
6-chloro or 6-bromosultines and to the barriers involved in the
last two. Experiments–equilibrium constant for the hetero-
Diels ±Alder addition of (E)-1-(fluoromethylidene)-2-meth-
ylidenecyclohexane (E)-13 � SO2� cis-2-fluoro-3,4-oxathia-
bicyclo[4.4.0]dec-1(6)-ene-4-oxide (cis-30) compared with
that for 1,2-dimethylidenecyclohexane (35) � SO2� 3,4-
oxathiabicyclo[4.4.0]dec-1(6)-ene-4-oxide (36)–bond lengths
and bond angles in crystalline fluorosultines cis-9 and trans-9,
and high-level quantum calculations confirm the existence of
stabilizing enthalpic anomeric (gem-disubstitution) effects,
which can be interpreted in terms of n(O1)� �*(C6,F)
hyperconjugative interaction. This effect is strongest in the
sofa conformer (gauche arrangement of �(O1,S2) and �(C6,F)
bonds, ring oxygen in the plane of the four carbon atoms of


Table 10. Different hyperconjugative contributions (�E, kcalmol�1) calculated at the MP2/6 ± 31G(d) level of
theory for the electron transfers from lone pairs (n) to empty �* and �* orbitals in the conformers of cis-20 and
trans-20.[b]


Structure[a] relative �E[d] n(O1)� n(O1)� �*(S2,O2�), n(O2�)� n(O2�)�
energy[c] �*(C6,F) �*(S�O) �*(S�2,O1) �*(S2,C3)


cis-20(So) � 4.2 � 12.9 � 15.9 � 10.3 � 1.5 � 14.1
cis-20(C) � 1.4 � 11.9 � 4.9 � 9.0[e] � 2.2 � 12.7
cis-20(B) � 1.2 � 13.4 � 13.1 � 13.8 � 1.4 � 13.0
trans-20(So) � 3.9 � 15.5[f] � 16.7[f] � 8.2[e] � 2.1 � 13.0
trans-20(C) � 4.0 � 11.4 � 4.9 � 10.6 � 1.8 � 12.8
trans-20(B) � 3.0 � 11.0 � 16.1 � 13.2 � 1.7 � 13.9


n(S2)� n(F)� n(F)� �E
�*(O1,C6) �*(C6,O1) �*(C6,C5) total


� 4.3 � 12.8 � 5.7 � 64.6
� 0.9[d] � 12.1 � 6.2 � 48.0
� 4.0 � 12.4 � 5.9 � 63.6
� 1.0[d] � 12.1 � 5.5 � 58.6
� 4.0 � 12.2 � 6.1 � 52.4
� 4.1 � 11.7 � 5.5 � 66.2


[a] See Schemes 9 and 15 (So� sofa with ring oxygen atom in the four-carbon plane, C� pseudo-chair, B� boat).
[b] See text for the method. [c] See Table 5 (pseudo-G3 values). [d] Estimated energies of isodesmic reactions.
[e] Conformers with pseudo-equatorial S�O. [f] The largest conformational and enthalpic anomeric effect is
found for the sofa conformer trans-20(So) and corresponds to the most stable sultine trans-9 and its conformation
in the crystal.
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Figure 6. Orientation of the n(O) 2p orbital of the ring oxygen atom with
the �(C�F) bond in the various conformers of 6-fluoro-3,6-dihydro-1,2-
oxathiine-2-oxides (6-fluorosultines).
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the sultine moiety, pseudo-axial S�O bond) cis-20(So), the
most stable conformer calculated for cis-6-fluorosultine and
found in the crystalline state of cis-9. Similarly the sofa
conformer trans-20(So), calculated for trans-6-fluorosultine
and corresponding to the conformation observed in the
crystalline state of trans-9, experiences the strongest
n(O1)� �*(C6,F) hyperconjuative interaction. The calcula-
tions also suggest that n(O1)� �*(S2,O2�), �*(S�O), and
n(S2)� �*(O1,C6) interactions intervene and affect the
relative stability of the conformers (sofa, boat, pseudo-chair)
found for the 6-fluorosultines cis-20 and trans-20.


Experimental Section


The 1H NMR were recorded on Bruker DPX400 FT, ARX400 FT, and
DRX400 FT spectrometers. The signals of residual solvents were used as
references (�(CHCl3)� 7.27, �(MeOH)� 3.35, �(CH2Cl2)� 5.35, �(C6H6)�
7.20). When necessary, the 1H signal assignments were confirmed by COSY-
45 spectra. The 13C NMR spectra were recorded on Bruker DPX400 FT,
ARX400 FT, and DRX400 FT spectrometers at 100.6 MHz. The signals of
residual solvents were used as references (�(CHCl3)� 77.0, �(MeOH)�
49.0, �(CH2Cl2)� 53.8, �(C6H6)� 128.5). When necessary, the 13C signal
assignments were confirmed by XHCORR or HMQC spectra. The 19F
NMR spectra were recorded on a Bruker ARX-400 spectrometer at
376.5 MHz. CFCl3 was used as internal reference.


NMR sample preparation and thermochemical parameters : CD2Cl2 and
toluene were distilled over anhydrous CaH2; CF3COOH and MeCN over
P2O5. Sulfur dioxide was filtered through a column of alkaline aluminum
oxide 90 (activity I, Merck) before use. Diene (0.05 ± 0.3 mmol), toluene or
acetonitrile (internal reference, 5 ± 10 mg), and CD2Cl2 (0.2 ± 0.3 g) were
mixed in a weighed, dry, 5 mm NMR Pyrex tube under Ar atmosphere at
20 �C. If viscous solutions were obtained at very low temperatures, mixtures
of CD2Cl2 and CFCl3 were used instead of pure CD2Cl2. The solution was
degassed by several freeze ± thaw cycles at 10�2 mbar. Degassed SO2 (0.1 ±
0.4 mL) and CF3COOH (stoichiometric amount, if any) were transferred to
the above mixture on the vacuum line, and the NMR tube was sealed under
vacuum at �196 �C (liquid nitrogen). The NMR tube was then warmed to
�80 �C (acetone/dry ice bath) and transferred into the spectrometer probe,
which had been pre-cooled to the desired temperature for the analyses.
Other tubes were left in thermostated EtOH baths at various temperatures
until equilibria were reached, then cooled to �80 �C and transferred to the
spectrometer. When the equilibrium constant measurements were termi-
nated, the NMR tube was allowed to reach 25 �C and was weighed with the
piece of tube left over after sealing; this allowed verification of the exact
amount of SO2 introduced in the diene solution.


1:1 Mixture of (E)- and (Z)-7-(2-Fluoroethenyl)dibenzobicyclo[2.2.2]octa-
2,5-diene (15): A freshly prepared solution of iPr2NLi (from iPr2NH,
5.7 mL) in anhydrous THF (30 mL) was added slowly to a stirred
suspension of (fluoromethyl)triphenylphosphonium tetrafluoroborate
(13.8 g, 36 mmol) in anhydrous THF (250 mL) cooled to �78 �C under
N2 atmosphere. The mixture was stirred at 0 �C for 15 min and then cooled
to �78 �C. A solution of dibenzobicyclo[2.2.2]octa-2,5-diene-7-carbalde-
hyde (14 ; 8.5 g, 36 mmol)[14] in anhydrous THF (15 mL) was added under
stirring, and the mixture was allowed to warm up to 25 �C. After the
mixture had been stirred at 25 �C for 12 h, the precipitate was filtered off,
and the filtrate concentrated in vacuo. Flash chromatography on silica gel
(EtOAc/light ether petroleum 9:1) afforded a 1:1 mixture of (E)- and (Z)-
15 as a pale yellow oil. Yield: 5 g (50%); IR (film): �	 � 3070, 2945, 1670,
1470, 1095, 995, 920, 760 cm�1; UV (MeCN): 
max (�)� 271 (3700), 264
(3500), 250 (7300), 223 nm (7000 mol�1dm3cm�1); elemental analysis calcd
(%) for C18H15F (250.32): H 6.04, C 86.32; found: H 5.89, C 86.23.


Data for (E)-isomer: 1H NMR (400 MHz, CDCl3) �� 7.16 ± 6.96 (m, 8H),
6.09 (ddd, 2J(H,F)� 85.1, 3J(H,H)� 11.1, 4J(H,H)� 0.4 Hz, HCF), 4.80
(ddd, 3J(H,F)� 18.3, 3J(H,H)� 11.1, 10.0 Hz, 1H), 3.91 (dd, 3J(H,H)� 2.9,
2.5 Hz, H4), 3.52 (d, 3J(H,H)� 2.5 Hz, H1), 2.10 (tddd, 3J(H7,Hsyn-8)� 10.0,
3J(H7,H-C(ethylidene))� 10.0, 3J(H7,Hanti-8)� 4.5, 3J(H1,H7)� 2.5,
4J(H7,HCF(ethenyl)� 0.4 Hz, H7), 1.73 (ddd, 2J� 12.5, 3J� 10.0, 2.9 Hz,
Hsyn-8), 1.07 (ddd, 2J� 12.5, 3J� 4.5, 2.5 Hz, Hanti-8); 13C NMR (100.6 MHz,


CDCl3): �� 148.2 (dd, 1J(C,H)� 198, 1J(C,F)� 255 Hz, FCH), 145 ± 120
(12 Carom), 115.8 (d, 1J(C,H)� 150 Hz, HC-C7), 50.5 (d, 1J(C,H)� 141 Hz,
C1), 44.1 (d, 1J(C,H)� 137 Hz, C4), 35.2 (d, 1J(C,H)� 132 Hz, C7), 35.1 (t,
1J(C,H)� 132 Hz, C8); 19F NMR (376.5 MHz, CDCl3): ���130.6 (dd,
2J(H,F)� 85.1, 3J(H,F)� 18.3 Hz).


Data for (Z)-isomer: 1H NMR (400 MHz, CDCl3) �� 7.16 ± 6.96 (m, 8H),
5.96 (ddd, 2J(H,F)� 85.6, 3J(H,H)� 4.7, 4J(H,H)� 1.0 Hz, HCF), 4.01 (ddd,
3J(H,F)� 42.8, 3J(H,H)� 10.0, 4.7 Hz, HC-C7), 3.99 (d, 3J� 2.5 Hz, H1),
3.89 (dd, 3J� 2.9, 2.5 Hz, H4), 3.17 (tddd, 3J� 10.0, 4.5, 2.5, 4J� 1.0 Hz,
H7), 1.89 (ddd, 2J� 12.5, 3J� 10.0, 2.9 Hz, Hsyn-8), 1.13 (ddd, 2J� 12.5, 3J�
4.5, 2.5 Hz, Hanti-8); 13C NMR (100.6 MHz, CDCl3): �� 146.8 (dd,
1J(C,H)� 203 Hz, 1J(C,F)� 253 Hz, FCH), 145 ± 120 (12 Carom), 115.3 (d,
1J(C,H)� 169 Hz, HC-C7), 49.5 (d, 1J(C,H)� 140 Hz, C1), 44.1 (d,
1J(C,H)� 137 Hz, C4), 35.1 (t, 1J(C,H)� 132 Hz, C8), 32.3 (d, 1J(C,H)�
132 Hz, C7); 19F NMR (376.5 MHz, CDCl3): ���130.6 (dd, 2J(H,F)�
85.6, 3J(H,F)� 42.8 Hz); CI-MS (NH3): m/z (%): 268 (100) [M��18], 252
(6) [M��1], 178 (100), 152 (8), 84 (11).


1:1 Mixture of (E)- and (Z)-1-Fluorobutadiene ((E)-11, (Z)-11): Com-
pound 15 (400 mg, 1.6 mmol) was placed in a 10 mL round-bottom flask
connected through a short Vigreux column to the vacuum line. Heating to
350 �C (heating mantle) under 10�2 Torr generated a 1:1 mixture of (E)-11
and (Z)-11 as a colorless, volatile oil, which was collected in a 5 mm NMR
tube connected to the vacuum line and immersed in liquid N2. Yield: 30 mg
(25%).


Data for (E)-11: 1H NMR (400 MHz, CD2Cl2) �� 6.89 (ddd, 2J(H,F)� 83.1,
3J(H,H)� 11.0, 4J(H,H)� 0.6 Hz, H1), 6.24 (dddd, 3J� 16.8, 11.4, 11.0,
4J(H3,F)� 1.6 Hz, H3), 6.08 (ddd, 3J(H2,F)� 17.1, 3J(H2,H3)� 11.4,
3J(H1,H2)� 11.0 Hz, H2), 5.25 (dm, 3J� 16.8 Hz, H(Z)4), 5.12 (dm, 3J�
11.0 Hz, H(E)4); 13C NMR (100.6 MHz, CD2Cl2): �� 152.9 (dd, 1J(C,F)�
261, 1J(C,H)� 200 Hz, C1), 129.5 (dd, 1J(C,H)� 156, 3J(C,F)� 9 Hz, C3),
117.9 (t, 1J(C,H)� 156 Hz, C4), 114.9 (d, 1J(C,H)� 158 Hz, C2); 19F NMR
(376.5 MHz, CD2Cl2): �� 125.9 (dd, 2J(F,H)� 83.1, 3J(F,H2)� 17.1 Hz).


Data for (Z)-11: 1H NMR (400 MHz, CD2Cl2) �� 6.68 (dddd, 3J� 17.2,
11.2, 10.9, 4J� 1.0 Hz, H3), 6.49 (ddd, 2J(H,F)� 83.3, 3J(H1,H2)� 4.7,
4J(H1,H3)� 1.0, 5J(H1,H(E)4)� 1.8, 5J(H1,H(Z)4)� 1.0 Hz, H1), 5.50
(ddddd, 3J(H2,F)� 40.9, 3J(H2,H3)� 10.9, 3J(H1,H2)� 4.7, 4J(H2,
H(E)4)� 4J(H2,H(Z)4)� 0.7 Hz, H2), 5.30 (dm, 3J(H3,H(E)4)� 11.2 Hz,
H(E)4), 5.15 (dm, 3J(H3,H4)� 17.2 Hz, H(Z)4); 13C NMR (100.6 MHz,
CD2Cl2): �� 148.5 (dd, 1J(C,H)� 280, 1J(C,H)� 204 Hz, C1), 127.3 (d,
1J(C,H)� 157 Hz, C3), 117.5 (t, 1J(C,H)� 156 Hz, C4), 112.3 (d, 1J(C,H)�
158 Hz, C2); 19F NMR (376.5 MHz, CDCl3): �� 125.2 (dd, 2J(F,H)� 83.3,
3J(F,H2)� 40.9 Hz).


(E)-1-[(Dimethylamino)methyl]-2-fluoromethylidenecyclohexane ((E)-
17): tBuOK (2.4 g, 21 mmol) and [18]crown-6 (5 mg) were added to a
stirred suspension of (fluoromethyl)triphenylphosphonium tetrafluorobo-
rate (8.3 g, 22 mmol) in anhydrous THF (40 mL) under Ar atmosphere.
After stirring at 25 �C for 15 min, the mixture was cooled to 0 �C, and a
solution of 2-[(dimethylamino)methyl]cyclohexanone (16 ;[15] 19 mmol) in
anhydrous THF (10 mL) was added dropwise under stirring. After the
mixture had been stirred at 0 �C for 30 min, then at 25 �C for 2 h, the
precipitate was filtered off, and the solution was concentrated in vacuo.
Bulb-to-bulb distillation (0.4 Torr, 130 �C) afforded pure (E)-13 as a
colorless oil. Yield: 2.5 g (85%); 1H NMR (400 MHz, C6D6): �� 6.48 (d,
2J(H,F)� 88.0 Hz, HC-C2), strong NOE with CH2-C1), two-dimensional
1H NOESY spectrum), 2.35 (m, H3), 2.00 (s, Me2N), 2.16 ± 1.89 (m, CH2-
C1), H1, H3), 2.16 ± 1.20 (m, 6H); 13C NMR (100.6 MHz, C6D6): �� 142.3
(dd, 1J(C,H)� 201, 1J(C,F)� 250 Hz, FCH), 123.5 (d, 2J(C,F)� 5 Hz, C2),
61.8 (t, 1J(C,H)� 130 Hz, CH2-C1), 45.6 (q, 1J(C,H)� 127 Hz, Me2N), 38.8
(dd, 1J(C,H)� 124, 3J(C,F)� 6 Hz, C1), 31.3 (t, 1J(C,H)� 129 Hz), 27.2 (t,
1J(C,H)� 128 Hz), 24.0 (t, 1J(C,H)� 132 Hz), 23.1 (td, 1J(C,H)� 129,
3J(C,F)� 7 Hz, C6); 19F NMR (376.5 MHz, CDCl3): ���142.0 (d,
2J(CH,F)� 88.0 Hz); IR (film): �	 � 2930, 2770, 1685, 1460, 1450, 1265,
1185, 1095, 1060, 1035, 860, 805, 645 cm�1; UV (MeCN): 
max (�)� 199 nm
(5400mol�1dm3cm�1); CI-MS (NH3): m/z (%): 171 (8) [M�], 170 (60), 150
(10), 138 (8), 123 (16), 110 (50), 98 (100), 91 (62), 79 (53), 70 (32); elemental
analysis calcd (%) for C10H18FN (171.26): C 70.13, H 10.59; found: C 70.03,
H 10.52.


Data for 2-[(Dimethylamino)methyl]cyclohexanone (16): Colorless liquid.
1H NMR (400 MHz, CDCl3): �� 2.62 (dd, 2J� 12.4, 3J� 6.0 Hz, CH2-C2),
2.45 (dddd, 2J� 13.0, 3J� 7.0, 6.9, 6.8 Hz, H2), 2.32, 2.25, 2.15 (3m, 5H),
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2.14 (s, Me2N), 1.87, 1.82, 1.65, 1.34 (4m, 5H); 13C NMR (100.6 MHz,
CDCl3): �� 212.6 (s, C1), 59.0 (t, 1J(C,H)� 131 Hz, CH2-C2), 49.0 (d,
1J(C,H)� 124 Hz, C2), 45.9 (q, 1J(C,H)� 133 Hz, Me2N), 41.9, 32.5, 28.0,
24.5 (4t, 1J(C,H)� 130 Hz, 4 C); IR (film): �	 � 2940, 2860, 1710, 1460, 1310,
1385, 1220, 1130, 1030, 875 cm�1; UV (MeCN): 
max (�)� 206 nm
(7100 mol�1 dm3cm�1); CI-MS (NH3): m/z (%): 156 (10) [M��1], 136
(25), 123 (20), 111 (20), 94 (10), 82 (16).


1:1.7 Mixture of (Z)- and (E)-17: nBuLi (1.6�) in hexane (48 mL, 77 mmol)
was added with a syringe to a stirred suspension of (fluoromethyl)triphen-
ylphosphonium tetrafluoroborate (30 g, 77 mmol) in anhydrous THF
(250 mL) cooled to �78 �C under N2 atmosphere. The resulting orange
solution was stirred at �78 �C for 4 h, then 16 (12.0 g, 77 mmol) in THF
(20 mL) was added slowly under stirring at �78 �C. The mixture was
allowed to warm up to 25 �C and stirred for 15 h. The brown precipitate was
filtered off (Celite), and the solution was concentrated in vacuo. The
residue was extracted with ether, and the extracts were concentrated in
vacuo. Flash chromatography on silica gel (CH2Cl2/MeOH 9:1) afforded a
1:1.7 mixture of (Z)-17 and (E)-17. Yield: 4.0 g (31%).


Data for (Z)-17: 1H NMR (400 MHz, C6D6): �� 6.28 (d, 2J(H,F)� 87.7 Hz,
HCF-C2; no NOE with CH2-C1), 3.25 (m, 1H), 2.30 (dd, J� 8.5, 4.3 Hz,
1H), 2.18 (s, Me2N), 2.00 ± 1.10 (m, 9H); 13C NMR (100.6 MHz, C6D6): ��
142.2 (dd, 1J(C,H)� 200, 1J(C,F)� 252 Hz, CH-F), 123.7 (s, C2), 60.9 (t,
1J(C,H)� 130 Hz, CH2-N), 45.6 (q, 1J(C,H)� 127 Hz, 2C; Me2N), 31.4 (d,
1J(C,H)� 124 Hz, C1), 28.7 (t, 1J(C,H)� 129 Hz), 28.5 (t, 1J(C,H)�
128 Hz), 25.3 (td, 1J(C,H)� 130, 3J (C,F)� 10 Hz, C3), 22.1 (t, 1J(C,H)�
126 Hz); 19F NMR (376.5 MHz, CDCl3): ���140.1 (d, 2J(F,H)� 87.7 Hz).


Data for the 1:1.7 mixture of (E)-17 and (Z)-17: IR (film): �	 � 3000, 2855,
2765, 1685, 1460, 1445, 1265, 1185, 1095, 1060, 1040, 805, 650, 605 cm�1; UV
(MeCN): 
max (�)� 202 nm (2300 mol�1dm3cm�1).


(E)-1-(Fluoromethylidene)-2-methylidenecyclohexane ((E)-13): A solu-
tion of (E)-17 (2.0 g, 12 mmol) and MeI (1.6 mL, 3.9 g, 27 mmol) in
anhydrous Et2O (25 mL) was stirred at 25 �C for 8 h. The precipitate was
collected and washed with Et2O (5 mL), affording (E)-18 (3.6 g, 98%) as
white solid; m.p. 177 ± 178 �C. A solution of (E)-18 (2.5 g, 8 mmol) and
Ag2O (2.3 g, 10 mmol) in H2O (40 mL) was stirred at 25 �C for 15 h. The
water was evaporated (20 Torr, 35 �C),and the residue was heated in a bulb-
to-bulb distillation apparatus to 150 �C under 0.1 Torr. The volatile product
collected at �78 �C was dissolved in pentane (5 mL) and dried (MgSO4).
Solvent evaporation (35 �C, 700 mbar) afforded (E)-13 as a colorless liquid.
Yield: 500 mg (50%); 1H NMR (400 MHz, CDCl3): �� 6.65 (ddd,
2J(H,F)� 86.9, 4J(H,H)� 1.6, nJ(H,F)� 1.55 Hz, H-CF), 4.77 and 4.63
(2br s, H2C�C2)), 2.26 (m, 4H), 1.63 (m, 4H); 13C NMR (100.6 MHz,
CDCl3): �� 143.7 (d, 3J(C,F)� 8 Hz, C2), 141.6 (dd, 1J(C,H)� 203,
1J(C,F)� 259 Hz, HCF-C1), 124.2 (d, 2J(C,F)� 9 Hz, C1), 108.0 (t,
1J(C,H)� 157 Hz, CH2�C2), 35.0 (t, 1J(C,H)� 127 Hz, C3), 26.8 (t,
1J(C,H)� 124 Hz), 25.3, 24.6 (2 t, 1J(C,H)� 126 Hz); 19F NMR
(376.5 MHz, CDCl3): ���138.0 (d, 2J(H,F)� 86.9 Hz); IR (film): �	 �
2935, 2860, 1670, 1630, 1445, 1260, 1125, 1085, 1065, 895, 815, 735,
630 cm�1; UV (MeCN): 
max (�)� 216 nm (3300mol�1dm3cm�1); CI-MS
(NH3):m/z (%): 126 (100) [M�], 111 (40), 102 (20), 97 (26), 93 (50), 85 (36),
77 (31), 71 (25).


2.5:1 Mixture of (E)-13 and (Z)-13 : When the procedure described above
for the preparation of pure (E)-13 was applied to a 1.7:1 mixture of (E)-17
and (Z)-17, a 2.5:1 mixture of (E)-13 and (Z)-13 was obtained (50%) as a
colorless oil.


Data for (Z)-13 : 1H NMR (400 MHz, CDCl3): �� 6.47 (dt, 2J(H,F)� 85.7,
4J(H,H)� 1.3 Hz, HCF), 5.09, 5.04 (2br s, H2C�C2), 2.80 ± 1.60 (m, 8H);
13C NMR (100.6 MHz, CDCl3): �� 141.6 (dd, 1J(C,H)� 203, 1J(C,F)�
259 Hz, FCH), 140.6 (s, C2), 122.7 (s, C1), 112.9 (dt, 1J(C,H)� 160,
4J(C,F)� 5 Hz, CH2�C2), 35.4 (t, 1J(C,H)� 126 Hz), 28.7 (t, 1J(C,H)�
128 Hz), 26.4 (t, 1J(C,H)� 126 Hz), 22.3 (t, 1J(C,H)� 124 Hz); 19F NMR
(376.5 MHz, CDCl3): ���136.0 (d, 2J(H,F)� 85.7 Hz).


cis- or trans-6-Fluoro-3,6-dihydro-1,2-oxathiin-2-oxide (20): On the vac-
uum line, a 1:1 mixture of (E)- and (Z)-1-fluorobutadiene ((E)-11, (Z)-11;
40 mg), was condensed in a 5 mm NMR tube containing CD2Cl2 (0.2 mL),
SO2 (0.2 mL), and CF3COOH (50 �L). The NMR tube was sealed under
vacuum in liquid N2 and allowed to reach �70 �C in the probe of the NMR
machine. A single diastereomeric adduct was formed at the expense of (E)-
11, exclusively between�70 and�40 �C (toluene as internal reference). At
�40 �C equilibrium (E)-11 � SO2� 20 was reached after 48 h, giving


K 233K� 20)� 0.035 mol�1 dm3. Data for 20 : 1H NMR (400 MHz, CD2Cl2/
SO2): �� 6.24 (m, H4, H5), 5.92 (dm, 2J(H,F)� 51.1 Hz, H6), 3.55 (m,
H2C3); 13C NMR (100.6 MHz, CD2Cl2/SO2) �� 120.5 (dd, 1J(C,H)� 170,
3J(C,F)� 22 Hz, C5), 98.4 (dd, 1J(C,H)� 188, 1J(C,F)� 236 Hz, C6), 46.5 (t,
1J(C,H)� 141 Hz, C3); 19F NMR (376.5 MHz, CD2Cl2/SO2, 233 K): ��
�103.0 (ddd, 2J(H,F)� 51.1, nJ(H,F)� 8.0, 7.9 Hz).


cis-6-(Trifluoroacetoxy)-3,6-dihydro-1,2-oxathiin-2-oxide (21): In the pres-
ence of CF3COOH, compound 20 as obtained above was converted into 21
and 22 at �30 �C. 1H NMR (400 MHz, CD2Cl2/SO2, 243 K) of 21: �� 6.87
(m, H6), 6.30 (m, H4), 6.10 (dddd, 3J(H5,H4)� 11.0, 3J(H5,H6)� 2.0,
4J(H3,H5)� 2.0, 1.8 Hz, H5), 3.88 (dddd, 2J� 17.0, 3J� 4.7, 4J� 1.8,
5J(Heq3,H6)� 1.8 Hz, Heq3), 3.49 (dddd, 2J� 17.0, 3J� 4.6, 4J� 2.0,
5J(Hax3,H6)� 2.0 Hz, Hax6).


Data for (Z)-4-Oxobut-2-ene-1-sulfinyl fluoride (22): 1H NMR (400 MHz,
CD2Cl2/SO2, 243 K): �� 9.71 (d, 3J� 8.0 Hz, H4), 6.85 (ddd, 3J� 11.0, 8.8,
8.4 Hz, H2), 6.72 (dddd, 3J� 11.0, 8.0, 4J(H�1,H3)� 1.3, 4J(H1,H3)� 1.0
(chirality of S) Hz, H3), 4.44 (dddd, 2J� 13.9, 3J� 8.4, 3J(H,F)� 6.2,
4J(H1,H3)� 1.0 Hz, H1), 4.28 (dddd, 2J� 13.9, 3J(H,F)� 22.5,
3J(H�1,H2)� 8.8, 4J(H�1,H3)� 1.3 Hz, H�1); 19F NMR (376.5 MHz,
CD2Cl2/SO2, 243 K): ���22.4 (dd, 3J(H�1,F)� 22.5, 3J(H1,F)� 6.2 Hz).


cis- and trans-2-Fluoro-3,4-oxathiabicyclo[4.4.0]dec-1(6)-ene-4-oxide (cis/
trans-30): (E)-13 (40 mg, 0.32 mmol), CD2Cl2 (0.25 mL), CFCl3 (100 mg),
and SO2 (0.15 mL, 4.6 mmol) were mixed in a 5 mm NMR tube (vacuum
line) at �100 �C, warmed up to �80 �C and left at this temperature for 2 h.
1H NMR at �70 �C showed complete conversion of (E)-13 into a 93:7
mixture of cis-30 and trans-30.


Data for cis-30 : 1H NMR (400 MHz, CD2Cl2/SO2/CFCl3, 203 K): �� 5.66
(dddd, 2J(H,F)� 53.3, 5J(H2,Htrans5)� 1.9, 5J(H2,Hcis5)� 1.0, 5J(H2,H7)�
1.0 Hz, H2), 3.50 (dddm, 2J� 16.8, 5J(Htrans5,F)� 8.6, 5J(H2,Htrans5)�
1.9 Hz, Htrans5), 3.05 (ddtd, 2J� 16.8, 5J(Hcis5,F)� 5.8, 4J(Hcis5,Hcis7)� 0.7,
4J(Hcis5,Htrans7)� 0.7, 5J(Hcis5,H2)� 0.65 Hz, Hcis5), 2.25 (ddm, 2J� 16.4,
5J(Hcis5,H10)� 0.7 Hz, H10), 2.12 (m, 4J(H2,H7)� 1.0 Hz, H2C5), 2.04 (dm,
2J� 16.4 Hz, H�10), 1.87 ± 1.61 (m, H2C8), H2C9); 13C NMR (100.6 MHz,
CD2Cl2/SO2/CFCl3, 203 K): �� 124.3 (d, 2J(C,F)� 21 Hz, C1), 122.9 (s, C6),
100.3 (dd, 1J(C,H)� 186, 1J(C,F)� 226 Hz, C2), 29.6 (t, 1J(C,H)� 129 Hz,
C7), 49.2 (t, 1J(C,H)� 140 Hz, C5), 24.0 (t, 1J(C,H)� 128 Hz, C10), 21.5,
21.1 (2t, 1J(C,H)� 129 Hz, C8, C9); 19F NMR (376.5 MHz, CD2Cl2/SO2/
CFCl3, 203 K): ���109.3 (dm, 2J(H,F)� 53 Hz).


Data for trans-30 : 1H NMR (400 MHz, CD2Cl2/SO2/CFCl3, 203 K): �� 5.90
(dm, 2J(H,F)� 55 Hz, H2), 3.50 (dm, 2J� 16.5 Hz, Htrans5), 3.25 (dm, 2J�
16.5 Hz, Hcis5), 2.30 ± 1.60 (m, 8H); 13C NMR (100.6 MHz, CD2Cl2/SO2/
CFCl3, 203 K): �� 132.1 (d, 2J(C,F)� 10 Hz, C1), 131.2 (s, C6), 106.9 (dd,
1J(C,H)� 182, 1J(C,H)� 218 Hz, C2), 49.2 (t, C5), 26.7 (t, C7), 25.7 (C10),
22.0 ± 23.0 (C8, C9); 19F NMR (376.5 MHz, CD2Cl2/SO2/CFCl3, 203 K): ��
�116.1 (dm, 2J(H,F)� 55 Hz). Structure assignments of cis-30 and trans-30
are based on comparison of the reactivity of (E)- and (Z)-13 toward SO2


with that of (Z)-8 and (E)-8, and by comparing the NMR data of sultines
cis-30 and trans-30 with those of cis-9 and trans-9. IUPAC names for cis-30
and trans-30 : (1RS,3SR)- and (1RS,3RS)-1-fluoro-1,4,5,6,7,8-hexahydro-
2,3-benzoxathiin-3-oxide.


(2-Formylcyclohexen-2-yl)methanesulfinyl fluoride (31): When a solution
of cis-30 and trans-30 obtained above in CD2Cl2 (0.25 mL), CFCl3 (100 mg),
and SO2 (0.15 mL) was allowed to stand at �10 �C for 15 h, complete
conversion of 30 into 31 took place. 1H NMR (400 MHz, CD2Cl2/SO2/
CFCl3, 203 K): �� 9.65 (s, HCO), 4.24 (dd, 2J� 13.6, 3J(H,F)� 13.9 Hz,
H1), 4.16 (dd, 2J� 13.6, 3J(H,F)� 13.5 Hz, H�1), 2.27 (m, H2C3�), H2C6�),
1.71 (m, H2C4�), H2C5�); 13C NMR (100.6 MHz, CD2Cl2/SO2/CFCl3, 263 K):
�� 192.2 (d, 1J(C,H)� 175 Hz, CHO), 144.3 (s, C1�), 140.3 (s, C2�), 62.3 (td,
1J(C,H)� 140, 2J(C,F)� 7 Hz, C1), 34.8 (t, 1J(C,H)� 127 Hz), 22.0, 21.8,
21.3 (3t, 1J(C,H)� 129 Hz); 19F NMR (376.5 MHz, CD2Cl2/SO2/CFCl3,
263 K): ���17.0 (dd, 3J(H,F)� 13.9, 13.5 Hz).


2-Methylcyclohex-1-ene-1-carbaldehyde (32): The above solution of 31 was
left at 25 �C for 15 h. The NMR tube was opened, and the solvent
evaporated under reduced pressure. The residue was purified by column
chromatography on silica gel (EtOAc/light petroleum ether 1:4) affording
32 as a pale yellow oil. Yield: 20 mg (51%); 1H NMR (400 MHz, CDCl3):
�� 10.41 (s), 2.20 (m, 4H), 2.14 (s, Me), 1.65 (m, 4H); 13C NMR
(100.6 MHz, CDCl3): �� 191.1 (d, 1J(C,H)� 170 Hz, CHO), 156.2 (s, C2),
133.7 (s, C1), 34.2 (t, 1J(C,H)� 128 Hz, C3), 22.1, 22.0 (2t, 1J(C,H)�
132 Hz), 21.7 (t, 1J(C,H)� 128 Hz), 18.3 (q, 1J(C,H)� 127 Hz, Me-C2);
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IR (film): �	 � 2940, 2860, 1665, 1640, 1450, 1235, 1145, 1070, 735 cm�1; UV
(MeCN): 
max (�)� 240 nm (3000mol�1dm3cm�1); CI-MS (NH3): m/z (%):
124 (100) [M�], 109 (22), 95 (40), 81 (22).


cis- and trans-4,9-Dioxo-10-fluoro-1,2-oxathiacyclodecane-2-oxide (cis-/
trans-38): The solution of the 93:7 mixture of cis-30 and trans-30 in CD2Cl2
(0.25 mL), CFCl3 (100 mg), and SO2 (0.15 mL) obtained at �80 �C was
ozonolyzed (2% O3 in O2, bubbling for 20 min) at �78 �C (completion of
reaction checked by 1H NMR) to afford a 93:7 mixture of cis-38 and trans-
38, which was analyzed at �70 �C.


Data for cis-38 : 1H NMR (400 MHz, CD2Cl2/SO2, 203 K): �� 6.13 (d,
2J(H,F)� 57.0 Hz, H10), 4.49 (d, 2J� 12.6 Hz, H3), 4.05 (d, 2J� 12.6 Hz, H�-
3), 3.03 (ddd, 2J� 15.3, 3J� 9.8, 2.3 Hz), 2.50 (m, 3H), 2.23 ± 1.10 (m, 4H);
13C NMR (100.6 MHz, CD2Cl2/SO2/CFCl3, 203 K): �� 203.9 (d, C4), 200.3
(d, 2J(C,F)� 20 Hz, C9), 104.3 (dd, 1J(C,H)� 178, 1J(C,F)� 242 Hz, C10),
68.8 (t, 1J(C,H)� 143 Hz, C3), 42.9, 35.8, 22.5 (3t, 1J(C,H)� 129 Hz), 21.1
(t, 1J(C,H)� 132 Hz); 13F NMR (376.5 MHz, CD2Cl2/SO2, 203 K): ��
�130.2 (d, 2J(H,F)� 57.0 Hz).


Data for trans-38 : 1H NMR (400 MHz, CD2Cl2/SO2, 203 K): �� 5.91 (d,
2J(H,F)� 57.0 Hz, H10), 4.40 (d, 2J� 12.9 Hz, H3), 3.78 (d, 2J� 12.9 Hz,
H�3), 3.0 ± 1.1 (m, 8H); 13C NMR (100.6 MHz, CD2Cl2/SO2, 203 K): ��
204.0 (s, C4), 200.6 (d, 2J(C,F)� 20.0 Hz, C9), 98.2 (dd, 1J(C,H)� 177,
1J(C,H)� 240 Hz, C10), 64.5 (t, 1J(C,H)� 142 Hz, C3), 41.9, 38.6 (2t,
1J(C,H)� 123 Hz), 23.0 ± 20.0 (2t); 19F NMR (376.5 MHz, CD2Cl2/SO2,
203 K): ���137.6 (d, 2J(H,F)� 57.0 Hz).


cis-2-Fluoro-3,4-oxathiabenzobicyclo[4.4.0]dec-1(6)-9-diene-4-oxide (cis-
9): The same procedure was used as for the preparation of cis-30, starting
with pure (Z)-8 (40 mg, 0.23 mmol). 1H NMR (400 MHz, CD2Cl2/SO2/
CFCl3, 203 K): �� 7.25 (m, 4H), 6.37 (dddd, 2J(H,F)� 52.0,
5J(H2,Htrans5)� 1.55, 5J(H2,Htrans7)� 1.50, 5J(H2,Hcis7)� 1.45 Hz, H2),
3.89 (ddddd, 2J� 17.7, 5J(H,F)� 7.6, 4J(Htrans5,Htrans7)� 4J(Htrans5,Hcis7)�
5J(Htrans5,H2)� 1.5 Hz, Htrans5), 3.40 (brdd, 2J� 17.7, 5J(H,F)� 6.3 Hz,
Hcis5), 2.91 (m, 2H), 2.50 (m, 2H) (Hcis� cis, Htrans� trans with respect to
F); 13C NMR (100.6 MHz, CD2Cl2/SO2/CFCl3, 203 K): �� 135.9, 130.1 (2s),
128.44, 128.40, 127.1, 123.1 (4d, 1J(C,H)� 162 Hz), 127.0 (d, 3J(C,F)�
6.0 Hz, C6), 122.7 (d, 2J(C,F)� 21 Hz, C1), 98.7 (dd, 1J(C,H)� 184,
1J(C,F)� 226 Hz, C2), 50.9 (t, 1J(C,H)� 139 Hz, C5), 28.4 (t, 1J(C,H)�
129 Hz, C8), 26.3 (t, 1J(C,H)� 133 Hz, C7); 19F NMR (376.5 MHz, CD2Cl2/
SO2/CFCl3, 203 K): ���104.1 (d, 2J(H,F)� 52.0 Hz).


trans-2-Fluoro-3,4-oxathiabenzobicyclo[4.4.0]dec-1(6)-9-diene-4-oxide
(trans-9): The solution of cis-9 obtained above was warmed to �40 �C.
After 15 h at �40 �C complete conversion of cis-9 (�2%) into trans-9
(�98%) was observed. Alternatively, (E)-8 (40 mg) was mixed with
CD2Cl2 (0.25 mL), CFCl3 (0.1 g), and SO2 (0.15 mL), and the mixture was
allowed to react at �40 �C for 2 h. 1H NMR (400 MHz, CD2Cl2/SO2/CFCl3,
233 K): �� 7.28 (m, 4H), 6.65 (brd, 2J(H,F)� 53.0 Hz, H2), 3.82 (dd, 2J�
16.3, 5J(H,F)� 6.2, 5J(H2,Hcis5) �0.2 Hz, Hcis5), 3.63 (ddd, 2J� 16.3,
5J(H,F)� 5.6, 5J(H2,Htrans5)� 0.8 Hz, Htrans5), 2.91, 2.47 (2m, 4H);
13C NMR (100.6 MHz, CD2Cl2/SO2/CFCl3, 233 K): �� 136.1, 130.5 (2s),
130.1 (d, 3J(C,F)� 6 Hz, C6), 128.9, 128.8, 127.6, 123.2 (4d, 1J(C,H)� 158 ±
160 Hz), 126.3 (d, 2J(C,F)� 20 Hz, C1), 103.5 (dd, 1J(C,H)� 184, 1J(C,F)�
221 Hz, C2), 54.5 (t, 1J(C,H)� 142 Hz, C5), 29.6 (t, 1J(C,H)� 130 Hz, C8),
27.0 (t, 1J(C,H)� 125 Hz, C7); 19F NMR (376.5 MHz, CD2Cl2/SO2/CFCl3,
233 K): ���110.6 (d, 2J(H,F)� 53 Hz). Other (IUPAC) names for cis-9
and trans-9 : (1RS,3SR)- and (1RS,3RS)-1-fluoro-1,4,9,10-tetrahydro-
naphth[2,1-d] [2,3]oxathiin-3-oxide.


(1-Formyl-3,4-dihydronaphth-2-yl)methanesulfinyl fluoride (41): The
above solution of cis- and trans-9 was allowed to stand at �10 �C for
15 h. Compound trans-9 was completely converted into a 1:1 mixture of 40
and 41.


Data for 40 : 1H NMR (400 MHz, CD2Cl2/SO2/CFCl3, 263 K): �� 10.2 (s,
HCO), 7.62 (m, 1H), 7.25 (m, 3H), 4.43 (dd, 2J(H,H)� 12.8, 3J(H,F)�
12.9 Hz, H1), 4.31 (t, 2J(H,H)� 12.9, 3J(H,F)� 12.9 Hz, H�1), 2.83 (dd, 3J�
10.3, 8.4 Hz, H2C3), 2.60 (dd, 3J� 10.3, 8.4 Hz, H2C4); 13C NMR
(100.6 MHz, CD2Cl2/SO2/CFCl3, 263 K): �� 191.8 (d, 1J(C,H)� 178 Hz,
HCO) 142.3, 136.7 (2s), 128.9, 127.7, 127.0, 124.8 (4t), 64.7 (d, 1J(C,H)� 136,
2J(C,F)� 7 Hz, C1), 32.6 (t, 1J(C,H)� 129 Hz, C3), 26.6 (t, 1J(C,H)�
126 Hz, C4); 19F NMR (376.5 MHz, CD2Cl2/SO2/CFCl3, 263 K): ��
�15.7 (t, 3J(H,F)� 12.9 Hz).


3,4-Dihydro-2-methylnaphthalene-1-carbaldehyde (40): The NMR tube
from the above reaction (mixture of 40 � 41) was opened, and the solvent


was evaporated. The residue was purified by column chromatography on
silica gel (EtOAc/light petroleum ether 1:4) affording 41 as a pale yellow
oil. Yield: 28 mg (70%); 1H NMR (400 MHz, CDCl3): �� 10.41 (s), 7.93
(m, 1H), 7.21 (m, 3H), 2.77, 2.46 (2dd, 3J� 7.45, 7.40 Hz), 2.41 (s, Me);
13C NMR (100.6 MHz, CDCl3): �� 190.2 (d, 1J(C,H)� 173 Hz, CHO),
158.4 (s, C2), 135.4, 131.4, 130.9 (3s), 127.7 (2 C), 126.5, 125.7 (4d, 1J(C,H)�
160 Hz), 33.2 (t, 1J(C,H)� 123 Hz), 27.3 (t, 1J(C,H)� 128 Hz), 14.2 (q,
1J(C,H)� 128 Hz, Me); IR (film): �	 � 2940, 1675, 1490, 1300, 1140, 1070,
760, 610 cm�1; UV (MeCN): 
max (�)� 227 (11000), 209 (13500), 188 nm
(4000 mol�1 dm3cm�1); CI-MS (NH3): m/z (%): 172 (50) [M�], 128 (100),
115 (56), 91 (27).


cis-4,9-Dioxo-10-fluoro-1,2-oxathiabenzocyclodec-7-ene-2-oxide (cis-39):
Degassed (freeze ± thaw cycles) SO2 (0.5 mL) was transferred (vacuum
line) to a frozen solution of (E)-8 and (Z)-8 (1:4, 40 mg, 0.23 mmol) in
anhydrous CD2Cl2 (0.3 mL). The mixture was warmed up to �78 �C and
allowed to stand at this temperature for 2 h. Then 2%O3 in O2 was bubbled
through it at �78 �C for 20 min. 1H NMR measurements showed complete
conversion of (Z)-8 into cis-39. 1H NMR (400 MHz, CD2Cl2/SO2, 203 K):
�� 7.49 (m, 2H), 7.37 (m, 1H), 7.22 (m, 1H), 6.32 (d, 2J(H,F)� 57.0 Hz,
H10), 4.42 (d, 2J� 13.3 Hz, H3), 3.99 (d, 2J� 13.3 Hz, H�-3), 3.00 (m, 3H),
2.78 (m, 1H); 13C NMR (100.6 MHz, CD2Cl2/SO2, 203 K): �� 202.3 (s, C4),
195.3 (d, 2J(C,F)� 24 Hz, C9), 136.4 (s), 131.5 (d, 1J(C,H)� 159 Hz), 130.4
(d, 1J(C,H)� 160 Hz), 129.8 (s), 127.4 (d, 1J(C,H)� 158 Hz), 126.3 (d,
1J(C,H)� 160 Hz), 104.6 (dd, 1J(C,H)� 180, 1J(C,F)� 246 Hz, C10), 69.1
(t, 1J(C,H)� 140 Hz, C3), 44.7 (t, 1J(C,H)� 132 Hz, C5), 27.2 (t, 1J(C,H)�
131 Hz, C6); 19F NMR (376.5 MHz, CD2Cl2/SO2, 203 K): ���126.9 (brd,
2J(H,F)� 57.0 Hz).


trans-4,9-Dioxo-10-fluoro-1,2-oxathiabenzocyclodec-7-ene-2-oxide (trans-
39): Degassed SO2 (0.5 mL) was transferred to a frozen solution of pure
(E)-8 (40 mg, 0.23 mmol) in anhydrous CD2Cl2. The mixture was allowed
to stand at �40 �C for 15 h. After cooling to �78 �C, 2% O3 in O2 was
bubbled through the solution at �78 �C for 20 min. 1H NMR analysis
showed complete conversion of (E)-8 into trans-39. 1H NMR (400 MHz,
CD2Cl2/SO2, 233 K): �� 7.55 (m, 1H), 7.47 (d, 1H), 7.28 (m, 2H), 6.41 (d,
2J(H,F)� 55.0 Hz, H11), 4.28, 3.93 (2d, 2J� 13.9 Hz, H2C3), 3.10 (m, 3H),
2.82 (m, 1H); 13C NMR (100.6 MHz, CD2Cl2/SO2, 233 K): �� 202.6 (s, C4),
195.9 (d, 2J(C,F)� 21 Hz, C9), 137.5, 135.3 (2s), 132.7, 130.6, 128.1, 127.4 (4d,
1J(C,H)� 158 ± 160 Hz), 99.1 (dd, 1J(C,H)� 192, 1J(C,F)� 242 Hz, C10),
66.0 (t, 1J(C,H)� 141 Hz, C3), 44.9 (t, 1J(C,H)� 133 Hz, C5), 27.4 (t,
1J(C,H)� 132 Hz, C6); 19F NMR (376.5 MHz, CD2Cl2/SO2, 203 K): ��
�132.4 (d, 2J(H,F)� 55.0 Hz).


CCDC-173479 (cis-9 ¥ (SO2)2) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(�44)1223-336-033; or deposit@ccdc.cam.uk).
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Formation of Water-in-CO2 Microemulsions with Non-fluorous Surfactant
Ls-54 and Solubilization of Biomacromolecules


Juncheng Liu,[a, b] Buxing Han,*[a] Jianling Zhang,[a] Ganzuo Li,[b] Xiaogang Zhang,[a]
Jun Wang,[c] and Baozhong Dong[c]


Abstract: The solubility of Ls-54 sur-
factant in supercritical CO2 was deter-
mined. It was found that the surfactant
was highly soluble in SC CO2 and the
water-in-CO2 microemulsions could be
formed, despite it being a non-fluorous
and non-siloxane nonionic surfactant.
The main reasons for the high solubility
and formation of the microemulsions
may be that the surfactant has four CO2-
philic groups (propylene oxide) and five
hydrophilic groups (ethylene oxide) and
its molecular weight are relatively low.


The results of this work provide useful
information for designing CO2-soluble
non-fluorous and non-siloxane surfac-
tants. The phase behavior of the CO2/Ls-
54/H2O system, solvatochromic probe
study, and the UV spectrum of lysozyme
proved the existence of water domains
in the SC CO2 microemulsions. The


method of synchrotron radiation small-
angle X-ray scattering was used to
obtain the structural information on
the Ls-54 based water-in-CO2 reverse
micelles. By using the Guinier plot
(ln I(q) versus q 2) on the data sets in a
defined small q range (0.022 ±
0.040 ä�1), the radii of the reverse
micelles were obtained at different pres-
sures and molar ratio of water to surfac-
tant, W0, which were in the range of
20.4 ± 25.2 ä.


Keywords: carbon dioxide ¥ micro-
emulsion ¥ supercritical fluids ¥
surfactants ¥ X-ray diffraction


Introduction


In recent years, the use of supercritical fluids (SCFs) has
offered the opportunity to replace conventional organic
solvents in a variety of applications. Supercritical (SC) CO2


is generally viewed as environmentally benign alternative for
organic solvents because it is inexpensive, nontoxic, nonflam-
mable, readily available in large quantities, and has moderate
critical temperature and pressure (31.1 �C and 7.38 MPa);
moreover, it can be easily recaptured and recycled after use.
Such advantages combined with unique properties of SCFs
such as adjustable solvent power, enhanced mass transfer
characteristics and low surface tension have promoted


extensive research efforts on development of SC CO2-based
processes. However, CO2 has no dipole moment, very low
dielectric constant and polarizability per volume. Even when
highly compressed, CO2 has far weaker van der Waals forces
than those of hydrocarbon solvents. Consequently, high
molecular weight or hydrophilic solutes such as proteins,
metal ions and most polymers are only sparingly soluble in
carbon dioxide. One effective way to make CO2 accessible for
dissolving proteins and other nonvolatile hydrophilic sub-
stances is using suitable surfactants to produce water-in-CO2


microemulsions, which consist of thermodynamically stable
and optically transparent polar micro-aqueous domains.


Water-in-CO2 microemulsions offer new opportunities for
protein and polymer chemistry, separation science, reaction
engineering science such as providing a ™nanoreactor∫ for the
synthesis of nanoparticles, environmental science for waste
minimization and treatment, materials science, and dry-
cleaning technology. Unfortunately, early attempts to disperse
water into SC-CO2 phase were unsuccessful despite the
testing of over 150 surfactants.[1] Later, Hoefling et al.[2]


synthesized CO2-soluble fluorous surfactants. The solutions
of several surfactants in CO2 were able to extract thymol blue,
a hydrophilic dye, from aqueous solutions. Recently, a
fluorocarbon ± hydrocarbon hybrid surfactant [C7F15CH(O-
SO3


�Na�)C7H15,(H-F)] has been shown to dissolve in CO2.[3]


However, this fluorocarbon ± hydrocarbon surfactant hydro-
lyzes over time.[3, 4] Johnston et al.[4] found that the surfactant
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with perfluoroalkylpolyether tail [CF3(CF2CF(CF3)O)3-
(CF2O)3COO�NH4


� (PFPE)] could form CO2-based micro-
emulsions, and other researches of PFPE-based water-in-CO2


microemulsions were subsequently reported.[5] Nonetheless,
there are concerns about toxicity of this class of surfactants.[6]


In addition, fluorous and non-fluorous analogues of AOT[7]


have been synthesized to form water-in-CO2 mcroemulsions.
Some of the water-in-CO2 microemulsions have been applied
to produce nanoparticles.[8] extract metal ions[9] and macro-
molecules,[10] conduct chemical reactions,[11] and voltammetric
analysis[12] in SC CO2. The non-ionic surfactants, C12EO3 and
C12EO8, formed small aggregates in CO2 that contained
approximately 3 ± 5 surfactant molecules per aggregate.[13]


McFann et al. found that certain non-ionic surfactants
solubilized excess water into CO2 when a cosurfactant was
added.[14] So far, the formation of SC CO2 microemulsions by
non-fluorous and non-siloxane nonionic surfactant has been
seldom reported in the literature.[14]


In this work, we tested the solubility of some surfactants in
SC CO2 and found that the Ls-54 surfactant was soluble in SC
CO2 and the water-in-CO2 microemulsions could be formed at
accessible conditions although it is a non-fluorous and non-
siloxane nonionic surfactant. And this surfactant has advan-
tages of low toxicity and low price compared with fluorous
surfactants. The microemulsions can solubilize biomacromo-
lecule lysozyme and methyl orange (MO), which have been
demonstrated by UV/Vis spectra. SAXS technique was used
to obtain the radii of Ls-54 based reverse micelles formed in
SC CO2. The results indicate that the radii of the reverse
micelles is about 20.4 ± 25.2 ä at different pressures and
loading water (W0), and the linear relation of ln I(q) versus q 2


curves in small angle region (0.022 ± 0.040 ä�1) is consistent
with spherical micelles, which further prove the formation the
Ls-54 surfactant based SC CO2 microemulsions.


C12H25 O CH2 CH2 O CH2


CH3


CH2 O H
5 4


Ls-54


Results and Discussion


Solubility of Ls-54 surfactant in SC CO2 : The solubility of Ls-
54 in SC CO2 was studied at 308.15 and 318.15 K and at
pressures up to 22.00 MPa. The results are shown in Figure 1.
The results in the Figure indicate that the solubility of the


surfactant in SC CO2 can be as high as 0.05� (about 4 wt. %)
at easily accessible temperatures and pressures. The solubility
increases with increasing pressure, and decreases with in-
creasing temperature. The reason for the high solubility may
be that the surfactant has four propylene oxide groups, which
have been proved to be ™CO2-philic∫.[15] Moreover, it has low
molecular weight.


Loadings of water in CO2/Ls-54 system : Usually, the molar
ratio of water to surfactant (W0) is used to characterize the
content of loading water for water-in-CO2 microemulsions.
CO2 itself has a noticeable affinity for water.[16] The corrected
amount of water, W0


corr, solubilized in the micelles can be
obtained by subtracting the amount of water dissolved in the
bulk CO2 from the total amount of the loading water, W0


total,
and the amount of water in the bulk CO2 can be considered as
the same as that dissolved in pure CO2 at the same temper-
ature and pressure. Table 1 lists W0


total and W0
corr for the Ls-54


based SC CO2 microemulsions at different pressures and
temperatures. As expected, the W0 increases with increasing
dissolution pressure of the Ls-54/H2O/CO2 system, and the W0


at the lower temperature is larger. The results of W0
corr suggest


that some type of aggregated water domains are present in
reverse micelles, which has been further proved by the
solubilization of MO and lysozyme and will be discussed in
the following sections.


Solvatochromic probe studies : The shift in the absorption
maximum of a solvatochromic probe is a sensitive measure of
the local environment about the probe. For MO, the
absorption maximum �max shifted to larger wavelengths (red
shift) as the solvent polarity increases.[14] The absorption band
of MO can not be observed for SC CO2/MO, SC CO2/MO/
water and SC CO2/MO/Ls-54 systems. It can be deduced that
the solubility of MO in SC CO2, SC CO2/Ls-54, and SC CO2/


Abstract in Chinese:


Figure 1. Solubility of Ls-54 surfactant in SC CO2 at different conditions.


Table 1. Dissolution pressure for 0.02� Ls-54 based water-in-CO2 micro-
emulsions with variety of loading water at 308.15 and 318.15 K.


[Ls-54] T P CO2 density W0
corr W0


total


[�] [K] [MPa] [g cm�3]


0.02 308.15 19.00 0.858 2.0 6.1
0.02 308.15 19.40 0.862 4.2 8.3
0.02 308.15 20.28 0.869 5.8 10.0
0.02 308.15 21.79 0.880 8.0 12.3
0.02 318.15 21.56 0.829 2.0 7.2
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water mixtures is extremely low. However, the absorption
band can be observed for SC CO2/MO/Ls-54/water system as
shown in Figure 2 and Table 2 and indicate that the existence
of polar environment where MO can reside in. The results in
Table 2 and Figure 2 show that �max increases with W0


corr. The
�max at W0 � 4.2 and 8.0 are 423 and 438 nm, respectively, while
the �max of MO in ordinary water is 464 nm. These results


suggest that the polarity of the environment of the solubilized
MO is lower than that of the bulk water, which was also
discussed for other reverse micelles.[17] As expected, the
polarity of the environment of the solubilized MO increases
with W0


corr. The Ls-54 has five hydrophilic ethylene oxide
groups, which can form hydrogen bonds with water. So there
was multiple hydrogen bonding sites on the chains of ethylene
oxide. Thus, the water may act as a ™glue∫ to bond the
surfactant head groups together, which acts as driving force
for the aggregation of the surfactants. Moreover, the CO2-
phobic effect may also be one main reason for aggregation of
surfactants. As discussed above, the surfactant has four ™CO2-
philic∫ propylene oxide groups, which is also a very beneficial
factor for the formation of water-in-CO2 microemulsions. As
for the structure of the reverse micelles, the CO2-philic groups
(PO groups) should be on the outside of the micelles, and the
CO2-phobic groups (EO groups) on the inside of the micelles
because of the hydrogen bonding force between water and
EO groups.


Solubilization of lysozyme in the microemulsions : Lysozyme
has an absorption at about 275 nm.[18] Similarly, experiments
showed that SC CO2, SC CO2/water, and SC CO2/Ls-54
mixtures can not dissolve the biomacromolecule lysozyme.
Figure 3 shows the absorption spectrum of lysozyme in 0.02�
Ls-54 based water-in-CO2 microemulsions with W0


corr� 8.0 at
308.15 K and 22.00 MPa, which was obtained by subtracting


SC CO2/Ls-54/water spectrum from that of SC CO2/Ls-54/
water/lysozyme. Obviously, an absorption peak of lysozyme is
present at 276 nm with absorption value of 0.41, which
indicates the Ls-54 based SC CO2 microemulsions can
solubilize lysozyme in the polar micro-aqueous domains.
Thus, the water-in-CO2 microemulsions have potential im-
portance for separation and extraction of biomacromolecules.


Effect of pressure on Rg and r of the reverse micelles : In the
lower q region, contributions to the total excess X-ray
scattering, I(q), due to microemulsions can rise from two
sources: the droplet contribution, which solely depends upon
the radius of the droplet, and an appropriate structure factor,
which accounts for attractive or repulsive interactions be-
tween the droplets. When the system is sufficiently dilute,
inter-droplet interactions are negligible. The magnitude of the
scattering vector, q, is given in terms of the scattering angle �


by q � (4�/�) sin�. For dilute aggregated systems the micelle
radii r can be obtained by using the Guinier approximation
law, which is valid at low q region (rq �1)[7b, 19] and can be
expressed by Equations (1) and (2).


ln I(q)� ln I(0)��qRg�2


3
(1)


r� (5³3)1/2 Rg (2)


where I(0) denotes the scattering intensity extrapolated to
zero angle, and Rg the radius of gyration. The Guinier
approximation is derived from the assumption that the system
can be characterized as a monodispersed system of spheres.
The Guinier plots give a precise value of the gyration radius
only if the representation is linear at small values of q where
rq is less than 1. In this work, by using Guinier plot (ln I(q)
versus q 2) on the data sets in a defined small q range (0.022 ±
0.040 ä�1),[20] linear regression analyses of the data in this
small angle region of the intensity curves were used to obtain
Rg values.


Figures 4 and 5 show the SAXS curves of 0.02� Ls-54 based
water-in-CO2 microemulsions with W0 � 4 at 20.00 and
22.00 MPa and corresponding Guinier plots, respectively. As
shown in Figure 5, the size of the reverse micelle increases as
the pressure is reduced. For the Ls-54 based reverse micelles
of W0 � 4 at 20.00 and 22.00 MPa, the gyration radii (Rg) of the
reverse micelles are 18.9 and 15.8 ä, respectively, and the
micelle radii (r) are 24.4 and 20.4 ä, respectively. These are


Table 2. The maximum absorption wavelengths of MO (�max) in SC CO2 at
308.15 K and 22.00 MPa and various compositions.


Number [Ls-54] W0
corr MO �max Absorbance


[�] [10�5�] [nm]


1 0 0 5.6 ± ±
2 0 0 5.6 ± ±
3 0.02 0 5.6 ± ±
4 0.02 4.2 5.6 423 0.24
5 0.02 8.0 5.6 438 0.38


Figure 2. Absorption spectra of MO in 0.02� Ls-54 based water-in-CO2


microemulsions with different loading water at 22.00 MPa and 308.15 K.


Figure 3. Absorption spectrum of lysozyme solubilized in 0.02� Ls-54
based water-in-CO2 microemulsions with W0 � 8.0 at 308.15 K and
22.00 MPa.
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comparable to the size of reverse micelles determined by
small angle neutron scattering (SANS) in the D2O/CO2/
PFPE[21] and D2O/CO2/H-F[22] systems, which is known as a
typical reverse micellar system in SC CO2. In the small angle
region the scattering intensity increases with the decrease of
pressure, as can be seen from Figure 4. These results from
decrease in the density of the SC CO2 solvent and increase in
the micelle radii as pressure is reduced, which leads to the
increase of overall scattering intensity of the micelles. On the
data sets, the defined small q range is 0.022 ± 0.040 ä�1, where
the rq is less than 1, which in turn proves the validity of using
Guinier approximation law at this small angle region. And the
linear relation at the small angle region is consistent with the
sphere shape of the reverse micelles.


Figure 5. Guinier plots for the 0.02� Ls-54 based water-in-CO2 micro-
emulsions with W0 � 4 at 308.15 K and different pressures.


Effect of W0 on the scattering intensity and Rg : The SAXS
plots of 0.02� Ls-54 based water-in-CO2 microemulsions for
W0 � 4 and W0 � 8 at 22.00 MPa and corresponding Guinier
plots were shown in Figures 6 and 7, respectively. The size of
the reverse micelles is increased as W0 becomes larger, as can
be known from Figure 7. It is estimated from Figure 7 and
Equations (1) and (2) that the values of Rg of the reverse
micelles for W0 � 8 and W0 � 4 are 19.5 and 15.8 ä, respec-
tively, and the micelle radii (r) are 25.2 and 20.4 ä, respec-
tively. The use of Guinier approximation law in the small
angle region (0.022 ± 0.040 ä�1) is also valid because rq is less
than 1. Figure 6 indicates that the scattering intensity for the
system at W0 � 8 is higher than that at W0 � 4. This indicates
that the size of reverse micelles increases with the increasing
of loading water. Moreover, linear relation in small angle
region was also consistent with the spherical shape of the
reverse micelles.


Figure 6. SAXS plots of the 0.02M Ls-54 based water-in-CO2 micro-
emulsions with W0 � 4 and W0 � 8 at 308.15 K and 22.00 MPa.


Figure 7. Guinier plots for the 0.02� Ls-54 based water-in-CO2 micro-
emulsions with W0 � 4 and W0 � 8 at 308.15 K and 22.00 MPa.


Conclusion


Recently, water-in-CO2 microemulsions have received much
attention because they offer new opportunities for clean
industrial processes. Exploration of the surfactants is a key for
these processes. Unfortunately, the solubility of most com-
mercially available surfactants in CO2 is very low, and most
researchers used expensive and toxic fluorous surfactant in
their study. So far, the formation of water-in-CO2 micro-
emulsions by non-fluorous and non-siloxane non-ionic sur-
factants has been seldom reported in the literature. In this
work, we determined the solubility of some surfactants in SC
CO2 and found that the Ls-54 surfactant was soluble in SC
CO2 and the water-in-CO2 microemulsions could be formed,
although it is a non-fluorous and non-siloxane, non-ionic
surfactant. The reasons may be that the surfactant has four
CO2-philic groups (propylene oxide) and five hydrophilic
groups (ethylene oxide) and its molecular weight is relatively
low. The results of this work are useful for designing CO2-
soluble non-fluorous and non-siloxane surfactants. The Ls-54
based water-in-CO2 microemulsions can solubilize biomacro-
molecule lysozyme and methyl orange, and it also has
advantages of low toxicity and low price compared with
fluorous surfactants. The direct structural evidence from
small-angle X-ray scattering indicates that the radii of the
reverse micelles is in the range of 20.4 ± 25.2 ä at different
pressures and W0 , which further proved the formation of Ls-
54 based water-in-CO2 microemulsions. The Ls-54 based
water-in-CO2 microemulsions have potential applications in
some industrial processes, such as separation and extraction of
biomacromolecules and metal ions, thus providing nano-
reactors for chemical reactions, and dry-cleaning technology
by using SC CO2.


Figure 4. SAXS plots of the 0.02� Ls-54 based water-in-CO2 micro-
emulsions with W0 � 4 at 308.15 K and different pressures.
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Experimental Section


Materials : Ls-54 surfactant was obtained from Henkel (Germany). CO2


(99.995% purity) was supplied by the Beijing Analytical Instrument
factory. Methyl orange (MO) and methanol were obtained from Beijing
Chemical Agent Factory (A. R. Grade). Double distilled water was used
throughout the experiments. The lysozyme (MW� 14300) was supplied by
Sino-American Biological Chemical Corporation with a purity of �98%.


Solubility and phase behavior : To determine the solubility of the surfactant
in SC CO2 and the phase behavior of the SC CO2/Ls-54/water mixture, a
high-pressure stainless steel view cell of 40 cm3 volume was used. The view
cell was immersed in a water bath, which was controlled by a Haake-D8
controller, and the temperature was measured by accurate mercury
thermometers with an accuracy of better than �0.05 K. The pressure
gauge was composed of a pressure transducer (FOXBORO/ICT, Model 93)
and an indicator, which was accurate to �0.04 MPa in the pressure range of
0 ± 34 MPa. The chemicals in the cell were stirred by a magnetic stirrer. The
procedures for studying phase behavior of the SC CO2/Ls-54/H2O ternary
system is given because that for CO2/Ls-54 is simpler. In a typical
experiment, a suitable amount of the Ls-54 was charged into the high-
pressure view cell, and the air in the cell was replaced by CO2. The desired
amount of double distilled water was then injected into the cell by a syringe.
The cell was then placed into the constant temperature water bath. CO2 was
compressed into the cell slowly by the pump after thermal equilibrium had
been reached. The fluid was stirred at fixed pressure, and stirring was
stopped when observing the phase behavior. The pressure was increased
gradually until the Ls-54 rich phase disappeared completely and the system
became homogeneous transparent single phase. This pressure is defined as
dissolution pressure. This procedure was repeated three times at each
condition and the uncertainty for the dissolution pressure was �0.05 MPa.
To determine the density of the mixed fluid, a stainless steel sample cell
with 40 cm3 volume without windows was used to replace the view cell. The
density of the fluid can be easily obtained from the mass of the fluid and the
volume of the sample cell.


UV/Vis experiments : The solubilization of MO and lysozyme in the water-
in-CO2 microemulsions was studied by UV method, which was similar to
that reported previously.[23] The apparatus consisted mainly of a gas
cylinder, a high pressure pump, a pressure gauge, a temperature controller,
a high pressure UV cell, valves and fittings. The UV/Vis spectrometer was
produced by Beijing Instrument Company (TU-1201). The high-pressure
UV cell with two quartz windows has the internal volume and the path
length of 1.5 cm3 and 1.2 cm, respectively. The procedure for studying the
solubilization of MO is described because that for lysozyme is similar. The
desired amount of solution of MO in methanol was injected into the sample
cell using a 0.1 mL syringe. Gaseous CO2 was then flushed slowly through
the UV cell to remove the methanol and the air. A suitable amount of Ls-54
was added into the UV cell. The desired amount of double distilled water
was then injected into the sample cell with a 0.01 mL syringe. After thermal
equilibrium had been reached, CO2 was compressed into the sample cell
slowly by a syringe pump until the desired pressure was reached. The
solution was stirred for at least 30 minutes. Experiments showed that about
20 minutes were required for reaching equilibrium. However, the spectrum
was recorded after an equilibration time of one hour. All the measurements
were carried out at 308.15 K.


SAXS experiment : The set-up for the SAXS study was similar to that
described previously.[24] Briefly, the apparatus consisted mainly of a gas
cylinder, a high-pressure pump, a digital pressure gauge, a high-pressure
SAXS cell, a thermometer and temperature controller, and valves and
fittings of different kinds. The pressure gauge consisted of a transducer and
an indicator as described above. The temperature-controlled SAXS cell
was made of stainless steel body with two diamond windows of 8 mm in
diameter and 0.4 mm in thickness. The cell body was wrapped in an electric
heater and heat insulating tape outside. The X-ray path length of the cell
was 1.5 mm and the internal volume of the cell was 2.7 cm3. There was a
small magnetic stirrer in the cell to stir the fluids before the SAXS
measurements. The insulated cell was electrically heated to �0.1 K of the
desired temperature using a temperature controller with a platinum
resistance temperature probe (Model XMT, produced by Beijing Chaoyang
Automatic Instrument Factory). SAXS experiments were carried out at
Beamline 4B9A at the Beijing Synchrotron Radiation Facility, using a
SAXS apparatus constructed at the station. The data accumulation time


was 3 min. The angular range was chosen to provide data from q�
0.005 ä�1 to q� 0.15 ä�1, where the magnitude of scattering vector q�
4� sin�/�, and � and � being the scattering angle and incident X-ray
wavelength of 1.54 ä. The distance between the sample chamber and the
detector was 1.485 m. The SAXS experimental procedure was similar to
that for UV/Vis measurement described above. The SAXS cell was flushed
with CO2 and then a suitable amount of Ls-54 and double distilled water
were added to the cell. CO2 was charged into the cell with stirring after
thermal equilibrium had been reached. The cell was connected to the
apparatus after 20 minutes of equilibration time, and the X-ray scattering
was recorded.
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Photodissociation and Electronic Spectroscopy of [Re(H)(CO)3(H-dab)]
(H-dab� 1,4-diaza-1,3-butadiene): QuantumWavepacket Dynamics Based on
Ab Initio Potentials


Isabelle Bruand-Cote and Chantal Daniel*[a]


Abstract: The photodissociation dy-
namics of [Re(H)(CO)3(H-dab)]
(H-dab� 1,4-diaza-1,3-butadiene) were
studied by means of wavepacket prop-
agations on CASSCF/MR-CCI poten-
tials calculated for the electronic ground
state and low-lying excited states as a
function of two coordinates, qa and qb,
that correspond to the Re�H bond
homolysis and to the axial CO loss,
respectively. The theoretical absorption
spectrum is characterized by two bands,
one intense peak centered at �� 500 nm
(21000 cm�1) and one broad band cen-
tered at 310 nm (32500 cm�1). The visi-


ble band was assigned to the low-lying
metal-to-ligand charge-transfer (MLCT)
states with a main contribution of the
a1A�� c1A� transition corresponding to
the 3dxz��*dab excitation. The second
band calculated in the UV energy do-
main was assigned to the d1A� (�Mn�H�
�*dab) state corresponding to a sigma-
bond-to-ligand charge-transfer (SBLCT)


state. The photodissociation dynamics of
the low-lying 1MLCTand 3SBLCT states
following irradiation in the visible en-
ergy domain was simulated by wave-
packet propagation on the two-dimen-
sional diabatic potentials V(qa, qb) cou-
pled by the spin-orbit. In contrast to
what was found for the manganese
analogue, the 1MLCT state is nonreac-
tive and a rather slow (beyond the ps
time scale), nontotal and indirect ho-
molysis of the Re�H bond occurs
through 1MLCT� 3SBLCT intersystem
crossing.


Keywords: ab initio calculations ¥
dynamics ¥ organometallics ¥ photo-
chemistry ¥ quantum chemistry ¥
rhenium


Introduction


Recent experimental studies[1±8] of the [MR(CO)3(�-diimine)]
complexes (in which M�Mn, Re, and R represents a metal
fragment, alkyl, or halide groups bound to the metal by a high-
lying �M±R orbital) point to a variety of deactivation mecha-
nisms after irradiation in the visible region (�� 500 nm)
depending on the metal center, on the nature of the radical R,
and on the type of �-diimine ligand. The photochemical
reactions currently observed for manganese complexes are
either homolytic rupture of the Mn ±R bond [Eq. (1)] or
carbonyl loss [Eq. (2)].


[M(R)(CO)3(�-diimine)]��h� R .� [ .M(CO)3(�-diimine)] (1)


[M(R)(CO)3(�-diimine)]��h� [M(R)(CO)2(�-diimine)]�CO (2)


In contrast, the photochemistry of the rhenium complexes
is characterized by selective formation of radicals [Eq. (1)].


The rich photochemistry of this class of molecules, caused by
electronic delocalization effects over the three chemical
centers determined by the metal atom, the �-diimine group
and the R ligand, leads to a variety of important applications,
such as formation of very unstable unsaturated species used in
subsequent catalytic or chemical processes or of radicals
initiators of polymerization. Moreover, the presence of long-
lived excited state precursors of electron/energy-transfer
processes is responsible for intense emissions observed in
the rhenium compounds. The quantum yield � of the Re�R
bond homolysis may vary between 10�2 (R�Me) and �1.0
(R� ethyl or benzyl ).[4±6] A recent femtosecond time-
resolved visible absorption study of [Re(R)(CO)3(dmb)]
(dmb� 4,4�-dimethyl-2,2�-bipyridyl) in solution points to an
ultrafast (�400 fs for R�methyl; 600 ± 800 fs for R� ethyl)
branching between the homolysis of the Re�R bond and
relaxation to a low-lying triplet state. According to these
experiments, the Re�CH3 bond is cleaved along a single
ultrafast pathway with a quantum yield of 0.4 (�Re�CH3


),
whereas the homolysis of the Re�CH2CH3 bond
(�Re�CH2CH3� 1.0) follows two channels corresponding to
the ultrafast decay and to a delayed one through a low-lying
3MLCT (�200 ps).[9]
In an attempt to rationalize the experimental data, several


theoretical studies, based either on accurate CASSCF/MR-
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CCI calculations[10±13] and variation of the ligands R and the
metal center or on a density functional theory (DFT)
approach,[14±16] have been undertaken. The first complete
quantum-chemical study of the photodissociation dynamics
has been reported for[Mn(H)(CO)3(H-dab)] (H-dab� 1,4-
diaza-1,3-butadiene),[17] a model for a broad class of organo-
metallic �-diimine complexes. It has been shown that after
irradiation in the visible region to one of the low-lying MLCT
states, [Mn(H)(CO)3(H-dab)] dissociates entirely on an ultra-
fast time scale (less than 500 fs) to the primary products CO�
[Mn(H)(CO)2(H-dab)]. The alternative deactivation mecha-
nism, namely an indirect homolytic cleavage of the Mn�H
bond through the dissociative 3SBLCT state through inter-
system crossing is not competitive with this direct reaction.
To compare the electronic spectra and the photoreactivity


of the manganese and rhenium MLCT complexes and to
understand the role of the central metal atom, we present here
a complete quantum-chemical study of the photodissociation
dynamics of [Re(H)(CO)3(H-dab)], as a model complex for a
variety of �-diimine organometallic compounds studied for
their versatile photochemical/photophysical properties.[1±8]


Our aim is to propose a semiquantitative deactivation
mechanism of the molecule after visible irradiation. This
numerical simulation is based on the two-dimensional
CASSCF/MR-CI potential energy surfaces (PES) calculated
for the electronic ground state and the lowest excited states as
a function of the Re�H and Re�COax bond elongations. The
excited state dynamics are investigated by means of wave-
packet propagations on these PES.


Computational Methods


Quantum-chemical calculations : The calculations were carried out under
the Cs symmetry constraint starting from an idealized geometry depicted in
Figure 1 for the a1A� electronic ground state corresponding to the
(�Re�H)2(5dx2�y2)2(5dyz)2(5dxz)2 electronic configuration and for the low-lying
1,3A� and 1,3A�� MLCT and SBLCT excited states corresponding to 3d�
�*H-dab and �Re�H��*H-dab excitations, respectively. Idealized geometries
were deduced from the ground state structures of [Re(Me)(CO)3(iPr-
dab)][18] with the following bond lengths and bond angles: Re�CO 2.00,
Re�N 2.177, N�C 1.280, C�C 1.508, N�H 1.010, C�H 1.080 ä; the angles �,
� and � were kept constant at 96.3, 97.21, and 113.1�, respectively. The
Re�H bond length was taken from the experimental structure of
[HRe(CO)5][19] (Re�H 1.799 ä).


Gradient/CASSCFoptimizations were performed for the electronic ground
state and a few excited states: the lowest a3A�MLCT state corresponding to
the 5dxz��*H-dab excitation and the b1A� state corresponding to 5dx2�y2�
�*H-dab excitation. Convergence problems stopped our attempt to optimise
the c1A�MLCT state corresponding to the 5dxz��*H-dab excitation and the
c3A� SBLCT state corresponding to the �Re�H��*H-dab excitation. The
study of the molecule deformation on going from the electronic ground
state to the excited states was the purpose of these calculations. The


electronic states and the two-dimensional PES V(qa ,qb) with qa� [Re�H]
and qb� [Re�COax], under the Cs symmetry constraint (Scheme 1) (see the
Results section for the choice of coordinates) were obtained by means of
complete active space SCF (CASSCF) calculations supplemented by a
multireference contracted configuration interaction MR-CCI treatment.


Since our interest is centerd mostly on excited states of [Re(H)(CO)3(H-
dab)] corresponding to 5d��*H-dab, 5d� 5d and �Re�H��*H-dab excita-
tions in the principal configuration, the CASSCF active space is limited to
the 5d occupied orbitals of Re and the 5d orbitals which correlate them, the
bonding �Re�H and antibonding �*Re±H orbitals involved in the Re�H bond
and the low-lying �*H-dab orbital. Eight electrons were correlated in ten
active orbitals in these 8 e10 a CASSCF calculations averaged over seven
roots (of equal weights) of a given spin and a given symmetry (1,3A� and
1,3A��). However, our attempt to introduce the vacant 5d orbital into the
active space in order to calculate the metal-centered (MC) states
corresponding to 5d� 5d excitations failed. For each electronic state,
multireference CCI calculations were carried out, including all the
configurations that appear with coefficients larger than 0.08 in the CASSCF
expansion, by correlation of eight electrons and including single and double
excitations to all virtual orbitals, except the counterparts of the rhenium 6s
and 5p orbitals. The accuracy of this computational strategy was tested and
discussed for several transition metal complexes investigated for their
photochemical properties and compared with reference CASPT2 results in
the present work (see next section) and in a number of cases.[17, 20±21]


Moreover, comparison with experimental data points to a general agree-
ment with an uncertainty not greater than 1500 cm�1, which is reasonable
with regards to the resolution of absorption spectra in organometallic
compounds.


Relativistic ECP (effective core potentials in the small core approximation)
with the following valence basis sets were used: for the Re center (Z�
15.0), a (8s, 7p, 6d) set contracted to [6s, 5p, 3d],[22] for the C atoms (Z�
4.0) and N atoms (Z� 5.0) a (4s, 4p) set contracted to [2s, 2p], for the O
atoms (Z� 6.0) a (4s, 5p) set contracted to [2s, 3p],[23] for the H linked to
the metal center a (6s, 1p) set contracted to [3s, 1p] and for the other H
atoms, a (4s) set contracted to [2s].[24]


The CASSCF/MR-CCI calculations were performed with the MOLCAS-3
and MOLCAS-4 quantum chemistry software.[25] The electronic dipole
transition moments were estimated at the CASSCF level. The spin-orbit
coupling between the singlet and the triplet states were evaluated with a
restricted full CI scheme and an effective one-electron SO operator
operating on the metal center in the L ± S coupling scheme.[26] Since only
the first derivative part of the kinetic coupling is needed in our approach to
the non-adiabatic effects, the kinetic coupling around avoided crossings was
approximated by Lorentzians in order to avoid fastidious numerical
differentiation of the electronic CASSCF wavefunctions.[27] A few DFT
(B3LYP)[28] optimizations were performed for the electronic ground state
by the use of either the same ECP and associated basis sets or the
LANL2DZ with D95 on first-row atoms[29] and Los Alamos ECP plus
Double-� on the Re atom[30] with the Gaussian98 quantum chemistry
software.[31]


Simulation of the dynamics : For the sake of simplicity, the molecule was
modeled as pseudotriatomic with two collinear dissociative bonds qa�
[Re�H] and qb� [Re�COax] (Scheme 1). These two coordinates are the
most significantly affected on going from the electronic ground state to the
excited states and conserve the Cs symmetry. All other ™spectator∫ modesFigure 1. Idealized structure of [Re(H)(CO)3(H-dab)].


Scheme 1.
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are decoupled in this zero-order approximation. This decoupling mode
should be reasonable, at least for the study of ultra-fast processes (below a
few tens of ps).
The photo-absorption and the photo-dissociation dynamics are simulated
by propagation of selected wavepackets �k(qa , qb, t) on the potentials
Vd
k(qa, qb) corresponding to the electronic states (k). The time evolution of


the wavepacket is obtained by solving a set of coupled time-dependent
Schrˆdinger equations in the diabatic representation given in Equation (3),
with the initial conditions given in [Eq. (4)], where �k is the electronic
transition dipole moment between the electronic ground state (gs) and the
electronic excited state (k).


i�h
�


�t
�k(qa , qb, t)� [Tnu�Vd


k]�k(qa , qb, t)�
�
k�k�


Vd
kk��(qa , qb, t) (3)


�k(qa , qb, t� 0)� �k	gs, 0, 0(qa , qb) (4)


	gs, 0, 0(qa , qb) represents the two-dimensional vibrational ground state
wavefunction of the electronic ground state evaluated through the coupled
Morse oscillators method.[32] In the case of preliminary one-dimensional
simulations, along one of the coordinates qa or qb, the eigenstates of the
electronic ground state are calculated through the Fourier Grid Hamil-
tonian method.[33]


The potential coupling Vd
kk� is given either by the spin-orbit coupling


elements of the SOC-CI matrix (singlet ± triplet interactions) or by the
transformation of the estimated kinetic couplings around avoided crossings
(singlet ± singlet and triplet ± triplet interactions). The adiabatic/diabatic
transformation is performed according to the scheme described in
reference [27].


The solution of the time-dependent Schrˆdinger equation [Eq. (3)] is
obtained by the Chebychev propagation scheme[34] with �t� 10 fs. The
propagations are based on representations either of 
k(q, t) on one-
dimensional grids with the following parameters:


qai� qa0� (i� 1)�qa ;qa0� 2.65 a.u., �qa� 0.024 a.u. with 1� i� 512
qbj� qb0� (j� 1)�qb;qb0� 3.118 a.u., �qb� 0.023 a.u. with 1� j� 512
or of
k(qa , qb, t) on two-dimensional grids with the following parameters:


qai� qa0� (i� 1)�qa ;qa0� 2.7 a.u., �qa� 0.187 a.u. with 1� i� 64
qbj� qb0� (j� 1)�qb;qb0� 3.30 a.u., �qb� 0.022 a.u. with 1� j� 512
The absorption spectrum �tot is obtained by the Fourier transform of the
total autocorrelation function Stot(t) summed over the individual autocor-
relation functions corresponding to each excited state k [Eq. (5)].


�tot(�)��
� ����dtei(Ei��)tStot(t) (5)


Where Stot(t) is given by Equation (6) and Ei represents the energy of the
initial wavepacket on the electronic state k.


Stot(t)�
�
k


	�k(0) 
�k(t)� (6)


The kinetic part of the Hamiltonian of the system, expressed in bond
coordinates, is given by Equation (7), where �a and �b are the reduced
masses corresponding to the bonds qa and qb, and mc is the mass of the
central atom.


Tnu�� �h2


2 �a


�2


�q2a
� �h2


2 �b


�2


�q2b
� �h2


mc


�2


�qa�qb
(7)


Reaction probabilities are deduced by integration, over the whole reaction
time, of the probability current density expressed as a function of
coordinates qa and qb [Eq. (8)],[35] where Ja(qa, qb, t) is given in Equa-
tion (9) and Jb(qa , qb, t) is defined in a symmetric way.


J
�
(qa , qb, t)�


Ja�qa� qb� t
Jb�qa� qb� t


� �
(8)


Ja(qa, qb, t)�
1


�a
Re
�
�*(qa , qb, t)


i


�h �


�qa
�(qa , qb, t)


�
�


cos �


mc


Re
�
�*(qa , qb, t)


i


�h �


�qb
�(qa , qb, t)


�
(9)


In the case of preliminary one-dimensional simulations (along either qa�
[Re�H] or qb� [Re�COax] coordinates) the dissociation probability is
simply given by Equation (10), where q0 and qdiss represent the lower limit
and the dissociation limit of the grid, respectively.


Pdiss(t)� 1�
�
k


�
qdiss
q0 
�k(q, t) 
 2dq (10)


Results and Discussion


Geometrical structures : The geometrical structures were
studied at the CASSCF level. Our purpose within the context
of the present work was to infer the main qualitative trends
when exciting the molecule. No further investigations of the
dynamic correlation effects were taken into account in a post-
CASSCF treatment. The agreement between the optimized
bond lengths and bond angles and the experimental values is
usually rather good for the electronic ground state, as shown
in reference [17]. The CASSCF-optimized structure compares
rather well with the DFT (B3LYP) structure for the a1A�
electronic ground state, as illustrated by the values reported in
parenthesis in Table 1. The largest deviation concerns the
Re�COax bond length; however, it does not exceed 5%. This
difference may be attributed to the dynamic correlation
effects included at the DFT level of theory (Re�COax 2.079 ä
at the CASSCF level and 1.995 ä at the DFT level). Both
values are in reasonable agreement with the experimental
Re�COax bond lengths either in [Re(Me)(CO)3(iPr-dab)]
(2.130 ä) or in [HRe(CO)5] (2.00 ä).
To evaluate the structural deformations when going from


the a1A� electronic ground state to the low-lying MLCT and
SBLCT states, tentative geometry optimizations were per-


Table 1. Selected CASSCF-optimized bond lengths [ä] and bond angles [�] in the a1A� electronic ground state and low-lying 1,3MLCT excited states.


Experimental Idealized a1A� Electronic b1A� a3A�
structure[a] geometry ground state[c] 5dx2�y2��*H-dab 5dxz��*H-dab


Re�H (1.799) 1.799 1.746 (1.744, 1.737) 1.692 1.704
Re�Cax 2.130 2.000 2.079 (1.969, 1.995) 2.174 2.277
Re�Ceq 1.910 2.000 1.980 (1.947, 1.962) 2.015 1.970
Re�N 2.177 2.177 2.116 (2.076, 2.102) 2.156 2.170
N-Re-Ceq 98.1 97.21 96.64 (93.98, 94.21) 98.29 94.45
Re-N-C 113.1 113.1 119.91 ( 119.5, 119.3) 116.43 116.40
H-Re-N 92.3 (90.5)[b] 83.7 91.7 (91.81, 91.72) 85.75 97.95
H-Re-Ceq 91.1 (86.3)[b] 83.7 79.68 (78.72, 78.78) 87.93 79.18
Cax-Re-Ceq 86.9 (87.4)[b] 96.3 90.97 (82.45, 90.01) 97.61 91.86


[a] From the experimental structure of [HRe(CO)5] for the Re�H bond length[19] and from [Re(Me)(CO)3(iPr-dab)] for the other bond lengths and bond
angles.[18] [b] The values in parenthesis give the deviation of the bond angles with respect to the Cs symmetry of [Re(Me)(CO)3(iPr-dab)]. [c] The values in
parenthesis correspond to the DFT (B3LYP) optimized structure with either the LANL2DZ library[29, 30] or the ECP Dolg library,[22, 23] respectively.
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formed at the CASSCF level (8 e10 a) under the Cs symmetry
constraint. The optimized structures of the lowest a3A�MLCT
state corresponding to the 3dxz��*H-dab excitation and the
b1A� MLCT state corresponding to the 3dx2�y2��*H-dab
excitation, are reported in Table 1, together with the opti-
mized geometry of the electronic ground state and the
experimental bond lengths and bond angles of [Re(Me)-
(CO)3(iPr-dab)]. Optimization of other electronic states
failed because of convergence problems at the CASSCF
level. In particular, it was not possible to optimise the
structure of the molecule in the c1A�MLCT state correspond-
ing to the 3dxz��*H-dab excita-
tion which contributes mainly
to the absorption spectrum and
in the 3SBLCT state that plays a
key role in the photochemistry.
The main structural deforma-


tions of [Re(H)(CO)3(H-dab)]
after excitation to these low-
lying states are represented in
Figure 2. The flexibility of the
molecule when going from the
electronic ground state to the
low-lying MLCTexcited state is
low. The small deformation of
the model molecule in the
MLCT states is in agreement with the presence of an intense
emission at �� 500 nm that matches perfectly with the
absorption band and is typical of a number of MLCT
complexes of this class investigated experimentally. The
angular deformations never exceeded 10% and the only
bond length elongation which exceeded 5%was the Re�COax


bond.
Most of the bond lengths are only slightly modified (�5%).


It is worth noting that, whereas the Re�COax bond length
increases in the 1, 3MLCT states, the Re�H bond length
decreases by about 3%. On the basis of these results, the
theoretical study was restricted to the two coordinates qa�
[Re�H] and qb� [Re�COax], while the rest of the molecule
was frozen into the ground state geometry. This is justified by
the goal of the present work which deals with vertical
transitions in the Franck ±Condon domain followed by ultra-
fast dissociative processes occurring on the fs and ps time
scales which are not competitive with vibrational relaxations.


Clearly, the study of other photophysical properties connect-
ed to long-lived excited states (e.g. emission spectra) should
take account of the relaxation effects neglected in the present
work.


Theoretical absorption spectrum : The CASSCF/MR-CCI
transition energies to the low-lying singlet and triplet excited
states of [Re(H)(CO)3(H-dab)] are collected in Table 2. The
multistate CASPT2 transition energies to the low-lying singlet
A� states are reported for comparison. As usual, the MR-CCI
method overestimates the excitation energies by less than


2000 cm�1 (1520 cm�1 for the b1A�MLCT state and 1900 cm�1


for the d1A� SBLCT state). The large overestimation obtained
for the second c1A�MLCT state at the MR-CCI level must be
pointed out. It can be explained by the mixed character of this
state (with large contributions of the electronic ground state
as well as of the low-lying MLCT and SBLCT states and
others) characterized by a rather small main contribution in
the CASSCF expansion (less than 60% ). As a consequence,
the quality of the zero-order CASSCF wavefunction is not
equivalent for this state and the other states and the MR-CCI
method hardly corrects this failure. Even though the MS-
CASPT2 approach is better, this does not justify the use of this
costly method for the computation of complicated 2D
potential-energy surfaces with many avoided crossings where
a perturbational approach that is not carefully driven may fail.
The visible part of the absorption spectrum consists of three


MLCT states corresponding to 3d��*H-dab excitations and
ranging between 15490 and 22470 cm�1. The c1A� (3dxz�
�*H-dab ) state is the only one which has a large enough
oscillator strength (f� 0.38) to contribute significantly to the
visible absorption. The UV absorption is composed of the
SBLCT state (d1A�) corresponding to the �Re�H��*H-dab
excitation calculated at 33490 cm�1 with an oscillator strength
of 0.15. The calculation of the triplet states was restricted to
the few states which may participate in the early photo-
chemistry, namely the low-lying MLCT states (a3A�, a3A��,
b3A�) and the 3SBLCT (c3A�) state which is dissociative for the
Mn�H bond. The singlet ± triplet energy gap (�3000 cm�1) is
small for the excited states delocalized on the �*H-dab acceptor
ligand (MLCT or SBLCT). The particular behavior of the
MLCT state corresponding to the 3dxz��*H-dab is caused by
an important interaction between its singlet component with
the electronic ground state. This interaction explains the


Table 2. CASSCF/MR-CCI transition energies [cm�1] to the low-lying 1, 3A� and 1, 3A�� excited states of
[Re(H)(CO)3(H-dab)] and corresponding oscillator strengths f. A few multi-state CASPT2 results are reported
for comparison.


Transition One-electron excitation CASSCF/MR-CCI f MS-CASPT2
in the principal configuration


a1A�� a3A� 5dxz��*H-dab 14330 ±
a1A�� a3A™ 5dyz��*H-dab 15490 ±
a1A�� c1A™ 5dyz��*H-dab 15800 � 0.0
a1A�� b3A� 5dx2�y2��*H-dab 17310 ±
a1A�� b1A� 5dx2�y2��*H-dab 17440 � 0.0 15920
a1A�� c1A� 5dxz��*H-dab 22470 0.38 19390
a1A�� d3A� �Re±H��*H-dab 30420 ±
a1A�� d1A� �Re±H��*H-dab 33490 0.15 31590


Figure 2. CASSCF-optimized geometries of the low-lying 1, 3MLCT excit-
ed states of [Re(H)(CO)3(H-dab)] compared to the optimized geometry of
the electronic ground state (values in parentheses). The bond lengths are
given in ä.
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unusually large singlet ± triplet energy gap (�1.0 eV) for this
MLCT state, which is a consequence of the singlet component
destabilization. The character of the low-lying triplet excited
states of [Re(H)(CO)3(H-dab)] in the Franck ±Condon
region is rather pure, either MLCT or SBLCT. The compo-
sition of the singlet MLCT state corresponding to the 3dxz�
�*H-dab excitation points to a significant mixing with the
1SBLCT state and vice versa, which was not observed in the
manganese complex.[17]


The main effect of the metal center is a lowering of the
MLCT and SBLCT excited states on going from the man-
ganese to the rhenium complex. This is mainly caused by the
stabilization of the �*H-dab orbital by interaction with the
diffuse 6pz orbital of the third row transition metal atom. The
relativistic destabilization of the 5d orbitals also contributes to
the lowering of the MLCT states.
The SOC terms between the low-lying triplet and singlet


states and the SO splitting of the triplet states are reported in
Table 3. SOC values were evaluated through a restricted full-
CI scheme[36] based on a unique CASSCF wavefunction
optimized either for the triplet states or for the singlet states.
The SO splitting of the triplet states obtained after diagonal-
ization of the SOC-CI matrix never exceeds 1230 cm�1 (vs.
60 cm�1 for [Mn(H)(CO)3(H-dab)][36]), value obtained for the
3MLCT state calculated at 17310 cm�1 and corresponding to
the 5dx2�y2��*H-dab excitation. This significant SO splitting
should not allow direct absorption to this triplet state. Indeed,
although it is very close to the corresponding 1MLCT state
calculated at 17440 cm�1, the negligible oscillator strength
(f� 0.0) of this latter state makes the absorption ineffective.
The SO splitting of the other triplet states ranges between 80
and 310 cm�1 and should not significantly affect the absorp-
tion spectrum. However, one has to keep in mind the
possibility of a fast indirect population of the low-lying triplet
states after vertical absorption to the 1MLCT state corre-
sponding to the 3dxz��*H-dab excitation, which leads to a
small perturbation of the absorption spectrum (see the next
section). The SOC values range between 100 and 560 cm�1 (vs.
0 ± 100 cm�1 in the manganese complex).
The theoretical spectrum (Figure 3a) was obtained by


propagation of the �b1A�(qa , qb, t), �c1A�(qa , qb, t) and �d1A�-
(qa , qb, t) wavepackets on the corresponding b1A�, c1A� and
d1A� PES [Eqs. (11 ± 13)] (the details of the simulation are
described in the next sections) with the initial conditions given
by Equation (4).


�b1A�(qa, qb, t� 0)� 0.0377	a1A�0, 0(qa , qb) (11)


�c1A�(qa , qb, t� 0)� 0.8817	a1A�0, 0(qa, qb) (12)


�d1A�(qa, qb, t� 0)� 0.4704	a1A�0, 0(qa , qb) (13)


The theoretical absorption spectrum (Figure 3a) exhibits
an intense peak centered around 23000 cm�1 (430 nm), in
agreement with the experimental spectrum recorded for
[Re(R)(CO)3(iPr-dab)] (R�Me, Et) between 300 and
700 nm (Figure 3b). A shoulder at �35000 cm�1 (285 nm)
and a weak absorption at 15000 cm�1 (666 nm), beyond the
experimental detection limits, are also present in the theoret-
ical spectrum. The intense band and the weak absorption in
the visible energy domain can be attributed to the a1A�� c1A�
and a1A�� b1A� MLCT transitions, respectively, whereas the
UV absorption corresponds to the a1A��d1A� SBLCT
transition.


Potential energy curves for the
homolytic rupture of the rheni-
um ±hydrogen bond : Table 4
gives the MR-CCI energies for
the a1A� electronic ground state
and the low-lying singlet and
triplet excited states of [Re-
(H)(CO)3(H-dab)] of A� sym-
metry, calculated along the
Re�H bond homolysis reaction


Table 3. Calculated spin-orbit interactions [cm�1] in [Re(H)(CO)3(H-dab)] at the CASSCF/SOC-CI level (Zeff�
60.0). This work and ref. [36].


a3A� 5dxz��*H-dab b3A� 5dx2�y2��*H-dab d3A� �Re±H��*H-dab
MLCT MLCT SBLCT


a1A� electronic ground state 190 370 370
b1A� 5dx2�y2��*H-dab MLCT 560 160 230
c1A� 5dxz��*H-dab MLCT 130 530 310
d1A� �Re±H��*H-dab SBLCT 390 150 100


Figure 3. a) Theoretical absorption spectrum of [Re(H)(CO)3(H-dab)]
(the envelope was obtained after multiplication of the original autocorre-
lation function by an exponential factor exp (��t), �� 0.13). b) Exper-
imental absorption spectrum of [Re(R)(CO)3(iPr-dab)] measured in THF
at room temperature.
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path under the Cs symmetry constraint. The corresponding
adiabatic and diabatic potential-energy curves are shown in
Figure 4a and 4b, respectively.


Figure 4. a) CASSCF/MR-CCI Potential energy curves (PEC) along the
qa� [Re�H] bond elongation in [Re(H)(CO)3(H-dab)] for the low-lying
singlet (solid lines) and triplet (dashed lines) excited states. b) Diabatic
PEC obtained by transformation of the previous one for the a1A� electronic
ground state, the b1MLCT absorbing state and the 3SBLCT state.


The reaction is calculated to be endothermic by 60.5 kcal
mol�1, in agreement with the Re�H bond energy in transition
metal hydrides.[37] The formation of the diradical H .� [ .Re-
(CO)3(H-dab)] primary products rests on the change of
character of the a1A� potential as a function of qa� [Re�H].
At the equilibrium (qa� 1.799 ä ), a1A� is described by the
following electronic configuration (�Re�H)2(5dx2�y2)2(5dyz)2-


(5dxz)2(�*Re�H)0, where the �Re�H and �*Re�H orbitals are
bonding and antibonding combinations of the sH orbitals with
the 5dz2� ��*H-dab and 5dz2� ��*H-dab, respectively. The �*H-dab
character of these latter orbitals increase as a function of the
qa coordinate leading to �*H-dab� 5dz2 and 5dz2��*H-dab
combinations at the asymptot. At dissociation, the electronic
configuration of the a1A� state is given by (sH)2(5dx2�y2)2-
(5dyz)2(5dxz)2(�*H-dab� 5dz2)0� (sH)0(5dx2�y2)2(5dyz)2(5dxz)2-
(�*H-dab� 5dz2)2 which is nearly degenerate (see Table 4) with
the corresponding a3A� (sH)1(5dx2�y2)2(5dyz)2(5dxz)2(�*H-dab�
5dz2)1 describing the formation of the di-radicals. The low-
lying MLCT states, namely b1A� and c1A�, are bound and they
generate an avoided crossing at �2.6 ä. The singlet states are
bound along the qa coordinate and should not lead to fast
direct homolytic cleavage of the Re�H bond after visible
absorption into the MLCT states.
The shape of the triplet potentials (Figure 4a) indicates the


presence of two low-lying bound states, namely the a3A� and
b3A� MLCT states. The c3A� state corresponding to the
�Re�H��*H-dab excitation is dissociative and generates several
avoided crossings at 2.20 ä and 2.27 ä with the b3A� and a3A�
states, respectively. Consequently, the a3A� state is predis-
sociative with a small energy barrier (�5.0 kcalmol�1 com-
pared to the energy barrier of 21.0 kcalmol�1 for the
manganese complex) along the reaction pathway. The shape
of the potential energy curve along the metal ± hydrogen bond
elongation is very similar in both complexes ([Mn(H)-
(CO)3(H-dab)] and [Re(H)(CO)3(H-dab)]). The main differ-
ences which may influence the photo-reactivity are the small
energy barrier on the predissociative a3A� state and the
occurrence of a crossing between the singlet absorbing state
(c1A� MLCT) and the triplet dissociative state (c3A� SBLCT)
earlier in the reaction path in the case of the rhenium
complex. This crossing point appears clearly on the diabatic
potentials shown in Figure 4b.


Potential energy curves for the axial carbonyl loss : Table 5
gives the MR-CCI energies for the a1A� electronic ground
state and the low-lying singlet and triplet excited states of
[Re(H)(CO)3(H-dab)] of A� symmetry, calculated along the
Mn�COax bond dissociation pathway under the Cs symmetry
constraint.
The corresponding adiabatic potential-energy curves which


coincide with the diabatic curves in this case (no avoided
crossing situations similar to those found along the Re�H
bond homolysis reaction path) are shown in Figure 5. The


Table 4. MR-CCI energies values (in au and relative to�174) of the electronic ground state (a1A�) and low-lying excited states of [Re(H)(CO)3(H-dab)] as a
function of qa� [Re�H] (Re�COax 2.00 ä).


