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CONCEPTS

Fullerodendrimers: A New Class of Compounds for Supramolecular
Chemistry and Materials Science Applications

Jean-Francois Nierengarten*[?!

~

Abstract: Encapsulation of a fullerene sphere in the
middle of a dendritic structure prevents unfavorable
effects of the C4 unit, such as aggregation or steric
hindering. Such fullerodendrimers appear to be promis-
ing compounds for materials science applications. On the
other hand, fullerodendrons with peripheral Cg, subunits
or containing a Cg, sphere at each branching unit appear
to be versatile building blocks for the preparation of
fullerene-rich macromolecules with intriguing properties.

Keywords: dendrimers - fullerenes - materials science -
\supramolecular chemistry )

Introduction

In light of their multifunctionality and specific shape,
dendrimers have attracted increasing attention in the past
decade, and the design of functional dendrimers is an area
with unlimited possibilities for fundamental new discoveries
and practical applications.!l' Of the various electro- and
photoactive chromophores utilized for dendrimer chemistry,
Ceo appears to be a versatile building block, and at present a
growing interest is developing in fullerene-functionalized
dendrimers, that is, fullerodendrimers. Cy itself is a convenient
core for dendrimers, since its almost spherical shape leads to
globular systems even with low-generation dendrons.”’l Fur-
thermore, variable degrees of addition within the fullerene
core, especially from mono- up to hexaadducts, are possi-
ble.l? 3! Finally, the unusual chemical and physical properties
of fullerene derivatives*! make fullerodendrimers attractive
candidates for a variety of interesting features in supra-
molecular chemistry and materials science.
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E-mail: niereng@ipcms.u-strasbg.fr

Chem. Eur. J. 2000, 6, No. 20

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

Discussion

Since the first reported preparation of dendrimers with a Cg,
core by Fréchet and co-workers,™! several other examples have
been described.> ¢ The functionalization of Cg, with a con-
trolled number of dendrons dramatically improves the solubility
of the fullerenes and provides a compact insulating layer around
the carbon sphere. This last peculiarity has been beautifully
exploited in a collaborative work between the groups of
Diederich, Stoddart, Echegoyen, and Leblanc.”! Dendrimers
with a fullerene core and peripheral acylated glucose units
have been prepared and incorporated in Langmuir films.

The fullerene amphiphiles 1 and 2 (Figure 1) with their
glycodendron headgroups are able to form stable ordered
monomolecular layers at the air—water interface and show
reversible behavior in successive compression/expansion cy-
cles. The dendritic portion of 1 and 2 is effective in preventing
the irreversible aggregation usually observed for amphiphilic
fullerene derivatives.®l Although the incorporation of ful-
lerenes in thin, ordered films has been extensively studied
during the past few years, liquid crystal ordering of such
materials has been probed to a much lesser degree. In fact, the
fullerene sphere does not behave as a mesogenic unit, and the
preparation of fullerene-containing liquid crystals appears to
be difficult. Deschenaux and co-workers have shown that the
functionalization of Cg with a malonic ester bearing two
mesogenic cholesterol subunits resulted in a fullerene deriv-
ative with liquid crystalline properties.’) However, the
mesomorphic behavior of this fullerene derivative is limited
in comparison with that of the corresponding malonic ester
precursor owing to the presence of the Cg, core, which acts as
a bulky spacer between the two mesogenic units. Recently, the
same group has shown that a dendritic addend exhibits similar
mesogenic properties as those of the corresponding fullerene-
functionalized dendrimer 3 (Figure 2).[% "'l As in the cases of
1 and 2, the C4 core of 3 is buried in the middle of the
dendritic structure and thus prevents unfavorable effects of
the Cg unit, such as aggregation or steric hinderance.
Therefore, incorporation of fullerenes into well-ordered
structures can be easily achieved and such fullerodendrimers
appear as promising compounds for materials science appli-
cations.

Following the preparation and study of dendrimers with a
Cq core, we have recently succeeded in the preparation of
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dendrons with peripheral Cg, subunits!'? or with a Cy, sphere
at each branching unit, compounds 4 and 5§, respectively
(Figure 3).1%1 These fullerodendrons are not only interesting
building blocks for the preparation of monodisperse ful-
lerene-rich macromolecules, they are also amphiphilic com-
pounds capable of forming stable Langmuir films at the air—
water interface.') A Brewster angle microscopy image of a
Langmuir film of 4 is depicted at the bottom of Figure 3 and
shows the high quality of the film in spite of a molecular mass
of 7704.6 gmol~'.["] Furthermore, the molecular monolayers
of 4 can be readily transferred onto solid substrates to yield
Langmuir - Blodgett films.['¥

We have also shown that the fullerodendrons are useful
building blocks for the preparation of monodisperse den-
drimers of high molecular weight, and up to 16 fullerene =
chromophores have been assembled around a bis(phenan-
throline) copper(t) core (Figure 4).[¢]

o

O e S

%

Figure 2. Liquid crystalline fullerodendrimer 3.0

3668

2R=0Ac

Figure 1. Amphiphilic fullerodendrimers 1 and 2 with one and two glycodendron headgroups, respectively.”)
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The central core in 6 appears
inaccessible to external con-
tacts as shown by molecular
modeling and confirmed by
electrochemical investiga-
tions.'"l Effectively, Gross and
co-workers have shown that the
bulky fullerodendrons around
the Cu center prevent its ap-
proach on the electrode surface
and its oxidation could no lon-
ger be observed.”! Further-
more, due to the high number
of fullerene subunits in 6, a
strong shielding effect is ob-
served and only a small part of
the incident light is available to
the central core relative to the
periphery. Photophysical studies carried out by Armaroli and
co-workers revealed that the small portion of light energy able
to reach the central Cu' complex is returned to the external
fullerenes by energy transfer.'’? Therefore, one can conclude
that the central core is buried in a dendritic black box.

Conclusion

In conclusion, it appears that fullerodendrons are versatile
building blocks for the preparation of fullerene-rich macro-
molecules with intriguing properties. By attachment of several
of those dendrons to a functional group like a chromophore,
ionophore, receptor, or electron donor, the fullerene-rich
microenvironment should modulate the physical properties at
the central core. Furthermore, due to the high number of Cy,
subunits, such dendrons could be useful as antennas for light
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Figure 3. Top: fullerodendrons with peripheral Cq units (4)[?! and containing Cg, spheres at each branching unit (5).'* Bottom: Brewster angle microscopy
image for 4 at A =480 A2 the stripes that can be seen are interferences due to the laser light.

harvesting when attached to a suitable functional group able
to act as a terminal receptor of the excitation energy. This
could be achieved if the lowest excited state of the central
core is lower in energy than that of the surrounding fullerene
spheres.

Chem. Eur. J. 2000, 6, No. 20 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0620-3669 $ 17.50+.50/0
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Supramolecular Assemblies of Quaternary Ammonium Cations and Halide
Anions in the Gas Phase: ESMS-FTICR Data and Computer Modelling

Catrin Hasselgren,'*! Keith Fisher,™ Susan Jagner,®! and Ian Dance!!*

Abstract: Supramolecular aggregates of
tetraalkylammonium halides (R,NX)
are formed by electrospray out of ace-
tonitrile solution. Mass spectrometry
reveals 88 charged aggregates for R=
Me, Et, Bu; X=Br, I, ranging up to

to these aggregates. The accuracy of the
calculated energies is supported by the
measured collisional dissociation energy
of (Et,N"), (I")s. Energy optimisations
indicate that the probable structures
have the halide ions dispersed in a

matrix of cations, which, for Bu,N*, can
be mutually attractive. The aggregates
are structurally fluid, with multiple
structures separated by 4-8 kJmol™L
The energy calculations are entirely
consistent with the observed formation

[(BugN),4Br,,]* in size. With the objec-
tive of improving calculations of inter-
molecular energies for supramolecular
aggregates of ions, calibrated semi-em-
pirical potentials for inter-ion interac-
tions have been developed and applied

chemistry

Introduction

We are investigating the supramolecularity of compounds that
contain polyatomic cations and anions. A principal source of
information is the crystal packing of these compounds, and we
have investigated,['”] analysed and classified?” the interion
packing in a large number of ammonium and phosphonium
salts with diverse anions. Analyses of the data in the Cam-
bridge Structural Database allow detailed descriptions of the
geometries of recognisable crystal supramolecular motifs, but
do not provide the energy data which are the fundamental
causative influences. However, the repeated occurrence of
motifs in numerous and diverse crystals is clear qualitative
evidence that the motifs are competitively attractive. The
intermolecular energies can be calculated, using density
functional theory for relatively small systems,®! and by semi-
empirical potentials, but these require careful calibration of
the atom---atom potentials used for the van der Waals and
electrostatic energies. The thermochemical data required for
these calibrations are rarely available for the polyatomic
compounds of interest, and for which crystal structures are

[a] C. Hasselgren, Prof. S. Jagner
Department of Inorganic Chemistry
Chalmers University of Technology
SE-412 96, Goteborg (Sweden)

[b] Prof. I. Dance, K. Fisher
School of Chemistry, University of New South Wales
Sydney NSW 2052 (Australia)
E-mail: I.Dance@unsw.edu.au
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of large aggregates, and of multiply
charged anions. It is estimated that the
cohesive energies of supramolecular
assemblies of ions such as these reach
about 40 kJ mol~! per constituent ion.

elec-
gas-phase

available. We have not found in the literature data on the
intermolecular energies for polyatomic cations and anions.

Dissociation energies can in principle be measured for
supramolecular aggregates in the gas phase.l” ' Therefore we
are investigating the generation and properties of gaseous
aggregates analogous to those investigated in the crystal
phase. In particular, electrospray ionisation of solutions of the
relevant cation-anion combinations can generate aggregates
of cations + anions as part of the process of reduction of net
charge density during electrospray desolvation.l!'4l Electro-
spray mass spectrometry (ESMS) is valuable because large
aggregates containing many cations and anions can be
observed—particularly when the aggregate has multiple net
charge—and these larger aggregates simulate more closely
the extended crystal phase. A further advantage is that the
complication of solvation is normally absent from the gas
phase and the crystal phase, simplifying investigations of
fundamental supramolecular aggregates.

The combination of ES for generation of aggregates of
polyatomic ions, and Fourier transform ion cyclotron reso-
nance (FTICR) for investigation of their dissociation and
reactivity, is valuable. Herein we report ES-FTICR inves-
tigations of some combinations of tetralkylammonium cations
and halide anions, together with calculations of their struc-
tures and energies. The generation of some quaternary
ammonium and phosphonium (Me,N*, Pr,N*, MeEt;NT,
Et,P*) bromides and (Me,N*, Et,P*) chlorides, all as mono-
negative ions, has been described previously."] Hop,!']
seeking mass calibrants, reported the generation of large
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negative and positive aggregates by electrospray of Et,N* I~
in acetonitrile. The influence of solvents on ion pairing
involving dications has been investigated.!'”)

Our first question was what aggregates of tetraalkylammo-
nium cations and halide anions can be generated and studied
in the gas phase? We observe large aggregates, containing up
to 80 individual ions, which raise further questions. What are
their structures? What are their cohesive energies, and can
their dissociation energies be measured in the gas phase?
Since the tetraalkylammonium cations are larger than the
monatomic anions in these aggregates, the cations must be in
contact. This relates to another fundamental question about
the supramolecular energies of condensed phases containing
ions. The inter-ion energies comprise van der Waals attrac-
tions and coulombic energies which are both attractive and
repulsive. As the number of atoms in the ion increases the van
der Waals attractions increase, and the ion charges are
dispersed over more atoms, the balance of energy contribu-
tions being changed to a point where ions of the same charge
are attractive. Therefore, in order to address these questions,
we have used semi-empirical intermolecular potentials to
calculate the energies of our new aggregates, and to explore
structure by energy minimisation.

Mass Spectrometric Methods

The salts Me,NBr, Et,PCl, Et,NBr, Et,NI, Bu,NBr, Me;PhNI, and
Me;BzNCI were reagent grade. The acetonitrile solvent was HPLC grade.
Solution concentrations were approximately 1 mg per 10 mL.

Experiments were carried out on a Bruker BioAPEC II FTICRMS
equipped with a 7T super conducting magnet, with an external electrospray
(Analytica) ion source. This instrument was pumped by three cryogenic
pumps and a turbo molecular pump. The four stage differential pumping
allowed the transfer of ions from the one atmosphere ion source through a
capillary to the cell region maintained at a pressure of 1x10-%Pa. A
syringe pump was used to spray samples at 60 uLLh~! through a spray needle
with a 0.1 mm tip. The spray needle was grounded and approximately 1 cm
from a nickel coated end of a quartz capillary tube. Nitrogen heated to
280°C was used as drying gas.

For negative ions the capillary voltage was maintained at 4 kV and the
outlet of the capillary into the pumped source was varied between — 10 and
—400 V. Typically the capillary voltage was —50 V with the skimmer
voltage of —5 V. The outlet of the capillary entered a region with a pressure
of 4 x10~* Pa. Emerging from the capillary the ions were accelerated
towards a skimmer maintained at —5 V (or +5 V for positive ions). Ions
passing through the skimmer were trapped in a hexapole ion trap for a
controlled period (1 or 2s) to accumulate ions. The stored ions were
released as a package and guided to the ICR cell using a series of ion lenses.

The ion (Et,N),I5~ was isolated in the cell, and on-resonance collision-
induced dissociation (ORCID) carried out. The selected ions were
accelerated in the presence of argon at 1 x 10-¢ Pa by irradiation (rf pulse)
at the cyclotron resonance frequency of the ion. The ion acceleration
energy pulse length and collision time were varied to obtain the minimum
energy to effect dissociation in one collision.

The centre of mass translational kinetic energy E.,,, of an activated ion was
calculated using Equation (1), where m, is the mass of the argon target, m,

Econ=[m/(m,+my)](0.81V,,/d)*q(t)*/8m, M

is the mass of the selected ion, 0.81 is the geometry factor of the cylindrical
cell, V,,, is the peak to peak voltage of the rf pulse, d is the diameter of the
cell (6 cm), g is the electronic charge and f is the length of the excitation
pulse.[1s 19

3672 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Computational Methods

Our model for intermolecular energies is based on summed interatomic
energies.’”! The van der Waals potential between two non-bonded atoms
separated by d; is expressed by Equation (2), in which d%; is the distance
between atoms i and j at which the interaction energy is most negative, with
the magnitude e*;.*!) The two important parameters are d% and e,
obtained by combination of atom parameters [Equations (3) and (4)]. The
atom radii 7* are larger than the conventional crystallographic van der
Waals radii, which correspond to slightly repulsive energies.?!]

By = ey [(dyfd*y) ™2 — 2(dy/dy) ] (2
A% =r+ 7 (3)
o= (€)' (4)

The interatomic electrostatic energy is expressed as Equation (5), in which
q are the atom partial charges and ¢ is the permittivity of the medium.

Eemij = qiqjlgdij 5)
The total intermolecular energy is given by Equation (6).
Et = Zii(EVdWii + Eelecii) (6)

The parameters required are the e* r*, g for each atom, and &. Our
parametrisation of e* and r* uses three sources of information: 1) the
parameters in the literature; 2) an overview of these parameters for all
atom types in this region of the periodic table, and modulation according to
charge type (e and r* are correlated and increase with the negative charge
state of the atom);?? and 3) testing against the crystal packing geometry for
R,N* X~ compounds. As guides and tests for our models we examined the
crystal structures of BuyN*Br- [RABTIX] (Cambridge Structural Data-
base refcodes in square brackets) Bu,N‘I- [RABTET], Bu,N*Br;~
[JEPGUG], Et,N*Br- [TUDQEO], Bu,N*I, [NBAMTI10], Et,N*I-,
and Me,N*I-, from which it is concluded that H---Br intermolecular
distances are in the range 3.0-3.3 A, and H -1 intermolecular distances
are in the range 3.2-3.6 A. Our parameters (see below) give H-- Br
distances in the range 3.2-3.4 A.

Full negative charges are used for the halide anions. Our parametrisation of
the atom partial charges for the cations is informed by both quantum
calculations (Mulliken, Hirshfeld and electrostatic potential calculations)
and the charge equilibration (QEq) method of Rappe and Goddard.?’ The
values of g are N, —0.28; H, 0.14; Cpeny, —0.10; Cieppyr, —0.11; Coepy,
—0.27; Cipuyis —0.125 Copugt, — 0.245 Capyegrs —0.265 Cypyyr, —0.32.

An important and influential parameter is the permittivity ¢ for the
electrostatic energies [Eq. (5)]. What is the permittivity (or dielectric
constant) inside an aggregate of R;N* ions and X~ ions, without solvent? In
approaching this we note the contributions to & from the electronic
polarisabilities and from possible reorientation of the component polar
components,?!l and other complexities for modelling within polar macro-
molecules.” Thus the dielectric constant of water at low frequency is 80
(20°C), but only about four when measured at high frequencies not
permitting reorientation.?!l In view of the electronic polarisabilities of the
halide ions in the aggregates, their charged nature, their intramolecular
fluidity in the gas phase, and the fundamental limitations of the use of a
monopole model for electrostatic energies, 1! we adopt the approximation
of Equation (7).

e=2d, ™

The derived parameters for the relevant atom types are C(alkyl), r*=
2.04 A, £=0.154 kYmol!; H, »=1.62 A, ¢ =0.084 kI mol~!; N(quaterna-
ry), #=19A, e=046kImol'; Br, *=23 A, e=22kImol; I-, r*=
24 A, e=28kImol™".

Calculations used the Discover program.?”! The CVFF force field was used
for the intramolecular energies of the cations.

0947-6539/00/0620-3672 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 20
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Results

Negative ion spectra were obtained for Me,NBr, Et,PCl,
Et,NBr, Et,NI, Bu,NBr, Me;PhNI and Me;BzNCl in acetoni-
trile, and positive ion spectra for Bu,NBr in acetonitrile.
Methanol gave poor spectra. A negative ion spectrum for
Bu,NBr in the high mass range is shown in Figure 1, illustrating
the formation of mono-, di- and tri-negative aggregates.

(BuyNBr),Brs 3 T T T T T T T 7 71
31 36 41
(BuyNBn, By —— 11—
15 20 25
(BuyNBr),:Br~ T T T T T T T T
7 8 9 10 11 12 13 14

2700 3200 3700 4200 4700
mlz

Figure 1. Negative ion ESI mass spectrum for a solution of Bu,NBr in
acetonitrile. Peak intensity is plotted relative to [Bu,NBr,]~ = 1. Peaks x are
instrument artefacts.

The full range of observed aggregates is graphed in
Figure 2.

n
2 4 6 8 10 12 14 16 18 20 22 24 26 28
|| NN
[(MegN),Brp,4]~
T,
(Et4N)pBry 1™
||II|I||||||||
[(E‘4N)n|n+1]_
TIAERRRNEREEY
[(Bu4N)nBrn+1]_
RRERERRERR
[ 11 [(BugN)Br . 22

[(BugN),Br,_1]+

2 4 6 8 10 12 14 16
n

Figure 2. Chart of observed ions. Line lengths indicate relative intensities.
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Collision-induced dissociation: Isolation of [(Et,N),I5]” in the
ICR cell and collision-induced dissociation (CID) with Ar
yielded [(Et,N)L,]~ as the only product. The CID experiment
was operated in the on-resonance mode, with a constant
pressure of Ar, and gave an energy of dissociation of
100 kJmol~!. This result is discussed further below in con-
junction with the relevant calculated energies.

Isolation of [(Et,N),Brs]™ resulted in its dissociation, in the
absence of acceleration. We were unable to effect meaningful
CID experiments with other negative ions, but obtained two
results with related positive ions: [(Me;PhN),L;]" — [(Mes-
PhN),I]* AE =600 kJmol~!, and [(Me;BzN);Cl,]* — [(Mes-
BzN),CI]* AE =320 kJmol~.

There are considerable experimental uncertainties in these
results, due to difficulty in determining the threshold for
dissociation.

