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CONCEPTS

Switchable Columnar Metallomesogens

José Luis Serrano* and Teresa Sierra!?!

~

Abstract: Chiral columnar liquid crystals have recently
appeared as a promising new type of ferroelectric
materials. To date, all the columnar liquid crystals that
have been reported to show ferroelectric switching
consist of organic compounds. However, metal-contain-
ing liquid crystals open this field to a significant number
of new structures and offer the possibility of adding to the
ferroelectric behavior other properties inherent to the
presence of metals in the structure, such as magnetism, as
well as the use of new methods of characterization (EPR,
synchrotron radiation, etc.). The potential of columnar
metal-containing liquid crystals as ferroelectric materials
has been demonstrated even though only a few organic
columnar ferroelectric liquid crystals have been descri-
bed. As a first approach to this type of material, this
concepts article describes the results obtained with chiral
metal S-diketonates that show ferroelectric switching in
the columnar mesophase. It has been shown that these
materials have a helical columnar arrangement in the
mesomorphic state, and a chiral superstructure has
been proposed from circular dichroism studies. This
type of supramolecular structure plays a fundamental
role in the ferroelectric properties of these compounds.
The discussion is mainly focused on the strategy em-
ployed for the molecular design, and on the interpreta-
tion of the mesophase structure and the electrooptic
effect. The use of a diverse range of techniques, both
those commonly used in the field of liquid crystals and
those that are more specific will be highlighted, and the
principles of these specific techniques are summarized
together with a justification of their applicability to this
study.
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structures - liquid crystals - structure elucidation Y,
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Introduction

To date, columnar metallomesogens have been mainly
proposed for potential applications derived from their proper-
ties based on photon, electron, and ion transport.!! These
effects require the existence of special electronic and struc-
tural features of the disklike molecules, but no molecular
motions are required. Similar to organic columnar liquid
crystals, columnar metallomesogens may be designed to show
ferroelectric switching under an alternating electric field.
However, in this case it is necessary to consider the dynamic
properties of the mesophase since the electrooptic effect
involves not only movement of charge but also molecular
motion.

Considering the evolution of the field of ferroelectric liquid
crystals, we can outline a chronological order for the
incorporation of the different types of mesogenic compounds.
In 1975 the first organic calamitic ferroelectric liquid crystal
was described after the theoretical prediction by R. Meyer in
19748 that, by symmetry conditions, the SmC* could display a
polar order of molecular dipoles, and hence be ferroelectric.
In 1989¥ metallomesogens were shown for the first time to
organize into supramolecular polar systems, and consequently
to display properties that require macroscopic C, symmetry.
Indeed, the ferroelectric behavior of chiral complexes show-
ing the polar SmC* phase has been studied and, in a similar
way to organic ferroelectric liquid crystals, ferroelectric
metallomesogens have even demonstrated second-order non-
linear optical properties.!! Most of these compounds have
been obtained by coordination of two organic ligands through
a metallic bridge, with the organic ligands bearing stereogenic
centers in their terminal alkyl tails. In this way, molecular
shapes differed considerably from the classical rodlike shape.
For example, ferroelectric behavior has been found in open-
book dinuclear palladium complexes,” H-shaped chloro-
bridged dinuclear palladium complexes,® and K-shaped
benzylideneamine f-diketone palladium complexes.©

In 198201 a theoretical prediction stated that a columnar
rectangular mesophase could be ferroelectric if it consisted of
chiral molecules. Further X-ray studies concluded that steric
hindrance between columns would prevent ferroelectric
switching in this case.[¥l However, in 1992 Bock and Helfrichl’!
reported the ferroelectric behavior of a chiral discotic
mesogen designed to have a large dipole moment induced
by molecular tilting. Subsequently several columnar liquid
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crystals have been described that show ferroelectric switching
under an electric field.""]

Metallomesogens should also play an important role in this
field. Metal complexation of organic ligands has been shown
to be a useful route to disklike molecules capable of stacking
in columns that organize to give columnar mesophases.['!
Furthermore, if the disklike molecules are chiral, for example
bearing stereogenic centers in the peripheral tails of the
organic ligands, a ferroelectric columnar phase should be
obtained similar to those discovered in columnar organic
liquid crystals. Moreover, metal-containing liquid crystals can
display other properties inherent to metals,['” and could even
allow new structures with the stereogenic centers in the core
of the discotic molecule.

Other attempts to achieve ferroelectric columnar orga-
nizations have been based on bowl-shaped molecules that can
stack to give polarization along the column axis.'}! The
existence of such a ferroelectric polarization has been
demonstrated in organic materials.'* However, no evidence
of it has been reported for similar metal-containing systems so
far.[13b<]

Herein we describe work that has been carried out on
columnar metallomesogens specifically designed to show a
ferroelectric polarization perpendicular to the column axis.
Concepts established to understand the origins of the
spontaneous polarization in columnar mesophases are sum-

Abstract in Spanish: Los cristales liquidos columnares
quirales han demostrado recientemente su potencial como
materiales ferroeléctricos. Todos los cristales liquidos colum-
nares descritos hasta la fecha como ferroeléctricos son de
naturaleza orgdnica. Sin embargo, los compuestos metalome-
sogenos abren este campo a un amplio niimero de estructuras y
ofrecen la posibilidad de, junto con el comportamiento
ferroeléctrico, obtener otras propiedades inherentes a la
presencia de metales, tales como magnetismo, color, etc., asi
como el uso de nuevos métodos de caracterizacion (EPR,
sincrotron, etc.). El potencial de los metalomesogenos colum-
nares como materiales ferroeléctricos se ha demostrado cuando
solo se ha descrito un pequeiio niumero de estructuras
orgdnicas que muestran ferroelectricidad en la fase columnar.
Como primera aproximacion a este tipo de materiales, este
articulo describe los resultados obtenidos con B-dicetonatos
metdlicos quirales que muestran conmutacion ferroeléctrica en
la mesofase columnar. Se demuestra que estos materiales
poseen una organizacion helicoidal en el estado mesomorfo, y
se propone la existencia de una superstructura quiral a partir de
los resultados de dicroismo circular. Este tipo de estructura
supramolecular juega un papel fundamental en el comporta-
miento ferroeléctrico. La discusion se enfoca principalmente
hacia la estrategia utilizada en el diserio de las moléculas, ast
como en la interpretacion de la estructura de la mesofase y del
efecto electrooptico. Se hace especial énfasis en el uso de
diversas técnicas, tanto aquellas comunes al estudio de
compuestos mesogenos, como otras mds especificas. Se resu-
men los principios fundamentales de éstas asi como una
justificacion de su empleo en este estudio particular.
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marized. Emphasis is placed on the structural elucidation,
achieved by the use of a diverse range of techniques, of the
ferroelectric mesophase. The principles of the most relevant
techniques, such as circular dichroism and broadband dielec-
tric spectroscopy, are briefly presented to explain their
applicability to this particular field. In addition, a strategy
used to explain the observed electrooptic effect is described.

Concepts

Structure of the ferroelectric columnar phase: The appear-
ance of spontaneous polarization in a columnar phase is
possible when chiral molecules are tilted with regard to the
column axis. The tilt induces the appearance of a dipole
moment within the plane of the molecule. Tilt, promoted by
repulsion between tails and attraction between rigid cores,['¥
mainly affects the cores, whereas the peripheral tails maintain
an orientation almost perpendicular to the column axis. In this
conformation a deflection point appears in the molecule. If
the stereogenic center is located at the position where the tails
and core deflect, dipole moments contained at these sites tend
to align along a preferred direction, and hence a net polar-
ization perpendicular to the column axis appears (Figure 1).
Only when tilting is directed either in the same direction in all
the columns or alternates in such a way that columnar
polarizations do not cancel out can a macroscopic polarization
be obtained that can be switched by an electric field. These
conditions are fulfilled by rectangular columnar phases with
C, and P2, symmetries, respectively.

columnar
axis

=N

+ "‘\\K_/;/\/\N Ps

— +

gy

Figure 1. Schematic representation of the tilt induced dipole moment of a
chiral discotic molecule (left) as the origin of a net polarization
(ferroelectricity) in tilted columnar phases (right). The chemical nomen-
clature for the molecular dipoles has been adopted. Adapted from
reference [10c].

If a sample is placed in a cell with the column axes parallel
with respect to the conducting glasses (this can be achieved by
rubbing), the polarization will be perpendicular to the glass
surfaces. An electric field applied across the material will
bring about rotation of the molecules so that polarization
aligns parallel to the external field. In this geometry two
possible switching ground states, compatible with the rectan-
gular lattice, can be defined which are related by a 180° angle
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around the column axis. If the sample is placed between
crossed polarizers, bright and dark situations can be obtained
in a similar way to those occurring in ferroelectric smectic
liquid crystals™®! (Figure 2).

INNER ELECTRODES
LIGHTl

LIG HTl

COLUMN AXIS

P
POLARIZERS

DARK BRIGHT

Figure 2. Proposed ferroelectric switching of a tilted columnar mesophase.
Adapted from reference [10e].

When a columnar mesophase is allowed to form within a
cell without treatment (i.e. without surface coating or
mechanical stress), a flowerlike texture showing Maltese
crosses appears. This texture arises when columns align in
concentric circles around defects.l'] Since molecules are tilted
with regard to the column axis in rectangular columnar
mesophases, the black brushes of the cross are rotated from
polarizer directions by an angle equal to the tilt angle. When
an alternating electric field is applied, the brushes rotate back
and forth with a displacement twice the tilt angle.

Switching mechanism: Although the phenomenon of switch-
ing in discotic systems has been experimentally proven, the
mechanism is not yet completely understood. Three mecha-
nisms have been proposed!'®! to explain how molecules rotate
between both ground states when the electric field is reversed
(Figure 3a—c): a) Switching through an untilted state and
rotation of the chains, describing a cone, to change the
direction of the associated dipole. b) Director precession, in
which the chains move up or down parallel to the column axis.
¢) Director precession and column rotation as a whole around
the column axis, with the chains remaining unchanged.

Objective and Strategy

The possibility of employing metallomesogens as ferroelectric
columnar materials was first considered in connection with
the possibility of obtaining disklike molecules by means of
metal complexation of organic ligands.

In order to develop this idea, target molecules were
designed (Scheme 1) on the basis of previous studies on j-
diketone-based metallomesogens.'”? Bis-(1,3-diphenyl-1,3-
propanedione) copper(i1), bearing 10 peripheral tails, produ-
ces mesophases with columnar stacking and a hexagonal two-
dimensional arrangement of the columns.'®! Moreover, this
hexagonal columnar mesophase is stable from room temper-
ature up to about 140 °C. Incorporation of stereogenic centers
in the peripheral tails gives the molecule the necessary chiral

Chem. Eur. J. 2000, 6, No. 5
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Figure 3. Three possible mechanisms to explain the switching in tilted
columnar phases as proposed by Scherowsky and Chen.!""! Adapted from
reference [10d].
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Scheme 1. Structure of the decasubstituted metal -diketonates designed
as switchable columnar metallomesogens.

character and, simultaneously, promotes repulsion between
the tails and approach between the cores, thus inducing tilting
within the columns. Tilting is known to break the hexagonal
symmetry,!'”] and it was envisaged that this should result in the
appearance of a rectangular columnar arrangement that
would potentially be ferroelectric. Previous studies on organic
disklike molecules show that O-alkoxylactic acid derivatives
are effective as chiral tails for columnar FLCs.[”) Moreover,
this group carries a strong dipole moment associated with the
stereogenic center, which has proved to favor high sponta-
neous polarization (Ps) values in calamitic FLCs.*"!

Characterization techniques: One of the aspects of this study
that deserves particular attention is the elucidation of the
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supramolecular organization within the mesophase and the
nature of its ferroelectric behavior. For this reason, it is of
interest to describe the most important features of the
techniques used and the specific aspects that make them
useful tools for the study of ferroelectric columnar liquid
crystals.

Mesophase identification: Identification of the mesophase can
be carried out by means of the techniques commonly used for
liquid crystals, that is polarized light microscopy, differential
scanning calorimetry, and X-ray diffraction. However, to
confirm the existence of a helical superstructure, as claimed
by some authors'®d more specific techniques, such as
circular dichroism and dielectric spectroscopy, have been
employed.

Helical structure characterization: Circular dichroism in the
mesophase might allow the identification of helical ordering
within the column by the observation of an exciton-split effect
in the corresponding CD spectrum.?! The appearance of
exciton splitting is related to a through-space interaction
between two or more chromophores exhibiting allowed 7t — 7t*
absorption bands. Such an interaction splits the excited state
into two energy levels. For the exciton splitting to occur,
interacting electric transition moments must not be parallel
since it is the result of a vectorial product. In the case of f3-
diketonate complexes, the m—m* transition of planar cores
stacked in columns obeys the conditions for exciton splitting
in the CD spectrum of the mesophase if the molecules are
tilted with respect to the column axis, and the tilt direction
describes a helix around the column axis (i.e. through-space
interaction of nonparallel electric transition moments). Cir-
cular dichroism experiments on the mesophase require thin
samples. Spin-coating can be used given the high viscosity of
the mesophase at room temperature, and this technique
allows thin films to be obtained on a quartz substrate.
Broadband dielectric spectroscopy gives information about
the molecular structure and molecular motions within the
material (modes) through the study of the dependence of the
dielectric permittivity on the frequency of the applied electric
field and the temperature.?? Two types of mode can be found
in liquid crystals, molecular and collective modes. The first
type of mode corresponds to independent motions of the
molecule. Collective modes are related to the supramolecular
organization of the material, and hence are of crucial
importance to elucidate the structure of the mesophase. This
technique has been mainly used in the study of helical
organizations in chiral mesophases in calamitic ferroelectric
liquid crystals. The so-called Goldstone mode appears in
chiral smectic phases and is related to azimuthal fluctuations
of the molecular director, that is winding and unwinding of the
SmC* helix. However, few studies have been performed of
the dynamic properties of columnar mesophases,”™ and none
of these studies were based on metal-containing materials.

Characterization of the electrooptic effect: The electrooptic
effect arising from the above compounds was investigated by
means of a photomultiplier linked to the polarizing micro-
scope and connected to an oscilloscope. The special nature of
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the ferroelectric behavior of the columnar phase was demon-
strated by comparison with the corresponding behavior of a
calamitic liquid crystal. Indeed, smectic layers with the
molecular axis tilted with respect to the layer normal can be
considered equivalent to columns in which the disklike
molecules are tilted with respect to the column axis. On the
basis of this analogy, the electrooptical response in calamitic
ferroelectric liquid crystals can be related to the electrooptical
response in columnar liquid crystals as far as their effect on
polarized light is concerned. The main difference between
both types of mesophase is the viscosity, and hence the
frequency of the applied electric field used for their study. In
order to emulate the response of the columnar materials with
long response times, which cannot easily follow the reversal of
the field, the calamitic compound was studied at a very high
frequency (250 Hz).

Results and Discussion

Synthesis and characterization: The synthetic pathway to the
target compounds has been described elsewhere.?* Given the
different substitution of the two aromatic rings of the fj-
diketone ligands, it was possible that a mixture of both cis and
trans geometric isomers would be obtained (Scheme 2).
Indeed, NMR spectroscopy proved useful to identify the
presence of these isomers in a 1:1 ratio in the palladium
complexes. Two signals of equal intensity were obtained for
each aromatic proton. The paramagnetic character of vana-
dium(1v) and copper(1) made it impossible to determine the
structure of these complexes by NMR spectroscopy. However,
given the similarity of the synthetic processes it appears
reasonable that the results for the palladium complexes are
also applicable to the vanadyl and copper analogues.

o o o
R*O. P R* = )KTOCHHZn-#l
R*O g ! OR* n=6(e)
n=70"7")
OR* OR*
Pd(OAc);|  Cu(OAc),.H,0 VOS0,4.5H,0/EtzN
EtOH EtOH EtOH
cis trans
OR* OR* OR* OR*
R*O OR*
48 O
R*O S X o/ Io OR*
O\ /O + \M/
O/M\O o/ \o
R*O. l R*O L
T, LT O
OR* OR* OR* OR*
dK"6"VO dK"6"Cu dK"6"Pd
dK"7"VO dK"7"Cu dK"7"Pd

Scheme 2. Synthesis of the complexes and structure of the two possible
geometric isomers (cis and trans).
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Mesomorphic behavior: All six complexes obtained were
found to be mesomorphic materials. The clearing points,
which are given in Table 1, were determined by differential
scanning calorimetry. Melting or crystallization peaks were
not observed in any of the cases studied. As the temperature
was decreased, the materials became very viscous. It is
possible that, at a certain temperature, the material becomes
an amorphous solid, although no glass transition was observed
in any of the complexes in the cooling process, even down to
—20°C.

Table 1. Transition temperatures [°C] obtained by differential scanning
calorimetry. Scan rate: 10Kmin~'. (-): the crystalline phase has not been
detected by either DSC or optical microscopy cooling down to —20°C.

Compound K Col,* 1
dK“6”VO - <-20 . 125
dK*6”Cu - <-20 . 130
dK“6”Pd - <-20 . 149
dK“7’VO - <-=20 . 122
dK“7”Cu - <-20 . 132
dK“7”Pd - <-20 . 147

Optical microscopy studies were carried out to identify the
mesophase of each compound. The textures observed depend
on the nature of the metal coordinated to the ligands. On
cooling from the isotropic liquid, the mesophases of oxova-
nadium (dK“6”VO and dK*“7”°VO) and copper (dK“6”Cu
and dK“7”Cu) complexes display dendritic textures. The
texture of the palladium complexes (dK“6”’Pd and dK*“7”Pd)
is quite different to that observed for the copper and
vanadium complexes and is suggestive of a more crystalline
phase. In all cases, the texture does not change even on
cooling to —20°C.

When the mesophase is either allowed to form at a very
slow rate or annealed at 100 °C for several hours, a flowerlike
texture with Maltese crosses often appears, which suggests the
existence of a columnar mesophase. The extinction brushes
are inclined with respect to the direction of the crossed
polarizers, indicating the presence of molecular tilt (Figure 4).
Sometimes this inclination is not observed in a freshly
formed mesophase. The inclination will subsequently appear
on cooling or on annealing the sample. However, at other
times the inclination is very small (10 to 15°) and increases to
nearly 40° after the sample is maintained at 100°C for several
hours.

It is also worth mentioning that all the materials can be
aligned to give a birefringent texture when they are sheared at
around 100°C. However, the alignment of the sheared
material tends to be destroyed after a prolonged period or
when the temperature is increased.

Structure of the mesophase: Infrared spectroscopy was
carried out on neat samples of oxovanadium(iv) complexes
to investigate the tilt of the molecules within the column.
Stretching of polymeric V=0 bonds is manifested as a band at
900 cm~! in the IR spectra, whereas free V=0 bonds give rise
to a band at 985 cm~!. In columnar liquid crystals consisting of
oxovanadium(v) S-diketonate complexes, with the V=0 bond
perpendicular to the molecular plane, V=0 --- V=0 interac-
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Figure 4. Photomicrograph of the texture of the annealed (100 °C for 20 h)
columnar mesophase of compound dK*“7”VO. The texture shows Maltese
crosses inclined with respect to the crossed polarizers indicating the
presence of molecular tilt as represented in the figure at the top righthand
corner of the picture.

tions appear if these bonds are aligned along the column
axis.”! By applying this simple concept to our materials, the
chiral fS-diketone units must be tilted with respect to the
column axis since the only band observed in the IR spectra
corresponded to the isolated V=0 bond. This fact suggests
that the V=0 bonds point away from the column axis.

To characterize the type of columnar mesophase and to
determine the structural parameters, the materials were
investigated by X-ray diffraction at room temperature as well
as at a higher temperature (75°C) (Figure 5).

The X-ray patterns confirm that all the compounds in the
series exhibit a columnar mesophase between room temper-
ature and the temperature where they transform to an
isotropic liquid (Figure 5a represents the pattern of dK“6”Pd
at room temperature as an example). At room temperature all
the patterns show several sharp reflections in the equatorial
region, that is the plane perpendicular to the axes of the
columns, that can be assigned, in all cases, to a two-dimen-
sional rectangular lattice. In the meridian, that is the direction
of the column axes, the pattern is simpler: two broad maxima
are observed, of which the one at lower scattering angles
(higher distances), corresponding to distances between 5.3
and 5.7 A, arises from intracolumnar metal —metal interfer-
ences. From density considerations, it can be deduced that the
unit cell contains two molecules, which are located at the
corner and at the center of the cell. The symmetry of the
mesophase has been assigned to the space group P2,,2* which
is characterized by a herringbone arrangement of the elliptical
sections of the columns, as represented in Figure 5b.

Identification of a helical organization: In addition to the
diffraction maxima described above, one additional peak is
observed in the small-angle X-ray patterns at a diffraction
angle 6 of about 0.5°. This peak cannot be assigned to the
rectangular lattice. The peak can clearly be seen in the powder
pattern obtained from non-oriented samples at room temper-
ature, but it almost disappears in the oriented patterns and in
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Call * (1%24)
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Figure 5. a) X-ray pattern of compound dK*“6”’Pd at room temperature.
b) Schematic representation of the columnar rectangular mesophase
showing a view along the ¢ axis and a view perpendicular to the ¢ axis.

Lattice parameter ranges are also included.
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the high-temperature patterns,
and could correspond to an

initial spectrum was obtained from solutions of the complexes
in THF in order to investigate the influence of the stereogenic
centers on the optical activity. As can be observed for the
complex dK*“7”VO (Figure 6a) no CD signal was detected in
this situation. However, the CD spectrum of a freshly
prepared thin-film of the complex showed a strong signal,
indicating the existence of some sort of formal optical activity
in the mesophase. Moreover, a positive exciton splitting
centered at the wavelength of the w—m* transition (365 nm)
appeared. This signal represents the experimental confirma-
tion of the existence of a helix within the column (Figure 6b),
taking into account the requirements for the appearance of
exciton splitting.

More surprising was the CD spectrum of the sample after
annealing at 100°C for 20 h. First, the optical activity is
increased by a factor of ten. Second, a second exciton splitting
appears at the wavelength of the Cotton effect in the CD of
the untreated sample (406 nm), a wavelength that corre-
sponds to a shoulder in the UV spectrum. A tempting
explanation might be the formation of a double helix (Fig-
ure 6¢) during annealing, as has been proposed by some
authors!'™!, but this ought to be confirmed by calculation of
the CD spectra by means of molecular orbital methods.

The presence of the helical arrangement within the column,
as observed by circular dichroism, should also be detectable
by broadband dielectric spectroscopy in a similar way to
azimuthal fluctuations of the director of the SmC* phase (i.e.
winding and unwinding of the helix) in ferroelectric calamitic
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Minus

Figure 6. a) UV and CD spectra recorded for complex dK*“7”VO under three different conditions: solution in
THF (0.1 gL~') and thin film deposited on a quartz substrate by spin coating (cast sample and annealed sample,
100°C for 20 h). b, c¢) The structures of the proposed helical arrangements are represented related with the
appearance of exciton-splitting signals.
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liquid crystals. In the Col,* phase, there is a tilt-induced dipole
moment within the plane of the molecule, and consequently
azimuthal fluctuations of the molecular director around the
axis of the helix would allow a collective contribution
(collective mode) of these dipoles to the dielectric permittiv-
ity. Indeed, three modes have been found for these materials
and a complete dielectric study of them is reported else-
where.?l The mode observed at the lowest frequency is
particularly noteworthy. It appears below the clearing point,
thus corresponding to a collective mode of the supramolecular
organization in the mesophase, and does not appear in achiral
compounds. The dielectric strength and frequency of this
mode make it closely related to the Goldstone mode of the
SmC* phase, which is due to azimuthal fluctuations of the
molecular director. On the basis of these experimental results
it is reasonable to assign the origin of this mode to the
existence of a helical structure
within the mesophase consist-

electric field was in the range 100-200 Vpp. In all three cases
a special type of electrooptical behavior was observed (Fig-
ure 7a shows the optical response of the complex dK*“7”°VO as
an example). During a pulse, the cell contrast changes
between two dark states, @ and ¢, through an intermediate
transmission step, b. In an attempt to explain this behavior the
possibility of the influence of winding and unwinding proc-
esses of the helix was first considered. However, the shearing
technique and the strong fields would destroy the helical
arrangement. A second possibility considered was based on
the large tilt angle of the molecules within the column. As
explained at the end of the strategy section, it seemed
reasonable to compare this result with the electrooptic
behavior of a calamitic ferroelectric liquid crystal with a high
tilt angle, about 45°.71 As can be seen in Figure 7, a strong
similarity exists between the electrooptic responses of both

1 time(s)

) ) a) 0.5
ing of tilted molecules whose
tilt direction rotates along the +50V
columnar axis (Figure 6b). In

-50V

fact, this explanation is in com-
plete agreement with the re-
sults obtained from circular di-
chroism.

Ferroelectric behavior: From
the studies described above, it

dK"7"vVO

can be confirmed that these
materials fulfill the structural
requirements to show ferro-
electric switching. The sponta-
neous polarization has been
impossible to evaluate, proba-
bly due to the high conductivity
of the materials masking the
current caused by the inversion
of the polarization. However,
the electrooptic response of
sheared samples could be re-
corded by means of a photo-
multiplier connected to the po-

]

B

n
}p 0
,?él 40°

A

b = 40°

A
n

|— A

columnar axis
.

.
.
.

A

layer normal

larizing microscope, and regis-
tered on an oscilloscope. The
best way to align columnar
liquid crystals is by means of
the shearing technique so that
the columnar axes lie parallel to
the glass surfaces. By following
this method, cells were pre-
pared with a thickness of

+12V

-12V

b’ Calamitic FLC

around 25-30 pm. In this align-

ment the macroscopic polariza- 2
tion is perpendicular to the
conducting glass surfaces. Giv-
en the high viscosity of the
materials the frequencies used
were very low (0.2-1.0 Hz),
and the strength of the applied

to one of the polarizers.
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4  time (ms)

Figure 7. Electrooptic response of the columnar compound dK*“7”VO (a) and comparison with the electrooptic
response of a high tilt angle calamitic FLC (b). The scheme represents the three contrasting situations proposed to
explain the similar response of both compounds. The intermediate states with the maximum transmission (b and
b’) correspond to situations in which the molecular directors are oriented 45° with respect to the crossed
polarizers. Extinction states, a and a’, correspond to an orientation of the directors along one of the polarizers.
Final states, ¢ and ¢/, close to extinction, are represented by molecular directors oriented almost parallel (ca. 10°)
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the discotic and the calamitic molecules, when working at
frequencies at which the material cannot easily follow the
reversal of the field (1 Hz and 250 Hz, respectively). Such
frequencies were chosen on the basis of the viscosity of the
compounds. In both cases the final switching state corre-
sponds to a rotation of the director by very close to 90° and
hence the molecule is located almost parallel to the second
polarizer. This situation gives rise to a low light transmission,
c. The intermediate state of maximum transmission, b, would
correspond to a 45° orientation of the director with respect to
both polarizers.

Conclusion

In the design of new molecular structures to show known
properties of liquid crystals, such as ferroelectricity, metal-
lomesogens have already appeared as a promising alternative
to organic mesogens. In the specific case of columnar ferro-
electric liquid crystals, metal complexation of organic ligands
has been shown to be an attractive possibility through the
example of chiral metal -diketonates, which have demon-
strated their capability to switch under an alternating electric
field. This response is only possible because a polar orga-
nization can be achieved because of the nature of stacking of
these disklike complexes. Moreover, these materials have also
allowed a complete elucidation of the structure of the
ferroelectric columnar mesophase. For example, the helical
arrangement within the column, which had already been
proposed to exist, has now been experimentally confirmed by
circular dichroism and broadband dielectric spectroscopy. The
results presented here are not only significant in themselves,
but also because they represent a step forward towards
understanding the ferroelectric switching mechanism of
columnar liquid crystals by providing a deeper knowledge of
the supramolecular organization of the ferroelectric meso-
phase.

At this point, the authors would like to emphasize the
potential of these materials on the basis of the intrinsic
characteristics of metal-containing liquid crystals. In addition
to broadening the possibilities for molecular design, we can
also take advantage of features such as their high viscosity,
which allows them, more likely, to undergo freezing of the
mesophase order. This property could appear to be a draw-
back for electrooptic applications, but can also be considered
an advantage when the polar organization of the mesophase is
to be used to achieve nonlinear optical phenomena, in which
ferroelectric liquid crystals, in general, are playing an important
role.
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New Polyfunctional Magnesium Reagents for Organic Synthesis
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Abstract: The iodine—magnesium exchange reaction
allows the preparation of polyfunctional aryl, heteroaryl,
or alkenyl magnesium reagents at low temperature. These
reagents display the typical reactivity of Grignard com-
pounds and undergo various copper-catalyzed reactions
such as allylation or 1,4-addition. Using this halogen—
metal exchange reaction, it was possible to generate
polyfunctional magnesium reagents on the solid phase.

Keywords: catalysis - copper - cyclizations - hetero-
\cycles - magnesium - solid-phase synthesis )

Introduction

The use of polyfunctional organometallic compounds has
greatly expanded the scope of the applications of organo-
metallic chemistry in organic synthesis. The first polyfunc-
tional organometallic compounds currently used in organic
synthesis were organotin derivatives!!! and organozinc re-
agents.”l All these organometallic reagents bear a highly
covalent carbon—metal bond. Its low reactivity requires the
use of transition metal catalysis (Cu, Pd, Ni).['2 Polar
carbon —metal bonds were believed to be incompatible with
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the presence of carbonyl group derived functionalities.P!
Although, the presence of some functional groups were
tolerated in organolithium compounds.l Parham et al.l’! has
demonstrated in pioneer work that a cyano groupl® or a nitro
groupl® is tolerated in aryllithium compounds at low temper-
ature.l Grignard reagents have a more covalent bond than
organolithium compounds and therefore have a reduced
reactivity. Many reactions of organomagnesium compounds
with electrophiles require room temperature or heating for
completion. A low-temperature preparation of Grignard
reagents should allow the synthesis of polyfunctional magne-
sium organometallic compounds. The use of highly activated
magnesium for such a preparation is not possible, since highly
electrophilic functions inhibit the insertion of magnesium into
a carbon —halogen bond.®l However, the iodine — magnesium
exchange reaction should be an excellent method for the
synthesis of highly functionalized magnesium reagents.”!
Herein, we wish to report the application of this exchange
reaction for the preparation of a wide range of polyfunctional
unsaturated Grignard reagents. The presence of functional
groups in organomagnesium compounds considerably enhan-
ces the scope and applications of these reagents.

Discussion

A. Preparation of polyfunctional arylmagnesium reagents:
Whereas unfunctionalized aryl iodides such as 1-iodonaph-
thalene undergo an iodine —magnesium exchange at room
temperature (25°C, 0.5 h) with iPr,Mg or somewhat slower
with iPrMgBr (25°C, 1h) leading to the corresponding
arylmagnesium reagents 2a, the presence of electron-with-
drawing functionalities dramatically improves the rate of the
iodine — magnesium exchange leading to polyfunctional mag-
nesium compounds of type 2 (2b-d) (Scheme 1).

Thus, the presence of a bromine atom in para position
allows the generation of the magnesium reagent at —25°C
within 0.5 h. More strongly electron-withdrawing groups such
as a cyano group or an ester function allow a fast exchange
reaction at —40°C (see the preparation of 2¢ and 2d in
Scheme 1).'% The resulting Grignard reagents (2) react with
aldehydes in good to excellent yields. For the performance of
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: MgX
PrMgBr (1.0 equiv) =
° Fa—_ |

2: X =Bror FG-CgH4

PN
FG— |

X or PraMg (0.5 equiv)
THF, 25 °C to -40 °C

1 FG = Br, CN, COsEt
MgX MgBr MgBr MgBr
Br CN CO,Et
2a:25°C,05h 2b:-25°C,05h 2¢:-40°C,1h 2d:-40°C,1h

Scheme 1.

allylation reactions, copper catalysis (CuCN-2LiCH)' is
necessary to realize fast reaction rates (Scheme 2).

PhCHO, THF OH
EtO,C MgBr — «  EtOC
Ph

-40°Cto 25°C

90 %
/\/Br
CuCN - 2 LiCl cat. —
-40 °C to 25 °C
75 %

Scheme 2.

By a transmetalation with
zinc bromide, stable functional-
ized organozinc reagents are

In the presence of trimethylsilyl chloride (1 equiv) and a
catalytic amount of Cul-2LiCI"™ (10 mol%), the direct
1,4-addition of the polyfunctional Grignard reagents
such as 1f to enones proceeds under mild conditions!" and
provides the desired Michael adduct 6 in good yield
(Scheme 4).014

l 1) PrMgBr
-40°C,0.5h (0]
2) CuCN - 2 LiCl
COEt (10 mol%) CO.Et
11 /\c[)]/ 6:80 %
Scheme 4.

Preliminary results show that cyclizations can be performed
by generating a polyfunctional Grignard reagent of type 7
(X=CH, or O) prepared from the corresponding aryl iodide
of type 8 (X =CH, or O). The ring-closing reaction smoothly
occurs at —60°C leading to the products 9a and 9b in 50 %
yield (Scheme 5).1]

Recently, a delicate oxidation reaction induced by an
iodine —magnesium exchange has been successfully per-
formed in the course of the final steps of the synthesis of

CO,R

OsR
@(l 2 ProMg (1.1 equiv)
obtained which can be warmed X

THF, -60°C

up to room temperature. Thus,
ethyl 2-iodobenzoate (le) is
converted to the corresponding
Grignard reagent by the reac-
tion with iPrMgBr (—40°C,
0.5h) and treated with zinc bromide affording the corre-
sponding zinc reagent 3, which undergoes a nickel-catalyzed
cross-coupling with the alkyl iodide 4 in THF:NMP (N-
methyl-2-pyrrolidinone) providing the polyfunctional product
51in 72% yield (Scheme 3).1%

8a: X=0;R=Me
8b: X =CHy; R = Et

Scheme 5.

Y on
X -60 °C

9a: X = O; R=Me: 50 %

7:X=CHzor O 9b: X = CHy; R = Et: 50 %

the antibiotic vancomycin.!') Thus, the complex aryl iodide 10
(X=I) was converted to the corresponding magnesium
reagent 11 (X =MgBr) by the treatment with MeMgBr and
iPrMgBr (excess) followed by the addition of B(OMe);
(excess) leading to the boronic ester 12 (X=B(OMe),),

which was converted to the

desired phenol 13 (X=OH)

Q ou N by the treatment with an
O\l)j) : > alkaline solution of H,0,
I, COgEt 1) PrMgBr BrZzn  COzEt | (Scheme 6).01'!
Pr .
@ 9 @ 4 FO:EL The preparation of organo-
-40°C,05h Niacac), (10 mol%) metallic reagents on a resin is an
2) ZnBr, THF :NMP (2: 1) . X i }
-20°C, 4 h important reaction since it al-
e 3 5:72% lows the use of organometallic

Scheme 3.

Abstract in French: La synthése d’organomagnésiens poly-
fonctionalisés aryliques, hétéroaryliques et vinyliques a été
réalisée par échange iode-magnésium a basse température.
Leur réactivité vis a vis de différents électrophyles (allylation,
addition 1-4 ..) a été étudiée ainsi que leur application en
phase solide.
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reagents in solid-phase synthesis

for applications in combinatori-

al chemistry!””! leading to poly-
mers of type 15 (Scheme 7). Various substituted aryl iodides
can be attached to Wang resins through an ester function.
After treatment with an excess of iPrMgBr at —30°C for 15—
30 min, the corresponding Grignard reagents 15 are obtained
with >95% conversion and quenched with various electro-
philes (Scheme 7). This method shows an excellent general-
ity and the yields as well as HPLC purities are usually high.
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As indicated above, the presence of an a-heteroatom
facilitates the halogen —magnesium exchange considerably so
that a bromine — magnesium exchange can be performed on
resin-bound a-bromofurans or a-bromothiophenes such as
19a or 19b under mild conditions (—35°C, 0.5 h) leading after
the quenching with an electrophile to the functionalized
heterocycles 20a and 20b in excellent purity (Scheme 8).['"]

C. Preparation of other polyfunctional magnesium reagents:
MeO Alkenyl iodides undergo the iodine —magnesium exchange
reaction less readily and the reaction of (E)-iodoctene with
10: X = | iPr,Mg (1.1 equiv) requires more than 18 h at 25 °C. This slow
%?&Aggrr exchange rate precludes the preparation of alkenylmagnesi-
11: X = MgBr B(OMe)s um derivatives bearing a remote sensitive functionality.
12: X = B(OMe),
H202-NaOH
13: X=0H
Scheme 6.

However, if an allylic oxygen functionality is present in the
(Z)-alkenyl iodide, the exchange reaction becomes very fast
and the ester-substituted alkenyl iodide 21 undergoes a
stereoselective iodine —magnesium exchange reaction even

at —70°C (12h) leading to the
Q COzH alkenylmagnesium reagent 22. Af-
PrivigBr (7 equiv) O_OJ\©\ 1) TosCN
| -35°C,05h MgBr 2) CF3COzH
CN
95 % HPLC-purity

(overall yield >50 %)

o}
O—o ter its addition to benzaldehyde,
the pure (Z)-allylic alcohol 23
is obtained in 79% yield
(Scheme 9).! Recently, we have
found that magnesium carbenoids

of type 24 can be prepared by an

14 15

Scheme 7.

B. Preparation of polyfunctional heteroarylmagnesium re-

agents: The presence of heteroatoms often facilitates the Ph Ph Ph
iodine —magnesium exchange reaction either by complex- H\ (g N
ation of the Grignard reaction, thus making the iodine-— o i O Mgbr o
magnesium exchange a fast reaction, or by an inductive effect PrMgBr HO" Ph
as in the case of electron-poor heterocycles such as pyridines.
Thus, various polyfunctional pyridines such as 16 smoothly
react with iPrMgBr (1.1 equiv) in THF at —35°C (0.5h)
furnishing the expected heterocyclic Grignard reagents 17.
After allylation in the presence of a catalytic amount of 21 22 23

PhCHO

THF, -70°C, 12 h

CO,Et CO,Et CO,Et

CuCN, the expected polyfunctional pyridine 18 is obtained in ~ Scheme 9.
82% yield (Scheme 8).1'%1
| MgBr N iodine — magnesium exc.ha!nge in
N COEL PrMgBr (1.1 equiv) = | COEt A~ Br | COREt TI;E;F ;gB;ﬂ(lﬁbfstgirr;giﬁzngoz
SN el THF,-35°C,05h SN~ CUuCN cat. N el the readily available iodomethyl piv-
alate 25. After the addition of benzal-
16 17 18:82% dehyde in the presence of trimethyl-
0 o silyl chloride (TMSCI) (3 equiv), the
QO O _Br M)_, O_O )j\@/MgBr 1) TosCN o /ﬂ\ N selectively mono-protected 1,2-diol
>/ THF, -35°C, 0.5 h \_/ 2) CFgCOH T2 o derivative 26 is obtained in 81%
19a 20a: 94 % [ (Scheme 10).2
0 0 In conclusion, we have shown that a
S._pgr [PrMgBr (excess) S\ MgBr low-temperature iodine —magnesium
O_O \_/ O_O W/ or in some cases bromine —magnesi-

THF, -35°C, 0.5 h

18b
CO,Et
Br CO,Et
CuCN-2LiClcat. 19207 s
20b: 94 % @

Scheme 8. [a] HPLC purity (UV, 254 nm).
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um exchange allows the preparation
of highly functionalized aryl, alkenyl,
and alkyl magnesium reagents bearing
ester, cyano, or amide functional
groups. It greatly extends the scope
of synthetic applications with organo-
magnesium reagents.
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9 PrMgCl

PhCHO (1.05 equiv)

Organomet. Chem. 1976, 113,
107-113; e) D. Seyferth, R. L.

o}
|/\O)$< CIMg/\O)%

25 24
Scheme 10.

THF : NBP
-78 °C, 15 min
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Enhancement of Benzylic Basicity by a Fluorine Substituent at the para-

Position: A Case of Lone Pair/Lone Pair Repulsion

Ferenc Faigl,’! Elena Marzi,*! and Manfred Schlosser*!?!

Abstract: The introduction of a halogen
atom at any aromatic position of toluene
considerably accelerates the base-pro-
moted deprotonation of the methyl
group. p-Fluorotoluene is the only ex-

in acidity. Chloro- and bromotoluenes
instantaneously exchange benzylic hy-
drogen against metal when treated with
solution of lithium 2,2,6,6-tetramethyl-
piperidide (LITMP) in diethyl ether in

the presence of potassium fert-butoxide
and N,N,N',N'.,N'-pentamethyldiethyl-
enetriamine at —100°C. Due to exten-
sive side reactions (“aryne” formation as
a consequence of concomitant deproto-

ception; proton abstraction from its
benzylic site occurs approximately at
one tenth of the rate found with toluene
(at —75°C). Lone-pair repulsion ap-
pears to be at the origin of the decrease

Introduction

The basicity changes within a series of organometallic com-
pounds have been postulated to be proportional to those of
the corresponding counterion-free (“naked”) carbanions as
long as differences in aggregation or solvation aptitudes remain
negligibly small.ll On the basis of this plausible assumption
one might predict p-fluorobenzyllithium to be thermodynami-
cally more stable (that is less basic) than benzyllithium, since
the p-fluorobenzyl anion has been reported to exhibit a
smaller proton affinity in the gas phase than benzyl anion
itself (372.4 vs. 373.7 kcalmol ).l However, this expectation
is at variance with acidity measurements in the condensed
phase (acetonitrile) which have revealed a higher pK value for
p-fluorotoluene (52.2) than for toluene (51.1).0

If the p-fluoro substituent really diminishes the acidity of a
benzylic site, this could explain why p-fluorotoluene, unlike its
o- and m-isomers, undergoes preferential deprotonation at a
halogen-adjacent aromatic position rather than at the methyl
group. To gain deeper insight, we have decided to determine
the rates of proton abstraction from all fluoro, chloro- and
bromotoluene isomers relative to toluene.
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nation of aromatic sites adjacent to the
halogen atom), products can be isolated
only in moderate yield (10-35%), but
they are regioisomerically pure.

Results and Discussion

Mixtures of the respective halotoluene and toluene were
dissolved in tetrahydrofuran and incubated with lithium
2,2,6,6-tetramethylpiperidide/potassium tert-butoxide
(“LITMP-KOR”) in the presence of N,N,N',N’,N'-penta-
methyldiethylenetriamine (“PMDTA”). Samples were with-
drawn at fixed intervals, quenched with dry ice, and treated
with diazomethane. The concentrations of the initial sub-
strates and of the reaction products were analyzed by gas
chromatography as a function of time (see Figure 1).

All fluorotoluenes, not only the p-isomer, were found to
undergo concomitant deprotonation at the methyl group and
at a fluorine-adjacent aromatic position to afford, after
carboxylation and neutralization, the acetic acids 1a—3a
and the benzoic acids 4a—6a, respectively. The ratios of a-
versus o-attack vary in the range of 0.1 and 10 (Table 1). In
contrast, no chlorotoluene and bromotoluene derivatives
were identified other than the arylacetic acids (1b-3b and
1c¢-3c¢) formed by electrophilic substitution at the benzylic
position. This does not mean that proton abstraction from
aromatic positions does not occur at all. However, the o-
haloaryllithiums thus generated appear to eliminate lithium
halide instantaneously. In this way they set free dehydroar-
enes (“arynes”), which may undergo a variety of subsequent
transformations, in particular nucleophilic additions of orga-
nolithiums and lithium amides.

The disappearance of toluene and its halogenated con-
geners was monitored and relative substrate reactivities kx/ky
were calculated according to the standard equation of
competition kinetics.> ° The proportion of deprotonation at
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Figure 1. Top: Competitive metalation of toluene and fluorotoluenes (at —75°C). Middle: Competitive metalation of toluene and chlorotoluenes (at
—100°C). Bottom: Competitive metalation of toluene and bromotoluenes (at —100°C). Graphs show the consumption of the starting materials and the
formation of the trapped products (see Experimental Section) as a function of the metalation time. In all graphs o toluene, A methyl phenylacetate;
a) e 2-fluorotoluene, Ao methyl (2-fluorophenyl)acetate, ¥ methyl 2-fluoro-(3-methyl)benzoate; b) e 3-fluorotoluene, o methyl (3-fluorophenyl)acetate,
v methyl 2-fluoro-(4-methyl)benzoate c) @ 4-fluorotoluene, A methyl (4-fluorophenyl)acetate, ¥ methyl 2-fluoro-(5-methyl)benzoate ; d) @ 2-chlorotoluene,
A methyl (2-chlorophenyl)acetate; e¢) @ 3-chlorotoluene, A methyl (3-chlorophenyl)acetate; f) @ 4-chlorotoluene, A methyl (4-chlorophenyl)acetate;
g) e 2-bromotoluene, A methyl (2-bromophenyl)acetate; h) @ 3-bromotoluene, A methyl (3-bromophenyl)acetate; i) @ 4-bromotoluene, A methyl (4-
bromophenyl)acetate.

aromatic chlorotoluene or bromotoluene positions (see halogenated substrates except one is enhanced when com-
above) was approximated as the difference between the total pared with toluene. In the case of p-fluorotoluene only the
consumption of such halotoluenes and their conversion into hydrogen/metal exchange at the halogen-adjacent position
(halophenyl)acetic acids. The numbers thus obtained are only was found to be accelerated. Proton abstraction from the
reliable within orders of magnitudes (see Table 1), since benzylic site of p-fluorotoluene proved to be retarded by one
extensive side reactions, in particular halide elimination, power of ten relative to toluene. This is a striking exception
inevitably produce large error deviations. One unequivocal when compared with the behavior of the other fluorotoluene
conclusion can nevertheless be drawn. The reactivity of all isomers and of all chlorotoluenes and bromotoluenes.
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Table 1. Deprotonation rates k% (a- and ortho-positions summed up) and
k¢ (exclusively at the benzylic a-position) of halotoluenes relative to
toluene (ky).1!

CH, < CH, CH,
X ke
X
X
F K2k, 10! 10! 10!
kelkg 3% 10° 3% 100 102
kelkg 10! 101 10!
a k&3 10! 10! 10!
ke kg, 100 10° 10!
ke ks, 3% 10° 3% 100 3% 10°
Br kSIK3, 10! 10! 10!
ki Ik, 107 100 10!
k. Ikg 100 3% 100 3% 10°

[a] k3 = k¢ + k. [b] With toluene, k* = k.

From a kinetic point of view only the disappearance of the
substrates matters. Of course, the starting materials consumed
should quantitatively reemerge as new products. Only then
can the rate factors be considered accurate. A satisfactory
mass balance was only found with the fluorotoluene reactions
in which the substrates and their derivatives (carboxylic acids
or the corresponding methyl esters) add up to 90-94%
(Figure la—c, Tables2-4 in the Experimental Section).
When chlorotoluenes are consecutively treated with the
mixed metal base (LITMP-KOR and PMDTA, during 2 h)
and dry ice, only 46—74 % of chlorine containing compounds
were monitored (Figure 1d—f, Tables 5—7 in the Experimen-
tal Section). With bromotoluenes this number drops to 23—
48 % (Figure 1g-1i, Tables 8—10 in the Experimental Section).
As already suggested above, the remainder is lost by halide
elimination generating dehydroarenes (“arynes”). Attempts
to trap these products by adding furan as co-solvent failed.
Cycloaddition reactions involving a short-lived intermediate
are known to work well only in the absence of strong
nucleophiles, which themselves readily combine with transi-
ent species such as dehydroarenes. A model reaction enabled
us indeed to isolate three products that must have been
formed by nucleophilic addition to 2,3-dehydrotoluene gen-
erated by the exposure of o-bromotoluene to LITMP-KOR/

Chem. Eur. J. 2000, 6, No. 5
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PMDTA: 3-tert-butoxytoluene (9 % ), 2-bromophenyl-3-tolyl-
methane (7a;1 %), and phenyl-3-tolylmethane (7b;2 %). The
additional presence of regioisomers, of polycondensed sec-
ond-generation products and of 2,2,6,6-tetramethyl-1-(3-tol-
yl)piperidine is highly probable though not yet unambigu-

Ol @@ A

ously proven. The amount of these by-products tripled
approximately when the reaction was carried out in the
absence of PMDTA.

Because of such side reactions, the yields of chlorotoluene
and bromotoluene derivatives are inevitably poor. The
simplicity of execution and the absence of any contaminating
isomer makes the a-deprotonation/electrophilic substitution
nevertheless an attractive option. The one-pot preparation of
(2-bromobenzyl)trimethylsilane (8; 32% of isolated pure
product, Scheme 1) may serve as an illustration.

N
@) ClSilCH,), 8

CH, N PR CH,-Si(CH3)y
t .Br ®{'; : L"”?‘j'w_é t _Br
Scheme 1.

The time-resolved evolution of halotoluene deprotonation
reveals further remarkable details (Figure 1). One striking
feature is the extraordinary ease with which the deprotona-
tion of the halotoluenes occurs. When fluoro-, chloro- or
bromotoluenes are treated with the LITMP-KOR-PMDTA
mixture, the hydrogen/metal exchange is virtually finished
after some 15 min at —100°C. Noteworthy are also shifts in
the product compositions. Thus, during the competitive
metalation of toluene and p-fluorotoluene, the concentration
of benzylpotassium(lithium) grows continuously at the ex-
pense of 2-fluoro-4-methylphenylpotassium(lithium), which is
the initially predominant intermediate (Figure 1c). This raises
the general question of whether kinetic and thermodynamic
acidities of halotoluenes diverge or parallel each other.

This issue is particularly relevant in the case of p-
fluorotoluene. An unequivocal answer can be given. p-
Fluorobenzyllithium or -potassium not only form more slowly,
but are also thermodynamically less stable (that is, they are
more basic) than the corresponding benzylmetal. We have
demonstrated this by equilibrating, although only imperfectly,
the two acid-base pairs involved. p-Fluorobenzyllithium was
generated from tributyl(p-fluorobenzyl)tin (9) by metalloid/
metal exchange with butyllithium in tetrahydrofuran at
—75°C (Scheme 2). Potassium fert-butoxide, and toluene
were simultaneously added to the solution. The organo-
metallic concentration diminished rapidly even at dry-ice
temperature (94 % and 34 % of p-fluorophenylacetic acid by
carboxylation after 45 min and 24 h). The principal modes of
decomposition appear to be fluoride elimination, setting
free a transient dehydroarene (“aryne”), and proton abstrac-
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Scheme 2.

tion from the solvent, affording p-fluorotoluene (3% and
15% after 45 min and 24 h). As expected,”] the permutational
hydrogen/metal exchange proceeded slowly but measurably
as evidenced by 0.2 % and 3.8 % of phenylacetic acid isolated
upon trapping after 45 min and 24 h (Scheme 2). On the other
hand, transmetalation was found to occur not at all when p-
fluorotoluene was incubated with benzyllithium and very
sluggishly with benzylpotassium (upon carboxylation after
45 min and 24 h: < 0.1 % and 0.8 % p-fluorophenylacetic acid
(3a); about 98% and 81 % of phenylacetic acid; 100 % and
92 % of p-fluorotoluene and 1.5% and 13 % of toluene).

The introduction of a fluorine substituent into the para-
position of toluene lowers both the kinetic and thermody-
namic acidity. This relationship is in agreement with previous
findings in solutionP! (see the Introduction), but in conflict
with a study of the gas-phase acidities of p-fluorotoluene
(AGepror 372.4 kcalmol ') relative to toluene (AGgepro
373.7 kcalmol ' [¥1). These numbers, obtained by equilibrating
separately p-fluorotoluene/p-fluorophenylmethanide and tol-
uene/phenylmethanide with methanol/methoxide look abso-
lutely reliable.’! How can one solve the apparent contra-
diction between gas-phase and condensed-phase data? We
wondered whether a specific interaction between fluorine and
the metal (lithium, sodium, potassium) ions might produce an
artefact. Therefore, we decided to probe the effect of a p-
fluoro substituent on the basicity of metal-ion free, but
charge-attenuated, benzylic anions in the condensed phase,
using tetrahydrofuran as a solvent of low polarity. We have
generated a series of (triphenylphosphonio)arylmethanides
(10) and determined their benzylic resonance energy by NMR
spectroscopy at variable temperature.'”) The barrier to
rotation E,,, around the C*—C*! axis (10a <> 10b; Scheme 3)
is a measure for the benzylic resonance.['' While an activation
energy of 8.5 kcalmol™! was found with the unsubstituted
parent compound (X = H), this number was lowered upon the
introduction of a p-fluoro substituent (X =F) to 7.7 kcalmol !
and raised upon the introduction of a p-chloro substituent
(X=0l) to 8.9 kcalmol1.['"l In other words, a fluorine atom
attached to a benzylic para-position impedes and a chlorine
atom facilitates the accumulation of electron density in its
vicinity.
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10a [ R=HgC; X=HFCl 10b

Scheme 3.

The apparent inconsistency with which fluorine stabilizes or
destabilizes a benzyl anion or a related derivative must be
related to its dual electronic character. If an integral negative
charge, as present in the “naked” gas-phase species, is to be
better accommodated by delocalization, the inductive elec-
tron-withdrawing effect of the halogen becomes predominant
and makes it to a net attractor. In contrast, when the electron
excess is attenuated by a metal or another counterion, only
the remaining fractional charge will to some extent spread out
into the aromatic ring. There it encounters resistance in form
of m-electron/n-electron repulsion,'?! which this time over-
rides the inductive effect. In other words, fluorine acts as a net
donor towards a weak donor and as an attractor towards a
strong donor. To express the latter situation in the valence
bond language, the resonance structure carrying the negative
charge at the para-position does not contribute much to the
electronic delocalization (Scheme 4).

© @ ® ®
60CH,~M 5@ CH,-M iCH, M CHy M CH, M
: I It
—_ XC)
HORCEVES Ry
©
F F F F

Scheme 4.

A fluorine substituent placed at the ortho-position will, of
course, perturb the resonance delocalization in the same
manner. This time, however, the electron withdrawing effect
is more powerful due to the short-range distance and over-
compensates the destabilizing action. The lone pair/lone pair
repulsion vanishes when fluorine is replaced by chlorine or
bromine. The heavier halogens have lost almost all of their
donor capacity, because of their increased bond length (and
hence poor mt—n overlap), while their polarizability (“d-orbital
resonance”) qualifies them as excellent electron attractors.

Fluorine is a particularly sensitive electronic probe, but it is
not the only element that exhibits the donor/attractor dual-
ism.[¥] Whereas 3-methoxytoluene is deprotonated faster at
the benzylic position than toluene itself, 2- and 4-methoxy-
toluene react, respectively, 10 and 100 times more slowly.'"
N,N4-Trimethylaniline undergoes superbase-promoted met-
alation only very sluggishly (50 h at —75°C!) to afford p-
(dimethylamino)benzylpotassium.['> 19 1 4-Phenylenediamine
(ammonium salt pK, 6.20") is considerably more basic than
any of its isomers or aniline itself (pK, 4.6 —5.01'"1). No one has
ever succeeded in generating an a,a’-dimetalated p-xylene
although the a,a’-disodiol'® "l and a,a’-dilithioP” derivatives
of o-xylene and m-xylene and even a,o’,a”-trilithiomesity-
lene® are known. Thus we are dealing with a universal
phenomenon.
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Experimental Section

For practical routine and technical details, see other articles?' > recently
published by this laboratory.

Products: The esters were prepared by treatment of the corresponding
acids with diazomethane in diethyl ether until the solution turned yellow;
they were isolated by distillation.

Fluorotoluene derivatives: The metalation and subsequent carboxylation
was carried out as previously described.¥]

2-Fluoro-3-methylbenzoic acid (4a): M.p. 117-118°C (ref. [4]: M.p. 113 -
114°C); 78 %, methyl ester.[*]

(2-Fluorophenyl)acetic acid (1a): M.p. 66 —67 °C (ref. [24]: M.p. 63-65°C);
58 %; methyl ester.*!

2-Fluoro-4-methylbenzoic acid (5a): M.p. 183-185°C (ref. [4]: M.p. 182—
183°C); 40 %; methyl ester.[*)

(3-Fluorophenyl)acetic acid (2a): M.p. 42-44°C (ref. [4]: M.p. 47-48°C);
40 %; methyl ester.12]

2-Fluoro-5-methylbenzoic acid (6a): M.p. 160-161°C (ref. [4]: M.p. 154 -
155°C); 82 %; methyl ester.[*]

(4-Fluorophenyl)acetic acid (3a): not isolated as such (ref. [27]: M.p.
94°C); 25 %; methyl ester.l?s 2

Tributyl(4-fluorobenzyl)stannane (9): A solution of 4-fluorobenzylmagne-
sium bromide (prepared from 25 mmol of 4-fluorobenzyl bromide) in
tetrahydrofuran (30 mL) was rapidly added to tributylchlorostannane
(6.7 mL, 8.1 g, 25 mmol) in tetrahydrofuran (20 mL). After 4 h at 25°C, the
mixture was neutralized. The product was isolated by extraction with
diethyl ether (87 %) and purified by two-fold distillation; b.p. 104 -108 °C/
0.1 mmHg (Ref. [30]: b.p. 105-108°C/0.5 mmHg); [n]% =1.5104; 40%.
This material (5.0 mmol) was used to generate 4-fluorobenzyllithium by
treatment with butyllithium (5.0 mmol) for 2 h at —75°C in a 5:1 mixture
(v/v; 18 mL) of tetrahydrofuran and hexanes, before potassium fert-
butoxide (5.0 mmol) and toluene (7.4 mmol) were added to start the
transmetalation reaction at —75°C.

Chlorotoluene derivatives: At —75°C and under vigorous stirring,
potassium fert-butoxide (1.12 g, 10.0 mmol), 2,2,6,6-tetramethylpiperidine
(1.70 mL, 1.41g, 10.0 mmol), N,N,N',N',N'-pentamethyldiethylenetria-
mine (“PMDTA”; 2.10 mL, 1.73 g, 10.0 mmol) and chlorotoluene (1.17 or
1.18 mL, 1.27 g, 10.0 mmol) were consecutively added to a solution of
butyllithium (10.0 mmol) in a 4:1 (v/v) mixture (33 mL) of tetrahydrofuran
and hexanes. After 15 min at —75°C, the mixture was poured on an excess
of freshly crushed dry ice and evaporated. The residue was dissolved in
water (30 mL). The aqueous phase was washed with diethyl ether (3 x
10 mL), acidified with hydrochloric acid (2M), and extracted with diethyl
ether (3 x 25 mL). The combined organic layers were washed with brine
(2 x 10 mL), dried, and evaporated. The solid residue was recrystallized
from hexanes.

(2-Chlorophenyl)acetic acid (1b): M.p. 95-97°C (ref. [31]: M.p. 93—
95°C); 27 %; methyl ester.l?!

(3-Chlorophenyl)acetic acid (2b): M.p. 77-78°C (ref. [31]: M.p. 76—
77°C); 16 %; methyl ester.[*’]

(4-Chlorophenyl)acetic acid (3b): M.p. 102-104°C (ref. [31]: M.p. 104—
106°C); 5% (crude product: 7% ); methyl ester.l**]

Bromotoluene derivatives: The same procedure as described above for the
chlorotoluene derivatives was applied, by replacing the chlorotoluene with
bromotoluene (1.20-1.23 mL, 1.71 g, 10.0 mmol).

(2-Bromophenyl)acetic acid (1c): M.p. 105-106°C (ref. [31]: M.p. 104 -
105°C); 23% (crude product: 41 %); methyl ester.*!
(3-Bromophenyl)acetic acid (2¢): M.p. 101.0-101.5°C (ref. [31]: M.p. 102 -
103°C); 20% (crude product: 32 % ); methyl ester.*]
(4-Bromophenyl)acetic acid (3¢): M.p. 117-118°C (ref. [31]: M.p. 113-
115°C); 13% (crude product :19 % ); methyl ester.? 37381,
(2-Bromobenzyl)trimethylsilane (8): This was isolated in 32 % yield when
the reaction mixture was treated with an excess of chlorotrimethylsilane
(3.5mL, 3.0 g, 28 mmol) rather than with dry ice. It was kept 1 h at —75°C
before being concentrated, diluted with diethyl ether (30 mL), and washed
with hydrochloric acid (2M, 3 x 25 mL), a saturated aqueous solution of
sodium hydrogen carbonate (2 x 25 mL), and brine (25 mL). Distillation
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afforded a pure product; b.p. 102-103°C/13 mmHg (Ref. [39]: b.p. 80—
81°C/3.5 mmHg); [n] 1.5283;32%.

Competitive deprotonation experiments

Reactions involving fluorotoluenes: The fluorotoluene (5.00 mmol) and
toluene (5.00 mmol), both precooled, were simultaneously added to a cold
solution (—75°C) containing lithium 2,2,6,6-tetramethylpiperidide (pre-
pared from butyllithium and 2,2,6,6-tetramethylpiperidine, 5.0 mmol each),
potassium tert-butoxide (0.56 g, 5.0 mmol), and decane (0.144 g, 1.00 mmol)
in tetrahydrofuran (20 mL) and hexanes (3.1 mL). Samples (of approx-
imtely 2 mL) were withdrawn at fixed intervals, treated with an excess of
dry ice covered with anhydrous diethyl ether, acidified (to pH 1-3) with
hydrochloric acid (2Mm), and treated with diazomethane in diethyl ether
until the yellow color of the latter reagent persisted. Unconsumed starting
materials and the esters formed were identified by gas chromatography
(30 m, DB-1, 45°C [5 min] —85°C [2°Cmin~'] -220°C [10°Cmin~']; 2 m,
5% C-20M, 200°C) by comparing their retention times with those of
authentic materials and their concentrations (see Tables2-4) were
determined by monitoring their peak areas relative to that of the “internal
standard” decane and by using calibration factors to correct the ratios thus
obtained.

Table 2. Competitive deprotonation of 2-fluorotoluene and toluene with
LITMP-KOR: concentrations [%] of starting materials and trapped
products as a function of time.

CHy Gy CH. COCH,  COCH,
Reaction ©/ @ @ CH, E CH,
time [h] CO,CH, ©/ @
0.00 100 100 - - -

0.25 22 89 18 52 4.8

0.50 20 91 15 55 3.0

1.0 18 95 12 59 2.6

2.0 14 91 11 65 32

6.0 12 96 8.4 66 32

Table 3. Competitive deprotonation of 3-fluorotoluene and toluene with
LITMP-KOR: concentrations [%] of starting materials and trapped
products as a function of time.

CH, CH, CH, COCH;, COCH,
Reaction @\ GH; ¢H,
time [h] r . @

CO,CH, F

0.00 100 100 - -
0.25 16 87 10 66 4.8
0.50 13 93 8.6 74 3.0
1.0 9.5 89 5.6 88 1.8
2.0 8.2 94 4.0 82 -
6.0 5.8 95 22 86 -

Table 4. Competitive deprotonation of 4-fluorotoluene and toluene with
LITMP-KOR: concentrations [%] of starting materials and trapped
products as a function of time.

CH, CH, CH,

COCH,  COCH,

. © @ @ CH, CH,
Reaction
time [h] CO,CH, @ @

F F
F
0.00 100 100 - - -
0.25 22 84 70 1.0 15
0.50 24 85 74 1.2 19
1.0 24 80 73 1.3 20
2.0 30 66 60 1.1 34
6.0 32 65 44 1.3 42
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Reactions involving chlorotoluenes: In addition to all the other ingredients
specified above, N,N,N',N"',N"-pentamethyldiethylenetriamine (“PMDTA”;
5.0 mmol) was present and the reaction was performed at —100°C. The
reaction mixtures were analyzed by gas chromatography (2 m, 5% SE-30,
65°C [15 min] —210°C [10°Cmin~']; 2 m, 5% Ap-L, 220°C) to determine
the concentrations of starting materials and products at given intervals (see
Tables 5-7).

Table 5. Competitive deprotonation of 2-chlorotoluene and toluene with
LITMP-KOR-PMDTA: concentrations [%] of starting materials and
trapped products as a function of time.

CH, a CH, CIIOZCH3 (I.‘.OZCH3
Reaction CH, a CH,
time [h] ©/
0.00 100 100 - -
0.10 51 93 22 1.0
0.25 50 95 22 1.0
0.45 47 91 25 0.9
2.0 42 95 26 0.4
4.0 46 106 28 0.4

Table 6. Competitive deprotonation of 3-chlorotoluene and toluene with
LITMP-KOR-PMDTA: concentrations [%] of starting materials and
trapped products as a function of time.

CH, CH, COCH, CO,CH,
Reaction @\ @ CH, CH,
time [h] ct @\
Cl
0.00 100 100 - -
0.10 50 95 20 1.0
0.25 50 96 16 1.2
0.45 51 97 21 0.8
2.0 50 96 24 0.1
4.0 48 102 27 -

Table 7. Competitive deprotonation of 4-chlorotoluene and toluene with
LITMP-KOR-PMDTA: concentrations [%] of starting materials and
trapped products as a function of time.

CH, CH, COCH, CO,CH,
, CH, CH,
Reaction @
e Q) S 5
Cl
Cl
0.00 100 100 - -
0.10 45 95 11 0.5
0.25 43 96 11 -
0.45 32 92 10 -
2.0 35 92 11 -
4.0 36 99 12 -

Reactions involving bromotoluenes: The execution followed exactly the
procedure given for chlorotoluenes above. Gas chromatography (2 m, 5%
SE-30, 70°C [15 min] —220°C [10°Cmin~!]; 2 m, 5% C-20M, 220°C) was
again the method of choice for analyzing the composition of the reaction
mixtures (see Tables 8 —10).

Further kinetic competition experiments were performed in the same way
as described in the preceding paragraphs but by using three different
halotoluenes simultaneously as the starting materials. These “triplets”
were: o-, m- and p-chlorotoluene; o-, m- and p-bromotoluene; the ortho
isomers of fluoro-, chloro- and bromotoluene; the meta isomers of fluoro-,
chloro- and bromotoluene; and the para isomers of fluoro-, chloro- and
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Table 8. Competitive deprotonation of 2-bromotoluene and toluene with
LITMP-KOR-PMDTA: concentrations [%] of starting materials and
trapped products as a function of time.

CH, CH, COCH; CO,CH,

Reaction Br CH, 8 CH,
time [h] ©/ r @
0.00 100 100 - -

0.10 40 99 23 0.8

0.25 30 103 23 1.2

0.45 30 102 22 1.4

2.0 25 106 23 1.1

4.0 24 109 22 1.5

Table 9. Competitive deprotonation of 3-bromotoluene and toluene with
LITMP-KOR-PMDTA: concentrations [%] of starting materials and
trapped products as a function of time.

CH, CH, C‘2020H3 (I.‘.OZCH3
Reaction CH, CH,
time [h] Br

Br

0.00 100 100 - -
0.10 23 96 15 1.6
0.25 21 96 15 2.0
0.45 19 99 17 1.2
2.0 16 99 17 14
4.0 14 102 19 1.6

Table 10. Competitive deprotonation of 4-bromotoluene and toluene with
LITMP-KOR-PMDTA: concentrations [%] of starting materials and
trapped products as a function of time.

CH, CH, CIIOZCH3 (I.‘.OZCH3
) CH, CH,

Reaction
time [h]

Br

Br

0.00 100 100 - -
0.10 22 96 6.0 22
0.25 20 97 43 22
0.45 18 93 44 22
2.0 18 93 4.8 2.4
4.0 17 103 4.6 2.4

bromotoluene. The relative reactivities observed agreed well with the
numbers anticipated on the basis of the previous results (see above).

Interception of dehydroarenes: At —75°C, 2,2,6,6-tetramethylpiperidine
(42mL, 3.5g, 25mmol), potassium fert-butoxide (2.8 g, 25 mmol),
N,N,N',N",N"-pentamethyldiethylenetriamine (“PMDTA”, 52 mL, 43 g,
25 mmol) and 2-bromotoluene (3.0 mL, 4.3 g, 25 mmol) were consecutively
added to butyllithium (25 mmol) in hexanes (15 mL) and tetrahydrofuran
(40 mL). After 2 h at — 75°C, the reaction mixture was poured on an excess
of freshly crushed dry ice. Water (50 mL) and diethyl ether (50 mL) were
added, and the products were partitioned between the two phases. The
organic layer was dried, concentrated, and submitted to gas-chromato-
graphic analysis (2 m, 5% Carbowax-20M, 70°C —[10°Cmin~'] —-200°C
[15 min]; 2m, 5% ApiezonL, 80°C — [10°Cmin~'] —220°C [15 min];
nonane as an internal standard). Three products, 3-fert-butoxytoluene!*!
(9%), 2-bromophenyl-3-tolylmethane*! (1%) and phenyl-3-tolylme-
thanel”! (2%), were unambiguously identified by comparison of their
retention times with those of authentic samples and their yields were
determined by comparison of their peak areas with that of an “internal
standard” (nonane) and by correction of the ratios using calibration factors.
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The aqueous alkali phase contained, in form of its salt, (2-bromophenyl)-
acetic acid,!l which was isolated after acidification (23%; M.p. 103—
104°C).
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Synthesis, Structural Characterisation, and Monte Carlo Simulation of the
Magnetic Properties of the 3D-Stacked Honeycomb Cs,[{Mn(N;);},] and the
Irregular Double Chain [{N(C,;Hs),}, 1[{Mn,(N;)s(H,0)},]

Mohamed A. S. Goher,” Joan Cano,*! Yves Journaux,!! Morsy A. M. Abu-Youssef,!!

Franz A. Mautner,'®! Albert Escuer,**! and Ramon Vicente!?!

Abstract: Two new polymeric manga-
nese-azido systems with formula Cs,-
[{Mn(N5):},] (1) and [{N(C,Hs).},][{Mn,-
(N3)s(H,0)},] (2) were synthesised and
structurally characterised. Compound 1
crystallises in the P2,/n group and con-
sists of a three-dimensional system with
end-to-end and end-on azido bridges

rare case of a three-dimensional net-
work with alternate ferro-antiferro-
magnetic interactions. Compound 2
crystallises in the P1 group and consists
of double chains of manganese atoms

Keywords: azido bridges - magnetic
properties - manganese - Monte

bridged by end-on and, the exceptional,
(u-1,1,1)-azido Dbridges. Magnetically,
compound 2 shows net ferromagnetic
behaviour. Exact fit of the magnetic data
was performed for the two compounds
by means of Monte Carlo simulations
based on the Metropolis algorithm on
sets of 10 x 10 x 10 (1) and 1 x 1 x 320

with the caesium atoms in the holes of
the net. Magnetically, compound 1 is a

Introduction

Currently, more and more work in the field of magneto-
chemistry is devoted to the study of the magnetic properties of
high-dimensional systems; this forces magnetochemists to
develop new equations or methods to fit the susceptibility
data, to search for uncommon EPR features or to permit the
characterisation of cooperative phenomena such as molecular
magnet behaviour. In recent years, the manganese(i1)-azido
derivatives have provided an exceptional number of unpre-
cedented structural and magnetic properties. The main factor
that permits such different kinds of properties is the extreme
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(2) S=15/2 classical spin centres.

versatility of the azido ligand, which may act as an end-on
(u-1,1 or EO) or end-to-end (u-1,3 or EE) bridge to give
usually a ferromagnetic (FM) or antiferromagnetic (AF)
coupling, respectively.l! For extended systems such as one-
dimensional chains, all kinds of interactions have been found:
ferromagnetic EO chains,?! antiferromagnetic EE chainsf> 3!
or alternating FM — AF systems(> 4 due to alternating EE/EO
bridges. For two-dimensional systems, quadratic layers with
EE bridges with AF coupling® and also alternating EE/EO
systemsl®, which magnetically shows alternating FM/AF
coupling, have been characterised. Regular AF three-dimen-
sional compounds have also been described with only EE
azido bridges.[l Some authors have introduced a second kind
of bridging ligand such as 4,4’-bipyridine or bipirymidine, to
obtain complicated two-dimensional or three-dimensional
topologies.®!

From our research in this field, we have characterised two
new Mn-azido systems with caesium or tetraethylammonium
countercations. The size of the cation determines a drastic
variation in the structural arrangement: whereas Cs,[{Mn-
(N3)sh] (@) is a three-dimensional system that hosts the
caesium atoms in the holes of the structure, [{N(C,Hs),},]-
[{Mn,(N3)s(H,O)},] (2) consists of double chains of manga-
nese atoms isolated by the large tetraethylammonium cations.
The coordination modes of the azido bridges are exceptional
for different reasons in each compound: in 1 layers of
alternating EO/EE bridges are linked to each other by means
of new EE bridges to give an FM/AF/AF three-dimensional
system, whereas in 2 the manganese-azido chains (u-1,1
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bridges) are linked by the very rare (u-1,1,1)-azido-bridging
mode to give a ferromagnetic double-chain system.

Owing to the mathematical difficulties, it is impossible to
derive the thermodynamic properties (magnetic susceptibility,
specific heats, etc) of an extended network with so intricate
topology of interactions. Till now, for Heisenberg extended
networks, nobody has been able to go beyond the one-
dimensional §$=1/2 model for the calculation of the exact
partition function.l” In the case of S=5/2 systems, it is well
established that spin may be treated as a classical vector. Even
with this drastic approximation only simple systems, such as
regularl®l and alternating!®! chains, have been studied; only
recently, more elaborated networks like the alternating
honeycomb topology have been considered.l'] However, with
this method of calculation it seems impossible to deal with
systems like three-dimensional arrays or chains with compli-
cated topology such as those presented in this paper. For these
cases, Monte Carlo simulation seems to be the only possible
method for deriving the thermodynamic properties. There-
fore, with the aid of structural data, we present the analysis of
the magnetic properties of S = 5/2 AF/AF/FM-stacked honey-
comb three-dimensional lattices and FM/FM-alternating
double chains using Monte Carlo simulation based on the
Metropolis algorithm.[?!

Results and Discussion

Description of the structure of Cs,[{Mn(N;):},] (1): The
structure consists of a three-dimensional manganese-azido
network and isolated caesium cations. A labelled ORTEP plot
of the asymmetric unit is shown in Figure 1. The three-
dimensional system may be envisaged as parallel manganese-
azido layers linked by means of trans end-to-end azido
bridges, Figure 2 (right). The parallel layers contain pairs of
manganese atoms bridged by two end-on azido bridges, which
are linked to the four similar neighbouring units by means of
four single end-to-end azido bridges, Figure 2 (left) . The
topology of these layers is the same as that reported for the
two-dimensional compounds [{Mn(L),(Ns),},] with L =eth-
ylisonicotinate, 3-acetylpyridine, 4-cyanopyridine or ethyl-

Abstract in Catalan: Han estat sintetitzats i caracteritzats
estructuralment dos nous sistemes polimerics manganes-azidur
de formula Cs,[{Mn(N;)s},] (1) i [{N(C:Hs)),J[{Mny(N)s-
(H,0)},] (2). El compost 1 cristallitza en el grup P2,/n, essent
un sistema tridimensional que presenta ponts azidur end-to-
end i end-on, on els atoms de cesi hi ocupen els buits de la
xarxa. Magneticament, el compost 1 €s un dels rars exemples de
xarxa 3-D amb alternancia d’interaccions ferro- antiferromag-
netiques. El compost 2 cristallitza en el grup PI i consisteix en
cadenes dobles d’atoms de manganes units per ’excepcional
pont azidur u-1,1,1. Magneticament, aquest compost presenta
un comportament global ferromagnetic. L’ajust exacte de les
dades de susceptibilitat magnetica per tots dos compostos es va
dur a terme mitjancant simulacions Monte Carlo basades en
Palgoritme de Metropolis, utilitzant blocs de 10 x 10 x 10 (1) i
1 x 1 x 320 (2) espins classics S=5/2.
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Figure 1. Ortep drawing for Cs,[{Mn(N;);},] (1). Ellipsoids at 50%
probability level.

nicotinate,®l in which the apical positions are occupied by the
pyridinic ligands. The MnNg environment is strongly asym-
metric: equatorial bond lengths Mn1-N11 2.271(7) A and
axial Mnl1-N31 and Mnl-N33B, 2.195(6) and 2.203(7),
respectively. The bond angle Mn1-N11-MnlA is 99.2(3)°,
slightly lower than the typical bond angles of a doubly end-on
azido unit. The Mn---Mn distance in this unit is 3.424(2) A.
The end-to-end azido bridges between these dimeric units
have Mn1-N21-N22 and Mn1-N23C-N22C bond angles of
128.7(6)° and 122.2(6)°, respectively, whereas the axial Mn1-
N31-N32 and Mn1-N33B-N32B bond angles have the larger
values of 149.7(6)° and 152.5(7)°, respectively. Torsion angles
Mn1-N21-N23-Mn1B and Mn1-N31-N33-Mn1C are 159.2(4)°
and 175.2(7)°, respectively. According to the bond and torsion
angles, the Mn --- Mn distances through the EE azido bridges
are 6.127(3) A and 6.522(3) A.

Description of the structure of [{N(C,Hs),},1[{Mmn,(N;)s-
(H,0)},]1 (2): The structure consists of polymeric [{Mn,-
(N3)s(H,0)},]” chains oriented along the a axis of the unit cell,
well isolated by [N(C,Hs),]* counter ions. A labelled ORTEP
plot of the asymmetric unit is shown in Figure 3. Both
manganese atoms have distorted octahedral environments.
The octahedron of Mnl1 is formed by nitrogen atoms of six
azido groups, whereas Mn2 is surrounded by five azido ligands
and one water molecule. Each octahedron has common N—N
edges with four neighbouring octahedra, thus forming double
chains of polyhedra, Figure 4. All azido groups are only
bonded with one nitrogen atom to the manganese(11) centre(s)
and so act in the EO fashion. As a consequence of the double
chain with common edge-sharing polyhedra, three types of
azido ligands occur: one single-coordinate azido group (N51),
two (u-1,1)-azido bridges (N11 and N41) and two (u-1,1,1)-
azido bridges (N21 and N31). This is a very rare case, in which
three different types of azido ligands are observed in the same
coordination compound.

The changes of the electronic properties of the mangane-
se(1)-azido bond and of bonds within the azido ligand itself,

0947-6539/00/0605-0779 $ 17.50+.50/0 — 779





FULL PAPER

A. Escuer et al.

Figure 2. View of the EE-azido bridge arrangement between the layers (right) and the alternating EE /EO

bridges inside the planes (left) for Cs,[{Mn(Ns)},] (1).

Figure 3. Ortep plot for [{N(C,Hs),}, ][{Mn,(N;)s(H,0)},] (2). Ellipsoids at
50% probability level.

Figure 4. View of the double chain arrangement for [{N(C,Hs),},.]-
[{Mn,(N3)s(H,0)},] (2).

with respect to the three different coordination modes of the
azido groups, is accompanied by variations in the observed
geometrical parameters. The Mn—N (azido) bond lengths are
well separated for each type of azido ligand and increase

780 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

from single-coordinate (a)
[2.153(3) A] to (u-1,1)-bridging
(b) [2.187(3) to 2.221(3) A] to
(u-1,1,1)-bridging azido groups
(c) [2.284(3) to 2.330(3) A]. In
addition the Ad values (Ad:
difference between N—N bond
distances within an azido
group) increase from 0.01 A
for ligand type a, to 0.06 A for
typeb and up to 0.10 A for
type c. The Mn—N—N bond an-
gles decrease from ligand type a
[129.2(3)°] to type b [128.4(3)
to 122.7(3), mean: 126.1°] to
typec [113.8(2) to 123.9(2),
mean: 119.1°], whereas the
N—N—-N bond angles remain
constant within experimental
error [mean 178.8(5)°]. All the
Mn---Mn distances are very
close to 3.5 A.

The dependence of the struc-
ture of the manganese/azido
C*[Mn(N;);]~ system on the
countercation should be noted:
the caesium compound has a close three-dimensional struc-
ture, with short Mn---Mn distances derived from the EO
azido bridges, whereas for the larger cation tetramethylam-
monium, the compound shows only EE bridges in a more
open three-dimensional network, in which the cation is placed
inside the cubic holes of a perovskite-like structure.™ For
larger cations, such as tetraethylammonium or tetraphenyl-
phosphonium™ three-dimensional structures become inad-
equate to host the cation and so dimensionality is lost; this
results in one-dimensional arrays or discrete molecules,
respectively. This effect gives a simple way to tune the
dimensionality of this kind of system, and shows that small
countercations may favour high-dimensional compounds.

The (u-1,1,1)-azido bridge: To our knowledge, simultaneous
coordination of three modes of the azido ligand in the same
compound has been observed in the analogous polymeric Zn-
complex! with NMe,* as counterion; this complex has the
same set of terminal, (u-1,1)- and (u-1,1,1)-azido ligands.
Three different azido bridges (u-1,3, u-1,1 and also u-1,1,1)
were found in the polynuclear cobalt(i) complex with
empirical formula Cs,[Co;(N;)g].[]

In addition to the typical (u-1,1)- and (u-1,3)-azido bridges
between two metallic centres, several (u-1,1,1)-azido bridges
between three metallic centres have been found. The u-1,1,1
coordination mode appears generally related with discrete
triangular or cubane-like structures. In addition to the above-
mentioned complexes Cs,[Cos(N;)g] (triangular) and
[{N(CH;).},.][{Zn,(N5)s(H,0)},] (three-dimesional), the u-
1,1,1 bridging mode has been observed only seven times. In
the 3:2 complex of azido-Cu" with 2-benzoylpyridine, an
asymmetric (u-1,1,1)-azido bridge was reported, with two
short Cu—N bonds and one semi-coordinative Cu—N bond.["]
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(u-1,1,1)-azido bridging was also reported for a triangular
titanium compound'”); the remaining (u-1,1,1)-azido bridges
were found in five crystal structures of cubane-like tetrameric
clusters with platinum(i),'® manganese(m'” and three
examples with nickel(i)?” as metal centres. Magnetic behav-
iour for this coordination mode was reported for the cubane
nickel systems; these complexes have weak ferromagnetic
superexchange interaction due to the low M-N-M bond
angles.

Magnetic measurements and coupling constants calculation:
Susceptibility measurements were performed between 300—
4 K for both compounds. The temperature dependence of the
molar magnetic susceptibility and the y\7 product for 1 is
depicted in Figure 5. yy7 decreases continuously as the

Xu
40.030
{0.025
{0.020
{0.015

0+ . . : ; , .

0 50 100 150 200 250 300

TIK

Figure 5. Plot of the molar susceptibility (filled circles) and y; T product
versus T (open circles) for Cs,[{Mn(N;);},] (1). Solid lines show the best fit
of the data (see text).

temperature decreases, from 3.68 cm?>Kmol~! at room tem-
perature, which is a slightly lower value than that expected for
magnetically isolated Mn" ions, towards to zero at low
temperature. At 50 K the molar susceptibility has a maximum
equal to 3.23 x 1072 cm®*mol !, which indicates a three-dimen-
sional antiferromagnetic ordering. In contrast, y\7 for com-
pound 2 increases from the expected value for magnetically
isolated Mn" ions at room temperature to reach the maximum
value of 22.8 cm*Kmol~! at 6 K; this indicates an overall
ferromagnetic response (Figure 6).

The different global behaviour for the two compounds may
be envisaged from qualitative arguments: in 1, the azido
bridges have two modes of coordination, namely the x-1,1 and
u-1,3 modes, whereas in 2 only EO bridges in the form of u-1,1
and u-1,1,1 modes are present. It is well established that the
(u-1,1)-azido bridge generally favours ferromagnetic cou-
pling,?" but it has been experimentally proved that this bridge
can lead also to antiferromagnetic coupling between cop-
per() centres for large bridging M—N(azido)~M angles.[??!
Recently, the magnetic response of the EO azido bridges as a
function of the M—N—M bond angle has been studied by
means of DFT calculations,?! showing that for M = Mn, FM
behaviour should be found for Mn—N—Mn bond angles larger
than 98°. On this basis, moderate or weak FM coupling should
be expected for all the EO bridges in the two compounds,
including the w-1,1,1 bridges. However, the (u-1,3)-azido
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Figure 6. Plot of the yy T product versus T for [{N(C,Hs),},][{Mn,(N3)s-
(H,0)},] (2). Solid lines show the best fit of the data (see text).

bridge is known to mediate strong antiferromagnetic coupling
between the magnetic ions. Recent MO calculations and
experimental results show that for d® and d° cations such as
copper (1) or nickel(i), FM coupling may be found for some
extreme bond or torsion angles,? but for d° cations such as
manganese(l1) fairly strong coupling is expected in any case.
The spin coupling topology for 1 indicates a ground state S =0
and overall antiferromagnetic behaviour, whereas net weak
ferromagnetic coupling is reasonably expected for 2.
Quantitative analysis of the coupling constant parameters
for 1 may be performed from the interaction topology shown
in Figure 7; this leads to the Hamiltonian given in Equa-

b+l k

Figure 7. Interaction scheme for the three J constant coupling parameters
used in the Hamiltonian [Eq. (1)]. In order to simplify the drawing, only
the three-dimensional manganese skeleton of 1 is shown.

tion (1). For 1, one constant coupling was rigorously taken
into account for each different bridge. The summation X goes
over all the nearest-neighbour pairs on the lattices, S, is the
classical spin operator at the nth site and J;, J, and J; are the

H:*«Il Z Si,j,kSi+l.j.k7JZZSI‘/,ka‘/+1‘k7JSZS[‘/.I<S[,/,I\'+I (1)

i-+j(odd),k ik ik

exchange coupling constants. In the light of structural data
and the above considerations, the three-dimensional spin
topology consists of an antiferromagnetic chain (J,) coupled
ferromagnetically and antiferromagnetically with other chains
along perpendicular directions to create a honeycomb (J;, J,)
and a square (J,, J;) layer, respectively.

The topology of interaction in compound 2 is proposed in
Figure 8; this leads to the Hamiltonian given in Equation (2).
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® i+l = .

-

L - Cl

Figure 8. Double chain interaction scheme for the two J constant coupling
parameters used in the Hamiltonian [Eq. (2)]. To simplify the calculations,
one J parameter for the u-1,1 bridges along the chains and one J parameter
for the crossing u-1,1,1 bridges were assumed.

In this case, one J, parameter between the two chains and one
J, constant coupling along each individual chain were
assumed, in accordance with the similar bonding parameters.
Positive signs for both J parameters should be expected.

H:*LZS/S,‘H *Jzzsjsﬁz (2)
i i

In order to make a quantitative comparison, the classic spin
is scaled according to the factor S;,=[S;-(S;+1)]">. The
Metropolis algorithm!'?l generates a sampling of states
distributed according to the Boltzmann distribution. Equa-
tion (3) gives the relationship between the magnetic suscept-
ibility, y, and magnetic fluctuation, M. In Equation (3) (M)
and (M?) are the average values of the magnetisation and the
square of the magnetisation.

((M?) = (M)")

=T @

10° Monte Carlo steps (MCS) were performed per site and
the first 10* were discarded as the initial transient stage. To
avoid freezing the spin configuration, a low cooling rate was
used according to the equation 7,,;,=0.95x T,, in which T
stands for temperature. Samples of 10 x 10 x 10 and 1 x 1 x
320 were used for 1 and 2, respectively. These samples are
large enough to prevent any finite size effects. To avoid
perturbation from the edge of the sample and to speed up
convergence toward the infinite lattice limit, periodic boun-
dary conditions (PBC) were used.?’

The Monte Carlo simulation confirms the previous analysis.
A good fit of the experimental data in the 300-25K
temperature range is only obtained with |J,|>|J3|>|J;]|, as
shown in Figure 5. Then the best agreement is obtained with
the following parameters: g=2.029+0.021, J,=0.76+
021ecm ™, J,=—-43+£03cm! and J;=—-3.3+£0.6 cm . The
agreement factor F defined as F=3(¢u Texp — Xmt Tineor)”!
3(ym T..p) is equal to 4.7 x 1075 and R? is equal to 0.99991.
We found that the Monte Carlo method, which considers a
classic spin Hamiltonian, describes the dependence of mag-
netic susceptibility on temperature, even at low temperature,
for the cubic three-dimensional network well.?! However,
there is a small discrepancy between the theoretical and
experimental data at 7<25K for 1. This discrepancy is
attributed to the quantum effects, which are more important
at low temperature and cannot be described by a classic spin
model. These quantum effects are more important in 1
because the interaction density per site is smaller than in a
three-dimensional cubic network.
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For 2, good agreements between experimental and simu-
lated data are obtained by using two different sets of
parameters g=2.001+0.003, J;,=1.57+0.03cm™! and J,=
029+0.04cm™ or g=2.007+0.005, J,=0.66+0.04 cm™!
and J,=1.07£0.03 cm™" and R equal to 9.7 x 10~ and 8.8 x
10-> (Figure 6). A careful examination of the structure
(angles, bond lengths) does not reveal the set of parameters
with the best physical meaning. Furthermore, the determi-
nation of ferromagnetic interactions is always fairly inaccu-
rate?”) and the use of a simplified topology of interaction does
not permit unambiguous assignation.

In both cases, the J values found for the interaction through
the (u-1,1)- or (u-1,3)-azido bridge are similar to those found
in more simple systems. There are few complexes in the
literature of manganese(i) complexes with only a single EE-
azido group as bridging ligand, but some reported compounds
permit comparison with our results: J values of —1.4, —2.2
and —3.8 cm™! were reported for [{Mn(L),(N;),},] systems
(L =pyridine,[*l methylisonicotinateP® and 4-acetylpyri-
dinel®l), or —12cm~' for the three-dimensional
(NMe,)[Mn(N;);] compound.® We have obtained similar
values for 1 (—4.3 and —3.3 cm™!) that nicely confirm the
predicted dependence of the antiferromagnetic component of
J on the magnitude of bond angles in the bridging region.*!
However, for the systems with a double (u-1,1)-azido bridge,
we obtained a J value close to 1 cm™!; this is associated with
Mn—N—Mn bond angles lower than 100° (99.2° for 1 and a
mean value of 99.4° for 2). Only two complexes with EO
bridges only have been reported in the literature, the [{Mn-
(2-bzpy)(N;),},,] chain system[? with Mn—N—Mn bond angles
around 100° and J=0.8 cm~!, and the dinuclear compound
[{Mn(terpy){(x-1,1)-N3}(N3)},] with an Mn—N—Mn bond angle
of 104.6° and greater coupling, J =2.4 cm .2 Lower J values
for bond angles close to or lower than 100° and clearly greater
coupling at 104.6° corroborate closely with the DFT calcu-
lations performed by Ruiz et al.,”l who proposed the cross-
over from ferro- to antiferromagnetism at 98°.

Experimental Section

Synthesis: Warning! The reported azido complexes are potentially
explosive. Only a small amount of material should be prepared, and it
should be handled with care.

Cs,[{Mn(N3)3},] 1): Mn(NOs),-4H,0 (3.2 g, 12.7 mmol) was mixed with
cold saturated aqueous solution of CsNj (13.5M, 15 mL). Saturated HN; in
distilled water (15 mL) was added dropwise until a crude precipitate was
formed. MeOH (20 mL) was added, and the mixture was placed over a
95°C water bath for 1 hour. The hot turbid solution was filtered. Within
5 days transparent green crystals were formed by stepwise cooling of the
final clear solution from 95 °C to 35°C. Yield 30 %; CsMnN, (313.90): calcd
Cs 42.34, Mn 17.50, N 40.16; found Cs 42.25, Mn 1738, N 40.37.
[{N(C,Hy) 4}, 1[{Mn,(N;3)s(H,0)},]  (2): Solid Mn(NO;),-4H,0 (1.2¢g,
4.8 mmol) followed by aqueous saturated HN; (15mL) and MeOH
(25 mL) were added to an aqueous solution of N(C,Hs)4(N;) (40%,
10 mL). The mixture was placed on a 95°C water bath for 1 hour and was
filtered. The filtrate was then placed in a 50°C water bath overnight. The
solution was filtered once again and left for several days to give colourless
needles of 2 suitable for X-ray measurements. Yield 55 % ; Mn,CgH,,N,,O
(468.24): caled C20.52, H 4.74, N 47.86, Min 23.46; found C 20.60, H 4.85, N
47.70, Mn 23.50.

IR spectra: The IR spectra of Cs,[{Mn(N3)s},] (1) shows asymmetric azido-
group vibrations (7,, N;) centred around 2115, 2075 and 2062 cm™! (vs.), and
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three bands centred at 1326 (s), 1286 (w) and 1226 (vw)cm™' that
correspond to the symmetric Nj stretching. The strong band which appears
at 1326 cm ™! should be assigned to the stretching of the EE-azido group,
whereas the other two weak bands should correspond to the slightly
asymmetric EE bridges. Bending of the azido ligands also appears as three
bands at 652, 613 and 602 cm~! with medium absorption.

The IR spectra of the complex [{N(C,Hs),},][{Mn,(N;)s(H,0)},] (2) show a
broad moderate band attributed to the coordinated water at about
3370 cm™' and a moderate band for the C—H vibrations of the
[N(C,Hs)4]* counterion at 2991 cm~". In the 2000-2100 cm™! region the
complex shows very strong overlapping bands assigned to the asymmetric
azido group vibrations (v, N3) centred at 2044 (vs) and 2096 (vs) cm™.
Medium to strong bands are observed at approximately 1300 cm~!, which
supports the asymmetric nature of the azido groups.

X-ray erystallography of Cs,[(Mn(Ny)s},] (1) and [(N(C;Hy),},][(Mn,-
(N3)s(H,0)},] (2): The X-ray single-crystal data for both compounds were
collected on a modified STOE four-circle diffractometer. Crystal size:
0.18 x 0.15 x 0.13 mm for 1 and 0.45 x 0.22 x 0.22 mm for 2. The crystallo-
graphic data, the conditions for the intensity data collection and some
features of the structure refinements are listed in Table 1. Graphite-

Table 1. Crystal data and structure refinement for Cs,[{Mn(N3)s},] (1), and
[(N(C,Hs)4},][{Mny(N5)s(H,0)},] (2).

1 2
formula CsMnN, CgH,rMn,N;O
M, 319.91 468.30
space group P2,/n Pl
a[A] 6.5520(10) 6.873(3)

b [A] 7.557(2) 11.600(5)
c[A] 14.947(5) 13.000(5)
al] 90.0 70.54(3)
B 93.47(2) 84.84(3)
7 [] 90.0 88.89(3)
V [A3] 735.3(3) 973.2(7)
4 4 2

T[°C] 22(2) 20(2)
Peatea [gem ™3] 2.836 1.598
u(Mog,) [mm~!] 6.62 1.334
Rl 0.0343 0.0559
wR! or wR2 0.03540! 0.14301l

[a] R(F,)=3F,— FJSF,. [b] wR=[Sw(F,— kF.)YSF2]". [c] wR(F,)*=
(Elw((F) — FPPVZIw((F )N

monochromatized Moy, radiation (A=0.71069 A) and the w-scan techni-
que were used to collect the data sets. The accurate unit-cell parameters
were determined from automatic centring of 36 reflections (9.7° <6<
14.8°) for 1 and 28 reflections (6.0° < 8 < 11.0°) for 2 and were refined by
least-squares methods. A total of 1285 reflections (1021 independent
reflections, R;, =0.0406) were collected for 1 in the range 3.48° <6<
25.20° and 4671 reflections (4150 independent reflections; R;, = 0.0301)
for 2 in the range 2.88° < 6 <27.50°. Observed intensity decay of control
reflections (023; —10 —5;2 —11) was 7% for 1 and 16% for control
reflections (220; —2 —13; —212) of 2. Corrections were applied for
Lorentz polarization effects, for intensity decay and for absorption by using
the DIFABS®! computer program (range of normalised transmission
factors: 0.236-1.000 for 1 and 0.441-1.000 for 2) . The structures were
solved by Patterson methods by using the SHELXS-86P computer
program, and refined by full-matrix least-squares methods on F for 1, by
using the SHELX-76 programl®'l, and on F? for 2, by using the SHELXL-
9303 program incorporated in the SHELXTL/PC V 5.0383 program library
and the graphics program PLUTONP4. All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms of 2 were obtained from AF
maps, subsequently fixed geometrically and assigned with isotropic
displacement factors (eight common ones for H atoms of each parent C
atom of NEt, counterion). The final R indices were 0.0343 and 0.0559 for 1
and 2, respectively, for all observed reflections. Number of refined
parameters were 100 (1) and 264 (2). Maximum and minimum peaks in
the final difference Fourier syntheses were 0.89 and —0.88 e A= (1), and
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1.466 and — 0.565 ¢ A—% in the vicinity of metal centres (2). Significant bond
parameters for 1 and 2 are given in Tables 2 and 3, respectively.