Re�H
1.5 ä 1.6 ä 1.799 ä 1.9 ä 2.0 ä 2.2 ä 2.5 ä 2.9 ä 3.5 ä 50.0 ä


a1A� 0.60567 0.62042 0.628930 0.62515 0.61899 0.60469 0.58274 0.55408 0.53887 0.53253
b1A� 0.54046 0.55226 0.55128 0.54722 0.54156 0.52683 0.50208 0.48794 0.47832 0.47283
c1A� 0.50902 0.52283 0.52723 0.52378 0.51833 0.50422 0.49086 0.48407 0.47034 0.46853
d1A� 0.43130 0.45477 0.47577 0.48088 0.48405 0.48702 0.47708 0.45811 0.44245 0.42815


a3A� 0.55182 0.56372 0.56552 0.56201 0.55576 0.54254 0.53337 0.53162 0.53366 0.53480
b3A� 0.54093 0.55196 0.55068 0.54722 0.54181 0.52780 0.50590 0.48391 0.47538 0.47499
c3A� 0.44405 0.46853 0.49260 0.49546 0.50335 0.50976 0.50199 0.48390 0.47293 0.47213
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reaction is calculated to be endothermic by 35.6 kcalmol�1.
This value is in the range of the experimental data available
for the metal ± carbonyl bond dissociation energy in transition
metal carbonyls.[38]


In contrast to the manganese analogue [Mn(H)(CO)3-
(H-dab)], the low-lying singlet and triplet MLCT states (b1A�,
c1A�, a3A� and b3A�) are bound along this reaction path. The
bound character of theMLCT states in [Re(H)(CO)3(H-dab)]
is mainly caused by different electronic interactions in the two
analogues. In particular, a very weak d� ± p� back-bonding
interaction between the Re atom and the axial CO ligand


(compensated by a � interac-
tion with the diffuse 6p orbital
of Re) which contrasts to the
strong one occurring between
the Mn atom and the axial CO
ligand (Scheme2), prevents a
significant weakening of the
Re�COax bond when an elec-
tron is excited from the 5d
orbitals of the metal into the
�*H-dab orbital. This is illustrated


by the increase of the M�COax bond lengths in both
complexes when going from the electronic ground state to
the 1,3MLCT states. In the manganese complex, this change
ranges between 6% (1MLCT) to 14% (3MLCT), whereas in
the rhenium complex it never exceeds 9%. The triplet and
singlet components of the SBLCT (d1A� and c3A�) are bound


for this reaction pathway; in particular for the c3A� state
corresponding to the �Re�H��*H-dab excitation, which is
dissociative for the concurrent reaction, namely Re�H bond
homolysis.
The two-dimensional diabatic potential energy surfaces


(PES) obtained by transformation of the adiabatic PES
calculated with CASSCF/MR-CCI as a function of qa�
[Re�H] and qb� [Re�COax] reaction coordinates under the
Cs symmetry constraint (see Scheme 1) are represented in
Figure 6a and 6b for the c1A�MLCT and c3A� SBLCT states,
respectively. These 2D PES were interpolated by means of
the bicubic spline scheme on the basis of 40 to 50 ab initio
points. As illustrated by the shape of the c1A� PES, the
b1MLCT state, which absorbs in the visible, is bound in both
directions of dissociation (axial CO loss and Re�H bond
homolysis). Within the limit of this 2D representation, the
only possible reactive deactivation channel goes through the
dissociative valley of the c3A� PES (Figure 6b) along the
Re�H bond homolysis via the b1MLCT� 3SBLCT intersys-
tem crossing. On the basis of the calculated excited states and
associated PES, the following qualitative mechanism is
proposed:
After the a1A�� c1A� transition, which populates the


b1MLCT state, the system becomes trapped in its potential
well. The only possibility of fast deactivation (on the ps time-
scale) of the excited molecule within the limit of the 2D
model is an indirect Re�H bond homolysis via c1A�� c3A�
intersystem crossing at �2.1 ä (see Figure 4b) leading to the
radical H .� .[Re(CO)3(H-dab)] primary products in their
1,3A� ground state.
To obtain a quantitative mechanism with information on


the time scales and probabilities of the primary reactions, on
the population of the different excited states after visible
irradiation and on the efficiency of intersystem crossing
processes, several 1D and 2D simulations of the excited-state
dynamics were performed with wavepacket propagations on
spin-orbit and non-adiabatically coupled potentials.


One-dimensional simulation on spin-orbit coupled potentials :
To select the excited states that play a key role in the
photodissociation mechanism and to determine the contribu-
tion of the triplet states, one-dimensional wavepacket prop-
agations either along the qa� [Re�H] reaction coordinate or
along the qb� [Re�COax] reaction coordinate were per-
formed on spin-orbit and non-adiabatically coupled poten-
tials. Six potentials were included in the simulation of the


Scheme 2.


Figure 5. CASSCF/MR-CCI Potential energy curves (PEC) along the qb�
[Re�COax] bond elongation in [Re(H)(CO)3(H-dab)] for the low-lying
singlet (solid lines) and triplet (dashed lines) excited states.


Table 5. MR-CCI energies values (in au and relative to�174) of the electronic ground state (a1A�) and low-lying excited states of [Re(H)(CO)3(H-dab)] as a
function of qb� [Re�COax] (Re�H 1.799 ä).


Re�COax


1.7 ä 1.9 ä 2.0 ä 2.1 ä 2.2 ä 2.4 ä 2.7 ä 2.9 ä 4.0 ä 50.0 ä


a1A� 0.57357 0.62360 0.62893 0.62732 0.62239 0.60944 0.59354 0.58655 0.57612 0.57218
b1A� 0.48990 0.54292 0.55128 0.55447 0.55386 0.54741 0.53886 0.53534 0.53170 0.52953
c1A� 0.45933 0.51792 0.52723 0.52926 0.52719 0.51652 0.50266 0.49689 0.49216 0.49416
d1A� 0.43050 0.47352 0.47577 0.47264 0.46696 0.45288 0.43567 ± ± 0.42284


a3A� 0.49102 0.55398 0.56552 0.56935 0.57087 0.56736 0.55989 0.55706 0.55396 0.54921
b3A� 0.48665 0.54158 0.55068 0.55245 0.55440 0.54784 0.53799 0.53431 0.53188 0.52736
c3A� 0.45094 0.49187 0.49260 0.48833 0.48115 0.46579 0.44876 ± ± 0.42293
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dynamics after absorption in the visible: the a1A� electronic
ground state, the b1A�, c1A� MLCT states ranging in the
absorption energy domain and the three triplet states
corresponding to the a3A�, b3A� MLCT states and c3A�
(SBLCT) states.
The initial conditions used for the simulation of the visible


absorption to the low-lying MLCT states are given in
Equations (14) and (15).


�b1A�(q, t� 0)� 0.0377	a1A�0(q) (14)


�c1A�(q, t� 0)� 0.8817	a1A�0(q) (15)


Investigation of the population of the different excited
states after 1 ps of simulation of the reaction path of Re�H


bond homolysis (Figure 7) points to an important exchange
between the two 1MLCT bound states. At t� 0, 95% of the
system stands is in the c1A� state. In the first tens of fs, the
population of the b1A� state increases to 30%. The perfect
correlation between the population of the b1A� state and the
depopulation of the c1A� state with an oscillating behavior
characterized by a period of 28 fs (Figure 7a, b). After 1 ps of
simulation no significant damping is observed. The singlet ±
triplet intersystem crossing processes are inefficient on this
time scale according to the low population of the low-lying
triplet states after 1 ps. The only significant population
concerns the b3MLCT, which reaches 15% and can be
attributed to two features: 1) the large spin-orbit interaction
between this state and the b1MLCT absorbing state
(530 cm�1); 2) the near-degeneracy of this triplet state with


Figure 6. Two-dimensional diabatic potential energy surfaces (PES) as a function of the qa� [Re�H] and qb� [Re�COax] bond elongations for a) the
b1MLCT absorbing state and b) the 3SBLCT excited state of [Re(H)(CO)3(H-dab)].
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the a1MLCT state in the Franck ±Condon region. The second
factor is illustrated by the correlation between the population
evolution of these two states as a function of time (Fig-
ure 7a, d) which follows an oscillating behavior with a period
of �600 fs. Surprisingly, the population of the 3SBLCT state
dissociative for the Re�H bond homolysis is very small,
despite the presence of a crossing between this state and the
b1MLCT absorbing state at �2.15 ä (Figure 4b). Within this
1D picture, as soon the wavepacket reaches the 1MLCT state
it gets trapped in its potential well and starts an oscillating
motion. It looses energy by relaxation to the a1MLCT and
b3MLCT states prior to reaching this crossing point.
The populations of the different excited states after 1 ps of


simulation along the Re�COax bond reaction coordinate are
reported in Figure 8. The b1MLCT absorbing state remains
mainly populated (�95%) and there is no significant
exchange with the other states (either singlet or triplet) along
this reaction pathway.
On the basis of these results, only the b1MLCT absorbing


state (c1A�) and 3SBLCT (c3A�) dissociative state for the


Re�H bond homolysis were retained in the 2D simulation.
Although the a1MLCT state is significantly populated by
exchange with the b1MLCT absorbing state, it was not
included in the 2D simulation because, according to its bound
character, it should not participate in the photo-reactivity of
[Re(R)(CO)3(H-dab)].


Two-dimensional simulation of the photodissociation dynam-
ics after absorption in the visible region : The time evolution of
the system was followed by propagation of the �c1A�(qa, qb, t)
and �c3A�(qa , qb, t) wavepackets on the Vc1A�(qa , qb) and
Vc3A�(qa , qb) potentials coupled non-adiabatically and by
spin-orbit with the initial conditions given in Equa-
tions (16 ± 18).


�b1A�(qa, qb, t� 0)� 0 (16)


�c3A�(qa , qb, t� 0)� 0 (17)


�c1A�(qa , qb, t� 0)� 1.0	a1A�, 0, 0(qa, qb) (18)


After the initial a1A�� c1A� transition, the wavepacket gets
trapped in the potential well of the b1MLCT absorbing state,


Figure 7. Evolution of the low-lying excited states population of [Re(H)-
(CO)3(H-dab)] after irradiation in the visible as a function of time (along
the qa� [Re�H] bond coordinate).


Figure 8. Evolution of the population of the low-lying excited states of
[Re(H)(CO)3(H-dab)] after irradiation in the visible as a function of time
(along the qb� [Re�COax] coordinate).
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as depicted in Figure 9. On a very short time scale (50 fs), the
c3A� (3SBLCT) state is populated. As soon as the wavepacket
reaches this potential it evolves along the dissociative channel
towards the formation of the diradical H .� .[Re(CO)3-
(H-dab)] primary products in their 1,3A� ground state. This


Figure 9. Time evolution of the �c1A�(qa , qb, t) wavepacket (solid line) on
the Vc1A�(qa , qb) potential (dashed line) (left) and of the �c3A�(qa, qb, t)
wavepacket (solid line) on the Vc3A�(qa , qb) potential (dashed line) (right).


indirect homolysis of the Re�H bond in [(H)Re(CO)3-
(H-dab)] via b1MLCT� 3SBLCT intersystem crossing is
rather slow and inefficient in the first ps, as illustrated by
the dissociation probability reported in Figure 10, which
remains lower than 2% after 3 ps of simulation.
This result is in perfect agreement with the quantum yield


(0.01 ± 0.12) of the Re�Me bond observed in the dab-
substituted methyl complexes [Re(Me)(CO)3(iPr-dab)].[4±6]


Conclusion


The electronic spectroscopy and photo-dissociation dynamics
of [Re(H)(CO)3(H-dab)], a model system for a series of
[M(R)(CO)3(�-diimine)] complexes of great importance in
catalytic, polymerization or electron/energy transfer chemis-
try induced by light, were investigated by means of wave-
packet propagations on ab initio potentials calculated for the
electronic ground and low-lying MLCT and SBLCT excited
states. The effect of the metal center on the photoreactivity of
this class of [M(R)(CO)3(�-diimine)] complexes on going
from the first-row transition metal (Mn) to the third-row (Re)


Figure 10. Probability of the indirect Re�H bond homolysis in [Re(H)-
(CO)3(H-dab)] as a function of time after irradiation in the visible.


was the main motivation of this work accomplished in the
context of a broad field of theoretical/experimental research
onmetal-to-ligand charge-transfer complexes carried out over
a period of many years.
In contrast to the manganese complex [Mn(H)(CO)3-


(H-dab)],[17] only one reactive channel of deactivation is
accessible after irradiation in the visible energy domain,
namely homolysis of the metal ± hydrogen bond leading to
H .� .[Re(CO)3(H-dab)]. Within the limit of the 2D simu-
lation performed on the ps time scale, the photoreactivity is
characterized by a rather inefficient indirect dissociation via
the b1MLCT� 3SBLCT intersystem crossing. Moreover, the
probability of dissociation remains very low (�2%) after 3 ps
of simulation. This points to a non-total process as compared
to the direct, total and ultrafast CO loss (�500 fs) observed in
[Mn(H)(CO)3(H-dab)]. This result is in agreement with the
modest quantum yield characterizing the Re�Me bond
homolysis in the methyl-substituted Re complexes.
The photodissociation dynamics is controlled by the


b1MLCT/3SBLCT spin-orbit coupling and the position of
their crossing along the reactive channel. The proposed
mechanism explains the wavelength and temperature depen-
dence of the quantum yield in [M(R)(CO)3(�-diimine)] (R�
methyl).[6] Indeed, by increasing the wavelength of the
irradiation or the temperature, the system will gain some
vibrational energy in the b1MLCT absorbing state. Conse-
quently, by a simple dynamic effect, the probability of
reaching the b1MLCT/3SBLCT crossing point (which is well
above the b1MLCT minimum) will increase as well.
In agreement with experimental observations, CO loss is


quenched in the rhenium complexes due to the bound
character of the PES along this pathway. Indeed, the very
weak d� ± p� back-bonding interaction between the Re atom
and the axial CO ligand observed in the model system
[Re(H)(CO)3(H-dab)] prevents a significant weakening of the
Re�COax bond when exciting the molecule into the 1MLCT
state. The only deactivation channel concurrent to the Re�H
bond homolysis is the b1MLCT� b3MLCT transition leading
to an unreactive state with a long lifetime (ns time scale). This
branching of the evolution of the Franck ±Condon excited
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state between trapping and reactive states has been observed
recently for the similar [Re(Me)(CO)3(dmb)] complex.[9] The
branching time of less than 400 fs, determined by femto-
second time-resolved absorption spectroscopy, is in agree-
ment with the simulation of the b1MLCT absorbing state
dynamics which shows that more than 95% of the system still
gets trapped in the b1MLCT potential well after 500 fs of
propagation.
The effect of the radical R on the photoreactivity of the


[M(R)(CO)3(�-diimine)] complexes (R�Me, Et, Bz; and
M�Mn, Re) which has been extensively studied experimen-
tally, was investigated for two model complexes [M(Et)-
(CO)3(H-dab)] (M�Mn, Re) and will be the subject of a
further article.[39] The solvent effects which are not taken into
account here are beyond the scope of the present investiga-
tion of the early excited states dynamics based on accurate
quantum chemical calculations. However, they should be
investigated in the near future.
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Crystallization-Induced Diastereoselection: Asymmetric Synthesis
of Substance P Inhibitors
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Robert A. Reamer,[a] Richard Ball,[b] Nancy N. Tsou,[b] R. P. Volante,[a] and Paul J. Reider[a]


Abstract: A novel three-component condensation followed by a crystallization-
induced asymmetric transformation is used to build this key substance P inhibitor
intermediate in a short synthetic sequence.


Keywords: asymmetric synthesis ¥
crystallization-driven transforma-
tion ¥ dihydroxylation ¥ Mitsunobu
reaction ¥ substance P inhibitors


Introduction


Although the neuropeptide substance P was isolated from
brain cells as early as 1931,[1] its functional role was not well
understood until the advent of orally-available substance P
inhibitors.[2] These compounds show great promise for the
treatment of chemotherapy-induced emesis, but more excit-
ingly, a recent clinical trial has shown the efficacy of a Merck
substance P antagonist as an antidepressant in patients with
major depressive disorder. This landmark discovery is even
more significant as it demonstrates a novel mode of action for
antidepressive therapy.[3]


Results and Discussion


Structurally, the Merck substance P antagonists consist of a
C2/C3 cis-substituted morpholine acetal core linked to a
heterocycle, such as the 3-oxo-1,2,4-triazole moiety in 1.[4] An
initial retrosynthetic analysis of 1 suggested an apparently
trivial disconnection at the acetal center (Scheme 1) leading
to 3,5-bis(trifluoromethyl)-sec-phenethyl alcohol 3 and the
activated morpholine 2. Unfortunately, this glycosidation-
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Scheme 1. Retrosynthetic analysis of 1.


type approach failed, as either facile elimination of the leaving
group (LG) or substitution from the �-face resulted in the
undesired trans stereochemistry, presumably due to steric
blocking by the adjacent 4-fluorophenyl group. Alternatively,
vinyl ether 4 was a desirable intermediate, since diastereose-
lective hydrogenation of the vinyl ether is known to afford the
requisite stereochemistry at the newly formed chiral center.[4]


Importantly, 4 is retrosynthetically transformed to the bicyclic
quaternary ammonium salt 5 by a regioselective Hofmann
elimination. The critical cis-stereochemistry in 5 is set by an
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intramolecular displacement of the lactol hydroxyl group of 6,
thus overcoming the bias towards the trans arrangement. We
envisioned deriving lactol 6 from chiral aminodiol 7 using a
new Mannich boronic acid condensation. It was imperative to
the success of this strategy that the single stereocenter of
aminodiol 7 controls both stereocenters in the morpholine
ring of 6.


Synthesis of aminodiol 7 in racemic or enantiomerically
pure form was readily achieved by using known chemistry. A
Sharpless asymmetric dihydroxylation of 3,5-bis(trifluoro-
methyl)styrene (8) set up the necessary absolute stereochem-
istry, and subsequent selective activation of the primary
alcohol as the mesylate followed by displacement with
ethanolamine lead cleanly to crystalline 7 (Scheme 2; see
also Experimental Section). An ambitious new three-compo-
nent condensation was then utilized to assemble the core
morpholine ring system in one step from 7.[5]
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Scheme 2. Synthesis of aminodiol 7. a) (DHQ)2PHAL, K2OsO4, NMNO,
tBuOH, water; b) MeSO2Cl, 2,6-lutidine, MeCN.


Heating 7 with 4-fluorophenylboronic acid (10) and aque-
ous glyoxal afforded, in quantitative yield, a mixture of lactol
diastereomers: 6, 11, and 12 (50:10: �2 area%) and
regioisomers 13 and 14 (10 and 20 area%) (Scheme 3). This
poor selectivity would severely limit the utility of this
morpholine synthesis, if not for the fact that these isomers
are interconvertible, presumably through the ring-opened
aldehyde/diol. Thus, a chromatographically isolated mixture
of 11 and 12 returns to the initially observed isomeric mixture
of 6, 11, 12, 13, and 14 by addition of DBU, catalytic H3PO4, or
by simple heating. This facile equilibration of the isomers in
solution, coupled with a crystallization of the desired diaste-
reomer, could lead to a crystallization-induced transformation
that would funnel the complex mixture into a single crystalline
isomer.[6] Indeed, this crystallization-induced asymmetric
transformation was first demonstrated in the racemic series
by seeding the mixture of 6, 11, 12, 13, and 14 with crystalline
rac-6 to afford the desired rac-6 in 65% yield (90 area%).


Crystal properties of enantiomerically pure compounds are
expected to differ from those of the racemate.[7] Thus, the
dependence of our synthesis on a crystallization-induced
asymmetric transformation gives this often inconsequential
issue great significance. Repeating the boronic acid conden-
sation with (S)-7, we obtained the same expected ratio of
isomers in solution. However, attempts to crystallize enantio-
merically-pure trans-lactol 6were unsuccessful and resulted in
the isolation of a minor component of the reaction mixture,
the cis-lactol 12. Pure 12 was obtained in 86% yield by slow
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Scheme 3. Interconversion of diastereomers.


crystallization from the reaction mixture with methylcyclo-
hexane. Evidently, the trans-lactol 6 is still the thermodynami-
cally preferred species in solution and, consequently, brief
exposure of a solution of the cis-lactol 12 to a trace amount of
H3PO4 rapidly establishes a 87:13 equilibrium of trans/cis-
lactols 6 and 12 (Scheme 4). Single-crystal X-ray structures
were obtained for rac-6 and enantiomerically pure 12 and
show extensive hydrogen-bonding networks for both cases.[8]


While the X-ray result confirms the structural assignments, a
simple explanation for the forces that stabilize the minor
species 12 of a mixture in the crystalline state of the
enantiomerically pure product is not readily apparent (see
Supporting Information).


As the subsequent steps required the use of the trans-lactol
6 (vide infra), 12 was first converted to trans-lactol 6. This was
accomplished in 98% yield by equilibration of a solution of 12
to the 87:13 trans/cis mixture and slow precipitation of the
trans-lactol 6 as the HCl salt. A simple conversion to the free
base gives a solution of clean trans-lactol 6, which is stable at
20 �C for extended periods of time in the absence of strong
bases or acids.


Although a number of the lactol isomers could potentially
cyclize to bicyclic acetal 15, attempts to achieve this trans-
formation under traditional acetal-forming conditions result-
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ed in complex mixtures. We then focused on the cyclization of
trans-lactol 6 through selective activation of the lactol
hydroxyl group and S�2 type cyclization with the side chain
alcohol from the �-face. The different steric and electronic
environment of both alcohols made it likely that a regiose-
lective activation of the lactol hydroxyl would be possible, and
the neutral conditions required to prevent the facile elimi-
nation of the activated lactol 2 directed us to the Mitsunobu
reaction.[9] Treatment of a solution of 6with tributylphosphine
in THF at �30 �C followed by the addition of diisopropyl
diazodicarboxylate (DIAD) and warming to ambient temper-
ature led to the formation of crystalline bicyclic acetal 15 in
86% isolated yield from 6 ¥HCl (Scheme 5).
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Scheme 5. a) i) aq. K2CO3, EtOAc; ii) Bu3P, DIAD, THF, �30 �C to 20 �C,
86%; b) BnI, acetone, 50 �C, 89%; c) 1.1 equiv NaOH, EtOH, H2O, 90%.


The bicyclic acetal was quaternized in acetone with benzyl
iodide at 50 �C to yield 89% of iodide salt 5. Regioselective
Hofmann elimination proceeded as expected by heating 5 in
ethanol/water (3:1) with 1.1 equivalents of sodium hydrox-


ide.[10] The choice of iodide counterion for salt 5 allowed the
direct isolation of the key vinyl ether 4 in 90% yield with
rejection of the sodium iodide byproduct in the liquors.


In conclusion, we have developed a short practical asym-
metric synthesis of vinylether intermediate 4, a key inter-
mediate for the synthesis of substance P inhibitor 1, in 58%
overall yield from readily available starting materials. The
morpholine core is assembled rapidly in a novel three-
component cyclization, and a subsequent crystallization-
induced asymmetric transformation is used to funnel the
complex mixture of diastereomers into a single species, thus
establishing the morpholine stereochemistry. A diastereose-
lective formation of the bicyclic acetal 15, quaternization to 5,
and a subsequent regioselective Hofmann elimination lead to
4. Notably, all chiral centers in 4 and subsequently in 1 are
ultimately derived from the single chiral center in diol (S)-7,
prepared by the Sharpless catalytic asymmetric dihydroxyla-
tion.


Experimental Section


General : All reagents were purchased from common commercial sources
and used as received. All reactions were performed in a dry nitrogen
atmosphere. Column chromatography was performed with EM Science
silica gel 60 (230 ± 400 mesh).


Unless otherwise stated all reactions were monitored by HPLC analysis by
using a Thermo Separations AS1000 with a Zorbax Rx-C8 reverse phase
column. Optical rotations and microanlyses were determined by QTI
(Whitehouse, NJ). NMR spectra were obtained on Bruker Avance 600, 500,
and 400 MHz spectrometers. Spin ± spin coupling constants (J) are reported
in hertz.


Preparation of 3,5-bistrifluoromethylstyrene (8): A solution of 3,5-bis(tri-
fluoromethyl)bromobenzene (75 g, 0.256 mol), tetrabutylammonium chlor-
ide (71.4 g, 0.256 mol), triethylamine (71.3 mL, 0.97 mol), and palladium(��)
acetate (113 mg) in acetonitrile (360 mL) was deoxygenated with a
vigorous flow of nitrogen. The reaction was pressurized with ethylene
(950 psi) and heated to 80 �C for 36 hours. Pentane (400 mL) was added,
and, after washing with water (3� 200 mL), the organic layer was dried
over Na2SO4 and the solvent was removed in vacuo to afford 8 as a pale
yellow oil (58.2 g, 0.242 mol, 95% yield). 1H NMR/13C NMR consistent
with that purchased from Aldrich.


Preparation of (S)-bis-3,5-(trifluoromethyl)phenyl ethyleneglycol (9):
Hydroquinine 1,4-phthalazinediyl diether ((DHQ)2PHAL) (13.3 g,
17.0 mmol) was added to a solution of potassium osmate dihydrate
(5.68 g, 15.4 mmol) in tert-butanol (2.3 L)/water (1.97 L). An aqueous
solution of N-methylmorpholine N-oxide (596 mL, 50 wt.%, 2.88 mol) was
then added. After 15 minutes styrene 8 (468 g, 1.95 mol) was added over
3.5 hours, while a temperature of 15 �C was maintained. The reaction
mixture was warmed to 23 �C for 30 minutes and quenched by the addition
of 10% aq. Na2SO3. After aging for 18 hours, the phases were separated
and the aqueous layers extracted with ethyl acetate (1� 2 L). The organic
layers were combined, washed with 0.4� H2SO4 saturated with Na2SO4


(2.4 L). After drying over Na2SO4 the solvent was removed in vacuo to
afford crude 9 as an off white solid (87% ee). Recrystallization from ethyl
acetate/hexanes gave 9 as a white solid (395 g, 74%, �99% ee). M.p. 142 ±
144 �C; [�]25589 � 19.85� (c� 2.833 in MeOH); 1H NMR (400.13 MHz,
[D6]DMSO): �� 8.02 (s, 2H), 7.94 (s, 1H), 5.69 (d, J� 4.8 Hz, 1H), 4.84
(t, J� 5.6 Hz, 1H), 4.77 (q, J� 5.3 Hz, 1H), 3.59 (m, 1H), 3.50 (m, 1H);
13C NMR (100.61 MHz, [D6]DMSO): �� 147.7, 130.1 (q, J� 32.8 Hz), 127.5
(q, J� 3.2 Hz), 123.9 (q, J� 273.1 Hz), 120.8 (septet, J� 4.0 Hz), 72.6, 66.8;
IR(KBr): �� � 3312, 2896, 1622, 1473 cm�1; elemental analysis calcd (%) for
C10H8F6O2: C 43.81, H 2.94, F 41.58; found: C 43.45, H 2.77, F 41.93.


Preparation of (S)-2-imino[1-(bis-3,5-(trifluoromethyl)phenyl)ethanol]-2�-
ethanol (7): Methanesulfonyl chloride (89 mL, 1.26 mol) was added over
1 hour to a solution of diol 9 (300 g, 1.09 mol) in acetonitrile (900 mL)
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containing 2,6-lutidine (600 mL, 5.2 mol). HPLC analysis indicated com-
plete consumption of diol. After addition of 2-aminoethanol (1 L), the
acetonitrile and 2,6-lutidine were removed by reduced pressure distillation
at 90 �C over 3 hours. The remaining oil was partitioned between 10%
aqueous sodium carbonate (1 L) and ethyl acetate (1.2 L). The organic
layer was washed with water (3� 300 mL) and then with brine (1�
300 mL). After drying with MgSO4, the solvent was removed to afford an
oil. Crystallization from MBTE/heptane afforded 59% of (S)-7 as a white
solid (205 g, 0.647 mol). M.p. 80 ± 82 �C; [�]25589 � 34.4� (c� 2.64 in MeOH);
1H NMR (400.13 MHz, [D6]DMSO): �� 8.03 (s, 2H), 7.93 (s, 1H), 5.71
(br s, 1H), 4.85 (m, 1H), 4.46 (br s, 1H), 3.43 (t, J� 5.6 Hz, 2H), 2.75 (m,
1H), 2.69 (m, 1H), 2.59 (m, 2H), 1.95 (br s, 1H); 13C NMR (100.61 MHz,
[D6]DMSO): �� 148.7, 130.1 (q, J� 32.0 Hz), 127.1 (q, J� 3.2 Hz), 123.8 (q,
J� 272.3 Hz), 120.7 (m), 70.8, 60.8, 57.2, 51.8; IR (KBr): �� � 2973, 2868,
1427, 1029 cm�1; elemental analysis calcd (%) for C12H13F6NO2: C 45.43, H
4.13, F 35.93, N 4.42; found: C 45.15, H 3.77, F 35.89, N 4.12.


Preparation of lactol 12 : A 40% aqueous glyoxal solution (0.46 mL,
2 equiv) were added to a solution of aminodiol (S)-7 (632 mg, 2.00 mmol) in
tert-amylalcohol (10 mL). After a 1 hour, 4-fluorophenylboronic acid
(335 mg, 2.54 mmol) was added, and the reaction mixture was heated to
40 �C for 15 hours. The reaction mixture was diluted with cyclohexane
(80 mL) and washed with water (3� 30 mL). Drying (MgSO4) and
evaporation gave a glassy solid, consisting of the diastereomeric mixture
6, 11, 12, 13, and 14 (1.06 g), which partially crystallized on standing. After
addition of methylcyclohexane (4 mL) and EtOAc (0.15 mL), the resulting
slurry was aged for 18 hours in a 45 �C bath to give the crystalline cis-lactol
12 (775 mg, 95 A%, 86% yield). M.p. 130 ± 132 �C; [�]25589 � 1.14� (c� 1.075
in MeOH); 1H NMR (600.13 MHz, CD3CN): �� 7.83 (s, 1H), 7.78 (s, 2H),
7.40 (m, 2H), 7.05 (m, 2H), 4.96 (dd, J� 9.8, 3.4 Hz, 1H), 4.80 (dd, J� 7.9,
1.9 Hz, 1H), 4.29 (d, J� 7.9 Hz, 1H), 4.19 (td, J� 11.7, 2.6 Hz, 1H), 3.87
(br s, 1H), 3.63 (m, 1H), 3.59 (d, J� 1.9 Hz, 1H), 3.17 (dt, J� 11.7, 2.6 Hz,
1H), 2.53 (td, J� 11.3, 3.8 Hz, 1H), 2.38 (dd, J� 12.8, 9.8 Hz, 1H), 2.21 (dd,
J� 12.8, 3.4 Hz, 1H); 13C NMR (150.90 MHz, CD3CN; selected data): ��
94.0, 70.5, 68.8, 62.4, 59.8, 52.2; IR (KBr): �� � 3395, 1029, 800 cm�1;
elemental analysis calcd (%) for C20H18F7NO3: C 52.99, H 4.00, F 29.33, N
3.09; found: C 52.62, H 3.91, F 29.25, N 3.03.


Preparation of 6 ¥HCl salt : A solution of the cis-lactol 12 (705 mg,
1.57 mmol) in EtOAc (10 mL) was heated to reflux. After cooling to room
temperature, the solution was saturated with HCl gas. To the clear solution
of the salt, methylcyclohexane (10 mL) was added. The slow crystallization
was allowed to take place over 18 hours, hen the slurry was concentrated to
about half its volume and filtered to give the desired 6 ¥HCl salt (747 mg,
94 A%, 98% yield). M.p. 176 ± 178 �C; [�]25589 � 77� (c� 4.7 in MeOH);
1H NMR (600.13 MHz, CD3CN): �� 12.01 (br s, 1H), 7.89 (s, 1H), 7.86 (s,
2H), 7.80 (brm, 2H), 7.21(m, 2H), 6.26 (br, 1H), 5.39 (d, J� 10.2 Hz, 1H),
5.26 (d, J� 7.9 Hz, 1H), 5.08 (br, 1H), 4.63 (t, J� 12.5 Hz, 1H), 4.21 (dd,
J� 13.2, 2.6 Hz, 1H), 3.98 (d, J� 12.5 Hz, 1H), 3.89 (d, J� 7.9 Hz, 1H),
3.32 (m, 1H), 3.12 (d, J� 13.2 Hz, 1H), 2.98 (dd, J� 13.2, 10.2 Hz, 1H);
13C NMR (150.90 MHz, CD3CN): �� 164.4 (d, J� 247.8 Hz), 143.5, 133.2
(br), 132.0 (q, J� 33.6 Hz), 127.8 (q, J� 3.1 Hz), 124.5 (q, J� 271.6 Hz),
122.8 (m), 117.0 (d, J� 22.0 Hz), 95.4, 72.6, 66.1, 64.3, 61.8, 53.4; IR (KBr):
�� � 3278, 3059, 1098, 959 cm�1; elemental analysis calcd (%) for
C20H19ClF7NO3: C 49.04, H 3.91, Cl 7.24, F 27.15, N 2.86; found: C 48.65,
H 3.77, Cl 7.36, F 26.9, N 2.81.


Preparation of bicyclic acetal 15 : A slurry of lactol HCl salt 6 (4.25 g,
8.68 mmol) in ethyl acetate (50 mL) was washed with dilute aqueous
potassium carbonate (0.7 g in 70 mL water). The organic layer was further
washed with water and dried over MgSO4. The solvent was switched into
THF (40 mL), and the solution cooled to �30 �C. Tributylphosphine
(2.65 mL, 10.4 mmol) was added followed by the addition of DIAD
(2.0 mL, 9.98 mmol) over 30 minutes, while a temperature below �25 �C
was maintained. After the addition, the reaction was allowed to warm to
15 �C over 3 hours, and the solvent was removed in vacuo. The residue was
filtered through a short silica gel column (20% ethylacetate in hexane) and
recrystallized from EtOH/water (1:1) to afford bicyclic acetal 15 as a white
solid (3.23 g, 7.43 mmol, 86% yield). M.p. 99 ± 101 �C; [�]25589 � 23.5� (c�
1.36 in MeOH); 1H NMR (500.13 MHz, CDCl3): �� 7.72 (s, 1H), 7.58 (m,
4H), 7.11 (m, 2H), 5.61 (s, 1H), 5.58 (dd, J� 10.3, 6.4 Hz, 1H), 4.46 (ddd,
J� 11.9, 10.0, 6.0 Hz, 1H), 4.22 (s, 1H), 3.98 (ddd, J� 11.9, 7.0, 3.4 Hz, 1H),
3.91 (ddd, J� 13.9, 10.0, 7.0 Hz, 1H), 3.47 (ddd, J� 13.9, 6.0, 3.4 Hz, 1H),
2.90 (m, 2H); 13C NMR (125.77 MHz, CDCl3): �� 161.1 (d, J� 247.2 Hz),


143.9, 132.9 (d, J� 3.1 Hz), 131.7 (q, J� 33.2 Hz), 129.4 (d, J� 8.0 Hz),
126.0 (q, J� 2.5 Hz), 123.1 (q, J� 272.6 Hz), 121.6 (m), 115.4 (d, J�
20.9 Hz), 89.0, 71.5, 61.2, 56.8, 52.7, 52.6; IR (KBr): �� � 3073, 2976, 1016,
935 cm�1; elemental analysis calcd (%) for C20H16F7NO2: C 55.18, H 3.70, F
30.55, N 3.22; found: C 55.10, H 3.60, F 30.66, N 3.20.


Preparation of bicyclic acetal quaternary ammonium iodide 5 : Benzyl
chloride (0.7 mL, 6.08 mmol) was added to a solution of sodium iodide
(880 mg, 587 mmol) in acetone (10 mL), and the reaction mixture stirred in
the dark for 18 hours. The resulting slurry was filtered, bicyclic acetal (15)
(2.00 g, 4.60 mmol) was added, and the resulting solution was heated at
50 �C for 8 hours. The solvent was switched into cyclohexane (10 mL), and
the product was removed by filtration to afford quaternary salt 5 as a pale
yellow solid (2.76 g, 89%). M.p. 169 ± 171 �C; [�]25589 ��0.86� (c� 2.05 in
MeOH); 1H NMR (500.13 MHz, CD3CN): �� 8.25 (m, 2H), 8.15 (s, 2H),
8.09 (s, 1H), 7.55 (m, 2H), 7.51 (m, 1H), 7.44 (m 2H), 7.32 (m, 2H), 6.03 (s,
1H), 5.91 (dd, J� 11.9, 3.6 Hz, 1H), 5.77 (s, 1H), 5.62 (d, J� 12.3 Hz,), 4.82
(m, 1H), 4.70 (m, 1H), 4.45 (m, 1H), 3.75 (d, J� 12.3 Hz, 1H), 3.68 (m,
2H), 3.57 (t, J� 12 Hz, 1H); 13C NMR (125.77 MHz, CD3CN): �� 165.3 (q,
J� 249.8 Hz), 140.1, 136.5 (vbr), 134.6, 132.6 (q, J� 33.8 Hz), 131.7, 130.0,
128.3 (q, J� 3.7 Hz), 126.8, 124.8 (d, J� 3.7 Hz), 124.4 (q, J� 272.0 Hz),
124.0 (m), 117.2 (d, J� 22.1 Hz), 94.7, 69.3, 67.1, 65.0, 60.2, 58.2, 57.8; IR
(KBr): �� � 3278, 3059, 1098, 959 cm�1.


Preparation of cis-vinyl ether 4 : A slurry of quaternary salt 5 (2.00 g,
2.98 mmol) in ethanol (3 mL) was heated at 40 �C. Sodium hydroxide (2�,
1.64 mL, 3.28 mmol) was added and heating was continued until dissolution
occurred. After 20 minutes the reaction was seeded with 4 (20 mg). After
40 minutes at 40 �C precipitation of 4 occurred. The reaction was heated at
75 �C for a further 4 hours and then allowed to cool. An ethanol/water
mixture (4:3, 7 mL) was added over 45 minutes. After 1 hour the product 4
was isolated by filtration and washed twice with 1:1 ethanol/water. After
drying 1.46 g 4 was obtained as a white powder (90%). Supercritical-fluid
chromatographic analysis (OD column, 3% MeOH isocratic) indicated
�99% ee of the desired enantiomer. M.p. 101 ± 103 �C; [�]25589 � 114.1�
(c� 1.18 in MeOH); IR (KBr): �� � 3028, 2882, 1466, 753 cm�1; elemental
analysis calcd (%) for C27H22F7NO2: C 61.72, H 4.22, F 25.31, N 2.67; found:
C 61.22, H 4.13, F 25.09, N 2.61.
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Alkali Metal Ion Binding to Amino Acids Versus Their Methyl Esters:
Affinity Trends and Structural Changes in the Gas Phase


Jody M. Talley,[a] Blas A. Cerda,[a, c] Gilles Ohanessian,*[b] and Chrys Wesdemiotis*[a]


Abstract: The relative alkali metal ion
(M�) affinities (binding energies) be-
tween seventeen different amino acids
(AA) and the corresponding methyl
esters (AAOMe) were determined in
the gas phase by the kinetic method based
on the dissociation of AA±M� ±AAOMe
heterodimers (M�Li, Na, K, Cs). With
the exception of proline, the Li�, Na�,
and K� affinities of the other aliphatic
amino acids increase in the order AA�


AAOMe, while their Cs� affinities gen-
erally decrease in this direction. For
aliphatic �-amino acids, which are par-
ticularly basic molecules, the order
AA�AAOMe is already observed for
K�. Proline binds more strongly than its
methyl ester to all M� except Li�. Ab
initio calculations on the M� complexes
of alanine, �-aminoisobutyric acid, pro-


line, glycine methyl ester, alanine meth-
yl ester, and proline methyl ester show
that their energetically most favorable
complexes result from charge solvation,
except for proline which forms salt
bridges. The most stable mode of charge
solvation depends on the ligand (AA or
AAOMe) and, for AA, it gradually
changes with metal ion size. Esters
chelate all M� ions through the amine
and carbonyl groups. Amino acids coor-
dinate Li� and Na� ions through the
amine and carbonyl groups as well, but
K� and Cs� ions are coordinated by the


O atoms of the carboxyl group. Upon
consideration of these differences in
favored binding geometries, the theoret-
ically derived relative M� affinities be-
tween aliphatic AA and AAOMe are in
good overall agreement with the above
given experimental trends. The majority
of side chain functionalized amino acids
studied show experimentally the affinity
order AA�AAOMe for all M� ions,
which is consistent with charge solva-
tion. Deviations are only observed with
the most basic amino acids lysine and
arginine, whose K� (for arginine) and
Cs� complexes (for both) follow the
affinity order AA�AAOMe. The latter
ranking is attributed to salt bridge for-
mation.


Keywords: alkali metals ¥ amino
acids ¥ amino acid esters ¥ charge
solvation ¥ kinetic method ¥ mass
spectrometry ¥ salt bridges


Introduction


In aqueous media, all common �-amino acids are known to
adopt zwitterionic structures with deprotonated carboxyl and
protonated amine (or basic side chain) termini.[1] Although
these zwitterions are inherently less stable than the corre-
sponding canonical (free acid) tautomers, they interact much
more strongly with water than their uncharged tautomers,
thereby becoming the lowest energy structures in solution. In


contrast, gas-phase �-amino acids exist as free acids because
of the absence of stabilizing intermolecular interactions.
This has been unequivocally shown for glycine (Gly)[2±7] and
phenylalanine (Phe)[8] as well as for the most basic amino
acid, arginine (Arg).[9] This indicates that the carboxyl group
is not sufficiently acidic for spontaneous intramolecular
deprotonation even by the quite basic guanidine group of
arginine.[10]


The intrinsic stability of amino acid zwitterions is increased
significantly by complexation with alkali metal ions. Thus, the
glycine zwitterion is 60 ± 80 kJmol�1 less stable than the free
acid according to theory;[4, 11] however, the energy difference
between zwitterionic and canonical (i.e. charge-solvated)
[glycine�Na]� tautomers is reduced to only 8 ± 12 kJmol�1,
primarily because of the formation of a salt bridge between
the carboxylate terminus and the metal cation.[11±14] For
[arginine�alkali metal]� complexes, the relative energy
between zwitterionic and charge-solvated isomers depends
on the metal ion (M�). Density functional theory (DFT) and
kinetic experiments on the dissociation of [Arg�M]� carried
out by Williams et al.,[15] as well as our assessment of the
Arg ±M� binding energies relative to those of pertinent
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zwitterionic and charge-solvated analogues,[16] showed that
the smaller alkali metal ions (Li�, Na�) favor charge solvation
by canonical Arg while the larger ions (K� and beyond) favor
the formation of a salt bridge with zwitterionic Arg. On the
other hand, ion mobility studies and parallel DFT calculations
by Bowers and co-workers reached the opposite conclusion
for the Na� and Rb� complexes of glycine and C- or N-
methylated glycines, that is, the stability of salt bridges
decreases with increasing size of the alkali metal ion.[17]


The possible structures of [Gly�M]� complexes have been
the subject of several computational studies.[11±14, 17±19] The
comprehensive ab initio calculations by Hoyau and Ohanes-
sian,[13] which included all alkali metal ions, identified three
low-energy isomers: two that involve charge solvation (I and
II) and one (III) with a salt bridge. The most stable form is I
with Li� and Na� ; I and II are degenerate with K�, while II


becomes slightly more stable than I with Rb� and Cs�. In all
cases, zwitterionic III is higher in energy by �6 ±
14 kJmol�1.[13] The investigation of C- and N-methylated
glycines by Bowers et al.[17] further revealed that the stability
of zwitterionic structure III, relative to charge-solvated
structures I or II, increases almost linearly with the proton
affinity (PA) of the amino acid. A proton affinity above
�910 kJmol�1 was found to result in salt bridge formation (i.e.
structure III).[17] Based on this correlation, it was predicted
which amino acids would produce zwitterionic complexes
when chelating a given alkali metal ion. For example, all M�


complexes of the aliphatic amino acids Ile and Pro, and the
side chain substituted amino acids Phe, His, Lys, and Arg
should be salt-bridged.[17] This prediction is, however, at odds
with experimental data on lithiated and sodiated Arg (vide
supra)[15, 16] and with recent ab initio and experimental studies
of Phe, whose Na� and K� complexes were found to contain
the free acid.[20, 21] In these latter cases, the ability of the side
chain to provide an extra coordination site outweighs its
proton affinity increasing effect, resulting in a higher stability
for charge-solvated than zwitterionic arrangements. A similar
preference for charge-solvated structures has been reported
for M� complexes of the side chain functionalized amino acids
Cys,[16, 22] Ser,[16, 22] Tyr,[16, 20, 21] and Trp,[16, 20, 21] for which no
reliable prediction based on proton affinity could be made by
Bowers et al.[17]


In the present investigation, the structures of the Li�, Na�,
K�, and Cs� adducts of a number of �- and �-amino acids with
and without side chain substituents are probed by thermo-
chemistry experiments and by ab initio theory. The kinetic
method[23] is used to compare the AA±M� binding energies to
those of the corresponding methyl esters, AAOMe, which are


unable to form zwitterions. The premise of these comparisons
is that the relative M� affinity between AA and AAOMe will
reflect the binding mode in [AA�M]� . If both AA and
AAOMe coordinate M� by means of charge solvation at
equivalent binding sites, the ester is expected to bind more
strongly as a result of the electron-donating properties of the
methyl group. In contrast, a zwitterionic AA should form a
stronger bond to M� than (always canonical) AAOMe
because of the attractive ionic interactions resulting from
the formation of a salt bridge. Our measurements are
complemented by theory to elucidate the lowest energy
structures of the metalated acid and ester. As will be
demonstrated, such computational data are essential for the
interpretation of the experimental trends, which are compli-
cated by the existence of two different isomers for charge-
solvated [AA�M]� (vide supra).


Experimental Section


The kinetic method experiments in-
volved the formation of M�-bound
heterodimers between amino acids
and the corresponding methyl esters,
AA±M� ±AAOMe, and measure-
ment of the metastable ion (MI) and/
or collisionally activated dissociation
(CAD) mass spectra of these ions. If
the dissociation of the dimers to the


individual metalated monomers, AA±M� and M� ±AAOMe, proceeds
with rate constants kAA and kAAOMe, respectively, the relative dimer
dissociation rate, that is kAA/kAAOMe, is equal to the abundance ratio of
AA±M� versus M� ±AAOMe in the corresponding MI or CAD spec-
trum.[23±26] For dimers that dissociate with no reverse activation energies
(which applies to ligand detachment from alkali metal ion com-
plexes),[23, 25, 26] the ratio kAA/kAAOMe provides thermochemical information
on the binding of M� to AA versus AAOMe [Eq. (1)].[16, 23±26]


ln (kAA/kAAOMe)��(�GM)/RTeff��(�HM)/RTeff (1)


In Equation (1) �(�GM) and �(�HM) are the relative M� basicity (free
energy of binding) and M� affinity (binding enthalpy), respectively,
between AA and AAOMe, R is the ideal gas constant, and Teff is the
effective temperature of the dissociating dimer ions, a proportionality
constant that gauges the average internal energy of these ions but also
depends on experimental conditions and the binding energy of the
dimers.[23c] The relationship �(�GM)��(�HM) presupposes that the
AA±M� and M� ±AAOMe bonds have similar entropies, which is
generally true for metal ion bonds to structurally similar ligands.[24±26]


MI and CAD spectra were acquired with aMicromass AutoSpec-Q tandem
mass spectrometer of E1BE2hQ geometry (E/B� electric/magnetic sector,
h�RF-only hexapole, Q� quadrupole mass analyzer).[27] AA±M�-
AAOMe heterodimers, AA±M� ±AA homodimers and AA±M� mono-
mers (also designated as [AA�M]�) were generated by FAB by the use of
various matrices (vide infra) and 12 keV Cs� ions as bombarding particles.
After acceleration to 8 keV (or as stated), the desired precursor ion was
mass-selected by E1B and allowed to dissociate spontaneously or by
collision with He or O2 (80% transmittance) in the field-free region
between B and E2. The dissociation products were mass analyzed by E2 and
recorded in the corresponding MI or high energy CAD spectrum (MS2).
With a few heterodimers, low-energy CAD spectra were also acquired. For
this, AA±M� ±AAOMe was mass-selected by E1BE2 and decelerated to a
kinetic energy of 5 ± 100 eV for CAD with Ar in the hexapole collision cell;
the resulting fragments were subsequently dispersed by Q scans.


Kinetic energy releases of metastably formed AA±M� and M� ±AAOMe
were calculated from peak widths at half height (T0.5) by means of
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established procedures.[28] MS3 spectra[29] of the AA±M� fragments from
AA±M� ±AA homodimers were obtained by collisionally dissociating
the dimer ions in the field-free region preceding E1 (He, 80% trans-
mittance) and transmitting the AA±M� products by proper adjust-
ment of E1B into the field-free region between B and E2, where their
CAD (MS3) spectra were measured using O2 as the collision gas (80%
transmittance). The acquired MI, CAD, and MS3 spectra combined 100 ±
500 added scans.


Amino acids, their methyl esters, FAB matrices, and alkali metal salts were
purchased from Sigma or Aldrich and were used with no further
modification. Samples were prepared by mixing saturated solutions in
the matrix of the proper amino acid, amino acid ester, and salt, as described
in detail elsewhere.[16, 26] The kinetic measurements with AA-M�-AAOMe
heterodimers were replicated in two different FAB matrices (glycerol and
nitrobenzyl alcohol) with a trifluoroacetate salt as the source of M�.
Whenever the experiment indicated a higher M� affinity for AA than
AAOMe, which can be indicative for the presence of salt bridges (vide
infra), two additional matrices (monothioglycerol and a 5:1 mixture of
dithiothreitol and dithioerythritol) and an additional source of M� (NaI,
KBr, or CsCl) were used, which resulted in at least 12 replicates for a
particular dimer.


Computational methods : Ab initio calculations were performed with
Gaussian98[30] and two different basis sets, namely 6 ± 31G* for H, C, N, O,
and Na, and equivalent nonstandard bases for K and Cs (designated as
basis 1); and 6 ± 311�G(2d,2p) for H, C, N, O, and Na, and equivalent
nonstandard bases for K and Cs (basis 2). [13] Selected M� complexes of
alanine (Ala), �-aminoisobutyric acid (�-AIB), proline (Pro), glycine
methyl ester (GlyOMe), alanine methyl ester (AlaOMe), and proline
methyl ester (ProOMe) were geometry-optimized in structures I, II, and
III, which were found to be the lowest energy isomers of M�-cationized
glycine and methylated glycines.[13, 17] A few additional structures were
considered for glycine methyl ester (vide infra). Optimum geometries were
determined at the HF/basis 1 andMP2/basis 1 levels; zero-point vibrational
energies, thermal energies at 298 K and entropies at 298 K were also
obtained at these levels. The MP2/basis 1 geometries were additionally
energy-minimized at the MP2/basis 2 level in order to obtain more precise
relative energies of the isomeric [AA�M]� or [AAOMe�M]� complexes.
Metal ion binding enthalpies (�H298 , also referred to as M� binding
energies or M� affinities in the text) and free energies (�G298 , M�


basicities) of AA and AAOMe were calculated at the MP2/basis 2//MP2/
basis 1 level and were subsequently corrected for basis set superposition
errors (BSSE) in the full counterpoise approximation at the MP2/basis 2
level. Absolute �H298 values obtained by this procedure were shown to be
in very good agreement with well-established experimental Na� affin-
ities.[22] The method has further yielded a large number of relative Na�


binding energies that agree very well with ligand-exchange equilibrium
constants measured in the gas phase with a Fourier-transform ion cyclotron
resonance mass spectrometer.[31]


The Li�-bound dimer of Pro and
ProOMe, a substantially more complex
system, was subjected to geometry opti-
mization only at the HF/basis 1 level to
keep the computations tractable. The
isomers considered involved structures I
or III for the Pro ligand and I or II for the
ProOMe ligand. Final energetics of the
dimeric complex were obtained at the
MP2/basis 2//HF/basis 1 level.


Results and Discussion


Dissociations and structures of
AA ± M� ± AAOMe heterodimers:
The MI spectra of heterodimers
AA±M� ±AAOMe contain dom-
inant signals for AA±M� and
M� ±AAOMe, as exemplified by


the Cs�-bound complex of isoleucine and its methyl ester in
Figure 1a. All AA±M� and M� ±AAOMe peaks have a
Gaussian shape and a relatively narrow width, corresponding
to kinetic energy releases (T0.5) of 20� 8 meV. Such MI
characteristics provide evidence that the AA±M� ±AAOMe
complexes dissociate without reverse activation energies,[28] as
required in kinetic method applications (vide supra).[23] At the
higher internal energies available with CAD, the AA±M� ±
AAOMe heterodimers continue to yield mainly AA±M� and
M� ±AAOMe, which now dissociate, in part, further to M�


(Figure 1b). This CAD fragmentation pattern agrees well
with the connectivity AA±M� ±AAOMe, that is, the AA and
AAOMe ligands are loosely bridged by the central metal ion.
An important question in our kinetic method experiments


is whether steric hindrance (crowding) in the dimer ions
prevents the formation of AA±M� (or M� ±AAOMe)
monomers in their most stable structure, thereby leading to
conflicting relative M� affinities. To address this problem, the
CAD (MS3) spectra of [AA�M]� ions generated from AA±
M� ±AA dimers were compared to reference CAD (MS2)
spectra of [AA�M]� ions formed by the association of AA
with M� in the FAB ion source. Homodimers were used for
improved MS3 sensitivity because they are generated with
higher intensities than heterodimers. Table 1 lists representa-
tive results for Pro and Thr, which carry aliphatic and
functional side chains, respectively. In both cases, MS3 and
MS2 spectra are identical within experimental error.[32] Hence,
the AA±M�monomers emerging from the dissociating dimer
ions and those formed associatively have similar structures
and the second ligand in the dimer complexes does not appear
to significantly alter the coordination of M� by AA (for
example, from bidentate to monodentate). Nevertheless,
subtle changes in the structure of [AA�M]� (for example,
from I to II or III) may be induced by attaching a second
polarizable ligand. Since independent reference spectra of
isomers I, II, and III are not available for any AA, it is not
known whether such changes would be detectable by CAD
experiments. More information on this subject is provided by
MO calculations, as discussed later.


Figure 1. a) MI and b) CAD mass spectra of heterodimer Ile ±Cs� ± IleOMe (8.00 keV). The kinetic energies
released upon the formation of [Ile�Cs]� and [IleOMe�Cs]� under MI conditions are 20 and 23 meV,
respectively. The shoulder/tail on the high-mass side of the [Ile�Cs]� and [IleOMe�Cs]� signals (Figure 1a)
arise from the dissociation of Ile ±Cs� ± IleOMe inside the mass-analyzing electric sector (E2). The narrow peak
at m/z 320 is an artifact signal from metastable ion fragmentations in the field-free region between E1 and B.
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Relative M� affinities between AA and AAOMe : The larger
abundance of Ile ±Cs� versus Cs� ± IleOMe in the MI
spectrum of Ile ±Cs� ± IleOMe (Figure 1a) indicates that
Cs� forms a stronger bond with Ile than IleOMe. As
mentioned above, the abundance ratio of AA±M� versus
M� ±AAOMe equals the ratio of the rate constants with
which these fragments are formed from the dimer, namely kIle/
kIleOMe, and the corresponding natural logarithm, ln(kIle/
kIleOMe), reflects the difference in M� affinity (binding energy)
between AA and AAOMe. Seventeen amino acids were
compared this way with the corresponding methyl esters in
Li�-, Na�-, K�-, and Cs�-bound heterodimers. The relative M�


affinities obtained from these experiments are presented in
Table 2 in form of ln (kAA/kAAOMe) ratios;[33] a negative value


indicates a higher M� binding energy to the ester than the
amino acid and vice versa.
A number of the AA±M� ±AAOMe complexes were


subjected to CAD. The abundance ratio [AA±M�]:[M� ±
AAOMe] slightly changes from MI to CAD conditions,
as a consequence of the higher effective temperature of
collisionally activated dimer ions;[23] however, there are no
ratio reversals upon CAD, as illustrated in Figure 1b for
Ile ±Cs� ± IleOMe. Inversion of the order of relative affinities
would have been indicative of a significant difference in
the entropies of the bonds compared to the metal-ion
bound dimer.[25] Entropy effects upon dissociation of
AA±M� ±AAOMe dimers could be appreciable if AA and
AAOMe interact differently withM�, that is the former with a
salt bridge and the latter with charge solvation. Theory
predicts salt bridge bonding in all Pro ±M� complexes (vide
infra). For this reason, the relative entropy between the
Pro ±M� and M� ± ProOMe bonds was examined more care-
fully by monitoring the ln(kPro/kProOMe) ratio (equal to the
logarithm of [Pro ±M�]:[M� ± ProOMe]) as a function of the
center-of-mass collision energy (ECM) under low-energy CAD
conditions. Increasing ECM increases Teff in Equation (1).
Since �(�HM) and R are constant for a given Pro ±M� ±
ProOMe dimer, ln (kPro/kProOMe) should approach zero as
ECM becomes larger, if �(�GM)��(�HM), that is, if Pro
and ProOMe have similar M� binding entropies.[34] Otherwise,
�(�GM) would change with Teff, causing ln(kPro/kProOMe) to
either cross the zero line or continually increase (if positive)
or decrease (if negative), depending on the magnitude of the
Pro ±M� and M� ±ProOMe bond entropies. Figure 2 shows


Figure 2. Logarithm of the [AA±M�]:[M� ±AAOMe] branching ratio,
which is equal to ln(kAA/kAAOMe), plotted against the center-of-mass
collision energy (ECM) in low-energy CAD spectra of heterodimers
AA±M� ±AAOMe (�0.05). a) Pro ±Li� ± ProOMe, b) Pro ±K� ±
ProOMe and Leu ±Cs� ±LeuOMe.


the results obtained for Li�- and K�-bound dimers, for which
the relative M� affinity is negative and positive, respectively
(Table 2). In both cases, the ln (kPro/kProOMe) term moves in the
expected direction. The theoretically expected convergence
to zero stops at the higher energies examined, presumably
because the ECM fraction transferred to internal energy falls as
ECM is raised;[29] nonetheless, the ln (kPro/kProOMe) ratios level
out with rising ECM without crossing the zero line. This is also
true for the Cs�-bound dimer of Leu and LeuOMe (included
in Figure 2), where the branching ratio is closer to unity


Table 1. CAD mass spectra of AA±Na� ions formed by FAB ionization
(MS2) or by CAD of AA±Na� ±AA homodimers (MS3).[a±c]


[Pro�Na]�
m/z 95/96[d] 91 70 68 43


MS2 18 13 38 17 14
MS3 16 14 35 16 19


[Thr�Na]�
m/z 124 98/96[d] 79 68 40


MS2 55 31 5.0 3.3 6.1
MS3 49 33 7.8 4.3 6.3


[a] Normalized relative intensities ([%], sum of peak heights� 100%).
Uncertainties are�1% inMS2 and�4% inMS3 mode. [b] AA±Na� ±AA
were accelerated to 8.00 keV. FAB-generated AA±Na� were accelerated
to 4.15 keV (AA�Pro) or 4.35 keV (AA�Thr), which are the kinetic
energies of these ions when formed from 8.00 keV AA±Na� ±AA in the
MS3 mode. [c] The Na� fragment (m/z 23) is not included because of its low
kinetic energy (�0.70 keV); ions of �1.00 keV suffer from poor trans-
mission and collection efficiencies in our instrument.[32] [d] Unresolved.


Table 2. Relative M� affinities between amino acids (AA) and their
methyl esters (AAOMe), ln(kAA/kAAOMe),[a] obtained from the dissociation
of metastable AA±M� ±AAOMe heterodimers.


Amino acid AA PA(AA)[b]


[kJmol�1]
ln (kAA/kAAOMe)[a]


Li� Na� K� Cs�


aliphatic amino acids
glycine (Gly) 887 � 3.95 � 3.58 � 2.72 � 0.34
alanine (Ala) 902 � 3.52 � 3.08 � 2.13 � 0.34
valine (Val) 911 � 2.99 � 2.56 � 1.50 � 0.34
leucine (Leu) 915 � 2.88 � 2.42 � 1.36 � 0.40
isoleucine (Ile) 917 � 2.77 � 2.27 � 1.16 � 0.41
�-alanine (�-Ala) 927[c] � 3.08 � 2.04 � 1.28 � 2.82
�-aminoisobutyric acid (�-AIB) 933[d] � 2.79 � 1.22 � 2.10 � 1.71
proline (Pro) 921 � 1.77 � 0.79 � 1.76 � 1.98
amino acids with functional side chains
serine (Ser)[e] 915 � 3.77 � 3.51 � 3.14 � 2.12
threonine (Thr) 923 � 3.39 � 3.33 � 3.19 � 2.59
cysteine (Cys)[e] 903 � 2.87 � 2.67 � 2.49 � 0.92
methionine (Met) 935 � 2.88 � 2.62 � 2.12 � 1.36
tyrosine (Tyr)[e] 926 � 2.10 � 2.03 � 1.57 � 2.05
tryptophane (Trp)[e] 949 � 2.54 � 2.30 � 1.87 � 1.74
histidine (His) 988 � 2.71 � 2.38 � 1.82 � 0.79
lysine (Lys) 996 � 2.85 � 2.23 � 0.74 � 0.41
arginine (Arg)[e] 1051 � 2.20 � 0.69 � 2.20 � 1.61
[a] ln(kAA/kAAOMe)� [�HM(AA)��HM(AAOMe)]/RTeff, where �HM is
the affinity of the species following in parenthesis (see text); the
uncertainties are �0.05 at constant experimental conditions and �0.20
within months. [b] From Ref. [10], unless noted otherwise. [c] Ref. [33].
[d] Estimated as PA(�-Ala)�PA(n-propylamine)�PA(ethylamine).[10, 33]
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(Table 2) and, hence, particularly sensitive to a significant
difference in the Leu ±M� and M� ±LeuOMe bond entropies.
Our combined high-energy (Figure 1b) and low-energy (Fig-
ure 2) CAD results verify that the entropies of M� attachment
to AA and AAOCH3 are similar, as assumed above and
corroborated by theory (vide infra).
Alkyl esters are stronger Lewis bases than carboxylic acids;


this is revealed, inter alia, by their larger proton affinities.[10]


Converting the COOH group of a canonical amino acid to
COOCH3 would thus increase the M� affinity, provided the
new methyl group does not interfere with the coordination of
M� (vide infra). For the majority of systems studied (Table 2),
all or most metal ions indeed form stronger bonds with
AAOMe thanAA, supporting the presence of a COOH group
(i.e. charge solvation) in the respective [AA�M]� complexes.
Hence, the experimental data are consistent with charge
solvation as the predominant mode of metal ion coordination
by gaseous amino acids.


Amino acids with functionalized side chains : Besides the two
most basic amino acids (Lys and Arg) the other side chain
functionalized amino acids studied (Ser, Thr, Cys, Met, Tyr,
Trp, and His) coordinate all M� ions by charge solvation,
which is evident from the affinity increases observed upon
esterification (Table 2). This finding agrees well with calcu-
lations for sodiated Ser,[22] Cys,[22] Phe,[20] Tyr,[20] and Trp,[20] as
well as potassiated Phe,[20] Tyr,[20] and Trp.[20] The lowest
energy structures of these complexes are predicted to involve
tridentate charge solvation by the amino, carbonyl, and side
chain groups (IV; X represents a functional group),[20, 22]


except for [Trp�K]� , where a bidentate coordination by the
aromatic and carbonyl groups and weak interactions between
the metal ion and the OH group (V) is slightly more stable (by
�1 kJmol�1).[20] Structures IV and V also account for the
affinity trends of the Thr, Met, and His complexes, for which
computational data are not available.
Concerning arginine, the DFT calculations of [Arg�M]�


carried out by Williams et al. have indicated that zwitterionic
geometries become more energetically favorable with in-
creasing size of the metal ion.[15] The most stable structure was
found to change from a charge-solvated complex for Li�


(similar to IV) to salt-bridged complexes for K� and Cs� ions
(similar to VI) with the cross-over occurring with Na� for
which both types of coordination are very similar in energy.[15]


The larger dipole moments of zwitterions, compared to those
of canonical analogues, enable them to form stronger bonds
with alkali metal ions, as recently shown for betaine (a
naturally zwitterionic amino acid) and isomeric nonzwitter-
ionic esters.[16] The higher K� and Cs� affinities of Arg versus


ArgOMe (Table 2) thus indicate that [Arg�K]� and
[Arg�Cs]� contain salt bridges, in agreement with the
theoretical prediction. Conversely, the negative relative
affinity between Arg and ArgOMe for the corresponding
Li� and Na� complexes (Table 2) is characteristic for charge
solvation in [Arg�Li]� and [Arg�Na]� ; this is also in
agreement with the theoretical prediction. For lysine, another
basic amino acid with a long, flexible side chain, the relative
M� affinity versus LysOMe changes from negative to positive
first with Cs� (Table 2); the later cross-over suggests a lower
stability for salt bridges with Lys than Arg, probably because
of the lower proton affinity of Lys.[10]


Aliphatic �- and �-amino acids : All Gly ±M� affinities as well
as the Li� affinities of all, and the Na� and K� affinities of
most aliphatic AA molecules are smaller than those of the
corresponding esters, in agreement with charge solvation in
the corresponding [AA�M]� complexes. In several cases,
however, AA is found to bind M� more strongly than
AAOMe. This is true for all cesiated amino acids except
Gly, for potassiated �-alanine and �-aminoisobutyric acid, and
for sodiated and potassiated proline (Table 2). The presence
of the zwitterionic AA tautomer in these complexes could
account for the higher relative affinities against AAOMe, as
explained above for arginine. Without supporting theoretical
data, similar to those for Arg complexes, alternative scenarios
are possible.
We indicated above that a lower M� affinity for canonical


AA than for AAOMe is expected if the ester methyl group
does not interfere with the coordination of the metal ion; in
addition, the methyl group should not obstruct any important
stabilizing interactions in the metalated complex. Inspection
of structures I and II as well as IV and V reveals that
esterification would disable hydrogen bonding. With func-
tionalized amino acids, where the side chain substituent is a
significant contributor to the binding of M� (cf. IVandV), the
removal of these H bonds appears to be compensated by the
higher intrinsic basicity of esters versus free acids (vide supra),
leading to the affinity order ester� free acid. With aliphatic
amino acids (cf. I and II), the H bonds are a more important
stabilizing element of the M� complexes and their removal
upon esterification could affect the stability of
[AAOMe�M]� to the point that the affinity order reverses
to free acid� ester. Isomer II, which contains a more stable H
bond than I, would be most severely destabilized upon
esterification.[17] Consequently, the positive relative affinities
observed between aliphatic AA and AAOMe (Table 2)
cannot be interpreted unequivocally. This impasse is largely
alleviated by the computational data discussed below.


Ab initio calculations : Several
M� complexes of three repre-
sentative amino acids and the
methyl esters of glycine and
proline were investigated com-
putationally. The AA mole-
cules chosen include alanine
(Ala), the simplest amino acid
whose relative affinity com-
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pared to the corresponding ester changes sign as the size of
M� increases, �-aminoisobutyric acid (�-AIB), the most basic
of the aliphatic amino acids studied, and proline, a unique
amino acid bearing a cyclic secondary amine and showing a
higher M� affinity than ProOMe for all M� ions except Li�


(Table 2). The study of a �-amino acid further allows us to
elucidate the effect of a longer chain that can chelate M� or
form an H bond over a larger ring than the chain of an �-
amino acid. Each complex was optimized in structures I, II,
and III, which have been identified as the lowest energy
isomers of alkali metal ion cationized glycine in earlier
work.[13, 17] Additionally, calculations were performed on the
dimer Pro ±Li� ± ProOMe in order to assess how a second M�


ligand (AAOMe) affects the relative stabilities of the various
[AA�M]� isomers. The results of the calculations are
summarized in Tables 3 ± 9.


Alanine complexes: For [Ala�Na]� , charge-solvated isomer I
and zwitterionic isomer III are essentially degenerate, while
isomer II is significantly higher in energy (cf. �Ee entries in
Table 3). With thermal corrections added (�E298), III becomes
less stable than I (by 3 kJmol�1) and II remains as the highest
energy isomer (�7 kJmol�1). After consideration of the
corresponding Na� complexation entropies (S298), the 298 K
difference in free energy (�G298) between I and III is still
1 kJmol�1 in favor of charge solvation (i.e. I). The trends
reverse for [Ala�K]� and [Ala�Cs]� , where charge-solvated
II now becomes the most stable isomer, lying considerably
lower in energy than either I or III (Table 3). At 298 K, the
energy difference between most stable charge-solvated and
zwitterionic isomers increases continually from Na�


(�3 kJmol�1) to Cs� (�14 kJmol�1), as previously observed
for glycine[13] and methylated glycines,[17] and in contrast to
arginine, for which DFT calculations revealed exactly the
opposite.[15] Furthermore, �E298 and �G298 follow the same
order and are fairly similar because of the comparable
entropies of isomers I, II, and III. Overall, the results predict
that salt bridges become less favorable with increasing size of
the metal ion;[17] such a result makes it unlikely that the
inversion of the relative affinity between Ala and AlaOMe
from K� to Cs� (Table 2) originates from the formation of a
salt bridge in [Ala�Cs]� . To validate this conclusion, calcu-
lations were also performed on the K� and Cs� complexes of


�-AIB, for which the affinity order AA�AAOMe is already
observed with K� (Table 2).


�-Aminoisobutyric acid complexes: The optimized geometries
of isomers I ± III of [�-AIB�K]� and [�-AIB�Cs]� are
displayed in Figure 3. The type of binding interactions in
these isomers is identical to that in the respective complexes
of Ala and Gly. The �Ee values (Table 4) clearly show that the


Figure 3. Optimized structures of isomers I ± III of [�-AIB�K]� (left
column) and [�-AIB�Cs]� (right column) at the MP2/basis 1 level.
Important bond lengths [ä] and bond angles [o] are marked on the
structures. The H-O-M angles of structures III are 163.0o and 161.4o in the
K� and Cs� complexes, respectively.


Table 3. Relative electronic energies (�Ee), relative energies at 298 K (�E298), entropies at 298 K (S298), and relative free energies at 298 K (�G298) of
isomeric complexes of alanine (Ala) with Na�, K�, and Cs�.[a]


Complex Isomer �Ee [kJmol�1] �E298 [kJmol�1] S298 [Jmol�1K�1] �G298 [kJmol�1][b]


MP2/basis 2 MP2/basis 1


[Ala�Na]� I 0 0 370 0
II � 10 � 7 379 � 5


III 0 � 3 374 � 1
[Ala�K]� I � 4 � 6 384 � 8


II 0 0 392 0
III � 4 � 8 386 � 9


[Ala�Cs]� I � 9 � 10 404 � 13
II 0 0 411 0


III � 12 � 14 405 � 16
[a] See the Experimental Section for a description of the basis 1 and basis 2 sets. The MP2/basis 2 energies refer to geometries optimized with MP2/basis 1.
�E298 were calculated by adding zero-point vibrational energies and thermal energies from theMP2/basis 1 data sets. [b] WithMP2/basis 2 energies andMP2/
basis 1 entropies.
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salt-bridged structures III are less stable than structures II, in
which M� is charge-solvated by the carboxyl group of �-AIB;
the energy difference is augmented at 298 K, as revealed by
the �E298 value for K�. Relative to the corresponding Ala
complexes, isomer I of �-AIB is substantially destabilized
compared to II (cf. �Ee in Tables 3 and 4). Hence, the extra
flexibility of a �-amino acid improves the H bond between
amino and carboxyl termini (present in II and III, Figure 3)
much more than metal ion sequestration (I). Despite the
increased proton affinity of �-AIB compared to Ala (Table 2),
zwitterionic structures III remain less stable than II and
become less favorable compared to II as the size of the metal
ion increases (Table 4). These trends corroborate the fact that
zwitterionic arrangements cannot be invoked to explain why
the relative affinity between �-AIB and �-AIBOMe changes
from a negative value (for Li�/Na�) to a positive value (for
K�/Cs�).


Proline (Pro) complexes: In contrast to the amino acids
discussed so far, proline preferentially forms zwitterionic
complexes with all alkali metal ions (Table 5). Isomer III is
consistently the lowest energy structure, followed by II and
I.[22] Pro carries a secondary amine and is thus more basic than


most aliphatic amino acids,[10] which could promote salt bridge
formation within [Pro�M]� . This certainly is not the only
reason for proline×s high proclivity to form zwitterions
because �-AIB is more basic (Table 2), yet it favors charge
solvation (Table 4).
A zwitterionic [AA�M]� complex carries positive charges


at a proton and metal ion, separated by a negative charge at
carboxylate O atoms (���). The most favorable interaction
of the charges is achieved in a linear arrangement. A nearly
linear ��� geometry is possible if the proton resides on an
�-amine group, as in Pro or Gly (cf. H-O-M angle in III). With
increasing deviation from linearity of the �� and ��
dipoles, the electrostatic stabilization resulting from a salt
bridge is reduced. The nearly linear H-O-M orientation in
[Pro�M]� zwitterions[22] constitutes an extra driving force for
the formation of salt bridges within these complexes. On the
other hand, the somewhat twisted H-O-M angle in �-AIB
(Figure 3) could be a reason for the decreased stability of salt
bridges with this more basic AA.


Glycine and proline methyl ester complexes : The
[GlyOMe�M]� complexes involving a small (Na�) or large
(Cs�) alkali metal ion were optimized in structures I, II, III a,
and VII (Figure 4 and Table 6). Esterification obstructs the H
bond in II, but rotation about the COOCH3 moiety gives rise
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to a new isomer,VII, in which hydrogen bonding between the
carbonyl oxygen and the amine hydrogens can take place.
Isomer III a arises from II by CH3


� migration from the
carboxyl to the amine group and resembles III, which is
formed by an analogous H� transfer. Note that III a corre-
sponds to a zwitterionic sarcosine complex. Although III a is a
particularly stable isomer, the intramolecular rearrangement
II/III a requires a very high barrier (Table 6); therefore, III a
can be excluded as a probable structure of the [GlyOMe�M]�
complexes probed in our experiments. From the remaining
isomers, I, which involves charge solvation by the carbonyl
and amine groups (Figure 4), is the most stable structure for
both sodiated and cesiated GlyOMe; a similar trend was
reported by Bowers et al. for the Na� and Rb� adducts of
GlyOMe.[14] The energy difference between I and II is �68
and �40 kJmol�1 for M�Na and Cs, respectively (Table 6).
For comparison, the corresponding differences between
isomers I and II of [Gly�M]� are �16 and �7 kJmol�1.[13]
These dramatic changes emphasize the importance of stabi-
lizing hydrogen bonding in certain tautomers of metalated
amino acids and the implications of their removal or
alteration.[14]


Computational data were also obtained for the
[ProOMe�Li]� complex (Table 7), mainly for use in the


Table 4. Relative electronic energies (�Ee) of isomeric complexes of �-amino-
isobutyric acid (�-AIB) with K� and Cs�. Selected relative energies at 298 K
(�E298) and entropies at 298 K(S298) are also given.[a]


Complex Isomer �Ee [kJmol�1] �E298 [kJmol�1] S298 [Jmol�1K�1]
MP2/basis 2 HF/basis 1


[�-AIB�K]� I � 22 410
II 0 0 405
III � 9 � 10 400


[�-AIB�Cs]� I � 26
II 0
III � 14


[a] See the Experimental Section for a description of the basis 1 and basis 2 sets.
The MP2/basis 2 energies refer to geometries optimized with MP2/basis 1. �E298
were calculated by adding zero-point vibrational energies and thermal energies
from MP2/basis 1 data sets.


Table 5. Relative electronic energies (�Ee) of isomeric complexes of proline
(Pro) with Li�, Na�, K�, and Cs�. Selected relative energies at 298 K (�E298) and
entropies at 298 K (S298) are also given.[a]


Complex Isomer �Ee [kJmol�1] �E298 [kJmol�1] S298 [Jmol�1K�1][e]


MP2/basis 2 HF/basis 1


[Pro�Li]� I � 16 � 13[b] 369
II [d]


III 0 0 371
[Pro�Na]� I � 28 � 33[c] 393


II [d]


III 0 0 388
[Pro�K]� I � 28 409


II � 19 � 14[b] 408
III 0 0 400


[Pro�Cs]� I � 25 � 21[c] 432
II 0 � 6[c] 431
III 0 0 415


[a] See the Experimental Section for a description of the basis 1 and basis 2 sets.
The MP2/basis 2 energies refer to geometries optimized with MP2/basis 1. �E298
were calculated by adding zero-point vibrational energies and thermal energies
from [b] MP2/basis 1 or [c] HF/basis 1 data sets. [d] Collapses to isomer III.
[e] The entropy of Pro at the HF/basis 1 level is 351 Jmol�1 K�1.
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Figure 4. Optimized structures of isomers I, II, III a, and VII of
[GlyOMe�Na]� and of the transition state for the isomerization II�
III a at the MP2/basis 1 level. Important bond lengths [ä] and bond angles
[o] are marked on the structures.


comparison of M� binding modes in metalated monomers
compared to metalated dimers (see next section). Here, the
ester methyl group was optimized in cis (I) and trans (I�)


orientation with respect to the carbonyl group. Isomer I is
33 kJmol�1 more stable than I� and both these structures are
significantly lower in energy than II, in agreement with the
results for [GlyOMe�M]� (Tables 6 and 7).
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Li�-bound dimer of proline and proline methyl ester : One
question about the reliability of the kinetic method experi-
ments relates to the nature of the lowest energy isomer of the
heterodimer. In a metalated complex with one AA and one
AAOMe ligand, will the AA molecule be attached to the
metal in the same way as when the ester is absent? If this is not
true (and the dimer dissociates without rearrangement), the
kinetic method probes an excited state of the [AA�M]�
monomer and, thus, would be inadequate to derive thermo-
dynamic and structural information about the most stable
[AA�M]� geometry. There are two factors which could lead
to a structural difference between the monomer and the
dimer. First, direct steric repulsions between AA and
AAOMe could favor less tightly bound structures, leading,
for example, to a bidentate metal ±AA chelation in the dimer,
in a case where it is tridentate in the monomeric metal ±AA
complex. Neither the MS3 experiments described above
(Table 1) nor our calculations for the Pro ±Li� ±ProOMe
dimer (discussed below) support such a scenario. The second
factor is electronic: for metal ions with significant charge
transfer interactions with AA and AAOMe, a salt-bridge
bond with AA could be disfavored, compared to charge
solvation, if substantial charge transfer also occurs with
AAOMe. For Na� and heavier alkali metal ions, charge
transfer is small or negligible to cause any measurable effect.
Therefore, the only case investigated is that of Li� complexes.
A first test was reported in a previous paper which compared
the relative energies of several isomers of Gly ±M� ±Gly to
those of Gly ±M�.[13] It was found that the salt bridge structure
III is disfavored relative to I in the dimer, but the energy
ordering was not reversed. To provide a more stringent test of
this possibility, we carried out calculations on Pro ±Li� ±
ProOMe isomers. The secondary amine in proline is expected


Table 6. Relative electronic energies (�Ee) of isomeric complexes of
glycine methyl ester (GlyOMe) with Na� and Cs�.[a]


Complex Isomer �Ee


MP2/basis 1


[GlyOMe�Na]� I � 19
II � 87
III a 0
VII � 99
TS II/III a � 401


[GlyOMe�Cs]� I � 22
II � 62
III a 0


[a] See the Experimental Section for a description of the basis 1 set. The
MP2/basis 1 energies are for geometries optimized at the same level.


Table 7. Relative electronic energies (�Ee) of isomeric [ProOMe�Li]� complexes. Selected relative energies at 298 K (�E298) and entropies at 298 K (S298)
are also given.[a]


Complex Isomer �Ee [kJmol�1] �E298 [kJmol�1] �Ee [kJmol�1] �Ee [kJmol�1] S298 [Jmol�1K�1][b]


HF/basis 1 MP2/basis 1 MP2/basis 2 HF/basis 1


[ProOMe�Li]� I 0 0 0 0 403
I� � 42 � 42 � 38 � 33 399
II � 113 � 110 421


[a] See the Experimental Section for a description of the basis 1 and basis 2 sets. The energies at each level are for the optimized geometries at the same level,
except for the MP2/basis 2 values which refer to geometries optimized with MP2/basis 1. �E298 were calculated by adding zero-point vibrational energies and
thermal energies from the same computational level. [b] The entropies of ProOMe and [ProOMe�K]� at the HF/basis 1 level are 393 and 444 Jmol�1K�1,
respectively.
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to induce larger charge-transfer interactions than the primary
amine in glycine. Thus, Pro ±Li� ± ProOMe is the most
probable dimer to have a different Pro ±Li� coordination
from that present in the monomer. Three isomers of Pro ±
Li� ± ProOMe were considered, one with binding mode I for
Pro and ProOMe (denoted I/I) and two containing Pro in
structure III and ProOMe in either structure I (isomer III/I)
or II (isomer III/II). Their relative energies at the HF/basis 1
level are 0, �13, and �95 kJmol�1, respectively (Table 8).
Given the high energy of III/II, only I/I and III/I were
calculated at higher levels. Their optimized geometries are
shown in Figure 5. Single-point energy calculations at the


Figure 5. Optimized structures of isomers I/I and III/I of Pro ±Li� ±
ProOMe at the HF/basis 1 level.


MP2/basis 2 level yield I/I as the lowest energy isomer, but
with an insignificant energy difference from III/I
(�2 kJmol�1). After addition of zero-point vibrational ener-
gies and 298 K thermal corrections computed at the HF/
basis 1 level, our best estimate of the relative energy between
I/I and III/I is �6 kJmol�1; the corresponding error bar is


close to the value itself, so that both isomers could be
populated in the experiments.
Based on the energy data of [Pro�Li]� (Table 5) and Pro-


M� ± ProOMe (Table 8), the zwitterionic geometry is desta-
bilized in the dimer. This behavior results from the differences
in the Li� ±Pro bond lengths in the monomer compared to the
dimer. Geometries I and III involve bidentate coordination of
Li� by Pro in both the monomer[22] and the dimer (Figure 5).
The calculated distances between Li� and the two binding
sites at the Pro ligand are listed in Table 9. Because of its


complexity, the dimer was optimized at the HF level only.
Improving the wave function quality from HF to MP2 for the
monomer causes fairly small structural changes, which should
barely impact relative energetics. Hence, the HF values are
assumed to adequately describe the effect of adding a second
ligand to Li�. The length of each Li� bond to Pro (Table 9)
increases from the monomer to the dimer by a remarkably
constant increment (0.09 ä). This increase is the result of
small steric interactions between Pro and ProOMe and a less
efficient electron donation to Li� by each ligand in the dimer,
where the ligands compete for this process. Longer bonds
reduce the strength of cation ± anion interactions (in salt
bridges) more severely than that of electrostatic bonding (in
charge solvation), which provides a plausible rationale for the
preference of structure I in the Pro ±Li� ± ProOMe dimer.
The results for Gly ±Li� ±Gly[13] and Pro ±Li� ±ProOMe


show that even in lithiated AA complexes, where the number
of ligands around Li� exerts the largest effect on the
energetics of isomers, the change in relative isomer stabilities
from the monomer to the dimer is small. Consequently, in
nearly all complexes considered in this paper, the preferred
AA binding modes in monomers and heterodimers are most
probably the same; it cannot be excluded, however, that a
reversal of energy ordering might occur in a limited number of
complexes, especially if they involve Li� ions and/or AA and
AAOMe ligands with very similar M� binding energies.


Table 8. Relative electronic energies (�Ee) of Pro ±Li� ± ProOMe isomers. Selected relative energies at 298 K (�E298) and entropies at 298 K (S298) are also
given.[a]


Complex Isomer �Ee [kJmol�1] �E298 [kJmol�1] �Ee [kJmol�1] �E298 [kJmol�1] S298 [Jmol�1K�1]
[b] HF/basis 1 MP2/basis 2 HF/basis 1


Pro-Li�-ProOMe I/I 0 0 0 0 605
III/I � 13 � 17 � 2 � 6[c] 611


III/II � 95 � 97 649


[a] See the Experimental Section for a description of the basis 1 and basis 2 sets. The energies at both levels are for geometries optimized with HF/basis 1.
[b] The first number indicates the binding mode of Pro and the second one the binding mode of ProOMe. [c] Using vibrational frequencies computed at the
HF/basis 1 level.


Table 9. Distances [ä] between Li� and the binding sites in Pro in the
[Pro�Li]� monomer compared to the Pro ±Li� ± ProOMe heterodimer.[a]


Isomer Bond Monomer Heterodimer
HF MP2 HF


I Li ±N 2.062 2.055 2.150
Li ±O 1.852 1.887 1.946


III Li ±O (N side) 1.952 1.987 2.043
Li ±O (other) 1.912 1.953 2.009


[a] See Figure 5.
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Absolute affinities for Gly,GlyOMe,Ala, and AlaOMe : Based
on the foregoing discussions, charge solvation is the preferred
mode of alkali metal ion coordination by both aliphatic amino
acids and their esters, except proline. The most stable charge-
solvated structure is I for all [AAOMe�M]� , but varies
between I and II for [AA�M]� , depending on the metal ion.
Structure I is favored with the smaller Na� (and Li�), while II
is favored with the larger K� and Cs�. To assess how a
structural change in [AA�M]� affects the relative M� affinity
between the amino acid and its methyl ester, absolute AA±
M� and AAOMe±M� binding energies were calculated for
the most stable Na�, K�, and Cs� complexes of Gly and Ala as
well as their methyl esters; the results are summarized in
Table 10.
M� affinities are given with and without basis set super-


position error (BSSE) corrections, so that the size of such
errors can be appraised. Recent literature has suggested that
noncorrected values may be closer to true binding ener-
gies.[35, 36] As expected, the larger the metal ion, the larger the
orbital overlap with the attached molecule, the larger the
BSSE (Table 10). For a given M�, however, the BSSE values
do not depend greatly on the AA or AAOMe molecule.
Therefore, relative energetics do not change markedly even
though the absolute correctional increments are quite large.
The BSSE-corrected data are used in the following discus-
sions.
The Na� affinity (�H298) increases by 12 kJmol�1 from Gly


to GlyOMe and a similar increase of 10 kJmol�1 is observed
from Ala to AlaOMe. Na� basicities, �G298, show comparable
changes as a result of the similar entropies of the AA±Na�


and AAOMe±Na� bonds. The Na� complexes of Gly and
GlyOMe as well as Ala and AlaOMe involve isomer I ; hence,
when similarly coordinated systems are compared, AAOMe
binds more strongly, as expected from the favorable inductive
effect of the methyl group. With K� and Cs�, on the other
hand, the most stable complexes of [AAOMe�K/Cs]� involve
structure I, but those of [AA�K/Cs]� involve structure II.
Furthermore, isomer II becomes increasingly more stable
(relative to other isomers) with increasing size of the metal
ion (see �E298 data in Table 3). These changes affect the
corresponding binding energies, especially for Cs� (Table 10).


In contrast to Na� affinities (or basicities), Cs� affinities (or
basicities) decrease from Gly to GlyOMe and from Ala to
AlaOMe by 1 (or 4) and 4 (or 6) kJmol�1, respectively
(Table 10). K� binding shows an intermediate behavior: the
K� affinity and basicity increase from Gly to GlyOMe but
decrease from Ala to AlaOMe.
The �S298 data of Table 10 also show that the entropies of


the AA±M� and AAOMe±M� bonds are generally similar,
but they are not identical. The assumption that the entropies
of the AA±M� ±AAOMe dissociations to AA±M� and
AAOMe±M� mutually cancel is consequently not rigorous
and entropy effects may lead to a reversal of the order of very
small relative affinities (see the next section).


Theoretical predictions compared to experimental results for
aliphatic systems : The computational data permit a direct
comparison of the M� binding properties of the isomeric
GlyOMe and Ala molecules. Based on Table 10, Na� is more
strongly bound by GlyOMe than Ala, while the opposite is
true of Cs� ; with K�, either ligand forms bonds of approx-
imately equal bond strength. To cross-check this prediction,
the Na�, K�, and Cs� affinities of GlyOMe and Ala were
measured relative to anchor N-acetylglycine (NAcG) by the
use of the heterodimers GlyOMe±M� ±NAcG and Ala ±
M� ±NAcG. The relative M� affinities for Ala compared to
GlyOMe derived from these experiments are in qualitative
agreement with the computationally predicted affinity differ-
ences (Table 11).
It is noteworthy that �(�H298) and �(�G298) have different


signs for the Ala ±K� ±GlyOMe dimer. The experiment
probes �(�G298) correctly (both positive), but does not reveal
the proper relative K� affinity because of entropy effects; the
small difference in the Ala ±K� and GlyOMe±K� bond
entropies (Table 10) reverses the �(�G298) order because the
relative K� affinity between Ala and GlyOMe is particularly
small, as is also reflected by the corresponding ln(kAla/kGlyOMe)
ratio (�0.04). The ratios for the Na�- and Cs�-bound dimers
of Ala and GlyOMe (Table 11) as well as all ln (kAA/kAAOMe)
ratios listed in Table 2 are considerably larger. In the latter
cases, modest entropy effects (Table 10) are unlikely to yield
reversed �(�H298) and �(�G298) orders; this expectation is


Table 10. Calculated M� affinities (�H298) with and without BSSE corrections, M� binding entropies (�S298), and M� basicities (�G298) for the Na�, K�, and
Cs� complexes of glycine (Gly), alanine (Ala), glycine methyl ester (GlyOMe), and alanine methyl ester (AlaOMe).[a]


Complex Geometry �H298 [kJmol�1] �S298 [Jmol�1K�1] �G298 [kJmol�1]
without BSSE with BSSE


[Gly�Na]� I 164 154 116 120
[GlyOMe�Na]� I 175 166 117 131
[Gly�K]� II 120 113 104 82
[GlyOMe�K]� I 125 120 110 87
[Gly�Cs]� II 98 92 94 64
[GlyOMe�Cs]� I 97 91 104 60
[Ala�Na]� I 167 158 117 123
[AlaOMe�Na]� I 177 168 117 133
[Ala�K]� II 126 119 102 89
[AlaOMe�K]� I 123 118 110 84
[Ala�Cs]� II 102 96 98 67
[AlaOMe�Cs]� I 99 92 105 61


[a] MP2/basis 2//MP2/basis 1, calculated with entropies from the MP2/basis 1 level. See the Experimental Section for a description of the basis 1 and basis 2
sets. BSSE-corrected �H298 values were used in the calculation of �G298 .
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corroborated by the data for Ala ±Na� ±GlyOMe and Ala ±
Cs� ±GlyOMe in Table 11.
Theory predicts that Na� ions should bind more strongly to


(aliphatic) AAOMe than AA (Table 10). This is confirmed by
the experimental Na� affinity differences between AA and
AAOMe (Table 2); all are negative, except that of proline,
which constitutes a special case (vide infra). Negative relative
affinities are obtained for Li�, too, which closely resembles
Na� in its chelation preferences.[13] In contrast, theory predicts
that Cs� ions should bind more weakly to AAOMe than AA
(Table 10). Indeed, our experimental relative Cs� affinities
between AA and AAOMe are generally positive, except that
of the Gly/GlyOMe pair. A possible rationale for the latter
disagreement is given below.
The largest discrepancy between theory and experiment is


observed with K�. The calculations predict a negative relative
affinity for Gly/GlyOMe, but a positive relative affinity for
Ala/AlaOMe (which should also hold true for the larger
aliphatic amino acids). Experimentally, we observe positive
relative affinities only for the �-amino acids (Table 2; Pro is a
special case and will be discussed separately). All other AA/
AAOMe pairs show negative relative K� affinities. The
negative (i.e. decreased) values cannot be caused by entropy
effects because the entropies of AA±K� (II) bonds are
slightly but consistently lower than those of the corresponding
AAOMe±K� bonds (Table 10); this gives rise to an increase
(not decrease) of the relative K� affinity between AA and
AAOMe.
Inconsistencies between theory and experiment are limited


to K� complexes and the Cs� complexes of Gly/GlyOMe, that
is to cases where the structures of [AA�M]� and
[AAOMe�M]� are distinct and the theoretical �(�H298)
and �(�G298) values are rather small. For example, the Cs�


affinities and basicities of Gly and GlyOMe differ by only �1
and �4 kJmol�1, or �1 and �6%, respectively; similarly, the
relative K� affinities and basicities of Ala and AlaOMe differ
by �1 and �5 kJmol�1, or �1 and �6%, respectively.
Perhaps, such small differences are not calculated accurately
with the basis sets and levels of theory used. Furthermore,
small relative affinities are most sensitive to subtle changes in
the relative stability of structures I and II in the heterodimer.


It is conceivable that isomer I
becomes more stable than II
within the dimer (as shown for I
compared to III in Pro com-
plexes), thereby leading to a
switch in the affinity order for
AA compared to AAOMe. Un-
fortunately, in order to resolve
this dilemma, the necessary cal-
culations on K�- or Cs�-bound
dimers are not feasible at the
higher levels of theory em-
ployed in this study.
Our calculations finally pre-


dict all [Pro�M]� complexes to
be salt bridges (i.e. zwitterion-
ic). This prediction is consistent
with the kinetic method experi-


ments for the Na�, K�, and Cs� complexes, which show the
affinity order Pro�ProOMe (Table 2); as stated above, a
zwitterionic amino acid is bound more strongly by M� than its
(canonical) methyl ester. For Li�, on the other hand, the
experimentally determined affinity order is Pro�ProOMe
(Table 2). The reason for this change is that the dimer Pro ±
Li� ± ProOMe contains proline in geometry I (vide supra),
which leads to the observed Li� affinity order, Pro�ProOMe.
The experimental result also points out that the isomerization
I/III within the dissociating dimer requires more energy than
cleavage of ProOMe to form Pro ±Li� in structure I.


Conclusion


Our kinetic method experiments reveal that the binding
affinities of amino acids to alkali metal ions generally increase
upon their conversion to methyl esters. This is the normal
trend expected from the higher intrinsic basicity of AAOMe
compared to AA ligands.[10] Nevertheless, AA may also bind
more strongly to M� than AAOMe, especially with larger
metal ions. According to theory, the affinity order AA�


AAOMe can be caused by AA becoming zwitterionic within
the [AA�M]� complex (structure III); the attractive ionic
interactions in the resulting salt bridge lead to the higher
affinity of AA compared to AAOMe. This case applies to
proline complexes and selected M� complexes of the most
basic amino acids lysine and arginine. Theory further indicates
that a stronger AA±M� than AAOMe±M� bond can
alternatively be the consequence of M� receiving better
charge solvation by AA than by AAOMe. This is possible
when the charge-solvated structure II becomes the lowest
energy [AA�M]� isomer, which in turn applies to AA
complexes with the larger alkali metal ions (K� and,
especially, Cs�). Overall, the combined computational and
experimental data show that charge solvation is the most
common intrinsic chelation mode of M� by amino acids. With
the exception of proline, aliphatic amino acids as basic as �-
aminoisobutyric acid (PA� 933 kJmol�1) and side chain
functionalized amino acids as basic as histidine (PA�
988 kJmol�1) coordinate M� by bidentate or tridentate charge


Table 11. Experimental and computational relative M� affinities between the isomeric molecules GlyOMe and
Ala.


Dimer Experimental rel. affinity Ab initio rel. affinity
ln (kGlyOMe/kNAcG) or
ln (kAla/kNAcG)[a]


ln (kAla/kGlyOMe)[b] �(�H298)
[kJmol�1][c]


�(�G298)
[kJmol�1][d]


GlyOMe-Na�-NAcG � 1.36
Ala-Na�-NAcG � 1.57
Ala-Na�-GlyOMe � 0.21 � 8 � 8
GlyOMe-K�-NAcG � 1.64
Ala-K�-NAcG � 1.60
Ala-K�-GlyOMe � 0.04 � 1 � 2
GlyOMe-Cs�-NAcG � 1.70
Ala-Cs�-NAcG � 1.22
Ala-Cs�-GlyOMe � 0.48 � 5 � 7
[a] Rel. M� affinity of GlyOMe or Ala versus NAcG (i.e. of bases compared in the heterodimers); kGlyOMe/kNAcG
and kAla/kNAcG were obtained from CAD spectra of the listed dimer ions (� � 0.07). [b] Rel. M� affinity of Ala
versus GlyOMe, calculated by subtracting ln(kGlyOMe)/kNAcG) from ln(kAla/kNAcG). [c] �H298(Ala)�
�H298(GlyOMe) calculated with values listed in Table 10. [d] �G298(Ala)��G298(GlyOMe) calculated with
values listed in Table 10.
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solvation rather than through a salt bridge. Important
determinants for the formation of zwitterionic complexes
are a high proton affinity for AA as well as linearity for the
��� charges. Proline[22] and N-methylated glycines[17] pro-
vide both these features, facilitating the formation of salt-
bridged complexes. When the most basic AA site moves to a
flexible side chain, however, a linear ��� geometry is not
achievable; in this case, significantly higher PA values than
those of aliphatic amino acids (Table 2) are necessary to make
zwitterionic [AA�M]� more stable than alternative charge-
solvated complexes.
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Waste-Free Chemistry of Diazonium Salts and Benign Separation of Coupling
Products in Solid Salt Reactions


Gerd Kaupp,* Andreas Herrmann, and Jens Schmeyers[a]


Abstract: Gas ± solid and solid ± solid
techniques allow for waste-free and
quantitative syntheses in the chemistry
of diazonium salts. Five techniques for
diazotations with the reactive gases
NO2, NO and NOCl are studied. Two
types are mechanistically investigated
with atomic force microscopy (AFM)
and are interpreted on the basis of
known crystal packings. The same prin-
ciples apply to the cascade reactions that
had been derived from one-step reac-
tions. Solid diazonium salts couple quan-
titatively with solid diphenylamine and
anilines to give the triazenes. Azo cou-


plings are achieved with quantitative
yields by cautious co-grinding of solid
diazonium salts with �-naphthol and C ±
H acidic heterocycles, such as barbituric
acids or pyrazolinones. Solid diazonium
salts may be more easily applied in a
stoichiometric ratio for couplings in
solution. Co-grinding of solid diazonium


salts with KI gives quantitative yields of
various solid aryl iodides. The unavoid-
able coupling products in salt reactions
are completely separated from the in-
soluble products in a highly benign
manner. The solid-state reactions com-
pare favourably with similar solution
reactions that produce much waste. The
structures of the products are elucidated
with IR and NMR spectroscopy and
mass spectrometry, while the tautomeric
properties of the compounds are studied
with density functional calculations at
the B3LYP/6 ± 31G* and BLYP/6 ±
31G** levels.


Keywords: density functional calcu-
lations ¥ diazonium salts ¥ diazota-
tions ¥ organic solid-state reactions
¥ scanning probe microscopy ¥ waste
prevention


Introduction


Solid diazonium nitrates are quantitatively obtained by the
action of gaseous NO2 on solid anilines.[1] These react
quantitatively with dimethylamine to give triazenes.[1] We
now explore further the solid-state syntheses of diazonium
salts and solid-state couplings of these to anilines, diphenyl-
amine, �-naphthol, barbituric acids, pyrazolinones and potassi-
um iodide with quantitative yield. While most of these
reactions may be performed in solution, only the solid-state
reactions give quantitative yields and are thus highly superior
by avoiding orminimizing waste. The solid-statemechanisms are
studied in selected cases by atomic force microscopy (AFM).


Results


Solid-state diazotations : Most versatile are diazotations of
solid aromatic amines with NO2 gas. The diazonium nitrate
hydrates are quantitatively obtained. If the starting amine was
not pure, the impurities could be removed after diazotation by
washing with ethyl acetate.[1] A further application is the


diazotation of 1-aminoanthraquinone (1) which gives quanti-
tatively the monohydrate of the diazonium nitrate 2
(Scheme 1). Compound 2 was one of the first solid diazonium
salts isolated.[2] It is rather insensitive to shock but explodes
upon melting at �126 �C.


Scheme 1. Gas ± solid synthesis of a stable diazonium nitrate hydrate by
treatment with NO2.


A further synthetic approach is the conversion of acetani-
lides with NO2.[3, 4] It was found that the by-product acetic acid
prevented the solid-state reaction as a result of passivation
and (or) liquefaction. However, the use of liquid nitrogen
dioxide at 5 �C is a preparatively useful pathway to solid
anhydrous p-nitrophenyl diazonium nitrate (4a), which
separates out quantitatively after evaporation of the excess
of NO2 and of the acetic acid. Unfortunately, solid phenyl and
p-methyl-, p-chloro- or p-bromophenyl diazonium nitrates
cannot be obtained in a pure form by this method because the
diazotations are accompanied by nitrations of the aromatic
rings in the starting aryl acetamides (Scheme 2).
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Scheme 2. Quantitative diazotation of an aryl acetamide with liquid NO2.


Solid-state diazotations are not restricted to the synthesis of
diazonium nitrates.[1] Solid anilines 5 can also be treated with
gaseous NOCl to give solid diazonium chlorides 6 in 100%
yield (Scheme 3). Thus, anhydrous 6a, 6b and the betaine 6�c
(after evaporation of HCl) were obtained quantitatively as


Scheme 3. Quantitative synthesis of aryl diazonium chloride hydrates or of
a diazonium sulfonate.


judged by the weight increase and the 1H NMR spectra. The
water produced by the reaction is removed by in situ reaction
with excess NOCl. There is, therefore, a problem with the
formation of a mixture of gases that cannot be reasonably
separated for further use in small runs. However, the amount
of waste formed by absorption of these gases in water and
subsequent neutralisation is less severe than in non-quantita-
tive solution diazotations, as only small quantities of inorganic
sodium salts have to be disposed of, but not mixtures with


organic waste. No intermediate liquid phase occurred. How-
ever, the reactions were remarkably slow (one day) when
compared with the diazotations with NO2. It is difficult to
obtain solid dry diazonium chlorides from solution reactions
and even the yields in solution are as low as 10 ± 50% if lots of
corrosive waste is produced.[4]


Also Bamberger×s method of obtaining diazonium salts
from nitrosobenzenes 7a, b[5] and nitrogen monoxide worked
quantitatively in the solid state, whereas the yields of 4d and
4e in solution were as low as 70 and 49%, respectively
(Scheme 4).[5, 6]


Scheme 4. Quantitative synthesis of diazonium nitrates from nitrosoar-
enes and NO.


Even the synthesis of diazonium salts from aromatic imines
(such as 8) and nitrogen monoxide[7] can be performed in the
solid state. The yields are better than in solution, although
they are not quantitative and the aldehyde product must be
extracted from the reaction mixture (Scheme 5).


Scheme 5. Diazonium salts from azomethine imines and NO.


We obtained the methoxy derivative 4 f in 80% yield as a
solid after extraction of the 4-chlorobenzaldehyde (9) and
10% of a side product. In solution in diethyl ether,[7] a 65%
yield of 4 f was obtained. As these interesting reactions may
not be performed in a waste-free manner, they were not
pursued in more detail.