Computer models of observed aggregates: We have postulated
structures, and optimised them by minimisation of the total of
all intermolecular energies and the intramolecular energy for
the conformationally variable cations. For each aggregate
composition a number of starting geometries were investi-
gated, and in some cases optimised structures were distorted and
re-optimised, as a crude procedure to search for alternative
minima. It soon became evident that the energy surface, at
least for the larger aggregates, was relatively flat. Molecular
dynamics were not calculated. The structures presented here
had the lowest total energy for each composition. The examples
presented are for the larger cation Bu,N* with smaller anion
Br-, and smaller cation Et,N* with larger anion 1.

We present first results for the geometries of some smaller
aggregates, in order to demonstrate some of the fundamental
principles. Figure 3 shows the
optimised structures of combi-
nations of a single cation and
single anion, specifically of
Et,N*I- and Bu,N'Br-. The
anion is not located on the 4
axis of the cation due to the
small repulsive contribution in-
volving the partial negative
charge on N. Two Bu,N* ions
form a cohesive pair, with var-
ious conformations of inter-
twined arms (Figure 4). This is
because the net van der Waals
attraction exceeds the net elec-
trostratic repulsion. Two Et,N*
cations are not cohesive. In the
association of two anions with
one cation (Figure 5) the anions
need not be directly opposed,
but their positions are deter-
mined by the attractive interac-
tions with alkyl chains.

Figures 6 and 7 show struc-
tures with two and three cations
respectively associated with
three anions. It is evident that

30 32 34 36 38 40

((BugN),Bry, 31>~

30 32 34 36 38 40
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Byl |

Bii,N* Br

Figure 3. Optimised structures for single cations with single anions: the
anion is associated with one alkyl group rather than located on the pseudo 4
axis of the cation.

]
Bty Need HdA

Figure 4. Two energy minima for an attractive pair of Bu,N* cations.

(HugN*lp W= EAOA

.
g™ (B

Exght (171

Figure 5. Optimised structures for associations of two anions with one
cation.

three Bu,N" ions can form an intimate aggregate with three
Br, partially enveloping the anions with substantial areas of
cation ---anion and cation --- cation contact. However, three
small Et,N* ions leave three I~ ions largely exposed. Figure 8
shows two structures for the composition (R,N*),(X")s, on
which the CID experiment was effected. Note that the
aggregates are approximately discoid, with insufficient atoms

Figure 6. Skeletal (H atoms omitted) and space-filling different views of
(Bu,N"),(Br-);, showing (left) how the arms of the cations are approx-
imately eclipsed by their mutual attractions, and (right) how the three
anions are approximately symmetrically arrayed between the two cations.

Pd¥ ey 0
{ELM=1 (17 (BugM Y (B

Figure 7. Two structures for (R;N*);(X~); which have a symmetrical and
approximately coplanar array of cations and anions.

of ions can be obscured by the numerous atoms, and so we use
two types of pictorial representation: the space-filling picture
for all atoms shows the nature of the surface, while the second
representation (same view direction) shows just the N and
anion atoms, with colour shading according to distance from
the viewer.

Starting structures for the larger aggregates were generated
as relatively symmetrical arrays of ions. As an illustration, the
initial array of cation centres and anions for (Bu,N*)g (Br-),
had threefold symmetry, as shown in Figure 9 (c). The alkyl
chains could not follow this symmetry, and optimisation
yielded quite unsymmetrical structures (Figure 9).

The composition (cation),(anion)3;, observed for all sys-
tems, has been modelled with several different starting

to be globular.

We have not optimised all of
the compositions seen in the
ESMS. Instead we have consid-
ered representative larger sizes,
again seeking structural princi-
ples. One question which arises
for larger aggregates is whether
there is a segregation of cations
on the inside and anions on the
outside, or of the reverse, or
whether there is an alternation

(EL Ny 4l 3y

(Bug*ig (B iy

of oppositely charged ions, in a
“fruit-cake” structure. In the
larger aggregates the locations

3674
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Figure 8. Two structures of (R;N"),(X")s. Each structure is drawn in full on the left, and on the right with the only
the N and halide skeleton, using colour darkening away from the viewer. Note that the array of cation and anion
sites is approximately planar, and that these aggregates are not yet large enough to be fully globular.
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Figure 9. a) and b) The optimised structure of (Bu,N*)s(Br~)y, starting from the array c) of ion centres which has

threefold symmetry about the vertical axis.

structures, based on the regular polyhedra (cuboctahedron,
icosahedron) with twelve vertices, empty, or centred for 13
points, and the threefold structures based on stacks of A;B;
hexagons.”l We present the result of one such optimisation in
Figure 10. The composition (cation);(anion),, is that of the

Figure 10. An optimised structure of (Bu,N*),,(Br-),;.

unit cell of the face-centred cubic array, common in alkali
metal halides, but as shown in Figure 11 this order and symmetry
are lost in the optimised structure of (Bu,N*);3(Br)y,.

Figure 11. The optimised structure of (Bu,N*),3(Br-),4, which started from a face-centred cubic array of cations

and anions.

Chem. Eur. J. 2000, 6, No. 20
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We have also investigated
(BuyN"),y(Br),s, with several
starting structures inspired by
and derived from the structures
of binary metal carbides (met-
allocarbohedrenes) of composi-
tion Cu,sC,,,»1 appropriately
expanded. However no new in-
sight evolved from this compo-
sition, and so we move to the
largest aggregate investigated,
namely (Bu,N*),(Br7),. We
used various starting structures
which concentrated 20 cations
in the core, or which concen-
trated 20 anions in the core, but
in both cases the optimised
structures showed no segregation of either ion, and a “fruit
cake” structure resulted. Figure 12 shows how a concentration
of cations in the centre of (Bu,N*),(Br-), optimises to a
more regular distribution of cations.

The preceding models contained one excess anion, for the
series (Bu,N"),(Br"),,,, whereas the higher mass aggregates
observed possess two or three excess anions. Models for these
are readily developed in the same way. In order to demon-
strate the calculated stability of aggregates with excess anions
or with excess cations, we show the optimised structures for
some extremes. The aggregation of six cations and one anion,
namely [(Bu,N*)o(Br)]’*, is stable (Figure 13), as is the
aggregation of one cation and four anions, in [(Bu,N")-
(Br7),~ (Figure 14). It is significant that the coulombic
repulsions between four Br~ are overcome by association with
one Bu,N*. A structure with one Bu,N* ion and eight Br-
anions dissocated four Br~ to become the structure in
Figure 14.

It was obvious during the modelling that there are multiple
structures for aggregates with more than one or two cations.
These multiple minima on the energy surfaces had similar
energies, and apparently small energy barriers between them.
Examination of structure during the energy minimisation
processes showed frequent relative movements of ions
relative to each other, and the initial and optimised structures
presented in Figure 12 demonstrate further the mobility of
these aggregates. The concept of a liquid drop should be
imposed on the static pictures
presented, and it is clear that
there is no preferred order for
aggregates of Bu,NT cations
with monatomic anions. The
cations tend to have elongated
conformations for their butyl
arms, and the main barrier to
geometry change in the aggre-
gates is in the rearrangements
of entangled arms. While there
are no strong repulsions be-
tween Et,NT ions or between
Bu,N™ ions, the structures gen-
erally have desegregated ions,
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Figure 12. This figure shows the starting (left) and optimised (right) structures for (Bu,N*),,(Br~),,. The starting

structure contained a core of 20 cations.

and the “fruit cake” structural
concept of smaller anions dis-
persed in a matrix of larger
cations is appropriate.

Energies: The energy mini-
mised is the sum of the inter-
molecular and intramolecular
energies, but the latter are (by
definition) not on an absolute
scale, and so the total energies minimised do not directly
reveal the cohesive energies of the aggregates. Therefore we
have evaluated the components of the intermolecular ener-
gies for some of the optimised structures presented in the
figures. These are presented in Table 1, as values for cation ---
cation energies, cation---anion energies and anion---anion

energies, and the total intermolecular energy E'. In Table 2

there are values of the intermolecular energies for additional

aggregates, and, in order to compare aggregates of different

sizes, the intermolecular energies per ion (EY,,) are listed.
Several patterns are evident in these total energies, which

include the van der Waals and electrostatic components.

1) The cation---cation energies in these aggregates are
weakly attractive or repulsive, in the range —5 to
+10 kJmol~!, and are more attractive for larger R,N*
ions. This is consistent with the calculated result that
(Bu,N*), is cohesive, but (Et,N*), is not.

Figure 14. The optimised
structure of [(Bu,N*)(Br™),J*.
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2) Anion---anion repulsions in
these aggregates are in the
range +2 to +17 kJmol~1.

3) Anion---cation energies, al-
ways attractive, range up to
about 35 kJmol~!, depending
on the juxtapositions of the
ions.

4) The net intermolecular ener-
gy per constituent ion (E',,
Table 2) is about —20kJ
mol~' for R,N*(X"),, about
—30kJmol! for (R,N*),-
(X7); and about — 33 kJ mol™!
for (R,N'),(X")s, and not
very dependent on the iden-
tity of R or X. This energy
E'., is an indicator of the
relative cohesion of these ag-
gregates of different sizes and
with different components.
Extrapolation of the results
in Table 2 to larger aggregates
suggests that the cohesive en-
ergies per constituent ion
could reach —40 kJmol~.

5) The intermolecular energy
per constituent ion is hardly
affected by the net charge of
the aggregate, and is but mar-
ginally better for (Et,N*),I~
relative to Et,N*(I"),, or for (Bu,N*),Br- relative to
Bu,N* (Br7),.

6) The variability of the values in Tables 1 and 2 reflects
differences in structure. Differences in local structure are
also clearly evident (see Figures 7—12 ) for aggregates with
more than about five ions. The magnitude of the variability
of inter-ion energies is about 4—8 kJmol~!, and we expect
that this would also be the magnitude of the energy
barriers to be expected between alternative structures.

An objective of this research was to obtain experimental

data relating to intermolecular energies in aggregates of
tetraalkylammonium halides. One datum was obtained,
namely that about 100 kJ mol~! was required to collisionally
dissociate [(Et,N*),(I")s]~ to [Et,N*(I"),]~ plus unobserved
products. There are four possible sets of products, and for each
of these the calculated energy for dissociation (using the
results in Table 2) is listed in Table 3. The pathway which
generates the unobservable neutral aggregates [(Et,N*),-
(I"),]° and [Et,N*I"]° in addition to the observed
[Et,N*(I"),] has a calculated energy which agrees with the
measured collisional dissociation energy: we note that these
are calculations of internal energy. The pathway which yields
an intact [(Et,N*);(I");]° neutral aggregate is indicated to be
least likely. However we emphasise that there are consider-
able uncertainties about the collisionally induced dissociative
process and in our experimental measurement of the thresh-
old dissociation energy. These uncertainties are reflected in
the failure of similar experiments with other ions.
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Table 1. Calculated intermolecular energies for aggregated ions.

Aggregate Figure Intermolecular energy [kJ mol~!]
cation --- cation cation --- anion anion -+ anion total, E*
Et,N‘I~ 3 (left) - —34.6 - —34.6
Bu,N*Br- 3 (right) - —342 - —342
(Buy,N*), 4 -20 - - -20
Et,N*(I), 5 (left) - —344, -316 +82 —57.8
Bu,N*(Br-), 5 (right) - —31.7, =340 +7.7 —58.0
(Ety,N*)3(I)3 7 (left) +74 —33.8, —34.0 +14.1 —188
+9.4 —5.5,-345 +11.2
+9.8 —-83,-315 +8.5
—314, -345
—345
(Bu,N*)3(Br-), 7 (right) +4.9 —-33.1,-318 +7.6 —209
-1.8 —5.6,-32.0 +11.3
—24 —6.1,-332 +11.9
—31.7, -33.6
-333
(Et,N")4(I)s 8 (left) +6.3 —31.6, -314 +5.8 —300
+9.5 —4.9,-334 +2.5
+10.2 -6.0,-2.8 +9.1
+9.5 —30.5, —34.1 +2.7
+9.1 -172,-31.0 +8.9
+9.8 —5.0,—285 +172
—314, -31.1 +14.6
—30.7, —4.7 +5.8
—333,-57 +13.1
—31.0, —-30.6 +10.8
(BuyN*),(Br)s 8 (right) +2.3 —33.8,-31.8 +7.6 —300
-51 —74,-16.6 +7.4
+32 -3.7,-159 +5.1
+0.5 —8.8,—30.7 +2.1
+4.3 —44,-31 +8.7
+1.1 —18.7, -25.0 +16.0
—329,-326 +8.3
-51,-3.6 +79
-326,-79 +3.8
—32.8,-33.6 +8.0

Table 2. Intermolecular energies [kJmol™'] for aggregates of Me,
N+, Et,N*, Bu,N* with Br- and I, as total E', and as energy per ion,
El

ion*

Aggregate E! EY.,

Me,N(Br), -67.0 -223
(Me,N*),(Br); —154 -30.8
(Me,N*);(Br), —241 —345
(Me,N*),(Br)s —317 —353
Et,N*(Br-), —60.6 -20.2
(EtyN*)y(Br); —149 -29.8
(Ety,N*)3(Br), —228 -32.6
(Et,N*),(Br)s —286 —31.8
Et,N*I~ —34.6 -173
Et,N*(I"), —-57.8 -19.3
(Et,N*),I~ -59.9 —20.0
(Et,N*),(I), —108 -27.0
(Et,N*);(I7); —188 -313
(Et,N7),(IN)s —300 —333
Bu,N*Br~ —342 -17.1
Bu,N*(Br), —58.0 -19.3
(Bu,N*),Br- —65.4 -21.8
(Bu,N*),(Br7), -122 -30.4
(Bu,N*),(Br7); —153 —30.6
(BuyN*);(Br); —209 —34.8
(Bu,N*);(Br7), —248 —354
(Bu,N*),(Br)s —300 —333

Chem. Eur. J. 2000, 6, No. 20
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Table 3. Calculated energies for dissociation pathways of [(Et,N*),(I7)s]".
Calculated AE [kJ mol~']

Products of dissociation of [(Et,N*),(I7)s]~

[EtNH(I7)]™ + [(ELNT)(I)s]° +54
[EENT(I)]" + [(EGNY ), (1)) + [ELNT] +100
[ELN(I),]" + 3 [ELNT 4138
2[ELN(1),]- + [(ELNLI 125

Conclusion

We have demonstrated the formation of stable supramolec-
ular aggregates of tetraalkylammonium halides in the gas
phase, by electrospray ionisation out of acetonitrile solution.
A total of 88 aggregates with single, double and triple negative
charges were recorded, the largest being [(Bu,N);oBry,]*~.

Geometrical structures for representative aggregates have
been calculated, by energy minimisation using calibrated
potentials for inter-ion interactions. It is concluded that the
most probable structures for these supramolecular assemblies
have the halide anions distributed in a matrix of cations (a
fruit cake model). The calculations indicate also that the
aggregates are probably quite mobile, with multiple structures
on a relatively flat energy surface, separated by barriers
probably less than 10 kJ mol—L
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Our results provide some insight into the energies of these
supramolecular assemblies, which was our main goal. Poly-
atomic cations can be mutually attractive, due to the
van der Waals attraction exceeding the electrostatic repulsion
from the dispersed positive charge. We calculate that two
Bu,N* ions can associate with an attractive potential energy of
about 2 kJ mol~. This result is consistent with our calculations
of the net attractive energies between pairs of Ph,P* or
MePh,P* ionsPland pairs of [PhsPNPPh;]* ions.?” The
repulsive energies between pairs of bromide or iodide ions
in these aggregates range +2 to +17 kJmol~!, while the
cation --- anion attractions range up to 35 kJmol~! per pair.
The accuracy of these calculated results is supported by the
measured collisional dissociation of (Et,N™),(I7)s.

The calculated energies also show that there is no energy
penalty in forming multiply charged ions, even when relatively
small. The energy calculations are entirely consistent with the
observations, the formation of large aggregates, and of
multiply charged anions. It is estimated that the cohesive
energies of supramolecular assemblies of ions such as these
reach about 40 kJ mol~! per constituent ion.

These results partly redress the serious shortage of infor-
mation about the intermolecular energies of supramolecular
assemblies of charged species.
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Calcium Carbonate Modifications in the Mineralized Shell of the Freshwater
Snail Biomphalaria glabrata

Bernd Hasse,?! Helmut Ehrenberg,™ ¢! Julia C. Marxen,!!! Wilhelm Becker,'?! and

Matthias Epple*?!

Abstract: The mineralized shell (con-
sisting of calcium carbonate) of the
tropical freshwater snail Biomphalaria
glabrata was investigated with high res-
olution synchrotron X-ray powder dif-
fractometry and X-ray absorption spec-
troscopy (EXAFS). Parts from different
locations of the snail shell were taken
from animals of different age grown

and 140 hours were examined. Traces of
aragonite were found as first crystalline
phase in 120 h old eggs, however, Ca
K-edge EXAFS indicated the presence
of aragonitic structures already in the

Keywords: bioinorganic Chemistry
- biomineralization - crystal growth
« EXAFS Spectroscopy - solid-state

X-ray amorphous sample of 72h age.
The main component of the shell of
adult animals was aragonite in all cases,
but in some cases minor amounts of
vaterite (below 1.5%) are formed. The
content of vaterite is generally low in the
oldest part of the shell (the center) and
increases towards the mineralizing zone
(the shell margin). In juvenile snails,

under various keeping conditions. Addi-

] . chemistry
tionally, eggs with ages of 60, 72, 120,

Introduction

The utilization of solid inorganic materials (minerals) is
widespread in the living nature. Prominent examples are
skeleton structures (e.g., bone, mollusk shells, radiolaria) and
functional tools (e.g,. teeth, sea-urchin spines, gravity sen-
sors). About 60 minerals are used for such purposes by lower
and higher organisms,!!! with the most widespread being
calcium carbonate (especially in marine organisms), calcium
phosphate (mineralized part of the skeleton of vertebrates),
and amorphous silicon dioxide (found in many plants). The
biologically-controlled process leading to such minerals is
commonly termed as “biomineralization” (see, e.g., refs.
[1-6] for recent reviews).
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almost no vaterite was detectable in any
part of the shell.

The main mechanisms have been identified as crystal
nucleation, crystal growth and crystallization in spatially
confined compartments, all of them being thoroughly regu-
lated by the organism. Highly optimized biomacromolecules
(proteins, carbohydrates, glycoproteins, proteoglycans) were
developed during the evolution to control these (physico-
chemical) processes, for example by preferential adsorption
on distinct crystal faces that leads to nucleation of defined
solid phases and to morphological control of the growing
crystal. Their synthesis is under strict metabolic control of the
mineralizing organism.

However, there remains a large gap between the under-
standing of chemical model systems’*l and the biochemical/
physiological processes that control protein and matrix
formation.'*'7 In order to contribute to closing this gap, we
have studied the inorganic part of the calcium carbonate shell
of the fresh-water snail Biomphalaria glabrata with high-end
solid state chemical methods. As many results on the bio-
logical mechanisms of biomineralization have been obtained
earlier on this organism,!'* 161820 it can be considered as
model to study the mineralization process employing an
interdisciplinary approach.

Different locations of the shells of animals of various ages
and different keeping conditions were studied with high-
resolution diffraction in order to investigate its crystallo-
graphic phase composition. Furthermore, the initial process of
shell formation in eggs was studied by X-ray diffraction and
by X-ray absorption spectroscopy. The latter technique is
sensitive to non-crystalline phases (e.g., amorphous solids) as
well. Its main power lies in the determination of accurate
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bond distances around the excited element (in this case:
calcium).

Results and Discussion

The shell of adult tropical freshwater snails Biomphalaria
glabrata consists of aragonite whose growth and morphology
is controlled by small amounts of an organic matrix (ca.
0.9 wt %) consisting of polymeric protein/carbohydrate struc-
tures.['* 11 The formation of the shell in Biomphalaria glabrata
starts during embryogenesis in eggs.

The embryos of Biomphalaria glabrata develop very
quickly: If kept at 25°C they leave their egg capsules fully
developed after about six days. The shell building starts early
during embryogenesis.?!! The developmental stages at 25°C
are as follows: After 40-45 h of development the prospective
shell field can be observed. In the center of the shell field a
narrow channel invaginates like the finger of a glove (“shell
field invagination”, SFI). After 48 h the invagination closes
apically, and after 50 h the first single-layered periostracum
(an outer protective shield of the shell consisting of polymeric
organic material) appears on the shell field. A Veliger larva of
55 h shows a rounded three-layered periostracum. At about
60 h a first intercrystalline organic matrix becomes visible
beneath the 60 um wide periostracum which then starts to
vault up. At the same time in the center of the shell a new cell
type appears from the now evaginating SFI which corresponds
to the calcifying outer mantle epithelium of adults.? 22 After
72 h the embryonic shell is oval and about 150 x 180 um in
diameter, after 120 h the embryonic shell has 1% turns and the
outer appearance of an adult shell.