Further details on the crystal structure investigation of 1 may be obtained
from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leo-

Table 2. Selected bond lengths [A] and angles [°] for Cs,[{Mn(N;)s},] (1).

manganese environment

Mn1-N11 2.271(7) Mnl—-Nlla 2.223(6)
Mnl-N21 2.252(8) Mn1-N23c 2.233(8)
Mn1-N31 2.195(6) Mn1-N33b 2.203(7)
Mnl ---Mn 6.127(3) Mnl ---Mn 6.522(3)
Mnl---Mn 3.424(3)

azido bridges

N11-N12 1.190(9) N12-N13 1.130(11)
N21-N22 1.169(9) N22-N23 1.20009)
N31-N32 1.171(8) N32-N33 1.147(9)
Mnl - Csl 4.154(2) Mnl - Cslg 4.681(2)
Mnl -- Cslh 4.132(2) Csl--Cslh 4.881(2)
Csl1--N11 3.242(6) Csl1--N13a 3.195(9)
Csl1--N21 3.507(7) Csl1--N23a 3.439(7)
Csl--N31 3.433(9) Csl--N13p 3.261(9)
Cs1--N21m 3.295(7) Cs1--N31m 3.236(8)
Cs1--N23e 3.341(7)

manganese environment

N11-Mn1-N11la 80.8(2) Mn1-N11-N12 119.2(5)
N11-Mn1-N21 88.2(3) Mnla-N11-N12 122.9(5)
N11-Mn1-N23c 177.9(2) Mn1-N11-Mnla 99.2(3)
N11-Mn1-N31 93.8(3) Mn1-N21-N22 128.7(6)
N11-Mn1-N33b 89.4(3) Mn1-N23c-N22¢ 122.2(6)
N1la-Mn1-N21 168.6(3) Mn1-N31-N32 149.7(6)
N1la-Mn1-N23c 101.2(3) Mn1-N33b-N32b 52.5(7)
N1la-Mn1-N31 91.2(3)

N1la-Mn1-N33b 90.9(3)

azido bridges

N21-Mn1-N23c 89.9(3) N11-N12-N13 177.3(8)
N21-Mn1-N31 87.0(3) N21-N22-N23 179.4(8)
N21-Mn1-N33b 91.5(3) N31-N32-N33 179.1(9)
N23c-Mn1-N31 87.0(3)

N23c-Mn1-N33b 89.7(3)

N31-Mn1-N33b 176.4(3)

poldshafen, Germany (fax: (+49)7247-808-666; E-mail: crysdata@fiz-
karlsruhe.de), on quoting the depository number CSD-410810.

Crystallographic data (excluding structure factors) for the structure 2
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-120665.
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).
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Table 3. Selected bond lengths [A] and angles [°] for [{N(CH;).}.]-
[{Mn,(N3)s(H,0)},] (2).

manganese environment

Mnl1-N11
Mn1-N21b
Mn1-N31
Mn1—-N31la
Mn1-N41
Mn1-N51
Mnl ---Mnla
Mnl --- Mn2
Mnl ---Mn2a

azido ligands
N11-N12
N21-N22
N31-N32
N41-N42
N51-N52

2218(3)
2.314(3)
2.330(3)
2.284(3)
2.221(3)
2.153(3)
3.553(2)
3.432(2)
3.505(2)

1.201(5)
1.226(4)
1.216(4)
1.204(4)
1.177(5)

manganese environment

N11-Mn1-N21b
N11-Mn1-N31
N11-Mn1-N31a
N11-Mn1-N41
N11-Mn1-N51
N21b-Mn1-N31
N21b-Mn1-N31a
N21b-Mn1-N41
N21b-Mn1-N51
N31-Mn1-N31a
N31-Mn1-N41
N31-Mn1-N51
N31a-Mn1-N41
N31a-Mnl1-N51
N41-Mn1-N51
Mn1-N11) N12
Mn1-N31-N32
Mn1-N41-N42
Mn1-N51-N52
Mnla-N31-N32
Mn1c-N21-N22
Mn1-N31-Mn2
Mn1-N11-Mn2b
Mnl1c-N21-Mn2
Mn2-N21-Mn2d

azido bridges
N11-N12-N13
N21-N22-N23
N31-N32-N33

79.3(1)
171.2(1)
91.8(1)
100.3(1)
102.8(1)
99.0(1)
80.7(1)
169.6(1)
93.2(1)
79.3(1)
79.8(1)
85.9(1)
88.9(1)
162.9(1)
97.0(1)
128.3(3)
118.9(2)
122.7(3)
129.2(3)
113.8(2)
116.4(2)
95.6(1)
103.0(1)
97.1(1)
98.3(1)

179.3(5)
178.5(5)
179.1(4)

Mn2-01
Mn2—N11lc
Mn2-N21
Mn2—-N21d
Mn2—N31
Mn2-N41
Mnl --- Mn2b
Mnl --- Mn2d

N12—-N13
N22—-N23
N32—-N33
N42—-N43
N52—-N53

O1-Mn2-Nllc
O1-Mn2-N21
O1-Mn2-N21d
O1-Mn2-N31
O1-Mn2-N41
N1lc-Mn2-N21
N1lc-Mn2-N21d
N11c-Mn2-N31
N1lc-Mn2-N41
N21-Mn2-N21d
N21-Mn2-N31
N21-Mn2-N41
N21d-Mn2-N31
N21d-Mn2-N41
N31-Mn2-N41
Mn2-N21-N22
Mn2-N31-N32
Mn2-N41-N42
Mn2b-N11-N12
Mn2d-N21-N22
Mn1-N31-Mnla
Mn1-N41-Mn2
Mnla-N31-Mn2
Mnlc-N21-Mn2d

N41-N42-N43
N51-N52-N53

2.187(3)
2.187(3)
2.286(3)
2.304(3)
2.301(3)
2.201(3)
3.447(2)
3.472(2)

1.135(5)
1.127(5)
1.118(5)
1.141(5)
1.167(5)

97.6(1)
94.2(1)
165.0(1)
85.3(1)
89.3(1)
80.5(1)
95.9(1)
173.7(1)
104.7(1)
81.7(1)
93.7(1)
173.3(1)
80.6(1)
93.4(1)
80.8(1)
119.3(2)
123.9(2)
128.4(2)
124.9(3)
122.2(3)
100.7(1)
101.8(1)
99.7(1)
98.8(1)

179.0(4)
178.4(5)
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Ring-Hydrogen Participation in the Keto — Enol Isomerization of the
Acetophenone Radical Cation

Marcelo Sena and José M. Riveros*[?

Abstract: Molecular ions obtained from
acetophenone have been observed to
undergo proton transfer reactions in
competition with unimolecular black-
body dissociation in a Fourier transform
ion cyclotron resonance spectrometer
provided with an in situ high temper-
ature blackbody source. The ionizing
energy dependence of these two proc-

blackbody induced dissociation. Experi-
ments with labeled acetophenone either
on the methyl group or on the ring
reveal that the enol ions can transfer
both H* and D* suggesting that the
mechanism responsible for the tautome-
rization process of these radical cations
may involve scrambling of the methyl
and ring hydrogens, or more than one

mechanism. Theoretical calculations at
the B3LYP level predict that the most
favorable pathway for unimolecular iso-
merization of the keto ion involves
initial migration of an ortho hydrogen
to the carbonyl. The subsequent rear-
rangement to the enol form is calculated
to require enough internal energy that
would allow hydrogen walk around the

esses and generation of the enol molec-
ular ion by fragmentation of butyrophe-
none reveal that the keto ion undergoes
blackbody dissociation exclusively while
the enol ion promotes fast proton trans-
fer reactions and undergoes very slow

merizations

Introduction

Keto - enol tautomerization plays a key role in the mechanism
of several important reactions involving carbonyl compounds
that are subject to acid —base catalysis.['l The general thermo-
dynamic and kinetic features associated with the tautomeri-
zation process have been extensively studied over the years,
and this field remains as one of the classical areas of
investigation in physical organic chemistry.”l For neutral
species, it is well known that the keto tautomer is generally the
more stable form except in f-dicarbonyls systems where
intramolecular hydrogen bonding is responsible for the enol
tautomer being the energetically preferred species.

Keto and enol tautomers of gas-phase radical cations have
also been the subject of much interest and research activity.
The two isomers can often be independently generated by
specific ionization routes allowing for their individual char-
acterization through mass spectrometric experiments. For
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benzene ring in agreement with the
experimental results. The possibility that
isomerization may also occur by a direct
1,3-hydrogen migration is also explored
in terms of possible excited electronic
states of the ion.

example, keto isomers of ketones are obtained by ionization
of the parent carbonyl system, while the corresponding enol
ions are generated from rearrangement processes occurring in
the unimolecular fragmentation of larger precursor molecular
ions.> 4 An overview of some of the main aspects regarding
the energetics and mechanisms of unimolecular keto-enol
isomerization of simple gas-phase ions can be found in a
presentation by Schwarz some years ago.P!

Unlike neutral species enol radical cations are generally
more stable than the keto isomer, but interconversion of the
keto form to the enolic species is not necessarily a facile
process since a substantial energy barrier may separate these
isomers. For example, the unimolecular tautomerization of
the acetone radical cation must proceed through a symmetry
forbidden 1,3-hydrogen migration entailing an activation
energy much higher than that required for the dissociation
of the keto isomer.®7] On the other hand, keto—enol
tautomerization of gas-phase ions becomes considerably more
favorable in cases where the isomerization can proceed by a
sequence of 1,4-hydrogen migrations, or formation of inter-
mediate ion-neutral complexes, as demonstrated for the case
of esters by a variety of experimental techniques.®l In all of
these cases the investigation of keto—enol isomerization of
gas-phase radical cations has been restricted to unimolecular
processes. A completely different and novel approach for
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promoting keto—enol tautomerization of gas-phase ions has
been recently reported based on a bimolecular mechanism
equivalent to a gas-phase catalysis by a suitable base.’! This
bimolecular mechanism has been shown to yield dramatic
changes in the energy profile of the reaction.

We have recently reported a method to study the dissoci-
ation of gas-phase ions by thermal radiation using a high
temperature (7> 1000 K) blackbody source.®l This method-
ology coupled with simulations of the dissociation process via
a master equation approach was used to determine the
dissociation energy of the acetophenone molecular ion
C:HsCOCH;™ which fragments to the benzoyl cation
C¢HsCO™ and the methyl radical. In the course of these
experiments it became apparent that both keto and enol
radical ions of acetophenone are likely to be formed upon
ionization of acetophenone, and that their reactivity and
ability to undergo blackbody induced dissociation display
significant differences. Since neither the energetics nor the
mechanism of the keto—enol isomerization of acetophenone
radical cations are well understood, a combined experimental
and theoretical approach was developed to characterize this
process and to explore the unique capabilities of blackbody
induced dissociation and ion/molecule reactivity to aid in the
elucidation of the ionic structures for this case. While specific
ion/molecule reactions have been previously used to distin-
guish keto and enol isomeric ions'! the present study
represents a novel use of blackbody induced dissociation!'?
that may be used as a complementary technique for decipher-
ing the structure of ions.

The simultaneous formation of keto and enol cations
directly upon ionization of acetophenone had not been
previously proposed prior to our earlier work.l'"? Enol radical
cations of acetophenone C;H;C(OH)=CH,"* had been gen-
erated in early mass spectrometric experiments from the
fragmentation of alkylphenylketones!™® and their structure
confirmed by ion kinetic energy spectroscopy. Further work
with enol ions obtained from deuterated butyrophenones
strongly suggested that dissociation of the C;H;C(OH)=CH, "
ion to yield a methyl radical and C¢gH;CO™* involves migration
of a ring hydrogen over to the methylene group.!'*! This
finding is similar to the ring-hydrogen participation encoun-
tered in the dissociation of CCH;COOH™" ions obtained from
ethyl benzoate.l™! Yet, a different conclusion regarding ring-
hydrogen participation was proposed from a direct investiga-
tion of the molecular ion of 1-phenylethenol CH;C-
(OH)=CH,.'¥l In this case the fragmentation pattern ob-
served for isotopically labeled 1-phenylethenol shows no
apparent evidence for hydrogen exchange between the
aromatic ring and the enol system prior to dissociation. Thus,
reconciling the available data for acetophenone still remains
an interesting challenge in gas-phase ion chemistry. In the
meantime a very recent preliminary communication has
reported the catalyzed isomerization of the acetophenone
keto molecular ion to the enol form by a 1,3-hydrogen
migration in contrast with the unimolecular isomerization
claimed to proceed via a 1,4-hydrogen migration.['?37]

The present report describes the study of keto and enol
radical cations of acetophenone in a Fourier transform ion
cyclotron resonance spectrometer. The reactive behavior
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observed for these ions obtained from deuterated acetophe-
nones clearly shows participation of ring hydrogens in the
keto—enol isomerization process of the acetophenone mo-
lecular ion. Likewise, theoretical calculations using density
functional methods predict that the lowest energy pathway for
this tautomerization process involves ring hydrogens.

Methods

Experimental procedures: Experiments were carried out in a homemade
FT-ICR spectrometer operating at magnetic fields in the vicinity of 1 T and
whose general features have been described in recent publications from this
group.l'> ¥l The basic experimental procedure was similar to that used in
our work on the dissociation of the molecular ions of acetophenone
induced by thermal radiation.'®] Shortly, ions were produced directly in a
15.6 cm’ cubic cell by electron impact in two different ways: a) pulsing the
voltage on the filament from +10 V to the ionizing energy chosen for the
particular experiment resulting in 20 to 50 ms ionization pulse (depending
on the pressure); b) pulsing the current of the filament for periods of 200 to
400 ms. This latter mode of operation is essential for detailed studies of the
dissociation process since the light emitted by the filament in procedure a)
was shown to be capable of promoting the complete dissociation of the
molecular ion of acetophenone in about 2 s. Thus, method a) was used
primarily for qualitative studies or in cases where dissociation of ions by
background radiation is negligible. On the other hand, method b) was used
for studying ion/molecule reactivity either in the absence of a high
temperature blackbody radiation source, or in the presence of a controlled
source of blackbody radiation as described below.

Studies of the dissociation of molecular ions induced by thermal radiation
were carried out in a controlled fashion by using a heated tungsten ribbon
(0.0025 cm x 0.076 cm) mounted outside the ICR cell about 0.5 cm from
one of the receiver plates. A cylindrical opening in this plate allows the ions
to view the radiation emitted by the tungsten wire. As in our previous
experiment!!®l this heated wire acts as in situ lamp with the temperature of
the radiation (approximately in the 1000 to 1900 K range) controlled by the
current applied to this wire via an external circuit.

Comparison of the simultaneous unimolecular and bimolecular kinetics of
the molecular ion of acetophenone (m/z 120 of whatever structure)
requires careful consideration of the experimental parameters. Molecular
ions of acetophenone CgHiO™ (m/z 120) were isolated at variable times
after ion formation (200 to 700 ms) by ejection of the m/z 105 (CgHsCO™)
and 106 (*CCsHs;CO™) ions from the cell. The amplitude of the ejection
radio-frequency pulse was maintained at the lowest level compatible with
ejection of the ions. On the other hand, the m/z 121 ions, a mixture of
(CiHsCOCH;)H* and *CC,;HzO*, were not ejected in order to avoid any
undesirable excitation of the molecular ion (m/z 120). Thus, the kinetics
recorded for the m/z 121 ion reflect a combination of two processes:
i) blackbody induced dissociation of the *CC,HzO" ions (m/z 121.06086),
and ii) formation of CgHyO" ion (m/z 121.065335) by ion/molecule
reactions. These two signals cannot be resolved at the magnetic fields used
in our instrument and with the type of cell adapted for the in situ high
temperature blackbody radiation. However, noticeably at the highest
radiation temperatures used in our experiments (~ 1800 K), the intensity of
the m/z 121 initially decays (due to dissociation) and eventually increases at
longer reaction times due to ion/molecule reactions. (See Experimental
Results).

Acetophenone (BDH Chemicals, Poole, England), 99.3% [D;]acetophe-
none C,H;COCD; (Isotec), C(DsCOCHj; (Isotec), butyrophenone (Al-
drich), a,a,a,-trifluoroacetophenone (Aldrich), 2,6-difluoroacetophenone
(Aldrich), and benzophenone (Aldrich) were subjected to freeze, pump
and thaw cycles prior to use. Their conventional mass spectra revealed no
detectable impurities. Additional experiments were carried out with 3,5-
C¢H;D,COCH,; kindly provided by Prof. Helmut Schwarz of the Technical
University of Berlin.

Pressure was measured with an ion gauge located between the cell and the
turbomolecular pump of the high vacuum system of the spectrometer.

Molecular orbital calculations: Calculations were carried out with the
Gaussian 941! and Gaussian 98] suite of programs running on an
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AlphaDEC 300 MHz workstation, or on a PC/Pentium II 350 MHz using
Linux. Different model chemistries were used for comparison of the keto
and enol acetophenone cations, and to calculate the dissociation energy of
the keto molecular ion. However, a full investigation of the different
intermediate species and transition states relevant to the keto-enol
tautomerization was only feasible with the available computing facilities by
using density functional methods.

Structures were initially optimized at the HF/6-31G levels, and these results
were then used for DFT calculations using the B3LYP hybrid density
functional method.””! A more refined approach was then employed for the
final geometry optimization and frequency calculations by using the split-
valence 6-31G(d,p) basis set without any symmetry restrictions for the
structure of the ions. The final energy calculations with these optimized
geometries included diffuse functions leading to calculations at the B3LYP/
6-31 4 G(d,p)//B3LYP/6-31G(d,p) level. A scaling factor of 0.98 was used
for calculating the zero-point energies (ZPE).?2l The CBS-4 model
chemistry®! method was also used for calculations involving the thermo-
chemistry of the keto and enol ions of acetophenone in order to compare
these values with the results predicted by DFT.

Several approaches were used to optimize the structure of the different
transition states including the STQN method.”l Calculation of the
geometry for the transition state TS1/8 required an analytical calculation
of the force constants in the final optimization due to the low internal
rotation barrier for the methyl group. The fact that optimized transition
states correspond to the desired transition states was confirmed by
verifying the atom displacements associated with the normal mode with
an imaginary frequency. In cases where this was not conclusive calculations
included a reaction path following procedure. This confirmation was found
to be essential since the optimization methods would frequently yield
transition states connecting two different conformations rather than the
one connecting different stable ionic species.

Experimental Results

Unimolecular dissociation induced by thermal radiation
versus proton transfer reactions for CzgHgO™" ions obtained
by electron impact from acetophenone: Our previous experi-
ments['®l showed that blackbody induced dissociation of the
long-lived molecular ions of acetophenone competes with a
bimolecular reaction between CgHgO'" ions and neutral
acetophenone (PhCOMe) that yields protonated acetophe-
none. This is illustrated in Figure 1 where m/z 120 ions
isolated in the ICR cell after the ionization pulse are observed
to undergo both processes in the presence of the high
temperature radiation emitted by our in situ blackbody
source (~1800K). The two reactions are displayed in
Equation (1) where the dissociation channel is represented
as an infrared multiphoton process driven by the blackbody
incoherent radiation described by Planck’s distribution law.

CgHyO™* (miz 120) + nhig —PhCO* (m/z 105) + *CH, (1a)

CgH,O** (miz 120) + PhACOMe —(PhCOMe)H* (m/z 121) + CH,O** (1b)

Isolation of PhCO™ ions after completion of reaction (1a)
reveals that these ions do not undergo further ion/molecule
reactions to yield (PhCOMe)H* ions.

The ion/molecule reaction leading to protonated acetophe-
none is a minor channel at electron energies close to the
ionization energy of the neutral precursor but the contribu-
tion of the bimolecular channel (at a given pressure) increases
significantly at higher electron energies. Figure 2 displays the
relative yields of the m/z 105 ion (resulting from the thermal
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Figure 1. The competitive kinetics of the unimolecular blackbody induced
dissociation 7'~ 1800 K of acetophenone molecular ions (m/z 120) to yield
the benzoyl cation (m/z 105) with bimolecular ion/molecule reaction with
neutral acetophenone to yield protonated acetophenone (m/z 121).
Experiment carried out at p=8.6 x 10~ Torr and with ions produced at
an electron energy of 11 eV. Notice that at these radiation temperatures
there is an initial decay of the signal due to m/z 121 ions as a result of the
fast dissociation of BCC,HgO** ions.
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Figure 2. Relative yields of blackbody induced dissociation and ion/
molecule reaction of the CgHgO** ions as a function of electron energy at
an acetophenone pressure of 7.7 x 1078 Torr.

radiation induced dissociation of PhCOMe**) and that of
protonated acetophenone m/z 121 (resulting from ion/mole-
cule reactions) obtained in a series of experiments at a
constant nominal pressure of 7.7 x 1078 Torr and as a function
of the ionizing energy.?! It is clear that reaction (1b) becomes
increasingly important as the electron energy is progressively
raised from 10 to 30 eV, and that the branching ratio remains
essentially constant at electron energies above 30 eV. The
relative yields shown in Figure 2 exhibit negligible pressure
dependence in the 10~ Torr pressure range. An extension of
this type of experiment to a wider pressure range is not
straightforward since careful consideration is required of the
extent of the two processes occurring prior to ion isolation.
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The electron energy dependence of processes (1a) and (1b)
is a strong indication that different isomeric ions could be
responsible for the dissociation (1a) and for the ion/molecule
reactions (1b). Furthermore, this electron energy dependence
is consistent with the fact that at electron energies close to the
ionization energy only the keto molecular ion is formed
whereas isomerization to a different structure requires either
excess vibrational excitation of the molecular ion to overcome
an energy barrier, or populating an excited electronic state of
the molecular ion.l?®! Figure 2 also provides a rough estimate
of the fractional yield of the long-lived isomeric species
formed upon ionization at different electron energies.?”

Further support for our conclusion regarding the behavior
of two distinct isomeric species was obtained from experi-
ments performed with [D;]C,H;COMe (see also below). In
this series of experiments ions generated at 20 eV at a pressure
of 1.3 x 1077 Torr by pulsing the filament current during
250 ms with subsequent isolation of CgH;OD; ions, reveal the
following behavior:

a) In the absence of the infrared radiation provided by our in
situ lamp only a fraction of the molecular ion population
(44%) of [Djlacetophenone disappears with the ion/
molecule reactions while 56 % of the initial population
remains unreactive.

b) In the presence of infrared radiation the amount of m/z
105 ion (PhCO") produced by thermal dissociation
amounts to 58 % of the initial molecular ion population.!

These results are shown in Figure 3 and provide a strong
indication that only the nonreactive molecular ions undergo
blackbody induced dissociation under our experimental
conditions.

The above observations are consistent with the idea that a
mixture of keto and enol molecular ions is formed at electron
energies well above the ionization energy, and that these
isomers display different behavior with respect to their ion/
molecule reactivity and thermal dissociation. The fact that
enol cations are prone to undergo fast proton transfer
reactions has been previously explored in identifying
C;H,O"* and C,H,O"* enol ions from their keto tautomers.!]
Thus, reaction (1b) could be considered consistent with the
expected behavior of enol CgH;O** ions. However, we also
considered the possibility that reaction (1b) could result from
a combination of proton transfer from the enol ion to the
neutral molecule, and hydrogen atom transfer from the
neutral substrate to the original keto molecular ion. Pressure
dependence experiments show no evidence to support the
latter conjecture. Furthermore, experiments carried out by
selecting CgH;O ™ ions obtained from acetophenone at 9.3 eV
and 1.5 x 1077 Torr, and allowing them to react with [Dg]ace-
tone at a partial pressure of 1.22 x 10~7 Torr show unequiv-
ocally that no (PhCOMe)D™ is produced by ion/molecule
reactions. Thus, it can be safely concluded that reactions like
those shown in process (1b) proceed by proton transfer and
not by an atom transfer mechanism at least from the methyl
group of the neutral substrate.

Behavior of CgHgO™ ions obtained from butyrophenone
(CcH5COC;H,): Further proof regarding the simultaneous
formation of keto and enol molecular ions upon ionization of
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Figure 3. Reactivity of the m/z 123 ions (molecular ions) obtained from
[D5]PhCOMe at 20 eV and at a pressure of 1.3 x 10~ Torr. a) Reactivity in
the absence of our high temperature blackbody source showing that only a
fraction of the ions react by H* and D* transfer. b) Reactivity under the
effects of the in situ radiation source. Notice that the unreactive fraction of
part a) is fully dissociated to m/z 105 while the extent of H and D™ transfer
remains the same as in a).

acetophenone can be obtained by generating the enol ion
directly. Butyrophenone was used as a source of enol radical
ions of acetophenone in some preliminary experiments.['’)
Fragmentation of the molecular ion of butyrophenone is
known to provide a convenient way to generate enol CgH;O*
ions as a result of a McLafferty type rearrangement.?’]

PhCOPr+ e~ — PhCOPr* (m/z 148) + 2~ (2a)

— PhC(OH)CH,** (m/z 120) + C,H, + 2~ (2b)

Figure 4 displays the reactivity of m/z 120 ions (at
x 1078 Torr) produced from butyrophenone by electron
impact. This experiment shows that these ions react exclu-
sively by proton transfer to the parent molecule to yield
(PhCOPr)H" (m/z 149). Unlike the ions identified as the keto
molecular ions, the m/z 120 enol ions do not undergo
blackbody induced dissociation (#/z 105) in the presence of
the radiation emitted by the filament of our ion source. Thus,
these experiments clearly support our contention that
CgHgO™ enol ions (m/z 120) undergo very slow thermal
radiation induced dissociation, if any, but react readily by
proton transfer.
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Figure 4. The kinetics of the m/z 120 ion obtained from butyrophenone by

electron impact at a pressure of 3 x 108 Torr at a cell temperature of 365 K
and in the absence of our high temperature blackbody radiation source.

Experiments with C{H;COCD;, C,DsCOCH;, and 3,5-
C¢H;D,COCHj;: Preliminary experiments carried out with
[D;]JPhCOMe revealed that its molecular ion behaves in a
similar way to that described for normal acetophenone.['%l For
example, the blackbody induced dissociation is characterized
by an activation energy identical to that of PhCOCHj; within
experimental error and gives rise exclusively to PhnCO™ (m/z
105). On the other hand, the corresponding reaction (1b)
yields some interesting results.

Experiments with [D;]PhCOMe reveal that a fraction of the
CgHsD;O™ ions (presumably the enol form tautomer) pro-
motes both proton and deuteron transfer to yield
[PhCOCD;]H* and [PhCOCD;]D", respectively (see Fig-
ure 3). Measurements carried out at different electron ener-
gies and pressures yield a (H*/D*) transfer ratio of 0.89 +
0.12; this clearly indicates the presence of a scrambling
mechanism between the deuteriums of the methyl group and
the phenyl hydrogens. The uncertainty in this ratio is largely
connected with the fact that upon selection of the CgH;D;0™
ions (m/z 123), the neighboring m/z 124 ions (a mixture of
C¢H;D;OH* and B*CC,H;D;0*") are not ejected to avoid
excitation of the primary molecular ion.

The ability of CgH;D;0** enol ions to promote both proton
and deuteron transfer was also verified using benzo-
phenone CH;C(O)CsHs at
6.5 x 10~ Torr as the neutral
substrate. While the resulting
kinetics are considerably more
complicated in this case, be-
cause of a competing charge
transfer reaction and a substan-
tial contribution from the *C of

ol

the molecular ion, the proton/ 20"

deuteron transfer ratio is sim- + CHj

ilar to that measured in neat 6 7 .
[D;]PhCOMe.

The results described in the
previous paragraphs led us to
further explore this apparent
scrambling mechanism of meth-

8

radical.
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yl and ring hydrogens in the tautomerization process of
CH;O** ions as detected by reactions analogous to (1b). For
[Ds]JPhCOMe the proposed enol molecular ions are also
found to transfer proton and deuteron to neutral
[Ds]JPhCOMe. At 40 eV the (H*/D*) transfer was measured
to be in the range of 2.2 + 0.5 with the uncertainty reflecting
the nagging problem associated with ions characterized by
overlapping m/z ratios.

The question as to whether there is some specific prefer-
ential hydrogen (or deuterium) ring position that is respon-
sible for our results above was further probed with acetophe-
none labeled with deuterium at the meta position of the ring
3,5-[D,]JPhCOMe. Similar experiments to those described
above reveal that the enol molecular ion of 3,5-[D,]PhCOMe
is again involved in transferring both proton and deuteron to
the neutral substrate. In this case the (H"/D™) transfer is > 15.

Additional experiments: While changing the chemical nature
of the substituents in the acetophenone system may introduce
considerable changes in the keto-enol tautomerization
energy surface, a particular set of experiments yields some
interesting results that are relevant to our present discussion.
At 40 eV, molecular ions obtained from C;H;COCF; undergo
facile blackbody induced dissociation but exhibit negligible
proton transfer reactions. By comparison, a significant
fraction of the molecular ion obtained from 2,6-
C¢F,H;COCH; at 40 eV undergoes proton transfer reactions
in competition with blackbody induced dissociation.

Theoretical Results

Our molecular orbital calculations were directed primarily
towards a theoretical characterization of the possible path-
ways for keto—enol tautomerization of acetophenone radical
cations that might account for the experimental observations.
Scheme 1 shows a qualitative picture of the different
pathways that were investigated by theoretical calculations
and which were deemed to be relevant in characterizing the
energy surface of the acetophenone molecular cations. These
include:
a) dissociation of the keto radical cation of acetophenone 1 to
yield the benzoyl cation 6 and the methyl radical 7;

C,
© on, JSVA ©)\ TS112 @CHZ CHy _ @
4
TS1/5
TS1/8

TS2/5

OH —|+'
TS8/5 He

OHt /

CH,

Scheme 1. The possible pathways for tautomerization of the keto molecular ion of acetophenone that were
explored by theoretical calculations in comparison with simple dissociation into the benzoyl cation and the methyl
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Figure 5. The optimized geometries calculated for the three lowest energy species in the acetophenone molecular ion energy surface: the keto molecular ion
1, C, symmetry, ¥ C1-C2-C3 =124.9°, £ C1-C2-O = 124.1°, ¥ C1-C2-C3-0 = — 177.5°, ¥ C4-C3-C2-0 = —40.1°, ¥ C4-C3-C2-C1 = 142.4°, r(C2-0) =123 A;
the enol molecular ion 5, C; symmetry, ¥ C1-C2-C3 =124.1°, ¥ C1-C2-O =113.8°, ¥ C2-O-H1 =113.1°, ¥ H2-C1-H3 =119.1°, ¥ C1-C2-C3-O = 177.8°, ¥ C4-
C3-C2-0 = —18.1°, ¥ C4-C3-C2-C1 =159.6°, ¥ C3-C2-0O-H1 = — 8.8°, ¥ C3-C2-C1-H2 = 0.1°, (C2—0) = 1.32 A, (O—H1) = 0.97 A; a distonic ion 8 obtained
by migration of a ring hydrogen to the carbonyl oxygen, C, symmetry, ¥ C1-C2-C3=125.1°, ¥ C1-C2-O = 114.5°, £ C2-O-H1 =112.2°, /(C2-0)=129 A,

r(O-H1)=0.98 A.

b) direct isomerization of 1 to the enol radical cation 5 by a
1,3-hydrogen migration;

c¢) isomerization of 1 to the distonic ion 8 by a 1,4-hydrogen
migration from the ortho position of the ring to the
carbonyl oxygen;

d) isomerization of the distonic ion 8 to the enol cation 5 by a
1,4-hydrogen migration from the methyl group to the ortho
position in the ring;

e) isomerization of 1 to a distonic ion 2 by a 1,4-hydrogen
migration from the methyl group to the ortho position in
the ring;

f) isomerization of the distonic ion 2 to the enol cation 5 by
proton transfer from the ortho position of the ring;

g) isomerization of 1 to a benzene-ketene ion/molecule
complex 4;

h) structures 3 and 4 resulting from a hydrogen ring walk
mechanism® in the distonic ion 2.

The optimized geometries for the lowest energy species
calculated to be stationary points in Scheme 1 are shown in
Figure 5 while the geometries of the important transition
states are shown in Figure 6. The calculated electronic
energies and zero-point energies (ZPE) obtained at the
B3LYP/6-31 + G(d,p) level are shown in Table 1 which also
includes the calculated energies for neutral acetophenone and
neutral 1-phenylethenol at the same level of theory for the
purpose of comparison.

The optimized geometries of the keto 1 and enol 5 ions
reveal some interesting features. In both cases the oxygen
atom is found to be considerably tilted away from the plane of
the benzene ring: 40° in the keto form and 18° in the enol

TS1/5 TS1/8

Figure 6. The optimized geometries calculated for the low lying transition states in the acetophenone molecular
ion energy surface: TS1/5, C, symmetry, ¥C1-C2-C3=136.8°, ¥xC1-C2-0=96.8°, ¥xC2-O-H1=285.9°,
r(C2-0) =130 A, r(O-H1)=1.29 A, r(C1-H1) =139 A; TSI/8, C, symmetry, £ C1-C2-C3 =128.7°, ¥ C1-C2-
0=118.9°, ¥xC2-O-H1 =98.5°, (C2-0)=1.27 A, ((O—H1) =128 A, r(C4—H1) =134 A; TS8/5, C, symmetry,
¥C1-C2-H2=92.3°, r(C2-0)=1.30A,

¥C1-C2-C3=113.3°, ¥C1-C2-0=125.1°, ¥C2-O-H1=113.1°,
r(O—H1)=0.97 A, /(C1-H2) =139 A, r(C4-H2) =1.35 A.
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Table 1. Electronic energies (in au), zero-point energies (in kJmol!) and
relative energies (in kJmol™') for the different structures in Scheme 1.
Calculations carried out at the B3LYP/6-31 + G(d,p)//6 -31G(d,p).1!

Structure Electronic ZPE/ kJmol~! Relative
energy/ au energies/ kJ mol ™!
1 —384.596351 350 0
2 — 384.558565 346 95
3 — 384.558506 345 95
4 —384.555759 347 104
5 —384.608830 355 —28
6 —344.704595 256 -
7 —39.847331 77 -
6+7) —384.551926 332 99
8 —384.577506 354 53
TS1/2 — 384.522868 335 178
TS1/5 —384.537437 340 144
TS1/4 —384.506272 332 219
TS2/5 —384.543617 338 127
TS1/8 —384.548701 335 110
TS5/8 —384.923929 340 127
Neutral 1 —384.923929 355 — 855
Neutral 5 —384.898791 356 — 788

[a] See Scheme 1 for identifying the different structures.

form. By comparison, the distonic structure 8 retains the C
symmetry of neutral acetophenone.

The present calculations predict the enol cation of aceto-
phenone to be more stable than the keto form at 0 K by
28 kJmol~!. This agrees with the general trend found for
radical cations even though the calculated difference in
stability between the two tautomers is somewhat less than
that found in simple aliphatic ketone systems (40 to
50 kImol ).l By comparison,
the dissociation energy of the
acetophenone keto molecular
ion 1 is predicted to be
99 kI mol !, a value higher than
the experimental value of
80.5+3 kJmol~! derived from
our previous experiments.['%
TS8/5 The results obtained for neutral
keto and enol acetophenone
also agree with the expected
trend but estimate the keto
neutral isomer to be more sta-
ble than the enol by 67 kJ mol~.
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This difference is higher than the value of 41 kJmol™!
estimated from a combination of gas-phase and solution
experiments.'®! Thus, a preliminary analysis of our results
suggests that our calculations on the keto and enol forms are
probably correct within 15 kJmol~! but are likely to over-
estimate the stability of the keto radical cation and the keto
neutral form. The fact that these energy differences are
sensitive to the method of calculation can be seen in Table 2.

Table 2. Electronic energies (in au), zero-point energies (in kJ mol~') and
relative energies (inkJmol™!) for the most important structures in
Scheme 1 calculated at the CBS-4 level.

Structure Electronic ZPE/ kJmol™! Relative
energy/ au energies/ kJ mol~!
1 —382.302972 353 0
5 —382.314417 353 —69
6 —342.697365 259 -
7 —39.573785 75 -
6+7) —382.271150 334 77

At the CBS-4 level, the dissociation energy of the keto radical
cation is calculated to be 77 kI mol~!, while the enol cation is
predicted to be 69 kJ mol~! more stable than the keto isomer.
Unlike the DFT results, the values obtained by this latter
methodology apparently underestimate the stability of the
keto radical cation. In conclusion, this comparison provides a
general guideline for the expected accuracy of the calculations
on these systems.

A general energy profile of the processes investigated in
our calculations is shown in Scheme 2. This scheme shows that

4 kJ mol™1

TS1/4

200

50

-50 L

Scheme 2. A relative energy profile of the acetophenone molecular ion
surface using the keto molecular ion as the reference point. The different
species are identified in Scheme 1.

a 1,4-hydrogen migration leading from the keto cation 1 to the
distonic ion 8 is the lowest isomerization energy pathway on
the electronic ground state surface, and that the activation
barrier for the isomerization is comparable to the dissociation
energy of the ion. Furthermore, this pathway is characterized
by a considerably lower activation energy than the direct keto
to enol tautomerization involving a 1,3-hydrogen migration

Chem. Eur. J. 2000, 6, No. 5
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1—5. This latter process is calculated to have an energy
barrier of 144 kJmol~!, a value which is considerably higher
than the dissociation energy, but in line with a value of
165 kJmol~! calculated for the 1,3-hydrogen migration in the
acetone ion.P!

Formation of the enol cation from the distonic ion 8
requires a second 1,4-hydrogen migration for which the
transition state (TS5/8) is calculated to lie at 127 kJmol .
At this level of internal energy, our calculations predict that
not only the hydrogen migration required for the isomer-
ization 5 —8 becomes accessible but so does the pathway to
form the distonic structure 2, and presumably the isomers (3
and 4) obtained via H-ring walk. While we have not computed
this barrier, high level calculations for protonated benzene
show that the barrier for scrambling the hydrogens amounts to
34.5 kImol~152 An even lower energy barrier (9.2 kImol™!)
for the H-ring walk has been recently calculated for sub-
stituted benzenes.[?* The fact that these distonic structures are
within the energy range of the lowest pathway for intercon-
version of the keto and enol ion suggests a mechanism by
which methyl and ring hydrogens could scramble during the
tautomerization of acetophenone molecular ions.

Discussion and Conclusion

The experimental data clearly suggests that at electron
energies considerably above the ionization energy, a mixture
of long lived keto and enol radical cations are formed upon
ionization of acetophenone. Given the nature and time scale
of FT-ICR experiments, this conclusion refers to the fraction
of ions that survived conventional mass spectrometric and
metastable fragmentation. This aspect is emphasized because
the fraction of surviving molecular ions is considerably less
than the m/z 105 fragment ions at electron energies above the
ionization energy.

The two long lived isomeric molecular ions of acetophe-
none have been shown to exhibit very different behavior with
respect to blackbody induced dissociation, proceeding readily
for the keto cation but at a negligible rate for the enol form.
This latter feature is apparent even when our in situ black-
body source operates at its highest radiation temperature.

The enol radical cation of acetophenone is capable of
promoting proton transfer to the parent neutral molecule but
deuterium substitution suggests that formation of the enol ion
proceeds through mechanisms involving both methyl and ring
hydrogens. The consistent results obtained for blackbody
induced dissociation and proton transfer as a function of
pressure strongly suggest that the enolization process ob-
served in our case is unimolecular in nature and not a result of
a bimolecular process such as that reported in references [9]
and [17]. This conclusion is further reinforced by the results
obtained at low electron energies (9.5 to 10 eV) where almost
exclusive generation of the keto cation is achieved. As shown
in our previous experiments!'® the blackbody dissociation
process at these electron energies is essentially independent of
pressure within the experimental error of the experiment.

The energy profile shown in Scheme 2 predicts that the
unimolecular tautomerization of the acetophenone radical
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cation on the ground electronic states should proceed
preferentially by initial transfer of a ring hydrogen onto the
carbonyl oxygen to yield a distonic ion 8. The subsequent 1,4-
hydrogen migration from the methyl group to the ring would
then yield the enol radical cation. However, this pathway
8 —5 demands enough internal energy (127 kJ mol~! accord-
ing to our calculations) to allow the nascent enol cation to
undergo randomization of the methyl and ring hydrogens via
formation of the distonic ion 2, and the other isomers resulting
from a H-ring walk. This would account for the observation
that deuteriums from the meta position in the ring can be
incorporated in the enol form.’ Nevertheless, the fact that
this multi-step isomerization process is calculated to involve
higher activation energies than simple bond cleavage for
dissociation leads to the prediction that keto—enol isomer-
ization should be much less favorable than dissociation. This
certainly seems to be the case as only a fraction of the
molecular ions of acetophenone have been identified in our
experiments as to correspond to the enol cation.

The general mechanism suggested by our calculations
agrees with the experimental observations regarding partic-
ipation of ring hydrogens in the enolization acetophenone
radical cations and support the idea of 1,4-hydrogen migra-
tions. However, proton (or deuteron) transfer is still observed
to occur preferentially from the methyl group for
[D;]JPhCOMe and [Ds]PhCOMe. While the relative (H*/D*)
transfer observed in these cases may result from a combina-
tion of isotopic effects in a multi-step mechanism, the
preference for H* or D™ transfer originating from the methyl
group, and the results obtained with PhCOCF;** (no apparent
enolization) and 2,6-C,F,H;COCHj; (substantial amount of
enolization) suggest that keto—enol isomerization in aceto-
phenone ions may occur through more than one mechanism.
A proton (or deuteron) scrambling mechanism of the enol ion
in the collision complex of the ion/molecule reaction seems
unlikely since the difference in energies between isomers 5
and 2 is much larger than that resulting from the ion-neutral
association in the complex. Likewise, the recent proposal that
fluorine ring walk is possible in aromatic systems®! entails a
high activation energy that appear inconsistent with the
results obtained with PhCOCF; and C,FsCOCH;.

The facts mentioned above require careful consideration of
other possible mechanisms that can contribute to the to keto—
enol isomerization of acetophenone ion. A direct isomer-
ization process 1 —5 via a 1,3-hydrogen migration would be an
attractive competing mechanism that would account for the
experimental observations. Yet, this seems unlikely on the
basis of our calculations and previous studies on acetone,?!l
since a high activation energy is required for this isomer-
ization process to proceed on the electronic ground state
surface of the ion. A different situation may arise if the 1 —5
isomerization is allowed to proceed through an electronically
excited state of the ion. The photoelectron spectrum of
acetophenone reveals ionization bands from different m
molecular orbitals at 9.38 and 9.8 eV, and from the oxygen
lone pair at 9.57 eV.?®l Thus, the molecular ion of acetophe-
none is expected to have at least two low lying excited
electronic states on which the 1,3-hydrogen migration may be
considerably more favorable due to orbital symmetry consid-
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erations if this isomerization process is viewed as a typical 1,3-
sigmatropic reaction.*! This possibility cannot be answered
by our theoretical calculations since multiconfiguration
references would be required to treat properly excited
electronic states of the ions. However, further theoretical
work is presently being explored in order to address this
question.

One additional question arises from our calculated energy
surface: Can proton transfer reaction occur from stable
distonic ions 8? While this possibility cannot be excluded,
we feel that it is unlikely that isomerization from the keto ion
to a higher energy species will take place when a pathway
becomes available for structure 8 to rearrange to the most
stable structure of this system, namely 5. This is particularly
true considering the fact isomerization must compete with the
low energy dissociation of the keto ion.

In summary, our experiments clearly indicate that black-
body induced dissociation of ions is not only useful for the
determination of dissociation energies, but can be used as an
analytical tool to distinguish isomeric ions in favorable cases.
Furthermore, the mechanism of keto—enol isomerization of
acetophenones radical cations has been shown to involve both
methyl and ring hydrogens and suggest further exciting
experimental and theoretical work to explore the possible
contribution of excited states in these ions.
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Polybenzimidazole as a Promising Support for Metal Catalysis:
Morphology and Molecular Accessibility in the Dry and Swollen State

A. A. D’Archivio,®! L. Galantini,®! A. Biffis,/‘! K. Jefabek,*?! and B. Corain*4l

Abstract: Polybenzimidazole (PBI) in
beaded form (250-500 um) has been
characterized in the dry state by scan-
ning electron microscopy (SEM), BET,
and nitrogen porosimetry. In the swollen

tetramethyl-4-oxo-1-oxypiperidine),

and pulse field gradient spin echo
(PGSE) NMR spectroscopy, toluene, in
tetrahydrofuran, ethanol and water. The
dry-state results are in good agreement

with the ISEC results obtained in tetra-
hydrofuran, toluene, and water with
regard to the 40—80 nm macroporosity.
The swelling-dependent surface area
and pore volume detected by ISEC in

state, it has been characterized by in-
verse steric exclusion chromatography
(ISEC) in tetrahydrofuran, toluene, and

ports
water, by ESR of TEMPONE (2,2,6,6-

Introduction

Macromolecular cross-linked supports are widely used in
synthesis and separations,!l in particular as catalysts for
numerous industrial processes, the most important of which is
the large-scale synthesis of methyl zert-butyl ether (MTBE)
from methanol and isobutene (22.6 million tons in 1996).124 In
addition, they are used as active supports for palladium metal
in the preparation of bifunctional catalysts comprising acid as
well as hydrogenation-active centers. Such catalysts are
employed, for example, in the industrial synthesis of methyl-
isobutyl ketone (MIBK) (Bayer catalyst OC 1038),%! where
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toluene and water reveal the amphiphil-

ic nature of PBI.
catalyst sup-

the acid centers catalyze the dimerization of acetone to
diacetone alcohol and its dehydration to mesityl oxide, which
is then hydrogenated on the metal surface to the end product.
Similar catalysts based on anion exchange resins (Bayer
catalysts K 6333 and VP OC 1063)*! are employed in
industrial heat-exchange units for the reduction of dioxygen
levels in water from ppm to ppb. Other applications include
an alternative route to MTBE (EC Erdolchemie process)?
and the etherification —hydrogenation of mixtures of unsatu-
rated hydrocarbons to give blends of alkanes and branched
ethers for the manufacture of unleaded petrol (BP Etherol
Process).l'

In comparison with their inorganic counterparts, synthetic
functional resins offer much better control of the functional-
ization chemistry. Typically, their skeleton is composed of
organic polymer chains interconnected by covalent cross-links
and therefore insoluble in any solvent.['l In the dry materials,
a detectable porosity can be observed only in so-called
macroreticular resins, polymerized in the presence of poro-
genic solvents, while the gel-type resins are glassy materials
with no detectable porosity in the dry state. However, after
absorption of suitable amounts of a liquid (either a solvent or
a reactant) capable of effectively solvating the polymer
chains, the swollen polymer network of both types exhibits
an extensive microporosity, thus providing high capacity for
supporting a variety of chemical functionalities.

Polybenzimidazolel! (PBI, Scheme 1) is a peculiar ‘resin’ in
that its lack of solubility in many solvents is not due to
covalent cross-links but to the structural rigidity of the
polymer chains, and perhaps to the presence of interchain
interactions through hydrogen bonds. PBI is particularly
stable to thermoxidation (up to 600°C), and is currently
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utilized in many high-temperature- and chemical-resistant
applications such as flame-retardant applications and ther-
mal-protective coatings. Other uses include the preparation of
membranes for product separations and the application in

Abstract in Italian: Polibenzimidazolo, in forma di sferule con
diametro 250-500 um e un grado di funzionalizzazione pari a
5.6 meq g™’ viene caratterizzato allo stato secco tramite SEM,
BET e porosimetria ad azoto, tramite cromatografia ISEC
(inverse steric exclusion chromatography) allo stato rigonfiato
in tetraidrofurano, toluene ed acqua, tramite la registrazione
dello spettro ESR della sonda paramagnetica TEMPONE
(2,2,6,6-tetrametil-4-osso-1-ossipiperidina) in toluene tetra-
idrofurano, etanolo e acqua e tramite spettrometria PGSE-
NMR in questa stessa terna di solventi. I risultati delle analisi
eseguite nello stato secco concordano apprezzabilmente con i
risultati ISEC ottenuti in tetraidrofurano, toluene ed acqua con
specifico riferimento alla macroporositd di 40—80 nm. I valori
di area superficiale e di porosita’ determinati tramite ISEC
dopo rigonfiamento in toluene ed acqua, rivelano un carattere
alquanto amfifilico del PBI.

Abstract in Czech: Perlovy polybenzimidazol (primer 250 -
500 um; stupen funkcionalizace 5.6 meqg™) byl v suchem
stavu charakterizovdn rastrovaci elektronovou mikroskopii a
adsorpci dusiku. Ve zbotnalem stavu inversni sterickou
exklusni chromatografii (ISEC) v prostredi tetrahydrofuranu,
toluenu a ve vode a ddle pomoci ESR s TEMPONE (2,2,6,6-
tetramethyl-4-oxo-1-oxypiperidin) a PGSE-NMR v toluenu,
tetrahydrofuranu, ethanolu a ve vode. Jak vysledky charakte-
rizace v suchem stavu, tak i ISEC v<tetrahydrofuranu, toluenu i
vode shodne indikovaly pritomnost makroporu o primeru 40 a
80 nm. Botndnim rozvinuty specificky povrch a objem poru
detekovany ISEC v toluenu a vode ukazuje na ponekud
amfifilicky charakter PBI

Chem. Eur. J. 2000, 6, No. 5
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sorption technologies. With regard to
the latter application, PBI can be

NH2 manufactured as 250-500 mm beads
with a certain degree of macroporos-
ity (Hoechst-Celanese Corporation).

NH,

PBI has potential as a macromo-
lecular ligand, capable of coordinat-
ing metal centers through its amino
heteroatoms. To our knowledge, the
first example of the metal coordina-
tion behavior of PBI (towards Pd")
was described in 1985 by Li and
Fréchet,” who were interested in

the utilization of this macromolecular
T metal complex as a precursor for a
PBI-supported (metal) Pd catalyst. In
recent years, considerable work has
been carried out by Sherrington and
co-workers, who employed PBI to
anchor, inter alia, the unit [MoO,-
(acac)] (acac =acetylacetonate), to
give a very efficient, selective and
reusable ‘hybrid phase’F! catalyst for
the epoxidation of technologically relevant alkenes.[]

Despite the growing field of application of PBI and the
potential of this material as a mechanically, hydrolytically and
thermooxidatively stable polymer support in catalysis, little is
known about its textural properties in terms of macro-, meso-,
and microporosity. Recently, molecular structural and mor-
phological characterization of PBI and PBI-supported Mo"!
alkene epoxidation catalysts were investigated by a number of
instrumental methods.”! However, this study was performed
on dry samples only. Polymer supports and catalysts are
usually applied in liquid media, in which due to swelling their
morphology and the accessibility of their supported function-
ality is different from that seen in the dry state. The
characterization of the macromolecular environment inside
the swollen polymer networks of catalytically relevant resins
is of particular interest,[>!'l and we have investigated textural
properties of beaded PBI from Hoechst-Celanese (i.e. the
same material as that used in references [5] and [6]) in various
solvents. This investigation has been performed by using
inverse steric exclusion chromatography (ISEC), ESR, and
pulse field gradient spin echo NMR (PGSE-NMR) spectro-
scopy of the material in various liquid media. In order to
gather visual information on the morphology (albeit about a
dried material), we have also performed a thorough scanning
electron microscopy (SEM) analysis.

Results and Discussion

The morphology of dry PBI as shown by SEM resembles that
of a solid foam (Figure 1). Pores appear as spherical and
cylindrical cavities surrounded by relatively thin polymer
walls. In contrast with the pore formation in conventional
macroreticular polymer supports, for example the copolymers
of styrene-divinylbenzenel!l (where the polymer phase forms
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Figure 1. SEM image of the interior of a PBI bead.

microspheres surrounded by the liquid porogen), in the pore-
forming phase-separation occurring in PBI the porogenic
liquid forms spherical drops surrounded by a polymer
membrane.

Dry PBI appears to be an exceptionally porous material
with a number of pores with diameters ranging from a few
microns down to a few hundred nm. Although the porosity
revealed by SEM appears to be impressive, the pores visible in
Figure 1 are not particularly significant for the function of PBI
as a support. In fact, pores of these sizes can provide only a
small specific surface area, which has been confirmed by the
quantitative evaluation of the dry-state porosity by nitrogen
porosimetry. This technique re-
veals a total pore volume equal
t00.11 cm?g~! with a mean pore

difficult. The peaks of the standard solutes (deuterium oxide,
sugars, and dextranes) were rather broad with an evident
tailing. In measurements carried out with our usual aqueous
mobile phase (0.2M sodium sulfate), most of the dextrane
solutes could not be eluted from the column at all. We have
already observed this phenomenon and found that a possible
remedy is to saturate the surface of the examined resin with a
dextrane (achieved upon utilizing a mobile phase containing a
dextrane admixture). Solutes injected during ISEC experi-
ments are then no longer adsorbed, and their elution behavior
better corresponds to steric effects only. ISEC measurements
carried out with the aqueous mobile phase containing sodium
sulfate and 0.5% dextrane (MW 6000) gave reasonable
results, and the overall textural picture deduced from the
measurements in water appears to be similar to that observed
in toluene.

In principle, macroporous resins possess pores of two types:
the so-called ‘true pores’, that is holes between domains of
swollen polymer mass, and the spaces between polymer chains
in the swollen polymer gel matrix.[

Pores with an effective diameter greater than about 10 nm
are too large to be considered as a part of swollen polymer
mass, and can be unambiguously assigned to the macropore
(or ‘true pore’) category and depicted in terms of a cylindrical
pore model.['¥l Data relevant to this part of the swollen PBI
morphology are collected in Table 1.

The widest pores, which in THF (the best swelling solvent)
are characterized by an effective diameter of 80 nm and in
toluene and water one of 40 nm, are likely to be the pores

Table 1. Macroporous features of PBI detected by ISEC.

diameter equal to 40 nm and a Solvent Pore diameter =80 nm Pore diameter =40 nm Pore diameter =10-20 nm
lati pore volume surface area pore volume surface area pore volume surface area

cumt; ative surface area (?f [cm®g] [m’g-1] [cm®g] [m?g1] [cm®g1] [m2g]

12m?g~!. The t-plot analysis

indicates the presence of a THE 029 14.7 0 0 225 643

n p . toluene 0 0 0.08 8 1.30 384

small number of micropores  yater 0 0 0.15 15 1.02 227

responsible for an additional
10 m?g~! of surface area. This
dry-state morphology quantitative feature fits nicely the BET
surface area value of 20 m>g~".

ISECI2 Bl allows access to information on the swollen-state
morphology of polymeric materials, which, with regard to the
working state of the polymer support, is much more relevant
than the data obtained by conventional methods on dry
materials. The method is based on the measurements of
elution volumes of standard solutes of known molecular sizes
running through a chromatographic column filled with resins
to be evaluated in terms of their textural features. Our
measurements were performed alternatively with THF, tol-
uene, and aqueous mobile phases, to get information on the
swollen-state morphology in the solvents in which the ESR
and PGSE-NMR measurements were also performed.

ISEC results show that in toluene PBI swells substantially
less than in THF. The volume of the swollen polymer particles
is found to be 3.68 mL g~! in THF, while in toluene it turns out
to be only 2.33 mL g~". This is computed as the inner column
volume (4.04 mL) minus the dead volume, divided by the
weight of the sample. The measurements in water were very

796 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

detected by SEM and nitrogen porosimetry in the dry
material (Figure 2). However, the most prominent part of
the swollen-state porosity are the pores with the diameter 10—
20 nm, evidently generated by the swelling process in all three
solvents employed. They offer much greater capacity for
supporting a functionality than the pores detectable in the dry
state, and their existence is likely to explain the observed
excellent catalytic properties of PBI as a support for Mo"!
hybrid phase catalysts.’! The detected pore volume (in THF
2.25cm3g™!) corresponds to an extremely high porosity,
around 75 % (if we consider the density of the PBI polymer
matrix to be about 1.3 gcm™3 Pl). Such high porosity is
possible only thanks to the foamlike morphology of PBI (as
revealed by SEM). In a material with pores created as spaces
between microparticles!!! (e.g. conventional macroreticular
resins), the porosity is at most 40—50%.

In macroporous resins, the pores smaller than 10 nm can be
interpreted, in principle, either as ‘true pores’, that is
cylindrical holes, or as the porosity of swollen polymer gel,
that is as spaces between randomly oriented cylindrical rods
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Figure 2. Hierarchy of pores in PBI. SEM image of an internal fragment of
a PBI bead showing a group of large macropores surrounded by resin
domains featured by an array of smaller macropores.

representing the polymer chains (Ogston’s model™). From
the mathematical point of view both models are equivalent
and the best depiction must be selected on the basis of
additional indications. ISEC-derived data on the meso- and
microporosity of solvent-swollen PBI is shown in Table 2.
Micropores with molecular dimensions attributable with
certainty to the swollen polymer mass were detected only in
PBI swollen by THF. In the terms of Ogston’s model these
pores are characterized by a polymer chain concentration
equal to 2 nmnm~, which corresponds to a rather dense,
poorly swollen polymer mass. In toluene and water these
micropores were not detected and this indicates negligible
swelling of PBI polymer mass in these media. Yet, the ISEC
measurements in all three solvents also indicated the exis-
tence of another category of pores that in the Ogston model
would be characterized by the polymer chain concentration
0.4 nmnm~3. Such polymer chain concentration would repre-
sent a rather highly swollen polymer network, and it is
difficult to imagine that such swollen polymer fractions would
be characterized in all three different solvents by the same
polymer chain concentration. Therefore, we felt it more
appropriate to describe this pore fraction as cylindrical
mesopores with the effective diameter 3 nm (second column
in Table 2).

The ISEC data suggest that the foamlike morphology
clearly exhibited by SEM is a cascade of smaller and smaller
pores. Two levels of this pore distribution are illustrated in
Figure 2. ISEC analysis shows that the volume increase after
treating dry PBI with a solvent is not in fact the result of actual
swelling of the polymer mass, but rather a restoration or
regeneration of the ‘true pores’, which collapsed during
drying. As the result, all supported functionality turns out to

Table 2. Meso- and micropores in PBI swollen in three different solvents.

be accessible through macro-, and mesopores. The volume of
the porous domains is relatively unaffected by the type of
solvent, and this suggests that the pore restoration is probably
aided by a strain created in the rigid polymer by pore collapse
during drying. Structural rigidity of the PBI polymer chains is
attributed to multiple interchain interactions through hydro-
gen bonds. It evidently produces an effect similar to that
observed in the hypercrosslinked resins developed by Davan-
kov and Tsyurupa.[”]

ESR: ESR analysis based on the dispersion of TEMPONE
inside swollen PBI reveals that the rotational motion of the
paramagnetic probe is affected by the nature of the swelling
medium. The ESR spectra of swollen PBI in THF and EtOH
consist of sharp triplets typical of nitroxide spin-probes in the
fast-motional regime,l'! whereas in water and in toluene, a
broad signal due to a slow rotational motion also contributes
(Figure 3).

S ——TYY

toluene

Figure 3. ESR spectra of solutions of TEMPONE confined inside PBI

In THF-, EtOH- and water-swollen PBI, the correlation
time of the fast motion 7, is calculated from the spectral
features of the sharp lines. However, the value in water only
approximately describes the fast rotational motion because of
its superposition with the broad signal. We obtain ;i = 4.7 X
107", 1.3 x 107, and 2.6 x 10~''s, for THF-, EtOH-, and
water-swollen PBI, respectively, which, if compared with the
values in pure solvents (1.6 x 107!, 1.6 x 10711, and 1.3 x
10-"'s) suggests that the spin-probe responsible for the fast-
motion spectral signal rotates inside relatively large pores, or
gel volumes with low polymer chain concentration.[® 'l On
the basis of computer simulation, the ‘slow’ contribution in
toluene-swollen PBI is estimated to be about 20 %, and the
‘slow’ and ‘fast’ rotational correlation times are calculated to
be 1.7x108s and 1.7 x 10~ s,
respectively. Again, 7, is com-
parable with the correlation

time in bulk solvent (8.0 x
10-2s). On the other hand,

Solvent Mesopores, pore diameter =3 nm Swollen gel, chain concentration =2 nm2
pore volume [cm®g~!] swollen gel volume [cm3g~!]

THF 0.37 0.19

toluene 0.31 0

water 0.78 0

the ‘slow’ contribution origi-
nates from a non-negligible
fraction of the TEMPONE

Chem. Eur. J. 2000, 6, No. 5
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molecules which are strongly immobilized. The observed
hindrance of the rotational motion may be due to the
dispersion of the spin-probe inside denser gel volumes, or to
enthalpic interactions of TEMPONE with the polymer
leading to partial adsorption of the spin probe onto the
polymer chains. To examine this point, experiments were
carried out using TEMPONE as ISEC probe. The effective
diameter of the TEMPONE molecule is about 0.64 nm.['"] In
the absence of nonsteric interactions, its elution volume
should be close to that of heptane (effective diameter
0.63 nm) or between the elution volumes of ribose and xylose
(effective diameter 0.57 nm and 0.78 nm, respectively). In
view of the lack of significant denser gel-type volumes
revealed by ISEC analysis, the second hypothesis appears to
be plausible and compatible with the observed higher surface
area of toluene-swollen PBI. The elution volume of TEM-
PONE in THF is 3.30 mL, slightly higher than the elution
volume of pentane (3.14 mL). The elution volume of heptane
under the same conditions is 3.07 mL. Therefore, the adsorp-
tion of TEMPONE onto the resin from THF albeit not
negligible, is apparently rather weak. In toluene, the elution
volume is found to be greater than 6.3 mL, which is
considered as strong evidence for very strong, practically
irreversible, adsorption. As described above, in water most of
the standard probes used in ISEC measurements are heavily
adsorbed by PBI, and in order to contrast this adsorption it
was necessary to employ a mobile phase containing 0.5% of
dextrane (MW 6000). In the absence of dextrane, TEMPONE
also undergoes strong adsorption.

PGSE-NMR: PGSE-NMR analysis reveals a single-compo-
nent translational diffusion'® of the solvent molecules in
THF-, EtOH-, and water-swollen PBI (Figure 4).

The self-diffusion coefficients D of THF, EtOH, and water
in swollen PBI are shown in Table 3, compared with the self-
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Figure 4. Echo’s amplitude of PGSE signals in various solvents after
swelling of PBI particles (see text).
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Table 3. Solvent mobility data provided by PGSE-NMR analysis inside
swollen PBIL.

Swelling medium D [em?s7!] E, [kImol™!] D, [cm?s™!] E, [kImol™!]
water 1.56 x10° 18+1 223x107° 18+1
ethanol 7.51x10°¢ 14+1 1.08x10° 13+1
THF 1.50x10° 10+1 2.48 x 107° 8+1

diffusion coefficients of the pure solvent D,. The activation
energy values of the diffusion process (E,), calculated from
Arrhenius plots in the temperature range 5-35°C, are also
reported (again, the suffix O refers to the pure solvent). The
invariance of the activation energy in the swollen PBI and in
bulk medium is consistent with a viscosity-controlled diffusion
process. The moderate reduction of D indicates that the
movement of the solvent molecules is relatively free and
likely controlled by the microviscosity of the medium which is
only slightly affected by the presence of the polymer.

PGSE-NMR analysis in toluene-swollen PBI implies the
coexistence of solvent molecules with different self-diffusion
coefficients, which are not able to exchange efficiently within
the time scale of the spin-echo experiment. In this specific
case, further investigation is apparently needed.

Conclusion

PBI in beaded form combines thermal, hydrolytic and
thermooxidative stability, as well as mechanical robustness
with exceptional textural properties. Both porosity and sur-
face area grow markedly after contact with liquids. This
porosity development is assisted by a stress created in the
backbone by the collapse during drying, rather than by a
swelling of the polymer mass, and is not particularly depend-
ent on the nature of the solvent. It promotes an expectation
that PBI is a plausible support candidate for operating in
diverse liquid media. Moreover, its chemical functionality
makes PBI a promising macromolecular ligand suitable for
metalation with a variety of metal centers, to give catalytically
interesting macromolecular complexes useful per se or as
precursors of catalytically active nanocrystallites.

Experimental Section

General methods: Solvents and chemicals were of reagent grade. TEM-
PONE was from Aldrich and was used as received. PBI, in beaded form,
250-500 um, with a ligand content equal to 5.6 meqg~!, was from
Hoechst - Celanese and was purified as reported in references [5] and [6].
Nitrogen porosimetry: The measurements and data evaluation were
performed using ASAP 2010 apparatus with dedicated software (Micro-
meritics, USA). BET surface area was determined from the adsorption data
collected in the range of relative pressures 0.06—0.25. Cumulative surface
area, pore volume, and medium pore diameter were evaluated from the
desorption data on the basis of BJH theory.

ISEC: This analytical technology was employed for the characterization of
the swollen-state morphology of PBI. The measurements were carried out
using an established procedure and a standard chromatographic set-up
described elsewhere.[2 3]

ESR: About 0.25 g of material was swollen with a nitrogen-saturated
(10~*m) solution of the paramagnetic probe TEMPONE (2,2,6,6-tetra-
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methyl-4-oxo-1-oxypiperidine). The samples were allowed to reach the
swelling equilibrium, the excess solution was removed by pouring the
suspension obtained onto filter paper, and the swollen material was then
rapidly transferred into the ESR tube. The ESR spectra were recorded at
293 K on an X-band JEOL JES-RE1X apparatus at 9.2 GHz (modulation
100 kHz). The rotational correlation time v of TEMPONE in the fast-
rotational spectra was calculated according to the Equation (1), 2% where

7=6.14 5 107 OAH,[ (ho/h.,) P+ (ho/h_)" = 2][1 = 1/5(1+w272)] 1)

w.=5.78 x 10! Hz; the parameters k., h, and h_, (the intensities of the
low-, middle-, and high-field lines, respectively) and AH, (the peak —peak
width of the central line) were obtained directly from the double-derivative
spectrum by peak-picking. The 7 values in two-component spectra are
evaluated by a nonlinear least-squares fits to experimental spectra. A
Brownian isotropic model for the rotational diffusion was assumed and the
fitting procedure was carried out by using the program NLSL.! Published
values for the anisotropic g and A tensors for TEMPONER are used in
computation and spectra simulation.

PGSE-NMR: The self-diffusion coefficients of the swelling solvents were
determined by 'H-pulsed-gradient-spin-echo nuclear magnetic resonance
(PGSE-NMR) measurements.¥! In this technique a spin-echo experiment
is performed while two magnetic field gradient pulses of magnitude G,
duration 0 and separation A are applied during the dephasing and the
rephasing period, respectively. In the present study the interval A between
the magnetic field gradient pulses was kept constant and equal to the
interval ¢t between the 90°-180° radio frequency pulses. Under these
conditions, for a nucleus with diffusion coefficient D, the height of the echo
amplitude A is given by Equation (2), where y is the magnetogiric ratio and

A=Agexp[— 20T — G2 D*3(A — 6/3)] @)

T, is the spin spin relaxation time of the nucleus. In the typical experiment
A was measured at A=20 ms and G =175 Gem™! by varying 0 up to 6 ms.
The gradient strength was calibrated to values of the self-diffusion
coefficient of pure water. The chosen ¢ value was sufficient to remove the
polymer contribution from the echo signal due to the relatively short 7,
relaxation time of the polymer hydrogens. The solvent diffusion coefficient
was obtained from the slope of the logarithmic plot of A versus the term
0%(A — 9/3). The samples were prepared as described above after swelling
in the appropriate solvent and then placed in a 5 mm NMR tube. The
spectra were recorded on a Bruker SXP 4-100 MHz apparatus operating at
21 MHz for protons, over the temperature range 5—35°C at 5° intervals.
The temperature of the sample during the measurements was controlled by
a variable temperature unit BRUKER-VT 100 to an accuracy of within
+0.25°C.
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Abstract: Irradiation of nitrosyl bro-
mide BrNO (4) with light of the wave-
length 4 =248 nm and nitrosyl chloride
CINO (6) with A =193 nm in an argon

G*) IR spectra. Nitrosyl fluoride FNO
(8) could not be transferred into isoni-
trosyl fluoride FON (9). The back reac-
tions § —4 and 7 —6 can be initiated by

UV (A4 > 310 nm), visible or IR light. The
retransformation also occurs spontane-
ously in the matrix at 10 K under ex-
clusion of any UV/Vis or IR radiation.

matrix at 10 K leads to the correspond-
ing isomers isonitrosyl bromide BrON
(5) and isonitrosyl chloride CION (7).
Both new compounds 5 and 7 have been
identified by comparison of the exper-

imental and calculated (BLYP/6-311 + e clices

Introduction

Recently, wel'l were able to demonstrate that the three isomers
nitrosyl cyanide (1), nitrosyl isocyanide (2), and isonitrosyl
cyanide (3) of the elemental composition CN,O can be
interconverted photochemically in an argon matrix at 10 K.

hv
O=N—C=N P m— O=N—N=C
1 hv
2
hv
hv\\ “//w
N—O—C=N
3

The relative ratios of the components depend on their
different UV/Vis absorptions and the wavelengths used. The
transformation of 1 into 2 was no surprise. However, the
generation of 3 was important in so far, as to the best of our
knowledge this species was the first example for an isonitrosyl
compound. The three isomers 1-3 are probably linked to
each other by the radical pair [NO'+'CN]. That means, it
must be assumed that the formation of 3 upon irradiation of 1
or 2 should not be unique.

Indeed, it is even possible to photoisomerize the parent
nitroso hydrogen H-N=O into isonitroso hydrogen

[a] Prof. G. Maier, Dr. H. P. Reisenauer, Dipl.-Chem. M. De Marco
Institut fiir Organische Chemie der Justus-Liebig-Universitit
Heinrich-Buff-Ring 58, 35392 Giessen (Germany)

Fax: (+49)641-9934309
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Keywords: ab initio calculations -
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isomerizations -

Surprisingly, the reaction rates of these
spontaneous back reactions are temper-
ature independent between 8.5 and
25 K. The mechanism of these processes
is discussed.

H—-O-N.2l In addition, we mentioned already in our first
paperl! that nitrosyl chloride isomerizes to isonitrosyl chlor-
ide upon irradiation in argon at 10 K. Prompted by a recent
publication of Hallou et al.’! on the matrix photochemistry of
nitrosyl chloride we give in this report the full account of our
studies on rearrangements of nitrosyl halides.

Results and Discussion

Generation and identification of isonitrosyl bromide BrON
(5): For the intended photoisomerization of nitrosyl bromide
(4) it was essential to obtain the UV spectrum in argon matrix,
because only the gas phase UV/Vis spectrum of 4 was
described.! Therefore, 4 was prepared by reaction of
potassium bromide with nitrosylsulfuric acid and condensed
together with argon onto a spectroscopic window (CaF,) at
10 K. Matrix-isolated 4 showed an intense absorption band at
Amax = 220 nm. This position is close to the reported absorp-
tion in the gas phase spectrum (strong S, (1'A’) —S;s (4'A")
transition at 4 =210 nm, weak bands at wavelengths between
300 and 750 nm). Due to the low intensities the absorptions at
longer wavelengths could not be detected in the matrix
spectrum (Figure 1). It is also worth mentioning that the
intense band of matrix-isolated 4 shows no vibrational fine
structure. This is an indication that one is dealing with a
dissociative transition, a good prerequisite for a photoisome-
rization of 4 via the radical pair [NO"+'Br].

0947-6539/00/0605-0800 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 5
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Table 1. Comparison of the experimental IR spectrum of nitrosyl bromide (4) and isonitrosyl bromide BrON (5) (Ar, N,, 10 K, [cm™']) with the calculated
(BLYP/6-311 + G*; CCSD(T)/TZ2P!"l) absorptions of 4 and 5. Relative intensities are given in parentheses.

sym. exptl, Arl exptl, N, BLYP CCSD(T)

BINO (4)

v, A o 1800.3/1797.9  (1.0) 1822.8 (1.0) 1807  (L.O)M 1798 (1.0)e
v, A o 536.1/534.7  (0.08) 528.4 (0.08) 530 (0.07) 545 (0.08)
vy A 261.3 (0.05) 2574 (0.05) 252 (0.04) 268 (0.05)
2, 3567.3/3561.5  (0.04) 36117 (0.03)

Vi 2060.6/2058.7 (< 0.01) 20800  (<0.01)

" 794.1 (<0.01) 7835 (<0.01)

BrON (5)

" A o 1820.0 (1.0) 181622 (1.0) 1902 (1.0) 1827 (LO)e
v, A Opon ca. 35011 - 3654 (<0.01) 373 (0.02) 348 (<0.01)
vy A vop - - ca. 1901 — 195 (0.01) 165 (<0.01)
2, 3615.0 (03) 3609.2 (0.17)

I~ 2168.1 (<0.01) 21739 (<0.01)

I~ 20074 (<0.01)

[a] Inargon band splitting occurs through a matrix effect. [b] Absolute intensity: 754 kmmol~". [c] Absolute intensity: 741 kmmol~'. [d] Estimated from the
combination v,+v,. [e] Estimated from the combination v,+v;. [f] Absolute intensity: 715 kmmol~'. [g] Absolute intensity: 1057 kmmol~"'.

T T

T T T

T T T T
400 500 600 700 800

A/nm ——

T
200 300

Figure 1. UV/Vis spectra of nitrosyl bromide BrNO (4) and isonitrosyl
bromide BrON (5) in argon at 10 K. The spectrum of 5 was measured after
15 min irradiation of 4 with 4 =248 nm.

Upon irradiation in argon at 10 K either with a low pressure
mercury lamp (4 =254 nm) or a KrF laser (1 =248 nm) the

Abstract in German: Die Belichtungen von Nitrosylbromid
BrNO (4) mit Licht der Wellenlinge A =248 nm und Nitrosyl-
chlorid CINO (6) mit A=193 nm in einer Argonmatrix bei
10 K fithren zu den entsprechenden Isomeren Isonitrosyl-
bromid BrON (5) und Isonitrosylchlorid (7). Die beiden
neuen Verbindungen 5 und 7 wurden durch den Vergleich der
experimentellen mit den berechneten (BLYP/6-311+ G*) IR-
Spektren identifiziert. Nitrosylfluorid FNO (8) konnte nicht in
Isonitrosylfluorid FON (9) iiberfiihrt werden. Die Riickre-
aktionen 5 —4 und 7 —6 konnen mit ultraviolettem (1>
300 nm), sichtbarem und infrarotem Licht initiiert werden.
Die Riickbildung setzt in der Matrix bei 10 K allerdings auch
spontan unter Ausschlufs von ultravioletter, sichtbarer oder
infraroter Bestrahlung ein. Uberraschenderweise sind die
Reaktionsgeschwindigkeiten dieser spontanen Riickreaktion
zwischen 8.5 und 25 K nicht temperaturabhingig. Der Mecha-
nismus dieser Prozesse wird diskutiert.
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absorption band of 4 at 220 nm diminishes and a new broad
band (ranging from 330 to 550 nm; A,,,=440 nm) can be
observed (Figure 1), which again shows no vibrational struc-
ture. As a result of this absorption the matrix now has a
yellow-orange color, so consequently the matrix has to be
protected from daylight in order to prevent the photochemical
back reaction 5 —4 (see below). We assign the band at 4,,,, =
440 nm to isonitrosyl bromide (5).

hv hv
O=N =/ [NO-+-Br] P — N—O\
Br hv hv ar
4 5

Parallel to the change in the UV spectrum the formation of
isonitrosyl bromide (5) upon irradiation of nitrosyl bromide
(4) in argon at 10 K with A =248 nm (KrF laser) can also be
followed IR spectroscopically. The already knownP®! bands of
matrix-isolated 4 (Table 1, Figure2) decrease and new
absorptions, which can be contributed to isonitrosyl bromide
(5), appear at 3615.0 and 1820.0 cm™!, the latter having by far
the highest intensity (Figure 2).

5
1.0 4
|5 o H,0 NO,
! N
0.0
1 4
[ 1.0+
A HO0 No,
1 co
00* T T T T T T T T T T T T T T T T T T T T T " T
3500 3000 2500 2000 1500 1000 500
-« ¥ /em’

Figure 2. IR spectra taken before (bottom) and after (top) 15 min
irradiation of nitrosyl bromide BrNO (4) in argon at 10 K with 1 =248 nm.
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The comparison between the experimental and calculated
(BLYP/6-311 + G*; Gaussian program package () spectra
shows good agreement for the NO stretching vibration v; at
1820.0 cm™! (Table 1, Figure 3). The two other fundamental

Vi

2v

4 v,
-1.0 3 2y, v,

‘ L B R L—— T i
4000 3000 2000 1500 1000 500
—— ¥ /em’
Figure 3. Comparison of the experimental (middle) and calculated (BLYP/
6-311 + G*) IR spectra of nitrosyl bromide BrNO (4) (bars at bottom) and
isonitrosyl bromide BrON (5) (bars at top). The experimental spectrum is a
difference spectrum (15 min irradiation of 4 in argon at 10 K with 1=
248 nm). The bands with negative values diminish, while those with positive

values enhance upon irradiation.

vibrations v, (bending vibration) and v; (OBr stretching
vibration) could not be detected, which is in accordance with
the calculated low intensity or the position of the bands. The
band at 3615.0 cm™! has to be regarded as an astonishingly
intense overtone of v;. From the combination band at
2168.1 cm~! the wavenumber of the bending vibration of 5 is
estimated to be 350 cm~.

In order to evaluate the quality of the theoretical spectra
not only the IR absorptions of the photoisomers but also of
the educt molecules were calculated and compared with the
experimental spectra (Tables 1 and 2). It turned out that the
BLYP method was sufficient for this purpose, since it gave
wavenumbers and intensities very similar to the data calcu-
lated before by Leel™ on a much higher level (CCSD(T)/
TZ2P).

Additional information about isonitrosyl bromide (5) was
achieved by using a N, matrix. In this case some additional
bands can be observed, which have to belong to the photo-
isomer of nitrosyl bromide (4). Again the bands of 4 (Table 1)
disappeared upon irradiation under the conditions mentioned
above and new bands of 5 could be detected not only at 3609.2
(2v,) and 1816.2 cm™! (v,), but also at 2173.9, 20074, and
365.4 cm~!. The absorption at 365.4 cm~! can be assigned to
the fundamental vibration v,. From the combination tone at
20074 cm~! even the third fundamental vibration v; can be
indirectly determined (estimated to lie at about 190 cm};
Table 1). Figure 4 shows the relevant section of the IR
spectrum observed during the photoisomerization 4 —5 in a
N, instead of an argon matrix.

Upon irradiation into the long wavelength UV absorption
(Figure 1) of 5 with light 2 >310 nm reformation of 4 occurs,
as can be seen from the diminution of the IR bands of § and

802 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000
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02 - .
A ’ A b
\ r
202 —
206 — &
S1.0 —
J v,
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Figure 4. Comparison of a section of the experimental (middle) and
calculated (BLYP/6-311+ G*) IR spectra of nitrosyl bromide BrNO (4)
(bars at bottom) and isonitrosyl bromide BrON (5) (bars at top). The
experimental spectrum is a difference spectrum (15 min irradiation of 4 in
N, at 10 K with 2 =248 nm). The bands with negative values diminish, while
those with positive values enhance upon irradiation.

reappearance of the absorptions of 4. Subsequent irradiation
with the KrF laser (A =248 nm) initiates again the generation
of 5. These reversible photochemical transformations are
accompanied by the appearance of small amounts of nitric
oxide. This observation can be explained by the formation of
radical pair [NO’+'Br]| upon irradiation of either 4 or 5.
Partial escape of NO® from the matrix cage allows its
detection, since it has no bromine atom in direct neighbor-
hood and cannot recombine to 4 or 5.

Generation and identification of isonitrosyl chloride CION
(7): Nitrosyl chloride (6), prepared analogous to 4 1% by
reaction of sodium chloride with nitrosylsulfuric acid, pos-
sesses a UV maximum at A=200nm in an argon matrix
(Figure 5). This position corresponds to the spectrum meas-

T T T " T " T T T T T T 1

200 300 400 500 600 700 800
A/nm ———

Figure 5. UV/Vis spectra of nitrosyl chloride CINO (6) and isonitrosyl

chloride CION (7) in argon at 10 K. The spectrum of 7 was measured after

1 min irradiation of 6 with A =193 nm.
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ured in the gas phase, which can be characterized—similar to
the strongest UV band of nitrosyl bromide—as the S,
(1'A") =S5 (4'A’) transition.'!l' Additional bands cannot be
observed in the matrix UV spectrum, in spite of the fact that
in the gas phase spectrum several weak absorptions in the
long-wavelength region can be detected.'!l The strong UV
band of matrix-isolated 6 shows, as is the case for the
absorption band of nitrosyl bromide (4), no vibrational fine
structure. This indicates that the corresponding transition of 6
is also dissociative. Therefore, we expected the fragmentation
of nitrosyl chloride (6) into the radical pair [NO"+°'Cl] upon
irradiation into the 200 nm band. Indeed, excitation (ArF
laser; A =193 nm) of 6 in argon at 10 K leads to a new strong
absorption in the region 320-550 nm (4,,,, =417 nm), which
turns the matrix to a yellow color. We assign this absorption to
isonitrosyl chloride (7). Such a dissociative transition should
allow an easy refragmentation of 7 into the radical pair.
Indeed, isonitrosyl chloride (7) has a high sensitivity against
daylight. The matrix has to be kept in dark in order to prevent
a photochemical back reaction. Matrix-isolated 7 is trans-
formed back to nitrosyl chloride (6) within 30-60s upon
irradiation with light of the wavelength 4 >310 nm. If one
starts again to irradiate with 193 nm light the original
photoreaction 6 —7 recurs. The photoisomerization 6 —7
can also be initiated with A =248 nm, but in this case the
amount of the new isomer 7 is much lower. The two isomers 6
and 7 exist in a photoequilibrium, which can be influenced by
the used wavelength.

An even better basis for the structural elucidation of
isonitrosyl chloride (7) is its IR spectrum. Starting from

hy hy

OZN\ et [NO-+-CI] P—— N—O\
cl hv hv ¢l
6 7

nitrosyl chloride (6), whose argon matrix IR spectrum (Fig-
ure 6, Table2) was identical with the reported matrix
spectrum,!?l new bands were observed upon irradiation at
10K with an ArF laser (193 nm; 1-45min). The most
prominent absorption is found at 1842.0 cm™' and can be
assigned to the NO stretching vibration of isonitrosyl chloride
(7) (Figure 6, Table 2), as has been recently also claimed by
Hallou et al.?!

1.5+ m

1.0 7 2v, vty
0.5

001 V2
- 0‘5 - VzT VJT
o ™ vity, |V

-15]

6

T T T T T T L

4000 [ 30100 I 20[00 1 SIOO 10[00 5(‘)0
— v /em'

Figure 6. Comparison of the experimental (middle) and calculated (BLYP/

6-311+ G*) IR spectra of nitrosyl chloride CINO (6) (bars at bottom) and

isonitrosyl chloride CION (7) (bars at top). The experimental spectrum is a

difference spectrum (15 min irradiation of 6 in argon at 10 K with A=

193 nm). The bands with negative values diminish, while those with positive

values enhance upon irradiation.

Besides this band (v,) another fundamental vibration of 7
can directly be detected at 409.4 cm~!. Visualization of this
normal mode showed that it is the bending vibration v, (this
band was assigned by Hallou et al.l’l to the OCI stretching

Table 2. Comparison of the experimental IR spectrum of CINO (6) and CION (7) (Ar, N,, 10 K, [cm™']) with the calculated (BLYP/6-311 + G*; CCSD(T)/

TZ2P®l) absorptions of 6. Relative intensities are given in parentheses.

sym. exptl, Ar exptl, N, BLYP CCSD(T)
CINO (6)
2 A" o 1805.9 (1.0) 1830.8 (1.0) 1828 (1.0) 1805 1.0y
v, A" demo 585.2 (3Cl)/ (0.19) 575.9 (0.12) 569  (0.12) 602 (0.16)
584.3 ('Cl)
V3 A" vna 321.1 (3C1y/ (0.09) 309 (0.07) 338 (0.11)
317.3 (Cl) (0.04)
2v, 3574.6 (0.03) 3626.0 (<0.01)
v+, 2390.5 (<0.01) 2407.1 (<0.01)
Vi+v; 21257 (3Cl)/  (<0.01) 21472 (3Cl)/  (<0.01)
2121.9 (C1) 2143.2 (7Cl)
Vo3 903.0 (3Cl)/  (<0.01) 889.4 (3Cl)/  (<0.01)
898.2 (*’Cl) 884.7 (*7Cl)
CION (7)
v, A vy 1842.0 (1.0) 1852.0 (1.0) 1936  (1.0) 1842 (1.0t
v, A" Ocon 409.4 (0.03) 405.2 (0.03) 400  (0.04) 415 (<0.01)
V3 A" o ~2 2471 - 238 (0.02) 250 (<0.01)
2y, 3661.0 0.2) 3682.5 (0.08)
v+, 2244 4 (0.02) 22522 (<0.01)
Vi+v; 2090.8 (¥*Cl)/  (<0.01) 2066.2 (<0.01)
2088.1 (*'Cl)
Vs 656.3 (3Cl)/
652.8 ('Cl)  (<0.01)

[a] Absolute intensity: 618 kmmol~'. [b] Absolute intensity: 597 kmmol~'. [c] Estimated from the combinations v,+v; and v,+v;. [d] Absolute intensity:
596 kmmol~'. [e] Absolute intensity: 1257 kmmol~".

Chem. Eur. J. 2000, 6, No. 5
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vibration v;). Additional bands at 3661.0, 2244.4, 2090.8/
2088.1, and 656.3/652.8 cm~! can be attributed to combination
tones (Table 2). The third fundamental vibration v; can be
derived from the combination bands (v;+wv;) at 2090.8/
2088.1 cm™! and (v,+v;) at 656.3/652.8 cm~'. The identifica-
tion of these combination modes follows from the comparison
of the experimental and calculated isotopic splittings (due to
3Cl and ¥Cl) in the spectra of 6 and 7 (Table 3). If this analysis

Table 3. Comparison of the experimental (Ar, 10K, [cm™]) with the
calculated (BLYP/6-311+ G*) ¥Cl/*’Cl-isotopic shifts in the spectra of 6
and 7.

6 7
AEXpll Av:alcd Aexpu Acalcd
V1 YNOo 0 0 0 0
V2 dcmNorcioN 0.9 1.0 _[a] 0.9
V3 VNevoc 3.8 3.7 _lal 27
ViV, —lal 1.0 0.8 0.9
Vitvs 3.8 3.7 2.7 2.7
Vot 4.8 4.7 35 3.6

[a] Not directly measurable because of too low intensity.

is correct, the OCI stretching vibration v; of 7 has to lie at
about 247 cm~!, in accordance with the calculated value of
238 cm .

Attempts towards the generation and identification of iso-
nitrosyl fluoride FON (9): When we began our studies on
isonitrosyl compounds,!! we were confronted with the report
that isonitrosyl fluoride (9) had been isolated.['¥! Today, we
believe on the basis of our own experiments that 9 is still an
elusive molecule.

We prepared matrix-isolated nitrosyl fluoride (8) by
cocondensation of a NO'/Ar together with a F'/Ar gas
mixture, generated by passing CF, in argon through a
microwave discharge zone. This procedure is analogous to
that described by Jacox,!' in which NF; was used as the source
for fluorine atoms. The matrix formed under these conditions
contained a large amount of
nitrosyl fluoride (8), as evident
from the IR bands at 1850.1,
751.1, and 503.8cm~' (Fig-
ure 7),[% together with a list of
side products (HF, HNO, OCF,
OCF,, CF,, CF;, CF,, CO, CO,,
NO, NO,, N,0,). In addition
the spectrum showed two bands
at 4924 and 7354 cm™!
(marked as X in Figure 7) and 1.0 4
another one at 1884.2 cm™!
(marked as Y). Three bands in
these positions were assigned .
by Swardzewski and Fox[*! to
isonitrosyl fluoride (9).

The assumption that 9 might

2.0 H

0.0 —

For instance, if CF, is replaced by CCl, in the experiment

mentioned above, not only nitrosyl chloride (6) but also the

isonitrosyl isomer 7 can be detected in the matrix spectrum.

Nevertheless, there are four strong arguments, which indi-

cate—as was argued beforel® 4 19l —that the report"¥ about

the detection of isonitrosyl fluoride (9) should be revised:

a) Irradiation of the matrix containing nitrosyl fluoride (8)
with wavelengths ranging from 185 to 700 nm gave no hint
for any new bands close to the calculated absorptions. If
light of the wavelength 313 nm was used, only the bands of
8 diminished and the absorption of NO® became stronger.
Perhaps 8 is split under these conditions into the radical
pair [NO'+°F]. One partner can escape the matrix cage
and is therefore not available for a recapture under
formation of 8 (or 9).

o] e

F hv

O=N

E
8 9

b) Asshown in Table 4, the observed (own experiments) bands
X and Y fit with the vibrations which were originally at-
tributed to 9, but not, especially as far as the relative in-
tensities are concerned, with the calculated spectrum of 9.

¢) In addition, the bands marked X and Y do not belong to
the same species. For instance, if the deposited matrix is
irradiated with 4 =248 nm, the bands X decrease and at
the same time the absorptions of 8 grow, whereas the band
Y remains unchanged. In this context it should be mentioned,
that Jacox["*l in her experiments registered the bands X as
well, but only a very weak absorption at 1887 cm™.

d) In the case of the isotopomers (use of "N- and *O-labelled
NO°) the reported!3 isotopic shifts of the observed bands
X and Y can be compared with the calculated shifts for 8
and 9. It turns out that the accordance is much better for
nitrosyl fluoride (8) than for isonitrosyl fluoride (9)
(Table 5).

Taking into account all these inconsistencies it is tempting
to assume that the bands X and Y should not be assigned to
isonitrosyl fluoride (9) but to FNO molecules, which differ

OCF

be, besides 8, a recombination 3000 2500
product of the radical pair

[NO'+'F] seems reasonable.
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Figure 7. IR spectrum taken after cocondensation of a NO"/argon together with a F'/argon gas mixture.
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Table 4. Comparison of the observed bands X and Y (Figure 7) (Ar, 10K,
[cm~!]) and of FNO (8) with the calculated (BLYP/6-311 + G*) IR spectra of

FNO (8) and FON (9). Relative intensities are given in parentheses.

sym. exptl, 8 exptl, X+Y caled, 8 caled, 9
v, A’ vno 1850.1 (1.0) 1884.2 (0.4) 1872 (1.0) 2022 (1.0)
v, A" SronEno 751.1 (0.72) 7354 (1.0) 717 (0.5) 531 (0.23)
vs A" Vopnr 509.8 (0.5) 492.4 (0.5) 456 (0.3) 339 (0.05)

Table 5. Comparison of the reported!® experimental (Ar, 8 K, [cm™])
isotopic shifts (*N'*O and “N'O isotopomers relative to the “N'O
species) of the bands X+Y and of FNO (8) with the calculated (BLYP/6—
311+ G¥) shifts in the spectra of 8 and 9.

8 X+Y 8 9
Ap™ Ay Acatca Acatea
Y1 Vno 32.5 (N) - 33.1 (WN) 36.1 (5N)
48.4 (*O) 49.7 (180) 49.7 (180) 53.4 (50)
v, OpNoFON 16.6 (*N) 15.7 (PN) 16.7 (5N) 1.1 (5N)
8.1 (**0) 8.3 (**0) 6.3 (180) 18.3 (*0)
V3 VNFOF 2.4 (BN) 2.6 (PN) 1.8 (5N) 53 (N)
7.3 (*0) 72 (*0) 8.4 ("0) 27 (0)

from the undisturbed nitrosyl fluoride (8) only by their
varying matrix sites.

Stationary points on the potential-energy hypersurfaces of
isonitrosyl bromide BrON (5) and isonitrosyl chloride CION
(7): Several theoretical contributions 1% predict that not
only nitrosyl halides like 4 and 6 but also their isonitrosyl
isomers § and 7 represent minima on the singlet potential-
energy hypersurface and should be candidates for matrix
isolation. In order to evaluate the chance for realization it is,
on the one hand, necessary to know their relative energies, on
the other hand, to be aware of all the pathways of the
energetically higher isomers for their stabilization. In case of
the species representing the elemental composition N, O, X
two alternative routes have to be considered. First, the
dissociation into the radical pairs [NO’+'X], and second, a
one-step isomerization via a cyclic transition state. As far as
the isonitrosyl compounds are concerned, for which some
nitrene character is expected,? it is also important to know
their ground state multiplicity and the size of the singlet—
triplet gaps. Our own calculations (B3LYP/6-311 + G*) on
the triplet species gave only very loose [NO"+'X] complexes.
A final answer is expected from more sophisticated calcu-
lations.?%

AR AN
\x x/N:O
N\ o e

Since all calculations show that the isonitrosyl isomers are
higher in energy than the nitrosyl counterparts the main
attention is directed towards the back reaction of the photo-
chemically prepared isonitrosyl derivatives 5 and 7.

For the transformation 5 —4 and 7 —6 the published? 11
and our own (B3LYP/6-311+ G*) calculations give a con-

Chem. Eur. J. 2000, 6, No. 5
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sistent picture. It is possible to find a transition state, which in
the case of transition 5—4 is 2.2 kcalmol~! higher and for
reaction 7—6 is 2.1 kcalmol~! lower than the energy of the
two non-interacting fragments NO® and Br'/CI" (B3LYP/6-
311+ G*). As shown in Scheme 1 the expected dissociation

E Br * E
/\ 354 —| NO-+:Cl -
320 o \ N-O g
33— - -~ \
208 —| NO-+:Br N—0
259— N—O
243 4 N—O
AN No 7
Br 5
- O=N [ =|
0 N 4 ¢] N\ 6
Br cl

Scheme 1. Calculated relative energies (B3LYP/6-311+ G*, zero point
vibrational energies are included in kcal mol~!) of selected stationary points
on the singlet potential-energy hypersurfaces of BrON (5) and CION (7).

energy for 5is 5.5 and for 7 is 9.5 kcal mol~". Calculations on a
higher level, carried out by Lee,”l had given similar barriers.
So we conclude that the B3LYP method used by us is good
enough in order to rationalize our experimental observations.
This view is supported by the finding that B3LYP values for
the dissociation energies of nitrosyl bromide (4) (exptl 27.9;21
calcd 29.8 kcalmol ') and nitrosyl chloride (6) (exptl 37.1;
caled 35.4 kcalmol ™) agree quite well. A poorer conformity
was achieved by using the BLYP method.

Structure of nitrosyl halides X—N=O and isonitrosyl halides
X—0O-N (X =Br, Cl): The geometry and bonding properties of
nitrosyl and isonitrosyl halides (X=Br, Cl, F) have been
treated theoretically by several authors.’-> 711 Therefore,
only a few structural features calculated by Lee (CCSD(T)/
TZ2P),! which are relevant for the new molecules 5 and 7,
will be discussed. Both compounds are not linear (angles of
122.3°Mand 120.4°,1"). The BrO distance in 5 is calculated!”! to
be 2.476 A, much longer than the calculated” value of 1.865 A
for Br,O. The same prolongation is found in the calculated
CIO distance of 2.273 A compared with 1.731 A for CLO."
On the other hand, the calculated NO distances are shorter in
the isonitrosyl compounds 5/7 (1.1351/1.127 AP than in the
nitrosyl isomers 4/6 (1.1427/1.141 A®l). If these values are
compared with experimentally determined structural data it
follows that the NO distances in 5/7 are between those of the
NO* cation (1.063 A)?! and the NO® radical (1.151 A).13!

If the charge distribution is calculated, % the halogen atom
of 5/7 possesses the highest negative charge. At the same time
the halogen is bound to an oxygen atom, which is also slightly
negatively charged. This unfavorable charge distribution,
which is different from the situation in the nitrosyl species,
in which the positively charged atom sits in the center and is
flanked by two negatively charged atoms, may be responsible
for the reduced stability of the isonitrosyl compounds
compared with the nitrosyl isomers.

IR induced isomerization of isonitrosyl bromide (5) and
isonitrosyl chloride (7): During the measurement of the IR

spectrum of 5 we observed that this compound is sensitive to
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IR radiation: At the spot at which the IR beam of the
spectrometer passed the matrix the yellow-orange color
(caused by 5) faded. If subsequently a second spectrum was
taken the intensities of the IR bands of 5 had clearly
decreased.