Mechanistic investigation by AFM : The previous solid-state
diazotations with gaseous NO2 had been studied with atomic
force microscopy (AFM) to verify the three-step, solid-state
mechanism (phase rebuilding, phase transformation, crystal
disintegration).[1, 8, 9] It was of interest to discover whether the
present multi-step reaction cascades would also exhibit long-
range molecular movements and their correlation to the
crystal structure. We chose the slow reaction of 5b with NOCl
and compared it with the more rapid, more involved reaction
of 5b with NO2.[8]


Figure 1 presents the AFM results on the main face (001) of
a single crystal of 5b (P21/n)[10] in the reaction with NOCl,
either diluted (1:5 with air) or undiluted, and which was
applied by syringe from a distance of �1 cm (see the
Experimental Section). The initial surface with molecular
steps is rather flat (mean square roughness: Rms� 0.73 nm).
After cautious application of diluted NOCl, very steep (�45�)


Abstract in German: Gas ±Festkˆrper und Festkˆrper ± Fest-
kˆrper Techniken ermˆglichen abfallfreie und quantitative
Synthesen in der Diazoniumsalz-Chemie. F¸nf Diazotierungs-
Techniken werden untersucht, bei denen die Reaktivgase NO2,
NO und NOCl zum Einsatz kommen. Zwei davon werden
mittels Kraftmikroskopie (AFM) mechanistisch untersucht
und auf der Grundlage bekannter Kristallpackungen gedeutet.
Bei den Kaskaden-Reaktionen gelten offenbar dieselben
Prinzipien wie sie aus einstufigen Reaktionen hergeleitet
wurden. Feste Diazoniumsalze kuppeln quantitativ mit kris-
tallinem Diphenylamin und festen Anilinen zu Triazenen.
Azokupplungen gelingen mit quantitativer Ausbeute durch
vorsichtiges Vermˆrsern fester Diazoniumsalze mit �-Naph-
thol und C±H aciden Heterocyclen wie Barbiturs‰uren oder
Pyrazolinonen. Feste Diazoniumsalze lassen sich auch leichter
f¸r stˆchiometrische Azokupplungen in Lˆsung dosieren.
Durch Vermˆrsern fester Diazoniumsalze mit KI entstehen
zahlreiche feste Aryliodide mit quantitativer Ausbeute. Diese
Reaktionen sind den Lˆsungsreaktionen derselben Typen
vorzuziehen, bei denen viel Abfall entsteht. Die Konstitution
der Produkte wird aus den IR-, NMR- undMS-Daten ermittelt.
Die Tautomerie-Eigenschaften der Verbindungen werden auch
mit Dichtefunktionaltheorie Rechnungen auf dem B3LYP/6 ±
31G* and BLYP/6 ± 31G** Niveau untersucht.
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volcano-like islands formed (heights of 60 ± 150 nm), while the
low-level surface increased in roughness (Rms� 1.8 nm) by
forming terrace-like flat covers (typical step height 2 ± 6 nm).
Interestingly, the appearance of the surface in Figure 1b was
very similar if 1 or 4 mL of diluted NOCl was applied. The
amino groups are available at the surface and the molecules
are sufficiently mobile, a fact that is proven by the random
volcanoes visible upon reaction of 5b with NO2


[8] and the


anisotropic formation of the
islands here. However, passiva-
tion ensues probably due to
some difficulties in the phase
transformation that follows the
phase rebuilding step.[8] Thus,
the reaction stops under mod-
erate conditions. That hin-
drance was partly overcome by
more massive application of
NOCl. The volcano features in
Figure 1c are almost randomly
formed and much lower
(heights up to 30 nm; Rms�
5.3 nm). Also the initial terra-
ces seem to have undergone
phase transformation as a result
of a more violent reaction that
helped to accelerate the proc-
ess. In this case, the reaction
continued upon further addi-
tion of reagent. The roughness
increased from Rms� 5.3 nm to
a value of 6.6 nm and the in-
creased features (height up to


50 nm) are uniformly spread. Clearly, we have formation of
rather large product crystallites and surface passivation that
can be overcome.
The side face of 5b (100) exhibits higher reactivity and


shows a completely different behaviour. Large and wide hills
are immediately formed with deep narrow valleys between
them (Figure 2b; maximum height 231 nm) that increased
further (Figure 2c; maximum height 256 nm) and disintegrat-


Figure 1. AFM topographies (9 �m) on (001) of 5b ; a) fresh; b) after application of 20% NOCl (2 mL); c) new
sample after application of undiluted NOCl (5 mL); d) after application of undiluted NOCl (10 mL).


Figure 2. AFM topographies (9 �m) on (100) of 5b ; a) fresh; b) after application of 30% NOCl (2.5 mL); c) after application of 30% NOCl (10 mL);
d) after application of 30% NOCl (20 mL).
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ed to smaller features upon doubling the exposure (Fig-
ure 2d). The reason for this difference compared to Figure 1
lies in the crystal packing.
The lattice of 5b[10] is very complicated. It exhibits hydro-


gen-bridged acid dimers (1.618 ä) without further bridging, as
well as hydrogen-bridged dimers (1.710 ä) that form further
hydrogen bonds to two amino groups (2.050 ä) (Scheme 6).


Scheme 6. Hydrogen bonding in the crystals of 5b.


Furthermore, the molecules are aligned to form infinite
ribbons. The packing diagram in Figure 3 shows the alignment
of the molecules viewed along [010] in the form of a surface
model. The independent ribbons that extend in the vertical
direction are infinitely stacked and not interconnected. The
shortest O ¥¥¥H�N distance between neighbouring ribbons is
2.562 ä.
It is readily comprehensible that the main face (001) reacts


more slowly than the lateral face (100), and that the reaction
even halts under modest conditions. Exit of molecules over
the (001) face upon reaction with NOCl is hindered by the
infinite ribbons with their kinks. It requires a massive attack at
high gas concentrations to overcome this handicap. On the
other hand, attack of the gas on the long sides of the ribbons is
virtually unimpeded and there is some direction of preference
across the crystal parallel to the front plane in the [001]
direction (Figure 2b). However, this is lost in the later stages
of reaction. Furthermore, the uniformity of feature formation,


Figure 3. Packing diagram of a surface model of the crystal 5b on (010)
showing the projection of stacks of hydrogen-bonded ribbons that are quite
flat and wind themselves down with kinks and are strongly interlocked
because of the non-bridged ™side groups∫; the major natural faces extend
towards the top/bottom and at the sides; hydrogen bonds are drawn.


shown in Figure 2b, c, is expected, as the outer amino groups
are available everywhere. These observations are a clear-cut
indication for the correlation of the solid-state reactivity and
the crystal packing.
The reactions of NOCl with 5b are slower than the reported


reactions with NO2.[8] Therefore, a comparison with the
development of surface features in the latter reactions
deserves consideration. Figures 4 and 5 show the course of
the diazotations of 5bwith NO2 at a different stoichiometry to
give the nitrate hydrate of 4b (cf. 2) on the (001) and (100)
surfaces.


Figure 4. AFM topographies on (001) of 5b ; a) fresh; b) after application of 50% NO2 (1 mL); c) after application of 50% NO2 (2 mL); d) after application
of 50% NO2 (4 mL).
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Again, the (100) face is much more reactive than the (001)
face of 5b ; however, unlike the results with NOCl there are no
signs of passivation here. It appears that in the NOCl case, the
system experiences some difficulties with phase transforma-
tion that are not present with NO2. The lower tendency for
crystallisation of the chloride 6b as compared to the
corresponding nitrate hydrate 4b may be intuitively rational-
ised, although the starting conditions for attack and move-
ments are the same for both reacting gases.
The AFM observations show again that reactivity problems


can be tackled with AFM and that the suitability of the crystal
structure (determining the phase rebuilding) for molecular
movements upon reaction with the gas has to be comple-
mented by a phase transformation capability. The same is true
for the crystal disintegration step that is usually no problem,
but may also impede solid-state reactions in rare cases.[11] It is
important that the mechanistic principles that were derived
from single-step reactions can also be applied to cascade
reactions. These are of high synthetic interest on account of
their high atom economy.


Solid-state N-couplings with diphenylamine and anilines :
1-Aryl-3,3-dialkyltriazenes are quantitatively prepared from
solid diazonium salts and gaseous secondary amines.[1] As
1,1,3-triaryltriazenes can be obtained only with moderate
yields in acidic, basic, or neutral solutions, it was of interest to
try quantitative reactions of solid diazonium salts with solid
diphenylamine (Scheme 7).
Careful grinding of diphenylamine with 4 gave quantitative


yields of the nitrate salts 10, from which the free triazenes 11
could be obtained by neutralisation (the stoichiometric
coupling product NaNO3 is obtained in a pure form). The
triazenes 11 exhibit characteristic N�N frequencies and


Scheme 7. Quantitative solid-state coupling with diphenylamine.


intense absorptions in their visible (Vis) spectrum (Table 1),
as expected. The variations in the N�N vibration frequencies
closely match those from density functional theory (DFT)
calculations (BLYP; 6 ± 31G**) that predict a value of
1386 cm�1 for 11b. The �max values in the Vis spectra are
similar to those reported in 95% ethanol;[12] however, we
were also able to determine the � values in methanol which
are remarkably large. The major fragment in the mass spectra
of 11 is at m/z 168 (NPh2�). This facile access to 1,1,3-
triaryltriazenes may be useful for their application as cyto-
toxic reagents.[13]


The success in the synthesis of triaryltriazenes prompted us
to make use of the advantages of solid-state reactions in the
syntheses of 1,3-diaryl-triazenes, which are known to cleave in
acidic solution, rearrange (transdiazotation and formation of
aminoazo compounds) and tautomerise.[4] It was hoped that
side reactions could be avoided in the solid state and indeed,
there was no trouble in obtaining quantitative yields of the
salts 12 and the free triazenes 13 by co-grinding and
neutralisation (Table 1) (the stoichiometric coupling product
NaNO3 is obtained in a pure form; Scheme 8).


Figure 5. AFM topographies on (100) of 5b ; a) fresh; b) after application of 30% NO2 (0.1 mL); c) after application of 30% NO2 (0.2 mL); d) after
application of 30% NO2 (0.5 mL).
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Scheme 8. Quantitative solid-state syntheses of tautomeric triazenes.


The tautomerism of 13 was judged by DFT calculations in
terms of energy content (B3LYP/6 ± 31G*) and N�N vibration
(BLYP/6 ± 31G**). Compound 13g is more stable than 13�g by
1.2 kcalmol�1 and the N�N vibrational frequency (1386 cm�1)
agrees with the calculated value of 13g (1383 cm�1), but not
with 13�g (1356 cm�1). Similarly, the most stable tautomer of
13 j is calculated to exhibit an energetic preference of
9.3 kcalmol�1 over its best 1,3-H-shifted tautomer as well as
a single minimum intramolecular hydrogen bond (N�H:
1.025 ä; O ¥¥¥H: 1.849 ä). The long-wavelength UV maxima
of 13g ± i are �60 nm shorter than those of 11 (Table 1). This
again seems to favour 13 and not 13�. Further studies and
applications of these triazenes will now be facilitated by the
ease of their accessibility.


Solid-state azo coupling with �-naphthol and C ±H acidic
heterocycles : The solid-state azo coupling of 4-bromobenze-
nediazonium nitrate hydrate (4h) with �-naphthol was
studied by AFM.[11 ] Far-reaching movements of �-naphthol
molecules across the contact sites into the diazonium salt
crystals were detected. These movements could be correlated
to the crystal structure of �-naphthol (14). Such coupling is
preparatively useful and gives the ™azo dyes∫ 15 in quantita-
tive yield (Scheme 9). As ball-milling should not be used for
safety reasons, the initially violent reactions have to be started
cautiously by grinding and mixing (4a� and 14 may be co-


Scheme 9. Quantitative solid-state couplings with �-naphthol.


ground). However, completion of the coupling reactions in
the final stages is difficult and should be achieved by the
application of ultrasound to create repeated contacts between
the reacting crystallites (do not ball-mill) and a slight excess of
14 to give 15 in quantitative yields and in reasonable times.
Such an excess and the salts NaNO3 or NaBF4 have to be
removed with aqueous NaOH; some waste (14) is produced in
addition to a simple salt. However, we have quantitative yields
whereas further auxiliaries are needed in the correspond-
ing solution reactions that produce side reactions.[17] There-
fore, it is not surprising that no yields were reported for 15 (or
the other compounds of Table 2) in the primary literature.
Internal hydrogen bonding and tautomerisation of ™azo-


naphthols∫, such as 15/15�, in the crystalline state have been
studied by IR spectroscopy.[18] X-ray structural analysis[19, 20]


and 13C NMR spectroscopy[20] confirmed the structures
15a, d. Further support is provided by the values of the
C�O and C�N vibrations predicted with DFT calculations at
the BLYP/6 ± 31G** level, which correspond reasonably well
with the experimental values. Our DFT calculations at the
B3LYP/6 ± 31G* level predict that the hydrazono structures
15a,d,g are more stable than the azo structures 15�a,d,g, by
3.6, 2.8 and 2.6 kcalmol�1, respectively. Thus, the preference
of these ™azo dyes∫ for tautomer 15 seems to be inherent to
the isolated molecules.
It is well-known that the p-dimethylamino derivative 15�


(R�NMe2)[20] assumes an azo structure in the crystalline
state. B3LYP/6 ± 31G* calculations predict that this azo
tautomer is 1.2 kcalmol�1 less stable than its hydrazono
tautomer 15 (R�NMe2); however, there is an additional
hydrogen-bond acceptor in these molecules that makes it
difficult to judge the differences in the energies of crystal-
lisation from these results.


Table 1. Yields and characteristic IR and Vis data of 1-aryl-3,3-diphenyltriazenes 11 and 1,3-diaryltriazenes 13.


11 R Reaction Yield Yield ��N�N �N�N �max � �max
or time [h] solid in KBr [cm�1][14] MeOH [Lmol�1 cm�1] (95% EtOH)
13 state [%] solution [%] [cm�1] [nm] [nm]


11a NO2 3 � 99 60[14] 1384 1395 431 19500 449[12]


11b COOH 6 � 99 69[14] 1385 1393 423 20400 439[12]


11g Cl 3.5 � 99 64[14] 1383 1394 416 20400 411[12]


11 h Br 3 � 99 72[14] 1418 1404 419 20400 411[12]


13g Cl 24 � 99 1386 360 26300 360[15]


13 i CH3 24 � 99 1385 359 24500 359[15]


13j Anq[a] 12 � 99 89[16] 1353, 1407 470[b] 10500[b]


[a] Anq� 2,3-(C�O)2C6H4. [b] Also 368/22400 [16].







Waste-Free Chemistry of Diazonium Salts 1395±1406


Chem. Eur. J. 2002, 8, No. 6 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0806-1401 $ 17.50+.50/0 1401


The technical complications in the couplings of 4 with 14
prevented us from tackling the problem of intermediate
diazoethers[4] that was put forward by Tezuka et al.,[21] who
showed their absence in ™normal∫ azo couplings.
C couplings of solid diazonium salts are not restricted to


phenols. Co-grinding and ultrasound exposure with barbituric
acid (derivatives) gives quantitative yields of tautomeric[22] ™5-
arylazo barbituric acids∫. The formation of the salts 17 is
waste-free, but if quantitative yields of the neutral compounds
18 are required, then the neutralisation with NaOH forms the
salt NaNO3 as an unavoidable stoichiometric coupling prod-
uct. The neutralisation process is highly benign, at least in
comparison with neutralisations of acid solutions (large
excess) containing organic waste from solution diazotations
followed by coupling reactions. Only the NaNO3 from the
solid-state reactions is highly pure. Even more importantly,
the compounds 18 do not require purification when synthes-
ised in the solid state (Scheme 10). The chemical structures of


Scheme 10. Quantitative solid-state couplings with barbituric acids.


the compounds were secured by comparison with the known
compound 18a,[23] their IR , UV/Vis, and NMR spectra, their
fragmentation in the MS, and their HRMS data. The azo/


hydrazono tautomerism of 18 may depend on the state (gas,
solid, solution) and the temperature. Density functional
B3LYP calculations (6 ± 31G*) predict that the hydrazono
tautomer 18 is considerably more stable than the azo
tautomer 18�. The energy differences are 13.7 or
13.2 kcalmol�1 for the models 18a/18�a in which the Br is
replaced by H or Cl (an azo structure with sp3 carbon would
be even worse: 21.5 kcal; Br replaced by H). It appears
unlikely that the crystals of 18 could favour the tautomers 18�
in view of those large differences of the undoubtedly intra-
molecularly hydrogen-bridged structures.
The IR frequencies in the range of �� 1400 ± 1515 cm�1


(three characteristic vibrations around 1513, 1436, 1406) have
been termed characteristic for the azo structure 18�.[23] These
are present in the solid-state IR spectra of all five compounds
18 a ± e. However, we do not interpret these as belonging to
18�. Rather, our DFT calculations for the estimation of the
vibration frequencies (BLYP/6 ± 31G**) do not find a mini-
mum for 18� (Br replaced by H) but convert such a structure
into the hydrazono tautomer 18.
The azo-coupling products of 3-methyl-1-phenyl-2-pyrazo-


line-5-one (19) with 4 have been formulated with the
hydrazono structure 21 (Scheme 11).[24, 25] Even these cou-
pling products were obtained quantitatively in the solid state;


Scheme 11. Quantitative solid-state couplings with a pyrazolinone.


however, the reactions are rather slow and should therefore
be completed by the action of gaseous trimethylamine on the
pre-reacted co-ground mixture. Apparently, the acid ± base
reaction with salt formation creates ample new contacts
between the reacting crystals of 4 and 19. The base may also
increase the reactivity of 19. In solution, the isolated yield of
21a was 81% (Table 2). The products 21[24, 25] are character-
ised by their m.p., IR and NMR spectra.
The hydrazono structure of 21 is secured by density


functional calculations at the B3LYP/6 ± 31G* level which
predict that the azo tautomer (for the model 21/21� with R�
H) is 10.7 kcalmol�1 higher in energy.
In solution, the 1H NMR signal of the NH group at ��


13.5 ± 13.8 for 21a, f, h indicates strong chelation. Finally, an
X-ray structure analysis[26] provided compelling evidence for
the hydrazono structure 21a.
As the solid-state coupling reactions with 14 and 19 are not


free of some organic waste (recycling does not appear to be


Table 2. Solid-state C-coupling of diazonium salts and yields.


Dye R Reac-
tion


Yield
solid-state


Comment Yield
solid to


time[h] reaction[%] solution
reaction[%]


15a NO2 48[a] 100 1.214; 4a�: 97% 92
15d H 48[a] 100 1.214
15g Cl 48[a] � 99 1.214
15 h Br 12[b] � 99 1.214; 1MgSO4


18a H 24[b] 100 100
18b CH3 24[b] � 99
18c C2H5 24[b] � 99
18d Ph 24[b] � 99
18e C2H5 24[b] � 99
21a NO2 12 � 98 (CH3)3N[c] 95[d]


21 f CH3O 12 � 99 (CH3)3N[c]


21 h Br 12 � 98 (CH3)3N[c]


[a] The last 24 h under ultrasound exposure. [b] After the co-grinding
under ultrasound exposure. [c] Reaction accelerated at its final stage by
exposure to (CH3)3N. [d] 92% pure; 81% after crystallization.
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worthwhile in these lab-scale experiments), one may also
consider performing these reactions in solution according to
standard procedures,[17] but with the application of solid
diazonium salts instead of highly acidic diazotation solutions.
The 80% yield of parared 15a, which is described in a
standard textbook used in German Universities,[17] is hardly
attainable by the described technique; however, the yield
increased to 92% by the addition of one equivalent of solid
4a� to the basic solution of 14 and not by the use of HCl (see
Experimental Section). A similar technique was attempted in
the synthesis of 18a : a stoichiometric amount of solid 4 h was
added to a buffered (NaOAc) slurry of 16a in aqueous
ethanol, and the yield was quantitative. In the case of 21a, a
95% raw yield (92% purity; 81% yield after recrystallisation)
was obtained in EtOH/H2O/NaOAc when a stoichiometric
quantity of solid 4a was used. Clearly, the solid-state
couplings are superior in all respects both to the application
of a solid to dissolved coupling component and more so to the
common standard techniques, despite some of their technical
problems (no ball-milling of solid diazonium salts) that are
not present in numerous other solid-state syntheses.[11]


Solid-state aromatic iodination : Little is known about the use
of inorganic halide salts for organic solid-state substitution
reactions. The high reactivity of solid diazonium salts
prompted their co-grinding with KI and indeed, quantitative
yields of solid aryliodides 23 were obtained in the solid state
(IR control) as shown in Scheme 12. Clearly, such favourable


Scheme 12. Quantitative solid-state iodination of diazonium salts.


behaviour would also be interesting for radio-iodide deriva-
tives that might be used in metabolism studies.[27, 28] These
syntheses are particularly versatile. Unlike the corresponding
solution reactions (reported yields range from 60% to
90%,[17] ™nearly quantitative∫, or unspecified) that produce
iodine,[29] phenols and side products via aryl radicals (the
products separate out during reaction),[4] the solid-state
syntheses are clean, all give 100% yield (4k and 4 l are
described in reference [1]) and no organic waste is formed.
We did not find traces of iodine or biaryls in the careful mass-
spectrometric analyses. Thus, we conclude that the solid-state
process is purely ionic in character. The grinding process takes
5 min, though several portions may be ground for 5 min each
in excess KI. For completion of the reactions, the mixture was
allowed to stand for 24 h with occasional grinding. We have
not yet been able to decide if a possible water layer on the KI
crystals may play a significant role in these reactions. It could
be shown that freshly ball-milled KI (15 min; 514.4 mg) did
not gain in weight when spread on a watch glass and left in an


ambient atmosphere at 22 ± 25 �C at a relative humidity of
50 ± 60% for three days, and it kept its appearance under a
microscope at 400-fold magnification.
Numerous solid aryl iodides might be accessible in quanti-


tative yield from further solid anilines. Our tested diazonium
salts did not give aryl bromides or chlorides when KBr or
NaCl pellets were prepared for IR spectra. However, it can be
envisaged that appropriate catalysts might facilitate solid-
state Sandmeyer reactions with KBr or KCl to afford aryl
bromides and chlorides.


Discussion


Waste-free solid-state diazotations and reactions of solid
diazonium salts are versatile, despite their cascade character
and varied reaction types. They can be safely executed when
all measures of precaution are taken into account. Numerous
open questions in diazonium salt chemistry can now be easily
revisited.
The solid-state formation of diazonium salts is clearly


evidenced by the AFM studies (Figures 1, 2, 4 and 5) that
correlate with the crystal structure of the starting crystal of 5b,
despite the multiple cascades in the different diazotation
reactions. Furthermore, they give convincing explanations for
the differences in reactivity on different faces and with
different reacting gases (NOCl and the radical NO2).
Various triazenes can now be readily synthesised and


spectroscopically characterised and their tautomerism can be
assessed. Even C couplings with �-naphthol and C ±H acidic
coupling reagents could be safely brought to completion with
extreme care in the synthesis of 15 because of the very high
reactivity, and less violently in the syntheses of 18 and 21. Only
the latter required an auxiliary reagent for rapid completion.
The ™azo dyes∫ formed quantitatively owing to the optimum
selectivity in the solid-state reactions. However, apparently all
of them prefer their hydrazono tautomer either as isolated
molecules, according to B3LYP/6 ± 31G* density functional
calculations, or as solids, according to IR and X-ray structural
evidence. The previous assignment of the azo form 18�[23]


cannot be maintained in view of the distinct B3LYP/6 ±
31G* results that favour 18.
It is noticeable that even the ionic crystals of KI could be


used for the quantitative synthesis of solid aryl iodides 23 in
solid-state reactions by co-grinding with solid diazonium salts.
There was no liquid phase, and freshly ball-milled KI is not
hygroscopic. Many of the presented reactions are waste-free
and the pleasant implications are discussed in detail in this
paper. Of course, there are also limitations that we mention
and some difficulties that arise from the fact that solid
diazonium salts must not profit from the benefits of ball-
milling for safety reasons. If neutral products are formed from
salts, then coupled product salts are always produced. The
benign strategy ensures that safe and neutral inorganic salts
can be extracted with water in pure form and only in
stoichiometric quantities, as opposed to undue amounts of
salts from salting out techniques and from the neutralisation
of concentrated acids that may arise from low-yield diazo-
tations with couplings and which additionally contain organic
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waste matter. The highest benefit of the quantitative solid-
state reactions is the avoidance of waste-producing purifica-
tion steps since the products arise directly in the pure state.


Experimental Section


Caution : Solid diazonium salts explode upon heating to their melting point
and they are shock sensitive (hammer and anvil test). Thus, precautions
should be taken when handling them. All reactions described herein tend to
be exothermic and must be slowed down in order to remove the heat
efficiently. Solid diazonium salts must not be ground in mortars with sharp
edges but only cautiously in agate mortars and pestles with smooth surfaces.
We never used ball mills to grind solid diazonium salts in order to avoid any
risk of explosion. No risks were experienced if the experimental conditions
in this work were strictly followed. For violently reacting crystal mixtures,
the single components should be separately ground, then carefully mixed,
left to react and finally treated with ultrasound (common cleaning bath at
20 ± 25 �C) to complete the reaction.


The product yields were detected by weight; the reaction success was
monitored by IR spectroscopy in KBr. After disappearance of the
diazonium band, at least 10% of the reaction time was additionally used
to secure completion of the process. The purity of the products was secured
by m.p., thin-layer chromatography and 1H NMR spectroscopy.


The experimental error in the determination of the yields was judged to be
�1%. The solid-state[1, 8] and AFM techniques[11] have been described in
detail elsewhere. Surface scraping was avoided[11, 30, 31] and all supermicro-
scopic images were stable for at least 10 scans. Single crystals of 5b were
obtained from ethanol by slow evaporation. Gases were applied to the
mounted single crystal by syringe from a distance of �1 cm under a hood.
After 1 min exposure time, the gas was flushed away with a stream of air.


Vacuum tightness is essential in preparative gas ± solid reactions, leakages
must be sealed prior to the reaction. The NMR spectra (13C in bb mode)
were recorded with a Bruker WP300, UV/Vis spectra with a Perkin-Elmer
Lambda 551S spectrometer, FT-IR spectra with a Perkin-Elmer1720-X
(not all frequencies are reported) and mass spectra with a Finnigan
MAT212 instrument. For common compounds, spectral data were re-
stricted to data not previously available.


B3LYP (basis set 6 ± 31G*) and BLYP (basis set 6 ± 31G**) calculations
with full geometry optimisation were performed with the program TITAN,
version 1.01, of Wavefunction, Inc., Irvine (USA).


1-(9,10-Anthraquinone)diazonium nitrate hydrate (2): Compound 1
(690 mg, Aldrich, 97% purity, 3.00 mmol) was evacuated in a 250 mL flask
and then exposed to NO2 (360 mg, 7.8 mmol) at 0.7 bar for 3 h at room
temperature with occasional shaking. The excess gas was condensed into a
trap at 77 K, and the solid was washed with ethyl acetate (2� 10 mL) to
remove the nonpolar impurities (not necessary if a pure starting material is
used). Yield of 2 ¥ H2O: 940 mg (100%); m.p. 126 �C (exploded) (ref. [2]:
120 �C); IR (KBr): �� � 2290 (N2


�), 1685 (C�O), 1590, 1385, 1329, 1290,
1174, 1133, 1069, 705 cm�1; 1H NMR (CF3COOD): �� 9.52 (�d, abc,1H),
9.42 (�d, bac, 1H), 8.88 ± 8.72 (m, 3H), 8.46 ± 8.34 (m, 2H); 13C NMR
(CF3COOD): �� 182.13, 180.96, 142.45, 142.18, 139.65, 138.92, 138.73,
138.41 (Cquat), 136.14 (Cquat), 134.42 (Cquat), 133.60 (Cquat), 130.95 (2C),
114.43 (Cquat).


Diazotation of 3 with liquid nitrogen dioxide : Compound 3 (360 mg,
2.00 mmol) was cooled to 5 �C. NO2 (�1 g) was condensed in a vacuum line
onto the crystals that slowly dissolved overnight at 5 �C in a refrigerator.
Excess NO2 was recovered at 10 �C by condensing into a cold trap at 77 K
for further use. The acetic acid was removed in a vacuum at 25 �C (it might
be used or neutralised with NaOH). The quantitatively obtained diazonium
nitrate 4a (212 mg, 100%) was characterised by its IR and NMR spectra.[1]


Solid-state diazotations with nitrosyl chloride : The solid anilines 5a ± c
(1.00 mmol) in a 250 mL flask were connected by a vacuum line to a 250 mL
flask that was filled with NOCl (1 bar, 11 mmol). After one day, the gases
were condensed back into the gas reservoir at 77 K, absorbed in water and
neutralised with NaOH for disposal. The yellow-orange crystals were
weighed and analyzed.


4-Nitrobenzenediazonium chloride (6a): Yield 184 mg (100%); m.p. 120 �C
(exploded); IR (KBr): �� � 2283 (N2


�), 1609, 1537 (NO2), 1388, 1316
(NO2) cm�1; 1H NMR (CF3COOD): �� 9.00 (AA�BB�, 2H), 8.82 (BB�AA�,
2H); 13C NMR (CF3COOD): �� 156.71 (Cquat), 136.33 (2C), 128.89 (2C),
121.89 (Cquat).


4-Carboxybenzenediazonium chloride (6b): Yield 183 mg (100%); m.p.
119 �C (exploded); IR (KBr): �� � 2553, 2455, 2304 (N2


�), 1710 (C�O) cm�1;
1H NMR (CF3COOD): �� 8.82 (AA�BB�, 2H), 8.72 (BB�AA�, 2H);
13C NMR (D2O): �� 166.65, 141.67 (Cquat), 132.71 (2C), 132.38 (2C), 118.49
(Cquat).


4-Benzenediazoniumsulfonate (6�c): Yield: 183 mg (100%); m.p. 104 �C
(exploded); IR (KBr): �� � 2304 (N2


�), 1659, 1635, 1574, 1409, 1385, 1244,
1212 cm�1; 1H NMR (D2O): �� 8.57 (AA�BB�, 2H), 8.09 (BB�AA�, 2H);
13C NMR (D2O): �� 154.47 (Cquat), 133.59 (2C), 129.13 (2C), 115.75 (Cquat).


Diazotation of solid nitrosobenzene (7a) to give 4d : Compound 7a
(214 mg, 2.00 mmol) was evaporated in a 250 mL flask and then connected
by a vacuum line to a 250 mL flask containing NO (�1 bar, 11 mmol) that
had been freed from traces of NO2 by storing over 4-chloroaniline (1 g) for
24 h (the partly diazotised 4-chloroaniline gives a 100% yield of 4g if NO2


is applied afterwards). After the sample had been kept in a refrigerator at
4 �C for 24 h, excess gas was recovered in a cold trap. Pure 4d (333 mg,
100%) was obtained; m.p. 87 �C (exploded); the purity was checked by
quantitative solid-state coupling with �-naphthol to give 15d (see below);
IR (KBr): �� � 2293 (N2


�), 1569, 1485, 1461, 1385 (NO3
�) cm�1; 1H NMR:


decomposition in D2O and CF3COOD.


Diazotation of solid 4-dimethylaminonitrosobenzene (7b) to give 4e :
Compound 7b (300 mg, Aldrich, 97% purity, 1.94 mmol) was evaporated in
a 250 mL flask and then connected by a vacuum line to a 250 mL flask
containing NO (�1 bar, 11 mmol) that had been freed from traces of NO2


by storing over 4-chloroaniline (1 g) for 24 h. After storing the sample in a
refrigerator at 4 �C for 48 h, excess gas was recovered in a cold trap at 77 K.
The sample was washed with dry ether to remove non-polar impurities.
Spectroscopically pure 4e (407 mg, 100%) was obtained; m.p. 127 �C
(exploded) (ref. [6]: 128 �C); IR (KBr): �� � 2151 (N2


�), 1594, 1538, 1390
(NO3


�) cm�1; 1H NMR ([D6]DMSO): �� 8.12 (AA�BB�, 2H), 6.98
(BB�AA�, 2H), 3.25 (s, 6H).


Diazotation of solid (4-chloro)benzylidene-(4-methoxy)aniline (8) to give
4 f : Compound 7 (491 mg, 2.00 mmol) was evaporated in a 250 mL flask
and then connected by a vacuum line to a 250 mL flask containing NO
(�1 bar, 11 mmol) that had been freed from traces of NO2 by storing over
4-chloroaniline (1 g) for 24 h. After 24 h, excess gas was recovered in a cold
trap and the solid material washed with dry ether (2� 10 mL). Spectro-
scopically pure 4 f (315 mg,1.60 mmol, 80%) was obtained; m.p. 126 �C
(exploded) (ref. [7]: 129 �C, decomp); IR (KBr): �� � 2249 (N2


�) cm�1;
1H NMR (CF3COOD): �� 8.32 (AA�BB�, 2H), 7.29 (BB�AA�, 2H), 4.02 (s,
3H); 13C NMR (CF3COOD): �� 173.98 (Cquat), 137.41 (2C), 120.36 (2C),
101.42 (Cquat), 58.92.


1-Aryl-3,3-diphenyltriazenes 11 and 1,3-diaryltriazenes 13 : Diphenylamine
or substituted anilines (1.00 mmol) were ground in an agate mortar. Then
the diazonium nitrate hydrate 4 (1.00 mmol) was added in five portions and
co-ground for 5 min. To complete the reaction, the solid mixture was
transferred to a test tube and then exposed to ultrasound in a cleaning bath,
the temperature of which was maintained at 20 ± 25 �C, for 3 ± 6 h or 24 h
until all of the diazonium band in the IR had disappeared. The solid was
triturated with 0.1� NaOH (20 mL), filtered, thoroughly washed with cold
water and dried.


1-(4-Nitrophenyl)-3,3-diphenyltriazene (11a): Yield: 315 mg (99%); m.p.
132 �C (ref. [32]: 127 �C); IR (KBr): �� � 1588, 1532, 1495, 1457, 1403 (N�N),
1351, 1323, 1303, 1272, 1251, 1141, 1076, 902, 793, 667 cm�1; MS (CI,
isobutane): m/z : 319 [M�H]� .
1-(4-Carboxyphenyl)-3,3-diphenyltriazene (11b): Yield: 315 mg (99%);
m.p. 222 �C (ref. [32]: 224 �C); IR (KBr): �� � 1689 (C�O), 1626, 1597, 1552,
1519, 1495, 1385 (N�N), 1300, 1274, 1170, 1137, 899, 868, 834, 746, 691 cm�1;
MS (CI, isobutane): m/z : 318 [M�H]� .
1-(4-Chlorophenyl)-3,3-diphenyltriazene (11g): Yield 303 mg (99%); m.p.
123 ± 124 �C (ref. [32]: 122 �C); IR (KBr): �� � 1597, 1503, 1492, 1483, 1459,
1438, 1393 (N�N), 1283, 1243, 1198, 1171, 1091, 1009, 823, 747, 711,
670 cm�1; MS (CI, isobutane): m/z : 310 (35%), 308 (100%, [M�H]�).
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1-(4-Bromophenyl)-3,3-diphenyltriazene (11 h): Yield: 350 mg (99%);
m.p. 48 ± 49 �C (Ref. [32]: 50 �C); IR (KBr): �� � 1597, 1503, 1483, 1459,
1418, 1394 (N�N), 1243, 1198, 1171, 1091, 1009, 823 cm�1; MS (CI,
isobutane): m/z : 354 (100%), 352 (100%, [M�H]�).
1-(4-Carboxyphenyl)-3-(4-chlorophenyl)triazene (13g): Yield: 270 mg
(99%); m.p. 187 ± 188 �C (ref. [15]: 188 �C); IR (KBr): �� � 1690 (C�O),
1608, 1560, 1542, 1494, 1386 (N�N), 1307, 1290, 1207, 1163, 1116, 1095, 1044,
1017, 822 cm�1; 1H NMR (CDCl3/[D6]DMSO): �� 9.6 ± 9.0 (1NH), 8.0 ± 7.2
(m, 8H); MS (CI, isobutane):m/z : 275 [M�1]� ; MS (EI):m/z (%): 237 (2),
149 (2), 137 (100), 127 (40), 120 (79).


1-(4-Carboxyphenyl)-3-(4-tolyl)triazene (13 i): Yield: 250 mg (99%); m.p.
181 ± 184 �C (ref. [15]: 183 �C); IR (KBr): �� � 1677 (C�O), 1605, 1556, 1504,
1437, 1400 (N�N), 1385, 1311, 1256, 1208, 1164, 848, 821 cm�1; 1H NMR
(CDCl3/[D6]DMSO): �� 9.8 ± 9.0 (1NH), 8.0 ± 7.1 (m, 8H), 2.20 (s, 3H).
1-[1-(9,10-Anthraquinone)-yl)-3-(4-tolyl)triazene (13 j): Yield: 339 mg
(99%); m.p. 215 �C (ref. [16]: 220 ± 224 �C); IR (KBr): �� � 1667 (C�O),
1640 (C�O), 1590 , 1544, 1514, 1491, 1461, 1449, 1407 (N�N), 1353, 1306,
1278, 1185, 1167, 1132, 1069, 1011, 926, 825, 810, 734, 709 cm�1; MS (CI,
isobutane): m/z : 342 [M�H]� .
1,2-Naphthoquinone-1-(4-nitrophenyl)hydrazone (15a): �-Naphthol
(173 mg, 1.20 mmol) and 4-nitrophenyldiazonium tetrafluoroborate (4a�)
(237 mg, Aldrich, 97% purity, 1.00 mmol) were co-ground in an agate
mortar six times for 5 min. After being left to rest for 24 h, the mixture was
exposed to ultrasound for 24 h. The azo dye tetrafluoroborate was
neutralised and excess �-naphthol removed by washing with 0.5� NaOH
(20 mL) and water (20 mL). After drying, pure 15a (288 mg, 100%) was
obtained; m.p. 248 �C (ref. [33]: 249 �C); IR (KBr): �� � 1622 (C�O), 1592,
1500 (NO2), 1454, 1330 (NO2), 1258, 1226, 1201, 1152, 1106, 1034, 1011, 859,
836, 748 cm�1; 1H NMR (CF3COOD): �� 8.69 (d, 1H), 8.60 (d, 2H), 8.21
(d, 1H), 8.07 (d, 2H), 7.82 (m, 2H), 7.70 (t, 1H), 7.17 (d, 1H).


1,2-Naphthoquinone-1-(phenyl)hydrazone (15d): �-Naphthol (77 mg,
0.60 mmol) and phenyldiazonium nitrate (84 mg, 0.50 mmol) were sepa-
rately ground in an agate mortar, cautiously mixed in a test tube that was
stoppered and after 24 h rest exposed to ultrasound for 24 h. The azo dye
nitrate was neutralised and excess �-naphthol removed by washing with
0.5� NaOH (20 mL) and water (20 mL). Pure 15d (121 mg, 98%) was
obtained; m.p. 132 �C (ref. [34]: 132 ± 133 �C); IR (KBr): �� � 1619 (C�O;
BLYP: 1607), 1598, 1550(C�O; BLYP: 1560), 1500 (C�N; BLYP: 1493),
1449, 1385 (C�N; BLYP: 1373), 1268 (N�N; BLYP: 1271), 1255, 1208, 1145,
839, 751 cm�1; 1H NMR (CDCl3): �� 8.55 (d, 1H), 7.70 (m, 3H), 7.60 ± 7.25
(m, 6H), 6.87 (d, 1H).


1,2-Naphthoquinone-1-(4-chlorophenyl)hydrazone (15g): �-Naphthol
(77 mg, 0.60 mmol) and 4-chlorophenyldiazonium nitrate hydrate[1]


(110 mg, 0.50 mmol) were separately ground in an agate mortar, cautiously
mixed in a closed test tube and after 24 h rest exposed to ultrasound for
24 h. The azo dye nitrate was neutralised and excess �-naphthol removed
by washing with 0.5� NaOH (20 mL) and water (20 mL). Pure 15g
(141 mg, 99%) was obtained; m.p. 161.5 �C (ref. [35]: 160 ± 161 �C); IR
(KBr): �� � 1621 (C�O; BLYP:1607), 1603, 1563 (C�O; BLYP: 1568; 1552),
1484 (C�N; BLYP: 1493), 1450, 1412, 1388 (C�N; BLYP: 1385), 1253, 1210,
1089 (C ±Cl; BLYP: 1062), 1006, 985, 821, 749, 680, 497 cm�1; 1H NMR
(CDCl3): �� 8.59 (d, 1H), 7.80 ± 7.40 (m, 8H), 6.89 (d, 1H); MS (CI,
isobutane): m/z : 285 (35%), 283 (100%, [M�H]� .
1,2-Naphthoquinone-1-(4-bromophenyl)hydrazone (15 h): �-Naphthol
77 mg (0.60 mmol) and MgSO4 ¥ 2H2O (60 mg, 0.50 mmol) as a drying
agent were finely ground in an agate mortar. 4-Bromobenzenediazonium
nitrate hydrate[1] (132 mg, 0.50 mmol) was added in five portions and co-
ground for 5 min each. The reaction was completed by 12 h exposure to
ultrasound, when all of the diazonium band had disappeared in the IR. The
solid material was washed with 0.5� NaOH (20 mL) and water (20 mL) to
yield 15 h (163 mg, 99%). M.p. 171 �C (ref. [22]: 172 ± 173 �C); IR (KBr):
�� � 1620 (C�O), 1558, 1505, 821 cm�1; 1H NMR (CDCl3): �� 8.50 (d, 1H),
7.71 (d, 1H), 7.59 (m, 6H), 7.40 (t, 1H), 7.86 (d, 1H); MS (CI, isobutane):
m/z : 329 (95%), 327 (100%, [M�H]�).
Solid-state preparation of 5-(4-bromophenylhydrazono)hexahydropyrimi-
dine-2,4,6-triones (18a ± d) and -4,6-dione-2-thione (18e): The barbituric
acid derivative 16 (0.50 mmol) was ground in an agate mortar. 4-Bromo-
benzenediazonium nitrate hydrate (4 h, 0.50 mmol) was added and co-
ground in five portions for 5 min, each. Most of the diazonium band at �� �
2280 cm�1 had disappeared, but completion of the reactions was achieved


by 24 h ultrasound application in a test tube. The solid products were
neutralised with 0.5� NaOH (20 mL), washed with water and dried.


5-(4-Bromophenylhydrazono)hexahydropyrimidine-2,4,6-trione (18a):
Yield: 155 mg (100%); m.p. 310 ± 312 �C; IR (KBr): �� � 1754, 1707, 1657
(C�O), 1585, 1511, 1490, 1436, 1403, 1385, 1351, 1260, 1174, 1076, 1010, 830,
819, 776, 754 cm�1; UV (CH3OH): �max (�)� 388 (26700) nm; 1H NMR
(CDCl3/[D6]DMSO): �� 10.75 (bp, 2NH), 8.0 (s, 1NH), 7.48 (AA�BB�,
2H), 7.42 (BB�AA�, 2H); 13C NMR (CF3COOD): �� 164.94, 164.35,
152.43, 139.35, 133.94 (2C), 125.27, 120.16 (2C), 116.35; MS (70 eV): m/z
(%): 312 (19), 310 (21), 171 (9), 169 (10), 157 (9), 155 (18).


5-(4-Bromophenylhydrazono)-1,3-dimethylhexahydropyrimidine-2,4,6-tri-
one (18b): Yield: 167 mg (99%); m.p. 246 ± 248 �C; IR (KBr): �� � 1719,
1672, 1640 (C�O), 1583, 1504, 1444, 1384, 1363, 1274, 1254, 1225, 1197, 1071,
809, 751 cm�1; UV (CH3OH): �max (�) 390 (28800) nm; 1H NMR (CDCl3/
[D6]DMSO): �� 7.55 (AA�BB�, 2H), 7.40 (BB�AA�, 2H), 3.29 (s, 3H), 3.26
(sh, 1NH), 3.25 (s, 3H); 13C NMR (CF3COOD): �� 164.06, 162.9, 152.93,
139.79, 133.73 (2C), 123.51, 119.82 (2C), 115.89, 29.14, 27.77; MS (70 eV):
m/z (%): 340 (15), 338 (21), 183 (10), 173 (70), 171 (94), 157 (7), 155 (8);
HR-MS (CI, isobutane) calcd for C12H11BrN4O3�H: 339.0140; found
339.0145.


5-(4-Bromophenylhydrazono)-1,3-diethylhexahydropyrimidine-2,4,6-tri-
one (18c): Yield: 182 mg (99%); m.p. 182 �C; IR (KBr): �� � 1721, 1650
(C�O), 1585, 1519, 1438, 1410, 1383, 1281, 1237, 1104, 1082, 1071, 956,
824 cm�1; UV (CH3OH): �max (�)� 390 (28600) nm; 1H NMR (CDCl3/
[D6]DMSO): �� 14.59 (s, 1NH), 7.55 (AA�BB�, 2H), 7.44 (BB�AA�, 2H),
4.06 (q, J� 7.0 Hz, 2H), 4.02 (q, J� 7.0 Hz, 2H), 1.28 (t, J� 7.0 Hz, 3H);
1.27 (t, J� 7.0 Hz, 3H); 13C NMR (CDCl3/[D6]DMSO): �� 160.65, 158.38,
149.48, 139.79, 132.56 (2C), 119.86, 118.37 (2C), 116.87, 37.04, 36.19, 13.02
(2C); MS (70 eV):m/z (%): 368 (72), 366 (65), 340 (3), 338 (3), 219 (19), 198
(26), 196 (84), 173 (48), 172 (22), 171 (74), 170 (20), 169 (24), 157 (24), 155
(24), 145 (13), 143 (10), 125 (25); HR-MS (CI, isobutane) calcd for
C14H15BrN4O3�H: 367.0405; found 367.0405.
5-(4-Bromophenylhydrazono)-1,3-diphenyl-hexahydropyrimidine-2,4,6-
trione (18d): Yield: 228 mg (99%); m.p. 150 �C; IR (KBr): �� � 1691, 1655
(C�O), 1517, 1490, 1429, 1404, 1384, 1358, 1294, 1233, 1071, 1005, 943, 825,
741, 693 cm�1; UV (CH3OH): �max (�)� 390 (18700) nm; 1H NMR (CDCl3/
[D6]DMSO): �� 7.56 ± 7.28 (m, 14H); 4.02 (s, 1NH); MS (70 eV):m/z (%):
464 (24), 462 (26), 198 (10), 196 (14), 171 (24), 169 (20), 120 (16), 119 (100);
HR-MS (CI, isobutane) calcd for C22H15BrN4O3�H: 463.0627; found
463.0649.


5-(4-Bromophenylhydrazono)-1,3-diethyl-2-thioxohexahydropyrimidine-
4,6-dione (18e): Yield: 189 mg (99%); m.p. 235 ± 237 �C; IR (KBr): �� �
1696, 1638 (C�O), 1584, 1516, 1505, 1433, 1405, 1350, 1320, 1303, 1268, 1237,
1104, 1083, 1068, 911, 831 cm�1; UV (CH3OH): �max (�)� 417 (29600) nm;
1H NMR (CDCl3): �� 14.83 (s, 1NH), 7.56 (AA�BB�, 2H), 7.46 (BB�AA�,
2H), 4.59 (q, J� 7.0 Hz, 2H), 4.55 (q, J� 7.0 Hz, 2H), 1.32 (t, J� 7.0 Hz,
6H); 13C NMR (CDCl3): �� 177.46, 159.31, 157.44, 139.77, 132.91 (2C),
120.83, 118.88 (2C), 117.97; 43.82, 42.65, 12.33, 12.12; MS (70 eV):m/z (%):
385 (10), 384 (42), 383 (8), 382 (37), 351 (31), 349 (37), 213 (13), 212 (100),
185 (12), 184 (10), 183 (15), 173 (24), 172 (28), 171 (38), 157 (18), 155 (25),
145 (8), 143 (12); HR-MS (CI, isobutane) calcd for C14H15BrN4O2S�H:
383.0161; found 383.0159.


Solid-state synthesis of 4-(arylhydrazono)-4,5-dihydropyrazole-5-ones 21:
3-Methyl-1-phenyl-4,5-dihydropyrazole-5-one (19, 1.00 mmol) and the
solid diazonium salt 4a�, 4 f, 4 h or 6a (1.00 mmol) were cautiously co-
ground in an agate mortar for 5 min. The mixture was transferred to a
100 mL flask which was then evacuated. The mixture was exposed to
(CH3)3N (0.5 bar) for 12 h at room temperature. After condensation of
excess gas into a remote trap at 77 K, the trimethylammonium nitrate
(tetrafluoroborate) was washed away with water (�20 mL) and the
residual solid dried. The 13C NMR spectra of 21a, f,h have already been
reported in Ref. [36].


4-(4-Nitrophenylhydrazono)-3-methyl-1-phenyl-4,5-dihydropyrazole-5-
one (21a): Yield from 4a�: 317 mg (98%); from 6a : 320 mg (99%); m.p.
197 �C (ref. [24]: 197 ± 198 �C); IR (KBr): �� � 1666 (C�O), 1610, 1599, 1558
(C�C, C�N), 1505 (NO2), 1342 (NO2) cm�1; 1H NMR (CDCl3): �� 13.65
(1NH), 8.30 (AA�BB�, 2H), 7.98 (BB�AA�, 2H), 7.59 ± 7.40 (m, 4H), 7.28 (m,
1H), 2.39 (s, 3H); 13C NMR (CDCl3/[D6]DMSO): �� 155.61, 147.51,
145.49, 143.02, 136.59, 130.09, 127.74 (2C), 124.37 (2C), 124.12, 117.11 (2C),
114.70 (2C), 10.64.
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4-(4-Methoxyphenylhydrazono)-3-methyl-1-phenyl-4,5-dihydropyrazole-
5-one (21 f): Yield: 305 mg (99%); m.p. 139 �C (ref. [24]: 139 ± 140 �C); IR
(KBr): �� � 1651, 1610, 1597, 1553, 1487, 1442, 1416, 1364, 1344, 1281, 1244,
1183, 1156 cm�1; 1H NMR (CDCl3): �� 13.77 (br, 1NH), 7.98 (AA�BB�,
2H), 7.39 (m, 4H), 7.21 (m, 1H), 6.98 (BB�AA�, 2H), 3.84 (s, 3H), 2.40 (s,
3H).


4-(4-Bromophenylhydrazono)-3-methyl-1-phenyl-4,5-dihydropyrazole-5-
one (21 h): Yield: 350 mg (98%); m.p. 149 �C (ref. [25]: 151 �C); IR (KBr):
�� � 1659 (C�O), 1587, 1567, 1555 (C�C, C�N), 1501, 1479, 1341, 1254,
1151 cm�1; 1H NMR (CDCl3): �� 13.55 (br, 1NH), 7.91 (AA�BB�, 2H), 7.60
(m, 2H), 7.29 (BB�AA�, 2H), 7.24 (m, 1H), 2.37 (s, 3H).


Azocouplings in solution


15a : By modification of the procedure given in reference [17]: �-naphthol
(1.44 g, 10.0 mmol) and NaOH (0.80 g, 20 mmol) in H2O (10 mL) were
cooled to 5 ± 10 �C while the stoichiometric quantity of the solid diazonium
salt 4a� (2.44 g, 10.0 mmol of 97% pure material) was added with stirring in
small portions over a period of 10 min. After addition of H20 (20 mL), the
mixture was stirred at room temperature for 16 h. The precipitate was
collected by centrifugation, thoroughly washed with water, and dried at
80 �C under vacuum to give a first crop of 15a (2.358 g; m.p. 247 �C). The
dark liquid from the centrifugation and the first washing were salted out
with NaCl (5.6 g) to give further 15a (0.331 g). The mother liquor was dark
and still contained more of the dye that did not readily separate, but could
probably be isolated from at least three organic impurities by extensive
chromatographic techniques. Total yield: 2.689 g (92%).


18a : By modification of a general procedure given in reference [17]: a
slurry of 16a (460 mg, 3.6 mmol) and NaOAc (200 mg, 2.4 mmol) in
ethanol (7 mL) and water (2 mL) were cooled to 0 ± 5 �C while the
stoichiometric quantity of the solid diazonium salt 4 h (950 mg, 3.6 mmol)
was added in small portions with stirring over a period of 10 min. After
addition of H20 (10 mL), the mixture was stirred at room temperature for
20 h. The yellow precipitate was collected by centrifugation, thoroughly
washed with water, and dried at 80 �C under vacuum to give 18a. Yield:
1.117 g (100%); m.p. 310 ± 312 �C.


21a : By modification of a general procedure given in reference [17]:
Compound 19 (870 mg, 5.0 mmol) and NaOAc (615 mg, 7.5 mmol) in
ethanol (10 mL) and water (4 mL) were cooled to 0 ± 5 �C while the
stoichiometric quantity of the solid diazonium salt 4a (1.15 g, 5.0 mmol)
was added in small portions with stirring over a period of 10 min. After
addition of H20 (10 mL), the mixture was stirred at room temperature for
14 h. The precipitate was collected by centrifugation, thoroughly washed
with water, and dried at 80 �C under vacuum to give an orange solid
(1.529 g, 95%) containing 21a (92% 1HNMR). Yield after recrystallisation
from ethanol: 81%.


Preparation of the aryl iodides 23 : KI (830 mg, 5.0 mmol) was finely ground
in an agate mortar and the diazonium salt (0.50 mmol) added in five
portions and co-ground for 5 min each. After a 24-h hour rest with
occasional grinding, the diazonium band in the IR spectra had completely
disappeared. The potassium salts were removed by washing with cold
water.


4-Iodonitrobenzene (23a): Yield: 124 mg (100%); m.p. 172 �C (ref. [37]:
172 ± 174 �C); IR (KBr): �� � 1594, 1571, 1513, 1469, 1411, 1391, 1353, 1340,
1308, 1272, 1178, 1105, 1052, 1008, 851, 837, 735, 674 cm�1; 1H NMR
(CDCl3): �� 7.8 ± 8.0 (AA�BB� system); MS (CI, isobutane): m/z : 250
[M�H]� .
4-Iodobenzoic acid (23b): Yield: 123 mg (100%); m.p. 268 �C (ref. [38]:
267 ± 270 �C); IR (KBr): �� � 3086, 2983, 2894, 2840, 2726, 2670, 2559, 1932,
1804, 1680, 1588, 1564, 1482, 1426, 1393, 1321, 1295, 1273, 1181, 1127, 1109,
1055, 1008, 932, 850, 812, 755 cm�1; 1H NMR (CDCl3): �� 7.6 ± 7.4 (AA�BB�
system); 13C NMR (CDCl3): �� 167.00, 136.78, 130.53 (2C), 129.89 (2C),
99.53.


4-Bromoiodobenzene (23 h): Yield 144 mg (100%); m.p. 90 �C (ref. [37]:
90 ± 92 �C); IR (KBr): �� � 1883, 1617, 1464, 1372, 1251, 1097, 1064, 995,
800 cm�1; 1H NMR (CDCl3): �� 7.1 ± 7.7 (AA�BB� system).


1-Iodoanthraquinone (23 j): Yield: 165 mg (100%); m.p. 203 �C (ref. [39]:
205 �C); IR (KBr): �� � 1676, 1591, 1568, 1402, 1315, 1265, 1240, 1157, 1106,
948, 805, 721, 703, 638 cm�1; 1H NMR (CDCl3): �� 8.5 ± 8.2 (m, 4H), 7.9 ±
7.6 (m, 2H), 7.5 ± 7.3 (m, 1H); MS (CI, isobutane): m/z : 335 [M�H]� .


4-Cyanoiodobenzene (23k): Yield: 113 mg (100%); m.p. 122 ± 124 �C
(ref. [40]: 124 ± 125.5 �C); IR (NaCl): �� � 2224 (CN), 1642, 1607, 1581,
1522, 1474, 1446, 1390, 1250, 1170, 1114, 1054, 1008, 818 cm�1; MS (CI,
isobutane): m/z : 286 (100%, [M� isobutyl]�), 230 (80% [M�H]� .
2-Iodobenzoic acid (23 l): Yield: 123 mg (100%); m.p. 157 ± 160 �C
(ref. [41]: 157.5 ± 159 �C); IR (NaCl): �� � 1686, 1582, 1564, 1468, 1304,
1271, 1111, 1047, 1015, 737 cm�1; MS (CI, isobutane): m/z : 249 [M�H]� .
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Chemoenzymatic Synthesis of a Bifunctionalized Cellohexaoside as a Specific
Substrate for the Sensitive Assay of Cellulase by Fluorescence Quenching**


Viviane Boyer,[a] Se¬bastien Fort,[a] Torben P. Frandsen,[b] Martin Sch¸lein,[b]
Sylvain Cottaz,[a] and Hugues Driguez*[a]


Abstract: A new bifunctionalized cellohexaose derivative was synthesized as a
specific substrate for continuous assay of cellulases by resonance energy transfer.
This cellohexaoside has a naphthalene moiety (EDANS) as a fluorescent energy
donor at the reducing end and a 4-(4�-dimethylaminobenzeneazo)-benzene deriva-
tive as an acceptor chromophore at the non-reducing end. The key steps for the
preparation of the target molecule involved transglycosylation reactions of cello-
biosyl and cellotetraosyl fluoride donors onto cellobiosyl acceptors catalysed by the
E197A mutant of cellulase Cel7B from Humicola insolens. Upon digestion with
various cellulases, the energy transfer was disrupted and an increase of fluorescence
was observed.


Keywords: carbohydrates ¥
cellulase ¥ enzymes ¥ fluorescence
resonance energy transfer ¥
glycosynthase


Introduction


Cellulose, one of the most abundant polysaccharides on earth,
is synergistically hydrolyzed by the cellulases usually classi-
fied as endo-1,4-�-�-glucan hydrolase [EG; EC3.2.1.4] and
1,4-�-�-glucan cellobiohydrolase, known as exo-enzyme
[CBH; EC3.2.1.91].[2] Glycoside hydrolases can be grouped
into different families according to a classification based on
amino acid sequence similarities, and, quite unexpectedly, this
classification does not coincide with the above biochemical
division, since a given family can contain CBH and EG.[3]


Heterogeneity of native cellulose has always impeded the use
of the natural substrate for biochemical characterization of
cellulases; soluble cellooligosaccharides labeled at their
reducing end have proven useful for the specificity mapping
of various cellulases. However, kinetic studies involved hplc
monitoring of hydrolysis and therefore precluded a continu-
ous assay.[4] These problems can be overcome by exploiting


the fluorescence resonance energy transfer on bifunctional-
ized fluorogenic substrates.[5] We have described the synthesis
of such fluorogenic penta- and tetrasaccharides, which proved
to be excellent substrates for the study of �-amylases,[6]


cellulases,[7] and chitinases.[8] In the 1,4-�-glucan series, such
a substrate was useful for discrimination between the exo and
endo types of action of starch-degrading enzymes.[6] In the 1,4-
�-glucan series, the comparison of catalytic constants with
those obtained on reduced cellodextrins showed that the
aromatic groups at both ends of the fluorogenic tetrasacchar-
ide did not hinder the binding in the catalytic sites of
cellobiohydrolases, even so classified as exo-acting cellu-
lases.[7] However, this bifunctionalized tetrasaccharide was no
good as a subtrate for some endo-acting cellulases such as
Cel45 (formerly EGV) from Humicola insolens,[9] or CelF
from Clostridium cellulolyticum.[10] This was presumably
related to the substrate specificity of these enzymes, which
require a cellodextrin with at least five consecutive unmodi-
fied �-�-glucosyl units for binding and hydrolysis. Owing to
the importance of these enzymes in the textile and detergent
industries,[11] the synthesis of a longer oligosaccharide has
been undertaken. In this paper, we report the preparation of a
bifunctionalized cellohexaoside and its usefulness for sensi-
tive and continuous assay of cellulases.


Results and Discussion


In earlier work,[7] the acceptor chromophore ± donor fluoro-
phore pair introduced at both ends of the �-(1� 4) tetrasac-
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charide, indolethyl-EDANS,
was mainly chosen for synthetic
considerations. The efficiency
of fluorescence resonance en-
ergy transfer (FRET) depends
on the distance between the
two groups, their spectral over-
lap, and the lifetime of the
excited fluorophore. Since in
the present work the length of
the oligosaccharide was formal-
ly increased from 20 ä to 30 ä,
we decided to prepare the conjugate (target compound 1)
with a most effective combination: a 4-(4�-dimethylamino-
benzeneazo)benzene derivative as acceptor chromophore
(�max� 470 ± 500 nm) and (2�-aminoethyl)aminonaphthalene
sulfonic acid (EDANS) as donor fluorophore (excitation
�max� 340 nm, emission �max� 490 nm).[8] Furthermore, the
relatively long EDANS lifetime (13 ns) and its ionic character
should improve the quenching efficiency and solubility,
respectively.[12]


The main task of the syn-
thesis of 1 was the preparation
of a cellohexaoside suitably
functionalized on both ends,
avoiding a cumbersome and
low-yielding chemical ap-
proach. This was achieved by
developing a new methodology
based on protein engineering,
retaining �-glycoside hydro-
lases in which the carboxylate
nucleophile (a glutamic acid)
was changed to an ala-
nine.[1, 13, 14] As expected, they
were unable to form the glyco-
syl enzyme intermediate, had
no hydrolytic activity, yet were
able to catalyse the quantitative
transglycosylation of �-glucosyl
fluorides (which mimic the gly-
cosyl enzyme) on glucoside ac-
ceptors. This strategy of glyco-
sylation of suitably activated
donors (glycosyl fluoride) onto
various acceptors catalysed by
the Glu-197-Ala mutant of cel-
lulase Cel7B from H. insolens
was used as exemplified.


Hexa-O-acetyl lactose (2)[15]


was treated with 1-(benzoyl-
oxy)-benzotriazole in the pres-
ence of triethylamine in di-
chloromethane[16] to give the
monoalcohol 3 in 72% yield
(Scheme 1). Esterification of
the remaining hydroxyl group
with trifluoromethanesulfonic
anhydride (triflic anhydride),


followed by triflate displacement with sodium azide in the
presence of 18-crown-6 in hexamethylphosphoramide
(HMPA) gave rise to an azido derivative as a major
compound. Unfortunately, anomeric de-O-acetylation had
occurred during the reaction and compound 4 was isolated in
66% yield. This compound was subjected to DAST treatment,
and as expected an anomeric mixture of fluorides 5 was
obtained. Anomerization with commercially available pyri-
dine ± hydrogen fluoride reagent gave pure �-fluoride 6,
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Scheme 1. Syntheses of the disaccharide and the tetrasaccharide donors 7 and 12. i) 1-(Benzoyloxy)-
benzotriazole, TEA, CH2Cl2 (72%); ii) Tf2O, pyridine, CH2Cl2, 0 �C to RT, then NaN3, 18-crown-6, HMPA,
50 �C (66%); iii) DAST, CH2Cl2, �30 �C (70%); iv) HF/pyridine, �50 �C to �10 �C (88%); v) MeONa, MeOH,
0 �C (98%); vi) Cel7B Glu197Ala, phosphate buffer, 40 �C, then Ac2O, pyridine, DMAP (66%); vii) NH2NH2-
AcOH, DMF, 50 �C (91%); iii) DAST, CH2Cl2, �30 �C (85%); iv) HF/pyridine, �50 �C to �10 �C (84%);
v) MeONa, MeOH, 0 �C (100%).
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which was isolated in 61% yield over the two steps. The 4II-
azido-�-cellobiosyl fluoride (7) was then prepared in quanti-
tative yield by catalytic de-O-acetylation of 6. The condensa-
tion of 7 with an equimolecular amount of cellobiose gave the
expected tetrasaccharide 8 in 66% yield after acetylation.
This glycosylation reaction catalysed by the Glu-197-Ala
mutant of Cel7B from H. insolens was conducted as already
reported.[1] De-O-acetylation of the anomeric position of 8
with the mild hydrazine acetate procedure gave compound 9,
which was converted via the anomeric mixture of fluorides 10
into the pure �-fluoride 11 as already described for the
preparation of 6 in 65% yield over the three steps.


The acetylated precursor of the acceptor synthon 15
(Scheme 2) was prepared by selective de-S-acetylation and
activation of fully acetylated 1-S-�-cellobiose (13),[17] using
cysteamine in HMPA in the presence of 1,4-dithioerythritol
(DTE),[18] and reaction with the commercially available
N-iodoacetyl-EDANS. The expected fluorescent cellobioside
14 was obtained in 79% yield. Mild de-O-acetylation of both
11 and 14 led to 12 and 15, respectively, which were incubated
with the Glu-197-Ala mutant of Cel7B. The expected
hexasaccharide 16 was isolated in 94% yield. Mild reduction
of the azide was achieved by means of hydrogen sulfide,[19] and
the resulting amine was coupled with the commercially
available 4-dimethylaminophenylazophenyl isothiocyanate
(DABITC). The target molecule 1 was obtained in 70% yield
over the two steps.


Enzymatic hydrolysis of the heterobifunctionalized hexa-
saccharide substrate 1, monitored by fluorescence energy
transfer, was evaluated with four of the seven cellulases found


in H. insolens, Cel6A, Cel6B, Cel7B, and Cel45A. Previously,
no synthetic heterobifunctionalized tetrasaccharide com-
pound was known as a substrate for Cel45A;[7] however, in
the present study, compound 1 was found to be a good
substrate for Cel45Awith a Km value of 28 ��. This is in good
accordance with earlier studies showing an almost 1000-fold
higher specificity for hydrolysis of reduced cellohexaose
compared to reduced cellotetraose.[20] The relative rates for
the hydrolysis of 1 with different cellulases are given in
Table 1, and show this hexasaccharide to be a potent probe for
the characterization of Cel45A.


Experimental Section


General procedures : Roman numerals in ascending order are given to the
residues from the reducing end. NMR spectra were recorded on a Bruker
AC300, Bruker Avance 400 or Varian Unity 500. Proton chemical shifts (�)
are reported in ppm downfield from TMS. Coupling constants (J) are given
in hertz (Hz) as singlet (s), doublet (d), doublet of doublet (dd), triplet (t),
multiplet (m), broad (b). Carbon chemical shifts (�) are reported in ppm
with the solvent as internal reference. High-resolution mass spectra


(HRMS) were recorded on VG ZAB
and low-resolution (MS) on a Nermag
R-1010C spectrometers. Optical rota-
tions were measured with a Perkin-
Elmer 341 polarimeter. Melting points
(mp) were measured on a B¸chi 535
apparatus. Microanalyses were per-
formed by the Laboratoire Central
d×Analyses du CNRS (Vernaison). Evo-
lution of reactions was monitored by
analytical thin-layer chromatography us-
ing silica gel 60 F254 precoated plates
(E. Merck, Darmstadt). All reactions in
organic medium were carried out under
argon using freshly distilled solvents.
After work-up, organic phases were
dried over anhydrous Na2SO4.


2,3-Di-O-acetyl-6-O-benzoyl-�-�-galac-
topyranosyl-(1� 4)-1,2,3,6-tetra-O-ace-
tyl-�-�-glucopyranose (3): A solution of
2,3-di-O-acetyl-�-�-galactopyranosyl-
(1� 4)-1,2,3,6-tetra-O-acetyl-�-�-gluco-
pyranose (2 ; 1 g, 1.7 mmol), 1-(benzo-
yloxy)-benzotriazole (453 mg, 2 mmol),
and triethylamine (0.35 mL, 2.5 mmol)
in dichloromethane (10 mL) was stirred
for 12 h at room temperature. The
resulting solution was diluted with di-
chloromethane, and washed successively
with aq potassium hydrogensulfate, sa-
turated aq sodium hydrogencarbonate,
and brine, dried (Na2SO4), and concen-
trated under reduced pressure. Flash
column chromatography [petroleum
ether/ethyl acetate (1:1)] gave the
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Scheme 2. Synthesis of the target molecule 1. i) SodiumN-(iodoacetamidoethyl)-1-naphthylamine-5-sulfonate,
DTE, cysteamine, HMPA (93%); ii) MeONa, MeOH (99%); iii) Cel7B Glu197Ala, phosphate buffer, 40 �C
(94%); iv) H2S, pyridine, H2O, then 4-dimethylaminophenylazophenyl isothiocyanate, NaHCO3, DMF, 40 �C
(70%).


Table 1. Relative rates for hydrolysis of 1 by cellulases Cel6A, Cel6B,
Cel7B, and Cel45A.[a]


Cel6A Cel6B Cel7B Cel45A


10 100 16 47


[a] Velocity relative to Cel6B (%), determined at 37 �C for substrate 1
(123 ��� in 0.1� MOPS at pH 7.5.
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monohydroxy compound 3 (845 mg, 72%). [�]25D ��12 (c� 0.83 in
CHCl3); 1H NMR (300 MHz, CDCl3): �� 8.02 (m, 2H; arom Hs), 7.49
(m, 3H; arom Hs), 5.65 (d, 3J� 8.2 Hz, 1H), 5.20 (m, 2H), 5.01 (dd, 3J� 8.2
and 9.6 Hz, 1H), 4.88 (dd, 3J� 3.5 and 10.3 Hz, 1H), 4.63 (dd, 3J� 6.2 and
11.3 Hz, 1H), 4.41 (m, 3H), 4.09 (m, 2H), 3.80 (m, 3H), 2.06 ± 1.99 (m, 18H;
6�OCOCH3); 13C NMR (75 MHz, CDCl3): �� 169.4 ± 168.8 (6�O-
COCH3 and OCOC6H5), 133.5 ± 128.6 (arom Cs), 101.1 (C-1II), 91.7 (C-
1I), 75.8, 73.6, 73.3, 72.5, 72.4, 70.4, 69.5, 66.9 (C-2I,II, C-3I,II, C-4I,II, C-5I,II),
62.3 ± 61.7 (C-6I,II); 20,7 ± 20,6 (6�OCOCH3); elemental analysis calcd (%)
for C31H38O18: C 53.30, H 5.48%; found: C 53.07, H 5.47.


2,3-Di-O-acetyl-4-azido-6-O-benzoyl-4-deoxy-�-�-glucopyranosyl-(1� 4)-
2,3,6-tri-O-acetyl-�-glucopyranose (4): Trifluoromethylsulfonyl anhydride
(0.3 mL, 2.8 mmol) was added dropwise to a stirred solution of the hydroxy
derivative 3 (600 mg, 0.88 mmol) in anhydrous dichloromethane/pyridine
(30 mL [10:1]) at 0 �C. The mixture was stirred for 30 min while the reaction
mixture was slowly reaching room temperature. The mixture was washed
successively with aq potassium hydrogensulfate, saturated aq sodium
hydrogencarbonate, and brine, dried (Na2SO4), and concentrated under
reduced pressure. The triflate was obtained in quantitative yield and used in
the subsequent step without further purification.


A mixture of this triflate derivative (730 mg, 0.88 mmol), sodium azide
(286 mg, 4.4 mmol), and 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-
6; 5 mg) in HMPA (30 mL) was heated at 50 �C for 12 h. The reaction
mixture was diluted with diethyl ether, then was washed three times with
brine, dried (Na2SO4), and concentrated under reduced pressure. Flash
column chromatography [petroleum ether/ethyl acetate (3:7)] gave the
azido derivative 4 (394 mg, 66%); IR (KBr): �� � 2113 cm�1 (N3); 1H NMR
(300 MHz, CDCl3): �� 8.02 (m, 2H; arom Hs), 7.50 (m, 3H; arom Hs), 5.45
(t, 3J� 9.5 Hz, 1H), 5.31 (d, 3J� 3.7 Hz, 1H), 5.16 (t, 3J� 10.4 Hz, 1H), 4.66
(m, 6H), 4.05 (m, 2H), 3.65 (m, 3H), 2.05 ± 1.86 (m, 15H; 5�OCOCH3);
13C NMR (75 MHz, CDCl3): �� 171.2 ± 169.3 (5�OCOCH3), 165.9
(OCOC6H5), 133.5 ± 128.4 (arom Cs), 100.6 (C-1II), 95.0 (C-1I�), 89.8 (C-
I�), 73.9, 73.3, 72.9, 72.2, 71.8, 71.2, 69.1, 68.2, 63.1 (C-2I,II, C-3I,II, C-4I,
C-5I,II), 61.8, 61.6 (C-6I,II), 59.9 (C-4II), 20.7 ± 20.4 (5�OCOCH3); FAB�


MS: m/z : 682 [M��H], 704 [M��Na].


2,3-Di-O-acetyl-4-azido-6-O-benzoyl-4-deoxy-�-�-glucopyranosyl-(1� 4)-
2,3,6-tri-O-acetyl-�-glucopyranosyl fluoride (5): Diethylaminosulfur tri-
fluoride (0.1 mL, 0.75 mmol) was added dropwise to a stirred solution of
the azido derivative 4 (100 mg, 0.147 mmol) in anhydrous dichloromethane
(5 mL) at �30 �C. The solution was stirred for 2 h, then washed with brine,
dried (Na2SO4), and concentrated under reduced pressure. Flash column
chromatography [petroleum ether/ethyl acetate (2:1)] of the residue gave
the fluoride 5 (70 mg, 70%) as a syrup containing the � and � anomers in
the ratio 1:6. 1H NMR (300 MHz, CDCl3): �� 8.05 (m, 2H; arom Hs), 7.50
(m, 3H; arom Hs), 5.57 (dd, 1H; 3J1,2� 3 Hz, 3J1,F� 53 Hz; H-1I�), 5.28 (dd,
1H; 3J1,2� 5.6 Hz, 3J1,F� 53 Hz; H-1I�), 5.14 (m, 2H), 4.90 (m, 2H), 4.52 (m,
4H), 4.07 (m, 1H), 3.72 (m, 2H), 3.54 (m, 1H), 2.08 ± 1.89 (m, 15H; 5�
OCOCH3); 13C NMR (75 MHz, CDCl3), � anomer: �� 170.1 ± 169.1 (5�
OCOCH3), 165.9 (OCOC6H5), 133.6 ± 128.7 (arom Cs), 105.8 (d, 3J1,F�
217 Hz; C-1I), 100.6 (C-1II), 75.4, 73.8, 72.6, 72.4, 71.7, 71.0, 70.7 (C-2I,II,
C-3I,II, C-4I, C-5I,II), 63.0, 61.5 (C-6I,II), 59.9 (C-4II), 20.7 ± 20.5 (5�O-
COCH3); DCI� MS: m/z : 701 [M��NH3�H].


2,3-Di-O-acetyl-4-azido-6-O-benzoyl-4-deoxy-�-�-glucopyranosyl-(1� 4)-
2,3,6-tri-O-acetyl-�-�-glucopyranosyl fluoride (6): In a plastic vessel, a
solution of the �/�-fluoride 5 (59 mg, 0.9 mmol) in hydrogen fluoride/
pyridine (2 mL [7:3]) was stirred at �50 �C for 15 min; then the temper-
ature of the cooling bath was raised to �10 �C for 2 h. The solution was
diluted with dichloromethane (20 mL), then poured into a plastic beaker
containing an ice-cooled solution of ammonia (25 mL, 3�). The organic
layer was washed with saturated aq sodium hydrogencarbonate until
neutralization, dried (Na2SO4), and concentrated under reduced pressure.
Flash column chromatography [petroleum ether/ethyl acetate (2:1)] of the
residue gave the �-fluoride 6 (52 mg, 88%). [�]25D ��42 (c� 1.7, CHCl3);
1H NMR (300 MHz, CDCl3): �� 8.02 (m, 2H; arom Hs), 7.57 (m, 1H; arom
Hs), 7.47 (m, 2H; arom Hs), 5.61 (dd, 3J1,2� 1.8 Hz, 3J1,F� 53 Hz, 1H; H-1I),
5.41 (t, 3J� 9.7 Hz, 1H), 5.13 (t, 3J� 9.3 Hz, 1H), 4.83 (m, 2H), 4.54 (m,
4H), 4.08 (m, 2H), 3.75 (m, 2H), 3.55 (m, 1H), 2.07 ± 2.00 (m, 15H; 5�
OCOCH3); FAB� MS: m/z : 694 [M��F], 684 [M��H], elemental anal.
calcd (%) for C27H32FN3O15: C 46.38, H 5.19, F 3.06, N 6.76%; found: C
46.23, H 5.18, F 3.00, N 6.34.


4-Azido-4-deoxy-�-�-glucopyranosyl-(1� 4)-�-�-glucopyranosyl fluoride
(7): A solution of the fluoride 6 (355 mg, 0.52 mmol) in methanol (50 mL)
was treated with sodium methoxide (0.2 mL, 1� in MeOH) at 0 �C for 3 h.
After neutralization with amberlite IRN77 H� and evaporation to dryness,
the residue was dissolved in cold deionized water (5 mL), then washed
three times with diethyl ether. Freeze-drying of the aqueous phase gave the
fluoride 7 (188 mg, 98%). The compound, which was pure by TLC, was
only characterized by MS and was immediately used in the enzymatic
experiment. FAB� MS: m/z : 392 [M��Na].


2,3,4-Tri-O-acetyl-4-azido-4-deoxy-�-�-glucopyranosyl-(1� 4)-2,3,6-tri-
O-acetyl-�-�-glucopyranosyl-(1� 4)-2,3,6-tri-O-acetyl-�-�-glucopyrano-
syl-(1� 4)-1,2,3,6-tetra-O-acetyl-�-glucopyranose (8): Cel7B Glu197Ala
glycosynthase (1 mg) was added to a solution of fluoride 7 (50 mg,
0.135 mmol) and cellobiose (46 mg, 0.135 mmol) in sodium phosphate
buffer (1 mL, 0.1�, pH 7). The solution was placed in a rotative shaker for
12 h at 40 �C and then freeze-dried, and the residue was treated with
pyridine (5 mL) and acetic anhydride (5 mL) with a catalytic amount of
4-dimethylaminopyridine (1 mg) at room temperature for 12 h. Methanol
(2.5 mL) was added to the reaction mixture at 0 �C, the solution was
concentrated under reduced pressure, and the residue was dissolved in
dichloromethane and washed successively with aq potassium hydrogensul-
fate, saturated aq sodium hydrogencarbonate, and brine, then dried
(Na2SO4) and concentrated under reduced pressure. Flash column chro-
matography [petroleum ether/ethyl acetate (1:2)] of the residue gave the
tetrasaccharide 8 (110 mg, 66%). 1H NMR (300 MHz, CDCl3): �� 6.20 (d,
3J1,2� 3.8 Hz, 1H; H-1I�), 5.61 (d, 3J1,2� 8.2 Hz, 1H; H-1I�), 5.37 (t, 3J�
9.3 Hz, 1H), 5.04 (m, 5H), 4.78 (m, 3H), 4.35 (m, 9H), 4.04 (m, 3H), 3.62
(m, 8H), 3.35 (m, 1H), 2.12 ± 1.91 (m, 39H; 13�OCOCH3); 13C NMR
(75 MHz, CDCl3): �� 169.8 ± 168.8 (13�OCOCH3), 101.0, 100.7, 100.3,
100.2 (C-1II,III,IV), 91.5 (C-1I�), 88.9 (C-1I�), 76.1, 76.0, 75.8, 73.8, 73.5, 72.7,
72.6, 72.5, 72.4, 72.2, 72.1, 71.9, 71.8, 71.7, 70.7, 70.5, 69.3 (C-2I,II,III,IV,
C-3I,II,III,IV, C-4I,II,III, C-5I,II,III,IV), 62.6, 62.1, 62.0, 61.6 (C-6I,II,III,IV), 59.7 (C-
4IV), 20.7 ± 20.4 (13�OCOCH3); ES� HRMS: calcd for C50H67N3NaO33


([M��Na]) 1260.3555; found: 1260.3554.


2,3,4-Tri-O-acetyl-4-azido-4-deoxy-�-�-glucopyranosyl-(1� 4)-2,3,6-tri-O-
acetyl-�-�-glucopyranosyl-(1� 4)-2,3,6-tri-O-acetyl-�-�-glucopyranosyl-
(1� 4)-2,3,6-tri-O-acetyl-�-glucopyranose (9): A mixture of tetrasacchar-
ide 8 (231 mg, 0.19 mmol) and hydrazine acetate (21 mg, 0.22 mmol) in
DMF (5 mL) was stirred at 50 �C until complete dissolution of the
hydrazinium salt, TLC analysis indicating the complete conversion of the
starting product into a more polar compound. The solution was diluted with
ethyl acetate, washed with brine, dried (Na2SO4), and concentrated under
reduced pressure. Flash column chromatography [petroleum ether/ethyl
acetate (1:2)] of the residue gave the tetrasaccharide 9 (204 mg, 91%);
13C NMR (75 MHz, CDCl3): �� 171.1 ± 169.1 (12�OCOCH3), 100.6, 100.4,
100.3 (C-1II,III,IV), 95.1 (C-1I�), 89.9 (C-1I�, 76.5, 76.2, 73.8, 72.7, 72.1, 71.9,
71.8, 71.7, 71.3, 69.3, 68.1 (C-2I,II,III,IV, C-3I,II,III,IV, C-4I,II,III, C-5I,II,III,IV), 62.6,
62.1, 61.7, 60.3 (C-6I,II,III,IV), 59.7 (C-4IV), 20.8 ± 20.5 (12�OCOCH3); FAB�


MS: m/z : 1218 [M��Na].


2,3,4-Tri-O-acetyl-4-azido-4-deoxy-�-�-glucopyranosyl-(1� 4)-2,3,6-tri-
O-acetyl-�-�-glucopyranosyl-(1� 4)-2,3,6-tri-O-acetyl-�-�-glucopyrano-
syl-(1� 4)-2,3,6-tri-O-acetyl-�-glucopyranosyl fluoride (10): Diethylami-
nosulfur trifluoride (0.12 mL, 0.9 mmol) was added dropwise to a stirred
solution of the hydroxy derivative 9 (204 mg, 0.17 mmol) in anhydrous
dichloromethane (5 mL) at �30 �C. The solution was stirred for 2 h, then
washed with brine, dried (Na2SO4), and concentrated under reduced
pressure. Flash column chromatography [petroleum ether/ethyl acetate
(1:2)] of the residue gave the fluoride 10 (174 mg, 85%) as a foam
containing the � and � anomers in the ratio 1:6. 1H NMR (300 MHz,
CDCl3): �� 5.58 (dd,3J1,2� 3 Hz, 3J1,F� 53 Hz, 1H; H-1I�), 5.30 (dd, 3J1,2�
5.3 Hz, 3J1,F� 53 Hz, 1H; H-1I�), 5.05 (m, 4H), 4.95 (m, 3H), 4.41 (m, 5H),
4.26 (m, 2H), 4.07 (m, 4H), 3.89 (t, 3J� 9.3 Hz, 1H), 3.73 (m, 2H), 3.59 (m,
3H), 3.35 (m, 1H), 2.09 ± 1.92 (m, 36H; 12�OCOCH3); 13C NMR
(75 MHz, CDCl3), � anomer: �� 170.2 ± 169.2 (12�OCOCH3), 105.7 (d,
3J1,F� 217 Hz; C-1I), 100.6, 100.4, 98.6 (C-1II,III,IV), 76.1, 76.0, 75.3, 73.8, 72.8,
72.7, 72.6, 72.4, 72.2, 71.8, 71.7, 71.6, 71.4, 70.9 (C-2I,II,III,IV, C-3I,II,III,IV, C-4I,II,III,
C-5I,II,III,IV), 62.6, 62.0, 61.6, 60.3 (C-6I,II,III,IV), 59.7 (C-4IV), 20,7 ± 20,4 (12�
OCOCH3).


2,3,4-Tri-O-acetyl-4-azido-4-deoxy-�-�-glucopyranosyl-(1� 4)-2,3,6-tri-
O-acetyl-�-�-glucopyranosyl-(1� 4)-2,3,6-tri-O-acetyl-�-�-glucopyrano-
syl-(1� 4)-2,3,6-tri-O-acetyl-�-�-glucopyranosyl fluoride (11): A solution
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of the �/�-fluoride 12 (174 mg, 0.14 mmol) was treated as described for the
synthesis of compound 6. Flash column chromatography [petroleum ether/
ethyl acetate (1:2)] gave the �-fluoride 11 (147 mg, 84%); [�]25D ��16 (c�
0.53, CHCl3); 1H NMR (300 MHz, CDCl3): �� 5.62 (dd, 3J1,2� 2.6 Hz,
3J1,F� 53 Hz, 1H), 5.42 (t, 3J� 9.9 Hz, 1H), 5.05 (m, 3H), 4.79 (m, 4H), 4.42
(m, 5H), 4.26 (m, 1H), 4.07 (m, 5H), 3.62 (m, 6H), 3.36 (m, 1H), 2.13 ± 1.92
(m, 36H; 12�OCOCH3); 13C NMR (75 MHz, CDCl3): �� 170.0 ± 168.9
(12�OCOCH3), 103.5 (d, 3J1,F� 218 Hz; C-1), 100.4, 100.2, 99.9 (C-
1II,III,IV), 76.0, 75.2, 73.6, 72.6, 72.5, 72.4, 71.9, 71.7, 71.6, 70.5, 70.4, 70.1, 68.5
(C-2I,II,III,IV, C-3I,II,III,IV, C-4I,II,III, C-5I,II,III,IV), 62.5, 62.0, 61.9, 60.9 (C-6I,II,III,IV),
59.5 (C-4IV), 20.6 ± 20.2 (12�OCOCH3); FAB� MS: m/z : 1220 [M��Na];
elemental anal. calcd (%) for C48H64FO31N3: C 48.12, H 5.38, F 1.59, N 3.51;
found: C 47.81, H 5.39, F 1.57, N 3.31.


4-Azido-4-deoxy-�-�-glucopyranosyl-(1� 4)-�-�-glucopyranosyl-(1� 4)-
�-�-glucopyranosyl-(1� 4)-�-�-glucopyranosyl fluoride (12): The perace-
tylated fluoride 11 (127 mg, 0.106 mmol) was treated in methanol (15 mL)
with sodium methoxide (0.075 mL, 1� in MeOH) for 3 h at 0 �C. The
solution was neutralized with Amberlite IRN77 H�, then concentrated
under reduced pressure, and the residue, dissolved in deionized water, was
freeze-dried to give the fluoride 12, which was pure by TLC, and used
immediately in the next reaction. FAB� MS: m/z : 694 [M��H], 716
[M��Na].


Sodium N-[2-N[(S-(2,3,4,6-tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-
2,3,6-tri-O-acetyl-�-�-glucopyranosyl)-2-thioacetyl]aminoethyl]-1-naph-
thylamine-5-sulfonate (14): 1,4-Dithioerythritol (86 mg, 0.55 mmol) and
then cysteamine (42 mg, 0.5 mmol) were added to a solution of N-
(iodoacetamidoethyl)-1-naphthylamine-5-sulfonic acid sodium salt (N-
iodoacetyl-EDANS, 90 mg, 0.207 mmol) and 2,3,4,6-tetra-O-acetyl-�-�-
glucopyranosyl-(1� 4)-2,3,6-tri-O-acetyl-1-S-acetyl-�-�-glucopyranose
(13 ; 280 mg, 0.403 mmol) in HMPA (2 mL), and the mixture was stirred for
2 h at room temperature. Petroleum ether was added (100 mL) and the
precipitate was filtered off; the solid was dissolved in dichloromethane and
purified by flash column chromatography [dichloromethane to dichloro-
methane/methanol (1:1)] to give the EDANS conjugate 14 (184 mg, 93%);
[�]25D ��19.5 (c� 0.73, CHCl3); 13C NMR (75 MHz, CDCl3): �� 172.8,
172.4, 172.3, 171.9, 171.7, 171.4, 171.3, 171.2 (7�OCOCH3 and 1�
OCONH), 145.4, 141.8, 131.4, 129.0, 126.9, 125.9, 125.7, 124.0, 116.2, 105.6
(arom Cs), 101.8 (C-1II), 84.3 (C-1I), 78.1, 77.9, 75.0, 74.5, 73.1, 72.7, 71.6, 69.3
(C-2I,II, C-3I,II, C-4I,II, C-5I,II), 63.7, 62.9 (C-6I,II), 44.4 (SCH2CONH), 39.7
and 39.6 (CH2NH), 34.9 and 35.0 (CH2NH), 21.2 ± 20.8 (7�COCH3);
FAB� MS: m/z : 959 [M��H], 981 [M��Na], 1003 [M��2Na].


Sodium N-[2-N[(S-(�-�-glucopyranosyl)-(1� 4)-�-�-glucopyranosyl)-2-
thioacetyl]aminoethyl]-1-naphthylamine-5-sulfonate (15): A solution of
EDANS conjugate 14 (184 mg, 0.192 mmol) in methanol (30 mL) and
sodium methoxide (0.3 mL, 1� in MeOH) was stirred for 12 h at room
temperature. The resulting precipitate was redissolved by addition of
deionized water (5 mL), and the solution was neutralized with Amberlite
IRN77 H�, filtered, and concentrated under reduced pressure. The residue
was freeze-dried to give compound 15 (131 mg, 99%). [�]25D ��15.4 (c�
0.23, H2O); 1H NMR (300 MHz, D2O): �� 7.95 (m, 3H; arom Hs), 7.39 (m,
2H; arom Hs), 6.86 (m, 1H; arom H), 4.28 (d, 3J1,2� 9.5 Hz, 1H; H-1I), 4.17
(d, 3J1,2� 8.1 Hz, 1H; H-1II), 3.74 (dd, 3J� 1.8 and 12.4 Hz, 1H), 3.56 (m,
2H), 3.43 ± 3.09 (m, 17H); 13C NMR (75 MHz, D2O): �� 174.0 (CONH),
139.8, 130.0, 128.7, 128.5, 128.4, 127.2, 125.5, 125.3, 119.7, 111.6 (arom Cs),
103.3 (C-1II), 85.7 (C-1I), 79.3, 76.7, 76.2, 73.9, 72.8, 70.3 (C-2I,II, C-3I,II,
C-4I,II, C-5I,II), 61.4, 60.9 (C-6I,II), 45.8 (SCH2CONH), 38.7, 34.0 (CH2NH);
ES� HRMS calcd for C26H35N2Na2O14S2 ([M��Na]): 709.1325; found:
709.1320; calcd for C26H35KN2NaO14S2 ([M��K]): 725.1065; found:
725.1066; calcd for C26H34N2Na3O14S2 ([M��H�2Na]): 731.1145, found:
731.1152.


Sodium N-[2-N[(S-(4-azido-4-deoxy-�-�-glucopyranosyl)-(1� 4)-�-�-gluco-
pyranosyl-(1� 4)-�-�-glucopyranosyl-(1� 4)-�-�-glucopyranosyl-(1� 4)-
�-�-glucopyranosyl-(1� 4)-�-�-glucopyranosyl)-2-thioacetyl]aminoethyl]-
1-naphthylamine-5-sulfonate (16): Cel7B Glu197Ala glycosynthase (1 mg)
was added to a solution of fluoride 12 (37 mg, 0.053 mmol) and EDANS
conjugate 15 (55 mg, 0.08 mmol) in sodium phosphate buffer (1 mL, 0.1�,
pH 7). The solution was placed in a rotative shaker for 12 h at 40 �C, then
purified by loading onto a C-18 cartridge and eluting with water followed
by water/methanol ([95:5]). The appropriate fractions were pooled,
concentrated under reduced pressure, then freeze-dried to give the
fluorescent hexasaccharide 16 (68 mg, 94%). [�]25D ��2.4 (c� 0.25,


H2O); 1H NMR (500 MHz, D2O): �� 8.01 (m, 3H; arom Hs), 7.45 (m,
2H; arom Hs), 6.77 (d, 1H; arom H), 4.40 (m, 3H; H-1), 4.36 (d, 3J1,2�
8.0 Hz, 1H; H-1), 4.24 (d, 3J� 9.0 Hz, 1H; H-1I), 4.08 (d, 3J� 8.0 Hz, 1H;
H-1), 3.86 ± 3.02 (m, 43H), 2.91 (t, 3J� 8.5 Hz, 1H); 13C NMR (75 MHz,
D2O): �� 173.6 (CONH), 144.1, 138.8, 129.5, 128.8, 126.6, 125.4, 124.7,
123.9, 115.2, 106.5 (arom Cs), 102.7 (C-1II-VI), 85.2 (C-1I), 78.9, 78.7, 75.7,
75.1, 74.7, 74.3, 73.5, 73.3, 72.3 (C-2I-VI, C-3I-VI, C-4I-V, C-5I-VI), 61.9 (C-4VI),
61.1, 60.4, 60.2 (C-6I-VI), 43.0 (SCH2CONH), 38.9, 33.8 (CH2NH); ES�


HRMS calcd for C50H74N5Na2O33S2 ([M��Na]): 1382.3503; found:
1382.3492; calcd for C50H74KN5NaO33S2 ([M��K]): 1398.3242; found:
1398.3259; calcd for C50H73N5Na3O33S2 ([M��H�2Na]): 1404.3322;
found: 1404.3341.


Sodium N-[2-N[(S-(4-deoxy-4-dimethylaminophenylazophenylthioure-
ido-�-�-glucopyranosyl)-(1� 4)-�-�-glucopyranosyl-(1� 4)-�-�-glucopyr-
anosyl-(1� 4)-�-�-glucopyranosyl-(1� 4)-�-�-glucopyranosyl-(1� 4)-�-
�-glucopyranosyl)-2-thioacetyl]aminoethyl]-1-naphthylamine-5-sulfonate
(1): A solution of azidohexasaccharide 16 (40 mg, 29.4 �mol) in pyridine/
H2O (1:1, 7 mL) was saturated with H2S, and the resulting mixture was
stirred for 2 h at room temperature. After concentration under reduced
pressure, the residue was redissolved in DMF (14 mL) and aq sodium
hydrogencarbonate (3.5 mL, 0.35�). Then DABITC (13 mg, 46 �mol) was
added, and the reaction mixture was stirred for 12 h at 40 �C. Silica gel was
added; then, after concentration under reduced pressure, the resulting solid
was subjected to flash column chromatography [acetonitrile to acetonitrile/
water (8:2)] to give the bifunctionalized hexasaccharide 1 (33.5 mg, 70%).
1H NMR (400 MHz, [D7]DMF): �� 8.40 (d, 1H; arom H), 8.34 (t, 1H;
CH2NH), 8.17 (d, 1H; arom H), 8.12 (d, 1H; arom H), 7.81 (m, 6H; arom
Hs), 7.34 (t, 1H; arom H), 7.29 (t, 1H; arom H), 6.88 (m, 2H; arom Hs), 6.62
(d, 1H; arom H), 6.01 (t, 1H; CH2NH), 5.59 (br s, OHs), 4.87 (br s, OHs),
4.52 (t, 3J� 10.0 Hz, 1H; H-4VI),4.50 (m, 5H; H-1), 4.45 (d, 3J� 8.0 Hz, 1H;
H-1), 3.09 (s, 6H; CH3); 13C NMR (75 MHz, [D7]DMF): �� 182.5
(NHCSNH), 171.3 (CONH), 149.8, 145.3, 144.6, 143.9, 141.9, 131.4, 126.8,
125.3, 125.1, 124.9, 123.6, 123.3, 123.1, 122.9, 117.1, 112.2, 103.6 (arom Cs),
104.2 and 103.9 (C-1II-VI), 85.8 (C-1I), 80.8, 80.6, 80.2, 77.4, 76.1, 75.9, 75.8,
75.0, 74.2, 73.9 (C-2I-VI, C-3I-VI, C-4I-V, C-5I-VI), 61.7, 61.4, (C-6I-VI), 57.7 (C-
4VI), 44.2 (SCH2CONH), 40.17 (CH3), 39.1, 33.4 (CH2NH); ES� HRMS
calcd for C65H90N7Na2O33S3 ([M��Na]): 1638.1537; found: 1638.1533.


Expression and purification of the enzymes : The Humicola insolens
cellulases were all cloned and expressed in Aspergillus oryzae essentially as
described.[21] The cloned product was recovered after fermentation by
separation of the extracellular fluid from the production organism by
means of filtration through three layers of Whatman microfiber filters (1.6,
1.2, and 0.7 �m). Cel6A and Cel6B were subsequently purified by affinity
chromatography with Avicel in 20 m� NaH2PO4, pH 7.5, essentially as
described.[22] The culture supernatant was applied to Avicel (2.6� 20 cm) in
20 m� NaH2PO4, pH 7.5 at a flow rate of 300 mLh�1. The column was
subsequently washed with 20 m� NaH2PO4, pH 7.5 (5� column volume),
20 m� NaH2PO4, 0.5� NaCl, pH 7.5 (5� column volume), 20 m� Tris,
pH 8.0 (5� column volume). The cellulases were finally eluted with 0.2�
Tris/NaOH, pH 11.8. The Cel45 core was purified by ion-exchange
chromatography with SP-Sepharose in 20 m� citrate, pH 3.5. The culture
supernatant was applied to SP-Sepharose (2.6� 20 cm) in 20 m� citrate,
pH 3.5, at a flow rate of 300 mLh�1. The column was subsequently washed
with column buffer (10� column volume), and proteins were then eluted
by a linear gradient of 0 ± 0.5� NaCl in the above buffer. Cel7B was
purified by ion-exchange chromatography with SP-Sepharose in 20 m�
sodium acetate, pH 5.0. The culture supernatant was applied to SP-
Sepharose (2.6� 20 cm) in 20 m� sodium acetate, pH 5.0, at a flow rate of
300 mLh�1. The column was washed with column buffer (10� column
volume) and proteins were subsequently eluted by a linear gradient of 0 ±
0.5� NaCl in the above buffer. The purified cellulases were evaluated by
means of SDS-PAGE and found to be homogeneous. Protein concentra-
tions were determined spectrophotometrically at 280 nm; we took ��
92600 ��1 cm�1 and a molecular weight of 65 kDa for Cel6A, ��
76020 ��1 cm�1 and a molecular weight of 45 kDa for Cel6B, ��
66300 ��1 cm�1 and a molecular weight of 50 kDa for Cel7B, and ��
42220 ��1 cm�1 and a molecular weight of 28 kDa for Cel45A core,
respectively.[23]


Fluorimetric assays and determination of kinetic constants : The initial rate
constants for enzymatic hydrolysis of the substrate 1 were determined at
37 �C with 0.1� 3-(N-morpholino)propanesulfonic acid (MOPS) at pH 7.5.







FULL PAPER H. Driguez et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0806-1394 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 61394


All measurements were performed on a Perkin ±Elmer LS50B spectro-
fluorimeter at excitation wavelength �� 340 nm and emission wavelength
�� 470 nm. Initial rate constants were determined at several substrate
concentrations, ranging from 0.1 to 5 times the ultimately determined Km


value. Km was obtained by fitting initial rate constants to the Michaelis ±
Menten equation by means of the program GraFit 4.0. The kinetic
measurements were performed at an enzyme concentration of 2�
10�4 m� for Cel45A. Substrate 1 at high substrate concentration (123 ��)
was mixed with the different cellulases. Enzyme concentrations were 7.8�
10�4 m� for Cel6A, 1� 10�4 m� for Cel6B, 2� 10�4 m� for Cel45A, and
5.7� 10�4 m� for Cel7B.
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Hybrid Composites of Monodisperse �-Conjugated Rodlike Organic
Compounds and Semiconductor Quantum Particles


Volker Hensel,[a] Adelheid Godt,[b] Ronit Popovitz-Biro,[a] Hagai Cohen,[a]
Torben R. Jensen,[c] Kristian Kjaer,[c] Isabelle Weissbuch,[a]
Efrat Lifshitz,[d] and Meir Lahav*[a]


Abstract: Composite materials of quan-
tum particles (Q-particles) arranged in
layers within crystalline powders of �-
conjugated, rodlike dicarboxylic acids
are reported. The synthesis of the com-
posites, either as three-dimensional crys-
tals or as thin films at the air ±water
interface, comprises a two-step process:
1) The preparation of the Cd salts
6(Cd), 8(Cd) or Pb salts 6(Pb), 8(Pb)
of the oligo(p-phenyleneethynylene)di-


carboxylic acids 6(H), 8(H), in which
the metal ions are arranged in ribbons
and are separated by the long axis of the
organic molecules, as demonstrated by


X-ray powder diffraction analysis of the
solids and grazing incidence X-ray dif-
fraction analysis of the films on water. 2)
Topotactic solid/gas reaction of these
salts with H2S to convert the metal ions
into Q-particles of CdS or PbS embed-
ded in the organic matrix that consists of
the acids 6(H) and 8(H). These hybrid
materials have been characterized by
X-ray photoelectron spectroscopy and
transmission electron microscopy.


Keywords: oligo(phenyleneethyny-
lene) ¥ organic ± inorganic hybrid
composites ¥ quantum particle ¥
semiconductors ¥ topotactic
reactions


Introduction


Nanocrystallites of semiconductors and conducting metals
that display quantum-size effects, referred to as quantum
particles (Q-particles), are attracting great interest owing to
their unique optoelectronic properties.[1±4] Recently, it was
demonstrated that organization of the Q-particles in periodic
patterns can lead to cooperative properties not shown by the
individual components of the composite.[5±11] In recent years,
different methodologies have been followed for the prepara-
tion of organized composites. Our interest has been directed
towards the preparation of hybrid organic/inorganic compo-


sites, in which the semiconductor Q-particles are arranged
periodically within an organic matrix.[12] Our strategy com-
prises two steps. First, crystals or crystalline films of organo-
metallic salts are designed or selected such that the ions within
these matrices are arranged in a given pattern. Subsequently,
these solids are converted through topotactic solid/gas
reactions into organized hybrid composites in which the
newly formed Q-particles to some extent preserve the
periodic order of the ions within the reactant matrix
(Scheme 1). Furthermore, the particle size can be controlled
by adjusting the length of the organic spacers that separate the
layers of metal ions. This approach has been successfully
applied for the preparation of hybrid materials starting from
organic salts composed of aliphatic carboxylates or thiocar-
boxylates.[12±14]


Herein we report the preparation of hybrid composites with
the monodisperse �-conjugated, rodlike compounds 6 and 8
as the organic matrices. These compounds consist of phenyl-
eneethynylene units and bear carboxyl groups at both ends. To
ensure solubility of the organic compounds, the phenylene
moieties are substituted with hexyl chains. The Q-particles
generated within such films are presumed to be interconnect-
ed through the molecular rods. The dicadmium 6(Cd), 8(Cd)
and dilead salts 6(Pb), 8(Pb) of the acids 6(H), 8(H) have
been synthesized either in the form of crystalline powders or
as thin films at the air ±water interface. The crystalline
powders were investigated by X-ray diffraction (XRD). The
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thin films were analyzed directly at the air ±water interface by
grazing incidence X-ray diffraction (GIXD). The cadmium
and lead salts were treated with gaseous H2S to yield, through
a topotactic reaction, the corresponding hybrid materials
composed of CdS or PbS Q-particles of different sizes
arranged in rows and separated by the organic rods. The
compositions and structures of the composites were deter-
mined by transmission electron microscopy (TEM) and X-ray


photoelectron spectroscopy (XPS). Cooperative effects in the
photoluminescence properties were observed for some of the
composites and are presented elsewhere.[15]


Results and Discussion


Synthesis of the monodisperse rodlike dicarboxylates 6a,b(H)
and 8a ± c(H): The five monodisperse, rodlike dicarboxylic
acids 6a,b(H) and 8a ± c(H) were selected for the present
study. Their synthesis starts from monodisperse oligo(phenyl-
eneethynylene)s (oligoPPEs) 1 with one protected and one
monosubstituted ethynylene end group (Scheme 2). Com-
pounds 1 were prepared according to a protocol that enables
the isolation of monodisperse oligoPPEs in gram amounts, as
recently described by one of us.[16, 17] Because the oligoPPEs 1
decompose upon storage, they were used immediately after
preparation. Coupling of the oligoPPEs 1 with methyl
4-iodobenzoate, catalyzed by [Pd(PPh3)2Cl2] and CuI, gave
the monoesters 2.[17] The coupling reaction was accompanied
by oxidative alkyne dimerization of the oligoPPEs 1. The
resulting nonpolar butadiynes 3 could easily be separated
from the polar coupling products 2 by column chromatog-
raphy. However, it proved difficult to remove residual methyl
4-iodobenzoate from product 2. Therefore, it is best to use 1 in
sufficient excess to ensure that all the methyl 4-iodobenzoate
is consumed. The alkyne protecting group of the monoesters 2
was cleaved by reaction with nBu4NF. Treatment of the thus
obtained deprotected monoesters 4a,b with [Pd(PPh3)2Cl2]
and CuI in piperidine/THF under air[18] resulted in oxidative
alkyne dimerization to give the diesters 5a,b. To obtain the


diesters 7a ± c, the deprotected
monoesters 4a ± c were coupled
with methyl 4-iodobenzoate.
The formation of the diesters
7a ± c was accompanied by
some formation of diesters
5a ± c (up to 12%) due to com-
petitive oxidative alkyne di-
merization, even though methyl
4-iodobenzoate was used in
huge excess. These by-products
could be removed by chroma-
tography. Saponification of the
diesters 5 and 7 under basic
conditions gave the diacids
6(H), 8(H), which were con-
verted to the corresponding
potassium salts 6(K), 8(K).