Bielefeld and Becker had a first indication for a crystalline
inorganic shell from polarizing microscopy (birefringence)
and scanning electron microscopy after 45 h growth at 28°C
(slightly faster development than at 25 °C), but no information
on its crystallinity or modification was obtained.?!] Therefore
we studied newly laid spawning packs of different ages with
high-resolution powder diffraction (Figure 1). The samples of
60 and 72 h age were completely X-ray amorphous, whereas in

Abstract in German: Die Mineralphase (Calciumcarbonat)
der Schale der tropischen Siifwasserschnecke Biomphalaria
glabrata wurde mit hochauflosender Synchrotron-Rontgenpul-
verdiffraktometrie und  Rontgenabsorptionsspektroskopie
(EXAFS) untersucht. Dabei wurden verschiedene Bereiche
der Schale vermessen, wobei auch Alters- und Haltungsbe-
dingungen variiert wurden. Die Untersuchung von Gelegen mit
60, 72, 120 und 140 Stunden Alter ergab, dass die ersten Spuren
kristallinen Aragonits nach 120 Stunden auftreten. Aus den
rontgenabsorptionsspektroskopischen Ergebnissen lisst sich
schliessen, dass die aragonitische Struktur bereits in den
rontgenamorphen Proben (72 h) vorgebildet ist. In ausge-
wachsenen Tieren besteht die Schale in allen Fillen aus
Aragonit, wobei auch Spuren von Vaterit enthalten sind
(<1.5%). Im dltesten Teil der Schale (Zentrum) ist der
Vaterit-Gehalt am niedrigsten. Er steigt dann in Richtung des
Schalenrandes (Mineralisierungszone) an. In noch nicht voll-
standig ausgewachsenen Schnecken konnte kein Vaterit ge-
funden werden.
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Figure 1. Diffraction pattern of a) 72 hour old eggs, b) 120 hour old eggs,
c) 140 hours old eggs, and d) shell of adult snails. 60 hour old eggs were
completely amorphous (not shown).

120 h old eggs first peaks of aragonite appeared. No other
crystalline phases were detectable. The pattern of the shell of
fully outgrown snails is also shown for comparison in Figure 1.
This could indicate that the calcium-containing shell found in
ref.[21] after 45 h consists of amorphous calcium carbonate
(ACC).

However, there remains a contradiction between the
observation of birefringence during early shell formation!l
(that would require an ordered material) by Bielefeld and
Becker, and the absence of crystallinity as found in our
experiments. This could be due to two reasons. First, the
birefringence could result from an organized organic matrix
that precedes mineral deposition. Second, the amount of
crystalline calcium carbonate (that may even be present in a
disordered form leading to broad diffraction peaks) could be
too small to be detectable by diffraction, even at a synchro-
tron source.

The ash content of 72 h old eggs after heating to 1200 °C was
1.6 wt% (thermogravimetry under oxygen). Under the as-
sumption that it consisted of CaO only (from decarboxylation
of CaCOs;), a maximum content of 2.8 wt % calcium carbonate
can be computed. We estimate the detection limit to about
0.2 wt % of crystalline CaCO; in the current setup. Taking this
into account, the observed birefringence must be due either to
an ordered organic matrix or to poorly crystalline (but still
ordered) calcium carbonate.

As diffraction is sensitive only to crystalline phases, the
question remains whether the crystallization starts from
amorphous solid precursors, like amorphous calcium carbo-
nate that was proposed as intermediate in biological crystal-
lization processes.[!l In some cases, it was directly detected in
organisms, for example in plant cystoliths,?! in calcareous
sponges,?Y and in developing spicules of sear urchin larvae.?
Recently, calcite phases with high magnesium content were
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prepared by crystallization from stabilized amorphous cal-
cium carbonate phases in vitro.?’!

Infrared??” and Raman[®! spectroscopy have proved to be
valuable methods to distinguish different phases of calcium
carbonate. Therefore we have performed IR spectroscopy on
the egg samples of different age and compared the results with
the fully mineralized shell of an adult snail (Figure 2). Unfortu-
nately, while the spectrum of the mineralized shell perfectly
corresponds to aragonite,?”) there are no differences between
the three egg samples. In fact, the spectra are all identical to
those reported for the soluble organic matrix in the developed
shell.* 191 We ascribe this result to the small amount of
mineral in the egg samples (see above), so that the vibration
bands of the mineral are completely masked by the organic
material. Unfortunately, no statement on the nature of the
mineral is possible by vibrational spectroscopy. There is no
easy way of separating organic matrix and mineral in the eggs.

Wi

4000 3600 3200 2800 2400 2000 1600 1200 800

==

Transmission

-1
cm

Figure 2. Infrared spectra of a) 72 hours old eggs, b) 120 hours old eggs,
c) 140 hours old eggs, and d) shell of adult snails (aragonite). The small
content of crystalline material in the eggs is fully masked by the presence of
organic matrix, therefore no significant differences are visible between the
egg samples.

As another supplementary analytic tool, X-ray absorption
spectroscopy (EXAFS) has emerged as versatile tool for
analysis of non-crystalline solids.?® ! With this method, the
local environment around selected elements can be probed on
a sub-nanometer scale, as demonstrated in biomineralization
for amorphous cystoliths consisting of CaCO;. Information
on coordination shells around selected elements (e.g., calcium
in this case) is available (interatomic distance, coordination
number, mean-square displacement = Debye — Waller factor).

Table 1. Results of EXAFS fits of eggs during embryonal development.[?

We have carried out Ca K-edge EXAFS spectroscopy on
eggs of Biomphalaria glabrata of 72, 120, and 140 h age. The
results are shown in Figures3 and 4, together with the
simulated data for crystalline aragonite. The numerical results
can be found in Table 1.

aragonite

WA >
Figure 3. CaK-edge EXAFS function y(k): a) 72 hour old eggs, b) 120 hour
old eggs, c) 140 hour old eggs, and d) crystalline aragonite. Solid lines:
Experimental data; dotted lines: calculated data.

aragonite

RA >

Figure 4. Fourier-transform magnitudes of Ca K-edge EXAFS spectra,
giving the radial distribution function around calcium: a) 72 hour old eggs,
b) 120 hour old eggs, ¢) 140 hour old eggs, and d) crystalline aragonite.
Solid lines: Experimental data; dotted lines: calculated data; dashed line:
increase of the maximum of the first CaO shell from a to d.

The results indicate that the calcium species present in eggs
is already very similar to aragonite, even in the X-ray
amorphous sample. However, there is a small shift of the

Sample Edge jump  Fitrange  Fitrange Ey/eV 1st shell: 2nd shell: 3rd shell: 4th shell:
Aud kIA-! RIA 90 in 3Cin 3Cin 6 Cain
2.42-2.65A 2.90 A 324-341 A 3.89-4.11 A
RIA  @x10%A? R/A  o®*x10%A? RIA  @x10%A2 R/A o x107A?
eges, 72h  ~0.1 15-87 1.1-44 4.39 244 309 - - - - 3.92 470
eges, 120h  ~0.4 15-9.0 1.1-44 437 247 174 284 134 310 350 395 220
eggs, 140h  ~0.5 15-9.0 1.1-44 3.79 249 176 288 112 321 469 3.95 202

[a] The 2nd and the 3rd shell of the eggs of 72 h age could not be fitted due to moderate data quality (small edge jump due to small Ca content).

Chem. Eur. J. 2000, 6, No. 20
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distance R of the first coordination shell around calcium to
lower values with decreasing age of the eggs: 2.49/2.47/2.44 A
(Figure 5). This points to a change in the solid phase during
embryogenesis, possibly going into the direction of crystalline
aragonite.

439 Ca-Ca r

vaterite

424 L

4.1

R/A

calcite

aragonite

Ca-0

aragonite

245 +——— L vaterite

R/A
"

2354 | calcite

75 100 125 150
t/h

Figure 5. Interatomic distances of the first shell (Ca—O; bottom) and the
fourth shell (Ca-6—Ca; top) from Ca K-edge EXAFS. The crystallographic
distances of the three polymorphic phases are denoted as lines (weighted
averages given for Ca—0).

The values for the first oxygen coordination shells are
236 A (6 0) for calcite, 2.30 A (1 0)/2.45A (20)/2.54 A
(20) for vaterite, and 242 A (10)2.44A (20)2.52 A
(20)2.55 A (20)/2.65 A (2 O) for aragonite.?s! The weight-
ed average values for the first shell are 2.36 A (6 O; calcite),
2.46 A (5 O; vaterite) and 2.53 A (9 O; aragonite). Calcite as
well as vaterite have significantly smaller Ca—O distances for
the first shell than aragonite. The first oxygen coordination
shell around calcium was refined to 2.35 A in calcite and
2.36 A in calcite-like amorphous calcium carbonate in plant
cystoliths,?] therefore we can conclude that the initial calcium
carbonate phase in Biomphalaria glabrata is not of calcitic
nature.

A distinction between aragonite and vaterite is possible by
comparing the distances for the first shell of calcium
neighbors. The crystallographic values are 3.98 A for calcite,
3.89-4.11 A for aragonite, and 4.24 A for vaterite (coordina-
tion number 6 in all cases). As the refinement of this shell was
possible with a distance of 3.95 A for eggs of 120 and 140 h, we
can conclude that vaterite is not present in major amounts.
The characteristic distances for the three polymorphs are
depicted in Figure 5.

Summarizing these observations, we may conclude that the
structure of aragonite is already preformed in the completely
(72 h) and mostly (120 h) amorphous embryonic shells: We
have the short-range order of aragonite, but no long-range
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order as the shell is X-ray amorphous. The degree of order is
small in the youngest embryonic shells as revealed by the
almost complete absence of shells beyond the first Ca—O
shell. There are no indications that vaterite or calcite are
formed initially, as it could have been expected for vaterite
according to Ostwald’s step rule.

To make this interpretation quite clear it must be noted that
the EXAFS results for the developing shells point to
aragonite and seem to exclude calcite and vaterite. Given
the nature of EXAFS as a short-range method, this proof is
not as strict as it would be if we had a crystalline phase and an
unequivocal diffractogram of it. Additionally, a mixture of
amorphous calcium carbonate with small amounts of crystal-
line (or crystallizing) aragonite cannot be excluded by
EXAFS (but higher contents of crystalline aragonite can be
excluded due to the diffraction data).

Aragonite is the main inorganic constituent in the shell of
fully developed Biomphalaria glabrata. The amount of the
organic matrix is very small (ca. 0.9 wt % ) compared with the
inorganic part of the shell. In order to check the phase purity
of the shell, high-resolution diffraction experiments were
carried out on different parts of the shell, following the
observation by Giinther and Wolf that small amounts of
vaterite can be present in the shell of Biomphalaria glabrata
(C. Giinther and G. Wolf, Freiberg, unpublished results). The
shell of animals of different age and keeping conditions was
studied here.

In order to detect a spatial variation of the vaterite content,
the shell of each animal was divided into four parts as depicted
in Figure 6. Each experiment was carried out with the
combined shell fractions of about 20 animals, thereby

Figure 6. The shell of Biomphalaria glabrata with different locations from
which samples were investigated.

variations from animal to animal were minimized. The shell
consisted of well-crystallized aragonite in all cases, but indeed,
small amounts of vaterite were detectable in most samples. It
must be emphasized that the quantification of the very small
amounts of vaterite besides the highly crystalline aragonite as
given in Table2 was only possibly through the use of
synchrotron X-ray diffraction. With conventional X-ray
sources, the relative error is higher by at least one order of
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Table 2. Vaterite content in the shell of Biomphalaria glabrata as
determined by Rietveld refinement.?)

Sample Zone of shell ~ Aragonite Vaterite
(see Figure 6) [%] [%]
eggs, 60 h - completely amorphous
eggs, 72 h - completely amorphous
eggs, 120 h - traces of aragonite
eggs, 140 h - some aragonite
adult snail 1 99.82,99.42  0.18,0.58
adult snail 2 99.35,99.24  0.65,0.76
adult snail 3 99.79,98.92  0.21,1.08
adult snail 4 99.91,99.95  0.09, 0.05
juvenile snail 1 100.00 0.00
juvenile snail 2 100.00 0.00
juvenile snail 3 99.96 0.04
juvenile snail 4 99.96 0.04
adult, starvation for 3 weeks 1 98.66 1.34
adult, starvation for 3 weeks 2 99.31 0.69
adult, starvation for 3 weeks 3 99.37 0.63
adult, starvation for 3 weeks 4 99.93 0.07
adult, starvation for 1 week 1 99.78 0.22

[a] Two sets of adult animals were studied.

magnitude. A Rietveld refinement plot on a sample with a
high content of vaterite (1.34 %) is displayed in Figure 7. All
results are collected in Table 2.
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Figure 7. Rietveld refinement of diffraction pattern of the shell of
Biomphalaria glabrata. On the top, the diffraction pattern is shown. Open
circles correspond to experimental points, the solid line to the calculated
curve. The marks below the pattern denote the calculated peak positions
for aragonite (upper row) and vaterite (lower row). At the bottom, a
difference plot (experimental minus calculated data) is shown (1.34%
vaterite for this diffractogram).

Snails start growing from the inside, that is upon aging, they
add new convolutions (turns) to their shell. The oldest part of
the shell is the interior (zone 4 in Figure 6), the youngest part
is the shell margin (zone 1). The spatial variation of the
vaterite content in the shell is shown in Figure 8. Two sets of
adult animals with a shell diameter of 17 +£1 mm and one set
of juvenile animals with a shell diameter of 8 £ 1 mm were
studied, as well as two sets of adult animals that were kept
without food for one and three weeks, respectively. The two
latter populations were introduced in order to verify the effect
of starvation on shell formation. It is known that mineraliza-

Chem. Eur. J. 2000, 6, No. 20
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tion is strongly affected by malnutrition.®” The following

observations can be made from Figure 8 and from Table 2:

1. Juvenile snails do not form a safely detectable amount of
vaterite. Note that the zones 1 to 4 for juvenile animals are
all close to the center of the shell.

2. The oldest part of the shell, zone 4, contains little or no
vaterite.

3. Prolonged starvation (three weeks) appears to increase the
vaterite content. However, this conclusion is based on only
one data point.

L O Juvenile
®L2f O Starvation 3 weeks
L qo0f @  Starvation 1 week
g X Adult
g 08
s [ %

g 0.6
& 04fF x
&)
0.2 ®
0.0 o o L g :
1 2 3 4
Zone of shell

Figure 8. Spatial variation of vaterite content as determined by Rietveld
refinement. The values for the adult animals have been averaged from two
experiments (see Table 2).

Thus, the vaterite content increases with decreasing age of
the shell, that is the smallest amount of vaterite is found in the
oldest part of the shell, the center of the snail (zone 4). We
may conclude that during mineralization of the shell in adult
animals, vaterite is deposited in the newly formed shell, either
to perform a specific function or as the result of a disturbed
mineralization process. Another explanation could be the
formation of vaterite during repair of mechanically damaged
parts of the shell, as found by Wilbur and Watabe (see below).
This would probably lead to an accumulation of vaterite on
the exterior of the shell (below the periostracum, the external
organic layer on the shell). Unfortunately, the very high
mechanical strength of the shell (Vickers hardness of about
370) together with its brittleness, have so far prevented the
study of the vaterite concentration as a function of depth in
the shell.

A number of authors has also found vaterite in mollusk
shells. Wilbur and Watabe studied the content of the different
polymorphic phases after inducing defects in shells of differ-
ent mollusks that usually formed only one polymorph (calcite
or aragonite). They found that the snail Viviparus intertextus
formed all three different polymorphs simultaneously. During
regeneration of the defect (hole in the shell) for 30 days,
vaterite was formed first and then replaced mostly by
aragonite, while the calcite content remained mostly constant.
An increase in the keeping temperature led to a decrease of
the vaterite content in favor of aragonite.’!! Vaterite was
found as early as 1931 in the shell of this organism, being
postulated as a precursor of aragonite.’>34 If the formation of
vaterite occurs in a controlled way by the organism, a detailed
analysis of the biological macromolecules that are present in
the mineralized shell as a function of vaterite content would
help explaining the mechanism of this mineralization process.
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It has been found by several authors that these macro-
molecules (e.g., peptides) exert a strong control over the
polymorphic phase formed.?*3%%* However, nothing is
known so far about the mechanism of the vaterite —aragon-
ite transition (suggestions include a dissolution —reprecipita-
tion process or a solid state phase transformation).!!l

Conclusion

The mineral phase of the shell of Biomphalaria glabrata is
formed between about 60 and 120 h in eggs. The first stage is
an amorphous calcium carbonate phase in which the structure
of aragonite is already preformed. There are no indications
for other crystalline calcium carbonate phases (calcite or
vaterite). Upon aging of the animal, the shell contains small
amounts of vaterite (up to ca. 1.4%). The reason for the
occurence of this unexpected phase is unknown. It may either
have a specific function in the shell (such as forming a
composite with aragonite or acting as calcium storage) or it
may simply be an indication for a disturbed mineralization
process. As there are no indications by any method that
vaterite is present in embryonic snails, we can rule out a
consecutive shell formation in which metastable vaterite is
formed first and later transformed into the thermodynami-
cally more stable aragonite. Consequently, two different
mechanisms must be involved in embryonic shell formation
(aragonite from amorphous CaCQOs; but note that aragonite
formation de novo cannot be ruled out) and shell formation or
repair in adult snails (aragonite with some vaterite).

Experimental Section

Animals: The snails of the species Biomphalaria glabrata (Say) were kept
in running tap water at 25°C in a 12-to-12 hour light and dark cycle.
Standard snails were fed ad libitum with a modified diet consisting of
lettuce, milk powder, wheat germs, and alginate.’”] Parts of the shells from
20 snails per group were broken with a forceps and ground. The samples
were kept at room temperature at all times. Starving animals were cleaned
daily to prevent coprophagy. Newly-laid spawning packs were separated,
collected at defined time intervals, lyophylized to remove the water
content, and ground. Shell edges from standard and starving snails were
examined by scanning electron microscopy to check the nutritional
condition.

Extended X-ray absorption fine structure (EXAFS): The experiments were
carried out at the Hamburger Synchrotronstrahlungslabor (HASYLAB) at
Deutsches Elektronen-Synchrotron (DESY), Hamburg, at beamline E4.
The DORIS III storage ring was operated at 4.5 G eV positron energy and
currents of 70—150 mA. The incoming synchrotron beam was monochrom-
atized by a Si double-crystal. Experiments were performed at the Ca
K-edge (ca. 4038 eV) in transmission mode at room temperature. The
ground samples were fixed in a thin layer on adhesive tape. For quantitative
data evaluation we used the programs AUTOBK and FEFFIT of the
University of Washington package.*! Theoretical standards were comput-
ed with the program FEFF 6.01al*! using the crystal structure of aragonite
by de Villiers as input data.*! All fits were carried out with k*-weighted
data in R-space. The amplitude reduction factor S¢§ was fixed to 0.60. The
coordination numbers for all fitted shells were kept to the values derived
from the aragonite crystal structure (9 O, 3 C, 3 C, 6 Ca). The restriction
introduced into the fits by keeping the coordination numbers constant does
not significantly influence the shell distances obtained from the fit. This is
typical for EXAFS evaluations as shell radius (corresponding to wave-
length of EXAFS oscillation) and coordination number (corresponding to
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amplitude of EXAFS oscillation) are not strongly correlated. Fits with
other coordination numbers (6, 12) gave the same shell distances within the
usual error margin of EXAFS experiments (£0.02 A), therefore the
differences in shell radius discussed for the different CaCO; polymorphs
are significant. The EXAFS spectrum of aragonite was simulated using
FEFF 6.01a (four shells with N and R from crystallography; 0>=10 x
103 A2).