Being aware of this effect a glowing globar in combination
with several filters was used in order to find out by which
wavenumbers the back reaction 5§ —4 is initiated. Frequencies
in the range 400-2000 (50 % transmission at 1900 cm~') and
2300-3000 cm™! (50% transmission at 2550 cm~') had no
influence, whereas usage of filters with transmittances at
2120-2370 (50% transmission at 2250 cm~') and 2600-—
3750 cm™! (40% transmission at 3580 cm~') caused an accel-
eration of the disappearance of 5. These results indicate that §
isomerizes to 4 upon IR irradiation within the ranges 2000 -
2300 and 3000-3700 cm~'. This means, the reaction of 5
cannot occur by excitation of any fundamental vibrations
(1820, ca. 350 and ca. 190 cm™!), but has to originate from
combination modes or overtones (e. g. 2168 or 3615 cm™1).

The band at 2168 cm™' corresponds to an energy difference
of 6.2 kcalmol~'. So the barrier for the isomerization 5 —4
cannot be higher than this value. Indeed, as is shown above,
the calculated (B3LYP/6-311 + G*) dissociation energy of §
is 5.5 kcalmol %

In case of isonitrosyl chloride (7) the influence of the IR
radiation is much less pronounced. Only frequencies higher
than 3500 cm™' (>10 kcalmol™!) resulted in the disappear-
ance of the IR bands of 7. This observation indicates that the
energy needed for the isomerization 7 —6 is higher than for
5—4. This is in agreement with the calculations (Scheme 1).

Examples for IR-induced reactions are rare. To the best of
our knowledge this phenomenon has until now mostly been
observed in rotational processes.>*?°! Sander et al.?”! descri-
bed such an effect for the transformation of singlet bicy-
clo[3.1.0]hexa-3,5-dien-2-one into triplet 4-oxocyclohexa-2,5-
dienylidene. The reactions of 5§ and 7 may be the first cases, in
which the energy of IR radiation is sufficient to initiate a
transformation between structural isomers with different
connectivities of the atoms.

Spontaneous isomerization of isonitrosyl bromide (5) and
isonitrosyl chloride (7): The most astonishing property of §
and 7 is their spontaneous thermal back reaction to 4 and 6 at
a temperature as low as 10 K. If the calculated barriers are of
any importance, S and 7 should be stable against thermal back
reaction under matrix conditions.

We determined the rate constants for the reactions 5 —4
and 7—6 by measuring the disappearance of the UV/Vis
bands of 5 or 7 in Ar, Kr, and N, matrices (Table 6) and at
various temperatures between 8.5 K and 25 K (argon only,
Table 7). During all these experiments the matrix was kept in
dark to exclude any influence of a photochemically induced
reaction by visible light. The small contribution to the rate of
isomerization by the UV light of the spectrometer during the
UV measurement was taken into account in the determina-
tion of the rate constants. We also checked the influence of the
black body radiation coming from outside by surrounding the
matrix with a 30 K cold radiation shield during the experiment
(except for the short intervals for taking the spectra). We
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found no effect. Furthermore, we measured the rate of the

interconversion 7—6 in argon and N, at 10 K for the N-

isotopomers by IR spectroscopy (third column in Table 6).

Some peculiar aspects of the transformations of 5§ and 7
deserve special comment. The surprising experimental facts
are:

a) The spontaneous disappearances of the bands of 5 and 7
follow—as far as the special situation of matrix-isolated
compounds allow such a conclusion—first-order kinetics
(determined by measuring the decrease of the UV maxima
of 5 or 7 and the increase of the UV maxima of 4 and 6 at
temperatures between 8 and 25 K).

b) Isonitrosyl bromide (5) seems to isomerize slower than
isonitrosyl chloride (7). The calculated barriers predict an
opposite trend for a thermal effect.

c) The reaction rates are dependent on the matrix material
(Table 6).

Table 6. Rate constants k x 10* [s7!] of the spontaneous isomerization
BrON (5)— BrNO (4) and CION (7) — CINO (6) in different matrix
materials (Ar, Kr, N,, 12 K).

BrON (5) CIO"™N (7) CIOPN (7)
Ar 1.6l 2,711 3402 3.4
Kr 4.0l - 116] -
N, 0.9lal 54[b] _ 17101

[a] This value was determined on the basis of the behavior of the UV/Vis
band. [b] This value was determined on the basis of the behavior of the NO
stretching vibration in the IR spectrum.

d) Even an influence of the matrix material on the kinetic
isotope effect can be measured. In case of CIOPN we
observed in argon an increase from 2.7 to 3.4 x 10~*s~!, and
in N, a decrease from 54 to 17 x 10~*s~L. This strange
different dependence of the isotope effect in argon and N,
was also observed by Hallou et al.P!

e) The rate constants for the isomerization BrON (5)—
BrNO (4) were practically temperature independent
between 8.5 and 25 K (Table 7). The same phenomenon
was observed for reaction CION (7) — CINO (6) (see also
ref. [3]).

Table 7. Rate constants k x 10* [s~!] of the spontaneous isomerization
BrON (5) — BrNO (4) in dependence of the temperature between 8.5 and
25 K.

T [K] 85 12 15 20 25
BrON (5)1 | 1.59 1.60 1.80 1.86 157

[a] All values were determined on the basis of the behavior of the UV/Vis
band.

Is it possible to rationalize these experimental observa-
tions? Obviously the processes 5 —4 and 7 —6 do not follow
classical rate theory. A rate constant of 1 x 10™#s7! at 12 K
would correspond to an activation energy of less than
1 kcalmol~!. Such an extremely low barrier should cause a
tremendous temperature dependence of the rate constant at
the experimentally studied temperatures between 8 and 25 K.
But this is not observed. In addition these low experimental
enthalpies of activation are in full contrast to the calculated
values (see above).
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Under such circumstances normally a tunneling effect is
discussed as the factor responsible for the unusual high rate
constant and its independence from the raise in temperature.
Such a proposal, which has also been made for the chlorine
shift in 7% is even more problematic for 5, in which the
migration of such a heavy atom like bromine has to occur. But
one should realize that in the transformation 5§ —4, it may not
be the bromine atom which changes its position. From a
visualization of the IR deformation vibration of 4 or § we
know that in this mode the position of the bromine remains
practically the same and only the NO unit migrates. From this
point of view one can derive that in the reaction 5 —4 via a
cyclic transition state it needs only a “rocking vibration” of
the NO group with a high amplitude in order to transfer one
isomer into the other.

Another point why we hesitate to assume a tunneling effect
in the case of the isomerization of the isonitrosyl halides 5§ and
7 is the observation that there are obviously two categories of
isonitrosyl compounds X—O—N: If X is a hydrogen atom or a
cyano group, the isomerization to the corresponding nitrosyl
isomers can only be enforced by electronic excitation. If X is a
bromine or chlorine atom, this reaction is also possible upon
IR irradiation or by a spontaneous process, which is even
active at 10 K. The reason, why isonitrosyl fluoride (9) cannot
be detected may arise from the fact, that the back reaction to
nitrosyl fluoride (8) is extremely fast.

h(UV)/ hv(R)/ A
——— -
N—O, X=Br, Cl N—0

AN

X hv(UV) X
X=H,CN

Examples for hydrogen tunneling in matrix-isolated elec-
troneutral molecules were discussed in several cases.?=% But
it is difficult to substantiate such an assumption. Heavy atom
(C atom) tunneling has also been proposed for matrix-isolated
species (automerization of rectangular cyclobutadiene ;"3
ring closure of 1,3-cyclopentanediyl® and 1,3-cyclobutanedi-
ylB4). Since the tunneling rate has to decrease with a higher
mass of the migrating unit experimental indications for
tunneling of heavy atoms like chlorine or bromine are rare.
Therefore, the intramolecular transformations 5 —4 and 7 —6
are of broader interest.

An intermolecular example at least for a NO" transfer under
matrix conditions is given by former work of Pimentel and
Frei.’”] They studied the reaction NO*+0; —"NO, in a matrix
at 10 K and made similar observations as we did in the studies
described above. The authors explained their experimental
findings by quantum-mechanical tunneling.

So it is tempting to assume that the same explanation is also
valid for the spontaneous isomerizations 5§ —4 and 7—6. But
if this is true, it is hard to understand why HON is stable under
matrix conditions® and is not tunneling back to HNO. So we
asked ourselves: Is heavy atom tunneling the only answer? In
our opinion an alternative to tunneling could perhaps be the
crossing of the singlet and triplet energy surfaces during the
reactions of 5 and 7. Sander et al.’”l have shown in the case of
singlet bicyclo[3.1.0]Jhexa-3,5-dien-2-one that a thermally

Chem. Eur. J. 2000, 6, No. 5
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induced intersystem crossing can function as the rate-deter-
mining step. Perhaps 5 and 7 isomerize not exclusively on the
singlet surface but follow a crossing to the triplet energy
surface. It can be expected that the singlet—triplet gap
between S-5 and T-4 or S-7 and T-6 may be small. In this
case the transformation 5 —4 could follow the reaction path S-
5 —T-4—S-4 (each intersystem crossing step could per se be
prone to tunneling). This sequence would be an example of a
double “two-state reaction”P! (Figure 8).

EA

[ Br. + NOJ

Distance
Figure 8. Expected crossings of the potential energy hypersurfaces of S-4,
S-5, and T-4.

We hope that high level calculations” will give us an
answer, whether heavy atom tunneling or a change in
multiplicity causes the unexpected fast isomerizations found
for isonitrosyl bromide (5) and isonitrosyl chloride (7).

Experimental Section

Matrix isolation spectroscopy: Cryostat: Displex closed-cycle refrigeration
system CSA 202 from Air Products. Temperature indicator/controller: 3700-
APD-E from Air Products, gold (0.07% iron)/chromel thermo couple.
Matrix windows: Csl for IR and CaF, for UV/Vis experiments. Spectrom-
eters: FT-IR spectrometer IFS 55 from Bruker, resolution 0.7 cm™; diode
array spectrometer HP 8453 from Hewlett—Packard (190-1100 nm,
resolution 1 nm). Microwave generator: Raytheon PGM 10X1 (2466 MHz
and 130 W with 100 %). Light sources: Mercury high-pressure lamp HBO
200 from Osram with a cutoff filter KG 1 (if only 2 > 310 nm was required);
mercury low-pressure spiral lamp from Grintzel with interference filters
(185 and 254 nm); excimer laser from Lambda Physik LPX 105; globar in
combination with several filters from Laser Components for IR irradiation.

Kinetic measurements: Kinetic data have been determined by integrating
the intense NO stretching vibration of 7 and by measuring the relative
absorbance values of the absorption maxima of § and 7 in the UV/Vis
spectra.

Nitrosyl bromide (4): Nitrosyl bromide (4) was prepared by reaction of
potassium bromide with nitrosylsulfuric acid (Aldrich) at room temper-
ature. The compound was purified by sublimation at —80°C (103 Torr).
Matrix-isolated samples were prepared by sublimation of 4 at —100°C
through a capillary (in order to reduce the speed of evaporation) and
deposition on a matrix window at 10 K together with a large excess of inert
gas.

Nitrosyl chloride (6): Nitrosyl chloride (6) was prepared according to the
literature.'”) Matrix-isolated samples were prepared by sublimation of 6 at
—115°C (according to the procedure given above) and deposition on a
matrix window at 10 K together with a large excess of inert gas.
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Nitrosyl fluoride (8): Matrix-isolated nitrosyl fluoride (8) was prepared by
cocondensation of a NO'/Ar together with a F'/Ar gas mixture, generated
by passing CF, in argon (ratio 0.7:1000) through a microwave discharge
zone.
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170 NMR Spectroscopic Characterization and the Mechanism of Formation of
Alkyl Hydrotrioxides (ROOOH) and Hydrogen Trioxide (HOOOH) in the
Low-Temperature Ozonation of Isopropyl Alcohol and Isopropyl Methyl
Ether: Water-Assisted Decomposition

Bozo Plesnicar,* Janez Cerkovnik, Tomaz Tekavec, and Joze Koller*!?!

Abstract: Low-temperature ozonation
of isopropyl alcohol (1a) and isopropyl
methyl ether (1b) in [D¢]acetone, meth-
yl acetate, and tert-butyl methyl ether at
—78°C produced the corresponding hy-
drotrioxides, Me,C(OH)(OOOH) (2a)
and Me,C(OMe)(OOOH) (2b), along
with hydrogen trioxide (HOOOH). All
the polyoxides investigated were char-
acterized for the first time by 7O NMR
spectroscopy of highly 7O-enriched spe-
cies. The assignment was confirmed by
GIAO/MP2/6-31 ++ G* calculations of
70 NMR chemical shifts, which were in
excellent agreement with the experi-
mental values. Ab initio density func-
tional (DFT) calculations at the B3LYP/
6-31G* +ZPE level have clarified the
transition structure (TS1, AE*=74 and
10.6 kcalmol~, relative to isolated reac-
tants and the complex 1a-ozone, respec-
tively) for the ozonation of 1a; this,
together with the formation of HOOOH
and some other products, indicates the
involvement of radical intermediates

(R*, "'OOOH) in the reaction. The
activation parameters for the decompo-
sition of the hydrotrioxides 2a and 2b
(E,=23.5+1.5kcalmol™!, logA =16+
1.8) were typical for a homolytic process
in which cleavage of the ROOOH
molecule occurs to yield a radical pair
[RO *OOH] and represents the lowest
available energy pathway. Significantly
the lower activation parameters for the
decomposition of HOOOH (E,=
16.5+2.2 kcalmol~!, logA =9.5+2.0)
relative to those expected for the homo-
lytic scission of the HO—OOH bond
[bond dissociation energy (BDE)=
29.8 kcalmol~!, CCSD(T)/6-311+ + G**]
are in accord with the proposal that
water behaves as a bifunctional catalyst
and therefore participates in a “polar”

Keywords: ab initio calculations -
alkyl hydrotrioxides - density func-
tional calculations - hydrogen tri-
oxide «- NMR spectroscopy

(non-radical) decomposition process of
this polyoxide. A relatively large accel-
eration of the decomposition of the
hydrotrioxide 2a in [Dg]acetone, accom-
panied by a significant lowering of the
activation energies, was observed in the
presence of a large excess of water. Thus
intramolecular 1,3-proton transfer prob-
ably also involves the participation of
water and is similar to the mechanism
proposed for the decomposition of
HOOOH. This hypothesis was further
substantiated by the B3LYP/6-31++
G* + ZPE calculations for the participa-
tion of water in the decomposition of
CH;00O0H, which revealed two sta-
tionary points on the potential energy
surface corresponding to a CH;0OOH—
HOH complex and a six-membered
cyclic transition state TS2. The energy
barriers were comparable with those
calculated for HOOOH, that is, AE*=
15.0 and 21.5 kcalmol~! relative to iso-
lated reactants and the CH;OOOH-—-
HOH complex, respectively.

Introduction

In spite of considerable work carried out on the mechanism of
the reaction of ozone with various saturated compounds, a
number of fundamental questions still remained unanswered.
Several mechanisms (see below) can be envisaged for the
oxidation of the C—H bond to form the corresponding
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hydrotrioxide ROOOH, that is, the key intermediates in
these reactions, but an unambiguous substantiation of these
proposals is, unfortunately, still lacking.[!

A concerted 1,3-dipolar insertion of ozone into the C—H
bond to form ROOOH has been postulated.?! A “radical”
mechanism involving hydrogen atom abstraction by ozone to
form the radical pair [R**OOOH] that collapses to ROOOH
has also been suggested.! More recently it has been proposed
that hydride ion transfer to form a carbenium ion and
hydrotrioxide anion pair [R* “OOOH] is involved.™

In this work we report that the low-temperature ozonation
of isopropyl alcohol and isopropyl mether ether yields, in
addition to the hydrotrioxides of these compounds, hydrogen
trioxide (HOOOH).P! All the polyoxides were characterized
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unambiguously for the first time by 7O NMR spectroscopy. A
reinvestigation of the low-temperature ozonation of benzylic
alcohols and ethers!®l by 7O NMR spectroscopy also showed
the presence of two polyoxide species among the primary
reaction products, that is, the corresponding hydrotrioxide
(ROOOH) and HOOOH. All these observations, together
with the results of a theoretical density functional investiga-
tion of the ozonation of isopropyl alcohol, seem to support the
“radical” mechanism for the formation of these polyoxides.

The first unambiguous O NMR spectroscopic assignment
of the hydrotrioxides (ROOOH) under investigation enabled
a detailed study of the decomposition kinetics of these
intermediates as well as hydrogen trioxide (HOOOH). A
variety of pathways, ranging from predominantly radical ones
for ROOOH (in the absence of water) to predominantly non-
radical (“polar”) contributions for the decomposition of
HOOOH and ROOOH in the presence of water, were
indicated.

Results and Discussion

NMR spectra: Ozonation of isopropyl alcohol (1a;0.2-0.5m)
with ozone-oxygen or ozone-nitrogen mixtures in [Dg]acetone
at —78°C produced the corresponding hydrotrioxide, Me,-
C(OH)(OOOH) (2a), characterized by the OOOH 'H NMR
absorption at  =12.85 (60 CH; =1.44) and '3*C NMR absorp-
tions at 0 =25.7 (CH;) and 104.3 (C) downfield from TMS
(—10°C), in yields of 40-50%. It is interesting to note that
the OOOH absorption was split into two components of
approximately equal intensity (Ad=0.004) at all temper-
atures investigated (—30 to +10°C). A further OOOH
absorption at 0 =13.02, corresponding to another polyoxide
species with exchangeable protons (as determined by a
relatively fast exchange with CH;0D or DOD at —60°C),
was observed in the 'H NMR spectra. This absorption was
assigned to hydrogen trioxide (HOOOH), on the basis of 1’0
NMR spectra of polyoxides that were highly enriched with
17Q." This assignment was confirmed by GIAO/MP2/6-311 +
+ G** calculations of 7O NMR chemical shifts for HOOOH
and the hydrotrioxide 2a, as well as those for CH;OOOH and
CH;0OO0H for purposes of comparison (Figures 1 and 2). The
calculated 70O NMR chemical shifts are in excellent agree-
ment with the experimentally observed values (Table 1). In
addition, the values for HOOOH were identical with those
obtained from the NMR spectra of HOOOH, generated
independently by the low-temperature ozonation of hydrazo-
benzene in various solvents.” This procedure yields solutions
of hydrogen trioxide without the interfering presence of other
hydrotrioxides.l’" &

Similar observations were also made by studying the low-
temperature ozonation of isopropyl methyl ether (1b)® (0.2 -
0.5M) in [Dglacetone at —78°C. The corresponding hydro-
trioxide, Me,C(OMe)(OOOH) (2b), characterized by the
OOOH 'H NMR absorption at d =13.026 (6 CH;=1.38; o
OCH;=3.23) and C NMR absorptions at  =23.1 (CHj;),
49.4 (OCHs;), and 106.8 (C) (—10°C), was formed in yields of
30-40%. Again, the presence of HOOOH in this reaction

810 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Dihedral Angles:
HOQO 79.6 (80.4)
OOOH 79.6 (80.4)

Dihedral Angles:
CO00 804 (81.1)
QOOH 80.3 (82.8)

Dihedrat Angles:
COOH 135.5 (132.6) C
HCOO 1774 (177.1)

Figure 1. Optimized MP2/6-31 ++ G* and MP2/6-311 ++ G** (in paren-
thesis) structures (bond lengths in angstroms and angles in degrees) of
hydrogen trioxide (A), methyl hydrotrioxide (B), and methyl hydro-
peroxide (C). The values in the frames are GIAO/MP2/6-31 ++ G* and
GIAO/MP2/6-311 ++ G** (in parentheses) 7O NMR chemical shifts
downfield from H,'"O.

was confirmed by the characteristic OOOH absorption at 6 =
13.035 and by the 70O NMR absorptions.

The hydrotrioxide and HOOOH were also formed by the
ozonation of 1a and 1b in solvents such as methyl acetate and
tert-butyl methyl ether. In all these cases, a molar ratio
ROOOH/HOOOH of approximately 1:0.5-0.7 was ob-
served. Since the rate of decomposition of HOOOH was
somewhat different from that of the hydrotrioxide (at least
under conditions investigated), unambiguous 'H and 7O
NMR spectroscopic characterization of both polyoxides was
possible.

A O NMR spectroscopic reinvestigation of the inter-
mediates formed in the low-temperature ozonation of a-
methylbenzyl alcohol and methyl a-methylbenzyl etherl® (see
the section on kinetics and Supporting Information) indicated
that the two OOOH absorptions in their 'H NMR spectra at
about 0 =13, which was originally interpreted by the exis-
tence of two distinct self-associated intermolecularly hydro-
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Dihedral Angles:

Othedral Angles: CO00 99.7
COO0O0 -88.4 (-90.9) OOOH 83.2
OOOH 772(773)

D E

Dihedral Angles:
COOH -70.9
OCO0 636

Figure 2. Optimized B3LYP/6-31G* and MP2/6-31 ++ G* (in parenthesis)
structures of the intramolecularly hydrogen-bonded form of the hydro-
trioxide of 2a (D), the most stable “open” form of 2a (E), and the
hydroperoxide of isopropyl alcohol (F; MP2/6-31 ++ G*). The values in
the frames are GIAO/MP2/6-31 ++ G* 70O NMR chemical shifts (H,'7O).

Table 1. Experimental and GIAO/MP2/6-31 4+ G** calculated 7O NMR
chemical shifts ()P of the hydrotrioxides of isopropyl alcohol (2a),
isopropyl methyl ether (2b), and hydrogen trioxide (HOOOH) in
[Dglacetone at —10°C.1

501 602 603

(H,C),C(OH)(0,-0,-0,-H) 368 (950)lc41 445 (2100)le41 305 (350)c<!
(H,C),C(OH)(0,-0,-H) 262 (1600)4 220 (1600)!
(H,C),C(OCH,)(0,-0,-05-H) 347 (580)l<l 450 (1350)fedl 306 (330)lcd!
(H,C),C(OCH,)(0,-0,-H) 237 (300)l41 224 (800)L

H-0,-0,-0,-H 305 (350)l<9 421 (1450)l4 305 (350)lc4)
306 (calcd)®! 433 (caled)® 306 (calcd)
H-0,-0,-H 187 (320)14 187 (320)4
192 (caled)! 192 (caled)
H-0,-H 307.9t

[a] Values in parts per million downfield from the internal standard H,"7O.
[b] The calculated GIAO/MP2/6-311 ++ G** absolute shielding for H,O is
343.9 ppm. [c] Area ratio of peaks O;:0,:0; was 1:1:1 (2:1 for HOOOH).
[d] Line widths of the resonances at half-height (Av,,) £5%. [e] Exper-
imental value: H,O (g), 344 ppm (R. E. Wasylishen, S. Mooibroek, J. B.
Macdonald, J. Chem. Phys. 1984, 81, 1057).

gen-bonded hydrotrioxides, was actually due to the presence
of two polyoxide species, that is, the corresponding hydro-
trioxide and HOOOH in molar ratio 1:0.35. [Ph(Me)C(OH)-
(0,0,05H), '"H NMR ([DgJacetone, —10°C, TMS): 6 =13.07
(OOOH); O NMR ([DgJacetone, —10°C, H,""O): 6 =367
(0y, v1,=2000 Hz), 451 (O,, v, =2300 Hz), 304 (Os, v;,=
490 Hz). HOOOH, 'H NMR ([Dg]acetone, —10°C, TMS):
0 =13.13 (OOOH); O NMR ([Dg¢]acetone, —10°C, H,"’O):

Chem. Eur. J. 2000, 6, No. 5
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0 =304 (O, v,, =490 Hz), 420 (O,, v,, =1400 Hz), 304 (O;,
v1,=490 Hz)].

A study of the temperature and concentration dependence
of the OOOH absorptions of the hydrotrioxides 2a and 2b
(Figure 3, see also Supporting Information) revealed that
these polyoxides most likely exist in solution, in accord with

HOOOH
ROOOH

10°C
] 20°C
J L 30°C
_V_j \ 40°C
g s0°C

-60°C

HOOOH

ROOOH

T T
11I3.5 15.4 15I3.3 15.2 13.1 o]

Figure 3. The temperature dependence of the OOOH 'H NMR absorp-
tions of the hydrotrioxide of 2a and HOOOH, formed in the low-
temperature ozonation of 1a in [Dg]acetone.

our previous proposal, as intramolecularly hydrogen-bonded
forms which are in equilibrium with the intermolecularly
hydrogen-bonded associates solvated with the oxygen base
(B)!l (Scheme 1). This was indicated by a small but definitive
upfield shift of the OOOH absorption of 2a in [Dg]acetone
that was observed with increasing temperature and upon
dilution of the hydrotrioxide, which corresponds to the

R? R?
| I
HaC_  Qween HaC
NN N
g7 No—o” R N 000H-w
(R" = Ph, Me)
(R® =H, Me) 1
0—o0
/ N
R—9 H
A 6—r
\o—o/
and/or
o—b
/ AN

i
e
I e of

and/or oligomers

Scheme 1. The equilibrium between the various forms of alkyl hydro-
trioxides, solvated with oxygen base as solvent (:B).
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appearance of larger hydrotrioxide clusters both at low
temperatures and at higher hydrotrioxide concentrations.
Similar observations were also made by examining the
'H NMR spectrum of HOOOH, thus confirming our
previous theoretical prediction!’ that self-association (dime-
rization/oligomerization) is also a structural feature of this
species.

We believe that the solvated forms of the hydrotrioxides are
predominant in solution when oxygen bases are used as
solvents (acetone, methyl acetate, fert-butyl methyl ether),
since the calculated energy of intramolecular hydrogen
bonding in the hydrotrioxide 2a, that is, the energy difference
from the hydrogen-bonded conformation D to the most stable
“open” form E (Figure 2),% was 2.1 kcalmol~! (B3LYP/6-
31G*) or 1.9 kcalmol~! (MP2/6-31 ++ G*).[1%! This is consid-
erably lower than the expected total binding energies in the
intermolecularly  hydrogen-bonded systems, that is,
ROOOH-B and cyclic dimeric and/or polymeric forms
solvated with the oxygen base.''l For example, the binding
energy in the adduct CH;OOOH—O(CH,;), was calculated to
be 8.2 kcalmol~! at the B3LYP/6-31 ++ G* level (see Sup-
porting Information).

Interchange between all these forms, which contributes to
narrow time-averaged features, must be fast since no ex-
change broadening of the OOOH absorption was observed
even at the lowest temperatures investigated (—100°C,
dimethyl ether). The observed OOOH chemical shifts thus
reflect both the hydrogen-bond strength and extent in these
entities.

The spectrum of each of the alkyl hydrotrioxide inves-
tigated showed three well-resolved absorptions for magneti-
cally non-equivalent oxygens with the area ratio of peaks
approximately 1:1:1. As expected, a significant deshielding of
the 07O chemical shifts was observed in going from peroxides
ROOH and HOOH to the corresponding alkyl hydrotrioxides
ROOOH and HOOOH."

In view of the fact that 7O chemical shifts are more
sensitive to solvent effects than “N/®N or *C shifts!®l, it was
surprising to observe an excellent agreement of the calculated
chemical shifts with the experimentally obtained values for
HOOOH and HOOH. Changes of O NMR chemical shifts
due to changes in conformation of the hydrotrioxide 2a were
clearly evident from calculations of the chemical shifts for the
intramolecularly hydrogen-bonded form D and the most
stable “open” form of E (Figure 2).

When the C—D deuterated form of the alcohol 1a was
ozonized in [Dg]acetone (in the presence of small amounts of
water that are always to be found in the system), the resulting
solutions contained the hydrotrioxide in the deuterated as
well as non-deuterated form (OOOD/OOOH) in an approx-
imate ratio 30:70 (the ratio is dependent on the amount of
HOH present and is apparently crucial in the exchange
mechanism), as determined by 'H”H NMR spectroscopy.
This observation additionally seems to support the proposal
that dimeric/oligomeric cyclic and/or acyclic aggregates are
present in solutions of 2a. Furthermore, it has been recently
reported that entropic effects considerably reduce the pref-
erence of D versus H bonds when these atoms occupy
bridging as opposed to terminal positions.['*]

812 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

The mechanism for the formation of the hydrotrioxides and
hydrogen trioxide (HOOOH): To gain mechanistic insight
into the first step of the reaction, that is, the formation of
ROOOH and HOOOH, ab initio density functional calcu-
lations at the B3LYP/6-31G* + ZPE level were used to fully
optimize the stationary points on the singlet potential energy
surface of the title reaction.[> > Some stationary points were
also recalculated at the MP2/6-31G* level.

In going from the reactants to the product ROOOH, two
stationary points were calculated that were found to be an
intermediate complex (G) of the van der Waals type and a
transition state TS1 (Figure 4). The intermediate complex G
was found to be held together by a stabilization energy of

Figure 4. Optimized B3LYP/6-31G* structures of the isopropyl alcohol-
ozone complex G (MP2/6-31G* values in parenthesis), and the transition
state TS1 for the ozonation of 1a.

3.1 kcalmol~! (4.3 kcalmol~! at the MP2/6-31G* + ZPE lev-
ell'), The transition state TS1 was calculated to be
74 kcalmol~! less stable than the isolated reactants and
10.6 kcalmol~! less stable than G. A highly asymmetric
transition state with considerable O—H bond formation and
no C—O bond formation was indicated. The activation
parameters, that is, AH*=9.6kcalmol! and AS*=
—13.1 calmol'K~}, are in excellent agreement with those
reported for the ozonation of diisopropyl ether in CCl, (E,=
10.0 kcalmol~!, log A =7.9).'7]

Overall the ozonation of 1a to form the intramolecularly
hydrogen-bonded ROOOH (2a) is exothermic by
55.8 kcalmol !, while the adduct 2-hydroxypropene-HOOOH
lies 33.3 kcal mol~! below the energy of the isolated reactants.
The energies of the radical and ion pair at infinite separation
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are 3.3 and 127.3 kcalmol~!, respectively, above the energy of
the isolated reactants.?!

It is evident that the calculated TS1 cannot accommodate
the formation of HOOOH in terms of a concerted 1,3-dipolar
insertion mechanism. However, the geometry of TS1 resem-
bles that of the forming HOOO radical® ¥ much more than
that of the “hydrotrioxide anion”.?l Furthermore, a detailed
theoretical investigation of the latter species at various levels
of sophistication revealed an extraordinarily long HO—OO
“bond”, which indicates a non-covalent interaction between
HO anion and O,.?" 22 It is interesting to note, that similar
observation was also made in the case of the “CH;000
anion”. Therefore, it appears unlikely that such an entity
could survive as a discrete molecule (HOOO") in solutions of
organic solvents containing water./’]

The mechanism of the ozonation of the C—H bond there-
fore most likely involves the formation of the radical pair at a
sufficiently large separation after the transition state of the
rate-determining step, and thus allows both the collapse with
less than unit efficiency of the pair to ROOOH and the
abstraction of the hydrogen atom from the 2-hydroxy-2-
propyl radical with the subsequent formation of the enol, that
is, 2-hydroxypropene and HOOOH.? Tt should be pointed
out that ozonation of (CD;),CH(OH) yielded the deuterated
hydrogen trioxide, HOOOD ('H/’H NMR spectroscopy) in
acetone.

The activation energy for the recombination of the radicals
in the cage to form ROOOH is most probably very low or
zero. At the same time, the BDEs (bond dissociation
energies) of the C—H bonds adjacent to the radical center in
2-hydroxy-2-propyl radical are expected to be even lower than
those of the C—H bonds adjacent to the radical centers
derived from the saturated hydrocarbons (33.5+
3 kcalmol ). Therefore, hydrogen atom abstraction from
the beta position of the 2-hydroxy-2-propyl radical by HOOO
radicals is most probably fast enough (an exothermic process
by >56 kcalmol™') to compete with diffusion out of the
solvent cage (Scheme 2).

1
Hac H """ O H3C
6.,." .
COMPLEX —» >c\ o >c\ OOCH
1 OR? 5. (I) R OR?
(R = Ph, Me)
‘(R2=H’M6)/l

o}
ROOOH (2) HOOOH + H,C==C—R' —> PRODUCTS

OR?
Scheme 2. The proposed mechanism for the formation of alkyl hydro-
trioxides and hydrogen trioxide (HOOOH) in the ozonation of alcohols
and ethers.

It is well known that radicals are much less solvated than
their corresponding anions. However, MP2/6-31 ++ G* cal-
culations of the solvation of the HOOO radical with dimethyl
ether as a model aprotic oxygen base revealed a binding
energy (BE) of 10.0 kcalmol~! between both components

Chem. Eur. J. 2000, 6, No. 5
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(Figure 5). For comparison, a somewhat higher BE of
12.1 kcal mol~! between the HOO radical and dimethyl ether
was calculated (HO radical, BE = 8.9 kcal mol~'; see Support-
ing Information). This observation seems to support the
hypothesis that the solvated HOOO radical might survive for

Figure 5. The optimized MP2/6-31 +++ G* structure of the dimethyl ether-
hydrotrioxyl radical complex (E = —380.00058 au). All the labeled atoms
are coplanar [(CH,),0, —154.51535 au, d(C—0)=1420A, ¥ OCO=
111.3°; HOOO", —225.46932 au, d(H-0)=0.988 A, d(0,—0,) =1.443 A,
d(0,~03)=1.262 A, &£ H-0,-0,=99.8°, ¥ 0,-0,-0;=111.5°, &£ H-0,-0,-
0;=0°).

a brief period of time even after diffusion from the cage. This
is also consistent with the standard enthalpy of formation,
(A{H®53), of the HOOO radical of —1+5 kcalmol~! meas-
ured recently by the FTICR-MS technique; this implies that
this species is a relatively stable intermediate, which should be
observable even at room temperature.[’ 26 27]

The origin of the experimentally observed rate acceleration
of the formation of ROOOH and HOOOH in polar aprotic
(“basic”) solvents, could be attributed to the enhanced
polarization of TS1 relative to the reactants. We believe that
hydrogen bonding between the forming OOOH radical and
the OH group plays a crucial role in the increased reactivity of
the alcohol compared with that of simple hydrocarbons. The
additional stabilization of TS1 by the complexation of the
OOOH with oxygen base, as discussed above (Figure 5),
might also be important, particularly in the ozonation of
saturated systems without an OH group, that is, the hydrogen-
bond donor.

Mechanisms for the decomposition of the hydrotrioxides
(ROOOH) and hydrogen trioxide (HOOOH): A detailed
investigation of the products in the decomposition mixture,
after warming the ozonized solutions of 1a in tert-butyl
methyl ether, by GC/MS and NMR spectroscopy indicated
the presence of acetone (37 +5%), peroxyacetic acid (11 +
2%), acetic acid (39 +5%), formic acid (7 +2 %), hydrogen
peroxide (11 +3 %), water, isopropoxymethanol (H,C(OH)-
OCH(CHs;),) (54+1%), and oxygen (Z*0O,/A'O,). It should be
noted that peroxyacetic acid, formic acid, and isopropoxy-
methanol were already present in the ozonized solutions of 1a
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at —78°C, and that their concentrations did not change
significantly during the decomposition of 2a/HOOOH.P!
Product analysis of the decomposition mixture after warming
the ozonized solutions of 1b in [D¢]acetone revealed acetone
(32+5%), methyl acetate (23 +4 %), methanol (29+5%),
formic acid (8 -2 %), 2-hydroperoxy-2-methoxypropane (3 +
1%), hydrogen peroxide (5+1%), water, and oxygen (Z30,/
A'0,). Methyl acetate and formic acid were already present in
the ozonized solutions of 1b at —78°C, and, once again, their
concentrations did not change significantly during the decom-
position of 2b/HOOOH.

Kinetic studies: The kinetics of decomposition of 2a and 2b
were measured by following the decay of the OOOH, CHj;,
and OH/OCHj; absorptions, and in all cases they were found
to obey cleanly first-order kinetics over at least 3—4 half-lives
in all solvents investigated. All absorptions disappeared at
practically the same rate. Selected kinetic and activation
parameters for the decomposition of 2a and 2b, as well as
HOOOH, in [Dg]acetone, methyl acetate, and fert-butyl
methyl ether are collected in Table 2 (for complete kinetic
data, see Supporting Information).

The activation parameters for the decomposition of the
hydrotrioxides 2a and 2b (E,=23.5+1.5 kcalmol™, logA =
16 £1.8) are typical of homolytic processes. The splitting of
ROOOH into a radical pair, RO* and *OOH, is the lowest
energy path available. The BDE for the RO—OOH bond in
the alcohol hydrotrioxide 2a was calculated to be
25.2 kcalmol~! at the B3LYP/6-31G* level. Subsequent ab-
straction of the hydrogen atom in the cage leads to the
corresponding tetrahedral intermediate® and singlet oxygen
(A'0,), as previously suggested by Benson™ (Scheme 3). The
radicals may also diffuse out of the cage to abstract hydrogen
or cleave exothermically to form other products. The addition

OR OR

R—C—O0" "0O0H| —= R—C—OCH + 'O,

R R
cage

diffusion
products

Scheme 3. Radical decomposition of the alkyl hydrotrioxides.

of a radical inhibitor, that is, 2,6-di-fert-butyl-4-methylphenol,
has a relatively small effect on the rates and the activation
parameters for the decomposition of the hydrotrioxides 2a
and 2b and, therefore, appears to favor the “in cage” reaction
pathway.”! This is in contrast with the observation that
alkoxyl radicals participate significantly in the induced
decomposition of cumyl hydrotrioxide in [Dgacetone.B!

As evident from Table 2, HOOOH decomposes somewhat
faster than hydrotrioxide 2a under the conditions investigat-
ed. The significantly lower E, (16.5 £ 2.2 kcalmol!) and log A
(9.5 £2.0) values, compared with the expected values for the
homolytic scission of the HO—-OOH bond [BDE=
29.8 kcalmol™!, CCSD(T)/6-311+ + G**;52 31.8 kcalmol~!,
CBS-QCI/APNO;  34.8 kcalmol [ G2M(RCCMP2);
31.6 kcalmol 113 Q6311(T)//QCISD/6-31G**; 33.9 kcalmol ',
G2(MP2)] are in accord with our previous proposal that water
behaves as a bifunctional catalyst and thus participates in a
“polar” (non-radical) decomposition process of HOOOH.["z¥l
Thus, the calculated energy barriers for a water-catalyzed
decomposition of this polyoxide are in good agreement with
the experimentally observed values.>7"#¥ It should be noted,
however, that sufficient water was present after the ozonation
of alcohol 1a and ether 1b in all the solvents investigated
(—78°C) to complex, at least theoretically, all the HOOOH

Table 2. Kinetic and activation parameters for the decomposition of the hydrotrioxides of isopropyl alcohol (2a), isopropyl methyl ether (2b), and hydrogen
trioxide (HOOOH) formed in the low-temperature ozonation of isopropyl alcohol (1a), and isopropyl methyl ether (1b) in various solvents.

ROOOH HOOOH
Solvent T [°C] [ kx10* [s7'] E, [kcalmol~'] logA 0 kx10*[s7!] E, [kcalmol™!] logA
ROOOH CH; OOOHP CH,l
2a tert-butyl -10 12.663 145 12 25.3001 17.30 12.653 5.6 16.7 10.5
methyl ether ~ —5  12.648 (2.0)4 (25.8)b4l (17.4)ba
methyl acetate —10 12.57 141 1.8 1.7 21.3M 14.100) 12.66 13.6 17.2 115
21.6l 14.3L
[DgJacetone -10 12.85 1.3 1.4 24,2001 16.2) 13.04 1.6 18.8 119
(12.86)) (0.68)1 (26.2)41 (1760 (13.05)4  (0.8)4 (21.7) (14.0)1
23.8l¢] 15.9(
2b tert-butyl -10 12.673 139 4.0 24,60 1710 12.597 0.33 16.8 9.5
methyl ether (12.695)4 (4.2)a (25.5)b41 (17.9)P4 (1261004 (0.30) (17.0)@ (9.4)11
neat -10 12.734 136 64 22,9001 15.91 12.572 1.26 16.0 9.5
(12.636)4 (6.0) (23.3)b4l (162)ba  (12.524)41  (1.1)1 (15.5)) (9.0)11
methyl acetate — 10 12.419 138 29 1.9 25.0M] 17.400]
(12.421)1 (3.5)4 (23.6)P41 (16.2)ba
0 24.41 16.71l 12.408 1.9 13.8 7.3
(12.388)4  (0.78)M (14.0)@ (7.2)1
[DgJacetone -10 13.026 4.0 5.0 22.8001 15.7"
(13.018) (5.0)4 (23.4)b41 (16.2)bal
-5 22.40 15.4 12.984 1.0 16.4 9.4
(12.986)4  (1.0)4 (19.3)) (11.9)

[a] Temperature range (—30°C to +20°C). c((ROOOH) =0.005-0.1M. Standard deviations 10 %. [b] By following the decay of the ROOOH absorption.
[c] By following the decay of the CH; absorption of the hydrotrioxide (ROOOH). [d] Runs in the presence of 2,6-di-fert-butyl-4-methylphenol (BMP) (molar

ratio, BMP/hydrotrioxide =5:1).
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present. The somewhat smaller rates and higher activation
energies for the decomposition of HOOOH in fert-butyl
methyl ether (B see Scheme 1; of comparable concentra-
tions), compared to the values in other solvents, may reflect
the lower solubility of water in this solvent and/or the
formation of complexes of the type B --- HOOOH --- B, which
presumably diminish the catalytic effect of water. A relatively
strong complexation, that is, BE=16.5 kcalmol™!, of
HOOOH with dimethyl ether (B) as a model oxygen base,
was calculated by using B3LYP/6-31 ++ G* (see Supporting
Information). In such cases, homolytic contributions to the
decomposition pathways for HOOOH, particularly at higher
temperatures, cannot be completely excluded.

Since water plays such a crucial role in the decomposition of
HOOOH, we also decided to study the effect of water on the
rate of the decomposition of the hydrotrioxide 2a.3 Tt is
evident from Figure 6 (see also Supporting Information) that
the presence of a relatively large excess of water in ozonized

2 1 1 1 i ']
0 1 2 3 4 5
¢ (H:0) / mol 17

Figure 6. The dependence of the rate-constants for the decomposition of
the hydrotrioxide of 2a (ROOOH) and HOOOH on the amount of added
water in [Dg)acetone at 0°C.

solutions of 1a in [Dg]acetone has a relatively small effect on
the rate of the decomposition of HOOOH. This is in accord
with the above postulate that almost all the HOOOH was
already complexed with water prior to the addition of more
water. In addition, somewhat smaller activation energies
were obtained (after repeated measurements) in comparison
with the values obtained for the samples without added water.
On the other hand, a relatively large acceleration of the
decomposition of the hydrotrioxide 2a accompanied by a
significant lowering of the activation energies (Figure 7) was
observed in the presence of a large excess of water. In this
case, the observed rates (and activation parameters) most
probably reflect the fact that the decomposition is proceeding
by several simultaneous first-order processes, which presum-
ably involve both radical and non-radical pathways. Among

Chem. Eur. J. 2000, 6, No. 5
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log k

3.3 3.6 3.9 4.2
T x 10° / K
Figure 7. Arrhenius plots for the decomposition of the hydrotrioxide of 2a
in [Dg]acetone with various amounts of water added. A) Without added
water (E,=23.8 kcalmol™!, logA =15.9); B) 2.8 vol.% of water (E,=
21.0 kcalmol~!, logA =14.2); C) 25 vol. % of water (E,=15.1 kcalmol~!,
logA =10.2).

the latter, water assisted decomposition, similar to that
already proposed for the decomposition of HOOOH
(Scheme 4), appears to be important. This type of decom-
position of ROOOH seems to be more general, since faster
decomposition with lower activation parameters were also
observed for the decomposition of 2a in the presence of a
relatively large excess of methanol (see Supporting Informa-
tion).

O—O\
H3COOOH + HOH — | H;C—O, H
ey $

\O|~‘

H

o Q== O\ I
HaC—0"_ H
. o|'
H

HiCOH + '0, + H,0

Scheme 4. The assistance of water in the decomposition of methyl
hydrotrioxide.

A further experimental observation deserves a mention. A
systematic study of the effect of concentration on the rate of
the decomposition of 2a and HOOOH revealed (see Figure 8,
and Supporting Information) that the rate of decomposition
of hydrotrioxide 2a was slightly dependent on its concen-
tration, whilst considerably increased rates of decomposition
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35
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k x 10t 7 s
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¢ x 10° / mol 17!
Figure 8. The concentration dependence of the rate constants for the
decomposition of the hydrotrioxide of 2a (ROOOH) and HOOOH (A)
formed in the low-temperature ozonation of 1a, and HOOOH (B)

generated by the low-temperature ozonation of hydrazobenzene in methyl
acetate at 0°C.

were observed at higher HOOOH concentrations. The
observed “pseudo first-order” rate constants therefore most
probably reflect the participation of increasingly more com-
plex aggregates, that is, dimeric and/or oligomeric (polimeric)
clusters of HOOOH, complexed with water (and presumably
also with “basic” solvent), in the decomposition of this
polyoxide as its concentration progressively increases.

In order to test the hypothesis depicted in Scheme 4, we
performed B3LYP/6-31++ G*+ZPE calculations for the
participation of water in the intramolecular 1,3-proton trans-
fer in methyl hydrotrioxide (CH;OOOH) as a model com-
pound. As in the case of HOOOH,!”! two stationary points
were calculated, that is, a CH;OOOH—HOH complex (H)
and a six-membered cyclic transition state TS2 (Figure 9).
The calculated energy barriers were comparable with those
found in the case of HOOOH,’sXl that is, AE*=15.0
and 21.5kcalmol™!, relative to isolated reactants and
CH;000H—-HOH complex, respectively (Table 3). Again,
water was found to act as a bifunctional catalyst in this
reaction by accepting H from CH;OOOH to a greater extent
rather than transferring its own H to the hydrotrioxide and
thus causing considerable polarization of the CH;O0—OOH
bond. The Mulliken population analysis showed that the
migrating hydrogen behaves as a proton in this reaction. The
calculated energy barrier for the 1,3-proton transfer in the
heterolytic fragmentation of CH;OOOH was in good agree-
ment with our experimental results and considerably lower
than the values calculated for the homolytic cleavage of the
CH,0—OOH bond (for example, BDE =31 kcal mol-![!5¢]),

Although water, as well as alcohols (and silanols), play an
important role in the decomposition of silyl hydrotrioxides
(R;SiOOO0H) to form the corresponding silanols and/or
disiloxanes and HOOOH,"¥ no such processes with the

816 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Figure 9. Optimized B3LYP/6-31 ++ G* structures of the methyl hydro-
trioxide/water complex H and the transition state TS2 for the reaction
CH;000H + HOH —CH;0H + 'O, + HOH.

Table 3. Energies [au] of reactants, complex (H), transition structure
(TS2), and products for the intramolecular proton transfer in the methyl
hydrotrioxide/water system at the B3LYP/6-31++ G*+ZPE level of
theory.[?]

B3LYP/6-31 ++ G* B3LYP/6-31++ G*+ZPE

CH,O00H-+HOH  —342.430051 (0.0) — 342350606 (0.0)
CH,O0O0H-HOH (H) — 342444883 (—9.3) —342.361226 (—6.5)
TS2 —342.404706 (15.9) — 342.326603 (15.0)

CH;OH +'0,+ HOH —342.414033 (10.0) —342.337985 (7.9)

[a] Relative energies [kcalmol~!] are given in parentheses. [b] B3LYP/6-
31++G*+ZPE: HOH, E=-76401603au; CH;OOOH, E=
—265.949003 au; '0O,, E = —150.262339 au; CH;0H, E = —115.674043 au.

formation of hydrogen trioxide could be detected in the
decomposition of hydrotrioxides 2a and 2b. Neither was the
hydrotrioxide 2a formed in the reaction of HOOOH with
acetone. However, analogous reactions, for example, the
decomposition of the hydroxy-hydroperoxide Me,C(OH)-
(OOH) into acetone and HOOH (shown by 'H and 7O NMR
spectroscopy to be assisted by the presence of water), which is
an important step in the Shell process for the production of
HOOH % and the reverse reaction,?® are well known in the
peroxide chemistry.

Experimental Section

Instrumentation: Low-temperature 'H, ?H, C, and 7O NMR spectra were
recorded on a Bruker Avance 300 DPX ("H NMR, 300.13 MHz; 2H NMR,
46.07 MHz; *C NMR, 75.48 MHz; 70O NMR, 40.70 MHz) and on Varian
Unity Inova-600 spectrometers ('"H NMR, 600.09 MHz; 7O NMR,
81.37 MHz) with TMS ('H and C NMR), [D¢Jacetone (*H NMR), and
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H,70 (7O NMR) as internal standards. GC/MS was performed on a
Hewlett Packard 6890 chromatograph (HP-5SMS column).

Materials: All solvents were the purest commercially available products
and were (except for [Dg]acetone) rigorously dried and distilled according
to the literature methods. The purity was checked by GC/MS. Isopropyl
alcohol and its deuterated forms (99 %, Aldrich) were used as received,
while isopropyl methyl ether was prepared by reduction of 2,2-dimethox-
ypropane with lithium aluminium hydride/aluminium chloride by the
literature procedure.’®! An authentic sample of isopropoxymethanol was
prepared by bubbling gaseous HCHO into isopropyl alcohol.’”! All these
compounds were checked by NMR and GC/MS and were found to be
>99% pure.

2-Hydroperoxy-2-hydroxypropane (3a): Compound 3a was synthesized by
the ozonolysis of 2,3-dimethyl-2-butene (99 + %, Aldrich) in tert-butyl
methyl ether saturated with water at —40°C. This hydroperoxide is
unstable at room temperature and decomposes to hydrogen peroxide and
acetone. 'H NMR (300 MHz, fert-butyl methyl ether, —10°C, TMS): 6 =
10.0 (s, 1H; OOH), 5.0 (s, 1H; OH), 1.33 (s, 6H; CH;); *C NMR
(75.5 MHz, tert-butyl methyl ether, —10°C, TMS): 6 =1013 (C), 254
(CHs).

2-Hydroperoxy-2-methoxypropane (3b): Compound 3b was synthesized
by the ozonolysis of 2,3-dimethyl-2-butene in methanol at —60°C by the
literature procedure.’s! Samples with 7O labels were prepared with '7O-
enriched ozone. '"H NMR (300 MHz, [D¢]acetone, 25 °C, TMS): 6 =10.1 (s,
1H; OOH), 3.20 (s, 3H; OCHs), 1.30 (s, 6H; CH;); C NMR (75.5 MHz,
[Dglacetone, 25°C, TMS): 6 =104.9 (C), 48.9 (OCH,), 22.7 (CH;).
Ozonation procedure: Ozone-oxygen mixtures were produced by the
passage of oxygen through a Welsbach T-816 ozonator. Ozone-nitrogen
mixtures were obtained as already reported. The concentration of ozone in
the gas stream was measured by the literature procedure. The generation of
7O-enriched ozone was accomplished by the passage of '7O-enriched
oxygen (58% 170,, ISOTEC) through a semimicro ozonator.*”! The
efficiency of ozone generation was considerably increased by pumping
unreacted '7O-enriched oxygen back to the ozonator (Cole-Parmer
Masterflex L/S variable-speed tubing pump).

Product analysis: Decomposition products of 2a and 2b were determined
by a combination of techniques. All products, except hydrogen peroxide,
were determined by GC/MS with calibrated internal standards and known
reference materials. All products were also collected and identified by
NMR spectroscopy. Hydrogen peroxide was determined by 'H NMR and
70 NMR spectroscopy, and by other analytical methods already described
previously.!

Kinetic studies: Kinetic measurements for the decomposition of the
hydrotrioxides and HOOOH were made by monitoring the decay of the
OOOH, CHj;, and OH/OCH; (for ROOOH) absorptions by 'H NMR
spectroscopy, with TMS as internal standard. Kinetic and activation
parameters were obtained by standard procedures.

Methods of calculation: Various levels of theory were employed. GIAO/
MP2/6-31 ++ G* and GIAO/MP2/6-311 ++ G** 7O NMR chemical shifts
were calculated by using ACES 11 package of programs.l*] Ab initio density
functional calculations were performed using the B3LYP hybrid func-
tional*!l as implemented in GAUSSIAN98 with various Pople’s basis sets
to fully optimize the molecules and transition states under investiga-
tion.[*> ¥l The nature of each critical point was characterized by computing
the harmonic vibrational frequencies. Zero-point energy (ZPE) correc-
tions, calculated without scaling of the harmonic frequencies, were used to
calculate the activation parameters. MP2 and MP4 perturbation theory, and
CCSD(T)15#I theory were also used for the geometry optimization of
some molecular entities.
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H-O-0-0=0°, E=-226.05297 au. For comparison, CCSD(T)/6-
3114+4G**:  (cis) dH-0,)=0974 A, d(0,—0,)=1497 A,
d(0,~05)=1261 A, ¥ H-0-0,=99.2°, ¥ 0,-0,-0;=111.8°, X
H-0-0-0=-9.9°, E=—-225.63311au; (trans) d(H—0,)=0.970 A,
d(0,—0,)=1.535 A, d(0,~0,)=1244 A, ¥ H-0,-0,=109.6°, ¥
H-0-0-0 =180°, E=—225.63351 au. For a complete list of B3LYP,
MP, and CCSD(T) calculations (various basis sets) on HOOO", see
Supporting Information.

It is also indicative that the geometry of TS1 resembles that of the
forming 2-hydroxy-2-propyl radical (d(C—O)=1.385 A) more than
that of 2-hydroxy-2-propyl cation (1.281 A) (see Supporting Informa-
tion).
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Gropen, P. N. Skancke, U. Wahlgren, Acta Chem. Scand. A, 1983, 37,
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(1.315), ¥ H-0,-0,=2876" (85.1), ¥ 0,-0,-0;=108.5° (110.1),
X H-O-0-O=0° (—43.7), E=—-226.05817 au (—225.68255). It is
interesting to note that there is practically no difference in the
endothermicity for the decomposition of HOOO™ into HO~ and A'O,
(AE=25.0 kcalmol™') and the decomposition into HO" and super-
oxide anion O, (AE=25.1kcalmol™') at the CCSD(T)/6-311 ++
G** level of theory (HO-, E=-75.64605au; HO*, E=
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It is interesting to note that this non-covalently bound aggregate forms
a 1:1 hydrogen-bonded adduct with water (HOOO-—HOH) with the
binding energy between both components (two intermolecular hydro-
gen bonds) of 21.0 kcalmol™' at the B3LYP/6-31++ G* level of
theory (see Supporting Information). The characteristic feature of this
adduct was an even longer HO—OO “bond” and a somewhat
shortened HOO—O bond relative to the non-solvated HOOO
“anion”. The mechanism of the fragmentation of this assembly is
currently under investigation in our laboratory.

Our preliminary studies of the topology of the potential energy
surface descending from the transition state TS1 by using IRC
calculations (C. Gonzalez, H. B. Schlegel, J. Chem. Phys. 1989, 90,
2154; J. Phys. Chem. 1990, 94, 5523) have confirmed the intermolec-
ularly hydrogen-bonded radical pair, that is, hydrotrioxyl radical
2-hydroxy-2-propyl radical complex (O—H---OOOH) as the first
intermediate product. The IRC calculations of further reactions of this
radical pair to form the end products of the title reaction (currently
under invesitigation but computationally very time consuming) are
beyond the scope of the present study. We thank one of the reviewers
for suggesting these studies.

X.-M. Zhang, J. Org. Chem. 1998, 63, 1872.

a) M. Speranza, J. Phys. Chem. A 1998, 102, 7535; b) for the first direct
experimental evidence for HOOO radical, see: F. Cacace, G.
de Petris, F. Pepi, A. Troiani, Science 1999, 285, 81.

Our calculations revealed that the reaction HOOO® —HO" + 30, was
endothermic by 5.1 and 4.9 kcalmol™! for the trans and cis form,
respectively, at the CCSD(T)/6-311 ++ G** level (2°0,, d(O—0)=
1211 A, E=—150.04486 au).

Peroxyacetic and formic acid are presumably formed by the ozonol-
ysis of the enol.'>* The initially formed formaldehyde is oxidized
further (O4/0,), and also reacts with isopropyl alcohol to form
isopropoxymethanol.

Tetrahedral intermediates were actually detected in the decomposi-
tion mixture at low temperatures. For example, 2-hydroxy-2-methoxy-
propane was detected as unstable intermediate during the decom-
position of the hydrotrioxide 2b. This intermediate decomposed faster
than 2b at temperatures above —50°C. ['H NMR (300 MHz,
[Dglacetone, —70°C, TMS): 6=5.32 (s, 1H; OH), 3.19 (s, 3H;
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OCH,), 1.31 (s, 6H; CHj;); *C NMR (75.5 MHz, [Dg]acetone, —70°C,
TMS): 6 =973 (C), 48.0 (OCH,), 27.0 (CH,)].

Selected kinetic and activation parameters for the decomposition of
the hydrotrioxides of a-methylbenzyl alcohol and methyl a-methyl-
benzyl ether, and HOOOH generated by the low-temperature
ozonation of the alcohol and ether are as follows: Ph(Me)-
C(OH)(OOOH), [Dglacetone, k(—10°C), 3.7x107%s™!, E,=
21.3 kcalmol™!, logA =14.3; HOOOH, k(—10°C), 11.9 x 10~*s7,
E, =176 kcalmol ', log A =11. 7; Ph(Me)C(OMe)(OOOH), [D¢]ace-
tone, k(—10°C), 12.5x 107*s7!, E,=23.2 kcalmol™!, logA =16.3;
HOOOH, k(—10°C), 3.3 x 10~*s~!, E,=13.7 kcalmol~!, logA =7.8.
(For a complete list of kinetic data, see Supporting Information.)

a) W. A. Pryor, N. Ohto, D. E. Church, J. Am. Chem. Soc. 1983, 105,
3614; b) Our preliminary study on the low-temperature ozonation of
cumene at lower concentrations (0.1-0.4 M) than originally inves-
tigated (ca. 3.6 M),*'?l in [D]acetone, revealed the appearance of two
polyoxides, that is, cumyl hydrotrioxide ['H NMR (300 MHz, [D¢]ace-
tone, —10°C, TMS): 6 =13.38 (s, 1H; OOOH)], and HOOOH [6 =
13.22 (s,2H; OOOH) ] in molar ratio 1.00:0.35 in the reaction mixture.
The kinetic and activation parameters for the decomposition of cumyl
hydrotrioxide and HOOOH are: k (—10°C), 1.0x 10~*s7!, E,=
23.0 £ 1.0 kcalmol !, logA =15.5+1.0; HOOOH: k(—10°C), 0.60 x
104s7!, E,=17.0+1.0 kcalmol™!, logA =10.0+1.0 (without inhibi-
tion). The activation parameters for the decomposition of cumyl
hydrotrioxide are in excellent agreement with those obtained by Pryor
et al. in [Dg]acetone in the presence of 2,6-di-fert-butyl-4-methylphe-
nol as an inhibitor. It therefore appears that a higher polarity and/or
greater hydrogen bond acceptor capability of the medium ([Dgace-
tone, :B, see Scheme 2) affects the outcome of the reaction.
CCSD(T)/6-311 ++ G**, HOOOH: d(H-0)=0.978 A, d(0—0)=
1432 A, ¥ H-0-0 =101.9°, ¥ 0-0-0=107.6°, & H-0-0-O =82.0°,
E=-226.267699 au.

See also: C. von Sonntag, H.-P. Schuchmann, in Peroxyl Radicals (Ed.:
Z. Alfassi), Wiley, New York, 1997, pp. 173 -234.

All attempts to obtain anhydrous solutions of ROOOH/HOOOH
with molecular sieves as drying agent (dry box) failed, since water was
formed as a result of the induced decomposition of HOOOH by ozone
as well as in the spontaneous decomposition of this polyoxide. Molar
ratio HOOOH:HOH was in all cases approximately 1:2—-3.

a) G. Goor, W. Kunkel, O. Weiberg, in Ullmann’s Encyclopedia of
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a) R. J. Bartlett, J. F. Stanton, J. Gauss, W. J. Lauderdale, J. D. Watts,
Quantum Theory Project, University of Florida, Gainesville, 1997; For
relevant references, see: b) J. Gauss, Chem. Phys. Lett. 1992, 191, 614;
c) K. Wolinski, J. F. Hinton, P. Pulay, J. Am. Chem. Soc. 1990, 112,
8251.

a) A.D. Becke, J. Chem. Phys. 1993, 98, 5648; b) C. Lee, W. Yang,
R. G. Parr, Phys. Rev. B. 1988, 37, 785; c) W. J. Hehre, L. Radom, P.
von R. Schleyer, J. A. Pople. Ab Initio Molecular Orbital Theory,
Wiley, New York, 1986.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J.R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, R. E. Strat-
mann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N.
Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski,
G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick,
A.D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V.
Ortiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,
R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S.
Replogle, and J. A. Pople, GAUSSIAN-98, Revision A.5; Gaussian,
Pittsburgh, PA, 1998.

Density functional calculations (DFT), performed with B3LYP func-
tional, have been shown to be comparable in accuracy with those of
CCSD(T) in cases with some multireference character such as
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ozone,™#l and in some other “difficult” peroxide species
(FOOF).l# 44l In addition, the transition state structures for alkene
epoxidation by peroxyformic acid,**¢ 4l for example, obtained at the
B3LYP level, are remarkably close to those calculated at CCSD,
CCSD(T), and QICD levels of theory.

a) P. Borowski, K. Andersson, P.-A. Malmgqvist, B. O. Roos, J. Chem.
Phys. 1992, 97, 5568; b) F. Jensen, Introduction to Computational
Chemistry, Wiley, 1999, p. 287; ¢) G. E. Scuseria, J. Chem. Phys. 1991,
94,442; d) K. N. Houk, J. Liu, N. C. DeMello, K. R. Condroski, J. Am.
Chem. Soc. 1997, 119, 10147; ¢) R. D. Bach, M. N. Glukhovtsev, C.
Gonzalez, M. Marquez, C. M. Estevez, A. G. Baboul, H. B. Schlegel, J.
Phys. Chem. A 1997, 101, 6092.

a) K. Raghavachari, G. W. Trucks, J. A. Pople, M. Head-Gordon,
Chem. Phys. Lett. 1989, 157, 479; b) R. J. Bartlett, J. D. Watts, S. A.
Kucharski, J. Noga, Chem. Phys. Lett. 1990, 165, 513 (CCSD(T)).
MP methods are in general satisfactory for treating peroxides
provided that a fairly large basis set is used.[’) In the case of trioxides,

[47]

the rotational potential is much steeper than that of peroxides and is
therefore less sensitive to basis set effects. Thus, reasonable values for
dihedral angles (the key structural feature of peroxides/polyoxides)
can be obtained even with smaller basis sets.[77& 7k 11, 470]

See, for example: a) D. Cremer, J. Chem. Phys. 1978, 69, 4440; b) For a
comprehensive discussion of the early use of ab initio methods
(including MP calculations) for the study of peroxides and polyoxides,
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Chichester, 1983, pp. 1-84; c) J. E. Carpenter, F. Weinhold, J. Phys.
Chem. 1988, 92, 4306, and references cited therein; d) J. A. Dobado,
J. M. Molina, J. Phys. Chem. 1993, 97, 7499; ¢) O. Mo, M. Yanez, 1.
Rozas, J. Elguero, J. Chem. Phys. 1994, 100, 2871; f) Y. -Y. Chuang,
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Micrometrically Controlled Surface Modification of Teflon® by Redox
Catalysis: Electrochemical Coupling between Teflon® and a Gold Band

Ultramicroelectrode

Christian Amatore,*?! Catherine Combellas,”! Frédéric Kanoufi,'”! Catherine Sella,!?!
André Thiébault,”! and Laurent Thouin!®!

Abstract: Carbon—fluorine bonds of
Teflon® (polytetrafluoroethylene, PTFE)
can be reduced electrochemically with
the purpose of modifying its adhesive
and wetting surface properties by micro-
metrically controlled surface carboniza-
tion of the material. This can be per-
formed adequately by redox catalysis
provided that the redox mediator couple
has a sufficiently negative reduction
potential. The process is investigated
kinetically with benzonitrile as the me-
diator and a gold-band ultramicroelec-
trode mounted adjacent to a PTFE
block, though separated from it by an

periods of time, during which the car-
bonized PTFE zones extends over dis-
tances that are much wider than the
slowly expanding cylindrical diffusion
layer generated at the gold-microband
electrode. This establishes that the over-
all redox catalysis proceeds through
electronic conduction in the n-doped
carbonized material. Thus, carboniza-
tion progresses at the external edge of
the freshly carbonized surface in a
diffusion-like fashion (dependence on
the square root of time), while the
redox-mediator oxidized form is regen-
erated at the carbonized PTFE edge

facing to the gold ultramicroelectrode,
so that the overall rate of carbonization
is controlled by solution diffusion only.
For larger fluxes of mediator, the heter-
ogeneous rate of reduction and doping
of PTFE becomes limiting, and the
situation is more complex. A conceptu-
ally simple model is developed which
predicts and explains all the main dy-
namic features of the system under these
circumstances and allows the determi-
nation of the heterogeneous rate con-
stant of carbon-fluorine bonds at the
interface between the carbonized zone
and the fresh PTFE. This model can be

insulating micrometric mylar gap. For
moderate fluxes of reduced mediator,
the whole device behaves as a genera-
tor—collector double-band assembly
with a constant current amplification
factor. This is maintained over long

Introduction

Polytetrafluoroethylene (PTFE or Teflon®) is a perfluorinat-
ed polymer with uncommonly small surface tension so that its
wetting and adhesive abilities are extremely poor. These
specific properties together with the great chemical stability
of the carbon—carbon and carbon —fluorine bonds has led to
numerous applications either at the industrial/professional or
domestic scales. However, the same properties make it

[a] Dr. C. Amatore, Dr. C. Sella, Dr. L. Thouin
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UMR CNRS 8640 “PASTEUR”, 24 rue Lhomond
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further refined to account for the effect
of ohmic drop inside the carbonized
zone on the heterogeneous reduction
rate constants and henceforth gives an
extremely satisfactory  quantitative
agreement with the experimental data.

catalysis

difficult to attach PTFE blocks together or to other materials,
so that PTFE objects have generally to be cast into a single
piece or carved from PTFE blocks, but cannot be glued/
soldered/metallized as these processes are performed with
other polymeric materials. It is therefore of importance to
devise ways to modify the surface properties of PTFE blocks
in a controlled fashion so that the material surface tension and
chemical reactivity are changed locally.

In a detailed review, Kavan!!! describes how such surface
modification can be performed by electrochemical reduction
of the carbon-fluorine bonds. This may be performed by
solvated electrons (see also refs.[2, 3]) or by generating
radical anions in liquids or in solid electrolytes. PTFE surfaces
may also be directly reduced in DMF/NBu,BF, into a
carbonized material by an electrode poised at a potential
more negative than —2.5 V versus SCE and placed in straight
contact with the PTFE.[¥ These carbonization processes are
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reported to lead ultimately to a n-doped polymeric carbon
material through a two stages reduction [Egs. (1) and (2)].

—(CF,),—+2ne +2nCatt — —(C),—+2n[Catt,F~] (fast) 1)
—(C),—+one” +onCat* — [~(C°"),—0nCat*] (slow) ?2)

In Equation (2), 0 represents the excess of negative charge
per carbon center in the carbonized matrix (0.05 < 6 < 0.45[4).
Therefore the reduced PTFE presents a significant electrical
conductibility through electronic conduction and mobility of
the cations. Because of this electrical conduction, when PTFE
is adjacent to an electrode set at a sufficiently negative
potential, reduction of the PTFE may occur far from the
electrode/PTFE interface, at the outer edge of the carbonized
zone either in surface of the PTFE block or within its bulk.[' 4
Due to the necessity of cation diffusion—migration to
compensate the generation of fluoride anions [Eq.(1)],
extension of the carbonized zone occurs faster at the PTFE
surface than within its bulk: propagation requires diffusion—
migration of fluoride ions and cations through the carbonized
bulk zone to and from the internal surface at which reduction
of carbon fluorine bonds occur. As expected, the depth of
reduction is reported to obey a diffusion-type law [namely,
hoc (ic,0)%, with k;, (apparent diffusion coefficient) being
smaller the larger the cation].[:4

In this work, we wish to report a kinetic investigation of the
above processes performed in the context of the reduction of
PTFE by radical anions>® electrochemically generated in
DMF in the presence of tetraalkylammonium supporting
electrolyte [NR,BF,, R=Et, nBu, nHex (hexyl)]. The
originality of the present study consists in the fact that the
radical anions are generated in solution, at micrometric
distance of the PTFE by a gold-band ultramicroelectrode
mounted parallel to the PTFE block and separated from it by
an insulating gap, in a way reminiscent of double-band
ultramicroelectrode assemblies./-!1]

Experimental Section

Two series of ultramicroelectrode assemblies were constructed along the
same “sandwich ” technique!” pictured in Figure 1. A gold foil (thickness:
w =10 pm, length: /=3 mm, Goodfellow, 99.95%) was placed on a flat
glass substrate, covered by a mylar insulating film (thickness: g =10 um)
and then by a PTFE sheet a few millimeters wide (operating assembly). For
the control assemblies (microband alone), the ensemble mylar— PTFE was
replaced by a glass sheet. The whole sandwich was then firmly pressed into
position and soaked onto an epoxy resin (Epon, type 828) mixed with 10 %
triethylene tetramine (Aldrich, technical grade). After hardening of the
epoxy, the gold foil was connected to an electrical copper lead and the
whole assembly was consolidated by a mechanically strong resin (Torr Seal,
Varian) and glued inside a glass tube of 1cm internal diameter. After
hardening, the cross-section of the in-tube sandwich assembly, exposed
with a diamond saw, displayed a gold microband (w =10 pm, /=3 mm)
separated from the PTFE (operating assembly) material by the insulating
mylar gap (g=10 um) or the microband alone (control assemblies). This
cross-section was polished with a polishing wheel with thinner and thinner
abrasives (P600, P2500, P4000) before each measurement. The actual
dimensions (w,g,/) of each microband assembly were controlled by optical
microscopy (Figure 1a). The dimensions of the gold microbands (w,/) were
more precisely determined for each assembly by chronoamperometric
calibrations following a previously described method!'> !l that uses the
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Figure 1. Schematic views of the microband assemblies used in this work
and of their dynamics. For determination of 1,4 a second assembly is used
in which the mylar sheet and PTFE block is replaced by a glass sheet.
a) Optical microscopic view of the surface of the assembly showing from
bottom to top, the glass plate substrate, the gold microband, the insulating
mylar gap, the carbonized PTFE zone and the unaltered PTFE. b) Sche-
matic cross-section of the assembly represented in a), showing the
definition of w and g and describing the diffusional dynamics at short
times. c) Schematic representation of the dynamics for low fluxes of
mediator radical anion (M*") and definition of # and L. The blackened
elliptic area represents the carbonized zone (see text). Note that for the
sake of simplicity the electron stoichiometry of reactions is not respected
and the role of NR," cations is not indicated [Eqgs. (3) and (13)-(15)].
d) Schematic representation of the initial dynamics for large fluxes of
mediator radical anion, showing the occurrence of the two parallel
mechanisms: reduction through electronic conduction in the n-doped
carbonized zone [Egs. (13)—(15)] and through direct reaction between the
mediator radical anion and PTFE [Eq. (3)].

one-electron reduction wave of 4-cyanopyridine, since its standard
potential (—1.70 V vs. SCE) is not sufficiently negative to give rise to a
reaction with PTFE (vide infra). In all cases the nominal thickness (w)
was maintained and the lengths (/) were equal to 3 mm within £5 %. Since
the current of a microband electrode assembly is strictly propor-
tional 3l to the band length, all the currents reported here were post-
normalized in each case to a 3 mm length to allow comparison between all
assemblies.

The cell contained 15-20 mL of a solution of the mediator and of NR,BF,
(R =Et, nBu, nHex) supporting electrolyte in dry DMF. The solution was
deaerated by argon bubbling and then maintained under an argon blanket.
DMF (Carlo Erba, for analysis) was distilled from BaO to ensure a proper
dryness, since most of the experiments were performed at rather negative
potentials (generally —2.4 V vs. SCE) at which water traces give rise to
significant residual currents. NBu,BF, was synthesized and recrystallized
according to a previously reported procedure.l'"¥ The two other supporting
electrolytes (NR,BF,, R =Et, nHex, Fluka Chemie, purum) were used as
received. All the mediators (phtalonitrile, 4-cyanopyridine, pyridazine,
4-phenyl-pyridine, benzonitrile, and naphthalene) examined in this study
were commercial (puriss quality) and used without further purification.

A three-electrode configuration was used. The SCE reference electrode
(Tacussel) was set into a bridge of a composition identical to that of the
investigated solution and separated from the solution by a thin glass frit
(Tacussel). The counter-electrode consisted of a platinum coil of approx-
imately 1 cm? surface area. The working microband electrode potential was
imposed and the currents measured by a Autolab integrated potentiostat
driven by the Autolab GPES software run by a Pentium computer. Most
experiments were performed chronoamperometrically, the electrode
potential being poised on the plateau of the mediator reduction wave
(most generally, about 130 mV more negative than its half-wave potential).

Most experiments required long duration times. We observed that when
operated alone, the microband current (control device) remained rather
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invariant with time in the range of interest, albeit for a pure diffusion
transport it is expected to vary reciprocally with Inz.!"> "l This demon-
strated that convection dominated the transport to the microband in the
time range of interest. Furthermore, several experiments involved benzo-
nitrile concentrations comparable with or even larger than that of the
supporting electrolyte, that is, they were performed under conditions under
which convection driven by electrophoretic density necessarily participated
into the transport processes occurring in the solution.!S! For this reason, in
all experiments, including those performed under an inverted microscope,
the electrode was always placed with its horizontal active surface facing the
bottom of the cell (at approximately, 5 mm from the cell bottom) and at the
same position within the cell in order to maintain, as much as possible,
reproducible convective conditions in different runs performed under
otherwise identical conditions. For the same reason the cell (or the
ensemble of the cell and microscope, vide infra) was always mounted on a
vibration free table.

The optical measurements of the lateral growth (L) of the carbonized layer
were made on the stage of an inverted microscope (Axiovert 135, Carl
Zeiss) equipped with a charge-coupled device video camera (model VCB-
3512P, Sanyo) connected to a black and white video monitor (model VM-
2512, Sanyo), a tape recorder (Panasonic), and a video graphic printer
(Sony). The photographs shown in Figure 1 (see also Figure 7 later) were
recorded and printed this way. The microband/mylar/PTFE assemblies
were set in position with a three-dimensional manipulator and mounted
with their active surface facing the cell bottom and exposed to the
microscope lens (x 20). The magnification (2 mm on original printed views
corresponded to 10 um) was chosen so that it had not to be changed during
the full duration of an experiment, while the full lateral development of the
carbonized zone could be observed. The microscopic field was lighted with
a cold-light source equipped with an optical-fiber light-transmission device
(KL 1500 electronic, Schott). The cell was a sectioned beaker bottom
(55 mm diameter, 4 cm height) filled with 20 mL of a DMF/supporting
electrolyte (NEt,BF,, 0.2M in the experiments shown in this work) solution
of the mediator. The chronoamperometric electrochemical experiments
were performed as described above. The current was recorded as a function
of time, while the microscopic image was simultaneously recorded on the
tape recorder. For the treatment of the lateral growth (L), the video
recorder internal clock was used in retrieving the L() variations. To ensure
that no drift occurred between the two timescales (namely, that of the
Autolab potentiostat for the current and that of the video recorder for the
length) over the long durations of the recordings, some of the pictures were
marked electronically during their recording at selected times imposed by
the Autolab timescale. The measurements of L(f) values were performed
from the views printed at selected times with a +0.25 mm accuracy (that is
a +1.25 pm accuracy on L values). The optical measurements of microband
(w) and gap (g) widths were performed similarly by using a better adapted
magnification, since that used in Figures 1a and 7 was too small to obtain
the required precision. Similarly, the contrast and cold-light angle in
Figures 1a and 7 were adjusted to allow the best examination of the
carbonized zone, but resulted improper for a precise determination of w
and g because of the ensuing shadows.

Principle and Theory

Figure 1a,b shows in schematic form the principle of the
experiments performed in this study. The mediator M is
reduced at the gold microband surface so that the generated
radical anion M-~ diffuses cylindrically in the solution.['> 13!
For the gap width used here, a few seconds are sufficient for
the cylindrical diffusion “layer” to extend over the insulating
gap so as to reach the PTFE edge. M~ may then react
electrochemically with the PTFE carbon - fluorine bonds in a
way reminiscent to redox catalysis.' Indeed, based on
previous reports,> ! one expects to observe the regeneration
of the unreduced M form through the overall reduction
[Egs. (1) and (2)] taking place at the PTFE/solution interface.

8§22 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Albeit for different physicochemical reasons, the whole
assembly is then expected to act as a generator —collector two
band assembly.> 13l The redox catalytic reaction [Eq. (3)]
indeed performs in a way such that the PTFE behaves as a
collector.

—(CF,),~+(2+0)nM"™ +(2+0)nNR,;* — 3
[-(C>),—0nNR,*] + 21 [NR,“F |+ (2 + 0)nM )

Whenever the maximum allowable rate of the reaction
[Eq. (3)] is faster than the flux of incoming radical anion, the
feedback due to the mediator regeneration is expected to be
total. Thus, the total microband current (/) must be larger
than for the same band operating in the absence of adjacent
PTFE (Iy).7> '3 The current amplification (namely,
I/l,,d™ 1) must then be identical to that of a generator—
collector assembly with identical band and gap widths and
with the collector potential set on the plateau of the oxidation
wave of the reduced mediator. Conversely, when the reaction
[Eq. (3)] is rate determining, a less efficient regeneration is
expected to occur (vide infra), and therefore the current
amplification is expected to be much less than that of a true
generator —collector assembly. Hence, the measured values of
I/l or of the catalytic current I ,,=1— I,,,q appear to be
suitable and quantitative indicators of the rate of reaction
[Eq. (3)] under the present circumstances.

Although its general conclusions are right qualitatively, this
simple view neglects the electrochemical role of the altered
PTFE zone formed by the reduction in Equation (3), and is
therefore [Eq. (3)] strictly valid only for short times. In truth,
the reaction removes the reducible carbon-fluorine bonds
adjacent to the immediate gap edge regions, and the resulting
n-doped carbonized material may then convey the current
flux to its internal boundary with the unaltered PTFE. The
process then becomes more complex when the flux of reduced
mediator is high and a significant length (L) of the PTFE
surface has been altered, that is, when L is no longer negligible
in relation to g Under such conditions, different kinetic
situations must be considered depending on the resistivity of
the carbonized region and on the diffusivity of NR,* and F~
ions in this zone with regard to the flux of the reduced
mediator generated at the microband and the overall rate of
the process in Equation (3).

Preliminary considerations: From what precedes it is under-
stood that the dynamic behavior of the system is controlled by
two main phenomena. One is the internal transport dynamics
and kinetics occurring in the carbonized area and the other is
the solution transport dynamics. Both are crucial as is
established in the following analysis. Since they are docu-
mented only disparately in the literature and not at all in this
particular context, it is important to briefly review and
implement them in this preliminary section. This will ease the
development of the parts that are the true original core of the
present theoretical section and which will be developed after
these preliminary considerations.

Diffusion at microbands and generator— collector microband
assemblies:"31 A microband may perform under two differ-
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ent diffusional regimes according to the timescale. The
occurrence of these two regimes is controlled by the size of
the microband width (w) relative to that of the diffusion
length, (Dr)'2, where t is the duration of the experiment and D
the diffusion coefficient of the electroactive species present at
concentration ¢y in solution. Thus, when p = (w/2)(Dr)~'? is
much larger than unity, the diffusion layer is a thin film
adjacent to the electrode surface and of negligible width
relative to the microband width, so that diffusion is mostly
planar. The microband current is then given by a classical
Cottrell equation.'’l Conversely, when p <1, the diffusion
length is extremely large with regard to w and a hemi-
cylindrical diffusion layer centered on the microband axis
develops.l'> 131 Under these long time conditions, the diffusion
occurs under a quasi-steady-state regime, and the microband
current for chronoamperometry on the electroactive species
plateau is given by Equation (4), in which [ is the microband
length (I>>w), Age/w = (1/n)In(4/p) = (1/m)In[8(Dt)V*w], F =
96485, and n is the number of electrons exchanged in the
electrochemical reaction (note the “minus” sign in Equa-
tion (4), since n>0 for a reduction, while cathodic currents
are negative by convention).['> 13l
= Lyana=nFDlcy (WA i) 4
Equation (4), predicts a slow logarithmic decay of the
microband current with the operation time, reflecting the slow
logarithmic expansion of the hemicylindrical diffusion layer.
This remains true provided that the hemicylindrical diffusion
layer is small enough to remain included within the con-
vection-free layer adjacent to the plane in which the micro-
band is embedded.'} When this condition is not fulfilled,
convection limits the extension of the diffusion layer and the
microband current is then defined by Equation (5)!'%], in
which A, is an effective length determined by the thickness
Ocony Of the convection-free layer (see ref. [19] for a treatment
in the case of a disk electrode). This convective transport
becomes dominant when p < p..,, =4exp(— A/ W).
— Tyana=nFDlcy (W/Acon) (5)
Let us now consider a generator—collector microband
assembly formed of two parallel microbands of identical
widths (w) and lengths (/), separated by an insulating gap of
width g, embedded in an insulating plane. At time zero of the
experiment the generator electrode potential is set at the
plateau of the electroactive
substrate, and that of the col- a)
lector set at the plateau of the
reverse electrochemical reac- 3
tion. Based on the above, four
regimes will be successively met 2
with when the time ¢ increases.
When p = (w/2)(Dt)"2>> 1, the

and the collector current is zero. Over the interval 1>p >
Deony» tWo different situations are observed depending on the
respective size of the gap and the diffusion length, that is,
depending on the value of the parameter p = (g/2)(Dr)~ V2.1 13l
When p > 1, the diffusion length is too small for the species
electrogenerated at the generator to reach the collector. Thus
the collector current remains zero and the generator micro-
band behaves as if it was alone: its diffusion layer is
hemicylindrical and its current is given by Equation (4). Note
that since p=(g/w)p, this situation is not observed exper-
imentally when g < w. Conversely, when p <1, a complete
diffusional cross-talk occurs between the two micro-
bands™ 3l so that all the species electrogenerated at the
generator are converted back to the electroactive substrate at
the collector. The collection efficiency is unity, and the whole
dynamics of the assembly is regulated by this cross-talk. The
generator and collector currents are identical and given by
Equation (6) (the superscript oo indicates that the value
corresponds to infinite times), in which 9, is given by the
ratio of elliptic integrals [Eq. (7)];> ™ this depends only on
wlg and is readily evaluated numerically (see Figure 4 in ref.
(7D
Lyen=— L= 1*=—nFDlcy Y, (6)

1+ 2w/g

{(& =D + 2w/g) - &)} e

G =Vo—1

=200 + 2w/g? — 21} g

0 (M
Arcosh(l + 2w,/g)[(1 i 2w/g)2 ~ (cosh w)z]’l/zdw
=1 L

/2

[0+ 2w/g)’ — (sinw)’]} " dw

0

Note that under those conditions /,,,; —0 when convection
is negligible (namely, for A.,,, > w), since p is very small, so
that /g x—In(p) — oo . In the intermediate zone, that is,
when p is of the order of unity, the collection is not
quantitative (see Figure 7B in ref. [7]) so that the generator
microband current and the collection efficiency increase,
while the time increases. A convenient approximation of the
generator microband current is then given by Equation (8), in
which 1,4 is given in Equation (4) and the function @(p) is
shown in Figure2a and is obtained by combination of
Figures 5 and 7B in ref. [7].

Igen/lband -1= 9w/g D(p) ®)

diffusion layer forming at the % o 2
generator is planar and con-

fined over the generator sur-
face. The generator current is
given by the Cottrell equation,
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4

-2 log(p) = log(4Dt/g?)

Figure 2. Theoretical variations of the functions a) @(p) and b) I'(p) with p and t. ¢) Theoretical variations of the
function f(g*"/g) at constant p = g/[2(Dt)"?] value (see text); from top to bottom, log(p) = — oo, —3, —2, — 1, and
0. Under our conditions, —3<p<-1.
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When the time increases, I,e,/I,.nq increases because @(p) o
—In(p) when the time is large (Figure 2a). Again, this increase
reflects mostly the decrease of I,,,4, since I, tends towards its
limit />, given in Equation (6). This continuous rise of /y,/lunq
with ¢ is pursued up to the point at which Ag; becomes
comparable with A, that is, up to when p <4exp(— A ./
w). The convection-limited behavior is then reached for
operation times that exceed t;;,, = [ (W/8)? exp(2tA cony/W) |/ D.

To the best of our knowledge the situation in which
convection interferes drastically has never been investigated
theoretically for double-band assemblies. However, one may
propose a simple approach of the phenomenon at hand. For
micrometric values of w and g, this situation occurs when p
and p are extremely small, that is, when the collection
efficiency of the collector electrode is quantitative in the
absence of convection. Thus, based on the above I, is given
by Equation (9), in which I,,,4 is the microband current [i.e.,
when the collector is disconnected, Eq. (5)] recorded under
the same conditions, and Q is the effective collection
efficiency in the presence of convection.

Lyen = Liana + Iy R = lyang — nFDlcy 9, Q )

Q may be approximated by considering that the collection
efficiencies of the collector and of the bulk solution are
proportional to the diffusional gradients they create in cross-
talking with the generator, that is, they are reciprocal to their
apparent diffusion lengths from the generator. For the
convection layer, the apparent diffusion length is A,,,, based
on the formulation of 1,,,, in Equation (5). For the collector
microband, the apparent diffusion length is approximately
mg/2 as previously evaluated (see the empirical Equation (17)
in ref.[7]), thus Q~ A on/(Acony + g/2) = 1/(1 + g/2A oy ), I
which A, may be determined from the current of the
microband operating alone [Eq. (5)].

From I,,q in Equation (5), Equation (10) can be derived.
Note that Equation (10) is the same as Equation (8) in which

Igen/lhzmd -1~ ‘gw/g (Aconv/w) Q (10)

@(p) is replaced by (A,,,/w)€2. In other words, this means that
when the time increases to infinity, @(p) does not rise to
infinity as it would for a pure diffusive transport, but instead
reaches a limit at (A.,,,/w) Q because of convection. Interest-
ingly this number can be readily evaluated from the exper-
imental microband current alone, since this affords A,

(compare [Eq. (5)]).

Electrochemical kinetics in the PTFE bulk: Since the carbon-
ized PTFE is n-doped, it may act as an electronic conductor
able to shuttle the electrons delivered by the oxidation of the
reduced mediator at the carbonized PTFE/solution interface
inside the core of the material, where they can be used to
reduce CF, groups of the unaltered PTFE in contact with the
carbonized zone. Such a reduction is coupled with the
diffusion —migration of F~ and NR," ions in the carbonized
matrix to and from the PTFE/solution interface, respectively.
So the situation is identical to that which occurs in an
electrochemical cell, and v, the overall carbonization rate
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defined as the moles of CF, groups reduced per unit of time
and unit of surface area, must follow Equation (11),l"! in
which j9 is the maximum current density allowed by the
diffusion —migration of NR," and F~ within the carbonized
zonel'7 20221k is the heterogeneous rate constant (in units of
cms )7 of the reduction at the interface between PTFE and
carbonized PTFE, and ¢=44w is the concentration of CF,
groups in PTFE.

1[(2 + 8)Fv] ~ 1/ + 1/[ke(2 + 6)F] (11)

When £ is large enough with regard to j%ff, Equation (11)
shows that (2 + 0)Fv it so that the process is controlled
mostly by diffusion—migration of ions in the carbonized
matrix. In this case it is essential to compare the lateral and
vertical progressions of the carbonized zone. For the sake of
simplicity let us consider a parallelepipedic carbonized zone
of lateral extension L and depth £ as sketched in Figure 3a
(note that this reasoning is directly transposable to any shape

a) Solution

Figure 3. a) Schematic representation of the diffusion —migration dynam-
ics in the carbonized PTFE (N* represents the NR,* ion). b) Schematic
electrical equivalent of the carbonized PTFE region and of its interface
with PTFE. The boxes located at the interface represent the Faradaic
impedance placed in parallel with the double layer capacitance of the
interface.’’) Note that for the lateral Faradaic reactions, the Faradaic
impedances are connected in parallel on the vertical resistance, while for
the bottom Faradaic reactions, they are connected in series with the same
vertical resistance.

through considering finite volume elements, /dhdL followed
by integration). A vertical progression forces the F~and NR,*
ions to move over the distance /. Then j4 conforms to the
diffusion —migration laws,['”! so that if the current supply at
the solution interface is constant, one has v, =~ (j4f),/[ (2 +
0)F] o< (ic,¢)~"2, in which x, is an apparent diffusion coeffi-
cient.l'” 20221 For the lateral progression, the points of reduc-
tion involve different diffusion —migration lengths, since they
are located at variable distance from the solution: the top of
the interface is in contact with the solution (namely, (j4ff), ~
o0 ), while its bottom is at distance i (namely, (j4f), ~ (j4if),)
(Figure 3a). Thus, v, =~ ((j4),)/[ (2 + 6)F], in which ((74if),) is
the mean value of (j4), over the segment [0,k], is larger than
v,. It follows that when the current supply at the solution
interface is constant, that is, v, oc (i, £)~"? in which k, is again
an apparent diffusion coefficient and x; > k;,. This simple
reasoning shows that under a pure diffusion—migration
control and a constant reductive flux at the solution interface,
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the carbonized zone progresses in a diffusion-like fashion,
though with different vertical and lateral apparent diffusion
coefficients. Yet, L/h = (x,/k,)""? so that its cross-section is an
elliptic quadrant with a constant ellipticity as a function of
time.

In the converse situation, that is when k is small with regard
to j4ff, Equation (11) gives va ke, so the overall rate of
reduction is controlled by the heterogeneous electron transfer
at the carbonized PTFE/PTFE interface. The diffusion—mi-
gration performs under steady state so that the overall current
IP™'E entering the carbonized zone through oxidation of the
mediator radical anion is equal to the integral of (2+ 0)Fv
over the surface area of the interface between the carbonized
zone and the unaltered PTFE. Thus '™t is given by
Equation (12) (note that I’™FE is negative since it is a cathodic

— IPTFE = (2 4 §)Flc / k,d2? = p(2 + O)Flc[kkh + k!, L] (12)
P

current; hereafter it will be noted I,,q — I), in which 2 is the
curvilinear length of the cross-section carbonized PTFE/
PTFE interface, and k, is the value of k at the considered
point 2 of the interface. p is a shape factor whose value
depends on the shape of the cross-section of the carbonized
zone (o = rt/4 for an elliptic quadrant, vide infra). k%, and k%,
are the average values of k, over the lateral interface (whose
length is /) or over the bottom interface (whose length is L),
respectively. As before, it is interesting to remark that L/h =
kL /kh, is independent of time whenever kL /k%, does not vary
significantly, even if each rate constant varies. Under these
circumstances, the cross-section of the carbonized zone is
again an elliptic quadrant of half-axis L and A, though now the
ellipticity may differ from that in the previous case.
Formally, one would expect that k% ~ k", because the two
constants feature the same reductive process. However, as k,
is a rate of electron transfer, it has to depend on the locally
available reductive driving force,'” which necessarily de-
creases when the carbonized zone penetrates deeper and
deeper into the PTFE bulk because of the increasing ohmic
drop. In this respect, it is worth mentioning that a decrease of
only approximately 130 mV in reductive strength of the
mediator is enough to impede drastically the rate of carbon-
ization (vide infra). Whenever ohmic drop and accumulation
of defects are significant, one expects that both rate constants
will decrease with time. It is important to note that the surface
of the carbonized zone is in contact with the solution that
contains the redox mediator. This allows a back and forth
electron exchange between the reducing carbonized material
and the solution. Therefore, in a first-approximation level, the
system is equivalent to those examined previously in the
context of artificial neurons,['* '] with the result that one may
consider that the surface of the carbonized zone exposed to
the solution is approximately one equipotential surface, even
when the ohmic drop in the bulk carbonized zone is not
negligible. Based on this important observation, the same
reasoning as developed above shows that provided that L is
not too large, the ohmic drop relative to the lateral expansion
(namely, controlling k%) is smaller than that relative to the
vertical expansion (namely, controlling k%, ). Indeed, its value
is an average between zero (part of interface in contact with
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the solution) and that relative to the vertical expansion
(Figure 3b). Then, whenever ohmic drop plays a significant
role, k!, is expected to be smaller than k%, and both are
expected to decay with time because & increases.

Based on these considerations, one predicts that for a given
current supplied to the PTFE carbonized zone by means of
oxidation of an homogeneous reducer M*~ generated at the
microband, two different kinetic regimes may control the
expansion of the carbonized zone depending on the magni-
tude of the microband current intensity. For a given generator
microband, whose potential is set at the plateau
of the mediator reduction wave, this intensity is fixed
only by the concentration cy; of the mediator. In the following
we wish thus to address these two different kinetic regimes
separately.

Small reducing fluxes: At low current fluxes the electro-
chemical kinetics at the interface between the carbonized
region and PTFE does not limit the kinetics. Thus, while the
PTFE surface is reduced, it acts as a metallic collector of a
progressively enlarging length (L) and thickness (%), and the
overall device is expected to perform as those we investigated
previously in the context of artificial neurons.'% ) Under
these circumstances, the mediator is to be regenerated mostly
over a limited area located at the edge of the carbonized
PTFE and in contact with the insulating gap (0 < L < L, with
Ly~ g) because of the infinite current densities at conductor
edges in double-band assemblies.” 1131 The electrons thus
released at this point in the PTFE carbonized region by
oxidation of the mediator radical anion are shuttled to the
interface between the carbonized region and the still unal-
tered PTFE, where it is used to reduce new carbon —fluorine
bonds. The carbonized region should then expand
laterally (L) and vertically (#) in a diffusion-like fashion
(vide supra). This is summarized in Figure 1c and in Equa-
tions (13) - (15),

solution edge of carbonized PTFE (adjacent to the insulating gap):"-' 13

Q+0)nM™ — 2+0)nM+(2+0)me (13)

interface between carbonized PTFE and unaltered PTFE:'-9]

2ne +—(CF,),—+2nNR,* — —(C),—+2n[NR,"F-] (fastest) (14)

one +—(C),—+onNR,* — [—(C*"),—,0nNR,"] (slowest)  (15)
in which the notation e represents an electron in the
conduction band of the PTFE carbonized matrix. Note that
the combination of Equations (13) —(15) is strictly equivalent
to that of Equations (1) and (2) or to Equation (3) except that
we consider now that they occur at different locations of the
system.

The system is then expected to behave strictly as a
generator—collector double band’':13 of identical width,
so that the variations of its current with time are given by
Equations (8) or (10), depending on the magnitude of A,
and Equation (16) can be defined.

Hyypa— 1= 9., *(p) (16)
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In Equation (16) @*(p)=@(p) for @(p) < (A.on/W)R, or
D*(p) = (Aon/w)R in the converse situation. Thus, /1,4 is
expected to rise smoothly from unity at short times (where
no feedback occurs) to a constant value 1+ 9, (A,,/w)Q at
long times (where total convection-controlled feedback
occurs). This constant value is achieved for ¢ > t;;,, = [ (w/8)?-
exp(2ntA./w) /D, that is, in conjunction with the achieve-
ment of the steady state convection-limited current by the
microband alone. For the geometrical arrangement used in
this study this is expected to occur after operating the system
for a few tens of seconds.['> 2324

When this convective steady state behavior is reached, the
currents I'TFF and I,,,4 are constant so that the charge QF™E(r)
used for carbonization, that is, that corresponding to the time
integration of IPTPE=]—], ., increases linearly with the
operation time. Whenever 0 is constant the volume of
carbonized PTFE (proportional to Lhl) matches the varia-
tions of QFTFE, Thus, the product AL must also vary linearly
with the time, which agrees with the above prediction that
hoct? and Loc .

Large reducing fluxes: When the maximum current sustain-
able by the carbonized zone is too small with regard to the flux
of reduced mediator emitted by the microband, only a
fraction of the reduced mediator generated at the microband
can be oxidized at the edge of the carbonized zone touching
the insulating gap (namely, at a distance g of the band edge).
The unoxidized fraction diffuses in the solution and, provided
that the solution diffusion layer is larger than L, it may reach
unreduced PTFE where it can be oxidized (Figure 1d). This
fraction is then oxidized beyond an apparent gap g** =g+
L(t), which increases with time as L(). Initially, L(f) < g so
that g*? ~ g. Therefore at short times the initial amplification
current is the same as in the low current regime (Figure 1c)
although the two mechanistic situations are extremely differ-
ent. Conversely, when L(f) increases, 3(p**)/3(p) (in which
pPP = (g??/2)(Dr)~1?) decreases drastically, so that the sol-
ution by-pass contributes less and less to the cross-talk with
the generator microband.