Preparation and characteriza-
tion of the organic/inorganic


hybrid composites : Crystalline powders of the cadmium and
lead salts 6(Cd,Pb), 8(Cd,Pb) (Schemes 1 and 2) were
obtained from the corresponding potassium salts 6(K), 8(K)
by reaction with CdCl2 or Pb(NO3)2, either under homoge-
neous conditions in THF/water at 40 �C or under heteroge-
neous conditions in ethanol/water at 40 �C. Although both
methods led to quantitative cation exchange, the preparation
under homogeneous conditions proved to be more convenient


Scheme 1. Schematic representation of the conversion of the metal salts
into the hybrid composites. The Q-particles formed are elongated and
intercalated between the organic molecules. Note that the Q-particles and
the diacids are shown on different scales; M�Cd, Pb; MS�CdS, PbS.
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because the reaction was faster and could easily be monitored
by the precipitation of the Cd or Pb salts. Thin crystalline films
of 6(Cd,Pb), 8(Cd,Pb) were prepared by spreading solutions
of the diacids 6(H), 8(H) in chloroform or in chloroform/
ethanol (9:1) on aqueous solutions of CdCl2 (pH 8.5) or
Pb(NO3)2. The powders and the films were exposed to H2S at
4 �C or 25 �C at atmospheric pressure to yield the correspond-
ing hybrid materials (Scheme 1). The reactions were quanti-
tative within 15 ± 60 minutes according to IR[19] and XPS
spectroscopy. The dicarboxylic acids proved to be inert
towards H2S; no reaction was detected when the acids were
treated with H2S under the same conditions as the corre-
sponding cadmium and lead salts. Furthermore, the acids
could be isolated unchanged (according to TLC and 1H NMR
spectroscopy) by stirring of the hybrid composites in chloro-
form/ethanol (9:1).


X-ray diffraction analysis of the three-dimensional crystalline
powders : The powders of the Cd and Pb salts were analyzed
by XRD with the intention to obtain information on the
organization of the ions within these solids. The metal ions in
the salts 6a(Cd) and 6a(Pb) are arranged in ribbons with
spacings of about 29 ä and 28 ä, respectively, as can be
calculated from the (100), (200), and (300) Bragg peaks of
6a(Cd) and the (100) and (200) Bragg peaks of 6a(Pb). The
XRD signals of 6b(Cd) and 6b(Pb) are very broad, suggesting
very low ordering. The salts 8a(Cd), 8a(Pb) give rise to
intense diffraction peaks. The (100), (200), and (300) Bragg
peaks measured for 8a(Cd) correspond to a spacing of about


22.5 ä between the ribbons of
the ions. The (100) Bragg peak
of 8a(Pb) reveals a d-spacing of
about 21.5 ä. The XRD meas-
urement of 8c(Pb) shows a
(100) Bragg peak that corre-
sponds to a spacing of about
32 ä. All measured spacings
are smaller than the length of
the rodlike diacids, suggesting
that the molecules are not or-
thogonal to the lattice planes.


Grazing incidence X-ray dif-
fraction analysis of thin crystal-
line films : It has been shown
previously that amphiphilic
molecules, when spread at the
air ±water interface, interact
with metal ions present in the
aqueous subphase yielding
™two-dimensional∫ crystalline
films oriented vis-a¡-vis the wa-
ter surface through self-assem-
bly.[20±22] The structure of these
crystalline films resembles that
of the three-dimensional crys-
tals. By applying this method to
the diacids 6(H) and 8(H), we
obtained thin films of the salts


6a(Cd), 6b(Cd), 6b(Pb), and 8b(Cd) on the water surface.
Their structures were determined by GIXD, which revealed
structural information that could not be obtained from the
XRD measurements on some of the three-dimensional
powders.
The GIXD pattern obtained from diacid 6b(H) spread on


pure water for a nominal molecular area of 200 ä2 (defined as
the surface area of the trough divided by the number of
molecules) displays a single Bragg peak corresponding to a d-
spacing of 3.6 ä (Figure 1a), which is a characteristic value for
the � ±� stacking of aromatic rings, as observed in related
systems.[23] This Bragg peak is very broad, corresponding to a
lateral stack size of about 25 molecules. No evidence was
found for ordering in the direction of the long molecular axis
or of the hexyl chains. The film thickness of about 13 ä, as
determined from the Bragg rod intensity profile (Figure 1b),
is consistent with there being more than a monolayer at the
surface, since the hexyl chains are pointing out of the plane of
the film and are disordered due to a lack of favorable contacts.
Surface compression of the films to nominal molecular areas
of 100 ä2 and 70 ä2 did not increase the degree of order.
When spread on aqueous solutions of CdCl2 or Pb(NO3)2,


the diacid 6b(H) was quantitatively transformed into the
corresponding salts 6b(Cd) or 6b(Pb), as was proven by the
absence of the Bragg peak corresponding to a d spacing of
3.6 ä observed when the diacid was spread on pure water.
The GIXD pattern measured from 6b(Pb), obtained when


6b(H) was spread on aqueous 1m� Pb(NO3)2 for a nominal
molecular area of 200 ä2, displays a series of four Bragg peaks


Scheme 2. a) [PdCl2(PPh3)2], CuI, piperidine, THF; b) nBu4NF, THF; c) [PdCl2(PPh3)2], CuI, piperidine, THF,
air; d) 1) KOH, methanol, THF; 2) CF3CO2H; e) KOH, MeOH, THF; f) CdCl2, THF, H2O; g) Pb(NO3)2, THF,
H2O.
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(Figure 1c,d). These peaks correspond to a single d-spacing of
42 ä. Based on the calculated length of the long molecular
axis of the organic rodlike molecule of 48.2 ä, we attribute the
observed Bragg peaks to the d-spacing of a layer structure
oriented parallel to the liquid surface. Within the layer, the


Pb2�-bound dicarboxylate salt
molecules are oriented with
their long molecular axes par-
allel to the liquid surface yield-
ing ribbons of ions separated by
ribbons of the organic rods
(Scheme 1). From the deviation
of the measured d-spacing of
42 ä from the calculated length
of 48.2 ä for 6b(H), an angle of
about 29� between the long axis
of the dicarboxylate and the
normal to the ribbon of metal
ions is calculated. The size of
the ordered domains in the
direction of the long axis of
the dicarboxylate is about
200 ä, corresponding to an ar-
rangement of about five mole-
cules of 6b(Pb). All the Bragg
rod intensity profiles along the
surface normal have maximum
intensity at the horizon (Fig-
ure 1d), in agreement with the
strong contribution of the Pb2�


ions to the measured intensity.
The film was about 24 ä thick.


Analysis of the GIXD pattern yielded a model packing
arrangement[24] that consists of molecules arranged by trans-
lation in a two-dimensional unit cell of dimensions a� 48.2 ä,
b� 4.5 ä, �� 61�, (Figure 2a,b). Based on calculated (h,k,0)
powder diffraction patterns[24] using an atomic coordinate


Figure 1. GIXD patterns measured from 6b(H) spread for a nominal molecular area of 200 ä on: a) pure water,
and c) on aqueous Pb(NO3)2 solution (1m�). In a) and c), the GIXD patterns are represented as the scattered
intensity I(2�), with 2� being the diffraction angle in degrees at the measuring wavelength of the X-ray beam, ��
1.30 ä, integrated over the whole window of the PSD detector and showing the Break peaks. b) Bragg rod
intensity profile I(qz) in the direction perpendicular to the liquid surface and corresponding to the Bragg peak in
a). d) Surface plot of the scattered intensity I(qxy,qz), where qxy is the horizontal component and qz is the vertical
component of the scattering vector corresponding to the GIXD pattern shown in c).


Figure 2. a) and b): Model packing arrangement of the two-dimensional film of 6b(Pb) self-assembled at the air ± solution interface: a) view perpendicular
and b) view parallel to the liquid surface. Note that in a) only one C atom of the hexyl chains is shown, since it is the only one that contributes to the scattered
intensity; in b), the other five C atoms of the hexyl chains, which are disordered, are drawn schematically as lines for the sake of clarity. c) and d): Calculated
(h,k,0) powder diffraction patterns, I(2� in degrees) at �� 1.30 ä, using the atomic coordinate model shown in a) and b), but considering different
contributions from the hexyl chains. In c), all six of the C atoms contribute, whereas in d) only those C atoms connected to the phenyl rings are considered.
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model, we conclude that four to five carbon atoms of the hexyl
chains must be disordered and therefore do not contribute to
the diffraction, thereby accounting for the observed intensity
of the (h,0,0) Bragg peaks (Figure 2c,d). Moreover, the
absence of the (010) Bragg peak in the measured GIXD
pattern leads us to assume that the degree of order in the
direction perpendicular to the long molecular axis is very low
and that the molecules are slightly shifted from their required
ideal lattice positions. Since the hexyl chains pointing out of
the layer plane are disordered, the film might be more than
one layer thick, with no ordering in the direction perpendic-
ular to the water surface.
Oriented thin films of 6b(Cd) were obtained by spreading


6b(H) on aqueous 1m� CdCl2 (pH8.5) for a nominal
molecular area of 200 ä2, (Figure 3a,b). The GIXD pattern,
and thus the structure of 6b(Cd), is similar to that of 6b(Pb).


Figure 3. a) ± d): GIXD patterns measured from 6b(H) spread on a
aqueous CdCl2 solution (1m�) for nominal molecular areas of 200 ä2 (a,
b) and 138 ä2 (c, d). Note that a) and c) display the diffraction patterns as
I(2�) at �� 1.30 ä, while b) and d) show the Bragg rod intensity profiles
I(qz) corresponding to the {10} Bragg peaks of a) and c). e) and
f): Calculated (h,k,0) powder diffraction patterns, I(2� in degrees) at ��
1.30 ä, using an atomic coordinate model and considering different
contributions from the hexyl chains. In e), all six of the C atoms contribute,
whereas in f) only those C atoms connected to the phenyl rings are
considered.


The different contribution of Cd2� ions as compared with that
of Pb2� ions (46 electrons as against 80 electrons of Pb2�) to
the diffraction accounts for the different relative intensities of
the five Bragg peaks. The five Bragg peaks of 6b(Cd)


correspond to a d spacing of 39 ä. Surface compression to
138 ä2 per molecule yielded a GIXD pattern (Figure 3c,d)
that shows, as indicated by the asymmetry of the Bragg peaks,
the formation of two different but very similarly ordered
phases with d spacings of 42 ä and 39 ä. The film thickness of
about 14 ä is indicative of a monolayer or a bilayer, with five
carbon atoms of the hexyl chains being disordered, as
suggested by the simulated (h,k,0) powder diffraction patterns
(Figure 3e,f).
GIXD experiments showed that the thin films of 6a(H),


6a(Cd), and 8b(Cd) at the air ±water interface have similar
structures to those described for 6b(H), 6b(Pb), and 6b(Cd),
respectively. Compound 6a(H) spread on pure water yielded
a single Bragg peak corresponding to a d-spacing of 3.6 ä,
which is indicative of an aromatic face-to-face stacking. This
spacing is identical to that observed for compound 6b(H).
When 6a(H) was spread on 1m� aqueous CdCl2 solution
(pH 8.5) for a nominal molecular area of 120 or 100 ä2, the
GIXD pattern (Figure 4a,b) exhibited only Bragg peaks


Figure 4. a) and b): GIXD patterns measured from 6a(H) spread on a
aqueous CdCl2 solution (1m�) for nominal molecular areas of 120 ä2 and
100 ä2; a) diffraction pattern as I(2�) at �� 1.30 ä, and b) the surface plot
of the scattered intensity I(qxy,qz).


corresponding to a d-spacing of 33.7 ä, a value similar to the
estimated length of the long molecular axis. This GIXD result
implies that the self-assembled thin film of 6a(Cd) assumes a
structure similar to that of 6b(Pb), but with the long
molecular axis perpendicular to the ribbon of metal ions
(Figure 5a,b). On the basis of the calculated (h,k,0) powder
diffraction patterns using an atomic coordinate model, we
propose that the hexyl chains are disordered. Such disorder
accounts for the observed intensities of the (h,0,0) Bragg
peaks (Figure 5c,d). The absence of the (010) Bragg peak in
the measured GIXD pattern (Figure 4) may be explained by
assuming that the degree of order in the direction perpendic-
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ular to the long molecular axis is very low. The film thickness
is about 25 ä, corresponding to more than one layer, but with
no registry in the direction perpendicular to the surface due to
the disorder of the hexyl chains. Surface compression does not
change the GIXD pattern; it merely increases the film
thickness.
A film of 8b(Cd) was prepared by spreading the diacid


8b(H) over an aqueous CdCl2 solution (1m�, pH 8.5) for a
nominal molecular area of 200 ä2. The GIXD pattern
measured for this salt at 100 ä2 was very weak and featured
only two Bragg peaks corresponding to a single d-spacing of
30.6 ä. The film thickness estimated from the width of the
Bragg rods was about 30 ä, implying that it corresponds to
more than one layer. The degree of order of the 8b(Cd) salt is
much lower than that of the 6a(Cd) salt.
A comparison of the layer spacings of the oriented


crystalline films and those of the corresponding three-dimen-
sional powders reveals some differences in the tilt angles of
the molecules. Such differences may arise from the presence
of pronounced surface effects that propagate toward the bulk
of the film. Similar structural differences have been observed
in the packing arrangements of �,�-alkanediols in three-
dimensional arrays and thin films crystallized at the air ±water
interface.[25]


X-ray photoelectron spectroscopy (XPS): The XPS spectra of
all ten different salts were measured prior to reaction with
H2S. The element concentration analysis and the binding
energies of the ions confirmed the 2:1 metal ion/organic
matrix composition. In order to characterize the structures of


the hybrid materials, representative samples were analyzed by
XPS. Thus, three-dimensional crystal line powders, as well as
thin films formed on the water surface and transferred to glass
substrates, were measured both before and after treatment
with H2S. The chemical reaction could be identified in all the
systems, as manifested in the appearance of a sulfur signal and
in several line shifts similar to those reported previously.[12, 13]


Table 1 lists the shifts of the metal signal (Cd, Pb) and the


binding energy of the S(2p3/2) associated with the creation of
Q-size nanoparticles for the hybrid matrices of compounds
6b, 8b, and 8c. A split in the O(1s) line and a shift in the
secondary C(1s) line arising from the carbon end group were
also observed, in full agreement with previous studies.[13] The
first column in Table 1 shows a systematic change in the
sulfur-to-metal intensity ratio with an excess of the metal ion.


Figure 5. a) and b): Model packing arrangement of the two-dimensional film of 6a(Cd) self-assembled at the air-solution interface: a) view perpendicular
and b) view parallel to the liquid surface. Note that in a) only one C atom of the hexyl chains is shown since it is the only one that contributes to the scattered
intensity; in b), the other five C atoms of the hexyl chains, which are disordered, are drawn schematically as lines for the sake of clarity. c) and d): Calculated
(h,k,0) powder diffraction patterns, I(2� in degrees) at �� 1.30 ä, using the atomic coordinate model shown in a), and b), but considering different
contributions from the hexyl chains. In c), all six of the C atoms contribute, whereas in d) only those C atoms connected to the phenyl rings are considered.


Table 1. XPS characterization of the CdS and PbS nanoparticles within the
hybrid composites of compounds 6b, 8c, and 8b ; Sred/metal is the atomic
concentration ratio (evaluated for the reduced S(2p) line with respect to
the total metal signal); EB(Sred) is the S(2p3/2) binding energy, given in eV;
and �EB(metal) is the metal line shift (in eV) upon reaction with H2S.


Sred/metal R/�R EB(Sred) �EB(metal)


6b(CdS) 0.58� 0.02 8 161.8� 0.2 0.45� .0.1
6b(PbS) 0.57� 0.07 8 161.0� 0.1 1.5� 0.1
8c(CdS) 0.73� 0.03 16 161.7� 0.1 0.45� 0.1
8c(PbS) 0.71� 0.05 15 160.8� 0.1 1.5� 0.1
8b(CdS) 0.85� 0.1 34 161.6� 0.1 0.45� 0.1
8b(PbS) 0.75� 0.1 18 160.6� 0.1 1.5� 0.1
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Ideally, this ratio would be expected to be unity in CdS or PbS
particles, hence deviations may be related to particle surface
signals. We therefore assume that the reduced signal intensity
for sulfur arises only from the particle core, and we attribute
all extra intensity of the metal signals to the particle shell. In
fact, the Pb shifts are sufficiently large to support this
argument, showing a resolved shoulder attributable to oxi-
dized material, which corresponds precisely to the additional
amount of Pb (relative to the reduced amount of sulfur). This
oxidized Pb shoulder appears at a binding energy about 0.3 eV
lower than that of the unreacted Pb, similar to that previously
reported in an earlier study.[13] Hence, a medium oxidation
state for the shell Pb atoms is more than expected, owing to
the presence of surrounding matrix oxygen atoms. Based on
intensity ratios, we suggest that a similar shell is likewise
created on the CdS particles, although the surface Cd signal is
not resolved (a consequence of considerably lower shifts of
Cd as compared with Pb).
To illustrate the size estimation, one can assume a spherical


shape. The core signal is given by 2IS (IS is the intensity of the
reduced sulfur only) and the shell signal is given by the extra
amount of the metal. The particle radius is given by R� 6�R/
[IM/(IS� 1)], where IM/IS is the intensity ratio of the signals
due to the total amount of the metal and the reduced sulfur,
and �R is the shell thickness. The values obtained from the
above expression are scaled with �R, yet provide a clear
systematic change inR for the various matrices. We stress here
that the above results also hold for the longest dicarboxylates,
for which no observable evidence for the creation of the
Q-particles was provided by the TEM measurements.


Transmission electron microscopy (TEM): In order to glean
information on the size and organization of the CdS and PbS
particles within the different organic matrices, the hybrid
composites were analyzed by TEM. Powders of the compo-


sites were dispersed in an appropriate solvent and deposited
on electron microscope grids. TEM images of PbS particles
generated from compound 8a(Pb) are shown in Figure 6a.
The particles are spherical in shape and are randomly
distributed in the organic matrix. High-resolution TEM
(HRTEM) imaging of the particles, as shown in the inset of
Figure 6a, was only possible after the organic matrix had been
dissolved by adding small amounts of thioethanol as a capping
agent followed by chloroform. The particle diameters range
from 5 to 8 nm. According to electron diffraction measure-
ments, the particles are of the cubic polymorph. Similar results
were obtained for the CdS particles generated from com-
pound 8a(Cd).
An image of a crystal of 6a(Pb) after treatment with H2S is


shown in Figure 7a. This crystal preserved its morphology
during the topotactic reaction with H2S. Layers of high-
contrast particles showing a periodicity of about 2.1 nm were
visible in several regions along the composite crystal. Particles
of 3 ± 4 nm in diameter were imaged with high resolution (see
inset) after dissolution of the organic matrix. ATEM image of
a hybrid crystal of CdS in compound 6a(H) is shown in
Figure 7b. The CdS particles show a tendency to arrange in
layers, but no clear periodicity could be assigned from the
images. The size of the particles was determined as 2.5 ±
3.0 nm by HRTEM after extraction (see inset).
In contrast to the above systems, CdS and PbS could not be


visualized in situ in the hybrid crystals of compound 6b(H),
although XPS and IR measurements were indicative of their
formation. The existence of the Q-particles could be demon-
strated and their size measured (2 ± 3 nm) by HRTEM
imaging only after dissolution of the organic matrix.
After treatment with H2S, crystals of 8b(Pb) show a


needlelike morphology (Figure 6b). Small, elongated particles
arranged along the long axis of the crystals could be observed.
Particles with an average diameter of 3 ± 4 nm were imaged


Figure 6. TEM micrographs showing hybrid crystals generated from a) 8a(Pb), b) 8b(Pb), and c) 8c(Pb). The insets show high-resolution images of the
corresponding nanoparticles after dissolution of the organic matrices.
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with high resolution (see inset) after dissolution of the organic
matrix.
PbS particles embedded in hybrid crystals of compound


8c(H) were not detected as formed in situ, but only became
visible after etching of the organic crystal through partial
dissolution of the matrix with chloroform (Figure 6c). After
complete dissolution of the organic matrix, particles of
average size 2 ± 3 nm could be imaged by HRTEM, as shown
in the inset. CdS particles with an average size of 3 ± 4 nm
could be observed by HRTEM within the elongated crystals
of 8c(Cd) after treatment with H2S.


Conclusion


Topotactic solid/gas reactions have been successfully applied
for the preparation of ordered hybrid composites made up of
monodisperse, fully conjugated, rodlike molecules and semi-
conductor Q-particles of CdS and PbS, arranged in periodic
rows. The new composites preserve the morphological
integrity of the reactant phase. The size of the Q-particles
formed is dependent on the spacing between the metal ions in
the reactant matrix prior to reaction. Furthermore, in the
systems 8a(Cd) and 8a(Pb), in which the length of the rods,
and thus the spacing between the rows of ions, is about 2 nm,
the Q-particles formed after reaction with H2S are spherical,
5 ± 8 nm in diameter, and are randomly deposited throughout
the organic matrix. On the other hand, when the rodlike
molecules are longer, such as 2.6 ± 4.3 nm, the generated
Q-particles are elongated and embedded within the organic


matrix. This trend is in accordance with
previously reported results on aliphatic
systems.[12±14] Consequently, the detection
of the particles in these composites only
becomes possible after partial dissolution
of the matrix, or after their complete
extraction.
Preliminary spectroscopic studies on


some of the composites have indicated
efficient energy transfer from the organic
rods to the Q-particles. Furthermore, a
red shift in the wavelength of the photo-
luminescence emission of the Q-particles
embedded in the solid matrices demon-
strates the existence of cooperative ef-
fects originating from strong coupling
between the Q-particles and the organic
rods.[15] The present synthetic method-
ology is currently being applied to the
preparation of other ordered composites,
in particular hybrids in the form of single
crystals, which are expected to display
anisotropic optical properties.
The present method may also be appli-


cable for the preparation of hybrid thin
organic films for coating optoelectronic
devices.


Experimental Section


Physical characterization : XPS measurements were performed on a Kratos
Analytical AXIS-HS set-up, with a monochromated AlK� source (h��
1486.6 eV) and pass energies ranging from 20 to 80 eV. Charge compensa-
tion was used in all measurements, while final energy scale calibration was
determined by setting the main carbon line to 284.7 eV. In order to
eliminate beam-induced damage,[26] time evolution of the signals was
studied by repeatedly scanning at a fixed spot and comparing this with
rapid scans on fresh areas. In general, no spectroscopic evidence of damage
could be detected on a time scale of 1 ± 2 hours, though visually slight color
changes were observed on the three-dimensional crystals within about
5 minutes.


Sample exposure to air was normally limited to 5 minutes or less. Longer
exposures were used to study the role of instability upon air exposure,
observed visually on time scales of hours to days, depending on the host
matrix.


TEM images and electron diffraction patterns were obtained on a Philips
CM120 transmission electron microscope operated at 120 kV.


XRD measurements were performed on a Rigaku RU-200B Rotaflex
diffractometer with CuK� radiation, �� 1.54 ä, operated at 50 mV, 150 mA.
The grazing incidence X-ray diffraction technique (GIXD), a surface-
sensitive, in situ analytical method for Langmuir monolayers, is described
in detail elsewhere.[22] The GIXD experiments were carried out at the
beamline BW1 using the liquid surface diffractometer at the Hasylab
synchrotron source, DESY, Hamburg. The samples were prepared by
spreading the solutions [�5.0� 10�4� in chloroform or a mixture of
chloroform and ethanol (9:1)] of the diacids 6(H), 8(H) on water and on
aqueous 1m� CdCl2 (pH 8.5) or 1m� Pb(NO3)2 at 20 �C. Oriented
multilayer films of the corresponding metal salts spontaneously self-
assembled at the air ± solution interface. The trough, mounted on the
diffractometer and equipped with a Wilhelmy balance, was sealed, flushed
with helium and equilibrated at 5 �C for 1 hour.


The GIXD patterns were measured by scanning over a range along the
horizontal component of the X-ray scattering vector, qxy� (4�/�)sin�xy),
2�xy being the horizontal scattering angle defined by a Soller collimator.


Figure 7. a) TEMmicrograph of a hybrid crystal generated from compound 6a(Pb). One inset (left)
is an enlargement of a region showing the arrangement of the PbS particles in rows. The other inset
(top) shows a high-resolution image of the PbS particles after dissolution of the organic matrix.
b) TEM micrograph of a hybrid crystal generated from compound 6a(Cd). The inset shows a high-
resolution image of the CdS nanoparticles after dissolution of the organic matrix.
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The scattered intensity was measured with a position-sensitive detector
(PSD), which resolved the vertical component of the X-ray scattering
vector, qz� (2�/�)sin�f (where �f is the angle between the diffracted beam
and the horizon), in the qz range 0.00 to 1.20ä�1. The diffraction data may
be presented in three ways: 1) the GIXD pattern as a two-dimensional
intensity distribution I(qxy,qz) in a surface or contour plot; 2) the GIXD
pattern I(qxy) obtained by integrating over the whole qz window of the PSD,
which yields the Bragg peaks; 3) the Bragg rod intensity profiles, which are
the scattered intensity I(qz) recorded in channels along the PSD integrated
across the qxy range of each Bragg peak. Several different types of
information can be extracted from the measured GIXD pattern. The 2�xy


(or qxy) positions of the Bragg peaks were used for the calculation of the
lattice repeat distances d� 2�/qxy and assigning them {h,k} Miller indices
yielded the unit cell parameters. The vertical full-width at half-maximum,
FWHM(qz), of the Bragg rod intensity profiles gave an estimate of the
thickness d� 0.9(2�/FWHM(qz)) of the crystalline film on the water
surface. The horizontal full-width at half-maximum of the Bragg peaks
FWHM(qxy) yielded the crystalline coherence lengths Lhk� 0.9(2�/
FWHM(qxy)). Molecular modeling was performed using the Cerius2


program package.[24]


General : All chemicals were purchased from Aldrich. THF was distilled
from sodium/benzophenone. Piperidine was dried by refluxing over CaH2.
The petroleum ether used had a boiling range of 40 ± 60 �C. For
chromatography, Merck silica gel (0.040 ± 0.063 mm; 230 ± 400 mesh) was
used. TLC was carried out on silica gel coated aluminum foils (Merck
aluminum foils 60F254). Unless otherwise stated, NMR spectra were
recorded from samples in CDCl3 on a 250 MHz spectrometer at room
temperature. Residual CHCl3 served as an internal standard. FT-IR spectra
were obtained on a Nicolet 460 spectrometer from samples in KBr pellets.
UV/Vis spectra were recorded from solutions of the samples in CHCl3/
methanol (9:1) on a Perkin ±Elmer spectrophotometer. The concentrations
used were in the range 10�5 ± 10�6 moldm�3. Melting points were deter-
mined on a Fisher ± John melting point apparatus.


General procedure for the alkynyl ± aryl coupling : The reactions were
carried out under argon. [Pd(PPh3)2Cl2] (1 mol% with respect to the aryl
halide) and CuI (2 mol% with respect to the aryl halide) were added to a
degassed solution of the two coupling components in THF/piperidine at
room temperature. Shortly thereafter, a precipitate formed. After stirring
the reaction mixture for 10 ± 18 h at room temperature, the solvents were
evaporated. The residue was redissolved in diethyl ether and the organic
phase was washed with water until the aqueous phase stayed neutral. The
organic phase was then dried (MgSO4) and the solvent was evaporated. The
product was isolated by column chromatography. In the case of 2, the
nonpolar butadiyne 3 formed as a by-product was eluted with hexane in a
first fraction. The alkynyl ± aryl coupling products 2 were then isolated by
switching the eluent to hexane/ethyl acetate, 10:1.


TIPS-protected monoester 2a : Reaction of 1a[16] (6.69 g, 14.8 mmol) with
methyl 4-iodobenzoate (3.53 g, 13.5 mmol) in THF (180 mL) and piper-
idine (60 mL) for 14 h gave 2a (7.3 g, 93%) as a colorless oil. Rf� 0.55
(hexane/ethyl acetate, 10:1); 1H NMR: �� 8.03 and 7.56 (AA�XX�, 2H
each; ArH of benzoate ring), 7.33 (s, 1H; ArH), 7.31 (s, 1H; ArH), 3.93 (s,
3H; OCH3), 2.82 ± 2.71 (m, 4H; ArCH2), 1.66 ± 1.57 (m, 4H; ArCH2CH2),
1.39 ± 1.27 (m, 12H; CH2), 1.15 (apparent s, 21H; TIPS), 0.91 ± 0.84 (m, 6H;
CH2CH3); 13C NMR: �� 166.4, 142.6, 142.3, 133.0, 132.4, 131.3, 129.5,
129.3, 128.2, 123.3, 121.9, 105.5, 95.5, 92.9, 91.5, 52.1, 34.4, 34.1, 31.8, 31.7,
30.82, 30.78, 29.33, 29.26, 22.6, 18.7, 14.1, 11.3; elemental analysis calcd (%)
for C39H56O2Si (584.96): C 80.08, H 9.65; foun:d C 79.77, H 9.81.


TIPS-protected monoester 2b : Reaction of 1b[16] (2.10 g, 2.92 mmol) with
methyl 4-iodobenzoate (695 mg, 2.65 mmol) in THF (80 mL) and piper-
idine (40 mL) for 15 h gave 2b (2.0 g, 89%) as a highly viscous yellow oil.
Rf� 0.58 (hexane/ethyl acetate, 10:1); 1H NMR: �� 8.02 and 7.57
(AA�XX�, 2H each; ArH of benzoate ring), 7.37 (s, 1H; ArH), 7.35 (s,
1H; ArH), 7.31 (s, 1H; ArH), 7.30 (s, 1H; ArH), 3.92 (s, 3H; OCH3), 2.84 ±
2.72 (m, 8H; ArCH2), 1.75 ± 1.58 (m, 8H; ArCH2CH2), 1.39 ± 1.25 (m, 24H;
CH2), 1.14 (apparent s, 21H; TIPS), 0.89 ± 0.84 (m, 12H; CH2CH3);
13C NMR: �� 166.5, 142.6, 142.5, 142.0, 141.8, 132.9, 132.5, 132.44, 132.39,
131.3, 129.6, 129.5, 128.2, 123.4, 122.9, 122.7, 121.9, 105.7, 95.4, 93.3, 93.1,
92.7, 91.6, 52.2, 34.4, 34.2, 31.8, 31.7, 30.9, 30.8, 30.7, 30.6, 29.4, 29.32, 29.25,
22.7, 22.64, 22.61, 18.7, 14.1, 11.4; elemental analysis calcd (%) for
C59H84O2Si (853.40): C 83.04, H 9.92; found: C 82.87, H 9.98.


TIPS-protected monoester 2c : Coupling of 1c[16] (4.00 g, 4.05 mmol) with
methyl 4-iodobenzoate (1.52 g, 5.80 mmol) in THF (150 mL) and piper-
idine (40 mL) for 12 h gave 2c (3.5 g, 78%) as a green-yellow solid. Rf�
0.59 (hexane/ethyl acetate, 10:1); m.p. 76 �C; 1H NMR: �� 8.04 and 7.58
(AA�XX�, 2H each; ArH of benzoate ring), 7.39 (s, 1H; ArH), 7.38 (s, 1H;
ArH), 7.36 (s, 2H; ArH), 7.32 (s, 1H; ArH), 7.31 (s, 1H; ArH), 3.94 (s, 3H;
OCH3), 2.85 ± 2.71 (m, 12H; ArCH2), 1.74 ± 1.61 (m, 12H; ArCH2CH2),
1.45 ± 1.28 (m, 36H; CH2), 1.15 (apparent s, 21H; TIPS), 0.92 ± 0.84 (m,
18H; CH2CH3); 13C NMR: �� 166.3, 142.6, 142.4, 141.8, 141.7, 132.8, 132.4,
131.2, 129.5, 129.4, 128.4, 123.4, 122.9, 122.8, 122.7, 121.9, 105.8, 95.1, 93.4,
93.1, 92.9, 91.5, 52.0, 34.5, 34.2, 31.84, 31.76, 30.9, 30.8, 30.7, 29.3, 22.7, 18.7,
14.1, 11.4; elemental analysis calcd (%) for C79H112O2Si (1121.84): C 84.58,
H 10.06; found: C 84.62, H 10.11.


Diester 7a : Reaction of 4a (3.00 g, 7.00 mmol) with methyl 4-iodobenzoate
(3.67 g, 14.00 mmol) in THF (100 mL) and piperidine (35 mL) gave, after
chromatographic work-up (hexane/ethyl acetate, 6:1; Rf� 0.36), 7a (3.4 g,
85%) as a colorless solid. Traces of the alkyne dimerization product 5a
were eluted together with some 7a in a first fraction. Characterization of
7a : m.p. 120 �C; 1H NMR: �� 8.00 and 7.53 (AA�XX�, 4H each; ArH of
benzoate rings), 7.35 (s, 2H; ArH), 3.90 (s, 6H; OCH3), 2.84 ± 2.74 (m, 4H;
ArCH2), 1.74 ± 1.61 (m, 4H; ArCH2CH2), 1.51 ± 1.22 (m, 12H; CH2), 0.89 ±
0.80 (m, 6H; CH2CH3); 13C NMR: �� 166.4, 142.4, 132.4, 131.3, 129.4,
128.1, 122.3, 93.3, 91.5, 52.1, 34.0, 31.7, 30.6, 29.3, 22.6, 14.1; elemental
analysis calcd (%) for C38H42O4 (562.75): C 81.11, H 7.52; found: C 80.97, H
7.72; UV/Vis: �max (�)� 346 nm (53.49� 106 cm2mol�1).


Diester 7b : Reaction of 4b (1.50 g, 2.15 mmol) with methyl 4-iodobenzoate
(2.83 g, 10.8 mmol) in THF (30 mL) and piperidine (10 mL) gave, after
chromatographic work-up (hexane/ethyl acetate, 1:1 � CH2Cl2; Rf(7b)�
0.69 (CH2Cl2),Rf(5b)� 0.75 (CH2Cl2)), 7b (1.4 g, 79%) as a yellow solid and
the alkyne dimerization product 5b (105 mg, 7%) as a green-yellow solid.
Characterization of 7b : m.p. 115 �C; 1H NMR: �� 8.01 and 7.55 (AA�XX�,
4H each; ArH of benzoate rings), 7.36 (s, 2H; ArH), 7.35 (s, 2H; ArH), 3.91
(s, 3H; OCH3), 2.82 ± 2.76 (m, 8H; ArCH2), 1.73 ± 1.62 (m, 8H;
ArCH2CH2), 1.44 ± 1.25 (m, 24H; CH2), 0.88 ± 0.83 (m, 12H; CH2CH3);
13C NMR: �� 166.5, 142.5, 142.0, 132.54, 132.45, 131.3, 129.6, 129.4, 128.2,
123.3, 122.0, 93.2, 91.5, 52.2, 34.2, 31.9, 31.8, 30.8, 30.7, 29.3, 22.7, 14.1;
elemental analysis calcd (%) for C58H70O4 (831.19): C 83.81, H 8.49; found:
C 83.58, H 8.42; UV/Vis: �max (�)� 360 nm (87.65� 106 cm2mol�1).


Diester 7c : Reaction of 4c (3.26 g, 3.38 mmol) and methyl 4-iodobenzoate
(4.43 g, 16.9 mmol) in THF (80 mL) and piperidine (20 mL) gave, after
chromatographic workup (CH2Cl2), the alkyne dimerization product 5c
(391 mg, 12%; Rf� 0.80) and 7c (2.6 g, 71%; Rf� 0.71), both as green-
yellow solids.


Characterization of 7c : M.p. 139 �C; 1H NMR: �� 8.02 and 7.56 (AA�XX�,
4H each; ArH of benzoate rings), 7.37 (s, 2H; ArH), 7.36 (s, 4H; ArH), 3.92
(s, 6H; OCH3), 2.84 ± 2.71 (m, 12H; ArCH2), 1.78 ± 1.62 (m, 12H;
ArCH2CH2), 1.45 ± 1.23 (m, 36H; CH2), 0.98 ± 0.82 (m, 18H; CH2CH3);
13C NMR: �� 166.4, 142.4, 141.92, 141.91, 132.4, 131.3, 129.5, 129.4, 128.1,
123.3, 122.8, 121.9, 93.3, 93.1, 93.0, 91.5, 52.1, 34.1, 31.8, 31.7, 30.7, 30.6, 29.3,
22.6, 14.1; elemental analysis calcd (%) for C78H98O4 (1099.65): C 85.20, H
8.98; found: C 85.03, H 8.87; UV/Vis: �max (�)� 372 nm (98.81�
106 cm2mol�1).


Characterization of 5c : M.p. 162 �C; 1H NMR: �� 8.04 and 7.58 (AA�XX�,
4H each; ArH of benzoate rings), 7.39 (s, 4H; ArH), 7.37 (s, 6H; ArH), 7.36
(s, 2H; ArH), 3.94 (s, 6H; OCH3), 2.91 ± 2.71 (m, 24H; ArCH2), 1.78 ± 1.61
(m, 24H; ArCH2CH2), 1.47 ± 1.22 (m, 72H; CH2), 0.98 ± 0.81 (m, 36H;
CH2CH3); 13C NMR: �� 166.5, 143.7, 142.5, 142.0, 133.3, 132.4, 131.3, 129.6,
129.4, 128.2, 123.7, 123.4, 122.8, 122.7, 121.9, 121.2, 93.7, 93.3, 93.1, 93.0, 92.9,
91.5, 81.8, 78.4, 52.2, 34.2, 34.0, 31.8, 31.7, 31.6, 30.7, 30.6, 30.5, 29.7, 29.3, 29.1,
22.6, 14.1; elemental analysis calcd (%) for C140H73O2 (1929.01): C 87.17, H
9.51; found: C 86.96, H 9.23; UV/Vis: �max (�)� 385 nm (183.32�
106cm2mol�1).


General procedure for the removal of the TIPS group : A 1� solution of
nBu4NF in THF (1.1 equivalents) was added at room temperature to a
degassed solution of the respective TIPS-protected ester 2a ± c in THF. The
mixture was stirred for 0.5 h and then the solvent was evaporated. The
residue was partitioned between diethyl ether and water. The organic phase
was thoroughly washed with water, and the combined aqueous phases were
extracted with diethyl ether. Finally, the combined organic phases were
washed twice with water and dried (MgSO4). The solvent was removed and
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the product was isolated by column chromatography (hexane/ethyl acetate,
10:1). The product was used immediately for further reactions.


Deprotected monoester 4a : Starting from 2a (6.00 g, 10.3 mmol) in THF
(250 mL), 4a (4.1 g, 93%) was obtained as a red oil. Rf� 0.50; 1H NMR:
�� 8.01 and 7.54 (AA�XX�, 2H each; ArH of benzoate ring), 7.33 (s, 1H;
ArH), 7.32 (s, 1H; ArH), 3.90 (s, 3H; OCH3), 3.32 (s, 1H; C	CH), 2.80 ±
2.69 (m, 4H; ArCH2), 1.72 ± 1.62 (m, 4H; ArCH2CH2), 1.41 ± 1.30 (m, 12H;
CH2), 0.92 ± 0.85 (m, 6H; CH2CH3); 13C NMR: �� 166.3, 142.7, 132.9,
132.2, 131.2, 129.4, 129.3, 128.0, 122.3, 121.9, 93.0, 91.1, 82.2, 81.7, 52.0, 34.0,
33.7, 31.61, 31.55, 30.5, 30.4, 29.1, 29.0, 22.5, 17.6, 14.0; elemental analysis
calcd (%) for C30H36O2Si (428.61): C 84.07, H 8.47; found: C 83.82, H 8.53.


Deprotected monoester 4b : Starting from 2b (1.85 g, 2.17 mmol) in THF
(50 mL), 4b (1.4 g, 91%) was obtained as a slightly red, highly viscous oil.
Rf� 0.52; 1H NMR: �� 8.02 and 7.55 (AA�XX�, 2H each; ArH of
benzoate), 7.36 (s, 1H; ArH), 7.34 (s, 1H; ArH), 7.31 (s, 2H; ArH), 3.92
(s, 3H; OCH3), 3.29 (s, 1H; C	CH), 2.83 ± 2.68 (m, 8H; ArCH2), 1.74 ± 1.57
(m, 8H; ArCH2CH2), 1.40 ± 1.35 (m, 24H; CH2), 0.92 ± 0.81 (m, 12H;
CH2CH3); 13C NMR: �� 166.4, 142.7, 142.4, 141.9, 141.8, 132.9, 132.5, 132.4,
131.3, 129.5, 129.4, 128.1, 123.3, 123.2, 121.9, 121.4, 93.1, 93.0, 92.8, 91.5, 82.4,
81.5, 52.1, 34.12, 34.06, 33.8, 31.8, 31.7, 31.6, 30.7, 30.6, 30.5, 29.2, 29.1, 22.6,
17.8, 17.7, 17.6, 14.0; elemental analysis calcd (%) for C50H64O2Si (697.05): C
86.15, H 9.25; found: C 85.89, H 9.21.


Deprotected monoester 4c : Starting from 2c (3.50 g, 3.12 mmol) in THF
(120 mL), 4c (2.9 g, 96%) was obtained as a green-yellow solid. Rf� 0.54;
m.p. 63 �C; 1H NMR: �� 8.04 and 7.58 (AA�XX�, 2H each; ArH of
benzoate ring), 7.39 (s, 1H; ArH), 7.38 (s, 1H; ArH), 7.37 (s, 2H; ArH), 7.34
(s, 2H; ArH), 3.94 (s, 3H; OCH3), 3.30 (s, 1H; C	CH), 2.85 ± 2.67 (m, 12H;
ArCH2), 1.74 ± 1.62 (m, 12H; ArCH2CH2), 1.44 ± 1.31 (m, 36H; CH2), 0.92 ±
0.84 (m, 18H; CH2CH3); 13C NMR: �� 166.3, 142.7, 142.4, 141.8, 141.7,
132.9, 132.4, 131.2, 129.5, 129.3, 128.1, 123.4, 123.3, 122.8, 122.7, 121.9, 121.4,
93.3, 93.1, 93.0, 92.9, 92.8, 91.5, 82.4, 81.5, 52.1, 34.2, 33.8, 31.8, 31.7, 30.7,
30.5, 29.29, 29.25, 29.1, 22.6, 14.0; elemental analysis calcd (%) for
C70H92O2Si (965.50): C 87.08, H 9.60; found: C 86.89, H 9.86.


General procedure for the oxidative alkyne dimerizations : A mixture of the
respective alkyne 4a,b, [Pd(PPh3)2Cl2] (1 mol%), and CuI (2 mol%) in
THF/piperidine was stirred overnight at room temperature under air.[18]


The solvents were then evaporated, and the residue was redissolved in
diethyl ether. The organic phase was washed with water until the aqueous
phase stayed neutral. The organic phase was dried (MgSO4) and the solvent
was evaporated. The product was isolated by chromatography (hexane/
ethyl acetate, 10:1).


Diester 5a : Starting from 4a (6.00 g, 14.0 mmol) in THF (150 mL) and
piperidine (20 mL), compound 5a (4.53 g, 76%) was obtained as a green-
yellow solid. Rf� 0.28; m.p. 120 �C; 1H NMR: �� 8.04 and 7.57 (AA�XX�,
4H each; ArH of benzoate rings), 7.38 (s, 2H; ArH), 7.37 (s, 2H; ArH), 3.94
(s, 6H; OCH3), 2.84 ± 2.71 (m, 8H; ArCH2), 1.77 ± 1.60 (m, 8H;
ArCH2CH2), 1.47 ± 1.24 (m, 24H; CH2), 0.95 ± 0.82 (m, 12H; CH2CH3);
13C NMR: �� 166.2, 143.6, 142.4, 133.2, 132.3, 131.2, 129.4, 127.9, 122.8,
121.6, 93.7, 91.1, 81.6, 78.5, 52.0, 34.0, 33.9, 31.64, 31.57, 30.4, 29.1, 29.0, 22.5,
14.0; elemental analysis calcd (%) for C60H70O4 (855.21): C 84.27, H 8.25;
found: C 84.57, H 8.36; UV/Vis: �max (�)� 365 nm (91.79� 106 cm2mol�1).


Diester 5b : Starting from 4b (1.30 g, 1.86 mmol) in THF (40 mL) and
piperidine (8 mL), 5b (1.05 g, 81%) was obtained as a green-yellow solid.
Rf� 0.33; m.p. 127 �C; 1H NMR: �� 8.04 and 7.58 (AA�XX�, 4H each; ArH
of benzoate rings), 7.39 (s, 4H; ArH), 7.37 (s, 2H; ArH), 7.35 (s, 2H; ArH),
3.94 (s, 6H; OCH3), 2.86 ± 2.71 (m, 16H; ArCH2), 1.77 ± 1.62 (m, 16H;
ArCH2CH2), 1.48 ± 1.26 (m, 48H; CH2), 0.93 ± 0.82 (m, 24H; CH2CH3);
13C NMR: �� 166.4, 143.6, 142.5, 142.0, 141.9, 133.2, 132.5, 132.4, 131.3,
129.5, 129.4, 128.1, 123.6, 123.2, 122.0, 121.2, 93.6, 93.2, 93.1, 91.5, 81.8, 78.4,
52.1, 34.1, 34.0, 31.8, 31.7, 31.6, 30.6, 30.5, 29.2, 29.1, 22.6, 14.1; elemental
analysis calcd (%) for C100H126O4 (1392.09): C 86.28, H 9.12; found: C 86.40,
H 9.26; UV/Vis: �max (�)� 383 nm (140.19� 106 cm2mol�1).


General procedure for the preparation of the diacids : KOH in methanol
(5�) was added to a solution of the diesters 5 and 7 in THF. The reaction
mixture was stirred until no ester was detectable by TLC (hexane/ethyl
acetate, 1:1). The THF was then evaporated, and the residue was suspended
in a mixture of THF (50 mL) and methanol (50 mL). Trifluoroacetic acid
was added until pH 2 was reached. The solvent was then evaporated and
the solid residue was washed with cold water until the washings stayed
neutral. Finally, the solid was washed with cold (ice bath) THF and with


cold hexane. After drying (P4O10; vacuum) the diacids were ready for
further use.


Diacid 6a(H): Reaction of 5a (0.50 g, 0.59 mmol) in THF (50 mL) with 5�
KOH in methanol (35 mL) for 2 d gave 6a(H) (453 mg, 93%) as a yellow
solid. Rf� 0.28 (ethyl acetate); m.p. 292 �C (decomp); 1H NMR (CDCl3 �
[D6]DMSO, calibration with respect to TMS): �� 8.02 and 7.57 (AA�XX�,
4H each; ArH of benzoate rings), 7.39 (s, 4H; ArH), 2.86 ± 2.71 (m, 8H;
ArCH2), 1.75 ± 1.59 (m, 8H; ArCH2CH2), 1.45 ± 1.27 (m, 24H; CH2), 0.94 ±
0.82 (m, 12H; CH3); 13C NMR (THF � CDCl3, calibration with respect to
THF): �� 166.1, 143.8, 142.7, 133.4, 132.6, 131.2, 130.8, 129.8, 127.5, 123.3,
121.6, 94.1, 90.5, 81.6, 78.3, 34.0, 33.9, 31.9, 31.8, 30.8, 30.7, 29.3, 29.2, 22.7,
13.7, 13.6; HRMS: calcd for C58H66O4: 826.496; found: 826.496; UV/Vis:
�max (�)� 363 nm (81.64� 106 cm2mol�1).


Diacid 6b(H): Reaction of 5b (300 mg, 0.22 mmol) in THF (45 mL) with
5� KOH in methanol (10 mL) for 2 d gave 6b(H) (210 mg, 71%) as a
green-yellow solid. Rf� 0.29 (ethyl acetate); m.p. 264 �C (decomp);
1H NMR (CDCl3 � [D6]DMSO, calibration with respect to TMS): ��
8.04 and 7.58 (AA�XX�, 4H each; ArH of benzoate rings), 7.393 (s, 2H;
ArH), 7.387 (s, 2H; ArH), 7.37 (s, 2H; ArH), 7.36 (s, 2H; ArH), 2.88 ± 2.73
(m, 16H; ArCH2), 1.77 ± 1.60 (m, 16H; ArCH2), 1.47 ± 1.26 (m, 48H; CH2),
0.94 ± 0.81 (m, 24H; CH3); 13C NMR (THF � CDCl3, calibrated with
respect to THF): �� 166.3, 143.5, 142.3, 141.9, 133.2, 132.4, 131.0, 130.4,
129.6, 127.5, 123.7, 123.0, 122.3, 121.1, 93.6, 93.3, 92.9, 90.7, 81.5, 78.3, 34.0,
33.8, 31.8, 31.7, 31.6, 30.7, 30.5, 29.2, 29.0, 22.5, 13.7; FD-MS: m/z (%): 1365
(100) [M]� , 909.7 (7), 682.0 (43) [M]2� ; HRMS: calcd for C96H122 [M�
2CO2]�: 1274.9547; found: 1274.9543; UV/Vis: �max (�)� 384 nm (123.08�
106 cm2mol�1).


Diacid 8a(H): Overnight reaction of 7a (0.50 g, 0.89 mmol) in THF
(75 mL) with 5� KOH in methanol (35 mL) gave 8a(H) (0.44 g, 91%) as a
colorless solid. Rf� 0.34 (ethyl acetate); m.p. 312 �C (decomp); 1H NMR
(CDCl3 � [D6]DMSO, calibration with respect to TMS): �� 8.01 and 7.58
(AA�XX�, 4H each; ArH of benzoate rings), 7.40 (s, 2H; ArH), 2.84 ± 2.76
(m, 4H; ArCH2), 1.69 ± 1.63 (m, 4H; ArCH2CH2), 1.36 ± 1.29 (m, 12H;
CH2), 0.91 ± 0.83 (m, 6H; CH3); 13C NMR (CDCl3 � [D6]DMSO,
calibration with respect to TMS): �� 167.1, 142.3, 132.3, 131.1, 130.6,
129.5, 127.1, 122.2, 93.4, 90.6, 33.7, 31.3, 30.4, 28.8, 22.2, 14.0; HRMS: calcd
for C36H38O4: 534.27701; found: 534.27708; UV/Vis: �max (�)� 345 nm
(58.10� 106 cm2mol�1).


Diacid 8b(H): Reaction of 7b (0.65 g, 0.78 mmol) in THF (90 mL) with 5�
KOH in methanol (30 mL) for 1 d gave 8b(H) (0.55 g, 88%) as a yellow
solid. Rf� 0.41 (ethyl acetate); m.p. 289 �C (decomp); 1H NMR (CDCl3 �
[D6]DMSO, calibration with respect to TMS): �� 8.01 and 7.58 (AA�XX��,
4H each; ArH of benzoate rings), 7.40 (s, 2H; ArH), 7.37 (s, 2H; ArH),
2.87 ± 2.75 (m, 8H; ArCH2CH2), 1.71 ± 1.62 (m, 8H; ArCH2CH2), 1.37 ± 1.28
(m, 24H; CH2), 0.90 ± 0.81 (m, 12H; CH3); 13C NMR (THF � CDCl3,
calibration with respect to THF): �� 166.2, 142.4, 142.0, 132.5, 131.1, 130.5,
129.7, 127.6, 123.3, 122.3, 93.4, 93.1, 90.8, 34.1, 31.9, 31.8, 30.8, 29.3, 26.4, 24.5,
23.7, 22.6, 13.7; HRMS: calcd for C56H66O4: 802.49611; found: 802.49698;
UV/Vis: �max (�)� 358 nm (73.35� 106 cm2mol�1).


Diacid 8c(H): Reaction of 7c (300 mg, 0.27 mmol) in THF (45 mL) with 5�
KOH in methanol (15 mL) for 2 d gave 8c(H) (245 mg, 84%) as a green-
yellow solid. Rf� 0.45 (ethyl acetate); m.p. 293 �C (decomp); 1H NMR
(CDCl3 � [D6]DMSO, calibration with respect to TMS): �� 8.03 and 7.58
(AA�XX�, 4H each; ArH of benzoate rings), 7.40 (s, 2H; ArH), 7.38 (s, 4H;
ArH), 2.88 ± 2.75 (m, 12H; ArCH2CH2), 1.71 ± 1.60 (m, 12H; ArCH2CH2),
1.38 ± 1.26 (m, 36H; CH2), 0.90 ± 0.79 (m, 18H; CH3); 13C NMR (THF �
CDCl3, calibration with respect to THF): �� 165.7, 142.1, 141.6, 132.1,
130.8, 130.3, 129.4, 127.3, 123.0, 122.6, 121.9, 93.1, 92.8, 92.6, 90.4, 33.8, 31.6,
30.5, 29.0, 22.4, 13.3; HRMS: calcd for C76H94O4: 1070.7152; found
1070.7159; UV/Vis: �max (�)� 372 nm (88.76� 106 cm2mol�1).


General procedure for the formation of the potassium salts 6a,b(K) and
8a ± c(K): KOH in methanol (5�, 35 ± 70 mL) was added to a solution of
the diester 5 or 7 (0.75 ± 1.00 g) in THF (100 mL). The reaction mixture was
stirred until the ester was no longer detectable by TLC (hexane/ethyl
acetate, 1:1). The solvent was then evaporated, and the solid residue was
washed with cold water until the filtrate stayed neutral. The solid was then
washed with ice-cold acetone and finally with ice-cold hexane. The yields
were 82 ± 97%. The salts were dried and stored over P4O10 or silica gel. The
formation of the potassium salts 6a,b(K), and 8a ± c(K) was verified by IR
spectroscopy.
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General procedure for the preparation of the Cd salts 6(Cd) and 8(Cd),
and Pb salts 6(Pb) and 8(Pb): a) CdCl2 or Pb(NO3)2 in water (0.05�,
1.1 equivalents) was added to a solution of the respective potassium salt
6(K) or 8(K) (50 ± 200 mg) in THF/water (3:1; 40 ± 200 mL) at 40 �C. The
precipitated solid was collected by filtration, washed sequentially with
water, THF/water (3:1), THF, and acetone, and dried (vacuum, P4O10). The
cadmium and lead salts were stored under argon at �30 �C. The formation
of the cadmium and lead salts was monitored by IR spectroscopy[19] and
XPS.


b)CdCl2 or Pb(NO3)2 in water (0.05�, 1.1 equivalents) was added to a
suspension of the respective potassium salt 6(K) or 8(K) (150 ± 200 mg) in
ethanol/water (1:1; 40 ± 80 mL) at 40 �C. After stirring overnight, the
precipitate was collected by filtration, washed sequentially with water,
ethanol/water (2:1), ethanol, and acetone, and dried (vacuum, P4O10). The
cadmium and lead salts were stored under argon at �30 �C. The formation
of the cadmium and lead salts was monitored by IR spectroscopy[19] and
XPS.


General procedure for the preparation of the composites : The Cd or Pb salt
was transferred under argon into a small desiccator filled with argon. The
desiccator was twice evacuated and refilled with argon. After evacuating
the desiccator once more, it was filled with H2S at room temperature or at
4 �C (reaction carried out in a cool room). The results proved to be
independent of the source of H2S. Wet H2S was produced by the reaction of
sodium sulfide with sulfuric acid. Dry H2S was obtained from a cylinder and
was additionally dried by passage through concentrated sulfuric acid. The
reactions were monitored by IR spectroscopy and XPS. They were usually
quantitative within 1 h.
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Preparation and Characterization of DNA Films Induced by UV Irradiation


Masanori Yamada,[a, b] Kozue Kato,[a] Motoyoshi Nomizu,[a] Nobuo Sakairi,[a]
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Abstract: Large amounts of DNA-en-
riched materials, such as salmon milts
and shellfish gonads, are discarded as
industrial waste. We have been able to
convert the discarded DNA to a useful
material by preparing novel DNA films
by UV irradiation. When DNA films
were irradiated with UV light, the
molecular weight of DNA was greatly
increased. The reaction was inhibited by
addition of the radical scavenger galvi-
noxyl suggesting that the DNA polymer-
ization with UV irradiation proceeded
by a radical reaction. Although this UV-


irradiated DNA film was water-insolu-
ble and resistant to hydrolysis by nucle-
ase, the structure of the DNA film in
water was similar to non-irradiated
DNA and maintained B-form structure.
In addition, the UV-irradiated DNA
film could effectively accumulate and
condense harmful DNA-intercalating


compounds, such as ethidium bromide
and acridine orange, from diluted aque-
ous solutions. The binding constant and
exclusion number of ethidium bromide
for UV-irradiated DNA were deter-
mined to be 6.8� 0.3� 104��1 and
1.6� 0.2, respectively; these values are
consisted with reported results for non-
irradiated DNA. The UV-irradiated
DNA films have potential uses as a
biomaterial filter for the removal of
harmful DNA intercalating compounds.


Keywords: DNA structures ¥ envi-
ronmental chemistry ¥ functional
materials ¥ intercalations ¥ water-
insolubilized DNA


Introduction


DNA, the most important genetic material of living organ-
isms, has a unique double-stranded structure[1] consisting of
nucleic acid base pairs. Since double-stranded DNA has
highly specific functions,[2, 3] such as the accumulation of
intercalating or groove binding compounds, it has a potential
ability to be used as functional materials. DNA is readily
purified from salmon milts or shellfish gonads but large
amounts of the DNA-enriched materials have been discarded
as waste in the industry. Conversion of this discarded DNA to
be a useful material would be beneficial to utilize the unique
property of DNA.
DNA is highly water-soluble and biochemically unstable.


These properties have been making it difficult to utilize as a
functional material. Overcoming these undesirable properties


is important for the utilization of DNA as a functional
material. DNA columns,[4, 5] DNA/nanoparticle hybrid mate-
rials,[6±8] DNA films,[9±12] and DNA gels[13, 14] have utilized
DNA which was stabilized by immobilization on a solid
support, such as cellulose powder or gold nanoparticle, or by
making a stable complex with other polymers, such as cationic
amphiphilic lipids or acrylamide. Recently, we also prepared
DNA±polymer complexes by conjugating it with alginic acid,
chitosan, or collagen.[15±18] Our DNA±polymer complexes
were stable in water and functioned as filters to remove
ethidium bromide[15] or even showed antibacterial activity.[18]


The original properties of DNA seem to be reduced or
eliminated by mixing with other materials. DNA films without
any polymer supports may be advantages to determine
property of DNA matrix.
In the present study, using UV irradiation, we have


prepared a double-stranded DNA film with a three-dimen-
sional network. We demonstrate that the UV-irradiated DNA
film is water-insoluble and nuclease-resistant. We also de-
scribe the utilization of the UV-irradiated DNA film as
functional materials for removing harmful DNA intercalating
pollutants from aqueous solutions.


Results


Preparation of UV-irradiated DNA film : Aqueous double-
stranded DNA solution was applied onto glass plates and
dried overnight at room temperature. When the dried DNA
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film was irradiated with UV light for more than 1 h, a water-
insoluble DNA film was produced. UV irradiation for less
than 45 minutes resulted in water-soluble films. Furthermore,
when UV irradiation was carried out using an aqueous
double-stranded DNA solution or a dried single-stranded
DNA, water-insoluble DNA film was not produced (data not
shown). These results indicated that dried double-stranded
DNAwhich was UV-irradiated for more than 1 h was critical
for the preparation of a water-insoluble DNA film. The water-
insoluble UV-irradiated DNA film on the glass plate was
successfully stripped by the immersion to water. The repro-
ducibility of the insoluble DNA film was very high. When the
stripped UV-irradiated DNA films were stained with ethi-
dium bromide and acridine orange, the clear films were dyed
red and yellow, respectively (Figure 1).


Figure 1. UV-irradiated DNA film in an aqueous solution with ethidium
bromide (a) and acridine orange (b). UV-irradiated DNA films were
incubated in these aqueous solutions for 24 h at room temperature. Clear
DNA films were dyed red and yellow by ethidium bromide and acridine
orange, respectively.


We examined the stability of the UV-irradiated DNA film
in water (Figure 2). The UV-irradiated DNA films were
incubated in water and the absorbance of the solution was
measured at 260 nm at various times. The amount of eluted


Figure 2. Stability in an aqueous solution of DNA films with UV
irradiation for various times. The UV-irradiated DNA films were incubated
in aqueous solution at room temperature and absorbance at 260 nm of the
solution was measured at various times: �, 1 h; �, 2 h; �, 4 h;� , 6 h;�, 8 h;
�, 12 h.


DNA from the UV-irradiated DNA film increased with the
incubation time and reached a constant value at 4 h. The
amount of eluted DNA from the UV-irradiated DNA film
decreased, when the sample was irradiated UV light. In
addition, this DNA film did not dissolve in an aqueous
solution even after incubation in water for up to one year. UV-
irradiated DNA films were stored in ultra-pure water for
more than one day to remove the small amount of water-
soluble DNA and then used in the further experiments.


Effect of nuclease on the UV-irradiated DNA film : We tested
the biochemical stability of UV-irradiated DNA films using
Micrococcal nuclease. DNA films which were irradiated by
UV light for various times were incubated with nuclease in
aqueous solution. The amount of hydrolyzed DNA was
determined by the absorbance at 260 nm (Figure 3). The


Figure 3. Effect of nuclease (Micrococcal nuclease) on UV-irradiated
DNA films. � and � are UV-irradiated DNA films with 2 and 6 h UV
irradiation and incubation with nuclease, respectively. � and � are UV-
irradiated DNA films with 2 h and 6 h UV irradiation and incubation
without nuclease, respectively. Dashed line is the hydrolysis curve of a non-
irradiated DNA in aqueous solution with nuclease.


UV-irradiated DNA films showed resistance to hydrolysis by
the nuclease. The amount of hydrolyzed DNA from a 2 h UV-
irradiated DNA film was much lower than that from non-
irradiated DNA (shown in Figure 3 dashed line). When a 2 h
UV-irradiated DNA film was incubated with the nuclease for
24 h, approximately 4.5% of DNA film was hydrolyzed. The
amount of hydrolyzed DNA from a 6 h UV-irradiated DNA
film was approximately 1% after 24 h and similar to that
without the nuclease; that is DNA which was irradiated UV
light for more than 6 h was not hydrolyzed by nuclease. These
results indicate that the UV-irradiated DNA film is resistant
to nuclease and the biochemical stability of the DNA could be
controlled by the length of time of UV irradiation.


Structure of UV-irradiated DNA films : The UV-irradiated
DNA film was constructed onto a quartz plate and covered
with another quartz plate. The DNA sandwiched quartz plate
was put into the normal quartz cell and immersed in buffer
solution, and then CD spectra were measured. Figure 4a
shows the CD spectra of non-irradiated DNA and 15 ± 45 min
UV-irradiated DNAs. Clearly, non-irradiated and the 15 ±
45 min UV-irradiated DNAs formed a B-form structure[19, 20]


with the maximum peak at 280 nm and the minimum peak at
240 nm. Figure 4b shows the CD spectrum of 6 h UV-
irradiated water-insoluble DNA film. This spectrum indicated
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Figure 4. CD spectra of native DNA and water-insoluble DNA films in
aqueous solution. a) Water-soluble DNA. �, non-irradiated salmon milt
DNA; �, dried DNA; �, 15 min UV-irradiated water-soluble DNA; �,
30 min UV-irradiated water-soluble DNA; � , 45 min UV-irradiated water-
soluble DNA. b) 6 h UV-irradiated water-insoluble DNA film. The UV-
irradiated DNA film was assembled onto a quartz plate and covered with
another quartz plate. The DNA sandwiched quartz plate was put into the
normal quartz cell and immersed in buffer solution, and then CD spectra
were measured.


a maximum peak at 280 nm and a minimum peak at 240 nm as
well, which means that this UV-irradiated DNA film had the
B-form structure in aqueous solution. In contrast, the CD
spectra of the UV-irradiated DNA film in dry conditions did
not suggest B-form structure (data not shown). Similar results
were obtained a normal DNA film without the UV irradi-
ation. These results indicated that it is necessary for water
molecules to maintain the B-form structure of the both UV-
irradiated and non-irradiated DNA.


Accumulation of ethidium bromide by UV-irradiated DNA
film : Double-stranded DNA specifically binds to intercalating
compounds, such as ethidium bromide[21±26] and acridine
orange.[27, 28] Next, we examined whether the UV-irradiated
DNA film could bind these compounds. When the UV-
irradiated DNA film was incubated with a dilute aqueous
ethidium bromide solution for 24 h, the color of DNA film
changed from clear to red (Figure 1a). A similar phenomenon
was observed at diluted aqueous acridine orange solution as
well (Figure 1b). UV absorption at 480 nm of the aqueous
solutions which was incubated in the absence and presence of
UV-irradiated DNA film was measured to quantitate the
amount of ethidium bromide bound to the DNA film (Fig-
ure 5). When the UV-irradiated DNA film was added to
aqueous ethidium bromide solution, the absorption peak at
480 nm disappeared. A similar result was obtained when
acridine orange was used as a DNA intercalating compound
(data not shown). These results indicate that the UV-
irradiated DNA film has a strong binding affinity for the
DNA intercalating compounds similar to that observed with
intact double-stranded DNA.


Figure 5. Absorption spectra of an aqueous ethidium bromide solution in
the absence (a) and presence (b) of UV-irradiated DNA films. The UV-
irradiated DNA films are put into an aqueous ethidium bromide solution
and incubated at room temperature for 24 h. The UV-irradiated DNA films
are removed from the aqueous solution and then UV spectra were
measured from 400 to 600 nm.


Next, we determined the binding constant of ethidium
bromide for UV-irradiated DNA films (Figure 6). UV-irradi-
ated DNA immobilized on glass bead were incubated in Tris-
HCl buffer containing various concentrations of ethidium


Figure 6. Binding of ethidium bromide to UV-irradiated DNA immobi-
lized on glass bead. DNA-immobilized on glass bead were incubated in
buffer solution containing various concentrations of ethidium bromide, and
then the amount of ethidium bromide bound onto the UV-irradiated DNA
was determined by the absorbance at 480 nm. Solid lines are the results of
the non-linear least-squares fit of Equation (3).


bromide; the amount of ethidium bromide bound onto UV-
irradiated DNA was then determined by the absorbance at
480 nm. The amount of accumulated ethidium bromide
increased when the ethidium bromide concentration was
increased, and reached a constant value (approximately
14��) (Figure 6). The binding constant K of ethidium
bromide for DNA can be expressed as:


DNA�EB�DNA ¥ EB (1)


K� �DNA�EB�
�DNA��EB� (2)


where K� binding constant of ethidium bromide for DNA,
[DNA]� a concentration of free DNA without ethidium
bromide, [EB]� a concentration of non-intercalating ethidi-
um bromide, and [DNA ¥EB]� a concentration of complex
between DNA and ethidium bromide. Equation (2) was
transformed to Equation (3):
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where [A]� a concentration of accumulated ethidium
bromide by the UV-irradiated DNA, [DNA]� a concentra-
tion of base pair in UV-irradiated DNA, [EB]� a concen-
tration of ethidium bromide, and n� exclusion number.When
this Equation (3) was applied to the data obtained in Figure 6
by the non-linear least-squares method (shown in Figure 6
solid line), the binding constant and exclusion number were
calculated to be 6.8� 0.3� 104��1 and 1.6� 0.2, respectively.
The binding constant and exclusion number have been
previously determined between intact double-stranded
DNA and ethidium bromide in aqueous solution by UV/Vis
spectroscopy,[22] fluorescence spectroscopy,[23, 26] NMR,[24] and
AFM[25] measurements as 6.0 ± 12.0� 104��1 and 2.0 ± 2.8,
respectively. These reported binding constants and exclusion
numbers were consistent with the data we obtained with UV-
irradiated DNA.


Electrophoresis of UV-irradiated DNA film : We analyzed the
effect of UV irradiation on molecular size using agarose gel
electrophoresis. We used 2680 bp DNA (from E. coli) as a


standard for this experiment
and prepared the DNA film by
drying and UV irradiation as
well. This DNA film was solu-
bilized by boiling at 100 �C for
20 minutes and analyzed by the
agarose gel electrophoresis
(Figure 7). Lane 1 indicated
the non-irradiated 2680 bp
DNA. When the UV-irradiated
DNAwas analyzed, the 2680 bp
band decreased and the most of
sample stayed on top of the gel
(Figure 7, lane 2). These results
suggested that the molecular
weight of the UV-irradiated
DNA film increased and that
the DNA film with UV irradi-
ation was formed by intermo-
lecular cross-linking reactions.
Next, we examined the cross-
linking reaction in UV-irradiat-
ed DNA film using a radical
scavenger galvinoxyl.[29] Fig-
ure 7 in lane 3 indicated the


UV-irradiated DNA sample with galvinoxyl containing etha-
nol solution. The molecular weight of UV-irradiated DNA
with galvinoxyl was similar to that of non-irradiated 2680 bp
DNA (Figure 7, lane 3 and lane 1); this indicates that the
radical scavenger galvinoxyl inhibited the intermolecular
cross-linking reactions of DNA induced by UV irradiation.


The observation of cross-linking DNA by atomic force
microscopy: Next, we examined the intermolecular cross-
linking reaction of pBR322 plasmid DNA (from E. coli) using
tapping mode atomic force microscopy[30] (TMAFM). Fig-
ure 8a and b show AFM images (scan size; 2� 2 �m2) of the
non-irradiated plasmid DNA and the UV-irradiated plasmid
DNA, respectively. The non-irradiated plasmid DNA formed


supercoiled DNA on the mica surface (shown in Figure 8a).
Linear and open-ringed DNAs were not observed in the AFM
images. Supercoiled DNA on either the mica surface or and
amino-group modified mica surface have been reported


Figure 8. Tapping mode AFM image of UV-irradiated DNA films on
cleaved mica in air. a) Non-irradiated pBR322 plasmid DNA. b) and
c) 45 min UV-irradiated pBR322 plasmid DNA. The height range of the
gray-scale on these images is less than 2 nm.


previously.[31±33] The AFM image of the 45 min UV-irradiated
plasmid DNA indicated intermolecular cross-linking struc-
tures on the mica surface (Figure 8b). This intermolecular
cross-linking DNA was composed of three open-ringed
DNAs; that is this cross-linked DNA is trimeric complex of
plasmidDNA. Figure 8c shows the AFM image of other cross-
linked DNAs (scan size; 5� 5 �m2) with both linear and open-
ringed DNAs. These network structures were spread more
than 2�m. Taken together, the data from the agarose gels and
AFMmeasurements indicate that intermolecular cross-linked
DNA forms a three-dimensional network.


Discussion


We have prepared a novel DNA film using UV irradiation.
The UV-irradiated DNA film was stable in aqueous solution
and did not dissolve even after a long incubation (approx-
imately one year). In addition, UV-irradiated DNA films
showed resistance to hydrolysis by nuclease. These properties
were different from those of non-irradiated DNA. The UV-
irradiated DNA showed an increase of molecular weight
which suggested the formation of DNA intermolecular cross-
links with a three-dimensional network. However, the struc-
ture of the UV-irradiated DNA film in aqueous solution
showed the B-form structure, which was native double-
stranded DNA structure in water. UV irradiation did not
induce the transformation of the DNA structure, such as the
formation of a hydrophobic structure. AFM images of UV-
irradiated plasmid DNA demonstrated multi-open-ring and
network structures. We conclude that UV irradiation of the
DNA did not cause decomposition of either the nucleic acid
bases or phosphate groups.
The UV-irradiated DNA film could bind DNA-intercalat-


ing compounds, such as ethidium bromide and acridine
orange. The binding constant and exclusion number of
ethidium bromide for UV-irradiated DNA film were consis-
tent with reported results for non-irradiated DNA.[21±26] Thus,
an essential function of double-stranded DNA, such as


Figure 7. Agarose gel electro-
phoresis of UV-irradiated DNA
films. Lane 1, non-irradiated
2680 bp DNA (from E. coli).
Lane 2, 2680 bp DNA with UV
irradiation for 45 min. Lane 3,
2680 bp DNA with UV irradi-
ation for 45 min in the present
of the radical scavenger galvin-
oxyl containing ethanol solu-
tion. An arrow indicates the
increase of molecular weight.
DNAs were analyzed by 1%
agarose gel electrophoresis and
detected on the gels by staining
with ethidium bromide under
UV illumination.
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intercalation, was not lost with UV irradiation. Nuclease
degradation of UV-irradiated DNA film was blocked by steric
hindrance of the three-dimensional network structure with
the close packing of DNA. These biochemical properties were
regulated by the length of time of UV irradiation.
Damage of DNA by UV light, such as the decomposition of


nucleic acid bases, the formation of pyrimidine dimmers,[34, 35]


and nicks to phosphodiester-bonding,[31] has been reported
previously. Since the UV-irradiated DNA film remained the
original properties of DNA, the effect of small changes in the
DNA by UV irradiation is not a significant problem. UV-
irradiated DNA film could effectively accumulate and
condense harmful DNA-intercalating compounds from dilut-
ed aqueous solutions. The binding constant and exclusion
number between UV-irradiated DNA and ethidium bromide
was consistent with reported results and the double-stranded
DNA acted as a functional material. Since many DNA-
intercalating compounds are carcinogens,[3] the accumulation
and condensation of these harmful compounds are important
for maintenance of both a safe water supply and the environ-
ment. The UV-irradiated DNA film may be useful to remove
the harmful compounds.
UV-induced DNA intermolecular cross-linking was caused


by a radical reaction. The dimer of thymine bases[34, 35] or these
derivatives[36±39] have been reported previously. When aque-
ous poly(dA) ± poly(dT) or poly(dG) ± poly(dC) solution was
applied onto a glass plate and treated with UV irradiation,
water-insoluble DNA films were produced and their molec-
ular weight increased to 1� 106. Infrared spectra by the KBr
method of either the UV-irradiated poly(dA) ± poly(dT) or
poly(dG) ± poly(dC) showed the formation of pyrimidine
dimers (data not shown). Since the IR spectra of the UV-
irradiated DNA also indicated the disappearance or decrease
at the absorption bands of phosphate group and deoxyribose,
we conclude that one of the formation mechanisms of water-
insoluble DNA film involved the intermolecular dimerization
of pyrimidine. Thus, UV-irradiated DNA formed a supra-
molecular cross-linking structure with a three-dimensional
network resulting in an increase of molecular weight.
In conclusion, we have prepared water-insoluble and


nuclease resistant DNA films by UV irradiation. The UV-
irradiated DNA films had properties of double-stranded
DNA in both the solid and liquid state. The DNA film in
water maintained a B-form structure and was cross-linked. In
addition, these chemical and biochemical properties of the
DNA films were found to be controlled by the length of time
of UV irradiation. Furthermore, UV-irradiated DNA films
effectively accumulated and condensed harmful DNA-inter-
calating compounds, and the binding constant of ethidium
bromide was strong enough to remove it from dilute aqueous
solution. Therefore, UV-irradiated DNA films may have a
potential utility as a biomaterial, such as a filter for removing
harmful DNA intercalating compounds from aqueous solu-
tion.


Experimental Section


Materials : Double-stranded DNA (Na salt from salmon milt, molecular
weight; 5� 106) and single-stranded DNA (Na salt from salmon milt,


molecular weight; approximately 2� 105) were obtained from Yuki Fine
Chemical Co. Ltd., Tokyo, Japan and Nissan Chemical Industries, Ltd.,
Tokyo, Japan, respectively. These DNAs were used without further
purification and were dissolved in ultra-pure water. Polydeoxyadenylic
acid ±polydeoxythymidylic acid (poly(dA)±poly(dT)) and polydeoxyguan-
ylic acid ± polydeoxycytidylic acid (poly(dG) ± poly(dC)) was purchased
from Sigma Chemical Co., St. Louis, MO or Amersham Pharmacia
Biotech, Inc. Uppsala, Sweden.Micrococcal nuclease and pBR322 plasmid
DNA was purchased from Sigma Chemical Co. and Fermentas. Inc.,
Vilnius, Lithuania. Ethidium bromide, acridine orange, and galvinoxyl was
purchased from Wako Pure Chemical Industries Ltd., Osaka, Japan.
HEPES buffer solution and mica for sample substrate of atomic force
microscopy was purchased from Dojindo Co., Kumamoto, Japan, and
Okenshoji Co., Ltd., Tokyo, Japan. Ultra-pure water (Nanopure Infinity
Basic, Barnstead/Thermolyne, Dubuque, IA) was used in all the experi-
ments described.


Preparation of DNA film with UV irradiation : Aqueous double-stranded
DNA solution (100 �L, 10 mgmL�1 DNA in H2O) was applied onto glass
plates, dried at room temperature overnight, and then irradiated with UV
light[40] (R-52G, Ultraviolet Inc., Upland, CA) at 254 nm for various times.
The intensity of UV irradiation was 5600 �Wcm2 at the sample position.
The UV-treatedDNA applied on glass plate was immersed in water and the
DNA film was striped from the glass plate and stored in water. The
preparation of UV-irradiated DNA film was reproducible. The amount of
DNA in the UV-irradiated DNA film was determined by the following
procedure: UV-irradiated DNA film was hydrolyzed with 1� HCl solution
at 100 �C for 1 h and quantitated by absorption at 260 nm using a UV/Vis
spectrophotometer U-2000A (Hitachi Co. Ltd., Tokyo, Japan). A prepa-
ration of UV-irradiated single-stranded DNA was prepared similarly.


Characterization of UV-irradiated DNA film : The stability in an aqueous
solution of the UV-irradiated DNA film was confirmed by the following
method: The UV-irradiated DNA films were incubated in ultra-pure water
(20 mL) for various times. The absorbance at 260 nm of the solution was
measured and the eluted DNA from the UV-irradiated DNA film was
determined.


The effect of nuclease on UV-irradiated DNA film was confirmed by the
following method: The 2 and 6 h UV-irradiated DNA films were incubated
with nuclease (Micrococcal nuclease, 2 units per mL) in 10m� Tris-HCl
buffer (10 mL, pH 7.4) in the presence of 5m� NaCl and 2.5m� CaCl2 at
37 �C. The amount of hydrolyzed DNA by the nuclease was measured by
the absorption at 260 nm at various times. Double-stranded salmon milts
DNA (50 �gmL�1) was used for the control.


The structure of UV-irradiated double-stranded DNA film in water was
measured using a circular dichroism (CD) spectrophotometer. The 6 h UV-
irradiated DNA film was constructed onto a quartz plate (w9.9� h40�
t1 mm3) and covered by another quartz plate. The DNA-sandwiched-
quartz plate was put into the normal quartz cell (w10� h40� t10 mm3) and
immersed in buffer solution (20m� Tris-HCl, pH 7.4, containing 100m�
NaCl) for more than 8 h. At several times, the buffer solution in the cell was
exchanged with new buffer solution to remove the water-soluble DNA
from the UV-irradiated DNA film. CD spectra were recorded on a Jasco
Model J-720 CD spectropolarimeter (Japan Spectroscopic Co., Tokyo,
Japan) at 20 �C with the integrating of five times. Double-stranded salmon
milts DNA (30 �gmL�1, 20m� Tris-HCl, pH 7.4, containing 100m� NaCl)
was used for the control of DNA.


Electrophoresis of UV-irradiated DNA films : This DNA (2680 bp DNA
from E. coli) was applied onto the glass plate, dried at room temperature
for overnight, and then irradiated with UV light at 254 nm for various
times. This UV-irradiated DNA film was solubilized by incubation at 100 �C
for 20 min and analyzed by 1% agarose gel electrophoresis. DNA was
detected on the gels by staining with ethidium bromide under UV
illumination.


Inhibition effect by radical scavenger : The 2680 bp DNA (1 �L, 1 mgmL�1)
was applied to mini vials and dried at room temperature overnight. Next,
1�� galvinoxyl ethanol solution (100 �L) was added to mini vials and the
vials were covered with a polyvinylidene chloride film. UV light was
irradiated onto the ethanol solution in the presence and absence of
galvinoxyl for 45 min. UV-irradiated DNA was rinsed with ethanol (5�
500 �L) to remove galvinoxyl and dried at room temperature. The dried-
DNAwas solubilized in buffer (20m� Tris-HCl, pH 7.4, containing 100m�
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NaCl) and was analyzed by 1% agarose gel electrophoresis. DNA was
detected on the gels by staining with ethidium bromide under UV
illumination.


Accumulation of DNA intercalating compounds by UV-irradiated DNA
films : The accumulation of ethidium bromide and acridine orange in water
were measured by the following methods: The UV-irradiated DNA film
(1 film) was incubated in 10�� aqueous ethidium bromide solution (7 mL)
for 24 h at room temperature, and then removed from the solution. The
level of ethidium bromide in solution was determined by the comparison of
absorption at 480 nm in the absence and presence of the UV-irradiated
DNA film.


Binding constant of UV-irradiated DNA and ethidium bromide : Since the
amount of DNA in the UV-irradiated DNA film was difficult to maintain
constant, DNA immobilized on porous glass bead[41] were used to
determine the binding constant value. DNA immobilized on glass bead
(100 mg, the immobilized-amount of DNA onto porous glass bead was
0.20 mg) were incubated with 10 mL of various concentrations of aqueous
ethidium bromide solutions (20m� Tris-HCl, pH 7.4, containing 100m�
NaCl) at room temperature for 24 h. The amount of ethidium bromide
bound to the DNAwas determined by comparison of absorption at 480 nm
in the absence and presence of DNA-immobilized on glass bead.


Atomic force microscopy images : pBR322 plasmid DNA (1 �L,
0.5 mgmL�1) was applied to mini vials, dried at room temperature
overnight, and then irradiated with UV light at 254 nm for 45 min. This
DNA treated by UV was solubilized in 10m� HEPES buffer (50 �L,
pH 7.5), containing 10m� MgCl2. This DNA solution (10 �L) was applied
onto freshly cleaved mica (10� 10 mm2) and incubated in a small box with
100% humidity for 20 min.[20] The DNA immobilized on mica plates were
rinsed with ultra-pure water (5� 500 �L) and dried at room temperature.
These samples were measured in air by the tapping mode AFM[31] using a
Nanoscope IIIa (Digital Instruments, Santa Barbara, CA).
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Synthesis of a Giant 222 Carbon Graphite Sheet


Christopher D. Simpson, J. Diedrich Brand, Alexander J. Berresheim, Laurence Przybilla,
Hans Joachim R‰der, and Klaus M¸llen*[a]


Abstract: In this paper we present the
synthesis and characterization of the so
far largest polycyclic aromatic hydro-
carbon (PAH), containing 222 carbon
atoms or 37 separate benzene units. First
a suitable three-dimensional oligophe-
nylene precursor molecule is built up by


a sequence of Diels ±Alder and cyclo-
trimerization reactions and then planar-


ized in the final step by oxidative cyclo-
dehydrogenation to the corresponding
hexagonal PAH. Structural proof is
based on isotopically resolved MAL-
DI-TOF mass spectra and electronic
characteristics are studied by UV/Vis
spectroscopy.


Keywords: carbon ¥ cyclodehydro-
genation ¥ graphite ¥ mass
spectrometry ¥ polycycles


Introduction


Extremely large polycyclic aromatic hydrocarbons (PAHs)
are for long being used by theoreticians as model compounds
for graphite.[1±5] Not so long ago the synthesis of such huge
PAHs seemed out of reach due to decreasing solubility with
increasing size of the molecules. Hexa-peri-hexabenzocoro-
nene, described for the first time by Halleux, was for a long
time with its 42 carbon atoms the largest fully characterized
PAH.[6, 7] Applying the synthetic concept recently introduced
by us, it has been possible to produce a variety of extremely
large PAHs with up to 132 carbon atoms.[8±13] This was
achieved employing a synthetic concept based on two key
steps. In the first step a fully characterizable, soluble
oligophenylene precursor was synthesized, which was then
in the second step planarized by oxidative cyclodehydroge-
nation to the corresponding PAH. For the synthesis of the
oligophenylene precursors, the cobaltoctacarbonyl-catalyzed
cyclotrimerisation of symmetrical diphenylacetylene deriva-
tives as well as the Diels ±Alder reaction of a phenyl- or
diphenylacetylene containing molecule and a tetraphenyl-
cyclopentadienone have proven to be useful. While the
cyclotrimerisation leads exclusively to hexagonal structures,
a range of different PAHs of varying structure and size are
accessible through the Diels ±Alder route. In this article we
describe two different synthetic routes to an oligophenylene
precursor (1) containing 37 separate benzene units as well as
its subsequent oxidative cyclodehydrogenation to the corre-


sponding hexagonal, 222 carbon containing PAH (2). This
PAH, which up to now has only been considered in theoretical
articles,[4] is presently the biggest fully condensed aromatic
system actually having been prepared. Its diameter is
approximately 3 nm (Scheme 1).


Results and Discussion


The two synthetic approaches to the precursor molecule 1
(pathway I and II, see Scheme 2) are based on the selectivity
of the Diels ±Alder reaction regarding acetylenes carrying
substituents of varying steric demand. While mono-substitut-
ed phenylacetylenes react at temperatures around 160 �C with
reasonable rates, diphenylacetylenes require a temperature of
or above 200 �C to obtain an adequate reaction rate.
Triisopropylsilyl groups serve as protective groups for acety-
lenes, preventing the Diels ±Alder reaction from occurring.
This circumstance has been used by us recently in the
synthesis of polyphenylene dendrimers.[14]


The first pathway (I) of obtaining 1 is the combination of
the Diels ±Alder reaction with the cobaltoctacarbonyl-cata-
lyzed cyclotrimerisation.[15±17] According to Scheme 2 the
diphenylacetylene derivative 3 can be obtained by coupling
4,4�-dibromophenylacetylene (4) with trimethylsilylacety-
lene[18±20] followed by the removal of the silyl protection
groups using potassium fluoride. Compound 3 reacts in a
Diels ±Alder reaction at 190 �C in diphenyl ether with two
equivalents of tetraphenylcyclopentadienone (6) exclusively
at the outer acetylene units to give 7 in 66% yield. Despite the
large substituents on the triple bond, the cobaltoctacarbonyl-
catalyzed cyclotrimerisation of 7 can be carried out with a
yield of 71% obtaining the precursor oligophenylene 1.
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The second synthetic path-
way (II) to 1 was opened by
the use of the sterically very
demanding triisopropylsilyl
groups as substituents on the
outer triple bonds of 5b. Thus,
when treating 5b with the cy-
clopentadienone 8, only the
central, sterically less hindered
triple bond of 5b underwent a
Diels ±Alder reaction to afford
9 in 72% yield. The reaction
was carried out in diphenyl
ether at 200 �C, however, in this
case it took 11 days for the
starting materials to react com-
pletely. This extended reaction
time is explained by the in-
creased steric demand of the
reaction compared with path-
way (I) where the outer triple
bonds of 3 undergo the Diels ±
Alder reaction. On treating 9
with tetrabutylammonium
fluoride, the hexaethynyl-sub-
stituted hexaphenylbenzene
(10) was obtained with a yield
of 89% which was then reacted
further with tetraphenylcyclo-
pentadienone (6) to obtain the
targeted precursor molecule 1
in 90% yield. Even though
being a very large oligopheny-
lene, 1 is very well soluble in
solvents such as dichlorome-
thane, chloroform, tetrahydro-
furan. It was possible to com-
pletely characterize this mole-
cule including assigning the
proton and carbon signals in
the corresponding NMR spec-
tra.
The high demands towards


the efficiency and selectivity of
the now following cyclodehy-
drogenation reaction can be
understood by looking at the
computer-generated model of 1
in Figure 1. It shows the three-
dimensional structure of the
dendritic molecule which has
to be completely planarized by
aryl�aryl bond formation to
obtain the flat PAH 2. The
depicted conformation, resem-
bling a six-bladed propeller, can
be assumed to be one of the
thermodynamically most likely
arrangements of the molecule


-108 H


1 2


Scheme 1. Oxidative cyclodehydrogenation of the precursor molecule 1 to the PAH 2.
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Scheme 2. The two different synthetic routes to the precursor molecule 1: a) trimethylsilylacetylene,
[Pd(PPh3)2Cl2], CuI, PPh3, NEt3/toluene, 80 �C, 93%; b) KF, DMF, RT, 83%; c) tetraphenylcyclopentadienone,
Ph2O, 190 �C, 11 h, 66%; d) [Co2CO8], dioxane, 100 �C, 5 d, 71%; e) triisopropylsilylacetylene, [Pd(PPh3)2Cl2],
CuI, PPh3, NEt3/toluene, 80 �C, 74%; f) Ph2O, 200 �C, 11 d, 72%; g) Bu4NF, THF, RT, 89%; h) tetraphenylcy-
clopentadienone, Ph2O, 190 �C, 11 h, 89%.
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Figure 1. Computer-simulated model of the three-dimensional structure of
1 (using the molecular-mechanics force field of Wavefunction Spartan Pro
1.0.5).


in solution. Single-crystal X-ray studies, which give an insight
into the molecular structure in the solid-state, confirm the
calculated shape in general, however, of the dendritic arms
only five are oriented almost perpendicular to the central ring,
while the sixth one is almost parallel to it. Details of these
X-ray studies will be published separately.[21]


The oxidative cyclodehydrogenation method used to con-
vert the oligophenylene 1 to the PAH 2 has been described
previously.[8±11] Due to the extremely low solubility of 2 in all
solvents, the successful cyclodehydrogenation could not be
proven by conventional analysis methods. For instance
solution NMR spectroscopy was completely out of the
question, but also solid-state 13C NMR spectroscopy resulted
only in broad unidentifiable signals, giving no further
information about the detailed structure of the analyte. Also
elementary analysis, a method usually very well suitable for
solid materials, could not be used since incomplete combus-
tion under soot formation of this high carbon content type of
molecule leads to inaccurate results. Even leaving the
combustion problem aside, the accuracy of the method is
not high enough to distinguish between a molecular compo-
sition of C222H44 (1) and for instance a molecule with a C222H46


composition or a mixture of the two.
The problems mentioned above led to the burden of


structural proof resting mainly on mass spectrometry. In the
case of smaller PAHs, laser desorption time of flight (LD-
TOF) mass spectrometry was shown to be a useful method.[22]


However, in the case of 2 only unstructured extremely broad
signals were detectable with LD-TOF, rendering the clear
proof of 2 impossible. This is due to the high molecular weight
of 2 (2708 gmol�1) which cannot be detected by laser
desorption mass spectrometry without fragmentation and
clustering phenomena.
A reliable and detailed characterization of 2 was not


possible until a new method of sample preparation was


developed for MALDI-TOF mass spectrometry. This new
method, as well as a detailed characterization of 2 was
recently published in a separate paper.[23] The key feature of
this method is a modified way of sample preparation for
MALDI-TOF mass spectrometry. Until quite recently only
soluble samples could be characterized byMALDI-TOFmass
spectrometry, since the traditional method of sample prepa-
ration required a dissolving step for homogenization of
sample and matrix prior to analysis.[24]


Within the new method of sample preparation the use of
solvents could be avoided completely, which opened the
application of MALDI-TOF MS also for insoluble samples in
general. Only with the novel method of sample preparation
did it become possible to obtain well resolved mass spectra of
PAH 2 without fragmentation and cluster signals which is a
severe necessity for a reliable characterization of reaction pro-
ducts by mass spectrometry, especially when no other methods
can provide supplemental information to prove the results.
Figure 2a shows the MALDI-TOF mass spectrum of PAH


2. The most intense signal at 2708 gmol�1 represents exactly
the mass of the target molecule, whereas a series of low
intensity signals in the higher molecular region up to
2900 gmol�1 are due to trace amounts of side products.
These additional signals are due to intermediates during


synthesis which result from an incomplete cyclodehydroge-
nation and a partial chlorination. However, it should be
emphasized, that the signal intensities of the side products are
highly overestimated in relation to the signal of the desired
structure 2. A quantification approach, which is described
thoroughly in ref. [22], reveals that the side products have a
much higher desorption and ionization efficiency than PAH 2
which leads to an overestimation of the impurities by a factor
of 285 in the MALDI-TOF mass spectrum. Thus the purity of
2 can be calculated from the corrected peak areas in Figure 2a
to be 99%.
Figure 2b shows an expanded region of the molecular ion of


PAH 2 with isotopic resolution. The black bars below the
measured signals indicate the theoretical isotopic distribution
of PAH 2 which is calculated for the elemental composition of
the perfect structure (C222H42).
The close agreement of theoretical and measured signal


intensities is a strong proof for the desired structure, since it
proves the complete removal of 108 hydrogen atoms during
the formation of 54 new carbon bonds.
Although a mass spectrum is certainly not a definitive


structure proof in the customary sense, the existence of the
desired structure of PAH 2 can be assumed with high certainty
in this case because there is no reasonable other structure
which can be formed by the given reaction conditions to yield
an elemental composition of C222H42. Any defect structure
which may result from rearrangement reactions or incomplete
cyclodehydrogenation give rise to a higher number than 42
hydrogens in the molecule, leading to additional or over-
lapping isotopic distributions. An incomplete cyclodehydro-
genation reaction for example, where only one C�C bond
remains unclosed would result in an elementary composition
of C222H44 instead of C222H42 for PAH 2, thus resulting in an
isotopic pattern similar to that in Figure 2b but shifted by two
mass units to higher molecular weight. Thus, the signal
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intensities within the isotopic distribution of the perfect
structure in Figure 2b would increase starting at the isotopic
peak at 2708.5 gmol�1 towards higher molecular weight and
therefore destroying the agreement of measured and simu-
lated signal intensities of the isotopic pattern of the pure
molecular ion of structure 2.
The fact that the progress and the efficiency of the


cyclodehydrogenation reaction can now be monitored by
MALDI-TOF mass spectrometry allowed us to optimize the
experimental conditions for the cyclodehydrogenation reaction.


The conditions applied for cyclodehydrogenation are listed
in Table 1. Best results were obtained using a combination of
copper(��) triflate/aluminium(���) chloride in carbon disulfide
as cyclodehydrogenation reagents. Experiment 1, with just
one hour of reaction time, resulted in a broad distribution of
products with various degrees of dehydrogenation. Increasing
the reaction time to one day and the temperature to 30 �C led


to an almost complete formation of 2 (Experiment 2), which
turned out to be the best conditions.
Other experiments using copper(��) chloride/aluminium(���)


chloride as oxidizing agents only lead to the increased
formation of chlorinated and partially dehydrogenated side
products next to our desired compound. Iron(���) chloride on
the other hand only yielded partially cyclized products.
Special attention was also directed to a efficient removal of


metal ions during the workup procedure. The precipitate was
washed repeatedly and thoroughly with ammonium hydrox-
ide to remove copper ions and with hydrochloric acid to
remove aluminium ions. Analysis by transmission electron
microscopy (TEM) using energy dispersive X-ray spectro-
scopy (EDX) and electron energy loss spectroscopy (EELS)
methods showed no significant amount of inorganic residues.[25]


Previous work in our group has shown, that UV/Vis spectra
of insoluble molecules, which are not accessible to solution
spectroscopy, can be recorded as thin films smeared onto a
quartz substrate.[26] The UV/Vis spectrum of 2, depicted in
Figure 3, was measured by the same method. It shows


Figure 2. a) MALDI-TOF mass spectra obtained by applying the dry
sample preparation with tetracyanoquinodimethane (TCNQ) as matrix to
a) sample containing a significant amount of target molecule 2 (cyclo-
dehydrogenation reaction with copper(��) triflate/aluminum(���) chloride);
b) sample containing only side products (cyclodehydrogenation reaction
with iron(���) chloride); c) mixture of the two preceding samples in a mass
ratio 1:1; d) isotopically resolved MALDI-TOF spectrum of 2. The bars
underneath the signal represent the calculated spectrum for C222H42


(enlargement of spectrum 2).


Figure 3. UV/Vis spectrum of 2, measured of a thin film on a quartz
substrate.


Table 1. Reaction conditions employed in the conversion from 1 to 2.


Experiment no. Reaction conditions


1 AlCl3/Cu(SO3CF3)2/CS2/RT/1 h
2 AlCl3/Cu(SO3CF3)2/CS2/30 �C/24 h
3 AlCl3/Cu(SO3CF3)2/CS2/30 �C/10 d
4 AlCl3/Cu(SO3CF3)2/CS2/RT/21 d
5 AlCl3/CuCl2/CS2/RT/10 d
6 FeCl3/nitromethane/CH2Cl2/RT/2 d
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absorption over the complete visible range of the electronic
spectrum, with a maximum of the band at approximately
765 nm. The broad and unstructured pattern of the band can
be explained by the large number of electronic transitions
taking place in this giant PAH, which leads to the continuum-
like appearance in the visible range.
In summary, this successful synthesis of the so far largest


polycyclic aromatic hydrocarbon represents an important step
towards improved graphite model structures. It shows on one
side the efficiency but on the other side also the limits of the
synthetic concept employed, of planarizing large soluble
oligophenylene precursors to polycyclic aromatic hydrocar-
bons. The removal of 108 hydrogens from one molecule
represented a challenge in its own right but being able to
analyze and characterize the resulting product precisely by
MALDI-TOF mass spectrometry was also a prerequisite,
showing how strongly synthetic chemistry depends on the
advances of analytical methods.


Experimental Section


General methods : 1H NMR and 13C NMR were recorded in CDCl3 and
CD2Cl2 on a Bruker DPX 250, Bruker 300 AMX and Bruker 500 DRXwith
use of the solvent proton or carbon signal as internal standard. FD mass
spectra were obtained on a VG Instruments ZAB 2-SE-FPD. MALDI-
TOFmass spectra were measured on a Bruker Reflex II-TOF spectrometer
using a 337 nm nitrogen laser and 7,7,8,8-tetracyanoquinodimethane
(TCNQ) as matrix. UV/Vis spectra were recorded on a Perkin ±Elmer
Lambda 9 machine. Elemental analysis was carried out on a Foss Heraeus
Vario EL. Chemicals were obtained from Fluka, Aldrich and Strem and
used as received.


Synthesis


4,4�-Di(trimethylsilylethinyl)tolane (5a): 4,4�-Dibromotolane (4 ; 10 g,
29 mmol), copper(�) iodide (1.13 g, 5.9 mol), triphenylphosphine (0.77 g,
2.93 mmol) and bis(triphenylphosphine)palladium(��) dichloride (0.7 g)
were dissolved under inert atmosphere in piperidine (200 mL). Trimethyl-
silylacetylene (8.76 g, 89.3 mmol) was added and the reaction mixture was
stirred for 5 h at 80 �C. After cooling, the solution was poured into CH2Cl2
(300 mL) and 6� HCl (200 mL). The organic phase was separated, washed
with saturated ammonium chloride solution and water, and dried over
magnesium sulfate. After evaporating the solvent, the crude product was
purified by column chromatography on silica gel with petroleum ether/
ethylacetate (9:1) to afford 5a (5.9 g, 93%) as colorless crystals. M.p.
133 �C; 1H NMR (200 MHz, CDCl3): �� 7.44 (s, 4H), 7.43 (s, 4H), 0.25 (s,
18H); 13C NMR (125 MHz, CDCl3): �� 132.0, 131.5, 123.2, 123.1, 104.7,
96.5, 91.0, 0.0; FD-MS: m/z (%): 369.9 (100) [M]� .


4,4�-Di(ethinyl)tolane (3): 4,4�-Di(trimethylsilylethinyl)tolane (5a ; 2 g,
5.4 mmol) was dissolved in dimethylformamide (400 mL). After adding
potassium fluoride (0.78 g), dissolved in water (1 mL), the reaction mixture
was stirred for 1 h at room temperature. Then CH2Cl2 (400 mL) was added,
the organic phase washed with 6� HCl and saturated ammonium chloride
solution and dried over MgSO4. After evaporating the solvent, the crude
product was purified by column chromatography on silica gel with CH2Cl2
to afford 3 (1.0 g, 83%) as colorless crystals. M.p. 188 �C; 1H NMR
(250 MHz, CDCl3): �� 7.47 (m, 8H), 3.17 (s, 2H); 13C NMR (75 MHz,
CDCl3): �� 132.6, 132.0, 123.9, 122.7, 91.3, 83.7, 79.5; FD-MS: m/z (%):
226.1 (100) [M]� ; elemental analysis calcd (%) for C18H10: C 95.55, H 4.45;
found: C 93.43, H 3.75.


Di-(4�,5�,6�-triphenyl-1,1�:2�,1��terphenyl)acetylene (7): 4,4�-Di(ethinyl)to-
lane (3 ; 520 mg, 2.48 mmol) and tetraphenylcyclopentadienone (6 ; 1.9 g,
4.95 mmol) were dissolved in diphenyl ether (10 mL) and heated under an
argon atmosphere for 11 h at 170 �C. After cooling heptane (100 mL) was
added, the precipitate filtered and repeatedly washed with heptane. After
drying in vacuo, 7 (1.54 g, 66%) was afforded as pale yellow solid. M.p.
�300 �C; 1H NMR (300 MHz, CDCl3): �� 7.40 (s, 2H), 7.22 ± 6.60 (m,


48H); 13C NMR (75 MHz, CDCl3): �� 157.7, 142.2, 142.0, 141.30, 140.27,
140.1, 131.9, 131.8, 131.6, 131.2, 130.3, 130.1, 128.0, 127.5, 127.3, 127.0, 126.7,
126.2, 125.8, 123.6, 119.3, 90.1; FD-MS:m/z (%): 938.1 (100) [M]� ; elemental
analysis calcd (%) for C74H50: C 94.63, H 5.37; found: C 92.01, H 5.22.