High resolution X-ray powder diffractometry: Data were recorded at
HASYLAB at beamline B2 under the same storage ring conditions as
described above. The incoming synchrotron beam was monochromatized
with a Ge(111) double-crystal to wavelengths of 1.1987 A, 1.2076 A, and
1.2066 A, respectively. The ground samples were fixed on capton foils with
acetone and studied in transmission mode using a secondary Ge(111)
analyzing crystal. For profile fitting and Rietveld refinement we used the
program FULLPROF,* and for quantitative phase analysis the method of
Hill and Howard.[*”l As input data, we used the aragonite structure by
de Villiers*! and the vaterite structure by Kamhi.[*}l The error associated
with the determination of the vaterite content in these experiments is
estimated to 0.2 %. That means that vaterite concentrations below 0.2 %
cannot be safely detected. The main reasons for this uncertainty are
counting statistics (but note that this error is considerably smaller in the
synchrotron-based experiment than with conventional X-ray tubes due to
higher beam intensity and far better signal-to-noise ratio) and the intrinsic
correlation between the means-square displacement factor (Debye — Wal-
ler factor) and the scale factor for each phase in the Rietveld plot.
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Mono-, Di-, and Trimetallic Complexes of the Nonalternating Polycondensed
n-Perimeter Decacyclene, C;¢H g Synthesis, Structure, and
Spectroelectrochemistry of [{(17°-Me,EtCs)Co},(u-1°:n?-C3;,H;5)

Jorg J. Schneider,**! Dirk Spickermann,!?! Thomas Labahn,! Jorg Magull,™
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In memory of Dr. Ulrike Krautscheid

Abstract: Reaction of the half-sandwich
complexes [(7>-Me,RCs)M(57?:0-acac)]
(M = Co, Ni; R =Me or Et) with di- and
trianions of the polycondensed mt-hydro-
carbon decacyclene results in formation
of the first Co and Ni triple-decker
complexes of this hydrocarbon. For the
title compound NMR spectra as well as a
crystal structure analysis reveal an an-
tarafacial coordination of two {(#’-
Me,EtC;)Co} fragments at the central

neighboring five-membered rings of
decacyclene. The bridging m-perimeter
decacyclene displays a bowl-shaped top-
ology. In the case of Ni, coordination of
two {(7>-MesCs)Ni} fragments at the
central six-membered ring of decacy-
clene is observed, based on the results of

Keywords: cobalt - decacyclene -
hydrocarbons - nickel - sandwich
complexes

'H and *C NMR studies. This coordina-
tion mode is without precedent for
nickel organometallic compounds re-
ported so far. The cobalt complex shows
a rich spectroelectrochemistry. Results
of cyclic voltammetry and coupled ESR
experiments reveal a strong interaction
of both metal centers in the mixed-
valent monocation of [{(7’-Me,EtCs)-
Col,(u-°:n*-C5sHyg)]. This categorizes
the title compound into Robin Day class

six-membered ring and one of the

Introduction

Decacyclene Cy;Hig (1) is a large nonalternating polycon-
densed hydrocarbon (PAH) that has recently attracted
considerable attention as a precursor of gas-phase and
solution-based routes to buckminsterfullerene Cgy.[Y In addi-
tion, its high redox activity? and its extended large m system
are ideal prerequisites for the coordination of metal —ligand
fragments to this PAH. However, examples for transition
metal coordination of 1 or comparable extended PAHs, in
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which well characterized complexes are obtained are rare.!
For decacyclene itself, a Ag complex was reported, in which a
weak 7? coordination of the silver ion was observed in one
naphthalene subunit of 1.1 These studies reflect the potential
of decacyclene as a molecular building block for supra-
molecular architectures with unusual structural motifs created
through weak metal -ligand interactions. However, other
transition metal complexes of decacyclene have not been
reported to date,’! but can be expected to have interesting
properties due to the large m-aromatic system of 1 which could
facilate electronic communication between coordinated metal
fragments. Moreover, the unique, helical twisted geometry of
1 might lead to new structural motifs upon coordination of
metal —-ligand fragments. However, its low solubility presents
a considerable preparative hurdle for the exploration of its
chemistry. This appears to be a quite general problem
connected with the coordination chemistry of large PAHs;
these often tend to form highly insoluble complexes especially
when no solubilizing peripheral ligands are present. Once this
problem is overcome, 1 proves to be a versatile ligand in
organotransition metal chemistry, both with respect to its
coordination properties and its ability as mediator for
electronic communication between metal centers.

Herein we report on structural and electronic properties of
the first mono-, di-, and trimetallic Co and Ni complexes of 1.
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Results and Discussion

Reaction of [(175-MeEtC;)Co(n3:0-acac)] with [CyH s>
and [C;H4]3~ ions: Reducing polyarenes with solid alkali
metals in ethers produces solvent-stabilized contact ions.l”l We
found that reducing 1 with solid potassium metal in THF®! at
ambient temperature gives stable solutions of the decacyclid
polyanions [CsHs]>~ and [CsHs]*~. These solutions are
highly reactive in reductive ligand elimination reactions
leading to the first mono-, di-, and trimetallic Co and Ni
complexes of 1. The preparative pathway presented herein is
straightforward and well established in organometallic chem-
istry, but to the best of our knowledge has not been applied so
far to the chemistry of large m-condensed polyaromatic
compounds such as 1.

Reaction of [(7>-Me,EtCs)Co(acac)] (2)P! with THF sol-
utions containing reduced decacyclene gives brownish black
solutions from which, depending on the amount of potassium
metal used for the reduction of 1, complexes 3 (Co,), 4 (Co,),
and 5 (Co;) were isolated as highly air-sensitive microcrystal-
line black crystals [Eq. (1); Figure 1]. In the case of 4 and 5,
compounds 3 and 4 are formed as side products, respectively,
which were separated by fractional crystallization.

[(7°-Me4EtCs)Co(CagH1g)] 3 +
[{(7"Me4EtCs)Colo-1-{CasHis)] 4

1)+2K 2) +2x 2

1 CaeH1g — Q)

[{(7°Me4EtCs)Colp-1-(CagH1s)] 4+
H{(7°-Me4EtCs)Co}s-1-CasH1s)] 5

1)+3K 2) +3x 2

Close inspection of the one- and two-dimensional NMR
spectra allows definitive clues towards the type of metal
coordination for all new compounds (Table 1). In the case of
3, a well established #*-coordination of one naphthalene unit

Abstract in German: Durch Umsetzung der Halbsandwich-
komplexe [(p’-Me,RCs)M(1:0-acac)] (M = Co, Ni; R=Me
or Et) mit dem Di- und Trianion des Decacyclens gelingt die
Darstellung der ersten Tripeldeckerkompexe dieses polykon-
densierten s-Perimeters. Sowohl die NMR-Spektren als auch
die Kristallstruktur belegen die antarafaciale Koordination
zweier {(n’-Me,EtC;)Coj-Fragmente sowohl am zentralen
Sechsring als auch am benachbarten Fiinfring des Decacyclens.
Die ungewohnliche Art der Metallkomplexierung verursacht
eine schalenformige Topologie des m-Perimeters. Im Falle des
Nickels liisst sich aus den 'H- und *C-NMR-Daten zweifelsfrei
die Koordination zweier [(p°-MesCs)Ni]-Fragmente am zen-
tralen Sechsrings des Decacyclens nachweisen. Diese Koor-
dinationsweise von Nickel an Sechsringaromaten ist prize-
denzlos. Der Cobaltkomplex [{(n’-Me EtCs)Co},(u-1’:n*-
CssHg)] zeigt eine ausgeprigte Redoxchemie. Mittels CV-
und gekoppelter ESR-Spektroskopie lisst sich eine starke
Wechselwirkung beider Metallzentren im gemischtvalenten
Monokation nachweisen. Dies entspricht einer Zuordnung
zur Robin-Day Klasse 111 fiir Intervalenzverbindungen.
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[{(n°-Me4EtCs)Co-u{(CaeH1a)}] [{(n°-Me4EtCs)Colr-u-(CasHss)]

[{(n*MesCs)Nily-1CaeH1g)]

O= {(n:-Me4Et05)Co} above
Q = {(n>-Me4EtC5)Co} below
@)= {(n*MesCs)Ni} above and below

Figure 1. Coordination modes of {(7>-Me,RCs)M} (M = Co, Ni; R =Me or
Et) fragments in 3, 4, and 7.

of 1 to a {(1°-Me,EtCs5)Co} fragment is deduced on the basis of
the 'TH NMR data; the spectrum displays 17 of a total of 18
signals expected for this coordination mode. An AMX spin
system of one naphthalene moiety shows a characteristic shift
towards higher field upon coordination: (H1 (6 =2.55, d), H2
(6=6.11, t), H3 (0 =28.18, d); Figure 1)).l'! This high-field
shift is even more pronounced in the *C NMR spectrum.
Compared to C2 and C3, the carbon signals of the terminal
positions C1 and C4 of one naphthalene unit are substantially
more shielded, in full accord with what is observed for Co
complexes containing (7*-diene) moieties.

With respect to 4, the overall number of 'H NMR signals is
drastically reduced (from 18 to 9) compared to the situation
for 3. The ratio of {(7>-Me,EtCs)Co} to decacyclene units is
2:1 as determined by integration of the relevant signals. In
contrast to 3, no significant upfield shift of a naphthalene unit
is observed for 4. This indicates a coordination of the inner
five- and six-membered rings of 4 to the two {(1°-Me,-
EtCs)Co} fragments. Finally for 5, integration reveals a ratio
of {(7°-Me,EtCs)Co} to decacyclene of 3:1. This, as well as an
additional characteristic upfield shift of one AMX naphtha-
lene system (6 =3.05, d; 6 =6.20, t; 8.50, d) compared to the
NMR spectrum of dinuclear 4 is in accord with a super-
position of two individual coordination modes observed for 3
and 4.

Figure 2 shows the result of an X-ray structure determination
of the molecular structure of 4 in the solid state.!'! Both {(#°-
Me EtC;)Co} fragments are bound in an antarafacial coordi-
nation mode #* to the central six-membered ring and 7° to an
adjacent five-membered ring of 4. This leads to an unsym-
metrical bonding situation which can be categorized as a slipped
triple decker and represents, to the best of our knowledge, a
new type of structurally characterized Co coordination to a
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Table 1. Spectroscopic data for 3, 4, 5, and 7.

1: '"H NMR (300 MHz, C,Ds, 25°C): 6 =7.52 (t, 3/ =7.6 Hz, 6H), 7.70 (d,
3] =17.6 Hz, 6H), 8.73 (d, 3] = 7.6 Hz, 6 H); IR (KBr): 7= 3052, 1595, 1485,
1455, 1433, 1421, 1367, 1226, 1084, 815, 760 cm !

3: IH NMR (500 MHz, C¢Dq, 25°C): 6 =0.71 (t, 3H), 1.06 (s, 3H), 1.07 (s,
3H), 1.12 (s, 3H), 1.18 (s, 3H), 1.72 (q, 2H), 2.55 (d, 3/ = 5.5 Hz, 1 H; H1),
6.11 (t, 3 =55Hz, 1H; H2), 6.42 (d, 3/=7.5 Hz, 1H; H7), 6.63 (t, 3/ =
7.5 Hz, 1H; H8), 7.39 (t, 3/ =8.0 Hz, 1 H), 7.44 (1, 3] = 8.0 Hz, 1H), 7.46 (t,
3] =80 Hz, 1H), 7.58 (d, 3/ =8.0 Hz, 1H; H9), 7.61 (d, 3/ =8.0 Hz, 1H),
7.66 (d, 3 =8.0 Hz, 1 H), 7.67 (d, %) = 8.0 Hz, 1H), 7.73 (d, 3/ = 8.0 Hz, 1 H),
7.85(d, 3/ =7.5 Hz, 1 H), 8.18 (d, 3 = 5.5 Hz, 1 H; H3), 8.68 (d, 3/ = 8.0 Hz,
2H), 870 (t, 3/=8.0Hz, 1H), 896 (d, /=80Hz, 1H); 3C NMR
(125 MHz, C,Dy, 25°C): 6 =8.8, 8.9, 9.0, 14.3, 17.8, 57.4 (C1), 63.4 (C4),
81.3 (C3), 82.9 (C2), 90.3, 90.6, 91.8, 96.04, 115.9 (C7), 120.5 (C9), 123.1,
123.5 (C8), 123.6, 123.7, 124.1, 126.4, 126.5, 126.6, 126.7, 127.5, 127.6 (C10),
1307, 130.8, 133.6, 133.7, 134.2, 134.3, 134.9, 136.3, 137.5 (C6), 138.1, 138.3,
138.5, 138.6, 138.8, 139.0, 148.1 (C5)

4: 'H NMR (300 MHz, C¢Dg, 25°C): 6 =0.04 (s, 6H), 0.26 (s, 6H), 0.45 (t,
3H), 0.48 (t, 3H), 0.84 (s, 6 H), 0.91 (s, 6H), 1.00 (q, 2H), 1.48 (q, 2H), 6.68
(d,37=7.6 Hz, 2H), 6.92 (d, 3 = 7.6 Hz, 2H), 7.32 (1, 7 = 7.6 Hz, 2H), 7.33
(t,37=7.8 Hz, 2H), 7.58 (t, 37 =8.1 Hz, 2H), 7.62 (d, 37 = 7.8 Hz, 2H), 7.74
(d, 37=8.1 Hz, 2H), 8.53 (d, 3/ =7.8 Hz, 2H), 8.89 (d, /=8.1 Hz, 2H);
13CNMR (75 MHz, C4D;, 25°C): 6 =5.6,5.7,7.1,7.2, 13.4, 13.5, 14.8, 16.0,
83.1, 87.7, 88.8, 89.7, 89.8, 93.6, 94.4, 96.8, 98.9, 1002, 111.6, 119.3, 122.4,
122.7,124.7, 1287, 128.8, 130.8, 131.9, 134.6, 141.1, 142.3, 143.0

5: 'H NMR (500 MHz, C¢Ds, 25°C): 6 =0.54 (t, 3H), 0.68 (t, 3H), 0.82 (t,
3H), 0.86 (s, 3H), 0.87 (s, 3H), 1.02 (s, 3H), 1.05 (s, 3H), 1.20 (s, 6 H), 1.28
(s,3H),1.29 (s, 6 H), 1.30 (s, 3H), 1.33 (s, 3H), 1.43 (s, 3H), 1.64 (q, 2H), 1.8
(q.2H), 1.95 (g, 2H), 3.0 (d, 7 =5.0 Hz, 1 H), 6.2 (t, %/ = 5.0 Hz, 1H), 6.41
(d, 37 =8.0 Hz, 1H), 6.67 (t, J =8.0 Hz, 1 H), 6.79 (d, 1H), 6.89 (m, 3H),
7.37 (m, 2H), 7.5 (m, 6H), 7.74 (d, /=8.0 Hz, 1H), 8.5 (d, 3/=5.0 Hz,
1H); BC NMR (125 MHz, C;D;, 25°C): =6.8, 6.9, 7.0, 7.7, 7.8, 7.9, 9.2,
9.4,9.5,9.6,13.7,13.8,13.9,15.9, 16.7, 17.9, 59.4, 72.7, 73.6, 74.9, 75.9, 76.2,
82.3,82.9, 87.4, 87.7, 88.4, 88.5, 83.6, 88.7, 88.8, 88.9, 89.3, 89.4, 89.5, 90.9,
91.3, 91.9, 93.4, 94.4, 95.5, 100.5, 100.6, 101.1, 101.5, 102.6, 104.3, 106.2,
106.3,111.6,112.1,112.5, 112.8, 113.5, 120.9, 123.5, 131.1, 131.4, 132.0, 132.1,
1352, 135.5, 141.6, 141.8, 142.1

7: 'H NMR (300 MHz, C¢Dq, 25°C): 8 =0.78 (s, 30H), 7.41 (t, */ =7.5 Hz,
6H), 7.62 (d, y=75Hz, 6H), 834 (d, ¥=7.5Hz, 6H); 3C NMR
(75 MHz, C,D, 25°C): 6=7.9, 98.5, 118.9, 123.1, 132.2, 135.8, 142.7; IR
(KBr): 7 =3052, 2964, 2900, 2852, 1600, 1583, 1435, 1379, 1352, 1148, 1022,
819, 801, 770 cm !

condensed m perimeter (Figure 3).I' The six-membered ring
of 4 divides its overall 7% coordination between two Co metal
fragments (#* to Col and #? to Co2). The coordination of the
decacyclene middle deck to the two {(>-Me,EtCs)Co} frag-
ments is therefore based on a superposition of the individually
well established #* and #° Co coordination types.

A zwitterionic formulation of 4 accounts for the electronic
situation in the 7°-Co coordinated part of 4 (Figure 4). This
explains the diamagnetic character of 1 as observed by
'H NMR spectroscopy. The {(1°-Me,EtCs)Co} fragment is #°-
coordinated to decacyclene giving rise to a cobaltocenium-
like moiety (18e count). This leaves the corresponding
annelated naphthalene moiety as a heptatrienyl anion. Such
a zwitterionic formulation has already been proposed by
Jonas for mononuclear cobalt acenaphthene complexes based
on the results of detailed NMR spectroscopic investiga-
tions.'**! However, aside from 4, no satisfactory structural
characterization of such a cobalt zwitterionic structure has
been reported so far.[14> 3]

In contrast to 1 which displays a propellerlike distortion of
the three naphthalene units around its central six-membered

3688
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Figure 2. a) Molecular structure of 4 in the crystal. Selected bond lengths
[A] and angles []: Co(1)-C(24) 2.135(4), Co(1)-C(25) 1.978(4),
Co(1)—C(26) 1.991(4), Co(1)—C(27) 2.140(4), Co(2)—C(23) 2.043(4),
Co(2)—C(28) 2.058(4), Co(2)—C(29) 2.148(5), Co(2)—C(30) 2.098(5),
Co(2)—C(31) 2.117(4), C(23)—C(24) 1.464(6), C(24)—C(25) 1.467(6),
C(25)—C(26) 1.416(6), C(26)—C(27) 1.471(6), C(27)—C(28) 1.460(6),
C(28)—C(23) 1.442(6); C(23)-C(24)-C(25) 121.6(4), C(28)-C(27)-C(26)
120.7(4). b) Numbering scheme for 4.

ring,'®l no such distortion is observed for 4. The coordination
of both {(7°-Me EtC;)Co} fragments in 4 gives a distinct bond
alternation within the six-membered ring with strong Kekulé
bond localization.®l The C—C bond alternation in the central
arene ring of 4 (C23—C28) is A =0.014 A. This is significantly
smaller than that in 1 (A =0.06 A). It is, however, in the same
range as that found for tricyclopentabenzene (A =0.017 A).['7
Owing to the #* coordination of Col, the central six-
membered ring (C24-C27) is folded by 28°. This induces a
bowl-shaped topology of two naphthalene units of 4 around
the central arene ring (C23 - C28).

Reaction of [(575-Me;Cs)Ni(52:0-acac)] with [C;sH5]* : Re-
ductive ligand elimination of [(>-MesCs)Ni(r?:0-acac)] (6)]

0947-6539/00/0620-3688 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 20
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Figure 3. Examples for polycondensed m-bridging ligands displaying
Kekulé bond localization.

Figure 4. Zwitterionic structure of 4.

with [C;H g]*~ gives the dinuclear Ni complex 7 with a highly
symmetric metal coordination [Eq. (2)]. 'H and “C NMR
spectroscopic analysis reveals a characteristic signal pattern
which matches that for 1; however, there is a distinct and
characteristic high-field shift of the ‘triplet—doublet —triplet’

1 2K 2 2x 6 i
1 Gy 2K D T2X O Cathal(PMesCONBI T (2)

1

signal pattern upon coordination (Ad=—0.11, —0.08, and
—0.39). Based on steric reasons, an antarafacial coordination
of both {(77°-Me;C;)Ni} fragments to the central arene subunit
of 7 is in full accord with this observation. Ni atoms st-bound
to arene ligands are rare and no examples with a n
coordinaton similar to 7 are known to date.'¥! The high
symmetry of the NMR spectra is retained even at low
temperatures, indicating fluxional coordination behavior. This
has already been observed for Ni, and the former for Co-
arene bridged slipped triple-decker complexes.!0¢ 14l

In contrast to the Co complexes 3-5, the Ni complex 7 is
not stable with respect to loss of the bridging ligand 1, which is
already displaced slowly under ambient conditions in ben-
zene, diethyl ether, or THF. This indicates the w-arene ligand

Chem. Eur. J. 2000, 6, No. 20
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lability of 7 and we aim to carry out further studies of this
unusual behavior on which we will report in due course.