Overall, I/1,,,,4 is then expected to rise at initially, while the
diffusional cross-talk is progressively established over the gap
g (that is over the first few tens of seconds of operation for our
present assemblies!!*224) and then decrease with time to
reach eventually a limit imposed by the kinetics of the
reduction at the PTFE/carbonized PTFE interface when the
solution by-pass becomes negligible. Yet, when L and h
increase, the surface area of the PTFE/carbonized PTFE
interface increases, so that v increases whenever k%, and k”,
retain their initial values. So, after a certain amount of time
the overall kinetic current I°T'E is expected to increase again
[see Eq. (12)]. Eventually, the surface area of the interface
may become large enough to sustain a current that is
comparable with the maximum one supplied by the reduced
mediator at g. At this point the system shifts to a low-flux
mode and (//,0g — 1) =8, (Agon/w) 2 Yet, when the flux of
mediator is large enough, occurrence of this situation may
require a too large extension of the interface surface area, so
that other effects (ohmic drop, defects, etc.) may dominate
and limit the current before this situation may be observed.
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Based on the conformal mapping formalism developed
previously!” ¥ the resulting current [ is given by the sum of the
current I,,,4 of the microband operating alone, with the two
catalytic currents I'FE(g) and I’T*E(g?P) due to each fraction
of the mediator regenerated at g and at g*» =g+ L(¢). Thus
Equation (17) can be defined.

Hyyog — 1= FTE(@) Ly + FFE(gP) Lyng 17)

Taking 7 to be the fraction oxidized at g and (1 —#) that
at g*r, one has then IPTFE(g)/1y,nq=n[(I/Tysna)we—1] and
IPTPE(g2) Tyang = (1 — 1) [ (W Lyang)wgre — 1], in Which (/yana)wc
is the amplification factor for a generator —collector assembly
with a generator of width w and an insulating gap of thickness
G =g or g* for the considered value of @*(p) or @*(p*Pr),
respectively [Eq. (16)]. On the other hand, the catalytic
current at g is limited by the maximum rate (noted V,,,, vide
infra) of the heterogeneous reduction through the carbonized
layer, and by the collection efficiency I'(p) shown in Fig-
ure 2b.7M While p decreases, I'(p) increases from zero to Q, its
limit imposed by convection. Then IPTE(g)/I,.q is given by
Equation (18), which affords the value of #. This allows the
rewriting of Equation (17) to give Equation (19) in which f=
[(]/Iband)w.g“PP_ 1]/[(I/Iband)w.g_ 1] and (I/Iband)w,g is given by
Equation (16).

PYE(@) Tyang = 11 [ (M Tyana)ug — 115 [(2 + O)F IV and (Tana) 1 T(P) (18)

I/]band -1= [(2 + 6)F1Vmax/(lband)] F(P) (‘1 7]() + [(]/[band)w‘g - 1]f (19)

Equation (19) can then be rewritten as Equation (20), in
which fis given by Equation (21). At infinite times, g** > g
and f—0 because (3,,m/3,,) =07 and [P*(p*P)/P*(p)] < 1.
Since @*(p) is by definition smaller than or equal to (A.,/
w)Q, and I'(p)—£ under convective conditions, Equa-
tion (20) simplifies into Equation (22) [note that Eq. (5) is
used for 1,4, since this features the convective limit of I,,4].

Mg = 1= (1= N[ 2+ O)FIV o (Tand) 1T(P) + f 11 P*(p) (20)
F= gl D) [P*(p*PP)/ P*(p) ] @n
(I/Ihand - 1) *}[(]/[band)x - 1] = [(2 + 6>Vmax/(nDCM)] (QACOHV/W) (22)

Equation (22) shows that in agreement with our above
intuitive reasoning, the carbonization then proceeds only by
the Kkinetically limited sequence in Equations (13)-(15)
because g is then too large for the solution—diffusion
pathway to contribute significantly to the current. Conversely
at short times, g"~g so that fa~1 and Equation (20)
simplifies into Equation (23), which shows that in agreement
with our above intuitive reasoning, the initial current tends to
be the same as if the system was operating as a generator—
collector of gap g, that is, it acts as if there was no kinetic
limitation due to Equations (13) - (15) because the solution —
diffusion pathway by-passes the heterogeneous kinetic limi-
tations.

Since (I/1,,,q)>® and (I/1,,4)° defined in Equations (22) and
(23) are readily available experimentally or theoretically,

0947-6539/00/0605-0826 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 5





Surface Modification of Teflon

820-835

Equation (20) is best formulated as in Equation (24), in which
7(P) = I (P)Adit/ (A con) = P(p) Q(W/Acn,) When convection
is negligible,” and y =1 in the converse situation [compare
with Egs. (4) and (5)].

(IMyang — 1) =[ (U yana)” = 1] = 8,,, @*(p) (23)

Dyng — 1= [(yana)™ = 1] 7(P) + [ {81 @*(p) — [(yana)™ — 1y (P)}  (24)

Thus y(p) =~ @*(p) Q(W/Amy)- This equation shows that the
current is formed of two components of essentially different
physicochemical origins. The first term, proportional to
@*(p), smoothly varies from zero at short time to
[(I/T,ma)> — 1] [Eq. (22)] at long times. It essentially features
the establishment of the cross-talk between the generator
microband and the carbonized zone, which acts as a kineti-
cally-saturated collector located at a constant distance g from
the microband. Because of the kinetic saturation, when the
concentration of the mediator increases, this component has a
smaller and smaller amplitude relative to [yu,q Xy
[(I/ana)™ — 1] o< (Ley).

The second term represents the effect of the solution —dif-
fusion pathway. At moderate operation times and large
mediator concentrations, it has a much larger magnitude than
the first one. This term results from the convolution of two
factors that follow opposite trends. On the one hand, f decays
with time [Eq.(21)] from unity to zero and is mostly
influenced by the increase of g**?/g with time (see Figure 2c).
Indeed, the ratio @*(p*P?)/@*(p) is not influenced at all by ¢ at
short times, because then p*P=p, and it is only modestly
affected (namely, in a logarithmic fashion™) by 7 at long times.
On the other hand, the multiplier of f in Equation (24) is a
component that increases with time, being zero initially and
tending towards a convection-bound limit, Q(A./Ww)9,,,+
1— (I/lne)™, at long times at which p is small enough
(Figures 2a and 2b). It is thus easily understood that the
solution — diffusion term is zero at both short and long times,
and therefore must pass through a maximum as the time
evolves. The precise position and height of this maximum is
difficult to evaluate quantitatively because of the intimate
convolution between f and its multiplier.

This maximum can however be approximated by noting
that the decay of f and the rise of its multiplier occur on
different timescales. Indeed, the increase of the multiplier is
controlled by p, which reflects the progressive establishment
of the diffusional cross-talk over the insulating gap g. So in the
small time range at which values p are too large for any
significant cross-talk to be established, g*’? ~ g and thus f~ 1.
Conversely, whenever g*P/g is sufficiently large to affect f
significantly (Figure 2c) p takes small values so that the
multiplier of f almost reaches its infinite-time limit. Based on
this difference between the two timescales, one may safely
approximate that the maximum of the second term in
Equation (24) is of the order of (QA /W) + 1 — (I na)*.
It occurs at t=t,,, when @* has reached its convection-
imposed limit, namely, @*[p(fy.) ]~ R(Acon/w). Therefore,
Equation (24) may be simplified so that it takes the much
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simpler forms [Eqs. (25) and (26)] before and after its
maximum, with ¢ + 1 derived in Equation (27) from ¢ +1=
[(I/Iband)o - 1]/[(I/Ibamd)OC - 1] = lr)w/gSE(Achv/m))/[(I/Il:\and)ao - 1] .

0 <t <ty Dlypog — 1= 9,,,P*(p) (25)
> [max: I/Iband —1= va/gQ(Aconv/W) [(1 + (ﬂf)/(l + (ﬂ)] (26)
@ +1=nDcy 8, /[ (24 0)Vinu] < oM (27)

Note that by the definition of the large flux regime
[(IMya00)’ — 1] > [ (I yana)™ — 1], so that ¢ +1 > 1. This condi-
tion simply expresses that V,,,, <nDcy9,,/(2 4 0). Since the
surface area of the PTFE/carbonized PTFE interface increas-
es as the time increases, V,,,, also increases provided that the
heterogeneous rate constants retain their values. Thus, ¢ +
1—=1 and /09 —1—9,, (A /w) at infinite time (vide
infra), which expresses simply that the system progressively
shifts towards a low-flux regime when the extension of the
carbonized zone is sufficient.

In summary, the rising branch (#<t¢,,,) of the current is
essentially the same as that observed for the low-current
regime, while at longer times (z>1t,,) the carbonization
current is composed of two contributions, so that =14+
IPTFE(g) + [PTFE(gapP). One  contribution, IPTFE(g)/1,, .=
(8sR2Aon/W)/(1 + @), represents that of the PTFE reduction
proceeding through the electronic conduction in the carbon-
ized PTFE. Since (¢ +1) xcy [Eq. (27)] when the concen-
tration of the mediator is made larger and larger, this
contribution tends to become negligible relative to the
microband current.

The other catalytic contribution, IPTFE(gP)/[, =
Pf (@) Toana = fl@/(1 + @) ] [34sRAcon /W], is due to the
solution — diffusion by-pass. It decays from ¢ I'TFE(g)/I,,.q at
Imax, tO0 zero when the time increases much beyond t,,,,; its
time variations feature are essentially those of f [Eq. (21)].
When the concentration of the mediator is large ¢/(¢p + 1) ~ 1,
so that its maximum amplitude (namely, at ¢,,,., when f=1)
relative to the microband current is not affected by increasing
the mediator concentration. To evaluate the time dependence
of this major contribution, one needs to evaluate first the
variations of L/g with time, since f is critically dependent on
this term [see Eq. (21), and Figure 2c].

To determine the variations of L/g we need first to evaluate
Vmax- From the discussion in section on electrochemical
kinetics above, at each time dh/dL = k!,/kL,, so that from
Equation (12), V..« =pc(kLh+ k! L). Assuming that ohmic
drop and accumulations of defects do not significantly vary
with time (vide infra), k", /kL, is approximately a constant, so
that A=~ (k" /kL)L, and the carbonized cross-section is an
elliptic quadrant (p=m/4). Hence Equation (28) may be
derived.

On the other hand, the volume of the carbonized PTFE
tracks the increase of QP™'E, the charge due to the catalytic
current IP""E=J]— [ ... Noting that dh/dL =k’ /kL, so that
h =~ (kl/kL)L, one obtains (note that cathodic currents are
negative, and that the cross-section of the carbonized zone
is an elliptic quadrant, vide supra) Equation (29).
Taking advantage of Equations (5), (26) and (27), one gets
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PTPE=(]—I,,0)=— 2+ 0)FI(QV,.) (1+¢f), and obtains
Equation (30) finally by combination of Equations (28) and
(29).

Viax = (/2)c kL = (/2)c k& h (28)
(/2) (2 + O)Fel (K kL) L(ALIE) = — IPTFE = — (I — Ip0q) (29)
d(L/g)[1 — f+ Af(g/L)] = (QkL/g)dt (30)

Note that this differential equation does not assume any
constraint on k%, since it requires only that k%, /kL, is constant,
but not a constancy of each rate constant. In Equation (30),
A =(1+¢)(L/g)is a dimensionless parameter independent of
L, given by Equation (31) [compare with Eq. (27) and (28)].
Since we are investigating the behavior for ¢ > t,,,,, (D1)'? is
sufficiently large for @*(p) and @*(p*P) to have reached their
convection-controlled limits. Therefore, the expression of fin
Equation (21) simplifies to that given in Equation (32), in
which Q*P/Q may be approximated [see Eq. (10)] by (Acon +
7g/2)/(Acony + g2+ nL/2) =1/[14+ (1 — Q)L/g].

A= (2m) (ewfe) [0/(2 + 6)] 8,5 (DIK38) €]

L2 (90721 ,,16) (QPPIQ) (32)

Equation (30) is a differential equation with separate
variables and can be easily integrated numerically for any
selected function /(7). However, it is interesting to note
(Figure 2c) that when L/g increases, (9,,,*"/9,,,) decays much
more slowly than 1/(1+ L/g). Therefore, provided that (1 —
Q) is not too small, f~1/[1+ (1 —Q)L/g] is a convenient
approximation over the range of experimental interest. Using
this approximation, and introducing the dimensionless length
A=Llg, and the dimensionless time 7= (QkL/g)t, Equa-
tion (30) is rewritten as Equation (33), in which ¢* and A* are
defined by Equations (34) and (35).

dA[A(e* + A)(A* +22)] = dr 33)
et=1/(1-Q) (34)

A% = A1 — Q) = [20/7(2 + ) ] (elc) g (KLIKL) (DIKEGI(1 - Q) (35)

Hence, Equation (36) is obtained, whose analytical inte-
gration is straightforward whenever A* is time independent,
that is, whenever k%, is constant (vide infra). This integration
affords the sought relationship between L =g, h=(k%/
kL)gh, and the time ¢t =7 (g/QkL,) [Eq. (37)]. Based upon the
solution in Equation (37) (or its numerical equivalents when-
ever the variations of 9,,./9,, cannot be neglected, or
whenever k%, varies with time, vide infra), the analytical
variations of L/g can be predicted, as shown in Figure 4a.

dA + e* [AdAI(A* +12)] — A*[dA(A* +12)] = de (36)

T=A+ (%/2) In(1 + A% A*) — A* tan~'(A/A*!"?) 37)

At short times, a first order development of Equation (37)
affords 1 = (2zA*/e*)1? = (2A471)"?, which gives Equation (38).

L= (kb Ikt ) = {[4nf(2 4 0)] 8,0 (KL K} (eylc) (D)2 (38)
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Figure 4. Predicted variations of a) the lateral length L of the carbonized
zone according to Equation (37), and of b) the current function (/1,59 — 1)
according to Equation (40), as a function of the dimensionless time 7=
(QkL/g)t, for different values of A* (e* is kept constant at 2, which
corresponds to Q=0.5). From top to bottom: log(A1*) =4, 3, 2, and 1. The
horizontal dashed line in b) indicates the limit above which Equation (40) is
no longer valid, so that (I/I;,,,q — 1) remains poised at 3, (QA,/w) (see
text).

This shows that at short times both L and 4 increase as 2; this
is also observed under the low-current regime, albeit for
completely different reasons. Also, it is interesting to note that
the rate of lateral increase does not depend on kL, the
heterogeneous rate of reduction of CF, bonds, but on (kL/
k!,). This occurs because at these short times, the fast lateral
growth is essentially controlled by the solution —diffusion by-
pass and the corresponding charge QFT™E is modulated
between increses in L and k& as imposed by the ratio kL /k",.
It is also interesting to note that in this short time limit, V,,,
varies also as 2, since this parameter is proportional to
ki, L +kLh [Eq. (28)].

At long times, Equation (37) simplifies into 1 —7, and
hence Equation (39) is obtained.

L= (kL k" )h —QkL, t (39)

Equation (39) reveals that in the long-time limit, both L
and h grow linearly with the time and that their individual
rates are proportional to their respective heterogeneous rate
constants. This reflects the suppression of the solution —dif-
fusion by-pass because L has become much larger than the
slowly expanding (namely, o Inf* 12 B31)  solution - diffusion
layer surrounding the microband generator. The expansion
of the carbonized zone occurs then exclusively through the
electronic conduction inside it, the solution diffusion serving
now solely to feed the corresponding charge into the
carbonized zone by shuttling the reduced mediator species
over the gap g.

It is also interesting to note that under these conditions,
Vmax tends to vary linearly with the time, since this parameter
is proportional to k! L+ kLh [Eq.(28)]; thus, V. —
Q(nt/2)c (ki kL,t). Therefore, [ (I/Iyy,q)® — 1] which is propor-
tional to V., [Eq. (22)] tends also to vary linearly with the
time. Evidently, this situation cannot be maintained for ever
because the current function (//I,,,q — 1) cannot exceed its
maximum value, namely, 9,,(QA.,,/w), achieved for a
perfect generator—collector assembly under convection-con-
trolled conditions [note that this is equivalent to the condition
@ >0 in Eq. (27), vide supra]. This limit imposes [vide infra,
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Eq. (40)] that 1+ 2%A* <1+ A/e*. The corresponding bino-
mial equation has two roots. One, 1 =0, features the short-
time boundary [namely, f,, in the present context, see
Eq. (26)]. The other, 1 =A%/e*, corresponds to the sought
limit. Above this value, the current function (I/I,,q—1)
remains poised at 9, (QA,,,/w) and the system has returned
to a low-flux regime, so L and 4 shift toward a variation with
the square root of time.

Noting that owing to Equation (33), when L(¢) is known,
the current follows readily from Equations (29) and (5). This
is rewritten in terms of 7 and A as follows in Equation (40), in
which A(r) is given by Equation (37). At short times,
A —Q2tA*/e*)2 to give Equation (41), in which the coefficient
B is given by Equation (42).

Mg = 1= 9 (R o/ W) A(dA/dT) Y[ A*(1 — Q)]

=8 (QA /W) [ (1 4 22 A%)/(1 4 Ae*)] (40)
Hyung =1 =9, (QAcon/W)/(1 + B17) (41)
B=1 =18, Q(kii ki) (emlc)(DIgH)[4nln(2 +0) [}'2 42)

In Equation (42) kL/k", is a constant. The limit at =0
(namely, t =t,,,,) of Equation (41) is (I/lyyng — 1) = 9,5 (RQA o0/
w), in agreement with Equation (26), since f=1 at t=t,,,, by
definition. Interestingly, since f o< cy!?, I/lnq — 1 decays the
faster the greater the concentration of mediator. In other
words, the larger the mediator concentration, the smaller the
duration of the solution—diffusion by-pass. Importantly, this
shows that at large mediator concentration the role of the
solution —diffusion process may be suppressed by, or at least
strongly convoluted with, the rising part of the current, which
features the establishment of the diffusional cross-talk over
the insulating gap g [Eq. (25)].

At long times, 1 —7, so that, Equations (43) and (44) can be
derived from Equation (39). These equations predict that
I/l — 1 varies linearly with the time.

Mg — 1 =9, (Qcon /W) (R /Ag) L (43)
Hyana = 1 ={[70(2 + 6)/20](Acon/ W) R}k ki D) (cler) ¢ (44)

This is a consequence of the limit of Equation (26) when
one introduces V. given in Equation (28). However, as
explained above, such a linear behavior cannot be sustained
for ever, even if k%, and k", maintain their values indefinitely.
In other words, while the times elapses V., increases, so that
the system shifts progressively towards a situation analogous
to that described in the low-flux regime. Then, (I/lyg—
1) =9, (RQAn/w), and L and h tend to vary with the square
root of time. The transition time f,, at which this change of
regime occurs is given by Equation (45) in which the limit in
Equation (44) is equated to 9,,, (QA n/W).

tans = (DI KL ) (enl€) 8,/ [Q(2+ 6)/2n] (45)
Thus Equation (44) is valid [as is Eq. (39) ] for t < #,,,,,, While
(Iyang — 1) = 3 (QA /W) is valid for £ > 1.
Figure 4b represents the variations of ({/1,,,; — 1) based on

Equation (40), assuming that the establishment of the diffu-

Chem. Eur. J. 2000, 6, No. 5

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

sional cross-talk over the gap insulator is achieved much faster
than the initial decay of the current. The horizontal limit
corresponds to the diffusion-limited behavior, namely,
I yapa — 1) = 3 (QA /W), which is reached for £ fy,s.
However, as noted above, this limit supposes that k%, and k?,
maintain their values indefinitely, that is, that ohmic drop
plays no significant role (vide infra).

Results and Discussion

The following mediators have been investigated: phtalonitrile
(E°=-1.50V vs. SCE), 4-cyanopyridine (E°=—-170V vs.
SCE), pyridazine (E°=—2.10V vs. SCE), 4-phenylpyridine
(E°=—2.14 V vs. SCE), benzonitrile (E°= —2.27 V vs. SCE),
and naphthalene (E°=-2.47V vs. SCE). Tests were per-
formed with mediator concentration of approximately 20 mm
in DMF/0.1lm NBu,BF,. Except for the benzonitrile and
naphthalene mediators we observed no amplification of the
band current nor any visible carbonization of the PTFE
adjacent to the gap region. For benzonitrile and naphthalene
both effects were observed, indicating that a potential in
excess of —2.15 V versus SCE is required to drive efficiently
the carbonization process. This is clear evidence that the
reductive driving force plays a crucial role in the carbon-
ization process, and that a potential drop from —2.27 V versus
SCE (benzonitrile) to —2.15V versus SCE (4-phenylpyri-
dine) is sufficient to impede the process. In this respect,
naphthalene appears as a better mediator than benzonitrile.
However, since this work is mostly focused to provide a
physicochemical rationale of the dynamics and kinetics of the
subtle processes involved, we prefer to rely on benzonitrile.
Indeed, this allowed better measurements because the
residual currents play a minor role, since its lower standard
potential allowed lesser electrode potentials to be used.

Diffusion at the band: In this work, we needed to explore the
behavior at long duration times as well as rather important
concentrations of mediator. We had therefore to establish the
diffusional behavior at the microband alone under these
unusual conditions where convective transport prevails [see
Eq. (5)]. For this we relied on the control devices, in which the
PTFE was substituted by an inert glass plate. Figure 5a shows

a) b)
75 1.4r
- L O
‘v ‘o - 16
E_ 50 - NE N g >
5 ]
] L 2
2 Q =
Toasr © 3
At 114
[¢] L ! I
0 04 0 02 04

0.2

[Bz] /m [Bz] /m

Figure 5. Gold microband (w =10 um, /=3 mm) operating alone (control
device) in benzonitrile solutions in DMF, 0.2m NEt,BF,. a) Variations of
the chronoamperometric steady state plateau current (E = —2.4 V vs. SCE)
at t=100 (solid circles) or 600s (open circles). b) Variations of the
benzonitrile diffusion coefficient (open circles) or of the parameter A,
(filled circles) as a function of the benzonitrile concentration.
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that in the range of interest (¢ > 30 s) the chronoamperometric
band current varies almost linearly with the concentration and
does not depend on time; this is in agreement with the
formulation in Equation (5). By using this equation, an
average value of D(W/A ) =7 x 107 cm?s~! could be deter-
mined over the whole range of experimental conditions
investigated here. Determination of D as a function of
benzonitrile concentration was then performed by relying
on chronoamperometry at short timescales (t <50 ms), at
which the band current follows a Cottrell behavior.l' 3 From
the linear regressions (data not shown) of the current versus
t'2, the parameter wD could be determined at each concen-
tration. ¥ Since w=10 um is known independently, this
enabled the determination of D and hence that of A, for
each benzonitrile concentration (Figure 5b). Under usual
electrochemical conditions!'”), D and A.,,, have to be inde-
pendent of the substrate concentration cg,. Yet, this is no
longer true when the mediator is sufficiently concentrated to
affect the viscosity and local hydrodynamics®-?2, as is
considered here. Then these parameters are expected to vary
with cg,, as observed in Figure 5b and in agreement with
previous reports.[%22 2]

Effect of the mediator concentration: Figure 6a represents
typical experimental variations of (I/I,,,q — 1) with the time as
a function of cg,. In Figure 6a, the supporting electrolyte is
NEt,BF, (0.2M), but qualitatively identical results are ob-
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Figure 6. Gold microband (w =10 um, /=3 mm) operating near a PTFE
block (g =10 pum) for different benzonitrile concentrations in DMF, 0.2m
NELt,BF,. The microband potential was set at E=—2.4 V vs. SCE. a) and
b) Variations of the microband current, /, as a function of time for different
mediator concentrations: 0.030 (open diamonds), 0.045 (solid circles), 0.065
(open triangles), 0.14 (solid diamonds) and 0.30M (solid triangles). fy,nq:
current observed under the same conditions when the microband performs
alone (control device, Figure 5). ¢) Variations of the current measured at
t=1600 s as a function of the benzonitrile concentration. d) Variations of the
microband current, /, as a function of time over a large timescale for large
mediator concentrations (data shown: [Bz]=0.21m). The horizontal
dashed line shown in a) at ({/,,q — 1) =0.52, or the solid line in c) feature
the limit for a perfect collector—generator assembly of identical dimen-
sions (see text).
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tained when the supporting electrolyte cation or its concen-
tration is changed (vide infra). In agreement with the theory
developed above, one observes two different limiting behav-
iors when cg, is increased.

When cg, is small (approximately, cz, <75 mMm), the current
rises quickly to reach a plateau at (I/ly,,q—1)~0.52 (Fig-
ure 6a). This value is extremely close to that (0.63) predicted
from the convection-controlled limit of Equation (16) for w =
g=10 pm (namely, 9,,,=0.781) and A, ~16 um as deter-
mined above (Figure 5b). This shows that Q =0.42 instead
of Q=0.50 as predicted by Equation (10). Such a difference
of approximately 15% is extremely satisfactory considering
the series of approximations leading to Equation (10). In the
following we therefore use the experimental Q value (Q%P =
0.42).

At higher concentrations of mediator (approximately, cg, >
100 mm), and in qualitative agreement with the theoretical
expectations (compare Figure 4b), one observes that over the
limited timescale shown in Figure 6a, (I/I,,,q— 1) rises ini-
tially, but immediately decays so as to reach an horizontal
limit (vide infra), which is lower than that observed at low
concentrations. Furthermore, the larger cg,, the smaller this
limit is.

This dichotomy is better seen by plotting the current
variations in the form of I’™'E = (I — I,,4), as in Figure 6b, or
by considering the value of I'TFE at a sufficiently long time as a
function of cg,, as shown in Figure 6c¢ for =600 s. This latter
plot shows that at low values of cg,, I'™E = (I,,,q — I) varies
linearly with cg,, with the expected slope [Eq. (16)]. Con-
versely, at larger concentrations, the limit of I*TFE = (., — I)
becomes almost independent of cg,. Noticeably, in this high
concentration range, I'TFE values are more dispersed from run
to run than at low concentrations (vide infra). Finally, for
large benzonitrile concentrations, examination of the current
variations over a much wider time domain (Figure 6d) shows
that, in qualitative agreement with the theoretical expect-
ations (Figure 4b), the current grows again to eventually reach
a plateau limit.

This dichotomy as a function of cg,, is also observed when
one considers the time variations of the length (L) and
thickness (k) of the carbonized zone for small and large
benzonitrile concentrations. L could be determined by
measuring the lateral progression of the carbonized zone in
situ with a microscope, while the electrochemical reaction
proceeds (Figure 1a). Figure 7 represents a set of microscopic
views of the carbonized zone taken at different operation
times for low and high concentrations. Based on the optically
measured L values and the charge QF™E(f) consumed, the
variations of 4(2+ d)c could be reconstructed by assuming
only a given shape for the cross-section of the carbonized
zone. In the following, based on the above theoretical results,
we assumed that this is an elliptic quadrant of surface area (st/
4)Lh, and so Equation (46) was obtained.

t

/ (Tyuna — D)t (46)

0

2+ )c=— QPTFE(:)/(’TL[L> _ ot
4 aFIL

Figures 8a and 8b show typical variations of L and 4(2 + d)c
under the low- and high-concentration regimes, respective-
1ly.?1 As predicted by the above analysis, at low mediator
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Figure 7. Microscopic views recorded in situ, showing the time progression of the carbonized zone under the two

44m), x, is approximately 600
to 1400 times larger than r,.
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with the expected, more diffi-
cult, vertical diffusion—migra-
tion in the bulk material (vide
supra). In addition, Figure 8c
shows that the PTFE carbon-
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contrast (as well as the lighting angle) adjusted to represent the most accurately the intensity of carbonization
(note that these adjustments are not adequate to represent the microband and insulating gap precisely). The

corresponding L(¢) variations are shown in Figures 8a and 8b, respectively.
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Figure 8. Gold microband (w =10 pm, /=3 mm) operating near a PTFE
block (g=10 um) for two different benzonitrile concentrations in DMF,
0.2m NEt,BF,. The microband potential was set at E=—2.4V vs. SCE.
Variations of the lateral (L, solid circles) and in-depth (4, open circles)
progression of the carbonized zone for low ([Bz] =0.013 M for a and ¢) and
high ([Bz] =0.19M for b and d) concentration of the benzonitrile mediator,
as determined from microscopic views (L, Figure 7) or computed (%) by
using Equation (46). a) and b) Variations of L and /(2 + d)c (see text) with
the operation time. c) Plot of the data shown in a) as a function of the
square root of the time. d) Plot of the data shown in b) to stress the
constancy of g, (see text) for the data represented by solid symbols (0,=
1.1m for L <200 pm).

concentration, both L and 4 vary linearly with the square
root of time (Figure 8c), so that L = (x,1)"? and h = (i,t)"?,
with  x;,=42x10%cm?s™' and 2+9)%k,=53x
10~ mol’cm~*s~!. Since ¢ is almost unity and ¢ is almost
equal to the concentration of CF, groups in PTFE (namely,
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led diffusional cross-talk over
the insulating gap, so that the
function @(p) reaches its max-
imum limit (Figure 2a).

At larger mediator concentration, L and 4 vary much more
rapidly, and L(r) variations qualitatively resemble those
predicted in Figure 4a. Furthermore, as predicted for a
constant value of k% /kL, the vertical propagation tracks the
lateral one (Figure 8d). (2 + d)c/L is approximately a con-
stant over a significant time duration [solid symbols: (2 + 0)-
c(kh/kL)=11x10"molem™ in Figure 8d]. Yet, in all
experiments, we observed that after a few thousand seconds,
h(2 + 6)c/L increases sharply and deviates from linearity (vide
infra). This is apparent in Figure 8d for L >200 um (open
symbols). Although this phenomenon proved general and
occurred always when L reaches a few hundred micrometers,
the exact L value at which this disruption arose was
irreproducible from run to run. We are therefore inclined to
ascribe the occurrence of this phenomena to statistical defects
in the PTFE; these mostly affect the lateral rate constant
KL, 1261

Quantitative treatment of the data obtained in the high-
current regime: For high fluxes of mediator radical anion, the
validity of the analytical theory developed in the section on
large reducing fluxes requires that i) the ratio k’,/kL, of the
average heterogeneous rate constants is constant and that ii)
kE, is invariant with time. Plots such as that shown in Figure 8d
establish that while (2+ 6)c(k’ /kL,) may vary from one
experiment to another,?" for each given experiment the first
hypothesis has some experimental validity provided that the
extension of the carbonized zone is not too large (namely, L is
less than a few hundred micrometers). This prompted us to
examine if the second hypothesis is also sound, that is, if a
quantitative agreement could be found between the present
model and the experimental data.

The dimensionless formulation of Equation (37) is interest-
ing from a theoretical point of view, because it represents
easily the conjugated effect of several independent exper-
imental parameters [compare, for example, the expression of
A in Eq. (31)]. However, from an experimental point of view
this dimensionless formulation presents some difficulties. So,
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Equation (37) is experimentally more useful when it is
rewritten in its dimensioned [Eq. (47)], in which w,=1/Q,
w,=gl[2(1 — Q)], and 0 =g A*'2,

t=w,[L+ w,In(1 + L*c?) — otan~'(L/0)]/kE, (47)

The parameters o, ~2.4, and w,~ 8.5 x 10~ cm are readily
obtained experimentally, since the experimental gap g=
103 cm is known and A, ~ 1.6 x 1073 cm or QP =0.42 are
available independently (vide supra). ¢ depends on both
experimentally known parameters and on unknown ones
(namely, (2+9), ¢ and k%): o ={(2nDcyg/mc) I, /[ (1 — Q)-
(2 + 0)k2,1}"2 In this respect, it is interesting to note that the
experimental determination of the vertical propagation
through Equation (46) affords the value of (2 + d)hc directly,
so that for any given experiment, 6,= (2 + 6)hc/L = (2+ 0)-
ck /KL, is directly determined from the slope of plots like that
shown in Figure 8d. Thus, ¢ is best rewritten as o=
w3 (epm/ogk, )2, in which o, is the slope of the experimental
variations of 4QFTE/(nlFL) = (2+ d)hc versus L, and w;=
[(2nDg/m) 3,,/(1 —)]"* is known experimentally, that is,
w3~9.6 x 1073 cm*?s712, for Da~11x 10 cm?s7!, w=g=
102 cem (e, 8,,~0.78), Apn~16x10"cm, and Q=
Qe =(0.42. Therefore, the fit of the experimental L(¢)
variations through Equation (47) formally requires the adjust-
ment of a single parameter, namely, kL, since all the other
parameters are known or determined independently.

Similarly, Equation (40) is best rewritten as Equation (48),
in which w;=39,,,(QA,/w)~0.52 is known independently
from the experimental long-time limit of (/I ,,q—1) meas-
ured in the low-concentration regime (see e.g., Figure 6a).

I=Ipa[1+ 04 (1 + LY6?)/(1 + LR2w,)] (48)

I,ne 18 also known independently (Figure 5a). Equa-
tion (48) shows then that the comparison between the
experimental current and the predicted one also requires
only the adjustment of the single parameter kZ,.

The results of this procedure are illustrated in Figure 9 for
two runs corresponding to nearly identical conditions. It is
observed that the model predictions and the experimental
observations are qualitatively consistent but that the agree-
ment is far from excellent. This can be easily explained by the
fact that even if the model developed here is already rather
cumbersome, it relies on an extreme simplification of the
phenomena that are involved. The model relies on two crucial
hypothesis (see also ref. [26]). The hypothesis regarding the
constancy of ¢(2 + 0)k!,/kL, could be verified independently,
at least in a large useful domain (compare e.g., Figures 8d, 9a,
and 9b). The second one amounts to the consideration that k£,
is constant. However, as discussed above, it is probable that
ohmic drop affects this parameter so that k%, decreases with L.

The hypothesis on the constancy of k%, was introduced to
decrease the number of parameters at hand (vide infra) and to
facilitate the time integration of Equation (36), since this
resulted in a constant parameter /1*. In this respect, it is worth
noting that Equation (40) is a differential equation relating
(I/Iyana — 1) to L(dL/dt). So, its validity does not require that
A* is constant. In other words, the time variations of A*, and
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Figure 9. Comparison between the theoretical predictions and two data
sets obtained for two runs performed under almost identical conditions.
Gold microband (w =10 pum, /=3 mm) operating near a PTFE block (g=
10 um). Benzonitrile mediator in DMF, 0.2m NEt,BF, ; [Bz] =0.21 (a,c,e)
or 0.19M (b,d.f). The microband potential was set at E=—2.4V vs. SCE.
a) and b) Variations of 4(2 + )¢ vs. L; 6,=3.5 x 10~* (a) and 1.1 x 1073 (b)
(see text). ¢) and d) Variations of L with the time. e) and f) Variations of
the current with the time. In c—f, the data represented by solid symbols
represents those for which a linear relationship between A(2+ d)c vs. L
could be observed (see text), and the solid lines represent the variations
predicted by Equations (47) or (48): (c,e): 0,=0.35m ; 10°kL, =10 (1), 8 (2),
6(3),5(4),4(5),3(6),and 2 cms™' (7) ; (d,f): op=1.1m ; 10°kL, =5 (1), 4
(2),3(3),2.5(4),2(5),15(6), and 1 cms™' (7).

therefore those of k%, can be determined experimentally by
combining the time variations of ({/I,,,q — 1) and those of L.
For this purpose, Equation (40) is best reformulated into its
dimensioned form in Equation (48), so that the time varia-
tions of kL = (ws’cyu/0y)/0* can be determined for each
experiment [Eq. (49)].

ki = (@3eml00) [ (Myana — 1) (1 + LI2w,) wy — 1]/ L2 (49)

The result of this analysis is represented in Figure 10a for
the two series of experiments shown in Figure 9. In each
experiment, we restricted to the domain in which ¢(2 + 6)k”,/
kL is constant as deduced from the corresponding plots of
c(2+4 d)h versus L (filled symbols in Figures 9a and 9b). It is
seen that for each given experiment kL does not vary
excessively, especially when considering its larger variability
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Figure 10. Variations of k%, a) as a function of time or b) as a function of
the lateral extension of the carbonized zone for the data shown in the
Figure 9 [see text and Egs. (49) and (51)]. [Bz] =0.19 (triangles) or 0.21m
(circles). The data represented by solid symbols represents those for which
a linear relationship between h(2+d)c vs. L could be observed in
Figures 9a and 9b, respectively; the data shown by open triangles in
Figure 9 were not used, since they did not give rise to such a linear
relationship.

from run to run, but it system- 15
atically decreases with time.
Therefore, the approximation
that this parameter is constant
during one given experiment is
not intrinsically incorrect. We
wish to examine hereafter if the

interface. This important feature may thus explain the
increasing deviation between the above model predictions
(at constant kL) and the experimental data when L increases.

As noted above, a variable k%, can be accommodated by the
above analysis, but the solution can no more be achieved
analytically and requires a numerical solution of Equa-
tions (33) and (40). The results of such a procedure are shown
in Figure 11 for the set of data shown in Figures 9a, 9c, and 9e.
Thus, o, was determined first from the plot in Figure 9a: o, =
0.35M (solid circles) or 6,=0.40M (solid diamonds); note that
the data shown by open triangles in this figure were discarded
in this analysis because they did not comply with the condition
of a constant ¢,. The variations of kL, with (L/g) were then
extracted from the experimental L(¢) and I’™FF variations by
the above procedure [Eq. (49)]. This yields (Figure 11a) kL /
(ems 1) =8.610"%(L/g)~*" (solid circles) and kL/(cms™!)=

b)

o
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Figure 11. Comparison between experimental variations and simulated ones upon consideration of the effect of

Effect of ohmic drop in the
high-concentration regime: As
kL is a rate of electron transfer,
it must depend exponentially
on the locally available driving
force.l'”? This driving force de-
creases while the carbonized region extends because of ohmic
drop. Therefore we can write Equation (50) in which «

ki = (kg )oexp{ — a[F(Ey — E°) +|1 = Ly | RG)/RT) (50)

is the transfer coefficient, E\; the potential imposed by the
mediator couple at the extremity of the carbonized region
touching the mylar insulating gap, E° the redox potential
equivalent to reactions in Equations (14) and (15), (k%), the
value of k%, at Ey=FE° and at zero current, and RL, the
average ohmic resistance of the carbonized zone over the
length L. When o is constant the carbonized zone has a cross-
section shaped as an elliptic quadrant with L>> A, so that
RE ~ (p/l)In(L/Ly), in which p is the average resistivity of the
carbonized zone and L, is close to g (vide supra).I”l This allows
to rewrite Equation (50) as Equation (51), in which {=
In(kL),— aF(Ey — E°)/RT is a constant.

In(kg,) ~ & — p(@/IRT)[| I = Lyana | In(L/g)] Q)

Figure 10b shows that the formulation in Equation (51)
agrees satisfactorily with the experimental data, thus support-
ing that ohmic drop plays a significant role on the propagation
of the carbonized zone by controlling the rate of the
heterogeneous reductions at the PTFE/carbonized PTFE
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ohmic drop. Data are those shown in Figure 9a,c,e and symbols are identical (the data shown by open triangles in
Figure 9 were not used in this analysis although they are reported on the present figures, since they did not give
rise to a linear relationship for (2 + d)c vs. L). Simulations are performed for 0, =0.35M and k% /(cms™') = 8.6 x
10~4(L/g)~*7 (solid circles) or 0,=0.40M and kL/(cms™)=2.6 x 10~*(L/g)~**® (solid diamonds) to account for
the two values of o, in Figure 9a. Variations of a) k%, (¢), b) L(¢), and c) I’™E(¢). In c), the vertical segment
represents the precision on (I — I,,,;) measurement.

2.6104(L/g)~"8 (solid diamonds). Then Equations (33) and
(40) were solved numerically based on all the previously
determined parameters (namely, v, =2.4, w,=8.5x 10~* cm,
w3=9.6 x 107> cm*?s~"2, and w, = 0.52) for each set of o, and
kL (L) values that correspond to the two series of data shown
by solid symbols in Figure 9a. The results of this procedure are
presented in Figures 11b and 11c for L and I'"E= (I —I,,,4)
variations with time, respectively. As evidenced from this set
of figures, the agreement between theory and experiment is
extremely satisfactory provided that the ohmic drop limita-
tion is taken into account even through a simplified model. In
particular, it is observed that although a small (<15%)
change of o, value is observed around L =320 pm in Fig-
ure 9a, this transition is not drastically reflected in the time
variations of kL, (Figure 11a) or in those of L (Figure 11b).
Conversely, this small shift is associated with a sharp
transition in the theoretical or experimental variations of
PPTPE =] — [, . (Figure 11c). This stresses again what we noted
already, that is, that the current — time variations are extreme-
ly sensitive to small changes in the local surface properties of
the PTFEP® (compare e.g., the different behaviors in Figure 9
for closely identical experimental conditions or the high
dispersion of data in Figure 6¢) when the system performs in a
high-flux regime. However, since this does not severely affect
the variations of L, which have become extremely smooth in
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this time domain, the experimental implications of these
variations are small in terms of surface modifications.

Effect of cation size and concentration of the supporting
electrolyte: The above investigation was performed by using a
single concentration of supporting electrolyte and a single
tetraalkylammonium cation. In this section, we wish to
examine qualitatively if changes in the nature of the support-
ing electrolyte or of its concentration affect the results
presented.

Figure 12a shows that the supporting electrolyte concen-
tration does not significantly affect the phenomenon, either in
the low or high concentration range. This is true even when
the supporting electrolyte concentration is smaller than that

a) b)
10
Hﬁ% ! 3 !
s [T M e ol i
00 0?1 012 0f3 00 0T1 012 0f3
[NBudBFA] M [Bz] M

Figure 12. Gold microband (w =10 pm, /=3 mm) operated near a PTFE
block (g=10 pm). Benzonitrile mediator in DMF, 0.2m NEt,BF,. The
microband potential was set at E=—24V vs. SCE. Effect of a) the
supporting electrolyte concentration or b) its cation size and concentration
on the microband current, /. a) Effect of the NBu,BF, supporting electro-
lyte concentration for different benzonitrile concentrations: [Bz]=0.060
(open circles) or 0.10M (solid circles and solid triangles). b) Comparison of
the effect of NBu,BF, (solid symbols) and NHex,BF, (open symbols)
supporting electrolytes on the variations of the microband current with the
benzonitrile concentration ; [NBu,BF,]=0.10 (solid circles) and 0.20m
(solid triangles); [NHex,BF,]=0.10 (open circles) or 0.20m (open tri-
angles); compare with Figure 6¢ for the NEt,BF, supporting electrolyte.

of the mediator. This is easily rationalized by taking into
account that since the solution has to remain electroneutral,
the supporting electrolyte cation concentration in the diffu-
sion layer is always at least equal to the concentration of the
mediator radical anion generated at the microband by ionic
enrichment of this region.['"2> 21 So even when the supporting
electrolyte is formally deficient inside the bulk solution, its
concentration in the solution range of interest is at least
equivalent to that of the mediator radical anion. This
phenomenon is now well documented in the literature.['>-2% 23]
The same reasoning is also valid inside the PTFE carbonized
zone. This explains why the supporting electrolyte concen-
tration does not notably affect the system dynamics. In fact,
Figure 12a shows that the variability of the system from run to
run affects the data much more significantly.?"!

The size of the cation of the supporting electrolyte was
anticipated to have a more pronounced effect, since it is
expected to play a crucial role in controlling the mobility of
ions inside the carbonized zone [Egs. (14) and (15)]. Fig-
ure 12b shows that as expected, the cation size has almost no
effect on the current in the low-concentration regime, since
this regime is governed by diffusion into the solution side.
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Conversely, and as expected, it is found to have a significant
effect in the high-concentration regime. Overall, one observes
that the larger the cation radius, the smaller the current, and
the smaller the concentration at which the system shifts from
the low- to the high-concentration regime. However, the
effect is not drastic and may even be canceled due to the
variability of PTFEP (note that each data point in Figure 12b
corresponds to a different single experiment). At first glance,
this may be a surprizing result, since the size of the supporting
electrolyte cation is intuitively expected to alter significantly
the rate of transport inside the carbonized layer. However, it
is worth recalling that under our experimental conditions, the
system behaves under either one of the two following regimes.
Under the low-reducing flux regime, the transport inside the
carbonized zone plays no kinetic role and just accommodates
the flux controlled by the solution diffusional feedback, where
the cation size plays no significant role.l'>?% 2 Similarly, the
transport inside the carbonized zone cannot play an important
kinetic role under the high-flux regime, since then the
dynamics of the system are then ruled by the kinetics of the
reduction of carbon—fluoride bonds at the moving interface
between the fresh and carbonized PTFE, that is, they depend
mostly on the intrinsic heterogeneous rate constants of
reduction which ought to be immune to the size of the
supporting electrolyte cation.?”) In fact, under this high-flux
regime, the cation size should have only an indirect incidence
on the kinetics by modulating the resistivity [namely, the value
of p in Eq. (51)] of the n-doped materiall 4, and, therefore,
by modulating the ohmic drop contribution. However, we
have shown above that if this effect is certainly observable
experimentally, it remains small and is within the range of
variability of the experiments. !

Conclusion

By using a gold microband electrode we have confirmed that
PTFE surfaces can be modified over significant lengths by
indirect reduction with the use of a redox mediator. In
agreement with previous reports,'- such surface modifica-
tion affords a carbonized material that presents a significant
electronic conduction, so that the carbonization process may
propagate well beyond the range available by cylindrical
diffusion of the mediator radical anion. Thus the system of the
gold microband flanked by the PTFE block and separated
from it by an insulating gap behaves as a generator —collector
double-band device, in which the constantly enlarging car-
bonized zone plays the role of the collector electrode. This
results in an amplification of the gold microband current
because of the constant regeneration of the mediator at the
gap outer edge.

Provided that the flux of reducer generated by the gold
microband does not exceed the rate at which PTFE can be
reduced at the growing interface between the carbonized
region and the unaltered PTFE, this type of generator—col-
lector dynamics is sustained for long time periods and allows a
continuous extension of the carbonized zone under an
apparent diffusion-controlled rate law.
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When the flux of reducer is too large (approximately ¢y >
0.1m for benzonitrile and an electrode potential located on its
reduction plateau), the system initially maintains its previous
amplification despite the fact that the rate of PTFE reduction
is formally too small to accept such a large flux. This occurs
because the fraction of mediator radical anion that cannot be
oxidized at the gap edge diffuses through the solution and
reacts directly with fresh PTFE at the solution/PTFE inter-
face. Thus the carbonization zone now extends through a
double mechanism, the diffusion solution pathway by-passing
the kinetic saturation at the interface between fresh and
carbonized PTFE. However, this situation cannot be main-
tained during long operation times because the carbonized
region elongates faster than the slowly expanding solution
cylindrical diffusion layer. Ultimately, no significant flux of
radical anion can reach fresh PTFE zones. Then the carbon-
ization process proceeds only through the electronic con-
duction into the carbonized PTFE and is limited by the rate of
heterogeneous reduction. However, since this rate is propor-
tional to the increasing surface area of the interface between
fresh and carbonized PTFE, after some time, the current
increases again and should return to its initial value. This
peculiar behavior is observable experimentally, but only as a
trend since in all experiments the carbonization was observed
to slow down before this limit is reached. This occurred
because of the increasing ohmic drop inside the ever increas-
ing zone of carbonized material; this progressively reduces
the available electrochemical driving force for reduction of
new carbon-fluorine bonds at the interface between fresh
and carbonized PTFE zones.

The conceptually simple model developed here leads to an
adequate qualitative description and to a reasonable predic-
tion of all the main dynamic features of the system.
Incorporation of the effect of ohmic drop on the variation
of the heterogeneous rate constant allowed the quantitative
reproduction of the experimental behavior through the
empirical adjustment of a parameter ap, which cumulates
the effect of the transfer coefficient a of carbon-fluorine
bond reduction and the internal resistivity (p) of the
carbonized zone.
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Preparation of a New Carboranyl Lactoside for the Treatment of Cancer by
Boron Neutron Capture Therapy: Synthesis and Toxicity of Fluoro Carbo-
ranyl Glycosides for in vivo P’F-NMR Spectroscopy

Lutz F. Tietze,* Ulrich Bothe, and Ingrid Schuberth!?!

Dedicated to Professor Horst Kessler on the occasion of his 60th birthday

Abstract: The synthesis of new ortho-carboranyl lactosides 8, 17, 19 and glucosides 22
and 23 for the use in boron neutron capture therapy is reported. Carboranyl

lactosides 17 and 19 as well as the glucosides 22 and 23 contain a fluorine atom to
allow a noninvasive determination of these compounds in tumor cells by ?’F-NMR
spectroscopy. In cloning efficiency tests on human bronchial carcinoma cells the
carboranyl lactosides 17 and 19 displayed almost no cytotoxicity. Thus, the

Keywords: antitumor agents - bo-
ron neutron capture therapy - carbo-
ranes - drug research - glycosides

considerably cytotoxic carboranyl alcohol 11 is detoxified when linked to a sugar

moiety such as in carboranyl glucoside 22.

Introduction

The limited therapeutic spectrum of available cytostatics is a
problem in modern cancer therapy. Serious side effects can
arise, which are dose limiting and often lead to a discontinua-
tion of the treatment. One promising approach to selective
cancer therapy with growing importance is the boron neutron
capture therapy (BNCT).l'! This method makes use of the
cytotoxic boron neutron capture reaction '’B('n,*He)’Li and
depends on a selective accumulation of boron in the
malignant cells (20-30 ug boron per g tumor tissue).
Substituted carborane derivatives are suitable as a result of
their high boron content and their stability in aqueous media.
However, most of these compounds cannot be employed in
therapy because of their high toxicity and low water solubility.

In order to improve the water solubility carboranes were
linked to sugar units.”l Thus, recently we have reported on a
short synthesis of glycosides of ortho-carborane (1,2-dicarba-
closo-dodecaborane) such as of maltose 1 which are accumu-
lated at tumor cells and exhibit a high water solubiltiy and low
toxicity even in high concentrations.?!

It is now our intention to improve the selectivity by
inducing a predominant intake of the carboranes into
malignant cells. We assume that the hydrophilic carboranyl
glycosides do not penetrate the cell membrane but are
accumulated within the glycerophospholipid bilayer of the

[a] Prof. Dr. Dr. L. F. Tietze, U. Bothe, Dr. 1. Schuberth
Institut fiir Organische Chemie
Georg-August-Universitdt Gottingen
Tammannstr. 2, 37077 Géttingen (Germany)

Fax: (-+49)551-399476
E-mail: ltietze@gwdg.de
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membrane. This behavior is well known for gangliosides;*
their lipophilic ceramide moiety is inserted into the cell
membrane whereas the sugar part stays outside. Since the
effectiveness of BNCT strongly depends on the distance of 1’B
from the cell nucleus, such carboranyl glycosides being
located within the cell membrane should be less toxic under
irradiation with a neutron beam.['?] However, if the sugar
could be removed selectively from the carborane moiety, the
lipophilic boron compound would enter into the cell. A
selective removal of the sugar moieties could be obtained by
using conjugates of glycohydrolases and monoclonal anti-
bodies which bind to tumor-associated antigens.”! Another
problem of BNCT is the lack of a precise and simple method
for the determination of the concentration of the boron
content in a cell, since boron is not readily noninvasively
detectable in tumor tissue by traditional diagnostic techniques
such as standard magnetic resonance imaging protocols. This
fact renders the timing BNCT quite difficult.[ In contrast, the
YF nucleus is much more suitable for in vitro and in vivo NMR
spectroscopy, because of its high receptivity for detection,
wide chemical shift dispersion and its absence from most
living tissue.”! Here we describe the synthesis of a novel
carboranyl lactoside 8, in which the carborane unit is linked to
a hexyl chain. Furthermore, we have developed a synthesis of
carboranyl glycosides of glucose and lactose 17, 19, 22, and 23
containing a fluoro atom to allow the noninvasive detection of
the glycosides in tumor tissue by YF-NMR spectroscopy.
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Results and Discussion

Synthesis: For the synthesis of the carboranyl glycosides 8, 17,
19, 22, and 23 protected alkynols were prepared, which after
reaction with decaborane(14)!®l and deprotection led to the
corresponding carboranyl alcohols. Reaction of the trichloro-
acetimidates of glucose and lactosel! followed by solvolysis
gave the desired glycosides.

For the synthesis of carboranyl lactoside 8, ether 3 was
synthesized in 81 % yield from alcohol 2!' and 1-bromohex-
ane using potassium hydroxide in dimethyl sulfoxide.l'!]
Decaborane(14) was heated in acetonitrile for 30 min to
afford the B;yH,(CH;CN), adduct,['” which was treated with
3 to give carboranyl ether 4 in 50 % yield. Hydrogenolytic
cleavage of the O-benzyl group yielded alcohol 5in 68 % yield
(Scheme 1).

b -
sioZ R s RO o(CHICH;

BioH10

2:R=0H 4: R =Bzl
8) [ 3'R = O(CHp)sCHs O 5 R=H

Scheme 1. Synthesis of carboranyl alcohol 5. Reagents: a) 1-bromohexane,
KOH, DMSO, 81 %; b) B;yH,,, CH;CN, then 3, toluene, 50 %; c) H,, Pd/C,
ethyl acetate, methanol, 68 %.

Reaction of lactose trichloroacetimidate 6 and carboranyl
alcohol 5 in dichloromethane promoted by BF;-Et,0O gave
the carboranyl-3-lactoside 7 stereoselectively in 76 % yield.
Solvolysis of the acetyl groups with sodium methoxide in
methanol led to the desired carboranyl lactoside 8 in 66 %
yield (Scheme 2).

which was linked to 6-fluorohexanol in 69 % yield using KOH
in dimethyl sulfoxide. Reaction of 13 with decaborane(14)
afforded 14 in 69 % yield which was deprotected to give the
alcohol 15 in 68 % yield (Scheme 4).

C
sio_Z R RO g0

ByoH 1o
2:R =OH 14:R =Bzl
Al > 12:R=Cl DL y5:R-H
b) L 13: R = O(CH)eF
Scheme 4. Synthesis of fluoro carboranyl alcohol 15. Reagents: a) SOCl,,
pyridine, 74 % b) 6-fluorohexanol, KOH, DMSO, 69 %; ¢) B;(H,,, CH;CN,
then 13, toluene, 69 %; d) H,, Pd/C, ethyl acetate, methanol, 68 %.

For the synthesis of the fluorinated carboranyl lactosides 17
and 19 the two alcohols 11 and 15 were glycosidated with the
lactose imidate 6 to give 16 in 58% and 18 in 53 % yield,
respectively. Solvolysis with sodium methoxide and methanol
led to the desired compounds 17 in 72 % and 19 in 89 % yield.

RO _OoR!
Rlo R'O OVW/\RZ
RO BioH10
b):lG:Rlec,RZ:F

17:R'=H,R?=F

18: R! = Ac, R? = O(CH,)sF

b)
) 19: R = H, R? = O(CH,)6F

Scheme 5. Synthesis of fluoro carboranyl lactoside 17 and fluoro carbo-
ranyl lactoside 19. Reagents: a) for preparation of 16: 11, BF;-Et,0,
CH,Cl,, 58%; for preparation of 18: 15, BF;-Et,0, CH,Cl,, 53%;
b) NaOMe, MeOH; 72 % for 17, 89 % for 19.

Besides the carboranyl lac-

AcO _0OAc RO __OR
Acog&o Oéc a) Ro\éowo Og tosides 17 and 19 we have
ACO Ac&ﬁ — RO R&WO\/WA O(CH2)sCHs also synthesized the carbor-
Ao _ccly RO Biottao anyl glucosides 22 and 23.
6 \[,\]; B s RIAC Reaction of fluoro carboran-

Scheme 2. Synthesis of carboranyl lactoside 8. Reagents: a) 5, BF;- Et,0, CH,Cl,, 76 %; b) NaOMe, MeOH,

66 %.

For the synthesis of the fluoro carboranyl glycosides, fluoro
alkyne 9 was synthesized from alcohol 2 using N,N-diisoprop-
yl-1-fluoro-2-methylpropenaminel® in dichloromethane in
71% yield. Reaction with decaborane(14) gave 10 in 61 %
yield which was deprotected to yield the fluoro carboranyl
alcohol 11 in 81 % yield (Scheme 3).

b)  Rro F

BioH10

SRz O REH

AL > g R=F
Scheme 3. Synthesis of fluoro carboranyl alcohol 11. Reagents: a) N,N-

diisopropyl-1-fluoro-2-methylpropenamine, CH,Cl,, 71%; b) B;H,,
CH;CN, then 9, toluene, 61 %; c) H,, Pd/C, ethyl acetate, methanol, 81 %.

To enhance the incorporation of the carborane moiety into
the cell membrane according to our concept we introduced a
lipophilic side chain containing a fluoro atom. For this
purpose alcohol 2 was transformed into the chloride 12 in
74 % yield using SOCI, and pyridine in dichloromethane,
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yl alcohol 11 and glucose
imidate 20 promoted by
BF; - Et,0 afforded glucoside
21in 57 % yield which was then deprotected to give 22 in 87 %
yield (Scheme 6).

AcO ogc ) oR

C! a,

AcO — R%O R O\/W/\F
ACOy_ cal, RO BioH1o

21:R=Ac
b):22:R=H

Scheme 6. Synthesis of fluoro carboranyl glucoside 22. Reagents: a) 11,
BF; - Et,0, CH,Cl,, 57 %; b) NaOMe, MeOH, 87 %.

In a similar way, the alcohol 15 was treated with glucose
imidate 20; here a mixture of the corresponding peracetylated
glucoside and the orthoester was obtained, which could not be
separated by column chromatography. However, after depro-
tection a separation by column chromatography could be
achieved to give the glucoside 23 and the orthoester 24 in
67 % and 9% yield, respectively (Scheme 7).
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Scheme 7. Synthesis of fluoro carboranyl glucoside 23. Reagents: a) 15,
BF;-Et,0, CH,Cl,, mixture of glucoside and orthoester; b) NaOMe,
MeOH, 67 % of 23, 9% of 24.

The structures of the new compounds 7, 8, 16—-19, 21-23
have been determined mainly by 'H- and '*C-NMR spectro-
scopy. The 1-H at the anomeric center of the carboranyl
lactosides as well as of the glucosides are observed at 0 =
430-4.54 as a doublet with J=7.6-79 Hz, indicating the
presence of the S-anomers. The diastereotopic protons of the
CH,-group attached to the sugar moiety give separated
doublets at 6 =3.9-4.5 with a coupling constant of 12.3-
12.6 Hz. Interestingly, also the protons of the second CH,-
group attached to the carborane moiety show two separated
doublets at 6 =3.8-4.1 with a coupling of 12.0-12.5 Hz for
lactosides 7, 8, 18, 19, and glucoside 23. For the second
methylene group at the carborane moiety of the glycosides 16,
17, 21, and 22 an additional coupling to fluorine is observed
resulting in two separated doublets of doublets with
2J(H,F)=46.9-472Hz and 2J(HH)=114-11.7Hz at 6=
4.77-5.02. The '"H-NMR spectra of all carborane compounds
show a very broad signal at 6 =0.7-3.5, which is typical for
the hydrogens at the boron atoms. Moreover an intensive
B—H stretch signal at 2564-2600 cm™! is found in the IR
spectra.

Toxicities: Cloning efficiency tests on human bronchial
carcinoma cells of line A549['4l revealed that the carboranyl
lactosides 17 and 19 display almost no cytotoxicity in
concentrations up to 300 um, whereas the carboranyl alcohol
11 is considerably cytotoxic, with an EDs, value of 45 pm.
These results indicate that carboranes can somehow be
detoxified by glycosidation (Figure 1).

This is confirmed by our investigation using the fluoro
carboranyl glucoside 22 with and without the addition of
glucosidase. Thus, for 22 an EDs, value of 350 um was de-
termined, whereas in the presence of glucosidase (0.4 UmL™")
an EDjs, value of 157 um was observed (Figure 2).

In the case of glucoside 22 the incubation took place
without addition of fetal calf serum (FCS) or serum substitute
(Basal Medium Supplement, BMS) in a serum-free medium
(Ultra Culture) to prevent cleavage by glucohydrolase activity
in the serum.!

Conclusion

The new carboranyl glycosides are in many aspects superior to
the hitherto developed compounds for BNCT. We are
presently investigating the interaction between fluoro carbor-
anyl lactosides 17 and 19 and the cell membranes of cultured
cells by NMR spectroscopy.
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Figure 1. In vitro cytotoxicity of lactosides 17 (a), 19 (@), and fluoro
carboranyl alcohol 11 (m) on human bronchial carcinoma cells of line A549
after 24 h of incubation. The cytotoxicity was determined by comparing the
relative rates of clone formation in the presence and absence of 11, 17, and
19.
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Figure 2. In vitro cytotoxicity of glucoside 22 on human bronchial
carcinoma cells of line A549 after 24 h of incubation. Incubation was
performed a) in a serum-free medium (Ultra Culture) without addition of
B-D-glucosidase and b) with addition of -D-glucosidase (0.4 UmL™).

Experimental Section

General: 'H-NMR and C-NMR spectra were recorded with a Varian
VXR-500, XL-300, VXR-200 and Bruker AM-300 spectrometer; multi-
plicities were determined with an APT pulse sequence. MS: Varian MAT
311A. IR: Bruker IFS 25. Elemental analyses were carried out in the
analytical laboratory of the University of Goéttingen. All solvents were
distilled prior to use. Reagents and materials were obtained from
commercial suppliers and were used without further purification. N,N-
diisopropyl-1-fluoro-2-methylpropenamine was purchased from Acros. All
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reactions were carried out under a positive pressure of argon and
monitored by TLC (Macherey —Nagel, Polygram SIL G/UV,s,). Column
chromatography was performed on SiO, (Merck).

Benzyl 4-hexyloxy-2-butynyl ether (3): 4-Benzyloxy-2-butyn-1-ol 2 (10.9 g,
61.9 mmol) was added to KOH (9.61 g, 171 mmol, 2.8 equiv) in dry DMSO
(30 mL). Then 1-bromohexane (10.2 g, 61.8 mmol, 1.0 equiv) was added
dropwise during 60 min and the mixture was stirred at room temperature
for 20 h and poured into 150 mL water. The water layer was extracted with
Et,0 (5§ x 30 mL) and the combined organic layers were washed with brine,
dried with Na,SO,, and the solvent was evaporated in vacuo. The residue
was first purified by column chromatography (petroleum ether/ethyl
acetate 10:1) to give a yellowish liquid which was then purified by
distillation (b.p. 149°C, 0.5 mbar) to give 3 as a colorless liquid (13.1 g,
50.3 mmol, 81%). R; (petroleum ether/ethyl acetate 10:1)=0.48; IR
(KBr): 7=2932, 2858 (C—H), 698, 740 cm~! (arom); 'H NMR (200 MHz,
CDCl,): 6=0.90 (t, /=6.6 Hz, 3H, CH;), 1.27-1.44 (m, 6 H, (CH,);CH,),
1.54-1.68 (m, 2H, CH,CH,0), 3.52 (t, J=6.6 Hz, 2H, OCH,CH,), 4.20—
4.23 (m, 4H, 2CH,C=C), 4.61 (s, 2H, CH,Ph), 726-738 (m, 5H, Ph-H);
BC NMR (50MHz): 6=13.96 (CH,;), 22.53, 25.73, 29.44, 31.58
(CH;(CH,),), 57.34, 58.19 (2 CH,C=C), 70.23, 71.48 (CH,Ph, OCH,CH,),
81.83, 82.83 (2C=C), 127.8, 128.0, 128.3, 137.3 (4Ph-C); MS (EI): m/z: 260
(18) [M]*, 107 (30) [BzIO]*, 91 (100) [Bzl]*; C;;H,0, (260.4): caled C
78.42, H 9.29; found C 78.82, H 9.17.
1-Benzyloxymethyl-2-hexyloxymethyl-1,2-dicarba-closo-dodecaborane
(4): A mixture of decaborane(14) (1.02 g, 8.35 mmol, 1.4 equiv) in dry
acetonitrile (15 mL) was heated at reflux for 30 min. Then toluene (15 mL)
and the alkyne 3 (1.55 g, 5.95 mmol) were added and stirring at reflux was
continued for 19 h. The reaction was quenched by addition of methanol
(1 mL) and the solvents were evaporated in vacuo. Purification of the
residue by column chromatography (petroleum ether/ethyl acetate 10:1)
afforded carborane 4 (1.12 g, 2.96 mmol, 50%) as a colorless oil. R;
(petroleum ether/ethyl acetate 10:1)=0.59; IR (KBr): 7=2954, 2932,
2868 (C—H), 2588 cm~! (B—H); '"H NMR (200 MHz, CDCl;): 6 =0.89 (t,
J=6.5Hz, 3H, CH;), 1.27-1.54 (m, 8H, CH;(CH,),), 3.34 (t, J=6.4 Hz,
2H, OCH,CH,), 3.88 (s, 2H, CH,Cey,), 3.97 (s, 2H, CH,Cqp,), 4.55 (s, 2H,
CH,Ph), 727-7.39 (m, 5H, Ph-H); C NMR (50 MHz, CDCl;): 6 =14.03
(CH;), 22.55, 25.65, 29.29, 31.50 (CH;(CH,),), 69.90, 70.95, 71.98, 73.43
(4CH,0), 76.22,76.84 (2C.,y,), 127.6,128.1, 128.5, 136.7 (4 Ph-C); MS (EI):
m/z: 107 (100) [BzIO]*, 91 (50) [Bzl]*; C;;H3,B 0, (378.6): caled C 53.94,
H 9.05; found C 54.24, H 8.87.

1-Hexyloxymethyl-2-hydroxymethyl-1,2-dicarba-closo-dodecaborane (5):
A mixture of protected carboranyl alcohol 4 (1.09 g, 2.88 mmol), methanol
(7 mL), ethyl acetate (7 mL) and palladium on carbon (630 mg, 10 % Pd)
was shaken under hydrogen (3 bar) for 6 h. Then the mixture was filtered
and concentrated in vacuo. Purification by column chromatography
(petroleum ether/ethyl acetate 6:1) afforded the alcohol 5 (563 mg,
1.95 mmol, 68%) as a slightly yellow liquid. R; (petroleum ether/ethyl
acetate 4:1) =0.48; IR (KBr): 7=3438 (O—H), 2954, 2932, 2862 (C—H),
2590 cm~!' (B—H); '"H NMR (200 MHz, CDCl;): 6 =0.89 (t,/ =6.6 Hz, 3H,
CH,), 1.16-1.39 (m, 6H, (CH,);CH;), 1.51-1.61 (m, 2H, CH,CH,0), 3.12
(t, J=76Hz, 1H, OH), 3.54 (t, J=6.6 Hz, 2H, OCH,CH,), 4.06 (s, 2H,
CH,0CH,C,,,), 412 (d, J=7.6 Hz, 2H, CH,0H); *C NMR (50 MHz):
0=13.96 (CHj;), 22.46, 25.49, 29.13, 31.40 ((CH,),CH;), 64.33 (CH,0OH),
71.79, 72.65 (CH,OCH,C,,,), 75.64, 78.87 (2 Cy, CH,); MS (EI): m/z: 288
(30) [M]+, 203 (13) [M — C¢H 5]+, 185 (100); C,oH5B,,0, (288.4): caled C
41.64, H 9.78; found C 41.94, H 9.78.
1-(2,3,6,2',3,4',6'-Hepta-O-acetyl-f-D-lactopyranosylmethyl)-2-hexyloxy-
methyl-1,2-dicarba-closo-dodecaborane (7): A mixture of lactose imidate 6
(763 mg, 0.98 mmol) and alcohol 5 (236 mg, 0.82 mmol) in CH,Cl, was
stirred over molecular sieves 4 A for 10 min. Then BF; - Et,0 (0.10 mL) was
added and the mixture was stirred for 20 h at room temperature. A solution
of methanol/NEt; (2 mL, 3:1) was added and the organic layer was washed
with water (2 x 20 mL), brine (20 mL) and dried with Na,SO,. After the
solvent was evaporated in vacuo, the residue was purified by column
chromatography (petroleum ether/ethyl acetate 1:1) to afford 7 as a white
foam (564 mg, 0.62 mmol, 76 % ). R; (petroleum ether/ethyl acetate 1:1) =
0.51; [a]® = =272 (¢=0.5, CHCl;); IR (KBr): # =2958, 2937, 2873 (C—H),
2589 (B—H), 1754 (C=0), 1371 (OCOCH;), 1230 cm~' (C—O); 'H NMR
(500 MHz, CDCl;): 6=0.87 (t, J=7.0Hz, 3H, CH;CH,), 1.23-1.31 (m,
6H, CH;(CH,);), 1.48-1.52 (m, 2H, OCH,CH,), 1.93, 2.01, 2.02, 2.03, 2.05,
2.09,2.12 (7s,21H, 7CH;), 3.42 (t, J=6.6 Hz, 2H, OCH,CH,), 3.56 (ddd,
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J=938,4.8,2.1 Hz, 1H, 5-H), 3.78 (t, /=9.5 Hz, 1H, 4-H), 3.82-3.84 (m,
1H, 5-H), 3.84 (d, /=124Hz, 1H, C,,CH*H’OCH,), 3.88 (d, J=
12.2 Hz, 1H, C,,CH*H?OCH,), 3.96 (d, J=12.6 Hz, 1H, OCOCH“H?),
4.04 (dd,J=11.5,3.3 Hz, 1H, 6-H or 6'-H), 4.04 - 4.06 (m, 1 H, 6-H or 6'-H),
4.10 (dd, J=11.1, 6.3 Hz, 1H, 6-H or 6-H), 4.28 (d, /J=12.6 Hz, 1H,
OCOCH"H?), 4.44-4.48 (m, 3H, 1-H, 1'-H, 6-H or 6'-H), 4.89 (dd, J=9.5,
7.8 Hz, 1H, 2-H), 4.92 (dd, /=104, 3.3 Hz, 1H, 3'-H), 5.07 (dd, J=10.4,
79 Hz,1H,2'-H),5.16 (t,/=9.2 Hz, 1H, 3-H), 5.31 (dd,/=3.4,0.9 Hz, 1 H,
4'-H); BC NMR (50 MHz, CDCl,): 6 =14.01 (CH;CH,), 20.50, 20.63, 20.75,
20.79 (4CH,), 22.54, 25.62, 29.27, 31.44 ((CH,),CH;), 60.73, 61.58 (C-6,
C-6'),66.52,69.04, 70.68, 70.88, 71.09, 72.34, 72.84, 75.85 (C-2, C-3, C-4, C-5,
C-2, C-3, C4, C-5'), 68.69 (OCH,CH,), 70.92, 72.11 (2CH,CLy), 75.85
(Ceam.)» 100.2,101.0 (C-1, C-1"), 169.0, 169.4, 169.6, 170.0, 170.1, 170.1, 170.3
(70Ac); MS (DCI): m/z: 926 [M+NH,+H]|*; C3sHg,B 1049 (907.0): caled C
4767, H 6.89; found C 47.53, H 6.84.

2-Hexyloxymethyl-1-(f#-D-lactopyranosylmethyl)-1,2-dicarba-closo-dodeca-
borane (8): Lactoside 7 (430 mg, 0.47 mmol) was dissolved in methanol
(10 mL). A solution of sodium methoxide (0.10 mL, 5.4 mm in methanol)
was added and the reaction was stirred for 65 min at room temperature.
After the reaction was quenched by addition of Amberlyte IR-120 resin
(H* form), the mixture was filtered, and methanol was evaporated in vacuo.
Purification by column chromatography (gradient CH,Cl,/methanol 6:1 to
2:1) afforded 8 (192 mg, 0.31 mmol, 66 %) as a colorless foam. R; (CH,Cl,/
methanol 6:1)=0.19; [a] = —13.2 (¢=0.5, MeOH); IR (KBr): 7=3386
(O—H), 2931, 2871 (C—H), 2586 cm™' (B-H); 'H NMR (500 MHz,
[D,]Jmethanol): 6=091 (t, /=69 Hz, 3H, CH;), 1.29-140 (m, 6H,
(CH,);CH;), 1.53-1.59 (m, 2H, CH,CH,0), 3.26 (dd, J=8.9, 8.0 Hz,
1H), 3.89 (ddd, J =9.6, 4.5,3.2 Hz, 1 H, 5-H), 2.47-3.59 (m, 6 H), 3.69 (dd,
J=115, 4.6 Hz, 1H), 3.77 (dd, /=11.3, 74 Hz, 1H), 3.80-3.83 (m, 2H),
3.89(dd,J=12.2,2.5 Hz,1H),4.03 (d,J =12.3 Hz, 1 H, CH,OCH“H¥), 4.08
(d,J=12.3 Hz, 1H, CH,OCH"“H?*), 4.15 (d,J =12.4 Hz, 1 H, OCOCH“H?),
432 (d,/J=78Hz, 1H, 1-H or 1-H), 4.34 (d, /=77 Hz, 1H, 1-H or 1'-H),
443 (d, J=123 Hz, 1H, OCOCH“H"); 3C NMR (50 MHz, CDCL;): 6 =
14.40 (CH,), 23.61, 26.84, 30.41, 32.64 ((CH,),CHs;), 61.72, 62.41 (C-6, C-6'),
69.79, 71.63, 72.80 (3 CH,0), 70.18, 72.38, 74.30, 74.65, 76.33, 76.59, 76.94,
80.31 (C-2,C-3,C4,C-5,C-2, C-3,C-4,C-5"),104.7,104.9 (C-1, C-1"); MS
(DCI): m/z: 631 [M+NH,]"; C,HB,,Oy, (612.7).

Benzyl 4-fluoro-2-butynyl ether (9): N,N-Diisopropyl-1-fluoro-2-methyl-
propenamine (3.34 g, 19.3 mmol) was added to a solution of 4-benzyloxy-2-
butyn-1-ol 2 (3.33 g, 18.9 mmol) in dry CH,Cl, (40 mL). After stirring at
room temperature for 68 h, the organic layer was washed with water (2 x
20 mL), brine (20 mL), dried with Na,SO,, and the solvent was evaporated
in vacuo. Distillation gave as first fraction N,N-diisopropyl isobutyramide
and as second fraction 9 (2.41 g, 13.5 mmol, 71 %) as a colorless liquid (b.p.
77°C, 0.2 mbar). R; (petroleum ether/ethyl acetate 10:1) =0.48; IR (KBr):
7=3086, 3064, 3032, 2946, 2860 (C—H), 744, 700 cm~! (arom); 'H NMR
(200 MHz, CDCly): 6 =4.25 (dt, *J(H,F) =7.6,J' = 1.7 Hz, 2H, OCH,C=C),
4.61 (s, 2H, CH,Ph), 5.02 (dt, 2J(H,F) =477 Hz, J'=1.7 Hz, 2H, CH,F),
730-745 (m, 5H, Ph-H); ®C NMR (50 MHz, CDCl;): 6 =5716 (d,
4J(C,F)=3.4 Hz, CH,0OBzl), 70.61 (d, 'J(C}F)=165.5Hz, CH,F), 71.77
(CH,Ph), 80.36 (d, 2J(C,F) =22.3 Hz, CCH,F), 86.14 (d, 3J(C,F) =12.1 Hz,
CCCH,F); YF NMR (188 MHz, CDCl;, external standard C.F,): 6 =
—53.20 (tt, 2J(H,F)=475, SJ(H,F)=75Hz); MS (EI): m/z: 177 (19)
[M —H]*, 91 (100) [Bzl]*, 77 (38) [Ph]*; C,;H,,OF (178.2): calcd C 74.14, H
6.22; found C 74.27, H 6.51.

1-Benzyloxymethyl-2-fluoromethyl-1,2-dicarba-closo-dodecaborane (10):
Alkyne 9 (256 mg, 1.44 mmol) was transformed within 19 h to carborane
10 using decaborane(14) (248 mg, 2.03 mmol, 1.4 equiv) in acetonitrile
(5mL) and toluene (5mL) as described for 4. Purification by column
chromatography (petroleum ether/ethyl acetate 20:1) afforded 10 (259 mg,
0.87 mmol, 61%) as a colorless oil. R; (petroleum ether/ethyl acetate
10:1)=0.52; IR (film): 7=2880, 2856 (C—H), 2602, 2586, 2568, 2564
(B—H), 1954, 1870 (arom), 734, 696 cm~' (arom); 'H NMR (200 MHz,
CDCly): 6 =4.01 (s, 2H, CH,C,), 4.57 (s, 2H, CH,Ph), 4.78 (d, 2/(H,F) =
474 Hz,2H, CH,F), 726 -7.38 (m, 5H, Ph-H); *C NMR (50 MHz, CDCL):
0=70.13 (CH,OBzl), 73.59 (CH,Ph), 7423 (d, 2J/(C[F)=25.0Hz,
C..v. CH,F), 7622 (C,, CH,0), 8149 (d, J(CF)=188.4Hz, CH,F),
127.6, 128.3, 128.6, 136.2 (Ph-C); MS (EI): m/z: 296 (25) [M]*, 92 (100)
[Bzl4+-H]*, 91 (83) [Bzl]*, 79 (24) [Ph+H]"; C;HyB,OF (296.4): caled
298.2507; found 298.2506.
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2-Fluoromethyl-1-hydroxymethyl-1,2-dicarba-closo-dodecaborane  (11):
Alcohol 10 (1.67 g, 5.63 mmol) was deprotected as described for 5 within
21 h using Pd/C (1.16 g). Purification by column chromatography (petro-
leum ether/ethyl acetate 3:1) afforded alcohol 11 (934 mg, 4.53 mmol,
81%) as a colorless solid. IR (KBr): 7=3420, 3402 (O—H), 2966, 2952,
2894, 2854 (C—H), 2586 cm~! (B—H); 'H NMR (200 MHz, CDCL,): 6 =
2.29-2.57 (brs, 1H, OH), 4.05 (s, 2H, CH,0H), 4.73 (d, 2J(H,F) = 47.4 Hz,
2H, CH,F); *C NMR (50 MHz, CDCl;): 6 =64.02 (CH,OH), 74.42 (d,
2J(C,F) =19.6 Hz, CCH,F), 78.45 (CCH,0H), 81.60 (d, 'J(C,F) =137.7 Hz,
CH,F); MS (EI): m/z: 206 (100) [M]*, 187 (76) [M —F]*; C,H;sB;,OF
(206.3): calcd 208.2037, found 208.2037; caled C 23.29, H 7.33; found C 23.47,
H 7.06.

Benzyl 4-chloro-2-butynyl ether (12): SOCl, (20.0mL, 274 mmol,
2.7 equiv) was added dropwise during 2 h at a temperature between 5°C
and 10°C to a solution of alcohol 2 (17.7 g, 100 mmol) in pyridine (30 mL)
and CH,Cl, (100 mL). The reaction was stirred for 2 h at room temperature
and poured onto ice water. The organic layer was separated, washed with
aqueous HCI (1n), water, brine, and dried with sodium sulfate. Evaporation
of the solvents and distillation (b.p. 107°C, 0.15 mbar) gave a yellow liquid
which was filtered through a short column of silica (petroleum ether/ethyl
acetate 5:1) to afford a slightly yellow liquid (14.5 g, 74.4 mmol, 74%). R;
(petroleum ether/ethyl acetate 10:1) =0.51; IR (KBr): 7 = 3088, 3065, 3031,
2994, 2947 (C—H), 741, 698 cm ! (arom); 'H NMR (200 MHz): 6 =4.20—
4.24 (m, 4H, 2CH,C=C), 4.61 (s, 2H, CH,Ph), 733-738 (m, 5H, Ph-H);
BC NMR (50 MHz): 6 =30.32 (CH,Cl), 57.20 (CH,0OBzl), 71.67 (CH,Ph),
81.19, 82.49 (2 C=C), 1279, 128.0, 128.4, 137.1 (4Ph-C); MS (EI): m/z: 107
(42) [BzIO]*, 91 (100) [BzI]*, 77 (50) [Ph]*; C;;H;;OCI (194.7): caled C
67.87, H 5.70; found C 67.95, H 5.60.

Benzyl 4-(6-fluorohexyloxy)-2-butynyl ether (13): A mixture of 6-fluoro-
hexanol (4.07 g, 33.9 mmol), KOH (4.12 g, 73.4 mmol), and DMSO
(17 mL) was cooled in an ice bath until the DMSO was partly solified.
Then the chloride 12 (5.84 g, 30.0 mmol) was added and the mixture was
stirred for 25h at room temperature. Workup as described for 3 and
distillation afforded the ether 13 (5.72 g, 20.6 mmol, 69 %, b.p. 148-149°C
(0.1 mbar)) as a colorless liquid. R; (petroleum ether/ethyl acetate 10:1) =
0.42; IR (film): 7=2938, 2860 (C—H), 742, 698 cm™! (arom); 'H NMR
(200 MHz, CDCl;): 6 =1.39-1.80 (m, 8H, (CH,),CH,F), 3.52 (t,/ = 6.3 Hz,
2H, CH,CH,0),4.20 (d,/=14Hz,2H, CH,C=C),4.22 (d,/=14 Hz,2H,
CH,C=C), 4.43 (dt, 2J(H,F)=474, J'=58 Hz, 2H, CH,F), 4.60 (s, 2H,
CH,Ph), 726 -7.37 (m, 5H, Ph-H); 3C NMR (50 MHz, CDCL,): 6 =24.94
(d, *J(CF)=54Hz, CH,CH,CH,F), 2572 (CH,CH,CH,0O), 29.34
(CH,CH,0), 3026 (d, %J(CF)=19.6Hz, CH,CH,F), 57.34, 5822
(2CH,C=C), 69.93 (OCH,CH,), 71.50 (PhCH,), 81.93, 82.72 (2C=C),
83.94 (d, J(CJF) =165 Hz, CH,F), 127.8, 1279, 128.3, 137.3 (4Ph-C); MS
(ED): m/z: 278 (9) [M]*, 91 (100) [Bzl]*; C;Hp;0,F (278.4).
1-Benzyloxymethyl-2-(6-fluorohexyloxymethyl)-1,2-dicarba-closo-dodeca-
borane (14): Alkyne 13 (1.45 g, 5.21 mmol) was transformed within 20.5 h
into carborane 14 using decaborane(14) (1.24 g, 10.1 mmol) in acetonitrile
(20 mL) and toluene (20 mL) as described for 4. Purification by column
chromatography (petroleum ether/ethyl acetate gradient 20:1—10:1)
afforded carborane 14 (1.42 g, 3.58 mmol, 69 %) as a colorless liquid. R;
(petroleum ether/ethyl acetate 10:1)=0.44; IR (film): 7=2938, 2866
(C—H), 2586 (B—H), 738, 698 cm~! (arom); 'H NMR (200 MHz, CDCl,):
0=129-1.80 (m, 8H, OCH,(CH,),), 3.37 (t, /J=6.2 Hz, 2H, OCH,CH,),
3.91 (s, 2H, CH,C,,,), 3.99 (s, 2H, CH,C,,,), 4.46 (dt, 2J(H,F) =49.3, J =
5.8Hz, 2H, CH,F), 4.61 (s, 2H, CH,Ph), 7.30-740 (m, 5H, Ph-H);
BCNMR (50 MHz, CDCl;): 6 =24.92 (d, *J(C,F) = 5.4 Hz, CH,CH,CH,F),
25.62 (OCH,CH,CH,), 29.19 (OCH,CH,), 30.24 (d, %J/(C,F)=19.6 Hz,
CH,CH,F), 69.85 (CH,CH,0), 70.89, 71.69 (2CH,C.,), 73.39 (PhCH,),
76.25, 76.77 (2C..), 83.94 (d, J(C,F)=164.0 Hz, CH,F), 1276, 1281,
128.5,136.7 (Ph-C); ’F NMR (188 MHz, CDCl;, external standard CFCl;):
0=-218.9 (tt, 2J(H,F) =474 Hz, *J(H,F) =253 Hz); MS (EI): m/z: 107
(100) [BzIO]*, 91 (85) [Bzl]*; C;;H33B,0O,F (396.6): calcd 398.3395, found
398.3395; caled C 51.49, H 8.39; found C 51.78, H 8.47.
2-(6-Fluorohexyloxymethyl)-1-hydroxymethyl-1,2-dicarba-closo-dodeca-
borane (15): Alcohol 14 (519 mg, 1.31 mmol) was deprotected as described
for 5 within 4h using Pd/C (426 mg) to afford alcohol 15 (273 mg,
0.89 mmol, 68 %) as a colorless liquid. R; (petroleum ether/ethyl acetate
2:1)=0.44; IR (film): 7=3444 (O—-H), 2938, 2866 (C—H), 2588 cm™!
(B—H); '"H NMR (200 MHz, CDCL,): 6 =1.28-1.79 (m, 8 H, (CH,),CH,F),
3.10(t,/=75Hz,1H, OH),3.53 (t,/ =6.4 Hz,2H, CH,CH,0),4.04 (s,2H,
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CH,OCH,Cy,y), 4.10 (d, J =7.6 Hz, 2H, C,,,, CH,OH), 4.43 (dt, 2J(H,F) =
471, J'=5.9 Hz, 2H, CH,F); ®C NMR (50 MHz, CDCLy): 6 =24.93 (d,
3J(C,F) =4.7 Hz, CH,(CH,),F), 25.50, 29.06 (CH,CH,(CH,);F), 30.18 (d,
2J(CF)=19.6 Hz, CH,CH,F), 64.26 (C.,, CH,OH), 71.73 (CH,OCH,C-
wn)s 72.34 (CH,CH,0), 75.71 (Ceurs), 78.83 (Cons), 83.92 (d, U(C,F) =
164.1 Hz, CH,F); MS (EI): miz: 119 (21) [F(CH,)O]*, 103 (100)
[F(CH,)q]"; CioHyrB1jO,F (306.4): caled 308.2926; found 308.2925.

2-Fluoromethyl-1-(2,3,6,2',3',4',6'-hepta-O-acetyl-f-D-lactopyranosylmeth-
yb)-1,2-dicarba-closo-dodecaborane (16): Reaction of lactose imidate 6
(400 mg, 0.51 mmol), alcohol 11 (106 mg, 0.51 mmol) in CH,Cl, (20 mL)
over molecular sieves 4 A promoted by BF;-Et,O (0.20 mL) for 4 h and
workup as described for 7 afforded after purification by column chroma-
tography (petroleum ether/ethyl acetate 1:1) lactoside 16 (244 mg,
0.30 mmol, 58%) as a colorless foam. R; (petroleum ether/ethyl acetate
1:1) =0.36; [a]® = —21.5 (¢ =1, CHCL,); IR (KBr): 7=2964, 2940 (C—H),
2592 (B—H), 1754 (C=0), 1372 (OCOCHs;), 1230 cm™' (C—0O); 'H NMR
(500 MHz, CDCL;): 6 =1.97,2.05,2.06,2.07,2.12, 2.15 (6,21 H, 7CHj), 3.60
(ddd, J=9.7,4.7,1.8 Hz, 1H, 5-H), 3.80 (t,/=9.5 Hz, 1 H, 4-H), 3.86-3.89
(m, 1H, 5-H), 4.04 (d, J=12.5 Hz, 1H, OCOCH“H?), 4.06-4.15 (m, 3H,
6-H, 6'-H), 432 (d, /=123 Hz, 1H, OCOCH"“H"), 4.48 (d, /=78 Hz, 1 H,
1-H or 1'-H), 4.51 (d, /=77 Hz, 1H, 1-H or 1'-H), 4.52-4.53 (m, 1 H, 6-H
or 6-H), 4.76 (dd, 2J(H,F) =476, J'=11.2 Hz, 1H, CH*H’F), 4.77 (dd,
2J(H,F) =472, I'=11.4 Hz, 1H, CH*“H’F), 492 (dd, J=9.5, 79 Hz, 1H,
2-H), 4.96 (dd, J=10.3,3.4 Hz, 1H, 3'-H), 5.10 (dd, J=10.4, 7.9 Hz, 1 H, 2"-
H), 519 (t, J=92Hz, 1H, 3-H), 5.35 (dd, /=33, 1.0 Hz, 1H, 4-H);
BC NMR (75 MHz, CDCl,): 6 =20.44, 20.47, 20.57, 20.73, 26.85 (5CHj;),
60.71, 61.37 (C-6, C-6), 68.50 (CH,0CO), 66.53, 69.01, 70.69, 70.80, 70.88,
7221, 72.89, 75.77 (C-2, C-3, C-4, C-5, C-2, C-3, C-4, C-5'), 7437 (d,
2J(C,F)=24.8 Hz, C,,,CH,F), 75.09 (C.;,CH,0), 81.29 (d, 'J(CF)=
188 Hz, CH,F), 99.75, 101.0 (C-1, C-1'), 169.1, 169.4, 169.7, 170.0, 170.0,
1702, 170.3 (70Ac); MS (DCI): m/z: 843 [M+NH,]*; C3HyBOsF
(824.8): caled C 43.69, H 5.99; found: C 43.88, H 6.15.

2-Fluoromethyl-1-(f-p-lactopyranosylmethyl)-1,2-dicarba-closo-dodeca-
borane (17): Lactoside 16 (86 mg, 0.11 mmol) in methanol (5 mL) was
deprotected with sodium methoxide (60 pL, 5.4 mM in methanol) within
50 min as described for 8. Purification by column chromatography (ethyl
acetate/methanol 4:1) afforded 17 (40 mg, 0.08 mmol, 72%) as a colorless
foam. R; (ethyl acetate/methanol 1:1) =0.19; [¢]® = — 14.5 (c =1, MeOH);
IR (KBr): 7 =3406 (O—H), 2928, 2890 (C—H), 2592 cm~! (B—H); 'H NMR
(500 MHz, [D,]methanol): 6 =3.26 (dd, J=8.9, 8.0 Hz, 1H), 3.41 (ddd, J =
9.4, 4.6,2.4Hz, 1H, 5-H), 3.47 (dd, J=9.8, 3.2 Hz, 1H, 3'-H), 3.50 (t, /=
9.0 Hz, 1H), 3.53 (dd, J=9.6, 7.9 Hz, 1H, 2-H or 2'-H), 3.55-3.59 (m, 2H,
2-H or 2’-H, 5-H), 3.69 (dd, J=11.5, 4.6 Hz, 1H, 6-H), 3.77 (dd, J=11.4,
7.5 Hz, 1H, 6-H), 3.80-3.81 (m, 1H, 4-H), 3.82 (dd, /=122, 42 Hz, 1H,
6-H or 6-H), 3.91 (dd, /=124, 23 Hz, 1H, 6-H or ¢-H), 421 (d, /=
12.4 Hz, 1H, OCOCH“HF), 434 (d, J=7.6 Hz, 1H, 1-H or I’-H), 4.35 (d,
J=78 Hz, 1H, 1-H or ’-H), 449 (d, J = 12.6 Hz, | H, OCOCH“H"), 4.98
(dd, 2J(H,F)=46.9, I'=11.7 Hz, 1H, CH*H’F), 5.02 (dd, 2J(H,F) =46.9,
J' =11.7 Hz, 1H, CH*H’F); 3C NMR (50 MHz, CDCL,): 6 =61.75, 62.45
(C-6, C-6'), 69.85 (OCOCH,), 70.22, 72.46, 74.32, 74.73, 76.39, 76.66, 77.02,
80.31 (C-2, C-3,C4, C-5,C-2', C-3,C-4, C-5),76.56 (d, 2J(C,F) =25.0 Hz,
C.o,CH,F), 7798 (OCOCH,C,,,), 82.65 (d, J(CF)=185Hz, CH,F),
103.6, 105.0 (C-1, C-1); MS (DCI): m/z: 549 [M+NH,]*; C;sH;5B,,0,,F
(530.6).

1-(2,3,6,2',3',4',6'-Hepta- O-acetyl-f-D-lactopyranosyloxymethyl)-2-(6-fluo-
rohexyloxymethyl)-1,2-dicarba-closo-dodecaborane (18): BF;-Et,O
(0.10 mL) was added under stirring to an ice-cold mixture of lactose
imidate 6 (1.11g, 1.42mmol), alcohol 15 (289 mg, 0.94 mmol) and
molecular sieves 4 A in CH,Cl, (40 mL) and stirring was continued at
0°C for 5 min and then 200 min at 20°C. Workup as described for 7 and
purification by column chromatography (petroleum ether/ethyl acetate
1.5:1) afforded 18 (466 mg, 0.50 mmol, 53%) as a white foam. R;
(petroleum ether/ethyl acetate 1:1) =0.43; [a]}) =—25.5 (¢c=1, CHCLy);
IR (KBr): 7=2942, 2870 (C—H), 2588 (B—H), 1754 (C=0), 1370
(OCOCH,;), 1230 cm™! (C—0O); 'H NMR (500 MHz, CDCLy): 6 =1.34-
143 (m, 4H, CH,CH,CH,CH,F), 1.52-1.58 (m, 2H, CH,CH,0), 1.63-
174 (m, 2H, CH,CH,F), 1.94, 2.02, 2.03, 2.04, 2.06, 2.10, 2.13 (7s, 21H,
7CH,), 3.44 (t, J=6.4 Hz, 2H, OCH,CH,), 3.55 (ddd, /=9.9, 4.6, 2.1 Hz,
1H, 5-H), 3.79 (t, J=9.4 Hz, 1H, 4-H), 3.83-3.85 (m, 1 H, 5-H), 3.85 (d,
J=12.1Hz, 1H, C,,CH*HPOCH,, 3.89 (d, /=122 Hz, 1H, C, CH*
HPOCH,), 3.96 (d, J=12.5Hz, 1H, OCOCH*H’C,,), 4.04 (dd, /=177,
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3.4 Hz, 1H, 6-H), 4.06-4.08 (m, 1 H, 6-H or 6'-H), 4.11 (dd,J=11.1,6.3 Hz,
1H, 6-H or 6-H), 4.28 (d, J=12.5Hz, 1H, OCOCH“H"C,,,), 4.43 (dt,
2J(H,F)=474,J=6.0 Hz,2H, CH,F), 4.46 (d,J =77 Hz, 1H, 1-H or 1'-H),
448 (d,J=79Hz, 1H, 1-H or 1'-H), 4.45-4.49 (m, 1 H, 6-H or 6-H), 4.90
(dd,J=9.5,78 Hz, 1H, 2-H), 4.93 (dd, J=10.4, 3.6 Hz, 1 H, 3'-H), 5.08 (dd,
J=10.4, 8.0 Hz, 1H, 2’-H), 5.16 (t, /=9.2 Hz, 1H, 3-H), 5.32 (dd, /=34,
1.0 Hz, 1H, 4-H); BC NMR (50 MHz, CDCl,): 6 = 20.46, 20.59, 20.72, 20.76
(4CH;), 2493 (d, 3J(CF)=48Hz, CH,(CH,),F), 25.60, 29.17
(CH,),(CH,);F), 30.24 (d, 2J(C,F)=19.6 Hz, CH,CH,F), 60.71, 61.53 (C-
6, C-6"), 66.50, 69.00, 70.64, 71.04, 72.29, 72.83, 75.79 (C-2, C-3, C-4, C-5,
C-2, C-3, C4, C-5), 68.65, 71.79 (OCH,CH,, C., CH,0), 75.15, 76.81
(2CH,C.n), 83.97 (d, J(C,F) =164 Hz, CH,F), 100.2, 101.0 (C-1, C-1"),
169.0, 169.3, 169.6, 170.0, 170.0, 170.1, 170.3 (7 OAc); MS (DCI): m/z: 934.9
[M+NH,]*; C3HgB1gO1oF (925.0).