1,2,3,4,5,6-Hexakis(4�,5�,6�-triphenyl-1,1�:2�,1��terphenyl)benzene (1) by cy-
clotrimerization : Di(4�,5�,6�-triphenyl-1,1�:2�,1��terphenyl)acetylene (7;
500 mg, 0.533 mmol) was dissolved in dioxane (100 mL) and degassed.
Then dicobaltoctacarbonyl (118 mg, 0.35 mmol) was added under argon
and the reaction mixture was refluxed for 15 h. After evaporating the
solvent, the crude product was purified by column chromatography on
silica gel with petroleum ether/ethylacetate (8:2) to afford 1 (355 mg, 71%)
as colorless solid. M.p. �300 �C; 1H NMR (500 MHz, CDCl3): �� 7.44 (s,
6H), 7.14 ± 7.11 (m, 30H), 6.90 ± 6.60 (m, 90H), 6.62 (d, 3J� 8.14 Hz, 12H),
6.36 (d, 3J� 8.14, 12H); 13C NMR (125 MHz, CDCl3): �� 141.78, 141.67,
140.63, 140.54, 140.45, 140.08, 140.01, 139.92, 139.12, 139.00, 138.44, 138.13,
131.65, 131.56, 131.53, 131.17, 129.96, 128.33, 127.51, 126.85, 126.74, 126.53,
126.18, 125.51, 125.26; FD-MS: m/z (%): 2815.4 (100) [M]� ; elemental
analysis calcd (%) for C222H150: C 94.63, H 5.37; found: C 94.05, H 5.83.


4,4�-Di-(triisopropylsilylethinyl)tolane (5b): 4,4�-Dibromotolane (4 ; 8 g,
23.8 mmol), copper(�) iodide(0.91 g, 4.8 mol), triphenylphosphine (1.25 g,
4.77 mmol) and bis(triphenylphosphine)palladium(��) dichloride (1.7 g,
2.3 mmol) were dissolved under inert atmosphere in triethylamine
(140 mL) and toluene (70 mL). Triisopropylsilylacetylene (10.42 g,
57.13 mmol) were added and the reaction mixture was stirred for 5 h at
80 �C. After cooling, the solution was poured into CH2Cl2 (300 mL) and 6�
HCl (200 mL). The organic phase was separated, washed with saturated
ammonium chloride solution and water, and dried over magnesium sulfate.
After evaporating the solvent, the crude product was purified by column
chromatography on silica gel with petroleum ether to afford 5b (9.53 g,
74%) as colorless solid. M.p. 108 �C; 1H NMR (500 MHz, CD2Cl2): �� 7.51
(m, 8H), 1.20 (m, 42H); 13C NMR (75 MHz, CD2Cl2): �� 135.1, 134.5,
126.7, 125.9, 109.6, 96.3, 94.1, 21.8, 14.4; FD-MS:m/z (%): 538.2 (100) [M]� ;
elemental analysis calcd (%) for C36H50Si2: C 80.23, H 9.35; found: C 80.01,
H 9.50.


1,2,3,4,5,6-Hexakis[4-(triisopropylsilylethinyl)phenyl]benzene (9): 4,4�-
Di(triisopropylsilylethinyl)tolane (5b ; 565 mg, 1.05 mmol) and 2,3,4,5-
tetrakis-[4-(triisopropylsilylethinyl)phenyl]-cyclopentadienone (8 ; 1.26 g,
1.15 mmol) were dissolved in diphenyl ether (7 mL) and heated under an
argon atmosphere for 11 d at 200 �C. After cooling CH2Cl2 (10 mL) was
added, the solution was slowly poured into methanol (100 mL) and the
precipitate was filtered. The crude product was again dissolved in CH2Cl2
(10 mL) and precipitated in methanol (250 mL). After drying in vacuo, 9
(1.23 g, 72%) was afforded as pale yellow solid. M.p. �300 �C; 1H NMR
(200 MHz, CDCl3): �� 7.05 (d, J� 8.0 Hz, 12H), 6.73 (d, J� 8.0 Hz, 12H),
1.10 (m, 126H); 13C NMR (50 MHz, CDCl3): �� 140.5, 140.4, 131.4, 121.2,
107.8, 90.8, 19.1, 11.8; FD-MS: m/z (%): 1617.3 (100) [M]� ; elemental
analysis calcd (%) for C108H150Si6: C 80.23, H 9.35; found: C 80.01, H 9.42.


1,2,3,4,5,6-Hexakis[4-ethinylphenyl]benzene (10): 1,2,3,4,5,6-Hexakis[4-
(triisopropylsilylethinyl)phenyl] benzene (9 ; 400 mg, 0.25 mmol) was
dissolved in THF (30 mL). To this solution tetrabutylammonium fluoride
trihydrate (700 mg, 2.23 mmol) in THF (10 mL) was added. After 2 h,
CH2Cl2 (500 mL) was added, the organic phase washed with water (2�
200 mL) and dried over MgSo4. After evaporating the solvent, the crude
product was purified by column chromatography on silica gel with
petroleum ether/CH2Cl2 (1:1) to afford 10 (150 mg, 89%) as colorless
solid. M.p. �300 �C; 1H NMR (200 MHz, CD2Cl2): �� 7.04 (d, J� 8.0 Hz,
12H), 6.73 (d, J� 8.0 Hz, 12H), 3.00 (s, 6H); 13C NMR (50 MHz, CD2Cl2);
�� 141.3, 140.6, 131.9, 131.5, 120.3, 84.0, 77.9; FD-MS:m/z (%): 678.3 (100)
[M]� ; elemental analysis calcd (%) for C54H30: C 95.53, H 4.45; found: C
95.08, H 4.29.


1,2,3,4,5,6-Hexakis(4�,5�,6�-triphenyl-1,1�:2�,1��terphenyl)benzene (1) by
Diels ±Alder : 1,2,3,4,5,6-Hexakis[4-ethinylphenyl]benzene (10 ; 1.13 g,
1.67 mmol) and tetraphenylcyclopentadienone (6 ; 5.77 g, 15.00 mmol)
were dissolved in diphenyl ether (40 mL) and heated under an argon
atmosphere for 2 h at 190 �C. After cooling CH2Cl2 (30 mL) was added, the
solution was slowly poured into methanol (500 mL) and the precipitate was
filtered. After soxhlet extraction over night with pentane, 1 (4.2 g, 90%)
was afforded as white solid (for spectroscopical data see above).


C222-PAH (2): Copper(��) triflate (416 mg, 1.16 mmol) was dried com-
pletely under vacuum and heating. After cooling aluminium(���) chloride
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(153 mg, 1.15 mmol) and dry CS2 (50 mL) were added under an argon
atmosphere. The mixture was suspended by intense stirring for 15 min,
warmed to 30 �C and then 1,2,3,4,5,6-hexakis(4�,5,�6�-triphenyl-1,1�:2�,1��-
terphenyl)-benzene (1; 10 mg, 3.55� 10�3 mmol) dissolved in CS2 (5 mL)
was injected through a septum. After being stirred for 24 h, the reaction
was quenched by adding methanol (50 mL). The residue was collected by
filtration, washed successively with ammonium hydroxide solution, HCl,
water, ethanol, CS2, and CH2Cl2, and subsequently dried in vacuo to afford
2 (6 mg, 62%) as black powder. M.p. �300 �C; MS (MALDI-TOF): m/z :
calcd for C222H42: 2706.3; found: 2706.5 (see main text for detailed
discussion).
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Surface Organometallic Chemistry of Main Group Elements:
Selective Synthesis of Silica Supported [�Si�OB(C6F5)3]�[HNEt2Ph]�


Nicolas Millot, Andrew Cox, Catherine C. Santini,* Yann Molard,
and Jean-Marie Basset*[a]


Abstract: The reaction of the Lewis acid B(C6F5)3 with silanol groups of silica
surfaces, dehydroxylated at different temperatures (300, 500, 700, and 800 �C), has
been investigated in presence of the Br˘nsted base NEt2Ph. The structure of the
resulting modified silica supports [�Si�OB(C6F5)3]�[HNEt2Ph]� (1) has been care-
fully identified by IR and multinuclear solid-state NMR spectroscopies, isotopic 2H
and 18O labeling, elemental analysis, molecular modeling, and comparison with
synthesized molecular models. Highly dehydroxylated silica surfaces were required
to transform selectively each silanol group into unique [�Si�OB(C6F5)3]�[HNEt2Ph]�


fragments. For lower dehydroxylation temperatures, two sorts of surface sites were
coexisting on silica: the free silanol groups [�SiOH] and the ionic species 1.


Keywords: supported ammonium ¥
supported borate ¥ ion pairs ¥ silica
¥ surface chemistry


Introduction


The reaction of organometallic compounds with surfaces of
silica leads in most cases to organometallic fragments that are
sigma bonded to the surface through one, two, or three
oxygen ±metal bonds.[1] This kind of bonding can stabilize
well-defined and highly electrophilic fragments capable of
catalytically activating the C�H and C�C bonds of alkanes
(alkane hydrogenolysis,[2] alkane metathesis[3]), or polyolefins
(Ziegler ±Natta depolymerization).[4] These surface species
usually have no real molecular analogues that could exhibit
similar catalytic properties.


In some cases it is necessary to avoid covalent bonding with
the surface and to immobilize a ™cationic∫ complex directly
on silica through specific reactions. Under these conditions,
the support should play the role of a ™noncoordinating∫
heterogeneous anion which stabilizes the molecular cation
™floating∫ above the surface. In such cases the silica is treated
first with a strong alkylating agent and/or Lewis acid (such as
AlR3,[5, 6] methylaluminoxane (MAO),[6, 7] BF3,[8] B(C6F5)3,[9]


etc.. .). Then, such a grafted Lewis acid/alkylating agent is
attached to a suitable organometallic complex to give the
cationic complex by several possible routes. The resulting


silica-supported compounds are unfortunately poorly defined
and characterized both at the first and the second stage of the
process. In this regard, a huge amount of work has been
devoted to the immobilization of cationic metallocenes for
Ziegler ±Natta polymerization.[10, 7f] One particularly elegant
strategy consists of modifying a silica surface with B(C6F5)3 in
the presence of a tertiary amine and reacting the resulting
support with a metallocene such as [Cp2ZrMe2] to yield, by an
irreversible process of alkane elimination, the cationic com-
plex [Cp2ZrMe�] (Scheme 1).[9b±e]


Scheme 1. Activation of [Cp2ZrMe2] on modified silica.


However all the surface intermediates in the process are
incompletely characterized, although it would be of great
interest if this could be acheived. Herein we demonstrate that
it is possible to effectively isolate on silica the well-
defined surface organometallic fragment [�Si-OB(C6F5)3]�


[HNEt2Ph]� (1), which can be obtained selectively only under
the very specific conditions described. This surface fragment
can be used as a very promising building block in surface
organometallic chemistry.
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43, bd du 11 Novembre 1918, 69626 Villeurbanne Cedex (France)
Fax: (�33) 4-72-43-17-95
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Results and Discussion


We have used a flame aerosil silica from Degussa dehydroxy-
lated at increasing temperatures (T �C) that we refer to as
SiO2-(T) . The specific surface areas were 200 m2g�1 for SiO2-


(300) and SiO2-(500) , and 180 m2g�1 for SiO2-(700) and SiO2-(800) .
The amount of silanol groups, determined by quantitative
solid-state 1H NMR spectroscopy and by reaction with CH3Li,
decreases from 1.7 OHnm�2 for SiO2-(300) to 0.6 OHnm�2 for
SiO2-(800) .[11]


Infrared studies : When an excess of [B(C6F5)3 � NEt2Ph] (1:1
molar ratio) is chemisorbed on various silicas (SiO2-(300, 500, 800)),
the IR band ascribed to isolated silanols at 3747 cm�1


disappears totally (Figure 1) and is replaced by broad bands
at 3681 and 3624 cm�1 (�(OH) of interacting silanols) and by a
sharp band at 3232 cm�1. The intensity of the bands at 3681
and 3624 cm�1 decreases inversely with the dehydroxylation
temperature; simultaneously that of the band at 3232 cm�1


increases. To tentatively assign the band at 3232 cm�1,
deuterated silica SiO2-(500d) (94% �Si�OD) and partially
labeled Si18O2-(700) (35%�Si�18OH) were used. After reaction
with [B(C6F5)3 � NEt2Ph], a shift of the band at 3232 cm�1 to
2402 cm�1 was observed on SiO2-(500D).[12] With Si18O2-(700) ,
no shift or broadening was observed. These results taken
together support the fact that the band at 3232 cm�1 was
not due to a �(O�H) vibration but likely to a �(N�H)
vibration.


Confirmation of all IR bands was achieved by comparison
with the spectra of molecular analogues of 1 (Table 1).
The synthesis of the following molecular complexes
[HNEt2Ph]�[(C6F5)3BOR]� (R�H (2), SiPh3 (3), and
Si8O12(c-C5H9)7 (4)) was performed according to known
procedures.[13] The band at 3232 cm�1 was also observed in
the IR spectra of the model compounds 2 ± 4 but not in the IR
spectrum of NEt2Ph, confirming the assignment of the band at


3232 cm�1 to a �(N�H) vibration. Other bands observed in the
1700 ± 1300 cm�1 region were ascribed to �(C�H), �(C�C),[14]
and �(C�H) vibrations of organic groups (Table 1). These
data are consistent with the expected surface complex:
[�Si�OB(C6F5)3]�[HNEt2Ph]� (1).


Solid-state NMR studies : The solid-state CP-MAS 13C NMR
spectra of 1 (Figure 2) and molecular models 2 and 4 are very
similar. Note that the deshielding of the anilinium methylene
carbon atom (observed for 1 at �� 51 and for physisorbed
NEt2Ph at �� 47) with respect to the free amine is typical of
the normal behavior when an amine is protonated (Table 2).
The solid-state 11B NMR spectra of 1 exhibit a single peak at
���8 in agreement with the 11B chemical shift (solid state)
of 2 and 4 (���6.9 and �7), or literature data.[9b] These data
support the presence of an anionic borato fragment, that is,
[�Si�OB(C6F5)3]� , in which the boron atom is tetracoordi-
nate, anionic, and with a similar sphere of coordination.


Stoichiometry of reaction : Ele-
mental analyses of 1/SiO2-(300, 500,


700, 800) (Table 3) indicate a slight
decrease in the weight percent-
age of boron, from 0.23 to
0.17%, when the dehydroxyla-
tion temperature of the silica is
increased from 300 to 800 �C.
For all silica, the boron/nitro-
gen molar ratio of the surface
species 1 in several experiments
is found close to 1. The values of
fluorine/boron (F/B� 10) and
carbon/(boron � nitrogen)
(12�C/(B�N)� 15) molar ra-
tios confirm that there was no
B�C (from C6F5) bond cleav-
age. Note that no C6F5H was
detected during the impregna-
tion work-up.


An accumulating body of
analytic and spectroscopic evi-
dence as well as their similar-


Figure 1. IR spectra of a) SiO2-(300) ; b) SiO2-(300) after reaction with M (M�B(C6F5)3 � NEt2Ph, 1:1, 5
equivalents); c) SiO2-(500) ; d) SiO2-(500) after reaction with M; e) SiO2-(800) ; f) SiO2-(800) after reaction with M; and
expended 3800 ± 3200 cm�1 region.


Table 1. Selection of characteristic IR data [cm�1] for compounds 1 ± 4.


B(C6F5)3[a] NEt2Ph[b] 2[a] 3[a] 4[a] 1[c] Assignment


3234 (w) 3226 (vw) 3228 (w) 3232 (m) �(N�H�)
3061 (w) 3070 (w) 3072 (w) 3071 (w) �(C�H)arom.


2971 (vs) 2999 (m) 2999 (vw) 2996 (w) �as(CH3)
2892 (m) 2880 (m) 2887 (w) �s(CH3)


1650 (s) 1645 (s) 1642 (m) 1643 (w) 1645 (s) C6F5


1589 (w) 1598 (vs) 1602 (m) 1588 (vw) 1593 (vw) 1599 (w) �(C�C)
1525 (s) 1507 (vs) 1517 (vs) 1515 (s) 1512 (m) 1517 (vs) �(C�C)
1474 (vs) 1468 (m) 1465 (vs) 1459 (vs) 1464 (s) 1461 (vs) �(C�C)


1396 (s) 1392 (m) 1394 (w) 1396 (m) �s(CH3)
1381 (s) 1374 (s) 1382 (m) 1379 (w) 1382 (vw) 1383 (m) C6F5


1354 (vs) 1365 (m) 1369 (m) �s(CH3)
1266 (vs) 1278 (s) 1273 (m) 1274 (w) n.o.[d] �i(C�H)arom.


973 (vs) 974 (vs) 971 (s) 976 (m) n.o.[d] C6F5


[a] KBr pellets of solid compounds. [b] Neat liquid in KBr windows. [c] Compacted
silica pellets. [d] n.o.� not observed.
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Figure 2. Solid-state CP-MAS 13C NMR spectra of
a) [(C6F5)3BOH]�[HNEt2Ph]� salt (2); b) [�SiO500-B(C6F5)3]�[HNEt2Ph]�


(1); c) SiO2-(500) � NEt2Ph.


ities with those of molecular compounds 2 ± 4 confirm the
proposed structure[9b±e] for 1 (Scheme 2).


It must be emphasized, however, that IR spectra and
elemental analysis demonstrated unambiguously that all silica
did not afford a unique surface species. Indeed, the weight
percentage of boron corresponds to a proportion of modified
silanols ranging from 38 to 88% when the pretreatment


Scheme 2. Reaction of silica surface with B(C6F5)3 and NEt2Ph.


temperature of the silica was increased from 300 to 800 �C
(Table 3). These results indicate that the bulkiness of the
grafted [B(C6F5)3 � NEt2Ph] fragment prevents the reaction
of all the silanols with B(C6F5)3. On highly dehydroxylated
surfaces (SiO2-(800)), the silanol groups are sufficiently isolated
to be almost entirely transformed in anionic sites. In contrast,
on moderately dehydroxylated silica (SiO2-(300)), a large
number of the silanol groups are unreactive towards further
modification as soon as the maximum loading (0.23%) is
achieved. This has been confirmed by analysis of the �(O�H)
IR region (Figure 1): the area of the bands at 3681 and
3624 cm�1 (interacting silanols) decreases as the dehydrox-
ylation temperature of the silica decreases.


To check if the experimental weight percentage of boron
corresponded to the highest loading achievable on the surface,
a molecular modeling of 1 was performed by using the Sybyl
computer modeling program. The molecular fragment
[HOB(C6F5)3]�[HNEt2Ph]� was attached to a silanol group
of a modeled silica particle SiO2-(500) , by replacing the
hydrogen atom with [�SiO], and minimized by using the
molecular mechanics Tripos force field.[15] The calculated
value obtained for the length of the B�O bond (1.567 ä) in
the modeled complex was in the range of those reported for
related silsesquioxane compounds (1.505 ± 1.495 ä).[14] The
projected area of such a complex on the silica particle was
estimated to be 1.27 nm2 (Figure 3). According to the specific


Figure 3. Molecular model of [�SiO-B(C6F5)3]�[HNEt2Ph]� (1), grafted
onto SiO2-(500) . H: blue, B: magenta, C: white, F: green, N: dark blue,
O: red, Si: yellow.


area on silica (Aerosil 200 m2g�1), this projection corresponds
to a theoretical value of 0.24 wt% of boron on a saturated
surface. This result is in good agreement with the experimen-
tal percentages obtained on SiO2-(500) (0.21 ± 0.22%).


In conclusion, we have found experimental conditions in
which each surface silanol group is transformed into a unique
and well-defined ionic entity [�Si�OB(C6F5)3]�[HNEt2Ph]� .


Table 2. Comparison of solid-state 13C and 11B NMR data[a] of 1 and
related compounds 2 and 4.


NEt2Ph/�SiO2-(500) 1 2 4 Assignment


10 3.9 8.9 9.7 �CH3


47 51 55 57 �CH2


120 115 124 �Cortho


122 121 129 134 �Cpara


129 125 136 137 �Cmeta


148 130 148 �Cipso


� 8 � 6.9 � 7 �(11B)


[a] 75.47 MHz for 13C, 96.31 MHz for 11B.


Table 3. Results of elemental analysis of 1 as a function of the dehydroxylation
temperature of the silica.


T
[�C]


OH
[nm2]


B
[%][a]


N
[%][a]


B/N[b] F/B[b,c] C/(B�N)[b] B/OH [d] N/OH [d]


300 1.7 0.23 0.30 0.99 10.6 12.1 0.38 0.38
500 1.2 0.21 0.27 1.01 13.6 14.3 0.49 0.48
500 1.2 0.22 0.29 1 12 13 0.51 0.52
700 0.7 0.16 0.18 1.15 12.3 15.6 0.71 0.61
800 0.6 0.16 0.21 0.99 16.2 16.4 0.82 0.84
800 0.6 0.17 0.24 0.92 12.1 15.2 0.88 0.96
theory 1 15 14


[a] Weight%. [b] Molar ratios. [c] Titration values obtained by conductimetry for
fluorine in presence of boron were lowered by formation of BF4


� ion.
[d] Calculated from respective weight percentages of boron and nitrogen.
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Experimental Section


General : Solid-state NMR spectra were recorded on Bruker DSX-300
equipped with a standard 4 mm double-bearing probe head and operating
at 75.47, 96.31, and 300.18 MHz for 13C, 11B, and 1H, respectively. Chemical
shifts are given with respect to TMS by using adamantane as an external
reference (�� 37.7 for the highest chemical shift). The 11B chemical shifts
were given relative to BF3 ¥OEt2 (�� 0). Solution NMR spectra were
recorded on BrukerAC 200 MHz (19F), AC 300 MHz (1H, 13C), and DRX
300 MHz (11B) spectrometers. Chemical shifts were reported in ppm and
referenced to residual solvent resonances (C6D6: 7.15 for 1H, 128 for 13C;
CD2Cl2: 5.32 for 1H, 53.8 for 13C), or external standards (19F, CFCl3 at 0; 11B,
BF3 ¥OEt2 at 0). IR spectra were recorded under vacuum on a Nicolet 550
FT spectrometer by using an IR cell equipped with CaF2 windows.
Elemental analyses were performed by the Central Analysis Service of the
CNRS at Solaize.


All operations were performed in the strict absence of oxygen and water
under a purified argon atmosphere by using gloveboxes (Jacomex,
MBraun) or vacuum-line techniques. Toluene was distilled under argon
from Na/K alloy, degassed, and stored under argon over Na. C6D6 (SDS
99.6%) and CD2Cl2 (SDS 99.6%) were degassed by three ™freeze-pump-
thaw∫ cycles and dried over freshly regenerated 3 ä molecular sieves.
NEt2Ph (Aldrich Chemicals, 98%) was dried over KOH, distilled under
vacuum, and used immediately. B(C6F5)3 (Merck Chemicals, �97%) was
dried over MeSiCl3[16] and purified by vacuum sublimation before use. (c-
C5H9)7O12Si8(OH) and Ph3SiOH were purchased from Aldrich Chemical
and dried under vacuum before use. The silica support (Aerosil, Degussa,
200 m2g�1) was compacted to a disk (30 mg) for IR studies or was hydrated,
dried (80 �C), and crushed to prepare large quantities (1 ± 2 g) for NMR
studies and elemental analyses. Before reaction silica was calcined at 300 or
400 �C in air for 4 h and dehydroxylated at the desired temperature (300,
500, 700, or 800 �C) under high vacuum (10�5 Torr) for 12 h (referred to as
SiO2-(300) , SiO2-(500) , SiO2-(700) , and SiO2-(800) , respectively). Deuterated
(SiO2-(500D)) and 18O-labeled (Si-18O2-(500)) silica were obtained as already
described.[17]


1: A pink solution of B(C6F5)3 (260 mg, 0.51 mmol) and NEt2Ph (80 �L,
0.50 mmol) in dry toluene (25 mL) was filtered under argon on SiO2-(800)


(2 g). After the mixture had been stirred for 4 h at room temperature, the
solution was filtered. The solid was washed four times with dry toluene
(20 mL), dried under vacuum (10�5 mbar) for 4 h at ambient temperature,
and stored under argon. Solid-state 1H NMR (300.18 MHz, 25 �C): �� 7.2
(s, m-C6H5), 3.4 (br, CH2), 1.0 (s, CH3); elemental analysis calcd (wt%): B
0.16, N 0.21, C 5.87 (see also Table 3). For IR experiments, a solution of
B(C6F5)3 (16 mg, 0.03 mmol) and NEt2Ph (5 �L, 0.03 mmol) in dry
toluene(10 mL) was brought into contact in a glovebox with a pellet
(30 mg) of SiO2-(800) over four hours at room temperature. The white disk
was then washed with three fractions (10 mL) of dry toluene and dried
under vacuum (10�5 mbar) for 1 h. IR: �� � 3685 (w, br), 3619 (w, br), 3232
(m), 3095 (w), 3071 (w), 2996 (w), 2930 (w), 2887 (w), 2863 (w), 1645 (s),
1599 (w), 1559 (w), 1517 (vs), 1461 (vs), 1406 (m), 1396 (m), 1383 (m), 1369
(m), 1322 (w) cm�1. The same procedure was used for SiO2-(300) , SiO2-(500) ,
and SiO2-(700) .


2 : Distilled water (7.5 �L, 0.49 mmol) and NEt2Ph (62 �L, 0.51 mmol) were
added to a solution of B(C6F5)3 (207 mg, 0.40 mmol) in dry toluene(5 mL).
After the mixture had been stirred for two hours at room temperature, the
solution was concentrated under vacuum to give a pale yellow oil. Addition
of dry pentane (10 mL) led to the precipitation of a white solid which was
washed, filtered, and dried under high vacuum (10�5 mbar) for 2 h and at
ambient temperature. Yield: 258 mg (97%); 1H NMR (300.13 MHz, C6D6,
25 �C): �� 7.9 (br s, 1H; NH), 6.82 (m, 3H; p- and m-C6H5), 6.52 (d,
3J(H,H)� 7.2 Hz, 2H; o-C6H5), 2.80 (br s, 1H; BOH), 2.25 (brq, 4H; CH2),
0.36 (t, 3J(H,H)� 6.9 Hz, 6H; CH3); 13C{1H} NMR (75.47 MHz, C6D6,
25 �C): �� 148.7 (d, 1J(C,F)� 238 Hz; o-C6F5), 139.5 (d, 1J(C,F)� 250 Hz;
p-C6F5), 137.9 (s; i-C6H5), 137.3 (d, 1J(C,F)� 239 Hz; m-C6F5), 130.2 (s; p-
and m-C6H5), 120.2 (s; o-C6H5), 51.5 (s; CH2), 9.5 (s; CH3); 19F{1H} NMR
(188.31 MHz, C6D6, 25 �C): ���135.4 (d, 3J(F,F)� 21 Hz, 6F; o-C6F5),
�159.4 (t, 3J(F,F)� 20 Hz, 3F; p-C6F5), �164.4 (m, 6F; m-C6F5); 11B{1H}
NMR (96.31 MHz, C6D6, 25 �C): ���3.5 (s; [(C6F5)3BOH]�); IR (KBr):
�� � 3665 (s), 3234 (w), 3070 (w), 3020 (m), 3008 (m), 2999 (m), 2990 (m),
2969 (m), 2880 (m), 2726 (m), 2672 (m), 2652 (s), 2603 (m), 2585 (s), 2527


(s), 2500 (m), 2401 (m), 1645 (s), 1602 (m), 1517 (vs), 1465 (vs), 1392 (m),
1382 (m), 1365 (m), 1278 (s), 1155 (m), 1083 (vs), 974 (vs), 937 (s), 920 (s),
894 (m), 843 (m) cm�1.


3 : Same experimental procedure as for 2 with B(C6F5)3 (400 mg,
0.78 mmol), triphenylsilanol (220 mg, 0.79 mmol), and NEt2Ph (125 �L,
0.78 mmol) in dry toluene(5 mL) afforded white crystals on cooling at
�25 �C. Yield: 0.71 g (97%); 1H NMR (300.13 MHz, CD2Cl2, 25 �C): ��
7.6 (m, 2H; m-C6H5 aniline), 7.5 (d, 3J(H,H)� 7.2 Hz, 6H; o-C6H5 silanol),
7.3 (t, 3J(H,H)� 7.6 Hz, 3H; p-C6H5 silanol), 7.2 (m, 7H; p-C6H5 aniline and
m-C6H5 silanol), 7.0 (dd, 3J(H,H)� 8.0 Hz, 4J(H,H)� 1.1 Hz, 2H; o-C6H5


aniline), 5.6 (br s, 1H; N�H), 3.2 (qua, 3J(H,H)� 7.1 Hz, 4H; CH2), 0.94 (t,
3J(H,H)� 6.9 Hz, 6H; CH3); 13C{1H} NMR (75.47 MHz, CD2Cl2, 25 �C):
�� 148.3 (d, 1J(C,F)� 252 Hz; o-C6F5), 139.8 (s; i-C6H5 silanol), 138.3 (d,
1J(C,F)� 242 Hz; p-C6F5), 136.7 (d, 1J(C,F)� 234 Hz; m-C6F5), 135.6 (s, o-
C6H5 silanol), 135.0 (s, i-C6H5 aniline), 132.2 (s, p-C6H5 aniline), 131.8 (s, m-
C6H5 aniline), 128.7 (s, p-C6H5 silanol), 127.2 (s, m-C6H5 silanol), 121.2 (s, o-
C6H5 aniline), 56.0 (s, CH2), 10.9 (s, CH3); 19F{1H} NMR (188.31 MHz,
CD2Cl2, 25 �C): ���131.2 (d, 3J(F,F)� 18.3 Hz, 6F; o-C6F5), �161.5 (t,
3J(F,F)� 19.3 Hz, 3F; p-C6F5), �165.2 (pseudot, 3J(F,F)� 19.3 Hz, 6F; m-
C6F5); 11B{1H} NMR (96.31 MHz, C6D6, 25 �C): ���4.5 (s,
[Ph3SiOB(C6F5)3]�); IR (KBr): �� � 3226 (vw), 3146 (m), 3072 (w), 3050
(vw), 3012 (vw), 2999 (vw), 1642 (m), 1588 (vw), 1515 (s), 1459 (vs), 1452
(vs), 1429 (m), 1394 (w), 1379 (w), 1273 (m), 1148 (w), 1112 (s), 1090 (vs),
971 (s) cm�1; elemental analysis calcd (%) for C46H31ONBF15Si: C 59.93, N
1.49, B 1.15, F 30.39, Si 3.00; found: C 59.13, N 1.47, B 1.21, F 24.77, Si 2.32.


4 : Same experimental procedure as for 2 with B(C6F5)3 (165 mg,
0.32 mmol), 3,5,7,9,11,13,15-heptacyclopentylpentacyclooctasiloxan-1-ol
(297 mg, 0.32 mmol), and NEt2Ph (53 �L, 0.33 mmol) in dry toluene
(10 mL) afforded white crystals on cooling at �25 �C. Yield: 0.30 mg
(59%); 1H NMR (500.13 MHz, C6D6, 25 �C): �� 7.08 (m, 3H; p- and m-
C6H5), 6.37 (d, 3J(H,H)� 7.1 Hz, 2H; o-C6H5), 4.89 (br s, 1H; NH), 2.54
(qua, 3J(H,H)� 7.2 Hz, 4H; CH2 aniline), 2.03 (m, 14H; CH2 C5H9), 1.87
(m, 28H; CH2 C5H9), 1.66 (m, 14H; CH2 C5H9), 1.30 (m, 4H; CH C5H9),
1.23 (m, 3H; CH C5H9), 0.43 (t, 3J(H,H)� 7.2 Hz, 6H; CH3); 13C{1H} NMR
(75.47 MHz, C6D6, 25 �C): �� 148.8 (d, 1J(C,F)� 249 Hz; o-C6F5), 138.9 (d,
1J(C,F)� 245 Hz; p-C6F5), 137.1 (d, 1J(C,F)� 239 Hz; m-C6F5), 134.3 (s,
i-C6H5), 131.4 (s, p-C6H5), 131.0 (s, m-C6H5), 120.5 (s, o-C6H5), 54.8 (s, CH2


aniline), 27.8, 27.4, 27.3 (s, CH2 C5H9), 23.2, 22.8 (s, CH C5H9), 9.8 (s, CH3


aniline); 19F{1H} NMR (188.31 MHz, C6D6, 25 �C): ���133.1 (d, 3J(F,F)�
18.4 Hz, 6F; o-C6F5), �162.7 (t, 3J(F,F)� 21 Hz, 3F; p-C6F5), �166.3
(pseudot, 3J(F,F)� 19.5 Hz, 6F; m-C6F5); 11B{1H} NMR (96.31 MHz, C6D6,
25 �C): ���5.0 (s, [(C6F5)3BOSi8O12(c-C5H9)7]�); IR (KBr): �� � 3228 (w),
2951 (s), 2911 (w.sh), 2866 (m), 1643 (w), 1593 (vw), 1512 (m), 1464 (s), 1382
(vw), 1274 (w), 1250 (w), 1107 (vs), 976 (m) cm�1; elemental analysis calcd
(%) for C63H79O13NBF15Si8: C 47.93, N 0.89, B 0.68, F 18.05, Si 14.23; found:
C 47.74, N 1.06, B 0.94, F 17.34, Si 15.36.
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Enantioselective Hydrogenation over Cinchona-Modified Pt:
The Special Role of Carboxylic Acids


Matthias von Arx, Thomas B¸rgi, Tamas Mallat, and Alfons Baiker*[a]


Abstract: The influence of acetic acid (AcOH) and trifluoroacetic acid (TFA) on the
hydrogenation of ethyl-4,4,4-trifluoroacetoacetate has been investigated by using Pt/
Al2O3 modified by cinchonidine andO-methylcinchonidine. We have shown that the
sometimes dramatic changes in enantioselectivity and rate cannot simply be
interpreted by protonation of the alkaloid modifier. We propose a new three-step
reaction pathway, involving interaction of the carboxylic acid with the reactant and
the chiral modifier. The mechanism is supported by IR spectroscopic identification of
cyclic TFA±modifier ion pairs. This new approach can rationalise the poorly
understood role of acids in the enantioselective hydrogenation of activated ketones
over cinchona-modified platinum metals.


Keywords: carboxylic acids ¥ IR
spectroscopy ¥ enantioselectivity ¥
trifluoromethyl ketone


Introduction


Cinchona alkaloid-modified Pt, suitable for the hydrogena-
tion of activated ketones, represents one of the most
successful heterogeneous enantioselective catalysts.[1±5] In
the most studied reaction, the hydrogenation of ethyl
pyruvate, the influence of many reaction parameters has
been investigated in detail during the past decade. It has
already been recognised by Orito et al.[6] that pretreatment of
a catalyst with acetic acid (AcOH) is advantageous. More
recently, the best ee in �-ketoester hydrogenation was also
achieved in AcOH.[7, 8] In the hydrogenation of �-ketoes-
ters,[9, 10] �-ketolactones[11] and pyrrolidine triones,[12] increas-
ing solvent polarity diminished the enantioselectivity. Only
AcOH and HCOOH, which afforded good enantioselectiv-
ities, were exceptions to this negative correlation. This effect
was attributed mainly to protonation of the quinuclidine N
atom of cinchonidine (CD), and this information was used for
the development of a mechanistic model.[13±16]


Analysis by NMR spectroscopy and theoretical calculations
revealed that protonation changes the distribution of the
alkaloid in various conformations in solution, favouring the
so-called ™open(3)∫ conformation (conformation in which the
quinuclidine nitrogen atom points away from the quinoline
ring).[17±19] Despite this progress, some aspects of the role of


the acid remained unclear. Recently, it has been reported that
using trifluoroacetic acid (TFA) as an additive has an even
stronger effect than AcOH in the hydrogenation of ethyl
pyruvate,[20] but no feasible explanation for this behaviour has
been found.


In the past decade the range of application of cinchona-
modified Pt has been remarkably broadened, and AcOH
proven to be the most suitable solvent in the hydrogenation of
�-ketoamides,[21] �-ketoacetals[22, 23] and trifluoromethyl ke-
tones,[24, 25] providing up to 97% ee. This development
prompted us to reinvestigate one of these reactions and to
clarify the role of acids in the reaction mechanism. Compared
to ethyl pyruvate, the positive effect of AcOH with respect to
apolar solvents such as toluene was much more pronounced in
the hydrogenation of ethyl-4,4,4-trifluoroaceto acetate.[24] We
therefore chose the hydrogenation of this compound
(Scheme 1) to investigate the role of AcOH and TFA.


Scheme 1. Hydrogenation of ethyl-4,4,4-trifluoroacetoacetate (1) over
chirally modified Pt/Al2O3.
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In a preliminary report we proposed, based on theoretical
calculations, the formation of a CD-TFA cyclic ion pair that
can interact with the 4-hydroxy-6-methyl-2-pyrone reactant
on the Pd surface in the enantio-differentiating step.[26] Here
the catalytic experiments are supported by IR spectroscopic
analysis and a general model is suggested to interpret the
special role of carboxylic acids in enantioselective hydro-
genation reactions over cinchona-modified metal catalysts.


Results and Discussion


Effect of AcOH in toluene : The efficiency of Pt/Al2O3


modified by cinchonidine (CD) or O-methylcinchonidine
(MeOCD) in the hydrogenation of trifluoromethyl ketone (1)
in toluene/AcOH mixtures is illustrated in Figure 1. In both


Figure 1. Hydrogenation of 1 in AcOH/toluene mixtures using CD or
MeOCD as chiral modifiers. Open symbols: reaction rate (r); closed
symbols: ee.


series the changes in enantioselectivity can be described by
saturation type curves. In AcOH, MeOCD is more effective
than CD, in agreement with our recent report.[24] More
importantly, both modifiers provide the highest ee in pure
AcOH. Former NMR spectroscopic studies indicated that 2 or
24 molar equivalents of AcOH were necessary to completely
protonate the quinuclidine N atom of CD.[10, 27] The latter
value, corresponding here to 0.2 vol% in toluene, seems to be
more accurate as it is based on a comparison of the shift
induced by TFA, which affords full protonation of the
aliphatic N already at one molar equivalent. Independent of
this difference, the curves in Figure 1 indicate that changes in
the solvent properties are crucial; protonation of the quinu-
clidine N atom of the modifier cannot account for the whole
selectivity enhancement observed.


Concerning the reaction rates (r), there is a significant
difference between the two series. While the reaction rate
with MeOCD was independent of the solvent composition,
the rate decreased with increasing acid concentration when
CD was used. This difference is attributed to a modifier ±
solvent interaction in which the OH group of the alkaloid is
involved.


Effect of TFA in toluene : Remarkable increases in ee were
achieved with both modifiers (15% with CD, 35% with
MeOCD) by adding only 0.1 vol% of TFA; this corresponds
to a TFA/modifier molar ratio of 9.6 (Figure 2). The differ-
ence between the two modifiers was larger above the
optimum amount of acid: with 2 vol% TFA (TFA/CD molar
ratio� 192) the enantioselectivity was almost completely lost
in the presence of CD, while with MeOCD the ee was still
better than in pure toluene.


Figure 2. Hydrogenation of 1 in toluene using CD and MeOCD as chiral
modifiers: changes in ee and reaction rate (r) upon addition of TFA. Open
symbols: reaction rate; closed symbols: ee.


Parallel to the changes in enantioselectivity, the reaction
rates dropped for both modifiers following addition of small
amounts of TFA, independent of the modifier used (Figure 2).
In Figure 3 the relative rates, defined as the reaction rate in
the presence of TFA related to the rate in pure toluene, are
compared. Over the whole concentration range, the rate
deceleration induced by addition of TFA was more pro-
nounced with CD than in the reactions with MeOCD


Figure 3. Hydrogenation of 1 in the presence of CD or MeOCD:
comparison of the reaction rates related to the rates in pure toluene.
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(deceleration by a factor of 17 and 6, respectively). This
behaviour is in qualitative agreement with the results in
toluene/AcOH mixtures shown in Figure 1, where a consid-
erable rate deceleration was observed only with CD. How-
ever, much greater amounts of AcOH are needed to obtain
similar changes in ee and reaction rates relative to that used of
TFA.


Effect of TFA in polar solvents : We have reported recently
that in the hydrogenation of 1, higher enantioselectivities can
be obtained in polar solvents than in toluene.[28] For example,
70% ee was achieved in THF with MeOCD as modifier
(Figure 4). Addition of relatively small amounts of TFA
increased the ee to 90% although the full beneficial effect
leading to 93% eewas obtained only at a TFA/MeOCDmolar
ratio of 192 (2 vol% TFA). In this solvent the ee did not drop
at higher TFA concentration. In addition, the reaction rate did
not decrease with an increasing amount of TFA as was
observed in toluene (Figure 2), but remained almost constant
(within �10%).


Figure 4. Hydrogenation of 1 using MeOCD as chiral modifier: changes in
ee and reaction rate (r) upon addition of TFA to THF or AcOH. Open
symbols: reaction rate; closed symbols: ee.


Addition of TFA induced a small enhancement of ee even
in AcOH (Figure 4). Interestingly, the same maximum of
93% ee was achieved in both AcOH and THF. The reaction
rate was practically constant in AcOH above the optimum
amount of TFA.


IR spectroscopic analysis : The formation and structure of
complexes between triethylamine and AcOH (existing pre-
dominantly as dimers in apolar media) were described in
1954.[29] The existence of similar TFA±modifier interactions
is proven by the IR spectra in Figures 5 and 6. For comparison,
the effect of increasing amount of TFA is presented for both
cinchonidine (CD) and O-methylcinchonidine (MeOCD).
The spectra contain many features similar to those reported
for CD±AcOH complexes.[30] Interaction of AcOH with the
quinuclidine N and the OH group of CD has been interpreted


Figure 5. �(OH) region of the IR spectra of solutions of CD and MeOCD
in CH2Cl2 containing different amounts of TFA (TFA/modifier molar ratio
between 0 and 6). Modifier concentrations are higher by a factor of 2.5
compared to the standard reaction procedure. Spectra are offset.


Figure 6. �(C�O) region of the IR spectra of solutions of CD and MeOCD
in CH2Cl2 containing different amounts of TFA (TFA/modifier molar ratio
between 0 and 6). Modifier concentrations are higher by a factor of 2.5
compared to the standard reaction procedure. Spectra are offset.


by the formation of at least three types of complexes (1:1
cyclic, 2:1 cyclic and 2:1 half-cyclic). The analogous complexes
for TFA and CD are depicted in Figure 7.
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Figure 7. Structures of TFA-CD complexes (complex A in Figure 8)
formed in solution at low TFA concentration.


The IR spectrum of CD in dichloromethane shows a peak at
3600 cm�1 due to the �(OH) vibration of its non-hydrogen-
bonded OH group (Figure 5). Upon addition of TFA the
intensity of this band decreased and a new, broad peak at
3220 cm�1 appeared. The latter signal is associated with the
formation of a hydrogen-bond between TFA and the OH
group of CD. This observation proves that, in addition to the
quinuclidine N that is protonated by one equivalent of
TFA,[27] CD binds to the acid also with its OH group forming
a NH� ¥ ¥ ¥ OCO� ¥ ¥ ¥ HO cyclic complex as shown in Figure 7.
The new signals at 3575 and 3445 cm�1, which appear upon
further addition of TFA, belong to the hydrogen-bonded
�(OH) vibration of TFA molecules in the different CD±TFA
complexes.[30] The weak �(OH) band of the free acid[31] at
3504 cm�1 is obscured by these signals and can barely be
detected.


In the spectra of MeOCD the signals at 3600 cm�1 and
3220 cm�1 are missing (Figure 5) because the OH group is
methylated. Due to the lack of this interacting function, cyclic
TFA±modifier complexes are not possible. Even so, the
formation of a stable ion-pair complex (CD� ± carboxylate) by
protonation of the quinuclidine N is apparent and leads to a
characteristic increase of the baseline in the 3100 ± 1900 cm�1


region (not shown in Figure 5). The appearance of two signals
at 3580 cm�1 and 3440 cm�1 implies the formation of addi-
tional TFA±MeOCD complexes (e.g., 2:1 complexes) anal-
ogous to those formed by CD. However, due to the lack of the
free OH group in MeOCD, the structural arrangement of the
acid molecule(s) and MeOCD must be different from that
with CD. This is reflected in the spectra, where the relative
intensities of the two signals (at 3580 cm�1 and 3440 cm�1) are
different for the two modifiers.


The formation of TFA±modifier complexes is further
evidenced by the spectra illustrated in Figure 6, in which the


�(C�O) region is shown. The band at 1804 cm�1 arises from
the non-hydrogen-bonded carbonyl group of free acid mol-
ecules, while the lower frequency band at 1784 cm�1 can be
assigned to the hydrogen-bonded carbonyl group of the acid
(e.g., acid dimers). The signal at 1670 cm�1, which shifts to
lower frequency with increasing acid concentration, belongs
to the carbonyl group of the carboxylate ion bound to the
quinuclidine NH� group of the modifier. The shift of this band
to lower frequencies is attributed to the formation of TFA±
modifier complexes with molar ratios higher than 1:1.[30] All of
these signals appear in the spectra of both modifiers implying
that the acid molecules form complexes with both MeOCD
and CD. However, the differences in the relative intensities
show that the concentration of the various complexes are
unequal for CD and MeOCD for the same reasons given
above. Furthermore, a comparison of the region around
1800 cm�1 reveals that in the TFA/MeOCD mixture, with a
molar ratio of 1.8, the signal for the free acid and acid dimers
already appears. This is an indication that the TFA±MeOCD
complexes are less stable than the TFA±CD complexes. In
the latter case, at a TFA/CD molar ratio of 1.8, all acid
molecules are involved in complex formation and no free acid
molecules are present in solution.


It should be noted that toluene was used in the catalytic
experiments (Figures 1 ± 3), while the spectroscopic study was
carried out in another weakly polar solvent, dichloromethane.
This is because IR spectroscopy in toluene is difficult due to
the low solubility of the modifier and the strong absorption of
toluene itself. Particularly, spectroscopy of the �(C�O) region
is hampered by strong solvent absorption. In control experi-
ments, titration of cinchonidine with TFA showed similar
behaviour of the intensity of O�H vibrations in toluene as in
dichloromethane. The intensity of �(O�H) of the non-hydro-
gen-bonded OH group of cinchonidine decreased with
increasing acid concentration, whereas the bands due to
complex formation increased. The solvent had an effect,
however, on the band positions. In dichloromethane, bands
associated with hydrogen-bonded OH groups are observed at
3220, 3445 and 3575 cm�1, whereas in toluene the correspond-
ing bands appear at 3230, 3365 and 3530 cm�1. The other
possibility for ™bridging∫ experiments is a study of the effect
of carboxylic acids in the hydrogenation of 1 in a chlorinated
solvent (dichloromethane or dichlorobenzene). Unfortunate-
ly, the Pt was strongly poisoned, most likely as a result of
(minor) dehalogenation of the solvent.


From all of these observations we can conclude that both
modifiers form stable complexes involving one or more TFA
molecules, similar to those shown in Figure 7. In other words,
the quinuclidine N atom of the modifier is not only
protonated by TFA, but stable ion pairs exist in apolar media.
In this ion pair the quinuclidine N atom (as well as the OH
group of CD) is ™blocked∫ by the acid molecule(s). Ab initio
calculations indicate that the binding energy of the CD±TFA
cyclic ion pair is relatively high, 23 kcalmol�1.[26] Even so, no
enantioselectivity would be possible if access to the modifier
were prevented. The observed dramatic increase in enantio-
selectivity in Figures 2 and 4 implies that such a TFA±mod-
ifier complex is the real chiral modifier, affording enhanced
enantioselectivities but lower reaction rates. Therefore, in the
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enantio-discriminating reaction step an arrangement of re-
actant, chiral modifier and acid has to be considered.


Proposed reaction mechanism : The catalytic experiments and
IR spectroscopic analysis indicate that hydrogenation of 1 on
the Pt surface is governed by specific molecular arrangements
involving the modifier, the reactant and one or more
carboxylic acid molecules. We suggest a three-step reaction
mechanism to interpret the rate and enantioselectivity of the
hydrogenation reaction, as shown in Figure 8. In the first step


Figure 8. Three-step reaction mechanism proposed for the enantioselec-
tive hydrogenation of trifluoromethyl ketones in the presence of carboxylic
acids. The presently accepted two-step reaction mechanism (valid in the
absence of carboxylic acids) is indicated by dashed lines.


the chiral modifier and at least one carboxylic acid molecule
form an acid ±modifier complex (complex A) of the type
shown in Figure 7. The existence of such complexes in apolar
media is proven by IR spectroscopic analysis. The equilibrium
of formation of complexA (Figure 8) depends on the strength
of the acid, therefore a significant difference between AcOH
(pKa� 4.75) and TFA (pKa� 0.3) is likely. Acid strength also
influences the stability and structural rigidity of the alkaloid ±
acid complexes.


Some destabilisation of complexA, coupled with increasing
structural flexibility, can be expected upon solvation in polar
and polar protic solvents. This solvent effect facilitates the
access of reactant to the possible interaction sites of A, which
is a prerequisite for the formation of the enantio-discriminat-
ing ketone ±modifier ± acid complex (complex B in Figure 8).
Upon hydrogen uptake and enantioselective transformation
of the reactant, the product is released leaving complex A,
which is involved in the next cycle, behind.


Evidently, this is not the exclusive reaction pathway. In the
absence of a sufficient amount of acid the commonly accepted
two-step reaction mechanism dominates. This mechanism,
shown by dotted arrows in Figure 8, comprises only the
modifier and reactant in the enantio-discriminating com-
plex[16] and affords considerably lower ee×s in the hydro-
genation of 1 (by up to 48%, see Figure 1).


Note that all these steps occur on the Pt surface (not
indicated in Figure 8) on which the chiral modifier is strongly
adsorbed by its aromatic ring system (™anchoring moi-
ety∫).[32±36] Unfortunately, there is currently no in situ
information available on the adsorption mode of modifier ±
reactant complex on Pt, either with or without a carboxylic
acid.


Interpretation of the catalytic experiments by the three-step
model


Comparison of cinchonidine (CD) and O-methylcinchonidine
(MeOCD): In any solvent, addition of a carboxylic acid led to
rate deceleration in the presence of CD as chiral modifier; the
effect was less pronounced or even negligible with MeOCD
(Figures 1 ± 3). The ee increased in all experiments with both
modifiers. Evidently, in the presence of AcOH or TFA
protection of the hydroxyl group of CD (leading to MeOCD)
is beneficial for enantioselection and for the overall reaction
rate.


The main difference between the two modifiers is that
MeOCD cannot form cyclic complexes with the carboxylic
acids (Figure 7). The cyclic complexes, feasible only with CD,
are expected to be more stable and also more rigid. For this
reason coordination of a reactant molecule to the acid ±
modifier ion pair A, which is necessary for the formation of
the enantio-differentiating complex B, is less favoured with
CD; this results in lower reactivity of the acid ±CD ion pairA.
However, the lower reactivity of complexA is not detrimental
to the enantio-differentiation. On the contrary, the three-step
reaction pathway in the presence of a carboxylic acid provides
higher enantioselectivities with both modifiers (Figures 1 and
2) as long as a large excess of TFA is not added.


Role of acid strength : Enhanced selectivity could be achieved
with both carboxylic acids tested (Figures 1 and 2). Much
smaller amounts of TFA were required to obtain similar or
even more pronounced effects compared with the use of
AcOH. With the stronger acid, TFA, the complex A is more
stable and, with respect to AcOH, the modifier� acid � A
equilibrium is shifted in favour of A. A further advantage of
TFA is its decreased tendency to form hydrogen-bonded
dimers in solution.[37] At a certain concentration, the number
of free acid molecules interacting with the modifier is
therefore higher than when AcOH is used.


The correlation between ee and acid/modifier molar ratio in
Figures 1 and 2 demonstrates that protonation of the quinu-
clidine N atom alone is not sufficient to achieve the maximum
ee. This conclusion is supported by the results obtained with
CD ¥HCl (Table 1). Although the quinuclidine N atom is
protonated in this modifier, it is no more effective in the
hydrogenation of 1 than CD.


All of these findings indicate that a stable ion pair complex
(A) is responsible for the increased enantioselectivity. Due to
the strong acidity of TFA, formation of complexA is favoured
at low acid concentration, leading almost exclusively to
product formation through the three-step reaction pathway.


Table 1. Influence of modifier structure on enantioselectivity in the hydro-
genation of 1 and ethyl pyruvate in weakly polar and acidic media at standard
conditions.


Compound Solvent CD ee
[%]


CD ¥HCl ee
[%]


MeOCD ee
[%]


NMeCD ee
[%]


1 toluene 46 42 43 � 2
1 AcOH 70 ± 90 � 2
ethyl pyruvate toluene 86 89 80 � 2
ethyl pyruvate AcOH 94 ± 95 � 2
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The selectivity enhancement observed in this pathway is
intrinsically coupled with a lower reaction rate due to
™blocking∫ of the interaction sites of the modifier by the acid
molecule(s) in A. The increase in ee by 35%, together with a
drop in reaction rate by a factor of 3.5 upon addition of
9.6 equivalents of TFA (Figure 2), further suggests adherence
to the three-step reaction pathway.


In contrast, a large excess of AcOH is required to
effectively shift the equilibrium towards the formation of
complex A and thus favour the three-step reaction pathway.
This provides an explanation as to why the ee increased slowly
with increasing AcOH concentration in toluene/AcOH mix-
tures (Figure 1). The lower stability of this complex then
allows a faster coordination of the reactant and a smaller
decrease in reactivity compared to reactions carried out in the
presence of TFA.


Solvent effect : When the hydrogenation of 1 over MeOCD-
modified Pt was carried out in polar solvents such as THF or
even AcOH, higher amounts of TFAwere needed to reach the
maximum in ee and no rate deceleration was observed
(Figure 4). These changes are attributed to the effect of
solvation of complexes A and B. As described above, a high
stability of complex A is needed to favour product formation
following the three-step reaction pathway. Upon solvation in a
polar solvent, the structural flexibility of A is increased
significantly. For this reason the reactivity of A towards
coordination of a reactant molecule (leading to B) and
transformation of the reactant to the product is enhanced. As
the overall reaction rate is controlled by the rate-determining
(™slowest∫) step and formation of complex A is very fast, the
increased reactivities of A and B in polar solvents eliminate
the dramatic drop in overall reaction rate observed upon TFA
addition to toluene (compare Figures 1 and 4).


The slight increase in ee after addition of TFA to AcOH
(Figure 4) can be interpreted in terms of the effect of acid
strength as discussed above. The small changes induced by
TFA indicate that exchanging AcOH by TFA in complexes A
and B has only a minor influence on the enantio-discrim-
ination.


In summary, the best reaction conditions in the hydro-
genation of the trifluoromethyl ketone (1) are those that
favour product formation following the proposed three-step
reaction mechanism, leading to enhanced enantioselectivities
without a considerable rate deceleration. This is achieved by
working in a polar solvent doped with small amounts of TFA,
or in pure AcOH. Compared with CD, the use of MeOCD is
also beneficial.


Possible structures of the enantio-discriminating complex B :
The catalytic experiments carried out in the presence of a
carboxylic acid indicated that complex B has sufficient
conformational rigidity and structural flexibility to allow the
observation of high ee and good reaction rates. An intriguing
question is the real nature of reactant ±modifier ± acid inter-
actions in complexB. Valuable information on the structure of
B is provided by the hydrogenation of 1 over Pt/Al2O3


modified by some simple CD derivatives (Table 1). The
results of the hydrogenation of ethyl pyruvate, which is the


most studied reaction on chirally modified Pt, are shown for
comparison. It is evident that the OH group of the modifier is
not crucial in enantio-differentiation, but quaternation of the
quinuclidine N atom of CD with MeI leads to a complete loss
of ee with both reactants, independent of the solvent (toluene
or AcOH). This is a strong indication that the quinuclidine N
atom of the modifier interacts with the reactant in both
solvents in the enantio-discriminating step. An N-H-O type
interaction involving the keto-carbonyl O atom has been
proposed for the hydrogenation of ethyl pyruvate,[5, 15, 16, 32]


ketopantolactone[11] and trifluoroacetophenone.[38]


On the basis of these data, the open and cyclic complexes
depicted in Figure 9 represent some possible structures of
complex B. The structures I ±VI illustrate possible interac-
tions of reactant, modifier and acid without considering the
adsorption on the metal surface. The complexes I ±V in
Figure 9 are formed from the 1:1 or 2:1 acid ±CD complexes
A (shown in Figure 7) by insertion of a reactant molecule into
the cyclic structure. The complexes I and III are considered as
the most probable cyclic structures when CD is used as
modifier. They include an N-H-O type interaction with the
reactant and an additional interaction with a carboxylic acid
molecule. In complexes II, IV and V the OH group of CD
plays a crucial role in the reactant ±modifier interaction; this
contradicts the experimental observations as methylation of
the OH function does not hinder the enantio-differentiation
(Table 1). In II and III the acid ± reactant interaction is


Figure 9. Possible structures of the reactant ±modifier ± carboxylic acid
complex (complex B in Figure 8) responsible for enantio-discrimination
(note that the interaction with the metal surface is not included).
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directed from the OH group of the acid towards the carbonyl
O atom of the reactant. IR spectroscopy has recently revealed
that such an interaction between TFA and another trifluoro-
methyl ketone (2,2,2-trifluoroacetophenone)[39] is very stable
in apolar media.


Complex VI represents a feasible interaction between the
protonated MeOCD and 1. This singly-bonded complex is
expected to be less stable than the cyclic structures, but,
according to the catalytic experiments, affords higher enan-
tioselectivity (Figures 1 and 2). A possible explanation for this
increased efficiency is that the energy (or reactivity) differ-
ence between the singly-bonded pro-(S) and pro-(R) com-
plexes is bigger than in the case of the cyclic complexes.
Complex VI may be formed with CD, but with this modifier
the more stable cyclic complexes are favoured. Finally, the
singly-bonded complexVI is not only less stable but also more
reactive than the cyclic structures. This interpretation is
supported by the higher reaction rates observed in the
presence of MeOCD as modifier, relative to those achieved
with CD-modified Pt. Note that the reactant ±modifier
interaction in complex VI is similar to that suggested for the
hydrogenation of ethyl pyruvate in an acidic medium.[16]


The above interpretation may serve as a working hypoth-
esis for future studies necessary to prove the feasibility of any
of the proposed models.


Influence of the size of ester group in the reactant : Our
suggestion for a three-step mechanism in the hydrogenation
of 1 in acidic media is supported by the striking results
obtained by using the methyl, ethyl or isopropyl esters of 1. In
an acidic medium over MeOCD-modified Pt/Al2O3 the ee×s
were high with all reactants independent of the size of the
ester group (92 ± 93% in a TFA/THFmixture and 89 ± 90% in
AcOH, Figure 10). Upon replacing MeOCD by CD in AcOH,


Figure 10. Enantioselectivities obtained in the hydrogenation of methyl-,
ethyl- and isopropyl-4,4,4-trifluoroacetoacetate in the presence or absence
of acid.


the ee decreased to 66 ± 75% with increasing bulk of the ester.
The loss of ee was even more pronounced when changing to
toluene. Increasing the size of the ester group, the ee
decreased from 64 to 17%. This is a strong indication that
hydrogenation of these compounds in toluene and AcOH
proceeds by two different reaction mechanisms. In AcOH the
enantio-differentiation is not, or is only to a small extent,
sensitive to the size of the ester group in 1. In contrast, a
structurally different complex, in which the bulkiness of the


ester group is critical in the enantio-differentiating step, is
formed in the absence of acid. These results support our
proposal for the two-step and three-step reaction pathways in
the absence or presence of a carboxylic acid, respectively
(Figure 8).


Mechanistic implications for the hydrogenation of other
activated ketones : As mentioned in the introduction, the
enantioselectivities in the hydrogenation of �-ketoacetals, �-
ketolactones, pyrrolidine triones and �-ketoesters were out-
standing in acidic solvents. In the most studied reaction, the
hydrogenation of ethyl pyruvate, 97% ee has been achieved in
AcOH.[8, 40] The question arises as to whether the suggested
three-step reaction mechanism is also valid for this reaction in
acidic media. It has been reported that upon addition of
AcOH to toluene, and TFA to toluene or AcOH, the ee
increased significantly.[20] However, no reaction rates were
reported and the enantioselectivities were far from optimum.
We have also observed a strong positive effect of acid (AcOH,
TFA) addition in the enantioselective hydrogenation of a
pyrrolidine trione, but, again, only under conditions that were
far from optimal.[41] This is an important deviation from the
observations surrounding the hydrogenation of 1.


A comparison of the hydrogenations of ethyl pyruvate and
1 in toluene containing increasing amounts of AcOH reveals
some analogies as well as differences. A saturation-type curve
was observed in both reactions (Figure 11). However, in the


Figure 11. Comparison of the enantioselectivities in the hydrogenation of
1 and ethyl pyruvate in AcOH/toluene mixtures, using cinchonidine as
chiral modifier.


hydrogenation of ethyl pyruvate about half of the positive
effect was achieved already with 24 molar equivalents of
AcOH, which are needed to completely protonate the
quinuclidine N atom of CD,[27] and the optimum in ee at more
than an order of magnitude higher acid concentration was
only 2 ± 3% higher. In contrast, in the hydrogenation of 1,
24 equivalents of acid afforded only a small enhancement
in ee.


Hydrogenation of ethyl pyruvate is almost as efficient in
toluene as in AcOH, making a comparison more difficult.
Although the two curves in Figure 11 are similar, the sharp
initial increase of ee in the hydrogenation of ethyl pyruvate
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indicates that in this reaction the effect of protonation of the
modifier is more important than in the hydrogenation of 1.
This being so, a spectroscopic analysis of the reactant ± cin-
chonidine ±AcOH system would be necessary to evaluate the
feasibility of the three-step reaction pathway in the hydro-
genation of ethyl pyruvate and other activated ketones over
chirally modified Pt.


Conclusion


The long-standing question of why AcOH, used as solvent or
additive in the enantioselective hydrogenation of activated
ketones over chirally modified Pt, affords the highest
enantioselectivities has been adressed. A systematic inves-
tigation of the role of AcOH and TFA in the hydrogenation of
trifluoromethyl ketone (1) revealed dramatic effects on
enantioselectivity and reaction rates. The results indicate
that–at least in the hydrogenation of 1–the reason for the
outstanding performance of the catalytic system can be traced
to the propensity of carboxylic acids to form acid ±modifier
ion-pair complexes. The existence of such complexes has been
confirmed by IR spectroscopy. These acid ±modifier ion-pair
complexes are suggested to act as the real chiral modifiers
over Pt. A new three-step reaction pathway, which can
rationalize the behaviour of the Pt ± cinchona system in the
presence of carboxylic acids is proposed.


Experimental Section


The 5 wt% Pt/Al2O3 catalyst (Engelhard 4759, metal dispersion after heat
treatment: 0.27, as determined by TEM) was pre-reduced in flowing
hydrogen for 90 minutes at 400 �C. After cooling to room temperature in
hydrogen, the catalyst was transferred to the reactor without exposure to
air. Ethyl-4,4,4-trifluoroacetoacetate (1) was distilled, and THF was dried
over potassium before use. All other chemicals were used as received. O-
Methylcinchonidine (MeOCD)[42] and N-methylcinchonidinium chloride
(NMeCD)[43] were synthesised as described previously.


Hydrogenations were carried out at room temperature (approximately
20 �C) in an autoclave equipped with a 50 mL glass liner and a PTFE cover
in order to keep the system inert. Efficient magnetic stirring (1000 rpm)
was applied to avoid hydrogen transport limitation in the slurry reactor.
Total pressure (10 bar under standard conditions) and hydrogen uptake
were controlled by computerised constant-volume constant-pressure
equipment (B¸chi BPC9901). According to the general reaction procedure
the catalyst (42� 2 mg) was added to a mixture of the modifier (6.8 �mol)
and the reactant (0.34 g, 1.85 mmol) in 5 mL solvent (reactant/modifier
molar ratio: 270). Conversion and enantioselectivities were determined by
direct gas chromatographic analysis of the reaction mixture using a chirasil-
DEX CB (Chrompack) capillary column in a HP6890 gas chromatograph.
For the hydrogenation reactions of 1, diglyme and decane were used as
internal standards in THF and toluene, respectively. Enantioselectivity is
expressed as ee (%)� 100�� (R�S) � /(R� S). Average reaction rates (r)
were calculated based on the time needed to obtain full conversion or, in
slow reactions, based on the conversion achieved in two hours of reaction
time. The estimated standard deviations are less than �0.5% for ee and
�5 ± 20% for TOF (the higher values are related to the fast reactions).


Dichloromethane (Fluka) was used as solvent for the IR spectroscopy
experiments and was dried over molecular sieves (5 ä). A Bruker IFS-66
spectrometer was used at a resolution of 1 cm�1 and recording 200 scans.
The spectra were measured in a cell equipped with CaF2 windows with a
0.5 mm path length. The spectrum of pure dichloromethane was used as a
reference.
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Synthesis of Functionalized 2-Alkylidenetetrahydrofurans by Cyclization of
1,3-Bis(trimethylsilyloxy)-1,3-butadienes with Epoxides


Peter Langer,*[a,c] Holger Armbrust,[a] Tobias Eckardt,[a] and Jˆrg Magull[b]


Abstract: The Lewis acid mediated cy-
clization of epoxides with 1,3-bis(tri-
methylsilyloxy)-1,3-butadienes, electro-
neutral equivalents of 1,3-dicarbonyl
dianions, results in the formation of
2-alkylidenetetrahydrofurans with a
great variety of substitution patterns
and functional groups. This includes


the synthesis of 2,3�-bifuranylidenes
and 7-oxabicyclo[4.3.0]nonanes. The
cyclization of dienes with functionalized


epoxides containing base-labile groups
proceeds with good chemoselectivity. In
all reactions, good regio- and E diaste-
reoselectivities are observed. Based on
the stereoselectivities observed for re-
actions of 1,2-disubstituted epoxides, a
working hypothesis for the mechanism
of the reaction is suggested.


Keywords: cyclization ¥ epoxides ¥
heterocycles ¥ Lewis acids ¥
stereoselective syntheses


Introduction


Despite their potential synthetic usefulness, cyclization reac-
tions of dianions[1, 2] with 1,2-dielectrophiles are problematic
since they can suffer from various side reactions, such as
polymerization, decomposition,[3] formation of open-chain
products,[4] elimination,[5] or SET (Single-Electron Transfer)
reactions.[6] These problems result from the fact that both
dianions and 1,2-dielectrophiles are highly reactive com-
pounds (low reactivity matching). In addition, a number of
1,2-dielectrophiles are rather unstable in reactions with strong
nucleophiles. To overcome these problems, Lewis acid
mediated reactions of electroneutral dianion equivalents
(masked dianions) have been developed. During the past
years, we have developed a number of cyclization[7] and
multicomponent reactions[8] of dianions with a variety of 1,2-
dielectrophiles. In this context, we have also developed Lewis
acid mediated cyclizations of 1,3-bis(trimethylsilyloxy)-1,3-
butadienes, masked 1,3-dicarbonyl dianions,[9] with oxalyl
chloride, �-chloroacetic chloride, chloroacetic aldehyde di-
methylacetal, 1,2-diketones, and phthalic dialdehyde.[10]


Cyclization reactions of free or masked dianions with
epoxides are relatively rare: for example, the cyclization of
1,3-dicarbonyl dianions with epoxides, which was first report-
ed by Bryson.[11] Cyclizations of carbohydrate-derived epoxy-
triflates with 1,3-dicarbonyl dianions have been reported by
Voelter and co-workers.[12] Recently, we have reported the
synthesis of 2-alkylidene-5-hydroxymethyltetrahydrofurans
by reaction of 1,3-dicarbonyl dianions with epibromohy-
drin.[13] Molander and co-worker have reported the SnF2-
mediated cyclization of epoxyaldehydes with 3-iodo-2-[(tri-
methylsilyl)methyl]propene (an electroneutral equivalent of
the trimethylenemethane dianion).[14] This reaction proceeds
by regioselective attack of the dianion on the aldehyde and
subsequent cyclization through the terminal carbon of the
epoxide to give cyclohexane derivatives.


The reaction of 1,3-dicarbonyl dianions with epoxides
suffers from several drawbacks. The preparative scope of
these reactions is limited to epoxides containing no sterically
hindered substituents or base-labile functional groups. As a
result of the basic conditions, the cyclizations have to be
carried out in two steps rather than as one-pot reactions
(addition of the dianion onto the epoxide and subsequent
acid-mediated cyclization of the open-chain product). To
overcome these problems, we have recently developed the
first Lewis acid mediated cyclizations of 1,3-bis(trimethylsilyl-
oxy)-1,3-butadienes with epoxides.[15, 16] These reactions allow
an efficient synthesis of a great variety of 2-alkylidenetetra-
hydrofurans, which can be transformed into functionalized
tetrahydrofurans by hydrogenation. Herein, we wish to report
full details of this cyclization reaction and studies related to
the mechanism. With regard to our preliminary report, the
scope of the reaction was significantly extended and now
includes the synthesis of 2,3�-bifuranylidenes and 7-oxabicy-
clo[4.3.0]nonanes. In addition, the regiochemical influence of
the substituents of the epoxide was studied.
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The 2-alkylidenetetrahydrofurans available by our method-
ology are direct precursors of biologically relevant tetrahy-
drofurans. We have recently reported the application of our
methodology to the synthesis of methyl 8-epi-homononac-
tate.[15] (�)-Methyl homononactate and methyl 8-epi-homo-
nonactate are subunits of the nactins, a class of macrotetrolide
antibiotics isolated from a variety of Streptomyces cul-
tures.[17, 18] The 2,3�-bifuranylidenes are also present in a
number of natural products. This includes, for example,
charlic acid, charolic acid, and terrestric acid, which are
metabolites of Penicillium charlesii and Penicillium terrestre,
respectively.[19]


Results and Discussion


Optimization : The reaction of 1,2-propenoxide (2a) with
1-ethoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene (1a), which
is available from ethyl acetoacetate in two steps,[9] afforded
the 2-alkylidenetetrahydrofuran 3a in up to 70% yield
(Scheme 1). Proper tuning of the reaction temperature


Scheme 1. Cyclization of 1,3-bis(trimethylsilyloxy)-1,3-diene 1a with
1,2-butenoxide.


(stirring at �78 ± 20 �C for 5 h and at 20 �C for 12 h) and the
choice of the Lewis acid (TiCl4, 2.0 equiv) proved important
parameters for the optimization of the reaction (Table 1). The
cyclization proceeded by attack of the terminal carbon of the
diene on the sterically less hindered carbon atom of the


epoxide and subsequent regioselective cyclization through the
oxygen atom. The exocyclic double bond was formed with
excellent E diastereoselectivity.


Preparative scope : To study the preparative scope of the
cyclization, the substituents of the 1,3-bis(trimethylsilyloxy)-
1,3-butadiene and of the epoxide were systematically varied
(Scheme 2, Table 2). The reaction of diene 1a with 1,2-
propenoxide, 1,2-butenoxide, 1,2-hexenoxide, 5,6-epoxy-1-
hexene, and 1-benzyloxy-2,3-propenoxide afforded the 2-al-
kylidenetetrahydrofurans 3a ± e with good regio- and E dia-
stereoselectivities.


The reaction of 1a with epichloro- and epibromohydrin
afforded the chloro- and bromo-substituted 2-alkylidenetet-
rahydrofurans 3 f and 3g, respectively, in acceptable yields
and with good regio- and E diastereoselectivities. Interest-
ingly, the reaction proceeded with good chemoselectivity with
exclusive attack of the silyl enol ether on the epoxide rather
than on the alkyl halide function. In contrast, the reaction of
the dianion of ethyl acetoacetate with epibromohydrin
resulted in the formation of a 5-hydroxymethyl-2-alkylidene-
tetrahydrofuran (Scheme 3).[13] The reaction of bis-silyl enol
ether 1a with threo-3-bromo-1,2-butenoxide gave the diaste-
reomerically pure 2-alkylidenetetrahydrofuran 3h with again
good E diastereoselectivity and without epimerization at the
carbon attached to the bromine atom. Tetrahydrofurans
containing chloro or bromo substituents in the side chain


Scheme 2. Cyclization of 1,3-bis(trimethylsilyloxy)-1,3-dienes 1 with epox-
ides 2 (for R1 ±R5 see Table 2).


Abstract in German: Die TiCl4-vermittelte Cyclisierung von
Epoxiden mit 1,3-Bis(trimethylsilyloxy)-1,3-butadienen, elek-
troneutralen æquivalenten von 1,3-Dicarbonyldianionen, er-
laubt einen effizienten Zugang zu einer gro˚en Bandbreite von
2-Alkylidentetrahydrofuranen. Dies schlie˚t die Synthese von
2,3�-Bifuranylidenen und 7-Oxabicyclo[4.3.0]nonanen ein. Die
Cyclisierung funktionalisierter Epoxide, die basenlabile Grup-
pen tragen, verl‰uft mit guter Chemoselektivit‰t. Alle Produkte
wurden mit guter Regio- und E-Diastereoselektivit‰t gebildet.
Eine experimentell begr¸ndete Arbeitshypothese f¸r den
Mechanismus der Cyclisierung wird vorgeschlagen.


Table 1. Optimization of the cyclization of 1a with 2a.


Lewis acid [equiv] 2a [equiv] t [h][a] [%][b]


1 BF3 ¥Et2O (2.0) 1.0 5� 12 0
2 Me3SiOTf (2.0) 1.0 5� 12 0
3 ZnCl2 (2.0) 1.0 0� 12 0
4 TiCl4 (2.0) 1.0 0� 12[c] 0
5 TiCl4 (2.0) 1.0 5� 0 12
6 TiCl4 (2.0) 1.0 5� 5 57
7 TiCl4 (2.0) 1.0 5� 12 70
8 TiCl4 (2.0) 1.5 5� 12 62
9 TiCl4 (1.0) 1.0 5� 12 24


[a] Reaction time at �78 ± 20 �C and at 20 �C. [b] Isolated yields. [c] The
reaction was started at 0 �C.
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Scheme 3. Chemoselectivity of the cyclization of epibromohydrin with bis-
silyl enol ethers and 1,3-dicarbonyl dianions.


have demonstrated considerable synthetic utility in function-
alization reactions during natural product syntheses.[20] In
addition, halogenated tetrahydrofurans are interesting in
their own right as they occur in biologically relevant marine
natural products.[21]


The reaction of ethyl 4,5-epoxypentanoate with bis-silyl
enol ether 1c, prepared from methyl acetoacetate, afforded
the 2-alkylidenetetrahydrofuran 3 i. The cyclization of ethyl
3,4-epoxybutanoate with bis-silyl enol ether 1b, which was
prepared from ethyl 2-methylacetoacetate, afforded the
2-alkylidenetetrahydrofuran 3 j. The formation of 3 i,j pro-
ceeded again with good chemoselectivity with exclusive
attack of the diene on the epoxide rather than on the ester
function. In contrast, complex mixtures were obtained in the
reaction of ester-substituted epoxides with the dianion of
ethyl acetoacetate. Despite the presence of a methyl group at
the exocyclic double bond, product 3 j was formed with good
E diastereoselectivity. The cyclization of diene 1b with 1,2-
butenoxide, 5,6-epoxy-1-hexene, and epichlorohydrin afford-
ed the 2-alkylidenetetrahydrofurans 3k ±m, containing a


methyl group at the exocyclic double bond, with again good
E diastereoselectivity. Diene 1d was prepared from ethyl
2-ethylacetoacetate. The cyclization of 1d with 1,2-propen-
oxide and epibromohydrin gave the ethyl-substituted 2-alkyl-
idenetetrahydrofurans 3n and 3o, respectively.


The reaction of 1,2-butenoxide with the diene of methyl
3-oxopentanoate 1e afforded the 2-alkylidenetetrahydro-
furan 3p as a mixture of diastereomers. Despite the steric
influence of the substituent R1�Me, the product was formed
with good E diastereoselectivity. The cyclization of 1,2-
butenoxide with diene 1 f, which was prepared from benzoyl-
acetone, afforded the 2-alkylidenetetrahydrofuran 3q. Sim-
ilarly, the chloro-, bromo-, and ethoxycarbonyl-substituted
2-alkylidenetetrahydrofurans 3r± t were prepared with good
chemo-, regio-, and E diastereoselectivity. The reaction of
epichlorohydrin and 1,2-butenoxide with 2,4-bis(trimethylsi-
lyloxy)-5-methoxy-1,3-pentadiene (1g) afforded the 2-alkyli-
denetetrahydrofurans 3u and 3v.


The configuration of 2-alkylidenetetrahydrofurans 3b and
3q was proven by NOESY experiments. For 3b, a NOE was
observed between the ester and the C(3)H2 group. In contrast,
no NOE was detected between the latter and the CH group of
the exocyclic double bond. For tetrahydrofuran 3q, a NOE
was observed between the phenyl and the C(3)H2 group.


Comparison of the chemical shifts of the hydrogen atoms of
the exocyclic double bond (Table 2) with those of related
compounds allowed an independent confirmation of the
E configuration of the 2-alkylidenetetrahydrofurans.[7, 10, 19]


As expected, chemical shifts in the range of �� 5.15 ± 5.31
were observed for ester-derived, E configured tetrahydro-
furans. For benzoylacetone-derived tetrahydrofurans, chem-
ical shifts in the typical range of �� 6.50 ± 6.58 were found.
The configuration of 2-alkylidenetetrahydrofurans 3 j ± o, con-
taining a tetrasubstituted exocyclic double bond, was estab-
lished by analysis of the 13C NMR chemical shifts (Table 2) of
the carbonyl carbon atoms.[7, 10, 19] Additional evidence was
obtained by NOESY experiments, for example, of tetrahy-
drofuran 3n, and by a crystal structure analysis of a related
compound (vide infra).


Synthesis of 2,3�-bifuranylidenes : The extension of our
methodology to the preparation of dinuclear 2-alkylidenete-
trahydrofurans (2,3�-bifuranylidenes) was of special interest
since these compounds are present in a number of natural
products (see Introduction).[19] In addition, these compounds
represent versatile building blocks for the synthesis of
naturally occurring spiroketals such as chalcogran.[22] Silyla-
tion of �-butyrolactones 4a,b with Me3SiCl/NEt3 afforded the
silyl enol ethers 5a,b, which were transformed in high yields
into the bis-silyl enol ethers 6a,b by treatment with LDA
(lithium diisopropylamide) and Me3SiCl (Scheme 4).[23]


Table 2. Synthesis of 2-alkylidenetetrahydrofurans 3a ± v.


1 3 R1 R2 R3 R4 R5 �[a] �[b] [%][c, d]


a a H H OEt H H 5.25 168.7 70
a b H H OEt Me H 5.23 168.7 62
a c H H OEt Pr H 5.22 168.7 44
a d H H OEt CH2CH�CH2 H 5.23 168.6 30
a e H H OEt OBn H 5.33 168.5 58
a f H H OEt Cl H 5.31 168.2 52
a g H H OEt Br H 5.31 168.3 48
a h H H OEt Br Me 5.19 167.4 41
c i H H OMe CH2CO2Et H 5.24 169.0 51
b j H Me OEt CO2Et H ± 169.0 50
b k H Me OEt Me H ± 169.5 58
b l H Me OEt CH2CH�CH2 H ± 169.4 32
b m H Me OEt Cl H ± 168.8 45
d n H Et OEt H H ± 169.2 50
d o H Et OEt Br H ± 168.7 44
e p Me H OMe Me H 5.15 168.3 46
f q H H Ph Me H 6.50 190.2 62
f r H H Ph Cl H 6.58 190.1 51
f s H H Ph Br H 6.55 190.1 44
f t H H Ph CO2Et H 6.53 190.3 41
g u H H CH2OMe Cl H 5.94 197.1 45
g v H H CH2OMe Me H 5.92 197.2 40


[a] Chemical shift (1H NMR) of the hydrogen atoms of the exocyclic double bond.
[b] Chemical shift (13C NMR) of the exocyclic carbonyl group. [c] Isolated yields.
For 3a ± o and 3q ± v : E/Z� 98:2; for 3p : E/Z� 5:1. [d] Diastereoselectivity for 3h :
ds� 98:2 in favor of the drawn isomer (ds� diastereoselectivity). For 3p : ds� 4:1.
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Scheme 4. Cyclization of the �-lactone-derived dienes 6a,b with epoxides
(for R1, R2 see Table 3).


To our satisfaction, the TiCl4-mediated reaction of 6a with
1,2-propenoxide and 1,2-butenoxide afforded the 2,3�-bifuran-
ylidenes 7a,b with good regio- and E diastereoselectivity
(Scheme 4, Table 3). The E-configured tetrahydrofurans 7c
and 7d were prepared by reaction of 6a with 1,2-hexenoxide
and 5,6-epoxy-1-hexene, respectively. The reaction of 6a with
epichlorohydrin and epibromohydrin afforded the chloro-


and bromo-substituted 2,3�-bifuranylidenes 7e,f with again
good chemo-, regio-, and E diastereoselectivity. Starting with
the ethyl-substituted bis-silyl enol ether 6b, the 2,3�-bifuranyl-
idenes 7g,h were obtained with good regio- and E diastereo-
selectivity but, as expected, without any remote diastereo-
control. The E configuration of 2,3�-bifuranylidenes 7a ±h
was established by comparison of the 13C NMR chemical
shifts (Table 3) with those of tetrahydrofurans 3 (Table 2) and
related compounds.[7, 10, 19] In addition, a crystal structure
analysis of a related product was obtained (vide infra).


Cyclization reactions of 1,2-disubstituted epoxides: To get
some insight into the mechanism of the reaction, we have
studied the reaction of 1,3-bis(trimethylsilyloxy)-1,3-diene 1a
with 1,2-disubstituted epoxides (Scheme 5): the reaction of 1a
with cis-2,3-butenoxide (8a) afforded the E-configured 2-al-
kylidenetetrahydrofuran 9a containing two trans-configured
methyl groups in good yield. In contrast, reaction of 1a with
trans-2,3-butenoxide (8b) gave the 2-alkylidenetetrahydro-
furan 9b containing two cis-configured methyl groups. Sim-


ilarly, tetrahydrofuran 9c was prepared from diene 1b with
good E and cis diastereoselectivity.


The configuration of tetrahydrofurans 9a ± c was proven by
NOESY measurements and by analysis of the coupling
constants. As expected, the value of the J5-H,4-H coupling
constant is significantly higher for the cis-configured tetrahy-
drofuran 9b than for the trans-configured isomer 9a. This
observation was independently confirmed by comparison of
the 1H NMR data of products 9a ± c (chemical shifts and
coupling constants) with those of related compounds with
known configuration.[24] The E configuration of the exocyclic
double bond was established by comparison of the chemical
shifts of the CH signals of the exocyclic double bond with
those of tetrahydrofurans 3.


The observed stereoselectivity suggested that the formation
of 2-alkylidenetetrahydrofurans 3a ± v, 7a ± h, and 9a ± c can
be explained by the following mechanism: regioselective
attack of the terminal carbon of the diene on the epoxide
afforded intermediate A with inversion of the configuration.
The retention of the configuration of the carbon attached to
the oxygen atom suggests that the cyclization proceeded by
TiCl4-mediated conjugate addition of the epoxide-derived
hydroxy group onto the �,�-unsaturated ester moiety to give
intermediate B. In contrast, attack of the silyl enol ether
derived oxygen atom of A on the carbon attached to the
hydroxy group would have resulted in an inversion of the
configuration. The final product was formed by elimination of
silanolate. The presence of the Lewis acid seems to be
important for both the initial condensation and the subse-
quent cyclization and elimination. The stereoselectivity can be
explained by the higher thermodynamic stability of the
products containing E-configured exocyclic double bonds


Table 3. Synthesis of the 2,3�-bifuranylidenes 7a ± h.


7 R1 R2 [%][a] �[b] E/Z


a H H 42 169.1 � 98:2
b H Me 34 169.2 � 98:2
c H Pr 37 169.2 � 98:2
d H CH2CH�CH2 36 168.9 � 98:2
e H Cl 46 168.1 � 98:2
f H Br 62 167.8 � 98:2
g Et Me 57 168.7 � 98:2
h Et Br 82 167.6 � 98:2


[a] Isolated yields. [b] Chemical shift (13C NMR) of the exocyclic
carbonyl group.


Scheme 5. Cyclization of bis-silyl enol ethers with 1,2-disubstituted
epoxides.
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(minimization of the dipole ± dipole repulsion of the oxygen
atoms).[25, 26]


Synthesis of 7-oxabicyclo[4.3.0]nonanes : Based on the stereo-
chemical observations outlined in the preceeding paragraph,
we reasoned that the reaction of bis-silyl enol ethers with cis-
configured cyclic epoxides should result in the formation of
trans-configured bicyclic 2-alkylidenetetrahydrofurans. In
fact, the reaction of diene 1a with cyclohexenoxide 10 afford-
ed the 7-oxabicyclo[4.3.0]nonane 11a with high regioselectiv-
ity and with good E and trans diastereoselectivity (Scheme 6,
Table 4). The cyclization of 10 with dienes 1c, 1h, 1 i, and 1 f,
prepared from methyl acetoacetate, isopropyl acetoacetate,
isobutyl acetoacetate, and benzoylacetone, respectively,


resulted in diastereoselective formation of the 7-oxabicy-
clo[4.3.0]nonanes 11b ± e. The dinuclear 7-oxabicyclo[4.3.0]-
nonane 11 f was prepared from diene 6a with good E and
trans diastereoselectivity. Complex mixtures were obtained in
the reaction of 1a with cyclopentenoxide, cyclooctenoxide,
and cyclododecenoxide.


The configuration of 11a ± f was established by analysis of
the chemical shifts of the hydrogen atoms located at the
exocyclic double bond and by analogy to the stereoselectivity
observed in the formation of tetrahydrofurans 9a ± c. The
structure of 11 f was independently confirmed by crystal
structure analysis (Figure 1). Compound 11 f possesses an E-
configured exocyclic double bond. The 7-oxabicyclo[4.3.0]no-
nane system exhibits a trans configuration. A chair confor-
mation is observed for the cyclohexane moiety. The two
heterocyclic moieties of the bifuranylidene system of 11 f are
nearly in plane.


Influence of the epoxide on the regioselectivity : To study the
parameters which direct the regioselectivity of cyclization, we
have studied reactions of bis-silyl enol ethers with styrenoxide
and 3,4-epoxy-1-butene. The reaction of 1a with styrenox-


ide 12a resulted in a change of the regioselectivity and
formation of the E-configured 2-alkylidenetetrahydro-
furan 13a containing the phenyl substituent at carbon C-4
rather than C-5 (Scheme 7, Table 5). Similarly, the reaction of


1,3-bis(trimethylsilyloxy)-1-phenyl-1,3-butadiene with 3,4-ep-
oxy-1-butene 12b afforded the vinyl-substituted tetrahydro-
furan 13b.


The cyclization of ester-derived dienes with 1,2-propen-
oxide afforded tetrahydrofurans 3a and 3n containing a
methyl group at carbon C-5. In contrast, the reaction of 1,2-
propenoxide with bis-silyl enol ethers 1 f and 1g afforded
tetrahydrofurans 13c and 13d, respectively, containing the
methyl group at carbon C-4 rather than C-5. The reaction of
2,4-bis(trimethylsilyloxy)-1,3-pentadiene (1 j) with 1,2-pro-
penoxide and 1,2-butenoxide resulted in the formation of
tetrahydrofurans 13e and 13 f, respectively, which were each
obtained as mixtures of regioisomers. The structure of


Table 4. Synthesis of 7-oxabicyclo[4.3.0]nonanes 11a ± f.


1 11 R1 R2 Yield [%][a] �[b]


a a H OEt 26 5.40
c b H OMe 30 5.27
h c H OiPr 32 5.26
i d H OiBu 31[c] 5.32
f e H Ph 24 6.52
6a f CH2CH2O 26 ±


[a] Isolated yields. For all products: E/Z� 98:2. [b] Chemical shift
(1H NMR) of the hydrogen atoms of the exocyclic double bond.
[c] Impurities could not be completely removed.


Scheme 6. Cyclization of bis-silyl enol ethers with cyclic epoxides (for R1,
R2 see Table 4).


Figure 1. ORTEP plot of 11 f. The thermal ellipsoids of 50% probability
are shown for the non-hydrogen atoms. Selected bond lengths [ä] and
angles [�]: C(1A)�C(6A) 1.501(6), C(1A)�C(9) 1.549(4), O(7)�C(8)
136.0(2), O(1�)�C(2�) 1.362(2), O(1�)�C(5�) 1.454(2), C(2�)�C(3�) 1.453(3),
C(3�)�C(4�) 1.502(2), C(6A)�O(7) 1.536(4); C(6A)�C(1A)�C(2) 107.7(3),
C(6A)�C(1A)�C(9) 100.6(3), C(1A)�C(2)�C(3A) 104.6(2), C(1A)�
C(6A)�O(7) 97.6(3), C(8)�O(7)�C(6A) 105.78(18), C(3�)�C(8)�O(7)
120.02(16), C(2�)�O(1�)�C(5�) 110.75(14), O(1�)�C(2�)�C(3�) 109.26(15).


Table 5. Synthesis of 2-alkylidenetetrahydrofurans 13a ± f.


1 13 R1 R2 Yield [%][a] �[d]


a a OEt Ph 30 5.40
f b Ph CH�CH2 38 6.54
f c Ph Me 45 6.52
g d CH2OMe Me 42 5.95
j e Me Me 36[b] 5.75, 5.78
j f Me Et 15� 6[c] 5.74, 5.75


[a] Isolated yields. For all products: E/Z� 98:2. [b] Inseparable mixture of
regioisomers. For the main isomer, the methyl group is located at carbon
C-5. [c] Isolated yields of regioisomers. For the main isomer, the ethyl
group is located at carbon C-4. [d] Chemical shift (1H NMR) of the
hydrogen atoms of the exocyclic double bond.


Scheme 7. Influence of the substituents of the epoxide on the regioselec-
tivity (for R1, R2 see Table 5).
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tetrahydrofurans 13a ± f was established by DEPT experi-
ments. The E configuration of the exocyclic double bond was
again proven by comparison of the chemical shifts of the
respective CH signals with those of tetrahydrofurans 3.


The change of the regioselectivity can be explained as
follows: bis-silyl enol ethers prepared from 1,3-diketones are
less reactive than those derived from �-ketoesters. The
nucleophilic attack of a bis-silyl enol ether on an epoxide is
slower for ketone- than for ester-derived dienes. Therefore,
the TiCl4-mediated ring opening of the epoxide and formation
of a carbocation is faster than nucleophilic attack of the diene
on the epoxide. The change in the regioselectivity observed
for styrenoxide and 3,4-epoxy-1-butene can be explained by
the fact that the phenyl and vinyl group efficiently stabilize a
carbocation. In contrast, alkyl groups stabilize a carbocation
less efficiently. For reactions of bis-silyl enol ethers with alkyl-
substituted epoxides, a change in the regioselectivity is most
likely for reactions of ketone-derived dienes with 1,2-propen-
oxide due to the low reactivity of the diene and the low steric
hindrance of the methyl group of the epoxide.


Optimization of the isolation and purification procedure :
During our synthetic studies, we have developed a new
method, which greatly simplified the purification and isola-
tion of 2-alkylidenetetrahydrofurans. Herein, we wish to
report the results of our efforts. Analysis of the crude product
of the reaction of cyclohexenoxide 10 with 1-methoxy-1,3-
bis(trimethylsilyloxy)-1,3-butadiene indicated that, besides
the desired product 11b, significant amounts of the 1:1 con-
densation product 14 had been formed. Similar by-products
were formed in all cyclization reactions of bis-silyl enol ethers
with 10. As a result of the presence of a hydroxy and a 1,3-
dicarbonyl group, 14 was expected to be considerably more
acidic than 11b. Therefore, a solution of the mixture in diethyl
ether was treated with the basic ion-exchange resin Amber-
sep900-OH (Scheme 8). After stirring for 2 h, the resin was


Scheme 8. Purification of 11b by Ambersep900-OH.


filtered off, and the filtrate was concentrated in vacuo. This
procedure was repeated one time. Much to our satisfaction,
the major impurity was selectively removed. The pure product
was isolated by column chromatography, which was easy to
carry out as a result of the absence of 14. In contrast, two
tedious chromatographic separations were required during
the conventional purification procedure. The isolated yields of
11b were comparable for either purification method.


In the case of the synthesis of 2-alkylidenetetrahydro-
furans 3, 1,3-dicarbonyl compounds and diols were common


by-products, which were formed by hydrolysis of the bis-silyl
enol ethers and epoxides, respectively. The purification of 3b
was again greatly improved by the use of Ambersep900-OH,
which efficiently scavenged the relatively acidic by-prod-
ucts 15 and 16 (Scheme 9). The isolated yield of 3bwas similar
to that obtained by themore tedious conventional purification
procedure.


Scheme 9. Purification of 3b by Ambersep900-OH.


In summary, we have reported the, to our knowledge, first
cyclizations of 1,3-bis(trimethylsilyloxy)-1,3-butadienes,
masked 1,3-dicarbonyl dianions, with epoxides. These reac-
tions allow an efficient, chemo-, regio-, and diastereoselective
synthesis of a variety of functionalized 2-alkylidenetetrahy-
drofurans, 2,3�-bifuranylidenes, and 7-oxabicyclo[4.3.0]no-
nanes, which represent useful precursors to biologically
relevant tetrahydrofurans and natural products. Reactions of
1,2-disubstituted epoxides with bis-silyl enol ethers proceeded
with good stereoselectivity and suggest that in all cyclizations
the dienes react as 1,2-nucleophiles/electrophiles rather than
1,3-dinucleophiles; the epoxides can be regarded as 1,3-
electrophiles/nucleophiles rather than 1,2-dielectrophiles.
Further studies relating to the application of our methodology
for the synthesis of natural products are in progress.


Experimental Section


General : All solvents were dried by standard methods, and all reactions
were carried out under an inert atmosphere. For the 1H and 13C NMR
spectra (1H NMR: 250 and 300 MHz, 20 �C; 13C NMR: 62.5 and 75 MHz,
20 �C), the deuterated solvents indicated were used. BrukerAM250
(250 MHz), VarianVXR-200 (200 MHz), Varian Mercury200 (200 MHz),
Varian Unity300 (300 MHz), BrukerAMX300 (300 MHz), and Varian
Inova500 (500 MHz) were used. Mass spectrometric data (MS) were
obtained by using electron ionization (EI, 70 eV, FinniganMAT95),
chemical ionization (CI, 200 eV, H2O), or electrospray ionization (Finni-
ganLC-Q, ESI). FT-IR: Bruker Vector22 and BrukerIFS-66 were used.
For preparative scale chromatography, Merck silica gel60 (0.063 ±
0.200 mm, 230 ± 400 mesh) or Macherey-Nagel silica gel60 (0.040 ±
0.063 mm, 200 ± 400 mesh) was used. Thin-layer chromatography (TLC):
Macherey-Nagel silica gel60F254 was used. Melting points were uncorrect-
ed. Elemental analyses were performed at the microanalytical laboratory
of the University of Gˆttingen. A LECOCHN2000 analyzer with
combined HERAEUS combustion apparatus MikroU/D was used. All
starting materials were used as purchased. Bis-silyl enol ethers 1 were
prepared according to literature procedures.[9c] Ethyl 3,4-epoxybuta-
noate was prepared in three steps from ethyl 4-chloroacetoacetate.[27]


Ethyl 4,5-epoxypentanoate was prepared in three steps from diethyl
2-allylmalonate.[28]


General procedure for the cyclization of epoxides with 1,3-bis(trimethylsi-
lyloxy)-1,3-butadienes : Compound 1,2-butenoxide (130 mg, 0.15 mL,
1.8 mmol, d� 0.837 gcm�3) at 20 �C was added to a solution (30 mL) of
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1,3-bis(trimethylsilyloxy)-1-ethoxy-1,3-butadiene (1.8 mmol, 0.5 g) in
CH2Cl2 and molecular sieves (4 ä). The solution was cooled to �78 �C,
and subsequently TiCl4 (3.6 mmol, 0.40 mL, d� 1.726 gcm�3) was added.
After warming of the solution to 20 �C over 6 h, the solution was stirred for
12 h. A saturated aqueous solution of NaCl (150 mL) was added, and the
organic layer was separated. The aqueous layer was extracted with diethyl
ether (4� 150 mL). The organic layer was dried (MgSO4), filtered, and the
filtrate was concentrated in vacuo. The residue was purified by chroma-
tography (silica gel, diethyl ether/petroleum ether� 1:3) to give 3b as a
colorless oil (205 mg, 62%). In some cases, two chromatographic purifi-
cations were required.


Purification of 3b by ion-exchange resins : A solution (20 mL) of the crude
product mixture of 3b in diethyl ether was treated with the basic ion-
exchange resin Ambersep900-OH. After stirring for 2 h, the resin was
filtered off, and the filtrate was concentrated in vacuo. This procedure was
repeated one time. After evaporation of the solvent, the residue was
purified by chromatography to give 3b as a colorless oil (210 mg, 63%).


2-(E)-(Ethoxycarbonylmethylidene)-5-methyltetrahydrofuran (3a): Start-
ing with 1,3-bis(trimethylsilyloxy)-1-ethoxy-1,3-butadiene (0.50 g,
1.8 mmol), 1,2-propenoxide (0.13 mL, d� 0.829 gcm�3, 1.8 mmol), and
TiCl4 (0.40 mL, d� 1.726 gcm�3, 3.6 mmol), 3a was isolated after chroma-
tography (silica gel, diethyl ether/petroleum ether� 1:3) as a colorless oil
(216 mg, 70%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 1.25 (t, J�
7.1 Hz, 3H; OCH2CH3), 1.35 (d, J� 5.3 Hz, 3H; CHCH3), 1.51 ± 1.72 (m,
1H; 4-H), 2.15 ± 2.27 (m, 1H; 4-H), 2.95 (dddd, J� 18.3, 9.1, 9.1, 2.0 Hz,
1H; 3-H), 3.31 (dddd, J� 18.4, 8.9, 4.0, 1.5 Hz, 1H; 3-H), 4.11 (q, J� 7.1 Hz,
2H; OCH2CH3), 4.47 ± 4.56 (m, 1H; 5-H), 5.25 (t, J� 1.7 Hz, 1H;
CHCO2Et); 13C NMR (62.9 MHz, CDCl3): �� 14.43 (OCH2CH3), 20.33
(CH3), 30.74, 31.00 (C-3, C-4), 59.07 (OCH2CH3), 80.23 (C-5), 89.16
(CHCO2Et), 168.67 (C�O), 176.42 (C-2); MS (70 eV, EI): m/z (%): 170 (66)
[M�], 142 (29), 125 (100), 69 (68); the exact molecular mass for C9H14O3:
m/z (%): 170.0943� 2 mD [M�] was confirmed by HRMS (EI, 70 eV).


2-(E)-(Ethoxycarbonylmethylidene)-5-ethyltetrahydrofuran (3b): Starting
with 1,3-bis(trimethylsilyloxy)-1-ethoxy-1,3-butadiene (0.50 g, 1.8 mmol),
1,2-butenoxide (0.15 mL, 1.8 mmol), and TiCl4 (0.40 mL, d� 1.726 gcm�3,
3.6 mmol), 3b was isolated after chromatography (silica gel, diethyl ether/
petroleum ether� 1:3) as a colorless oil (205 mg, 62%, E/Z� 98:2).
1H NMR (200 MHz, CDCl3): �� 0.95 (t, J� 7.4 Hz, 3H; CH2CH3), 1.23
(t, J� 7.1 Hz, 3H; OCH2CH3), 1.51 ± 1.80 (m, 3H; 4-H, CH2CH3), 2.09 ±
2.22 (m, 1H; 4-H), 2.92 (dddd, J� 18.4, 9.1, 9.1, 2.0 Hz, 1H; 3-H), 3.27
(dddd, J� 18.4, 9.1, 4.0, 1.5 Hz, 1H; 3-H), 4.09 (q, J� 7.1 Hz, 2H;
OCH2CH3), 4.23 ± 4.35 (m, 1H; 5-H), 5.23 ± 5.24 (m, 1H; CHC�O);
13C NMR (62.9 MHz, CDCl3): �� 9.72 (CH2CH3), 14.44 (OCH2CH3),
27.81, 28.71, 30.54 (C-3, C-4, C-1), 59.06 (OCH2CH3), 85.35 (C-5), 89.03
(CHCO2Et), 168.74 (C�O), 176.55 (C-2); MS (70 eV, EI): m/z (%): 184 (71)
[M�], 179 (4), 166 (4), 155 (10), 139 (100), 112 (24); the exact molecular
mass for C10H16O3: m/z (%): 184.1099� 2 mD [M�] was confirmed by
HRMS (EI, 70 eV).


2-(E)-(Ethoxycarbonylmethylidene)-5-butyltetrahydrofuran (3c): Starting
with 1,3-bis(trimethylsilyloxy)-1-ethoxy-1,3-butadiene (3.1 mmol, 0.87 g),
1,2-hexenoxide (0.31 g, 0.38 mL, d� 0.831 gcm�3, 3.1 mmol), and TiCl4
(6.2 mmol, 0.68 mL, d� 1.726 gcm�3), 3c was isolated after chromatogra-
phy (silica gel, diethyl ether/petroleum ether� 1:3) as a colorless oil
(286 mg, 44%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 0.85 ± 0.91
(m, 3H; CH2CH2CH3), 1.19 ± 1.41 (m, 7H; OCH2CH3 , CH2CH2CH3),
1.46 ± 1.68 (m, 3H; 4-H, CH2 to C-5), 2.09 ± 2.26 (m, 1H; 4-H), 2.90 (dddd,
J� 18.3, 9.2, 9.2, 1.9 Hz, 1H; 3-H), 3.26 (dddd, J� 18.4, 9.2, 4.0, 1.4 Hz, 1H;
3-H), 4.09 (q, 2H; OCH2CH3), 4.26 ± 4.41 (m, 1H; 5-H), 5.21 ± 5.22 (m, 1H;
CHC�O); 13C NMR (62.9 MHz, CDCl3): �� 13.85, 14.40 (OCH2CH3,
CH3), 22.47, 27.67, 29.12, 30.52, 34.55 (C-3, C-4, 3�CH2), 59.00
(OCH2CH3), 84.16, 89.00 (CHC�O, C-5), 168.69 (C�O), 176.47 (C-2);
MS (70 eV, EI): m/z (%): 212 (89) [M�], 167 (100), 103 (60), 85 (66), 43
(89); the exact molecular mass for C12H20O3: m/z (%): 212.1412� 2 mD
[M�] was confirmed by HRMS (EI, 70 eV).