Formation of all decacyclene complexes depends crucially
on the use of monometallic starting complexes like 2 and 6.
Reactions of dinuclear [{(7°-Me,RC;5)M-u-(X)},] (M = Co, Ni;
X =Cl, Br; R=Me, Et) complexes with decacylid di- and
trianions did not lead to 3, 4, §, and 7, but instead resulted only
in the formation of metallocene derivatives.!!”)

Spectroelectrochemistry of 4: Owing to the coordination of
two Co centers in adjacent rings of 4, the question of
intramolecular communication mediated by the bridging -
perimeter arose for 4. Indeed, as 1 and its hexa-tert-butyl
derivative, 4 shows remarkable redox activity.>?! Under
ambient conditions two reversible, one-electron oxidations
are observed by cyclic voltammetry and are confirmed by
independent coulometric experiments (—0.46 Vand 0.24 V vs.
SCE; Figure 5a). A quasireversible reduction is observed at

\LDPPH

c)

b) I 5pA; E(V, vs. SCE)

1.
W 80

Figure 5. Cyclic voltammogram of 4 (0.5 x 10~3 moldm~3, recorded at a Pt
electrode, supporting electrolyte 0.1 moldm~ [NBu,][PF]). a) Region
between +0.5 and —0.8 V; b) region between —0.7 and —1.8 V. ¢) EPR
spectrum of the radical cation 4** at 100 K in CH,Cl, obtained by in situ
generation at 253 K, E,, = —0.2 V. DPPH = diphenylpycrylhydrazyl.

—1.6'V (in/i,. =0.7 at 0.05 Vs7'), thus occuring at nearly the
same potential as for 1. However, compared to each of the two
reversible oxidations, the peak current of this electron
transfer process is doubled (Figure 5b), corresponding to a
ligand-centered two-electron reduction of 4. Coupled in situ
EPR experiments (X-band, 100 K) of electrochemically
generated 4 gives a strong anisotropic EPR signal with a
magnetic hyperfine splitting typical for Co' (S=1', g =
2.196(8), g,=2.170(8), g,=2.158(8), >g<=1/3(gr+gun+
g,) =2.175(8); Figure 5¢). In situ generation (E,=+0.5V)
of the second electroactive species as well as solutions of
neutral 4 are EPR silent.
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The time scale of EPR spectroscopy (10° s7!) is between
those of NMR and IR, and the EPR linewidth is strongly
influenced by electron transfer processes with rates of the
order of 107 to 10" s™.. A comproportionation constant of
Kom="7 x 10711 was estimated from the separation of the two
reversible oxidation processes in the cyclic voltammetry
experiment. This result points towards a strong electronic
coupling of both Co centers in the mixed-valence slipped
triple-decker monocation 4+* for which Robin Day class III
behavior can be assumed.?!] Since the Col—Co2 distance is
too large (4.509 A), an electronic communication solely
mediated through the m perimeter seems obvious for 4.
The strong magnetic interaction of both metal centers in the
mixed-valence cation 4 is reflected by the large hyperfine
field splitting in the EPR spectrum (I-Co=7/2, 100%,
a(Co) =55.0(8) G). So far, it has not been possible to make
an assignment of the two anodic one-electron oxidation
processes of 4 to one of the two possible redox sequences
Co!Co'/Co"CoY/Co"Co!! or Co!'Co!/Co'Co!/Co™Co'!!,

Conclusion

Mono-, di-, and trinuclear Co and Ni triple-decker complexes
of decacyclene displaying #*, u-1*:%°, and fluxional behavior in
the case of nickel coordination are accessible by means of
reductive ligand elimination from [(7>-Me,RCs5)M(%%:0-
acac)] (M =Co, Ni; R=Me or Et) with potassium metal in
THE. Although this preparative route is well established in
organometallic chemistry, it has been only rarely studied in
connection with metal complexation of PAHs. Our results
indicate that this technique might have general potential,
mainly due to its simplicity and potentially wide applicability
for the introduction of PAHs as ligands in organotransition
metal chemistry. A huge number of di- and polyanions of
PAHs have already been well explored.l'31 Thus it seems
realistic to assume that combining the described reduction/
complexation technique might open up new avenues into the
complexation chemistry of these molecules.

Experimental Section

General information: Decacyclene (96 % ) was purchased from Aldrich and
sublimed prior to use. Due to extreme moisture and air sensitivity of the
decacylene complexes, all solvents were dried and handled under
appropriate conditions. [(7>-Me,RCs)M(?:0-acac)] (M = Co, Ni; R =Me
or Et) were prepared according to the literature methods.”’» NMR samples
were sealed under vacuum. The NMR solvent was dried and then vacuum
transferred onto the samples in order to provide optimum anaerobic
conditions.

General procedure for the synthesis of 3, 4, 5 and 7: Freshly sublimed 1
(0.5 g, 1.1 mmol; 300°C/10~! Pa) was suspended in dry THF (80 mL) and
was stirred for 72 h above a potassium mirror made from freshly cut
potassium metal (100 mg, 2.5 mmol). At —78°C 2 (675 mg, 2.2 mmol) was
added and the reaction mixture was gradually warmed to room temper-
ature over 12 h. Removal of all volatiles in vacuum and recrystallization of
the crude black residue from diethyl ether gave extremly sensitive 3 (0.29 g;
40 % ). Within a few days of subsequent further cooling, 4 (0.31 g; 32 %) was
obtained as second crop of the crystallization. From 1 (1.1 mmol),
potassium (3.8 mmol), and a mixture of 4 and 5 (3.3 mmol, 0.81 g; 68 %,
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ratio 1:10 from NMR analysis) was obtained as brown crystals as described
above.

7: Compound 7 was obtained as brown microcrystals (0.66 g, 71%) and
prepared as described above from 1 (1.1 mmol) and potassium (2.8 mmol).
Owing to their extreme sensitivity, even recrystallized samples of 3—5 and 7
gave CH combustion analysis with systematically up to 2% lower C,H
values than expected. All complexes showed extensive decomposition in
EI-MS experiments above 150 °C. No molecular ions, except that of the free
ligand 1 (formed upon decomposition) were observed for all decacylene
complexes.
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Immobilization of BINOL by Cross-Linking Copolymerization of Styryl
Derivatives with Styrene, and Applications in Enantioselective Ti and Al
Lewis Acid Mediated Additions of Et,Zn and Me;SiCN to Aldehydes and of
Diphenyl Nitrone to Enol Ethers

Holger Sellner,'*! Claude Faber,!”! P. Beat Rheiner,'*! and Dieter Seebach*!?!

Abstract: The chiral ligand 1,1'-bi-2-
naphthol (BINOL) has been succesfully
immobilized on polystyrene. Several
dendritic and non-dendritic BINOL de-
rivatives (3, and 13-17), bearing at least
two polymerizable styryl groups, were
prepared and fully characterized. Sus-
pension copolymerization of the MOM-
or TIPS-protected cross-linking BINOL
ligands (MOM = methyloxymethyl,
TIPS = triisopropylsilyl) with styrene,
cleavage of the protecting-groups, and
loading with a Lewis-acid afforded cata-
lytically active polystyrene-supported
BINOLates. The polymer-bound BI-
NOLs p-3, and p-13—p-16 were tested
in the Ti-BINOLate-mediated addition
of Et,Zn to PhCHO. The enantioselec-
tivities (up to 93%) and conversions
obtained with the polymer-bound cata-
lysts were in most cases identical (within

Introduction

experimental error) to those obtained
with the unsubstituted 1,1’-bi-2-naphthol
and with the non-polymerized BINOL
cross-linkers under homogeneous con-
ditions. Special focus was put on the
reusability of the supported catalyst: the
polymer-beads were used in up to
20 consecutive catalytic runs, with the
best polymers showing no or only minor
loss of selectivity. BINOL-polymers
p-17, obtained by copolymerization of a
3,3'-distyryl-substituted BINOL 17a
with styrene, were used in the BINOL -
AlMe-mediated cycloaddition of di-
phenyl nitrone with alkyl vinyl ethers.
In all cases the exo/endo selectivity

Keywords: asymmetric catalysis
1,1’-binaphthols - catalysts - den-
dritic cross-linkers - polymers

(>92:8) and the enantioselectivities
with which the exo-cycloadducts were
formed (>95%) correspond to those
observed in the homogeneous reactions.
A dendritically cross-linked BINOL-
polymer was also employed in the Ti-
BINOLate-mediated cyanosilylation of
pivalaldehyde. The enantiopurity of the
cyanohydrine obtained in the first run
was as high as in the homogeneous
reaction (72%); surprisingly the cata-
lytic performance of the supported cata-
lyst increased steadily during the first
catalytic cycles to reach 83%. Thus,
cross-linking BINOLS can be succesfully
incorporated into a polystyrene matrix
(without racemization!) to give poly-
mer-bound BINOL ligands that give
excellent performance over many cata-
lytic cycles with catalytic activities com-
parable with those of soluble analogues.

During the last years, enormous progress has been achieved in
the field of enantioselective catalysis. Catalysts and auxiliaries
for a great variety of enantioselective reactions have been
developed.l'3] As the preparation of these chiral catalysts is
often tedious and expensive, it is favorable to reuse them as
often as possible. Besides the possibility of immobilizing
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Visiting student at ETH Ziirich (1999) from
Université Louis Pasteur, Strasbourg (France)
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chiral ligands on soluble polymer-supports, the ligands can
also be bound to solid supports.*'!l This approach offers the
advantages of easy separation, recovery of the insoluble
catalyst from the reaction mixture by simple filtration, and
subsequent reuse (which makes these catalysts also attractive
for industrial applications). For practical reasons, polystyrene
is used as polymer support in many cases. The ligands can
either be grafted to an existing cross-linked polystyrene resin
or they can be immobilized by copolymerization of a
polymerizable ligand with styrene and a cross-linker (for
example divinyl benzene). In the latter case, suspension
copolymerization offers a convenient method for the gener-
ation of polymer beads, which are easy to handle.['> 13!
During the last years, we became interested in the
immobilization of TADDOL (TADDOL =a,a,a .o -tetra-
aryl-1,3-dioxolane-4,5-dimethanol) ligands,'Y developed in
our laboratory.I'’] Three years ago, we started using dendriti-
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cally substituted, polymerizable TADDOLSs as cross-linkers in
polystyrene.l'Y Thus, TADDOLs with dendritic branches,
which have styryl groups at the periphery, underwent
suspension copolymerization with styrene, without the use
of an additional cross-linker, to give dendritically cross-linked
TADDOL-polymers. The supported TADDOLSs prepared in
this way give an excellent catalytic performance with respect
to stability (of enantioselectivity and conversion) during
multiple use as catalyst ligands (in up to 20 catalytic cycles).['"]

In order to find out whether this approach is applicable to
other ligands, we have now immobilized 1,1’-bi-2-naphthol
(BINOL) in the same way. BINOL can be used as a chiral
ligand in many stereoselective Lewis acid mediated trans-
formations.'® Surprisingly, it appears that there is no report
up until now on the succesful immobilization of BINOL on
polystyrene. Besides the work of L. Pu and his group on
mainly soluble, so-called polybinaphthyl-polymers generated
by repetitive Pd-mediated cross-coupling of BINOL-mono-
mers to long-chain BINOL-polymers,'”) there is only one
application of a polystyrene-bound BINOL-derivative used in
a Mukaiyama aldol reaction,? and the immobilization of a
BINOL-derived ligand (BINAPHOS) in a highly cross-linked
polystyrene resin used for asymmetric hydroformylation of
olefins.?!l Most recently there have also been examples of a
BINAP-ligand supported on a Merrifield resin?? and on a
soluble polymer support.?’l

Preparation of the BINOL cross-linkers, copolymerization
with styrene and first applications of the polymers in various
test reactions are the subjects of this paper.

Results and Discussion

Preparation of BINOLs 1 and 2 used as core units of cross-
linking BINOLs: The 6,6'-positions of the BINOL system
were considered most favorable for the attachment of spacer
groups to the BINOL core unit. Besides the synthetic
accessibility of these positions within the BINOL molecule,
the advantage was that branches attached to the core in this
way would be situated at a large enough distance from the
catalytic center so as not to cause any steric hindrance. For the
preparation of BINOLs 1 and 2, we optimized a synthetic
route developed by Yoshidal®! for the preparation of dendriti-
cally substituted BINOL ligands (Scheme 1). Thus, BINOL
was first brominated selectively in the 6- and 6'-position,?]
followed by TIPS-protection (TIPS = triisopropylsilyl) of the

OO "’ OO " CO
on ¥ otes 9 OTIPS
[EE——
_ oTIPS
HO S ‘

OH OTIPS
O » )
Br

1 2
Scheme 1. Synthesis of the BINOL core building blocks 1 and 2.
Conditions: a) Br,, CH,Cl,, —78°C, 4 h, 90 % b) Triisopropylsilyl chloride
(TIPSCI), imidazole, DMAP, RT, 48h, 90%; c) 1) tBuLi, THF, —78°C,
30 min, 2) B(OMe),, THF, —78°C — RT, 2 h, 3) H,0,, NaOH, THF, 89 %.
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OH groups to give BINOL derivative 1. Subsequent replace-
ment of the Br atoms by OH groups (Br/Li exchange, addition
of B(OMe),?% and oxidative workupi?”) afforded BINOL
derivative 2.1%¥

Preparation of BINOL cross-linkers with the spacer groups
attached in 6,6’-positions: Several branches or spacer moieties
were attached to the 6,6’-positions of the BINOL core unit in
two different ways. In one method a styryl group was directly
attached to the BINOL core by a Pd-mediated Suzuki cross-
coupling reaction of 1 with styrene boronic acid® to give
BINOL derivative 3a (Scheme 2).[!l Subsequent cleavage of

P
Br- l [
OTIPS a)
E—

] l OTIPS
Br

I I OR

998
SO

3a (R=TIPS)
b)
3b  (R=H) ]
Scheme 2. Preparation of BINOL 3b by Suzuki coupling and subsequent
deprotection. Conditions: a)4-styrene boronic acid, [Pd(PPh;),], 1M
K,CO;, THF, 70°C, 16 h, 67%; b) TBAF-3H,0, RT, 1h, quantitative
yield.

the TIPS protecting-groups afforded BINOL 3b. In the
second method derivatives were generated by etherification
reactions of 2 with various branches and spacer molecules
bearing a benzylic bromide functionality.®® Thus, biphenyl
spacer 5 with a vinyl group was obtained by Suzuki coupling®!]
of styrene boronic acid and 4-bromo-benzyl alcohol (—4) (no
protection of the OH group was necessary! ), followed by OH/
Br substitution (Scheme 3).

A
= Br
) ®
+ —
HO'B\OH HO ‘
X

4 X=0H

5 X=Br
Scheme 3. Preparation of the biphenyl arm 5. Conditions: a) [Pd(PPhs),],
2™ Na,CO;, THF, 70°C, 16 h, 77 % b) PBr;, Et,0, RT, 1 h, 97 %.

A more flexible spacer moiety 7 was prepared by ether-
ification of 3-hydroxy-benzyl alcohol with 4-vinyl-benzyl
chloride (—6) and OH/Br replacement under Appel con-
ditions (Scheme 4).52

We also synthesized the styryl-substituted first- and second-
generation Fréchet branches 10 and 12 starting from 3,5-
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OH

a)
—_—
o]
HO
X

6 X=OH
v

7 X=Br

Scheme 4. Preparation of the spacer molecule 7, starting from 3-hydroxy-
benzylic alcohol. Conditions: a) 4-vinyl-benzyl chloride, K,CO;, CH;CN,
50°C, 48 h, 92%; b) CBr,, PPh,, THF, RT, 16 h, 90%.

dihydroxy benzoic acid methyl ester and 4-vinyl-benzyl chlor-
ide, through the intermediates 8, 9, and 11 (Scheme 5).033-3

Coupling of the BINOL core unit 2 with the benzyl bromide
branches and spacers was performed by using NaH as base in
DMTF at room temperature.?*! Workup of the reaction mixture
and purification by flash-column chromatography afforded
the pure TIPS-protected BINOL cross-linkers 13, and 14a—
16a. The yields of the coupling reactions were only 40-50 %,
due to migration of the silyl groups under the coupling
conditions, as noticed previously by Yoshida et al.l2 3¢
Cleavage of the TIPS protecting-groups afforded BINOLSs
14b-16b (Scheme 6).71 All compounds were fully charac-
terized by '"H NMR, '3C NMR, and IR spectroscopy, by FAB-
or MALDI-TOF-mass spectrometry, and by elemental anal-
ysis.

Preparation of a BINOL cross-linker with styryl spacers
attached in the 3,3-positions: 3,3-Disubstituted BINOL
derivatives have turned out to be useful for many types of
enantioselective reactions.'®! Therefore, we have also pre-
pared BINOL derivative 17a by Suzuki cross coupling of

]
HO. OH a) X 8 R= COyMe
O. (0]
CO,Me \Q/
R
\E
(0]
HO. OH d)
—_—
O
HO AN 0. o

CHX 11 X=OH

Scheme 5. Preparation of first- and second-generation Fréchet branches 10 and 12. Conditions: a) 4-vinyl benzyl
chloride, K,COj3, 18-crown-6, acetone, 70°C, 48h, 86 %; b) LiAlH,, THF, 70°C, 4 h, 90 %; c) CBr,, PPh;, THF,
RT, 20 h, 57 %; d) 10, K,CO;, 18-crown-6, acetone, 70°C, 48 h, 73%; e) CBr,, PPh;, THF, RT, 48 h, 74 %.
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MOM-protected (MOM = methyloxymethyl) 3,3'-diiodo-1,1'"-
bi-2-naphthol®! with styrene boronic acid.'il Removal of the
MOM protecting groups was achieved by addition of HCI in
THF/MeOH to give 17b (Scheme 7).

Addition of Et,Zn to PhCHO mediated by Ti complexes!®* 4
of 3b and 14b-16b under homogeneous conditions: Before
immobilizing the BINOL cross-linkers on polystyrene, we had
to make sure that the branch and spacer moieties attached to
the BINOL core had no negative effect on the catalytic
performance in homogeneous solution. As a test reaction we
chose the addition of Et,Zn to PA\CHO (Scheme 8).[*" 4 The
reaction showed that by using 20 mol% of catalyst the
selectivities and conversions were comparable in all cases
with those obtained with the simple unsubstituted BINOLate
(enantiomeric ratio (er) 94:6, conversion 90% after 2 h)
(Table 1).

A slight decrease in conversion was observed only in the
case of BINOLs 14b and 16b. Thus, attachment of huge
dendritic branches at the 6,6’-positions of the BINOL core
unit has a minute influence on the catalytic performance; this
confirms the previous observations by Yoshida et al.[+’]

Copolymerization of the BINOL cross-linkers with styrene:
One of the most convenient ways of immobilizing a chiral
ligand is the suspension copolymerization of a suitable
derivative, giving insoluble polymer beads. Following a
procedure by Fréchet and Itsunol*! (successfully used by us
in our previous work'>-'7); a solution of styrene, BINOL
cross-linker 3a, 13, and 14a—-17a, and a,a’-azobis(isobutyro-
nitrile) (AIBN) in C(H¢/THF was mixed with an aqueous
solution of poly(vinyl alcohol) (PVA) under constant stirring
and heating at 80°C for 14 h (Scheme 9). During this process,
cross linked, spherical polymer beads with an average
diameter of 400 um and swelling factors between 2.5 and 4
in toluene were formed. In order to prevent racemization of
the BINOL core unit during the
copolymerization process, the
MOM- or TIPS-protected BI-
NOLs 3a, 13, and 14a-17a
b) were employed and the protect-
ing groups were cleaved from
the polymer beads after copoly-
merization to give supported
BINOLs p-3 and p-13—p-17
(Scheme 9).145- 4]

<)

Addition of Et,Zn to PhCHO
mediated by Ti complexes of
polymer-bound BINOLs p-3
and p-13-p-16: The immobi-
lized BINOLs p-3 and p-13-
p-16 were first tested in the
enantioselective addition of
Et,Zn to PhCHO with
20 mol% of Ti-BINOLatel® 4
(Scheme 10).14:41 Addition of
Ti(OiPr), to a suspension of
the beads in toluene afforded

O
Je

0947-6539/00/0620-3694 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 20





Immobilization of BINOL

3692-3705

ey

! I OTIPS

V4
W
W
5
/

=
/\@\/O oY
. 18
QL °
“CO
OR
©f 07N 15b
(0]
—
14a (R=TIPS)
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Scheme 6. TIPS-protected BINOL cross-linkers 13 and 14a—164a, obtained by coupling of BINOL core unit 2 with the benzyl bromides 5, 7, 10, and 12, and
deprotected BINOL derivatives 14b—16b. Conditions for deprotection: TBAF - 3H,O, THF, RT, 1 h, quantitative yield.