1-(f-p-Lactopyranosyloxymethyl)-2-(6-fluorohexyloxymethyl)-1,2-dicar-
ba-closo-dodecaborane (19): Lactoside 18 (365 mg, 0.40 mmol) in meth-
anol (10 mL) was deprotected with sodium methoxide (100 pL, 5.4 mM in
methanol) within 90 min as described for 8. Purification by column
chromatography (ethyl acetate/methanol 5:1) afforded 19 (221 mg,
0.35 mmol, 89%) as a colorless foam. R; (ethyl acetate/methanol 5:1) =
0.37; [a]f) = —13.2 (c=1, MeOH); IR (KBr): 7=3406 (O—H), 2938, 2872
(C—H), 2586 (B—H); 'H NMR (500 MHz, [D,]methanol): 6 =1.45-1.49
(m, 4H, (CH,),(CH,),F), 1.62 (quint, /J=6.7 Hz, 2H, CH,CH,0), 1.67-
1.77 (m, 2H, CH,CH,F), 3.43 (ddd, J=10.5,4.3,2.5 Hz, 1 H, 5-H), 3.50 (dd,
J=9.7,33Hz, 1H), 3.54-3.62 (m, 1H, 5-H), 3.72 (dd, J=11.3, 4.6 Hz,
1H), 3.80 (dd, J=11.5, 7.5 Hz, 1H), 3.85 (dd, /=119, 4.6 Hz, 1 H, 6-H%),
3.93(dd,J=12.0,2.4 Hz,1H), 3.83-3.84 (m, 1 H),4.07 (d, /=122 Hz, 1H,
Cea, CH*HPOCH,), 4.12 (d, J=12.1 Hz, 1H, C,,, CH*H’OCH,), 4.18 (d,
J=123Hz, 1H, OCOCH"H’C,,y,), 4.35 (d, /=77 Hz, 1H, 1-H or 1"-H),
4.37 (d, J=78 Hz, 1H, 1-H or 1'-H), 4.45 (dt, 2/(H,F) =47.6, J'=6.2 Hz,
2H, CH,F), 456 (d, J=123Hz, 1H, OCOCH“H’C,,); “C NMR
(50 MHz, [D,]methanol): 6 =26.06 (d, 3J(C,F)=5.2 Hz, CH,(CH,),F),
26.85, 30.34 (OCH,(CH,),), 31.46 (d, 2J(C,F) =19.9 Hz, CH,CH,F), 61.79,
62.44 (C-6, C-6'), 69.83, 71.68, 72.68 (3CH,0), 70.21, 72.46, 74.37, 74.72,
76.41, 76.66, 77.01, 80.41 (C-2, C-3, C-4, C-5, C-2', C-3, C-4, C-5'), 7765,
7872 (2C.an), 84.04 (d, 'J(C,F) =164 Hz, CH,F), 103.7, 105.0 (C-1, C-1);
YF NMR (377 MHz, CDCl;, external standard CFCl;): 6 =219.1; MS
(DCI): mlz: 649.7 [M+NH,+H]*; C,H,;B,,0,,F (630.7).

2-Fluoromethyl-1-(2,3,4,6-tetra-O-acetyl-f-D-glucopyranosylmethyl)-1,2-
dicarba-closo-dodecaborane (21): Glucose imidate 20 (878 mg, 1.78 mmol)
and alcohol 11 (256 mg, 1.24 mmol) were stirred in CH,Cl, (20 mL) over
molecular sieves 4 A for 10 min, then BF;- Et,0 (0.20 mL) was added and
stirring was continued for 225 min. The molecular sieves was filtered off
and the organic layer was washed with water, brine and dried with Na,SO,.
After evaporation of the CH,Cl, in vacuo the residue was recrystallized
from MeOH to afford 21 as a colorless solid (378 mg, 0.70 mmol, 57 % ). R;
(petroleum ether/ethyl acetate 2:1) = 0.17; [a]¥ = —31.0 (c=1, CHCL); IR
(KBr): 7#=2976, 2956, 2948, 2896 (C—H), 2600 (B—H), 1758 (C=0), 1374
(OCOCH,), 1234 cm ™! (C—0); '"H NMR (500 MHz, CDCl,): 6 =2.02, 2.03,
2.08,2.09 (4s, 12H, 4CHs;), 3.70 (ddd, /=10.0, 4.7, 2.4 Hz, 1H, 5-H), 4.07
(d, J=124Hz, 1H, OCOCH"H’C,,), 4.15 (dd, J=12.5, 2.5 Hz, 1H,
6-H%), 4.24 (dd, J=124, 47 Hz, 1H, 6-HF), 437 (d, J=12.5Hz, 1H,
OCOCH*H?C,,y,), 4.54 (d, J=79 Hz, 1H, 1-H), 4.77 (dd, 2J(H,F) =472,
J =115Hz, 1H, CH*H'F), 4.81 (dd, 2J(H,F)=475, J/'=11.5Hz, 1H,
CH*H’F), 5.02 (dd, J=9.7, 79 Hz, 1H, 2-H), 5.08 (dd, /=9.9, 9.4 Hz, 1H,
4-H), 5.20 (t,J=9.5 Hz, 1H, 3-H); ¥C NMR (50 MHz, CDCl;): 6 =20.45,
20.56 (CH,), 61.47 (C-6), 68.02, 70.58, 72.08, 72.19 (C-2, C-3, C-4, C-5),
68.60 (OCH,C ), 74.43 (d, 2J(C,F) =25.0 Hz, C_., CH,F), 75.10 (Ceopp-
CH,0), 81.29 (d, 'J(C,F) =188 Hz, CH,F), 100.1 (C-1), 169.1, 169.2, 170.0,
170.4 (4OAc); °F NMR (377 MHz, CDCl,, external standard CFCl;): 6 =
304.2 (t, 2J(H,F) =48 Hz); MS (DCI): m/z: 555 [M+NH,]*; C;sH33B,0;F
(536.6): caled C 40.29, H 6.20; found C 40.22, H 6.21.

2-Fluoromethyl-1-(f-p-glucopyranosyloxymethyl)-1,2-dicarba-closo-do-

decaborane (22): Glucoside 21 (90 mg, 0.17 mmol) in methanol (5 mL) was
deprotected with sodium methoxide (80 pL, 5.4 mM in methanol) within
30 min as described for 8. Purification by column chromatography (ethyl
acetate/methanol 10:1) afforded 22 (54 mg, 0.15 mmol, 87 %) as a white
foam. R; (ethyl acetate/methanol 10:1)=0.39; [a]d=-25.0 (c=1,
MeOH); IR (KBr): #=3404 (O—H), 2926, 2890 (C—H), 2592 cm™!
(B—H); 'H NMR (500 MHz, [D,]Jmethanol): 6 =3.18 (dd, J=9.1, 7.9 Hz,
1H,2-H), 3.22-3.33 (m, 3H, 6-H¢ 3-H, 4-H), 3.62-3.65 (m, 1 H, 5-H), 3.86
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(dd, J=12.0, 1.7 Hz, 1H, 6-H?), 4.19 (d, J=12.5 Hz, 1H, OCHH/C,,y),
430 (d, /=79 Hz, 1H, 1-H), 4.51 (d, J=12.6 Hz, 1H, OCH*H’C,,), 4.99
(dd, 2(H,F) =471, 11.6 Hz, 1H, CHH’F), 5.00 (dd, 2/(H,F)=46.9, J' =
11.6 Hz, 1H, CH*H’F); BC NMR (50 MHz, [D,Jmethanol): 6 =62.63 (C-
6), 69.72 (OCOCH,Cn), 71.37, 74.72, 78.06, 78.14 (C-2, C-3, C-4, C-5),
76.48 (d, 2/(C,F) =25.8 Hz, Copy CH,F), 78.06 (Cuy CH,OCO), 82.56 (d,
1J(CF)=185Hz, CH,F), 1037 (C-1); MS (DCI): miz: 387 (100)
[M+NH,+H]", 404 (30) [M-+NH,+NH;+H]*; C;oHysB,,O,F (368.4).

1-(f-D-Glucopyranosylmethyl)-2-(6-fluorohexyloxymethyl)-1,2-dicarba-
closo-dodecaborane (23): Reaction of glucose imidate 20 (545 mg,
1.11 mmol) with alcohol 15 (263 mg, 0.86 mmol) in CH,Cl, (20 mL) over
molecular sieves 4 A with BF;-Et,0 (0.10mL) for 3 h and workup as
described for 7 afforded after purification by column chromatography
(petroleum ether/ethyl acetate 2:1) 2-(6-fluorohexyloxymethyl)-1-(2,3,4,6-
tetra-O-acetyl-f-D-glucopyranosylmethyl)-1,2-dicarba-closo-dodecabor-
ane (420 mg). The compound was contaminated with small amounts of the
corresponding orthoester. Spectral data of the glucoside: R; (petroleum
ether/ethyl acetate 2:1)=0.35; IR (KBr): 7=2944, 2868 (C—H), 2590
(B—H), 1758 (C=0), 1372 (OCOCH;), 1232cm™' (C-0O); 'H NMR
(200 MHz, CDCl,): 6=1.37-1.78 (m, 8H, (CH,),CH,F), 2.02, 2.03, 2.09,
2.09 (4s,12H, 4CH,), 3.47 (t,J = 6.4 Hz,2H, CH,CH,0), 3.69 (ddd, J = 9.8,
4.3,2.3 Hz, 1H, 5-H), 3.88 (d,/=12.4 Hz, 1 H, CH,OCH“HC,,4), 3.94 (d,
J=124Hz, 1H, CH,0CH*H’C,,4), 401 (d, /=128 Hz, 1H, OCO-
CH*HC,,s), 412 (dd, J=12.4, 2.6 Hz, 1H, 6-H¢), 426 (dd, /=124,
4.6 Hz, 1H, 6-HP), 4.36 (d, J=12.8 Hz, 1H, OCOCH“H?C,,,), 4.46 (dt,
2J(H,F) =470, J'=6.1 Hz, 2H, CH,F), 4.55 (d, /=8.0 Hz, 1H, 1-H), 5.02
(dd, J=9.6 Hz, 7.7 Hz, 1H, 2-H), 5.08 (t, J=9.6 Hz, 1H, 4-H), 5.21 (t, /=
9.4 Hz, 1H, 3-H); ®C NMR (50 MHz, CDCl;): 6 =20.54, 29.62, 20.66
(CH;), 2494 (d, S3J(CF)=54Hz, CH,(CH,),F), 2562, 29.19
(CH,CH,(CH,);F), 30.23 (d, %J(C,F)=19.6 Hz, CH,CH,F), 61.61 (C-6),
68.06, 70.71, 71.99, 72.28 (C-2, C-3, C-4, C-5), 68.73, 70.85, 71.99 (3 CH,0),
75.15,76.88 (2C.u), 83.99 (d, 'J(C,F) = 164 Hz, CH,F), 100.5 (C-1), 169.12,
169.3, 170.1, 170.5 (40Ac); “F NMR (188.3 MHz, CDCl;, external
standard C4Fg): 0=-56.50 (tt, 2J(H,F) =474, *J(H}F)=254Hz); MS
(DCI): miz: 656 [M+NH,+H]"; C,,H,sB,,0,F (636.7).

Sodium methoxide (0.10 mL, 5.4 mum in methanol) was added to a solution
of the mixture of glucoside and orthoester (370 mg) described above in
methanol (10mL) and the mixture was stirred for 45 min at room
temperature. Workup as described for 8 gave after purification by column
chromatography (ethyl acetate) orthoester 24 (24 mg, 47 umol, 9%) and
glucoside 23 (181 mg, 0.39 mmol, 67 % ). Spectral data of orthoester 24: R;
(ethyl acetate) =0.41; [a]® = —50.0 (¢c=0.5, CHCl;); IR (KBr): #=3396
(O—H), 2936, 2866 (C—H), 2584 (B—H), 1742 cm™! (OCOO); 'H NMR
(300 MHz, [D4Jmethanol): 6 =1.31-1.66 (m, 8H, (CH,),CH,0), 1.96 (s,
3H, CH;), 3.10 (t,/=8.5 Hz, 1H), 3.21-3.24 (m, 1H), 3.32-3.34 (m, 1H,
5-H), 342 (t, J=62Hz, 2H, OCH,CH,), 3.92 (d, J=124Hz, 1H,
CH,0CH“HC,4,), 3.97 (d, J=12.1 Hz, 1H, CH,OCH*H*C_,y), 4.05 (d,
J=12.0 Hz, 1H, OCOCH"H’C,,y), 410 (dd, J=12.1, 5.3 Hz, 1H), 4.20-
4.32 (m, 2H), 4.32 (dt, 2J(H,F) =475, J'=6.0 Hz, 2H, CH,F); “C NMR
(50MHz, CDCL): 6=2125 (CH;), 2534 (d, *(CF)=54Hz,
CH,CH,CH,F), 25.94 (CH,CH,CH,0), 29.58 (CH,CH,0), 30.60 (d,
2J(C,F)=19.6 Hz, CH,CH,F), 63.38 (C-6), 69.32 (OCH,CH,), 69.91,
73.70, 74.49, 76.02 (C-2, C-3, C-4, C-5), 71.43, 72.68 (2CH,Cy,), 75.82
(Cearp.)» 84.41 (d, 2J(C,F) =164 Hz, CH,F), 102.7 (C-1), 172.2 (OOCO); MS
(DCI): m/z: 528 [M+NH, —H]"; C;sH3,B,OsF (510.6). Spectral data of
glucoside 23: R; (ethyl acetate) =0.22; [a]¥ =—21.0 (¢=0.5, MeOH); IR
(KBr): #=3417 (O—H), 2939, 2867 (C—H), 2586 cm~! (B—H); 'H NMR
(300 MHz, [D,Jmethanol): 6 =1.40-1.77 (m, 8H, (CH,),CH,0), 3.19 (t,
J=8.1Hz, 1H), 3.24-3.27 (m, 2H), 3.52 (t, /=6.4 Hz, 2H, OCH,CH,),
3.61-3.67 (m, 1H, 5-H), 3.84-3.88 (m, 1H), 4.04 (d, J=12.0Hz, 1H,
CH,0CH“HC,y,), 4.09 (d, J=12.0 Hz, 1H, CH,OCH“H*C,,,,), 4.14 (d,
J=12.5Hz, 1H, OCOCH“HCy,,), 4.28 (d, J=7.5 Hz, 1H, 1-H), 4.41 (dt,
2J(H,F) =478, J'=6.0 Hz, 2H, CH,F), 445 (d, /=12.1Hz, 1H, OCO-
CH*H’C,,); *C NMR (50 MHz, [D,]methanol): 6 =26.12 (d, *J(C,F)=
5.1 Hz, CH,(CH,),F), 26.90, 3040 (OCH,(CH,),), 31.51 (d, %J(C,F)
=19.6 Hz, CH,CH,F), 62.68 (C-6), 69.81, 71.73, 72.72 (3CH,0), 71.41,
74.80, 78.07, 7822 (C-2, C-3, C-4, C-5), 77.79, 78.74 (2C.u), 84.79 (d,
1J(CF) =164 Hz, CH,F), 103.9 (C-1); MS (DCI): m/z: 486 [M+NH, — H]*;
CigHyB ,OF (468.6).
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Heck Reactions of Iodobenzene and Methyl Acrylate with Conventional
Supported Palladium Catalysts in the Presence of Organic and/or Inorganic

Bases without Ligands

Fengyu Zhao, Bhalchandra M. Bhanage, Masayuki Shirai, and Masahiko Arai*!?!

Abstract: The vinylation of iodoben-
zene with methyl acrylate has been
studied with several supported palladi-
um catalysts in N-methylpyrrolidone in
the presence of triethylamine and/or
sodium carbonate. The reaction can be
performed in air without any solubiliz-

that almost all the palladium species in
the solution can redeposit onto the
surface of the supports after the reaction
has been completed (at 100% conver-
sion of iodobenzene). Thus, the catalysts
were recyclable without loss of activity.
The use of both inorganic and organic

bases is very effective in the promotion
of the palladium redeposition as well as
in the enhancement of the reaction rate.
For Heck reactions with bromobenzene
and chlorobenzene it was found that the
use of triethylamine and sodium carbo-
nate increases the selectivity of the Heck

ing or activating ligands. It was found
that significant amounts of palladium
leach out into the solvent and these
dissolved Pd species essentially catalyze
the reaction. It is interesting, however,

dium

Introduction

The Heck reaction has received considerable attention in
recent years as it offers a versatile method for the generation
of new carbon-carbon bonds.'l The reaction is normally
carried out with a palladium catalyst, a phosphine ligand, and
a base in a homogeneous mode of operation. However, the
reaction suffers from severe limitations that have so far
precluded its wide-spread industrial application.”! Relatively
large amounts of catalysts are needed for reasonable con-
versions and catalyst recycling is often hampered by the early
precipitation of palladium black. A few approaches have been
described to improve homogeneous catalyst systems by means
of sterically hindered phosphine ligands,? 3! a large excess of
coordinating ligands,* 3 and high-pressure conditions.l*¢ 3

In view of the practical and industrial applications, the use
of heterogeneous catalysts may be promising. There are
several reports on the use of free colloidal palladium
particles and palladium catalysts dispersed on various
supporting materials in the presencel! and absencel® of
ligands. The latter catalysts may be concerned with an

[a] Dr. M. Arai, F. Zhao, Dr. B. M. Bhanage, Dr. M. Shirai
Institute for Chemical Reaction Science
Tohoku University
Katahira, Aoba-ku, Sendai 980-8577 (Japan)
Fax: (+81)22-217-5631
E-mail: marai@icrs.tohoku.ac.jp
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coupling product (benzene is also pro-
duced for these two substrates), but the
mixed bases do not affect the overall
rate of reaction as much.

catalysts -

important problem of the dissolution of palladium species
into the solvent (leaching). Djakovich and Koehler have very
recently given quantitative data for this palladium leaching
from zeolite-supported palladium catalysts;l however, no
other significant data has been reported. Augustine and
O’Leary showed that in their Heck arylation, which used a
carbon-supported palladium catalyst, the same reaction
products were obtained as those with commonly used
homogeneous catalysts.'! Shmidt and Mametova used a
silica-supported palladium catalyst for Heck reactions and
indicated that the reaction proceeded in the liquid phase.[]
Mehnert et al. have recently prepared a new type of hetero-
geneous palladium catalyst on mesoporous MCM-41 material,
and it has been shown to be active and recyclable for Heck
reactions.] It is still felt, however, that a more complete
investigation should be carried out on the usefulness of
conventional supported metal catalysts for Heck reactions.
The preparation of these catalysts is facile and some catalysts
are commercially available; therefore, their use would be
appreciated if they were effective Heck catalysts.

In the present work, we have used several ordinary
supported palladium catalysts without any ligands for the
Heck vinylation of iodobenzene with methyl acrylate in N-
methylpyrrolidone (NMP). The reactions were conducted
under various conditions to examine the factors that affect the
rate of reaction as well as the extent of palladium leaching. It
was found that the supported palladium leaches out into the
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solvent and that the reaction is mainly catalyzed with these Table 1. Supported Pd catalysts used in the present work.l"

dissolved palladium species. It is interesting to note, however,  Catalyst Surface area Reduction Degree

that the dissolved palladium species can redeposit onto the of support [m?>g~']  temperature [°C]  of Pd dispersion
support after completion of the reaction so that the catalysts 1 9, passio, 300 450 0.91 (1.0 nm)®
are recyclable without loss of activity. It is also interesting that 10 wt% Pd/C 893 200 0.18 (5.0 nm)™
the use of a mixed base of sodium carbonate and triethyl- 1wt% Pd/C 1181 200 0.54 (1.7 nm)™

. . . 9 (o
amine not only increased the rate of reaction but also W% PISM(Mg) 570 40 085 (1.1 nm)

promoted the redeposition of the palladium species. To our [a] The reduction was carried out for 3 h at the given temperatures. [b] Estimates
knowledge, no work has yet been reported on the usefulness of Pd particle sizes from an approximate expression of diameter (in nm)=0.9/
of such mixed bases for Heck reactions. Brief studies have also ~ (degree of metal dispersion) [

been made to compare the less reactive bromo- and chloro-

o 90+
substrates with iodobenzene. o] —m—untreated . .
—8— reduced -
w= 100 —A—calcined /
Results and Discussi 5 % .
esuits an 1Iscussion 2 5] /A
g 4]
The chief experiments were carried out with iodobenzene and § 301
the results on its vinylation with methyl acrylate are discussed 20]
. . . . . "
in detail in the following. The results with bromo- and chloro- 104 A
substrates are also reported briefly. The catalysts used in the 0 /f . r T
0.5 10 15 20 25 30

present work are given in Table 1.
Reaction time / h

Figure 1. Time-conversion profiles of Heck reactions for reduced, cal-

Reaction profiles and palladium leaching: The overall rate of cined, or untreated 1% Pd/SiO, samples. Reaction conditions: 75°C,
the Heck vinylation of iodobenzene with methyl acrylate as  catalyst 0.20 g (including 0.0188 mmol Pd), NMP 30 mL, iodobenzene and
well as the leaching of palladium have been found to depend methyl acrylate 5 mmol each, triethylamine 5 mmol.
on several factors. Under the
conditions used, trans-methyl a)
cinnamate was produced in 1007 EIOG 10 3
100%  selectivity.  Figure 1 = 80 Untreated \%80 80 9
shows time-conversion curves S 60 a9 607 — 680 @
at 75°C for 1% Pd/SiO, sam- ? £ 40 e 3
ples that were either reduced 2 2 20 — 0 =
with H, at 450°C for 3 h, cal- S o o . >
cined in air at 450°C for 3 h, or 0 oﬁo 5 20 25 20 %o 05 10 15 20 25 30 a8
were not treated before the Reaction time / h Reaction time / h
reaction. The reduced sample b)
was more active than the other 100 100 100
two samples, which had similar = ] Reduced . £ 0] % 2
activities. Figure 2 shows the 2 — & g
conversion, the amount of Pd 2 & -2 — . 190 @
that leached out into the NMP s 4 “C% 401 —__ % %
solvent, and the amount of Pd é 20 %’ 20 {20 i
remaining on the support dur- 0l _ ‘ ‘ . ‘ a, e =
ing the reaction. For the sam- 05 10 15 20 25 30 00 05 10 15 20 25 30

: Reaction time / h Reaction time / h
ples examined, the rate of re-
action increased as the amount c)
of leached Pd increased. This o 1004 £ 100 . 100
indicates that the Heck reac- S e Calcined 2 ol o0 2
tions are mainly homogeneous- S ol :) 0 . " e
ly catalyzed by Pd species dis- § " £ . @
solved in the solution, in ac- 5 401 S 40 — 4°§
cordance with the previous O 205 5 201 U/V T lpa
result of Shmidt and Mameto- 04— =" . . . o 0 i 0 ;
valkl Marreto-Rosa et al. stud- 05 1015 20 25 30 00 05 10 15 20 25 30 35

Reaction time / h Reaction time / h

ied the carbonylation of allyl
Figure 2. The conversion (left) and amount of Pd leached out into NMP or remaining on the support (right) as a

ethers with a charcoal-support- ¢ ¢ . i
7] . function of time for a) untreated, b) reduced, and c) calcined 1% Pd/SiO, samples. The amounts of Pd on the
ed Pd catalyst.l”l They believed . ; S . . e
. support are relative values with respect to the initial amounts of Pd present in the catalysts. Reaction conditions:
that the reaction proceeded  75°C, catalyst 0.20 g (including 0.0188 mmol Pd), NMP 30 mL, iodobenzene and methyl acrylate 5 mmol each,

through homogeneous catalytic  triethylamine 5 mmol.
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Table 2. Effects of bases on the activity and Pd leaching of supported Pd catalysts.[?!

Catalyst Amount Base Time [h] Conversion [%] Pd leached Pd on support
into NMP [ppm] after reaction [%)]

1% Pd/SiO, 0.15 g (0.0141 mmol Pd) TEA 1 100 23 0.49

1% Pd/SiO, 0.15 g (0.0141 mmol Pd) Na,CO, 4 100 34 0.24

1% Pd/SiO, 0.15 g (0.0141 mmol Pd) TEA/Na,CO; 0.5 100 4 0.91

10% Pd/C 0.08 g (0.0752 mmol Pd) TEA 0.5 100 9 9.6

10% Pd/C 0.08 g (0.0752 mmol Pd) Na,CO; 0.5 47 60 7.5

10% Pd/C 0.08 g (0.0752 mmol Pd) Na,CO; 4 100 10 9.6

10% Pd/C 0.08 g (0.0752 mmol Pd) TEA/Na,CO;, 0.5 100 4 9.8

1% Pd/C 0.15 g (0.0141 mmol Pd) TEA/Na,CO; 0.5 100 4 0.91

1% Pd/SM(Mg) 0.15 g (0.0141 mmol Pd) TEA/Na,CO; 0.5 100 6 0.87

[a] Pd/SiO, and Pd/SM(Mg) were reduced at 450°C for 3 h and Pd/C at 200°C for 3 h before the reaction; reaction conditions: 140°C, NMP (30 mL),
iodobenzene (5 mmol), methyl acrylate (5 mmol), triethylamine (TEA, 5 mmol), sodium carbonate (5 mmol). When both bases were used, the amounts of

TEA and sodium carbonate were 5.0 mmol and 5.0 mmol, respectively.

Table 3. Effect of inorganic (sodium carbonate ) and organic (triethylamine) bases on the Pd leaching of 10 % Pd/C catalyst.[?!

Inorganic base [mmol] Organic base [mmol] Time [h] Conversion [%] Pd leached Pd on support
initial final into NMP [ppm] after reaction [ppm]
5.0 2.5 0 4.0 100 10 9.6

5.0 2.5 5.0 0.5 100 4 9.8

2.5 0 1.0 0.5 100 4 9.8

2.5 0 2.5 0.5 100 4 9.8

2.5 0 5.0 0.5 100 4 9.8

1.25 0 2.3 1.0 80 60 7.5

1.25 0 3.0 0.5 100 6 9.8

0 0 1.0 0.5 100 4 9.8

0 0 7.5 0.5 100 8 9.7

[a] Reaction conditions: 140°C, catalyst 0.08 g (including 0.0752 mmol Pd), NMP (30 mL), iodobenzene (5 mmol), and methyl acrylate (5 mmol).

pathways. For the allylation of aniline with allyl acetate with a
Pd/C catalyst and triphenylphosphine, Bergbreiter and Chen
also reported that the reaction was catalyzed by soluble
palladium complexes.®l Furthermore, Figure 2 also shows that
the reduced Pd species can leach out more easily to result in a
higher rate of reaction, compared with oxidized Pd species on
the calcined and untreated samples. It can be seen from
Figure 2 that the amount of Pd dissolved in the solution
decreased at higher conversion levels, which indicates the
redeposition of Pd on the surface of SiO,. Similar trends were
also observed with the other catalysts.

Palladium leaching and redeposition: The amount of Pd
which has leached into the solvent and that which has
remained on support after the completion of Heck reactions
are given in Table 2 for several catalysts at 140°C. For 1 % Pd/
SiO, and 10% Pd/C catalysts, the use of a mixed base of
triethylamine and sodium carbonate was very effective in
reducing the amount of Pd remaining in the solution. The
residual amount of Pd in the solution decreased from 23 or
34 ppm (for TEA and Na,CO; alone, respectively) to 4 ppm
(mixed base) and from 9 or 10 ppm (for TEA and Na,COj;
alone, respectively) to 4 ppm (mixed base) for the former and
latter catalysts, respectively. That is, for 1 % Pd/SiO, and 10 %
Pd/C catalysts, 91 % and 98 % of the initial metal loading can
be recovered, respectively. For the other two catalysts, the
levels of Pd leaching were also found to be very low when
triethylamine and sodium carbonate were used together. The
Pd leaching and redeposition may depend on the state of Pd
dispersion (particle size and metal —support interactions) and/
or the surface properties of support.
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Therefore, it can be stated that Pd is leached from the
support during the reaction and it can redeposit onto the
surface of the support after completion of the reaction.
Similar redeposition of Pd has recently been observed by
Jayasree et al. for the synthesis of 2-arylpropionic acids by
carbonylation with a supported Pd catalyst in the presence of
phosphine ligands."

The influence of the ratio of organic:inorganic bases on Pd
leaching was examined with 10 % Pd/C catalyst. Table 3 gives
the levels of Pd leaching into the solvent and that remaining
on the support after 100% conversion of iodobenzene at
140°C. When the two bases were used together, sodium
carbonate was mainly consumed and triethylamine had no
effect on the Pd leaching, which was 4 ppm. When the amount
of sodium carbonate was 1.25 mmol, smaller than that of the
substrates, the level of Pd leaching was somewhat larger,
6 ppm. Table 4 shows the influence of the amount of
substrates at constant amount of the two bases at 140°C.
The amount of Pd dissolved in the solution was very high
when unreacted iodobenzene remained. In contrast, it is lower
by one order of magnitude when iodobenzene was completely
consumed and it was independent of the amount of methyl
acrylate.

Effects of temperature and supports on Pd redeposition:
Figure 3 shows the changes of the concentration of Pd
dissolved in the solution and the amount of Pd on the support
as a function of time at different temperatures for the 10 %
Pd/C catalyst. Some time was needed to heat the reaction
mixture, and the Heck reaction proceeded during the heating.
The reaction was complete in 30 min after the reaction
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Table 4. Effects of the substrate concentrations on the Pd leaching of 10 % Pd/C catalyst.[?]

Iodobenzene [mmol]

Methyl acrylate [mmol]

Iodobenzene

Pd leached

Pd on support

initial final initial final conversion [%] into NMP [ppm] after reaction [%]
5.0 35 1.2 0 34 50 8.0
5.0 3.0 2.0 0 40 30 8.8
5.0 0 6.0 1.0 100 4 9.8
5.0 0 10.0 5.0 100 5 9.8
10.0 0 10.0 0 100 5 9.8
20.0 0 21.0 1.0 100 4 9.8
[a] Reaction conditions: 140°C, catalyst 0.08 g (including 0.0752 mmol Pd), NMP (30 mLI, triethylamine (1 mmol), sodium carbonate (2.5 mmol), reaction
time 30 min.
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In Figure 4, three supports are compared with respect to the
redeposition of Pd at 160 °C. The redeposition depends on the
nature of supports used, and it proceeds more rapidly on the
carbon support than the others. Previously, Augustine and
O’Leary used several supporting materials for Pd and they
indicated the effect of their acid/base properties on the
regioselectivity for the Heck arylation of n-butyl vinyl ether
and benzoyl chlorides.%! Djakovich and Koehler reported the
influence of the type of zeolite on the leaching of Pd.l6]

Catalyst recycling: The same 10% Pd/C catalyst was used for
several reactions, each of which was conducted up to 100 %
conversion under the following conditions: catalyst 0.08 g,
iodobenzene and methyl acrylate 5 mmol each, triethylamine
1 mmol, sodium carbonate 2.5 mmol, NMP 30 mL, temper-
ature 160°C, time 30 min. After each run, the reaction
mixture was centrifuged and the liquid mixture was decanted.
The residual catalyst was again mixed with fresh solvent,
substrates, and bases. The catalyst could be reused for four
runs while retaining the same activity and selectivity as well as
without loss of the active Pd species. These results are
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Reaction time / h

Figure 4. The changes in the concentration of Pd species in NMP (solid
line) and the amount of Pd present on the support (dashed line) as a
function of time at 160 °C for Pd catalysts on different supports: a) 10 % Pd/
C; b) 1%Pd/SiO,; c¢) 1%Pd/SM(Mg). The amounts of Pd on the support
are relative values with respect to the initial amounts of Pd present in the
catalysts. Reaction conditions: 10% Pd/C catalyst 0.08 g (including
0.0752 mmol Pd), 1% Pd/SiO, and 1% Pd/SM(Mg) 0.15 g (including
0.0141 mmol Pd), NMP 30 mL, iodobenzene and methyl acrylate 5 mmol
each, triethylamine 1 mmol, sodium carbonate 2.5 mmol.

important from a practical point of view. The ordinary
supported Pd catalysts are thermally stable at 160°C or
above, at which temperature active organometallic Pd com-
plexes cannot be used.

Nature of the reaction processes: The present Heck reaction
system is homogeneous even though the heterogeneous
catalysts are used, in accordance with the previous result of
Shmidt and Mametova.l’l The results observed may be
explained in part by a homogeneous Heck reaction mecha-
nism.[ The reaction is catalyzed mainly with the Pd species in
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the liquid phase. It is easier for the Pd from the H,-reduced
catalyst to leach into the solvent compared with the unre-
duced and calcined catalysts (Figures 1 and 2). In addition,
active Pd’ species may be more easily formed in the solution
with the first catalyst than with the last two. The NMP solvent
and triethylamine could be involved in the formation of such
active species. For homogeneous Heck reactions in NMP, the
rate of reaction is higher in the absence of a triphenylphos-
phine ligand than in the presence of this ligand. This suggests
the formation of active Pd° complexes with the NMP
molecules.'”) Triethylamine is a reducing agent for the
formation of active Pd° species, and thus increases the rate
of reaction. The aryl halide can react with Pd to form a [Pd-
PhI] complex; this would also promote Pd leaching.

After the completion of the reaction, the Pd species can
redeposit onto the supports and the catalysts are recyclable.
The residual amount of Pd species in the solvent is much less
when triethylamine and sodium carbonate are used at the
same time. The latter is mainly involved in the Heck reaction
while the former enhances the rate of reaction (Table 2). The
Pd redeposition is influenced by triethylamine in the solution
while it is not influenced by sodium carbonate. Interactions
may exist between triethylamine and dissolved Pd species to
produce some complexes which prevent the redeposition of
Pd onto the support. In addition, there is a possibility that the
base adduct (HEt;NI) formed is adsorbed by the supports®!
and then hinders the Pd redeposition. The amount of Pd
species in the solution is large when iodobenzene is present.
The formation of a [Pd—PhlI] complex would also hinder the
redeposition of the Pd species.

Application to bromo and chloro substrates: For practical
purposes, it is important to use the less reactive but cheaper
bromo- and chloro-substrates, rather than iodo-substrates.
Efforts are still being made towards the activation of these
substrates in homogeneous!'!l and heterogeneous!® catalytic
reactions. The supported Pd catalysts are stable at high
temperatures, which may be necessary for Heck reactions of
these less reactive substrates. Therefore, we briefly examined
the effect of the organic and inorganic mixed bases on the
Heck vinylation reaction of bromobenzene and chloroben-
zene with methyl acrylate at 160°C (Table 5). For either
bromobenzene or chlorobenzene, the overall rate of reaction
is promoted by the use of the mixed bases, similar to the case
of iodobenzene; however, this effect is not so remarkable.

Unfortunately, for these substrates, the dominating reaction
was dehalogenation so that the main product was benzene.
Although the selectivity of the Heck coupling product is low,
the presence of sodium carbonate did increase the yield. The
amounts of Pd which leached into the solvent were larger for
the mixed bases and sodium carbonate than those for
triethylamine, for which the Pd in the solution is very low so
that there was very little Heck coupling. Thus, it can be
assummed that the Heck coupling is homogeneously cata-
lyzed by the dissolved Pd species, while the dehalogenation
reaction occurs on the surface of the Pd particles. The results
given in Table 5 indicate that the overall rate of reaction is not
low, but further efforts are needed to improve the Heck
selectivity. The effects of different combinations of other
inorganic bases (such as potassium carbonate and caesium
carbonate) and triethylamine have been investigated in our
laboratory. The basic reaction mechanism would be the same
for the three substrates, but the relative rates of the
elementary steps involved may depend on the kinds of
substrate and base used. This may result in the differences in
the effects of the mixed bases for iodo-, bromo-, and chloro-
substrates. In their recent work on a heterogeneous Pd
catalyst, Mehnert et al. have reported that the Heck coupling
selectivity is 82 % at 39 % conversion for bromobenzene with
styrene and 40 % at 16 % conversion for chlorobenzene with
n-butyl acrylate at 170°C.[l]

Conclusions

The following conclusions are drawn from the present results

on the Heck reactions of iodobenzene and methyl acrylate in

NMP with organic and inorganic bases with supported Pd

catalysts without any ligands in air (points 1-7) as well as for

the Heck reactions with bromobenzene and chlorobenzene

(points 8 and 9).

1) The reaction is homogeneous and catalyzed by Pd species
dissolved in NMP under the reaction conditions used.

2) The reduced Pd species are more easily leached out into
the solvent compared with the oxidized species. This
results in a higher rate of reaction.

3) The Pd species in solution can redeposit onto the supports
only after the reaction is complete.

4) The Pd redeposition is promoted by the use of a mixed
base of triethylamine and sodium carbonate.

Table 5. Results of Heck reactions of bromobenzene/chlorobenzene and methyl acrylate with 10 % Pd/C catalyst.!

Substrate Base Time [h] Conversion [%] Selectivity™[% ] Pd leached Pd on support
into NMP [ppm] after reaction [% ]

bromobenzene TEA 12 75 7 1 9.9

TEA/Na,CO; 12 96 14 40 8.4

Na,CO; 12 88 22 40 8.4
chlorobenzene TEA 18 55 0 2 9.9

TEA/Na,CO; 18 69 3 42 8.3

Na,CO; 18 59 4 42 8.3

[a] The catalyst was reduced at 200°C for 3 h before reaction. Reaction conditions: 160°C, catalyst: 0.08 g (including 0.0752 mmol Pd), NMP (30 mL),
bromobenzene/chlorobenzene (5 mmol), methyl acrylate (5 mmol), triethylamine (TEA, 5 mmol), sodium carbonate (5 mmol). When both the bases were
used, the amounts of TEA and sodium carbonate were 1.0 mmol and 2.5 mmol, respectively.[b] Selectivity =methyl cinnamate/(methyl cinnamate +
benzene).
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5) The Pd redeposition depends on temperature and support
used.

6) The catalysts, in particular 10 wt % Pd/C, can be effectively
recycled without loss of Pd species.

7) The supported catalysts are thermally stable and therefore
reactions can be conducted at the relatively high temper-
ature of 160°C.

8) The use of the mixed bases does not change the overall rate
of reaction very much.

9) The presence of sodium carbonate increases the selectivity
of the Heck coupling product (for these two substrates,
dehalogenation predominantly occurs to produce more
benzene than methyl cinnamate).

Experimental Section

Catalyst: A commercial sample of 10% Pd on activated carbon was
purchased from Wako Pure Chemicals Industries. Other 1% Pd catalysts
were prepared by ion exchange, with [Pd(NH;),Cl,] as the precursor, with
SiO, (Aldrich Chemical Company, Davisil grade 646, 35-60 mesh),
activated carbon (Nippon Chromato Works, 80— 100 mesh), and a magne-
sium-containing smectite-like porous material (denoted by SM(Mg))
prepared by a hydrothermal method in our laboratory.'?**! The Pd/C
samples were reduced under a flow of hydrogen at 200°C for 3 h or at
450°C for 3 h; these reduced samples were stored in a desiccator. The
details of preparation procedures for these catalysts is described else-
where.[2<] The surface areas of the supports were determined by the BET
nitrogen adsorption method. The areas of exposed palladium atoms were
measured by hydrogen adsorption at room temperature (Table 1).

Heck reactions: The Heck reactions were carried out in a 100 ml autoclave
under an ambient atmosphere. Commercial (Wako Pure Chem. Ind.)
iodobenzene (or bromobenzene, chlorobenzene), methyl acrylate, NMP
solvent, triethylamine, and sodium carbonate were used. The reaction was
monitored at various time intervals by analyzing the reaction mixture with
a gas chromatograph (GC, Yanaco G 3800, Silicon OV-1, 6 m) equipped
with a flame ionization detector. Iodobenzene, methyl acrylate, and
triethylamine were mixed with NMP solvent (30 mL) and a small quantity
of this mixture was first analyzed by GC. The liquid mixture was placed in
the autoclave and then the catalyst and sodium carbonate (if necessary)
were added. The reaction mixture was heated to the desired reaction
temperature, while vigorously agitating with a magnetic stirrer. During the
reaction, small quantities of the reaction mixture were sampled and
analyzed by GC. The conversion was determined from the amount of
iodobenzene consumed and error limits for the %-conversion data were
+3.0% on account of the reproducibility of the data for repeated runs.
After the reaction was complete, the mixture was left to stand for ~ 15 min.
The solid materials precipitated and the liquid phase, which included NMP,
triethylamine, substrates, products, and HI-base adducts, was separated by
decantation. The residual solid mixture (including catalyst and sodium
carbonate) and a small quantity of liquid were washed with acetone a few
times and then dried in air. The catalyst and inorganic base were separated
by size, the former being fine powder, and the weight of the residual sodium
carbonate was measured. Within experimental error, the weight of the
catalyst did not change after the reaction. The amount of Pd leaching out
into the solution was measured by atomic absorption spectroscopy. Under
the conditions used, the concentrations of Pd determined included errors of
less than +£0.5 ppm.
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The Radical Cation of anfti-Tricyclooctadiene and Its Rearrangement Products

Thomas Bally,*!?! Stefan Bernhard,'*! Stephan Matzinger,*! Leo Truttmann,®!
Zhendong Zhu,!*! Jean-Luc Roulin,*! Andrzej Marcinek,**! Jerzy Gebicki,"!
Ffrancon Williams,*[! Guo-Fei Chen,!! Heinz D. Roth,/Y! and Torsten Herbertz!9!

Abstract: The anti dimer of cyclobuta-
diene (anti-tricyclo[4.2.0.0%%]octa-3,7-di-
ene, TOD) is subjected to ionization by
y-irradiation in Freon matrices, pulse
radiolysis in hydrocarbon matrices, and
photoinduced electron transfer in solu-
tion. The resulting species are probed by
optical and ESR spectroscopy (solid
phase) as well as by CIDNP spectro-
scopy (solution). Thereby it is found that
ionization of anti-TOD invariably leads
to spontaneous decay to two products,
that is bicyclo[4.2.0]octa-2,4,7-triene

(BOT) and 1,4-dihydropentalene (1,4-
DHP), whose relative yield strongly
depends on the conditions of the experi-
ment. Exploration of the CgHg"t poten-
tial energy surface by the B3LYP/6-
31G* density functional method leads
to a mechanistic hypothesis for the
observed rearrangements which in-

Keywords: electronic structure
radical ions - rearrangements - spec-
troscopy - theoretical calculations

volves a bifurcation between a pathway
leading to the simple valence isomer,
BOT"*, and another one leading to an
unprecedented other valence isomer,
the anti form of the bicyclo[3.3.0]octa-
2,6-diene-4,8-diyl radical cation (anti-
BOD-"). The latter product undergoes
a very facile H-shift to yield the radical
cation of 1,3a-dihydropentalene (1,3a-
DHP") which ultimately rearrranges by
a further H-shift to the observed prod-
uct, 1,4-DHP"*.
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Introduction

The syn and anti forms of tricyclo[4.2.0.0?°]octa-3,7-diene
(TOD) occupy a central position among the thirteen isomers
of the (CH); family that have been isolated.! Thus, in terms
of ring strain, their structures are intermediate between the
extremes of cubane and cyclooctatetraene (COT). Moreover,
in contrast to the more complex skeletal nature of several of
the other isomers, the syn form of these cyclobutadiene
dimers and bicyclo[4.2.0]octa-2,4,7-triene (BOT) represent
the simplest contiguous (CH)g species that arise on the
reaction pathway from cubane to COT through progressive
C—C bond scission. Accordingly, as a logical extension of
previous work on the radical cation of COT and its trans-
formations,> 3 the TOD isomers were selected for detailed
studies. In addition, if the parent radical cations would turn
out to be sufficiently stable to be observed in our experiments,
we expected to gain some insight into the operation of the
transannular through-bond and through-space interactions of
the two s-systems in TOD.H

o o O

anti-TOD syn-TOD BOT coT
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Aside from the structural questions, the radical cation
reactivity of the two isomers of TOD might be expected to
differ only slightly, insofar as the radical cations of BOT and
COT would appear to be the most likely rearrangement
products in both cases. Our previous work on (CH),
species® 357 has shown, however, that radical cation chem-
istry does not necessarily mimic the reactivity of the neutral
molecules, and that unusual rearrangements can occur,
especially on photoexcitation. Indeed, we find such a rich
diversity in behavior between the chemistry of syn- and anti-
TOD"* that the results are largely complementary, with only
BOT* featuring as a common rearrangement product from
both of these isomeric species (attained, however, via very
different pathways).

In this first paper, we present a detailed study of the radical
cation species formed as a result of the ionization of the anti-
TOD isomer and its subsequent rearrangements. The pre-
dominant primary product of its rearrangement in some
crystalline Freon matrices is indeed the BOT radical cation,
and we have characterized this species definitively by ESR
measurements. Further confirmation of its role in the reaction
sequence has been obtained from CIDNP and EA studies, and
therefore its identity has been established beyond question.
This information has in turn been instrumental in establishing
the role of BOT'" as one of the reaction products in the
sequential rearrangements starting from syn-TOD™", as
described in the following paper.

A second significant result of the an#i-TOD ionization
experiments reported below is the highly unusual matrix
dependence of the yields for the two rearrangement products.
In fact, the other main product, 1,4-dihydropentalene radical
cation (1,4-DHP-"), is found to be the dominant one in glassy
Freon and hydrocarbon matrices. As will be shown, quantum
chemical calculations indicate that the formation of this
compound may be attributed to a facile rearrangment of anti-
TOD"* to the anti form of bicyclo[3.3.0]octa-2,6-diene-4,8-diyl
radical cation (anti-BOD") as a fleeting transient on the
pathway to 1,4-DHP-*.

Experimental Results

Radiolytic oxidation of anti-TOD in F-112 and F-113:
Figure 1 shows the well-resolved ESR spectra a) and
b) obtained from the radiolytic oxidation of anti-TOD in
F-113 and F-112, respectively. The spectral patterns are
clearly identical except for the slightly improved line defi-
nition in b). In order to optimize the resolution without loss of
signal intensity, these spectra were recorded just a few degrees
below the characteristic transition temperatures of the solid
Freons (135-140 K for F-112 and 115K for F-113). Above
these transition points, diffusive motion sets in with radical
cation decay and bimolecular ion-molecule reactions resulting
in irreversible spectral changes.

The analysis of the multiplet pattern in Figure la) and
b) was accomplished by means of computer simulation, and an
excellent fit (Figure 1c) was achieved using the parameters
a(2H)=25.8 G, a(4H) =75 G, and a(2H) =3.8 G. The triplet
splittings are inconsistent with an assignment of the spectrum
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a)

32402 G
3380.2 G

9286.4 MHz ‘

112K

9285.0 MHz ‘

3380.6 G

c)

Figure 1. First-derivative ESR spectra obtained from the radiolytic
oxidation at 77 K of dilute solutions of anti-TOD in a) F-113 and b) F-
112, and recorded at the stated temperatures to provide optimum
resolution in each matrix. The matching spectrum c) was obtained by
computer simulation using the following hyperfine coupling parameters:
a(2H)=258G, a(4H)=75G, a(2H)=3.8 G, and a linewidth of 2.5 G.
These coupling constants agree closely with theoretically calculated values
for BOT'*, and consequently the sharp-line pattern evidenced in spectra
a) and b) is assigned to BOT".

to the parent anti-TOD"* since the pattern should then consist
of a quintet of quintets from the two sets of four equivalent
hydrogens. Moreover, B3LYP calculations for anti-TOD"*
predict a(4H)=2.1G and a(4H)=-42G which would
correspond to a strikingly different pattern from that ob-
served in Figure 1, as well as a spectral width of only 25 G in
comparison with the much larger observed one of 89 G.

On the other hand, both the overall pattern and the
magnitudes of the hyperfine couplings are close to those that
may be reasonably expected for the radical cation of
bicyclo[4.2.0]octa-2,4,7-triene (BOT"") with the spin localized
in the cyclohexadiene moiety. To account for the observed
coupling to four nearly equivalent hydrogens, a(4H) =75 G,
one need only assume that the long-range couplings to the two
equivalent olefinic hydrogens at C(7) and C(8) are of similar
magnitude (i.e., within the linewidth of 2.5 G) to that for the
two equivalent dienic hydrogens at C(2) and C(5). An
attractive feature of this assignment to BOT'" is that the
large triplet splitting a(2H) =25.8 G would be expected for
the bridgehead S-hydrogens at C(1) and C(6), while the much
smaller triplet splitting a(2H) =3.8 G is also appropriate for
the inner dienic hydrogens at C(3) and C(4).

This assignment is confirned by B3LYP calculations (Table 1)
which predict couplings of 24.1 G for the bridgehead, 7.1 G for
the olefinic, and —9.0 and —3.2 G for the outer and inner
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dienic hydrogens, respectively. These results are seen to be in
excellent accord with the experimental values assigned to the
bridgehead and inner dienic hydrogens, while the observed
a(4H) =75 G is also nicely accounted for within the exper-
imental resolution by being intermediate between the re-
spective a(2H) couplings of 7.1 and 9.0 G calculated for the
olefinic and the outer dienic hydrogens. Thus, there can be
little doubt that BOT"* is the main signal carrier present after
the radiolytic oxidation of anti-TOD in F-112 and F-113 at
77 K.

ESR evidence for the pathway of BOT*" photoconversion
to other CgHg " isomers is provided in Figure 2. The spectrum
a) resulting from the oxidation of anti-TOD in F-113 is
essentially the same as that already described in Figure 1a),
except that the resolution of the dominant BOT** pattern is
slightly inferior at 109 K. Illumination with 310—410 nm light
(in the 395 nm absorption band of BOT"", see below) led to
the total loss of the BOT""signals and to the growth of a strong
central feature, as shown in Figure 2b). The form of this
singlet spectrum matches precisely with that of COT"*
generated from neutral COT under the same conditions.

This assignment was in turn confirmed by the clean
photoconversion of the singlet to the distinctive spectrum of
the syn-bicyclo[3.3.0]octa-2,6-diene-4,8-diyl radical cation
(syn-BOD"*) with 460—580 nm light, as shown in Figure 2c).

9284.9 MHz

3240.8 G
33806 G

9284.9 MHz

3240.8 G

9285.9 MHz

3240.4 G
3380.7 G

Figure 2. First-derivative ESR spectra showing the stepwise photoconver-
sion of BOT"" signals in a) to the strong singlet feature of COT*" in b), and
subsequently of the latter to the strong well-defined spectrum of BOD** in
c). The initial spectrum a) was obtained by the radiolytic oxidation at 77 K
of a dilute solution of an#i-TOD in F-113 (cf Figure 1). The sequential
photoreactions from a) to b) and b) to c) were carried out with filtered
310-410 nm and 460 - 580 nm light, respectively, corresponding to regions
containing the strong absorption bands of BOT** and COT""centered at 395
and 505 nm, respectively. The weak signals of BOD"* present in the wings
of spectrum b) probably result from the incomplete avoidance of the
consecutive photoreactions in the first step. The spectra were recorded with
identical spectrometer settings.
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Since COT"* absorbs strongly in this region with the peak of
its EA band at 505 nm, there can be little doubt concerning its
correct identification as the photoprecursor of syn-BOD"" in
this experiment. The weak signals from syn-BOD"* present in

8 -t o
s 5 hv hv
T Py
1 - 400 nm 500 nm
2
BOT '+ coT 't synBoD "

Figure 2b) probably arise from some secondary photoconver-
sion of COT"* with the 310-410 nm light rather than directly
from BOT"". This sequence of reactions represents a “chem-
ical reinforcement” of our assignment of the spectra in
Figure 1 to BOT"* and thus the observation that anti-TOD"*
undergoes spontaneous ring opening to BOT** on ionization.
Table 1 summarizes the experimental and calculated hfc
parameters for the above hydrocarbon radical cations.

Table 1. Experimental and calculated hyperfine couplings of CgHy radical
cations.

Radical Source of Hyperfine couplings [G]

cation hf data

BOT+  exptdl  258(2H) 7.5 (4H) 3.8(2H)
calell  241(H,) —90(H,s) 7.0(H,)  32(Hy)

COT* expt Not resolved ca. 10 G envelopel®  1.5(8H)[
calcl’] —2.51(8H)

syn-BOD"* exptl?l  36.2(2H) 7.7(4H) (not resolved)
calcl’l 36.8(H, ) —8.5(Hp465) 2.4(H;;,)

1,4-DHP+ expttl  11.92H) (not resolved) (not resolved)
calchl  —10.8(H,5) 0.7(Hag) —0.4(2H,, 2H,)

[a] This work; measured in solid chlorofluorocarbon matrices; [b] B3LYP/
6-31G*; [c] Measured in solution: R. M. Dessau, J. Am. Chem. Soc. 1970,
92, 6356.

Ionization of anti-TOD by photoinduced electron transfer:
Further confirmation of the above finding comes from a
chemically induced nuclear spin polarization (CIDNP) ex-
periment (Figure 3) in which anti-TOD was oxidized by
photoinduced electron transfer from triplet chloranil in
solution. CIDNP arises because two competing processes
which may follow the initial electron transfer (diffusional
separation and intersystem crossing to the singlet ion pair,
respectively) show a different dependence on the nuclear spin
state. This leads to a sorting of nuclear spins in the products
and gives rise to NMR signals in enhanced absorption and/or
emission.®! The observed polarization pattern is determined
by magnetic parameters of the radical cation (the relative
magnitude of its g-factor, Ag, and the hyperfine coupling
constants of its nuclei, A) and by reaction parameters, such as
the initial spin multiplicity of the radical ion pair u, and the
mechanism of product formation &.! Conversely, the CIDNP
effects of a polarized product can be used to identify the
hyperfine coupling (hfc) pattern of the radical ion intermedi-
ate and to determine its electron spin density distribution.
Accordingly, the CIDNP technique has been applied
successfully to probe the structures of a range of radical
cations.® 1l In cases of radical cation rearrangements that
take place on timescales of a nanosecond or less, the observed
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Figure 3. 60 MHz 'H-NMR spectrum in [Dglacetone containing each
102m of anti-TOD** and chloranil (bottom), and CIDNP-difference
spectrum (4 FIDs recorded during UV irradiation minus 4 FIDs recorded
in the dark; top). The allylic emission signal (6 =3.35) and the olefinic
signals, in enhanced absorption (6 =25.6) and in emission (6=25.9) are
assigned to H, 4, H, 5, and Hyg, respectively, of BOT.

polarization pattern can be strikingly characteristic of the
longer-lived secondary radical cation rather than that of the
primary radical cation.

Indeed, we found in the present case that irradiation of
chloranil in the presence of anti-TOD fails to generate any
polarization for the starting compound; thus, the allylic (6 =
2.95) and olefinic signals (0 =6.5) present in the NMR
spectrum, obtained in the dark, of anti-TOD/chloranil (Fig-
ure 3, lower) only contribute insignificantly to the CIDNP
spectrum (Figure 3, upper).

However, three significantly enhanced signals were ob-
served, a broad allylic emission signal (0 =3.35) and two
olefinic signals, one in enhanced absorption (6 =35.6), the
other one in emission (0 =5.9; Figure 3, top). The chemical
shifts of the three enhanced signals are very close to those
reported for BOT;['" accordingly, we assign them to a single
polarized product BOT. This assignment implies that the
primary radical cation anfi-TOD"" has a very short lifetime
(<1ns) and rearranges rapidly to BOT'". The secondary
species is kinetically stable; its interaction with the chloranil
radical anion generates the observed spin polarization, which
is then “trapped” by return electron transfer into the neutral
diamagnetic product BOT.

Concerning the structure of BOT'", the polarization
pattern supports negative hfcs (enhanced absorption) for
the butadiene fragment (H, ) and positive hfcs (emission) for
the allylic (H;¢) and olefinic 'H nuclei of the cyclobutene
fragment in the corresponding radical cation. These results
support a radical cation in which spin and charge are localized
on the carbons of the butadiene fragment; however, the
CIDNP experiment cannot distinguish the spin density at C, 5
from that at C; , because the olefinic resonances, H, s and H; 4,
are overlapping. Interestingly, both the allylic bridgehead
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protons (H,4) and the olefinic 'H nuclei of the cyclobutene
ring (H;g) show emission; this suggests that both types of
nuclei interact with the unpaired electron spin by m,0-
delocalization (hyperconjugation). This type of interaction is
unexceptional for the bridgehead S-hydrogens but much less
common for the olefinic protons.

Radiolytic oxidation of anti-TOD in F-114B2/F-11 and MCH/
BuCl: In view of the above-described results, which were not
entirely unexpected, we were very surprised to find that y-
irradiation of anti-TOD in the F-11/F-114B2 Freon mixture,
which on cooling to 77 Kyields a suitably transparent glass for
optical studies, leads to an EA spectrum standing in stark
contradiction to that expected for BOT"" (Figure 4a). In fact,
it shows unmistakably the presence of another CgHg isomer,
namely the radical cation of 1,4-dihydropentalene (1,4-
DHP") whose authentic EA spectrum has been unambi-
gously assigned before,®” and which is reproduced for
reference purposes (Figure 4c), dashed line).

ionized 1,4-DHP @D

.

T T T T
300 400 500 600 700 nm

Figure 4. a) Electronic absorption (EA) spectrum obtained after ioniza-
tion of anti-TOD in F-114B2/F-11; b) same sample after 30 min photolysis
at >590 nm; c) EA spectrum obtained after ionization of 1,4-DHP under
the same conditions.! Spectrum c) shows the result of a scaled subtraction
of b) or ¢) from a) whereas ¢) is the spectrum obtained after ionization of
bicyclo[4.2.0]octa-2,4-diene.[’]

A similar spectrum was observed after pulse-radiolysis in
the MCH/BuCl mixture (Figure 5). This experiment demon-
strates also that the observed spectrum arises within micro-
seconds even at 10 K. Thermal relaxation of the matrix (or
radiolysis at higher temperature) leads to an increase in the
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1,4-DHP-* spectrum. This implies that at 10 K a precursor of
1,4-DHP-" is formed and that this precursor rearranges to the

pulse radiolysis of
anti-TOD at:

SOK\a

T T ! T T T I T
300 400 500 600 nm

Figure 5. a)-c) EA spectra obtained after pulse radiolysis (25 pulses, dose
25 kGy) of anti-TOD in MCH/BuCl at the three indicated temperatures,
d) EA spectrum of 1,4-DHP‘* obtained as a secondary photoproduct of
COT"*in MCH/BuCl (10 pulses, dose 10 kGy, 77 K), e) difference spectrum
(the weight of spectrum d) was adjusted for optimal cancellation of the
DHP'* bands around 550 nm). Inset: formation of the 400 nm absorption
signal at 10 K (4 us electron pulse, dose 1 kGy).

dihydropentalene cation at higher temperature. However, as
is shown in Figure 4b, this rearrangement is incomplete even
at 77 K because another approximately twofold increase of
the bands of 1,4-DHP'* can be effected by 4>600nm
photolysis (the same experiment, not shown, was also done
in the hydrocarbon matrices). Hence, ionization of anti-TOD
must give rise, in addition to the products identified above, to
a precursor for 1,4-DHP" which a)must absorb above
600 nm, but b) shows only absorptions which are either too
weak to be observed or coincide with the increasingly strong
bands of 1,4-DHP*. The calculations presented in the section
on theoretical results and discussion will allow us to propose a
hypothesis with regard to the identity of this stealthy species.
Note that the spectrum after full conversion is practically
identical to that obtained from a sample of ionized authentic
1,4-DHP-* (Figure 4c).1%

Closer examination of the optical spectra obtained in the
two experiments reveals, however, some subtle differences
with those of 1,4-DHP"* obtained in the same media. First, we
note that the relative intensities of the peaks in the two
vibrational progression of the 400 nm band system are slightly
different in spectra a) and b) of Figure 4, and much more
distinctly so in Figure 5a)—c), and d). This suggests that the
spectra obtained on ionization of anti-TOD contain, next to
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1,4-DHP*, a component which absorbs more strongly on the
high-energy side of the 400 nm band of 1,4-DHP"". Indeed,
after subtraction of a suitably scaled authentic spectrum of
1,4-DHP'" a similar trace is obtained in both experiments
(Figures 4d and 5e) which shows a great similarity to that of
ionized bicyclo[4.2.0]octa-2,4-diene, '3 replotted in Figure 4¢)
for the purpose of comparison.

On the basis of this similarity, and in view of the fact that
the ESR and CIDNP experiments described above had
clearly revealed the presence of BOT'* as a product of
ionization of anti-TOD, we ascribe spectra 4d) and Se) to
BOT"*. It is, however, important to note that the relative
intensities of the bands of 1,4-DHP* and BOT'* are not
proportional to the relative amount of these two species,
because their absorptivities differ considerably.

In order to further probe this surprising dependence of the
fate of ionized anti-TOD on the experimental conditions we
returned to ESR spectroscopy in F-114B2 which—in contrast
to the mixture with F-11 used for optical spectroscopy—
allowed us to obtain reasonable spectra of radical cations, albeit
at lower resolution than in the other Freons.[”! Figure 6a) shows
the spectrum obtained at 151 K after oxidation of anti-TOD at
77 K in this matrix. On first consideration this looks like a
poorly resolved version of the BOT* spectra in Figure 1.
However, illuminaton of the sample at 315-395 nm, which

O] 0]
3 92826 MHz |2
vy =
151K
O O
o ®
o .
S 92824 MHz | B
d 3
0] O]
o =
2| o 92817 Mz |3
ol v kg
151K
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2l q 92815MHz |
(]
o [ €

Figure 6. First-derivative ESR spectra recorded at 151 K a) after the
radiolytic oxidation at 77K of a dilute solution of an#i-TOD in
CF,BrCF,Br, b) after subsequent exposure of the sample to 310410 nm
light, c) after further exposure to 350-580 nm light, and d) after final
exposure to red light (1>540nm). The sequential photo bleaching
converts signals from BOT'* (double arrows) in a) to those of COT"*
(horizontal arrow) in b), to those of BOD** (single arrows) in c), and to
those of 1,4-DHP** in d). The main signal carrier present initially in a) is
1,4-DHP" as revealed by the prominent triplet features (a¢(2H)=11.9 G)
which define the final spectrum d) consisting only of 1,4-DHP*. The
spectra were recorded with identical spectrometer settings.
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results in a bleaching of the broad BOT"* signals marked with
double arrows in spectrum a), does not strongly affect the
dominant 11.9 G triplet, except for the expected increase of
the center line due to the formation of COT"* (horizontal
arrow, cf. Figure 2b).

The subsequent conversion of COT*" to BOD"* on 460—
580 nm irradiation can also be observed (see broad outermost
features marked by single arrows), but once again the central
triplet is not changed. Only on exposure to red light (4>
515 nm) which bleaches BOD* does this signal increase by
about 30% to give spectrum d) in Figure 6. Actually, this
spectrum is identical to that observed previously after
oxidation of 1,4-DHP in F-114B2.1°! If we assume that all of
the BOT"" initially present was converted by the series of
photolyses described above to 1,4-DHP**, we conclude from
this experiment that about 70% of the total ESR signal
obtained after oxidation of anti-TOD'" in F-114B2 must be
due to 1,4-DHP'*, in good accord with the results from the
optical spectra.

Thus, different experiments led us to the conclusion that on
ionization of anti-TOD, the two valence isomers 1,4-DHP*
and BOT"* are spontaneously formed in a ratio that seems to
depend very strongly on the medium and the way in which the
ionization is effected. Obviously, anti-TOD"* is not stable,
even at 10K under conditions where excess energy is
efficiently dissipated, and it engages in two competitive decay
pathways whose mechanistic details will be elucidated by
quantum chemical calculations in the following section.

Theoretical Results and Discussion

The photoelectron (PE) spectra of syn- and anti-TOD had
been investigated and discussed in the mid-1970s!' 1 in
connection with discussions of through-space and through-
bond interactions of m-systems.['*'] Thereby it was estab-
lished that the ground state of anti-TOD"* has A, symmetry,
that is, the a,-MO of anti-TOD depicted on the left side of
Figure 7 is singly occupied (=Somo). In view of the con-
version to BOT* this implies that the ground state of anti-
TOD"* correlates with an excited state of BOT*" in which an
MO of a’ symmetry is singly occupied (in contrast to the
ground state, see right side of Figure 7).

According to B3LYP and CCSD(T) calculations, the lowest
2A’ excited state of BOT' lies at slightly higher energy than
the ground state of anti-TOD"*, but it is possible to calculate a
diabatic reaction path for this interconversion in C; symmetry
(line with open dots in Figure 7). At some point along this
pathway, the A” surface that connects to the ground state of
BOT'* (line with diamonds) cuts steeply through the A’
surface, and it is to be expected that the system would cross
over to that state by loss of symmetry (dashed lines), rather
than continue on the way to excited 2A’ BOT"*.

The first stationary point encountered on this C, pathway
(first filled dot) is a flat saddle point TS1, which lies
7 kcalmol™' above anti-TOD* by B3LYP but only
2.7 kcalmol~! by CCSD(T). The associated imaginary normal
mode Q) shows the expected features for the transition state
of the anti-TOD'*—BOT'" interconversion. However,
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Figure 7. B3BLYP/6-31G* potential energy surfaces for the valence
isomerization of anti-TOD"* to BOT'* and to anti-BOD"", respectively.
Italic numbers denote CCSD(T)/cc-pVDZ single point energies at B3LYP
geometries, corrected for B3LYP zero point energy differences.

instead of leading to a minimum on the far side, proceeding
along the C; reaction coordinate leads to a bifurcation or a
valley-ridge inflection in the potential energy surface (second
filled dot) at almost the same energy as the transition state.
This expresses itself in the appearance of a second imaginary
normal mode Q, perpendicular to Q, (which represents the
anti-TOD" —BOT"" reaction coordinate). Following this
symmetry-breaking mode results in a steep descent which
eventually conducted us to a new saddle point TS2 (associated
imaginary normal mode: Q;) well below anti-TOD"".

Intrinsic reaction coordinate calculations, whereby the
bottom of potential energy valleys leading from saddle points
to minima are followed, revealed that TS2 corresponds to the
transition state for the rearrangement of (ground state)
BOT'* to a new CgHgt species which turns out to be a
conformational isomer of syn-BOD"*B! with the bridgehead
hydrogen atoms in an anti position. In order to distinguish this
from the “normal” syn-configured isomer we will call this very
strained molecule anti-BOD"*.

1.4-DHP"*

anti-BOD ** 1,3a-DHP "+
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Figure 8. B3LYP/6-31G* potential energy surface for the decay of anti-
BOD* by successive hydrogen atom shifts to 1,4-DHP"*. Italic numbers
denote CCSD(T)/cc-pVDZ single point energies at B3LYP geometries,
corrected for B3LYP zero point energy differences.

Similar to syn-BOD"* > the FMOs of anti-BOD*" are
composed of linear combinations of the antisymmetric allylic
n-MOs. However, the ordering of the linear combinations is
now reversed in that the antibonding combination (7a,, cf.
MO depicted on the leftmost side of Figure 8) is singly
occupied in the anti isomer, in contrast to the syn isomer
where the Somo corresponds to the bonding combination.
The reason for this is that through-space interaction of the
allylic MOs is entirely suppressed owing to the planarization
induced by the anti configuration of the HCCH bridge.
However, the bonding (symmetric) combination is destabi-
lized by interaction with the bridgehead C—H bonds which
raises it above the antibonding combination, thus resulting in
the “unnatural” sequence of MOs 10a,(r) > 7a, ().

Table 2. Results of CASSCF/CASPT? calculations for anti-BOD**.[2]

State CASSCF/ eV [ CASPT2/ eV (nm) £
1°A, (0) (0) -
A, 1.07 0.91 (1356) 0.0905
1°B, 2.49 2.42 (512) ol
1B, 2.98 2.88 (432) 0.0025
2B, 361 331 (380) 0.0503
2B, 3.82 3.64 (340) ol
2A, 415 421 (295) 0.0088
3B, 5.05 443 (281) 0.1157
2A, 442 450 (276) ol

[a] Geometry optimized by B3LYP/6-31G*; ANO-S basis set; [b] active
space: 13 electrons in 12 orbitals; details of the calculations are given in the
Supporting Information; [c] calculated oscillator strength for electronic
transition; [d] dipole-forbidden transition.
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According to CASPT2 calculations (see Table 2), the
excited state where the a, 7-MO is singly occupied lies less
than 1eV above the ground state.?] The NIR electronic
transition leading to this state is predicted to be so intense that
any presence of anti-BOD"* could not have failed to express
itself in the absorption spectra (no bands of important
intensity are predicted throughout the visible region). How-
ever, careful inspection of the NIR region never revealed any
bands in these spectra. Hence, if the pathway suggested by the
above calculations is indeed followed, a rapid process must be
leading to the loss of anti-BOD"* in our experiments.

A closer inspection of the geometry and the electronic
structure of anti-BOD"* suggests one such process, namely
hydrogen migration: the angle between the bridgehead C—H
bond and the C—C bond leading to the allyl moieties (which
carry most of the charge) is only 99°, and the dihedral angle to
the axis of the terminal allylic p-AOs is only 7°. Thus, it comes
as no surprise that the computed activation barrier for
H-migration to form the radical cation of 1,3a-dihydropenta-
lene (1,3a-DHP**) via TS3 is very low (1.7 kcalmol~! at the
CCSD(T) level). In the course of the reaction, spin and charge
separate into opposite allyl moieties (cf. Somo of TS3 in
Figure 8), which further facilitates the migration of the
hydrogen atom to the now nearly vacant “target” p-AO. This
explains why the intriguing anti-BOD"* is probably no more
than a fleeting intermediate in the decay of ionized anti-
TOD"".

In contrast, the resulting 1,3a-dihydropentalene radical
cation (1,3a-DHP") is protected by a higher barrier (tran-
sition state TS4) from a second H-shift leading to the final
observed product 1,4-DHP** (=16 kcalmol~! by both B3LYP
and CCSD(T)). As 1,3a-DHP'* is formed in a nearly
activationless, very exothermic process from anti-TOD"*, it
would not be surprising if some of the incipient 1,3a-DHP"*
would have sufficient excess energy to cross TS4 (which is
unsurmountable after thermalization at 77 K). Nevertheless,
part of the 1,3a-DHP*" will remain trapped in that local
minimum, and this may constitute the population that gives
rise to more 1,4-DHP** on photolysis at > 600 nm.

In order to examine if this hypothesis is viable, we wanted
to compute the electronic absorption spectrum of 1,3a-DHP"*
by the CASPT2 method, but unfortunately, all attempts to
arrive at a consistent and satisfactory description of the
excited states above 300 nm by this method failed. Qualita-
tively, the spectrum of 1,3a-DHP* should be similar to that of
the cyclopentadiene radical cation (weak band extending
from 480 to 610 nm, strong band at 365 nm),*?! supplemented
by a weak transition involving charge transfer from the olefin
to the diene moiety in the near IR. Thus, 1,3a-DHP"* certainly
fulfills one of the conditions for the photoprecursor of 1,4-
DHP', that is a weak absorption above 600 nm. If the sharp
365 nm band of cyclopentadiene** happens to be shifted in
1,3a-DHP-* so it coincides with the strong 400 nm peak of 1,4-
DHP', its decrease on photolysis would be masked by the
increase of the latter. However, it is still surprising that 1,3a-
DHP'* does not show up in the difference spectrum (Fig-
ure 4d), which leaves our hypothesis of this species being the
“optically silent” precursor of 1,4-DHP'" spectroscopically
unconfirmed.?
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Since previous work has shown that the photoexcited state
of syn-BOD"* is readily converted to 1,4-DHP-* I*l the present
study provides evidence that the ground state of anti-BOD"*,
which can be formed from anti-TOD"" without ring inversion,
is similarly predisposed to undergo the hydrogen transfers
from the bridgehead carbons. The intermediacy of anti-
BOD"" on the reaction pathway from anti-TOD"* contrasts
with the fact that only syn-BOD"* is formed from syn-TOD"*,
again without ring inversion, and also from photoexcited
COT"". This finding nicely points up the subtle importance of
stereochemical considerations in dictating the course of these
rearrangements.

Conclusion

We have shown by different forms of spectroscopy that, upon
ionization, anti-TOD spontaneously decays to more stable
products. One of these is the radical cation of bicyclo[4.2.0]oc-
ta-2,4,7-triene (BOT) which formally arises by electrocyclic
opening of one of the cyclobutene rings. BOT'* is the
predominant product in crystalline Freon matrices at 77 K
(ESR) as well as in photoinduced electron transfer from
triplet excited chloranil at room temperature (CIDNP). On
the other hand, in glassy Freon or hydrocarbon matrices,
another rather unexpected product appears very prominently,
namely the radical cation of 1,4-dihydropentalene (1,4-DHP).
This product arises already at 10 K but only becomes
predominant at 77 K in Freon glasses.

An investigation of the CgHg** potential energy surface
with the B3LYP/6-31G* density functional method reveals a
possible mechanism that explains the formation of both
products. It involves, shortly after the very low-lying transition
state which connects anti-TOD"" to the first excited state of
BOT"", a bifurcation on the potential surface which leads to
the partitioning between a channel that continues on to
BOT"", and another one that conducts eventually to a hitherto
unknown CgHg*t isomer, the anti form of the bicyclo[3.3.0]oc-
ta-2,6-diene-4,8-diyl radical cation (anti-BOD-*). This latter
species is poised to undergo an easy [1,2]-hydrogen shift
leading to the radical cation of 1,3a-dihydropentalene (1,3a-
DHP ") which may in turn decay by a further H-shift to the
observed 1,4-DHP-*". The different quantum chemical results
presented in this study are in accord with all observations,
including the enigmatic photochemical enrichment of 1,4-
DHP'* in Freon glasses.

Apparently, the fate of the partially ring-opened anti-
TOD"" on encounter of the bifurcation is strongly dependent
on environmental parameters such as the dielectric and
mechanical properties of the medium in which it is generated.
To our knowledge, this is the first such example of a product
partitioning that has been explained in terms of a potential
energy bifurcation.

Experimental Section

Synthesis: anti-Tricyclo[4.2.0.0>%]octa-3,7-diene (anti-TOD) was synthe-
sized by dehalogenation of dichlorocyclobutenel®! (Fluka, purum) by Li
amalgam which was prepared in situ according to the procedure of

856 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Alexander and Rao.”! In the workup, the conversion to the silver
complex®! was replaced by purification by preparative gas chromatog-
raphy at room temperature using f,5-oxidiproprionitrile (ODP) as a
stationary phase.

Sample preparation: ~5 x 10~3M solutions of an#i-TOD were prepared in
CFCL,CF(l, (F-112), CF,CICCl; (F-112a), CF,CICFCl, (F-113), CF,;CCl,
(F-113a) for ESR-measurements, or a 1:1 mixture of CFCl; (F-11) and
CF,BrCF,Br (F-114B2),2*?" or 1m n-butyl chloride (BuCl) in methylcy-
clohexane (MCH) for optical studies. These solutions were filled into
quartz tubes (ESR work) or special optical cuvettes,**lwhere they were
exposed to ~0.5 MRad of ®*Co y-radiation at 77 K.

Pulse radiolysis: The samples (2 mm thick) were mounted in a liquid
helium-cooled cryostat (Oxford Instruments) and irradiated with 4us
electron pulses (delivering a dose ~1 kGy) from ELU-6 linear accelerator.
Details of the pulse radiolysis system are given elsewhere.”’]

Spectroscopy: All ESR measurements were carried out on a Bruker ER
200 D SRC spectrometer (TE,,, cavity, ER-4102-ST X-band resonator,
35 dB microwave power) equipped with variable-temperature accessories.
Electronic absorption (EA) spectra were measured on a Perkin—Elmer
Lambda 19 (200-2000 nm), a Philips 8710 (200-900 nm) and a Cary 5
(Varian, 200-3300 nm) instrument. CIDNP experiments were carried out
by irradiation of the sample in the probe of a Bruker 60 MHz NMR
spectrometer equipped with a fused silica light-pipe. The collimated beam
of a Hanovia 1000-W high pressure Hg/Xe lamp was passed through a
water filter and an aqueous CuSQO, filter solution. A total of four FIDs each
were collected during irradiation and in the dark.

Quantum chemical calculations: The geometries of all species were
optimized at the UHF and UMP2 level as well as by methods based on
density functional theory (DFT). For the latter we used Becke’s hybrid
3-parameter (B3) exchange functionall® which was combined with the
Lee - Yang - Parr correlation functional® to give the B3-LYP method?® as
implemented in the Gaussian 94 package of programs.’*! The above
calculations were all done with the standard 6-31G* basis set. Except
where otherwise indicated, stationary points were identified at all levels by
Hessian calculations. In addition, transition states were characterized by
full intrinsic reaction coordinate (IRC) calculations®®! to identify the
minima they interconnect. Finally, single-point calculations were carried
out on stationary points (usually at the B3LYP geometries) by the
RCCSD(T) method®! with Dunning’s correlation-consistent polarized
double-zeta basis set (cc-pVDZ),?") using the MOLPRO program. !

For excited states we resorted to the CASSCF/CASPT? procedure®! with
the MOLCAS program.1*) The active spaces were chosen such that the
weight of the CASSCF wavefunction in the final CASPT2 wavefunction
was similar for all states considered (a description of the active spaces for
each molecule is given in the footnotes to Tables 1-3; detailed informa-
tions on the calculations are given in the Supporting Information). As in
previous cases of radical cations,*"#! satisfactory agreement with experi-
ment was obtained with the simple [C]3s2p1d/[H]2s ANO DZ basis set,*!
and therefore we saw no necessity to add higher angular momentum and/or
diffuse functions. Molecular orbitals were plotted with the MOPLOT
program,®! which gives a schematic representation of the MOs nodal
structures in a ZDO-type approximation.[*]
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The Radical Cation of syn-Tricyclooctadiene and Its Rearrangement Products
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Abstract: The syn dimer of cyclobuta-
diene (tricyclo[4.2.0.0*]octa-3,7-diene,
TOD) is subjected to ionization under
different conditions and the resulting
species are probed by optical and ESR
spectroscopy. By means of quantum
chemical modelling of the potential
energy surfaces and the optical spectra,
it is possible to assign the different
products that arise spontaneously after
ionization or after subsequent warming
or illumination of the samples. Based on
these findings, we propose a mechanistic

the incipient radical cation of TOD
between two electronic states. These
two states engage in (near) activation-
less decay to the more stable valence
isomers, cyclooctatetraene (COT'") and
a Dbis-cyclobutenylium radical cation
BCB". The latter product undergoes
further rearrangement, first to tetracy-
clo[4.2.0.0*4.0°5]oct-7-ene (TCO**) and

Keywords: electronic structure
radical ions - rearrangements - spec-
troscopy - theoretical calculations

eventually to bicyclo[4.2.0]octa-2,4,7-tri-
ene (BOT'") which can also be gener-
ated photochemically from BCB'* or
TCO". The surprising departure of syn-
TOD* from the least-motion reaction
path leading to BOT"* can be traced to
strong vibronic interactions (second-or-
der Jahn-Teller effects) which prevail in
both possible ground states of syn-
TOD"". Such effects seem to be more
important in determining the intramo-
lecular reactivity of radical cations than
orbital or state symmetry rules.

scheme which involves a partitioning of
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Introduction

(CH)g hydrocarbons show a very rich and often surprising
thermal and photoinduced chemistry.l! The same is true of
their radical cations, e. g., those which stood at the focus of
earlier investigations by the Fribourg and Knoxville
groups.>! In the preceding paperl® we investigated the fate
of another interesting (CH)g isomer, the anti dimer of
cyclobutadiene (tricyclo[4.2.0.0*%]octa-3,7-diene (TOD), see
Scheme 1) on ionization under various conditions. Thereby,
anti-TOD+ was found to partition between two products, one
of which is the radical cation of the expected valence isomer,
bicyclo[4.2.0]octa-2,4,7-triene (BOT'"). The other product
results from a cascade of reactions involving an unprecedent-
ed type of valence isomerization and two hydrogen atom

anti-TOD syn-TOD
Scheme 1. MO representation of anti-TOD and syn-TOD.
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shifts which eventually lead to the previously identified
radical cation of 14-dihydropentalene.’! Especially this
second, surprising result led us to subject also the syn isomer
of TOD to the same experiments.

The ground states of the radical cations of both TOD
isomers have a very similar electronic structure as judged by
the shape of their singly occupied MOs. These result in both
cases from the antibonding interaction between the symmet-
ric combination of olefinic 1-MOs and the appropriate occ
bonding MO of the central four-membered ring (see
Scheme 1), that is the interaction which accounts for the
“through-bond” component of the splitting of the n-MOs in
TOD.? One would therefore expect the two isomers to show a
similar reactivity, in particular with regard to their decay to
BOT* (the reaction leading to the dihydropentalene cannot
occur in an analogous fashion in syn-TOD"* for steric
reasons).

However, as will be shown below, this expectation was not
fulfilled in that syn-TOD"* follows entirely different rear-
rangement pathways. The only analogy between the two
isomers is that both undergo a partitioning into two reaction
channels, although, in contrast to the case of anti-TOD, this
partitioning is not due to a bifurcation in the potential energy
surface but to two different electronic states which may be
populated on ionization of syn-TOD. We will try to show that
the divergence in the chemistry of the two isomers is a result
of the operation of strong vibronic interactions which lead
syn-TOD"* into different directions than its anti counterpart.

Results and Discussion

Ionization of syn-TOD: Trace a) in Figure 1 shows the
spectrum that is obtained upon pulse radiolysis of syn-TOD
in MCH/BuCl at 30 K, whereas spectra b) and c) illustrate the
result of subsequent thermal relaxation at 75 K. These spectra
clearly demonstrate the thermal conversion of a species A
responsible for the strong 545 nm band to a secondary product
B with a much weaker, broad band centered around 820 nm.
After prolonged annealing of the matrix at 90 K, spectrum
d) is obtained which consists of a broad band with a maximum
at 505 nm with a shoulder at 650 nm and a sharper component
at 400 nm.

The 505 nm band is undoubtedly due to the radical cation of
cyclooctatetraene (COT'") whose authentic spectrum is
shown with a dashed line. There is reason to assume that
COT"* is not formed as a result of the annealing, but is present
from the outset, leading to the shoulder at ~480 nm in spectra
a)—c). On the other hand, a 400 nm band, which is clearly not
present after radiolysis, arises as a shoulder during annealing.
Figure 2 shows the latter stages of this process in more detail,
which reveals that species B is also thermally labile at 90 K
and that probably this species serves as the direct precursor of
the carrier of the 400 nm band which we provisionally assign
to a product C.

The insert to Figure 1 indicates that species A is formed
beyond the time resolution of our detection systems (micro-
seconds), even at 10 K which suggests that it is the parent
radical cation of syn-TOD, a hypothesis which we will

Chem. Eur. J. 2000, 6, No. 5
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Figure 1. EA spectra obtained after pulse radiolysis (10 pulses, dose
~10 kGy) of syn-TOD (0.01m) in a MCH/BuCl glass at 30 K. Spectrum
a): initially at 30 K. Spectra b) and c): after thermal relaxation of the matrix
at 75K for 65 and 215 min, respectively. Spectrum d): after prolonged
annealing of the matrix at 90 K. Dashed line represents spectrum obtained
on ionization of COT. Inset: formation of the 545 nm absorption signal at
10 K (2 us electron pulse, dose 0.5 kGy).

400 600 800 1000

Figure 2. Difference spectra observed on thermal relaxation of the matrix
(see Figure 1 for details) at 90 K for a) 10 min, b) 30 min and c) 60 min.

L 1 t 1 1

1200 nm

examine below. The thermal decay of A was found to follow
dispersive kinetics, as it is typical for thermal rearrangements
in solid media: A plot of In A versus #* leads to a straight line
for a =0.48 (Figure 3) which indicates that the rate constant
varies with time according to k=B -+ 1[5 A mean lifetime
7, of 689 s can be extracted from this result, but we should
caution that this is burdened with some error because the
fastest part of the process (between the end of the radiolysis
and the beginning of the measurements) is not accounted for.
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10 20 30 40 50 60

Figure 3. Dispersive kinetics of the thermal decay of the 545 nm absorp-
tion band at 77 K. The * scale of the abscissa refers to ¢ in seconds with
a=0.48.

Finally, we note that species A can also be bleached photo-
chemically to yield C (A, =400 nm) by irradiation at 30 K
through a 500 nm interference filter, as shown in Figure 4.

NG
Al
A
1.0: ﬂ
I ®| 1 1 L L

400 600 800 1000 1200 nm

Figure 4. Difference spectra for the photolysis of an MCH/BuCl (30 K)
solution of ionized syn-TOD at 500 nm (400 W xenon lamp) for a) 4 min,
b) 20 min and c¢) 35 min.

Ionization of syn-TOD in Freon matrices (F-11/F-114B2)
by y-irradiation at 77 K results in spectrum a) in Figure 5.
Obviously, the facile thermal A —B rearrangement is com-
plete by the time this spectrum is recorded, but we note again
in this experiment that COT"" is formed concomitantly with
intermediate B whose spectrum can be obtained by subtraction
of COT"" (dashed line). Photolysis at >820 nm leads to the
disappearance of B and the appearance of the 400 nm band
of C. Subtraction of COT** (whose concentration does not

860 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

seem to have increased in this conversion) reveals that, next
to the 400 nm band, C has a shoulder at 500 nm (dashed
line).

This spectrum is reminiscent of that of the radical cation of
bicyclo[4.2.0]octa-2,4-diene,l') which suggests that C is the
radical cation of the related CgHg compound, bicyclo[4.2.0]oc-
ta-2,4,7-triene (BOT'") that had already been found and
identified upon oxidation of an#i-TOD.I In addition to the
typical pair of “diene cation” bands at 400 and 500 nm,!!
BOT"" is expected to show an electronic transition involving
transfer of an electron from the olefin to the diene moiety.
The energy of this transition can be estimated from the
difference in ionization potentials of cyclobutene and cyclo-
hexadiene (9.43-8.25¢V)"? which on a wavelength scale
corresponds to a band around 1000 nm. However, as a result
of the weak interaction between the two moieties, the
transition moment is expected to be very weak so it is not
surprising that this band escapes detection in our experiment.
However, its presence can be proven by photolysis at
> 600 nm, that is outside the range of the observed absorp-
tions, which leads to slow conversion to COT"* (cf. spectrum
5¢).

after photolysis
with 400 nm IF

¥
same with COT
subtracted

after photolysis
at >820 nm

same with COT*
subtracted

XM syn-TOD
after yirradiation

T T 1 T T T

300 4I00 5(|)0 600 700 800 900 1000 1100 nm
Figure 5. Electronic absorption spectra obtained after y-irrradiation of
syn-TOD in the Freon mixture at 77 K a). Dotted line represents spectrum
obtained on ionization of COT under the same conditions, dashed line
shows the result of subtracting this from spectrum a). After photolysis at
> 820 nm, spectrum b) is obtained (again the dashed line shows the result of
subtracting the dotted spectrum of ionized COT from that), whereas
photolysis at 400 nm converts this into spectrum c).
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Finally, we followed the above conversions by ESR
spectroscopy. The spectrum obtained on radiolysis of syn-
TOD in F-113 consists of signals from the bicyclo[3.3.0]octa-
2,6-diene-4,8-diyl radical cation (BOD-+)[®l that are clearly
recognizable from the well-resolved 1:4:6:4:1 quintet sub-
structures in the wings (Figure 6a). It is also evident that there
are additional strong signals in the center which greatly distort
the center lines of BOD"* but no definite hyperfine pattern
can be discerned for these extra features. However, the strong
center line is indicative of a singlet component arising from
some COT"* formation.* ! After illumination of the sample
with NIR light (4 > 840 nm), the spectrum of Figure 6b) shows
that a new group of 17 resolved components represented
within the vertical bars have grown in strongly, and this
pattern displays the characteristic fine structure of the
complete 23-line ESR spectrum of BOT"" (cf. Figure 1 in
the accompanying paper.’)) In contrast, the NIR photo-
bleaching produces little or no change in the intensity of the
BOD"" signal.

9287.3 MHz

32406 G

9287.9 MHz

9288.3 MHz

Figure 6. First-derivative ESR spectra showing a) the initial spectrum
obtained after radiolytic oxidation at 77 K of a dilute solution of syn-TOD
in F-113, and b) the spectrum recorded after illumination of the sample
with near-infrared (NIR) light (4 > 840 nm). The sharp lines of the NIR-
induced signals indicated within the vertical bars and extending through the
central region of spectrum b) are assigned to BOT"* (see text). Spectrum c)
was recorded after a subsequent illumination in the wideband 340—580 nm
region which converts all the BOT*" in b) to additional BOD"* in c). The
spectra were recorded with identical spectrometer settings.

A further exposure of the F-113 sample (Figure 6b) to
wideband 340-580 nm illumination converted BOT"" to the
clean spectrum of BOD'' shown in Figure 6¢c. From this
significant increase in the BOD"* signal, it can be estimated
that the ratio of BOT"* to BOD"" in Figure 6b is about 1.5. In
view of the strong matrix effect on the products of radiolytic
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oxidation of anti-TOD,! it was also of interest to carry out a
study of syn-TOD oxidation in the F-114B2 matrix. The
spectra obtained in this medium are much more poorly
resolved, but they also clearly reveal the presence of BOT**
after NIR bleaching. Hence the ionization of syn-TOD
produces much more convergent results in different media
than that of its anti isomer.

Assignment of the primary product A: As mentioned above,
the immediate appearance of the strong 545 nm band of A on
ionization suggests its assignment to the parent radical cation
of syn-TOD. A theoretical confirmation of this assignment is
not so straightforward because it is not clear a priori what is
the nature of the ground state of TOD"*. The nature of this
problem becomes evident from the photoelectron (PE)
spectrum which we have remeasured and which is reproduced
in Figure 7.

CASPT2
(ANO-DZ)

NN annnnnnnm
8 9 10 1 12 13
jonisation energy [eV]

Figure 7. Photoelectron (PE) spectrum of syn-TOD. White bars denote
excited state energies obtained from CASPT2-calculations at the geometry
of neutral TOD, relative to the maximum of the first PE band (dashed line
at (0)). Molecular orbitals from SCF/6-31G* calculations on neutral syn-
TOD.

The ordering of the highest orbitals (or the lowest radical
cation states) in syn-TOD, which results from a delicate
balance of through-space and through-bond interaction
between the two m-system, has been a matter of some
debate.'>18] This was finally settled in favor of a;(r.) below
b,(0) below b, (r_).I” 81 Our CASPT?2 calculations of TOD"+ at
the equilibrium geometry of neutral TOD (Table 1) and white
bars in Figure 7) are generally in good agreement with the
observed PE band positions, also for higher states, which
instills some confidence in this method to predict excited state
energies in TOD"". Interestingly, the CASSCF results show
that—at the neutral geometry which is the relevant one in the
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Table 1. Results of CASPT2 calculations for syn-TOD"* at the geometry of
the neutral.l?]

State PES/ eVI?) CASPT2/ eVl % Kl
12A, (0) () 93
1°B, 0.37 0.44 93
2?B, 0.70 0.71 91
12A, 1.59 1.59 90
1°B, 1.92 1.64 90
2A, 2.95 2.85 89

[a] Geometry optimized by B3LYP/6-31G*; [b] peak positions relative to
first peak in PE spectrum (cf. Figure 7); [c] active space in CASSCF
calculations: 15 electrons in 10 orbitals; details of the calculations are given
in the Supporting Information; [d] percent Koopmans’ character: summed
contributions of single-hole configurations (proportional to intensity of PE
band).

discussion of the PE spectrum—any attempt to assign
shoulders in the first, broad PE band to the b,(0) and the
b;(7t_) MO may be futile, because the two 2B, states which are
predicted above the %A, ground state are composed of
strongly mixed configurations resulting from electron ejection
out of both high-lying b; MOs.

The proximity of the first three states indicates that any of
them could possibly become the most stable state of TOD"*
after relaxation to the radical cation geometry. Thus, we had
to subject each of the three states to individual B3LYP
geometry optimizations whose results are represented in
Figure 8.1 The changes in the two important parameters, the
folding angle w and the bond length R, are in accord with
expectations on the basis of the nodal structure of the MOs
from which ionization occurs in each of the three states.
According to B3LYP, the ordering of stabilities is 2A,(7.)

Erel
neutral W 25
geometry
ﬂ 5 120
16.3=<] 2B, (n)
p geometry of 115
5 2g,(m) state
10.155> 2B0) I L1o
geometry of
2
A1(TC+) state ! L 5
2 10
0) =7 AT 5, 2
| )ﬁ LT
geometry of T 15
2B, (o) state g /
B,(0) 20 {118 116 114 112] 110 @l 4

Figure 8. Diagram showing the relaxation of vertically formed syn-TOD"*
(= neutral geometry) in the three different states indicated above each
column (pictures denote singly occupied MO in each state). Geometries are
from B3LYP/6-31G*, relative ground-state energies from RCCSD(T)/cc-
pVDZ, excited state energies at the neutral geometry from CASPT2/ANO-
DZP calculations.

862 ——

kcal/mol
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3.4 kcalmol~! below 2B,(0) and 9.1 kcalmol~! below ?B,(7_).
In contrast, CCSD(T) single point calculations at the B3LYP
geometries predict the ?B,(0) state to be the most stable one,
1.95 kcalmol~! below 2A(m,), and 9.4 kcalmol™! below
’B,(mt_). Thus, we can make no definitive statements on the
ordering of stabilities of the *B, and the A, states after
relaxation. However, they are competitive in energy and it
cannot be excluded that syn-TOD partitions between these
two “electromers” after vertical ionization. Therefore both
states have to be considered as possible candidates for the
ground state of syn-TOD"*.

According to second-derivative calculations, the two -
states (A, and the ?B,) are minima on the B3LYP/6-31G*
surface, whereas the ?B,(0) state is a saddle point representing
the transition state for the interconversion of two structures of
C, symmetry where spin and charge are localized mostly in
one of the C—C bonds that are shared by two four-membered
rings.?*- 2 Although this distortion is rather pronounced (the
two affected C—C bond lengths differ by 0.34 A), it is
accompanied by a gain of only 0.67 kcalmol~!, and single-
point CCSD(T) calculations at the B3LYP geometries predict
the localized C; structure to lie 0.53 kcalmol~! above the
delocalized one. This indicates an extreme flatness of the
surface for distortion of the 2B,(0) state, and we therefore
need to consider both C,, and C; structures in the subsequent
calculations of excited states of syn-TOD".

+57 +66 = B3LYP/6-31G*
223 st =——  CCSD(T)/cc-pVDZ
B, (m)
(minimum) ! 4
+2.0
----- ——
©) ,
[l e
2 - .,
B, (o) :
(saddle point) 2p' (0) 52
(minimum) s
. -3.4
- . —
2, (m)
(minimum)

Figure 9. Diagram showing the interconversions of the different states of
syn-TOD**. Solid bars and bold numbers are from B3LYP/6-31G*
calculations, open bars and italic numbers from single-point CCSD(T)/cc-
pVDZ calculations at B3LYP geometries. All energies are relative to that
of the ?B,(0) state of syn-TOD"* in C,, symmetry.

States of the same symmetry often undergo facile inter-
conversion in radical ions. Thus, we were not surprised to find
a very low-lying transition state for the decay of the the
2B,(m_) to the B,(0) state on the B3LYP/6-31G* surface
(AE =0.85 kcalmol~!, —0.71 kcalmol~! after inclusion of the
ZPE difference). Given this result, we can safely neglect the
’B,(n_) state as a candidate for the ground state of syn-
TOD . Since the distorted ?B,(0) and the A, (5, ) state are of
the same symmetry in C,, their interconversion was also
examined. Thereby a very low-lying saddle point for this
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“electromerization” was found on the B3LYP potential
energy surface where it lies only 0.43 kcalmol~! above the
localized 2A’(0) state. After correcting for the ZPE difference,
the activation energy for this process drops to nearly zero, so
that, on the B3LYP surface, the o-state is unstable with regard
to decay to the 2A (7, ) state. The situation is reversed at the
CCSD(T) level where the ?By(0) is 2 kcalmol~' more stable
than the 2A,(m,) state. The CCSD(T) energy of the B3LYP
transition state lies also only 0.5 kcalmol~! above the latter,
but the reversed thermochemistry of this rearrangement at
this level will lead to a change in the structure of the transition
state, so this result may not be very meaningful. However, the
above results suggest that both the 2A () as well as the ?B,
or the localized 2A’(0) states should be considered as possible
ground states of syn-TOD"".

®

CASPT2 predictions
if ground state is

0 2A1(7C)
1 2B,(0)
0 2av0)

cot?

| j

-1

L -

1 1 1
10000 15000 20000 25000 30000
Figure 10. Spectrum a) from Figure 1 replotted on an energy scale,
together with CASPT2 prediction of excitation energies and oscillator
strengths for the different electromers of syn-TOD"".

cm

Figure 10 shows the spectrum of species A (redrawn on an
energy scale) together with the CASPT?2 predictions for the
EA spectra of syn-TOD"* in the 2A,(st,), the ?B,(0), and the
distorted 2A’(o) states (cf. Table 2). Obviously, the experi-
mental spectrum does not match even remotely with any of

Table 2. Results of CASPT2 calculations for syn-TOD"' in different
states.?l

Geometries!”