2-(E)-(Ethoxycarbonylmethylidene)-5-(3-butenyl)tetrahydrofuran (3d):
Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-1,3-butadiene (0.97 g,
3.5 mmol), 5,6-epoxy-1-hexene (0.39 mL, d� 0.870 gcm�3, 3.5 mmol), and
TiCl4 (0.77 mL, d� 1.726 gcm�3, 7.0 mmol), 3d was isolated after chroma-
tography (silica gel, diethyl ether/petroleum ether 1:3) as a colorless oil
(220 mg, 30%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 1.22 (t, J�


7.1 Hz, 3H; OCH2CH3), 1.58 ± 1.84 (m, 4H; CH2), 2.09 ± 2.23 (m, 2H;
4-H), 2.91 (dddd, J� 18.3, 9.2, 9.2, 2.0 Hz, 1H; 3-H), 3.27 (dddd, J� 18.4,
9.1, 4.1, 1.4 Hz, 1H; 3-H), 4.09 (q, J� 7.1 Hz, 2H; OCH2CH3), 4.32 ± 4.38
(m, 1H; 5-H), 4.94 ± 5.07 (m, 2H; CH�CH2), 5.22 ± 5.24 (m, 1H;
CHCO2Et), 5.70 ± 5.84 (m, 1H; CH�CH2); 13C NMR (62.9 MHz, CDCl3):
�� 14.37 (OCH2CH3), 29.23, 29.70, 30.43, 33.96 (CH2, C-3, C-4, C-1�, C-2�),
58.98 (OCH2CH3), 83.31 (C-5), 89.15 (CH�CO2), 115.18 (CH�CH2), 137.27
(CH�CH2), 168.57 (C�O), 176.22 (C-2); MS (70 eV, EI): m/z (%): 210 (89)
[M�], 170 (45), 106 (60), 89 (66), 43 (100); the exact molecular mass for
C12H18O3: m/z (%): 210.1256� 2 mD [M�] was confirmed by HRMS (EI,
70 eV).


2-(E)-(Ethoxycarbonylmethylidene)-5-(benzyloxymethyl)tetrahydrofuran
(3e): Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-1,3-butadiene
(0.97 g, 3.5 mmol), 1-(benzyloxy)-2-propenoxide (0.57 g, 3.5 mmol), and
TiCl4 (0.77 mL, d� 1.726 gcm�3, 7.0 mmol), 3e was isolated after chroma-
tography (silica gel, diethyl ether/petroleum ether� 1:3) as a colorless oil
(560 mg, 58%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 1.26 (t, J�
7.1 Hz, 3H; OCH2CH3), 1.85 ± 1.94 (m, 1H; 4-H), 2.10 ± 2.16 (m, 1H; 4-H),
2.97 ± 3.08 (m, 1H; 3-H), 3.20 ± 3.27 (m, 1H; 3-H), 3.50 ± 3.66 (m, 2H;
CH2OCH2Ph), 4.12 (q, J� 7.1 Hz, 2H; OCH2CH3), 4.54 ± 4.62 (m, 3H; 5-H,
CH2OCH2Ph), 5.33 ± 5.34 (m, 1H; CHC�O), 7.35 (m, 5H; Ph); 13C NMR
(62.9 MHz, CDCl3): �� 14.36 (OCH2CH3), 25.59, 30.15 (C-3, C-4), 59.07
(OCH2CH3), 71.21, 73.34 (CH2OCH2Ph, CH2OCH2Ph), 82.46, 89.59 (C-5,
CHC�O), 127.56, 127.61, 128.32 (CH, Ph), 137.64 (C, Ph), 168.49 (C�O),
176.32 (C-2); IR (neat): �� � 3088 (w), 3064 (w), 3031 (w), 2980 (m), 2937
(m), 2871 (m), 1722 (s), 1641 (m), 1453 (m), 1393 (m), 1372 (m), 1274 (s),
1113 (s), 1070 (m), 1048 cm�1 (m); MS (70 eV, EI): m/z (%): 276 (25) [M�],
231 (36), 91 (100); the exact molecular mass for C16H20O4: m/z (%):
276.1361� 2 mD [M�] was confirmed by HRMS (EI, 70 eV).


2-(E)-(Ethoxycarbonylmethylidene)-5-(chloromethyl)tetrahydrofuran
(3 f): Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-1,3-butadiene
(0.99 g, 3.6 mmol), epichlorohydrin (0.39 g, 0.33 mL, d� 1.180 gcm�3,
3.6 mmol), and TiCl4 (0.79 mL, d� 1.726 gcm�3, 7.2 mmol), 3 f was isolated
after chromatography (silica gel, diethyl ether/petroleum ether� 1:3) as a
colorless oil (378 mg, 52%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): ��
1.23 (t, J� 7.1 Hz, 3H; OCH2CH3), 1.89 ± 2.04 (m, 1H; 4-H), 2.15 ± 2.33 (m,
1H; 4-H), 2.93 ± 3.11 (m, 1H; 3-H), 3.02 (dddd, J� 18.5 Hz, 9.1, 4.1, 1.5 Hz,
1H; 3-H), 3.62 (d, J� 5.1 Hz, 2H; CH2Cl), 4.09 (q, J� 7.1 Hz, 2H;
OCH2CH3), 4.56 ± 4.71 (m, 1H; 5-H), 5.31 (m, 1H; CHCO2Et); 13C NMR
(62.9 MHz, CDCl3): �� 14.28 (OCH2CH3), 26.67, 29.88 (C-3, C-4), 45.38
(CH2Cl), 59.15 (OCH2CH3), 81.91 (C-5), 90.17 (CHCO2Et), 168.15 (C�O,
175.30 (C-2); IR (neat): �� � 2961 (s), 2938 (s), 1778 (s), 1713 (s), 1643 (s),
1461 (m), 1445 (m), 1428 (m), 1372 (s), 1331 (m), 1301 (m), 1174 (m), 1117
(s), 1048 cm�1 (s); MS (70 eV, EI): m/z (%): 204 (44) [M�], 176 (13), 161
(34), 159 (100); the exact molecular mass for C9H13O3Cl: m/z (%):
204.0553� 2 mD [M�] was confirmed by HRMS (EI, 70 eV).


2-(E)-(Ethoxycarbonylmethylidene)-5-(bromomethyl)tetrahydrofuran
(3g): Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-1,3-butadiene
(0.60 g, 2.2 mmol), epibromohydrin (0.20 mL, d� 1.655 gcm�3, 2.2 mmol),
and TiCl4 (0.44 mL, d� 1.726 gcm�3, 4.4 mmol), 3g was isolated after
chromatography (silica gel, diethyl ether/petroleum ether� 1:3) as a
colorless oil (260 mg, 48%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3):
�� 1.22 (t, J� 7.1 Hz, 3H; OCH2CH3), 1.83 ± 2.01 (m, 1H; 4-H), 2.21 ± 2.39
(m, 1H; 4-H), 2.94 ± 3.05 (m, 1H; 3-H), 3.21 ± 3.52 (m, 3H; 3-H, CH2Br),
4.10 (q, J� 7.1 Hz, 2H; OCH2CH3), 4.55 ± 4.65 (m, 1H; 5-H), 5.31 (m, 1H;
CHC�O); 13C NMR (62.9 MHz, CDCl3): �� 14.28 (OCH2CH3), 27.70,
29.91 (C-3, C-4), 33.61 (CH2Br), 59.15 (OCH2CH3), 82.01 (C-5), 90.18
(CHCO2Et), 168.25 (C�O), 176.130 (C-2); MS (70 eV, EI): m/z (%): 248
(60) [M�], 203 (94), 176 (23), 69 (100); the exact molecular mass for
C9H13O3Br: m/z (%): 248.0048� 2 mD [M�] was confirmed by HRMS (EI,
70 eV).


threo-2-(E)-(Ethoxycarbonylmethylidene)-5-(bromoethyl)tetrahydro-
furan (3h): Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-1,3-butadiene
(0.41 g, 1.5 mmol), threo-2-bromo-3,4-butenoxide (0.25 g, 1.5 mmol), and
TiCl4 (0.33 mL, d� 1.726 gcm�3, 3.0 mmol), 3h was isolated after chroma-
tography (silica gel, diethyl ether/petroleum ether� 1:3) as a colorless oil
(161 mg, 41%, E/Z� 98:2). 1H NMR (250 MHz, [D6]acetone): �� 1.19 (t,
J� 7.1 Hz, 3H; OCH2CH3), 1.70 (d, J� 6.9 Hz, 3H; CHBrCH3), 1.88 ± 2.01
(m, 1H; 4-H), 2.24 ± 2.39 (m, 1H; 4-H), 2.97 (dddd, J� 18.5, 9.8, 9.8, 1.8 Hz,
1H; 3-H), 3.31 (dddd, J� 18.5, 9.8, 4.3, 1.6 Hz, 1H; 3-H), 3.05 (q, J� 7.1 Hz,
2H; OCH2CH3), 4.28 ± 4.38 (m, 1H; CHBrCH3), 4.52 ± 4.60 (m, 1H; 5-H),
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5.19 (dd, J� 1.7, 1.7 Hz, 1H; CHCO2Et); 13C NMR (62.9 MHz, CDCl3):
�� 13.94 (OCH2CH3), 21.42 (CHBrCH3), 26.80, 30.29 (C-3, C-4), 51.06
(CHBrCH3), 58.58 (OCH2CH3), 86.43 (C-5), 89.04 (CHC�O), 167.44
(C�O), 176.18 (C-2); MS (70 eV, EI): m/z (%): 262 (50) [M�], 217 (66), 155
(26), 137 (88), 109 (30), 87 (36), 69 (100).


2-(E)-[1-(Methoxycarbonyl)methylidene]-5-(ethoxycarbonylethyl)tetra-
hydrofuran (3 i): Starting with 1,3-bis(trimethylsilyloxy)-1-methoxy-1,3-
butadiene (0.83 g, 3.2 mmol), ethyl 4,5-epoxypentanoate (0.47 g,
3.2 mmol), and TiCl4 (0.70 mL, d� 1.726 gcm�3, 6.2 mmol), 3 i was isolated
after chromatography (silica gel, diethyl ether/petroleum ether� 1:3) as a
colorless oil (418 mg, 51%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): ��
1.24 (t, J� 7.1 Hz, 3H; OCH2CH3), 1.61 ± 2.01 (m, 3H; CH2CH2C�O, 4-H),
2.13 ± 2.26 (m, 1H; 4-H), 2.33 ± 2.51 (m, 2H; CH2CH2C�O), 2.92 (dddd, J�
18.2, 9.0, 9.0, 2.0 Hz, 1H; 3-H), 3.27 (dddd, J� 18.5, 9.1, 4.2, 1.5 Hz, 1H;
3-H), 3.63 (s, 3H; OCH3), 4.12 (q, J� 7.1 Hz, 2H; OCH2CH3), 4.35 ± 4.45
(m, 1H; 5-H), 5.22 ± 5.25 (m, 1H; CHC�O); 13C NMR (75 MHz, CDCl3):
�� 14.15 (OCH2CH3), 29.02, 29.10, 29.97 (C-3, C-4, CH2CH2C�O), 49.85
(CH2CH2C�O), 50.60 (OCH3), 60.53 (OCH2CH3), 82.88 (C-5), 89.11
(CHC�O), 168.97, 172.76 (2�C�O), 176.18 (C-2); MS (70 eV, EI): m/z
(%): 242 (22) [M�], 210 (70), 169 (23), 122 (100), 118 (58); the exact
molecular mass for C12H18O5: m/z (%): 242.1154� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV).


2-(E)-[1-(Ethoxycarbonyl)ethylidene]-5-(ethoxycarbonylmethyl)tetrahy-
drofuran (3 j): Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-2-methyl-
1,3-butadiene (0.43 g, 1.5 mmol), ethyl 3,4-epoxybutanoate (0.16 g,
1.2 mmol), and TiCl4 (0.27 mL, d� 1.726 gcm�3, 2.4 mmol), 3 j was isolated
after chromatography (silica gel, diethyl ether/petroleum ether� 1:3) as a
colorless oil (154 mg, 50%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): ��
1.22 (t, J� 7.1 Hz, 6H; 2�OCH2CH3), 1.64 ± 1.79 (m, 4H; 4-H, CCH3),
2.18 ± 2.31 (m, 1H; 4-H�), AB signal (�A� 2.51, �B� 2.69, JA,B� 15.6 Hz,
JA,X� 6.4, JB,X� 6.0 Hz, 2H; CH2C�O), 2.91 (dddd, J� 18.2, 9.0, 9.0, 1.7 Hz,
1H; 3-H), 3.16 (dddd, J� 18.2, 7.4, 4.4, 1.3 Hz, 1H; 3-H�), 4.19 (m, 4H; 2�
OCH2CH3), 4.87 (quint, J� 7.0 Hz, 1H; 2-H); 13C NMR (50 MHz, CDCl3):
�� 11.19 (CCH3), 14.06, 14.35 (2�OCH2CH3), 29.73, 30.66 (C-3, C-4),
39.94 (CH2C�O), 59.37, 60.61 (2�OCH2CH3), 78.77 (C-5), 97.94
(CH3CC�O), 169.04, 169.13, 170.03 (C-2, 2�C�O); IR (neat): �� � 3466
(br), 2984 (s), 2941 (m), 1778 (s), 1733 (s), 1643 (w), 1448 (m), 1371 (s), 1300
(s), 1260 (s), 1176 (s), 1113 (s), 1026 cm�1 (s); MS (70 eV, EI): m/z (%): 256
(20) [M�], 210 (72), 122 (100); the exact molecular mass for C13H20O5: m/z
(%): 256.1310� 2 mD [M�] was confirmed by HRMS (EI, 70 eV);
elemental analysis calcd (%) for C13H20O5 (256.3): C 60.92, H 7.87; found:
C 60.74, H 7.77.


2-(E)-[1-(Ethoxycarbonyl)ethylidene]-5-ethyltetrahydrofuran (3k): Start-
ing with 1,3-bis(trimethylsilyloxy)-1-ethoxy-2-methyl-1,3-butadiene
(0.75 g, 2.6 mmol), butenoxide (0.20 mL, d� 1.180 gcm�3, 2.6 mmol). and
TiCl4 (0.57 mL, d� 1.726gcm�3, 5.2 mmol), 3k was isolated after chroma-
tography (silica gel, diethyl ether/petroleum ether� 1:3) as a colorless oil
(298 mg, 58%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 0.96 (t, J�
7.0 Hz, 3H; CH2CH3), 1.23 (t, J� 7.1 Hz, 3H; OCH2CH3), 1.50 ± 1.76 (m,
3H; CH2CH3, 4-H), 1.79 (t, J� 1.5 Hz, 3H; CH3), 2.05 ± 2.20 (m, 1H; 4-H),
2.92 (dddd, J� 18.1, 9.1, 9.1, 1.6 Hz, 1H; 3-H), 3.20 (dddd, J� 18.1, 7.4, 4.4,
1.3 Hz, 1H; 3-H�), 4.12 (q, J� 7.0 Hz, 2H; OCH2CH3), 4.26 (quint, J�
6.8 Hz, 1H; 5-H); 13C NMR (62.9 MHz, CDCl3): �� 9.83, 11.25 (CH3),
14.45 (OCH2CH3), 28.02, 29.41, 31.16 (C-3, C-4, CCH2CH3), 59.32
(OCH2CH3), 84.51 (C-5), 96.94 (CCO2Et), 169.49, 170.26 (C-2, C�O);
MS (70 eV, EI): m/z (%): 198 (74) [M�], 169 (12), 153 (100); the exact
molecular mass for C11H18O3: m/z (%): 198.1256� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV).


2-(E)-[1-(Ethoxycarbonyl)ethylidene]-5-(3-butenyl)tetrahydrofuran (3 l):
Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-2-methyl-1,3-butadiene
(0.75 g, 2.6 mmol), 5,6-epoxy-1-hexene (0.29 mL, d� 0.870 gcm�3,
3.5 mmol), and TiCl4 (0.57 mL, d� 1.726gcm�3, 5.2 mmol), 3 l was isolated
after chromatography (silica gel, diethyl ether/petroleum ether� 1:3) as a
colorless oil (186 mg, 32%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): ��
1.26 (t, J� 7.0 Hz, 3H; OCH2CH3), 1.20 ± 1.40 (m, 2H; CH2), 1.60 ± 1.80 (m,
2H; CH2), 1.84 (t, J� 1.5 Hz, 3H; CH2), 2.10 ± 2.30 (m, 2H; CH2), 2.93
(dddd, J� 18.2, 9.2, 9.2, 1.9 Hz, 1H; 3-H), 3.24 (dddd, J� 18.4, 9.2, 4.1,
1.4 Hz, 1H; 3-H), 4.15 (q, J� 7.0 Hz, 2H; OCH2CH3), 4.30 ± 4.42 (m, 1H;
5-H), 4.95 ± 5.10 (m, 2H; CH�CH2), 5.74 ± 5.95 (m, 1H; CH�CH2);
13C NMR (62.9 MHz, CDCl3): �� 12.32, 15.61 (CH3), 30.01, 30.12, 31.89,
35.02 (CH2, C-3, C-4, C-1�, C-2�), 59.60 (OCH2CH3), 83.22 (C-5), 97.60


(C�CO2Et), 115.81 (CH�CH2), 137.60 (CH�CH2), 168.88 (C�O), 170.02
(C-2); MS (70 eV, EI): m/z (%): 224 (58) [M�], 195 (42), 179 (100); the
exact molecular mass for C13H20O3: m/z (%): 224.1412� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV).


2-(E)-[1-(Ethoxycarbonyl)ethylidene]-5-(chloromethyl)tetrahydrofuran
(3m): Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-2-methyl-1,3-buta-
diene (0.75 g, 2.6 mmol), epichlorohydrin (0.20 mL, d� 1.180 gcm�3,
2.6 mmol), and TiCl4 (0.57 mL, d� 1.726 gcm�3, 5.2 mmol), 3m was
isolated after chromatography (silica gel, diethyl ether/petroleum ether�
1:3) as a colorless oil (250 mg, 45%, E/Z� 98:2). 1H NMR (250 MHz,
CDCl3): �� 1.25 (t, J� 7.1 Hz, 3H; OCH2CH3), 1.79 (t, J� 1.6 Hz, 3H;
CH3), 1.82 ± 2.02 (m, 1H; 4-H), 2.16 ± 2.30 (m, 1H; 4-H), 2.92 ± 3.07 (m, 1H;
3-H), 3.14 ± 3.27 (m, 1H; 3-H), 3.54 ± 3.69 (m, 2H; CH2Cl), 4.12 (q, J�
7.1 Hz, 2H; OCH2CH3), 4.55 ± 4.64 (m, 1H; 5-H); 13C NMR (62.9 MHz,
CDCl3): �� 11.02 (CH3), 14.12 (OCH2CH3), 27.18, 30.31 (C-3, C-4), 45.39
(CH2Cl), 59.29 (OCH2CH3), 81.13 (C-5), 97.12 (CCO2Et), 168.83, 168.99
(C-2, C�O); MS (70 eV, EI): m/z (%): 218 (80) [M�], 172 (100), 146 (24),
137 (48), 83 (94); the exact molecular mass for C10H15O3Cl: m/z (%):
218.0710� 2 mD [M�] was confirmed by HRMS (EI, 70 eV).


2-(E)-[1-(Ethoxycarbonyl)propylidene]-5-methyltetrahydrofuran (3n):
Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-2-ethyl-1,3-butadiene
(0.70 g, 2.3 mmol), 1,2-propenoxide (0.17 mL, d� 0.829 gcm�3, 2.3 mmol),
and TiCl4 (0.51 mL, d� 1.726 gcm�3, 4.6 mmol), 3n was isolated after
chromatography (silica gel, diethyl ether/petroleum ether� 1:3) as a
colorless oil (228 mg, 50%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3):
�� 0.97 (t, J� 7.4 Hz, 3H; CH2CH3), 1.26 (t, J� 7.1 Hz, 3H; OCH2CH3),
1.33 (d, J� 6.4 Hz, 3H; CH3 to C-5), 1.37 ± 1.69 (m, 1H; 4-H), 2.11 ± 2.23
(m, 1H; 4-H), 2.30 (q, J� 7.4 Hz, 2H; CH2CH3), 2.93 (ddd, J� 9.0, 9.0,
9.0 Hz, 1H; 3-H), 3.21 (ddd, J� 18.4, 9.1, 4.6 Hz, 1H; 3-H), 4.13 (q, J�
7.1 Hz, 2H; OCH2CH3), 4.42 ± 4.55 (m, 1H; 5-H); 13C NMR (62.9 MHz,
CDCl3): �� 13.80, 14.47, 20.57 (3�CH3), 19.38 (CH2CH3), 31.47, 31.53 (C-
3, C-4), 59.22 (OCH2CH3), 79.38 (C-5), 103.97 (CC�O), 169.25, (C�O),
170.16 (C-2); MS (70 eV, EI): m/z (%): 198 (60) [M�], 171 (49), 149 (100),
73 (88); the exact molecular mass for C11H18O3: m/z (%): 198.1256� 2 mD
[M�] was confirmed by HRMS (EI, 70 eV).


2-(E)-[1-(Ethoxycarbonyl)propylidene]-5-(bromomethyl)tetrahydrofuran
(3o): Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-2-ethyl-1,3-buta-
diene (0.91 g, 3.0 mmol), epibromohydrin (0.27 mL, 3.0 mmol, d�
1.655 gcm�3), and TiCl4 (0.66 mL, d� 1.726 gcm�3, 6.0 mmol), 3o was
isolated after chromatography (silica gel, diethyl ether/petroleum ether�
1:3) as an orange solid (366 mg, 44%, E/Z� 98:2). 1H NMR (250 MHz,
CDCl3): �� 0.94 (t, J� 7.3 Hz, 3H; CH2CH3), 1.23 (t, J� 7.2 Hz, 3H;
OCH2CH3), 1.84 ± 1.99 (m, 1H; 3-H), 2.15 ± 2.31 (m, 3H; CH2CH3, 3-H�),
2.89 ± 3.04 (m, 1H; 4-H), 3.18 (ddd, J� 18.4, 9.5, 5.3 Hz, 1H; 4-H�),
AB signal (�A� 3.41, �B� 3.47, JAB� 10.4, JA,X� 6.2, JB,X� 4.9 Hz, 2H;
CH2Br), 4.10 (q, J� 7.2 Hz, 2H; OCH2CH3), 4.52 ± 4.62 (m, 1H; 5-H);
13C NMR (62.9 MHz, CDCl3): �� 13.60 (CH2CH3), 14.32 (OCH2CH3),
19.32 (CH2CH3), 28.27, 30.58 (C-3, C-4), 33.77 (CH2Br), 59.31 (OCH2CH3),
80.85 (C-5), 105.02 (CHC�O), 168.70, 168.90 (C-2, C�O); IR (neat): �� �
2975 (s), 2937 (m), 1781 (m), 1731 (s), 1698 (s), 1634 (s), 1461 (m), 1445 (m),
1370 (m), 1298 (m), 1254 (s), 1189 (s), 1166 (m), 1099 cm�1 (s); MS (70 eV,
EI): m/z (%): 276 (36) [M�], 231 (42), 197 (50), 151 (100); the exact
molecular mass for C11H17O3Br: m/z (%): 276.0361� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV); elemental analysis calcd (%) for
C11H17O3Br (277.2): C 47.67, H 6.18; found: C 47.82, H 6.03.


2-(E)-(Methoxycarbonylmethylidene)-3-methyl-5-ethyltetrahydrofuran
(3p): Starting with 1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-pentadiene
(0.52 g, 2.0 mmol), 1,2-butenoxide (0.17 mL, d� 0.837 gcm�3, 2.0 mmol),
and TiCl4 (0.44 mL, d� 1.726 gcm�3, 4.0 mmol), 3p was isolated after
chromatography (silica gel, diethyl ether/petroleum ether� 1:3) as a
colorless oil (169 mg, 46%, E/Z� 5:1, ds� 4:1). 1H NMR (250 MHz,
CDCl3): �� 0.96 (t, J� 7.5 Hz, 3H; CH2CH3), 1.22 (d, J� 7.2 Hz, 3H;
CHCH3), 1.33 ± 1.88 (m, 4H; CH2CH3, 4-H), 3.62 (s, 3H; OCH3), 3.63 ± 3.76
(m, 1H; 3-H), 4.33 ± 4.42 (m, 1H; 5-H), 5.15, 5.21 (2�m, 1H; CHC�O,
both diastereomers); 13C NMR (62.9 MHz, CDCl3): �� 9.72 (CH2CH3),
18.67 (CH3 to C-3), 27.86 (CH2CH3), 37.02 (C-3), 37.41 (C-4), 50.49 (OCH3),
83.37, 87.80 (CHC�O, C-5), 168.32 (C-2), 181.10 (C�O); MS (70 eV, EI):
m/z (%): 184 (68) [M�], 179 (4), 166 (9), 155 (10), 139 (100); the exact
molecular mass for C10H16O3: m/z (%): 184.1099� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV).
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2-(E)-(Phenylcarbonylmethylidene)-5-ethyltetrahydrofuran (3q): Starting
with 1,3-bis(trimethylsilyloxy)-1-phenyl-1,3-butadiene (0.58 g, 1.9 mmol),
1,2-butenoxide (0.16 mL, d� 0.837gcm�3, 1.9 mmol), and TiCl4 (0.42 mL,
d� 1.726gcm�3, 3.8 mmol), 3q was isolated after chromatography (silica
gel, diethyl ether/petroleum ether� 1:3) as an orange oil (255 mg, 62%,
E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 1.02 (t, J� 7.3 Hz, 3H;
CH2CH3), 1.59 ± 1.83 (m, 3H; 4-H, CH2CH3), 2.19 ± 2.32 (m, 1H; 4-H), 3.14
(dddd, J� 14.3, 9.2, 9.2, 1.9 Hz, 1H; 3-H), 3.49 (dddd, J� 17.9, 9.8, 4.4,
1.5 Hz, 1H; 3-H), 4.35 ± 4.46 (m, 1H; 5-H), 6.50 ± 6.51 (m, 1H; CHC�O),
7.30 ± 7.53 (m, 3H; Ph), 7.88 ± 7.92 (m, 2H; Ph); 13C NMR (62.9 MHz,
CDCl3): �� 9.72 (CH2CH3), 27.79, 28.59, 31.79 (C-3, C-4, CH2CH3), 85.62
(C-5), 94.61 (CHC�O), 127.41, 128.17, 131.51 (CH, Ph), 139.76 (C, Ph),
179.13 (C-2), 190.24 (C�O); IR (neat): �� � 3084 (w), 3061 (w), 3030 (w),
2966 (s), 2933 (s), 2879 (m), 2855 (m), 1654 (s), 1587 (s), 1571 (m), 1456 (m),
1447 (m), 1386 (s), 1167 cm�1 (s); MS (70 eV, EI): m/z (%): 216 (70) [M�],
201 (100), 176 (13), 161 (20), 139 (22), 119 (45); the exact molecular mass
for C14H16O2: m/z (%): 216.1150� 2 mD [M�] was confirmed by HRMS
(EI, 70 eV); elemental analysis calcd (%) for C14H16O2 (216.3): C 77.75, H
7.46; found: C 76.88, H 7.60.


2-(E)-(Phenylcarbonylmethylidene)-5-(chloromethyl)tetrahydrofuran
(3r): Starting with 1,3-bis(trimethylsilyloxy)-1-phenyl-1,3-butadiene
(0.67 g, 2.2 mmol), epichlorohydrin (0.17 mL, d� 1.180gcm�3, 2.2 mmol),
and TiCl4 (0.48 mL, d� 1.726 gcm�3, 4.4 mmol), 3r was isolated after
chromatography (silica gel, diethyl ether/petroleum ether� 1:3) as a
colorless oil (265 mg, 51%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3):
�� 1.98 ± 2.13 (m, 1H; 4-H), 2.26 ± 2.37 (m, 1H; 4-H), 3.16 ± 3.31 (m, 1H;
3-H), 3.42 ± 3.56 (m, 1H; 3-H), 3.69 (dd, J� 5.1, 0.9 Hz, 2H; CH2Cl), 4.68 ±
4.78 (m, 1H; 5-H), 6.58 (t, J� 1.7 Hz, 1H; CHCO2Et), 7.39 ± 7.53 (m, 3H;
Ph), 7.88 ± 7.93 (m, 2H; Ph); 13C NMR (62.9 MHz, CDCl3): �� 26.59, 31.16
(C-3, C-4), 45.44 (CH2Cl), 82.10 (C-5), 95.29 (CHCOPh), 127.40, 128.22,
131.71 (CH, Ph), 139.37 (C, Ph), 177.69 (C-2), 190.06 (COPh); IR (KBr):
�� � 3099 (w), 3083 (w), 3055 (w), 2984 (w), 2919 (w), 1663 (s), 1598 (s), 1583
(s), 1566 (s), 1383 (m), 1374 (m), 1167 cm�1 (s); MS (70 eV, EI): m/z (%):
236 (100) [M�], 159 (52), 105 (46), 77 (33), 69 (48); the exact molecular
mass for C13H13O2Cl: m/z (%): 236.0604� 2 mD [M�] was confirmed by
HRMS (EI, 70 eV); elemental analysis calcd (%) for C13H13O2Cl (236.7): C
65.97, H 5.54; found: C 66.10, H 5.61.


2-(E)-(Phenylcarbonylmethylidene)-5-(bromomethyl)tetrahydrofuran
(3s): Starting with 1,3-bis(trimethylsilyloxy)-1-phenyl-1,3-butadiene
(0.74 g, 2.4 mmol), epibromohydrin (0.21 mL, d� 1.655 gcm�3, 2.4 mmol),
and TiCl4 (0.53 mL, d� 1.726 gcm�3, 4.8 mmol), 3s was isolated after
chromatography (silica gel, diethyl ether/petroleum ether� 1:3) as an
orange solid (298 mg, 44%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): ��
1.92 ± 2.04 (m, 1H; 4-H), 2.25 ± 2.33 (m, 1H; 4-H), 3.14 ± 3.26 (m, 1H; 3-H),
3.40 ± 3.54 (m, 3H; 3-H, CH2Br), 4.64 ± 4.70 (m, 1H; 5-H), 6.54 ± 6.56 (m,
1H; CHC�O), 7.36 ± 7.50 (m, 3H; Ph), 7.86 ± 7.90 (m, 2H; Ph); 13C NMR
(62.9 MHz, CDCl3): �� 27.78, 31.24 (C-3, C-4), 33.43 (CH2Br), 81.85 (C-5),
95.34 (CHC�O), 127.42, 128.23, 131.73 (CH, Ph), 139.36 (C, Ph), 177.64 (C-
2) 190.09 (C�O); IR (KBr): �� � 3098 (w), 3054 (w), 3026 (w), 2981 (w), 2945
(w), 2917 (w), 1660 (s), 1596 (s), 1567 (s), 1457 (m), 1433 (m), 1380 (s),
1165 cm�1 (s); MS (70 eV, EI): m/z (%): 280 (60) [M�], 203 (24), 180 (18),
147 (35), 122 (33), 105 (100); the exact molecular mass for C13H13O2Br: m/z
(%): 280.0099� 2 mD [M�] was confirmed by HRMS (EI, 70 eV);
elemental analysis calcd (%) for C13H13O2Br (281.1): C 55.54, H 4.66;
found: C 55.32, H 4.46.


2-(E)-[1-(Phenylcarbonyl)methylidene]-5-(ethoxycarbonylmethyl)tetra-
hydrofuran (3 t): Starting with 1,3-bis(trimethylsilyloxy)-1-phenyl-1,3-bu-
tadiene (0.18 g, 0.6 mmol), 3,4-ethyl epoxybutanoate (0.08 g, 0.6 mmol),
and TiCl4 (0.13 mL, d� 1.726 gcm�3, 1.2 mmol), 3t was isolated after
chromatography (silica gel, ether/petroleum ether� 1:3) as a colorless oil
(68 mg, 41%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 1.28 (t, J�
7.1 Hz, 3H; OCH2CH3), 1.76 ± 1.91 (m, 1H; 4-H), 2.31 ± 2.44 (m, 1H; 4-H),
AB signal (�A� 2.61, �B� 2.74, JAB� 16.0, JA,X� 6.0, JB,X� 7.2 Hz, 2H;
CH2C�O), 3.16 (dddd, J� 18.0, 9.1, 9.1, 1.9 Hz, 1H; 3-H), 3.48 (dddd, J�
19.2, 9.1, 4.3, 1.4 Hz, 1H; 3-H), 4.19 (q, J� 7.1 Hz, 2H; OCH2CH3), 4.87
(quint, J� 7.0 Hz, 1H; 2-H), 6.53 (t, J� 1.7 Hz, 1H; CHC�O), 7.38 ± 7.52
(m, 3H; Ph), 7.87 ± 7.91 (m, 2H; Ph); 13C NMR (62.9 MHz, CDCl3): ��
14.12 (OCH2CH3), 29.09, 31.38 (C-3, C-4), 39.73 (CHCH2C�O), 60.90
(OCH2CH3), 79.73 (C-5), 95.41 (CHC�O), 127.52, 128.30, 131.73 (CH, Ph),
139.63 (C, Ph), 169.91 (C�O), 177.89 (C-2), 190.29 (C�O); MS (70 eV, EI):
m/z (%): 274 (40) [M�], 186 (100), 122 (22), 117 (34), 105 (64); the exact


molecular mass for C16H18O4: m/z (%): 274.1205� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV); elemental analysis calcd (%) for
C16H18O4 (274.3): C 70.06, H 6.61; found: C 69.72, H 6.63.


2-(E)-(3-Methoxy-2-oxopropylidene)-5-(chloromethyl)tetrahydrofuran
(3u): Starting with 2,4-bis(trimethylsilyloxy)-1-methoxy-2,4-pentadiene
(0.49 g, 1.8 mmol), epichlorohydrin (0.14 mL, d� 1.180 gcm�3, 1.8 mmol),
and TiCl4 (0.40 mL, d� 1.726 gcm�3, 3.6 mmol), 3u was isolated after
chromatography (silica gel, diethyl ether/petroleum ether� 1:3) as a
colorless oil (165 mg, 45%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3):
�� 1.82 ± 2.03 (m, 1H; 4-H), 2.10 ± 2.31 (m, 1H; 4-H�), 2.92 ± 3.10 (m, 1H;
3-H), 3.17 ± 3.44 (m, 1H; 3-H), 3.31 (s, 3H; OCH3), 3.55 ± 3.70 (m, 2H;
CH2Cl), 3.88 (s, 2H; CH2OCH3), 4.55 ± 4.73 (m, 1H; 5-H), 5.94 (m, 1H;
CHCO2Et); 13C NMR (62.9 MHz, CDCl3): �� 26.37, 31.05 (C-3, C-4), 45.33
(CH2Cl), 58.93 (OCH3), 77.58 (CH2OCH3), 82.08 (C-5), 94.14 (CHCOCH2),
177.14 (C-2), 197.08 (COCH2); MS (70 eV, EI): m/z (%): 204 (67) [M�], 176
(34), 161 (27), 159 (100); the exact molecular mass for C9H13O3Cl: m/z (%):
204.0553� 2 mD [M�] was confirmed by HRMS (EI, 70 eV).


2-(E)-(3-Methoxy-2-oxopropylidene)-5-ethyltetrahydrofuran (3v): Start-
ing with 2,4-bis(trimethylsilyloxy)-1-methoxy-2,4-pentadiene (0.96 g,
3.5 mmol), 1,2-butenoxide (0.30 mL, 3.5 mmol, d� 0.837 gcm�3), and TiCl4
(0.77 mL, d� 1.726gcm�3, 7.0 mmol), 3v was isolated after chromatogra-
phy (silica gel, diethyl ether/petroleum ether� 1:3) as a colorless oil
(258 mg, 40%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 0.96 (t, J�
7.5 Hz, 3H; CH2CH3), 1.53 ± 1.77 (m, 3H; 4-H, CH2CH3), 2.12 ± 2.25 (m,
1H; 4-H), 2.99 (dddd, J� 18.3, 9.1, 9.1, 1.8 Hz, 1H; 3-H), 3.27 ± 3.42 (m,
4H; OCH3, 3-H), 3.92 (s, 2H; CH2OCH3), 4.32 ± 4.38 (m, 1H; 5-H), 5.92 (s,
1H; CHC�OCH2); 13C NMR (50 MHz, CDCl3): �� 9.73 (CH2CH3), 27.82,
28.54, 31.77 (CH2CH3, C-3, C-4), 59.12 (OCH3), 77.79 (CH2OCH3), 85.75
(C-5), 93.53 (CHC�O), 178.59 (C-2), 197.23 (C�O); MS (70 eV, DCI, NH3):
m/z (%): 185 (100) [M�1�], 202 (82) [M�18�].


2-Oxo-3-(1-trimethylsilyloxy)ethenyl-4,5-dihydrofuran (5a): Triethylamine
(11.36 mL, 81.9 mmol, d� 0.73 gcm�3) was added to a solution (250 mL) of
3-acetyl-2-oxo-4,5-dihydrofuran (7.0 g, 54.6 mmol, d� 1.19gcm�3) in ben-
zene at 0 �C. The solution was stirred for 30 min, and subsequently
trimethylchlorosilane (12.42 mL, 98.3 mmol, d� 0.83 gcm�3) was slowly
added. The solution was warmed to ambient temperature over 6 h and
subsequently stirred for 18 h. The solvent was removed in vacuo, and
pentane was added to the residue (100 mL). The suspension was filtered
under nitrogen, and the filtrate was concentrated in vacuo to give 5a as a
slightly yellow oil (10.06 g, 92%). 1H NMR (250 MHz, CDCl3): �� 0.20 (s,
9H; Si(CH3)3), 2.25 (t, J� 1.5 Hz, 3H; CCH3), 2.77 (tt, J� 7.5, 1.5 Hz, 2H;
4-H), 4.15 (t, J� 7.5 Hz, 2H; 5-H); 13C NMR (62.9 MHz, CDCl3): �� 0.87
(Si(CH3)3), 18.47 (CCH3), 25.99 (C-4), 64.22 (C-5), 104.55 (C-3), 162.39
(Me3SiOC), 172.31 (C-2); MS (70 eV, EI): m/z (%): 200 (23) [M�], 185
(100), 141 (19), 110 (9), 73 (47); the exact molecular mass for C9H16O3Si:
m/z (%): 200.0868� 2 mD [M�] was confirmed by HRMS (EI, 70 eV).


5-Ethyl-2-oxo-3-(1-trimethylsilyloxy)ethenyl-4,5-dihydrofuran (5b): Tri-
ethylamine (2.56 mL, 18.5 mmol, d� 0.73 gcm�3) and trimethylchlorosi-
lane (2.81 mL, 22.5 mmol, d� 0.83gcm�3) at 0 �C were slowly added to a
solution (50 mL) of 3-acetyl-5-ethyl-2-oxo-4,5-dihydrofuran (1.93 g,
12.36 mmol) in benzene. The solution was stirred for 30 min, warmed to
ambient temperature over 6 h, and subsequently stirred at 20 �C for 48 h.
The solvent was removed in vacuo, and pentane (20 mL) was added to the
residue. The suspension was filtered under nitrogen, and the filtrate was
concentrated in vacuo to give 5b as a slightly yellow oil (2.57 g, 91%).
1H NMR (250 MHz, CDCl3): �� 0.23 (s, 9H; Si(CH3)3), 0.94 (t, J� 6.9 Hz,
3H; CH2CH3), 1.62 (dq, J� 6.9, 7.3 Hz, 2H; CH2CH3), 2.28 (t, J� 1.9 Hz,
3H; CH3), 2.25 ± 2.35 (m, 1H; 4-H), 2.88 (dq, J� 7.3, 1.9 Hz, 1H; 4-H),
4.22 ± 4.33 (m, 1H; 5-H); 13C NMR (62.9 MHz, CDCl3): �� 0.93 (Si(CH3)3),
18.63 (CH3), 29.29 (CH2CH3), 31.57 (C-4), 77.36 (C-5), 105.78 (C-3), 162.06
(R3SiOC), 172.01 (C-2); MS (70 eV, EI): m/z (%): 228 (15) [M�], 213 (100),
171 (79), 147 (44), 127 (50); the exact molecular mass for C11H20O3Si: m/z
(%): 228.1182� 2 mD [M�] was confirmed by HRMS (EI, 70 eV).


2,1�-Bis(trimethylsilyloxy)-(3-ethylene)-4,5-dihydrofuran (6a): n-Butyl-
lithium (7.25 mL, 17.15 mmol, 2.36� solution in n-hexane) was added to a
solution (20 mL) of diisopropylamine (2.25 mL, 16.00 mmol, d�
0.72 gcm�3) in THF, and the solution was stirred for 30 min. This solution
was added to a solution (50 mL) of 2-oxo-3-(1-trimethylsilyloxy)ethenyl-
4,5-dihydrofuran 5a (1.93 g, 12.36 mmol) in THF at �78 �C. The solution
was stirred for 25 min, and subsequently trimethylchlorosilane (2.31 mL,
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18.29 mmol, d� 0.83 gcm�3) was added. After stirring for 10 min at�78 �C,
the solution was warmed to 20 �C over 45 min. The solvent was removed in
vacuo, and pentane (20 mL) was added to the residue. The suspension was
filtered under nitrogen, and the filtrate was concentrated in vacuo to give
6a as a yellow oil (2.96 g, 95%). 1H NMR (250 MHz, CDCl3): �� 0.20, 0.24
(2� s, 2� 9H; Si(CH3)3), 2.75 (t, J� 7.5 Hz, 2H; 4-H), 3.88 (s, 1H; cis,
H2C�C), 3.98 (s, 1H; trans, H2C�C), 4.24 (t, J� 7.5 Hz, 2H; 5-H); 13C NMR
(62.9 MHz, CDCl3): �� 0.53, 0.93 (Si(CH3)3), 30.18 (C-4), 66.04 (C-5), 81.66
(C�CH2), 86.83 (C-3), 153.26 (Me3SiOC), 155.05 (C-2); MS (70 eV, EI): m/z
(%): 273 (18) [M�], 257 (20), 245 (16), 185 (100), 158 (77).


2,1�-Bis(trimethylsilyloxy)-5-ethyl-3-ethylene-4,5-dihydrofuran (6b): n-Bu-
tyllithium (3.71 mL, 2.36� solution in n-hexane, 8.77 mmol) was added to a
solution (20 mL) of diisopropylamine (1.32 mL, 9.39 mmol, d� 0.72 gcm�3)
in THF, and the solution was stirred for 30 min. This solution was added to
a solution (50 mL) of 5-ethyl-2-oxo-3-(1-trimethylsilyloxy)ethenyl-4,5-
dihydrofuran 5b (1.43 g, 6.26 mmol) in THF at �78 �C. The solution was
stirred for 25 min, and subsequently trimethylchlorosilane (1.34 mL,
10.65 mmol, d� 0.83 gcm�3) was slowly added. After stirring for 10 min
at �78 �C, the solution was warmed to 20 �C over 45 min. The solvent was
removed in vacuo, and pentane (20 mL) was added to the residue. The
suspension was filtered under nitrogen, and the filtrate was concentrated in
vacuo to give 6b as a yellow oil (1.77 g, 94%). 1H NMR (250 MHz, CDCl3):
�� 0.20, 0.26 (2� s, 2� 9H; Si(CH3)3), 0.95 (t, J� 7.5 Hz, 3H; CH2CH3),
1.57 ± 1.69 (m, 2H; CH2CH3), 2.32 ± 2.40 (m, 1H; 4-H), 2.72 ± 2.83 (m, 1H;
4-H), 3.82 (s, 1H; cis, H2C�C), 3.92 (s, 1H; trans, H2C�C), 4.20 ± 4.35 (m,
1H; 5-H); 13C NMR (62.9 MHz, CDCl3): �� 0.10, 0.51 (Si(CH3)3), 9.38
(CH3), 29.24 (CH2CH3), 35.38 (C-4), 78.96 (C-5), 81.22 (C�CH2), 86.41 (C-
3), 153.44 (Me3SiOC), 158.32 (C-2); MS (70 eV, EI): m/z (%): 299 (11)
[M�], 213 (32), 171 (30), 147 (100), 73 (77).


General procedure for the synthesis of 2-alkylidenetetrahydrofurans (7):
The compound 1,2-butenoxide (0.135 mL, d� 0.837 gcm�3, 1.5 mmol) at
20 �C in the presence of molecular sieves (4 ä) was added to a solution
(30 mL) of 6a (0.42 g, 1.5 mmol) in CH2Cl2. The solution was cooled to
�78 �C, and TiCl4 (3.6 mmol, 0.40 mL, d� 1.726 gcm�3) was slowly added.
After warming of the solution to 20 �C over 6 h, the solution was stirred for
12 h. A saturated aqueous solution of NaCl (150 mL) was added, and the
organic layer was separated. The aqueous layer was extracted with diethyl
ether (4� 150 mL). The organic layer was dried (MgSO4), filtered, and the
filtrate was concentrated in vacuo. The residue was purified by chroma-
tography (silica gel, diethyl ether/petroleum ether� 1:2) to give 7b as a
colorless oil (90 mg, 34%).


(E)-5-Ethyltetrahydro-[2,3�]-bifuranyliden-2�-one (7b): 1H NMR
(250 MHz, CDCl3): �� 0.92 (t, J� 7.4 Hz, 3H; CH2CH3), 1.52 ± 1.71 (m,
3H; 4-H, CH2CH3), 2.14 ± 2.18 (m, 1H; 4-H), 2.84 (dt, J� 7.5, 1.9 Hz, 2H;
4�-H), 2.90 ± 2.98 (m, 1H; 3�-H), 3.18 ± 3.31 (m, 1H; 3-H), 4.19 ± 4.26 (t, J�
7.5 Hz, 2H; 5�-H), 4.30 ± 4.36 (m, 1H; 5-H); 13C NMR (62.9 MHz, CDCl3):
�� 9.60 (CH2CH3), 24.92 (C-4), 27.68 (CH2CH3), 28.75, 29.07 (C-3, C-4�),
65.02 (C-5�), 85.99 (C-5), 92.20 (C-3�), 169.20 (C�O), 173.09 (C-2); IR
(KBr): �� � 2963 (s), 2925 (s), 2879 (m), 1761 (s), 1652 (m), 1456 (m), 1378
(m), 1188 (s), 1080 (s), 1020 (s), 953 (m), 790 cm�1 (w); MS (70 eV, EI): m/z
(%): 182 (27) [M�], 113 (29), 85 (100), 57 (17), 55 (19); the exact molecular
mass for C10H14O3: m/z (%): 182.0942� 2 mD [M�] was confirmed by
HRMS (EI, 70 eV).


(E)-5-Methyltetrahydro-[2,3�]-bifuranyliden-2�-one (7a): Starting with
4-(1-trimethylsilyloxy)ethenyl-5-trimethylsilyloxy-2,3-dihydrofuran 6a
(0.42 g, 1.5 mmol), 1,2-propenoxide (0.109 mL, d� 0.829 gcm�3, 1.5 mmol),
and TiCl4 (0.35 mL, d� 1.726 gcm�3, 3.0 mmol), 7a was isolated by
chromatography (silica gel, diethyl ether/petroleum ether� 1:2) as a
colorless solid (112 mg, 42%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3):
�� 1.00 (d, J� 6.6 Hz, 3H; CHCH3), 1.50 ± 1.64 (m, 1H; 4-H), 2.09 ± 2.21
(m, 1H; 4-H), 2.76 (t, J� 7.0 Hz, 2H; 4�-H) 2.82 ± 2.91 (m, 1H; 3�-H), 3.16 ±
3.25 (dddd, J� 18.6, 8.8, 3.9, 1.6 Hz, 1H; 3-H), 4.19 (t, J� 7.5 Hz, 5�-H),
4.46 ± 4.54 (m, 1H; 5-H); 13C NMR (62.9 MHz, CDCl3): �� 20.16
(CHCH3), 24.82 (C-4), 29.21, 30.93 (C-3, C-4�), 64.92 (C-5�), 80.87 (C-5),
92.18 (C-3�), 169.07 (C�O), 172.93 (C-2); IR (KBr): �� � 2960 (s), 2930 (s),
1768 (s), 1671 (m), 1430 (w), 1381 (m), 1259 (m), 1185 (s), 1025 (s), 752 (m),
694 cm�1 (w); MS (70 eV, EI): m/z (%): 168 (100) [M�], 139 (23), 113 (68),
110 (20), 95 (13); the exact molecular mass for C9H12O3: m/z (%):
168.0786� 2 mD [M�] was confirmed by HRMS (EI, 70 eV); elemental
analysis calcd (%) for C9H12O3: C 64.28, H 7.20; found: C 63.99, H 6.94.


(E)-5-Butyl-2�-oxotetrahydro-[2,3�]-bifuranylidene (7c): Starting with 2,1�-
bis(trimethylsilyloxy)-3-ethylene-4,5-dihydrofuran 6a (0.65 g, 2.4 mmol),
1,2-hexenoxide (0.287 mL, d� 0.83 gcm�3, 2.4 mmol), and TiCl4
(0.525 mL, d� 1.726 gcm�3, 4.7 mmol), 7c was isolated by chromatography
(silica gel, diethyl ether/petroleum ether� 1:1) as a colorless oil (185 mg,
37%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 0.85 (t, J� 6.6 Hz, 3H;
(CH2)2CH3), 1.18 ± 1.39 (m, 4H; (CH2)2CH3), 1.39 ± 1.70 (m, 3H; 4-H,
CHCH2(CH2)2), 2.10 ± 2.20 (m, 1H; 4-H), 2.80 (dt, J� 7.6, 1.7 Hz, 2H; 4�-
H), 2.85 ± 2.93 (m, 1H; 3-H), 3.25 (dddd, J� 17.7, 8.9, 4.6, 1.9 Hz, 1H; 3-H),
4.22 (t, J� 7.6 Hz, 5�-H), 4.34 ± 4.40 (m, 1H; 5-H); 13C NMR (62.9 MHz,
CDCl3): �� 13.74 ((CH2)2CH3), 22.31 (CH2CH3), 24.93 (CH2CH2CH3),
29.08, 29.27 (C-3, C-4�), 34.43 (CHCH2(CH2)2), 65.00 (C-5�), 84.88 (C-5),
92.20 (C-3�), 169.17 (C�O), 173.07 (C-2); IR (KBr): �� � 2958 (s), 2933 (s),
2873 (s), 1774 (s), 1658 (m), 1640 (m), 1382 (m), 1219 (s), 1190 (s), 1083 (w),
1025 cm�1 (s); MS (70 eV, EI): m/z (%): 210 (41) [M�], 143 (16), 128 (29),
113 (57), 85 (100); the exact molecular mass for C12H18O3: m/z (%):
210.1255� 2 mD [M�] was confirmed by HRMS (EI, 70 eV).


(E)-5-(3-Butylene)-2�-oxotetrahydro-[2,3�]-bifuranylidene (7d): Starting
with 4-(1-trimethylsilyloxy)ethenyl-5-trimethylsiloxy-2,3-dihydrofuran 6a
(0.6 g, 2.2 mmol), 1,5-hexenmonoxide (0.25 mL, d� 0.87 gcm�3, 1.5 mmol),
and TiCl4 (0.35 mL, d� 1.726 gcm�3, 3.15 mmol), 7d was isolated by
chromatography (silica gel, diethyl ether/petroleum ether� 1:2) as a
colorless oil (163 mg, 36%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3):
�� 1.58 ± 1.75 (m, 3H; 4-H, CH2CH), 2.08 ± 2.18 (m, 3H; 4-H,
H2C�CHCH2), 2.80 (dt, J� 7.6, 1.6 Hz, 2H; 4�-H), 2.84 ± 2.95 (m, 1H;
3-H), 3.18 ± 3.25 (m, 1H; 3-H), 4.19 (t, J� 7.6 Hz, 2H; 5�-H), 4.37 (q, J�
6.8 Hz, 1H; 5-H), 4.90 (d, J� 10.2 Hz, 1H; trans, H2C�C), 4.95 (d, J�
16.8 Hz, 1H; cis, H2C�C); 13C NMR (62.9 MHz, CDCl3): �� 24.82 (C-4),
28.94, 29.11, 29.53 (C4�, C3, CH2C�CHCH2), 24.82 (C-4, CH2CH), 64.92 (C-
5�), 83.96 (C-5), 92.29 (C-3�), 115.00 (H2C�CH), 137.03 (H2C�CH), 168.88
(C�O), 172.92 (C-2); IR (KBr): �� � 3078 (m), 2937 (s), 1770 (s), 1664 (m),
1642 (m), 1382 (m), 1189 (s), 1054 (s), 1025 (s), 918 (m), 723 cm�1 (w); MS
(70 eV, EI): m/z (%): 208 (93) [M�], 167 (21), 153 (33), 128 (52), 113 (100);
the exact molecular mass for C12H16O3: m/z (%): 208.1099� 2 mD [M�]
was confirmed by HRMS (EI, 70 eV).


(E)-5-Chloromethyl-2�-oxotetrahydro-[2,3�]-bifuranylidene (7e): Starting
with 4-(1-trimethylsilyloxy)ethenyl-5-trimethylsilyloxy-2,3-dihydrofuran
6a (0.6 g, 2.2 mmol), epichlorohydrin (0.173 mL, d� 1.183 gcm�3,
2.2 mmol), and TiCl4 (0.49 mL, d� 1.726 gcm�3, 4.4 mmol, 7e was isolated
by chromatography (silica gel, diethyl ether/petroleum ether� 1:2) as a
colorless oil (205 mg, 46%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): ��
1.96 (ddt, J� 8.5, 5.9, 2.1 Hz, 1H; 4-H), 2.16 ± 2.31 (m, 1H; 4-H), 2.81 (dt,
J� 7.7, 1.9 Hz, 2H; 4�-H), 2.91 ± 3.05 (m, 1H; 3-H), 3.23 (dddd, J� 18.8, 9.4,
4.2, 1.8 Hz, 1H; 3-H), 3.61 (dd, J� 5.1, 1.8 Hz, 2H; CH2Cl), 4.23 (t, J�
7.7 Hz, 2H; 5�-H), 4.66 (q, J� 6.0 Hz, 1H; 5-H); 13C NMR (62.9 MHz,
CDCl3): �� 24.79 (C-4), 26.69 (C-4�), 28.56 (C-3), 45.36 (CH2Cl), 65.07 (C-
5�), 82.51 (C-5), 93.48 (C-3�), 168.09 (C�O), 172.68 (C-2); IR (KBr): �� �
2975 (s), 2933 (s), 1772 (s), 1656 (m), 1458 (m), 1385 (s), 1261 (m), 1199 (s),
1181 (m), 1077 (m), 1053 (m), 1023 cm�1 (m); MS (70 eV, EI): m/z (%): 202
(40) [M�], 167 (17), 144 (13), 113 (26), 85 (100); the exact molecular mass
for C9H11ClO3: m/z (%): 202.0396� 2 mD [M�] was confirmed by HRMS
(EI, 70 eV).


(E)-5-Bromomethyl-2�-oxotetrahydro-[2,3�]-bifuranylidene (7 f): Starting
with 2,1�-bis(trimethylsilyloxy)-(3-ethylene)-4,5-dihydrofuran 6a (0.65 g,
2.4 mmol), epibromohydrin (0.204 mL, d� 0.83 gcm�3, 2.4 mmol), and
TiCl4 (0.525 mL, d� 1.726 gcm�3, 4.7 mmol), 7 f was isolated by chroma-
tography (silica gel, diethyl ether/petroleum ether� 1:1) as a colorless oil
(365 mg, 62%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 1.94 ± 2.05 (m,
1H; 4-H), 2.88 (dt, J� 7.6, 2.0 Hz, 2H; 4�-H), 3.01 (ddt, J� 17.6, 1.5 Hz, 1H;
3-H), 3.29 (dddd, J� 17.5, 9.3, 4.7, 2.4 Hz, 1H; 3-H), 3.50 (dd, J� 6.4,
1.8 Hz, 2H; CH2Br), 4.30 (t, J� 7.6 Hz, 2H; 5�-H), 4.70 (q, J� 5.9 Hz, 1H;
5-H); 13C NMR (62.9 MHz, CDCl3): �� 24.58 (C-4), 27.62 (C-4�), 28.42 (C-
3), 33.45 (CH2Br), 64.85 (C-5�), 82.02 (C-5), 93.22 (C-3�), 167.84 (C�O),
172.37 (C-2); IR (KBr): �� � 2965 (w), 2926 (w), 1766 (s), 1672 (s), 1383 (m),
1259 (w), 1222 (s), 1199 (s), 1091 (w), 1024 (s), 863 cm�1 (w); MS (70 eV,
EI): m/z (%): 246 (39) [M�], 188 (7), 167 (23), 113 (46), 85 (100); the exact
molecular mass for C9H11BrO3: m/z (%): 245.9891� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV).


(E)-5-Ethyl-5�-methyl-2�-oxotetrahydro-[2,3�]-bifuranylidene (7g): Starting
with 2-ethyl-4-(1-trimethylsilyloxy)ethenyl-5-trimethylsilyloxy-2,3-dihy-
drofuran 6b (0.42 g, 1.4 mmol), 1,2-propenoxide (0.096 mL, d�
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0.829 gcm�3, 1.4 mmol), and TiCl4 (0.308 mL, d� 1.726 gcm�3, 2.8 mmol),
7g was isolated by chromatography (silica gel, diethyl ether/petroleum
ether� 1:2) as a colorless solid (156 mg, 57%, E/Z� 98:2). 1H NMR
(250 MHz, CDCl3): �� 0.97 (t, J� 7.3 Hz, 3H; CH2CH3), 1.35 (d, J�
6.2 Hz, 3H; CHCH3), 1.55 ± 1.76 (m, 2H; CH2CH3, 4-H), 2.16 ± 2.24 (m,
1H; 4-H), 2.37 ± 2.53 (m, 1H; 3-H), 2.87 ± 2.98 (m, 2H; 3-H, 4�-H), 3.24 ±
3.38 (m, 1H; 4�-H), 4.33 ± 4.40 (m, 1H; 5�-H), 4.51 ± 4.57 (m, 1H; 5-H);
13C NMR (62.9 MHz, CDCl3): �� 8.87 (CH2CH3), 20.15 (CHCH3), 29.24,
29.28 (CH2CH3, C-4), 30.40, 30.98 (C-3, C-4�), 78.04 (C-5�), 80.76 (C-5),
93.22 (C-3�), 168.70 (C�O), 172.49 (C-2); IR (KBr): �� � 2975 (s), 2933 (s),
1772 (s), 1656 (m), 1458 (m), 1385 (s), 1261 (m), 1199 (s), 1181 (m),
1077 (m), 1053 (m), 1023 cm�1 (m); MS (70 eV, EI): m/z (%): 196 (100)
[M�], 167 (33), 154 (21), 114 (37), 110 (57); the exact molecular mass for
C11H16O3: m/z (%): 196.1099� 2 mD [M�] was confirmed by HRMS (EI,
70 eV).


(E)-5-Bromomethyl-2�-oxotetrahydro-[2,3�]-bifuranylidene (7h): Starting
with 2-ethyl-4-(1-trimethylsilyloxy)ethenyl-5-trimethylsilyloxy-2,3-dihy-
drofuran 6b (0.38 g, 1.3 mmol), epibromohydrin (0.99 mL, d�
0.829 gcm�3, 1.3 mmol), and TiCl4 (0.26 mL, d� 1.726 gcm�3, 2.6 mmol),
7h was isolated by chromatography (silica gel, diethyl ether/petroleum
ether� 1:1) as a colorless oil (289 mg, 82%, E/Z� 98:2). 1H NMR
(250 MHz, CDCl3): �� 0.87 (t, J� 7.3 Hz, 3H; CH2CH3), 1.58 (dq, J� 7.3,
7.1 Hz, 2H; CH2CH3), 1.82 ± 1.99 (m, 1H; 4-H), 2.17 ± 2.32 (m, 1H; 4-H),
2.34 ± 2.47 (m, 1H; 4�-H), 2.83 ± 2.93 (m, 2H; 3-H, 4�-H), 3.18 ± 3.31 (m, 1H;
3-H), 3.43 (d, J� 5.2 Hz, 2H), 4.27 ± 4.34 (m, 1H; 5�-H), 4.59 ± 4.64 (m, 1H;
5-H); 13C NMR (62.9 MHz, CDCl3): �� 8.84 (CH2CH3), 28.61 (CH2CH3),
29.08 (C-4), 30.05, 30.28 (C-3, C-4�), 33.42 (CH2Br), 78.16 (C-5�), 82.00 (C-
5), 94.56 (C-3�), 167.58 (C�O), 172.12 (C-2); IR (KBr): �� � 2963 (w), 2933
(w), 1759 (s), 1667 (s), 1512 (m), 1460 (w), 1354 (m), 1257 (m), 1197 (s),
1087 (w), 1021 (s), 799 cm�1 (s); MS (70 eV, EI): m/z (%): 274 (36) [M�],
190 (23), 130 (27), 114 (55), 85 (100); the exact molecular mass for
C11H15BrO3: m/z (%): 274.0204� 2 mD [M�] was confirmed by HRMS
(EI, 70 eV).


(�)-2-(E)-(Ethoxycarbonylmethylidene)-(4S,5R)-dimethyltetrahydrofur-
an (9a): Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-1,3-butadiene
(0.89 g, 3.2 mmol), cis-2,3-butenoxide (0.28 mL, d� 0.827 gcm�3,
3.2 mmol), and TiCl4 (0.68 mL, d� 1.726 gcm�3, 6.2 mmol), 9a was isolated
after chromatography (silica gel, diethyl ether/petroleum ether� 1:3) as a
colorless oil (265 mg, 45%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): ��
1.03 (d, J� 6.6 Hz, 3H; CH3 to C-4), 1.18 (t, J� 7.1 Hz, 3H; OCH2CH3),
1.27 (d, J� 6.2 Hz, 3H; CH3 to C-5), 1.82 ± 1.95 (m, 1H; 4-H), 2.47 (ddd, J�
18.1, 9.8, 2.1 Hz, 1H; 3-H), 3.44 (ddd, J� 18.0, 7.8, 1.3 Hz, 1H; 3-H), 3.91
(qd, J� 6.2, 2.1 Hz, 1H; 5-H), 4.04 (q, J� 7.1 Hz, 2H; OCH2CH3), 5.15 ±
5.16 (m, 1H; CHCO2Et); 13C NMR (62.9 MHz, CDCl3): �� 14.31
(OCH2CH3), 16.03, 18.50 (2�CH3), 38.83 (C-3), 39.01 (C-4), 58.93
(OCH2CH3), 85.71, 89.30 (C-5, CHCO2Et), 168.48 (C�O), 175.59 (C-2);
MS (70 eV, EI): m/z (%): 184 (56) [M�], 169 (100), 139 (66), 123 (32), 69
(44); the exact molecular mass for C10H16O3 m/z (%): 184.1099� 2 mD
[M�] was confirmed by HRMS (EI, 70 eV).


(�)-2-(E)-(Ethoxycarbonylmethylidene)-(4S,5S)-dimethyltetrahydrofuran
(9b): Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-1,3-butadiene
(0.89 g, 3.2 mmol), trans-2,3-butenoxide (0.28 mL, d� 0.804 gcm�3,
3.2 mmol), and TiCl4 (0.68 mL, d� 1.726 gcm�3, 6.2 mmol), 9b was isolated
after chromatography (silica gel, diethyl ether/petroleum ether� 1:3) as a
colorless oil (247 mg, 42%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): ��
0.93 (d, J� 7.0 Hz, 3H; CH3 to C-4), 1.21 (d, J� 6.5 Hz, 3H; CH3 to C-5),
1.24 (t, J� 7.0 Hz, 3H; OCH2CH3), 2.36 ± 2.45 (m, 1H; 4-H), 2.85 ± 2.94 (m,
1H; 3-H), 3.15 (ddd, J� 18.0, 7.7, 1.4 Hz, 1H; 3-H), 4.10 (q, J� 7.0 Hz, 2H;
OCH2CH3), 4.49 (dq, J� 6.4, 6.4 Hz, 1H; 5-H), 5.23 ± 5.24 (m, 1H;
CHCO2Et); 13C NMR (62.9 MHz, CDCl3): �� 13.55, 14.44, 15.05
(OCH2CH3, 2�CH3), 34.31 (C-4), 38.42 (C-3), 59.09 (OCH2CH3), 82.03,
89.69 (C-5, CHCO2Et), 168.75 (C�O), 175.79 (C-2); MS (70 eV, EI): m/z
(%): 184 (59) [M�], 169 (100), 139 (58), 123 (27), 69 (48); the exact
molecular mass for C10H16O3: m/z (%): 184.1099� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV).


(�)-2-(E)-[1-(Ethoxycarbonyl)ethylidene]-(4S,5S)-dimethyltetrahydrofu-
ran (9c): Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-2-methyl-1,3-
butadiene (0.80 g, 2.8 mmol), trans-2,3-butenoxide (0.25 mL, d�
0.804 gcm�3, 2.8 mmol), and TiCl4 (0.62 mL, d� 1.726 gcm�3, 5.6 mmol),
9c was isolated after chromatography (silica gel, diethyl ether/petroleum
ether� 1:3) as a colorless oil (205 mg, 37%, E/Z� 98:2). 1H NMR


(250 MHz, CDCl3): �� 0.94 (d, J� 7.0 Hz, 3H; CH3 to C-4), 1.21 (d, J�
6.6 Hz, 3H; CH3 to C-5), 1.27 (t, J� 7.0 Hz, 3H; OCH2CH3), 1.79 (t, J�
1.5 Hz, 3H; �CCH3), 2.17 ± 2.45 (m, 1H; 4-H), 2.83 (ddd, J� 17.9, 5.4,
1.4 Hz, 1H; 3-H), 3.14 (ddd, J� 17.9, 7.7, 1.6 Hz, 1H; 3-H�), 4.13 (q,
J� 7.1 Hz, 2H; OCH2CH3), 4.48 (dt, J� 6.5, 6.5 Hz, 1H; 5-H); 13C NMR
(62.9 MHz, CDCl3): �� 11.18, 13.70, 14.49, 15.32 (CH3), 34.82 (C-4), 39.19
(C-3), 59.39 (OCH2CH3), 81.27 (C-5), 97.52 (C-2), 169.57 (C�O).


trans-2-(E)-(Ethoxycarbonylmethylidene)-7-oxabicyclo[4.3.0]nonane
(11a): Following the general procedure, 1,3-bis(trimethylsilyloxy)-1-
ethoxy-1,3-butadiene (0.50 g, 1.8 mmol), 1,2-cyclohexenoxide 10 (0.18 mL,
d� 0.971 gcm�3, 1.8 mmol), and TiCl4 (0.40 mL, d� 1.726 gcm�3,
3.6 mmol) were allowed to react. Chromatographic purification (silica
gel, diethyl ether/petroleum ether� 1:3) afforded 11a as a colorless solid
(98 mg, 26%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 1.14 ± 2.18 (m,
11H; CH2CH3 , 1-H, CH2), 2.22 ± 2.36 (m, 1H; CH2), 3.40 ± 3.50 (m, 3H;
6-H, 9-H), 4.06 (q, J� 7.1 Hz, 2H; OCH2CH3), 5.23 ± 5.25 (m, 1H;
CHC�O); 13C NMR (62.9 MHz, CDCl3): �� 14.32 (OCH2CH3), 23.97,
25.22, 28.23, 30.23, 36.20 (C-9, CH2), 44.31 (CH, C-1), 59.03 (OCH2CH3),
86.66, 90.84 (CHC�O, C-6), 168.27 (C�O), 175.51 (C-8); MS (70 eV, EI):
m/z (%): 210 (100) [M�], 165 (96), 122 (84), 115 (58), 81 (56); the exact
molecular mass for C12H18O3: m/z (%): 210.1255� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV); elemental analysis calcd (%) for
C12H18O3 (210.3): C 68.55, H 8.63; found: C 68.24, H 8.35.


trans-2-(E)-(Methoxycarbonylmethylidene)-7-oxabicyclo[4.3.0]nonane
(11b): Starting with 1,3-bis(trimethylsilyloxy)-1-methoxy-1,3-butadiene
(1.30 g, 5 mmol), 1,2-cyclohexenoxide (0.51 mL, d� 0.971 gcm�3, 5 mmol),
and TiCl4 (1.10 mL, d� 1.726 gcm�3, 10.0 mmol), 11b was isolated by
chromatography (silica gel, diethyl ether/petroleum ether� 1:2) as a
colorless oil (282 mg, 30%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3):
�� 1.15 ± 1.58 (m, 9H; CH2CH2, 4-H), 2.24 ± 2.37 (m, 2H; 1-H, 9-H), 3.41 ±
3.53 (m, 2H; 6-H, 9-H), 3.60 (s, 3H; OCH3), 5.27 (t, J� 1.1 Hz, 1H;
C�CH); 13C NMR (62.9 MHz, CDCl3): �� 23.93, 25.28, 28.28, 30.27
(CH2CH2), 36.28 (C-9), 44.35 (C-1), 50.60 (OCH3), 86.85 (C-6), 90.48
(C�CH), 168.81 (C�O), 175.90 (C-8); IR (KBr): �� � 2949 (s), 2863 (m),
1639 (s), 1436 (m), 1351 (m), 1236 (w), 1187 (w), 1140 (m), 1113 (m), 1076
(m), 1045 (m), 942 (m), 821 cm�1 (s); MS (70 eV, EI): m/z (%): 196 (100)
[M�], 165 (41), 122 (53), 101 (57), 81 (45); the exact molecular mass for
C11H16O3: m/z (%): 196.1099� 2 mD [M�] was confirmed by HRMS (EI,
70 eV).


Purification of 11b by ion-exchange resins : A solution (20 mL) of the crude
product mixture of 11b in ether was treated with the basic ion-exchange
resin Ambersep900-OH. After stirring for 2 h, the resin was filtered off,
and the filtrate was concentrated in vacuo. This procedure was repeated
one time. After evaporation of the solvent, the residue was purified by
chromatography to give 11b as a colorless oil (330 mg, 36%).


trans-2-(E)-(Isopropyloxycarbonylmethylidene)-7-oxabicyclo[4.3.0]no-
nane (11c): Starting with 1,3-bis(trimethylsilyloxy)-1-isopropyloxy-1,3-
butadiene (0.52 g, 1.8 mmol), 1,2-cyclohexenoxide (0.18 mL, d�
0.971 gcm�3, 1.8 mmol), and TiCl4 (0.40 mL, d� 1.726 gcm�3, 3.6 mmol),
11c was isolated by chromatography (silica gel, diethyl ether/petroleum
ether� 1:3) as a colorless solid (129 mg, 32%, E/Z� 98:2). 1H NMR
(250 MHz, CDCl3): �� 1.15 ± 1.25 (d, J� 8.0 Hz, 6H; CH3), 2.68 ± 2.08 (m,
6H; 1-H, CH2), 2.18 ± 2.40 (m, 3H; CH2), 3.38 ± 3.58 (m, 3H; 6-H, 9-H),
4.97 (sept, J� 8.0 Hz, 1H; CH(CH3)2), 5.26 (t, J� 1.3 Hz, 1H; C�CH);
13C NMR (62.9 MHz, CDCl3): �� 22.00, 22.01 (CH(CH3)2), 24.03, 25.29,
28.30, 30.30, 36.26 (C-9, CH2), 44.37 (CH, C-1), 66.09 (OCH(CH3)2), 86.64,
91.41 (CHC�O, C-6), 167.94 (C�O), 175.33 (C-8); MS (70 eV, EI): m/z (%):
224 (100) [M�], 165 (40).


trans-2-(E)-[(2�-Methyl)propyloxycarbonylmethylidene]-7-oxabicyclo-
[4.3.0]nonane (11d): Starting with 1,3-bis(trimethylsilyloxy)-1-(2�-methyl)-
propyloxy-1,3-butadiene (0.91 g, 3.0 mmol), 1,2-cyclohexenoxide (0.30 mL,
d� 0.971 gcm�3, 3.0 mmol), and TiCl4 (0.66 mL, d� 1.726 gcm�3,
6.0 mmol), 11d was isolated by chromatography (silica gel, diethyl ether/
petroleum ether� 1:2) as a colorless oil (220 mg, 31%, E/Z� 98:2).
Impurities could not be completely removed. 1H NMR (250 MHz, CDCl3):
�� 0.92 (d, J� 6.7 Hz, 6H; CH3), 1.01 ± 2.03 (m, 11H; 1-H, CH2,
CH(CH3)2), 2.16 ± 2.45 (m, 1H; 9-H), 3.44 ± 3.56 (m, 2H; 6-H, 9-H),
3.82 ± 3.92 (m, 2H; OCH2), 5.32 (t, J� 1.2 Hz, 1H; C�CH); 13C NMR
(62.9 MHz, CDCl3): �� 18.99 (CH3), 24.07, 25.33, 27.82, 28.34 (CH2CH2),
30.34 (OCH2CH), 36.34 (C-9), 44.43 (C-1), 69.56 (OCH2), 86.79 (C-6), 91.02
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(C�CH), 168.55 (C�O), 175.56 (C-8); MS (70 eV, EI): m/z (%): 238 (37)
[M�], 182 (51), 165 (100), 158 (44), 138 (47), 81 (45).


trans-2-(E)-(Phenylcarbonylmethylidene)-7-oxabicyclo[4.3.0]nonane
(11e): Starting with 1,3-bis(trimethylsilyloxy)-1-phenyl-1,3-butadiene
(1.53 g, 5 mmol), 1,2-cyclohexenoxide (0.51 mL, d� 0.971 gcm�3,
5.0 mmol), and TiCl4 (1.10 mL, d� 1.726 gcm�3, 10.0 mmol), 11e was
isolated by chromatography (silica gel, diethyl ether/petroleum ether� 1:2)
as an orange solid (290 mg, 24%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3):
�� 1.15 ± 2.24 (m, 11H; CH2CH2, 9-H, 1-H), 3.34 ± 3.49 (m, 2H; 6-H, 9-H),
6.52 (t, J� 2.1 Hz, 1H; C�CH), 7.31 ± 7.54 (m, 3H; Ph), 7.85 ± 7.95 (m, 2H;
Ph); 13C NMR (62.9 MHz, CDCl3): �� 24.12, 25.32, 28.34, 29.66 (CH2CH2),
37.50 (C-9), 44.55 (C-1), 87.05 (C-6), 96.45 (C�CH), 127.58, 128.31, 131.73
(CH, Ph), 134.60 (C, Ph), 178.18 (C�O), 190.47 (C-8); MS (70 eV, EI): m/z
(%): 242 (27) [M�], 163 (95), 147 (67), 105 (100), 98 (39); the exact
molecular mass for C16H18O2: m/z (%): 242.1307� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV).


trans-2,3�-(E)-(2�-Oxofuranylidene)-7-oxabicyclo[4.3.0]nonane (11 f):
Starting with 2,1�-bis(trimethylsilyloxy)-(3-ethylene)-4,5-dihydrofuran
(0.71 g, 2.6 mmol), 1,2-cyclohexenoxide (0.26 mL, d� 0.971 gcm�3,
2.6 mmol), and TiCl4 (0.57 mL, d� 1.726 gcm�3, 5.2 mmol), 11 f was
isolated by chromatography (silica gel, diethyl ether/petroleum ether�
1:2) as a colorless solid (141 mg, 26%, E/Z� 98:2). 1H NMR (250 MHz,
CDCl3): �� 1.15 ± 1.58 (m, 6H; CH2CH2), 1.71 ± 1.99 (m, 3H; CH2), 2.18 ±
2.34 (m, 2H; 1-H, 9-H), 2.82 (dt, J� 7.6, 2.8 Hz, 2H; 4�-H), 3.45 ± 3.59 (m,
2H; 6-H, 9-H), 4.24 (t, J� 7.7 Hz, 2H; 5�-H); 13C NMR (62.9 MHz, CDCl3):
�� 24.08, 25.02, 25.23, 28.31 (CH2CH2), 34.95 (C-3), 44.60 (C-4), 65.18 (C-
5�), 87.49 (C-5), 94.16 (C-3�), 168.62 (C�O), 172.99 (C-2); IR (KBr): �� �
2942 (s), 2687 (s), 1734 (s), 1684 (s), 1457 (s), 1373 (m), 1266 (s), 1220 (m),
1069 (m), 1019 cm�1 (s); MS (70 eV, EI): m/z (%): 208 (70) [M�], 162 (11),
128 (14), 113 (100), 81 (26); the exact molecular mass for C12H16O3: m/z
(%): 208.1099� 2 mD [M�] was confirmed by HRMS (EI, 70 eV);
elemental analysis calcd (%) for C12H16O3: C 69.21, H 7.74; found: C
68.87, H 7.77.


2-(E)-(Ethoxycarbonylmethylidene)-4-phenyltetrahydrofuran (13a):
Starting with 1,3-bis(trimethylsilyloxy)-1-ethoxy-1,3-butadiene (0.50 g,
1.8 mmol), styrenoxide (0.21 mL, d� 1.051 gcm�3, 1.8 mmol), and TiCl4
(0.40 mL, d� 1.726 gcm�3, 3.6 mmol), 13a was isolated after chromatog-
raphy (silica gel, diethyl ether/petroleum ether� 1:3) as a colorless oil
(125 mg, 30%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 1.27 (t, J�
7.1 Hz, 3H; OCH2CH3), 3.13 ± 3.26 (m, 1H; 3-H), 3.56 ± 3.67 (m, 2H; 3-H,
4-H), 4.09 ± 4.22 (m, 3H; OCH2CH3, 5-H), 4.52 ± 4.59 (m, 1H; 5-H), 5.39 ±
5.40 (m, 1H; CHC�O), 7.15 ± 7.45 (m, 5H; Ph); 13C NMR (62.9 MHz,
CDCl3): �� 14.36 (OCH2CH3), 37.89 (C-3), 42.57 (C-4), 59.22 (OCH2CH3),
76.99 (C-5), 90.35 (CHC�O), 126.78, 127.10, 128.78 (CH, Ph), 140.26 (C,
Ph), 168.28 (C�O), 175.69 (C-2); IR (neat): �� � 3466 (br), 3086 (w), 3063
(w), 2980 (m), 2932 (m), 2901 (m), 1701 (s), 1643 (s), 1604 (m), 1495 (m),
1454 (m), 1371 (s), 1339 (s), 1238 (m), 1115 (s), 1047 cm�1 (s); MS (70 eV,
EI): m/z (%): 232 (52) [M�], 187 (26), 156 (26), 125 (100); the exact
molecular mass for C14H16O3: m/z (%): 232.1099� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV).


2-(E)-(Phenylcarbonylmethylidene)-4-vinyltetrahydrofuran (13b): Start-
ing with 1,3-bis(trimethylsilyloxy)-1-phenyl-1,3-butadiene (1.07 g,
3.5 mmol), 3,4-epoxy-1-butene (0.28 mL, d� 0.870 gcm�3, 3.5 mmol), and
TiCl4 (0.77 mL, d� 1.726 gcm�3, 7.0 mmol), 13b was isolated after chro-
matography (silica gel, diethyl ether/petroleum ether� 1:3) as a colorless
oil (285 mg, 38%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 2.96 ± 3.19
(m, 2H; 3-H), 3.40 ± 3.62 (m, 1H; 4-H), 4.00 (t, J� 7.9 Hz, 1H; 5-H), 4.39 (t,
J� 7.9 Hz, 1H; 5-H), 5.11 ± 5.23 (m, 2H; CH�CH2), 5.73 ± 5.87 (m, 1H;
CH�CH2), 6.54 (m, 1H; CHC�O), 7.40 ± 7.53 (m, 3H; Ph), 7.88 ± 7.93 (m,
2H; Ph); 13C NMR (62.9 MHz, CDCl3): �� 37.50 (C-3), 41.30 (C-4), 75.27
(C-5), 95.55 (CHC�O), 116.83 (CH�CH2), 127.52, 128.27, 131.71 (CH, Ph),
136.20 (CH�CH2) 139.58 (C, Ph), 178.13 (C-2), 190.12 (C�O); IR (KBr):
�� � 3081 (w), 3067 (w), 3028 (w), 2987 (w), 2954 (w), 2889 (w), 1647 (s),
1587 (s), 1567 (s), 1392 (m), 1175 cm�1 (s); MS (70 eV, EI): m/z (%): 214
(28) [M�], 147 (69), 105 (65), 77 (52), 69 (100); the exact molecular mass for
C14H14O2: m/z (%): 214.0994� 2 mD [M�] was confirmed by HRMS (EI,
70 eV).


2-(E)-(Phenylcarbonylmethylidene)-4-methyltetrahydrofuran (13c): Start-
ing with 1,3-bis(trimethylsilyloxy)-1-phenyl-1,3-butadiene (0.79 g,
2.5 mmol), 1,2-propenoxide (0.18 mL, d� 0.829 gcm�3, 2.5 mmol), and


TiCl4 (0.55 mL, d� 1.726 gcm�3, 5.0 mmol), 13c was isolated after chro-
matography (silica gel, diethyl ether/petroleum ether� 1:3) as a colorless
oil (228 mg, 45%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 1.11 (d,
J� 6.4 Hz, 3H; CH3), 2.47 ± 2.61 (m, 1H; 4-H), 2.88 (ddd, J� 18.7, 6.8,
1.7 Hz, 1H; 3-H), 3.46 (ddd, J� 18.7, 8.0, 1.6 Hz, 1H; 3-H), 3.82 (dd, J� 8.6,
6.6 Hz, 1H; 5-H), 4.33 (dd, J� 8.6, 6.9 Hz, 1H; 5-H), 6.52 (t, J� 1.7 Hz,
1H; CHC�O), 7.37 ± 7.51 (m, 3H; Ph), 7.87 ± 7.92 (m, 2H; Ph); 13C NMR
(62.9 MHz, CDCl3): �� 17.38 (CH3), 31.70 (C-4), 39.43 (C-3), 77.71 (C-5),
95.42 (CHC�O), 127.59, 128.22, 131.60 (CH, Ph), 139.68 (C, Ph), 179.05 (C-
2), 190.15 (C�O); MS (70 eV, EI): m/z (%): 202 (70) [M�], 187 (100), 162
(13), 147 (20), 125 (22), 105 (45); elemental analysis calcd (%) for
C13H14O2: C 77.20, H 6.98; found: C 76.86, H 7.09.


2-(E)-(3-Methoxy-2-oxopropylidene)-4-methyltetrahydrofuran (13d):
Starting with 2,4-bis(trimethylsilyloxy)-1-methoxy-2,4-pentadiene (0.55 g,
2.0 mmol), 1,2-propenoxide (0.14 mL, d� 0.829 gcm�3, 2.0 mmol), and
TiCl4 (0.44 mL, d� 1.726 gcm�3, 4.0 mmol), 13d was isolated after chro-
matography (silica gel, diethyl ether/petroleum ether� 1:3) as a colorless
oil (143 mg, 42%, E/Z� 98:2). 1H NMR (250 MHz, CDCl3): �� 1.09 (d,
J� 7.0 Hz, 3H; CH3 on C-4), 2.47 ± 2.58 (m, 1H; 4-H), 2.70 ± 2.81 (m, 1H;
3-H), 3.29 ± 3.48 (m, 4H; 3-H, OCH3), 3.80 (dd, J� 8.6, 6.7 Hz, 1H; 5-H),
3.94 (s, 2H; CH2OCH3), 4.32 (dd, J� 8.6, 6.9 Hz, 1H; 5-H), 5.94 ± 5.96 (m,
1H; CHC�O); 13C NMR (62.9 MHz, CDCl3): �� 17.37 (CH3), 31.68, 39.39
(C-3, C-4), 59.13 (OCH3), 77.80, 77.87 (C-5, CH2OCH3), 94.38 (CHC�O),
178.64 (C-2), 197.25 (C�O); MS (70 eV, DCI, NH3): m/z (%): 171 (100)
[M�1�], 188 (82) [M�18�], 358 (2) [2M�18�].


2-(E)-(2-Oxopropylidene)-5-methyltetrahydrofuran (13e-1) and 2-(E)-(2-
oxopropylidene)-4-methyltetrahydrofuran (13e-2): Starting with 2,4-bis-
(trimethylsilyloxy)-1,3-pentadiene (0.49 g, 2.0 mmol), 1,2-butenoxide
(0.17 mL, d� 0.837 gcm�3, 2.0 mmol), and TiCl4 (0.44 mL, d�
1.726 gcm�3, 4.0 mmol), 13e was isolated by chromatography (silica gel,
diethyl ether/petroleum ether� 1:3) as a colorless oil. The product was
obtained as an inseparable 3:1 mixture of the regioisomers 13e-1 and 13e-2
(100 mg, 36%, E/Z� 98:2). 13e-1: 1H NMR (250 MHz, CDCl3): �� 1.35
(d, J� 6.3 Hz, 3H; CHCH3), 1.55 ± 1.77 (m, 1H; 4-H), 2.10 (s, 3H; COCH3),
2.10 ± 2.28 (m, 1H; 4-H), 2.85 ± 3.05 (dddd, J� 18.8, 9.0, 9.0, 2.0 Hz, 1H;
3-H), 3.25 ± 3.40 (dddd, J� 18.8, 9.0, 4.1, 1.4 Hz, 1H; 3-H), 4.48 ± 4.58 (m,
1H; 5-H), 5.74 (m, 1H; CHC�O); 13C NMR (62.9 MHz, CDCl3): �� 20.36
(CH2CH3), 30.91, 31.13, 31.52 (C-3, C-4, CH3, C�OCH3), 80.21 (C-5), 98.28
(CHC�O), 176.56 (C-2), 197.60 (C�O); 13e-2 : 1H NMR (250 MHz,
CDCl3): �� 1.08 (d, J� 6.3 Hz, 3H; CHCH3), 2.11 (s, 3H; C�OCH3),
2.12 ± 2.38 (m, 1H; 4-H), 2.40 ± 2.58 (ddd, J� 18.5, 7.4, 1.7 Hz, 1H; 3-H),
3.25 ± 3.42 (ddd, J� 18.5, 8.3, 1.5 Hz, 1H; 3-H), 3.75 (dd, J� 8.6, 7.3 Hz, 1H;
5-H), 4.28 (dd, J� 8.6, 7.3 Hz, 1H; 5-H), 5.77 (t, J� 1.5 Hz, 1H; CHC�O);
13C NMR (62.9 MHz, CDCl3): �� 17.38, 31.76, 32.65, 38.98 (C-3, C-4, CH3,
C�OCH3), 77.20 (C-5), 98.98 (CHC�O), 176.58 (C-2), 197.60 (C�O); MS
(70 eV, EI): m/z (%): 140 (18) [M�], 125 (25); the exact molecular mass for
C8H12O2: m/z (%): 140.0837� 2 mD [M�] was confirmed by HRMS (EI,
70 eV).


2-(E)-(2-Oxopropylidene)-5-ethyltetrahydrofuran (13 f-1) and 2-(E)-(2-
oxopropylidene)-4-ethyltetrahydrofuran (13 f-2): Starting with 2,4-bis(tri-
methylsilyloxy)-1,3-pentadiene (0.49 g, 2.0 mmol), 1,2-butenoxide
(0.17 mL, d� 0.837 gcm�3, 2.0 mmol), and TiCl4 (0.44 mL, d�
1.726 gcm�3, 4.0 mmol), the regioisomers 13 f-1 (18 mg, 6%, E/Z� 98:2)
and 13 f-2 (46 mg, 15%, E/Z� 98:2) were isolated by chromatography
(silica gel, diethyl ether/petroleum ether� 1:3) as colorless oils. 13 f-1:
1H NMR (250 MHz, CDCl3): �� 0.97 (t, J� 7.5 Hz, 3H; CH2CH3), 1.53 ±
1.77 (m, 3H; 4-H, CH2CH3), 2.02 ± 2.24 (m, 4H; 4-H, C�OCH3), 2.94 (dddd,
J� 18.9, 9.1, 9.1, 1.9 Hz, 1H; 3-H), 3.30 (dddd, J� 18.9, 9.2, 4.1, 1.4 Hz, 1H;
3-H), 4.26 ± 4.34 (m, 1H; 5-H), 5.73 ± 5.76 (m, 1H; CHC�O); 13 f-2 :
1H NMR (250 MHz, CDCl3): �� 0.92 (t, J� 7.4 Hz, 3H; CH2CH3), 1.42
(quint, J� 7.4 Hz, 2H; CH2CH3), 2.09 (s, 3H; C�OCH3), 2.12 ± 2.38 (m,
1H; 4-H), 2.68 (ddd, J� 18.6, 7.3, 1.7 Hz, 1H; 3-H), 3.29 (ddd, J� 18.6, 8.4,
1.5 Hz, 1H; 3-H), 3.32 (dd, J� 8.7, 7.2 Hz, 1H; 5-H), 3.81 (dd, J� 8.7,
7.1 Hz, 1H; 5-H), 5.73 ± 5.75 (m, 1H; CHC�O); 13C NMR (62.9 MHz,
CDCl3): �� 12.14 (CH2CH3), 25.56, 31.08, 37.01, 38.82 (C-3, C-4, CH2CH3,
C�OCH3), 75.95 (C-5), 98.76 (CHC�O), 176.88 (C-2), 197.53 (C�O); MS
(70 eV, EI): m/z (%): 154 (16) [M�], 139 (28), 125 (56), 111 (16), 71 (24), 69
(100); the exact molecular mass for C9H14O2: m/z (%): 154.0994� 2 mD
[M�] was confirmed by HRMS (EI, 70 eV).


Crystal structure analysis :[29] For the data collection a StoeIPDSII area
detector system using graphite-monochromated MoK� radiation was used.
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No absorption corrections were made. The structures were solved by direct
methods (SHELXS)[30] and refined by the full-matrix least squares
techniques against F 2 (SHELXL-93).[31] The hydrogen atoms were included
at calculated positions with fixed thermal parameters. All non-hydrogen
atoms were refined anisotropically.


Crystallographic data of 11 f : Empirical formula: C12H16O3; formula
weight: 208.25; temperature: 133(2) K; wavelength: 0.71073 ä; crystal
system: monoclinic; space group: P21/n ; unit cell dimensions: a�
6.6306(7) ä, b� 7.5994(11) ä, �� 98.199(9)�, c� 21.512(3) ä, V�
1072.9(2) ä3, Z� 4, �calcd : 1.289 mgm�3; absorption coefficient:
0.092 mm�1; F(000): 448; theta range for data collection: 1.91 to 24.71� ;
index ranges: �7�h� 7, �8� k� 8, �23� l� 25; reflections collected/
unique: 6337/1784 [R(int)� 0.0491]; observed reflections: [I� 2�(I)]: 1433;
completeness to 	� 24.71: 98.3%; refinement method: full-matrix least-
squares method on F 2 ; data/restraints/parameters: 1784/0/145; goodness-
of-fit on F 2 : 1.037; final R indices [I� 2�(I)] R1� 0.0457, wR2� 0.1162,
R indices (all data): R1� 0.0573, wR2� 0.1211; largest diff. peak and hole:
0.312 and �0.202 eä�3.
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Chemically Induced Contraction and Stretching of a Linear Rotaxane Dimer


Maria Consuelo Jimenez-Molero,[b] Christiane Dietrich-Buchecker,[a] and
Jean-Pierre Sauvage*[a]


Abstract: Copper(�)-induced assembly
of two self-complementary identical
units, which consist of a ring that incor-
porates a 1,10-phenanthroline group
attached to a small filament containing
a second 1,10-phenanthroline (phen)
group, leads quantitatively to a doubly
threaded complex. Each copper(�) center
is four-coordinate and is located inside a
ring and bound to a phen from the
macrocyle. The two other coordination
sites are occupied by a phen from the
filament connected to the other ring. An
X-ray structure of the dicopper(�) com-
plex unambiguously demonstrates the
doubly threaded nature of the system.
The molecule has C2 symmetry in the
crystal. This is an extended form with a
Cu ¥¥ ¥ Cu separation of 18.3 ä and an
overall length close to 40 ä. Further
synthetic work, which utilizes the two
terminal phenolic functions of the pre-
vious dicopper(�) complex, gives rise to a


more complex system in which both
filaments have been prolonged in oppo-
site directions by 2,2�:6�,2��-terpyridine
(terpy) motifs and bulky stoppers. The
organic backbone is that of a rotaxane
dimer. Although redox cycling of CuI to
CuII did not lead to intramolecular
rearrangement, simple chemical reac-
tions induced large conformational
changes. The rotaxane dimer was set in
motion as follows. The dicopper(�) com-
plex, which is in an extended conforma-
tion, was demetallated by using KCN.
From the free ligand, the dizinc complex
was formed quantitatively at room tem-
perature. 1H NMR data show that a new
conformation is obtained: each ZnII is
five-coordinate (phen � terpy), and the
molecule is in a contracted conforma-


tion. This process is reminiscent of bio-
logical muscles in the sense that the two
filaments of this system can be moved
along one another in a gliding motion
that keeps the whole system together,
but which converts a stretched com-
pound (overall length �83 ä) into a
contracted species (overall length
�65 ä, according to CPK models). The
motion is quantitatively reversed by the
addition of an excess of copper(�) to the
dizinc complex; this regenerates the
extended starting form. Although the
motivation of the present contribution
was to illustrate that a musclelike mol-
ecule may be stretched or contracted
using electrochemistry and coordination
chemistry, the main body of the work is
organic synthesis. This is testified by the
fact that the dicopper(�) rotaxane dimer
was obtained in 23 steps from commer-
cially available compounds.


Keywords: copper ¥ dimerization ¥
rotaxanes ¥ zinc


Introduction


Molecular motors are universally present in living systems,
either to ensure mechanical properties or to fulfill important
chemical functions. Rotary motors, for instance, are found in
bacterial flagellae[1] and are responsible for the mobility of
these organisms. ATPase is certainly the most important
rotary motor in biology due to the ubiquitous nature of ATP-


dependent processes and of the enzyme which converts ADP
and inorganic phosphate to ATP and vice versa.[2]


Linear motors are also important, as demonstrated by
recent work on kinesin or dynein motors, and are able to
travel in a controlled fashion along microtubules to fulfill a
transport function.[3] The most-studied linear motors are
probably the striated muscles, whose function has been
investigated for several decades.[4]


Synthetic molecular systems that can mimic biological
motors are still primitive but they have experienced a
spectacular developement over the course of the last few
years. Some recent molecular machines and motors consist of
interlocking or threaded rings (catenanes and rotaxanes),[5]


but other organic compounds have also been proposed.[6] In
particular, rotary motors have been reported,[7, 8] of which an
impressive example is that of sterically hindered olefins whose
rotary motion can be induced by a series of photochemical
and thermal steps that perfectly control the directionality of
the process.[8]
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Molecular shuttles consist of a ring threaded by a two-
station axle.[9] As a result of an electrochemical or photoredox
signal, the ring glides from a given station to another. The
process is reversible, and the ring returns to its original
position when given another signal. Interestingly, such a two-
station rotaxane and the corresponding catenane have
recently been proposed as switches in molecular electronic
devices.[10, 11] In order to mimic a biological muscle, the
molecular system should be more or less rod-shaped, with the
ability to undergo contraction or extension in a controlled
fashion. Keeping in mind the way amuscle functions, shown in
an over-simplified representation in Figure 1, it is important to
design a multicomponent system in which one filament can
glide along another.


Figure 1. Schematic representation of the myosin ± actin complex in
skeletal muscles.


Our experience in the field of transition metal-based
catenanes and rotaxanes[12] prompted us to synthesise and
investigate rotaxane dimers, in which acyclic components
(™filaments∫) can glide along one another under the action of
a chemical signal. Two preliminary reports on this work have
recently been published.[13, 14]


Results and Discussion


Design and principle of motion of the assembly : A multi-
component molecular assembly, which presents a symmetrical
doubly threaded topology as shown in Figure 2, should fulfill
the necessary requirements to mimic the behavior of a muscle
at the molecular level.


Figure 2. The topology and shape of a linear pseudorotaxane dimer is
adapted to a contracting/stretching motion.


In the double-threaded object of Figure 2, the motion is
easily visualized: under the action of an external stimulus both


strings (mimicking the muscle filaments) can move along one
another, but the assembly will stay together thanks to the
rotaxane nature of the system. Analogous doubly threaded
topologies were obtained by Stoddart and co-workers in the
solid state by the dimerization of a self-complementary
monomer, although in solution single-threading processes
led to the formation of various pseudo-oligomeric rotaxane
topologies.[15a, b]


Many of our machine-like compounds were obtained by
copper(�)-induced template syntheses, with the motions being
triggered by an electrochemical signal (CuI/CuII).[16±18] By
contrast, in the here reported system, which also contains
copper(�) as the assembling and templating metal, the motion
will be triggered by a chemical signal corresponding merely to
a metal exchange. The doubly threaded molecular assembly
envisaged can bind simultaneously twometal centers, either in
a four- or five-coordinate geometry (Figure 3). The four-
coordinate situation results from the coordination of a
copper(�) ion with two bidentate phenanthroline units and
corresponds to an extended geometry (left Figure 3, left),
whereas the five-coordinate situation results from the coor-
dination of a divalent ion M with one bidentate phenanthro-
line and one terdentate terpyridine and has a contracted
geometry (Figure 3, right).


Figure 3. The principle of function of the unimolecular synthetic ™muscle∫.
The two-component rotaxane dimer contains identical ring-and-string
conjugates. Each component consists of a bidentate chelate (U-shaped
symbol) embedded in a ring, which is covalently attached to a filament-like
part. This string contains another bidentate ligand, a terdentate-coordinat-
ing unit (schematically represented by a W-shaped symbol), and a bulky
stopper (sphere on the drawings), whose function is to prevent dethreading
of the filaments from the rings. The four-coordinate situation (shown on the
left-hand side) is such that the metal (black disk) is coordinated to two
bidentate chelates. If the bidentate chelate belonging to the string is
replaced by a terdentate fragment, a five-coordinate situation is achieved,
which corresponds to an overall contracted situation (shown on the right-
hand side). The contracted situation is obtained by replacing the four-
coordinate metal of the compound represented on the left (copper(�)) by a
five-coordinate center (white disk; M� zinc(��)).


To synthesise such a rotaxane dimer, in which each
monomeric subunit is a multisite ligand, we followed the
general strategy that is shown in Figure 4.
Amacrocycle that contains a bidentate 1,10-phenanthroline


(phen) group is covalently linked to a linear rigid phen group
that terminates in a phenolic function which will enable the
attachment of the stopper. Synthesis of the dinuclear doubly
threaded central core is performed by copper(�) which acts as
a gathering and threading element between two of the bis-
bidentate phen ligands. After the separate synthesis of a
functionalized terdentate 2,2�:6�,2��-terpyridine bearing a
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Figure 4. Synthetic strategy used for the synthesis of the rotaxane dimer.


bulky stopper, these units are connected to the extremities of
the doubly threaded dicopper(�) complex. This last reaction
not only allows the introduction of terdentate sites into the
molecular assembly, but also gives access to a real rotaxane
structure in which any dethreading process is prohibited by
the presence of the two bulky stoppers.
Once the principles of motion and design were defined,


Corey ± Pauling ±Koltun (CPK) atomic models were used to
define the chemical nature of the fragments required for
construction of an appropriate monomeric ligand (Figure 5a).
The models suggest that a 31-membered macrocycle would


have the optimum size. It should be large enough to allow the
threading of a phenanthroline belonging to an opposite rod,
but also small enough to avoid intramolecular copper(�)
complexation between the two phenanthrolines of the same
unit. In fact, such intramolecular complexation could occur by
the folding of a large flexible macrocycle. For the rod, a tetra-
substituted phenanthroline is used. Substitution in the 2- and
9-positions is necessary for the formation of a stable
diphenanthroline copper(�) complex, but here the size was
also critical : even though substituents are necessary, they
should not be so bulky that they inhibit the threading process
for steric reasons. Methyl groups fulfill this requirement.
Finally, the 3- and 8-positions are substituted by aromatic
groups so that the rod will be as linear as possible and that the
formation of an intramolecular copper(�) complex between
two adjacent phenanthrolines from the same subunit is
avoided. A 5,5��-dimethylterpyridine, which can be connected
to the other fragments after functionalization of the methyl
groups, was chosen as terdentate site. The bulky tris(tert-
butylphenyl)methane derivative stoppers should prevent
dethreading. Connection of the various fragments gives the
appropriate monomeric multisite ligand shown in Figure 5b.


Figure 5. a) Chemical structure of the various symbolic fragments.
b) Chemical content of monomeric self-complementary multisite ligand
contained in the doubly threaded assembly.