90

|
0 . 0
OMOM OR
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Scheme 7. Preparation of TIPS-protected 3,3'-disubstituted BINOL cross-
linker 17a by Suzuki cross-coupling reaction and subsequent deprotection
to give substituted BINOL 17b. Conditions: a) 4-styrene boronic acid,

[Pd(PPhs),], 1M K,CO;, THF, 70°C, 16 h, 62 %; b) HCI, THF/MeOH, RT,
2h, 80%.

17a
17b

OH

o
0.2 equiv. Ti(OiPr),*BINOLate
H + 3equiv. Et,Zn > i s
1.0 equiv. Ti(OiPr), 4

toluene, -20 °C

major enantiomer

Scheme 8. Addition of Et,Zn to PhCHO mediated by Ti-BINOLates of 3b
and 14b-16b.

polymer-bound p-3-Ti(OiPr), and p-13-Ti(OiPr),-p-16-
Ti(OiPr),, the beads thereby turned orange (Figure 1). After
stirring at room temperature for 12 h, followed by addition of
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Table 1. Selectivities and conversions obtained in the Et,Zn addition to
PhCHO, mediated by Ti complexes of BINOLs 3b and 14b-16b in
homogeneous solution, with formation of enantioenriched 1-phenyl-1-
propanol.

BINOL S/R Conversion [% ]
3b 92.5:7.5 87

14b 91.5:85 79

15b 93.7:6.3 88

16b 93.1:6.9 78

[a] After a reaction time of 2 h, [PhCHO] = 0.1m.

PhCHO and Ti(OiPr),, the reaction mixture was cooled to
—20°C and Et,Zn was added. After several hours of reaction
(Table 2), the solution was separated from the beads by
syringe, and the polymer beads were washed several times
with toluene under Ar. The conversion of the reaction and the
enantiopurity of 1-phenyl-1-propanol were determined by
capillary gas chromatography (CGC) of the reaction solution
after acidic workup. The beads were resuspended in toluene,
charged with substrates, and used in a new catalytic run
(Scheme 10). The results are given in Table 2.

In most cases, the selectivities were as good as those
obtained with the cross-linkers in homogeneous solution
(Table 1). Also, the conversions of the heterogeneous reac-
tions were comparable with those observed under homoge-
neous conditions in most cases. In the case of polymers p-3-
Ti(OiPr), and p-13- Ti(OiPr),-p-15- Ti(OiPr),, the catalytic
performance (with respect to enantioselectivity and conver-
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Cross linker
3a,13,14a-17a

1) Suspension Copolymerization
benzene, THF/ H,0, PVA
AIBN, 75°C, 14h

+

2) Deprotection
¢ 2.2 equiv TBAF+3 H,0, Washing with THF/H,O
(for polymers with cross linkers 3a, 13, 14a - 16a)
« 6m HCI, 70°C, 8h, Washing with THF/H,O
(for polymers with cross-linker 17a)

'

BINOL-Copolymers
p-3, p-13 - p-17

Scheme 9. Copolymerization of cross-linkers 3a, 13, and 14a—17a with
styrene and subsequent cleavage of the protecting groups to give BINOL
cross-linked copolymers p-3 and p-13-p-17. The loadings (mmol BINOL
per gram of polymer) were calculated from the relative amounts of the
components used in the copolymerization.

0.2 equiv p-3¢, p-13e, p-14s, p-15¢ or p-16-Ti(OiPr),
1.3 equiv Ti(OiPr),, toluene, -20°C

« Filtering of the reaction mixture

» Washing of the polymer-beads with toluene
« Work-up of the reaction solution and GC-analysis

:

OH

* Reuse of the catalyst

(S)

major enantiomer

Scheme 10. Multiple use of polymer-bound p-3-Ti(OiPr), and p-13-
Ti(OiPr),—p-16- Ti(OiPr), in the Ti-BINOLate-mediated addition of
Et,Zn to PhCHO.

sion,especially for polymer p-15- Ti(OiPr),) increased slightly
with decreased loading. This can be rationalized by the fact
that, in our polymers, lower loading means lower degree of
cross-linking and thus better accessibility for substrates and
reactants. Only in the case of polymers p-16 - Ti(OiPr), with a
second-generation dendritic cross-linker, significantly lower
selectivities were observed, although the loading of the
polymers was the lowest of all.

The immobilization of a chiral catalyst on a polymer
support is only suitable if the immobilized catalyst has an
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Figure 1. Round-bottomed flask containing a suspension of polymer beads
(diameter 400 um) p-15-Ti(OiPr), in toluene after loading with titanate.

Table 2. Enantioselectivities and conversions obtained in the addition of
Et,Zn to PhCHO mediated by p-3-Ti(OiPr), and p-13- Ti(OiPr),-p-16-
Ti(OiPr), with different loadings, with the formation of enantioenriched
1-phenyl-1-propanol (cf. Scheme 10).

Loading [mmolg™']  S/R Conversion [%)]

(reaction time)

p-3-Ti(OiPr), 0.18 922:7.8 91 (4 h)
0.13 925:7.5 82 (4 h)
p-13- Ti(OiPr), 0.17 92.6:7.4 90 (4 h)
0.13 931:69 82 (3 h)W
p-14- Ti(OiPr), 0.17 92.8:7.2 94 (4 )
0.13 933:67 31 (3h)M
p-15- Ti(OiPr), 0.17 89.5:10.5 67 (4.5 )l
0.15 91.7:83 91 (4 h)
0.13 91.6:84 96 (4 h)
p-ent-15-Ti(OiPr),  0.13 72:928 99 (4.5 h)l
p-16- Ti(OiPr), 0.07 913:87 66 (4 h)P
0.05 90.0:10.0 22 (3h)M

[a] [PhCHO] =0.1m. [b] [PhCHO] =0.07m. [c] [PhCHO] = 0.04 M.

activity comparable with the soluble analogue and if multiple
use of the polymer-bound catalyst with no or only minor loss
of activity is possible. Having shown that the supported
BINOLs, introduced into polystyrene as cross-linkers, per-
form as well as the homogeneous BINOLs, we focused our
attention on multiple use of the catalyst (cf. our previous work
on polymer-bound TADDOLI!' 7). Following the procedure
outlined in Scheme 10, we reused the supported Ti-BINOL-
ates in up to 20 consecutive catalytic runs. The observed
selectivities in the formation of 1-phenyl-1-propanol, by using
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polymers p-3-Ti(OiPr), and pl13-Ti(OiPr),—p-ent-15-
Ti(OiPr), with a loading of 0.13 mmol BINOL per gram of
polymer, are presented in Figure 2.

0 4 ¥} 1ﬂ|||1|:lg'

).

- =2 = _—
.,
y = — =

-
p-14-THOUFY)

1 5 1 15 o]

Comakiic cpTia =
Figure 2. Enantioselectivities of 1-phenyl-1-propanol during multiple use
of p-3-Ti(OiPr),, p-13 - Ti(OiPr),, p-14- Ti(OiPr),, and p-ent-15 - Ti(OiPr),
with a loading of 0.13 mmolg~! (cf. Scheme 10).

With polymer p-13- Ti(OiPr), no loss of enantioselectivity
over 20 runs was observed, also p-ent-15- Ti(OiPr), and p-14-
Ti(OiPr), showed only minor loss of activity (5 and 7%
enantiomeric selectivity (es), respectively) after 20 cycles. In
contrast, p-3-Ti(OiPr), was less stable. The same negative
effect was also encountered with polymers of higher load-
ingl¥’l and with polymer p-16-Ti(OiPr), carrying second-
generation dendritic branches. It should be noted that in
contrast to the situation with Ti-TADDOLates, multiple use
of the supported Ti-BINOLates was difficult to achieve due to
their sensitivity to air and moisture; it was important to avoid
contact of the polymer-bound catalysts with air during
multiple use!

1,3-Dipolar cycloaddition of diphenyl nitrone to vinyl ethers
mediated by Al complexes of BINOL copolymers p-17:
Recently, Jgrgensen et al. reported about the 1,3-dipolar
cycloaddition of various nitrones to vinyl ethers, mediated by
Al-BINOLates;*! only 3,3'-disubstituted BINOL derivatives
gave rise to high selectivities in this cycloaddition. Encour-
aged by the fact that the reaction shows a linear correlation
between enantiopurities of BINOL and product and that the
reaction proceeds well with Pu’s soluble polybinaphthols,'*!
we decided to test it with our polystyrene-bound BINOL p-17.
Addition of AlMe; to a suspension of the polymer beads in
toluene and stirring at room temperature for 2 h afforded the
catalyst p-17- AlMe (Scheme 11), accompanied by a color
change of the beads from colorless to yellow (Figure 3).
Diphenyl nitrone and the corresponding vinyl ether were

Figure 3. Round-bottomed flask containing a suspension of polymer beads
p-17- AlMe (diameter > 1000 um) in toluene.

added, and the reaction mixture was stirred at rooom
temperature for 12 h (Scheme 11). Isolation of cycloadducts
18 was achieved simply by washing of the beads with toluene
and evaporation of the solvent. The exo/endo ratio in the
crude product 18 was determined by '"H NMR spectroscopy.l
In every case, the conversion was complete as no signals of the
nitrone were detected. The enantiopurity of exo-18 was
determined by HPLC analysis!*! of pure samples of the exo-
cycloadducts on a chiral column (Table 3).

The selectivities obtained with p-17- AlMe correspond to
those found in homogeneous solution.s! In contrast to the
results with the Et,Zn addition to PhCHO, there seems to be
no dependence of the performance of the polymer-bound
catalyst from the degree of loading. Even highly loaded
BINOL copolymers (0.39 mmolg™') give rise to the same
selectivities found with low-loaded polymers (0.14 mmolg™!).
Moreover, the fact that in the case of the polymer with the
lowest loading (better site isolation of the catalytic centers)
the same selectivities are obtained as in solution, supports the
proposed transition-state model involving a single Al-BINOL-

ate.*8! Furthermore, it is re-
markable that attachment of

©) the polystyrene matrix to the

Ph. @0 OR , Pher -0 OR Ph,-O~_.OR ' 5ositi
N . r __| 0.2 equiv. p-17-AlMe ~N 7“ . ~N\_74 3,3-positions of the BINOL
y | o | toluene, RT, 12h 3 2 core, close to the catalytic site,
Ph Ph has no negative effect on the
exo-18 endo-18 catalytic performance. Unfortu-

Scheme 11. 1,3-Dipolar cycloaddition of diphenyl nitrone to vinyl ethers to give cycloadducts 18, mediated by

BINOL copolymers p-17- AlMe. R =Et or /Bu.
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nately, the copolymers p-17-
AlMe could not be used in
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Table 3. Selectivities obtained in the 1,3-dipolar cycloaddition of diphenyl
nitrone with ethyl vinyl ether (R = Et) or fert-butyl vinyl ether (R =rBu),
mediated by p-17- AIMe with different loadings.

Loading of Cycloadduct 18  exo/endo (18)  enantioselectivity
p-17 [mmol g] (exo-18) [%]
0.39 R=Et 92:8 96

0.22 R=Et 93:7 96

0.14 R=Et 93:7 97

0.39 R=1Bu >95:5 95

0.22 R=1Bu >95:5 96

0.14 R=1Bu >95:5 95

further catalytic cycles. Neither direct application of p-17-
AlMe in a new catalytic run nor hydrolysis of p-17- AlMe
followed by re-loading with AlMe; were successful. This is in
contrast to an observation with a polymer-bound TADDOL,
an Al(OEt);H~ complex of which could be hydrolyzed and
regenerated.['5

Asymmetric cyanosilylation of pivalaldehyde mediated by a
Ti complex of p-ent-15: (iPrO),Ti-BINOLate was employed
by Nakai et al. for the asymmetric cyanosilylation of aliphatic
aldehydes,[*! and we chose this transformation in a third test
of our dendritically cross-linked BINOL copolymer. In this
case, the p-ent-15 material was loaded with Ti(OiPr),, and the
resulting complex (20 mol% Ti-BINOLate) used for the
cyanosilylation of pivalaldehyde with trimethylsilyl cyanide
(TMSCN), see Scheme 12.

o

%H + TMSCN

0.2 equiv p-ent-15-Ti(OiPr),
CHxCly, 0 °C, 20h

« Filtering of the reaction mixture

« Hydrolysis of the reaction solution
with 4m HCI/MeOH
« Reuse of the catalyst

'

OH

CN
(S)

Scheme 12. Multiple use of polymer-bound BINOL p-ent-15 - Ti(OiPr), in
the Ti-BINOLate-mediated cyanosilylation of pivalaldehyde. Loading of
polymer: 0.13 mmol g~1.

Again, the main focus of the investigation was put on
multiple use of the catalyst. After each catalytic cycle, the
reaction solution was separated from the beads. The enatio-
purity of the cyanohydrine (after hydrolytic work-up) and the
conversion of the reaction were determined by CGC by using
a chiral column. The beads were resuspended in CH,Cl,,
substrates were added and the catalyst was used again. In all
cases the conversion after 20 h was above 90 %. In the first
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run, the enantioselectivity was 72 %, which corresponds to
that found with the homogeneous reaction. Surprisingly, the
enantioselectivity increased gradually during the following
catalytic runs to reach a value of 83% after five runs
(Figure 4).

= 1]

m 4 \w/-—-‘
% (5]

1 5 10 15 all
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Figure 4. Enantiopurity of 2-hydroxy-3,3-dimethylbutanenitrile formed
with multiple use of p-ent-15-Ti(OiPr), by cyanosilylation of pivalalde-
hyde, followed by acidic workup (for conditions see Scheme 12).

The slight decrease in selectivity from the 8th to the 15th
run was probably due to leaching of the titanate from the
catalyst: the polymer beads were treated with Ti(OiPr), after
the 16th run to reload vacant catalytic sites, washed thor-
oughly with CH,Cl, under Ar and used again. As can be seen
from Figure 4, the enantioselectivity steadily increased again
from the 17th to the 20th run.’” Nevertheless, the polymer-
bound Ti-BINOLates are remarkably stable over many
catalytic runs and the possibility of simply reloading the
catalyst with titanate to reinstall its performance offers a
convenient method for multiple application.

Conclusions

In the present paper we have demonstrated that BINOL
derivatives can be immobilized in polystyrene.! Cross-link-
ing BINOL derivatives were prepared and incorporated into
polystyrene by suspension copolymerization. The resulting
copolymers were employed in three test reactions giving rise
to identical performance as in homogeneous solution. Special
focus was put on multiple use of the catalysts and showed that
polymer-bound Ti-BINOLates, while being very sensitive to
air, could be recycled many times without any loss of activity.
Thus, incorporation of chiral ligands into polystyrene in a
cross-linking manner seems to be a promising new approach
to prepare polymer-bound catalysts of high stability and
performance in multiple use.

Experimental Section

General: Starting materials and reagents: (R)- and (S)-1,1"-bi-2-naphthol
were purchased from Kankyo Kagaku Center (5-1 Ookawa, Kanzawa-ku,
Yokohama 236-8605, Japan). Et,Zn (Witco AG, Germany) was used as
received without further purification. A stock solution of Et,Zn (2M) was
prepared from Et,Zn (10.25 mL) and toluene (39.75 mL). (iPrO),Ti (Hiils
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AG, Troisdorf, Germany), ethyl vinyl ether, fert-butyl vinyl ether,
pivalaldehyde, and benzaldehyde (PhCHO) were distilled prior to use.
The solvents used in the reactions were of p.a. quality or purified and dried
according to standard methods. All other chemicals were used as
commercially available.

Equipment: Thin-layer chromatography (tlc): precoated silica gel 25
Durasil UV,s, plates (Macherey-Nagel); visualization by UV,s, light,
development with phosphomolybdic acid solution (phosphomolybdic acid
(25 g), Ce(SO,),-4H,0 (10 g), H,SO, (60 mL), H,O (940 mL)). Flash
column chromatography (FC): SiO, 60 (0.040-0.063 mm, Fluka), pressure
0.2-0.3 bar. M.p.: open glass capillaries, Biichi 510 (Tottoli apparatus),
50°C range Anschiitz thermometers, uncorrected. [a], at room temper-
ature (approximately 20°C) Perkin — Elmer 241 polarimeter (p.a. solvents,
Fluka). Capillary gas chromatography (CGC): Carlo Erba GC 8000;
column: Supelco $-Dex (30 m x 0.25 mm); injector temperature 200°C,
detector temperature 225°C (FID); carrier gas: H,. HPLC: Waters 515
HPLC Pump, Waters 484 tunable absorbance detector, Waters automated
gradient controller; column: Daicel Chiracel OD column; eluent: hexane/
iso-propanol 99:1 to 99.5:0.5. 'H and *C NMR spectra: Bruker AMX-300,
AMX-400, AMX-II-500, Varian-XL-300, Gemini-200 or Gemini-300; ¢ in
ppm downfield of TMS (6 =0). IR: CHCI, solutions; Perkin-Elmer FT-IR
1600; (s=strong, m=medium, w=weak). MS: Hitachi-Perkin-Elmer
RMU-6M (EI), VG ZAB2-SEQ (FAB); MALDI-TOF-spectra: Bruker
Reflex Spectrometer (N, laser, 337 nm), matrices: a-cyano-4-hydroxy
cinnamic acid (CCA), 2,5-dihydroxy benzoic acid (2,5-DHB), 2-(4-
hydroxyphenylazo) benzoic acid (HABA), fragment ions in m/z with
relative intensities (% ) in parentheses. Elemental analyses were performed
by the Microanalytical Laboratory of the Laboratorium fiir Organische
Chemie (ETH Ziirich).

Br/OH substitution of the benzylic branch alcohols. General procedure I
(GP I): Under ice-bath cooling CBr, (1.5 equiv), then PPh; (1.5 equiv) were
added to a solution of the benzylic alcohol (1 equiv), and the reaction
mixture was stirred for 30 min at 0°C. Aluminium foil was then wrapped
around the flask to prevent exposure to light, and the mixture was stirred
for an additional 20h at room temperature to give a milky white
suspension. Et,0 and H,0O were added, the layers were separated, and
the aqueous layer was extracted (2 x Et,0). After drying over MgSO,, the
solvent was evaporated under vacuum, and the resulting residue immedi-
ately purified by flash column chromatography.

Coupling of the benzylic branch bromides to the BINOL core 2. General
procedure II (GP II):>I NaH (2.5 equiv) was added to a solution of BINOL
core 2 (1 equiv) in DMF under ice bath cooling. After stirring at room
temperature for 10 min, the resulting green suspension was cooled to 0°C
again, and a solution of the benzylic branch bromide (2 equiv) in DMF was
slowly added. Having stirred at room temperature for 1 h, the reaction
mixture was cooled to 0°C, diluted with Et,O, and brine was added. After
separation of the layers, the aqueous layer was extracted (5 x CH,Cl,). The
combined organic layers were dried over MgSQO,, and the solvents were
evaporated under reduced pressure. The resulting crude product was
purified by flash column chromatography.

Deprotection of the BINOL cross-linkers. General procedure III (GP III):
TBAF-3H,0 (2 equiv) was added to a solution of the protected BINOL
(1 equiv) in THF at 0°C. After stirring at room temperature for 1 h, Et,O
and H,O were added, the layers were separated, and the aqueous layer was
extracted (3 x Et,0). Drying over MgSO, and evaporation of the solvents
under reduced pressure afforded the deprotected BINOLs that were
purified by flash column chromatography.