State 2A 2B, (o)l 2A'(o)led State
1A, (0) 1.73 (0.0123) (0) 1A’
2B, 121 (0.0816) (0) 1.57 (0.0247) 27’
2B, 1.52 (0.0002) 2.05 (0.0001) 1.91 (0.0140) 2A’
1°B, 1.98 (0.0041) 3.97 (0) 2.99 (0.0168) 12A”
12A, 2.47 (0) 4.26 (0.0001) 3.03 (0.0001) 2A”
2A, 3.67 (0.0449) 4.10 (0.1202) 3.41 (0.0003) 2A”
2B, 4.05 (0.0150) 427 (0) 4.14 (0.0000) 27"

[a] Energies relative to ground state (0) in eV; details of the calculations
are given in the Supporting Information; [b] geometries optimized by
B3LYP/6-31G*; [c] numbers in parentheses are oscillator strenghts for
electronic transitions from ground state; [d] 2B1(o) state distorted to C;
symmetry; data in this column refer to state labels on the right.
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these predictions. In view of the fact that the CASPT2 method
reproduced the excited state energies of syn-TODt at the
neutral geometry rather accurately (cf. PE spectrum in
Figure 7), this result leads us to reject our initial hypothesis
that the primary product observed on pulse radiolysis of syn-
TOD is the parent radical cation. Consequently, we proceeded
to explore possible low activation decay pathways of syn-
TOD"* in either of its possible ground states.

Starting with the *B;(0) state, its distortion in the direction
of BOT"* seemed to indicate a possible decay to that species.
However, the Somo of syn-TOD"* in the ?B, (or the distorted
2A") o-state is symmetric, whereas the Somo of ground state
BOT"* (*A”) is antisymmetric with regard to the mirror plane
common to the two isomers. Hence, the lowest o-state of syn-
TOD* correlates with an excited *A’ state of BOT*. By
means of linear synchronous transit (LST) calculations,?! one
can indeed map a diabatic C reaction pathway connecting
these two states which are of similar energy. However, this
pathway is of no practical significance, because the 2A”
surface leading to the ground state of BOT"* cuts through at
an early stage. This will necessarily lead to a loss of symmetry
(“uncrossing”) to permit an adiabatic passage from the 2A’ to
the 2A” surface, as in the case of anti-TOD"*.[°]

In an effort to find the transition state for this process, we
located the lowest energy crossing point of the A’ and A"
surfaces in C, symmetry by state-averaged CASSCF calcu-
lations. Distortion at this point along an a”’ mode with a
negative frequency led to a transition state lying only
0.49 kcalmol~! above the 2A’(0) state of syn-TOD'* by
B3LYP (0.32 kcalmol~! after correcting for the ZPE differ-
ence). At the CCSD(T) level, the energy difference—this
time relative to the more stable delocalized ?B,(0) state—is
1.04 kcal mol -}, still not enough to protect syn-TOD"* in its
o-state from decay.

Surprisingly, B3LYP intrinsic reaction coordinate (IRC)
calculations (see Figure 11) revealed that this transition state
connects syn-TOD"* directly to COT** without passing via the
originally presumed primary product, BOT"*. This unexpected

20
10
0 TS
~ [ olslel so?
. O%QQ
o,
_1 O ] m bb
%
220 4 o,
cCl
-30 - synfTODf Qoo
B QOQ
-40 OD%
‘0000
-50 - %000, coT?
DO
-60 *a
B QOD
-70 %o,
4 %x,
B0 +———TT T T T T T T
-4 -2 0 2 4 6 8 10 12 14 16 18 20

IRC steps /10
Figure 11. Results of IRC calculation for the ring-opening of syn-TOD"* in

the 2A’ state. Note that this leads smoothly to COT'*, without passing
through BOT"*. The singly occupied MO is shown for every filled dot.
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result may, however, serve to explain the fact why COT*
(rather than BOT'") is formed as a primary product of
ionization in all experiments, next to the hitherto unidentified
species A and/or B. Apparently vertical ionization of syn-
TOD results in a partitioning of the incipient radical cation
between the ?B,(0) and the 2A (7, ) states, and the part which
relaxes to the ?B,(0) state decays spontaneously to COT".

Returning to the problem of identifying species A, we next
examined the fate of the 2A, state of syn-TOD"*, that is the
most stable state of that cation at the neutral geometry.
Inspection of the B3LYP normal modes showed a framework
deformation of b, symmetry with an unusually low frequency
of 154 cm~!. Following that mode led to a transition state only
0.05 kcalmol~! above %A, syn-TOD** which decayed on the
far side by completely breaking a bond of the central four-
membered ring to result in a bis-cyclobutenylium radical
cation BCB**. Actually, at the UHF or ROHF level, 2A; syn-
TOD"" is not a minimum but decays spontaneously to BCB*",
a feature which we had failed to notice due to our focus on
DFT calculations as a starting point for all further inves-
tigations.

Bis-allylic radical cations such as BCB'* are usually
distinguished by broad and intense charge resonance (CR)
bands?! which arise by promotion of an electron from the
bonding to the antibonding combination of the n-MOs, just as
in sandwich dimer cations of m-systems?! (cf. Figure 12).
CASPT?2 calculations at the B3LYP equilibrium geometry of
BCB'* (Table 3) predict indeed an intense band at 2.09 eV
(590 nm), that is close to the strong band of species A. Note

3E

Figure 12. Pictorial representation of the 2B, —2?A, charge resonance
excitation in BCB'*.

Table 3. Results of CASPT?2 calculations for BCB** [l

State EAS/ eV CASPT2/ eVl Sl
I’B, (0) (0) -

1A, 2.30 2.09 02221
1°B, 2.89 (0)
2A, 3.50 0.0419
2B, (>4.0) 411 (0)
2B, 472 <0.0001

that the energy of this CR transition depends very critically on
the overlap of the two m-systems which is dictated by the angle
that the cyclobutenylium moieties form with the connecting
bond (opening this angle up just 1.5° from the B3LYP
optimized value would bring the transition into perfect accord
with experiment). CASPT2 predicts no transitions of com-
parable intensity up to 250 nm (cf. Table 3), in accord with the
observation of a single, strong CR band for species A. Thus,
the different calculations concur in supporting an assigment of
species A to BCB*, which leaves the problem of assigning its
thermal decay product B.

Assignment of the secondary product B: This species is
formed in a single step from A and decays on warming above
80 K to BOT"*; hence B is most probably also a (CH)g isomer.
Disrupting a four-membered ring of BCB** would call for the
breaking of a strong C—C bond which would presumably
require more energy than is available at 80 K. On the other
hand, cyclobutenylium cations pucker spontaneously!®! and
form partial transannular bonds to optimize the stabilizing
interactions responsible for the pronounced homoaromatic
character of these species.”! In the case of BCB'* this
puckering is not spontaneous, because it disrupts the stabiliz-
ing interaction between the two cyclobutenylium moieties,
but it certainly represents a low-energy distortion pathway
leading to bicyclobutenyl structures. A search of different
(CH); species!!l turned up two compounds that might result
from such a distortion, that is tetracyclo[4.2.0.0>4.03%]oct-7-
ene (TCO), and the bis(bicyclobutane) compound BBB.
According to B3LYP calculations TCO** lies 6.3 kcalmol~!
below BCB**, whereas BBB* is 1.9 kcalmol ! less stable than
BCB'", so we focussed on TCO** as a possible candidate

D O

TCO BBB

CASPT2 calculations on TCO"" at its B3LYP equilibrium
geometry resulted in the predictions presented in Table 4 and
Figure 13 which are in near-perfect accord with regard to the
broad 820 nm band of species B and the absence of further
intense absorptions in the visible region (the rise in the UV

Table 4. Results of CASPT?2 calculations for TCO"*.12]

State EAS/ eVl CASPT2/ eVH fa
A ©) ©) -

2A’ 151 1.54 0.0953
A" 2.38 0.0003
FA’ 2.55 2.72 0.0051
N 3.20 3.41 0.0061
2A" 3.55 0.0071
FA” 411 0.0063
£A" ca. 4eV 423 0.0128

[a] Geometry optimized by B3LYP/6-31G*; [b] band positions in elec-
tronic absorption spectrum, approximate for small bands (cf. Figure 13)
in eV; [c] active space in CASSCF calculations: 13 electrons in 10 orbitals;
details of the calculations are given in the Supporting Information;
[d] calculated oscillator strength for electronic transition.

864 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

[a] Geometry optimized by B3LYP/6-31G*; [b] band positions in elec-
tronic absorption spectrum, approximate for small bands (cf. Figure 13)
in eV; [c] active space in CASSCF calculations: 15 electrons in 13 orbitals;
details of the calculations are given in the Supporting Information;
[d] calculated oscillator strength for electronic transition.
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may be due to a by-product that is formed in the course of the
decay of BCB*). Inspection of the CASSCF wavefunctions
shows that the telling NIR transition of TCO* results from
HoMmo-1 —HoMo electron promotion, where both orbitals
are linear combinations of cyclobutene - and bicyclobutane
0-MOs (see Figure 13). The other weak transitions above
30000 cm™! involve promotions from lower lying occupied
MOs of TCO"* to the Homo, whereas only the higher excited
states involve virtual MOs.

‘ TCO?
-{H}- HOMO-1
(820 nm)
1 1 1 1 1
10000 15000 20000 25000 30000 cm'™

Figure 13. Spectrum B in Figure 5 replotted on an energy scale, together
with CASPT2 prediction of excitation energies and oscillator strengths for
TCO*. The inset shows the MOs between which electron promotion occurs
(predominantly) in the 820 nm transition.

In order to confirm this assignment, we synthesized
TCOP” 2! and subjected it to ionization by pulse radiolysis
at 30 K in MCH. Indeed, a broad band at 820 nm was detected
which exhibits the same thermal and photochemical behavior
as species B. As an example, we show in Figure 14 the

o2 | BOT?

1 L | ! 1 L | L 1 |

400 600 800 1000 1200 nm

Figure 14. Difference spectrum for the photolysis at 950 nm (15 min) of an
irradiated (pulse radiolysis) MCH/BuCl glass (30 K) containing TCO.

difference spectrum obtained on photolysis of TCO*" which
nicely demonstrates the conversion to BOT". We wish to
recall at this point that this latter conversion occurs also
thermally at temperatures above 77 K (cf. Figure 2) which
raises the question of the mechanism for this rearrangement.

Chem. Eur. J. 2000, 6, No. 5
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Returning to the ESR spectra in Figure 6, it is worth noting
that the change on NIR photobleaching strongly suggests that
the photoprecursor possesses an envelope spectrum extend-
ing over some 30-40 G in the center region. The identifica-
tion of this species as TCO'* is consistent with such an
unresolved signal since the B3LYP calculations predict five
different hyperfine couplings below 7 G for the 8 hydrogens
with a total spectral width of only 40.8 G.

Vibronic coupling as a driving force for radical ion rearrang-
ments: The assigments elaborated in the preceding sections
imply that the 2A, (st ) state of the radical cation of syn-TOD
decays spontaneously to BCB** by breaking one of the
“external” bonds in the central four-membered ring. In
contrast, the anti isomer rearranges (partly) to BOT'* by
breaking one of the “internal” bonds in the same ring.l®! In
view of the fact that the m-ground states of the two isomers are
of very similar nature (see Scheme 1), the question arises what
caused the two isomers to show such different intramolecular
reactivity. Another, related question is why the ?B,(0) state of
syn-TOD"* distorts so easily along the same mode as anti-
TOD"* (although the ensuing rearrangement seems to bypass

BOT).
| — O

ant-TOD"* BOT **

We believe that answers to these questions can be found by
considering the effects of vibronic coupling which may be very
important in shaping the potential energy surfaces of radical
ions!® 3% and in facilitating their rearrangements.’" 32 If they
are sufficiently strong, such effects can induce departure from
a geometry of high symmetry as a result of the distortion along
a coordinate ¢ that allows the ground state ¥ to mix with one
or the other excited state ¥; of different symmetry.”* The
extent of this vibronic coupling is inversely proportional to the
energy difference AE between ¥, and ¥; and the force
constant f; for the deformation along ¢ (both at the symmetric
geometry where vibronic interaction is absent), and propor-
tional to the derivative or nonadiabatic coupling term V=
(¥, ]0/0q | ¥;) which measures the extent of mixing between
¥, and ¥ on distortion along q.

In the present case of syn-TOD" in its 2A, state, g must be
of the same symmetry as ¥, to promote mixing with ¥,.[
From the PE spectrum in Figure 7 we gather that, at the
geometry of neutral syn-TOD, the lowest lying excited states
Y, are of B, symmetry (this appears to stay that way upon
relaxation of the 2A; state to its equilibrium geometry, cf.
Table 2). In view of the above mentioned AE dependence, one
would therefore primarily expect b; modes to foster departure
of syn-TOD* (*A,) from C,, symmetry. However, the
observed distortion (leading ultimately to BCB*") is of b,
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symmetry, although, according to CASPT2, the lowest 2B,
excited state of lies nearly 1€V higher than the lowest 2B,
state! Since the f; for distortions of the central four-
membered ring in syn-TOD"" along b, and b, coordinates
are probably quite similar, it must be owing to a larger
coupling term V/; that the 2B, state “wins” over the lower lying
2B, states in promoting distortion of syn-TOD"*(?A,).

We have calculated the derivative coupling terms for the
interaction of the 2A with the two 2B, and with the ?B, excited
states on distortion of each atom along the Cartesian axes. The
resulting vectors (Figure 15) show that the largest V; is found
for interaction with the 2B,(;t_) state which is induced by
asymmetric stretching of the two double bonds. However, the

derivative coupling
\ / -Vector between:

%A; and 1°B,

%A, and 2%B,

V
s

Figure 15. Derivative coupling vectors for the interaction of the 2A,(x,)
ground state of syn-TOD* with the 1?B,(nt_), the 2?B,(0) and the 12B,(0)

excited states (the arrows point in the direction of maximum change of the
ground state wavefunction, i. e., maximum vibronic coupling).

%A; and 1°B;

force constant f; for this deformation is too large to allow for a
spontaneous distortion along this mode. The V|; for inter-
action with the 2B,(0) state is much weaker than for the
interaction with the higher lying ?B,(0) state, which may
explain why the distortion along the b, mode “wins”, and
leads to the spontaneous decay of syn-TOD*(?A,) to BCB*+.

The facile distortion of syn-TOD** in its ?B,(0) ground
state, this time along a mode of b; symmetry, can be explained
in the same fashion, that is through vibronic coupling to the
(now excited) 2A(x, ) state. An analogous effect seems to be
operative in anti-TOD'* which also distorts easily in the
direction of BOT*, and not BCB**. A “chemical” reason for
this preference might be, starting from anti-TOD"*, that
BCB'" arises in the anti conformation where it cannot profit
from the stabilizing through-space interaction between the
two allylic moieties. This makes the anti-TOD** —BCB"*
reaction endothermic and thus deprives the corresponding
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distortion of a thermochemical driving force. Therefore, the
other distortion, leading to BOT"", becomes competitive.

Thus, the surprising departure of syn-TOD'* from the
least-motion pathway leading to BOT" is initiated by a
strong vibronic coupling to the ’B, excited state which
initiates the decay to BCB**. The ensuing conversion of the
latter to TCO"" may also be facilitated by vibronic interaction
between the 2B, ground state with the lowest 2A, excited state
of BCB*". This requires a distortion of b; symmetry which
leads to a localization of spin and charge in opposite allyl
moieties, a necessary prerequisite for the formation of
TCO"*.

Figure 16 shows a summary of our calculations for the full
rearrangement of 2A; syn-TOD** to COT'*. Although the
numbers may be subject to some uncertainty, even at the
CCSD(T) level, the general picture that emerges from these
calculations is in accord with the experimental findings and
therefore supports our mechanistic conclusions; thus, after a
nearly activationless decay of 2A; syn-TOD"* to BCB**, the
latter species rearranges in a process associated with an
activation barrier of 6.6 kcalmol~! to TCO** which in turn
decays to BOT" via a barrier that is calculated to be about
twice as high as the first one. BOT"" is protected from decay to
COT"" by a much higher barrier which can certainly not be
surmounted at cryogenic temperatures. Hence, the COT"*
which is observed immediately after ionization even at 30 K
must arise via a different mechanism. The calculations
illustrated in Figure 11 indicate that COT'" is formed by
nearly activationless decay of syn-TOD'* in its ?B; (or 2A")
state.

Summary and Conclusion

We have shown by a combination of different types of
experiments and quantum chemical calculations that upon
ionization, syn-TOD partitions between two electronic states
(®*A and ?B,) which decay to different products, both of which
are formed within the duration of the 4 us electron pulse at
30K (see Scheme 2). Calculations indicate that COT"* is
formed in a nearly activationless process out of the 2B, state
(perhaps after spontaneous relaxation of this state to C,
symmetry), whereas the *A; state decays to the bis-allylic
cation BCB**. Upon warming of the matrix, the latter product
rearranges to the tetracyclic isomer TCO** (the first product
observed at 77 K) which on further warming to 90 K under-
goes a bicyclobutane —butadiene rearrangement to yield the
final product, BOT"*.

Both of the primary products are formed as a result of
strong vibronic interactions which lead to spontaneous (or
very facile) distortions that carry syn-TOD part of the way
along the respective reaction coordinates. Interestingly, the
excited states which lead to these distortions are not
necessarily the lowest ones, but those which are associated
with the largest derivative coupling terms. The present
example shows very clearly that principles which govern
rearrangements of neutral compounds, such as that of the
least motion pathway, are not necessarily operative in radical
ions. Instead, the reactivity of these species is often dominated
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Scheme 2. Different radical ion rearrangements.

by effects of vibronic interaction which may be decisive in
shaping the potential energy surfaces on which radical ion
rearrangements take place.

Experimental Section

Synthesis: syn-Tricyclo[4.2.0.0?%]octa-3,7-diene (syn-TOD) was synthesized
by dehalogenation of dichlorocyclobutene®! (Fluka, purum) by Na
amalgam which was prepared in situ. In the workup, the conversion to
the silver complex!®! was replaced by purification by preparative gas
chromatography at room temperature using 3,5’ -oxidiproprionitrile (ODP)
as a stationary phase. The preparation of tetracyclo[4.2.0.0%4.03]oct-7-ene
(TCO) followed the prescriptions of Meinwald et al.”” 2] For the isolation
of the product, pentane was added to the reaction mixture, THF and ether
were removed by repeated aqueous extraction, the amine was removed by
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rapid extraction with 1M Na,HPO, and the resulting solution was finally
washed with aqueous ammonia.

Sample preparation: ~5 x 1073 solutions of syn-TOD were prepared in
CFCLCF(l, (F-112), CF,CICCl; (F-112a), CF,CICFCl, (F-113), CF;CCl;
(F-113a) for ESR measurements, or a 1:1 mixture of CFCl; (F-11) and
CF,BrCF,Br (F-114B2),%37 or 1m n-butyl chloride (BuCl) in methylcy-
clohexane (MCH) for optical studies. These solutions were filled into
quartz tubes (ESR work) or special optical cuvettes,*lwhere they were
exposed to ~0.5MRad of °Co y-radiation at 77 K.

Pulse radiolysis: The samples (2 mm thick) were mounted in a liquid
helium-cooled cryostat (Oxford Instruments) and irradiated with 4 us
electron pulses (delivering a dose ~1 kGy) from ELU-6 linear accelerator.
Details of the pulse radiolysis system are given elsewhere.*’]

Spectroscopy: All ESR measurements were carried out on a Bruker ER
200 D SRC spectrometer (TE,y, cavity, ER-4102-ST X-band resonator,
35 dB microwave power) equipped with variable-temperature accessories.
The PE spectrum of syn-TOD was recorded on a modified Perkin—Elmer
PE 16 instrument operated in preretardation (and hence constant
resolution) mode under computer control. Calibration was effected with
a Xe/Ar mixture and the spectral resolution was about 12 meV (digital
resolution 2 meV). Electronic absorption (EA) spectra were measured on a
Perkin - Elmer Lambda 19 (200-2000 nm), Philips 8710 (200-900 nm)
and Cary 5 (Varian, 200-3300 nm) instruments.

Quantum chemical calculations: The geometries of all species were
optimized at the UHF and UMP?2 level as well as by methods based on
density functional theory (DFT). For the latter we used Becke’s 3-param-
eter (B3) exchange functional®, combined with the Lee-Yang—Parr
correlation functional® to give the B3LYP method*)! as implemented in
the Gaussian 94 package of programs.*) The above calculations were all
done with the standard 6-31G* basis set. Except where otherwise
indicated, stationary points were identified at all levels by Hessian
calculations. In addition, transition states were characterized by full
intrinsic reaction coordinate (IRC) calculations*! to identify the minima
they interconnect. Finally, single-point calculations were carried out on
stationary points (usually at the B3LYP geometries) by the RCCSD(T)
method* with Dunning’s correlation-consistent polarized double-zeta
basis set (cc-pVDZ),*”) using the MOLPRO program.*!

For excited states we resorted to the CASSCF/CASPT?2 procedure®! with
the MOLCAS program.*”l The active spaces were chosen such that they
allowed all excited states that were considered in each case to be described
satisfactorily according to the different diagnostic criteria given by the
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MOLCAS program (similar weight of CASSCF in CASPT2 wavefunction
for all states, absence of intruder states). As in previous cases of radical
cations,’'->¥ satisfactory agreement with experiment was obtained with the
simple [C]3s2p1d/[H]2s ANO DZ basis set* therefore we saw no
necessity to add higher angular momentum and/or diffuse functions.
Molecular orbitals were plotted with the Moplot program®! which gives a
schematic representation of the MOs nodal structures in a ZDO-type
approximation. 5!

The derivative (or nonadiabatic) coupling terms discussed in the section on
vibronic coupling were calculated by using a locally modified version of the
for localizing conical intersection (opt=conical) of the Gaussian pro-
gram.]
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Stereoselective Interactions of a Specialized Antibody with Cholesterol

and Epicholesterol Monolayers

David Izhaky and Lia Addadi*?!

Abstract: The stereoselective recognition by monoclonal antibodies of two-dimen-

sional monolayers of cholesterol spread at the air—water interface is presented.
Using immunofluorescence, we show that one antibody, raised and selected against
crystals of cholesterol monohydrate, specifically recognizes monolayers of choles-
terol, but not monolayers of epicholesterol—its epimeric form. This demonstrates

Keywords: antibody recognition
cholesterol - interfaces - monolay-
ers - stereoselectivity

that stereoselective recognition also applies to protein-surface interactions.

Introduction

The rules that govern stereoselective recognition between
proteins at interfaces, or between proteins and exogenous
surfaces, are still far from being understood systematically.!]
The interactions among proteins and of proteins with cell
membranes and with extracellular matrices, are, however,
often determinant in the course of physiological, as well as
pathological, conditions. One example of proteins acting
interfacially is that of phospholipases. These enzymes bind
specifically to biological membranes and hydrolyze phospho-
lipid esters without penetration into the membrane.”! The
interfacial binding is not based on electrostatic interactions, as
was previously hypothesized, but rather on hydrophobic
interactions.P’! Proteins specifically interact with crystal sur-
faces. Protein templates can operate as crystal nucleators, as
exemplified in several biomineralization processes,l or as
crystallization inhibitors, in the example of antifreeze pro-
teins.”71 Some of these proteins may bind in a remarkably
stereoselective manner. The study of their stereoselective
recognition may provide more information on the organiza-
tion of both surfaces involved in the interaction.
Stereoselective recognition has been demonstrated in
monoclonal antibodies raised against steroid haptens,® en-
zyme inhibitors,™ % and drugs.'"'! Antibodies that catalyze
chemical transformations with stereochemical control have
been generated.['> ] In these examples, the structure of the
antibody-antigen complex can be determined at the molecular
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level, and detailed information about the mode of binding can
be thus obtained. The understanding of the binding of
antibodies raised against larger haptens such as polysacchar-
ides or polymers is, however, still limited, because the
structure of the target entity is mostly unknown.

Here, we report on a specialized monoclonal antibody that
stereoselectively recognizes an organized array of cholesterol
molecules exposed at the air—water interface in the form of a
monolayer. Such antibodies interact within their binding site
with more than one molecular component of the monolayer,
and are thus expected to bind stereoselectively not only to
different molecules, but to different molecular arrangements
of the same molecule.

The role of cholesterol in biological membranes has been
extensively studied by using various molecular recognition
approaches.'¥ These studies were targeted, however, exclu-
sively to cholesterol as a molecular component and not as an
integral part of organized arrays. The cholesterol molecule
exposes mainly the hydroxyl moiety on the membrane
surface; this moiety may form structured surface patterns
with phospholipids, glycolipids, or other cholesterol mole-
cules. These may be recognized as such by proteins or other
extracellular components, thus contributing to the determi-
nation of the course of cellular processes.

The present research is part of an ongoing effort in our
laboratory toward the understanding of the basic rules that
govern highly specific protein-surface interactions. Within
this framework, antibodies were raised and selected against
crystals of cholesterol monohydrate.l'’] The selected anti-
bodies are capable of specifically recognizing defined surfaces
of cholesterol monohydrate crystals. They do not recognize,
however, the cholesterol molecule itself. The sequence of the
variable region of one such antibody was recently determined
and the structure of its binding site was predicted by
molecular modeling."! According to the model, the binding

0947-6539/00/0605-0869 $ 17.50+.50/0 — 869





FULL PAPER

L. Addadi, D. Izhaky

site assumes the characteristic shape of a step with one
hydrophobic and one hydrophilic side; these are suggested to
interact with hydrophobic and hydrophilic domains exposed
at the interface on the specific crystal face recognized by the
antibody.

Cholesterol monolayers at the air—water interface were
recently shown to be composed of two-dimensional crystal-
lites with a coherence length of 100 A"l At the boundaries of
these domains, three-dimensional structural features similar
to those of the crystalline lattice may be reproduced. The
antibodies raised against cholesterol monohydrate crystals do
indeed interact with monolayers of cholesterol at the air—
water interface.['8! In contrast, antibodies raised and selected
against crystals of 1,4-dinitrobenzene interact weakly and
nonspecifically with the same monolayers.

Stereospecificity was used here to characterize the mech-
anism of surface —surface interaction and the recognition of
these antibodies at the molecular level. In particular, we have
tested the recognition of one specific antibody for monolayers
of cholesterol (1) and its epimer, epicholesterol (2)
(Scheme 1). Our results, by using immunofluorescence micro-
scopy, show that the monoclonal antibody which recognizes
cholesterol monolayers does not interact with epicholesterol
monolayers. The stereospecificity in the recognition demon-
strates that the interaction is not solely governed by the
macroscopic shape or the chemical potential of the binding
site.

(3p)cholesterol (3a) epicholesterol

(0 2

33—

30 —»
edge-on view of the cholesterol molecule

Scheme 1.

Results

Monolayer morphology: Figure 1 shows the surface pressure/
area (m-A) isotherms for monolayers of cholesterol (solid
line) and epicholesterol (dotted line). The m-A isotherm of
cholesterol gives a limiting molecular area of 42 A2 per
molecule and a collapse pressure of 43 mNm~'. Epicholester-
ol gives a limiting molecular area of 35 A2 per molecule and a
collapse pressure of 30 mNm~!, smaller than that of choles-
terol.

A small trough was developed in order to study the
morphological behavior of the monomolecular film and to
perform antibody assays. The trough was constructed to allow
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Figure 1. Surface pressure area (- A) curves for cholesterol (full line) and
epicholesterol (dotted line) spread at the air—water interface.

injection of small amounts of antibody solution into the
subphase and was equipped with a micro-channel system for
exchanging the subphase during immunoassay procedures.
The cholesterol solution was deposited on the surface of a
solution of PBS (phosphate buffer saline), in amounts
calculated from the isotherms to yield complete coverage of
the interface. In order to visualize the monolayers under an
epifluorescence microscope, the cholesterol solution was
doped before deposition with 1 mol% 3f3-cholesteryl-rho-
damine-B. The labeled monolayers give pressure isotherms
identical to those of pure cholesterol. We thus assume that the
addition of 1 mol % of fluorescently labeled cholesterol does
not substantially modify the monolayer structure. Labeled
monolayers of cholesterol appear uniformly fluorescent with-
in the covered regions. Approximately 20% of the surface,
however, appears empty (dark), due to incomplete coverage
in the absence of applied pressure (Figure 2A). This was
confirmed by spreading cholesterol in amounts that were in

Figure 2. A) Fluorescence image of a monolayer of cholesterol doped with
1 mol% 3f-cholesteryl-thodamine-B imaged directly at the air—water
interface. B) Fluorescence image of cholesterol deposited at the interface
in an amount in excess of full coverage. Note the regions of higher
fluorescence, that is, multilayers coexisting with regions of lower intensity,
monolayer, and with dark regions (empty interface). C) Fluorescence
image of a monolayer of epicholesterol doped with 1 mol % 3a-cholesteryl-
rhodamine-B. D) Fluorescence image of an epicholesterol monolayer
doped with 1 mol% 3a-cholesteryl-Rhodamine-B following washing with
Tween 20. The apparent lack of resolution at boundaries of dark regions in
all frames is due to monolayer motility.
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large excess relative to the area of the trough. Multilayer
formation was demonstrated by the appearance of more
intense fluorescence in some regions, while the dark regions
did not disappear or increase in relative area (Figure 2B). It is
thus unlikely that the dark regions are due to dye exclusion
from large crystalline cholesterol domains. Epicholesterol,
analogously doped with 1 mol % 3a-cholesteryl-rhodamine-B,
also yields a uniformly fluorescent monolayer, with a smaller
percent of uncovered regions (approximately 10%, Fig-
ure 2C). Under these conditions, both monolayers are stable,
fluid, and retain their uniformity for hours. Both monolayers
can be lifted onto glass slides treated with OTS (octadecyltri-
chlorosilane), by touching the interface with the glass slide,
which is lowered from the air parallel to the surface. The
monolayer fluorescence can be observed on the slide, and
contact angles can be measured. The contact angles measured
on the slides after lifting of both cholesterol and epicholester-
ol monolayers are typically 94°, whilst those of the OTS-
treated slides are 115°.

Immunofluorescence assays: The binding of antibody 36A1,
raised and selected against cholesterol monohydrate crys-
tals,'*! to monolayers of cholesterol, was first studied by
immunofluorescence by using double-labeling of both the
monolayer and a secondary antibody tagged with rhodamine-
B.['® The antibody solution was introduced into the subphase
after deposition of the fluorescently doped monolayer. The
unbound antibody was removed by washing with PBS-
Tween®20 (0.05%) by using the micro-channel close-flow
system. All the incubations and washings were performed
inside the trough and do not alter monolayer stability
(analogous to Figure 2A). The monolayer was then incubated
with a secondary antibody (anti-F(ab),, labeled with rho-
damine-B and washed), and the monolayer-antibody com-
plex was directly imaged under the epifluorescence micro-
scope. New distinct patterns of higher intensity were seen
(Figure 3A) under the labeled cholesterol monolayer after
incubation with antibody 36A1. The assay was also carried out
with unlabeled monolayers of cholesterol in order to exclude
the possibility that these patterns are a result of monolayer
aggregation. Identical patterns with similar texture were
obtained (Figure 3B). As additional control, the monolayer of
cholesterol was incubated with the secondary antibody alone.
The high intensity patterns were absent under these con-
ditions.

The same procedure, as it turned out, cannot be applied to
monolayers of epicholesterol, because the monolayer is
degraded after the first washing with PBS-Tween 20. The
monolayer fluorescence decreases substantially, leaving only
discrete fluorescence patches floating at the interface (Fig-
ure 2D). This behavior is independent on whether the
monolayer was incubated with antibody before washing. It
is observed with all commonly used surfactants, such as
Tween® or Triton®, even at very low concentrations
(0.0001 % ). The effect might conceivably result from deter-
gent-induced selective extraction of the dye from the mono-
layer. This possibility was, however, ruled out by lifting the
putative monolayer onto an OTS-treated glass slide and
measuring the contact angle. The measured contact angle was
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Figure 3. A) Fluorescence image of the (double labeled) antibody-
cholesterol monolayer complex formed by antibody 36A1 with secondary
labeled antibody. B) Fluorescence image of the antibody(labeled)-choles-
terol monolayer(unlabeled) complex formed by antibody 36A1 with
secondary labeled antibody. C) Fluorescence image of the antibody-
(labeled)-cholesterol monolayer(labeled) complex formed by antibody
36A1 with primary labeled antibody following washing with Tween 20.
Note the regions of higher fluorescence which are attributed to the bound
primary labeled antibody.

112°, and it was concluded that the monolayer had been
destroyed prior to lifting. In contrast to the detergent-induced
deterioration, epicholesterol monolayers are remarkably
stable to washing with PBS.

Washing with detergent was performed to remove antibody
that was bound nonspecifically to the monolayer. A different
strategy was therefore developed to study antibody recog-
nition of monolayers, owing to the observed instability of
epicholesterol. Antibody 36A1 was labeled directly with
rhodamine-B, and was tested with monolayers of cholesterol,
to ensure that the dye does not interfere with the binding
activity of the antibody. Incubation of labeled monolayers of
cholesterol with labeled antibody was followed by washing of
unbound antibody with PBS-Tween 20 and direct observation
of the monolayer by epifluorescence. Analogous to the case
above, distinct regions of higher fluorescence were observed
under the monolayer (Figure 3C). These appear more exten-
sive and more uniform than in the previous procedure,
presumably because antibody aggregation is limited in the
absence of extensive repeated washings. The same experiment
could not be performed with epicholesterol monolayers, as
these were not stable to washing with detergent.

To avoid washing completely, a competition assay was then
developed, in which the labeled antibody was introduced in
the subphase concomitantly with excess (x 10 approximately)
of unlabeled anti-HSA antibody. The task of the latter is to
remove any nonspecific interactions of the antibody with the
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monolayer. The fluorescently labeled antibody (2.5 pgmL™1)
was incubated under these conditions with unlabeled mono-
layers of cholesterol and epicholesterol, and observed directly
under the fluorescence microscope, without any washing
procedure. A fluorescent pattern was observed, on the
background of the bulk solution fluorescence (Figure 4A)
for the cholesterol monolayer, but not for the epicholesterol
monolayer (Figure 4C). The monolayers were then lifted onto

Figure 4. A) Fluorescence image of the antibody(labeled)-cholesterol
monolayer(unlabeled) complex formed by antibody 36A1 with primary
labeled antibody imaged directly at the air—water interface. The back-
ground intensity is due to bulk antibody fluorescence. B) Same as A) after
lifting onto an OTS pretreated slide. C) Fluorescence image of the
antibody(labeled)-epicholesterol monolayer(unlabeled) complex formed
by antibody 36A1 with primary labeled antibody. D) Same as C) after
lifting onto an OTS pretreated slide.

OTS-treated glass slides, the slides were observed under the
fluorescence microscope, and their wettability was tested by
contact angle measurements. All slides had the wettabilities
typical of monolayer-covered OTS-glass (95°). Again, distinct
fluorescence patterns with morphologies highly reminiscent
of the cholesterol monolayer’s were observed for cholesterol
by using a shutter speed of 0.04 s (Figure 4B). Under these
conditions, no fluorescent patterns were observed for epi-
cholesterol (Figure 4D). When the shutter speed was set at
0.32's (i.e, 8 times slower) weak fluorescence was detected,
thus confirming the presence of monolayer on the slide. To
avoid artifacts, the experiments were performed each time on
the two monolayers in series on the same day and were
repeated at least four times independently.

We conclude that antibody 36Al, raised and selected
against cholesterol monohydrate crystals, interacts selectively
with uncompressed cholesterol monolayers at the air—water
interface, but not with monolayers of epicholesterol.

Discussion

We have demonstrated that a monoclonal antibody, raised
and selected against crystals of cholesterol monohydrate, is
capable of stereoselective recognition in two-dimensions of
monolayers of cholesterol, but not of epicholesterol. The
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stereoselectivity is particularly significant as the two mono-
layers have the same chemical composition, but differ in their
molecular structure at the air—water interface.

Antibody complexation was monitored by epifluorescence
microscopy, by using a fluorescently labeled antibody intro-
duced into the monolayer subphase. All experiments were
performed in series with cholesterol and epicholesterol
monolayers several times, using the same antibody solutions,
during the same day.

Epicholesterol monolayers are not stable upon washing
with solutions containing surfactants, as a result of interaction
between the surfactant and epicholesterol. The complex is
progressively dissolved in the subphase and is removed during
the washing procedure. In the past, fluorescently labeled
secondary antibodies have been used in a procedure that
requires extensive washing in the presence of detergent.!'®!
When a fluorescently labeled secondary antibody was used in
the assay, the antibody was observed to form large aggregates
under the monolayer of cholesterol. The fluorescent aggre-
gates were observed both with fluorescently labeled or
unlabeled monolayers. They are thus formed by the antibody
and not directly by the monolayer molecules. In contrast,
when the assay was performed with labeled primary antibody
and unlabeled monolayer, the fluorescence was uniform and
followed the characteristic morphology of the monolayer. We
assume that the formation of the aggregates is a result of the
repeated washings. During the flow of the washing solution,
visible turbulence occurs at the interface; this probably
induces aggregation of the large antibody complexes. This
dynamic process does not alter the monolayer morphology,
which remains unchanged after washing is carried out.
Negative controls included the use of the labeled secondary
antibody alone, with both labeled and unlabeled monolayers.
To avoid the formation of these aggregates and to better
understand the mode of binding, we opted for direct
observation of the fluorescently labeled antibody complex-
ation to the monolayer.

Cholesterol (1) and epicholesterol (2) (Scheme 1) form
stable monolayers at the air—water interface. The monolay-
ers, as observed in our experiments under the epifluorescence
microscope in the uncompressed state, are morphologically
similar. At the micrometer scale, both monolayers cover
continuously extended areas, interrupted occasionally by
empty regions. The pressure area isotherm for cholesterol is
in agreement with data reported previously.'*?! In epicho-
lesterol, the effect of epimerization is observed both in the
collapse pressure and in the area per molecule, which are
smaller than the respective values measured for cholesterol.
Although monolayers of epicholesterol have previously been
reported in the literature, there are no reports of the
corresponding isotherms. For both molecules, the hydro-
phobic backbones extend out of the water, while the hydroxyl
at 3a- (axial) or - (equatorial) position is in the water. The
very different angle between the hydroxyl and the rigid
backbone (Scheme 1) must influence the structure and
molecular organization of the interface. The structure of
compressed cholesterol monolayers at the air—water inter-
face was recently determined by using grazing incidence
X-ray diffraction (GID).'7 Cholesterol forms crystalline
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domains of coherence length of 100 A, with the steroid
backbone tilted approximately 15° relative to the vertical.
According to the measured area per molecule of epicholes-
terol, the molecule is presumably even less tilted. This was
confirmed by recent measurement of epicholesterol mono-
layers by GID (L. Leiserowitz, personal communication). The
hydroxyl groups must thus be arranged in the water forming a
very low angle to the interface.

Antibody 36A1 selectively interacts with the {301} faces of
cholesterol monohydrate crystals. At the surface of this face
the hydrophobic cholesterol backbones are exposed on one
side of the molecular steps, while hydroxyl and water groups
exclusively are exposed on the other side of the steps. The
antibody binding site, as predicted by molecular modeling,'®]
assumes the structure of a step with an hydrophilic “pave-
ment”, which exposes polar residues, and an hydrophobic
“wall”. The monolayer probably exposes three-dimensional
structural features at domain boundaries akin to the molec-
ular arrangement exposed at molecular steps on the choles-
terol monohydrate crystal face. We thus assume that the
antibody binds at the boundaries of monolayer domains, with
its hydrophobic amino acid side-chains interacting vertically
with the cholesterol backbones and its hydrophilic side under
the monolayer. Under these conditions, the antibody differ-
entiates between cholesterol and epicholesterol monolayers.
Recognition based exclusively on chemical affinity of the
hydrophobic and hydrophilic groups may thus be excluded,
because both monolayers have identical compositions. The
antibody does not interact with cholesterol molecules which
are bound to a macromolecular carrier,!'> so that binding akin
to that of haptens is also ruled out. The stereoselective nature
of binding must thus be attributed to structural, as well as to
molecular, organization. One of the consequences of this
analysis is that the structure of the binding site of antibody
36A1 must be quite rigid. Conformational freedom would
presumably allow the antibody to adapt to the geometrical
features of the two monolayer arrays, such as the different
dihedral angles of the step boundary. In contrast to the step
geometry, lateral rearrangement of the molecules in the
monolayer is presumably easy to achieve, because in the
uncompressed monolayer the molecules have high lateral
motility.

Stereoselectivity in monolayers of cholesterol and epichol-
esterol has been previously observed with the antibiotic
filipin.?? Filipin interacts specifically with cholesterol by
forming a (1:1) filipin-cholesterol complex. Norman et al.
showed that filipin interacts stereoselectively with monolay-
ers of cholesterol but not of epicholesterol.’*?4 Filipin
presumably interacts with cholesterol in a manner similar to
enzyme —substrate interactions. Other sterols used in this
experiment support this model and reveal that the stereo-
selectivity is preferentially manifested in binding to the
hydroxyl group rather than to rings A—D of the steroid
backbone. It is expected, therefore, that a change in the
molecule, such as epimerization, will prevent binding. We
stress however that the filipin stereoselectivity is different
from that of antibody 36A1. Whereas filipin discriminates
between molecular epicholesterol and cholesterol, antibody
36A1 discriminates between their corresponding structural
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arrays. Filipin recognizes the molecules as isolated compo-
nents. In contrast, antibody 36A1 recognizes a pattern of
exposed molecules with distinct structural organization.

The idea that an antibody may be structured to stereo-
selectively recognize an array of molecules, possibly provides
a new approach to understanding immunorecognition in
submolecular detail. To which degree stereoselectivity can be
reached in antibody-surface recognition is yet to be deter-
mined. It will be interesting to test whether the antibody is
capable of enantioselectively recognizing an array of mole-
cules. In this case, the monolayers to be tested would be
structurally identical, but one will be the mirror image of the
other (work in progress).

In conclusion, we have shown that an antibody, raised and
selected against crystals of cholesterol monohydrate, stereo-
selectively recognizes monolayers of cholesterol but not of
epicholesterol, its epimer. This may provide a recognition tool
that could be used in many interesting applications, from
recognition of artificial surfaces, such as molecular sensors, to
targeting of defined molecular arrays in biological mem-
branes.

Experimental Section

Materials: Epicholesterol was purchased from Steraloid, Rhode Island.
Cholesterol (>99%), rhodamine-B-isothiocyanate, cholesteryl tosylate,
dry DMSO, and monoclonal anti-human albumin (anti-HSA) were
purchased from Sigma. Rhodamine-TRITC-conjugated goat-anti-mouse
F(ab), was purchased from Jackson ImmunoResearch (West Grove, PA).
Square glass slides (20 mm) were purchased from Knittel GLASER
(Germany). For flash chromatography, silica gel with a 0.04—0.06 mm
particle diameter (Merck) was used.

Antibody purification. Monoclonal antibody 36A1 was raised and selected
against crystals of cholesterol monohydrate (for isolation procedure see
ref. [15]). The antibody was purified from ascites fluid by affinity
chromatography using ImmunoPure®IgM purification kit #44897 (Pierce,
Rockford, IL).

3a-cholesteryl-rhodamine-B synthesis. Cholesteryl tosylate (1 g) was dis-
solved in DMF (10 mL). NaNj; (180 mg) was added, and the mixture was
heated while stirring to 80°C for 3 h. The disappearance of cholesteryl-
tosylate was followed by TLC (hexane:chloroform 7:3). Water (50 mL) was
added and the solution was extracted with hexane, dried with sodium
sulfate, and evaporated to dryness. The crude product was directly
subjected to reduction: LiAIH, (0.6 gr) in dry diethyl ether (60 mL) was
added to the white solid and the solution was stirred over night. Diethyl
ether was added, and the mixture was extracted with water. After drying
and evaporation of the organic layer with sodium sulfate, a green liquid was
obtained. Flash chromatography (silica gel, chloroform/methanol 9:1)
yielded white crystals of 3a-cholesteryl amine (200 mg). MS-1(+): m/z: 387
I-I; '"H NMR (250 Mhz): 6 =5.42 (d, 1H), 3.43 (s, 1H), 0.65 (s, 1 H).
3a-cholesteryl-amine (5 mg, 1 equiv) was dissolved in chloroform (2 mL),
rhodamine-B isothiocyanate (7 mg, 1.1 equiv) was added, and the mixture
was stirred overnight. The presence of the product was confirmed by TLC
(chloroform/ethanol 9:1). The mixture was evaporated to dryness and
diluted in chloroform to the appropriate required concentration.

Antibody-rhodamine conjugation: Sodium carbonate buffer (IN, pH9,
30 uL) was added to the purified antibody (0.657 mgmL~', 270 uL).
Rhodamine-B-isothiocyanate dissolved in dry DMSO (1 mgmL~!, 40 pL)
was added to this solution dropwise over 2 h, whilst being stirred. The
mixture was stored at 4°C for 6 h and NH,CI (10 pL, 50mm) was added. The
solution was stored for additional 2h and then subjected to dialysis
(4 changes, PBS). The average degree of labeling was eight rhodamine
molecules per antibody molecule, as estimated by measurement of
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absorption of protein (4 =280 nm, ¢ = 675000) and rhodamine (4 =572 nm,
£=92000).

The trough: Two syringes, which were connected to the Teflon trough (20 x
20 x 4 mm?) by Teflon tubes, were positioned one opposite to the other so
that they formed a closed flow system. Synchronous and homogenous
solution transport under the subphase was performed when one of the
syringes served as an input reservoir, while the second simultaneously
collected the output solution.

Monolayer deposition: Monolayers are deposited by spreading a solution
of cholesterol (2.5 pL) in chloroform (2 x 10~*M) on phosphate buffer
(PBS, pH 74, 3 mL).

Surface pressure measurements: Surface pressure was measured by the
Wilhelmy plate method by using a thermostatic trough (KSV, Finland).

Immunolabeling with a secondary fluorescent antibody: In each immuno-
fluorescence assay, the labeled or unlabeled monolayer was incubated for
1h in the trough with the specific antibody, diluted in PBS to a
concentration of 2.5 uygmL~!. Unbound antibody was removed by washing
with 0.05% Tween 20 in PBS (20 mL). The monolayer was then incubated
for 1 h with 3 mL rhodamine-TRITC-conjugated goat-anti-mouse F(ab),
diluted 1/100 from its concentrated solution in PBS. The subphase was
exchanged again by flushing with 0.05% Tween 20 in PBS (20 mL). The
monolayer was imaged under a fluorescence microscope with a rhodamine
filter setting (Zeiss, Germany) by using a video camera equipped with an
integration attachment (Applitec, Inc. MSV-700L). Shutter speed was set at
0.32 s. Magnification x 80 or x 160.

Immunolabeling with a primary fluorescent antibody: In each immuno-
fluorescence assay, the monolayer was incubated for 1 h with the labeled
antibody diluted in PBS to a concentration of 1.25 ugmL~! jointly with anti-
HSA antibody diluted 1/10 in PBS. The monolayer was imaged under a
fluorescence microscope as specified above (the shutter speed was set at
0.04 s). The monolayer was lifted onto an OTS slide and its fluorescence
image was documented (shutter speed was set at 0.04s). At least five
images were randomly taken from different areas of the monolayer.

OTS coating: OTS coated slides were prepared according to the procedure
of Sagiv et al.(ref. [25]).

Lifting procedure: The monolayers are lifted onto OTS coated slides by
touching the solution interface from the air side with the OTS slide
previously cleaned with chloroform.

Contact-angle instrument: Static contact angles (advancing) were meas-
ured under ambient conditions with an NRL contact-angle goniometer
(model 100, Rame-Hart) by using the sessile drop method. The reprodu-
cibility of these measurements is ca. £2° in the range above 90°.
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Quinones as Co-Catalysts and Models for the Surface of Active Carbon in the
Phosphovanadomolybdate-Catalyzed Aerobic Oxidation of Benzylic and
Allylic Alcohols: Synthetic, Kinetic, and Mechanistic Aspects

Ronny Neumann,* Alexander M. Khenkin, and Inga Vigdergauz!'®!

Abstract: Quinones have been consid-
ered as reactive compounds present on
the surface of active carbon. Thus, the
co-catalytic use of quinones combined
with the phosphovanadomolybdate poly-
oxometalate, PV,Mo,,0,,°~, has been
studied as an analogue of the known
PV,Mo0,,0,°/C catalyst in oxidative
dehydrogenation reactions. From the
synthetic point of view both biphasic
the quinone (org)-NasPV,Mo0,,04—
(aq) and monophasic quinone (org)-—
*QsPV,;Mo0,(Oy—(org) [*Q=(nC,Hy),-
N*] systems are effective for the selec-
tive oxidation of benzylic and allylic

hydes. Kinetic measurements carried
out on the model oxidative dehydrogen-
ation of 4-methylbenzyl alcohol in the
presence of p-chloranil, *QsPV,Mo0,,Oy,
and molecular oxygen showed that the
reaction was non-elementary, although
the 4-methylbenzyl alcohol oxydehydro-
genation was the rate-determining step.
ESR measurements showed the pres-
ence of the semiquinone of p-chloranil,
probably as a complex with the polyoxo-

Keywords: active carbon- oxida-
tions - oxygen - polyoxometalates

metalate. This proposed complex was
shown to be a more potent oxidant than
p-chloranil. Thus, for the oxidation of
4-methoxytoluene the semiquinone
complex was active, whereas p-chloranil
alone was inactive. Beyond the impor-
tance of understanding quinone-phos-
phovanadomolybdate polyoxometalate-
catalyzed reactions, insight gained from
the formation of semiquinone active
species can be applied for heterogene-
ous and aerobic oxidative transforma-
tions catalyzed by PV,Mo,,0,°~ with
carbon matrices as active supports.

X ) - quinones
alcohols to their corresponding alde-

Introduction

Polyoxometalate-catalyzed (POM) oxidations!!! can be cate-
gorized by the principle mode of the catalytic reaction. Thus,
one may distinguish between two major reaction modes. In
the first reaction type an oxygen donor reacts with the
polyoxometalate to form an activated intermediate capable of
oxidizing, usually by oxygen donation, an organic substrate

[Eq. (D]
Oxidant + POM,, —[POM-OxX],ivatca (1a)
[POM-Ox],ivaiea + Substrate = POM,, + Product (1b)
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One can differentiate between a)reaction at an addenda
position for example W, Mo, V or Nb, usually using peroxygen
compounds as oxidants and b) reaction at positions substi-
tuted with low-valent transition metals leading to a “transition
metal active oxygen” active intermediate species.

In the second reaction mode the catalytic cycle can be
pictured as taking place in two main stages. For liquid-phase
“homogeneous” systems, the reaction is often thought of as a
redox interaction between a substrate and the oxidized form
of the POM, leading to a oxidized (dehydrogenated) product
and a reduced catalyst species. Typically, the catalytic cycle is
completed by reoxidation of the reduced POM, preferably by
molecular oxygen [Eq. (2)].11
Substrate +2POM,, —Product +2POM,4 (2a)

ox

2POM,., + O, —2POM,, + H,0 (2b)

In the past, it has been found that mixed addenda
vanadomolybdate Keggin type polyoxometalates, especially
PV,Mo,,0,,°", are most effective in the latter reaction mode.
Therefore, others and ourselves have studied both synthetic
applications and the catalytic cycle. Mechanistic research
using the heteropoly acid HsPV,Mo,,0, as a dissolved
catalyst in an organic liquid phase has revealed that the
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product formation occurred through a series of electron and
proton transfers from the substrate to the POM.? POM
reoxidation is less well understood and both inner spherel
and outer sphere mechanismsP! have been suggested. Major
synthetic applications for oxidation include the oxidative
dehydrogenation of dienes,® alcohols and amines,! the
formation of quinones from phenols, and the oxidation of
sulfides to sulfoxides.!”!

A closer look at the scope of the synthetic applications
reveals that two basic techniques have been adopted. The first
is to use the heteropoly acid H;PV,Mo0,,0,, as a dissolved
(homogeneous) catalyst. Dissolution has been achieved either
by complexation of H;PV,Mo0,,0, by glymes in apolar
solvents such as chlorohydrocarbons, or by using polar
solvents such as acetonitrile, alcohols, acetic acid, and so
forth.* %7l In certain cases, however, the high acidity of
HsPV,Mo,,0, is disadvantageous because of competing acid-
catalyzed reactions. For example, in the oxidative dehydro-
genation of benzyl alcohol, use of HsPV,Mo0,,0,, leads to
formation of dibenzylether as major product instead of
benzaldehyde. In order to avoid competing reactions due to
the high acidity of heteropoly acid, neutral salts such as
[(C,H,,_1)N]sPV,M0,,04 and NasPV,Mo,,0, are accept-
able alternatives. These neutral compounds in contrast to the
protic forms are soluble, in organic solvents and water,
respectively. Often, in order to increase surface area and for
practical applications, supported POMs such as NasPV,.
Mo,,0, have usually been employed as heterogeneous
catalysts.[*> > o6 7] Sjonificantly, in all reports active carbon
in various forms has been used as the support.

Now, we have taken another look at neutral and supported
PV,Mo,,0,,°~ as catalysts for reactions as described in
Equation (2). Somewhat to our surprise, neutral forms of
PV,Mo,,0,,° alone were catalytically inactive and of all the
supports studied (silica, alumina, etc.) only use of an active-
carbon support yielded catalytically active heterogeneous
systems.* %4 This observation leads to two conclusions: either
a) that the presence of protons was vital to sustain a catalytic
cycle as in Equation (2), or b) that for non-protic, neutral
PV,Mo,,0,,°", active carbon was not an inert matrix, but
played an integral part in the catalytic cycle.!l As it is known
that in the presence of oxidizing agents carbon surfaces are
rich with oxygen-containing moieties,”” the working hypoth-
esis, for supported PV,Mo,,0,°", is that an intermediate or
promoter, formed on the support surface, played a key part in
the catalytic cycle. In this paper we discuss the possibility of
quinones as being this active promoter. We show that catalytic
systems consisting of neutral PV,Mo,,0,,°~ and quinone
together are active for the oxidation of benzylic and allylic
alcohols. In addition to the synthetic value of the method-
ology, this research sheds important and new light on the
catalytic activity of PV,Mo,,04>-type systems. Also an
important insight into active carbon as a support in oxidative
transformations is attained.

Results and Discussion

The research was initiated by comparing various polyoxome-
talate catalytic systems for the catalytic dehydrogenation of
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Table 1. Oxidation of 4-methylbenzyl alcohol under various conditions.

Catalyst Product Yield [mol %]
4,4'-dimethyl- 4-methylbenz-
dibenzylether aldehyde

H:PV,Mo0,,0, 95 5

4Q5PV,M0,,0 ol 0 0

NasPV,Mo,,0,," 0 0

NasPV,Mo,,0,,/Cl 0 95

Na;sPV,Mo,,0,/SiO,l 10 0

Na;sPV,Mo,,0.,/ALO 3 0

NasPV,Mo,,0,/Al,O; and Cl 1 6

Active carbon!®! 0 <1

(NH,)sH;PMogV40,,/Cl¢ <1 91

[a] 4-methylbenzyl alcohol (1 mmol), catalyst (0.014 mmol), acetonitrile
(I mL), 1 atm O,, 110£2°C, 24 h. [b] 4-methylbenzyl alcohol (1 mmol) in
decalin (1 mL), catalyst (0.018 mmol) in water (1 mL), 1 atm O,, 100+
2°C, 18h. [c]4-methylbenzyl alcohol (1 mmol), supported catalyst
(0.01 mmol) at 10 wt % loading, toluene (3 mL), 100+2°C, 24 h. [d] as in
[c] with the addition of active carbon (100 mg). [e] 4-methylbenzyl alcohol
(1 mmol), active carbon (200 mg), toluene (3 mL), 100 +2°C, 24 h. [f] “Q =
(n-C4Hy) N™.

4-methylbenzyl alcohol, similar to those studied in the past,F
[Table 1, Eq. (3)]

—< >—CHO P —< >—/OHL/©AO/\©\ (3)

In single liquid-phase organic systems, one can observe that
the use of acidic and protic HsPV,Mo0,,0,, led mainly to the
acid-catalyzed formation of the dibenzylether, while non-
acidic “QsPV,Mo0,,0,4, (*Q = (n-C,H,),N*) was inactive. Sim-
ilarly, in a water/organic biphasic system containing NasPV,.
Mo,;,O,4, no reaction was observed. In a third system with
supported catalysts, the unique oxidative dehydrogenation
activity of the carbon matrix is clearly observable. The silica
and alumina supports were oxidatively inactive showing only
some mild acid catalysis. Even separate addition of active
carbon to an inactive NasPV,Mo,,0,/Al,O; yielded some
oxidation activity, although active carbon by itself showed
practically no catalytic activity. The clear conclusion from
these initial results is that use of non-protic (non-acidic)
polyoxometalates does not lead to a oxidative dehydrogen-
ation of benzylic alcohols in the absence of active carbon; the
latter contains an active component necessary to promote the
oxidative dehydrogenation reaction. This finding is not
unique for the oxidative dehydrogenation of benzyl alcohols.
For example, a-terpinene in the presence of 0.01 equivalents
of H;PV,Mo0,,0,, was quantitatively oxidized to p-cymene
(acetonitrile, P(O,)=1 atm, 22°C, 18h), while *QsPV,-
Mo,,0O,4 Was inactive.

Quinones, particularly 2,3,-dichloro-5,6-dicyano-1,4-benzo-
quinone (DDQ), known for their ability to stoichiometrically
dehydrogenate benzylic and allylic alcohols to the corre-
sponding aldehydes!'” and known to exist on oxidatively
treated carbon surfaces”) were hypothesized to be the
promoter of the POM/C-catalyzed reactions as discussed
above. Therefore, a catalytic reaction that employs a quinone/
neutral PV,Mo,,04>" catalyst pair is now suggested and
further investigated for the oxidative dehydrogenation of
alcohols according to Scheme 1.
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Scheme 1.

PV,Mo1040” + 2H*

Similar quinone/HsPV,Mo0,,0,, systems have been used in
the palladium-catalyzed oxidation of alkenes!'l and conju-
gated dienes.'?l There, however, the primary function of the
quinone was to act as a coordinating and activating ligand to
the palladium(in) center and as an electron transfer mediator.
The use of quinones as co-catalyst was tested in two reaction
modes. In the first mode (A), a biphasic liquid - liquid system
was used, whereby NasPV,Mo0,,0,, dissolved in water was
treated with the substrate and quinone dissolved in an
immiscible organic phase. The advantage of this method is
the simple separation of NasPV,Mo,,0,, from the product in
the reaction work up. In the second mode (B), the polyoxo-
metalate “QsPV,Mo0,,0,), quinone, and substrate were all
dissolved in a single solvent. This system is more practical for
mechanistic and kinetic studies. The results for the oxidative
dehydrogenation of a variety of benzylic [Eq. (4)] and allylic

CH,OH

CHO  pon,c
0 — 0 QYT

R R >95% R <5%

alcohols using 2,3,5,6-tetrachloro-1,4-benzoquinone (p-chlor-
anil) as co-catalyst are presented in Table 2.

We observed that the oxidative dehydrogenation reaction
was possible using both methods. The two-phase method is
preferable in terms of yield and recovery of the polyoxome-
talate. As expected electron-donating substituents in benzylic
alcohols increased and electron-withdrawing groups de-
creased the yield, although the effect is rather small. Allylic
alcohols are significantly less reactive than benzylic alcohols,
except for the conjugated cinnamyl alcohol. The selectivity of
the reactions is high, >95%. The only by-product formed is

Table 2. Oxidation of benzylic and allylic alcohols catalyzed by PV,Mo,,0,,> /p-chloranil.

1/20,

PV,M0;6040% H0

not the carboxylic acid produced by over oxidation of the
aldehyde, but rather a ring-coupled product (especially for
4-methoxybenzyl alcohol). The reactivity of a series of

Table 3. Oxidation of benzyl alcohol catalyzed by NasPV,Mo,,0,, and
various quinones.

Quinone Chemical yield [mol % ]!
2,3,5,6-tetrachloro-1,4-benzoquinone 84
2,3-dichloro-5,6-dicyano-1,4-benzoquinone 81
1,4-benzoquinone 69
1,4-naphthaquinone 36
9,10-anthraquinone 14
9,10-phenanthraquinone 0

[a] Benzyl alcohol (1 mmol), quinone (0.05 mmol), decalin (1 mL), Na;PV,-
Mo,,Oy (0.015 mmol), water (1 mL), 1atm O,, 90+2°C, 18 h. [b] The
chemical yield was determined by GC with reference standards and
calibrated mixtures.

quinones was also compared for the biphasic system and the
water soluble NasPV,Mo,,0,, (Table 3). Clearly and quite
simply the reactivity and yield in the benzyl alcohol oxidative
dehydrogenation is a function of the oxidation potential of the
quinonel™® and the presence of electron-withdrawing groups;
the higher the oxidation potential and the more electron-
withdrawing the substituents, the higher the yield.

After the initial studies demonstrating the synthetic utility
of the neutral PV,Mo,,0,,°~/quinone catalytic system for the
oxidative dehydrogenation of benzylic and allylic alcohols, we
turned to investigate kinetic and mechanistic aspects. A
model, single organic liquid-phase system was chosen with
4-methylbenzyl alcohol (MBA) as the substrate, p-chloranil
(TCBQ) as the quinone, and *QsPV,Mo0,,04 (POM) as the
polyoxometalate. In this way, the catalytic cycle can be
described according to Scheme 1 as a series of three reactions
involving four components. An empirical rate equation for the
entire benzylic alcohol oxidative dehydrogenation reaction
scheme, taking into account all the components, is given in
Equation (5).

— d[MBAJ/dt = k,,[MBA]"[TCBQ]"[POM]P!, )

A reaction profile for the oxidation of 4-methylbenzyl
alcohol (Figure 1) clearly shows that the reaction appears to
be zero order in 4-methylbenzyl
alcohol (a=0). The reaction

Substrate Product Chemical yield [mol % ]! rate under the (standard) con-
Method A Method Bl ditions described in the caption
4-methoxybenzyl alcohol 4-methoxybenzaldehyde 85 75 for Figure 1 was 9.45 x 10-ms™"
4-methylbenzyl alcohol 4-methylbenzaldehyde 82 63 An Arrhenius plot at temper-
4-chlorobenzyl alcohol 4-chlorobenzaldehyde 77 59 atures between 80-120°C (Fig-
beqzyl alcohol beqzaldehyde 81 62 ure 1, inset), yielded an observed
4-nitrobenzyl alcohol 4-nitrobenzaldehyde 65 52 ..
cinnamyl alcohol cinnamyl aldehyde 85 80 energy of activation (Ea) of
1-phenylethanol acetophenone 87 80 13.8 Kcalmol™ (InA=14.74,
benzhydrol benzophenone 94 84 AH}, =132 Kcalmol™!, ASy =
cis-2-hexene-1-ol cis-2-hexenal 35 24 —131.1 calmol! K—l)'
trans-2-hexene-1-ol trans-2-hexenal 33 20 The reaction order in oxygen
1-octene-3-ol 1-octene-3-one 76 34
2-cyclohexene-1-ol 2-cyclohexene-1-one 88 37 pressure was found by measur-

[a] The chemical yield was determined by GC with reference standards and calibrated mixtures. [b] Substrate
(1 mmol), p-chloranil (0.05 mmol), decalin (1 mL), NasPV,Mo0,,0,, (0.015 mmol), water (1 mL), 1 atm O,, 90 +
2°C, 18 h. [c] Substrate (1 mmol), p-chloranil (0.05 mmol), “QsPV,Mo,,0y4, (0.015 mmol), acetonitrile (1 mL),

1atm O,, 110+2°C, 18 h.
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ing initial rates (constant oxy-
gen pressure) for MBA oxida-
tion at different initial pres-
sures. A plot of the initial
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Figure 1. Reaction profile and Arrhenius plot (inset) for the oxidation of
4-methylbenzyl alcohol. Reaction conditions: 4-methylbenzyl alcohol (1m),
p-chloranil (0.1m), and “QsPV,Mo0,,0,4, (0.014M) in acetonitrile (5 mL),
1 atm O,, 110°C. Inset: the same conditions at different temperatures. The
calculated zero-order rate constants were used.

oxygen pressure, between 1 —4 atm, as a function of the initial
reaction rate (V) is shown in Figure 2. The slope, V/P,, was
computed to be 0.01, which by a combination of statistical
tests (t test, F test, and analysis of r?) leads to the conclusion
that the reaction rate was independent of the oxygen pressure.

0.04 -
*
"/__,i’———'/j’/
00351, "
Vo /mh™!
0.03 T T T T 1
0 1 2 3 4 5
[0,] / atm
Figure 2. The initial rate as a function of the oxygen pressure. Reaction
conditions: 4-methylbenzyl alcohol (Im), p-chloranil (0.1m), and

4QsPV,Mo,,0y (0.014M) in acetonitrile (10 mL), 1-4 atm O,, 110°C.

Logarithmic van’t Hoff plots, for which rate constants were
obtained from series of reaction profiles as presented in
Figure 1, were used to find the reaction order in TCBQ (0—
10 mol %; Figure 3) and POM (0-1.5 mol %; Figure 4). The

5] 0.04 —
Vo /mh™! .
0.024 =
E 3
In (kovs) =07 h
0 T T
4 0 01 0.2 0.3
1 [Quinone] / m
45
-5 T T T T T 1
-5 -4.5 -4 -3.5 -3 -25 -2

In ([Quinone])

Figure 3. The rate constant as a function of p-chloranil concentration.
Reaction conditions: 4-methylbenzyl alcohol (1m), p-chloranil (0.01-
0.25M), and *QsPV,Mo0,,0,, (0.014M) in acetonitrile (5mL), 1atm O,,
110°C (line fit y =0.67x +1.9; » =0.99).
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given mol % amounts of TCBQ (up to 10 mol %) and POM
(up to 1.5mol%) were used because the kinetic profiles
(initial rate as a function of TCBQ and POM) showed
saturation effects (see insets in Figures 3 and 4) above these
amounts of TCBQ and POM, respectively. The reaction
orders calculated for TCBQ and POM (in nonsaturated

34 0044  w ™ -
Vo /mh™
002 5%
n
in (kobs) 0 T T
3.5 0 0.02 0.04 0.06

[POM] / m
*

In ([POM])

Figure 4. The rate constant as a function of *QsPV,Mo,,O,, concentration.
Reaction conditions: 4-methylbenzyl alcohol (1M), p-chloranil (0.1m), and
4QsPV,Mo,,0,, (0.003-0.05M) in acetonitrile (5mL), 1atm O,, 110°C
(line fit y =0.51x+1.22; »=0.91).

systems, linear dependence) were 0.7 and 0.5, respectively.
The following empirical rate equation (excess MBA) is
therefore given by Equation (6) in which kg,=2.5x
106 exp—l3A2/RT'

— d[MBAJ/dt = k,,[TCBQ]* [POM]**P", (6)
Conceptually, the entire catalytic oxidative dehydrogen-

ation reaction cycle (Scheme 1) may preliminarily be divided
into three separate reactions [Egs. (7)—(9)].

c. o c. ¢
OH ki
@—/ + 0 o ——» OCHO + HO OH (7)
o a c  a

Cl Cl Cl Cl
K.
HOQOH + 4QePV,"Moy004 —— O%}o *+ Hy*QsPV,"M010s0  (8)
Cl Cl Cl Cl
2H,*Q;PVY,M0,,0,40 + 0,5524QsPVY,M0,,0,9 + 2 H,0O )

If the rate of the reaction is measured as — d[MBA]/d¢ and
assuming that the rate-determining step is the bimolecular
elementary reaction between MBA and TCBQ [Eq. (7)],
then the reaction should theoretically be first order both in
MBA and TCBQ. However, under the general reaction
conditions used MBA:TCBQ,>10, TCBQ is in a limited
concentration, that is, catalytic. Therefore, the reaction
instead appears to be zero order, as observed, in MBA and
should be pseudo first order in TCBQ.!'"I Even if the first step
[Eq. (7)] is not rate determining, the fact that MBA is in
excess to all other components means that the reaction is in
any case observed, but not necessarily true zero order in
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MBA. The fact, however, that the observed reaction order in
TCBQ was only partial (0.7) and that the rate was also
dependent on and of partial order in POM clearly argued for a
more complicated kinetic scheme. Furthermore, the fact that
the reaction was zero order in molecular oxygen indicates that
the reoxidation step [Eq. (9)] is not rate determining.

At this stage, each of the proposed reaction steps [Egs. (7) —
(9)], was investigated separately to measure the initial
reaction rate and rate constant for each step. First, reaction
of MBA and TCBQ (1 and 0.1m, respectively, in acetonitrile)
at 110°C yielded a rate constant k; =3.1 x 10°Mm~'s™!, derived
from the initial reaction rate —d[MBA]/df=3.1 x 10~°ms~.
Second, the reaction of equivalent amounts of 2,3,5,6-tetra-
chloro-1,4-dihydroxybenzene, TCHQ, and POM,, (0.01m
each in acetonitrile) at room temperature under argon was
followed by the appearance of heteropoly blue (POM,,4) in
the visible spectrum at 750 nm, Figure 5. The rate constant k,,

1.5 4
14 oocP
Optical Density / au Do0
0.5
0 T LI T T
0 100 200 300 400

Time/s
Figure 5. Reaction profile for the reduction of *QsPV,Mo,,0, with
2,3,5,6-tetrachloro-1,4-dihydroxybenzene. Reaction conditions:
4QsPV,M0,,04, (0.01M) and 2,3,5,6-tetrachloro-1,4-dihydroxybenzene
(0.01m) in acetonitrile (2mL) at room temperature under argon, A=
750 nm.

derived from the initial reaction rate —d[POM,,]/dt,'! was
calculated to be 8.7 x 10~'m~!s~!. Note that this rate constant
is four orders of magnitude higher even at room temperature
relative to the rate constant for the stoichiometric MBA
oxidative dehydrogenation [Eq. (7)]. Finally, the reoxidation
of POM,., (0.01M in acetonitrile) with 1atm O, (solution
concentration ~0.01M, see above) was measured at 110°C by
the disappearance of POM,., in the visible spectrum at
750 nm, Figure 6. The calculated rate constant kj, derived

Optical Density / au

o o o o

T T T T 1
0 1000 2000 3000 4000 5000

Time/s

Figure 6. Reaction profile for aerobic oxidation of reduced
H,*QsPV,Mo0,,04. Reaction conditions: H,*QsPV,Mo0,,04 (0.01M) in
benzonitrile (2 mL) at 110°C under O,, A =750 nm.
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from the initial reaction rate —d[POM,q]/ds, 1 was 1.3 x
103m~'s~L. Therefore, since k,>> k;>k,, it would appear
that the rate-determining step of the entire reaction sequence
as broken down into three elementary reaction steps and
represented by Equations (7)-(9) is the oxidative dehydro-
genation of 4-methylbenzyl alcohol by p-chloranil. However,
two anomalies must be noted: a) the reaction rate for the
entire catalytic reaction sequence as determined from Fig-
ure 1 was 9.45 x 10-°ms™~" and is three times faster than the
oxidative dehydrogenation of MBA by TCBQ as a separate
step (rate =3.1 x 10°Ms~!) and b) the entire reaction se-
quence showed a complicated dependence in TCBQ and
POM [Eq. (5)] rather than a simple first-order dependence in
TCBQ only.

The above described kinetic analysis was based on the
assumption that the catalytic cycle (Scheme 1) could be
divided into three independent reaction steps as shown in
Equations (7)—(9). There is, however, much evidence from
the literature that o-quinone compounds may insert!'®! and
carbonyl moieties in general may interact!'”l with M—O bonds
of polyoxometalates. In our case such an interaction between
TCBQ and POM could lead to new “TCBQ-POM?” species or
complexes of catalytic significance. First, evidence for such a
“TCBQ-POM?” species was gained by using ESR spectros-
copy. The mixing of 0.5 equivalents of TCHQ (a potential
two-electron reductant) with one equivalent *QsPVY,Mo,,0,,
yielded a 15-line ESR spectrum (Figure 7 top). This spectrum
is attributable to the formation of mono-reduced

/\ /\ 200 G

|

g=2

Figure 7. ESR spectra at room temperature of reduced H,*QsPV,Mo,,0,,
in the presence of p-chloranil. Top:spectrum of polyoxometalate (2mm)
after addition of 2,3,5,6-tetrachloro-1,4-dihydroxybenzene (0.5 equiv).
Middle: spectrum of polyoxometalate (2mm) after addition of 2,3,5,6-
tetrachloro-1,4-dihydroxybenzene (1.0 equiv). Bottom: spectrum of poly-
oxometalate (2mwm) after addition of 2,3,5,6-tetrachloro-1,4-dihydroxyben-
zene (1.0 equiv) followed by addition of p-chloranil (5.0 equiv).
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H*QsPVYVVMo,,0,, species. The 15-line spectrum is due to
additional splitting of the eight lines at the VIV center (I=7/2
for 5'V) by a nearest neighbor vanadium atom.l'7d] After
addition of another 0.5 equivalents of TCHQ, an eight-line
spectrum is observed (Figure 7 middle). This is explained by
formation of both doubly reduced H,*QsPV'V,Mo,,0,, with
vanadium in vicinal positions, which are ESR silent due to
antiferromagntic coupling and doubly reduced H,*QsPV'Y,-
Mo,,O, with vanadium in distal positions, which lead to
typical eight-line spectra.l'’d Now, addition of five equivalents
of TCBQ (ratio TCBQ:
POM =6), clearly shows the
previously observed eight-line
spectrum (g=1.98) with an
overlapping singlet at g=2.00
(Figure 7 bottom). This singlet
is easily attributed to the for-
mation of the 2,3,5,6-tetrachlo-
ro-1,4-benzosemiquinonel'$!
(SQ) by electron transfer from the doubly reduced POM to
TCBQ [Eq. (10)].

Scheme 2.

POM2 + QXLPOM!~-SQ X% POM!- + SQ (10)

The observation of SQ or SQ-POM species at ratios of
TCBQ:POM, =6 is significant, because these are quite
typical of ratios used in the catalytic reactions as described
above. It is not entirely clear if SQ exists on its own in solution
or as a complex, SQ-POM. Although, we were not successful
in isolating any such intermediate, there is certainly precedent
for such complexes.['* 1)

Further support for an SQ or SQ-POM species was
obtained by using cyclic voltammetry (CV).I'l The CV of
TCBQ showed two reversible wave with oxidation potentials
of —0.12 Vand 0.6 V with a silver electrode,'%] whereas a 1:1
mixture of TCBQ and POM showed a new reversible wave at
0.8 V. This indicates the formation of a strong oxidant for the
TCBQ/POM system relative those of TCBQ and POM
(0.68 V) alone. Additionally, UV-visible measurements
showed no significant decrease in the optical density at
750 nm, that is, oxidation of POM,., upon addition of the
quinone oxidant. This clearly indicates that K, [Eq (10)] is low
as it would be expected that POM'~ would have a ~50%
lower optical density relative to POM?>~ or POM!'~/SQ, as
optical densities at 750 nm are proportional to the degree of
reduction.?! The existence of a SQ-POM intermediate com-
plex is reasonable.

After showing the existence of SQ-POM intermediate
species under catalytically relevant conditions, it, of course,
remains to be ascertained if such species are in fact catalyti-
cally relevant oxidants. In order to differentiate between the
oxidative activity of TCBQ and SQ-POM, conditions should
be preferably found for which one is active and the other is
not or vice versa. Such a system was sought and we turned our
attention to the oxidation of methyl aromatics to aldehydes or
ketones. Such stoichiometric oxidations that use 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) are known.['% 201 Thus,
treatment 4-methoxytoluene (1 mmol) with DDQ (3 mmol)
in benzonitrile (8 mL) at 140°C for 3 h resulted in the
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selective formation of 4-methoxybenzaldehyde with 84 %
conversion. Importantly, the same reaction with p-chloranil,
TCBQ, instead of DDQ yielded only a small amount of
product, ~0.5%. In contrast, the reaction of 1 mmol 4-meth-
oxytoluene with catalytic amounts of p-chloranil (0.1 mmol)
and polyoxometalate (0.01 mmol) in benzonitrile (8 mL) at
140°C and 1 atm O, led to a 16 % conversion of 4-methoxy-
toluene to 75% 4-methoxybenzaldehyde and 25% ring-
coupled by-product. The experiment is summarized in
Scheme 2.

4QsF’Vz Mo10040 ©

OCHg OCHs

OCH,

* I OCHj3

Significantly, the ring-coupled product can be expected to
be formed with the use of only a one-electron oxidant, in this
case the semiquinone, whereas the aldehyde can be formed by
the use of both one- and two-electron oxidants. Clearly SQ or
SQ-POM are catalytically relevant oxidants.

The fact that semiquinone intermediates are catalytically
relevant oxidants, which are stronger oxidants than the
original quinone, makes it necessary to reformulate the
catalytic cycle. In the proposed reaction scheme, initial
amounts of two-electron reduced polyoxometalate, POM?*~
are produced by the reactions as described by Equations (7)
and (8), that is, stoichiometric oxidative dehydrogenation of
the benzylic alcohol with TCBQ. The reaction between the
TCHQ formed and POM gives POM?-. Once the reduced
polyoxometalate is formed, the catalytic cycle may proceed as
indicated in Scheme 3.

pPOM® POM'-SQ ©/CH20H
\\ o oHo
2H*, 1/20, HQ, 2H* ©/

Scheme 3.

In the first step, the benzylic alcohol dehydrogenation, the
presence of a sufficient concentration of TCBQ is required so
as to allow the formation of the proposed polyoxometalate-
semiquinone complex, POM~!-SQ. This complex, in a two-
electron oxidation, dehydrogenates the benzylic alcohol to
yield the benzaldehyde and TCHQ in the rate-determining
step. Determination of this step as rate limiting is also
supported by the results of a competitive reaction between
benzyl alcohol and [D,]benzyl alcohol, for which a ky/kp, ratio
of 4.3 was observed. A breaking of the C—H benzylic bond is
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certainly involved in the rate-determining step for the
oxidation of benzylic alcohol with POM~'-SQ. In a second
relatively faster reaction, the oxidized polyoxometalate
POM’ is aerobically regenerated.’! The oxidized polyoxome-
talate then can regenerate the quinone, allowing again for
formation of the POM~'-SQ oxidant. The fact that the
reduced polyoxometalate may a) react with quinone to
produce semiquinone and b) be aerobically oxidized accounts
for the non-elementary rate equation [Eq. (6)] obtained for
this reaction.

Conclusion

The research presented above has produced several important
results. On the synthetic level, a method to use quinones and
the PV,Mo,,0,,°~ polyoxometalate as co-catalysts for the
aerobic oxidative dehydrogenation of benzylic and allylic
alcohols has been forwarded. The use of quinones as co-
catalyst was derived from the observation that previous
systems that employed neutral PV,Mo,,0,°~ entities were
catalytically inactive unless active carbon was used as a
support. The kinetic and mechanistic investigation carried out
leads to the conclusion that the PV,Mo,,0,,°~ polyoxometa-
late can interact with quinones to yield semiquinone inter-
mediates or complexes. The latter is a more potent oxidant
than the quinone itself and participates in the catalytic cycle.
Beyond the deductions made concerning the specific poly-
oxometalate/quinone system investigated, this research could
be important in the understanding and use of active carbon
alone or as a support in oxidative transformations, wherein
the carbon surface containing oxygenated species plays a role
as catalyst or promoter.

Experimental Section

Materials: The H;PV,Mo,,0,, x 32 H,O polyoxometalate was prepared by
a standard technique.?") The hydration state was determined by thermo-
gravimetric analysis (Mettler 50). Elemental analysis: caled P 1.34, V 4.41,
Mo 41.56; found P 1.31, V 4.38, Mo 41.32. NasPV,Mo,,0, x 42H,0 was
prepared?!) from the acid by ion exchange using Amberlite-120 (Na* form).
Elemental analysis: calcd Na 4.41, P 1.19, V 3.91, Mo 36.85; found Na 4.52,
P 1.04, V 4.05, Mo 36.29. *QsPV,Mo0,,04, (*Q = (n-C,H,),N*) was prepared
by adding an aqueous solution HsPV,Mo0,,0,, x 32H,0 (0.25M, 20 mL)
dropwise into a stirred solution of (n-C,H,),N*Cl~ (25 mmol) in water
(50 mL). The precipitated product was collected and thoroughly washed
with water. Elemental analysis: caled C 32.63, H 6.16, N 2.38; found
C 3248, H 6.32, N 2.43. Solvents were of analytical grade (Frutarom), and
benzylic and allylic alcohols and quinones were reagent grade from Fluka
and Aldrich and were used without purification. Supported catalysts were
prepared at a 10 wt% loading by wet impregnation. In other words,
solutions (NasPV,Mo,,O,, in water and *QsPV,Mo,,0,, in acetone) were
mixed with gentle stirring with the desired support for 1h at room
temperature. The solvent was then removed by vacuum evaporation, and
the supported catalyst was dried at 100 °C for six hours. 2,3,5,6-Tetrachloro-
1,4-dihydroxybenzene was prepared by reduction of p-chloranil in Zn/
acetic acid and recrystallized from ethanol.

Instrumentation: Oxidation reaction products were characterized by using
reference compounds when available by use of GLC (Hewlett-Packard
5890 gas chromatograph) with a flame-ionization detector and a 15 m x
0.32 mm 5% phenylmethylsilcone (0.25 um coating) capillary column and
helium carrier gas. Products whose initial identity was questionable were
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unambiguously identified by using a gas chromatograph equipped with a
mass-selective detector (GC-MS Hewlett-Packard GCD) and with the
same column described above. UV/Vis spectra and redox kinetic measure-
ments were measured on a Hewlett-Packard 8452A diode array spectrom-
eter equipped with a thermostated bath for variable temperature measure-
ments. ESR spectra (X-band) were taken with a Varian E-12 spectrometer
at room temperature; DPPH was used as standard.

General procedure for oxidative dehydrogenation: Reactions were carried
out in glass pressure tubes (20 mL) equipped with a magnetic stirring bar.
Typically, the tube was loaded with polyoxometalate (supported or
dissolved), quinone, and solvent(s). See footnotes of Tables 1-3 for
quantities. The tube was purged by gently bubbling molecular oxygen
through the reaction solution for 5 min and then closed. The solution was
then brought to the appropriate temperature in a thermostated oil bath.
Every 3 -4 hours oxygen was added to bring the pressure to 1 atm. After
the reaction was completed and the mixture cooled, GLC analysis was
performed on aliquots withdrawn directly from the reaction mixture.

Kinetic measurements: The kinetic analysis for the 4-methylbenzyl alcohol/
p-chloranil/*QsPV,Mo,,0,,/O, catalytic system was carried out in a 50 mL
Buchi glass autoclave. The autoclave was loaded with the appropriate
amounts of compounds (see legends of Figures 1, 3, and 4), and the tube
was purged by gently bubbling molecular oxygen through the reaction
solution for 5 min and then closed. The autoclave was brought to the
desired pressure and then brought to the appropriate temperature in a
thermostated oil bath. At the desired time intervals a 2 pL sample was
removed from the solution and analyzed directly by GLC. Upon a
noticeable drop in pressure, additional oxygen was added. For measure-
ments on the dependence on oxygen pressure, the reaction were carried out
in a 300 mL glass lined Parr autoclave containing 4-methylbenzyl alcohol
(1m), p-chloranil (0.1m), and “QsPV,Mo,,0,, (0.014M) in acetonitrile
(10 mL), 1-4 atm O,, 110°C. Rates were measured as initial rates only, that
is, only until a discernible decrease in the oxygen pressure was observed.

The stoichiometric reaction between 4-methylbenzyl alcohol (0.5m) and p-
chloranil (0.5M) in acetonitrile (1 mL) was measured in a 10 mL pressure
tube under nitrogen. At the desired time intervals a 2 pL sample was
removed from the solution and analyzed directly by GLC.

The reaction of “QsPV,Mo,,0,, (0.01m) and 2,3,5,6-tetrachloro-1,4-dihy-
droxybenzene (0.01M) in acetonitrile (2 mL) was measured under argon.
The increased absorption at 750 nm observed due to the reduction of
4QsPV,Mo,,0,, was taken as a measure of the conversion to the final
absorption. The initial slope was used to measure the initial reaction rate.
Similarly, a reduced polyoxometalate (0.01Mm) in benzonitrile (2mL)
obtained by the addition of 2.3,5,6-tetrachloro-1,4-dihydroxybenzene
(1 equiv) under argon. When no further change in the optical density was
observed at 750 nm, the solution was heated to 110°C and oxygen was
added by bubbling through the solution; the decrease in the absorption was
measured as a function of time. Again the slope was used to measure the
initial reaction rate.
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A Family of Polynuclear Cobalt and Nickel Complexes Stabilised by
2-Pyridonate and Carboxylate Ligands

Cristiano Benelli,'”! Alexander J. Blake,'?! Euan K. Brechin,'?! Simon J. Coles,!¢!
Alasdair Graham,!?! Steven G. Harris,!*! Stephanie Meier,®! Andrew Parkin,!*!
Simon Parsons,'! Annela M. Seddon,!®! and Richard E. P. Winpenny*!?!

Abstract: The synthesis and structural
characterisation of a series of cobalt and
nickel cages are reported. Eight of these
structures contain a [M,o(us-OH)4(7%, s~
xhp)s(7?, 1-O,CR)¢)* core (where M =
Co or Ni; xhp = 6-chloro- or 6-methyl-2-
pyridonate; R=Me, Ph, CHMe,,

ligands. For four of the cages additional
metal centres are found attached to the
upper and/or lower triangular faces of
the trigonal prism, generating dodeca-
and undecanuclear cages. Three further
cages are reported that contain a metal
core based on an incomplete centred-
tetraicosahedron. These cages involve

trimethylacetate as a ligand in company
with either 6-methyl-2-pyridonate or
6-chloro-2-pyridonate. Comparison of
these latter structures with the trigonal
prisms reveal that they can be described
as a pentacapped-trigonal prism missing
one edge. Magnetic studies of three of
the nickel cages with trigonal prismatic

CH,Cl, CHPh, or CMe;), where the
ten metal atoms describe a centred-
tricapped-trigonal prism (ttp). The cage
contains six hydroxide ligands around
the central metal, and the exterior is

ickel
coated with pyridonate and carboxylate fHeke

Introduction

There is currently a great deal of interest in “single molecule
magnets” (SMMs), that is polynuclear cages which display
magnetic hysteresis effects which are of a molecular origin.['-3]
This interest has come in part because these cages can exhibit
quantum tunnelling of magnetisation,? and partly because of
the technological implications of molecules which display the
characteristics of a magnetic memory. In addition SMMs
present a challenge to synthetic and structural chemists
because they are difficult to make, often they have unpredict-
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cores show spin ground states of S =8, 4
and 2 for Nij, Ni;; and Niy, cages,

N ligands - respectively.

able structures, and because any correlation between struc-
ture and magnetic properties is presently unclear.

One approach to the latter problem is to target families of
high nuclearity cages, where it may be possible to study series
of cages and examine systematically how structure relates to
magnetism. Work from the Christou and Hendrickson groups
on a series of {Mn,,} cages has illustrated the possibilities of
this approach, as they have shown that the kinetic barrier to
re-orientation of magnetisation within these cages can be
related to the relative positions of the Jahn-Teller axes of
Mn'" ions within a structure.P!

We have been pursuing studies of the later 3d metals,
especially cobalt and nickel, as such cages had not previously
been studied and initial results indicated that such cages may
display unusual magnetic properties.> 1 Here we report a
study of a simple reaction involving a “blend” of carboxylate
and 2-pyridonate ligands, which produces a family of related
structures. The reactions develop a 1983 report of a dodec-
anuclear cobalt cage, [Co;,(OH)s(mhp);,(O,CMe)s] (1)
(mhp = 6-methyl-2-pyridonate).”? This work, from C. D.
Garner's group, appeared fascinating partly due to the beauty
of the structure but mainly due to the high nuclearity of the
metal array present and the potential it offered for subtle
variation. The metal polyhedron present is a centered
pentacapped-trigonal prism. We were intrigued that no
further studies of this molecule have appeared, and no
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magnetic data have been reported. Compound 1 was synthes-
ised by reaction of anhydrous cobalt acetate with Hmhp at
130°C, followed by crystallisation from toluene. Here we
report reactions where the metal and carboxylate present are
varied to generate a series of tricapped-trigonal prisms, and
other deltahedra, and the magnetic characterisation of the
nickel complexes related to 1. The structures of four of these
complexes have appeared in preliminary communications.® °!

Results

Synthesis

Previously we have explored the reaction of pre-formed metal
carboxylates with molten Hmhp or Hchp.™ > 819 This reaction
produces a paste, which is green or purple depending on
whether Ni or Co is the metal present. The carboxylic acid by-
product can be boiled out of the paste by heating under
reduced pressure. The paste is then extracted with a suitable
solvent.

Further studies have led us to believe that pre-forming the
metal carboxylate is unnecessary, and that a much easier and
more productive series of reactions involves stirring together
a metal salt with the sodium salt of both the pyridonate and
the carboxylate in a solvent such as MeOH, EtOH or THF.
The reaction is stirred for a day, then filtered and evaporated
to dryness under reduced pressure. The residue is then dried
under vacuum overnight, prior to extraction and crystallisa-
tion from either CH,Cl, or MeCN. Undecanuclear species
crystallised from CH,Cl,, and dodeca- and decanuclear
species crystallised from MeCN; however, there seems no
rational explanation for this difference.

All these species, including 1, require the presence of
moisture in order to form, with at least six hydroxides present
in structures 1-9, and four hydroxides present in structures
10-12. This water presumably arises from the use of hydrated
metal salts. If further water is deliberately introduced at the
crystallisation stage or earlier in an attempt to improve yields,
often intractable powders form which we believe are metal-
hydroxide containing materials. The balance between pres-
ence of sufficient moisture to allow the cages to form, and too
much moisture causing formation of polymeric hydroxide
arrays, is a fine one. A crucial factor in developing this
chemistry has been the use of moderately large quantities of

Table 1. Analytical datal®! for compounds 2 to 11.

reactants to allow characterisation of cages which, on
occasions, form in yields as low as 10 %. Elemental analyses
for 2—12 are given in Table 1.

Structural studies: Complexes 2 -9 all contain a core based on
a decanuclear centred-tricapped-trigonal prism bridged in a
similar manner by hydroxide, carboxylate and pyridonate
ligands. Where the nuclearity of the cages differ it is due
to the presence or absence of further metals on the trigonal
faces of the prism; where the ligands vary it is only in the
way in which these upper and lower trigonal faces are ligated.
Crystal data and data collection and refinement parameters
for compounds 2-12 are given in Table 2. Bond lengths
and angles for these cages are given in Tables 3 and 4,
respectively.

The structure of [Ni;,(OH)¢(mhp),,(O,CCH,Cl)s] (2) is
shown in Figure 1 and the metal polyhedron in Figure 2. The
central nickel atom Nil is bound to six u;-hydroxide ligands
which bridge to the nine further metals forming the tricapped
trigonal prism. The metal atoms at the vertices of the prism
Ni7, Ni8, Ni9, Nil0, Nill and Nil2 share one u;-OH group
with Nil, while the metal atoms capping the rectangular faces
of the prism Ni4, Ni5 and Ni6 share two u;-hydroxide ligands
with Nil, forming three M,0, rings.

The exterior of this central tricapped-trigonal prism is
bridged by six mhp and six chloroacetate ligands. Each mhp
ligand binds to one of the nickel atoms at the vertices of the
prism through its N-donor atom, and u;-bridges through the
exocyclic O atom. The three metal sites attached to the O
atom are: the metal vertex to which the N atom is bound (e. g.,
Ni8), the other vertex forming a side of the trigonal prism
(e.g., Nill) and a metal site capping a square face of the
trigonal prism (e.g. Ni5). The six u3-O donors from the
pyridonate ligands therefore occupy the six triangular faces
around the “waist” of the tricapped trigonal prism, that is they
centre the faces bounded by one cap and two vertex metal
sites.

The chloroacetates bridge in a 1,3-fashion between cap and
vertex sites, with each cap attached to two chloroacetate
ligands. For example, carboxylates bridge between Ni4 and
Nil0, and Ni4 and Ni9. The result of these various bridges is to
create a central [Mo(us-OH)(17 us-xhp) (17, 1:-0,CR )+
fragment, and this fragment recurs in 3 to 9, differing only
in the carboxylates and pyridonates present.

Compound Formula C H N
2 [Ni};,(OH)¢(mhp),,(O,CCH,Cl)4] 37.7 (37.8) 32(34) 6.3 (6.3)
3 [Ni;;(OH)¢(chp)o(O,CPh)s(EtOH);][Ni(chp);] 39.4 (40.2) 2.9 (3.0) 4.8 (5.0)
4 [Ni;;(OH)¢(mhp)e(O,CMe)(H,0);],[COs] 37.9 (38.1) 3.6 (3.9) 5.8 (5.8)
5 [Ni;;(OH)¢(mhp)y(O,CMe),(Hmhp),] 40.6 (40.8) 3.7 (4.0) 6.5 (6.0)
6 [Ni;o(OH)¢(mhp)s5(O,CCHMe, ), s(Hmhp),Cl(H,0) | 42.1 (42.6) 5.6 (4.9) 6.0 (5.7)
7 [Ni;o(OH)¢(chp)s(O,CCHPh,)4(Cl),(Hchp)(H,0),(MeOH) | 47.1 (48.1) 33(34) 3.7(3.3)
8 [Co,(OH)¢(mhp)s(O,CPh),(Hmhp);Cl(MeCN) ] 49.0 (48.9) 3.9 (4.0) 49 (5.2)
9 [Co,(OH)¢(mhp)s(O,CCMe;),Cl(MeCN);(Hmhp) | 42.6 (43.1) 51(5.3) 4.9 (6.0)
10 [Ni;((OH),(mhp),((0,CCMe;)s(MeOH),] 48.9 (48.9) 52(53) 5.4 (54)
1 [Ni;(OH),(mhp),,(0,CCMe;)s(H,0),] 45.7 (45.4) 48 (5.1) 53(5.9)
12 [Co,o(OH),(chp),y(O,CCMe;)s(EtOH),] - 0.3MeOH 40.7 (40.4) 4.6 (4.0) 5.4 (5.6)

[a] Calculated values are given in parentheses.
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Table 2. Experimental data for the X-ray diffraction studies of compounds 2-12.

Compound 2 3

4

5

6

7

formula

CSAHQOCIGNIZNiIZOm C108H89C112N12Ni12033 C66H84N9Ni11030'0'5 CO% CSOHQSNllNillO31

C83Hll3.5ClN9,5Ni]0029,5 C120H102C19N7Ni10028

-0.43 C,H;0, -C,H,,0 - CH,Cl, -2H,0-0.5C,H,,0 -3CH,Cl,-2.75H,0 -1.6CH,0-0.4H,0

-0.4CH;N

M 2702.8 3371.9 2228.3 2176.40 2338.88 3071.14

crystal system monoclinic rhombohedral monoclinic triclinic monoclinic monoclinic

space group P2,/c R3c C2/c P1 P2,/c C2/c

a[A] 28.278(7) 16.279(3) 39.931(13) 15.223(7)) 16.665(4) 12.766(3)

b [A] 15.118(5) 25.516(10) 16.362(7) 21.371(3) 35.098(6)

c[A] 28.708(8) 85.61(3) 22.43(2) 24.052(12) 30.940(4) 30.383(6)

a (] 78.39(5)

A1 114.62(2) 120.2(3) 83.27(2) 105.497(12) 99.34(2)

v [°] 72.30(2)

U [AY] 11157(6) 19647(8) 19751(17) 5580(2) 10619(3) 13433(5)

T [K] 220.0(2) 150.0(2) 150.0(2) 150.0(2) 220.0(2) 220.0(2)

V4 4 6l 8 2 4 4

Pealea [& cM~3] 1.609 1.710 1.50 1.295 1.463 1.519

crystal shape and colour green block green block irregular green wedge  green lath green block green block

crystal size [mm] 0.39x0.35x0.31  0.46 x 0.39 x 0.35 0.50 x 0.20 x 0.14 0.51x023x0.16  0.27 x 0.08 x 0.04 0.49 % 0.39 x 0.20

u/mm-™! 2.194 5.104 2.12 2.014 2.712 1.620

unique data 12037 3543 12879 14566 9646 7154

unique data with

F,>40(F,) 7845 3355 6174 10342 5318 3316

parameters 1305 560 1089 1279 755 525

max. A/o ratio 0.004 0.005 0.018 0.002 0.014 0.036

R1, wR28 0.0610, 0.1680 0.0491, 0.1399 0.0938, 0.2797 0.0620, 0.1643 0.1014, 0.3211 0.1040, 0.3075

weighting scheme,® w=! 0%(F2) + (0.0772 P)> 0*(F2) + (0.0864 P)>  o*(F?) + (0.1279 P)? 0X(F2)+(0.0767 P)* o*(F2)+(0.0153P)>  o?*(F2)+(0.1509 P)?