Synthesis of the dinuclear doubly threaded central core : 3,8-
Dibromo-1,10-phenanthroline (2) was prepared in 75% yield
by the reaction of 1,10-phenanthroline (1) with Br2, S2Cl2, and
pyridine (Scheme 1).[19, 20] Reaction of 2 with 2.2 equivalents
of the ester of p-methoxyphenylboronic acid under Suzuki
cross-coupling conditions gave 3,8-dianisyl-1,10-phenanthro-
line (3) in 84% yield.[21] The 2,3,8-trisubstituted-1,10-phenan-
throline 4was obtained in 95% yield by the addition of a small
excess of CH3Li to 3 at a temperature of 0 ± 5 �C. Introduction
of a second methyl group in the 9-position of the phenanthro-
line to give 5 (97% yield) was performed by addition of CH3Li
under monosubstitution conditions to a solution of 4 in
toluene.[20] Deprotection of the phenolic functions to give the
diphenol 6 in almost quantitative yield was achieved with
pyridinium hydrochloride at 200 �C, according to a method
previously described.[22]
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The functionalized macrocycle 12 was prepared in several
steps starting from 2,9-diphenol-1,10-phenanthroline (8),
which was synthesised according to the literature.[23] Reaction
of 8with 2-(2-chloroethoxy)ethanol in the presence of Cs2CO3


in DMF at 60 �C afforded diol 9 (80% yield), which was
subsequently converted into ditosylate 10 (90% yield) by
treating it with p-toluenesulphonyl chloride in CH2Cl2/Et3N
(�5 �C to 20 �C).[24] The ring closure reaction, which affords
the 31-membered macrocycle 11 in 50% yield, was achieved
by reacting 10 with 3,5-dihydroxybenzyl alcohol under stan-
dard high-dilution conditions (Cs2CO3, DMF, 60 �C).[23, 24]


Ring 11 was subsequently converted into the bromo deriva-
tive 12 (76%) by treatment with PBr3 (CH2Cl2, 25 �C).[25]


The connection between macrocycle 12 and diphenol 6 was
performed in basic medium (Cs2CO3, DMF, 50 �C) and led to
the bis-chelating target ligand 13 in 51% yield (Scheme 2).
Finally, reaction of 13 with a stoichiometric amount of


[Cu(CH3CN)4]PF6 in CH3CN/
CH2Cl2 at room temperature
led quantitatively to 142� as its
PF6� salt (Scheme 3).
Interestingly, 1H NMR stud-


ies and thin-layer chromatogra-
phy show that the initial mix-
ture of the kinetic copper(I)
complexes, which is obtained
immediately after addition of
the copper(I) salt to ligand 13,
reequilibrates. The various cy-
clic or linear oligomers apart
from 142�, which are initially
present in the reaction mixture,
spontaneously convert to the
thermodynamically more stable
dimer 142� in quantitative yield
over a period of 48 hours at
room temperature. The very


strong upfield chemical shift observed for the aromatic
protons Ho and Hm as well as the various interfragment
interactions which are observed by two-dimensional ROESY
NMR experiments (e.g., strong interactions were observed
between CH3 and Ho, Hm and Ho�� , Hm and Hm� ,�OCH2� and
H4� , Hm and Hm�) clearly evidence the threading of one linear
rigid stick belonging to one ligand into the macrocycle of
another. The dimeric nature of 142� is shown by electrospray
mass spectroscopy (ES ±MS). The spectrum of the single
product obtained is that expected for 142� : it not only shows a
molecular ion peak at 2310.3 (calcd: 2310.3), but also displays
a very large, well-resolved peak at 1082.7 (calcd m/2: 1082.7),
which is highly characteristic of a doubly charged species.
Dimer 142� was isolated as a deep red crystalline solid, and


X-ray quality crystals were obtained from acetone/diethyl ether
by diffusion. The molecular structure of the dinuclear dimer
142�, which possesses only a single C2 axis, is given in Figure 6.


Scheme 1. The various phenanthroline-containing precursors, reagents and conditions. a) S2Cl2, Br2, C5H5N, 1-chlorobutane, 80 �C, 24 h, 75%; b) 4-
methoxyphenylboronic acid, 10% Pd[P(C6H5)3]4, toluene, 2� Na2CO3, 80 �C, 12 h, 84%; c) 1) CH3Li/toluene at 0 ± 5 �C, 4 h, 2) H2O, 3) MnO2, 95% for 3,
97% for 4 ; d) C5H5N.HCl, 210 �C, 4 h, 95%; e) 1) p-lithioanisole, THF/toluene, room temperature, 12 h, 2) H2O, 3) MnO2, 60%; g) HO-CH2CH2OCH2CH2-
Cl, DMF, 55 �C, 24 h, 80%; h) 1) TosCl, Et3N, CH2Cl2, �5 ± 20 �C, 90%, 2) 3,5-dihydroxybenzylic alcohol, Cs2CO3, DMF, 55 �C, 48 h, 50%; j) PBr3/CH2Cl2,
25 �C, 48 h, 76%.


Scheme 2. Synthesis of the conjugate 13 between the ring and the phenanthroline unit.
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Scheme 3. Formation of the ™hermaphrodite∫ molecular assembly 142�.
[Cu(CH3CN)4]PF6, CH3CN/CH2Cl2, room temperature, argon, 48 h, quan-
titative.


Figure 6. Crystal structure of the dicopper(�) dimer 142� : space-filling
representation with the single C2 axis shown perpendicular to the plane.


The complex contains two identical symmetry related
subunits consisting each of one macrocycle, one linear 3,8-
diaryl-1,10-phenanthroline rod, and one copper ion. The most
striking feature of this structure is its linear extended anti-
parallel arrangement which locates the two terminal phenolic
oxygen atoms at a distance of 36.3 ä apart. The two copper
atoms are separated by 18.3 ä
and are both in similar environ-
ments. The coordination tetra-
hedron around each copper
appears distorted, with two
wide angles: one opening to-
wards the outside of the mole-
cule (N1-Cu-N3: 125.6�) and
the other towards the second
copper ion of the complex (N2-
Cu-N4: 137.3�). The N�Cu
bond lengths range from
2.035 ä to 2.076 ä and are thus
close to the values found in
other copper(�) complexes of
related ligands.[26]


Synthesis of the stopper-bearing disymmetrical 2,2�:6�,2��-
terpyridine : The two methyl groups of the 5,5��-dimethyl-
2,2�:6�,2��-terpyridine, which was prepared by a double Stille
cross-coupling reaction,[27] were transformed into benzylic
bromides with N-bromosuccinimide in benzene under irradi-
ation and reflux and gave terpyridine 15 in 48% yield.[28]


Reaction of 15with 0.68 equivalents of the bulky stopper 16[29]


in THF and in presence of NaH afforded a mixture of di- and
monostoppered terpyridine (Scheme 4). After a fast chroma-
tography over alumina, the disymmetrical terpyridine 17 was
isolated in 45% yield.


Synthesis of the ™muscle∫ 182� in an extended form : The last
connection step between the hermaphrodite dicopper(�)
precursor 142� and two equivalents of stoppered terpyridine
17 was performed in DMFat 40 �C; the base and the bromide
17 were both progressively added to the solution 142� in DMF
over a period of 5 hours. After chromatography over alumina,
complex 182� was obtained as a dark red solid in 60% yield
(Scheme 5).
Extensive 1H NMR studies showed that the stoppering


procedure leading to 182� occured without significant de-
threading. In particular, there are striking analogies between
the spectra of the doubly threaded precursor 142� and those of
the stoppered complex 182�. Indeed, as shown in Figure 7,
both complexes are characterized by almost identical strong
upfield chemical shifts for several of their aromatic protons
with respect to those of the precursor ligand 13. This similarity
provides clear evidence that the relative spatial arrangement
of the various protons is almost identical in both complexes
142� and 182�.
The large interfragment interactions observed in two-


dimensional ROESY NMR experiments, as well as the high-
resolution mass spectrometry (FAB), confirm the doubly
threaded topology of 182� : the expected molecular ion peak at
3834.2 (calcd 3834.3) is observed as well as a large well-
resolved peak at m/z 1844.7 (calcd for m/2: 1844.6), cor-
responding to a doubly-charged species.


Chemically triggered contraction ± stretching motion : Treat-
ment of 182� with a large excess of KCN at room temperature
gives the free ligand 19 in quantitative yield, which after
remetallation with Zn(NO3)2 gives the colorless dizinc com-


Scheme 4. Synthesis of the stopper-bearing terpyridine fragment 17.
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plex 204� quantitatively in a contracted form (Scheme 6). The
extended dicopper(I) dimer 182� may be regenerated by the
reaction of 204� with an excess of [Cu(CH3CN)4]PF6 at room
temperature.
Mass spectrometry (FAB or ES) was used to confirm the


dimeric nature of 182�, 19, and 204�. Characteristic multi-
charged signals were observed at m/z 1844.7 for 182� (calcd
for m/2: 1844.6) and at m/z 1251.8 for 204� (calcd for m/3:
1251.7) as well as the expected molecular ion peaks (Figure 8).
In the absence of X-ray quality crystals for both copper


complex 182� and zinc complex 204�, the alternate switching


between the extended and contracted forms could only be
evidenced by the careful analysis of their respective two-
dimensional NMR spectra. Unambiguous chemical shifts of
some aromatic protons (from either the phenanthroline or
the terpyridine moities) along with numerous interfragment
interactions observed in two-dimensional ROESY experi-
ments provide the proof that the exchange process, copper(�)/
zinc(��)/copper(�), generates the expected stretching ± con-
traction motion. Indeed, it is clear from previous studies
on the doubly threaded dicopper(�) precursor 142�, whose
structure was fully confirmed by X-ray analysis, that 182�


contains two pseudotetrahedral complexes, in which each
metal center is coordinated to a 2,9-diphenyl-1,10-phen-
anthroline (dpp) motif that is embedded in the ring and
to a 2,9-dimethyl-1,10-phenanthroline (dmp) fragment
from the filament. In Table 1, various NMR probes are
considered.
1) Ho and Hm are indicative of the dpp environment. The


chemical shifts of the two protons from a free dpp are in the
expected range for an aromatic group attached to a 1,10-
phenanthroline (phen) nucleus (�� 7 ± 8.5). On the other


Scheme 5. Synthesis of the ™muscle∫ 182� in the extended form.


Figure 7. 1H NMR spectra (400 MHz in CD2Cl2) (aromatic part) of the
complex 142� (top) and 182� (bottom).


Table 1. 1H NMR spectroscopy (400 MHz, CD2Cl2, 25 �C): chemical shifts
of a few selected protons (�).


Ho Hm CH3 6terpy 6 ��terpy 4�terpy


17 ± ± ± 8.68 8.72 7.96
182� 7.48 6.04 2.09, 2.21 8.79 8.75 7.97
19 8.44 7.17 2.66, 2.72 8.80 8.71 7.97
204� 6.85 6.29 2.71, 2.75 7.39 8.13 8.58
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hand, when coordinated to a metal center in a 2-aromatic
polyimine complex, Ho and Hm undergo a strong upfield shift
characteristic of ™entwined∫ compounds, as reported previ-
ously.[30] From Table 1, it is evident that dpp is coordinated in
both complexes 182� and 204�. For instance, Hm undergoes an
upfield shift with respect to the free ligand of ����1.13 and
�0.88 ppm for 182� and 204� respectively. The shift is even
larger for Ho in 204� (����1.59 ppm) probably due to the
strong ring current exerted by the terpyridine (terpy) on this
proton.
2) The CH3 groups of the phen chelate included in the


filament are also shifted upfield by complexation, due to a
similar ™entwining∫ effect as observed for Ho and Hm. The
chemical shifts are strikingly similar in the spectra of 19 and
204�, but they are significantly different from those of 182� :
���� 0.6 ppm for 182� with respect to 19 or 204�. This
suggests that the dmp unit of 204� is free.
3) H6, H6�� , and H4� of the terpy moiety undergo substantial


chemical shift changes upon complexation. Whereas the
corresponding chemical shift values are similar in 17, 182�


and 19 (�� 8.76� 0.08 for H6; 8.73� 0.02 for H6�� and 7.97�
0.01for H4�), they are noticiably different in 204� (strong
upfield shift for H6 and H6�� , a relatively strong downfield shift
for H4�). These observations are consistent with the ™entwin-
ing∫ effect, and place H6 and H6�� in the shielding region of the
dpp unit belonging to the ring for a {(dpp)(terpy)} complex.
These shifts also demonstrate that both Zn2� centers in 204�


coordinate to the terpy fragments, that is, the molecule is in a
contracted form.


The present rotaxane dimer represents the first example of
a unimolecular linear array able to stretch and contract at will
under the action of a chemical stimulus. From CPK model
calculations, the length of the compound changes from 83 ä in
the dicopper complex 182� to 65 ä in the dizinc complex 204�.


Conclusion


A strategy has been developed to make a doubly-threaded
molecule, similar to a rotaxane dimer, and subsequently, a
linearly arranged system which can contract or stretch under
the action of a chemical signal. In this respect the present
molecular assembly is reminiscent of natural muscles, al-
though the principle of function is evidently remote from
biological systems.
The key reaction of the multistep synthetic procedure is the


double-threading step. It demonstrates the power of copper(�)
as a gathering and threading center. From a ring-and-string
conjugate, which consists of a dpp unit that is incorporated in
the macrocycle and a 2,9-dimethyl-1,10-phenanthroline frag-
ment that is attached as a pendent group to the ring, a doubly
threaded species is quantitatively obtained by simple addition
of stoichiometric amounts of copper(�). The ™muscle∫ is then
prepared by the addition of the second chelate (terpy) and the
stoppers to each thread. The musclelike compound is set in
motion by exchanging the metal, the copper(�) complex being
extended and the zinc(��)-containing species being contracted.
This process illustrates the ability of transition metal centers


Scheme 6. Reversible chemically induced motions between extended 182� and contracted 204�.
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to govern the geometry of relatively complex molecular
assemblies.
This system needs to be substantially improved before one


can seriously envisage applications, in relation to stretchable/
contractible organic polymers, nano- or micromachines, and
artificial muscles. In particular, the chemical reaction origi-
nating in the motion (metal exchange) will have to be
replaced by a simpler process ( electrochemical or photo-
chemical among many other stimuli). Finally, it is important to
study both single molecules and polymers that are able to
contract and stretch.


Experimental Section


General : The following compounds were prepared according to the
literature: 3,8-dibromo-1,10-phenanthroline (2),[19, 20] 2,9-bis(4-methoxy-
phenyl)-1,10-phenanthroline (7),[23] 2,9-bis(4-hydroxyphenyl)-1,10-phenan-
throline (8),[23] 2,9-bis{4-{2-[2-hydroxyethoxy(ethoxy)]}}phenyl-1,10-phe-
nanthroline (9),[24] 2,9-bis{4-{2-[2-(4-toluenesulphonyl)ethoxy(ethoxy)]}}-
phenyl-1,10-phenanthroline (10),[24] the 5,5��-dimethyl-2,2�:6�,2��-terpyri-
dine,[27] stopper 16,[29] [Cu(CH3CN)4]PF6.[31] All other chemicals were of
the best commercially available grade and were used without further
purification. Dry solvents were distilled from suitable dessicants (DMF
from CaH2 under reduced pressure, CH2Cl2 from P2O5, THF from Na/
benzophenone).


Column chromatography was performed with silica gel 60 (Merck 9385,
230 ± 400 mesh) or aluminium oxide 90 (neutral, act. II ± III, Merck 1097).
The purity of the new compounds made was checked by thin-layer
chromatography on silica or alumina. UV/Vis spectra were recorded on a
Kontron Instruments UVIKON 860 spectrophotometer. 1H NMR spectra
were recorded on either Bruker WP 200SY (200 MHz) or WP 400SY
(400 MHz) spectrometers with the deuterated solvent as the lock and
residual solvent as the internal reference. Fast atom bombardment mass
spectra (FAB±MS) were recorded in the positive ion mode, with 3-nitro-
benzyl alcohol as matrix, on a ZAB±HF mass spectrometer. Electrospray
mass spectra (ES ±MS) were recorded with a VG BIOQ triple quadrupole
spectrometer and the electronic impact mass spectra (EI ±MS) with a
Waters Integrity TM System coupled with a Thermabeam TM mass
detector. Melting points were measured with a B¸chi SMP20 apparatus
and are uncorrected.


3,8-Bis-(4-methoxyphenyl)-1,10-phenanthroline (3): A degassed solution
of Na2CO3 (2�, 230 mL) and subsequently a degassed solution of the p-
methoxyphenyl boronic ester (10 g, 45 mmol) in a C6H5CH3/CH3OH (60/
10 mL) were added, through a canula, to a degassed solution of 2 (7.6 g,
22 mmol) and Pd(PPh3)4 (2.5 g, 2.15 mmol) in toluene (400 mL).. After
24 h under reflux, the reaction mixture was cooled to room temperature,
during which process, a precipitate appeared. This was filtered on a sintered
disk funnel (porosity 4) and washed with cold toluene. Fast filtration over
alumina (CHCl3 as eluent) gave 7.40 g of 3 in 84% yield. Pale yellow
powder, m.p.: 271 ± 273 �C; UV/Vis (CH2Cl2): �max� 279, 338 nm ; 1H NMR
(200 MHz, CDCl3, 25 �C): �� 9.40 (d, 4J(H,H)� 2.3 Hz, 2H), 8.32 (d,
4J(H,H)� 2.3 Hz, 2H), 7.83 (s, 2H), 7.72 (d, 3J(H,H)� 8.8 Hz, 4H), 7.08 (d,
3J(H,H)� 8.8 Hz, 4H), 3.90 (s,6H); 13C NMR (50.32 MHz, CDCl3, 25 �C):
�� 159.9, 149.2, 144.6, 135.2, 132.5, 129.9, 128.8, 128.4, 127.0, 114.7, 55.4; MS
(EI): m/z : 392.0 [M�] (calcd: 392.15).


3,8-Bis-(4-methoxyphenyl)-2-methyl-1,10-phenanthroline (4): Compound
3 (4.00 g, 9,9 mmol) was suspended in toluene (200 mL) and maintained at
5 �C. After flushing with argon, CH3Li (1.6� in Et2O, 25 mL, 40 mmol) was
added slowly by means of an addition funnel at a rate such that the
temperature did not exceed�5 �C. The reaction mixture was maintained at
this temperature for 6 h and hydrolized by careful addition of distilled
water (50 mL). The yellow toluene layer was decanted. The aqueous layer
was extracted with CHCl3 (3� 100 mL). The organic layers were combined
and rearomatized by succesive additions of MnO2 (MnO2 Merck 805958)
under stirring. The reoxidation was monitored by TLC: MnO2 was added
until disapearance of the yellow color. MgSO4 (5 g) was added to this
mixture and stirred for 30 mins. The black slurry was filtered on a sintered
disk filter (porosity 4) and subsequently thoroughly washed times with
CHCl3. Evaporation of the solvent yielded 3.92 g (95%) of 4 as a yellow
solid. M.p.: 242 ± 244 �C; UV/Vis (CH2Cl2): �max� 279, 329 nm ;1H NMR
(200 MHz, CDCl3, 25 �C): �� 9.42 (d, 4J(H,H)� 2.3 Hz, 1H), 8.28 (d,
4J(H,H)� 2.3 Hz, 1H), 7.99 (s, 1H), 7.74 (s,2H), 7.70 (d, 3J(H,H)� 8.8 Hz,
2H), 7.40 (d, 3J(H,H)� 8.7 Hz, 2H), 7.05 (m,4H), 3.88 (s, 6H), 2.89 (s, 3H);
13C NMR (50.32 MHz, CDCl3, 25 �C): �� 159.8, 159.2, 157.8, 149.1, 144.3,
136.7, 136.2, 134.8, 132.5, 132.0, 130.3, 128.4, 126.9, 126.7, 125.9, 114.8,
113.0,55.3, 24.9 ; MS (EI): m/z : 406.0 [M�] (calcd: 406.17).


3,8-Bis-(4-methoxyphenyl)-2,9-dimethyl-1,10-phenanthroline (5): Com-
pound 4 (3.00 g, 7.42 mmol) was suspended in toluene (150 mL) and
treated with a solution of CH3Li (1.6 � in Et2O, 18 mL, 30 mmol) at �5 �C.
The reaction conditions and the treatment were similar to those used for
the preparation of 4. The final yellow crude was purified by filtration on
alumina, affording 3.10 g of 5 (97% yield). M.p.: 251 ± 252 �C; UV/Vis
(CH2Cl2): �max� 277, 320 nm; 1H NMR (200 MHz, CDCl3, 25 �C): �� 8.04
(s,2H), 7.74 (s, 2H), 7.41 (d, 3J(H,H)� 8.8 Hz, 4H), 7.04 (d, 3J(H,H)�
8.8 Hz, 4H), 3.91 (s, 6H), 2.91 (s, 6H); 13C NMR (50.32 MHz, CDCl3,
25 �C): �� 159.2, 157.7, 143.9, 136.7, 136.0, 132.1, 130.4, 127.0, 125.5, 113.6,
55.8, 25.2; MS (EI): m/z : 420.0 [M�] (calcd: 420.18).


3,8-Bis-(4-hydroxyphenyl)-2,9-dimethyl-1,10-phenanthroline (6): Technical
grade pyridine (16 mL) was placed in a 100 mL three-necked round-
bottomed flask which was equipped for distillation and fitted with a
thermometer and a magnetic stirrer. Concentrated hydrochloric acid
(17.6 mL) was added with rapid stirring. Water was distilled from the
mixture until its internal temperature rose to 210 �C. After cooling to
140 �C, compound 5 (3.1 g, 7.4 mmol) was added as a solid in one batch, and
the reaction flask was fitted with a reflux condenser connected to a source
of argon. The yellow mixture was stirred under reflux for 3h (190 �C� ��


Figure 8. Mass spectra for the three states of the ™muscle∫: a) FAB±MS of
dicopper complex 182�, b) FAB-MS of free ligand 19, c) ES ±MS of dizinc
complex 204�.
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220 �C). The hot reaction mixture was then diluted with hot water (10 mL)
and then with 60 mL of warm water. After cooling overnight, the bright
yellow suspension was filtered over paper and washed with cold water.
Crude acidic diphenol 6 was suspended (partially dissolved) in an ethanol/
water mixture(250/90 mL) and neutralized with a dilute NaOH solution.
After this pH-monitored neutralization (end-point: pH� 7.32), the sus-
pension was diluted with hot water (150 mL) and cooled in an ice bath.
Compound 6 precipitaded as a beige solid. It was filtered on paper, washed
with cold water and dried overnight in air on a porous dish. Further drying
(high vacuum in presence of P2O5) afforded 6 as a beige powder (2.6 g, 87%
yield). It was used without further purification. M.p.� 260 �C ; UV/Vis
(CH2Cl2): �max� 277 , 322 nm ; 1H NMR (200 MHz, [D6]DMSO, 25 �C): ��
9.68 (s,2H), 8.23 (s,2H), 7.93 (s,2H), 7.42 (d, 3J(H,H)� 8.8 Hz, 4H), 6.96 (d,
3J(H,H)� 8.8 Hz, 4H), 2.79 (s,6H); 13C NMR (50.32 MHz, [D4]CH3OH,
25 �C): �� 158.6, 156.1, 144.1, 139.0, 137.5, 137.0, 131.5, 128.6, 127.0, 116.4,
24.8 ; MS (EI): m/z :392.0 [M��H] (calcd: 392.15).
Macrocycle (11): A degassed mixture of the tosyl derivative 10 (1.29 g,
1.52 mmol) and 3,5-dihydroxybenzyl alcohol (0.190 g, 1.35 mmol) in DMF
(150 mL) was added over 48 h to a stirred suspension of Cs2CO3 (2.0 g,
6.08 mmol) in DMF (400 mL) under argon at 55 �C. After an additional
24 h, the DMF was evaporated by using a vacuum pump. The residue was
taken up in CH2Cl2/H2O mixture (100/50 mL). The organic phase was
separated and the aqueous phase was washed with CH2Cl2 (3� 100 mL).
The organic phases were collected and dried over MgSO4, and the solvent
was evaporated in vaccuo. After column chromatography on SiO2 (CH2Cl2-
CH3OH 0% to 2%), compound 11 was obtained in 50% yield (0.478 g).
UV/Vis (CH2Cl2): �max� 281, 321 nm ; 1H NMR (200 MHz, CD2Cl2, 25 �C):
�� 8.34 (m,6H), 8.12 (d, 3J(H,H)� 8.7 Hz, 2H), 7.81 (s, 2H), 7.12 (d,
3J(H,H)� 8.8 Hz, 4H), 6.41 (br s, 1H), 6.33 (br s, 2H), 4.31 (m, 4H), 4.20 (s,
2H), 4.10 (m, 4H), 3.93 (m, 8H); 13C NMR (50.32 MHz, CDCl3, 25 �C): ��
160.1, 159.5, 156.7, 136.9, 132.9, 129.1, 127.7, 125.7, 119.8, 115.6, 105.3, 103.8,
99.4, 66.9, 66.8, 66.8, 66.0, 32.3; MS (EI): m/z : 645.0 [M�] (calcd: 644.7).


Macrocycle (12): A solution of 11 (1.00 g, 1.55 mmol) and PBr3 (0.3 mL,
31 mmol) in CH2Cl2 (50 mL) was stirred at room temperature for 48 h.
After addition of water (20 mL), the suspension reached pH 7 by addition
of small portions of a dilute solution of NaOH (pH monitored). The
organic phase was decanted, and the aqueous phase washed with CH2Cl2
(3� 50 mL). The CH2Cl2 solution was dried (MgSO4) and evaporated to
afford crude macrocycle 12. Chromatography on SiO2 (CH2Cl2-CH3OH
0% to 1%) afforded 1.10g of 12 (76% yield) as a yellow solid. 1H NMR
(200 MHz, CDCl3, 25 �C): �� 8.42 (d, 3J(H,H)� 8.8 Hz, 4H), 8.27 (d,
3J(H,H)� 8.6 Hz, 2H), 8.08 (d, 3J(H,H)� 8.6 Hz, 2H), 7.76 (s, 2H), 7.15 (d,
3J(H,H)� 8.8 Hz, 4H), 6.56 (m,3H), 4.37 (s,2H), 4.34 (m, 4H), 4.18 (m,
4H), 3.95 (m, 8H); 13C NMR (50.32 MHz, CD2Cl2, 25 �C): �� 159.2, 158.6,
157.5, 136.7, 132.8, 129.1, 127.6, 125.6, 119.2, 115.6, 107.7, 102.7, 101.2, 70.0,
69.7, 67.8, 67.7, 33.9; MS (FAB�): m/z : 708.20 [M�] (calcd: 708.62).


Ligand (13): A degassed solution of bromide 12 (0.405 g, 0.57 mmol) in
DMF (50 mL) was slowly added (over 10 h) to a well stirred suspension of
diphenol 6 (0.674 g, 1.71 mmol) and Cs2CO3 (1.00 g, 3.07 mmol) in DMF
(100 mL) at 55 �C under argon. After additional stirring at 55 �C (12 h), the
DMF was evaporated and the residue taken up in CH2Cl2/H2O (50/50 mL).
The organic phase was decanted, and the aqueous phase extracted with
CH2Cl2 (3� 50 mL). The collected organic phases were dried over MgSO4


and the resulting residue submitted to column chromatography (Al2O3). At
CHCl3/hexane (4/1), 0.298 g of pure 13 were obtained (51% yield) as a
pale-yellow solid. 1H NMR (400 MHz, CD2Cl2, 25 �C): �� 8.43 (d,
3J(H,H)� 8.8 Hz, 4H), 8.32 (d, 3J(H,H)� 8.4 Hz, 2H), 8.12 (d, 3J(H,H)�
8.4 Hz, 2H), 8.07 (s,1H), 7.98 (s, 1H), 7.80 (s,2H), 7.76 (s,1H), 7.75 (s,1H),
7.41 (d, 3J(H,H)� 8.8 Hz, 2H), 7.29 (d, 3J(H,H)� 8.7 Hz, 2H), 7.19 (d,
3J(H,H)� 8.8 Hz, 4H) 7.02 (d, 3J(H,H)� 8.8 Hz, 2H), 6.99 (d, 3J(H,H)�
8.8 Hz, 2H), 6.65 (d, 4J(H,H)� 2.2 Hz, 2H), 6.63 (t, 4J(H,H)� 2.2 Hz, 1H),
5.05 (s,2H), 4.35 (m, 4H), 4.23 (m, 4H), 3.98 (m, 8H), 2.85 (s, 3H), 2.77 (s,
3H); MS (FAB�): m/z : 1020.5 ([M�H] (calcd: 1020.4).


Compound (142�): A degassed solution of [Cu(CH3CN)4]PF6 (7.5 mg,
20 mmol) in CH3CN (10 mL) was transfered through a canula to a degassed
solution of 13 (20.4 mg, 20 mmol) in CH2Cl2 (10 mL). The solution of 13,
initially pale yellow, turned dark brown-red upon the addition of the
copper(�) salt. The solution was stirred for 48 h at room temperature under
argon, the solvents were then evaporated and the product analyzed by
1H NMR spectroscopy, which showed that 142� was present in at least 95%
yield. It was used for the following synthesis without further purification.


Suitable single crystals were obtained by the diffusion technique (acetone/
diethyl ether). 1H NMR (400 MHz, CD2Cl2/CD3CN, 25 �C): �� 8.64 (d,
3J(H,H)� 8.3 Hz, 4H; H4,7), 8.24 (s, 2H; H7�), 8.18 (d, 3J(H,H)� 8.6 Hz,
2H; H5�), 8.09 (s, 4H; H5,6), 8.06 (d, 3J(H,H)� 8.5 Hz, 4H; H3,8), 8.01 and
8.18 (2d, 3J(H,H)� 8.6 Hz, 4H; H5� and H6�), 7.99 (s, 2H; H4�), 7.43 (d,
3J(H,H)� 8.6 Hz, 8H; Ho), 7.15 (d, 3J(H,H)� 8.5 Hz, 4H; Ho��), 7.06 (s, 2H;
OH), 6.96 and 7.12 (2d, 3J(H,H)� 8.2 Hz, 8H; Hm� and Ho�), 6.85 (d,
3J(H,H)� 8.8 Hz, 4H; Hm��), 6.65 (t, 4J(H,H)� 2.2 Hz, 2H; Ha), 6.62 (d,
4J(H,H)� 2.2 Hz, 4H; Hb), 5.94 (d, 3J(H,H)� 8.6 Hz, 8H; Hm), 4.96 (s, 4H;
ArOCH2Ar), 3.35 ± 3.89 (m, 32H; H �,�,�,�), 2.00 and 2.09 (2s, 12H;�CH3) ;
MS (ES�): m/z : 2310.3 [M��PF6�] (calcd: 2310.3), 1082.7 [M2��PF6�]
(calcd for m/2: 1082.7).


X-ray crystallography of 142� : Suitable dark red single crystals of 142� ¥
2PF6� ¥ 2CH3OH were obtained by the diffusion technique (acetone/
diethyl ether). C67H61O10N4PF6Cu, MW� 1290.76, monoclinic, a�
25.543(1), b� 20.870(1), c� 27.869(1) ä, �� 116.96(2)�, V� 13242(2) ä3,
space group C2/c, Z� 4, �calcd� 1.295 gcm�3, �� 4.296 mm�1. Data were
collected at �100 �C on a Nonius Kappa CCD diffractometer using the
standard data collection procedures (2.5� �� 30�) and MoK� graphite
monochromated radiation (�� 0.71073 ä) on a crystal of dimensions
0.30� 0.30� 0.20 mm3. 21423 data collected, 7329 with I� 3	(I). The
structure was solved by using direct methods. The diffraction power of the
crystals was poor despite the collection of four samples; the same results
were obtained. It was not possible to fully resolve the disorder of one of the
PF6� anions or to locate all solvent molecules even by refining on F 2 and
using all data with I� 2�(I). Neverless, the core of the molecule is correct
and refines normally. Final results: R� 0.142, wR� 0.193.
CCDC-135902 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or e-mail : deposit@ccdc.cam.ac.uk).


5,5��-Bis(bromomethyl)-2,2�:6�,2��-terpyridine (15): A mixture of 5,5��-di-
methyl-2,2�:6�,2��-terpyridine [27] (0.500 g, 1.91 mmol) and NBS (N-bromo-
succinimide) (1.70g, 9.55 mmol) in benzene (50 mL) was heated under
reflux for 30 mins and subsequently irradiated for 20 mins (diapo projec-
tor). During the irradiation, NHS precipitated as a white solid, the solvent
then was evaporated to dryness, and the crude solid dissolved in CH2Cl2
(100 mL). The organic solution was washed with water (100 mL) and then
with a Na2S2O3 solution (2�, 100 mL), dried over MgSO4, filtered, and
evaporated to dryness. The product was dissolved in a minimum of CH2Cl2
and cooled overnight in a refrigerator. The white precipitated solid was
filtered on a sintered disk funnel. Three successive such dissolution ± pre-
cipitation procedures yielded 0.385 g (48% yield) of the pure dibromo
derivative 15. 1H NMR (200 MHz, CDCl3, 25 �C): �� 8.71 (d, 4J(H,H)�
1.7 Hz, 2H), 8.61 (d, 3J(H,H)� 8.4 Hz, 2H), 8.47 (d, 3J(H,H)� 7.9 Hz, 2H),
7.97 (t, 3J(H,H)� 7.9 Hz, 1H), 7.90 (dd, 3J(H,H)� 8.12 Hz, 4J(H,H)�
2.2 Hz, 2H), 4.56 (s, 4H).


Stoppered terpyridine (17): NaH (50% in mineral oil, 0.034 g, 0.71 mmol)
was added to the phenolic blocking group 16 (0.200 g, 0.39 mmol) in dry
THF (10 mL) under argon at room temperature and stirred for 1h. A
degassed solution of dibromide 15 (0.500 g, 0.58 mmol in 20 mLTHF) was
then transfered through a canula to the phenolate solution and stirred at
room temperature under argon for 24 h. A few drops of water were added
to destroy excess NaH. The solvent was evaporated, and the residue
dissolved in CH2Cl2. This organic phase was washed with water(3� 50 mL)
and dried over MgSO4. Fast chromatography of the crude solid over
alumina [hexane/CH2Cl2 (70/30 v/v) as eluent] gave the stoppered
terpyridine 17 in 45% yield (0.152 g). 1H NMR (400 MHz, CD2Cl2,
25 �C): �� 8.72 (d, 4J(H,H)� 1.6 Hz, 1H), 8.68 (d, 4J(H,H)� 1.9 Hz, 1H),
8.63 (d, 3J(H,H)� 7.8 Hz, 1H), 8.61 (d, 3J(H,H)� 7.5 Hz, 1H), 8.47 (dd,
3J(H,H)� 8.0 Hz, 4J(H,H)� 1.0 Hz, 1H), 8.45 (dd, 3J(H,H)� 7.8 Hz,
4J(H,H)� 1.0 Hz, 1H), 7.96 (t, 3J(H,H)� 7.8 Hz, 1H), 7.94 (dd, 3J(H,H)�
8.1 Hz, 4J(H,H)� 2.2 Hz, 1H), 7.90 (dd, 3J(H,H)� 8.2 Hz, 4J(H,H)�
2.3 Hz, 1H), 5.15 (s,2H), 4.57 (s,2H), 1.31 (s, 27H).


Extended ™muscle∫ (182�): A degassed solution of the dimer complex 142�


(0.120 g, 0.049 mmol) in DMF (20 mL) was heated to 40 �C. A degassed
solution ± suspension of the stoppered terpyridine 17 (0.143 g, 0.166 mmol
in 10 mL DMF) and a degassed suspension of Cs2CO3 (0.178 g, 0.55 mmol)
in DMF (10 mL) were in two other separate Schlenk flasks, respectively.
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Both these last two flasks were maintained at room temperature and
connected to the three-necked round bottom flask containing 142�


(maintained at 40 �C) through two canula. A small batch of the Cs2CO3


was added to 142� followed a few minutes later by the addition of a small
batch of the terpyridine 17 solution. Successive additions were performed
at the rate of one each per hour for 5 h. This protocol has the advantage of
minimizing both the basic hydrolysis of benzylic bromide 17 and the partial
demetallation of dimer complex 142�. The resulting mixture was stirred at
40 �C under argon for 5 h and at room temperature overnight. The dark red
crude solid obtained after evaporation of the DMF was redissolved in
CH2Cl2 (50 mL) and stirred overnight in the presence of a saturated KPF6
solution (30 mL). The organic phase was decanted and dried over MgSO4,
filtered, and evaporated to dryness. Column chromatography over alumina
(eluent: CH2Cl2/MeOH 0.2% to 0.5%) yielded 0.117 g of complex 182� as a
dark red solid (60% yield). 1H NMR (400 MHz, CD2Cl2, 25 �C): �� 8.79 (d,
4J(H,H)� 1.6 Hz, 2H; H6T), 8.75 (d, 4J(H,H)� 1.6 Hz, 2H ; H6��T), 8.68 (d,
3J(H,H)� 8.0 Hz, 2H ; H3T), 8.65 (d, 3J(H,H)� 8.5 Hz, 2H; H3��T), 8.64 (d,
3J(H,H)� 8.5 Hz, 4H ; H4,7), 8.48 (m, 4H ; H3�T and H5�T), 8.29 (d,
3J(H,H)� 9.0 Hz, 2H; H5�), 8.26 (s, 2H ; H7�), 8.11 (d, 3J(H,H)� 8.3 Hz,
4H; H3,8), 8.10 (s, 2H ; H4�), 8.10 (s, 4H; H5,6), 8.04 (d, 3J(H,H)� 9.0 Hz,
2H; H6�), 8.00 ± 7.95 (m, 6H ; H4T,4��T,4�T), 7.48 (d, 3J(H,H)� 8.8 Hz, 8H; Ho),
7.29 (d, 3J(H,H)� 8.5 Hz, 4H; Ho��), 7.27 (d, 3J(H,H)� 8.8 Hz, 12H; Hostop),
7.20 (d, 3J(H,H)� 9.0 Hz, 8H; Ho�� and Hm�), 7.16 (d, 3J(H,H)� 8.8 Hz, 12H;
Hmstop), 7.14 (d, 3J(H,H)� 9.0 Hz, 4H; Hm��), 7.03 (d, 3J(H,H)� 8.8 Hz, 4H;
Ho�), 6.91 (d, 3J(H,H)� 9.0 Hz, 4H; Hm���), 6.69 (d, 4J(H,H)� 2.3 Hz, 2H;
Ha), 6.66 (d, 4J(H,H)� 2.1 Hz, 4H; Hb), 6.04 (d, 3J(H,H)� 8.8 Hz, 8H ;
Hm), 5.25 (s, 4H;�OCH2B), 5.15 (s, 4H;�OCH2C), 4.96 (s, 4H;�OCH2A),
4.18 ± 4.09 (m, 8H ;�OCH2�), 3.97 ± 3.89 (m,4H ;�OCH2�), 3.76 ± 3.74 (m,
4H; �OCH2�), 3.69 ± 3.65 (m, 4H; �OCH2�), 3.61 ± 3.52 (m, 8H; �OCH2�


and�OCH2�), 3.48 ± 3.44 (m, 4H;�OCH2�), 2.21 (s, 6H; CH3), 2.09 (s, 6H;
CH3), 1.30 (s, 54H; HtBu); MS (FAB�): m/z : 3834.2 [M��PF6] (calcd:
3834.3), 1844.8 [M2�� 2PF6], (calcd for m/2: 1844.7).
Free ligand (19): KCN (0.020 g, 0.31 mmol) in water (5 mL) was added to
182� (0.040 g, 0.01 mmol) in CH2Cl2 (5 mL). After the mixture was stirred
for 1 h at room temperature, the initial dark red color of the organic phase
had disappeared. After an additional 2 h of stirring, the pale yellow organic
phase was decanted, dried over MgSO4, and evaporated to dryness. The
free ligand 19was obtained in quantitative yield as a colorless glass (0.036 g,
0.01 mmol). 1H NMR (400 MHz, CD2Cl2, 25 �C): �� 8.80 (br s, 2H; H6T),
8.71 (br s, 2H; H6��T), 8.44 (br s, 8H; Ho), 8.24 (m, 8H; H4,7,H3T and H3��T),
8.13 (m, 4H; H3�T and H5�T), 7.97 (m, 6H; H4T,4��T,4�T), 7.75 (br s, 4H; H5,6), 7.70
(m, 8H ; H4� ,H7� and H3,8), 7.54 (m, 4H; H5�,6�), 7.29 ± 7.27 (brm, 16H; Ho


stop. ,Ho���), 7.20 ± 7.17 (brm, 28H; Hm,Hm stop,Ho� and Ho��), 7.06 (m, 4H; Hm��),
6.93 (m, 8H; Hm� ,Hm��), 6.49 (br s, 6H; Ha and Hb), 5.10 (br s, 8H;�OCH2B
and�OCH2C), 4.32 ± 3.85 (m, 32H;�OCH2 cyclic), 2.72 (s, 6H; CH3), 2.66
(s, 6H; CH3), 1.31 (s, 54H; HtBu); MS (FAB�):m/z : 3562.8 [M��H], (calcd:
3562.7).


Contracted ™muscle∫ (204�): Zn(NO3)2 ¥ 4H2O (3 mg, 0.0094 mmol) dis-
solved in MeOH (3 mL) was added to stirred solution of 19 (0.018 g,
0.005 mmol) in CH2Cl2 (5 mL) at room temperature. The reaction was
monitored by TLC and ended after 1 h. Evaporation of solvent gave 204�


quantitatively (0.019 g, 0.005 mmol) as a pale yellow solid. 1H NMR
(400 MHz, CD2Cl2, 25 �C): �� 8.85 (d, 3J(H,H)� 8.1 Hz, 2H; H3�T), 8.80 (d,
3J(H,H)� 7.2 Hz, 2H; H3T), 8.70 (d, 3J(H,H)� 8.5 Hz, 4H; H4,7), 8.58 (t,
3J(H,H)� 8.0 Hz, 2H; H4�T), 8.28 (s, 4H; H5,6), 8.27 (brd, 3J(H,H)� 8.6 Hz,
2H; H4T), 8.16 (brd, 3J(H,H)� 8.7 Hz, 2H; H4��T), 8.13 (br s, 2H; H6��T), 7.84
(d, 3J(H,H)� 8.0 Hz, 2H; H5�T), 7.77 (d, 3J(H,H)� 8.5 Hz, 4H; H3,8), 7.68 (d,
3J(H,H)� 8.2 Hz, 2H; H3��T), 7.62 (s, 4H; H4� and H7�), 7.39 (br s,2H ; H6T),
7.26 ± 7.09 (m, 40H; Ho�,o��,o��,m� and Ho,m stop.), 6.93 (d, 4J(H,H)� 2.1 Hz, 4H;
Hb), 6.85 (d, 3J(H,H)� 8.6 Hz, 8H; Ho), 6.81 (d, 4J(H,H)� 2.0 Hz, 2H; Ha),
6.79 (d, 3J(H,H)� 8.6 Hz, 4H; Hm��), 6.52 (d, 3J(H,H)� 9.0 Hz, 4H; Hm��),
6.29 (d, 3J(H,H)� 8.7 Hz, 8H; Hm), 5.15 (s, 4H; �OCH2A), 4.95 (s, 4H;
�OCH2B), 4.90 (s, 4H;�OCH2C), 4.30 ± 3.80 (m, 32H;�OCH2 cyclic), 2.75
(s, 6H; CH3), 2.71 (s, 6H; CH3), 1.27 (s, 54H; HtBu); MS (ES�): m/z : 1908.5
[M2�� 2NO3]2� (calcd for m/2: 1908.5), 1251.8 [M3�� 3NO3] (calcd for m/
3: 1251.7), 923.5 [M4�� 4NO3] (calcd for m/4: 923.3).
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Structural Investigation of the HIV-1 Envelope Glycoprotein
gp160 Cleavage Site
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Abstract: The selective proteolytic acti-
vation of the HIV-1 envelope glycopro-
tein gp160 by furin and other precursor
convertases (PCs) occurs at the carboxyl
side of the sequence Arg508-Glu-Lys-
Arg511 (site 1), in spite of the presence
of another consensus sequence: Lys500-
Ala-Lys-Arg503 (site 2). We report on
the solution structural analysis of a 19-
residue synthetic peptide, p498, which
spans the two gp160-processing sites 1
and 2, and is properly digested by furin


at site 1. A molecular model is obtained
for p498, by means of molecular dynam-
ics simulations, from NMR data collect-
ed in trifluoroethanol/water. The pep-
tide N-terminal side presents a 9-residue
helical segment, enclosing the process-
ing site 2; the C-terminal segment can be


described as a loop exposing the proc-
essing site 1. A hypothesis for the dock-
ing of p498 onto the catalytic domain of
human furin, modeled by homology and
fitting previous site-directed mutagene-
sis studies, is also presented. p498 site 1
is shown to have easy access to the furin
catalytic site, unlike the nonphysiologi-
cal site 2. Finally, on the basis of avail-
able data, we suggest a possible struc-
tural motif required for the gp160 ± PCs
recognition.


Keywords: conformation analysis ¥
HIV ¥ molecular modeling ¥
proteases ¥ protein structures


Introduction


The HIV envelope glycoprotein gp160 is synthesized as an
inactive precursor. It is then cleaved, in a late Golgi compart-
ment,[1] to give the noncovalently associated glycoproteins
gp120 and gp41. The cleavage of the HIV envelope glyco-
protein gp160 is a prerequisite for the virus infectivity. Indeed,
it is gp120 that mediates the interaction of the viral particle
with CD4 receptor ± coreceptor complexes, while gp41 carries
out the fusion of viral and cellular lipid membranes.[2]


The endoprotease candidates for the intracellular process-
ing of the HIV envelope glycoprotein are the precursor


convertases (PCs), newly discovered mammalian subtilisin-
like serine proteases. Furin was the first PC enzyme shown to
cleave gp160 intracellularly into gp120 � gp41.[3] Later the
involvement in this process of other mammalian PCs (PC5/6/
7)[4] and, most recently, of other protease families[5] has been
proposed.


Analogously to prohormones, viral glycoproteins have
multibasic cleavage sites, and in particular consensus sequen-
ces of the type Lys/Arg-Xaa-Lys/Arg-Arg. From activity
studies it is known that the proteolytic cleavage of the HIV-1
glycoprotein gp160 precursor occurs at the carboxyl side of
the sequence Arg508-Glu-Lys-Arg511 (site 1).[6] The basic
residues within the cleavage recognition sequence are crucial
in determining the efficiency of the proteolytic processing, as
confirmed by site-directed mutagenesis studies.[7] Many data
indicate, however, that the amino acid sequence of site 1 alone
is not sufficient to allow the correct processing of HIV-1
gp160. Strikingly, gp160 cleavage occurs selectively at site 1, in
spite of the presence of a consensus motif next to site 1,
corresponding to the Lys500-Ala-Lys-Arg503 sequence
(site 2). It has been shown that the basic amino acids of site 2
are also important for the proteolytic processing at site 1;
indeed, multiple replacements of the site 2 basic residues
drastically reduce the gp160 cleavage.[8]


To date, no structural information is available for a large
sequence around the gp160 cleavage sites (about 50 resi-
dues).[9] Brakch et al.[10] showed that two peptides, each
spanning one only of the two gp160 consensus sequences


[a] Prof. L. Paolillo, Dr. R. Oliva, Dr. L. Falcigno, Prof. G. D×Auria
Dipartimento di Chimica, Universita¡ di Napoli ™Federico II∫
Complesso Universitario Monte S. Angelo, via Cintia
80126 Napoli (Italy)
Fax: (�39)081-674090
E-mail : paolillo@chemistry.unina.it


[b] Prof. L. Paolillo, Dr. M. Leone, Dr. L. Falcigno, Prof. G. D×Auria
Centro di Studio di Biocristallografia del C.N.R.
Universita¡ di Napoli ™Federico II∫, Via Mezzocannone 4
80134 Napoli (Italy)


[c] Dr. M. Dettin, Dr. C. Scarinci, Prof. C. Di Bello
Dipartimento di Processi Chimici dell×Ingegneria
Universita¡ di Padova, Via Marzolo 9
35131 Padova (Italy)


Supporting information for this article is available on the WWWunder
http://wiley-vch.de/home/chemistry/ or from the author (NMR struc-
ture determination statistics, proton ± proton distances from NOESY
experiments and RMD calculations, 3JNH,�CH coupling constants).


FULL PAPER


Chem. Eur. J. 2002, 8, No. 6 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0806-1467 $ 17.50+.50/0 1467







FULL PAPER L. Paolillo et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0806-1468 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 61468


(site 1 and site 2), were both cleaved by furin and other PCs.
Very interestingly, however, the 19-residue peptide p498,
spanning the junction between gp120 and gp41, and contain-
ing sites 1 and 2 (Figure 1), is recognized and properly
digested by furin at the site 1.[10,11] These data confirm that
contributions of surrounding amino acids are required to
promote the correct gp160-like processing, in addition to the
multibasic consensus sequence. Furthermore they suggest that
such contributions, as specific secondary structure motifs, can
be reproduced in a medium-sized peptide fragment like p498.
Therefore the activity findings for the p498 peptide have
prompted the study of other synthetic peptides, mimicking
precursor processing sites of HIV-1 gp160, HIV-2 gp140, and
SIV gp140.[12]


To clarify the structural features that allow the correct
gp160-like processing to be performed by furin on the p498
peptide, here we report on the structural analysis of the
peptide, carried out in solution by means of NMR techniques.
Then we present a hypothesis for the docking of the substrate
p498 in the catalytic domain of the processing enzyme furin,
built by homology and match-
ing previous homology[13] and
site-directed mutagenesis stud-
ies.[14] Finally, on the basis of
our experimental results and of
gp160 secondary-structure pre-
dictions, we suggest a hypoth-
esis concerning the secondary
structure motif required for the
molecular recognition between
gp160 and the PCs processing
enzymes.


Results


p498 Conformational analysis :
In aqueous solution containing
2,2,2-trifluoroethanol (TFE),
p498 CD spectra present three
bands (one intense and positive
at 190 nm and two negative at
205 nm and 222 nm) character-
istic of right-handed �-helical conformations (data not
shown).


The NMR analysis was performed in a TFE/H2O (90/10)
solution. The complete sequential assignment was achieved
according to the standard procedure proposed by
W¸thrich.[39] Proton chemical shifts are listed in Table 1.


The NOE pattern, a series of strong NHi ±NHi�1 NOE
connectivities, together with �i ±NHi�3 NOEs and the �i ± �i�3


contact between Arg7 and Gln10, points to a helical
conformation in the N-terminal/middle region of the peptide
(Figure 2). The helix hypothesis is further supported by the
proton chemical shift deviations from the random coil values
(Figure 3). In the segment from Lys3 to Arg14, the diagram of
the �CH deviations vs. residue number does indeed show a
trend which is typical of helical secondary structures.[15] A set
of 126 experimental constraints from NOE data (67 intra-


Figure 3. Chemical shift deviations from the random coil values for �CH
protons.[15] For Gly17* both the �CH and ��CH chemical shift deviations
are reported.


residual, 35 sequential and 24 medium-range, including
17 constraints characteristic of helical structure) was deter-
mined for structure calculations. These constraints have been


Figure 1. Amino acid sequence of the p498 synthetic peptide; p498 spans the gp160 sequence from Pro498 to
Gly516, containing the two processing sites 1 and 2 (in bold). Solid and broken arrows are used to indicate the
cleavage loci for the recognized processing site 1 and the secondary site 2, respectively.


Figure 2. Summary of the most relevant NOE effects in TFE/H2O (90/10).


Table 1. Proton chemical shifts (�) of p498 in TFE/H2O (90:10 v/v) at
298 K with TSP as internal reference.


Residue HN H� H� H� Others


Pro1 ± 4.52 2.15, 2.54 2.11 H� 3.50, 3.40
Thr2 8.28 4.52 4.45 1.32
Lys3 8.27 4.19 1.86 1.48, 1.61 H� 1.78 H� 3.12
Ala4 7.85 4.18 1.46
Lys5 7.65 4.09 1.92 1.52 H� 1.75 H� 3.03
Arg6 7.91 4.04 1.95 1.72 H� 3.21 NH� 7.17
Arg7 7.82 4.14 2.02 1.75, 1.86 H� 3.23 NH� 7.20
Val8 7.74 3.72 2.30 1.01, 1.11
Val9 8.04 3.75 2.20 1.01, 1.11
Gln10 8.14 4.04 2.21, 2.28 2.45, 2.60 NH� 6.32, 7.06
Arg11 7.93 4.10 2.09 1.75, 1.88 H� 3.22 NH� 7.11
Glu12 8.38 4.13 2.31 2.50, 2.69
Lys13 8.39 4.13 2.00 1.52 H� 1.71 H� 2.97
Arg14 7.88 4.24 1.98 1.78, 1.83 H� 3.24 NH� 7.06
Ala15 7.99 4.26 1.54
Val16 7.71 4.14 2.26 1.04
Gly17 7.85 3.90, 4.05
Ile18 7.63 4.16 1.95 1.24, 1.58 CH3� 0.97 H� 0.92
Gly19 7.93 3.92 CONH 6.51, 7.16
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imposed as upper bounds on interproton distances, for
sampling the conformational space allowed to the peptide,
by means of torsion angle dynamics (DYANA program[16]).


A first set of 50 conformers was calculated with the
DYANA program. All of these conformers agree well with
experimental constraints: they do not violate 93 out of the
126 constraints, while the best 34 DYANA structures show no
more than three violations larger than 0.2 ä from the
experimental restraints. 50 additional structures were then
calculated with the redundant dihedral angle constraints
(REDAC) strategy, in order to improve the convergence.[17]


The REDAC structures are indeed more compatible with
experimental data. All of these structures never violate 117
out of the total 126 experimental restraints by more than
0.2 ä. All the calculated DYANA structures exhibit a 4 ± 6-
residue helical segment in the region from Arg7 to Glu12,
while their N- and C-terminal segments appear rather flexible.


A set of eight out of the 50 structures calculated with the
REDAC strategy was chosen, by means of a RMSD cluster
analysis,[18] as representative of the conformational space
allowed to the peptide, together with the best one obtained
with the direct strategy (Figure 4a). Such structures were then


Figure 4. The best trace superposition of the Lys5 ±Lys13 segment in nine
selected DYANA structures, before (a) and after (b) the RMD simulations.
The same gray scale is used for corresponding structures. The best REDAC
structure is represented by a ribbon of lines.


subjected to restrained molecular dynamics (RMD) simula-
tions while the experimental restraints were applied. After
RMD simulations (Figure 4b), the helical segment of the
starting conformers is preserved. Eight out of nine calculated
models show a regular �-helix extending from Val8 to Arg11.
This helix is stabilized by the backbone hydrogen bonds of the
COi ±NHi�3 and COi ±NHi�4 type and by those formed by the


positively charged side chain of Lys13 with the C-terminal
carbonyl oxygens (helix capping). A 310-helix, from Lys3 to
Lys5, is present in seven out of nine models. However, the
residues Arg6 and Arg7, flanking the two helical segments, are
less well defined. They are either enclosed within the helical
segments, or assume angles representative of noncanonical
turns. The N-terminal tail of the peptide is less defined; in fact
a smaller number of constraints is present for this region.


The C-terminal segment from Glu12 to Gly19, containing
the processing site, does not show regular secondary structure
elements and can be considered as an �-loop. However, after
RMD simulations, its flexibility appears reduced. It assumes a
quite defined shape (see Figure 4b), with bending causing the
exposure of the cleavage point residues (Arg14 and Ala15),
and, in five out of the nine calculated structures, residues
Gly17 and Ile18 exhibit dihedral angles falling in the �R


region.
The best RMDmolecular model with respect to the fit with


experimental data and the Ramachandran plot is shown in
Figure 5. It has a 9-residue helical structure extending from
Lys3 to Arg11 (310-helix for Lys3-Lys5 and �-helix for Arg6-
Lys11) and a loop in the Glu12-Gly19 sequence, exposing the
processing site 1. This model can be considered quite repre-
sentative of the whole set of structures obtained after RMD,
and it has been used for study of the peptide docking onto the
catalytic domain of the furin enzyme.


Figure 5. Ribbon and stick representation of the best RMD average
molecular model for p498. Hydrogen bonds are shown by broken lines.


Model of the furin catalytic domain complexed to a model
substrate containing the consensus sequence Arg-Glu-Lys-
Arg : A three-dimensional model of the catalytic domain of
human furin in a complex with a model substrate containing
site 1 was built by homology on the basis of the crystal
structure of thermitase complexed to the inhibitor eglin-c.[19]


The sequence alignment obtained by Siezen et al.[20] and
verified by site-directed mutagenesis studies[14] was employed.
The side chains of the eglin-c residues 40 ± 47 were substituted
to resemble appropriate P6 ± P2� residues of gp160, namely,
Val-Gln-Arg-Glu-Lys-Arg �Ala-Val. (Nomenclature refers to
Schechter et al.:[21] residues before the cleavage point are
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numbered consecutively, starting from the C-terminal one, as
P1, P2 etc.; residues after the cleavage point, starting from the
N-terminal one, as P1�, P2�, etc.) Predicting enzyme ± substrate
interactions for furin does indeed have a reasonable basis in
the observation that many other subtilases appear to retain
essentially the same mode of substrate/inhibitor binding.[13]


The complex is shown in Figure 6. Furin exhibits, as
expected, all the secondary structure elements, �-helices and
�-sheets, characteristic of the subtilase family. Eight substrate


Figure 6. Homology model of furin catalytic domain (light gray ribbon)
complexed with a model substrate containing site 1. The model substrate
was obtained by modifying the inhibitor eglin-c to present the gp160-like
sequence Val40-Gln-Arg-Glu-Lys-Arg �Ala-Val47 in the P6 ±P2� positions.
A 19-residue segment around the cleavage site of the model substrate,
modified eglin, is shown as dark gray sticks. The N- and C-terminal residues
of the modified sequence, shown in black with side chains, are labeled.


residues around the multibasic sequence (P6 ± P2�) are
accommodated in an enzyme-binding region that may be
described as a surface channel (see Siezen et al.[13]). The furin
catalytic residues (Ser225, His71, Asp38 and Asn163) are
located at the bottom, together with several surface-exposed
acidic residues. Large contributions to the binding of the
model substrate (modified eglin) to the enzyme are appa-
rently made by specific electrostatic interactions between
each of the basic amino acids of the multibasic substrate
sequence with the acidic residues belonging to the enzyme
catalytic region. In particular, we observed interactions of the
substrate Arg45 and Lys44 with furin Asp199 and Asp47,
respectively, and of Arg42 with Glu129. The specific inter-
actions we observed are fully consistent with site-directed
mutagenesis studies performed on furin by Creemers et al.[14]


Attempts were made to dock p498 to furin by using the best
RMD molecular model for the peptide conformation. Suit-
able peptide docking was obtained by inserting the peptide
site 1 in the furin catalytic region. In particular, the backbone
of four residues around the p498 physiological cleavage point
(Glu12 ±Ala15) was superimposed on the backbone of the
corresponding residues (Glu43 ±Ala46) in the homology-
modeled substrate (Figure 7). In such an arrangement, the


entire peptide is indeed nicely accommodated in the furin-
binding region without any modification required in its
backbone. In particular, the C-terminal side of site 1
(Arg11-Glu-Lys-Arg14), on which the proteolytic activation
occurs, makes a very good match with the furin catalytic site
(Ser225, His71, Asp38 and Asn163), with the Arg14 carboxy
carbon atom sitting at a catalytic distance (3.0 ä) from the
hydroxy oxygen atom of Ser225.


Analogous attempts were then made to dock the peptide by
inserting the site 2 (Lys3-Ala-Lys-Arg6) into the furin cata-
lytic site. In that case, the results were very different: in fact,
no access seems possible for the p498 site 2 to furin catalytic
residues in the conformation observed for the peptide.


Figure 7. Docking of the p498 best RMD model in furin catalytic domain.
The backbone of p498 Glu12-Ala15 residues around the physiological
processing site has been superimposed on the corresponding one of
modified eglin (Glu43-Ala46). p498, modified eglin, and furin are shown in
blue, green, and red, respectively. Furin catalytic residues (Ser225, His71,
Asp38, and Asn163) are shown in yellow. a) Ribbon representation.
b) Connolly surface representation of only p498 and furin catalytic domain.
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Discussion


The HIV-1 envelope glycoprotein gp160 is intracellularly
processed into the gp120 and gp41 glycoproteins by the newly
discovered mammalian subtilisin-like PC enzymes such as
furin and PC1. PC enzymes recognize the sequence Arg-Xaa-
Lys/Arg-Arg. However, the proteolytic cleavage of the HIV-1
glycoprotein precursor gp160 occurs selectively at the car-
boxyl side of the sequence Arg508-Glu-Lys-Arg511 (site 1), in
spite of the presence of another area of potential enzyme
sensitivity next to site 1, with the sequence Lys500-Ala-Lys-
Arg503 (site 2). These data suggest that other factors, as
specific secondary structure motifs, are required in addition to
the consensus sequence Arg-Xaa-Lys/Arg-Arg for the mo-
lecular recognition.


We have reported here on the structural analysis in solution
of a 19-residue synthetic peptide, p498, that contains both the
gp160 processing sites 1 and 2, and that is properly digested by
furin at the physiological processing site of gp160: site 1.[10,11]


The functional data thus suggest that the structural motifs
participating in the recognition of gp160 by furin are
significantly preserved in the p498 peptide. Therefore such a
gp160 fragment has been assumed to be a suitable model for
investigating the structural requirements for the processing of
the gp160 glycoprotein.


NMR and CD techniques were employed to analyze the
peptide structural features. CD spectra showed the peptide
propensity to adopt an �-helical structure in the presence of
TFE. NMR analysis performed in the same medium, TFE/
water, confirms and completes these results. TFE is well
known to favor solvent-shielded amide conformations, thus
promoting ordered structures. We chose to employ such a
cosolvent, since it is also known from literature that the local
conformation of native proteins is usually better reproduced
by the conformation assumed by corresponding fragments in
solutions of TFE/water[22±24] than in pure water.[25]


The molecular model obtained from NMR data by means
of DYANA[16] and RMD simulations (Figure 5) shows a
helical segment at the N-terminal side, from Lys3 to Arg 11,
with the processing site 2 enclosed in it. The C-terminal side,
from Lys13 to Gly 19, is disordered and can be described as a
loop that presents a bend exposing the processing site 1.


Such findings (namely, site 1 located in a loop, next to a
helix, and secondary processing site located in the helix),
perfectly agree with current hypotheses about secondary
structure of multibasic cleavage sites in other precursors.
Indeed, several studies suggest that dibasic sites of prohor-
mones could be present in bending regions, like turns[26] or
loops,[27] because these can better adapt to the active sites of
the processing enzymes. Recently a loop was proposed as
crucial for the interaction of a gp140 fragment of the SIV
virus, containing the consensus motif Arg-Xaa-Lys-Arg, with
the processing enzyme furin.[12] Furthermore, several furin-
substrate precursors (the toxin proaerolysin, diphtheria toxin,
the hemagglutinin precursor of influenza virus) have been
shown to be cleaved within a flexible loop.[28±30]


In addition, secondary structure predictions and experi-
mental studies on prohormones support the occurrence of
ordered secondary structures, such as �-helices, flanking the


physiological sites.[31±34] Such ordered structures could play a
key role in regulating the exposition and accessibility of the
cleavage sites. This is the case for the furin substrate toxin
proaerolysin, whose cleavage site is exposed to the surface at
the end of a helical segment.[28] In addition, analogously to our
findings about p498 site 2, secondary processing sites of
prohormones have been hypothesized to be preferentially
enclosed in more rigid structures (i.e. , helices), which are less
accessible to the processing enzymes.[35]


Accessibility therefore seems to be the main factor for the
preferential recognition of physiological sites. In order to test
the accessibility of the p498 sites 1 and 2 to the enzyme, we
performed docking experiments on the p498 NMR molecular
model in the catalytic domain of human furin, modeled by
homology. The docking attempts indeed showed that, unlike
site 2, the p498 site 1 does not need any drastic rearrangement
of the peptide backbone to fit the furin binding channel
(Figure 7). These findings may explain the exhibited prefer-
ence of furin in cleaving p498 at site 1. On the basis of the
predicted interactions for furin with the homology-modeled
substrate (Figure 6), it can, however, be hypothesized that,
when approaching the binding site, the peptide arranges itself
to optimize both the van der Waals and the electrostatic
energetic interactions. In particular, electrostatic interactions
between the basic residues of the consensus sequence and the
acidic residues located in the furin binding site are expected to
promote the recognition, on analogy with the observations
from the enzyme/modified-eglin model.


To date the secondary structure motifs required for the
molecular recognition between HIV-1 gp160 and PC process-
ing enzymes have not been clearly assessed. As the structure
of the gp120/gp41 junction remains to be elucidated, current
hypotheses can only rely on conformational studies of model
peptides and protein structure predictions. A loop has already
been suggested as a common structural feature for physio-
logical cleavage sites in retroviral envelope glycoproteins.[5,12]


In the peptide p498 we found an N-terminal helix, enclosing
the secondary processing site 2, which could play a key role in
regulating the exposition and accessibility of the physiological
cleavage site, although it cannot be excluded that, on
recognition, the helix partially unfolds in order to optimize
energetic interactions between the enzyme and the substrate.
In addition, gp160 secondary structure predictions, obtained
from the PHDsec server,[36] locate with a very high reliability
index an �-helix at the C-terminal side of the loop, starting
from Ala517.


Altogether, these data point to a helix ± loop ± helix struc-
tural motif. To date at least one natural substrate of furin,
diphtheria toxin (DT), whose crystal structure is known,[37] has
been shown to be indeed cleaved by the enzyme on a loop,
flanked by two �-helices.[29]


Experimental Section


Peptide substrate : The peptide synthesis, purification, and characterization
have been described elsewhere.[10]


CD analysis : CD spectra were recorded at room temperature on a Jasco
Model J710 automatic recording circular dichrograph. A cylindrical fused
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quartz cell (0.1 cm path length) was used. A weighed quantity of p498 was
dissolved in TFE/H2O solution. Peptide concentration (1.6� 10�5�) was
determined by quantitative amino acid analysis in the TFE/H2O 90:10 (v/v)
solution.


NMR analysis : NMR experiments were carried out on a Varian Unity 400
spectrometer equipped with a SPARC station 330, located at the Centro di
Studio di Biocristallografia C.N.R., University of Naples ™Federico II∫.
NMR characterization was performed in TFE/H2O 90:10 (v/v) at 298 K.
The sample was prepared by dissolving the peptide (�6.7 mg) in [D3]TFE
(0.75 mL, 99% isotopic purity, Aldrich) and H2O (0.075 mL). Chemical
shifts were referred to internal 2,2�,3,3�-[D4]3-(trimethylsilyl) sodium
propionate (TSP). Two-dimensional (2D) experiments, such as total
correlation spectroscopy (TOCSY),[38] nuclear Overhauser effect spectro-
scopy (NOESY),[39] rotating frame Overhauser effect spectroscopy (RO-
ESY),[40] double quantum-filtered correlated spectroscopy (DQFCOSY)[41]


were recorded by the phase-sensitive States ±Haberkorn method. The data
file generally consisted of 512 and 2048 (4096 for DQFCOSY) data points
in the �1 and �2 dimensions, respectively. TOCSY results were acquired
with a 70 ms mixing time, NOESY experiments with an 80, 150, 250, 300,
350 ms mixing time, and ROESY experiments with a 100 ms mixing time,
using a continuous spin-lock. Off-resonance effects caused by the low
power spin-lock field were compensated by means of two 90� hard pulses
before and after the spin-lock period.[42] Free induction decays (FIDs) were
multiplied in both dimensions with shifted sine-bell weighting functions,
and data points were zero-filled to 1 K in �1 prior to Fourier trans-
formation. The water resonance was suppressed by low-power irradiation
during the relaxation delay and, for NOESY, during the mixing time.
Temperature coefficients of amide protons were measured from one-
dimensional (1D) spectra and from TOCSY spectra, acquired with 4096
data points, in the 298 ± 310 K temperature range. NOESY spectra were
used for NOE analysis; NOE intensities were evaluated by integration of
cross-peaks by the appropriate VARIAN software and then converted into
interproton distances using the 1/r6 relationship for rigid molecules.[39]


Geminal � ± � �
CH2


protons of Glu12 and Gln10 were chosen as the reference
with a distance of 1.78 ä. The vicinal 3JNH,�CH coupling constants were
measured from DQFCOSY spectra.


Following W¸thrich,[39] amino acid spin systems were identified by
comparison of TOCSY and DQF-COSY, while sequential assignment
was obtained by the analysis of NOESY. In order to solve residual
ambiguities, additional TOCSY and NOESY spectra were recorded on a
600 MHz spectrometer by courtesy of Pharmacia Upjohn, Nerviano (MI,
Italy).


Computational analysis : Conformational analysis was performed on a
Silicon Graphics INDIGO2 Workstation. Starting models were calculated
by the DYANA (dynamics algorithm for NMR applications) program
(version 1.2) and they were then refined by restrained molecular dynamics
(RMD), according to a standard procedure.[43]


DYANA calculations : Torsion-angle dynamics calculations were carried
out by the DYANA program.[16] The library program was modified for the
N- and C-terminal residues. A total of 100 three-dimensional structures
were obtained with the interproton distances evaluated from NOEs (raised
by 30%) as upper limits, without the use of stereospecific assignments.
50 conformers were calculated with the standard parameters of the
DYANA program. To improve convergence, the redundant dihedral angle
constraints (REDAC) strategy[17] was also employed and 50 more
structures were calculated by carrying on five REDAC cycles. Dihedral
angle constraints were created with an ang-cut for the target function (TF)
equal to 0.8 ä2 in the first step, 0.6 in the second one and 0.4 in the third
one. In the fourth step the structures were calculated using the constraints
previously established. In the final step no other dihedral angle constraints
were created and the structures were minimized at the highest level (L19)
using all the experimental restraints.


To obtain a set of structures representative of the conformational space
allowed to the peptide, the best 23 conformers from the REDAC strategy
were subjected to a RMSD cluster analysis.[18] Eight structures representa-
tive of different conformational families resulted, and they were used as
starting models for RMD calculations, together with the best one
calculated with the direct strategy.


RMD calculations : The INSIGHT/DISCOVER (Biosym Technologies, San
Diego, CA, USA) program with the Amber Force Field[44,45] was employed


for molecular dynamics; a steepest descendent algorithm was applied for
the initial stages of the refinement and a Quasi Newton ±Raphson
algorithm for the final ones.[46] The RMD simulations were performed in
vacuo at 300 K with a distance-dependent dielectric constant (�� r)[47,48]
and a time step of 0.5 fs. The motion equation algorithm was the
leapfrog.[49] RMD simulations were carried out for 50 ps in the equilibra-
tion phase and for 160 ps without velocity rescaling; in the meantime, the
temperature was kept constant at 300 K. Interproton distances evaluated
from NOEs were inserted as restraints with a tolerance of 10% during the
simulations.[50] Pseudoatoms were used instead of protons nonstereospe-
cifically assigned.[51] The � angle of Thr2, exhibiting a 3JNH,�CH value of 9.9,
was kept constant to �120� with a force constant of 200 Kcal rad�2mol�1.
Coordinates and velocities for the system were dumped into a disk every
1000 steps. Data recorded during the last 50 ps of the simulations were used
for the statistical analysis. The molecular graphics program MOLMOL[52]


was employed to calculate secondary structure and Ramachandran maps of
the average models.


Modeling of the catalytic domain of furin and docking of the peptide : A
three-dimensional model of the catalytic domain of human furin was built
by homology, using WHAT IF software,[53] starting from the crystal
structure coordinates of thermitase complexed with eglin-c (ref. [19],
Brookhaven Data Bank code: 2TEC). The sequence identity between
thermitase and human furin is 29%; the multiple sequence alignment
previously reported by Siezen et al. for the entire subtilase family[20] was
employed. The insertions were not modeled. The eglin backbone was not
altered, while the side chains of the eglin residues 40 ± 47 were substituted
to resemble appropriate P6 ±P2�[21] residues of gp160, that is Val-Gln-Arg-
Glu-Lys-Arg �Ala-Val. The position-specific rotamer method was used to
model the side chain conformations.[54] The entire complex was then
regularized by energy minimization performed by the INSIGHT/DIS-
COVER program (100 cycles of conjugate ± gradients energy minimiza-
tion). The structure of the p498 peptide obtained by NMR data and MD
simulations was docked onto the binding site of furin by superimposing the
backbone of the Glu12-Ala15 (P3 ± P1�) segment onto the backbone of the
modified eglin Glu43-Ala46 residues.
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Synthesis and Characterization of Phthalocyanines with Direct Si�Si Linkages
Nagao Kobayashi,*[a] Fumio Furuya,[a] Gyeong-Chang Yug,[b] Hisanobu Wakita,[c]
Mitsutoshi Yokomizo,[c] and Naoto Ishikawa[d]


Abstract: Several cofacial phthalocya-
nines (Pcs) with an Si�Si linkage were
obtained by one-step condensation of
1H-isoindole-1,3(2H)-diimine with hex-
achlorodisilane as template in quinoline.
They were characterized by gel-perme-
ation chromatography, IR, NMR spec-
troscopy, and mass spectrometry, and
cyclic voltammetry. The results strongly
suggest that we indeed obtained Pc


dimers directly linked by an Si�Si bond
using this novel concept of utilizing a
compound/salt with an element ± ele-
ment bond as a template. The cofacial
dimer structures are reasonably support-


ed by X-ray absorption near-edge struc-
ture (XANES), electronic absorption
and magnetic circular dichroism
(MCD) spectra, and molecular orbital
(MO) calculations. Interestingly, they
show an electronic absorption spectrum
very similar to that of silicon tetrabenz-
triazacorrole (SiTBC).


Keywords: electronic structure ¥
phthalocyanines ¥ silicon ¥ structure
elucidation ¥ tetrabenztriazacorrole


Introduction


It is possible that two structurally different compounds may
show very similar electronic absorption spectra, although this
is not common. For example, the spectra of phthalocyanina-
tonickel(��) and bis(�-diiminotetracyanopyrrolizinato)nicke-
l(��) resemble each other in both the visible and ultraviolet
regions, although their ligands have quite different struc-
tures.[1] However, this is an unusual example, and in most
cases different compounds (structures) give different spectra.
A few years ago, we reported[2] the synthesis and electronic
absorption spectrum of an SiPc dimer with a direct Si�Si link,
which was obtained by a one-pot template reaction. At that
time, the Si�Si Pc dimer was not extensively characterized.
Subsequently, we noticed that its electronic absorption


spectrum is very similar to that previously reported for SiTBC
by Fujiki et al. (Figure 1),[3] and this unexpected similarity was
also pointed out by others in personal communications. It
therefore became neccesary to prove whether or not our SiPc
really is the desired Si�Si linked Pc dimer, and accordingly we
have carried out further experiments and reexamined our
results and literature data on SiTBC.[3, 4] To reduce the
possibility of erroneous conclusions, we synthesized several
other Si�Si Pcs by the same method,[2] and characterized them
by as thoroughly as possible. As will be shown here, the results
of gel-permeation chromatography (GPC), NMR and IR
spectroscopy, mass spectrometry, and cyclic voltammetry
(CV) clearly indicate that our Pcs indeed have a size typical


Figure 1. Absorption spectra of 1b in chloroform and that reported by
Fujiki et al. for SiTBC in isopropyl alcohol (redrawn from ref. [3]).
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of Pc dimers, and therefore that we have obtained the desired
Si�Si Pc dimers. To strengthen our conclusion, the compounds
were further characterized by NMR spectroscopy, X-ray
absorption near-edge structure (XANES), and magnetic
circular dichroism (MCD). In addition, molecular orbital
(MO) calculations also succeeded in reasonably explaining
the cofacial dimer structure in these compounds. We finally
succeeded in obtaining single crystals of SiTBC suitable for
X-ray analysis. This SiTBC is, of course, different from the
above Si�Si Pc dimers in its size and electrochemical
behavior, but displays an electronic absorption spectrum
similar to those of Si�Si Pc dimers. The spectrum of SiTBC
was also approximately reproduced by MO calculations.


Results and Discussion


Synthesis, purification, and stability


General : Si�Si Pc dimers with two axial Cl ligands such as 1a
and 3a were synthesized at 180 ± 190 �C under a nitrogen
atmosphere.[5] At reflux, however, the Si�Si bond was cleaved,
and only monomers such as 2a, 2b, 4a, and 4b (Figure 2) were
obtained. The reaction was carried out under a nitrogen
atmosphere, since O2 or H2O can convert the Si�Si bond into
Si-O-Si, particularly at higher temperatures.[6] The highest
yields of Si�Si dimers 1a and 1b were 31 ± 36%, which is
remarkably high, since the yields of the corresponding
monomer from SiCl4 and 1H-isoindole-1,3(2H)-diimine de-
rivatives are generally at most 30 ± 50%.[7] After the reaction,
GPC was used to separate the desired dimers from the
accompanying monomers. The first band was always that of
the desired dimer (see below). Figure 2. Structures of the SiPc monomers and dimers and an SiTBC.


NMR spectra : The 1H NMR spectra of tert-butylated Pcs have
a complex splitting pattern in the aromatic region because of
the presence of various isomers, even in the monomeric state.
Peripherally octaalkoxylated Pcs generally show simpler
patterns because they are single isomers. Dimeric octabutoxy
Pc 1b showed a broad peak corresponding to 16 aromatic
protons at �� 8.5. Although two small peaks were often
superimposed on this broad peak when the spectrum was
recorded in CDCl3, it became a single peak in benzene
(Figure 3). The OCH2 protons of the butoxy group appeared
in the region around �� 3.5 ± 4, and the other alkyl protons at


Figure 3. 1H NMR spectrum of Si�Si Pc dimer 1b in C6D6. Signals of the
solvent and side bands are marked with an x.
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�� 0 ± 2, while the two SiOH protons were observed at ��
�1.91 due to the ring current of the Pc. The overall
spectroscopic pattern is similar to that observed for cation-
containing cofacial crown-Pc dimers.[8]


X-ray crystallography : The most effective way to prove a
structure is to obtain X-ray crystallographic data. One referee
thought that our dimers might be SiTBC or derivatives
thereof (e.g., dimers). To eliminate this ambiguity, we
unsuccessfully attempted to obtain single crystals of Si�Si
Pc dimers with a diversity of substituents (methoxy, ethyl,
ethoxy, and butoxy) under various conditions over a period of
six months. In the course of time, the color of the Pc solutions
changed, which suggested decomposition of compounds. The
Si�Si Pc dimers are relatively stable when stored in the dark
as a powder, but gradually decompose in solution. However,
the SiTBC monomer 6 was obtained as a by-product of the
synthesis of 1b, and crystals suitable for X-ray analysis were
grown from benzene. Figure 4 shows the ORTEP plot of 6,[9]


which has a tetrabenztriazacorrole structure with a single


Figure 4. Structure of 6 (ORTEP plot; thermal ellipsoids are drawn at the
30% probability level. One molecule excluding disordered atoms is shown.
Hydrogen atoms are omitted for clarity.


axial triethylsiloxy ligand and four equivalent pyrrole nitro-
gen atoms. One isoindole ring (N7-C25 ±C32) of 6 is
disordered. The TBC plane is domed, and the distance
between Si1 and the N4mean plane (N1-N3-N5-N7) is 0.44 ä.
This compound was later used as a standard in gel-permeation
chromatography and electrochemistry to prove that our Si�Si
Pc dimers are different from SiTBC and much larger in size.


Identification of the dimeric structure


Gel-permeation chromatography :[10] Estimation of the size of
the target compound is important, particularly since an Si�Si
bond is weaker than a C�C bond.[6] Figure 5 shows the GPC
separation characteristics on Bio-beads S-X1 (Bio-rad) with
chloroform for three tert-butylated SiPcs with two axial OH
ligands and SiTBC 6. Table 1 compares the elution velocities.
As can be seen, the velocity of the Si�Si dimer 3b
(0.50 cmmin�1) is very close to that of the �-oxo dimer 5b


Figure 5. Gel-permeation chromatograms, obtained separately but super-
imposed, for 3b (Si�Si dimer), 4b (monomer), 5b (�-oxo dimer) and 6 (an
SiTBC).


(0.51 cmmin�1), but distinctly larger than that of the corre-
sponding Si monomer 4b (0.44 cmmin�1; on a 3.5� 100 cm
column, dimer and monomer were separated by about 15 cm
at the bottom) or 6 (0.32 cmmin�1). Since larger molecules are
eluted faster in GPC and given the accuracy of recent GPC
experiments,[10d] the data in Table 1 and Figure 5 indicate that
our Si�Si dimer 3b is only slightly smaller than the �-oxo
dimer 5b, but much larger than monomers 4b and 6. When
the fully purified Si�Si dimer 3b was passed through the Bio-
beads S-X1 column again or through a Bio-beads S-X2
column, only one dimeric Pc fraction was eluted, and no
monomer fraction was obtained; this indicates that the fast-
eluting fraction is not an aggregated dimeric Pc.


Mass spectra : Detection of the molecular ion peak of the
Si2Pc2 dimers was not easy because of the weakness of the
Si�Si bond. We used various methods, of which the ESI-TOF
method gave ion peaks relatively easily for many compounds.
Examples are shown in Figure 6. In the spectra of 1b
(Figure 6A and B), peaks around 2269.3 correspond to the
desired structure with two axial OH ligands, while those
around 2291.2 correspond to 1b in which one OH group is
converted to ONa. The peaks around 1133.6 and 1156.6
correspond to octabutoxy SiPc with one axial OH or ONa
group, respectively. The second example is shown for 3b in
Figure 6C and D. Clusters of peaks around 1563.6 and 781.3
correspond to the desired tert-butylated Si�Si Pc dimer with
two axial OH ligands and tert-butylated SiPc monomer with
one OH ligand. Figure 6E shows the isotopic cluster for
compound 1c, which has no peripheral substituents; it is
completely superimposable on the calculated distribution for
[M�H]� (Figure 6E�; in this figure, cluster peaks around
1143.1 correspond to 1c with two axial OMe ligands, since
CHCl3/MeOH (1/1) was used as solvent for MS analysis). This


Table 1. Elution velocity of three SiPc derivatives (3b, 4b, 5b) and 6.[a]


Compound Mr v [cmmin�1]


Si�Si dimer 3b 1562.76 0.50
monomer 4b 798.38 0.44
�-oxo dimer 5b 1578.75 0.51
SiTBC 6 658.22 0.32


[a] Gel-permeation chromatography (Bio-beads S-X1) was carried out on a
3.5� 100 cm column. The dimers and the monomer 4b were separated by
about 15 cm at the bottom.
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Figure 6. ESI-TOF mass spectra of Si�Si dimer 1b (A, B), 3b (C, D), and
1c (E, E�). E� is the parent-ion region of E, and the dotted line is the
theoretical spectrum (solvent: methanol (1b and 3b); chloroform/meth-
anol� 1:1 (1c)).


perfect correspondence precludes the other possibilities for its
structure. The second set of peaks (ca. 50% intensity relative
to the 1143 peak (100%)) corresponds to the structure with
two axial OH ligands. Thus, as shown for the above three
compounds, there is no indication of the presence of the
SiTBC structure; the Pc macrocycle was always detected.


IR spectra : Si�Si bonds are readily cleaved and converted to
Si-O-Si.[6] Therefore, evidence for the existence of an Si�Si
bond in the dimer is of importance for assigning the structure.
Figure 7 shows IR spectra of SiPcs with two OH groups as
axial ligands in the region of 400 ± 1700 cm�1; that is the Si�Si
dimer (tBuPcSiOH)2 3b, Si monomer tBuPcSi(OH)2 4b, and
�-oxo dimer (tBuSiPcOH)2O 5b. For all three compounds, the
broad bands at around 3500 cm�1 were assigned to the O�H
stretching vibration, and two sharp bands at about 831 and
1082 ± 1086 cm�1 were assigned to the Si�O antisymmetric
stretching vibration and C�N stretching vibration, respective-
ly.[11] For the �-oxo compound 5b, a broad band at around
990 cm�1 was assigned to the Si-O-Si antisymmetric stretching
vibration.[11] However, since the Si-O-Si band is absent for 3b,
its Si�Si bond may be retained in the structure. The similarity
of the spectra reflects the common tBuPcSiOH partial
structure of these three compounds.


Cyclic and differential pulse voltammetry : Figure 8 shows the
cyclic voltammograms of 3b, 4b, 5b, and 6, and half-wave
potentials E1/2 and diffusion coefficient D are summarized in
Table 2. Except for the aggregation couples (asterisks;
currents in these couples increased with increasing concen-
tration and decreasing sweep rate), within this potential
window, two reduction couples and one oxidation couple were
observed for the monomer 4b (E1/2��1.13 (II), �0.73 (I),


Figure 7. IR spectra of Si�Si dimer 3b, SiPc monomer 4b, and �-oxo dimer
5b (KBr pellet).


Figure 8. Cyclic voltamograms of Si�Si dimer 3b, SiPc monomer 4b, �-oxo
dimer 5b, and SiTBC 6 in DCB with 0.1� TBAP. Sweep rate was 20 mVs�1.


Table 2. Redox potentials (vs. Ag/AgCl) and diffusion coefficients for Si�Si
dimer 3b, monomer 4b, �-oxo dimer 5b, and SiTBC 6 in DCB containing 0.1�
TBAP.


Com-
pound


E1/2 [V] D [cm2s�1]
2nd oxid. 1st oxid. 1st redn. 2nd redn. 3rd redn.


4b 1.02 � 0.73 � 1.13 5.5� 10�6 [a]


3b 1.02 0.50 � 0.73 � 1.13 � 1.61 1.7� 10�8 [a]


5b 0.99 0.61 � 0.78 � 1.10 � 1.63 3.5� 10�8 [b]


6 1.14 0.63 � 1.22 � 1.66 0.9� 10�6 [c]


[a] Average calculated from the first and second reduction couples. [b] Average
calculated from the first and third reduction couples. [c] Average calculated
from the first oxidation and reduction couples.
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and �1.02 V (I�)), while three reduction and two oxidation
couples were observed for the �-oxo dimer 5b (E1/2��1.63
(III), �1.10 (II), �0.78 (I), �0.61 (I�), and �0.99 V (II�)) and
the Si�Si dimer 3b (E1/2��1.61 (III), �1.13 (II), �0.73 (I),
�0.50 (I�), and 1.02 V (II�)). Except for the aggregation
couples and oxidation couple II� of 3b, which were irrever-
sible, the reversibility of other redox couples was indicated by
a peak splitting of about 60 mV, a peak current ratio of 1.0,
and constant ip,c/v1/2 values for potential sweep rates between
20 and 200 mVs�1.[12] As shown by Kenney et al. for �-oxo
dimeric SiPcs, the redox couples of the �-oxo dimer 5b result
from splitting of the redox couples in monomeric SiPcs, that is,
in this case monomer 4b.[13] The cyclic voltammogram of 3b is
similar in shape to that of the �-oxo dimer 5b, except for the
regions of aggregation peaks, and this strongly suggests that
compound 3b is indeed a dimer (the number of redox couples
of cofacial oligomers increases with increasing number of
constituent units).[13] The voltammogram of 6 differs com-
pletely from those of the above three compounds in that the
first reduction potential is much more negative, so that it is
even more negative than the second reduction potentials of
3b, 4b, and 5b. The first oxidation and reduction couples are
reversible if the sweeps are returned after recording these
couples between �1.5 and �1.0 V, while irreversibility
increases if the potentials are widened to �2 to �1.5 V. In
any case, there is no similarity between the voltammograms of
the Si�Si Pc dimer 3b and SiTBC 6, and this precludes the
possibility that 3b contains the TBC structure.
Diffusion coefficients have been used as a measure of


molecular size, generally becoming smaller with increasing
molecular size. Accordingly, we determined values which
from the cyclic voltammograms in Figure 8 for compounds
3b, 4b, 5b, and 6. The peak current in a cyclic voltammogram
for a reversible system at room temperature is described by
[Eq. (1)], where ip [A] is the peak current, n the number of


ip� 269An3/2D1/2Cv1/2 (1)


electrons, A [cm2] the electrode area,D [cm2 s�1] the diffusion
coefficient, C [molL�1] the bulk concentration, and v [Vs�1]
the sweep rate.[14] Accordingly, the observed ip depends on the
value of D. As shown in Table 2, the D values for the
monomer 4b and 6 are on the order of 10�6 cm2s�1 (as the
average for the first and second reduction couples, and for the
first oxidation and reduction couples, respectively), which is
similar to those of Pc and porphyrin monomers.[15] The values
for the �-oxo dimer 5b and the Si�Si dimer 3b were both on
the order of 10�8 cm2 s�1, which is smaller than that of
monomeric 4b but reasonable, since these molecules are
considered to be dimers. Thus, the results of cyclic voltammo-
grams and diffusion coefficient data also support the con-
clusion that compound 3b is a dimer.


Absorption and MCD spectroscopy and band deconvolution
analysis : Figure 9 shows the electronic absorption and MCD
spectra of 3b, 4b, and 5b. The spectrum of monomer 4b is
typical for mononuclear Pcs, and shows Q00 and Soret bands at
681 and 357 nm, respectively.[16] Both the Q and Soret bands
of the �-oxo dimer 5b are blue-shifted relative to those of the


Figure 9. Absorption (bottom) and MCD (top) spectra of Si�Si dimer 3b
(––), SiPc monomer 4b (�±�±), and �-oxo dimer 5b (- - - -) in CHCl3.


monomer 4b, and this kind of shift has been explained
successfully in terms of exciton interaction.[17] The Q band of
3b is also shifted to shorter wavelength, but only by about
15 nm (290 cm�1), as opposed to 40 nm (920 cm�1) in the �-
oxo dimer 5b, and its absorption coefficient � is much smaller
than that of 5b. Since exciton interaction becomes larger
when two chromophores approach each other,[17] the smaller
blue shift of the Q band in the Si�Si dimer 3b compared to the
�-oxo dimer 5b suggests that the electronic structures in these
two compounds are different. This conjecture is strongly
supported by comparison of the Soret band regions. The main
band in this region shifts to the red to 445 nm from 357 nm for
the monomer 4b (by more than 90 nm (5540 cm�1)), with an
associated large increase in intensity (area). Such a large red
shift and band intensification on formation of the cofacial
dimer can not be interpreted by exciton interaction, and this
suggests that the band at 445 nm may have a different origin
(these peculiar spectroscopic characteristics of the Si�Si
dimer 3b are clarified below, in the section on MO calcu-
lations).
In the MCD spectrum of 3b, a dispersion curve (plausibly a


Faraday A term, and less likely two interacting B terms[16a]),
which was much lower in intensity (about 1/5) than that of 4b,
appeared at about 640 ± 680 nm, which explicitly indicates that
the two silicon atoms lie in the centers of the Pc skeletons.
Otherwise, this dispersion-type curve would be more asym-
metrical, and its inflection point would deviate considerably
from the Q00 absorption peak position. To confirm the
involvement of a Faraday A term, band deconvolution
analysis was carried out over the Q-band region of compound
1b, which does not contain isomers (Figure 10 and Supporting
Information). Band deconvolution, which isolates the re-
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Figure 10. Deconvolution analysis of the Q- (top) and Soret-band
(bottom) regions of Si�Si dimer 1b (3b was not used for this purpose,
since it is a mixture of isomers due to the positions of the tert-butyl groups).
Solid lines: experimental data and residuals; Bold solid lines: individual
bands; Dotted lines: fitted data.


quired bands from spectra by fitting each band with a
Gaussian line shape, was rigorously developed by Stillman
et al. , and it is virtually the only way of accessing the
transitions responsible for bands that overlap to any extent.
As was reported previously,[18] linking the absorption and
MCD spectra remarkably enhances the reliability of band
deconvolution calculations. In other words, band centers and
bandwidths were kept identical for the associated bands in
both spectra, to reduce the ambiguity of the results. As seen in
this figure, a dispersion-type MCDA term is indeed involved
in the Q00 band region. In a cofacial dimer such as compound
3b, the presence of an A term (i.e. , the upper state
degeneracy) is predicted if the molecular symmetry is either
D4d or D4h. Thus, it seems clear that the Si�Si dimer 3b
contains silicon atoms at the centers. In the Soret band region,
band deconvolution shows that the bands at 420 and 450 nm
must contain MCD A term elements (band nos. 17 and 20 in
the table in the Supporting Information) to fit the absorption
and MCD spectra. This suggests that this region has tran-
sitions to degenerate excited states. The band elements at
437.4 (no. 18) and 406.0 nm (no. 21) can be assigned to the
vibrational bands of A term elements. The other band
elements at about 370 ± 470 nm can be assigned to n ±�*
transitions involving oxygen lone pairs, since all alkoxy-
substituted Pcs show this band.[19]


The blue shift and lowering of intensity of the Q band of 3b
compared with that of 4b are expected on formation of a
cofacial dimer.[17] However, the large red-shift of the main
band in the Soret band region of 3b is unique, since the Soret
bands of most of the cofacial Pc dimers so far reported
appeared at shorter wavelengths than those of monomers.[16a]


Such a change cannot be predicted easily in a qualitative
way, and so, to explain the change, MO calculations were
attempted.


MO calculations


Equilibrium geometry of the Pc dimers and a model
compound : Table 3 summarizes the optimized geometry
(Figure 11) of the model compound (TAPSiOH)2 and


Figure 11. Tetraazaporphyrin (TAP) Si�Si dimeric structure used for
calculations (Pc dimer was too large for a 6-31G set, so TAP, which
corresponds to the core structure of Pc, was used).


(PcSiOH)2. Two possibilities are considered for each system.
The first case is D4d symmetry in which the two macrocycles
are rotated by 45� around the Si�Si axis with respect to each
other. The second is the case with D4h symmetry in which the
two macrocycles have an eclipsed conformation. The calcu-
lation for (TAPSiOH)2 shows that the D4d structure is more
stable than the D4h structure. Both the HF/6-31G and HF/3-
21G energies for the D4d structures are lower than corre-
sponding energies of theD4h structures. The energy difference


Table 3. Equilibrium geometries and energies calculated with HF/6-31G and HF/3-
21G for the Pc dimer and TAP dimer (the results with 3-21G are in parentheses).


Molecule D4d (TAPSiOH)2 D4h (TAPSiOH)2 D4d (PcSiOH)2 D4h (PcSiOH)2


HF energy[a] �2819.9338 � 2819.9163
(�2805.4678) (�2805.4508) (�4019.9745) (�4019.9530)


r(Si�Si)[b] 2.576 (2.569) 2.708 (2.720) (2.587) (2.726)
r(Si�O)[b] 1.753 (1.687) 1.758 (1.702) (1.686) (1.690)
d(N1)[b] 1.442 (1.497) 1.526 (1.497) (1.406) (1.497)
d(C1)[b] 1.639 (1.657) 1.707 (1.657) (1.558) (1.652)
d(N2)[b] 1.696 (1.698) 1.759 (1.698) (1.602) (1.689)
d(C2)[b] 1.882 (1.866) 1.940 (1.866) (1.738) (1.859)


[a] In hartree. [b] In a ngstrˆm.







FULL PAPER N. Kobayashi et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0806-1480 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 61480


is 0.0175 hartree (0.476 eV) at the HF/6-31G level, and
0.0170 hartree (0.462 eV) at HF/3-21G. In the HF/6-31G
calculation the Si�Si bond length is predicted to be 2.576 ä,
which is about 0.2 ä longer than the Si�Si single bond in
hexachlorodisilane (2.34� 0.06 ä). This indicates that the
Si�Si bond in the Pc dimer is essentially a single bond.
The HF/3-21G calculations on (PcSiOH)2 indicate that the


D4d structure is again more stable. Although calculations with
a larger basis would be desirable, the energy difference
(0.0215 hartree, 0.585 eV) between the two structures deci-
sively favours the D4d structure. The calculated r(Si�Si),
r(Si�O), d(N1), and d(C1) are very close to those of
(TAPSiOH)2. This indicates that as far as the central ring
system is concerned, the structure is well described by the
model. In the later section on XANES measurements, we
therefore employ the (TAPSiOH)2 structure for the analysis
of the XANES peaks assigned to the Si atoms.


MO energy levels and characters : The left-hand side of
Figure 12 shows the MO levels of monomeric PcSi(OH)2. All
the orbitals in this energy region are of � character. As is
general for phthalocyanine compounds having no metal


Figure 12. The energy levels of the HOMOs and LUMOs of D4h


PcSi(OH)2 (left) and D4d (PcSiOH)2 (right). The former set was calculated
with HF/6-31G at the optimum HF/6-31G equilibrium structure, and the
latter with HF/3-21G at HF/3-21G equilibrium structure.


valence orbital in this region, PcSi(OH)2 has a1u HOMO, a2u
next HOMO, and eg LUMO. The MOs of the dimeric D4d


(PcSiOH)2 are shown in the right-hand side. Upon dimeriza-
tion, each monomer MO is expected to interact with its
counterpart to form dimer MOs, as was previously shown for
dimeric lanthanide Pc compounds by Ishikawa et al.[20] From
monomer a1u HOMO, the a2 and b1 orbitals of the dimer are
constructed, whereby the former are an antibonding combi-
nation and the latter a bonding combination. Similarly, the
monomer a2u next HOMO gives antibonding a1 and bonding
b2 orbitals in the dimer. The eg LUMO gives antibonding e1
and bonding e3 orbitals.
The most remarkable difference from the general ™dime-


rization process∫ is the emergence of an additional MO
between the MOs originating from the a1u HOMO and the a2u
next-HOMO. The newMO (1a1 in Figure 12) lies between the
1b1 and 2a1 orbitals. The shape of the MO (Figure 13, middle)


Figure 13. Isosurfaces and contour maps of the HOMOs ofD4d (PcSiOH)2
calculated with HF/3-21G at the optimum HF/3-21G equilibrium structure.
The contour maps show the values on a plane which contains the silicon
atoms and meso-nitrogen atoms.


clearly shows that the orbital is essentially a � bond between
the two Si atoms.
The formation of the Si�Si � bond can be viewed as follows.


As a starting point, two SiIII ions, two OH� ligands, and two
Pc2� ligands are chosen. Si sp hybrid orbitals are constructed
from 3s and 3pz orbitals for axial bonding. Vacant 3px and 3py


orbitals accept lone pairs from coordinating nitrogen atoms of
the Pc ligand to form Si�N bonds. The outward-pointing sp
hybrid is vacant and accepts a lone pair from OH� to form an
Si�O bond. The inward-pointing sp hybrid contains one
electron and forms a � bond with the counterpart sp hybrid of
the other Si atom. Since the counterpart antibonding Si�Si �
orbital is unoccupied, it is concluded that the Pc dimeric
structure is formed by an Si�Si single bond. This Si�Si � bond
is the only valence bond which is not present in PcSiOH2


monomer or in �-oxo SiPc dimer.


Excited states and assignments of the absorption bands :
Because of the presence of the new 1a1 MO just below the a1u-
origin HOMOs, a new electronic transition involving the MO
is expected to be observed above the Q-band region. In fact,
1e*1 � 1a1 transition is symmetry allowed and can have a
nonzero intensity.
Table 4 shows the results of the ab initio CIS calculation on


the lowest four allowed E1 excited states of (PcSiOH)2. The
first two E1 states are basically � ±�* transitions within Pc
ligands. The 1E1 state is mainly composed of transition from
the antibonding 1a2 HOMO to the antibonding 1e*1 LUMO
(arrow 1 in Figure 12). The main band in the Q band manifold
observed at 668 nm (15.0� 103 cm�1) should be assigned to
this state.
The main component of the 2E1 state is the excited


transition from the bonding 1b1 HOMO to the bonding 1e*3
LUMO (arrow 2 in Figure 12). A corresponding band is
expected to be found in the Q-band manifold. However, such
a band is not clearly identifiable in the observed spectrum.
Nonetheless, since calculations at the CIS level generally
contain errors of about 1 eV in the predicted excitation
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energies, we cannot exclude the possibility that 1E1 and 2E1


states are actually much closer, so that the two bands appear
as a single band. In addition, the oscillator strength of the 2E1


state may have been overestimated, given the small size of the
basis set employed. The positions and the relative intensities
of the two bands in the Q-band region are an issue that should
be examined in future.
The third allowed E1 state is predominantly described by


the transition from the Si�Si � orbital to the antibonding 1e*1
LUMO (arrow 3 in Figure 12). The calculation shows that the
band has substantial oscillator strength and is well separated
from the next 4E1 state, which is a � ±� transition belonging to
the B-band manifold. This indicates that the band at 445 nm
between the Q-band and B-band regions should be assigned
to the 3E1 state. From the character of the main configuration,
the band can be referred to as ™MMLCT∫ (metal ±metal bond
to ligand charge transfer) state. To our knowledge, this is the
first clear observation of a band with such a character. In
contrast, PcSi(OH)2 does not have such an excited state
associated with Si-centered orbital in the visible region
(Table 4).


Resemblance of UV/Vis spectra of the Pc dimer and the TBC
complex from the viewpoint of CIS calculations : Table 5 lists
the result of the CIS calculation on TBCSiOH. The two lowest
excited states, 1A� and 1A��, have similar oscillator strengths.
Although the predicted energy difference is relatively large,


both states should be assigned to
the band observed at about
680 nm for TBC complexes. An
MCD measurement showed that
the band has a pseudo-A-term
spectral pattern, which supports
the coincidental degeneracy of
1A� and 1A�� states.[21] Compari-
son of Table 4 and Table 5 reveals
that the energy of 1E1 in
(PcSiOH)2 and that of 1A�� in
TBCSiOH are very close. Also,
2E1 in (PcSiOH)2 and 1A� in
TBCSiOH are predicted to have
similar energy. These similarities
in the CIS calculations for the two
cases are consistent with the co-
incidental resemblance of the
UV/Vis spectra.


XANES spectra : X-ray absorption spectra are generally
divided into two main regions.[22] First, XANES (X-ray
absorption near edge structure), in the energy range of about
40 eV above the edge, provides information on stereochem-
istry (coordination geometry, bond angles, and relative
positions of the neighboring atoms) that is particularly
important for complex systems, characterized by weak order
and low symmetry. Second, the higher energy extended X-ray
absorption fine structure (EXAFS) region gives information
on local structures in terms of atomic radial distribution
(distances) around the central atom. Thus, this spectroscopic
method appears to be appropriate for characterizing and
differentiating SiPc monomer and Si�Si Pc dimers. Figure 14
shows the X-ray absorption spectra for SiPc monomer 4b and
Si�Si Pc dimer 3b. In these spectra, EXAFS modulations
were not sufficient to obtain an adequate result, so that
EXAFS analysis was not carried out. In the XANES patterns
of these spectra, some remarkable features were found. The
dimer 3b has a sharp peak at 1807 eV, while the monomer 4b
has a broader one around the same region. In the main peak at
about 1810 eV, the monomer has one sharp peak, while the
dimer has a broader peak, shifted to higher energy, which may
include two or more subpeaks. In addition, the monomer has a
small peak at 1813 eV, while in contrast, the dimer has two
very small and wider peaks at about 1816 and 1822 eV.
Transitions obtained from the DV calculations are also shown
in this figure. Calculated transition energies were convoluted
by using a Gaussian function with a full-width half-height
(FWHH) of 1.0 eV. Energy scales are calibrated to a relative
value, as the energy value of the Si K-edge is 0 eV. Orbitals
shown under the transitions are the main molecular orbital
components. Orbitals in italics originate from the atoms in the
molecule on the opposite side. Calculated transitions and
experimental XANES spectra are shown in the same figure.
Each result shows a good fit between experiment and
calculation, that is, the calculated results and conditions are
appropriate. Analysis was performed by comparing the
experimental and calculated spectra. As shown by the main
components for molecular orbitals, the peak at 1807 eV in the


Table 4. Calculated allowed singlet excited states of (PcSiOH)2 and PcSi(OH)2.