Compound 1:?*) Compound 1 has been reported previously in a prelimi-
nary communication without experimental details or characterization.
Imidazole (5.33 g, 78.3 mmol), DMAP (9.56 g, 78.3 mmol) and TIPSCI
(16.6 mL, 78.3 mmol) were added to a solution of 6,6'-dibromo-1,1'-bi-2-
naphthol®! (15.80 g, 35.6 mmol) in DMF (150 mL). After stirring at room
temperature for 48 h, brine (200 mL) and CH,Cl, (200 mL) were added to
the suspension, the layers were separated and the aqueous layer was
extracted with CH,Cl, (4 x 100 mL). Drying of the combined organic
phases over MgSO, and evaporation of the solvents afforded a yellow oil as
crude product which was purified by flash column chromatography
(CH,Cl,/hexane 1:5) to give 1 (20.92 g, 78 %) as a white solid. M.p. 60.0—
62.0°C; R; (hexane/acetone 2:1): 0.76; [a]® = —10.3 (¢=1.02 in CHCL);
'H NMR (400 MHz, CDCl;, 25°C, TMS): 6=0.72 (d, J(H, H) =75 Hz,
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18H; 6CH;), 0.79 (d, J(H, H)=75Hz, 18H; 6CH;), 1.02 (m, 6H;
6CH(CH;),), 7.02 (dd, J(H, H)=9.0, 0.5Hz, 2H; arom. H), 720 (d,
J(H, H) =8.9 Hz, 2H; arom. H), 7.23 (dd, J(H, H) =9.0, 2.0 Hz, 2H; arom.
H), 7.70 (d, J(H, H) =8.8 Hz, 2H; arom. H), 7.95 (d, J(H, H) =2.0 Hz, 2 H;
arom. H); *C NMR (100 MHz, CDCl;, 25°C): 6 =12.72, 17.66, 17.73,
116.88, 121.01, 121.23, 127.47, 127.88, 129.10, 129.61, 130.07, 133.03, 151.78;
IR (CHCL,): 7=2946 (s), 2867 (s), 1584 (s), 1490 (s), 1470 (m), 1347 (s),
1278 (s), 1248 (w), 1135 (w), 1066 (m), 1000 (m), 942 (m), 920 (w), 882 (m),
842 (w), 818 cm™! (w); MS (EI): m/z (%): 756.0 (11) [M]*, 754.0 (5), 555.9
(3), 158.2 (15), 1572 (100), 115.1 (46), 87.1 (15), 73.1 (11), 59.1 (10);
elemental analysis calcd (%) for C3Hs,Br,0,Si, (756.80): caled: C 60.31, H
6.93; found C 60.14, H 6.89.

Compound 2:?* 26281 Compound 2 has been reported previously in a
preliminary communication without experimental details or character-
ization.”l fBuLi (15.2 mL, 21.2 mmol, 1.4 M in pentane) was added slowly to
a solution of BINOL 1 (4.0 g, 5.3 mmol) in THF (60 mL) at —78°C. The
resulting yellow solution was stirred for 30 min at this temperature
whereupon freshly distilled B(OMe); (3.6 mL, 31.6 mmol) was added.
After stirring at — 78 °C for another 5 min, the solution was slowly allowed
to warm to room temperature. After stirring at room temperature for 2 h,
NaOH (15 %, 5 mL) and H,0, (30 %, 5 mL) were added at 0°C. Addition
of Et,0O (200 mL) to the resulting violet solution, separation of the layers,
washing of the organic layer with H,O (3 x 100 mL), drying of the organic
phases over MgSO,, and evaporation of the solvent afforded a yellow oil as
crude product. Flash column chromatography (CH,CL,/Et,O 20:1) yielded
2(2.97 g,89 %) as a colorless foam, which had to be stored at —20°C under
Ar due to very ready decomposition. R; (CH,ClL/Et,O 5:1): 0.50; 'H NMR
(300 MHz, CDCl;, 25°C, TMS): 0 =0.72 (d, J(H, H) =75 Hz, 18 H; 6 CH3),
0.79 (d, J(H, H) =7.5 Hz, 18H; 6 CH;), 1.02 (m, 6 H; 6 CH(CHs),), 4.80 (s,
2H; 20H), 6.80 (dd, J(H, H)=9.2, 2.5 Hz, 2H; arom. H), 7.08-7.15 (m,
6H; arom. H), 7.60 (d, J(H, H)=8.8, 2H; arom. H); MS (EI): m/z (%):
633.5 (5), 632.5 (19), 631.5 (50), 630.5 (100) [M]*, 629.5 (5), 431.3 (5), 430.3
(9), 1572 (86), 129.2 (12), 115.1 (78), 101.1 (10), 87.1 (35), 86.0 (14), 84.0
(21), 73.1 (31), 59.1 (44), 49.0 (23). Due to the very unstable nature of this
compound no further characterization was possible.

Compound 3a:!"1 A mixture of 1 (2.00 g, 2.64 mmol), 4-styrene boronic
acid®! (0.98 g, 6.6 mmol), [Pd(PPh;),] (183 mg, 0.16 mmol), K,CO; (1m,
13.2 mL, 13.2 mmol), and THF (60 mL) was heated at 70°C for 16 h. After
cooling to room temperature, Et,0O (200 mL) was added, and the layers
were separated. Drying of the organic phase over MgSO, and evaporation
of the solvents gave a yellow oil as crude product. The residue was
redissolved in a minimum of Et,O, and the Pd-salts were allowed to
precipitate and were filtered off over Celite. Flash column chromatography
(hexane/CH,Cl, 10:1) afforded 3a (142 g, 67%) as a white foam. R;
(hexane/acetone 2:1): 0.60; [a]f =+98.1 (¢=1.00 in CHCl;); 'H NMR
(500 MHz, CDCl;, 25°C, TMS): 6 =0.75 (d, J(H, H) =7.5 Hz, 18 H; 6 CH,),
0.81 (d, J(H, H) =75 Hz, 18 H; 6 CH3), 1.02 (m, 6 H; 6 CH(CH,),), 5.25 (dd,
J(H, H)=10.9, 0.9 Hz, 2H; vinyl H), 5.76 (dd, J(H, H) =176, 0.9 Hz, 2H;
vinyl H), 6.75 (dd, J(H, H)=17.6, 10.9 Hz, 2H; 2CHCH,), 723 (d,
J(H, H)=8.9 Hz, 2H; arom. H (BINOL)), 7.34 (d, J(H, H) = 8.8 Hz, 2H;
arom. H (BINOL)), 747 (dd, J(H, H)=8.8, 1.9Hz, 2H; arom. H
(BINOL)), 749 (dd, J(H, H)=6.5, 1.7Hz, 4H; arom. H), 7.66 (dd,
J(H, H)=6.6, 1.7 Hz, 4H; arom. H), 7.85 (d, J(H, H) =8.8 Hz, 2H; arom.
H (BINOL)), 8.03 (d, J(H, H) = 1.9 Hz, 2H; arom. H (BINOL)); *C NMR
(125 MHz, CDCl;, 25°C): 6 =12.83, 17.72, 17.80, 113.62, 120.68, 121.33,
125.17, 125.37, 126.56, 126.64, 127.20, 128.93, 129.25, 133.96, 135.20, 136.25,
136.52, 140.84, 151.62; IR (CHCl;): 7=3007 (w), 2945 (s), 2892 (m), 2867
(s), 1626 (w), 1593 (s), 1516 (m), 1490 (s), 1470 (s), 1406 (m), 1351 (m), 1285
(m), 1248 (m), 1137 (w), 1088 (w), 1042 (m), 1015 (s), 998 (s), 948 (m), 911
(w), 882 (m), 865 (w), 848 (m), 824 cm™! (s); MS (FAB): m/z (%): 803.9
(100) [M]*, 802.9 (83), 603 (10); elemental analysis caled (%) for
C5,Hg0,S1, (803.29): C 80.74, H 8.28; found: C 80.84, H 8.50.

Compound 3b: according to GP III, TBAF-3H,0 (250 mg, 0.78 mmol)
was added to a solution of 3a (300 mg, 0.37 mmol) in THF (20 mL) at 0°C.
Workup and flash column chromatography (CH,Cl,/hexane 1:1 — CH,Cl,)
afforded 3b (177 mg) as a white solid in quantitative yield. R; (hexane/
acetone 1:1): 0.50; [a]} = +326.6 (c=0.50 in CHCl;); '"H NMR (500 MHz,
CDCl;, 25°C, TMS): 6=5.10 (s, 2H; 20H), 527 (dd, J(H, H)=10.9,
0.9 Hz, 2H; vinyl H), 5.78 (dd, J(H, H) =176, 0.9 Hz, 2H; vinyl H), 6.76
(dd,J(H, H)=17.6,10.9 Hz,2H;2 CHCH,), 7.24 (d, J(H, H) =8.7 Hz, 2H;
arom. H (BINOL)), 7.40 (d, J(H, H) =8.9 Hz,2H; arom. H (BINOL)), 7.50
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(dd, J(H, H)=6.5, 1.7 Hz, 4H; arom. H), 757 (dd, J(H, H) =828, 1.9 Hz,
2H;arom. H (BINOL)), 7.64 (dd, J(H, H) =6.5, 1.8 Hz, 4H; arom. H), 8.02
(d, J(H, H)=8.7 Hz, 2H; 2H (BINOL)), 8.10 (d, J(H, H) =19 Hz, 2H;
arom. H (BINOL)); '3C NMR (125 MHz, CDCl,, 25°C): 6 = 110.79, 113.97,
118.30, 124.83, 126.16, 126.77, 126.97, 127.28, 12737, 129.77, 131.77, 132.62,
136.38, 136.46, 136.66, 140.12, 152.89; IR (CHCL,): 7= 3537 (s), 3008 (m),
1625 (w), 1599 (s), 1500 (m), 1473 (w), 1402 (w), 1384 (m), 1357 (m), 1289
(w), 1176 (m), 1151 (m), 1130 (w), 1042 (w), 1014 (w), 990 (w), 935 (w), 912
(m), 895 (W), 848 (m), 826 cm™" (s); MS (FAB): m/z (%): 490.2 (100) [M]*,
245.2 (11), 217.2 (5); elemental analysis calcd (%) for CssH,40, (490.59): C
88.14, H 5.34; found: C 87.46, H 5.38.

4-Styryl-benzyl alcohol (4):P! Styrene boronic acid®! (4.0 g, 27.1 mmol),
4-bromo benzyl alcohol (3.9g, 20.8 mmol), Na,CO; (2M, 27.1mL,
54.1 mmol) and [Pd(PPh;),] (716 mg, 0.62 mmol) were heated under Ar
at 70°C for 20 h. After cooling to room temperature, the organic layer was
separated and the aqueous layer was extracted with Et,O (100 mL). After
drying over MgSO,, evaporation of the solvents and subsequent flash
column chromatography (hexane/CH,Cl,/acetone 10:10:1 — hexane/ace-
tone 4:1) afforded 4 (3.15 g, 72 %) as a white powder. M.p. 156.0-157.0°C;
R; (hexane/acetone 2:1): 0.35; '"H NMR (400 MHz, CDCl;, 25°C, TMS):
0=1.83 (s, 1H; OH), 4.72 (s, 2H; OCH,), 5.27 (dd, J(H, H) =10.9, 0.9 Hz,
1H; vinyl H), 5.78 (dd, J(H, H)=17.6, 0.9 Hz, 1H; vinyl H), 6.75 (dd,
J(H, H)=176, 109 Hz, 1H; CHCH,), 741-760 (m, 8H; arom. H);
BCNMR (100 MHz, CDCl;, 25°C): 6 = 65.07, 113. 96, 126.67, 127.10, 127.14,
127.48, 136.36, 136.66, 139.94, 140.10, 140.14; IR (CHCL): #=3605 (m),
3415 (s), 3008 (s), 2877 (w), 1909 (w), 1827 (w), 1628 (m), 1499 (s), 1398 (m),
1259 (w), 1118 (w), 1044 (m), 1004 (s), 990 (s), 912 (s), 836 cm~! (s); MS
(ED): m/z (%): 210.1 (100) [M]*, 193.1 (22), 181.1 (28), 179.1 (16), 178.0
(27), 165.0 (36.2), 152.0 (20), 139.0 (5), 128.0 (5), 115.0 (9), 104.1 (8), 89.0
(4),77.0 (10), 63.0 (3); elemental analysis caled (%) for C;sH;,O (210.27): C
85.68, H 6.71; found: C 85.43, H 7.00.

4-Styryl-benzyl bromide (5): PBr; (0.63 mL, 6.8 mmol) was added slowly to
a solution of alcohol 4 (0.95 g, 4.52 mmol) in Et,O (80 mL) under ice-bath
cooling. The resulting suspension was stirred at room temperature for 1 h,
then further PBr; (0.63 mL, 6.8 mmol) was added at 0°C. After stirring for
1 h the reaction was complete (TLC control); H,O (100 mL) was added,
and the layers were separated. After extraction of the aqueous layer with
Et,0 (3x100mL), the combined organic phases were washed with
saturated NaHCOj; (100 mL) and dried over MgSO,. Evaporation of the
solvents afforded 5 (1.20 g, 97 % ) as a white solid that was pure according to
TLC and NMR analysis, and was used without further purification. A small
amount thereof was subjected to flash column chromatography (hexane/
CH,(], 4:1) for analytical data. M.p. 142.0-143.0°C; R; (hexane/CH,Cl,
1:1): 0.59; 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =4.54 (s, 2H;
CH,Br), 5.28 (dd, J(H, H) =10.9, 0.9 Hz, 1 H; vinyl H), 5.79 (dd, J(H, H) =
17.6, 0.9 Hz, 1 H; vinyl H), 6.75 (dd, J(H, H) =17.6, 10.9 Hz, 1 H; CHCH,),
746-7.58 (m, 8H; arom. H); *C NMR (100 MHz, CDCl;, 25°C): 6 = 33.36,
114.14, 126.70, 127.19, 127.34, 129.53, 136.31, 136.83, 136.92, 139.75, 140.88;
IR (CHCl;): 7 = 3088 (w), 3008 (m), 1910 (w), 1701 (w), 1628 (m), 1610 (m),
1499 (s), 1398 (m), 1098 (w), 1005 (m), 999 (m), 912 (s), 832 cm™! (s); MS
(ED): m/z (%): 274.0 (5), 272.0 (5) [M]*, 238.1 (6), 210.1 (8), 193.1 (100),
178.1 (10), 165.1 (13), 152.1 (5), 131.1 (9), 103.1 (5), 96.6 (3), 73.1 (18), 63.0
(3), 44.1 (5); elemental analysis caled (% ) for C;sH,3Br (273.17): C 65.95, H
4.80; found: C 65.81, H 4.97.

3-(4-Vinylbenzyloxy)benzyl alcohol (6): A solution of 3-hydroxybenzyl
alcohol (5.0 g, 40.2 mmol), p-vinyl-benzyl chloride (7.5 g, 44.3 mmol), and
K,CO; (5.6 g, 40.2 mmol) in CH,;CN (100 mL) was heated at 50 °C for 48 h.
After cooling to room temperature, the salts were filtered off, and the
solvent was evaporated under reduced pressure. H,O (100 mL) and CH,Cl,
(100 mL) were added to the resulting residue; the layers were separated,
and the aqueous layer was extracted with CH,Cl, (2 x 100 mL). Drying of
the combined organic phases over MgSO, followed by evaporation of the
solvent under reduced pressure afforded the crude product which was
purified by flash column chromatography (hexane/ethyl acetate 3:1) to give
6 (89g, 92%) as a white powder. M.p. 57.0-58.0°C; R; (hexane/ethyl
acetate 3:1): 0.21; '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =4.64 (d,
J(H, H)=4.7 Hz, 2H; CH,0H), 5.05 (s, 2H; OCH,), 5.25 (dd, J(H, H) =
10.9, 0.8 Hz, 1H; vinyl H), 5.75 (dd, J(H, H) =176, 0.9 Hz, 1H; vinyl H),
6.71 (dd, J(H, H) =176, 10.9 Hz, 1H; CHCH,), 6.88-724 (m, 4H; arom.
H); 7.37-743 (m, 4H; arom. H); ¥C NMR (100 MHz, CDCl;, 25°C): 6 =
65.22, 69.71, 113.27, 114.10, 114.13, 119.39, 126.42, 127.67, 129.65, 136.44,
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136.51, 137.34,142.60, 159.03; IR (CHCL,): # = 3604 (m), 3428 (w), 3008 (m),
2930 (w), 2875 (m), 1585 (s), 1514 (s), 1488 (s), 1448 (s), 1407 (m), 1378 (m),
1262 (s), 1154 (s), 1016 (m), 992 (m), 913 (m), 857 (), 830 cm~' (m); MS
(BI): miz (%): 2402 (8.7) [M]*, 1182 (11), 1172 (100), 115.1 (11), 91.1 (5);
elemental analysis calcd (%) for C;sH;40, (240.30): C 79.97, H 6.71; found:
C 79.97, H 6.88.

3-(4-Vinylbenzyloxy)benzyl bromide (7): According to GP I, CBr, (43 g,
12.5 mmol) and PPh; (3.3 g, 12.5 mmol) were added to a solution of alcohol
6 (2.0g, 83 mmol) in THF (80mL) at 0°C. After stirring at this
temperature for 1h and at RT for 16 h, workup and flash column
chromatography (hexane/ethyl acetate 3:1) afforded 7 (2.1 g, 83%) as a
white solid. M.p. 66.0-67.0°C; R; (hexane/acetone 3:1): 0.46; 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 0 =4.45 (s, 2H; CH,Br), 5.04 (s, 2H;
OCH,), 5.25 (dd, J(H, H) =10.9, 0.9 Hz, 1 H; vinyl H), 5.75 (dd, J(H, H) =
176, 0.9 Hz, 1H; vinyl H), 6.74 (dd, J(H, H) =176, 10.9 Hz, 1H; CHCH,),
6.88—-7.26 (m, 4H; arom. H), 7.37-744 (m, 4H; arom. H); C NMR
(100 MHz, CDCl;, 25°C): 6 =33.43, 69.80, 114.16, 114.97, 115.48, 121.59,
126.44,127.71,129.85, 136.25, 13641, 137.42, 139.20, 158.94; IR (CHCL,): 7=
3008 (m), 1599 (m), 1586 (m), 1514 (m), 1488 (s), 1445 (m), 1407 (w), 1378
(w), 1295 (m), 1264 (s), 1158 (s), 1017 (m), 991 (m), 914 (m), 830 cm™! (m);
MS (EI): m/z (%):303.9 (1),302.0 (1) [M]*, 224.0 (1), 223.0 (6), 117.0 (100),
116.0 (3), 115.0 (9), 91.1 (4), 78.0 (2); elemental analysis caled (%) for
C,6H;sOBr (303.20): C 63.38, H 4.99; found: C 63.46, H 4.85.
3,5-Di(4-vinylbenzyloxy)benzoic acid methyl ester (8):**%) 18-crown-6
(11.7 g, 45 mmol), K,CO; (65.2 g, 494.1 mmol) and 4-vinyl-benzyl chloride
(80 g, 471.8 mmol) were added to a solution of 3,5-dihydroxy benzoic acid
methyl ester (37.8 g, 224.6 mmol) in acetone (900 mL). The mixture was
stirred at 70 °C for 48 h. After cooling to room temperature, the insoluble
salts were filtered off and most of the solvent of the filtrate was evaporated
under vacuum. Et,O (900 mL) and H,O (500 mL) were added, and the
organic layer was separated. The aqueous layer was extracted with Et,0
(2 x 500 mL), the combined organic layers were dried over MgSO,, and the
solvents were removed under vacuum. The resulting solid was redissolved
in acetone and, after careful addition of hexane, 8 (76.9¢g, 85.5%)
precipitated as a white solid. M.p. 74.0—-74.5°C; R; (acetone/hexane 1:2):
0.29; '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =3.90 (s, 3H; OCHs),
5.05 (s, 4H; 20CH,), 5.26 (dd, J(H, H) =111, 0.9 Hz, 2H; vinyl H), 5.76
(dd, J(H, H)=17.6,0.9 Hz, 2H; vinyl H), 6.72 (dd, J(H, H) =17.6, 10.4 Hz,
2H;2CHCH,), 6.78 (t,J(H, H)=2.3 Hz, 1H; arom. H), 728 (d, J(H, H) =
2.3 Hz, 2H; arom. H), 7.33-747 (m, 8 H; arom. H); *C NMR (100 MHz,
CDCl;, 25°C): 6 =52.3,70.0, 107.3, 108.4, 114.2, 126.4, 127.8, 132.0, 136.0,
136.4, 1375, 159.7,166.7; IR (CHCl;): # =3691 (w), 3008 (w), 1714 (s), 1597
(s), 1514 (w), 1446 (m), 1375 (m), 1296 (s), 1158 (s), 1107 (w), 1054 (m), 990
(W), 914 (w), 829 cm™! (w); MS (EI): m/z (%): 400 (1.2) [M]*, 369 (1), 283
(2),234 (2),233 (12), 118 (10), 117 (100), 116 (3), 115 (12), 91 (9), 69 (3), 28
(5); elemental analysis calcd (%) for C,sH,,04 (400.47): C 77.98, H 6.04;
found: C 77.78, H 6.16.