+8.0826 P +1282114P +212.030 P +17.5823 P +106.0031 P
goodness of fit 1.051 1.078 1.019 1.071 1.022 1.028
largest residuals [e A-3] +0.783, —0.517 +0.755, —0.583 +1.32 -0.84 +1.18, —0.82 +0.971, —0.607 +1.075, —0.666

The metal sites are each six-coordinate, with the central
metal bonded exclusively to u;-hydroxide ligands. The cap-
ping sites, (Ni4, Ni5 and Ni6), are bonded to two u;-hydroxide
ligands, two u;-O atoms from mhp, and two oxygens derived
from carboxylates. The vertex sites (Ni7, Ni8, Ni9, Nil0, Nill
and Nil2) are bound to only five donors from within this

Table 3. Bond length ranges [A] for metal sites for compounds 2-9.

central fragment: one us;-hydroxide ligand, two u;-O atoms
from mhp, one oxygen from a carboxylate and one N-donor
atom from an mhp ligand. The final coordination site for these
vertex metals is where the structural variation in these cages
takes place. In 2 six u,-O atoms from mhp ligands each occupy
one of these sites, with these ligands part of two [Ni(mhp);]~

2 3 4 5 6 7 8 9
metal and nuclearity Ni,, Niy, Niy, Ni, Niyg Niy Coy Coy
bonds involving central metal atom
M-OH 2.048-2.054  2.057-2.075 2.057-2.095 2.044-2.069 2.034-2.091 2.056-2.067 2.080-2.115  2.085-2.129
bonds involving metal atoms at vertices of trigonal prism
M-OH 1.932-1.948 1.950-1.993 1.935-1.994 1.934-1976 1.934-1.972 1.944-1.979 1.962-2.025 1.963-2.004
M—N(xhp) 2.041-2.065 2.071-2.137  2.050-2.115 2.063-2.102  2.049-2.083  2.065-2.091 2.090-2.154  2.077-2.140
M—u;-O(xhp) 2177-2.308  2.132-2.255 2.093-2.247 2.131-2272 2.110-2.277 2.119-2.258 2.158-2.335 2.165-2.516
M-O(bridging O,CR) 2.002-2.043  1.968-2.012 1.981-2.040 1.983-2.027 1.984-2.049 1.999-2.012 2.013-2.066  2.018-2.045
M-u,-O (from [Ni(xhp);])  2.116-2.146  2.115 2.094-2.148  2.113-2.155 none none none none
M-O(Hxhp) none none none 2.036-2.060 2.062-2.110  2.049 2.076-2.163  2.090
M—-Cl none none none none 2.404 2.392 2.483-2.533  2.456
M—O(terminal O,CR) none none none 2.037 2.074 none 2.035 2.077
M—N(solvent) none none none none none none 2.156 2.127-2.270
M—O(solvent) none 2.044 2.018-2.053  none 2.074 2.226 none none
bonds involving metal atoms capping square faces of trigonal prism
M-OH 2.001-2.018 1.993-2.078 1.977-2.087 1.987-2.046  1.997-2.040 2.016-2.060 2.043-2.093  2.042-2.087
M—u;-O(xhp) 2.098-2.155 2.154-2.163  2.118-2.199 2.107-2.155 2.096-2.152 2.111-2.178  2.149-2.202  2.169-2.207
M—O(bridging O,CR) 2.015-2.047 1.994-2.047 2.012-2.038 2.008-2.056  2.016-2.044  2.007-2.037  2.005-2.048  2.021-2.059
bonds involving metal atoms capping trigonal faces of trigonal prism, that is in [Ni(xhp);] units
M—N(xhp) 2.027-2.058  2.043-2.075 2.009-2.039  2.031-2.055 none none none none
M—u,-O(xhp) 2215-2.262  2.106-2.188  2.218-2.225 2.237-2.245 none none none none
average esds. 0.007 0.007 0.013 0.006 0.011 0.012 0.008 0.010
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Table 2. cont.

Compound 8 9 10 11 12

formula CiosH101C1C0,0N 1,059 CgoH 2 CICo,0NOy; CooH 26N oNijgOos CooH 122N oNijgOos CgyHigoCl1N1C010O2
-1.5CGH;N -GH;N -0.58 CH,O -1.85 CG,H;N - 0.65H,0 -0.3CH,O

M, 2653 2356.7 2425.8 2466.7 2649.9

crystal system triclinic monoclinic rhombohedral monoclinic monoclinic

space group Pl P2/c R3c P2,/n P2/n

aA] 15.995(6) 16.784(2) 52.372(10) 17.005(3) 15.5744(3)

b [A] 16.176(7) 21.672(3) 27.670(6) 26.1387(4)

c[A] 25.275(14) 30.972(4) 21.805(6) 26.474(6) 27.3620(5)

al’] 88.84(3)

AN 85.33(4) 98.38(2) 96.75(2) 93.6096(8)

v [°] 61.21(3)

U [AY 5711(4) 11146(2) 51795(20) 12370(5) 11116.8(3)

T [K] 150.0(2) 220.0(2) 220.0(2) 220.0(2) 150.0(2)

Z 2 4 1814 4 4

Pearca [gem ™3] 1.542 1.404 1.400 1.324 1.583

crystal shape and colour pink plate red tablet green block green plate red block

crystal size [mm] 0.47 x 0.39 x 0.04 0.31 x0.23 x0.16 0.39 % 0.35 x 0.31 0.58 x 0.39 x 0.04 02x02x0.3

u« [mm~1] 1.515 1.541 2.309 2.162 1.760

unique data 9600 15583 8106 17157 23571

unique data with

F,>40(F,) 6038 7414 4818 9895 11132

parameters 1429 1191 627 1329 1255

max. A/o ratio —0.031 0.066 —0.007 0.039 0.031

R1, wR2l 0.0698, 0.1807 0.0864, 0.2315 0.0684, 0.2094 0.0814, 0.2654 0.0787, 0.1853

weighting schemel®), w! 0%(F2)+(0.0312 P)? 0%(F2) +(0.0667 P)? 0% (F2)+(0.1011P)>  o*(F?)+(0.1554 P)* 0%(F?2) + (0.1660 P)?
+35211P +32.0753 P

goodness of fit 0.930 1.062 1.015 0.994 1.009

largest residuals [e A-3] +0.837, —0.550 +0.628, —0.502 +0.737, — 0.640 +1.022, —0.838 1.237, —1.539

[a] R1 based on observed data, wR2 on all unique data. [b] P =1/3[max(F? 0) +2 F_]. [c] The molecule lies on a three-fold axis. [d] The molecule lies on a two-

fold axis.

fragments (containing Ni2 and Ni3) which occupy both the
upper and lower triangular faces of the trigonal prism. Thus
the [Ni(mhp),]~ fragments could be regarded as trinucleating
“ligands”.

[Ni;, (OH),(chp),(O,CPh)((EtOH),][Ni(chp)s] (3) is shown
in Figure 3, and was formed unexpectedly and in 15 % yield. It
crystallises with a crystallographic three-fold axis coincident
with the trigonal axis of the cage. Many of the features
described for 2 can be recognised, including the central

Table 4. Bond angle ranges [°] for metal sites for compounds 2-9.

[Mio(u5-OH)6(1%, p3-xhp)s(17°, 14-O,CR)|** fragment. In 3 the
pyridonate ligand present is 6-chloro-2-pyridonate (chp),
which is one of only two examples we have of this ligand
stabilising a tricapped-trigonal prism. The carboxylate ligand
present is benzoate. The functions adopted by the pyridonate
and carboxylates within this core are identical to those found

in 2.

The significant change between 2 and 3 is the ligation
on one of the triangular faces. In 3 three molecules of

2 3 4 5 6 7 9
metal and nuclearity Ni;, Niy; Nij Nij Niy Ni Coyg Coyg
angle ranges involving central metal atom
cis angles 79.0-109.8  81.5-93.5 81.3-104.3 76.7-106.5 80.6-106.2  81.2-106.2 80.6-110.1 81.1-105.5
trans angles 157.9-1584 162.8 162.0-164.0 159.6-161.4 161.8-161.9 161.9-163.7 158.6 162.6 160.6-165.6
angle ranges involving metal atoms at vertices of trigonal prism
cis angles between O,N-donors  60.6-61.8 61.5-62.1 60.6-62.8 60.8-62.7 60.8-61.9 60.9-62.0 60.1-61.1 58.0-61.2
of chelating xhp
other cis angles 75.2-104.1 74.8-101.5 75.4-104.1 729-105.6  753-1034  75.2-102.5 77.2-105.7 76.2-106.6
trans angles 155.8 -1654  157.7-1762 1572-1722 1559-171.2 157.6-167.6 160.1-166.6 1552-1664  150.7-172.5
angle ranges involving metal atoms capping square faces of trigonal prism
cis angles 75.7-91.7 76.4-98.1 74.2-100.1 73.2-99.9 753-1009  75.4-97.6 76.6-97.6 75.9-99.2
trans angles 162.5-173.0 163.2-1742 163.6-173.9 161.8-1742 160.5-172.8 1653-173.8 163.4-173.7 163.2-175.6
angle ranges involving metal atoms capping trigonal faces of trigonal prism
cis angles between O,N donors  61.4-62.8 62.5-65.3 62.6-63.0 62.0-62.7
of chelating xhp
other cis angles 92.5-106.4  95.4-103.5 91.8-105.6  92.8-105.0
trans angles 157.4-1619 157.9-159.0 159.4-162.7 158.0-161.0
average esds. 0.3 0.3 0.5 0.2 0.4 0.5 0.3 0.4
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Figure 1. Compound 2 viewed perpendicular to the trigonal axis of the
prism. The upper trigonal face of the prism is defined by Nil0, Nill and
Nil2, the lower by Ni7, Ni8 and Ni9. Nil is at the centre of the polyhedron
and Ni4, Ni5 and Ni6 cap the rectangular faces. In all figures the following
shading is used: Ni or Co, heavy random dots; Cl, cross-hatched; N, light
dotted; O, diagonal-shading top-right to bottom left; C shown as lines.
H-atoms are not included for clarity.

Figure 2. The centred-pentacapped trigonal prismatic core of 2.

EtOH—carried forward from the first step of the synthesis—
are bound to Ni3 and its symmetry equivalents, thus displac-
ing the cap. A [Ni(chp);]~ fragment (containing Ni6) is
hydrogen-bonded to these EtOH molecules, and has a very
similar coordination geometry to the [Ni(mhp);]~ fragments
in 2. The O---O distance for these H bonds is 2.603(10) A.
This O --- O distance, and others mentioned below, is similar
to those found in crystal structures of carboxylic acids.''! The
other triangular face of the prism has retained a [Ni(chp);]~
cap (containing Ni4), attached through three u,-O atoms from
chp to Ni2 and its symmetry equivalents. Compound 3 can
therefore be regarded as an intermediate structure between a
dodecanuclear pentacapped-centered-trigonal prism and an
undecanuclear tetracapped-centered-trigonal prism.

Chem. Eur. J. 2000, 6, No. 5
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Figure 3. Compound 3 viewed perpendicular to the trigonal axis, showing
the hydrogen bonding between the [Ni(chp);] fragment containing Nil2
and the Nij; cage. A crystallographic C; axis passes through Ni4, Nil and
Ni6. The upper face of the prism is defined by Ni3 and symmetry
equivalents, the lower by Ni2. Nil is at the centre of the polyhedron and Ni5
and symmetry equivalents.

The synthesis for both 4 and 5 is different from the
procedure used for the other cages reported here. Nickel
acetate was used as a starting material rather than nickel

[Ni};(OH)s(mhp)s(O,CMe)s(H,0):],[CO;] 4
[Ni};(OH)g(mhp)(O,CMe),(Hmhp),] 5

chloride, and, after initial reaction of nickel acetate with
Na(mhp) in either THF or MeOH, further Hmhp was added
to the solid produced by evaporation of these solutions prior
to crystallisation from CH,Cl,.

Both 4 and 5 contain undecanuclear cages, however they
differ in the ligation on the uncapped triangular face. In 4 the
three sites on this face, one each on Ni2, Ni6 and Ni9, are
occupied by three water molecules. This creates a very
hydrophilic face for the cage and in the crystal two molecules
of 4 interact through six hydrogen bonds to produce a dimer
of undecanuclear cages (Figure 4). The six hydrogen bonds
have OO distances of between 2.565 and 2.896(12) A.
Compound 4 is also the only compound in this series which
crystallises as a cation. The counter-ion is a carbonate ion,
which we believe has formed from atmospheric CO, during
crystallisation. In 5 (Figure 5), the three coordination sites on
this face are occupied by one acetate and two Hmhp ligands
which supply the three O donors required to make the three
Ni atoms (Ni5, Ni7 and Nill) in this face six-coordinate.
There are no significant intermolecular interactions in 5.

[Ni;o(OH)4(mhp),s(O,CCHMe,), s(Hmhp);Cl(H,O0)]  (6)
contains a decanuclear cage, and has a structure similar to 7,
which is shown in Figure 6. The reaction is identical to that
used to produce 2 except that the carboxylate ligand present is
isobutyrate rather than chloroacetate. The decanuclear cage
lacks both caps on the triangular faces, but the connectivity
within the [M;(us-OH)g(7%, t5-xhp)s(17?, t-O,CR)4]** core is
essentially unaltered from the similar fragment found in 2-5.
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Figure 4. A dimer of Ni;; cages in 4 viewed perpendicular to the trigonal axis, showing the hydrogen bonding
between neighbouring Ni,; cages. The trigonal faces of the prism are defined by Ni6, Ni2 and Ni9 and Ni5, Ni4 and
Nil0, with Nil at the centre of the polyhedron and Ni3, Ni7 and Ni8 capping the rectangular faces.

Figure 5. Compound 5 viewed perpendicular to the trigonal axis of the
prism. The upper face of the prism is defined by Ni5, Ni7 and Nill, the
lower by Ni4, Ni6 and Ni8, with Nil at the centre of the polyhedron and
Ni3, Ni9 and Nil0 capping the rectangular faces.

The absence of both caps
creates three coordination sites
on the upper and lower trian-
gular faces of the prism. One of
these faces is occupied by one
chloride and two O-bound
Hmhp ligands. The coordina-
tion sites on the second face are
occupied by a disordered mix-
ture of one water, one Hmhp, a
half-occupancy isobutyrate li-
gand and a half-occupancy
mhp ligand. The methyl groups
of the isobutyrate ligands all
show considerable thermal mo-
tion consistent with some dis-
order. It is unclear why the
groups coordinated to this face
are disordered, however it is
not due to twinning or any other crystallographic problem.
Similar disorder is found in 8 (see below). A similar
decanuclear cage (7) (Figure 6), results if diphenylacetate is
used. As in 3 the 6-chloro-2-pyridonate ligand is present rather
than mhp, but this does not effect the bridging within the core.
The upper and lower faces are coordinated by two chloro
ligands, an Hchp, two water molecules and a MeOH solvate.

[Ni;o(OH)¢(chp)s(O,CCHPh,)¢(Cl),(Hehp)(H,0),(MeOH)| 7
[Co1o(OH)¢(mhp)s(O,CPh),(Hmhp);Cl(MeCN)] 8

Although we have been unable to synthesise crystalline
samples of dodeca- or undecanuclear cages containing
cobalt(11), we have made two decanuclear tricapped trigonal
prismatic cobalt cages. Compound 8 is formed by using
sodium benzoate as a reactant (Figure 7). As in 6 the [M;,(us-
OH)4(1?, us-xhp)(1%, u2-O,CR)e** core is regular and or-
dered, but the ligands attached to one of triangular faces of
the prism are disordered. In 7 one triangular face is occupied
by one benzoate ligand, one Hmhp and one MeCN with no
disorder, while the other face is occupied by two Hmhp

Figure 6. Compound 7 viewed down the trigonal axis of the prism.

888 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Figure 7. Compound 8 viewed down the trigonal axis of the prism.
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ligands and one chloro ligand, disordered over the three Co
atoms within the face. In 9 the arrangement of ligands on these

[Co,o(OH)¢(mhp)¢(O,CCMe;),Cl(MeCN);(H,0)] 9

faces is ordered, with the “upper face” occupied by two MeCN
and one trimethylacetate ligands, and the “lower” face occupied
by one chloride, one MeCN and one water ligand. It is worth
noting that one of the cobalt sites at the vertex of the trigonal
prism (Co9) verges on five-coordinate, with the Co—O bond to
the O donor in the sixth coordination site 2.516(10) A. This is
some 0.3 A longer than equivalent bonds in other structures.

While 9 is clearly related to the other trigonal prisms, use of
trimethylacetate can lead to markedly different structures.
For nickel two cages, 10 and 11, have been crystallised

[Ni;((OH),(mhp),,(O,CCMe;)s(MeOH),] 10

[Niy(OH),(mhp);o(0,CCMe3),(H,0),] 1

from reactions involving nickel chloride, Na(mhp) and
Na(O,CCMe;). The structure of 10 is shown in Figure 8, and
11 differs chemically only in the presence of two terminal
water ligands, rather than two terminal methanol ligands.
Bond lengths and angles for these two cages are given in
Tables 5 and 6 respectively. In the following the numbering for
10 is given in the text, with the numbering for the equivalent
metal sites in 11 given in brackets.

Compound 10 crystallises with a two-fold axis passing
through Nil and Ni2 and is held together by four u;-OH
ligands, six 1,3-bridging carboxylates and ten pyridonate
ligands. In 11 the crystallographic two-fold axis is absent,
however Nil and Ni2 still lie on the central axis of the cage.
The metal array does not describe a complete polyhedron,
however “virtual” addition of further vertices reveals a
centred 14-vertex deltahedron as shown in Figure 9. The five
missing vertices delineate an equatorial fissure, as if the
deltahedron had been cut through the centre with the two

Table 5. Bond length ranges [A] for metal sites in compounds 10—-12.

Figure 8. Compound 10 viewed perpendicular to the crystallographic two-
fold axis passing through Nil and Ni2.

Figure 9. The core of 10 displayed as an incomplete tetraicosahedron. The
additional vertices required to complete the polyhedron are shown as open
circles.

10 11 12
bonds involving central metal atom M=Nil M=Nil M =Col
M-OH 2.025-2.049 2.034-2.047 2.019-2.072
M—O(mhp) 2.269 2.237-2.238 2.389-2.404
bonds involving cap on lower hexagon M=Ni2 M=Ni2 M=Co2
M—-OH 2.061 2.068-2.075 2.085-2.101
M—-O(mhp) 2.061 2.074 2.174-2.181
M—-0O(0,CCMe;) 2.009 2.029-2.0323 2.024-2.047
bonds involving metals in lower hexagon M =Ni3, Ni5 M =Ni3, Ni4, Ni8, Ni9 M = Co3, Co4, Co8, Co9
M—-OH 2.000-2.033 1.989-2.075 2.015-2.090
M—O(mhp) 2.006-2.185 1.997-2.183 2.051-2.254
M—N(mhp) 2.093-2.143 2.100-2.118 2.142-2.198
M—O(0,CCMe;) 1.996-1.999 1.981-2.004 2.004-2.016
M-O(solvent) 2.059 2.053-2.063 2.059-2.072
bonds involving metals in upper hexagon M = Ni4, Ni6 M =Ni5, Ni6, Ni7, Nil0 M = Co5, Cob, Co7, Col0
M-OH 2.058 2.053-2.057 2.084-2.099
M—O(mhp) “short” 2.025-2.137 2.048-2.158 2.109-2.178
M—-O(mhp) “long” 2.423 2.421-2.436 2.344-2.373
M-N(mbhp) 2.037-2.093 2.029-2.117 2.107-2.176
M—-O(0,CCMe;) 1.996 -2.005 1.998-2.014 1.987-2.205
average esds. 0.005 0.007 0.005
Chem. Eur. J. 2000, 6, No. 5 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0605-0889 $ 17.50+.50/0 — 889





FULL PAPER

R. E. P. Winpenny et al.

Table 6. Bond angle ranges [°] for metal sites in compounds 10-12.

10 11 12
angle ranges involving central metal atom Nil Nil Col
cis angles 82.2-105.1 82.2-103.5 88.0-103.7
trans angles 165.0-167.0 167.1-167.9 159.4-166.3
angle ranges involving cap on lower hexagon Ni2 Ni2 Co2
cis angles 77.0-97.0 77.0-96.3 77.5-98.0
trans angles 168.3-169.6 167.8-170.4 166.3-168.4
angle ranges involving metals in lower hexagon Ni3, Ni5 Ni3, Ni4, Ni8, Ni9 Co3, Co4, Co8, Co9
cis angles between O,N donors of chelating xhp 61.8-63.2 62.1-62.5 60.5-61.5
other cis angles 76.4-101.2 77.0-102.3 78.1-103.5
trans angles 159.2-168.2 159.5-169.7 156.7-164.8
angle ranges involving metals in upper hexagon Ni4, Ni6 Ni5, Ni6, Ni7, Nil0 Co5, Cob, Co7, Col0
cis angles between O,N donors of chelating xhp 60.0-63.5 59.7-63.4 59.8-61.5
other cis angles 77.4-103.4 77.0-104.9 77.1-107.7
trans angles 153.8-165.6 153.8-169.4 143.8-165.2
average esds. 0.2 0.3 0.2

sides falling apart slightly. Given the absence of so many
vertices the overall geometry is surprisingly regular with Nil
(Nil) at the centre, Ni3, Ni3A, Ni5 and Ni5A (Ni3, Ni4, Ni8,
Ni9) occupying four of the vertices of one hexagon and Ni4,
Ni4A, Ni6 and Ni6A (Ni5, Ni6, Ni7, Nil10) four of the vertices
of the second hexagon. Ni2 (Ni2) caps the former hexagon.

The mhp ligands present adopt four different coordination
modes: chelating to Ni6 (Ni6, Nil0); chelating to Ni6 (Ni6,
Ni10) while bridging through the O atom to Ni3 (Ni3, Ni8);
chelating to Ni3 (Ni3, Ni8) or Ni5 (Ni4, Ni9) and bridging
through the O atom to two further atoms Ni4 (Ni5, Ni7) and
Ni5 (Ni4, Ni9) or Ni2 (Ni2) and Ni3 (Ni3, Ni8), respectively;
binding to Ni4 (Ni5, Ni7) through the ring nitrogen and
bridging two further Ni sites, Nil (Nil) and Ni6 (Ni6, Nil0),
through the oxygen donor. The mhp ligand therefore shows a
much more diverse coordination chemistry in 10 and 11 than
in the structures based on tricapped-trigonal-prisms. The
three crystallographically independent carboxylates all act as
1,3-bridges between Ni4 (Ni5, Ni7) and Ni6 (Ni6, Nil10), Ni2
(Ni2) and Ni3 (Ni3, Ni8), and Ni4 (Ni5, Ni7) and Ni5 (Ni4,
Ni9).

The metal coordination sites are more diverse than in the
tricapped-trigonal prism (ttp) structures, with the six inde-
pendent sites chemically non-equivalent. Nil (Nil) is bound
to four us-hydroxide ligands, and two u,-oxygen atoms from
mhp ligands. Ni2 (Ni2) lies at the base of the tetraicosahedron
and is bound to two u;-hydroxide ligands, two u;-O atoms
from mhp, and two carboxylate oxygen atoms. Ni3 (Ni3, Ni8)
is bound two chelating mhp ligands, one u;-hydroxide ligand
and one carboxylate oxygen atom; Ni4 (Ni5, Ni7) is only five-
coordinate, bound to one N-donor from an mhp ligand, one
us-hydroxide ligand, one u;-oxygen atom from an mhp, and
two oxygen atoms from carboxylates; Ni5 (Ni4, Ni9) is bound
to two us-hydroxide ligands, one chelating mhp ligand, one
carboxylate oxygen atom and the terminal MeOH group; Ni6
(Ni6, Ni10) is bound to two chelating mhp ligands, one further
mhp oxygen atom and one carboxylate oxygen atom.

A further example of this tetraicosahedral core is found in
12, which also contains the trimethylacetate ligand but is

[Co1o(OH)4(chp)o(0,CCMe;)s(EtOH), ] 12

formed with cobalt and chp (Figure 10). Bond lengths and
angles for 12 are given in Tables 5 and 6, respectively. The core
is identical to that in 10 and 11, and again there is diversity
among both the bonding modes of the ligands and in the metal
coordination sites. The chp ligand adopts three coordination
modes: the N and O donors chelating a cobalt centre with no
further bridging to a metal by the exocyclic oxygen—a mode
not found in compounds 2—11; the N and O donors chelating
to a Co centre with the O atom binding to a second cobalt; the
N and O donors chelating to one Co, with the O atom binding
to two further Co atoms. The two chelating pyridonate ligands
both form H bonds to coordinated EtOH molecules (O-:-O
2.506 and 2.525(10) A). All the carboxylates are present in a
1,3-bridging mode.

Each cobalt atom is six-coordinate with a distorted
octahedral geometry. As in 10 and 11 there are six chemically
independent sites. Col is bound to four u;-hydroxide ligands

Figure 10. Compound 12 viewed perpendicular to the crystallographic
two-fold axis passing through Col and Co2.

and two us;-oxygen atoms from chp ligands. Co2 is bound to
two us-hydroxide ligands, two u;-oxygen atoms from chp and
two carboxylate oxygen atoms. Co3 and Co8 are each bound
to a chelating chp ligand, one u;-hydroxide group, a u,- and a
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Uus-oxygen atom from chps, and to a carboxylate oxygen atom.
Co4 and Co9 are each bound to a chelating chp ligand, one p-
hydroxide group, one u;-oxygen atom from a chp ligand, one
carboxylate oxygen atom and a terminal EtOH molecule. Co5
and Co7 are each bound to one chelating chp group, one yu;-
hydroxide ligand, one u;-oxygen atom from a chp ligand, and
two carboxylate oxygen atoms. Co6 and Col0 are each bound
to two chelating chp ligands, one u,-oxygen atom from a chp
ligand, and one carboxylate oxygen atom.

Given three examples and moderate yields of this appa-
rently new polyhedron it is difficult to dismiss 10, 11 and 12 as
irrelevant exceptions. Our first thoughts on observing these
structures was that the large trimethylacetate ligand was
imposing sufficient steric strain on the structure for a
reorganisation to be favourable. However the existence of
both 9 and 12 raises questions about this assumption.
Compound 9 is also a decanuclear cobalt cage which features
trimethylacetate, but this has a tricapped-trigonal prismatic
core. We have also made two heptanuclear cobalt cages which
contain trimethylacetate and chp. '] There is clearly a fine
balance between which structures are formed with which
“blend” of ligands. We will return to this question in the
discussion.

Magnetic studies: The behaviour of the magnetic suscepti-
bility of compounds 2, 4 and 7 was studied over the 1.8-250 K
temperature range. These results are displayed as plots of y,, T
against 7' in Figure 11 (where y,, is the molar magnetic
susceptibility). In each case the magnetic behavior down to
around 10 K is typically “ferrimagnetic”, that is antiferro-
magnetic exchange stabilising non-diamagnetic ground states.
The multiplicity of these ground states clearly varies dramat-
ically between the three cages. For 2 y,T goes through a
maximum at 12 K, where the value is around 45 emuK mol.
Such a value, allowing for two additional S =1 centres in the
molecule, is consistent with an §=8 ground state for the
central centred-tricapped-trigonal prism. For 4 the maximum
in y, T'is much less dramatic, and the value of 11 emuK mol!
suggests an § =4 ground state for the M,, core. For 7, the
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Figure 11. Plot of x, 7 vs. T for 2, 4 and 7.
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maximum is almost unnoticeable, and this leads us to believe
we have an § =2 ground state.

Neither 2 nor 4 has any crystallographic symmetry, and 7
has only a crystallographic two-fold axis passing through it,
therefore in principle for each cage there are a very large
number of independent exchange interactions. This would
lead to the fit being vastly over-parameterised in any
computational model. Therefore, we decided to attempt to
fit the data for each cage using a common coupling scheme
which assumes at least D; symmetry for the cage, and which
assumes that all the important exchange interactions occur
between the ten Ni centres within the tricapped-centred-
trigonal prisms and that the predominant super-exchange
path is through the u;-hydroxide ligands. In 2 two additional
Ni centres on the trigonal faces of the prism, and in 4 one
additional nickel were considered to be magnetically isolated.
These non-interacting magnetic ions were included in the
treatment as an additive term to magnetic susceptibility
assuming a Curie behaviour with a g factor of 2.2.

The coupling scheme used is illustrated in Figure 12 and
corresponds to the Hamiltonian given in Equation (1): one

H=17,8,(S;4Ss+So+S10+S11+812) +J251(S4+S5+S6) (1)
+ I3[ S4(So+S10)+S5(S7+511) +S6(Ss+512) ]
coupling constant (J;) accounts for the interaction between
the central Ni"" ion and the six Ni ions at the corners of the
prism; a second constant (J,) was added for the coupling of the
central ion with the three atoms the capping position; finally,
the presence of a coupling (/5) between the nine nickel atoms
in the outer sphere was included. S; refers to the spin on Ni,,
and the numbering of the Ni centres corresponds to that used
for 2, and illustrated in Figure 12. In all calculations the g
factor was maintained constant for all the Ni" ions at 2.2.
Fitting the observed data to the coupling scheme in
Figure 12 generates exchange constants for the three cages.
The sign convention used is that ferromagnetic exchange
constants are negative. For 2 the values obtained are: J;
=118, J,=-3.8, J;=—6.6cm™'. These give a calculated

Figure 12. Schematic presentation of the coupling scheme used to model
susceptibility data for 2, 4 and 7. The cage is viewed down the trigonal axis,
and the numbering of the metal centres corresponds with that used for 2.
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ground state of § =8 with highly degenerate S =7 states some
15 cm~! higher in energy. The fall in y,,,7 below 12 K cannot be
modelled using inter-molecular interactions, nor by assuming
zero-field splitting of the S =8 ground state alone. Instead the
model requires inclusion of zero-field splitting parameters for
both the S=28 state, and the S=7 excited states. These
parameters come out as Dgg=0.77cm™ and Dgg =
—0.61 cm™L. The calculated values for x,7 are shown in
Figure 11.

For 4 two different fitting procedures were tried. In the first
series of calculations we considered the whole set of data,
while in the second series we included only the data from
250 K down to the maximum y,,,7 value. These approaches are
based on two different assumptions. The first hypothesis
considers the overall magnetic behaviour at all temperatures
as due only to intra-molecular interactions, while the second
procedure assumes that at low temperature some other
mechanism prevails in addition to the intra-cluster one. The
first procedure yielded a diamagnetic ground state due to
antiferromagnetic interactions with J,=9.72(3) cm™!, J,=
8.81(4) cm™!, J;=3.68(4) cm~'. The agreement with experi-
mental data for this model is fair. The second fitting procedure
yielded a different set of coupling constants with an alternate
ferro-antiferromagnetic nature: J,=-19.54(2) cm™!, J,=
53.18(6) cm™',J; = —1.76(4) cm~. The calculated ground state
has a spin multiplicity S=4 and the agreement with the
experiment is better, as shown in Figure 11. For this model the
low-temperature behaviour could be attributed to three
possible causes: i) saturation effects; ii) inter-cluster inter-
actions; iii) zero-field splitting (ZFS) effects. Saturation
effects were ruled out by repeating the measurements at
smaller external magnetic fields (down to 0.1 T) and no
substantial differences in the data sets were observed.

The second possible cause for the fall in y,, 7—inter-cluster
coupling—seemed consistent with the crystal structure which
shows strong inter-molecular H-bonding giving a dimer of
undecanuclear cages. Therefore the magnetic susceptibility
below 20 K was calculated to be due to dimers of S =4 units
using a simple Bleaney — Bowers expression but no reasonable
fitting was obtained. Even considering dipolar interactions in
a mean field approach failed to give good results.

The ZFS effects were considered by using the energy levels
with their spin multiplicity obtained from the second set of
calculations. The data were modelled by including ZFS in two
ways: firstly only for the ground S =4 state which gave a Dgg
value of 6.97(2) cm~! and an excellent fit to the experimental
data, as shown in Figure 11. This substantial value for Dgg led
us to consider a second model in which the splitting of the first
excited state (S=5) was included, however the introduction
of the second ZFS parameter did not improve the agreement
with the experimental data.

For 7 the exchange coupling constants for the best fit to the
experimental data are J, =6.5,J,=2.5,J;=6.0 cm~!, however
the first two values can vary within 1 cm~! around these values
with little change in the quality of the fit. The calculated
ground state has S=2, and the calculated curves form a
plateau below 6 K: by introducing a ZFS of 4.8 cm™! the final
decrease below 6 K of y,, T can be reproduced. The calculated
values are shown in Figure 11.
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Discussion

Structural results

Given the number of related structures it is worthwhile to
look for structural trends within the cages. In particular, the
change from tricapped-trigonal prism (ttp) structures to the
polyhedra observed in 10, 11 and 12 seemed curious. There
are two questions which we have attempted to answer. Firstly
10, 11 and 12 are structurally related to the ttp structures.
Secondly, if 10, 11 and 12 are related to the ttp cages, can a
gradual change be observed in the ttp cores of 1-9 as the
steric requirements of the carboxylate ligands are increased
from acetate to trimethylacetate. This may be manifested in
one of two effects, either a distortion of the metal polyhedra,
or greater distortion in the coordination geometries of the
metal sites.

To answer the first question: careful comparison of the
cores of either 1 or 2 with those of 10, 11 or 12 reveal a greater
resemblance than appears from initial observation. Figure 13
illustrates the results of this comparison using the cores of 2
and 11; for reasons of clarity the metal core of 2 is labelled M1,
M2 and so on. Compounds 1 and 2 contain a M, core and
eight of the vertices in this core have very close equivalents in
11. The vertices which match are the central metal M1 which
matches with the central nickel Nil of 11; two of the three
edges of the prism (M7, M8, M10, M11 which match with Ni3,
Ni9, Ni4 and Ni8, respectively); and the three caps on the
rectangular faces of the prism (M4, M5, M6 which match with
Ni5, Ni2 and Ni7, respectively). The remaining two vertices in
11 (Ni6 and Ni10) appear in the same region as the caps on the
trigonal faces of the prism in 1 or 2 (M2 and M3), but are
displaced further from them. The only vertices in 1 or 2 which
do not have equivalents in 10, 11 or 12 are the two vertices of
one edge of the prism (M9 and M12 in Figure 13).

Figure 13. A comparison of the metal cores of 2 and 11. The sites in 2 are
shown as open circles, labelled M1-M12, and are joined through open
lines; the sites in 11 are shown shaded with heavy random dots, labelled
Nil-Nil0, and are joined through filled lines. The matching of sites used
the OFIT sub-routine in SHELXTL-PC,["¥l matching the following pairs of
vertices: (M1, Nil; M4, Ni5; M5, Ni2; M6, Ni7; M7, Ni3; M8, Ni9; M10, Ni4;
M11, Ni8).

0947-6539/00/0605-0892 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 5





Polynuclear Cobalt and Nickel Complexes

883-896

Therefore the cores of 10-12 could be described as
pentacapped-trigonal prisms missing two edge vertices,
whereas 7-9 are pentacapped-trigonal prisms missing two
trigonal caps. Allowing for distortions—and 10, 11 or 12 are
more distorted—all these cages can be derived from the
parent polyhedron illustrated in Figure 2. The difference is
merely which vertices of the M;, are missing. This family
resemblance perhaps argues that which cage is found is
decided upon by crystallisation conditions, rather than by
intramolecular interactions.

The second question—whether the various ttp cores in 1-9
are more or less distorted—is more difficult to answer as it is
rather difficult to quantify the degree of distortion within a
tricapped-trigonal prism without introducing some arbitrary
assumptions. We decided as an initial experiment to use the
OFIT sub-routine within the SHELXTL-PC package!™ to
examine the quality of fit between the central decanuclear
polyhedra found in the nine tricapped-trigonal prisms. The
results are given in Table 7. The numbers reported are the
weighted root mean square (RMS) deviation of the metal sites
between structures, and the closest possible match will give a
value of zero (as shown for the diagonal terms).

The results demonstrate that there are some differences
between the M,, cores within the nine structures but it is
difficult to see any clear trend. The structures which fit least
well with the others are 3,4 and 9. Compounds 3 and 4 are the
two undecanuclear cages where there is a strong H-bonded
fragment attached to the vacant trigonal face. They match
well with each other, less well with 5, which is also
undecanuclear but which lacks any hydrogen bonding to the
vacant face, and poorly with the dodeca- and decanuclear
cages. Compound 9 contains the pivalate ligand, and it
matches well with 8 (the other Co,, cage), but less well with
6 or 7 and poorly with all remaining structures. Therefore
broadly there are six structures with similar M, cores—1, 2, 5,
6, 7 and 8—and three more distorted cages. It cannot be said
that the polyhedron observed in 9 is distorting towards the
core observed in 10, 11 and 12.

The alternative is that steric strain is causing changes in the
coordination spheres of the metal. Examination of bond
lengths and angles (Tables 3 and 4) for the structures from 2 -
9 immediately reveals that within each structure the metal —
ligand bond lengths at each site vary considerably depending
on the ligand, but that equivalent sites in each structure show
similar trends. The estimated standard deviations associated
with each structure are also given in Tables 3 and 4.

For the metal atoms at the vertices of the trigonal prism the
shortest bond is always that to the hydroxide ligand (e.g. for 2,
1.932-1.948 A), with the next shortest to the carboxylate
oxygen atom (for 2, 2.002—-2.043 A). The longest bond is that
to the O donor of the pyridonate ligand which is chelating to
that site (for 2, 2.270-2.308 A). One of the two crystallo-
graphically independent sites in 3 is the exception to this rule,
where the longest bond is to the second pyridonate oxygen
bound to this site (2.255 A) rather than to the O atom of the
chelating pyridonate ligand (2.209 A). This second M—O(xhp)
bond is, for all other vertex sites bar one, the second longest
bond (for 2 2.177-2.213 A). The M—N bond is generally the
third shortest (for 2 2.041 -2.065 A); however, in the undeca-
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Dodeca- Undecanuclear cages Decanuclear cages

nuclear cages

10l 2 3 4 5 6 7 8 9
1 0 0.070 0247 0201 0.132 0.123 0.102 0.125 0.179
2 0070 0 0.250 0204 0.122 0128 0.106 0.150 0.213
3 0247 0250 O 0.060 0.139 0260 0215 0.268 0.278
4 0201 0204 0060 O 0.094 0210 0.166 0221 0.236
5 0132 0122 0139 0.094 0 0.150 0.104 0.168 0.206
6 0.123 0128 0260 0210 0.150 0 0.074 0.115 0.146
7 0102 0.106 0215 0.166 0.104 0.074 O 0.099 0.156
8 0125 0150 0268 0.221 0.168 0.115 0.099 0 0.103
9 0179 0213 0278 0.236 0206 0.146 0.156 0.103 O

[a] Data taken from reference [5]. All other data this work.

and decanuclear structures this distance is frequently longer
than the bond to the terminal ligand derived from solvent or
carboxylate. The variation in the coordination of this sixth site
on the vertex metals complicates these bond length trends a
little.

There is no variation in the ligands coordinated to the
metals capping the rectangular faces of the prism. In each case
the two longest bonds are those to the pyridonate oxygen
atoms (e.g. for 2 2.098-2.155 A) with the remaining four
bonds—two to hydroxide groups and two to carboxylate
groups—having similar values. In some cases, for example 2,
the bonds to OH seem slightly shorter while in other cases, for
example 9, the bonds to carboxylate are shorter, however the
difference is barely statistically significant in any case. For the
central metal atom in all cases the six bond lengths are
statistically identical within the same compound. The metal
sites capping the trigonal faces of the prism in all cases have
shorter Ni—N bonds than Ni—O bonds.

Summarising the above, it is clear that bonds to pyridonate
ligands are, in general longer than bonds involving carbox-
ylate or hydroxide. The most likely explanation of this
observation is that the pyridonate ligands are frequently
chelating, with a very narrow “bite” angle (ca. 60°) leading to
longer bonds from atoms within these chelating groups. There
is no statistically significant difference between u,- and u;-O
atoms of pyridonates (see Table 3). It is also noticeable that
there is no clear-cut difference between bond lengths involv-
ing hydroxide and carboxylate. The longer bonds to pyrido-
nates may explain why the [Ni(xhp);]~ “caps” on the trigonal
faces of the prism may be displaced while the core structure,
which is supported by hydroxide and carboxylate bridges, is
maintained.

The presence of different ligands makes comparison
between structures difficult; however it is very clear, and
probably predictable, that equivalent metal —ligand bonds in
the two cobalt structures are longer than those in the six nickel
structures. For example, for the central metal sites the
Co—O(OH) bonds are, on average, 0.036 A longer than the
Ni—O(OH) bonds, and similar differences are found for all
bonds. It is equally clear-cut that for a given metal bond
lengths are largely independent of the carboxylate or pyr-
idonate ligand present. These observations may explain why
cobalt is able to form a tricapped-trigonal prism with
trimethylacetate, but nickel is not; as Co-ligand bonds are
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longer any inter-ligand steric repulsion will be weaker as the
ligands are necessarily further apart. It is noticeable that in 9
one of the Co—O(mhp) bonds is much longer (2.516(10) A)
than equivalent bonds in the other structures. This bond is to
the only cobalt site which has a terminal trimethylacetate
ligand attached, so it is tempting to conclude that this
elongation is caused by the steric bulk of the trimethylacetate
ligand.

The formation of both 9 and 12 with trimethylacetate
indicates that these structures must be of very similar stability.
The cages were crystallised from different solvents (MeCN for
9 and EtOH for 12), which suggests the crystallisation step is
of importance in controlling which product is formed. It is
natural to look for intramolec-
ular controls on structure, for
example steric requirements of
carboxylate ligands, but here
we cannot rule out the forma-
tion of different products being
largely due to the differing
solubility products of the vari-
ous possible cages in different
solvents.

We have commented else-
wherel!l on the extreme coordi-
native flexibility of the pyrido-
nate ligands, which show eight
bonding modes in various poly-
nuclear complexes Within the ttps the variation is much less
dramatic (Scheme 1). The ligands which bridge within the
[M,o(3-OH)(17%, u3-xhp)o(17%, r-O,CR)eJ** core show only
bonding mode A, while the ligands involved in the [Ni(xhp);]~
caps show bonding mode B. Cages 10—12 with a core related
to a tetraicosahedron, show more variation for the pyridonate
bonding modes, with modes C and D also seen, in addition to
A and B.

Magnetic results: The susceptibility measurements for the
three cages studied, 2, 4 and 7, reveal that these similar cages
have very different spin ground states. In particular the large
maximum observed for 2 is best explained by a spin ground
state of around §=8. The ground states found for 4 and 7
appear to be S =4 and § =2, respectively. This variation in the
susceptibility behaviour is an experimental result, and ideally
the computer modelling of the magnetic behaviour would
allow us to match this behaviour with structural features.

fj\ fj\

M
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Scheme 1. The bonding modes displayed by pyridonate ligands in com-
plexes 2—12.
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However analysis of the structures reveals few statistically
significant differences between the three structures (see
Table 3 and 4)—other than the obvious change in nuclearity.
There is some evidencel'* ] that the magnitude of exchange
coupling in nickel dimers and tetramers can be related to
bond angles at bridging groups, however here analysis of the
structural data reveals that variation within structures is as
great or even greater than that between structures. Change in
nuclearity alone could not account for a change of spin ground
state from S=2to §=38.

The J values calculated by the model allow us to explain the
ground states using a very simple picture as shown in
Figure 14. The reason for such complex magnetic variations

Figure 14. Schematic presentation of possible spin ground states for the M, core of 2, 4 and 7. The filled circles
represent Ni sites with spin in one direction, while the open circles represent Ni sites with spin in the opposite

among structurally related cages is because the central Ni
centre is involved in M; triangles with all the other metals in
the ttp cores, with each of J;, J, and J; representing the
exchange interaction along the edges of the triangle. The
balance of these exchange parameters decides the ground
state found.

For 2, the largest exchange is J;, which is antiferromagnetic,
and aligns the spin on the central Ni atom anti-parallel with
the spin on the nickel atoms at the vertices of the trigonal
prism. J, and J; are both ferromagnetic, but J; is the larger
therefore the spin on the nickel centres capping the rectan-
gular faces are aligned parallel with the spins at the vertices
and anti-parallel with the spin on the central nickel. The result
is that the spins on the peripheral nine nickel atoms are
aligned anti-parallel with the spin on the central metal, giving
a net §=8 ground state. For 4 the largest exchange (/,)
couples the spin of the central nickel anti-parallel with spin on
the capping nickel centres. J; and J; are both ferromagnetic,
but as J, is larger it couples the spin on the vertex nickel atoms
parallel with the central metal spin. Therefore in 4 we have the
spin on seven nickel centres (the central and vertex sites)
aligned in one direction and the spin on three further nickel
centres (the capping sites) opposed to these spins, giving an
S =4 ground state. Finally, for 7 all the exchanges are anti-
ferromagnetic, with the largest J;, which aligns the spin at the
centre anti-parallel with the spin at the vertices. Here J; is
more anti-ferromagnetic than J,, so the spin of the capping
nickel centres align anti-parallel with the spins at the vertices
rather than anti-parallel with the spin at the central nickel
atom. The result is six nickel centres aligned in one direction
(the nickel atoms at the vertices of the trigonal prism), with
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the four remaining nickel centres opposed. The result is an
§ =2 ground state.

The magnitude of the exchange parameters seems sensible
for 2 and 7, but high for 4. Our model assumes a metal core
with D; symmetry, and clearly for 4 the upper and lower faces
of the trigonal prism are inequivalent so the symmetry could
be no higher than C;. A model containing a further three
exchange parameters would give a better fit, and may lead to
smaller J terms than those derived using the model described
above. However we feel that the over-parameterisation this
would involve, and the likely correlation between all J terms
would not make this model any more satisfactory.

To remove ambiguity in the interpretation of the magnet-
ism, further complimentary studies will be necessary. Spec-
troscopic techniques—in particular inelastic neutron scatter-
ing—may allow us to derive J values directly. We hope to
pursue these studies in the immediate future. Our results also
suggest that for structures of this complexity, understanding
the relationships between structure and magnetic ground
states is still impossible. However, whether our exact inter-
pretation of how a ground state is arrived at is correct or
incorrect, the important result is a direct experimental
observation, and that is the maxima in the y,,7/T plot, which
implies specific values for the spin ground state of the
molecule.

Experimental Section

Preparation of compounds: All reagents, metal salts and ligands were used
as obtained from Aldrich. Sodium salts of pyridone ligands were obtained
by deprotonation of the ligand in MeOH using Na(OMe) followed by
evaporation to dryness. Analytical data were obtained on a Perkin Elmer
2400 Elemental Analyser by the University of Edinburgh Microanalytical
Service and are given in Table 1.

[Ni;;(OH)¢(mhp),(0,CCH,Cl)¢] (2): Hydrated nickel chloride (1.00 g,
4.21 mmol), Na(mhp) (1.104 g, 8.42 mmol) and Na(O,CCH,CIl) (0.981 g,
8.42 mmol) were added to MeOH (30 mL), and the solution stirred for 24 h
before being filtered and evaporated to dryness under reduced pressure.
The solid produced was dried under vacuum overnight, then extracted with
MeCN (20 mL) to give a green solution which was filtered, and from which
green crystals of 2 grew in 50 % yield after three days.

[Ni;;(OH)4(chp)y(O0,CPh)((EtOH);][Ni(chp);] (where chp = 6-chloro-2-
pyridonate) (3): Hydrated nickel chloride (1.00 g, 4.21 mmol), Na(chp)
(1.276 g, 8.42 mmol) and Na(O,CPh) (1.212 g, 8.42 mmol) were added to
EtOH (50 mL) and the solution stirred for 24 h before being filtered and
evaporated to dryness under reduced pressure. The resulting solid was
dried under vacuum overnight, then extracted with CH,Cl, (25 mL) to give
a green solution which was filtered, and from which green crystals of 3 grew
in 15% yield after four days.

[Niy; (OH)¢(mhp),(0,CMe)((H,0);],[CO;] (4): Hydrated nickel acetate
(1.00 g, 4.02 mmol) and Na(mhp) were added to THF (50 mL) and the
solution stirred for 24 h before being filtered and evaporated to dryness
under reduced pressure. The resulting solid was dried under vacuum
overnight. Hmhp (0.877 g, 8.04 mmol) was then added to the solid, and the
mixture heated to 160°C under N, for 2h. The resulting paste was
extracted with CH,Cl, (30 mL), giving a green solution which was filtered,
and from which green crystals of 4 grew in 11 % yield after one week.
[Ni;; (OH)4(mhp),(0,CMe),(Hmhp),] (5): Synthesis as for 4 except that the
first stage involve MeOH in place of THF. Yield: 8% after one
week.

[Niy(OH)4(mhp)s(0O,CCHMe,), s(Hmhp);CI(H,0) ] (6): Synthesis as for
2, using Na(O,CCHMe,) in place of Na(O,CCH,CI). Yield: 21 % after one
week.
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[Ni;(OH)(chp)s(0,CCHPh,)4(Cl),(Hchp) (H,0),(MeOH) ] (7): Synthesis
as for 2, using Na(O,CCHPh,) in place of Na(O,CCH,Cl), and Na(chp) in
place of Na(mhp). Yield: 27 % after one week.

[Co4o(OH)(mhp)s(O,CPh),(Hmhp);Cl(MeCN)] (8): Synthesis as for 2,
using CoCl,-6H,0 in place of NiCl,-6H,0, and Na(O,CPh) in place of
Na(O,CCH,(CI). Yield of pink crystals: 21 % after four days.
[Co44(OH)4(mhp)((0,CCMe;),Cl(MeCN);(Hmhp) ] (9): Synthesis as for 2,
using Na(O,CCMe;) in place of Na(O,CCH,CI). Yield of pink crystals:
23% after two days.

[Ni;y(OH)4(mhp)((0,CCMe;)s(MeOH),] (10): Synthesis as for 2, using
Na(O,CCMe;) in place of Na(O,CCH,CIl). Yield: 45% after three days.

[Ni;o(OH),(mhp)((0,CCMe;)(H,0),] (11): Synthesis as for 2, using
Na(O,CCMe;) in place of Na(O,CCH,CIl) and crystallisation from 1:1
MeCN/EtOAc. Yield: 18 % after 10 weeks.

[Coy4y(OH)(chp),((0,CCMe;)s(H,0),] (12): CoCl,-6H,0 (1 g, 4.2 mmol),
Na(O,CCMe;) (0.522¢g, 4.2 mmol) and Na(chp) (1.272 g, 8.4 mmol) were
mixed together in MeOH (50 mL) and stirred for 24 h. The solvent was
then removed under reduced pressure and the resulting purple powder
dried under vacuum for 6 h. Disodium rhodizonate (0.075 g, 0.35 mmol)
was dissolved in 1:1 H,O:MeOH (50 mL) and the purple powder was
extracted with this solution. The resulting solution was stirred for 24 h
before solvent was removed under reduced pressure. The powder was dried
in vacuum for 4 h before being extracted with EtOH. Purple crystals of 12
formed over a period of two months. Yield: 21 %.

Crystallography: Crystal data and data collection and refinement param-
eters for compounds 2-12 are given in Table 2, selected bond lengths and
angles in Tables 3, 4, 5 and 6.

Data collection and processing: Data for 2—11 were collected on a Stoé
Stadi-4 four-circle diffractometer equipped with an Oxford Cryosystems
low-temperature device,'% using graphite-monochromated Cuy, radiation
for 3, 6, 10 and 11, and Moy, radiation for 2, 4, 5, 7-9; w-6 scans for 2 and
11, o scans for 3-7,9 and 10. The learnt-profile method!"”] was used for 3, 6
and 8. Data were corrected for Lorentz and polarisation factors. Semi-
empirical absorption corrections based on azimuthal measurements!'®l were
applied to data for all structures except 4. Data for 12 were collected on an
Enraf Nonius Kappa CCD area detector using a rotating anode operating
at 50 KV, 50 mA using Mo, radiation. Data collection and processing used
the programs Collect!"”], DENZOP) and maXus®l. An empirical absorp-
tion correction was applied using SORTAV.?

Structure analysis and refinement: All structures were solved by direct
methods using SHELXS-8611 (2, 4, 5 and 10) or SIR92¥ (3, 6, 8, 9 and 12)
or by the heavy-atom method using DIRDIF®! (7 and 11) and completed
by iterative cycles of difference Fourier syntheses and full-matrix least-
squares refinement. All full-weight non-H atoms were refined anisotropi-
cally in structures 2, 3, 4, 5, 8, 9, 10 and 11, while only Ni, O and Cl atoms
were so refined in 6 and 7. In 12 all non-H atoms within the cage were
refined anisotropically except for disordered carbon atoms within two
0,CCMe; groups. In 2 two of the six chloroacetate ligands show rotational
disorder about the CI-C-C vector. They were refined with the Cl centre split
over three sites, with the site occupancies allowed to refine but summing to
one complete chlorine atom. Chemically equivalent distances were re-
strained to be equal. In 6-8 all chemically equivalent ligands were
restrained to have similar geometries. In 8 global rigid body restraints and
similarity restraints were applied to the mhp rings. In 6 one coordination
site on Ni3 is occupied 50:50 by H,O:mhp, while on Nil0 one site is 50:50
occupied by O,CCHMe,:H,0. Similar disorder is found in 7 where one site
on Ni2 is occupied 50:50 by MeOH:Hchp, and in 8 where neighbouring
sites on Co5 and Co8 are 50:50 occupied by Cl:mhp. In 7 one phenyl ring of
a O,CCHPh, ligand is disordered over two equal-weight orientations. In 8
one Hmhp ligand attached to Co2 has disordered over two equal-weight
orientations, with a common pivot O atom. In 6 the iPr and in 9—11 the rBu
groups of the carboxylate ligands show rotational disorder. In 10, 11 and 12
the O,CCMe; ligands were restrained to be geometrically similar; the rBu
groups have three-fold symmetry. In 8 global thermal parameter similarity
restraints were applied to the light atoms. Disordered solvent fragments
were found in structures 2-5, 7, 10, 11 and 12. In 2 and 5 diffuse lattice
solvent regions comprising 83 and 55e/cell, respectively, were treated in the
manner described by van der Sluis and Speck.?! In 5 residual density
remains in the region of the CH,Cl, of solvation. In 3 one Et,O molecules of
solvation lies disordered about a crystallographic three-fold axis; compo-
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site scattering factors were used for overlapping sites. In 12 one MeOH
molecule was found disordered over three sites, and the C—O distance was
restrained to 1.4 A. In all structures full-weight H atoms attached to C
atoms were included in idealised positions, allowed to ride on their parent
C atoms [C—H 0.93 A], and assigned isotropic thermal parameters
[UH)=12U, for ring H-atoms; U(H)=1.5U,, for methyl H atoms].
Full-weight H atoms attached to O atoms were included in positions to
maximise H-bonding interactions, and assigned isotropic thermal param-
eters [U(H)=1.5U,(O)]. Partial weight H atoms were not included in
refinements. All refinements were against F2? and used SHELXL-9317 or
SHELXL-97.13]

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-132601 to
132611. 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).

Magnetic measurements: Magnetic susceptibility measurements were
performed either on a DSM 5 magnetometer equipped with a Bruker
BE-15 electromagnet and an Oxford Instruments CF1200S continuous-
flow cryostat, or on an SHE superconducting SQUID susceptometer. Data
were corrected for magnetisation of the sample holder and for diamagnetic
contributions with Pascal’s constants.
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The Gas-Phase Meerwein Reaction

Luiz Alberto B. Moraes and Marcos N. Eberlin*?!

Abstract: A systematic investigation of
a novel epoxide and thioepoxide ring
expansion reaction promoted by gas-
eous acylium and thioacylium ions is
reported. As ab initio calculations pre-
dict, and ®O-labeling and MS® penta-
quadrupole experiments demonstrate,
the reaction proceeds by initial O(S)-

phase reaction is analogous to a con-
densed-phase reaction long since descri-
bed by H. Meerwein (Chem. Ber. 1955,
67,374), and is termed as “the gas-phase
Meerwein reaction”; it occurs often to
great extents or even exclusively, but in
some cases, particularly for the most
basic (thio)epoxides and the most acidic

(thio)acylium ions, proton transfer
(eventually hydride abstraction) com-
petes efficiently, or even dominates.
When (thio)epoxides react with (thio)-
acylium ions, the reaction promotes
O(S)-scrambling; when epoxides react
with thioacylium ions and the adducts
are dissociated, it promotes S/O replace-

acylation of the (thio)epoxides followed
by rapid intramolecular nucleophilic
attack that results in three-to-five-mem-
bered ring expansion, and forms cyclic
1,3-dioxolanylium, 1,3-oxathiolanylium,

or 1,3-dithiolanylium ions. This gas- trometry

Introduction

Epoxides are common reagents, and key intermediates in a
variety of synthetically important reactions.!!! The high strain
of their three-membered rings makes epoxides very reactive,
particularly by ring-opening, a process often accelerated by
acid catalysis that increases, through O-coordination, the
electrophilicity of the ring carbon atoms and the lability of
C—O ring bonds.

Ring-opening of epoxides is generally assisted by the attack
of an external nucleophile, but nucleophilic sites suitably
positioned on the epoxide molecule may also participate, as
exemplified by the isomerization of epoxides to aldehydes or
ketones through intramolecular hydride ion attack,!l the
rearrangement of acetoxy epoxydes to a-acetoxy ketones,?
and the ring expansion of epoxyesters to six-membered
lactones.Pl

Nucleophilic sites of intermediates formed by electrophilic
attack at the ring oxygen may also assist ring-opening, and
promote the expansion of the epoxide ring. For instance, as
first reported by Bogert and Roblin,* aldehydes and ketones
react efficiently with epoxides to form 1,3-dioxolanes by
three-to-five-membered ring expansion.!! The reaction is
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ment. An analogous four-to-six-mem-
bered ring expansion also occurs pre-
dominantly in reactions of trimethylene
oxide with acylium and thioacylium ions.

promoted by Lewis acids that coordinate with the carbonyl
compound thus facilitating binding to the epoxide; 1,3-
dioxolanes are formed by fast intramolecular nucleophilic
attack.

In 1955 H. MeerweinP! reported an interesting variant of
the three-to-five-membered ring expansion reaction of epox-
ides, namely, the reaction of epoxides with esters in the
presence of BF; that form 1,3-dioxolanylium ion salts
(Scheme 1).

o}
o CHO” "R o) -
[\ ———— +;)—R CH,0BF;
R? BFy R1J:o

Scheme 1.

The resonance-stabilized 1,3-dioxolanylium ion may be
formed by initial nucleophilic addition of the epoxide to the
BF/ester complex, followed by ring expansion promoted by
intramolecular nucleophilic attack, and elimination of
CH;OBF;™ (Scheme 2).

Alternatively, acylium ion intermediates (Scheme 3 reac-
tion (1)) may O-acylate the epoxide, and promote ring
expansion by intramolecular nucleophilic attack (Scheme 3
reaction (2)).

In these alternative mechanisms, the key intermediate is
either an acylium ion or ions (the two isomeric BF;
O-coordinated carbonyl compou+nds) that are adequately
mimicked by an acylium ion (R—C=0).
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Scheme 2.
e}
+ + -
CH30J\R === R—C=0 F3BOCH; (1)
“BF3
R
& 0
R—C=0 + )
A — 59 —"/E+" R (2)
Rt % R O
Rr1
Scheme 3.

In the condensed phase, acylium ionsl®! are important and
highly reactive reaction intermediates, but their detection or
trapping is often not a simple task. In the gas phase, however,
acyhum ions and their sulfur analogues, the thioacylium ions
(RCC S), are easily formed, easily isolated, and very stable.[]
Acylium and thioacylium ions also display a rich reactivity in
the gas phase:'% for instance, with conjugated dienes,
gaseous acylium and thioacylium ions undergo [4+2*] polar
cycloaddition;® with cyclic acetals and ketals, transacetaliza-
tion;) and with diols and analogues, ketalization.'”) This
unique reactivity characterize gaseous acylium ions, and
distinguish them from both isomeric and isobaric species.[-1°]

We recently reported for distonic acylium ions!®! that the
gas-phase reactivity of acylium ions also includes three-to-
five-membered ring expansion of epoxides by O-acylation
(Scheme 4), and termed the reaction as “the gas-phase

Y,

M R
R + /J\X
R—C=X —> :Y:
XY=0,8 R1

Scheme 4.

— /E*‘Y:,>—R
R X

Meerwein reaction”["! for it is analogous to that reported by
H. MeerweinP! and forms the same 1,3-dioxolanylium ions.
We now report on a systematic experimental and theoretical
study of this novel reaction, in which several gaseous acylium
and thiacylium ions were allowed to react with epoxides,
thioepoxides, and larger O-heterocycles; the structures of the
resulting products were investigated by '*0O-labeling, MS?
experiments, and ab initio calculations.

Methods

The gaseous ions were produced and allowed to react, and their products
analyzed, by double- or triple-stage (MS?) mass spectrometric experiments

898 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

performed with an Extrel (Pittsburgh, PA) pentaquadrupole mass spec-
trometer.’?! The instrument, denoted Q,q,Q5q;Qs, is composed of a
sequential arrangement of three mass analyzing (Q1, Q3, Q5) and two “rf-
only” ion-focusing reaction quadrupoles (q2, g4). By 70 eV electron
ionization (EI), appropnate precursors form the reactant acyllum ions:
acetone forms CH;— = O; lgO acetone (ISOTEC, 99% 180), CH; —C= 180,
cyclopentanone, CH,=CH— C= O; acetophenone, Ph— C—O tetramethylur-
ea, (CH3)2N+C =0; tetramethylthiourea, (CH;),N— C =S and thioaceta-
mide, CH;—C=S. When performing ion—molecule reactions, the ion of
interest was mass-selected by Q1 for further reactions in g2 with a neutral
reagent. Ion translational energies were set to near 1 eV as calibrated by the
m/z 39 to m/z 41 abundance ratio in neutral ethylene/ionized ethylene
reactions.!"’

Product ion mass spectra were acquired by scanning QS5, while operating
Q3 and g4 in the broad band rf-only mode. The target gas pressures in q2
caused typical beam attenuations of 50-70 %, namely, multiple collision
conditions were used, which increases reaction yields and promotes
collisional quenching of both the reactant and product ions.'"

For the MS? experiments,I'* 151 Q3 was used to mass-select a q2 product ion
of interest for further 15 eV collision dissociation with argon in q4, while
scanning Q5 to acquire the spectra. The 15 eV collision energies were taken
as the voltage difference between the ion source and the collision
quadrupoles. The indicated pressures in each differentially pumped region
were typically 2 x 107 (ion-source), 8 x 107° (q2) and 8 x 10~ Torr (g4),
respectively.

Energies and optimized geometries of the species were obtained by
molecular orbital calculations run on Gaussian98 (Gaussian, Inc., Pitts-
burgh, PA).

Results and Discussion

Epoxides and thioepoxides: Table 1 summarizes the major
products (and relative abundances) arising from reactions of
mass-selected acylium or thioacylium ions (A™) with neutral
epoxides or thioepoxides (M). The reactions most often yield
the ion—molecule adduct (MA)™, or the protonated neutral
molecule (M+H)* ' or both; and eventually (M —H)*,
formally, the hydride abstraction product. As calculations
predict, and MS? experiments and '®O-labeling demonstrate
(see the following sections), the adducts (MA)* are the
products of the gas-phase Meerwein reaction (Scheme 4), that
is, the respective cyclic 1,3-dioxolanylium ions or their mono-
or disulfur analogues.

From the results summarized in Table 1, some general
reactivity trends are noted. For the gas-phase Meerwein
reaction, Ph—C=0 and (CH3)2N—é:O are the most reactive
ions; they form mainly (M+A)" with all epoxides and
thioepoxides tested (Table 1). For epoxides reacting with
acylium ions, ethylene oxide and epichlorohydrin are the most
reactive; however, their reactivity with thioacylium ions is
limited. Propylene oxide, butadiene oxide, and styrene oxide
also react promptly by the gas-phase Meerwein reaction,

particularly with Ph—C=0, (CH;),N—C=0, and (CH;),N—C=S;
with the proton-donor ions CH;éZO, CH2=CH76=O, and
CH3_é:S,[17] however, these epoxides act mostly as bases
favoring proton transfer, whereas propylene oxide also read-
ily transfer a hydride. For the thioepoxides, ethylene sulfide
undergoes the gas-phase Meerwem reaction efficiently only
with Ph-C=0 and (CH;),N— C%) propylene sulfide, in
contrast, reacts to great a extent with all acylium and
thioacylium ions except CH;—C=O0. These different reactiv-
ities likely result from the competition between the three
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Table 1. Major ionic products [m/z (relative abundance)] formed in reactions of mass-selected acylium or thioacylium ions with epoxides or thioepoxides.
Products are identified as follow: the ion —molecule adduct (M+A)*, that is, the cyclic 1,3-dioxolanylium ions or their sulfur or disulfur analogues formed by
the gas-phase Meerwein reaction; the protonated molecule [(M+H)*]@; and the hydride abstraction product [(M — H)*].

o] O 0] 0]

A A Ay A

CH, Ph
(M+AY" (M+H)"* (M—H)*  (M+A)" (M+H)* (M—H)* (M+A)* (M+H)* (M—H)" (M+A)" (M+H)* (M-H)"

CH;—C=0 87(100) 45(4) 43(6) none 59(54) 57(100) none 71(100) none none 121(100) none
HZC:CHé:O 99(100)  45(28) 43(3) none 59(21) 57(100) none 71(100) none none 121(100) none
Ph-C=0 149(100)  45(1) none 163(100) none none 175(100) 71(13) none 225(100) 121(5) none

(CH,),N—-C=0 116(100) 45(6)  43(7) 130(100) 59(1)  57(4) 142(100) 71(9)  none 192(100) 121(2)  none

CH;—C=S none 45(100) 43(5) 117(4) 59(62) 57(100) none 71(100) none none 121(100) 119(3)
(CH3)2N7(+Z:S 132(4) 45(100) 43(1) 146(100) none none 158(100) none none 208(100) 121(7) 119(4)
O & S
L\CHZCI L\CH3
(M+A)* (M+H)* (M-H)*  (M+A)* (M+H)* (M-H)* (M+A)* (M+H)* (M-H)*
CH,—C=0 135(100)  57(72) none none 61(100)  59(1) none 75(100)  73(1)
H2C=CH6=O 147(100)  57(83) none 115(15)  61(100)  59(2) 129(100) 75(28)  73(1)
Ph-C=0 197(100) none none 165(100) 61(37)  none 179(100) 75(21)  73(1)

(CH;),N—C=O 164(100) none  none
CH,—C=S 151(28)  57(100) none none
(CH_;)ZN—6=S none 57(100) none none

132(100) none none
61(100)  nd'
61(100)  59(3)

146(100) 75(1) none
133(100) 75(45) none
162(100) 75(21)  none

[a] The relative abundance of the proton bound dimer (M --- H* --- M), observed sparsely, was also summed into that of (M+H)*. [b] Protonated epichlorohydrin
loses HCI to form an ion of m/z 57, and this ion, perhaps the acylium ion C,Hj CO’ 1% reacts further with epichlorohydrin to form an adduct of m/z 149/151.
[c] For ethylene sulfide, the (M — H)* product is isobaric (m/z 59) with CH;— C=s.

major reactions (as exemplified in Scheme 5), that is, from O(S)-acylation, or b) O(S)-acylation followed by rapid three-

changes in the acidity, hydride affinity, and electrophilicity of
the ions as well as in the nucleophilicity and basicity of the
neutral (thio)epoxides.

, o]
Meeer/em E’" CHs
reaction o)
O + proton +O/H + CH.=C=0
LN+ CH—C=0 g™ /N =t=
hydride *o + CH.CHO
abstraction VAN 3

Scheme 5.

Figure 1 exemplifies the product spectra for reactions of:
a) Ph—C=0 with epichlorohydrin; b) (CH,),N-C=0 with
propylene sulfide ;+c) (CH3)2N—é:S with propylene epoxide;
and d) CH,=CH—C=O0 with ethylene oxide. For the three first
pairs of reactants, the gas-phase Meerwein reaction is highly
favored (Figures 1a—c); the adducts (the respective 1,3-
dioxolanylium or 1,3-oxathiolanylium ions) are formed in
high yields (high ion conversion to products) and nearly
exclusively. The acylium ion CH,=CH— C=0 (Figure 1¢) also
undergoes the gas-phase Meerwein reaction to a great extent
forming the cyclic 1,3-dioxolanylium ion of m/z 99, but this
more acidic!'” ion also reacts to a minor extent with ethylene
oxide by proton transfer (m/z 45) and hydride abstraction
(m/z 43).

Structural characterization: (Thio)acylium ions may form
adducts with neutral (thio)epoxides more likely by: a) simple

Chem. Eur. J. 2000, 6, No. 5
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to-five-membered ring expansion (the gas-phase Meerwein
reaction; Scheme 4). To verify which process dominates, and
which product ion is formed, triple-stage (MS?) mass spectra
and '®O-labeling were applied.

MS3: Figure 2 compares sequential product ion mass spectra
collected after collision-induced dlssoc1at10n (CID) of some
representative adduct ions. The (CH;),N— C =O/propylene sul-
fide adduct dissociates to regenerate exclusively the
(CH;),N— C=0 reactant ion (Figure 2a). This dissociation is
typical of the cyclic 1,3-dioxolanylium ionsl®! expected for the
gas-phase Meerwein reaction, but not distinctive since the
primary simple O-acylation products are expected to disso-
ciate similarly.

However, the (CH;),N— ¢ =S/propylene oxide adduct (Fig-
ure 2b) dissociates, differently, and by a structurally revealing
pathway; it does not regenerate the reactant ion

(CH3)2N—C+?=S, but dissociates to form predominantly the
O-analogue acylium ion (CH3)2N—é:O. Reaction of
(CH3)2N—éZS with propylene oxide followed by CID of the
adduct results, therefore, in the conversion of (CHg)ZN—é:S

to (CH3)2N*C+3=O, that is, in the replacement of sulfur by
oxygen (S/O). This reaction/dissociation sequence is structur-
ally revealing since it can only be rationalized assuming the
three-to-five-membered ring expansion, S/O scrambling
mechanism of the gas-phase Meerwein reaction, and that
common (most likely positional isomers, see below) 1,3-
oxathiolanylium ions are formed for both analogous acylium
ion/thioepoxide and thioacylium ion/epoxide reactions
(Scheme 6). Note that, if the loss of a neutral thioepoxide
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146

molecule is assumed, S/O replacement occurs for
both the reactant thioacylium ion and the neutral
epoxide.['®]

Additional evidence for the gas-phase Meerweln
reaction is gained by dissociating the (CH;),N— C=s/

styrene oxide adduct. S/O replacement!*’] occurs to
completion, and the O-analogue ion (CH;),N— C=0

CH, is formed exclusively (Figure 2c¢).

In reactions of (thio)acylium ions with mono-
substituted (thio)epoxides, two isomeric cyclic ions
could be formed since intramolecular nucleophilic
attack may occur at both the substituted and
unsubstituted ring carbons (X=#Y in Scheme 7,
reaction (1)). Often, however, the nucleophile

A ey S L) LARLERY LERERLARR) LALLLAALA REAALLALL) LAAALLALL] LLLLALLLAY |

z - K

100 140 160 180 200 220

b A |

Figure 1. Double-stage (MSZ) product ion mass spectra for reactions of: a) Ph— C=0 of X
m/z 105 w1th epichlorohydrin; b) (CH;),N— C=0 of m/z 72 with propylene sulfide;

¢) (CH;),N— C=S of m/z 88 with propylene oxide; and d) CH, = CH—C=O0 of m/z 55 with R1 ) RIL X
ethylene oxide. XY=0 8 R' 4 \E+>_
, ) R
L CHy v
e, T:?}-%,_h
@ H—r=n 146 e N(CH)
A Hat . 3)2
S, T2 O (CHy)N—C=S + O\
2 T 9 —— [ +3NCH)
;-.».. CHs oH cHy S
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lL.j e e e ( 2 )
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146 attacks the more substituted carbon in acid-cata-

50 T =0 110 LR1L 150 170

Figure 2. Triple-stage (MS?) seq}uentlal product ion mass spectra for the adducts formed
in reactions of: a) (CH;),N— C—O with propylene sulfide; b) (CH;),N— C=S with

propylene oxide; and ¢) (CH;),N— C=S with styrene oxide.
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lyzed cleavages of epoxides;!'l hence, pathway (a) is
expected to dominate. Therefore, two major posi-
tional isomers are expected to form when reacting
analogous pairs of acylium ion/thioepoxide and
thioacylium ion/epoxide, as exemplified for
(CH3)2N—é:O/pr0pylene sulfide and (CH3)2N—é:S/
propylene oxide in Scheme 7, reactions (2).
Preferential attack at the more substituted carbon
and formation of positional isomers (Scheme 7,
reaction (2)) may explain, therefore, the similar,
but not identical, CID behavior of the

(CH3)2N—é:O/pr0pylene sulfide (Figure2a) and

Chem. Eur. J. 2000, 6, No. 5
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(CH3)2N—é:S/pr0pylene oxide

adducts (Figure 2b). For the 45
(CH3)2N—é:S/propylene oxide A
adduct, the 4-methyl substitu-
ent may facilitate cleavage of Ar

the vicinal C—S bond resulting

+
CH3—C=0 418
4345 CH3—C=0

1

8O
89 [+\"’>_C "

O

in minor dissociation to
(CH3)2N—é:S (Figure 2b).

18Q-labeling: To test the com-

plete scrambling of the oxygens, A
from both the acylium ion and e
the epoxide, that the gas-phase

. . Ar
Meerwein reaction should pro-

.
CH3—C=0

.
\1 CH3—C=0
4 345

T T [T T T [T T T T T A T T T [T T TV AT [T T T T I [T I rr T

37
CICHp_ 8

O,
139 tﬂ}—c Hs
(0]

18

77
|

mote, an '8O-labeled acylium

. +
ion, CH;—C='%0, was used 20 40
Figure+3. Triple-stage (MS®) sequential product mass ion spectra for the adducts formed in reactions of
CH,;—C="%0 with: a) ethylene oxide, and b) ¥Cl-epichlorohydrin.

(Scheme 8). Upon CID, the

“R1
+ 18
CH;—C= l o)
R1 + 18
CHs Rr1 130 — CH;—C=0
+ 18 8
N _>\[+>—CH3 CiD
AN & +
R1 T> CH;—C=0
o .0
CID| "/\ Q\ 1
+ 18
CH;—C=0
Scheme 8.

primary O-acylated CH3—62180/ep0xide adduct should dis-
sociate to regenerate exclusively the labeled reactant ion
CH;—C="0; in contrast, the cyclic 1,3-dioxolanylium ion with
scrambled oxygen atoms formed by the gas-phase Meerwein
reaction should dissociate to nearly the same extents (if
substituent effects for R! other than H and '°0/'O isgtope
effects are neglected) to form both the labeled CH;—C='%0

+

and the unlabeled CH;—C=0 ions.
Figure 3 shows the sequential product ion mass spectra of

the CH3*(+3=‘80 adducts of ethylene oxide and *’Cl-epichloro-

60 80 100 120 140 160 180

hydrin. When the two 80-labeled adducts dissociate, both

CH3—62180 and CH3—é:O are formed, and to quite similar
extents; this dissociation confirms complete oxygen-scram-
bling, and that the ring expansion gas-phase Meerwein
reaction dominates.

Larger O-heterocycles: The ability of acylium ions to promote
analogous ring-expansions of larger O-heterocycles was also
investigated. Table 2 lists the major products formed when
(CH,),N—-C=0, (CH;),N—C=S, and CH,~C="%0 react with
trimethylene oxide, tetrahydrofuran, or tetrahydropyran,
whereas Figure 4 exemplifies the product ion mass spectra

for reactions of trimethylene oxide with (CH3)2N*C+I=O and
(CH,),N—C=S.

Trimethylene oxide forms adducts to great extents with
(CH3)2N—é:O and (CH3)2N—é:S, and to a medium extent
with CH37(+3=”‘O. Tetrahydrofuran forms an adduct to a great
extent with (CH3)2N*C+3=O, but fails to form adducts with both
(CH3)2N—é:S and CH3—6:180. Tetrahydropyran forms an
adduct to a great extent with (CH3)2N—(+I#), and to minor
extents with both (CH3)2N76=S and CH37(+3=”‘O.

Table 2. Major ionic products [m/z (relative abundance)] formed in reactions of mass-selected acylium or thioacylium ions with some O-heterocycles.
Products are identified as follow: the ion —molecule adduct (M+A)*, that is, the cyclic 1,3-dioxolanylium ions or their sulfur or disulfur analogues formed by
the gas-phase Meerwein reaction; the protonated molecule [ (M-+H)*],l2l and the hydride abstraction product [(M —H)*].

9

o O

(M+A)* (M+H)* (M —H)* (M+A)* (M+H)* (M —H)* (M+A)* (M+H)* (M —H)*
(CH3)2N—(+Z=O 130(100) none none 144(100) 73(13) 71(2) 158(100) 87(8) 85(2)
(CH3)2N—6=S 146(100) none none nonel®! 73(100) 71(28) 174(6) 87(100) 85(18)
CH,~C=*0 103(21) 59(100) 57(1) none 73(100) 71(23) 131(2) 87(100) 85(5)

[a] The abundance of the proton bound dimer (M---H*--- M), observed sparsely, was also summed into that of (M+H)*. [b] Also with CH3—é=S,

tetrahydrofuran forms no stable adduct.
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Figure 4. Double-stage (MS?) product ion mass spectra for reactions with
trimethylene oxide of: a) (CH;),N— C=0 of m/z 72 and b) (CH;),N— C=S of
m/z 88.

MS3: Figure 5 collects the CID sequential product ion mass

spectra of the (CH;),N— ¢ =S/trimethylene oxide and
(CH;),N— ¢ =S/tetrahydropyran adducts. An analogous four-
to-six-membered ring expansion, S/O scrambling reaction
(Scheme 9) must then occur predominantly for trimethylene

oxide since the O-analogue ion (CH3)2N—é:O is nearly the
exclusive fragment in the triple-stage mass spectrum of its
(CH;),N— =S adduct (Figure 5a).

Tetrahydropyran fails, however, to undergo analogous six-
to-eight-membered ring expansion in reactions with
(CH3)2N7(+?—S since its (CH3)2N76—S adduct (most likely
the simple O-acylated ion) dlssomates to regenerate exclu-
sively the reactant ion (CH;),N— ¢=s (Figure 5b).

180-labeling: Figure 6 displays the CID sequential product ion
mass spectra of the CH3—éZISO/trimethylene oxide and

H3C\ +
88 /N——C=O
H3C

180

PRE o

(CHa)N—C=S N(CHs),
o) m/z 88 +O
07 e (N | —
\ )

Q cD .
+)>—N(C Hip  ———»  (CHg),N—C=0
S

- C3HgS

m/iz72
m/z 146
Scheme 9.
. 186
CH—C=0 s JL
— =
oA C ww e e
a) 43
Ar 103
A T A T P A A T o I T PR o e e
+ 18
CHz—C=0
o 45 8o

O

b { oflI\CH3

Ar 131

. A

20 40 60 80 100 120 140

Figure 6. Triple-stage (MS?) sequentlal product ion spectra for the adducts
formed in reactions of CH;—C =180 with: a) tetramethylene oxide and b) te-
trahydropyran.

160

CH;— C= =18Q/tetrahydropyran adducts. That of trlmethyle-
ne ox1de (m/z 103) dissociates to form both CH;— ~C="0 and
CH,— C= O, but the labeled ion CH;— —C=1%0 is more abundant
(Figure 6a). Hence, }rlmethylene oxide undergoes ring ex-
pansion with CH;—C="0, but not completely. Under the
assumption of similar dissociation rates for the adducts, a 3:1
ratio between the cyclic 1,3-dioxanylium ion and the simple
O-acylated product is estimated from the m/z 43 to m/z 45
abundance ratio.

As the dissociation behavior
of its (CH;),N—C=S adduct has
already indicated (Figure 5b),
tetrahydropyran reacts  with
CH; ~C=0 to form predomi-
nantly the simple O-acylated
adduct; six-to-eight-membered
ring expansion does not occur
since the adduct dissociates ex-

CH3

CH3

O [T T T [T T T [T T

H3sC. +
N—C=S
I 174 Hae”

Ar 88

clusively to CH3—é:180 (Fig-
ure 6b).

S
CH
O)l\N/ 3
< > + |

CHs

174

Ab initio calculations: Figure 7
shows a potential energy
surface diagram[®! for three-to-
five-membered ring expansion

of ethylene oxide  with

I O T T T T [ T [T )

170

Figure 5. Triple-stage (MS®) sequential product ion mass spectra for the adducts formed in reactions of

50 70 90 110 130 150

(CH3)ZN*C:S with: a) tetramethylene oxide and b) tetrahydropyran.
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(CH3)2N—é:S, and the dissocia-
tion thresholds of the resulting
product, the cyclic 1,3-oxathiola-
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Figure 7. Ab initio MP2/6 -311G(d,p)//HF/6-311G(d,p) + ZPE potential \ 374
energy su+rface diagram for the gas-phase Meerwein reaction of \
(CHj;),N—C=S with ethylene oxide and the dissociation thresholds of the \
1,3-oxathiolanylium ion. Reaction barriers were not estimated, and are not M
indicated. N
S
n 0y
" CHe—¢ +:|
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nylium ion. Initial O-acylation followed by ring expansion is i 54.2
. 1 = .
overall greatly exothermic (—66.9 kcalmol~!). Then, when '
the dissociation thresholds of the 1,3-oxathiolanylium ion are — 58 ()
compared, those for dissociations that either regenerate the

reactant thioacylium ion (CH3)2N—é:S or form, by S/O
replacement, the analogous acylium ion (CH3)2N*(+Z=O, the
preference for dissociation to (CH3)2N*(+Z=O is evident since
the dissociation threshold to (CH3)2N—6:O is lower by
16.8 kcalmol 1. These theoretical predictions agree perfectly
with the exclusive (or nearly exclusive) collision-induced
dissociation of the 1,3-(S,0)oxathiolanylium ions, formed by

the gas-phase Meerwein reaction, to (CH3)2N76=O (Fig-
ure 2).

0
c H3—€+:|
e}
Figure 8. Ab initio MP2/6 -311G(d,p)//HF/6 -311G(d,p) + ZPE potential
energy surface diagram for the three-to-five ring-expansion Meerwein

reaction of CH;—CO* or CH;—CS* with ethylene oxide (X = O) or ethylene

sulfide (X=S). Reaction barriers were not estimated, and are not
indicated.

three- and four-membered O-heterocycles that are partially

(most likely extensively) disrupted at the transition state (TS)
(Scheme 10, n=1 and 2).

Figure 8 compares the energetics of the gas-phase Meer-
wein reactions for either acylium or thioacylium ions with
epoxides or thioepoxides. In all cases, three-to-five-membered
ring expansion is overall considerably exothermic, and
thermodynamically favored. The calculations summarized in
Figure 8 also predict that initial acylation is more favored for
thioepoxides. Overall, more exothermic and thermodynami-
cally favored three-to-five-membered ring expansions occur
for acylium ions with epoxides, and for thioacylium ions with
thioepoxides, that is, when 1,3-(0,0)dioxolanylium or 1,3-
(S,S)dithiolanylium ions are formed. The O/O and S/S orbitals
overlap more favorably (than S/O orbitals), thus stabilizing
the O/O and S/S product ions.

Figure 9 compares, for CH376=O and the simplest O-het-

Overall, ring expansions for tetrahydrofuran and tetrahy-
dropyran are also exothermic, but to a lesser extent (Fig-
ure 9). From the O-acylated adducts, however, these ring
expansions are just slightly exothermic and likely hampered
by substantially higher energy barriers since no alleviation of
ring strain occurs, and substantially stronger C—O bonds are
disrupted at the corresponding TSs (Scheme 10, n =3, 4).

Conclusion

erocycle, the energetics for analogous three-to-five-, four-to-
six-, five-to-seven-, or six-to-eight-membered ring expansions.
Ring expansion alleviates the ring strain of ethylene oxide and
trimethylene oxide, respectively, and are overall far most
exothermic, thermodynamically favored from both the initial
reactants and the O-acylated adducts. Although reaction
barriers have not been estimated, ring expansions for ethylene

oxide and trimethylene oxide should also be the most
kinetically favored owing to the labile C—O bond of the

Chem. Eur. J. 2000, 6, No. 5
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A novel epoxide and thioepoxide ring expansion reaction
promoted by acylium and thioacylium ions—the gas-phase
Meerwein reaction—has been demonstrated and systemati-
cally investigated. Initial O(S)-acylation of the (thio)epoxide
is followed by rapid intramolecular nucleophilic attack that
results in three-to-five-membered ring expansion, leading to
cyclic 1,3-dioxolanylium, 1,3-oxathiolanylium, or 1,3-dithiola-
nylium ions as far the more thermodynamically and more
kinetically favored products. When (thio)epoxides react

with (thio)acylium ions, the reaction promotes O(S)
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Figure 9. Ab initio MP2/6-311G(d,p)//HF/6-311G(d,p) + ZPE potential energy surface diagram for four-to-
six-membered ring-expansion on reactions of CH;—CO™ with ethylene oxide or trimethylene oxide, tetrahy-
drofuran, and tetrahydropyran. Reaction barriers were not estimated, but expected trends in activation energies

are indicated.
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Scheme 10.

scrambling; when epoxides react with thioacylium ions and
the adducts are dissociated, the reaction promotes S/O
replacement.

The gas-phase Meerwein reaction occurs often to great
extent or even exclusively; in a few cases, owing to the greater
basicity of the (thio)epoxide or to the greater acidity of the
(thio)acylium ion, or both, proton transfer (eventually also
hydride abstraction) competes efficiently, or even dominates.

No ring expansion occurs for the corresponding six-
membered O-heterocycle, tetrahydropyran; it reacts with
both (CH;),N—C=S and CH;~C="0 to form exclusively the
simple O-acylated product. Tetrahydrofuran forms an abun-

dant adduct with (CH3)2N7(+3=0, but whether an analogous
five-to-seven-membered ring expansion occurs could not be
verified since THF fails to form stable adducts with both
(CH3)2N—é:S and CH3—62180. Trimethylene oxide reacts, to
a great extent with (thio)acylium ions by an analogous four-
to-six-membered ring expansion; it forms the ring-expanded

product ion predominantly with CH3—é:O, and exclusively
with (CH,),N—C=S.
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Enantioselective Diels — Alder Approach to C-3-Oxygenated Angucyclinones
from (SS)-2-(p-Tolylsulfinyl)-1,4-naphthoquinone

M. Carmen Carrefio,*?! Antonio Urbano,®! and Claudio Di Vitta!®!

Abstract: Chiral racemic vinylcyclohex-
enes 2, bearing oxygenated substituents
and/or a methyl group at the C-5 posi-
tion of the cyclohexene ring, were sub-
mitted to Diels— Alder reactions with
enantiomerically pure (SS)-(2-p-tolyl-
sulfinyl)-1,4-naphthoquinone [ (+)-1].
The domino cycloaddition/pyrolytic
sulfoxide elimination process led to the
formation of enantiomerically enriched

syn-7, which were obtained from the
kinetic resolution of the racemic diene.
In all cases, (SS)-(2-p-tolylsulfinyl)-1,4-
naphthoquinone reacted from the less
hindered face of the more reactive s-cis
conformation, to form products in good

Keywords: angucyclinones - asym-
metric synthesis - cycloadditions -
kinetic resolution - sulfinylquinones

enantiomeric excesses. Steric effects and
torsional interactions in the correspond-
ing approaches account for the observed
n-facial diastereoselectivities at both
partners. The usefulness of this method-
ology is illustrated with the four-step
totally asymmetric synthesis of the C-3-
oxygenated angucyclinone derivative
(—)-8-deoxytetrangomycin 10 in 26%
overall yield and with 50 % enantiomer-

angularly tetracyclic quinones anti-6 and

Introduction

Angucyclines are a large group of naturally occurring
quinones!! that display a broad range of biological properties
such as antiviral, antifungal ! and antitumorl effects as well
as enzyme-inhibitory activity.’! The major representatives of
this family have a benz[a]anthracene framework of decake-
tide origin, bearing a methyl group at C-3 and an oxygenated
function at C-1. Such challenging structures and their diverse
biological activities have stimulated many synthetic inves-
tigations.

Some members of the family, such as urdamycinone B,
rabelomycin and tetrangomycin (Figure 1), possess a tertiary
hydroxy group at C-3, whose lability has hindered the
development of general synthetic approaches towards the
nonaromatic A ring. The regioselective construction of the
angularly fused tetracyclic skeleton of angucyclinones has
been achieved by several methods, which are summarized in a
recent review article.’! The most general strategy employed is
based on the Diels— Alder reaction between a substituted
naphthoquinone and a vinylcyclohexene. While several effi-
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ic purity.
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Urdamycinone B (R1 = OH, R2 =
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Rabelomycin (R1 = R®= OH, R2=H) H
Tetrangomycin (R = OH, R? = R® = H)
8-Deoxytetrangomycin (R! = R2 = R3 = H)
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oX (5)§\\O
(-)-8-Deoxytetrangomycin > +
=
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()-2: R*=H, Me ()1
X = TBDMS, MOM, Ac

Figure 1. Structures of angucyclinones.

cient total syntheses have focused on racemic forms, only a
few asymmetric approaches have been described so far.[’!

Of the derivatives bearing the C-3-oxygenated substituent,
only urdamicynone B has been synthesized in enantiomeri-
cally pure form. The first total synthesis, reported by
Yamaguchi et al.,/ was based on the separation of the
diastereoisomers resulting from the polyketide condensation
of a C-glycosyl naphthalene diester. Later, Sulikowsky and
Kim[™ used an asymmetric Diels— Alder reaction with an
appropriately functionalized chiral diene obtained from (—)-
quinic acid as the key step of the synthetic sequence. Finally,
Toshima’s urdamycinone B synthesis®l was achieved by
chromatographic separation of the diastereoisomeric mixture
formed in the [4+42] cycloaddition between a C-glycosyl
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juglone and a racemic vinylcyclohexene. The total syntheses
of racemic rabelomycin and tetrangomycin were described by
Krohn and Khanbabaee,®! but, to our knowledge, no asym-
metric syntheses of these compounds have been reported so
far.

We recently achieved the asymmetric total synthesis of (+)-
rubiginone B, and (+)-ochromycinone,” two angucyclinones
without the oxygen functionality at C-3; our synthesis was
based on the use of enantiomerically pure sulfinylnaphtho-
quinones as chiral dienophiles.'"! The strategy used in our
laboratory is based on the ability of the sulfoxide to control
the regiochemistry and m-facial diastereoselectivity of endo
cycloadditions with (SS)-(p-tolylsulfinyl)quinones, and takes
advantage of the domino!'l Diels— Alder reaction/pyrolytic
sulfoxide elimination, which occurs when acyclic or semicyclic
dienes are used. Moreover, when a chiral racemic vinyl-
cyclohexene is the partner, efficient kinetic resolution occurs,
resulting in the one-pot enantioselective formation of the
angucyclinone skeleton.'”! The process was shown to be
applicable to a wide range of 1-vinylcyclohexenes bearing
secondary carbinols at C-3, C-4 or C-6 and to both cis- and
trans-3-oxygenated-5-methyl-substituted 1-vinylcyclohex-
enes.[3] The latter allowed easy access to agucyclinones with
a methyl substituent at C-3.1% 12

To further extend the applicability of this procedure to the
enantioselective synthesis of C-3-oxygenated angucyclinones,
we thought of studying the behavior of vinylcyclohexene
derivatives supporting a secondary or tertiary carbinol at C-5;
such derivatives could be the C-3-substituted precursors of the
tetracyclic system. We here report a novel enantioselective
approach to the C-3-oxygenated angucyclinone framework by
the retrosynthetic scheme shown in Figure 1. The synthesis is
based on an asymmetric Diels—Alder reaction between
differently substituted vinylcyclohexenes 2, bearing oxygen-
ated substituents and/or a methyl group at the stereogenic

Abstract in Spanish: Se han estudiado las reacciones de Diels —
Alder de la (SS)-(2-p-tolilsulfinil)-1,4-naftoquinona (+)-1
enantioméricamente pura con diferentes vinilciclohexenos
quirales racémicos 2 que poseen sustituyentes oxigenados y/o
un grupo metilo en posicion C-5 del anillo de ciclohexeno. El
proceso tiene lugar a través de una secuencia de cicloadicion/
eliminacion pirolitica del sulféxido originando, en una unica
etapa sintética, las quinonas tetraciclicas de estructura angular
anti-6 y sin-7 enantioméricamente enriquecidas. En la cicloa-
dicion se produce ademads la resolucion cinética de los dienos
racémicos. En todos los casos el diendfilo reacciona a través de
una conformacion de tipo s-cis por la cara menos impedida
estéricamente dando lugar a los productos finales con buenos
excesos enantioméricos. La selectividad 7-facial obtenida se
explica teniendo en cuenta los efectos estéricos y las interac-
ciones torsionales que se aprecian en los distintos estados de
transicion. La utilidad de esta metodologia se ilustra con la
sintesis asimétrica en cuatro etapas de un derivado C-3
oxigenado de anguciclinona, la (—)-8-desoxitetrangomicina
(10), con un rendimiento global del 26 % y una pureza
enantiomérica del 50 %.
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center C-5, and (SS)-2-(p-tolylsulfinyl)-1,4-naphthoquinone
(1), which is able to discriminate between both faces of the
chiral racemic diene, thereby promoting a double-induction
cycloaddition. The method was illustrated by the total
asymmetric synthesis of (—)-8-deoxytetrangomycin (Fig-
ure 1). Besides the intrinsic synthetic interest of these results,
fundamental information concerning the role of the C-5
stereogenic center in the vinylcyclohexene on m-facial dia-
stereoselection is also obtained.

Results and Discussion
The required vinylcyclohexenes 2a—c were prepared as

outlined in Scheme 1. The starting material was 1-bromo-5-
dioxolane-1-cyclohexene (3),' which was coupled with

3R= Br“ 2a:X=H
a) f d[
4: R = vinyl<_ ) L+ 2b: x = TBDMS |®
Ve 2c: X = MOM

OX

=

2d: X=H
h) g)E 2e: X = TBDMS |©
2f: X = MOM

L . 29:X=Ac

Scheme 1. Synthesis of vinylcyclohexenes 2a-g. a) CH,=CHMgBr,
[Pd(PPh;),], THF, 80°C, 4h, 77 %; b) LiBF,, aqueous CH;CN, room
temperature, 1h, 63%; c) NaBH,, MeOH, room temperature, 10 min,
70%; d) TBDMSCI, imidazole, DMF, room temperature, 6 h, 63%;
e) MOMCI, DIPEA, CH,Cl,, room temperature, overnight, 100 % for 2¢,
60% for 2f; f) MeMgBr, THF, room temperature, 4 h, 53%; g) i. NaH,
THF, room temperature, 1 h; ii. TBDMSOTI, room temperature, 2 h, 94 %;
h) AcCl, DIPEA, CH,Cl,, 0°C, 4 h, 78 %.

vinylmagnesium bromide in the presence of catalytic Pd’,[*1 to
afford vinylcyclohexene 4 in 77 % yield. After hydrolysis of
the ketal function of 4 with LiBF, in aqueous CH;CN,!'
ketone 5§ was obtained in 63 % yield. After further reduction
of the carbonyl group (NaBH,/EtOH), secondary alcohol
2al7l was obtained in 70% yield. The resulting carbinol
was protected either with ters-butyldimethylsilyl chloride
(TBDMSCl)/imidazole ~ or  methoxymethyl  chloride
(MOMCl)/diisopropylethylamine (DIPEA), to lead to deriv-
atives 2b (63 % yield) and 2¢ (95 % yield), respectively.