State Energy f Configuration Coefficient Character[a]


[103 cm�1]


(PcSiOH)2 1E1 18.5 0.70 1a2� 1e*1 0.93 HOMO(ab)�LUMO(ab)
1b1� 1e*3 0.19 HOMO(b)�LUMO(b)
1a1� 1e*1 0.19


2E1 22.2 0.41 1b1� 1e*3 0.91 HOMO(b)�LUMO(b)
1a1� 1e*1 � 0.25 HOMO(ab)�LUMO(ab)
1b2� 1e*3 � 0.18


3E1 27.6 0.33 1a1� 1e*1 0.92 Si�Si ��LUMO(ab)
1b1� 1e*3 0.24


4E1 40.5 0.05 1b2� 1e*3 (1) � 0.53
1e2(1)� 1e*3 (1) � 0.30


1e2(2)� 1e*3 (2) 0.30
PcSi(OH)2 1Eu 18.8 0.85 1a1u� 1e*g 0.93 HOMO�LUMO


2Eu 40.8 0.01 1b2u� 1e*g 0.67
3Eu 42.7 2.06 1a2u� 1e*g 0.68
4Eu 46.2 0.75 1a2u� 1e*g 0.55


1a1u� 2e*g 0.42


[a] b�bonding, ab� antibonding character.


Table 5. CIS/6-31G allowed singlet excited states of TBCSiOH.


State Energy
[103 cm�1]


f Configuration Coefficient Character


1A�� 19.7 0.43 1a��� 1a�* 0.91 HOMO�LUMO(1)
1a�� 1a��* � 0.34 next HOMO�LUMO(2)


1A� 23.3 0.52 1a��� 1a��* 0.91 HOMO�LUMO(2)
1a�� 1a�* 0.32 next HOMO�LUMO(1)


2A�� 36.4 2.52 1a�� 1a��* 0.87 next HOMO�LUMO(2)
1a��� 1a�* 0.32 HOMO�LUMO(1)


2A� 38.1 1.82 1a�� 1a�* 0.89 next HOMO�LUMO(1)
1a��� 1a��* 0.33 HOMO�LUMO(2)
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Figure 14. Si K-edge XANES spectra (solid lines) of Si�Si dimer 3b (top)
and SiPc monomer 4b (bottom) and calculated XANES spectra (broken
lines) of (TAPSiOH)2 (top) and TAPSiOH (bottom). For calculated Si K-
edge XANES spectra, the energy scale is normalized to the Si K-edge at
0 eV. Calculated transitions are shown by bars, and orbitals under these are
the main MO components. Orbitals in italics are MOs originating from
atoms in the molecule on the opposite side.


dimer depends on the contribution of N 2p orbitals of the
opposite side, and so this peak is considered to be especially
characteristic of the dimer. The peak at 1810 eV in the
monomer is divided into two peaks at 1811 and 1813 eV in the
dimer. This result also shows the contribution of the
interactions from the Si 3s and 3p orbitals from the opposite
side. In the spectrum of the monomer, the peaks ascribed to Si
3p orbitals are concentrated at about 1817 eV; however, the
dimer has several small peaks spread over a wide range. This
phenomenon may also be characteristic of dimerization. The
dimer and monomer samples have thus characterized by
XANES spectra and molecular model calculations, which
reveal complex interactions that include not only an Si�Si
bond but also a strong contribution of N atoms from the
opposite side. This result shows that the structure of the ligand
molecule has an important role in the dimerization.


Conclusion


The structures of Pcs synthesized by means of a one-pot, one-
step condensation of 1H-isoindole-1,3(2H)-diimine in the
presence of hexachlorodisilane were characterized by GPC,
MS, NMR, IR, and CV. All data suggested that the products
are cofacial Pcs with a direct Si�Si linkage which are slightly
smaller than the �-oxo dimer of the corresponding Pc. The
characteristic UV/Vis and MCD spectra of the dimer were
explained by MO calculations and band deconvolution
techniques. In particular, a characteristic band observed for


Si�Si Pc dimers was assigned to a charge-transfer transition
from an Si�Si �-bonding orbital to a ligand �* orbital.
Furthermore, in the Si K-edge XANES spectrum of an Si�Si
Pc dimer, some signals were detected which were not
observed for the corresponding monomer. The XANES
spectra of both the monomer and dimer were reproduced
by quantum mechanical simulations, and the signals seen only
for the dimer were reasonably interpreted as being produced
by interactions between the atoms on the opposite side (Si or
Pc plane). In this way, we have obtained and characterized
directly linked Si�Si Pc dimers using the method reported
previously.[2] Furthermore, we succeeded in obtaining single
crystals of triethylsiloxy(tetrabenztriazacorrolato)silicon.
This compound is indeed diffrerent from the above Si�Si Pc
dimers in its size and electrochemical properties, but showed
an electronic spectrum similar to those of the Si�Si Pc dimers,
which was also interpreted by MO calculations.


Experimental Section


Measurements : GPC for purification of the compounds and estimation of
molecular size was carried out on a Bio-beads S-X1 (Bio-rad) column
(3.5� 100 cm) with chloroform or THF as eluent. Mass spectra were
measured on a Perseptive Biosystem MALDI-TOF Mass Voyager DE-SI2
spectrometer with dithranol (1,8,9-anthracenetriol) as matrix, on a Micro-
mass LCT-ESI-TOF mass spectrometer with methanol or chloroform/
methanol as solvent, and on a JEOL SX-102 mass spectrometer (FAB
mass) with p-nitrophenyl n-octyl ether or m-nitrobenzyl alcohol (NBA) as
matrix. Field desorption (FD) mass spectra were recorded on a VG
Zabspec spectrometer with NBA as matrix. Electronic (UV/Vis) and FT-IR
spectra were recorded on Hitachi U-3410 and Shimazu FTIR-8100M
spectrometers, respectively. MCDmeasurements were made with a JASCO
J-725 spectrodichrometer equipped with a Jasco electromagnet that
produced magnetic fields of up to 1.09 T with parallel and then anti-
parallel field. Its magnitude was expressed in terms of molar ellipticity per
tesla, [�]M/105 degmol�1dm3cm�1T�1. The 400 MHz 1H NMR spectra were
recorded with a JEOL GSX-400 spectrometer in C6D6 and CDCl3. CV was
performed with a Hokuto Denko HA-501 potentiostat/galvanostat con-
nected to a Hokuto Denko HB-105 function generator and a Graphtec WX
1200 recorder. A glassy carbon electrode (area 7 mm2) was used as the
working electrode, a platinum wire as the auxiliary electrode, and Ag/AgCl
as the reference electrode. Tetrabutylammonium perchlorate (TBAP),
recrystallized from absolute ethanol, was used as the supporting electrolyte
(0.1� solution). All electrochemical experiments were carried out in o-
dichlorobenzene (DCB) at 298� 0.5 K under a dry nitrogen atmosphere.
The XANES spectra were recorded on powder samples. Si K-edge spectra
(1.8 keV) were collected at the UVSOR of Institute for Molecular Science
in Japan, at room temperature and under high vacuum. Monochromatic
radiation was obtained by using an InSb(111) (d� 3.740 ä) monochroma-
tor.


X-ray crystal structure analysis was performed on a Rigaku/MSC Mercury
CCD diffractometer with graphite-monochromated MoK� radiation (��
0.71070 ä). All calculations were performed with the teXsan crystallo-
graphic software package[23] on a Silicon Graphics O2 computer.


Bis[hydroxy(2,3,9,10,16,17,23,24-octabutoxyphthalocyaninato)silicon]
(1b): A mixture of 5,6-dibutoxy-1H-isoindole-1,3(2H)-diimine[24] (580 mg,
2 mmol) and hexachlorodisilane (0.5 mL, 1.25 mmol) in fresh quinoline
(3 mL) was heated at 180 ± 190 �C for 20 min under nitrogen.[7] After
cooling to room temperature, methanol/water was added to the reaction
mixture, which was filtered, and the residue was washed with methanol and
acetone. After recrystallization from chloroform/methanol, a dark green
mixture (1a� 1b�monomers, see Figure 2) was obtained. This mixture
was dissolved in dichloromethane (30 mL) containing anion-exchange resin
(Amberlyst A26) and refluxed for 2 h to convert the axial ligands
completely from chloro to hydroxy.[25] After cooling to room temperature,
the ion-exchange resin was removed by filtration, and the solvent
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evaporated under reduced pressure. The residue was purified by column
chromatography on aluminum oxide (neutral, activity III) with chloroform
as eluent, then recrystallized from chloroform/methanol to give 0.25 g of
1b�monomers. The residue was then further separated by GPC on Bio-
beads S-X1(Biorad) with chloroform, and recrystallized from chloroform/
methanol to give the dimer 1b (171 mg, 30.1%) and monomers (65 mg,
10.7%). 1H NMR (400 MHz, [D6]benzene): �� 9.5 ± 7.5 (br, ArH, one peak
at 8.44), 4.9 ± 3.0 (br, OCH2), 2.5 ± 0 (br, CH2CH2CH3), �1.8 to �2.0 (br,
OH). MS (ESI-TOF, methanol): m/z : 2269.3 [M�H]; elemental analysis
calcd (%) for C128H162N16O18Si2 (2269.0): C 67.76, H 7.20, N 9.88; found: C
66.8, H 7.84, N 8.69.


Bis[hydroxy(phthalocyaninato)silicon] (1c): Compound 1c was synthe-
sized as for 1b by using 1H-isoindole-1,3(2H)-diimine in place of 5,6-
dibutoxy-1H-isoindole-1,3(2H)-diimine. MS (ESI-TOF, chloroform/meth-
anol 1/1): m/z : 1143.1 [M� 2OH�2OMe], 1112.2 [M� 2H]; because of
the low solubility, NMR spectra were not recorded.


Dimethoxy(2,3,9,10,16,17,23,24-octabutoxyphthalocyaninato)silicon (2c):
A mixture of 5,6-dibutoxy-1H-isoindole-1,3(2H)-diimine[24] (61 mg,
0.212 mmol) and tetrachlorosilane (0.1 mL, 0.88 mmol) in fresh quinoline
(2 mL) was heated at 180 ± 190 �C for 1 h under nitrogen.[7] After cooling to
room temperature, methanol/water was added to the reaction solution, and
the solid was collected by filtration and washed with methanol and acetone.
The residue was dissolved in dichloromethane (5 mL) containing ion-
exchange resin to convert the axial ligands from chloro to hydroxy.[25] The
monomer 2b was obtained by purifying the green residue by column
chromatography on aluminum oxide (neutral, activity III) with chloroform.
A mixture of 2b (0.88 mmol, assuming 100% yield), NaH (70 mg,
1.8 mmol), and dimethyl sulfate (0.17 mL, 1.8 mmol) in dry THF (8 mL)
was stirred at room temperature for two days. After the solvent had been
evaporated, the dark green solid was purified by column chromatography
on aluminum oxide (neutral, activity III) with chloroform, and recrystal-
lized from chloroform/methanol to give the monomer 2c (6.3 mg, 10%).
1H NMR (400 MHz, CDCl3, 25 �C): �� 8.996 (s, 8H; ArH), 4.75 ± 4.38 (br,
16H; OCH2, one peak at 4.677), 2.171 (br, 16H; OCH2CH2), 1.790 (br,
16H; O(CH2)2CH2), 1.213 (br, 24H; CH3), �1.819 (s, 6H; OCH3); MS
(FAB, NBA):m/z : 1178 [M]; elemental analysis calcd (%) for C66H86N8O10-
Si (1179.5): C 67.21, H 7.35, N 9.50: found: C 68.83, H 7.18, N 9.35.


Bis[hydroxy{2,9(or 10),16(or 17),23(or 24)-tetra-tert-butylphthalocyanina-
to}silicon] (3b): Similarly to 1b, 3b was prepared from 5-tert-butyl-1H-
isoindole-1,3-(2H)-diimine (100 mg, 0.5 mmol) and hexachlorodisilane
(0.1 mL) in quinoline at 180 ± 190 �C for 20 min under nitrogen. Chroma-
tography on aluminum oxide (neutral, activity III) and Bio-beads S-X1
with chloroform produced the desired compound 3b (25 mg, 26%). MS
(ESI-TOF, methanol): m/z : 1563.6 [M]; elemental analysis calcd (%) for
C96H98N16O2Si2 (1564.1): C 73.72, H 6.32, N 14.33; found: C 72.94, H 6.76, N
15.01.


Dihydroxy{2,9(or 10),16(or 17),23(or 24)-tetra-tert-butylphthalocyanina-
to}silicon (4b): Compound 4b was obtained by the method used for 2b
from 5-tert-butyl-1H-isoindole-1,3(2H)-diimine and SiCl4. MS (MALDI-
TOF, dithranol): m/z : 798 [M]; IR (KBr): �� � 831 (SiO), 3450 cm�1 (OH);
UV/Vis (CHCl3): �max� 681.5 nm.


�-Oxo-bis[hydroxy{2,9(or 10),16(or 17),23(or 24)-tetra-tert-butylphthalo-
cyaninato}silicon] (5b): A dry solution of monomer 4b (100 mg) in
quinoline (3 mL) was refluxed for 80 min under nitrogen.[26] After the
mixture had been cooled to room temperature, methanol and water were
added to the reaction solution, and the resulting precipitate separated from
the solution by filtration and dried under vacuum. This residue was purified
by chromatography on aluminum oxide (neutral, activity III) and Bio-
beads S-X1 with chloroform, to give pure 5b as a blue powder (35 mg,
17.6% yield). MS (MALDI-TOF, dithranol): m/z : 1578 [M]; IR (KBr): �� �
831 (SiO), 990 (SiOSi), 3450 cm�1 (OH); UV/Vis (CHCl3): �max� 641 nm.


Triethylsiloxy(tetrabenztriazacorrolato)silicon (6): In the synthesis of
compound 1c, methanol was added to the reaction vessel after the reaction
was complete, and the resultant precipitate of 1cwas collected by filtration.
Then the solvent was evaporated from the filtrate, and the green residue
(ca. 200 mg) was treated with triethylsilyl chloride (1 mL) at 50 �C for 3 h in
dry pyridine (10 mL). After the mixture had been cooled to room
temperature, the pyridine was removed by filtration, and the green residue
applied to a basic alumina column (activity V) and eluted with toluene/
pyridine (10/1) as eluent. The first-eluting blue band was not collected,


while the second, green band was collected and recrystallized from CH2Cl2/
MeOH to give 60 mg (24.7%) of the desired compound as a green powder.
Single crystals for X-ray analysis were grown from benzene. 1H NMR
(400 MHz, [D6]benzene, 25 �C): �� 9.83 ± 9.78 (m, 4H), 9.55 ± 9.53 (m, 2H),
8.84 ± 8.82 (m, 2H), 8.02 ± 7.95 (m, 4H), 7.80 ± 7.73 (m, 4H), �1.24 (t, 9H;
CH3), �2.18 (q, 6H; CH2); MS (FAB, NBA): m/z : 659 [M�H]; IR (KBr):
�� � 1003 (SiOSi), 822 cm�1 (SiO); elemental analysis calcd (%) for
C38H32N7O1Si2 (658.89): C 69.27, H 4.90, N 14.88; found: C 68.85, H 4.62,
N 14.91.


Methods of calculation


Optimization of ground-state geometry : Ab initio Hartree ± Fock (HF)
calculations were carried out to examine the equilibrium structure of the Pc
dimer. Because the molecule is rather large for the ab initio method, we
used a model molecule and applied several constraints to the structure.
First, tetraazaporphyrin (TAP) was employed as a model for Pc (Fig-
ure 11). TAP has a Pc structure from which four benzenoid moieties have
been removed, while retaining the same central ring structure as Pc.
Second, the molecular structures were assumed to have D4d or D4h


symmetry, whereby the Si-O-H angle was fixed at 180� to maintain the
C4 symmetry axis. The computational complexity is thus reduced by a factor
of roughly 16, that is, is the number of the symmetry operations. The 3-21G
and the superior but computationally more demanding 6-31G basis sets
were used for the model (TAPSiOH)2, but only 3-21G for (PcSiOH)2. For
the study on the TBC complex and monomeric Pc complex, model
molecules with axial hydroxy ligands, namely, TBCSiOH and PcSi(OH)2,
were employed. The 6-31G basis set was used for the optimization of their
structures. The structures of TBCSiOH and PcSi(OH)2 were assumed to
have Cs and D4h symmetry, respectively.
The optimization calculations were performed with the Q-Chem quantum
chemistry program package.[27]


Excited states : Excitation energies and oscillator strengths of allowed
excited states of (PcSiOH)2, TBCSiOH, and PcSi(OH)2 were calculated by
ab initio CIS (single excitation configuration interaction) method. The
basis sets employed were 3-21G for (PcSiOH)2 and 6-31G for TBCSiOH
and PcSi(OH)2. All the singly excited configurations were included in the
calculations. The aforementioned HF structures were employed for the CIS
calculations. For (PcSiOH)2, the lowest four allowed excited states were
calculated because of the large size of the molecule, which is computa-
tionally demanding. The excited-state calculations were carried out with
Q-Chem.[27]


XANES fitting : The XANES spectra were analyzed by DV-X	 MO
calculations. The computational details of the DV-X	 method have been
previously described.[28] Each model for the monomer and dimer was built
and refined using (TAPSiOH) and (TAPSiOH)2 models. The atomic
orbitals used for calculations were 1s for H, 1s ± 3p for C and O, and 1s ± 4p
for Si. Sample points for the integration were set to 85000. The transition
states of (TAPSiOH) and (TAPSiOH)2 were calculated to ascribe the
XANES spectra.


X-ray structure analysis of SiTBC : CCDC 169864 contains 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
CB21EZ, UK; fax: (�44)1223-336-033; or deposit@ccdc.cam.uk).
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Abstract: In spite of their key role in
signal transduction, the mechanism of
action of adrenergic receptors is still
poorly understood. We have imitated
the postulated binding pattern of the
large membrane protein with a small,
rationally designed synthetic host mole-
cule. Experimental evidence is present-
ed for the simultaneous operation of
electrostatic attraction, hydrogen bonds,


� stacking, and hydrophobic interac-
tions. By virtue of this combination of
weak attractive forces, adrenaline deriv-
atives in water are bound with high
shape selectivity for the slim dopamine


skeleton. We think that these findings
support the postulated cooperative in-
terplay of noncovalent interactions in
the natural receptors. In addition, they
provide access to a new type of adrena-
line sensor. This may be the first step
towards an artificial signal-transduction
system.


Keywords: dopamines ¥ epineph-
rine ¥ hormones ¥ molecular
recognition ¥ receptors


Introduction


G-protein-coupled receptors (GPCRs) are probably the most
intensively investigated among all receptor groups. 60% of all
commercially available drugs interact with GPCRs, with a
world market volume of 84 billion USD in 1995. Adrenergic
receptors make up one of the major classes in the GPCR
family.[1] They are expressed throughout the human body, and
are involved in vital signal transduction processes from the
extracellular environment across the cell membrane into the
cytosol. For medical treatment, the adrenergic receptor
antagonists are most interesting, because they can suppress
pathological symptoms by blocking the binding sites of the
respective receptors. A well-known example is propranolol,
which is a �-blocker and treats hypertension.[2] �-Adrenergic
receptors are important targets for therapeutic agonists and
antagonists in treatment of heart failure or asthma.[3] The use
of selective �-1A-adrenoceptor antagonists is an efficacious
way to treat benign prostatic hyperplasia.[4] Today adrenergic
receptors are still hot topics for pharmaceutical research. The


medical treatment of chronic heart failure has undergone a
remarkable transition in the past ten years. The approach has
changed to a more long-term, reparative strategy, which relies
on treatment with �-adrenergic blocking agents. �-Blockers
have, in fact, become the most extensively studied class of
agents in the treatment of congestive heart failure.[5] Despite
recent advances in the crystallization of membrane-bound
proteins,[6] no crystal structure of any adrenergic receptor has
been resolved to date. Homology modeling of similar
G-protein coupled receptors and site-directed mutagenesis
experiments have provided quite detailed pictures of tertiary
structures, but they still remain somewhat speculative. Thus,
the exact mechanism of adrenaline and antagonist recognition
remains unknown. In addition, the signal transduction path
from the initial adrenaline binding across the membrane into
the interior of the cell resulting in G-protein activation has not
been fully elucidated to date. We think that by synthesizing
small model receptors, chemists can learn from nature about
the efficient interplay of noncovalent interactions, necessary
for efficiency and selectivity in molecular recognition. Such a
small model receptor could allow a systematic study of the
influence of certain noncovalent interactions on the overall
binding enthalpy. It could also shed new light on the specific
combination of noncovalent interactions present in natural
receptors. In our case, the design of an efficient adrenaline
sensor would also open the path for the design of an artificial
signal transduction system.
In the past decade, the flourishing development of supra-


molecular chemistry combined with the pharmaceutical
interest in catecholamines inspired many groups to design
artificial host molecules for this important class of com-
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pounds. However, most of these structures were monotopic,
that is, they recognized only one typical functional group of
their guest. Thus, the ammonium group was bound by crown
ethers[7] or ester crowns.[8] Certain cyclopeptides are able to
distinguish between the enantiomeric forms of noradrena-
line.[9] Zinc porphyrin tweezers[10] and xylylene bisphospho-
nates[11] offer the advantage of selectivity for amino alcohols.
Most of these artificial receptors have been developed
primarily for dopamine recognition, and in some cases
dopamine selectivity has been found: a pyrazole-containing
podand imitates the crown ether environment around the
guest;[12] a homooxacalix[3]arene triether was incorporated
into liquid membranes with a PVCmatrix, which then showed
a dopamine-selective change in their membrane potential,[13]


and template recognition was achieved with dopamine in
organic ± inorganic hybrid films prepared by a sol ± gel pro-
cess.[14] Monotopic catechol recognition was achieved either
with an aza crown, which forms hydrogen bonds to the
catechol hydroxyls,[9] or with bipyridinium moieties, which
exert a �-stacking attraction on the electron-rich catechol
ring.[15] Combined with a peptide tether this has been
exploited for enantioselective dopamine recognition.[16] Some
of these simple binding motifs have been combined with
powerful analytical methods: crown ethers have found
applications in capillary zone electrophoresis,[17] phenylboro-
nates are used for electrochemical detection of catechol-
amines,[18] and �-mercapto poly(ethylene glycol) SAMs (self-
assembled monolayers) on gold electrodes can quantify the
dopamine content in the blood serum.[19] Interdigitated array
microelectrodes have also been used as electrochemical
sensors for catecholamines.[20] In recent years, several ditopic
receptor structures have been developed, which again focus
on ammonium and catechol binding for efficient dopamine
recognition: (aza)crowns bind the ammonium functionality by
means of hydrogen bonds.[21] For catechol recognition a whole
arsenal of different binding motifs has been developed,
ranging from protonated azacrowns for hydrogen bonds with
the phenolic oxygens[22] to macrotricyclic hydrophobic cavities
that include the anionic catechol ring at higher pH values.[23]


� ±� Interactions with quinones,[23] hydrogen bonds to
phosphonate anions[24] as well as kinetically fast, reversible
covalent bonds to boronic acids[25] are alternatives for efficient
catechol recognition. Even nonpolar cavities supported by
peripheral carboxylates for nonspecific Coulombic attraction
have been used for the construction of ditopic dopamine


hosts.[26] Finally, a bioorganic approach generates dopamine-
selective RNA aptamers by in vitro selection.[27] However,
none of the above-mentioned synthetic receptor molecules is
specific for catechol amino alcohols, and most are far from a
biomimetic recognition pattern.
Our own previous work began with the discovery that in


highly polar organic solution m- and p-xylylene bisphospho-
nates bind to 1,2- and 1,3-amino alcohols one order of
magnitude tighter than to ordinary primary and secondary
amines.[5a] Attachment of aromatic arms on the remaining
phosphonate ester functionality led to second-generation
receptor molecules, which showed a modest increase in
binding energy with catecholamines as a result of � ±�
interactions.[5b] The next step was the imitation of the deep
aromatic cleft in the natural adrenoceptor by a hydrophobic
macrocycle with peripheral phosphonates for an induced-fit
process (Figure 1).[28] In 1, the catechol ring is indeed buried in
the macrocyclic hydrophobic cavity. Unfortunately, this new
host undergoes strong self-association in water and cannot
distinguish between amino acids and adrenaline derivatives.


Results and Discussion


To make the fourth generation of biomimetic artificial
adrenaline receptor molecules we followed a new concept:
in order to maximize van der Waals interactions and hydro-
phobic forces, we developed a macrocyclic system with
integral phosphonate moieties (Scheme 1). Their incorpora-
tion into the macrocyclic framework should favor a complex
geometry in which all binding sites of the receptor surround
the adrenaline molecule. Thus, close contacts lead to strong
electrostatic attraction and ideal hydrogen bonds, and also
help desolvation in water. Additional hydrogen bonding sites
for the catechol hydroxy groups and a potential sandwich-type
arrangement for catechol recognition by � stacking were
further features of this new host design. The result was
recently published as the first shape-selective adrenaline host
molecule, which mimics the natural receptor and binds
adrenaline derivatives in water.[29]


In receptor 2a, the amino alcohol can be bound by the
p-xylylene bisphosphonate moiety, whereas the catechol ring
is flanked by two electron-poor nitroarenes, supported by the
isophthalamide head group for hydrogen bonds to the
phenolic hydroxy groups. This is close to the picture that


Figure 1. Macrocyclic host 1with a hydrophobic cavity and peripheral phosphonates for ditopic recognition of adrenaline derivatives; left: schematic design;
center: Lewis structure; right: conformational minimum calculated with Cerius2 molecular simulations, force field: Dreiding 2.21.
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emerged from site-directed mutagenesis studies, molecular
modeling, and electron-diffraction experiments for the natu-
ral example.[30] There, the ammonium functionality is bound
by electrostatic interactions and hydrogen bonds to an
aspartate, enforced by � ± cation interactions with surround-
ing aromatic amino acid residues. The catechol ring is buried
in a deep cleft between two phenylalanine residues. The
aliphatic as well as both phenolic hydroxy groups are each
hydrogen-bonded to a serine OH (Scheme 1).
In force-field calculations (MacroModel 7.0, Amber*) min-


imum energy structures were found, which correspond to the
postulated arrangement in Scheme 1. High binding enthalpies
result from the combination of electrostatic interactions,
hydrogen bonds, and van der Waals attraction. We carried out
Monte Carlo simulations in water (3000 steps), followed by a
molecular dynamics run at ambient temperature for 10 ps.
The resulting optimized complex geometries are depicted in
Figure 2. In the complex, noradrenaline fits snugly into the
cavity formed by the macrocyclic host. However, a relatively
high degree of flexibility is still maintained, as demonstrated
by the stacked plot of 10 snapshots from the molecular
dynamics calculations. Whitesides and others have shown that
benzylic bonds especially contain a lot of torsional entropy,
resulting from the unhindered rotation around these bonds.[31]


Our macrocycle possesses eight benzylic bonds, which might
reduce the degree of preorientation, but on the other hand
facilitate an induced-fit process.


Synthesis : The encouraging
modeling results prompted us
to develop a modular, highly
convergent synthesis for 2a,
which allows for the simple
construction of structural ana-
logues. Two synthetic cuts lead
to three smaller building blocks,
namely an activated p-xylylene
bisphosphonate, a functional-
ized diphenylmethane and
an isophthaloyl derivative
(Scheme 2). We decided to be-
gin with the diphenylmethane
centerpiece, attach two of them


Figure 2. Left: Optimized complex geometry according to Monte Carlo
simulations in water for the inclusion of noradrenaline inside the cavity of
macrocyclic host 2a. Right: Superimposed snapshots of the subsequent
molecular dynamics calculation.


to the bisphosphonate, and finally close the macrocyclic ring
by a double amidation with isophthaloyl dichloride.
The main synthetic challenge of the whole pathway resides


in the highly and asymmetrically functionalized diphenyl-
methane derivative. This unit has been a favorite structural
key element in artificial receptor molecules for years.[32] It
combines a relatively high degree of preorganization (owing
to the absence of multiple torsional degrees of freedom) with
the potential to create an electron-rich environment in its
concave inner sphere, fine-tuned by appropriate substituents


Scheme 1. Multipoint binding of adrenaline derivatives by biomimetic adrenaline host 2a with integral phosphonates. Left: schematic illustration of the
planned interactions; middle: proposed binding mode; right: natural binding pattern of noradrenaline in the �-adrenergic receptor.


Scheme 2. Retrosynthetic analysis of macrocyclic host 2a : three building blocks open the path to a flexible
modular synthesis with many variations.
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on its phenyl rings.[33] However, most of the open-chain or
macrocyclic hosts based on this moiety were restricted to
symmetric geometries because the general route to diphenyl-
methane derivatives employs the double attack of form-
aldehyde on two electron-rich arenes.[34] Consequently, most
of the published synthetic receptor molecules that carry a
diphenylmethane unit show only small selectivity for unsym-
metrical or even chiral substrates. To improve their recog-
nition pattern, the regioselective introduction of specific
binding sites on the diphenylmethane skeleton would be
beneficial. Few synthetic pathways exist that lead to unsym-
metrical diphenylmethanes: one of them is an acid-catalyzed
Friedel ±Crafts alkylation of an electron-poor benzyl alcohol
with another arene.[35] However, many benzyl alcohols
polymerize under strongly acidic conditions, and the directing
influence of their substituents may dictate an undesired
chemoselectivity.
We think that 2 is a good example for a highly demanding


diphenylmethane synthesis, because it carries three acid-,
base-, or nucleophile-sensitive groups that have to be
selectively protected and later deprotected for the construc-
tion of the macrocyclic receptor molecule. After trying the
classical methods described above without success, we turned
to organometallic chemistry. In principle, benzylic halides can
be alkylated by a variety of metallated arenes, such as
organolithium, cuprate, or Grignard reagents.[36] Some of
these have already been used to furnish unsymmetrical
diphenylmethanes with electron-rich arenes.[37] We tried all
of these, combining O-THP(tetrahyropyranyl)-protected nu-
cleophiles with simple nitrobenzyl halides. Starting from
4-amino-2-nitrotoluene, we prepared the phthalimide-pro-
tected as well as the butyloxycarbonyl(Boc)-protected benzyl-
amines 3c and 3e with a reactive halide in the para position
(see Scheme 5). The other part came from m-cresol, which
was converted into the corresponding O-THP- or O-TBS-
(tert-butyldimethylsilyl)-protected benzyl bromides. Howev-
er, in all cases, the highly reactive organometallic reagent
attacked the nitro group. Organozinc compounds are much
milder,[38] but for an efficient cross-coupling reaction they
must be activated, for example by conversion into zinc
alkylcuprates.[39] However, even these can engage in side
reactions with nitroarenes. An interesting alternative is the
Pd0- or Ni0-catalyzed cross-coupling of benzylzinc reagents
with bromo- or iodoarenes, introduced by Negishi.[40] This
very mild and highly efficient procedure operates at ambient
temperature and consists of two steps: first a benzyl bromide
is treated in THF with metallic zinc to generate the benzylzinc
reagent without homocoupling, then the resulting solution is
slowly added to a mixture of aryl bromide or iodide,
bis(triphenylphosphanyl)palladium dichloride, and diisobutyl-
aluminum hydride (DIBAL-H) in the same solvent. With
rigorous exclusion of air and humidity, the reaction is
complete after several hours and typically affords products
with 70 ± 95% yield (Scheme 3).
We started our coupling attempts with simple precursors


and systematically included more of the functional groups in
2, in order to explore the scope and limitations of this method
for the construction of various unsymmetrical diphenyl-
methanes. Reaction of the unfunctionalized benzylzinc re-


Scheme 3. First experiments in coupling of simple molecules to yield
unsymmetrical diphenylmethanes for use in adrenaline receptor synthesis.


agent with the simple nitro-substituted bromobenzene pro-
ceeded smoothly; even the introduction of an additional
phthalimidomethyl group in the electrophilic bromobenzene
does not disturb the coupling reaction (5a/b, Scheme 3).
However, the yield dropped drastically when, instead of
simple benzyl bromide, the TBS-protected phenol was used
(5c, Scheme 4). The problem resided in the metallation step:


Scheme 4. More simple molecule couplings yielding unsymmetrical
diphenylmethanes.


it came from the unreactive benzyl bromide, which needed
elevated temperatures to form the corresponding benzylzinc
reagent, with the consequence of the unwanted homocoupling
side reaction. The low yield (around 10 ± 30%) was only
marginally raised to �40%, when instead of the bromoben-
zene the iodo analogue was used. Although this showed that a
more reactive aromatic halide produced a more reactive Pd
reagent, the solution to the problem of unsatisfactory yields
had to be sought in a more reactive benzyl bromide.[41]


Replacement of the TBS protecting group with an acetyl
one finally led to a reproducible 60% total yield in the Negishi
coupling step (5d, Scheme 5).
For solubility reasons and for more convenient deprotec-


tion, the phthaloyl group (3c) was replaced with a Boc moiety
(3e). The new, acidic amide NH functionality did not interfere
with the attack of the benzylzinc reagent on the Pd
intermediate; again, clean conversion of both starting materi-
als was observed. The orthogonal protection strategy allows
selective removal of both protecting groups; this may become
very important if it is not clear at the beginning of the
synthesis at which position the final macrocyclization should
take place. In our case, it is possible either to liberate only the
phenol with potassium carbonate in absolute methanol, or to
deprotect selectively the amine with 50% trifluoroacetic acid
(TFA) in dichloromethane, both at room temperature.
We believe that this example demonstrates the versatility of


the Negishi coupling reaction, which is an extremely mild
reaction and therefore tolerates a wide variety of acid and
base-sensitive groups, including the notorious disturber of
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organometallic reactions, the nitro group. However, for
retrosynthetic analyses one should always bear in mind that
the aromatic precursor for the benzylzinc reagent must be as
electron-poor as possible. Slightly electron-donating (� I or
�M effect) groups can severely slow down or completely
prevent the formation of this organozinc intermediate. This
problem, however, can often be circumvented by the choice of
an alternative protecting group, as demonstrated above.
After selective deprotection of the O-acetyl group in 5d


(Scheme 5), a reagent had to be found which allows mono-
activation of a bisphosphonate at both ends. In our hands,
partial hydrolysis of p-xylylene tetramethyl bisphosphonate to
the bismonoester, followed by reaction with oxalyl chloride in
DMF at room temperature, proceeded smoothly and furnish-
ed the bis(esterchloride) 6 in high yields. Double esterification


of 6 with 5e gave the U-type
predecessor 7a, which was Boc-
deprotected under mild condi-
tions with dry trifluoroacetic
acid to give 7b (Scheme 5). The
critical macrocylization step was
subsequently carried out under
high-dilution conditions with a
motor-driven precision pump.
The diamine 7b was thus cy-
clized with isophthaloyl dichlor-
ide, leading to the macrocyclic
bisphosphonate 8a in 38% yield.
Benzene was added as a tem-
plate that has been shown to
bring both nitroarenes into close
proximity by way of a sandwich
arrangement in previous macro-
cyclizations,[42] and thus facili-
tates the double amide connec-
tion with the dicarboxylic acid
dichloride. In the final step, lith-
ium bromide was used as a mild
nucleophile, which selectively
cleaved both methyl esters on
the bisphosphonate, leaving the
aryl esters intact.[43] Macrocyclic
host 2a was obtained in 1.3%
overall yield (12 steps) as a col-
orless hygroscopic solid, soluble
in a wide range of polar solvents
ranging from DMSO to water.
We would like to point out that
ordinary alkyl and aryl phospho-
nates are more sensitive towards
acid and base hydrolysis than
their carboxylate counterparts.
However, they tolerate both hy-
drazine hydrate and dry tri-
fluoroacetic acid at room tem-
perature, so that phthalimide-
and Boc-protected amines can
be selectively deprotected in
their presence.


The above-described modular general approach to our new
adrenaline hosts allows for the convenient preparation of
analogues. Thus, we replaced the isophthalamidic head group
by a pyridine-2,6-dicarboxamidic unit for a more efficient
recognition of the catechol hydroxyls. This could be done in
the penultimate step of the whole synthesis, by simply
carrying out the macrocyclization with pyridine-2,6-dicarbox-
ylic acid dichloride. By this simple variation, the pyridine-
containing host precursor 8b was obtained in 32% yield
(overall yield 1.3%, 12 steps; Scheme 5).
Figure 3 depicts the problem with the isophthalamide head


group: In 2a, both amide hydrogens are involved in repulsive
interactions with the aromatic ortho-proton. This effect can be
clearly seen in molecular mechanics calculations irrespective
of the chosen force-field (Figure 3, top). In consequence, one


Scheme 5. Modular and convergent synthesis of hosts 2a and 2b from 4-amino-2-nitrotoluene,m-cresol, and p-
xylylene bisphosphonic acid dimethyl ester dichloride; a) 1. NaNO2, 2. KI (61%); b) NBS, CCl4 (46%); c) K
phthalimide, [18]crown-6, toluene (94%); d) N2H4, ethanol (65%); e) Boc2O, CH2Cl2 (95%); f) Ac2O (89%);
g) NBS, CCl4 (47%); h) 1. Zn, reflux, 2. [Pd(PPh3)4]/DIBAL-H (58%); i) K2CO3, methanol, RT (94%);
j) CH2Cl2, Et3N (57%); k) TFA, CH2Cl2, 0 �C (99%); l) isophthaloyl chloride or pyridine-2,6-dicarboxylic acid
dichloride, Et3N, THF, benzene, RT (8a : 38%; 8b : 32%); m) LiBr, acetonitrile, 80 �C (2a : 66%; 2b : 82%).
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of the trans-amide groups could twist, leading to a distorted
overall conformation of the whole macrocycle. In this
conformation, the amide carbonyl could even form a weak
hydrogen bond with the aromatic ortho-proton. Such behav-
ior is often observed with isophthalamides.[44] It can be
circumvented by replacing the isophthalamide by a pyridine-
2,6-dicarboxamide as described above. Here, the pyridine
nitrogen atom forms two intramolecular hydrogen bonds with
the two amidic hydrogens, so that the top part of the host
molecule should be ideally preorganized (2b, Figure 3,
bottom).[45] In the twisted conformation, the amide carbonyl
is now interfering with the basic pyridine nitrogen atom,
leading to repulsion of their respective lone pairs. Vˆgtle et al.
recently presented a molecular knot, whose unique structure
was stabilized by such pyridine-2,6-dicarboxamides.[46]


Initial binding experiments : Initial NMR-spectroscopic bind-
ing studies of 2a with various adrenaline-type guests showed
that 1:1 complexes were formed in all cases (Job plots in
various solvents; see, for example, Figure 4, top).[47]


An ESI spectrum from an equimolar mixture of noradrena-
line hydrochloride and 2a (10�7� in methanol) produced a
clean molecular ion peak for the 1:1 complex at m/z 1047, but
no peaks for higher oligomers (Figure 5).
From FT-IR experiments we obtained strong indications for


the postulated hydrogen bonds: both P�O valence bands of
host 2a were shifted towards smaller wavenumbers in the
complex with noradrenaline. This is in accord with the strong
ion-pair reinforced hydrogen bond between the phosphonate
groups and the guest×s ammonium functionality. In addition,
the amide carbonyl band in 2a was also shifted towards lower
wavenumbers, corresponding to the related hydrogen bond
between the NH group and the catechol oxygen atom. In
order to gain more information about the complex geometry,
we performed NOESY experiments in DMSO, where even
hydrogen bonds with the catechol hydroxyls might be
detectable (Figure 6).
In the free host molecule, strong intramolecular NOEs


reveal several steric relationships of key protons essential for
the overall conformation of 2a. A strong NOE is found


Figure 4. Top: Job plot for complex formation between host 2a and
noradrenaline hydrochloride (CHN proton) in D2O/methanol (1:1);
bottom: NMR titration curve showing the complexation-induced shifts
(CIS; CHN and CHO protons) for complex formation between host 2 and
noradrenaline hydrochloride in methanol.


between protons 2 and 1, accompanied with a medium NOE
for proton 2 with 3; together with the absence of any NOE
between protons 2 and 6, this shows that the phosphonate
moieties are pointing inwards into the cavity of macrocycle
2a, with some deviation from the ideal 90� angle between both
arenes. In DMSO, it is conceivable that the lithium counter-
ions form a chelate bridge between both phosphonate anions,
leading to a strong preorientation favorable for the inclusion
of ammonium guest molecules.
The combination of NOEs from protons 7 to their


neighbors is also quite intriguing: a close contact is made to
proton 3, there are medium NOEs to protons 8 and 10, but no
NOE can be observed to proton 4. This indicates that the
methylene protons of the diphenylmethane centerpiece are


Figure 3. Top: Repulsive NH±CH interactions in isophthalamides; two views of the twisted head group in 2a. Bottom: Preorganization in pyridine-2,6-
carboxamides; flat head group in 2b.
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Figure 6. Proton assignments for intramolecular NOE measurements.
Left: macrocycle 2a ; right: noradrenaline. Bold arrows: strong NOEs;
thin arrows: medium NOEs.


always endocyclic, with the nitroarenes at an average angle of
90� to the phenol esters. Again this is exactly the conformation
necessary for inclusion of adrenaline-type guests.
The existence of strong NOEs between protons 13 and 12,


but medium NOEs between 12 and 14, confirms that the
isophthalamide head group preferentially adopts the intended
conformation, with some twist or flexibility of the benzene
ring. This should be improved by the additional intramolec-
ular hydrogen bonds in the pyridine-2,6-dicarboxamide.
If the NOE pattern in the complex of noradrenaline with


macrocyclic host 2a is compared to that of the free binding
partners, the most striking observation is the fact that there is
no significant change at all. Noradrenaline is bound in its
thermodynamically favorable, bioactive conformation, by a
host molecule that barely alters its geometry and shape. We


were very pleased to find several distinct intermolecular
NOEs between 2a and its guest. Their synopsis in Figure 7
demonstrates that noradrenaline is situated inside the cavity
of 2a, with the amino alcohol in the region of the bisphos-
phonates and the catechol close to the nitroarenes, reaching
up to the isophthalamide head group.[48]


Figure 7. Intermolecular NOEs in the complex between host 2a and
noradrenaline. The carbon-bound hydrogen atoms have been omitted for
clarity. Bold characters show IR-sensitive functional groups involved in
hydrogen bonds.


It is noteworthy that on complexation with 2a or 2b the two
former shift-isochronic hydroxy protons of noradrenaline split
and one of them is drastically shifted to lower field by 1.2 ppm,
whereas the other one is even shifted upfield by 0.3 ppm.
Evidently, the equilibrium of the intramolecular OH ¥¥¥O
hydrogen bonds in the catechol is strongly shifted towards one
side by complex formation with the host molecule. This can be
explained by the postulated hydrogen bond between the
isophthalamide NH groups and the catechol×s p-oxygen atom
(Figures 8 and 9). The above-described NOESY experiment
confirms this picture: a distinct NOE is observed between


Figure 5. ESI-MS for the 1:1 complex of 2a with noradrenaline hydrochloride (mass range m/z 800 ± 1200). Samples (20 �L) were introduced as 10�7�
solutions in methanol at flow rates of 20 �Lmin�1. The major peaks are:m/z 876: 2a�, 873: 2a2� � Li�, 890: 2a3� � 2Li�, 1047: 2a2� � noradrenaline�, 1054:
2a3� � noradrenaline� � Li�.
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Figure 8. Shift in the catechol hydrogen bond equilibrium by complexation
with host 2a and 2b ; experimental evidence from chemically induced shifts
(CIS) and NOE measurements.


Figure 9. Drifting catechol OH signals during complex formation between
pyridine-containing host 2b and noradrenaline in DMSO (�� 9.85: amide
NH of host 8, increasing during titration). The relative ratios of equivalents
of 2b to noradrenaline from bottom to top are: 0, 0.25, 0.50, 0.75, 1.00, 1.25,
2.00, 4.75.


protons e and f, but no NOE can be detected between protons
h and g.
We performed NMR titrations of macrocyclic host 2a with


noradrenaline in various polar solvents and calculated asso-
ciation constants from the binding curves with nonlinear
regression methods.[49] In DMSO the binding constant is
�10000��1, in methanol �1000��1, and in methanol/water
(1:1) �220��1. This 50-fold drop from DMSO to 50%
methanolic solution is much smaller than in the case of the
open-chain bisphosphonates (�5000-fold), where the molec-
ular recognition of adrenaline derivatives relies almost
exclusively on electrostatic interactions and hydrogen bonds.
Host 2a must exert additional attractive forces on the guest,
which operate especially effectively in water. In pure water,
host 2a undergoes a self-asso-
ciation process, which was de-
termined to be moderately
strong, with a self-association
constant of 270��1. Large
chemically induced shifts (CIS)
with saturation values of up to
almost 1 ppm were found for all
protons in the upper, hydro-
phobic region of 2a (isophthal-
amide and diphenylmethane),
but they were minute
(�0.2 ppm) in the p-xylylene


bisphosphonate moiety. Like 1, macrocyle 2a bears some
similarity to phospholipids, although its amphiphilic nature is
less pronounced.


Selectivity : In order to quantify the contribution of specific
noncovalent interactions to the overall free binding enthalpy
�G, we systematically truncated the guest structure, starting
from adrenaline (Scheme 6; Table 1).
Deletion of theN-methyl group leads to an improvement in


binding energy of roughly 1 kJ, probably a steric effect. If the
aliphatic hydroxy group is removed, the association constant
rises again a little, so that we must assume that, contrary to the
case in DMSO, in water host 2a does not recognize amino
alcohols. On truncation of both phenolic hydroxy groups,
however, the free binding enthalpy decreases by more than
2 kJ. In combination with the NOESY experiment and the
downfield shift of one of the phenolic hydroxy protons, we
now have strong experimental evidence for catechol recog-
nition by the isophthalamide head group. Although upfield
shifts occurred in the benzene protons of host and guest, no
shift of the extinction maximum could be observed in the UV
spectra of the complex. Presumably the high flexibility of this
host region prevents formation of discrete charge transfer
complexes.
Finally, if the guest×s phenyl ring is also eliminated, another


marked drop in binding energy of 1.5 kJ mol�1 is the
consequence. In the 1H NMR spectra, several aromatic host
and guest protons shift upfield by up to almost 0.5 ppm on
complexation. We conclude that these findings support the
postulated �-stacking interactions between the catechol and
the two nitroarenes in 2a. In summary, the binding constant


Scheme 6. Guest molecules 9 ± 15 for binding experiments with 2a. The structure of adrenaline has been
systematically truncated to establish the contribution of specific noncovalent interactions.


Table 1. Binding constants of complexes of host 2a and various guest molecules
from NMR titrations in D2O/MeOD� 1:1.
Com-
pound


Guest molecules[a] Ka(1:1)
[��1][b]


�G
[kJmol�1][b]


��sat
[ppm][c]


Stoichi-
ometry[d]


9 adrenaline 153� 14% 12.5 0.17� 10% 1:1
10 noradrenaline 215� 12% 13.3 0.12� 8% 1:1
11 dopamine 246� 38% 13.6 0.20� 26% 1:1
12 2-phenylethylamine 102� 14% 11.5 0.41� 11% 1:1
13 ethanolamine 54� 45% 9.9 0.07� 34% 1:1
14 propranolol 204� 5% 13.2 0.23� 3% 1:1
15 ANP 137� 7% 12.1 0.36� 6% 1:1


[a] As hydrochloride salts. [b] Errors are calculated as standard deviations from
the nonlinear regression. [c] Bound shift at 100% complexation, obtained from
the fit (selected CH protons). [d] From Job plots and curve-fitting of the
titration curves.
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for noradrenaline is four times higher than that for simple
ethanolamine, because of a combination of �-stacking and
hydrophobic forces and additional hydrogen bonds with
properly placed recognition sites in the host molecule.
When we tried to include amino acid esters inside the cavity


of 2a, we were surprised: in all cases, regardless of the size of
the ester substituent, there were almost no chemically induced
shifts in the 1H NMR spectrum (Scheme 7). We tried simple
alanine methyl ester, but also aromatic amino acids with a
large electron-rich � surface such as tryptophan and tyrosine
esters. The maximum observed chemical shifts �� remain
always below 0.03 ppm; upper limits for Ka are estimated at
�10��1. Molecular mechanics calculations do not suggest
that the additional ester group sterically hinders the inclusion
process. Nevertheless, it seems to be a general rule that guests
with an alkyl or aryl substituent � to the N atom do not bind to
2a ; thus, �-methyl-4-nitrobenzylamine also shows no chemi-
cally induced shifts on treatment with host 2a. From
attempted Job plots and curve fitting of the ™titration curves∫,
it appears likely that stoichiometric ratios are complex.
Nonlinear regression treatment of the binding curves gave
no saturation in the fit process. Therefore we assume that host
2a rejects amino acid derivatives. This is in sharp contrast to 1,
which could not distinguish between amino acids and adrena-
line derivatives. Hence, the new adrenaline host 2a is shape-
selective for the slim dopamine skeleton (guests 9 ± 15,
Scheme 6). However, the corresponding binding constants
with guests of this type (�102��1) are still three orders of
magnitude away from the natural example (�105��1).


A new host with a pyridine-2,6-dicarboxamide head group :
With the replacement of the isophthalamide by a pyridinedi-
carboxamide head group in 2bwe hoped to improve the host×s
affinity towards adrenaline derivatives by a higher degree of
preorganization. Again, Job plots revealed a clear 1:1
stoichiometry in a 1:1 mixture of water and methanol
(Figure 10, top). In the negative mass range of an ESI
experiment we obtained a clean, albeit small molecular ion
peak for the 1:1 complex between propranolol hydrochloride
(14) and 2b (m/z 1136). The NOESY study of the free host
molecule, however, showed a first deviation from the
behavior of host 2a : several new intramolecular NOEs
appeared in the diphenylmethane moiety, while others could
not be detected, pointing to a different, more flattened
conformation in this critical region. In contrast to the case for
2a, the pyridine dicarboxamide head group is now indeed


Figure 10. Top: Job plot for complex formation between host 2b and
noradrenaline hydrochloride (CHN proton) in D2O/methanol (1:1);
bottom: NMR titration curve showing the complexation-induced shifts
(CIS, CHN proton) for complex formation between host 2b and
noradrenaline hydrochloride in the same solvent.


locked in the expected conformation. This can be deduced
from the very weak NOE between protons 12 and 14
(compare Figure 6) and the increased 3J coupling constant
between the amide NH and the neighboring methylene
protons 11. In the complex with noradrenaline, the guest
structure remains in its bioactive conformation, but the host
structure reverses the changes found for the free host. The
complexation process thus forces the bent host 2b into a
conformation similar to that of the free host 2a, which is much
better suited for the inclusion of the guest. This behavior is
often seen in enzymes and natural receptors, and is called
induced fit. Unfortunately, only one intermolecular NOE
could be detected in this complex, pointing to a somewhat
lower binding affinity.
In pure water, the pyridine-containing host 2b self-asso-


ciates much more strongly than 2a, as dilution experiments
demonstrate. Saturation values of chemically induced shifts


reach 1.2 ppm, and the average
self-association constant is cal-
culated at 1200��1. This could
result from the higher degree of
preorganization for the pyridi-
nedicarboxamide NH groups
pointing into the interior of
the macrocycle. With the lone
pair on the pyridine nitrogen,
these are already involved in
intramolecular hydrogen bonds
and are hence less exposed to
the exterior of 2b.


Scheme 7. More guest molecules 16 ± 20 for binding experiments with 2a. All these molecules carry an additional
alkyl or aryl substituent � to the N atom and are rejected by the macrocyclic host molecule. Note that even the
smallest amino acid derivative �-alanine methyl ester (18) does not bind to 2a.
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For NMR titrations of 2b we used essentially the same
guests already examined for 2a (Schemes 6 and 7). Since the
only structural modification was introduced in the nonpolar
head region of the host molecule, only those guests were
chosen that could be expected to reach into this nonpolar
cavity (unlike ethanolamine, for example). In DMSO, nora-
drenaline binds to 2b with a Ka value of �4500��1, indicating
a weaker association than with 2a. This is further supported
by NMR titrations in a 1:1 mixture of deuterium oxide and
methanol: all binding constants remain some 30% below the
values obtained with 2a (Table 2). Adrenaline is bound
especially weakly: although chemically induced shifts were
quite strong, in several cases the nonlinear regression did not
converge, and if it did, it furnished very low binding constants.
The additional methyl group in the adrenaline guest seems to
hinder the inclusion of this guest into the cavity of 2b much
more seriously than it does with 2a. Noradrenaline and
dopamine, however, afford smooth binding curves with a good
theoretical fit. These two curves do not differ from each other,
giving zero selectivity for amino alcohols. Nevertheless,
deletion of the catechol hydroxyls leads to a marked decrease
in their association constants, which is even more pronounced
than with 2a. Thus, the pyridine-containing macrocycle 2b is
fairly selective for catecholamines in aequeous solution.
Obviously, the improved preorganization of 2b in the area
of the pyridinedicarboxamide head group enhances the
hydrogen bonding with the catechols, whereas the bent
overall conformation in the diphenylmethane center region
is detrimental to binding in general. Guests with an alkyl or
aryl substituent in the �-position are again completely
rejected by host 2b. Very small shift differences and the
complete lack of convergence in any binding isotherm suggest
that, in water, amino acid esters are almost not complexed at
all. We conclude that the pyridine-containing host 2b under-
goes a slight conformational shift, partly blocking the
entrance to the internal cavity and hence producing somewhat
smaller binding constants than 2a. On the other hand, it is
even more selective against �-substituted alkylammonium
ions such as amino acid esters and related compounds.
It is interesting to compare the results of the Monte Carlo


simulations for the complexes of noradrenaline and 2a or 2b.
Both conformational searches were conducted under identical
conditions with the same starting geometry, obtained from
simple molecular mechanics calculations. In Figure 11, the
preorganizing effect of the pyridinecarboxamide is beautifully
illustrated: both nitroarene sidewalls are held perfectly


Figure 11. Left: Optimized complex geometry according to Monte Carlo
simulations in water for the inclusion of noradrenaline inside the cavity of
macrocyclic host 2b. Note the perfect preorganization by the pyridinecar-
boxamide head group, but also the kinked geometry in the diphenyl-
methane moiety. Right: Superimposed snapshots of the subsequent
molecular dynamics calculation. Note the higher conformational flexibility
of this complex compared with the corresponding assembly of noradrena-
line with 2a.


coplanar to each other, and the catechol moiety of noradrena-
line is ideally sandwiched between them. In addition,
numerous hydrogen bonds are formed with all possible
hydrogen bond donors and acceptors available in that region
of the complex. These findings are in full accord with the
above-described NOESY experiments. The pyridine-contain-
ing host 2b, however, adopts a conformation in the complex
which is much more kinked in the diphenylmethane moiety
than that of 2a. Here, the preorganized upper part of the host
shrinks the cavity slightly. Thus, the guest is pushed a little out
of the macrocycle, which together with the induced fit may
explain why binding constants are consistently lower for
complexes of 2b with adrenaline derivatives than those of 2a.


Conclusion


A biomimetic adrenaline host has been developed that
imitates the combination of all those noncovalent interactions
that are postulated in the natural example. It binds adrenaline
derivatives in water/methanol (1:1) with association constants
in the range of 102��1. Compared to the natural receptor,
which binds adrenaline with a Ka of 105��1, this is still three
orders of magnitude away. However, it has to be taken into
consideration that the molecular weight of the natural
receptor is also 40 times higher than that of 2a or 2b. Both


Table 2. Binding constants in complexes of host 2b and various guest molecules (with 9 ± 14 lacking and 17 ± 19 carrying an alkyl or aryl substituent � to the N
atom) from NMR titrations in D2O/MeOD� 1:1.
Compound Guest molecules[a] Ka(1:1) [��1][b] �G [kJmol�1][b] ��sat [ppm][c] Stoichiometry[d]


9 adrenaline 21� 172% 7.5 0.47� 165% 1:1
10 noradrenaline 136� 10% 12.2 0.13� 8% 1:1
11 dopamine 142� 14% 12.3 0.24� 11% 1:1
12 2-phenylethylamine 50� 31% 9.7 0.61� 28% 1:1
14 propranolol 201� 17% 13.1 0.47� 13% 1:1
17 �-tyrosine methyl ester weak binding ± no saturation complex
19 �-tryptophan methyl ester weak binding ± no saturation complex


[a] As hydrochloride salts. [b] Errors are calculated as standard deviations from the nonlinear regression. [c] Complexation-induced shift at 100%
complexation, obtained from the fit (selected CH protons). [d] From Job plots and curve-fitting of the titration curves. [e] Maximum observed chemical shifts
�� �0.03 ppm; upper limits for Ka are estimated at �10��1.
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receptor molecules show a pronounced shape selectivity for
the slim dopamine skeleton.
In the future, we want to improve both the binding


efficiency and the selectivity by including structural elements
with a higher degree of preorganization. Above all, we will
substitute the multiple benzylic bonds with rigid moieties such
as tolane spacers and use amide or ester bonds. As Dougherty
has recently shown,[50] � ± cation interactions operate espe-
cially effective in water as opposed to electrostatic interac-
tions. Replacement of the nitroarenes in 2 with pyridinium
moieties may add another stabilizing effect. With these
improved biomimetic adrenaline hosts, we aim at the con-
struction of an artificial signal transduction system operating
across a synthetic membrane.


Experimental Section


4-Iodo-2-nitrotoluene (3a): 4-Amino-2-nitrotoluene (10.0 g, 65.7 mmol)
was suspended in diluted aqueous sulfuric acid (10 vol%, 200 mL) at 0 �C
and treated slowly with a solution of sodium nitrite (4.76 g, 69.0 mmol) in
water (10 mL). The mixture was stirred for 1 h at 0 �C. Subsequently it was
filtered into a solution of potassium iodide (15.0 g, 90.4 mmol) and sodium
acetate trihydrate (350 g) in water (300 mL) stirred gently at 0 �C. Stirring
was continued for 1 h, then the reaction mixture was extracted with diethyl
ether (3� 200 mL), twice with 1� aqueous sodium thiosulfate, once with
aqueous ammonia (10 vol%) and finally with water (100 mL each time).
The ethereal layer was dried over magnesium sulfate and evaporated to
dryness. The residue was chromatographed over silica with n-hexane/
dichloromethane (3:2), again evaporated to dryness and recrystallized from
ethanol, furnishing yellow crystals. Yield: 10.58 g (40.2 mmol, 61%); m.p.
60 �C; 1H NMR (500 MHz, CDCl3): �� 2.54 (s, 3H; d), 7.09 (d, 3J(H,H)�
8.1 Hz), 1H; b), 7.80 (dd, 3J(H,H)� 8.1 Hz, 4J(H,H)� 1.8 Hz, 1H; c), 8.27
(d, 4J(H,H)� 1.8 Hz, 1H; a); 13C NMR (126 MHz, CDCl3): �� 20.1 (s; 7),
89.6 (s; 1), 133.2 (s; 4), 133.2 (s; 2), 134.2 (s; 5), 141.8 (s; 6), 149.6 (s; 3).


2-Bromomethyl-5-iodonitrobenzene (3b): 4-Iodo-2-nitrotoluene (3a,
3.94 g, 14.98 mmol) was dissolved in dry tetrachloromethane (12.5 mL)
and treated with N-bromosuccinimide (NBS; 2.67 g, 14.98 mmol). The
mixture was refluxed; at the beginning and every 4 h a small amount of
dibenzoylperoxide was added. After teh mixture had been cooled to room
temperature, the solid was filtered off and washed with a little dichloro-
methane. The filtrate was evaporated to dryness and chromatographed
over silica gel with dichloromethane. On evaporation of the solvent a solid
was obtained, which was heated for 1 h in boiling petroleum ether 40/60
(30 mL). After cooling to room temperature and filtration, a colorless
powder was obtained. Yield: 2.34 g (6.84 mmol, 46%); m.p. 98 �C (DSC);
1H NMR (500 MHz, CDCl3): �� 4.76 (s, 2H; d), 7.30 (d, 3J(H,H)� 7.9 Hz,
1H; b), 7.93 (dd, 3J(H,H)� 7.9 Hz, 4J(H,H)� 1.9 Hz, 1H; c), 8.35 (d,
4J(H,H)� 1.9 Hz, 1H; a); 13C NMR (126 MHz, CDCl3): �� 28.1 (s; 7), 93.5
(s; 1), 132.4 (s; 4), 133.8 (s; 5), 134.1 (s; 2), 142.6 (s; 6), 148.1 (s; 3); FT-IR
(KBr): �� � 3082 (CAr�H), 2857 (-CH2-), 1524 (-NO2), 1344 (-NO2), 1079
(Ar�I), 804 (Ar)cm�1; MS (CI, NH3, 200 �C): m/z : 378, 376
([M�NH3�NH4]�), 361, 359 ([M�NH4]�); elemental analysis calcd (%)
for C7H5NO2BrI (341.93): C 24.59, H 1.47, N 4.09; found: C 24.62, H 1.77, N
4.27.


2-Phthaloylimidomethyl-5-iodonitrobenzene (3c): Iodonitrobenzene 3b
(8.09 g, 23.66 mmol), potassium phthalimide (5.27 g, 28.47 mmol) and
[18]crown-6 (0.44 g, 2.37 mmol) were stirred for 3 h at 80 �C in dry toluene
(30 mL) under argon. Subsequently the solution was diluted with dichloro-
methane and insoluble components were filtered off. The filtrate was
evaporated to dryness in vacuo, and the resulting residue was chromato-
graphed over silica gel with dichloromethane/n-hexane (5:1), affording
colorless crystals. Yield: 9.12 g (22.34 mmol, 94%); m. p. 177 �C (DSC);
1H NMR (500 MHz, CDCl3, 25 �C): �� 5.21 (s, 2H; d), 7.00 (d, 3J(H,H)�
8.2 Hz, 1H; b), 7.77 (dd, 3J(H,H)� 5.7 Hz, 4J(H,H)� 3.2 Hz, 2H; f), 7.83
(dd, 3J(H,H)� 8.2 Hz, 4J(H,H)� 1.9 Hz, 1H; c), 7.89 (dd, 3J(H,H)� 5.7 Hz,
4J(H,H)� 3.2 Hz, 2H; e), 8.39 (d, 4J(H,H)� 1.9 Hz, 1H, a); 13C NMR


(126 MHz, CDCl3, 25 �C): �� 38.3 (s; 7), 92.1 (s; 1), 123.7 (s; 10), 130.0 (s;
4), 131.3 (s; 9), 131.7 (s; 5), 133.8 (s; 2), 134.5 (s; 11), 142.5 (s; 6), 148.4 (s; 3),
167.7 (s; 8); FT-IR: �� � 3098 (CAr�H), 3029 (CAr�H), 1772 (C�O), 1712
(C�O), 1532 (-NO2), 1335 (-NO2), 1113 (C�I) cm�1; MS (CI, NH3, 200 �C):
m/z : 426 ([M�NH4]�); elemental analysis calcd (%) for C15H9N2O4I
(408.15): C 44.14, H 2.22, N 6.86; found: C 44.26, H 2.39, N 6.61.


2-Aminomethyl-5-iodonitrobenzene (3d): Compound 3c (9.12 g,
22.34 mmol) was refluxed in ethanol (110 mL) with hydrazine hydrate
(1.09 mL, 22.34 mmol) for 3 h. Subsequently 1� HCl (45 mL) was added
and the solution was evaporated to dryness. Acetone (100 mL) was added
to the residue, and the resulting suspension was refluxed with vigorous
stirring for 15 min. The white precipitate was filtered off, washed with
acetone (100 mL), and dried. Then it was treated with water (65 mL) and
diethyl ether (15 mL), and 1� NaOH (45 mL) was slowly added dropwise
while the mixture was stirred. The aqueous layer was extracted three times
with diethyl ether, and the combined organic layers were dried over sodium
sulfate and evaporated. A reddish oil was obtained, which quickly turned
brown in air. Yield: 4.05 g (14.57 mmol, 65%); 1H NMR (500 MHz,
CDCl3,): �� 1.95 (br s, 2H; e), 4.05 (s, 2H; d), 7.37 (d, 3J(H,H)� 8.1 Hz,
1H; b), 7.91 (dd, 3J(H,H)� 8.1 Hz, 4J(H,H)� 1.8 Hz, 1H; c), 8.28 (d,
4J(H,H)� 1.8 Hz, 1H; a); 13C NMR (126 MHz, CDCl3): �� 42.5 (s; 7), 90.2
(s; 1), 131.1 (s; 2), 132.4 (s; 5), 136.9 (s; 4), 141.5 (s; 6), 147.7 (s; 3).


2-tert-Butyloxycarbonylaminomethyl-5-iodonitrobenzene (3e): Com-
pound 3d (1.35 g, 4.86 mmol) was dissolved in dry dichloromethane
(16 mL). At 0 �C triethylamine (0.68 mL, 4.86 mmol) and di-tert-butyl
pyrocarbonate (1.28 mL, 5.58 mmol) were added, and the mixture was
stirred overnight at room temperature. Then the solvent was removed and
the residue was chromatographed over silica gel with dichloromethane
(Rf� 0.14), yielding a pale yellow oil. Yield: 1.75 g (4.63 mmol, 95%);
1H NMR (500 MHz, CDCl3): �� 1.43 (s, 9H; f), 4.50 (d, 3J(H,H)� 6.3 Hz,
2H; d), 5.30 (br s, 1H; e), 7.37 (d, 3J(H,H)� 8.2 Hz, 1H; b), 7.93 (dd,
3J(H,H)� 8.2 Hz, 4J(H,H)� 1.9 Hz, 1H; c), 8.36 (d, 4J(H,H)� 1.9 Hz, 1H;
a); 13C NMR (126 MHz, CDCl3): �� 28.3 (s; 10), 42.1 (s; 7), 80.0 (s; 9), 92.0
(s; 1), 133.1 (s; 2), 133.6 (s; 4), 134.2 (s; 5), 142.8 (s; 6), 148.5 (s; 3), 155.7 (s;
8); FTIR (film): �� � 3347 (N�H), 3096 (CAr�H), 2977, 2933 (C�H), 1698
(C�O), 1529 (C�O), 1599 (N�H), 1529, 1345 (NO2), 1167 (C�O) cm�1; MS
(CI, NH3, 200 �C): m/z : 378 ([M]�); elemental analysis calcd (%) for
C12H15N2O4I (378.17): C 38.11, H 4.00, N 7.41; found: C 38.10, H 4.07, N 7.40.


General procedure for the Negishi coupling reaction : The reaction had to
be carried out with rigid exclusion of oxygen and humidity. Zinc powder
(0.882 g, 13.50 mmol) and dry tetrahydrofuran (0.5 mL) were treated with
1,2-dibromoethane (0.019 mL, 0.225 mmol). The mixture was heated
carefully with a heat gun until soaplike bubbles appeared and the solution
became slightly clouded. The benzyl bromide reagent (6.75 mmol) was
dissolved in dry tetrahydrofuran (3 mL) and added dropwise at �10 �C to
the activated zinc (1 h). Subsequently the reaction mixture was stirred for
1 h at ambient temperature. The excess of zinc powder was filtered out
under inert conditions, and a slightly clouded, greenish solution was
obtained. Bis(triphenylphosphanyl)palladium(��) chloride (0.144 g,
0.206 mmol) was suspended in dry tetrahydrofuran (7 mL) and treated
slowly with a 1� solution of diisobutylaluminum hydride in hexane
(0.411 mL), producing a color change from yellow to green-black. Then a
solution of the aryl halide (4.50 mmol) in dry tetrahydrofuran (10 mL) was
added. Finally the solution of the organozinc reagent was added dropwise,
producing a color change to red-brown, and the reaction mixture was
stirred overnight at ambient temperature. The solvent was removed in
vacuo at a temperature no higher than 50 �C. The residue was dissolved in
dichloromethane and treated with n-hexane, until a precipitate formed,
which was filtered off. Evaporation to dryness was followed by chromato-
graphic purification over silica gel with dichloromethane/ethyl acetate
(19:1), giving a yellow oil.


Model diphenylmethane 5a : Yield: 0.68 g (3.01 mmol, 67%); m.p. 35 �C;
1H NMR: �� 2.57 (s, 3H), 4.02 (s, 2H), 7.18 (d, J� 7.6 Hz, 2H), 7.22 (t, J�
7.6 Hz, 1H), 7.22 (d, J� 8.1 Hz, 1H), 7.30 (dd, J� 8.1 Hz, J� 1.3 Hz, 1H),
7.30 (dd, J� 7.6 Hz, J� 7.6 Hz, 2H), 7.80 (d, J� 1.3 Hz, 1H); 13C{1H} NMR:
�� 20.0, 40.8, 124.8, 126.6, 128.8, 128.9, 131.2, 133.0, 133.5, 139.6, 140.5,
149.3; elemental analysis calcd (%) for C14H13NO2: C 73.99, H 5.77, N 6.16;
found: C 73.75, H 5.87, N 6.21.


Model diphenylmethane 5b : Yield: 1.07 g (2.88 mmol, 64%); 1H NMR:
�� 4.02 (s, 2H), 5.26 (s, 2H), 7.14 (d, J� 7.6 Hz, 2H), 7.15 (d, J� 8.1 Hz,
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1H), 7.22 (t, J� 7.6 Hz, 1H), 7.29 (dd, J� 7.6 Hz, J� 7.6 Hz, 2H), 7.34 (dd,
J� 8.1 Hz, J� 1.3 Hz, 1H), 7.76 (dd, J� 5.7 Hz, J� 3.2 Hz, 2H), 7.89 (dd,
J� 5.7 Hz, J� 3.2 Hz, 2H), 7.93 (d, J� 1.3 Hz, 1H); 13C{1H} NMR: ��
38.5, 41.0, 123.6, 125.4, 126.7, 128.3, 128.8, 128.9, 129.4, 131.8, 134.1, 134.3,
139.0, 142.3, 148.1, 167.9.


Model diphenylmethane 5c : Yield: 0.65 g (1.35 mmol, �30%); m.p. 79 �C;
1H NMR: �� 0.16 (s, 6H), 0.95 (s, 9H), 3.95 (s, 2H), 5.26 (s, 2H), 6.63 (d,
J� 1.9 Hz, 1H), 6.70 (dd, J� 8.2 Hz, J� 1.9 Hz, 1H), 6.71 (d, J� 8.2 Hz,
1H), 7.14 (dd, J� 8.2 Hz, J� 8.2 Hz, 1H), 7.15 (d, J� 8.2 Hz, 1H), 7.33 (dd,
J� 8.2 Hz, J� 1.3 Hz, 1H), 7.77 (dd, J� 5.7 Hz, J� 3.2 Hz, 2H), 7.89 (dd,
J� 5.7 Hz, J� 3.2 Hz, 2H), 7.91 (d, J� 1.3 Hz, 1H); 13C{1H} NMR: ��
�4.4, 18.2, 25.6, 38.5, 40.8, 118.4, 120.8, 121.9, 123.6, 125.4, 128.3, 129.3,
129.7, 131.9, 134.1, 134.3, 140.5, 142.3, 148.1, 156.0, 167.8; elemental analysis
calcd (%) for C28H30N2O5Si: C 66.91, H 6.02, N 5.57; found: C 66.99, H 5.93,
N 5.38.


2-tert-Butyloxycarbonylaminomethyl-5-(3�-acetoxyphenylmethyl)-nitro-
benzene (5d): Yield: 1.04 g (2.60 mmol, 58%); 1H NMR (500 MHz, CDCl3,
25 �C): �� 1.43 (s, 9H), 2.28 (s, 3H), 4.04 (s, 2H), 4.52 (d, 3J(H,H)� 6.3 Hz,
2H), 5.32 (br s, 1H), 6.89 (dd, 4J(H,H)� 1.9 Hz, 4J(H,H)� 1.9 Hz, 1H),
6.98 (dd, 3J(H,H)� 8.2 Hz, 4J(H,H)� 1.9 Hz, 1H), 7.04 (d, 3J(H,H)�
7.6 Hz, 1H), 7.32 (dd, 3J(H,H)� 8.2 Hz, 3J(H,H)� 7.6 Hz, 1H), 7.42 (dd,
3J(H,H)� 8.2 Hz, 4J(H,H)� 1.9 Hz, 1H), 7.54 (d, 3J(H,H)� 8.2 Hz, 1H),
7.87 (s, 1H); 13C NMR (126 MHz, CDCl3, 25 �C): �� 21.1 (s), 28.3 (s), 40.7
(s), 42.1 (s), 79.8 (s), 120.0 (s), 122.0 (s), 125.2 (s), 126.3 (s), 129.7 (s), 131.8
(s), 132.5 (s), 134.4 (s), 140.9 (s), 141.5 (s), 148.3 (s), 151.0 (s), 155.8 (s), 169.3
(s); IR (film): �� � 3367 (N�H), 3066 (CAr�H), 2978, 2933 (C�H), 1765, 1709
(C�O), 1529 (NO2), 1366 (NO2), 1207, 1168 (C�O) cm�1; MS (CI, NH3,
200 �C): m/z : 400 ([M]�); calcd for C21H24N2O6 (400.43): C 62.99, H 6.05, N
6.99; found: C 62.91, H 5.90, N 6.75.


2-tert-Butyloxycarbonylaminomethyl-5-(3�-hydroxyphenylmethyl)nitro-
benzene (5e): Potassium carbonate (0.36 g, 2.57 mmol) was suspended
under argon in dry methanol (120 mL). A solution of 5d (1.03 g,
2.57 mmol) in dry methanol (25 mL) was slowly added dropwise. After
15 min 1� HCl (5.14 mL) was added dropwise, followed by water (140 mL)
and ethyl acetate as well as aqueous saturated NaCl until phase separation
occurred. The aqueous layer was extracted once more with ethyl acetate,
and the combined organic phases were dried over magnesium sulfate and
evaporated to dryness. The residue was chromatographed over silica gel
with chloroform/acetone (10:1, Rf� 0.48), furnishing a yellow oil. Yield:
0.87 g (2.43 mmol, 94%); 1H NMR (500 MHz, CDCl3): �� 1.42 (s, 9H; l),
3.96 (s, 2H; f), 4.51 (d, 3J(H,H)� 6.3 Hz, 2H, j), 5.35 (br s, 1H; k), 5.39 (br s,
1H; a), 6.62 (s, 1H; b), 6.71 (dd, 3J(H,H)� 8.2 Hz, 4J(H,H)� 2.5 Hz, 1H;
e), 6.73 (d, 3J(H,H)� 7.6 Hz, 1H; c), 7.17 (dd, 3J(H,H)� 8.2 Hz, 3J(H,H)�
7.6 Hz, 1H; d), 7.41 (dd, 3J(H,H)� 7.6 Hz, 4J(H,H)� 1.3 Hz, 1H; i), 7.51 (d,
3J(H,H)� 8.2 Hz, 1H; h), 7.86 (s, 1H; g); 13C NMR (126 MHz, CDCl3): ��
28.4 (s; 17), 40.9 (s; 7), 42.2 (s; 14), 79.9 (s; 16), 113.7 (s; 6), 115.8 (s; 2),
121.2 (s; 4), 125.2 (s; 9), 130.0 (s; 5), 131.8 (s; 11), 132.2 (s; 12), 134.4 (s; 13),
141.0 (s; 8), 142.1 (s; 3), 148.2 (s; 10), 155.9 (s; 15), 156.1 (s; 1); FT-IR (film):
�� � 3350 (O�H, N�H), 3015 (CAr�H), 2980 (C�H), 2933 (C�H), 1689
(C�O), 1589 (N�H), 1531 (NO2), 1347 (NO2), 1162 (C�O), 757
(3CAr�H) cm�1; MS (CI, NH3, 200 �C):m/z : 358 ([M]�); elemental analysis
calcd (%) for C19H22N2O5 (358.39): C 63.68, H 6.19, N 7.82; found: C 63.39,
H 6.47, N 7.78.


p-Xylylene-�,��-bis(phosphonic acid monomethyl ester): p-Xylylene-�,��-
bis(phosphonic acid dimethyl ester) (4.62 g, 15.52 mmol) was refluxed for
6 h with aqueous NaOH (20vol%, 23 mL). Cooled with ice, the solution
was subsequently treated with half-concentrated HCl (23 mL), giving a
white precipitate. The precipitate was filtered off, washed with water and
acetone and recrystallized from methanol. Yield: 2.95 g (9.16 mmol, 64%);
m.p. 210 �C (DSC); 1H NMR (500 MHz, [D6]DMSO): �� 3.04 (d,
2J(H,P)� 20.2 Hz, 4H; b), 3.52 (d, 3J(H,P)� 10.7 Hz, 6H; c), 6.15 (br s,
2H; d), 7.17 (s, 4H; a); 13C NMR (126 MHz, [D6]DMSO, 25 �C): �� 32.8 (d,
1J(C,P)� 133.2 Hz; 3), 51.7 (d, 2J(C,P)� 3.6 Hz (two signals from 2
diastereomers; 4), 129.8 (s; 1), 131.3 (d, 2J(C,P)� 4.9 Hz (two signals from
2 diastereomers; 2); 31P NMR (202 MHz, [D6]DMSO): �� 26.1 (s); FT-IR
(KBr): �� � 3449 (O�H), 2963, 2924, 2858 (C�H), 2606 (P(O)OH), 1655
(arom), 1268 (P�O), 1138 (C�O), 1050 (P�OMe), 830 (2 adjacent
CAr�H) cm�1; MS (CI, NH3, 200 �C): m/z : 312 ([M�NH4]�); elemental
analysis calcd (%) for C10H16O6P2 (294.18): C 40.83, H 5.48; found: C 40.50,
H 5.45.


p-Xylylene-�,��-bis(phosphonic acid monomethyl ester chloride) (6): All
steps had to be carried out with rigorous exclusion of humidity and air. The
above-described bis(monomethylphosphonate) (0.357 g, 1.21 mmol) was
suspended in dry dichloromethane (15 mL) at �10 �C. Oxalyl chloride
(0.23 mL, 2.67 mmol) and then DMF (2 drops) were slowly added to this
mixture, which was stirred further for 2 h at room temperature and then for
another 2 h at 40 �C. Complete conversion was indicated by complete
dissolution of the solid. The solvent was condensed off at 40 �C and
10�2 Torr. The product was extremely sensitive to hydrolysis and was used
directly for the next step without further purification. 1H NMR (500 MHz,
CDCl3): �� 3.54 (d, 2J(H,P)� 19.1 Hz, 4H; b), 3.86 (d, 3J(H,P)� 13.3 Hz,
6H; c), 7.32 (s, 4H; a); 31P NMR (202 MHz, CDCl3): �� 41.2 (s).
p-Xylylene-�,��-bis(phosphonic acid mono-3-[3�-nitro-4�-(tert-butyloxycar-
boxyamino-methyl)phenylmethyl]phenylmonomethyl ester (7a): Phospho-
nate ester 6 (0.40 g, 1.21 mmol) was dissolved in dry dichloromethane
(10 mL). Subsequently a solution of 5e (0.87 g, 2.43 mmol) and triethyl-
amine (0.56 mL, 4.01 mmol) in dry dichloromethane (5 mL) was added
quickly by syringe. After 15 min the solution was evaporated to dryness and
the residue was chromatographed over silica gel and eluted with chloro-
form/acetone (5:1). A yellow solid was obtained as a mixture of P
stereoisomers. Yield: 0.68 g (0.70 mmol, 57%); m.p. 208 �C (decomp,
DSC); 1H NMR (500 MHz, CDCl3): �� 1.42 (s, 18H; n), 3.29 (d, 2J(H,P)�
20.8 Hz, 4H; b), 3.69 (d, 3J(H,P)� 10.7 Hz, 6H; c), 3.98 (s, 4H; h), 4.52 (d,
3J(H,H)� 6.3 Hz, 4H; l), 5.39 (br s, 2H; m), 6.93 (s, 2H; d), 6.94 (d,
3J(H,H)� 7.6 Hz, 2H; g), 6.98 (d, 3J(H,H)� 8.2 Hz, 2H; e), 7.22 (dd,
3J(H,H)� 8.2 Hz, 3J(H,H)� 7.6 Hz, 2H; f), 7.25 (s, 4H; a), 7.40 (d,
3J(H,H)� 7.6 Hz, 2H; k), 7.53 (d, 3J(H,H)� 7.6 Hz, 2H; j), 7.83 (s, 2H; i);
13C NMR (126 MHz, CDCl3): �� 28.3 (s; 21), 32.9 (d, 1J(C,P)� 139.3 Hz;
3), 40.6 (s; 11), 42.1 (s; 18), 53.4 (d (diastereomers), 2J(C, P)� 3.6 Hz; 4),
79.7 (s; 20), 118.6 (s; 10), 120.9 (s; 6), 125.1 (s; 13), 125.5 (s; 8), 129.6 (d
(diastereomers), 2J(C,P)� 2.4 Hz; 2), 130.1 (s; 9), 130.2 (s; 1), 131.7 (s; 15),
132.6 (s; 16), 134.3 (s; 17), 141.2 (s; 12), 141.5 (s; 7), 148.2 (s; 14), 150.8 (d
(diastereomers), 2J(C,P)� 4.2 Hz; 5), 155.8 (s; 19); 31P NMR (202 MHz,
CDCl3): �� 25.5 (s); IR (KBr): �� � 3445 (N�H), 2977 (C�H), 1708 (C�O),
1607, 1586 (arom), 1530 (NO2), 1366 (NO2), 1249 (P�O/P�OAr), 1046
(P�OMe) cm�1; elemental analysis calcd (%) for C48H56N4O14P2 (974.94): C
59.13, H 5.79, N 5.75; found: C 59.12, H 5.85, N 5.65.


p-Xylylene-�,��-bis(phosphonic acid mono-3-[3�-nitro-4�-(aminomethyl)-
phenylmethyl]phenyl monomethyl ester bis(hydrogentrifluoroacetate)
(7b): Ester 7a (0.82 g, 0.841 mmol) was stirred in dry dichloromethane
(35 mL) with trifluoroacetic acid (35 mL) under argon at 0 �C for 1.5 h.
Afterwards, the solution was evaporated to dryness and treated several
times with dry dichloromethane with subsequent removal of the solvent, in
order to eliminate azeotropically traces of trifluoroacetic acid. The oily
brown crude product was used for the next step without workup. Yield:
0.84 g (0.84 mmol, �99%); 1H NMR (500 MHz, CD3OD): �� 3.47 (d,
2J(H,P)� 20.5 Hz, 4H; b), 3.77 (d, 3J(H,P)� 11.0 Hz, 6H; c), 4.13 (s,
4H; h), 4.41 (s, 4H; l), 6.99 (d, 3J(H,H)� 7.9 Hz, 2H; g), 7.01 (s, 2H; d), 7.12
(d, 3J(H,H)� 7.9 Hz, 2H; e), 7.31 (dd, 3J(H,H)� 7.9 Hz, 3J(H,H)� 7.9 Hz,
2H; f), 7.34 (s, 4H; a), 7.66 (d, 3J(H,H)� 7.9 Hz, 2H; j), 7.70 (dd, 3J(H,H)�
7.9 Hz, 4J(H,H)� 1.6 Hz, 2H; k), 8.11 (d, 4J(H,H)� 1.6 Hz, 2H; i);
13C NMR (126 MHz, CD3OD): �� 33.7 (d, 1J(C,P)� 138.1 Hz; 3), 41.6 (s;
11), 42.1 (s; 18), 54.6 (d, 2J(C,P)� 3.6 Hz (diastereomers); 4), 117.8 (q,
1J(C,F)� 284.6 Hz; 19), 120.1 (s; 10), 122.4 (s; 6), 127.1 (s; 15), 127.3 (s; 13),
127.7 (s; 8), 131.4 (d, 2J(C,P)� 3.0 Hz (diastereomers); 2), 131.6 (s; 9), 131.7
(s; 1), 134.7 (s; 16), 136.3 (s; 17), 143.4 (s; 12), 146.4 (s; 7), 150.2 (s; 14),
152.3 (d, 2J(C,P)� 4.2 Hz (diastereomers); 5), 162.3 (q, 2J(C,F)� 36.0 Hz;
20); 31P NMR (202 MHz, CD3OD): �� 26.8 (s).
1,10,27,34-Tetraoxo-1,10-dimethoxy-1,10-diphospha-11,50-dioxa-26,35-di-
aza[2](3)benzeno[3](2)benzeno[1](3,4)nitrobenzeno[3](2)benzeno[3](3,5)-
nitrobenzeno[1](2)benzenocyclophane (8a): A solution of 7b (0.843 g,
0.841 mmol) and triethylamine (0.82 mL, 5.89 mmol) in dry THF (70 mL)
and a solution of isophthaloyl chloride (0.171 g, 0.841 mmol) in 70 mL of
dry THF were added simultaneously over 3 h at room temperature evenly
to a mixture from dry THF (60 mL) and dry benzene (15 mL) by syringe.
The reaction mixture was stirred overnight at room temperature, and
subsequently filtered from the precipitated triethylammonium chloride.
The filtrate was evaporated to dryness, and the residue was chromato-
graphed over silica gel with chloroform/acetone (1:1, Rf� 0.33), yielding a
light yellow solid. Yield: 0.29 g (0.321 mmol, 38%); m.p. 240 �C (decomp,
DSC); 1H NMR (500 MHz, CDCl3): �� 3.25 (d, 2J(H,P)� 20.8 Hz, 4H; b),
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3.67/3.68 (d (diastereomers), 3J(H,P)� 11.0 Hz, 6H; c), 3.96 (s, 4H; h), 4.81
(d, 3J(H,H)� 6.3 Hz, 4H; l), 6.78 (s, 2H; d), 6.91 (d, 3J(H,H)� 8.2 Hz, 2H;
g), 6.97 (d, 3J(H,H)� 7.6 Hz, 2H; e), 7.19 (s, 4H; a), 7.21 (dd, 3J(H,H)�
8.2 Hz, 3J(H,H)� 7.6 Hz, 2H; f), 7.23 (t, 3J(H,H)� 6.3 Hz, 2H; m), 7.37 (dd,
3J(H,H)� 7.9 Hz, 4J(H,H)� 1.3 Hz, 2H; k), 7.48 (t, 3J(H,H)� 7.9 Hz, 1H;
p), 7.60 (d, 3J(H,H)� 8.2 Hz, 2H; j), 7.83 (d, 4J(H,H)� 1.3 Hz, 2H; i), 7.93
(dd, 3J(H,H)� 7.6 Hz, 4J(H,H)� 1.3 Hz, 2H; o), 8.11 (d, 4J(H,H)� 1.3 Hz,
1H, n); 13C NMR (126 MHz, CDCl3): �� 32.8 (d, 1J(C,P)� 139.3 Hz; 3),
40.7 (s; 11), 41.4 (s; 18), 53.4 (d (diastereomers), 2J(C,P)� 3.6 Hz; 4), 118.7
(s; 10), 120.8 (s; 6), 125.2 (s; 13), 125.4 (s; 23), 125.6 (s; 8), 129.1 (s; 21),
129.7 (d (diastereomers), 2J(C,P)� 3.6 Hz; 2), 130.1 (s; 9), 130.2 (s; 1), 130.3
(s; 22), 131.3 (s; 15), 132.6 (s; 16), 134.3 (s; 20), 134.4 (s; 17), 141.1 (s; 12),
142.1 (s; 7), 148.3 (s; 14), 150.7/150.8 (d (diastereomers), 2J(C,P)� 4.2 Hz;
5), 166.4 (s; 19); 31P NMR (202 MHz, CDCl3): �� 25.42/25.43 (s, mixture of
diastereomers); FT-IR (KBr): �� � 3424 (N�H), 2956 (C�H), 1655 (C�O),
1607, 1585 (arom), 1529, 1348 (NO2), 1260 (P�O), 1235 (P�OAr), 1044
(P�OMe) cm�1; MS (CI, NH3, 200 �C):m/z : 904 ([M]�); elemental analysis
calcd (%) for C46H42N4O12P2 (904.81): C 61.06, H 4.68, N 6.19; found: C
61.02, H 4.89, N 6.11.


1,10,27,34-Tetraoxo-1,10-dioxido-1,10-diphospha-11,50-dioxa-26,35-di-
aza[2](3)benzeno[3](2)benzeno[1](3,4)nitrobenzeno[3](2)benzeno[3](3,5)-
nitrobenzeno[1](2)benzenocyclophane dilithium salt (2a): Cyclophane 8a
(187.7 mg, 0.207 mmol) was suspended in dry acetonitrile (2 mL) and
treated with a solution of lithium bromide (36.2 mg, 0.417 mmol) in dry
acetonitrile (2 mL). The mixture was heated to reflux for one week. Then
the product was filtered off and washed with cold acetonitrile and diethyl
ether. If the product still contained starting material, the whole procedure
was repeated with the appropriate additional amount of LiBr. Yield:
121.3 mg (0.137 mmol, 66%); m.p. 250 �C (decomp, DSC); 1H NMR
(500 MHz, CD3OD): �� 3.00 (d, 2J(H,P)� 19.5 Hz, 4H; b), 4.01 (s, 4H; g),
6.83 (s, 2H; c), 6.95 (d, 3J(H,H)� 7.6 Hz, 2H; f), 7.00 (d, 3J(H,H)� 8.2 Hz,
2H; d), 7.13 (s, 4H; a), 7.19 (dd, 3J(H,H)� 8.2 Hz, 3J(H,H)� 7.6 Hz, 2H; e),
7.51 (dd, 3J(H,H)� 8.2 Hz, 4J(H,H)� 1.3 Hz, 2H; j), 7.55 (d, 3J(H,H)�
8.2 Hz, 2H; i), 7.64 (t, 3J(H,H)� 7.9 Hz, 1H; o), 7.95 (d, 4J(H,H)� 1.3 Hz,
2H; h), 8.06 (dd, 3J(H,H)� 7.6 Hz, 4J(H,H)� 1.3 Hz, 2H; n), 8.33 (t,
4J(H,H)� 1.6 Hz, 1H; m); 13C NMR (126 MHz, CD3OD, 25 �C): �� 36.5
(d, 1J(C,P)� 7.6 Hz; 3), 41.8 (s; 10), 42.1 (s; 17), 120.4 (s; 7), 122.7 (s; 5),
124.9 (s; 9), 126.2 (s; 12), 127.2 (s; 20), 130.4 (s; 22), 130.6 (s; 8), 131.0 (s; 1),
131.1 (s; 15), 132.2 (s; 21), 133.0 (s; 2), 134.2 (s; 14), 135.5 (s; 16), 136.1 (s;
19), 142.7 (s; 11), 144.1 (s; 6), 149.9 (s; 13), 154.9 (s; 4), 169.9 (s; 18); 31P
NMR (202 MHz, CD3OD): �� 18.9 (s); FT-IR �� � 3417 (N�H), 1649
(C�O), 1605, 1585 (arom), 1528, 1347 (NO2), 1251 (P�OAr), 1209
(P�O) cm�1; MS (FAB� NBA): m/z : 889 ([M�H]�); elemental analysis
calcd (%) for C44H36N4O12P2Li2 (888.62): C 59.47, H 4.08, N 6.30; found: C
57.74, H 4.16, N 5.99.


1,10,27,34-Tetraoxo-1,10-dimethoxy-1,10-diphospha-11,50-dioxa-26,35-di-
aza[2](3)benzeno[3](2)benzeno[1](3,4)nitrobenzeno[3](2,1)pyridino[3](3,5)-
nitrobenzeno[1](2)benzenocyclophane (8b): A solution of 7b (0.620 g,
0.617 mmol) and triethylamine (0.69 mL, 4.94 mmol) in dry THF (50 mL)
and a solution of 2,6-pyridinedicarboxylic acid dichloride (0.126 g,
0.617 mmol) in dry THF (50 mL) were continuously injected over 3 h at
room temperature into a mixture of dry THF (50 mL) and dry benzene
(10 mL). The reaction mixture was stirred overnight, then the precipitated
triethylammonium chloride was filtered off, the filtrate was evaporated to
dryness and the residue was chromatographed over silica gel 60 eluted with
chloroform/acetone� 1:1 (Rf� 0.33), producing a light yellow solid. Yield:
0.180 g (0.199 mmol, 32%); m.p. 220 �C (decomp, DSC); 1H NMR
(500 MHz, CDCl3, 25 �C): �� 3.27/3.28 (d (diastereomers), 2J(H,P)�
20.2 Hz, 4H; b), 3.73/3.75 (d (diastereomers), 3J(H,P)� 11.4 Hz, 6H; c),
3.95 (s, 4H; h), 4.85 (d, 3J(H,H)� 6.3 Hz, 4H; l), 6.79 (s, 2H; d), 6.85 (d,
3J(H,H)� 8.2 Hz, 2H; g), 6.90 (d, 3J(H,H)� 7.6 Hz, 2H; e), 7.13/7.14 (dd
(diastereomers), 3J(H,H)� 8.2 Hz, 3J(H,H)� 7.6 Hz, 2H; f), 7.21 (s (dia-
stereomers), 4H; a), 7.42 (dd, 3J(H,H)� 7.9 Hz, 4J(H,H)� 1.3 Hz, 2H; k),
7.59 (d, 3J(H,H)� 7.6 Hz, 2H; j), 7.80/7.82 (d (diastereomers), 4J(H,H)�
1.3 Hz, 2H; i), 8.01 (t, 3J(H,H)� 7.6 Hz, 1H; o), 8.30 (d, 3J(H,H)� 7.6 Hz,
2H; n), 8.61 (t, 3J(H,H)� 6.3 Hz, 2H; m); 13C NMR (126 MHz, CDCl3,
25 �C): �� 32.8 (d, 1J(C,P)� 139.9 Hz (diastereomers; 3), 40.7 (s; 11), 41.0
(s; 18), 53.2 (d, 2J(C,P)� 3.0 Hz (diastereomers; 4), 118.6 (s; 10), 120.8 (s;
6), 125.0 (s; 13), 125.5 (s; 8), 129.7 (d, 2J(C,P)� 2.4 Hz (diastereomers; 2),
130.0 (s; 16), 130.2 (s; 1), 131.0 (s; 15), 132.3 (s; 9), 134.6 (s; 17), 139.1 (s;
21), 141.1 (s; 12), 142.1 (s; 22), 142.2 (s; 7), 148.6 (s; 14), 148.6 (s; 20), 150.8


(d, 2J(C,P)� 4.2 Hz (diastereomers); 5), 163.2 (s; 19); 31P NMR (202 MHz,
CDCl3, 25 �C): �� 25.3 (s (diastereomers); FT-IR: �� � 3418 (N�H), 2957
(C�H), 1677 (C�O), 1608, 1586 (arene), 1529, 1356 (NO2), 1237 (P�OAr),
1043 (P�OMe) cm�1; MS (FAB� NBA): m/z : 906 ([M�H]�); elemental
analysis calcd (%) for C4H41N5O12P2 (905.79): C 59.67, H 4.56, N 7.73;
found: C 59.40, H 4.81, N 7.59.


1,10,27,34-Tetraoxo-1,10-dioxido-1,10-diphospha-11,50-dioxa-26,35-di-
aza[2](3)benzeno[3](2)benzeno[1](3,4)nitrobenzeno[3](2,1)pyridino[3](3,5)-
nitrobenzeno[1](2)benzenocyclophane dilithium salt (2b): Cyclophane 8b
(144.1 mg, 0.159 mmol) was suspended in dry acetonitrile (1.5 mL) and
treated with a solution of lithium bromide (28.3 mg, 0.326 mmol) in dry
acetonitrile (1.5 mL). The mixture was heated under reflux for one week.
Then the product was filtered off and washed with cold acetonitrile and
diethyl ether. Yield: 116.0 mg (0.130 mmol, 82%); m.p. 250 �C (decomp,
DSC); 1H NMR (500 MHz, CD3OD, 25 �C): �� 2.88 (d, 2J(H,P)� 19.6 Hz,
4H; b), 3.85 (s, 4H; g), 4.83 (s, 4H; k), 6.63 (s, 2H; c), 6.79 (d, 3J(H,H)�
7.6 Hz, 2H; f), 6.88 (d, 3J(H,H)� 8.2 Hz, 2H; d), 7.01 (s, 4H; a), 7.04 (dd,
3J(H,H)� 8.2 Hz, 3J(H,H)� 7.6 Hz, 2H; e), 7.40 (d, 3J(H,H)� 8.2 Hz, 2H;
j), 7.43 (d, 3J(H,H)� 8.2 Hz, 2H; i), 7.79 (s, 2H; h), 8.07 (t, 3J(H,H)�
7.6 Hz, 1H; n), 8.20 (d, 3J(H,H)� 7.6 Hz, 2H; m); 13C NMR (126 MHz,
CD3OD, 25 �C): �� 36.4 (d, 1J(C, P)� 134.4 Hz; 3), 41.8 (s; 10/17), 120.4 (s;
7), 122.7 (s; 5), 124.8 (s; 9), 126.3 (s; 12), 126.4 (s; 20), 130.6 (s; 8), 131.0 (s;
1), 131.1 (s; 15), 132.7 (s; 2), 134.3 (s; 14), 135.7 (s; 16), 140.9 (s; 21), 142.6
(s; 11), 144.2 (s; 6), 149.9 (s; 13), 150.3 (s; 19), 154.9 (s; 4), 166.4 (s; 18); 31P
NMR (202 MHz, CD3OD, 25 �C): �� 18.8 (s); FT-IR: �� � 3405 (N�H),
1672 (C�O), 1605, 1586 (arene), 1527, 1348 (NO2), 1253 (P�OAr), 1212
(P�O) cm�1; MS (FAB� NBA): m/z : 890 ([M�H]�); elemental analysis
calcd (%) for C43H35N5O12P2Li2 (889.61): C 58.06, H 3.97, N 7.87; found: C
55.36, H 4.23, N 7.33.


NMR host ± guest titrations : The guest compound was dissolved in the
appropriate amount of solvent and the resulting solution was evenly
distributed among 10 NMR tubes. The first NMR tube was sealed without
any guest. The host compound was also dissolved in the appropriate
amount of solvent and added in increasing amounts to the NMR tubes, so
that finally solutions with the following relative amounts (equiv) of host
versus guest compound were obtained: 0, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50,
2.00, 3.00 and 5.00. The theoretical values (corrected for pipeting errors)
were afterwards again corrected by comparison with the integration of
various host and guest signals. All probes were measured with 256 pulses
per probe; all �� values refer to the standard of the pure guest compound.
Ka and ��sat were calculated by nonlinear regression from the observed ��
values and the respective host and guest concentrations.


A representative example is given below: 2a versus (R/S)-noradrenaline ¥
HCl (10) in CD3OD. Weighed amounts: 10 : 1.78 mg in 8.00 mL; 2a :
11.74 mg in 0.61 mL; proton a : Kass [M�1]� 1010� 12%; ��sat [ppm]�
0.220� 4%; proton b : Kass [M�1]� 978� 9%; ��sat [ppm]� 0.104� 3%;
proton c : Kass [M�1]� 1040� 13%; ��sat [ppm]� 0.108� 4%.
Self-association experiments : Solutions of 2a or 2b in D2O were prepared
in the following concentrations: 5� 10�3�, 4� 10�3�, 2� 10�3�, 1� 10�3�,
6� 10�4�, 2� 10�4�, 4� 10�5�, and 8� 10�6�. 1H NMR spectra were
recorded, starting with 256 pulses for the highest and finishing with 4096
pulses for the lowest concentration. The dilution curves obtained were
evaluated with standard nonlinear regression methods, and self-association
constants were calculated.


Evaluation of the complex stoichiometry (Job plots): Complex stoichio-
metries were determined according to Job×s method of continuous
variations. Equimolar amounts of host and guest compound were dissolved
in the appropriate NMR solvent. These solutions were distributed among
11 NMR tubes in such a way that the molar fractions X of host and guest in
the resulting solutions increased (or decreased) from 0.0 to 1.0 (and vice
versa). The complexation-induced shifts (CIS) were multiplied by X and
plotted against X itself (Job plot).


Mass spectrometric measurements : ESI mass spectra were recorded on a
Finnigan MAT 95. Samples (20 �L) were introduced as 10�7� solutions in
HPLC-grade methanol at flow rates of 20 �Lmin�1. Heated capillary
temperature: 150 �C. Ion spray potential: 3.5 kV (positive ESI), 3.0 kV
(negative ESI). About 20 ± 30 scans were averaged to improve the signal-
to-noise ratio.


Molecular modeling : Force-field calculations were initially carried out as
molecular mechanics calculations without solvent (Cerius2, Molecular
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Simulations 1997, force field: Dreiding 2.21). To establish the minimum
energy conformation of the free host and guest molecule as well as their 1:1
complex, Monte Carlo simulations were carried out in water (Macro-
Model 7.0, Schrˆdinger Inc., 2000. Force-field: Amber*). A 3000-step
Monte Carlo simulation was carried out, followed by a molecular dynamics
calculation for 10 ps at 300 K. The three best structures for the 1:1 complex
varied in their total energy by only 5 kJmol�1. In each case, the adrenaline
molecule is included in the cavity of the macrocycle with specific
recognition of the amino alcohol by the bisphosphonate anions. A beautiful
sandwich arrangement is consistently formed between the catechol and the
double nitrobenzene wall in 2a or b. In addition, the upper of both phenolic
OH groups forms two hydrogen bonds to the isophthaloyl amides. The
whole complex structure is slightly twisted in order to minimize bond and
torsional strains and maximize van der Waals interactions. One of the
anionic phosphonate O atoms is rotated outwards to gain solvation energy
with the solvent. In chloroform or without solvent both anionic O atoms are
predicted to form strong hydrogen bonds with the ammonium cation of the
guest.


FT-IR experiments : FT-IR spectra were recorded for noradrenaline
hydrochloride, free host 2a, and the corresponding 1:1 complex (KBr).
The IR spectrum of the complex was identical to the addition of host and
guest spectra, with two exceptions:
a) the strong band for the host×s anionic P�O bond (symmetrical and
asymmetrical vibrational stretch) shifted from 1070.8 to 1060.2 cm�1


and from 1210.8 to 1186.3 cm�1 (�� 8.6 and 24.5 cm�1). This shift to
lower values of �� corresponds to hydrogen bond formation with
noradrenaline×s ammonium functionality;


b) the host×s strong amide carbonyl band (C�O, vibrational stretch) shifted
from 1650.7 to 1646.5 cm�1 (�� 4.2 cm�1). This corresponds to the
formation of hydrogen bonds between its coupled N�H bond and the
phenolic hydroxy group.


NOESY experiments : Standard 1H NOESY experiments were performed
with the host 2a and 2b as well as their complexes with noradrenaline ¥HCl
on the Bruker 500 MHz NMR spectrometer. Mixing times varied between
100 and 200 ms. In spite of its high viscosity leading to enforced spin ±
lattice relaxation we chose [D6]DMSO as solvent, because here the
important amide proton NOEs could be measured. Positive reciprocal
NOE peaks were classified as w�weak, m�medium, and s� strong.
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