Compounds 2d-g, which contain both an oxygenated
substituent and a methyl group at the C-5 position, were
prepared from vinylcyclohexenone 5 (Scheme 1). Thus, addi-
tion of the Grignard reagent MeMgBr to ketone 5 afforded
tertiary carbinol 2d (53 % yield), which was protected as
OTBDMS derivative 2e (NaH, TBDMSOT)!'® in 94 % yield,
OMOM derivative 2f (MOMCIDIPEA) in 60% yield, and
acetate 2g (AcCl, DIPEA)" in 78 % yield.
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With the desired racemic vinylcyclohexenes in hand, we
began the study of their Diels— Alder cycloadditions with
enantiomerically pure (SS)-2-(p-tolylsulfinyl)-1,4-naphtho-
quinone, (+)-1,2 as the chiral dienophile (Scheme 2). Fast
decomposition of the dienes prevented the use of Lewis acids.

R

A
)

(+)-2b,c,e-g
(+)-1 (2 equiv)

Q20T
DOV
o

-TolSOH

(+)-anti-6b,c,e-g

(+)-syn-7b,c,e-g
Scheme 2. Diels— Alder reactions of (+)-1 and (£)-2b, ¢, e—g.

The best results were achieved working in CH,Cl, at 0°C.
Under these conditions, Diels— Alder reactions between
quinone (+)-1 and two equivalents of racemic vinylcyclohex-
enes 2b and 2¢, with a secondary protected carbinol at C-5,
and 2e-g, derived from the analogous tertiary methyl
carbinol, gave rise to mixtures of derivatives anti-6b, ¢, e—g
and syn-7b, ¢, e—g (Table 1), resulting from the spontaneous
pyrolytic elimination of the sulfinyl group in the initially
formed cycloadducts. The diastereoisomeric anti/syn/?'! ratios
were determined directly from the crude reaction mixtures by
'H NMR analysis. In all these cycloadditions, we recovered
unconverted dienes in optically active form.

Table 1. Yields and diastereoselectivities of the Diels— Alder reactions of
(+)-1 and (£)-2b, ¢, e-g in CH,Cl, at 0°C.

Product
Entry Diene anti[%] syn[%] Yield [%] Isolated yield [%]
1 2b  6b(60) 7b (40)8 61 6b (38)  7b (23)
2 2¢ 6c(60)  7c(40) 58 6c(37) 7c(21)
3 2e 6e(85) 7Te(15) 67 [
4 2t 6f (SO)  T£(20)M 58 I
5 2g 6g(83) 7g(17) 41 [

[a] A 93:7 enantiomeric ratio was measured by using [Yb(hfc);] as chiral
lanthanide shift reagent. [b] A 92:8 enantiomeric ratio was calculated from
optical purity of (+)-9. [c] The anti and syn diastereoisomers could not be
separated.
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The Diels — Alder reaction between racemic vinylcyclohex-
ene 2b and naphthoquinone (+)-1 (Scheme 2, Table 1, entry
1), afforded a 60:40 mixture of diastereoisomers anti-6b and
syn-7b, from which compound (+)-6b could be isolated in
38% yield and diastereoisomer (+4)-7b could be isolated in
23% vyield, after flash chromatography. The enantiomeric
purity of both compounds was determined to be 86% by a
'"H NMR study in which [Yb(hfc);] (hfc = 3-(heptafluoropro-
pylhydroxymethylene)-D-camphorate) was used as chiral
lanthanide shift reagent; this procedure required the prepa-
ration of the corresponding racemic derivatives (+)-6b and
(£)-7b, starting from racemic sulfinylnaphthoquinone (=+)-
1.9 Cycloaddition between quinone (+)-1 and OMOM
derivative 2¢ afforded a 60:40 mixture of (+)-anti-6¢ and
(+)-syn-Te, in 37% and 21 % yields, respectively, after flash
chromatography (Scheme 2, Table 1, entry 2).22

Reaction between (+)-1 and 5-[(tert-butyldimethylsilyl)-
oxy]-5-methyl-1-vinylcyclohexene (2e) (Scheme 2, Table 1,
entry 3) gave rise to a 67% yield of a 85:15 mixture of
optically active diastereoisomers anti-6e and syn-7e which
could not be separated.”? The same reaction with the
analogous OMOM-substituted diene 2f, also containing a
methyl group at C-5, yielded 58 % of an 80:20 mixture of
diastereoisomers anti-6f and syn-7f (Scheme 2, Table 1,
entry 4). In this case, the major compound 6 f was isolated
in pure form after crystallization from MeOH, but, unfortu-
nately, only in the racemic form. The optical purity of
derivatives 6 f and 7f (84 % ee) could only be calculated after
their transformation into the intermediate (+)-9, much
further into the total synthesis of (—)-8-deoxytetrangomycin
(see Scheme 3). Finally, cycloaddition of (+)-1 and 5-acetoxy-
5-methyl-1-vinylcyclohexene (2g) (Scheme 2, Table 1, en-
try 5) yielded 41 % of an 83:17 mixture of compounds anti-
6g and syn-7g.”?l Again, derivative 6g could be isolated pure
after crystallization from MeOH, but in the racemic form.

The relative stereochemistry of tetracyclic derivatives anti-
6b, ¢, e—g and syn-7h, ¢, e—g was established on the basis of
their 'H NMR data, in particular coupling constants for 6b, ¢
and 7b, ¢ and 'H-'H NOESY experiments for 6e—g and 7e -
g (Figure 2). In all anti and syn derivatives 6 and 7, proton H,,
appeared as a multiplet with a coupling constant in the range
9.2 to 9.9 Hz with H,,,.”®} This suggested that H,,, is in a
pseudoaxial position, and made it possible to establish the
relative positions of all the other protons of the cyclohexane
ring. Thus, in the 'H NMR spectra of anti diastereoisomers 6b
and 6¢, hydrogen H; has two coupling constants, ranging from
11.0 to 11.3 Hz, which are consistent with a trans diaxial
relationship between H; and H,,,, and H; and H,,,, respec-
tively (Figure 2). In the case of syn diastercoisomers 7b and
7 ¢, the coupling constants of the same proton H; are small,
ranging from 2.3 to 2.7, indicating its pseudoequatorial
disposition.

The relative configuration of derivatives anti-6 e and syn-7e
was determined from a '"H—'H NOESY experiment®! on the
mixture of diastereoisomers. We noticed that there was a
NOE, depicted in Figure 2 for compound anti-6e, between
pseudoaxial proton H,,, and the methyl group at C-5,
indicating the cis relationship for these two substituents. This
NOE is not observed for the same substituents in the case of
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parameters of 6e and 6 f, g as well as those of 7e and 7f, g,
allowed us to assign the same relative configuration for all
compounds anti-6 and syn-7, respectively. Once the relative
stereochemistry of all derivatives was established, the abso-
lute configuration of compounds 6 (35,12bS) and 7 (3R,12bS)
was deduced, as indicated later.

To rationalize the results achieved in such a double
asymmetric induction process,® one must differentiate
between the diastereofacial selectivities of both chiral part-
ners. The observed anti/syn selectivities reflect the m-facial
diastereoselection of the diene, whereas the resulting absolute
configuration of each anti-6 and syn-7 derivatives indicate the
diastereofacial control and the efficiency of the kinetic
resolution exerted by the homochiral sulfoxide on the
quinonic moiety.

For such enantiopure sulfinylquinones, experimentation
suggested that the face selectivity induced by the sulfoxide is
mainly controlled by steric factors. Our earlier results!'’!
showed that the favored endo approach at a diene occurs
from the face of the (SS)-2-(p-tolylsulfinyl)-1,4-naphthoqui-
none that contains the less sterically demanding lone electron
pair at sulfur in the more reactive s-cis conformation (Fig-
ure 3). Thus, because the (S) absolute configuration was
induced at C,,, in all derivatives 6 and 70! the major
enantiomers obtained must arise from the attack of the diene
onto the top face of (+)-1.

For the diene partner, the major formation of anti adducts
must be a consequence of the preferred approach of the
dienophile at the face of the diene anti to the oxygenated
function. A detailed analysis of transition states, shown in
Figure 3, suggested that, for dienes 2b, ¢ with a secondary
protected carbinol at C-5, approach anti-A must be favored?”)

Chem. Eur. J. 2000, 6, No. 5
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Figure 3. Favored approaches of semicyclic dienes 2 in Diels—Alder
reactions with sulfinylnaphthoquinone (+)-1.

over anti-B which shows a strongly destabilizing torsional
interaction between H,,, and forming bonds.?®! Thus, the
former transition state corresponds to the evolution of the
matched pair, where the reacting diene is the 5§ enantiomer.

The formation of minor diastereoisomers syn-7b, ¢ must be
a consequence of the cycloaddition of SR enantiomers of
dienes 2b, ¢, which gives rise to the transition state repre-
sented as syn-C in Figure 3, where there is no torsional strain
and the bulky OX substituent is pseudoequatorial. Approach
anti-A is slightly favored over syn-C, due to the stronger
interaction present in the latter between the pseudoequatorial
OX at C-5 and the aromatic protons of quinone (+)-1.

In the case of cycloadditions with C-5-methyl-substituted
vinylcyclohexenes 2e—g, the diasteroisomeric excess of the
process increased up to 70% in favor of the anti diaster-
eoisomer (Table 1, entries 3-5). This result seems to be
contradictory to the increasing interactions present in the
approach anti-D compared to the analogous anti-A. In the
former, the pseudoequatorial methyl group at C-5 and one
aromatic proton of the quinone (Figure 3) must interact more
strongly than Hj in anti-A. Nevertheless, the greater prefer-
ence for the anti approach in methyl-substituted dienes can be
understood if the attack shown as syn-E in Figure 3, where a
(Me/H) 1,3-parallel interaction is present, is taken into
account.”! If we consider the other half-chair conformation
of the cyclohexene moiety (syn-F in Figure 3), two additional
destabilizing interactions are apparent: the torsional strain
between H;,, and one of the forming bonds, and the
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pseudoaxial OX group at C-5 interacting with one aromatic
proton of the quinone.

Thus, we could justify the kinetic resolution process by
arguing that the endo approaches anti-A and anti-D corre-
spond to the evolution of the matched pairs. The most favored
situation is the anti cycloaddition of dienes of configuration 55
at the less hindered face of quinone (+)-(SS)-1, reacting in the
s-cis conformation. On this basis, we could assign the absolute
configuration (3S5,12bS) to the major diastereoisomers 6,
resulting from the anti cycloaddition, and the (3R, 12bS)
configuration could be assigned to derivatives 7, formed from
the syn approach.

Finally, we were interested in the synthetic application of
this methodology to the enantioselective synthesis of the
8-deoxy derivative of the natural angucyclinone (—)-tetran-
gomycin (Figure 1). This natural product was isolated from
cultures of a variant strain of Streptomyces rimosus;*” two
total syntheses were described by Krohn and Khanbabaee,
but the products were in the racemic form. In one of them, !
the hexahydrobenz[a]anthraquinone framework was regiose-
lectively formed by a Diels— Alder reaction between a 5-silyl-
substituted vinylcyclohexene and a bromojuglone. In a second
approach,®¥l the same author prepared (4)-tetrangomycin by
a biomimetic-type synthesis, by two successive aldol cycliza-
tions starting from a substituted naphthoquinone.

Our synthetic sequence to (—)-8-deoxytetrangomycin (10)
(Scheme 3), started from the 80:20 mixture of optically active

(¢}
(-)-8-Deoxytetrangomycin (10)

Scheme 3. Synthesis of (—)-8-deoxytetrangomycin (10). a) K,CO;,
MeOH, room temperature, 2 h, 98 %; b) aqueous HCI, THF, MeOH, room
temperature, 4 h, 90 %; c) hv, O,, room temperature, 18 h, 45%.

3-methyl-3-methoxymethyl-substituted tetracyclic derivatives
6f and 7f, which resulted from the Diels— Alder reaction
between (+)-1 and (£)-2 f. The treatment of this mixture with
K,CO; in MeOH led to the aromatization of the B ring, giving
the anthraquinone derivative (+)-8 in 98 % yield. Deprotec-
tion of the MOM functionality of 8 was achieved with aqueous
HCl in a mixture of THF/MeOH, to afford the tertiary alcohol
(+)-9in 90 % yield. The optical purity of this derivative (50 %
ee) was established from its Mosher esters;?!l this indicates a
92:8 enantiomeric ratio for each precursor 6 f and 7f, if it is
taken into account that an 80:20 starting mixture of these
derivatives was used. In the final step, we used the photo-
oxygenation process, developed by Krohn and co-workers as a
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general method for the introduction of the C-1 carbonyl
functionality into these type of systems.®*<32 Thus, when
compound (+)-9, under solvent-free conditions, was exposed
to daylight for 48 h, ketone (—)-10 was isolated after flash
chromatography in 50% yield. If we assume that no race-
mization occurred during the last step of the synthetic
sequence, then the 8-deoxy derivative of tetrangomycin (—)-
10 was prepared in four steps, starting from the readily
avalaible sulfinylnaphthoquinone (+)-1 and vinylcyclohexene
(£)-2 £, with 50% ee and 26 % overall yield.

Conclusion

We developed a novel approach to the asymmetric synthesis
of a C-3-oxygenated angucyclinone-like skeleton by taking
advantage of the reaction between an enantiomerically pure
sulfinylnaphthoquinone and a C-5-oxygenated racemic vinyl-
cyclohexene. The process takes place through a domino
Diels— Alder reaction/pyrolytic sulfoxide elimination with
simultaneous kinetic resolution of the racemic diene. Our
methodology introduces an easy access to such oxygenated
systems in optically active form, as illustrated by the four-step
total asymmetric synthesis of (—)-8-deoxytetrangomycin in
26 % overall yield and 50 % enantiomeric purity.

Experimental Section

General: Melting points were obtained in open capillary tubes and are
uncorrected. 'H and *C NMR spectra were recorded in CDCl; at 300 and
75 MHz, respectively. Diastereoisomeric ratios were established by inte-
gration of well-separated signals of both diastereomers in the crude
reaction mixtures and are listed in Table 1. All reactions were monitored by
thin-layer chromatography, which was performed on precoated sheets of
silica gel 60, and flash column chromatography was performed with silica
gel 60 (230-400 mesh) of Macherey-Nagel. Eluting solvents are indicated
in the text. The apparatus for inert atmosphere experiments was flame-
dried under a stream of dry argon. CH,Cl, was dried over P,Ojs. For routine
workup, hydrolysis was carried out with water, extractions with CH,Cl,,
and solvent drying with Na,SO,.

5-Dioxolane-1-vinylcyclohex-1-ene (4): A solution of vinylmagnesium
bromide (23 mL, 1.0Mm) in THF was added to a mixture of 1-bromo-5-
dioxolanecyclohex-1-ene (3)!" (500 mg, 2.3 mmol) in THF (25 mL), which
contained catalytic amounts of Pd(PPh;),. The mixture was refluxed for
4 h, hydrolyzed with aqueous saturated solution of NH,Cl, and extracted
with diethyl ether. After workup and flash chromatography (eluent hexane/
EtOAc 90:10), compound 4 was obtained as a colorless oil in 77 % yield.
'HNMR: 6 =6.40 (dd, J=10.0 and 16.8 Hz, 1H, 1a-H), 5.77 (m, 1 H, 2-H),
5.03 (d, J=16.8 Hz, 1H, 1b-H), 4.92 (d, /=10.0 Hz, 1H, 1c-H), 4.01 (m,
4H, O-CH,CH,-0), 2.36 (m, 4H, 3-H,, 6-H,), 1.77 (t,/ = 6.8 Hz, 2H, 4-H,);
BCNMR: 0 =138.83,133.88, 127.78, 110.04, 107.96, 64.14 (2C), 34.28, 30.62,
24.23; MS (EX): m/z (%): 166 (5) [M*], 133 (13), 107 (7), 99 (16), 86 (36), 63
(100); C,,H,40, (166.2): calcd 166.09938; found 166.09935 (HRMS).
3-Vinyl-3-cyclohexen-1-one (5): Compound 4 (600 mg, 3.6 mmol), dis-
solved in aqueous CH;CN (5 mL), was added to a solution of LiBF, in
CH;CN (5 mL, 1.0M). The mixture was stirred for 1 h at room temperature
and CH,Cl, was added. After workup and flash chromatography (eluent
hexane/EtOAc 90:10), compound 5 was obtained as a colorless oil in 63 %
yield: 'HNMR: 0 =6.42 (dd,J=10.8 and 17.0 Hz, 1 H, 1a-H), 5.94 (m, 1 H,
2-H), 5.04 (d, /=170 Hz, 1H, 1b-H), 5.02 (d, /=10.6 Hz, 1H, 1c-H), 2.99
(br.s,2H, 6-H,),2.6-2.4 (m, 4H, 3-H,, 4-H,); *CNMR: 4 =209.83, 137.67,
134.33, 127.89, 111.97, 38.90, 38.41, 25.21.

3-Vinyl-3-cyclohexen-1-0l (2a): To a solution of 5 (280 mg, 2.3 mmol) in
MeOH (5 mL), solid NaBH, (100 mg, 2.6 mmol) was added. The mixture
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was stirred for 10 min at room temperature and then H,O and CH,Cl, were
added. After workup and flash chromatography (eluent hexane/EtOAc
90:10), compound 2 a was obtained as a colorless oil in 70 % yield: 'H NMR:
0=06.33(dd, J=11.0 and 17.6 Hz, 1H, 3a-H), 5.67 (br. s, 1H, 4-H), 5.04 (d,
J=176 Hz, 1H, 3b-H), 5.02 (d, /=11.0 Hz, 1 H, 3¢c-H), 3.96 (m, 1H, 1-H),
2.90 (br. s, 1H, OH), 2.5-1.5 (m, 6H, 2-H,, 5-H,, 6-H,); *C NMR: 6 =
139.17, 133.56, 128.40, 110.22, 66.76, 32.79, 30.53, 23.65.

5-[ (tert-Butyldimethylsilyl)oxy]-1-vinylcyclohexene (2b): To a solution of
2a (200 mg, 1.6 mmol) in DMF (3 mL), TBDMSCI (290 mg, 1.9 mmol) and
imidazole (0.27 g, 4 mmol) were added. The mixture was stirred at room
temperature for 6 h, it was then hydrolyzed with an aqueous saturated
solution of NH,Cl and it was then extracted with diethyl ether. After
workup and flash chromatography (eluent hexane/EtOAc 90:10), com-
pound 2b was obtained as a colorless oil in 63 % yield: 'H NMR: 6 =6.35
(dd,J=10.7 and 174 Hz, 1 H, 1a-H), 5.68 (m, 1 H, 2-H), 5.06 (d, /=174 Hz,
1H, 1b-H), 4.90 (d, J=10.7 Hz, 1H, 1¢c-H), 3.95 (m, 1H, 5-H), 2.5- 1.5 (m,
6H, 3-H,, 4-H,, 6-H,), 0.91 (s, 9H, t-Bu), 0.09 (s, 6 H, 2CH,-Si); *C NMR:
0=139.47,134.20, 128.48, 110.02, 67.97, 33.72, 31.57, 25.85 (3C), 24.26, 18.50,
—3.62 (2C); MS (EX): m/z (%): 238 (1) [M*], 223 (2), 181 (56), 105 (29), 101
(22),91 (18), 75 (100); C;,H,50Si (238.4): caled 238.17529, found 238.17496
(HRMS).

General procedure I: Synthesis of OMOM derivatives: To a solution of the
corresponding vinylcyclohexenol 2 (4 mmol) in CH,Cl, (8 mL), DIPEA
(14 mL, 11 mmol) and MOMCI (3.4 mL, 42 mmol) were added. The
mixture was stirred at room temperature overnight and hydrolyzed with
cold aqueous saturated solution of NaHCO;. After workup and flash
chromatography, the pure OMOM derivative was obtained.

5-[ (Methoxymethyl)oxy]-1-vinylcyclohexene (2¢): Compound 2¢ was
obtained from 2a according to General Procedure I (eluent hexane/EtOAc
90:10), as a colorless oil in 100 % yield: '"H NMR: 6 =6.33 (dd, J=10.8 and
16.8 Hz, 1H, 1a-H), 5.63 (m, 1 H, 2-H), 5.06 (d, / =16.8 Hz, 1H, 1b-H), 4.92
(d, J=10.4 Hz, 1H, 1c-H), 4.72 and 4.69 (AB system, J=6.8 Hz, 2H,
0-CH,-0), 3.84 (m, 1H, 5-H), 3.37 (s, 3H, OCH3;), 2.5-1.6 (m, 6H, 3-H,,
4-H,, 6-H,); *CNMR: 6 =139.18, 133.56, 128.39, 109.97, 94.51, 71.84, 54.88,
30.45, 27.83, 23.59; MS (EI): m/z (%): 136 (28) [M* — CH,OH], 123 (10),
106 (100), 91 (72), 79 (58).

1-Methyl-3-vinyl-3-cyclohexen-1-ol (2d): Ketone 5 (100 mg, 0.82 mmol) in
THF (2 mL) was added, at 0°C, to a solution of MeMgBr (0.3 mL of 3.0M in
diethyl ether) dissolved in THF (5 mL). The mixture was stirred at room
temperature for 4 h, was hydrolyzed with aqueous saturated solution of
NH,CI, and was extracted with diethyl ether. After workup and flash
chromatography (eluent hexane/EtOAc 90:10), compound 2d was obtained
as a colorless oil in 53 % yield: '"H NMR: 6 =6.38 (dd, J=10.1 and 17.3 Hz,
1H, 3a-H), 5.76 (broad s, 1H, 4-H), 5.07 (d,/=17.3 Hz, 1H, 3b-H), 4.92 (d,
J=10.1 Hz, 3¢c-H), 2.4-1.5 (m, 7H, 2-H,, 5-H,, 6-H,, OH), 1.30 (s, 3H,
CH,;); “C NMR: 6=139.36, 134.54, 128.01, 112.98, 68.61, 37.79, 34.94,
28.64, 23,70; MS (EI): m/z (%): 138 (37) [M*], 123 (100), 105 (36), 95 (64),
79 (34), 67 (26); CoH,,O (138.2): caled 138.10447, found 138.10410
(HRMS).

5-[ (tert-Butyldimethylsilyl)oxy]-5-methyl-1-vinylcyclohexene (2e): To a
suspension of NaH (15 mg, 0.6 mmol) in THF (5 mL), a solution of 2d
(46 mg, 0.3 mmol) in THF (5mL) was slowly added. The mixture was
stirred for 1 h at room temperature and TBDMSOTT (80 mL, 0.34 mmol)
was added. After 2 h at room temperature, workup and flash chromatog-
raphy (eluent hexane/EtOAc 95:5), compound 2e was obtained as a
colorless oil in 94 % yield: '"H NMR: 6 =6.39 (dd, /= 10.5 and 17.3 Hz, 1H,
la-H), 5.72 (m, 1H, 2-H), 5.05 (d, /=173 Hz, 1H, 1b-H), 4.89 (d, /=
10.5 Hz, 1H, 1c-H), 2.5-2.0 (m, 4H, 3-H,, 6-H,), 1.70 and 1.52 (2m, 2H,
4-H,), 1.30 (s, 3H, CH3), 0.86 (s, 9H, #-Bu), 0.11 and 0.06 (2s, 6 H, 2CH;-Si);
BCNMR: 0 =139.94, 134.28, 128.51, 109.46, 71.39, 38.74, 36.48, 29.24, 25.80
(3C), 24.01, 18.12, —2.03, —2.28; MS (EI): m/z (%): 252 (1) [M], 237 (3),
195 (48), 119 (39), 105 (12), 91 (8), 75 (100); C;sH,OSi (252,5): caled
252.19094; found 252.19006 (HRMS).

5-[ (Methoxymethyl)oxy]-5-methyl-1-vinylcyclohexene (2 f): Compound 2 f
was obtained as a colorless oil in 60 % yield from 2d, according to General
Procedure I (eluent hexane/EtOAc 90:10): '"H NMR: 6 =6.34 (dd, /=10.8
and 17.8 Hz, 1 H, 1a-H), 5.69 (m, 1H, 2-H), 5.04 (d, /=178 Hz, 1H, 1b-H),
4.87 (d, J=10.8 Hz, 1H, 1c-H), 4.74 and 4.67 (AB system, /=74 Hz, 2H,
0-CH,-0), 3.31 (s, 3H, OCHs;), 2.5-2.0 (m, 4H, 3-H,, 6-H,), 1.78 and 1.57
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(2m, 2H, 4-H,), 1.27 (s, 3H, CH;); *C NMR: 6 =139.37, 133.81, 128.03,
109.85, 90.72, 74.13, 54.97, 35.75, 33.24, 24.97, 23.48.

5-Acetoxy-5-methyl-1-vinylcyclohexene (2g): To a solution of 2d (56 mg,
0.4 mmol) and dimethylaminopyridine (DMAP) (100 mg, 0.8 mmol) in
CH,CI, (5 mL), AcCl (60 mL, 0.8 mmol) was added at 0°C. After 4 h at the
same temperature, workup, and flash chromatography (eluent hexane/
EtOAc 90:10), compound 2g was obtained as a colorless oil in 78 % yield:
'"HNMR: 6 =6.35 (dd, J=10.5 and 17.7 Hz, 1H, 1a-H), 5.72 (m, 1 H, 2-H),
5.06 (d,/=177Hz, 1H, 1b-H), 4.90 (d /=10.5 Hz, 1H, 1c-H), 2.7-2.1 (m,
SH, 3-H,, 4eq-H, 6-H,), 1.96 (s, 3H, CH;CO), 1.69 (m, 1 H, 4ax-H), 1.55 (s,
3H, CH;); BC NMR: 6 =170.59, 139.19, 133.30, 127.87, 110.30, 80.23, 35.89,
32.19, 24.32, 23.18, 22.37.

General procedure II: Diels—Alder reactions: To a solution of 2-(p-
tolylsulfinyl)-1,4-naphthoquinone (+)-(SS)-12% or (+)-12%(0.15 g, 0.5 mmol)
in dry CH,Cl, (5 mL) under argon, the corresponding racemic diene 2
(1.0 mmol, 2 equiv) was added at 0°C. After 72 h at the same temperature,
and evaporation of the solvent, crude dihydroanthraquinones anti-6 and
syn-T were obtained.

(38,12bS)-3-[ (tert-Butyldimethylsilyl) oxy]-1,2,3,4,6,12b-hexahydrobenzo-
[a]anthracene-7,12-dione (6b): Compound 6b was obtained, in 38 % yield,
from (+)-(SS)-1 and 2b, according to General Procedure II, after
separation of the resulting 60:40 mixture of (+)-6b and (+)-7b by flash
chromatography (eluent hexane/EtOAc 30:1): M.p. 156-157°C (MeOH);
[a]® =+193 (¢=0.5 in CHCl;, 86 % ee); '"H NMR: 6 =8.08 (m, 2H, 8-H,
11-H), 7.71 (m, 2H, 9-H, 10-H), 5.54 (m, 1H, 5-H), 3.59 (tt, 1H, J=4.2 and
11.3 Hz, 3ax-H), 3.4-3.1 (m, 3H, 12b-H, 6-H,), 2.53 (ddd, J=2.0, 4.8 and
12.4 Hz, 1H, 4eq-H), 2.31 (dq, /=124 and 3.2 Hz, 1H, leq-H),2.2-1.9 (m,
2H, 4ax-H, 2eq-H), 1.70 (dq, J =4.2 and 12.8 Hz, 1 H, 2ax-H), 1.09 (m, 1H,
lax-H), 0.91 (s, 9H, rBu), 0.08 and 0.07 (2s, 6H, 2CH;-Si); *C NMR: 6 =
184.82, 184.38, 144.24, 141.59, 135.45, 133.55, 133.44, 132.43, 131.94, 126.31,
126.08, 115.35, 72.43, 45.40, 36.87, 36.63, 32.19, 25.88 (3C), 25.46, 18.21,
—3.62, —3.609; C,,H;3,0;Si (394.6): caled C 73.06, H 7.67; found C 72.88, H
7.81.

(3R,12bS)-3-[ (tert-Butyldimethylsilyl)oxy]-1,2,3,4,6,12b-hexahydrobenzo-
[a]anthracene-7,12-dione (7b): Compound 7b was obtained in 23 % yield
from (+)-(SS)-1 and 2b according to General Procedure II, after
separation of the resulting 40:60 mixture of (+)-7b and (+)-6b by flash
chromatography (eluent hexane/EtOAc 30:1): M.p. 130-132°C (MeOH);
[a]¥ =+ 192 (c=0.5 in CHCl;, 86% ee); '"H NMR: 6 =8.07 (m, 2H, 8-H,
11-H), 770 (m, 2H, 9-H, 10-H), 5.46 (m, 1 H, 5-H), 4.15 (quint, J =2.7 Hz,
1H, 3eq-H), 3.38 (m, 1H, 12b-H), 3.24 (m, 2H, 6-H,), 2.26 (m, 2H, 4-H,),
2.04 (dq, J=11.4 and 3.0 Hz, 1 H, leq-H), 1.82 (m, 2 H, 2-H,), 1.63 (dq, J =
4.0 and 11.9 Hz, 1 H, lax-H), 0.85 (s, 9H, tBu), 0.05 and 0.01 (2s, 6 H, 2CH;-
Si); 3C NMR: 6 =185.01, 184.56, 144.54, 141.81, 133.86, 133.42, 133.33,
132.50, 132.02, 126.22, 126.03, 115.85, 67.63, 43.20, 37.73, 34.55, 29.06, 25.71
(3C), 25.35, 18.04, —3.40 (2C); Cy,H,,0,8i (394.6): caled C 73.06, H 7.67;
found C 73.14, H 7.51.

(35,12bS)-3-[ (Methoxymethyl)oxy]-1,2,3,4,6,12b-hexahydrobenzo[ a]an-
thracene-7,12-dione (6¢): Compound 6¢ was obtained in 37 % yield from
(4)-(SS)-1 and 2¢ according to General Procedure II, after separation of
the resulting 60:40 mixture of (+)-6 ¢ and (+)-7 ¢ by flash chromatography
(eluent hexane/EtOAc 10:1): [a]® =+158 (¢=0.4 in CHCl;); 'H NMR:
0=8.06 (m, 2H, 8-H, 11-H), 7.70 (m, 2H, 9-H, 10-H), 5.57 (m, 1H, 5-H),
4.71 (m, 2H, O-CH,-0), 3.52 (tt, J=4.6 and 11.0 Hz, 3ax-H), 3.39 (s, 3H,
OCH,), 3.4-3.1 (m, 3H, 12b-H, 6-H,), 2.71 (ddd, J=2.3, 5.0 and 12.2 Hz,
1H, 4eq-H), 2.36 (m, 1 H, leq-H), 2.13 (m, 2 H, 4ax-H, 2eq-H), 1.70 (qd, / =
13.1 and 4.2 Hz, 2ax-H), 1.11 (dq, /J=3.3 and 12.0 Hz, 1H, lax-H);
BC NMR: 6 =184.70, 184.34, 143.99, 141.59, 134.78, 133.53, 133.45, 132.38,
131.91, 126.30, 126.08, 115.93, 94.84, 76.58, 55.26, 42.22, 36.95, 33.55, 32.10,
25.46; MS (EI): m/z (%): 324 (0.4) [M*], 306 (1), 292 (11), 279 (15), 262
(100), 247 (20), 235 (34), 223 (15), 178 (10), 165 (30), 77 (12); Cy,yH,,O4
(324.4): calcd 324.13616; found 324.13605 (HRMS).

(3R,12bS)-3-[ (Methoxymethyl)oxy]-1,2,3,4,6,12b-hexahydrobenzo[a]an-

thracene-7,12-dione (7c¢): Compound 7¢ was obtained in 21 % yield from
(4)-(SS)-1 and 2¢ according to General Procedure 11, after separation of
the resulting 40:60 mixture of (+)-7¢ and (+)-6 ¢ by flash chromatography
(eluent hexane/EtOAc 10:1): [a]f =+147 (¢=0.3 in CHCL;); '"H NMR:
0=238.07 (m, 2H, 8-H, 11-H), 7.70 (m, 2H, 9-H, 10-H), 5.55 (m, 1H, 5-H),
4.68 (m, 2H, O-CH,-0), 4.02 (t,J=2.3 Hz, 1H, 3eq-H), 3.40 (m, 1H, 12b-
H), 3.37 (s, 3H, OCHs;), 3.28 (m, 2H, 6-H,), 2.51 and 2.31 (2m, 2H, 4-H,),
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2.17 (m, 1H, leq-H), 2.05 (m, 1 H, 2eq-H), 1.87 (tt,J =3.1 and 13.4 Hz, 1H,
2ax-H), 1.54 (dq, J=3.2 and 12.0 Hz, 1H, 1lax-H); “C NMR: 6 =184.81,
184.47, 144.07, 141.76, 135.01, 133.84, 133.48, 132.44, 131.91, 126.25, 126.06,
115.93, 94.60, 72.37, 55.25, 39.93, 37.65, 31.40, 29.36, 25.35; MS (EI): m/z
(%): 324 (0.3) [M*], 290 (30), 260 (100), 247 (33), 231 (24), 202 (18), 189
(13), 165 (21), 105 (10), 77 (14); C,yHyO4 (324.4): caled 324.13616; found
324.13538 (HRMS).

(38,12bS)-3-[ (tert-Butyldimethylsilyl) oxy]-3-methyl-1,2,3,4,6,12b-hexahy-
drobenzo[a]anthracene-7,12-dione (6e¢) and (3R,12bS)-3-[ (tert-butyldime-
thylsilyl) oxy]-3-methyl-1,2,3,4,6,12b-hexahydrobenzo[ a]anthracene-7,12-
dione (7e): These derivatives were obtained, as an inseparable 85:15
mixture, in 67 % yield, from (+)-(SS)-1 and 2e, according to General
Procedure II, after flash chromatography (eluent hexane/EtOAc 20:1). The
following data correspond to the major diastereoisomer 6e: 'H NMR
(500 MHz, C;D¢): 6 =8.03 (m, 2H, 8-H, 11-H), 705 (m, 2H, 9-H, 10-H),
5.14 (br. s, 1H, 5-H), 3.27 (m, 1H, 12b-H), 3.2-2.9 (m, 2H, 6-H,), 2.38 (m,
1H, leq-H), 2.25 (m, 2H, 4-H,), 1.86 (dt, J=4.1 and 13.2 Hz, 2 H, 2ax-H),
1.73 (m, 1H, 2eq-H), 1.13 (s, 3H, CH,), 1.04 (s, 9H, ¢-Bu), 0.95 (dq, J=3.5
and 12.8 Hz, 1 H, 1ax-H), 0.14 and 0.13 (2s, 6 H, 2CH;-Si); MS (EI) (from
the mixture of 6e and 7e): m/z (% ): 408 (19) [M*], 351 (33), 275 (100), 259
(29), 221 (31), 185 (79), 147 (73), 115 (32); C,sH;,05Si (408.6): calcd
408.21207; found 408.21168 (HRMS).

(38,12bS)-3-[ (Methoxymethyl)oxy]-3-methyl-1,2,3,4,6,12b-hexahydroben-
zo[a]anthracene-7,12-dione (6 f) and (3R,12bS)-3-[ (methoxymethyl)oxy]-
3-methyl-1,2,3,4,6,12b-hexahydrobenzo[a]anthracene-7,12-dione (71):
These derivatives were obtained from (+)-(SS)-1 and 2f according to
General Procedure II, as an unseparable 80:20 mixture after flash
chromatography (eluent hexane/EtOAc 90:10), in 58% yield and 84 %
ee. Of the racemic series, a small pure portion of compound (+)-6 f could be
obtained after crystallization: M.p. 96-98°C (MeOH); 'H NMR: 6 =8.07
(m, 2H, 8-H, 11-H), 771 (m, 2H, 9-H, 10-H), 5.53 (m, 1 H, 5-H), 4.81 (m,
2H, O-CH,-O), 3.41 (s, 3H, OCH,), 3.4-3.1 (m, 3H, 12b-H, 6-H,), 2.40
(broad s, 2H, 4-H,), 2.31 (m, 1H, leq-H), 1.95 (m, 2H, 2-H,), 1.23 (s, 3H,
CHj;), 1.18 (dq, J=5.3 and 12.0 Hz, 1H, lax-H); C NMR: 0 =184.72,
184.34, 144.02, 141.59, 134.84, 133.53, 133.45, 132.41, 131.91, 126.30, 126.08,
116.13, 90.75, 77.22, 55.14, 47.53, 38.57, 37.35, 30.87, 25.52, 22.12; C,;H,,0,
(338.4): caled C 74.54, H 6.55; found C 74.38, H 6.66.

(38,12bS)-3-A cetoxy-3-methyl-1,2,3,4,6,12b-hexahydrobenzo[ a]anthra-

cene-7,12-dione (6 g) and (3R,12bS)-3-acetoxy-3-methyl-1,2,3,4,6,12b-hexa-
hydrobenzo[a]anthracene-7,12-dione (7g): These derivatives were ob-
tained from (+)-(SS)-1 and 2g according to General Procedure II, as an
unseparable 85:15 mixture after flash chromatography (eluent hexane/
EtOAc 6:1), in 41 % yield. A small pure portion of compound (£)-6g was
obtained after crystallization: M.p. 102-104°C (MeOH); 'H NMR: 6 =
8.07 (m, 2H, 8-H, 11-H), 7.71 (m, 2H, 9-H, 10-H), 5.58 (m, 1H, 5-H), 3.39
(m, 1H, 12b-H), 3.26 (m, 2H, 6-H,), 2.82 (dd, 1H, J=2.0 and 12.0 Hz, 4eq-
H),2.5-2.2 (m,3H, leq-H, 2eq-H, 4ax-H), 2.1-1.9 (m, 1 H, 2ax-H), 2.01 (s,
3H, CH;CO), 1.48 (s, 3H, CH;), 1.22 (m, 1 H, 1ax-H); 3C NMR: 6 = 184.68,
184.35, 170.37, 143.76, 141.56, 134.95, 133.58, 133.50, 132.39, 131.89, 126.30,
126.11, 117.10, 82.61, 46.46, 37.62, 37.28, 30.60, 25.52, 22.55, 21.61; MS (EI):
m/z (%): 336 (8) [M*], 293 (6), 275 (100), 259 (11), 154 (30), 136 (30), 105
(14), 77 (20); C,H,,0, (336.4): caled 336.13616; found 336.13666 (HRMS).

(35)-3-[ (Methoxymethyl)oxy]-3-methyl-1,2,3,4-tetrahydrobenzo[a]anthra-
cene-7,12-dione (8): To a 80:20 mixture of optically active 6 f and 7 f (50 mg,
0.15 mmol) in MeOH (15 mL), K,COj; (50 mg, 0.36 mmol) was added. The
mixture was stirred for 2 h at room temperature and CH,Cl, (25 mL) was
added. After workup and flash chromatography (eluent hexane/EtOAc
70:30), compound (+)-8 was obtained as a pale yellow oil in 98 % yield:
[a]® =+16.0 (c=2.5 in CHCl;); '"H NMR: 6 =821 (m, 2H, 8-H, 11-H),
8.14 and 7.44 (AB system, J =8.1 Hz, 2H, 5-H, 6-H), 7.73 (m, 2H, 9-H, 10-
H), 4.84 and 4.66 (AB system, J =7.5 Hz, 2H, O-CH,-0), 3.49 (t,J = 6.6 Hz,
2H, 1-H,), 3.19 (s, 3H, OCH3,), 3.17 and 2.89 (AB system, J=17.0 Hz, 2H,
4-H,), 2.14 and 1.80 (2m, 2H, 2-H,), 1.39 (s, 3H, CHj;); *C NMR: 6 =
185.48, 183.56, 143.68, 139.94, 135.03, 134.95, 133.94, 133.39, 133.28, 132.52,
130.68, 127.16, 126.37, 125.34, 90.97, 72.79, 55.19, 43.06, 33.86, 26.44, 24.93;
MS (EI): m/z (%): 336 (0.4) [M*], 304 (23), 289 (15), 274 (100), 259 (36),
231 (19), 202 (24), 189 (15), 163 (8), 101 (9), 84 (30), 77 (11), 57 (13);
CyH,0, (336.4): caled 336.13616; found 336.13608 (HRMS).

(3S)-3-Hydroxy-3-methyl-1,2,3,4-tetrahydrobenzo[ aJanthracene-7,12-dione
(9): HCI (0.5mL, 35%) was added to a solution of (+)-8 (60 mg,
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0.19 mmol) in THF (3mL) and MeOH (3mL). After 4h at room
temperature, workup, and flash chromatography (eluent hexane/EtOAc
75:25), compound (+)-9 was obtained as a pale yellow solid in 90 % yield:
M.p. 162-164°C; [a]f) =+13.2 (¢=0.4 in CHCl;, 50% ee); 'H NMR: d =
8.23 (m, 2H, 8-H, 12-H), 8.17 and 746 (AB system, J=8.1 Hz, 2H, 5-H,
6-H), 7.75 (m, 2H, 9-H, 10-H), 3.56 (t, /= 6.8 Hz, 2H, 1-H,), 2.99 (broad s,
2H, 4-H,), 1.99 and 1.85 (2m, 2H, 2-H,), 1.41 (s, 3H, CHj;); *C NMR: d =
183.62 (2C), 143.46, 139.59, 135.18 (2C), 134.06, 133.59, 133.39, 132.56,
131.02, 12723, 126.48, 125.59, 68.02, 44.87, 35.81, 28.72, 26.57; C;yH;;0;
(292.3): caled C 78.05, H 5.52; found C 77.87, H 5.63.

Synthesis of MTPA esters: It was performed according to the known
procedure.” To a solution of alcohol 9 (11.7 mg, 0.04 mmol) and DMAP
(10 mg, 0.08 mmol) in CH,Cl, 3mL), (R)- or (S)-MTPA-Cl (13 mL,
0.07 mmol) were added. The mixture was stirred overnight at room
temperature and then the reaction was quenched as follows: water (1 mL)
and Et,0 (3mL) were added and the reaction mixture was stirred for
15 min. The solution was washed successively with HCI (4 mL, 1n), NaOH
(4 mL, 1N), and brine, and was dried over MgSO,. After evaporation of the
solvents, the resulting mixture of diastereomeric esters was used directly for
NMR analysis in C4Dg.

(35)-3-Hydroxy-3-methyl-3,4-dihydro-2H-benzo[ a]anthracene-1,7,12-tri-
one (10): Compound (+)-9 (10 mg, 0.03 mmol) was exposed under solvent-
free conditions to daylight for 18 h. After flash chromatography (eluent
hexane/EtOAc 75:25), compound (—)-10 was isolated as a yellow solid in
45% yield: M.p. 199-200°C; [a]® = —50 (¢ =0.36 in CH,Cl,, 50% ee);
'"H NMR: d =8.33 and 7.55 (AB system, J =75 Hz, 2H, 5-H, 6-H), 8.20 (m,
2H, 8-H, 11-H), 778 (m, 2H, 9-H, 10-H), 3.18 (br. s, 2H, 4-H,), 3.15 and
3.01 (AB system, J =14.0 Hz, 2H, 2-H,), 1.53 (s, 3H, CH;); *C NMR: d =
197.17, 183.84, 182.28, 146.94, 135.43, 135.23, 134.39, 133.89, 133.72, 133.67
(2C), 132.47,129.88, 12728, 126.84, 72.59, 53.94, 44.06, 30.15; MS (EI): m/z
(%):306 (6) [M*], 288 (66), 278 (17), 264 (19), 248 (100), 220 (12), 202 (12),
189 (11), 163 (26), 149 (67), 109 (21), 84 (30), 77 (49), 57 (63); C;sH,,0,
(306.3): caled 306.08921; found 306.08835 (HRMS).
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A Copper(@ Oxygenation Precursor in the Entatic State:
Two Isomers of a Copper(@® Compound of a Rigid Tetradentate Ligand

Heidi Borzel,'*! Peter Comba,*!?] Karl S. Hagen,! Charis Katsichtis,'*! and Hans Pritzkow!?!

Abstract: Oxygenation of [Cu'(L!)(NC-
CH;)]* (L' = dimethyl 2,4-bis(2-pyridin-
yl)-3,7-diazabicyclo-[3.3.1]-nonane-9-on-
1,5-dicarboxylate) leads to a relatively
stable u-peroxo-dicopper(i]) product.
The stability of this type of oxygenation
product has been shown before to be the
result of the square pyramidal geometry
of L!; preorganization by a dinucleating
ligand has been shown to increase the
stability of the u-peroxo-dicopper(i)
compound. The structural data present-
ed here indicate that destabilization of

coordinated in the yellow compound
and that the red compound is 5-coordi-
nate. In the light of the X-ray structure
of the metal-free ligand and that of the
corresponding copper(il) compound, it
emerges that the ligand cavity is well
suited for copper(i), whereas the cop-
per(l) compounds are highly strained.
This is supported by '"H NMR spectra of
the copper(l) species where a fast dy-
namic process leads to line broadening
and by electrochemical data, which
indicate that the copper(l1) products are

exceptionally stable. Also presented are
structural (copper(l1)), electrochemical,
and spectroscopic data ("H NMR, cop-
per())) of the derivative [Cu(L?)(X)]™*
with a methyl substituent at the a-
carbon atom of the two coordinated
pyridinyl groups (L? = dimethyl 2,4-bis(2-
pyridinyl-6-methyl)-3,7-diazabicyclo-
[3.3.1]-nonane-9-on-1,5-dicarboxylate).
There are two structural forms of
[Cu(L?)(X) ]+ (X =NCCHjs;, Cl), which
depend on the steric demand of the fifth
donor X. For both, van der Waals repul-

the copper() precursor is another im-
portant factor. There are two isomers of
[Cu/(LY)(NCCHj;)]*; one is yellow, and
the other is red. X-ray crystallography
indicates that one pyridinyl donor is not

Introduction

Structural, spectroscopic, and functional model compounds
for copper-containing proteins that transport or activate
dioxygen have recently attracted much interest.'>] Hemo-
cyanin and tyrosinase have dinuclear copper sites with a
[Cu,(u-17:7-O,) J** core (side-on peroxo bridge).l> 7! Based on
model studies, a number of other binding modes have been
proposed, and these include mono-,® di- -1 tri- 12 and
tetranuclear!™ copper sites. Dicopper(i1) model compounds
with u-peroxo bridges (end-on) have been studied extensive-
ly.3 414161 Although the side-on dicopper(ir)-peroxolt 2317l
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sion leads to a destabilization of the
copper(il) products, and this is also
evident from an increase in the reduc-
tion potential (—110 mV vs. —477 mV,
Ag/AgNO;).

ligand

and the dicopper(i)-dioxo modest 171 might, in terms of
natural systems, be more relevant, the end-on u-peroxo
bridged compounds have been assumed to be important
intermediates in oxygen transport and oxygen activation
systems,['* 13 and these might therefore also be of relevance
for industrial processes.['*2!]

End-on u-peroxo-dicopper(il) compounds have been found
to be generally unstable, and only recently there have been a
number of reports on carefully designed experiments to
stabilize these and other peroxo dicopper(l)) compounds at
ambient temperature. These include stabilization by preor-
ganized dinucleating ligands,['> 1622 23] with a careful choice of
solvents,l'> 24 and by enforcing electronically preferred coor-
dination geometries.”! These experiments have all concen-
trated on the stability of the products, and a destabilization of
the copper(l) precursor complexes that drives the equilibrium
towards the peroxo-dicopper(1l) products [Eq. (1)] has not
been discussed so far.

2CulL <2= LCul0, 'CullL )

We have used the very rigid bispidine-type ligands with bis-
pyridinyl - bis-amine donor sets (see given structure, L' = di-
methyl 2,4-bis(2-pyridinyl)-3,7-diazabicyclo-[3.3.1]-nonane-9-
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E=COOCH;

on-1,5-dicarboxylate),?* -1 which enforce a square pyrami-
dal (or octahedral) coordination geometry when one (or two)
additional ligands (substrates) are coordinated to the metal
center. One of the tertiary amine donors (N4 in the given
structure) generally is the axial ligand with M—N4>
M-N3.2%.27-21 Thus, this ligand is highly preorganized for
Jahn —Teller active systems, such as u-peroxo-bridged dicop-
per(1) compounds. As expected, [Cu,(L'),0,] is stable up to
approximately —20°C, and the oxygenation product of the
corresponding dicopper(l) compound with a preorganized bis-
bispidine-type ligand, in which the two cavities are linked by
an ethylene spacer group between the two tertiary amine
donors N4 (see structure), is stable at room temperature.
Raman spectra indicate that the stabilization of the Cu—O
bonds is at the expense of a O—O bond weakening.?!

We now present X-ray structural data which indicate that
the stabilization of the u-peroxo-dicopper(il) compounds is
not only due to an electronic stabilization (enforced square-
pyramidal structure, in-plane bonding of the u-peroxo
group®!), and ligand preorganization (entropic effects?),
but also to destabilization of the copper(l) precursor. Ener-
gization or entasis (the entatic state principle) has been much

Abstract in German: Die Oxygenierung von [Cul(L!)-
(NCCH;) ]+ (L' = Dimethyl 2,4-bis(2-pyridinyl)-3,7-diazabi-
cyclo-[3.3.1]-nonane-9-on-1,5-dicarboxylat) liefert ungewohn-
lich stabile u-peroxo-dikupfer(t) Produkte. Diese Stabilitit
wurde in einer fritheren Arbeit darauf zuriickgefiihrt, dass L'
eine quadratisch pyramidale Koordinationsgeometrie er-
zwingt; durch Ligandenpriorganisation fiir eine zweikernige
Einheit kann die Stabilitit noch weiter erhoht werden. In der
vorliegenden Arbeit wird gezeigt, dass die Destabilisierung des
Kupfer(l) Edukts ein weiterer entscheidender Faktor ist. Von
[Cul(L')(NCCH;) ]t existieren zwei Isomere, ein gelbes, bei
dem nur einer der zwei Pyridinyldonoren koordiniert ist und
ein rotes, das fiinffach koordiniert ist. Aus diesen Strukturda-
ten, jenen des metallfreien Liganden und des Chloro-Kupfer(1y)
Komplexes von L' folgt, dass L' fiir Kupfer(iy) gut vororga-
nisiert ist und mit Kupfer(1) zu relativ gespannten Verbindun-
gen fiihrt. Dies wird durch 'TH-NMR Spektren der Kupfer(i)
Spezies, welche von einer schnellen Dynamik dominiert
werden und elektrochemischen Daten, die zeigen, dass die
Oxidationsprodukte stark stabilisiert sind, unterstiitzt. ortho-
Methylierung der Pyridinyl-Donoren (L?= Dimethyl 2,4-bis-
(2-pyridinyl-6-methyl)-3,7-diazabicyclo-[3.3.1]-nonane-9-on-
L,5-dicarboxylat) fithrt zu einer Destabilisierung der Kup-
fer@produkte (E°=—110mV vs. —477 mV, Ag/AgNO;).
Abhdngig vom sterischen Anspruch des fiinften Donors
ergeben sich zwei isomere Formen von [Cu'(L?)X]'* (X=
NCCH;, ().
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discussed in biochemistry, in particular in the context of
metalloproteins, and few examples in the area of classical
coordination compounds and technical processes have been
presented so far.0-32

Results and Discussion

Copper(l) has a preference for tetrahedral coordination
geometry, and acetonitrile is one of its favorite ligands. Thus,
it is not surprising that the reaction of copper(i) trifluorome-
thanesulfonate [Cu(CH;CN),](O5SCF;)P! with the potential-
ly tetradentate bispidine-type ligand L! (see structure) in
acetonitrile yields a pale yellow product, whose crystal
structural analysis indicates that the copper() center is
coordinated by the two amine donors, one of the two
pyridinyl groups, and the nitrogen donor of an acetonitrile
molecule (Figure 1a; selected bond lengths and angles are
given in Table 1). An interesting feature of this crystal
structural analysis is that the orientation of the uncoordinated
second pyridinyl donor is not much different from the
coordinated one (Figure 1a). Thus, L! is an alterdentate
ligand in this structure,?! and a fast dynamic process is
expected to occur in solution (see below).

Reaction of copper(l) tetrafluoroborate [Cu(CH;CN),]-
(BF,)P! with L! in acetonitrile yields a dark red product,
and the elemental analyses indicate that the molecular cations
of the yellow and red copper(l) compounds, [Cu(L!)-
(NCCHs;)]*, are isomers. The crystal structural analysis of
the red isomer reveals that the copper() center is five-
coordinate (two tertiary amine, two pyridinyl, and an
acetonitrile donor, Figure 1b). Relevant structural data are
given in Table 1.

From the rms overlay in Figure 1c, it emerges that the only
significant structural differences are a torsional twist around
N3—C—C—N of one of the pyridinyl donors of approximately
19°, a displacement of the copper(l) center of approximately
03 A, and a twist of the acetonitrile molecule (N3—Cu—
NA (acetonitrile) angle: 135° vs. 150°). In the yellow, four-
coordinate structure, the bond lengths are not unusual for
four-coordinate Cu'—N, compounds (typical Cu'—N,;,. and
Cu™N,i4ine bond lengths are around 2.1-2.2 A).35-4] Unlike
TMPA-type ligands (TMPA = tris(pyridylmethyl)amine),
which have an intrinsic C;, symmetry, our bispidine-type
ligands possess C,, symmetry. This implies that, if a metal ion
is coordinated by all four donors, the complex itself should
also have C,, symmetry; if one of the donors is not
coordinated, the symmetry is neither tetrahedral nor trigonal
pyramidal. This is what actually is found for the yellow, four-
coordinate copper(l) compound. In the red, five-coordinate
structure, the rigid ligand is fully coordinated to copper(l), and
this enforces a (distorted) square pyramidal coordination
geometry. In other five-coordinate Cu-N,X compounds,
such as [Cu(TMPA)(NCCH,)]* 1  [Cu(py,DAP)]+
(py,DAP = bis-2,6-[1-((2-pyridine-2-ylethyl)imino)ethyl]|pyr-
idine), [Cu(imidH,DAP)]*®! (imidH,DAP = 2,6-bis-[1-((2-
imidazol-4-ylethyl)imino)ethyl]pyridine), a (distorted) trigo-
nal-bipyramidal geometry is adopted due to the greater
flexibility of the metal-free ligand. The average bond lengths
in our red isomer are slightly longer than those in other
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Table 1. Structural parametersi of the yellow, 4-coordinate isomer (a), and the red, 5-coordinate isomer (b) of [Cu!(L")(NCCH,)]*, [Cu (L) CI]*?] (c), L!
(d), L? (e), [Cu"(L2)(NCCH,) ** (f), and [Cu(L2)(CD]" (g)-

a b c d e f g
Cu—N1 2.0661(0.0026) 2.250(5)/2.169(4) 2.0204(0.0025) 2.052(0.004) 2.0614(0.0033)
Cu—N2 3.117 2.280(6)/2.247(5) 2.0240(0.0025) 2.075(0.004) 2.0640(0.0032)
Cu—N3 2.2030(0.0026) 2.244(5)/2.292(4) 2.0423(0.0025) 2.004(0.004) 2.1474(0.0033)
Cu—N4 2.1597(0.0026) 2.158(5)/2.186(4) 2.2725(0.0025) 2.376(0.004) 2.1200(0.0033)
Cu—X 1.8729(0.0031) 1.893(6)/1.937(5) 2.2320(0.0013) 1.950(0.005) 2.2208(0.0015)
N1-N2[b 4.945 4.213/4.412 3.971 6.965(4.844) 7.203(4.642) 4.034 4.084
N3-N4 2913 2.972/2.948 2.921 2.899 2.867 2.928 2.930
N3-C-C-N —61.1/-415 —40/—40.9 -372 130.5 151.9 —29.8 —46
N1-Cu—N2 144.31 144.71(19)/145.07(18)  158.13(0.10) 155.62(0.16) 163.82(0.13)
N3—-Cu—X 134.18(0.11) 149.3(2)/155.0(2) 165.02(0.07) 174.32(0.17) 112.97(0.09)
N2—-Cu—N4 85.13 95.34(18)/94.66(17) 95.36(0.10) 95.66(0.14) 90.26(0.13)
N3—-Cu—N4 83.77(0.09) 84.07(17)/83.13(15) 85.03(0.09) 83.68(0.14) 86.71(0.12)
N4-Cu—N1 99.80 95.43(18)/96.33(15) 95.96(0.10) 99.04(0.15) 91.18(0.13)

[a] Bond lengths in A, angles in degrees. [b] CI-C2 in parentheses.

[}

Figure 1. Plots of the crystallographically determined structures of [Cu'(L!')(NCCHj;)]* (substituents of the bispidine backbone and H atoms omitted):
a) yellow, four-coordinate isomer, b) red, five-coordinate isomer, and c) rms overlay of the two isomers.

Figure 2. Plots of the crystallographically determined structures of [Cu!(L")(NCCH;)]*, [Cu"(L")(Cl)]*,l and L! (substituents of the bispidine backbone
and H atoms omitted): a) rms overlay of [Cu!(L")(NCCH;)]* and [Cu(L')(Cl)]*, b) L! (metal-free ligand), and c) rms overlay of L! and [Cu'(L!)(CI)]*.

Cu'-N,X compounds (2.17-2.21 A compared with 2.11—
2.143% 41 and 2.14-2.15 AM-51)_ It emerges that the tetra-
dentate ligand L' leads to significantly strained copper(t)
compounds, and that the five-coordinate structure is similar to
that of the corresponding copper (i) product. This is shown in
Figure 2a, which is an rms overlay of the experimental
structures of the red isomer of [Cu!(L')(NCCH;)]* and of
[Cu(LY(C1)]* (structural parameters of the copper(i) prod-
uct are also given in Table 1).8] The instability of
[Cu'(L"Y(NCCH;)|* might therefore be one of the reasons
for the formation of a stable u-peroxo-dicopper(il) oxygen-
ation product®! [Eq. (1)], and this has been discussed as the
entatic state principle.*3?I

The basis for these interesting structural properties and for
the resulting reactivity of the copper(l) compound is the
rigidity of the metal-free ligand, which is highly preorganized

916 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

for coordination to copper(i1).?! This emerges also from the
X-ray crystal structural analysis of the metal-free ligand
(Figure 2b and Table 1) and an rms overlay with the pre-
viously reported®! copper(t1) structure (Figure 2c).
Ortho-methylation of the pyridinyl donors leads to the
sterically more demanding bispidine-based ligand L? (L*=
dimethyl 2 4-bis(2-pyridinyl-6-methyl)-3,7-diazabicyclo-[3.3.1]-
nonane-9-on-1,5-dicarboxylate). From preliminary oxygen-
ation experiments of the corresponding copper() compound,
it emerges that the +1 oxidation state is stabilized with
respect to [Cu(L!)X]"*, and no peroxo-dicopper(11) intermedi-
ates were observed. There is slow, direct oxidation to the
corresponding mononuclear copper(i) product. The crystal
structural analyses of two [Cu"(L?)(X)]"* compounds (X =
NCCH;, Cl) and of the metal-free ligand L? are shown in
Figure 3, and relevant parameters are given in Table 1. As a
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Figure 3. Plots of the crystallographically determined structures of [Cu'(L?)(X)]"* (substituents of the bispidine
backbone and H atoms omitted): a) [Cu'(L?)(NCCHjs)**, b) [Cu'(L?)(C])]*, ¢) rms overlay of [Cu/(L?)-

(NCCHj;) J** and [Cu(L?)(C1)]*, and d) L? (metal-free ligand).

result of the steric demand of the methyl substituents,
coordination of a monodentate ligand in the CuN; plane is
difficult, and this probably is the major reason for the
destabilization of the +2 oxidation state (products, peroxo-
intermediates).

As both a four- and a five-coordinate structure of
[Cu'(L")(NCCH;) |+ are observed in the solid state, we assume
that the energy difference between both structures is very
small. Therefore, in solution (in the absence of crystal packing
forces), both species and dynamic behavior should be
observed. In the room-temperature '"H NMR spectra of the
copper() compounds of L!, broad signals are observed. At
—40°C, the spectra sharpen, and all signals are well resolved.
The low-temperature spectra are similar to those of the metal-
free ligand (except for the expected chemical shift differ-
ences). This indicates that the ligand backbone in its
coordinated form is symmetric, as expected from the crystal
structure analysis (Figure 1), that is, the pyridinyl groups are
equivalent. The '"H NMR spectrum of the copper(l) compound
of L? is well resolved at room temperature, that is, there is no
fast dynamic process, and again the two pyridinyl groups are
equivalent. This is in agreement with the structural observa-
tions (see above) and suggests that both pyridinyl groups are
coordinated.

Cyclic voltammetry revealed quasireversible electron trans-
fer for [Cu(L")](PF,), and [Cu(L?)](BF,),. The former com-
pound exhibits a reduction wave at —477 mV against Ag/
AgNO; and a relatively broad oxidation wave at — 144 mV.
Similar behavior (reduction at —110 mV, broad oxidation
wave at +100 mV, shoulder (adsorption phenomenon) at
+50mV) is observed for [Cu(L?)](BF,),. The peak separa-
tions are relatively large (333 mV and 210mV for
[Cu(LY)](PF,), and [Cu(L?)](BF,),, respectively; scan rate:
100 mV's7!); this suggests a kinetic barrier to electron transfer
at the surface of the glassy carbon electrode.[*] The positive
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shift of the -electrochemical
waves of [Cu(L?)]"* relative to
[Cu(LY)]"* indicates a destabi-
lization of the copper(l) oxida-
tion state in [Cu(L') ]**, and this
is in agreement with the ob-
served structural properties and
reactivities of these compounds
with respect to oxygen (see
above).

Experimental Section

Measurements: '"H NMR spectra were
recorded on a Bruker AS200
(200.13MHz), a General Electric
QE300 (300.13 MHz), or a OME-
GA600 (600 MHz) spectrometer in
CD;CN and referenced to internal
TMS. Cyclic voltammetry (CV) mea-
surements were recorded on a
BAS100B instrument with a standard
three electrode cell (a glassy carbon
working electrode, a Ag/AgNO; reference electrode, and a Pt wire as
auxiliary electrode) at room temperature in degassed CH;CN, tetrabutyl-
ammonium hexafluorophosphate (0.1m), and copper complex (2 x 1073 m).
There was no difference in the measured potential at different scan rates.

X-ray structure analyses: ORTEP plots of all structurally characterized
compounds have been made available as Supporting Information, and the
crystallographic data have been submitted to CCDC. Crystallographic data
are given in Table 2.

Single crystals of [Cu(L')(NCCH;)](O5SCFs;) (a), [Cu(L')(NCCH;)](BF,)
(b), and [Cu'}(L?)(Cl)]CI-H,O (g) were grown by slow diffusion of Et,0
into a solution of the complex in acetonitrile. Those of L! (d), L? (e), and
[Cut (L?)(NCCH,;) |(BFE,), (f) were grown by slow evaporation of a solution
of the complex in acetonitrile. The data for a, b, d, and e were collected on a
Bruker P4/RA (XSCANS-V2.2) instrument at 7=223K (a, b, and e) or
301 K (d). The data for f were collected on a BrukerAXS (CCD) at 173 K,
and those for g on a Siemens-Stoe AED2 diffractometer at 218 K.
Structures were solved by direct methods (SHELXS-97) and refined by full
matrix least-squares methods on F? with SHELXL-97.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-120651,
120652, 120653, 119697, 119698, and 127339. 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@
cede.cam.ac.uk).

Materials: Reagents and solvents were used without purification; deoxy-
genation of solvents was done by bubbling N, through the solutions;
preparation and handling of air-sensitive materials was done in a glovebox
(N,). L, L2, and the piperidone precursors were prepared by published
procedures.’]

NMR spectral data for L! and L?

Ligand L": '"H NMR (200 MHz, CD;CN): 6 =8.45 (d, 3J,=4.5 Hz, 2H,
py—CH3), 8.06 (d, 3J,=78 Hz, 2H; py—CH6), 7.84 (t, °J,=7.7 Hz, 2H;
py—CHS), 727 (t, 3J,=6.1 Hz, 2H; py—CH4), 4.61 (s, 2H; bis—CH2,
bis—CH4), 3.69 (s, 6H; OCH,), 2.92 (d, %J,=12Hz, 2H; bis—CHS6,,
bis—CHS,,), 2.43 (d, %/, =12 Hz, 2H; bis—CH6,,, bis—CHS,), 2.199 (s, 3H;
N3—CH,), 1.92 (s, 3H; N7—-CH,).

Ligand L?: '"H NMR (300 MHz, CD;CN): 6 =789 (d, 3J,=7.8 Hz, 2H,
py—CHS6), 7.74 (t, °J,=7.6 Hz, 2H; py—CH5), 7.15 (d, 3J,=7.2 Hz, 2H;
py—CH4), 4.57 (s, 2H; bis—CH2, bis—CH4), 3.74 (s, 6H; OCH,), 2.84 (d,
2J,=12.3 Hz, 2H; bis—CH6,,, bis—CHS,,), 2.43 (s, 6 H; CH;(py)), 2.38 (d,

eq
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Table 2. Experimental data of the X-ray diffraction studies of a, b, d, e, f, and g (see Table 1 and Experimental Section for the stoichiometries of a to g).
a b d e f g

formula CyHyoCuFsN;OgS  CoHoBCuF NsOs  Cp3H,N,Os C,sH;3N,Os C3H;B,CuFgN;,05  C;H;5Cl,CuN;sOq

color yellow plate red needle colorless plate colorless needle blue needle turquoise plate

size [mm|] (0.50 x 0.50 x 0.20)  (0.52 x 0.46 x 0.40) (0.50 x 0.30 x 0.14) (0.40 x 0.30 x 0.20) (0.05 x 0.05 x 0.45) (0.2 x 0.3 x 0.4)

crystal system triclinic triclinic monoclinic orthorhombic monoclinic monoclinic

space group Pl Pl P2/c Pnma P2/n P2)/c

alA] 11.484(2) 12.470(1) 13.2496(6) 8.0279(16) 8.0763(12) 12.264(6)

b [A] 12.003(1) 13.159(1) 18.361(1) 23.006(4) 25.367(4) 10.443(6)

c[A] 12.865(3) 18.161(2) 9.0817(4) 13.4317(10) 17.932(3) 23.047(12)

a 112.85(1) 93.080(8) 90.00 90.00 90.00 90.00

B 107.98(2) 100.117(8) 93.549(7) 90.00 91.159(3) 96.33(4)

y 101.01(1) 92.851(8) 90.00 90.00 90.00 90.00

V[A-] 1453.3(4) 2924.1(5) 2205.1(2) 2480.7(7) 3673.0(9) 2931(3)

V4 2 4 4 4 4 4

Peatea [Mgm3] 1.582 1.431 1.321 1.249 1.50 1.50

2 [A] Cug, 1.54178 Cug, 1.54178 Cug, 1.54178 Cug, 1.54178 Mo, 0.71073 Mok, 0.71073

20,4 [°] 1135 113.5 113.5 49.98 46.6 54.0

measured reflections 4323 8790 3703 1807 5259 6404

unique reflections/[/>20(I)] 3667 7571 2810 1310 3734 3959

R1 0.040 0.076 0.050 0.0715 0.064 0.053

wR2 0.108 0.215 0.136 0.2075 0.178 0.121

parameters 398 parameters 759 parameters 290 parameters 164 parameters 504 parameters 500 parameters

2J,=11.7 Hz, 2H; bis—CHS6,,, bis—CHS,,), 2.18 (s, 3H; N3—CHj,), 2.008 (s,
3H; N7—CH,).1l

Syntheses

[Cu(LY)(CH;CN)IBF,: [Cu(CH;CN),|BF,®) (72mg, 0.23 mmol) in
CH;CN (1 mL) was added slowly to a suspension of L! (100 mg, 0.23 mmol)
in CH;CN (1 mL). The clear yellow/orange solution was put in a
diethylether diffusion bath. After several hours, deep red crystals
precipitated from the solution (yield: 83 mg, 0.13 mmol, 57%). 'H NMR
(600 MHz, —40°C, CD;CN): 0 =8.74 (2H; py—CH3), 7.95 (t, */,=73 Hz,
2H; py—CHS), 757 (2H; py—CH6), 7.32 (2H; py—CH4), 4.997 (s, 2H;
bis—CH2, bis—CH4), 3.79 (s, 6H; OCHj;), 3.08 (d, 2H; bis—CH6,,,
bis—CHS,,), 2.82 (d, 2H; bis—CH6,,, bis—CHS,,), 2.48 (s, 3H; N3—-CH,),
1.88 (s, 3H; N7-CH;); IR (KBr): #=3500-3000 (w, C,,—H), 2954 (m,
CH,), 2868 (w, OC—H), 1738 (s, C=0, ketone), 1597 (m, C=N, py), 1438 (m,
CH,), 1273 (s, C—OCH,), 1061 (s, B-F,), 776 cm™! (s, C,,—H); UV/Vis:
Amax(€) =345 (sh, 1944), 300 (sh, 3750), 260 nm (1330); C,sH,N;OsCuBF,
(629.66): caled C 47.67, H 4.64, N 11.12; found C 47.40, H 4.70, N 11.17.
[Cu(LY)(CH,CN)JOTF: [Cu(CH;CN),JOTF®! (86 mg, 0.23 mmol) in
CH;CN (1 mL) was added slowly to a suspension of L! (100 mg, 0.23 mmol)
in CH;CN (1 mL). The clear yellow/orange solution was put in a
diethylether diffusion bath. After several hours, pale yellow crystals
precipitated from the solution (yield: 93 mg, 0.13 mmol, 58.5 % ). IR (KBr):
7=3500-3000 (w, C,,—H), 2952 (m, CH,), 2869 (w, OC—H), 1739 (s, C=0,
ketone), 1599 (m, 6 C=N, py), 1440 (m, CH,), 1288, 1260 (s, C-OCHs),
780 cm™! (s, C,,—H); UV/Vis: A,,,:(¢) =390 (1375), 300 (sh, 2750), 260 nm
(12100); C,sHpN5SOgCuF; (691.92): caled C 45.12, H 4.22, N 10.12; found
C 44.90, H 4.07, N 9.87.

[Cu(L)]JOTF: [Cu(CH;CN),JOTF*! (79 mg, 0.21 mmol) in CH;CN
(1 mL) was added slowly to a suspension of L? (100 mg, 0.21 mmol) in
CH;CN (1 mL). The clear orange solution was put in a diethylether
diffusion bath. After several hours, orange crystals precipitated from the
solution (yield: 60 mg, 0.09 mmol, 42.1%). '"H NMR (300 MHz, CD;CN):
0=1778 (t,%],=78 Hz, 2H; py—CH6), 7.38 (d, °J,=7.5 Hz, 2H; py—CHY),
7.19 (d, 3J,=75 Hz, 2H; py—CH4), 4.70 (s, 2H; bis—CH2, bis—CH4), 3.89
(d, 2Jy=13.2 Hz, 2H; bis—CH6,,, bis—CHS,,), 3.67 (s, 6H; OCH), 2.88 (d,
2Jo=14.7 Hz, 2H; bis—CH6,,, bis—CHS,,), 2.69 (s, 6H; CH;(py)), 2.68 (s,
3H; N3—CH;), 1.998 (s, 3H; N7—-CHs;); C,sH3N,SO3CuF; (678.5): caled
C 4598, H 4.45, N 8.25; found C 45.88, H 4.42, N 8.41.
[Cu(L?»)CI]CI-H,0: CuCl,-2H,0 (17 mg, 0.1 mmol) in CH;CN (0.7 mL)
was added slowly to a suspension of L? (47 mg, 0.1 mmol) in CH;CN
(0.7 mL). The blue/green solution was put in a diethylether diffusion bath.
After one day, blue crystals precipitated from the solution (yield: 50 mg,
0.08 mmol, 81 %). C,sH;,N,0O4CuCl, (618.75): caled C 48.50, H 5.21, N 9.05;
found C 47.80, H 4.92, N 8.93.
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[Cu(L?)(NCCHj;) (BF,),: [Cu(CH;CN),]BF/®! (34 mg, 0.105mmol) in
CH;CN (0.5mL) was added slowly to a suspension of L? (50 mg,
0.105 mmol) in CH;CN (0.5 mL). Slow oxygenation by air led to a blue/
green solution, which was put in an diethylether diffusion bath. After
two days, turquoise needles precipitated from the solution. They were
recrystallized from CH;CN (1 mL) and vacuum dried (yield: 20 mg,
0.03 mmol, 53%).
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Abstract: Substance identification by
infrared spectroscopy is performed by
comparison of the experimental spec-
trum with a reference spectrum from a

didates of structures for the compound
at hand have to be conceived and for all
these, infrared spectra have to be devel-
oped. The simulated spectrum that is

most similar to the experimental sug-
gests the correct structure. A rapid
spectrum prediction method based on
neural networks has been developed

printed compilation or a database. If the
analyzed compound can not be found in
a database the corresponding reference
spectrum has to be simulated. In order
to achieve this, several reasonable can-

works -

Introduction

Infrared spectra can play an important role in the identifica-
tion of organic compounds. Infrared spectroscopy is a non-
destructive method requiring only small amounts of a sample.
Furthermore, an infrared spectrum has a high information
content which is quite specific for a particular compound. Not
without reason a specific range of an infrared spectrum is
called fingerprint region to stress its significance for the
identification of a chemical compound.

The identification of a compound asks for the comparison
of its infrared spectrum with the reference spectrum of this
compound as taken from a printed compilation or from a
database. There the problem arises: In comparison with the
number of known compounds (more than 16000000), the
number of infrared spectra in databases is rather small
(100000 in the largest database). In order to overcome this
discrepancy, infrared spectra for compounds not included in a
database have to be simulated.'? Infrared spectra can be
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that supplies reference spectra for any
organic compound. The scope and lim-
itations of this method will be discussed
on a test set of 16 compounds represent-
ing a broad range of organic chemistry.

calculated by quantum mechanical methods. However, in
order to achieve a good agreement with experiments ab initio
calculations with quite large basis sets or a density functional
theory approach are required asking for substantial computa-
tional time. We wanted to provide a more rapid approach to
infrared spectra in order to be able to generate large sets of
reference spectra within a short time. The relationships
between an infrared spectrum and chemical structure have
then to be learnt from data. In this endeavor, we wanted to
provide high quality infrared spectra covering the entire
spectral range, including the highly significant fingerprint
region which is important for structure identification. This
region shows deformation and skeletal vibrations and strong
couplings between these vibrations. This requirement pre-
cluded the use of a fragment-based approach which can only
provide a few of the bands observed in an infrared spectrum,
predominantly valence vibrations.

Infrared spectroscopy monitors the movements of the
atoms of a molecule in 3D space. Thus, any approach to
learning the relationships between infrared spectra and
chemical structure should first of all start from a representa-
tion of the 3D structure. We have recently developed a novel
representation of the 3D structure, the 3D-MoRSE code (3D-
molecule representation of structures based on electron
diffraction). 31 Based on this work we then introduced a
coding of the 3D structure of molecules by atom radial
distribution functions because we have found a way to
interpret this representation to obtain again a 3D structure.[!
We will demonstrate here the merits of this structure coding
method for the simulation of infrared spectra. In particular,
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we will investigate how a rather limited database of 13373
infrared spectra and their corresponding structures allows one
to make predictions over a broad range of organic substances.
This will point out the scope and limitations of this approach
and some deficiencies of such a small database.

Simulation of IR Spectra

Neural networks: The relationship between structures and
infrared spectra is modelled by an artificial neural network. ®
As illustrated in Figure 1, the neural network used in this

structure
code

f2

query
molecule

fixed code length !

input «———

simulated IR spectrum

CPG network S~ 7 ;
output AN /

Figure 1. Simulation of an infrared spectrum by a neural network. The
neural network requires a fixed length code for the input (structure
representation) and the output (infrared spectrum).

approach, a counterpropagation (CPG) neural network,”
consists of a rectangular arrangement of x X y neurons (for
example 10 x 10). Each neuron has z weights (for example
256, 128 for the representation of the structure and 128
absorbance values for the representation of the infrared
spectrum). Neural networks learn inductively; this means that
they learn to model the relationship between structures and
spectra by analyzing a set of examples (molecular structures
and their corresponding infrared spectra) in the so-called
training process. During the training the weights of the
neurons are adjusted to become more similar to the training
data. After training, the neural network is able to predict the
infrared spectrum for a molecule the network has not seen
before from the weights stored in the network. In the

Abstract in German: Die Infrarotspektroskopie eignet sich
aufgrund der hochcharakteristischen Banden sehr gut zur
Substanzidentifikation. Dazu wird in der Regel das experi-
mentelle Spektrum der zu identifizierenden Substanz mit
einem Referenzspektrum aus einer Datenbank oder einem
Spektrenkatalog verglichen. Ist das gesuchte Spektrum jedoch
in keiner Datenbank enthalten, bleibt dieser einfache Weg der
Substanzidentifikation versperrt. Eine mogliche Losung ist,
das entsprechende Referenzspektrum zu simulieren. Basierend
auf neuronalen Netzen wurde eine Spektrensimulationsmetho-
de entwickelt, die Zugang zu Referenzspektren fiir organische
Verbindungen bietet. Die Moglichkeiten und Grenzen dieser
Methode werden anhand eines Datensatzes von 16 Testver-
bindungen, die einen breiten Bereich an funktionalen Gruppen
abdecken, diskutiert.
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simulation process the FEuclidean distance between the
structure code of the query molecule (input) and each neuron
is calculated. The neuron having the lowest Euclidean distance
to the query structure is the winning neuron and supplies the
predicted infrared spectrum in a lookup process as output.

Structure coding: A fundamental requirement of neural
networks is that the input and the output has to be
represented by a fixed number of variables. For the output
this is rather straightforward: Each spectrometer represents
the measured spectrum by a fixed number of variables, for
example, 2000 absorbance values at certain wavenumbers. For
the molecular structure a fixed length representation is not
that obvious. The common representation of chemical struc-
tures by Cartesian coordinates cannot be used since, in this
case, the number of variables depends on the number of atoms
of the molecule. As mentioned above we have developed a
method that transforms the 3D structure of a molecule into a
fixed length code. In the first step, the molecular 3D structure
is generated from the connection table by the automatic 3D
structure generator CORINA.[' ! Then, physicochemical
properties (for example the total atomic charges q,,) are
rapidly calculated by empirical methods collected in the
program package PETRA.[*'Y The 3D structure is then
transformed into the structure code, the so-called radialcode,
while simultaneously considering these physicochemical
properties (Figure 2).1°

This radialcode g(r) is calculated as given in Equation (1):
A A e-Bo—n) o

L)

g(r) = F-

N -1
i—2 =1
with:

N: number of atoms

A;, A;: atomic property of atom i and j

r;: interatomic distance between atoms i and j

B: temperature or smoothing parameter

F: scaling factor

The code is calculated with the variable r running in discrete
equidistant steps (for example 128 steps) from 0 to 12.8 A.
The resulting code is a sum of all interatomic distances in a
molecule. In Figure 3 the codes for benzene, toluene, and the
three xylene isomers are shown. In order to simplify the
presentation, Figure 3 shows only the values calculated for the
C—C distances. In the actual simulation experiments the
distances between all pairs of atoms were considered in the
calculation of the codes.

Since the method is based on correlating experimental data,
the computational time and the prediction quality are nearly
independent of the size of the molecule. The prediction
quality highly depends on the data that were used for training.
Two aspects are important: First, it is necessary that the
training spectra are of high experimental quality. For example,
if all training spectra have been taken in insufficiently dried
KBr, the network would learn that each infrared spectrum has
to show a broad band at 3400 cm~!, because of the water
contents of KBr.

And secondly, for high prediction quality it is necessary,
that the query structure is well represented by the molecules
of the training set. In the ideal case, the query molecule can be
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CORINA

p

structure drawing 3D structure

of a molecule

Figure 2. Transformation of a 3D molecule structure into a fixed length code. In the first step the structure
drawing is converted into a 3D structure. After calculating physicochemical properties, the 3D structure is

transformed into a structure code.
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Figure 3. The radial distribution function (RDF) code for benzene
derivatives. The first three peaks correspond to the 1-2, 1-3, and 1-4
C—C distances in the benzene ring.

N R m-xylene

o-xylene

interpolated between structures of the training set. A CPG-
neural network is a very good interpolator, whereas its
extrapolation abilities are poor.

For the selection of the training molecules the structure
code of the query structure is compared with the structure
codes of all entries in the structure and spectra database
(Figure 4). The criterion for comparison is the root mean
square (rms)-error in the values of RDF code. Those
50 molecules showing the highest similarity with the query
structure code were taken into the training set.

Cl
= comparison
N of structure codes
o, 0 W Specinfo database
structures and IR spectra
\
NG

' selecting the most
similar molecules

query structure

training set

Figure 4. Query driven selection of the training set. The 50 molecules
having the most similar structure code compared with the query structure
were taken for the training of the neural network.
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This approach offers a high
potential for the adaptation to
the problem, since each query
molecule defines its own train-
ing set and its own specially
trained network.

-0.347

Computational Methods

In principle, the method can
be applied to arbitrary com-
pounds. The spectra that were
used for training are taken
from the SpecInfol'*l infrared
spectra database. The aim of
this experiment was to analyze if a limited database such as
this with 13373 molecules supplies sufficient information to
perform reasonable simulation experiments.

structure code

The test set

To test the applicability of the method, 16 compounds with a
variety of structural features were selected by independent co-
workers to cover a wide range of chemistry. Twelve com-
pounds had only one functional group and can be assigned to
a specific substance class, whereas four compounds contain a
combination of two or more functional groups. The analysis of
the simulation for these combinations of functional groups is
of particular interest, since it illustrates whether the system is
able to react on spectral changes that might be caused by these
structural features. The 16 test compounds are shown in
Scheme 1.

It must be mentioned that the spectra of compounds 1, 2, 3,
6,7 8,9, 13, 14, 15, and 16 are included in the Speclnfo
database, but these spectra were not used for the training of

Os_ _OH
NH, OH

13 é 14 15 16

Scheme 1. Molecules of the test set.
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the neural network. Therefore the experiment was performed
as if these compounds were unknown. Liquid substances were
taken as films, waxy substances were melted. The spectra were
described by 128 absorbance values between 3500 and
560 cm~! with a resolution of 40 cm~! between 3500 and
2020 cm~!, and a resolution of 16 cm~! between 2000 and
560 cm™.

Results and Discussion

A query driven infrared spectrum simulation experiment was
performed for all molecules of the test set (Scheme 1). The
spectrum simulation approach described here is quite fast. It
takes 90 seconds on an SGI ORIGIN 200 from the input of
the structure to the output of the simulated spectrum. The
computation time includes the 3D structure generation, the
calculation of physicochemical properties, the transformation
into the structure code, the selection of the training set, the
neural network training, and the spectrum prediction process.
It should be emphasized that neural networks allow a
separation of the more time-consuming training phase from
the test phase making the latter nearly instantaneous. This can
be achieved when a neural network is needed for a set of
related compounds, for example, for substituted benzene, or
quinoline compounds. Here, however, we decided to use the
query directed approach that merges training and test phase
in order to explore which structures are included in the
database that are similar to each individual molecule of the
test set. The simulation quality was determined by calculating
the correlation coefficient r['7!8 between simulated and
experimental spectra. For a better visual comparison of the
simulated and the experimental spectra the absorbance values
of the experimental spectra were adjusted by setting the
lowest value equal to 0, which has no effect on the correlation
coefficient r. [It has to be emphasized that the symbol r is used
for the correlation coefficient as is standard use. However, this
use of r has to be distinguished from the distance variable r
used in Eq. (1).]

From the spectroscopic point of view the correlation
coefficient r has weaknesses since it is a statistical measure
that does not emphasize the position and the relative intensities
of important bands. Analyzing the simulation experiments
and the training data we observed that experimental spectra
from the training set have a higher correlation coefficient with
the query spectrum than the simulated spectrum, even if the
correspondence of bands is similar. So the simulated and the
experimental spectrum still have to be compared by visual
inspection to analyze how good the important bands and the
overall shapes were reproduced. This will be discussed in
detail with some simulation examples. However, the correla-
tion coefficient r is quite a reasonable similarity measure for
the comparison of IR spectra since it is less sensitive to
differences in absolute intensities than, for example, the rms
error. Figure 5 shows the distribution of the calculated
correlation coefficients for the 16 simulation experiments.

It can be observed that in the majority of cases the
simulated spectra show high similarity with the experimental
data: six spectra with r > 0.9, six spectra with 0.9 >r > 0.8, two
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Figure 5. Distribution of the correlation coefficient r of the simulated
versus the experimental spectra.

spectra with 0.8 > r>0.7; however, there are also two spectra
with r<0.2.

The experiments showing very high and very low corre-
spondence with the experimental data will be discussed in
more detail. Figure 6 shows the simulation for decanoic acid

= gxperiment (query)

0.8

~=most similar spectrum
from training set r = 0.977

0.4
—simulation  =0.960

0+ : .
3500 3000 2500 1500 1000 500
Figure 6. Comparison of simulated and experimental spectrum of com-
pound 8. In addition, the training spectrum having the highest correlation
coefficient with the experimental spectrum is displayed, i.e., 10-undecenoic

acid.

2000

(compound 8) having the highest correlation coefficient r=
0.960. In addition the training spectrum having the highest
correlation coefficient (r=0.977) with the experimental
spectrum of compound 8 is displayed. This is the spectrum
of 10-undecenoic acid.

Simulated and experimental spectrum of compound 8 show
very high similarity. Even the signals in the fingerprint region
are reproduced very well. The reason for this high quality
simulation result is that the query structure is quite well
represented by the molecules in the training set. A detailed
analysis of the neural network will illustrate this. As shown in
Figure 1 the neural network has a square arrangement of 10 x
10 neurons. In the approach described in this publication the
neurons of the network are connected in a toroidal manner,!”!
so the neurons in row 10 are connected to the corresponding
neurons in row 1. In the same way the neurons in column 10
are connected to the corresponding neurons in column 1.
Therefore each neuron has eight neurons in its first neighbor-
hood sphere. Figure 7 shows a view on the top of the neural
network and the structures that were assigned to certain
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HO\"/\/\/\/\ structure is well represented by the molecules of the training
1 set. All molecules in the neurons directly adjacent to the
Ho\n/\/\/\/ \ winning neuron have a cyclohexane ring (in one case a
546 7 :
) ST T oH  decaline system) and an OH group.

The correlation coefficient r=0.739 for the simulation of
compound 9 (Figure 9) is more at the lower end of the

I o
Ci

2]

y
HOW% o similarity scale. The simulated spectrum and the spectrum

absorbance

OH
(STO000199568) -~ gxperiment (query) o .
() winning neuron 0.8
Figure 7. Detail of the neural network showing the winning neuron and the -~ most similar spectrum
first sphere of neighboring neurons with the compounds from the training | from training set r = 0.757
set. e .
[
2 o
2 &4 —simulation r=0.739
. .. . | 041
neurons during training. It displays a zoomed part of the

neural network with 3 x 3 neurons containing the winning
neuron in the center (marked with a gray circle) and its first
sphere of neighboring neurons.

The winning neuron contains nonanoic acid, which is very
similar to the query structure, that is decanoic acid, with only

04 . — A — , e
3500 3000 2500 2000 1500 1000 500
Figure 9. Comparison of simulated and experimental spectrum of DL-

one additional CH, group. Since the query structure contains mandelic acid (compound 9). In addition, the training spectrum having the
eight CH, groups, this difference has only a minor effect on highest correlation coefficient with the experimental spectrum of DL-
the shape of the spectrum. Although the molecules in the first mandelic acid is displayed, i.e., benzilic acid.

neighboring neurons show more structural deviations to the
query structure, they are nevertheless aliphatic carboxylic
acids and can therefore contribute to a high quality simu-
lation. Only the molecule in neuron 1,5 (10-undecenoic acid,
SpecInfo ID ST0000199568) with one C=C double bond has
an additional functional group. It is interesting to mention
that in spite of this structural deviation this spectrum has the
highest correlation coefficient with the query spectrum of all
training spectra and the simulation result. This stresses again
the importance of the visual inspection of simulation results.
The simulation for (—)-menthol (compound 7, see Figure 8) is

from the training set having the highest correlation coefficient
with the query spectrum (benzilic acid, SpecInfo ID
ST0000199520) show a similar correspondence of their signals
with the signals of the query spectrum. Simulated and
experimental spectrum still correspond in their shape. The
largest deviations can be observed in the fingerprint region.
An analysis of the molecules that have been used for the
training of the neural network gives an explanation for this
result (Figure 10).

. . . . .. OH
also of high quality, as indicated by a correlation coefficient of Ho O- _OH
"
= " 0
r=0.955. OH
HO NH;
s}
~ —database OH
0.8 1 H ~=gxperiment \3 4 5
HO\ A 1 N %
r=0962 e IO el
218 OH
/ o
O on
0.4 4 OH
© HO
oH WG (STO000199520)
Q(go “
OH
-4
0 : . . . . em
3500 3000 2500 2000 1500 1000 500 O winning neuron

Figure 8. Comparison of simulated and experimental spectrum of (—)-

Figure 10. Detail of the neural network showing the winning neuron and
menthol (compound 7).

the first sphere of neighboring neurons with the compounds from the

training set.
Again, the simulated and the experimental spectrum show
high correspondence. Even the shape of the fingerprint region The training molecules that have been assigned to the
is very well reproduced. As in the example of compound 8 the neurons in the first neighboring sphere of the winning neuron
reason for the high quality simulation is that the query show structural similarity with the query structure. All
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molecules contain a carboxyl group and a phenyl substituent 0

except for the molecules in neuron 2,3. However, some \OJ\/\NJ\

molecules also have structural features that cannot be found /\)Oj\ _ b o}

in the query structure, for example, acyclic structures, HO™ Y © / AR

halogen, or amino substituents, leading to deviations in the ) p ; i :< °

fingerprint region which cause a correlation coefficient r of ? 7 9 0,

only 0.739. Furthermore, it should be noted that the infrared HOXI\ o7 3] = o %\ Q

spectrum was that of the racemic compound 9, whereas for the \

structure input and 3D structure generation a specific stereo- HOY\/\/\/\/ 0

isomer had to be chosen. SHo O/\)I\OH
Finally, the two examples showing very low simulation \c[)(\/\/\/\/\/

qualities will be discussed in more detail. The simulation O winning neuron

experiment for compound 11 f-alanine basically represents
no similarity to the experimental spectrum (Figure 11).

Figure 12. Detail of the neural network showing the winning neuron and
the first sphere of neighboring neurons with the compounds from the
training set of query compound fS-alanine (compound 11)

o —database
08+ o} . —simulation | = gxperiment
)k/\ T - gxperiment 08 SO/U\/\NH3® §
HO NH; i ¥ r=0.829
r=0083 3
o
8
04 + ;* r il <04
0 - fcm’ 0 . . AV Y em
3500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500
Figu.re 11. Comparison of simulated and experimental spectrum of /- Figure 13. Comparison of simulated and experimental spectrum of j-
alanine (compound 11). alanine (compound 11) as zwitterion
The reason for this low simulation quality will become more 1
obvious from an analysis of the molecules that have been used Ho _NH® eoJ\/\NHF
. . N H
for the training of the corresponding neural network. The a c® aH °
neurons in the first neighboring sphere to the winning neuron 0\6,3//0
do not contain any amino acids &0 2 3[4
! I\f 10Tw ][4
(Figure 12). The molecules have 09 1ot
a .
) o hardly any important structural 2 @ Br Br
)v features in common with the N Br
HO NH; S &0
query structure. This indicates e, N
b 0 ; ~g
) that the error does not occur in PN
@ 4 NHy
0 NHs the step of the neural network
prediction but in the step of the a cl

Scheme 2. a) f-alanine as neu- A .
tral molecule and b) as zwitter- ~ Talning set selection. The sys-

ion. tem was not able to select
. .. Figure 14. Detail of the neural network showing the winning neuron and
apprO]')rl.ately similar mOIGC}lleS the first sphere of neighbors with the compounds from the training set of
for training. It has to be realized query compound S-alanine (compound 11) as zwitterion
that the structure of S-alanine as in Scheme 2 used for the

simulation experiment reported in Figure 11 and 12 is

Cl
(O winning neuron

basically not correct, because fS-alanine exists as zwitterion. ation for this increased simulation quality: In the experiment
Thus, it is interesting to investigate whether the simulation in which the amino acid was submitted as zwitterion, the
quality improves if the query structure is submitted as system found other amino acids in the database and used them
zwitterion. Figure 13 shows the result of this experiment. for training the network. Since these database entries were
The simulated and the experimental still show fairly large stored as zwitterions, they had not been recognized as being
deviations but the correlation coefficient of r =0.444 indicates similar in the experiment before, where the query amino
a much higher correspondence between the two spectra than structure was submitted with neutral amino and carboxylic
in the simulation before (cf. Figure 11). An analysis of the group Figure 11 and 12).
training compounds used for training, particularly those in the This experiment underlines the importance of an appro-
vicinity of the winning neuron (Figure 14) gives an explan- priate description of a query structure. The system can only
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recognize structural similarity if the submitted compound is
described in the same way as the compounds in the database.

The next experiment discussed in detail is the spectrum
simulation for styrene (compound 15). Again, the simulated
and the experimental spectrum show very low correspond-
ence Figure 15) with a correlation coefficient r=0.153.

An analysis of the neural network supplies further infor-
mation. Figure 16 shows the winning neuron (marked with a
circle) and two neighboring spheres. All of the displayed

—database
0.8 4 «gxperiment
r=0120
0.4
0 7 T
3500 3000 2500 2000 1500 1000 500

Figure 15. Comparison of simulated and experimental spectrum of styrene
(compound 15)
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5
e

O winning neuron

Figure 16. Detail of the neural network showing the winning neuron and
the first two spheres of neighboring neurons with the compounds from the
training set of query compound styrene (compound 15).

training molecules show structural features that can also be
found in the query structure: a benzene ring and an alkene
group. The two training molecules from the winning neuron
show high similarity with the query structure: Whereas
styrene has a benzene ring substituted with a vinyl group,
one training structure is substituted with a 1-propenyl and
another one with a 1-butenyl group. These rather small
structural deviations, however, cause an enormous effect from
the spectroscopic point of view, because infrared spectroscopy
reacts very sensitive whether or not a compound has only
olefinic or aliphatic structural features. The additional CH,
groups in the two training molecules cause quite a few bands
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that are absent in the query structure. The rule to be learnt is
that in this approach, structures with only a few features that
are active in an infrared spectrum will usually lead to a lower
simulation quality. By analyzing the training structures any
spectroscopist could estimate that this particular simulation
result might not be reasonable.

Internet access: This spectrum prediction method can be
accessed through the internet (http:/www2.ccc.uni-erlan-
gen.de/IR/). This web page features interactive simulation
experiments and database searches. The simulation experi-
ments described in this article are stored on the server and can
be retrieved with the keyword “public” following the
open-link at the page http://www2.ccc.uni-erlangen.de/IR/
simuframe/.

Summary and Conclusions

Infrared spectroscopy is, as a result of its highly characteristic
bands, very useful for the substance identification by compar-
ing the experimental spectrum with the reference spectrum
from a database. Because of the very unfavorable relation
between the amount of 16000000 known compounds and the
number of only 100000 infrared spectra in the largest IR
spectra database, this easy way of substance identification
often fails. Therefore, there is a need for spectrum prediction
methods to close these data gaps. In this article, a spectrum
prediction method based on neural network techniques was
presented that provides rapid access to arbitrary reference
spectra. Since the method is based on experimental data we
investigated if a database with 13373 infrared spectra supplies
sufficient spectral information to perform reasonable predic-
tion experiments.

The experiments reported herein have shown that the
presented spectrum prediction method can provide reason-
able prediction results for a broad range of organic com-
pounds. From a test set of 16 compounds selected by
independent scientists, six spectra show a correlation coef-
ficient r> 0.9 between simulated and experimental spectrum
and therefore give very high correspondence. An additional
six simulated spectra have a correlation coefficient of 0.9 >
r> 0.8 indicating high similarity. Two spectra show a corre-
lation coefficient of 0.8 >r>0.7 which still displays accept-
able similarity between simulation and experiment. Only two
spectra give an r< 0.2 which indicates poor similarity. The
reason for this low correspondence could be clarified. Since
the prediction method is based on data, the simulation quality
is the higher the higher the similarity between the query
structure and the training structures is. Therefore, important
information can be derived from analyzing the compounds
that have been used for the training of the neural network.
This information allows the user to estimate how reliable the
prediction experiment is. The overall success of this method
for IR spectra prediction attests to the power of the radial
distribution function to code important 3D information on
molecules.
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