3,5-Di(4-vinylbenzyloxy)benzyl alcohol (9): A solution of 8 (469 g,
0.12 mol) in THF (250 mL) was added slowly to a suspension of LiAlH,
(10.0 g, 0.27 mol) in THF (250 mL). The reaction mixture was heated at
70°C for 4 h and stirred at room temperature for 12 h. After hydrolysis with
H,O (10 mL), 15% NaOH (10 mL), and H,O (30 mL), the resulting gray
solid was filtered off and washed with Et,O. The filtrate was washed with
H,O (500 mL), and the aqueous layer was extracted with Et,0 (3 x
500 mL). After removal of the solvents under reduced pressure, 9 (38.7 g,
89 %) was obtained as a colorless oil, which solidified upon standing. M.p.
60.8—61.2°C; R; (hexane/acetone 2:1): 0.23; '"H NMR (400 MHz, CDCl;,
25°C, TMS): 6 =1.74-1.81 (m, 1H; OH), 4.60 (d, J(H, H)=4.8 Hz, 2H;
CH,0H), 5.00 (s, 4H; 20CH,), 5.25 (dd, J(H, H) =10.9, 0.8 Hz, 2H; vinyl
H),5.75 (dd, J(H, H) =17.6,0.9 Hz, 2H; vinyl H), 6.52 (t,J(H, H) =2.3 Hz,
1H; arom. H), 6.60 (d, J(H, H)=2.3, 2H; arom. H), 6.71 (dd, J(H, H) =
17.6, 10.4 Hz, 2H; 2CHCH,), 7.33-743 (m, 8H; arom. H); *C NMR
(100 MHz, CDCl;, 25°C): 6 =65.2, 69.8, 101.3, 105.7, 114.1, 126.0, 126.4,
127.7,128.6,132.7,136.3,136.4, 137.4,143.4,160.1; IR (CHCL,): 7 = 3410 (w),
3008 (m), 1710 (s), 1596 (s), 1451 (m), 1371 (m), 1293 (w), 1156 (s), 1053
(m), 1017 (m), 914 (w), 832 cm~! (m); MS (EI): m/z (%): 372 (3.0) [M]+,278
(1), 234 (2), 233 (8), 152 (2), 151 (14), 119 (1), 118 (11), 117 (100), 116 (4),
115 (12), 91 (8), 78 (1), 77 (2), 65 (1); elemental analysis calcd (%) for
Cy5H,,0; (372.46): C 80.62, H 6.49; found: C 80.48, H 6.56.

3,5-Di(4-vinylbenzyloxy)benzyl bromide (10): According to GP I, CBr,
(353 g, 106.5 mmol) and PPh; (279 g, 106.5 mmol) were added to a
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solution of 9 (26.4 g, 71.0 mmol) in THF (160 mL). Workup and flash
column chromatography (hexane/CH,Cl, 2:1) afforded 10 (17.5 g, 57 %) as
a white powder. M.p. 82.5-83.5°C; R; (hexane/acetone 9:1): 0.53; 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 =4.39 (s, 2H; CH,Br), 5.00 (s, 4H;
2CH,0), 525 (dd, J(H, H)=109, 0.8 Hz, 2H; vinyl H), 575 (dd,
J(H, H) =176, 0.9 Hz, 2H; vinyl H), 6.52 (t, J(H, H) =2.2 Hz, 1 H; arom.
H), 6.62 (d, J(H, H)=22Hz, 2H; arom. H), 6.71 (dd, J(H, H) =176,
10.4 Hz, 2H; 2 CHCH,), 7.34-7.42 (m, 8H; arom. H); *C NMR (100 MHz,
CDCl;, 25°C): 6 =33.54, 69.92, 102.22, 108.21, 114.17, 126.54, 1277, 136.3,
136.42, 1374, 139.79, 160.03; IR (CHCL): 7 = 3008 (w), 2870 (W), 1595 (s),
1513 (w), 1459 (m), 1407 (w), 1373 (m), 1160 (s), 1056 (m), 990 (m), 914 (m),
832 cm™! (m); MS (EI): m/z (%): 436.2 (0.15) [M]*, 355.3 (0.4), 233.1 (6),
149.0 (2), 117.0 (100), 85.9 (33), 83.9 (55), 48.9 (21); elemental analysis calcd
(%) for C,sH,;0,Br (435.36): C 68.97, H 5.32; found: C 69.00, H 5.24.

3,5-Di[3,5-di(4-vinylbenzyloxy)benzyloxy]benzyl alcohol (11): A solution
of bromide 10 (15.0 g, 34.5 mmol), 3,5-dihydroxybenzyl alcohol (2.2 g,
15.7 mmol), 18-crown-6 (0.82 g, 3.1 mmol), and K,CO; (4.77 g, 34.5 mmol)
in acetone (100 mL) was heated at 70°C for 48 h. After cooling to room
temperature, CH,Cl, (200 mL) and H,O (200 mL) were added to the
resulting suspension, the layers were separated and the organic layer was
dried over MgSO,. Evaporation of the solvents afforded a brown oil as
crude product, which was dissolved in toluene (40 mL). Upon slow addition
of hexane (20 mL), compound 11 (10.92 g, 82 %) precipitated from the
solution as a white solid. M.p. 66.0—67.0°C; R; (hexane/acetone 1:1): 0.51;
'H NMR (500 MHz, CDCl;, 25°C, TMS): 6=1.59 (t, J(H, H)=6.1 Hz,
1H; OH), 4.61 (d, J(H, H)=5.4 Hz, 2H; CH,0H), 4.97 (s, 4H; 20CH,),
5.01 (s, 8H; 40OCH,), 5.25 (dd, J(H, H) =10.9, 0.7 Hz, 4H; vinyl H), 5.75
(dd, J(H, H) =176, 0.8 Hz, 4H; vinyl H), 6.51 (t, J(H, H)=1.7 Hz, 1H;
arom. H), 6.54 (t, J(H, H) =18 Hz, 2H; arom. H), 6.58 (d, J(H, H) =
2.2 Hz, 2H; arom. H), 6.66 (d, J(H, H) =2.2 Hz, 4H; arom. H), 6.71 (dd,
J(H, H)=176, 10.4 Hz, 4H; 4CHCH,), 735-741 (m, 16H; arom. H);
13C NMR (125 MHz, CDCl;, 25°C): 6 =62.71, 69.90, 69.97, 101.38, 101.65,
105.81, 106.38, 114.13, 126.44, 127.76, 136.34, 136.47, 137.39, 139.34, 143.44,
160.10, 160.15; IR (CHCL,): 7 = 3614 (w), 3008 (m), 1596 (s), 1514 (w), 1450
(m), 1407 (w), 1373 (m), 1295 (s), 1157 (s), 1050 (m), 1017 (w), 990 (m), 914
(m), 833 cm™! (m); MALDI-TOF-MS (2,5-DHB): 871.7 [M+Na]*; ele-
mental analysis caled (%) for Cs;Hs,0; (849.0): caled: C 80.64, H 6.17;
found: C 80.38, H 6.41.

3,5-Di[3,5-di(4-vinylbenzyloxy)benzyloxy]benzyl bromide (12): According
to GP I, CBr, (8.1 g, 24.4 mmol) and PPh; (6.4 g, 24.4 mmol) were added to
a solution of alcohol 11 (10.32 g, 12.2 mmol) in THF (70 mL) at 0°C. After
stirring at 0°C for 1 h and at room temperature for 48 h and working up, the
crude product was purified by flash column chromatography (hexane/
CH,Cl, 1:1 — CH,Cl,) to give 12 (7.0 g, 63 %) as a white solid. M.p. 86.5—
88.5°C; R; (CH,Cly/hexane 2:1): 0.66; '"H NMR (500 MHz, CDCl;, 25°C,
TMS): 6 =4.38 (s,2H; CH,Br), 4.94 (s,4H; 20CH,), 5.01 (s, 8H; 4 OCH,),
524 (dd, J(H, H)=10.9, 0.8 Hz, 4H; vinyl H), 5.74 (dd, J(H, H) =176,
0.8 Hz, 4H; vinyl H), 6.50 (t, J(H, H)=2.2 Hz, 1H; arom. H), 6.55 (t,
J(H, H)=2.2 Hz, 2H; arom. H), 6.60 (d, J(H, H) =2.2 Hz, 2H; arom. H),
6.64 (d, J(H, H)=22Hz, 4H; arom. H), 671 (d, J(H, H) =176 Hz,
10.4 Hz, 4H; 4CHCH,), 7.34-741 (m, 16H; arom. H); ®C NMR
(100 MHz, CDCl;, 25°C): 0 =33.58, 69.88, 70.02, 101.71, 102.23, 106.41,
108.24, 114.11, 126.43, 127.73, 136.31, 136.45, 137.37, 139.09, 139.77, 159.96,
160.14; IR (CHCl,): #=3008 (m), 1596 (s), 1514 (w), 1449 (m), 1407 (w),
1372 (m), 1295 (s), 1157 (s), 1048 (m), 990 (m), 914 (m), 832 cm~! (m);
MALDI-TOF-MS (2,5-DHB): 933.9 [M+Na]*; elemental analysis calcd
(%) for C5;H5,04Br (911.9): C 75.07, H 5.64; found: C 75.26, H 5.75.

Compound 13: According to GP II, NaH (252 mg, 10.5 mmol) was added
slowly to a solution of 2 (2.65 g, 4.2 mmol) in DMF (20 mL) at 0°C. After
stirring at room temperature for 5 min, the green suspension was recooled
to 0°C with an ice-bath and a solution of 5 (2.52 g, 9.24 mmol) in DMF
(20 mL) was added. After stirring at room temperature for 1h, H,O
(100 mL) was added and the reaction was worked up to give an orange oil
as crude product, which was purified by flash ccolumn chromatography
(hexane/CH,Cl, 2:1) to give 13 (1.82 g, 43%) as a colorless foam. R;
(hexane/CH,Cl, 1:1): 0.54; [a]y =+13.1 (¢=0.98 in CHCL); 'H NMR
(500 MHz, CDCl;,25°C, TMS): 6 =0.73 (d, J(H, H) =7.5 Hz, 18 H; 6 CH,),
0.81 (d, J(H, H) =75 Hz, 18 H; 6 CH;), 1.00 (m, 6 H; 6 CH(CHs;),), 5.17 (d,
J(H, H)=11.7Hz, 2H; 20CHH), 521 (d, J(H, H)=11.7Hz, 2H;
20CHH), 527 (dd, J(H, H)=10.9, 0.8 Hz, 2H; vinyl H), 5.78 (dd,
J(H, H)=176, 0.9 Hz, 2H; vinyl H), 6.75 (dd, J(H, H)=17.6, 10.9 Hz,
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2H; 2CHCH,), 6.96 (dd, J(H, H) =92, 2.6 Hz, 2H; arom. H (BINOL)),
7.15-7.17 (m, 4H; arom. H (BINOL)); 7.23 (d, J(H, H) =2.6, 2H; arom. H
(BINOL)); 7.47-7.62 (m, 16 H; arom. H), 7.66 (d, J(H, H) =8.7,2H; arom.
H (BINOL); *C NMR (125 MHz, CDCl;, 25°C): 6 =12.77, 17.75, 17.83,
69.79, 107.35, 113.94, 118.66, 120.63, 121.76, 126.66, 127.12, 127.20, 127.62,
128.07, 129.69, 130.21, 136.33, 136.39, 136.67, 140.21, 140.35, 149.90, 154.84;
IR (CHCL): 7=3006 (w), 2946 (), 2866 (s), 1626 (w), 1595 (s), 1500 (s),
1463 (w), 1379 (m), 1351 (s), 1282 (m), 1170 (m), 1125 (m), 1080 (m), 1012
(s), 965 (w), 914 (w), 883 (m), 847 cm~! (m); MALDI-TOF MS (2,5-DHB):
1015.8 [M]*; elemental analysis caled (%) for CiH740,Si, (1015.52): C
80.43 H 7.74; found: C 80.25, H 7.70.

Compound 14a: According to GP II, NaH (162 mg, 4.1 mmol) was added
to a solution of 2 (1.00 g, 1.62 mmol) in DMF (20 mL) at 0°C. After stirring
at room temperature for 5min and recooling to 0°C, a solution of 7
(986 mg, 3.3 mmol) in DMF (20 min) was added, and the reaction mixture
was stirred at room temperature for 1h. Workup and subsequent
purification of the crude product by flash column chromatography afforded
14a (810 mg, 46%) as a colorless foam. R; (hexane/acetone 2:1): 0.54;
[a]® =—12.0 (¢=1.00 in CHCL;); 'H NMR (500 MHz, CDCl;, 25°C,
TMS): 6=0.71 (d, J(H, H)=75Hz, 18H; 6CH,), 0.78 (d, J(H, H)=
7.5 Hz, 18H; 6CH;), 1.00 (m, 6H; 6 CH(CH,),), 5.05 (s, 4H; 20CH,),
5.10 (d, J(H, H)=11.8 Hz,2H; 20CHH), 5.13 (d, J(H, H) =11.8 Hz, 2H;
20CHH), 525 (dd, J(H, H)=10.9, 0.9 Hz, 2H; vinyl H), 5.74 (dd,
J(H, H)=17.6, 0.9 Hz, 2H; vinyl H), 6.72 (dd, J(H, H) =176, 10.9 Hz,
2H; 2CHCH,), 6.90-6.94 (m, 2H; arom. H), 6.93 (dd, J(H, H)=9.2,
2.5Hz, 2H; arom. H (BINOL)), 7.04-7.11 (m, 6H; arom. H), 7.14 (d,
J(H, H)=9.2 Hz, 2H; arom. H (BINOL)), 7.16 (d, J(H, H)=8.8 Hz, 2H;
arom. H (BINOL)), 7.19 (d, J(H, H) =2.5 Hz,2H; arom. H (BINOL)), 7.29
(dd, J(H, H) =79, 7.8 Hz, 2H; arom. H), 7.39 (d, J(H, H)=8.3 Hz, 4H;
arom. H), 741 (d, J(H, H)=8.3 Hz, 4H; arom. H), 764 (d, J(H, H) =
8.8 Hz, 2H; arom. H (BINOL)); *C NMR (125 MHz, CDCl;, 25°C):
0=12.78, 1774, 1782, 69.77, 69.90, 107.37, 113.90, 114.06, 114.32, 118.65,
120.00, 120.62, 121.76, 126.42, 127.14, 127.60, 127.72, 129.61, 129.70, 130.22,
136.46, 136.56, 137.33, 138.93, 149.90, 154.82, 159.02; IR (CHCIL;): 7= 3008
(W), 2945 (m), 2866 (m), 1594 (s), 1499 (w), 1463 (w), 1408 (w), 1378 (m),
1350 (s), 1252 (s), 1156 (m), 1124 (m), 1081 (w), 1014 (s), 965 (W), 913 (W),
883 (m), 847 (w), 823 cm™! (w); MS (FAB): m/z (%): 1075.4 (100) [M]",
1074.4 (72), 9583 (5), 915 (4), 852 (7), 586 (5), 223 (13), 157 (5), 117 (92), 115
(29), 101 (7); elemental analysis caled (%) for C;Hg,O4Si, (1075.57): C
78.17, H 7.68; found: C 78.11, H 7.71.

Compound 14b: According to GPIII, a solution of 14a (370 mg,
0.34 mmol) in THF (30mL) was treated with TBAF-3H,0 (227 mg,
0.72 mmol) at 0°C. Workup and flash column chromatography (hexane/
CH,(C], 3:1) gave 14b (261 mg) as a colorless foam in quantitative yield. R;
(hexane/acetone 1:1): 0.52; [a]¥ =+55.7 (¢=1.00 in CHCl;); 'H NMR
(500 MHz, CDCl;, 25°C, TMS): 6=4.89 (s, 2H; 20H), 5.05 (s, 4H;
20CH,), 5.12 (s, 4H; 20CH,), 5.25 (dd, J(H, H) =10.9, 0.9 Hz, 2H; vinyl
H), 5.74 (dd, J(H, H) =176, 0.9 Hz, 2H; vinyl H), 6.72 (dd, J(H, H) =176,
10.9 Hz, 2H; 2 CHCH,), 6.91-6.93 (m, 2H; arom. H), 7.04-7.09 (m, 8H;
arom. H), 7.26-7.40 (m, 14H; arom. H), 7.81 (d, J(H, H)=8.9 Hz, 2H;
arom. H (BINOL)); *C NMR (125 MHz, CDCl;, 25°C): 6 =69.77, 70.00,
108.38, 111.28, 113.94, 114.10, 114.32, 118.18, 119.95, 120.17, 125.87, 126.42,
127.41, 128.70, 129.72, 130.06, 130.34, 136.43, 137.36, 138.56, 151.08, 155.52,
159.05; IR (CHCl;): 7 =3533 (m), 3008 (w), 2872 (w), 1599 (s), 1513 (m),
1490 (m), 1450 (w), 1371 (m), 1263 (m), 1157 (m), 1120 (m), 1016 (m), 991
(W), 960 (w), 913 (w), 851 (m), 827 cm™! (m); MS (FAB): m/z (%): 762.4
(100) [M]*, 646 (6),317 (5),223 (27), 117 (76); elemental analysis calcd (%)
for C5,H,,04 (762.89): C 81.87, H 5.55; found: C 81.87, H 5.52.

Compound 15a: According to GP II, NaH (158 mg, 3.9 mmol) was added
to a solution of 2 (1.00 g, 1.58 mmol) in DMF (10 mL) under ice-bath
cooling. After stirring at room temperature for 5 min, the green suspension
was recooled to 0°C and a solution of 10 (1.38 g, 3.17 mmol) in DMF
(10 mL) was added. After stirring at room temperature for 1 h, workup, and
purification of the crude product by flash column chromatography (hexane/
CH,Cl], 1:1), 15a (1.06 g, 50%) was obtained as a colorless foam. R;
(hexane/acetone 2:1): 0.51; [a]d = —11.2. (¢=1.10 in CHCL); 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 0 =0.72 (d, J(H, H) =7.5 Hz, 18 H; 6 CH,),
0.79 (d, J(H, H)=75Hz, 18H; 6CHs), 0.99 (m, J(H, H)=75Hz, 6H;
6CH(CH;),), 5.02 (s, 8H; 40CH,), 5.05 (d, J(H, H)=9.1Hz, 2H;
20CHH), 5.08 (d, J(H, H)=9.1 Hz, 2H; 20CHH), 5.25 (dd, J(H, H) =
10.9, 0.9 Hz, 4H; vinyl H), 5.74 (dd, J(H, H) =176, 0.9 Hz, 4H; vinyl H),
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6.54 (t, J(H, H)=2.3 Hz, 2H; arom. H), 6.67-6.74 (m, 8H; arom. H+
4CHCH,), 6.94 (dd, J(H, H) =9.2, 2.5 Hz, 2H; arom. H (BINOL)), 7.14 (d,
J(H, H)=9.2 Hz, 2H; arom. H (BINOL)), 7.15 (d, J(H, H) =8.8 Hz, 2 H;
arom. H (BINOL)), 7.17 (d, J(H, H) =2.5 Hz, 2H; arom. H (BINOL)), 7.36
(d, J(H, H)=8.2, 8H; arom. H), 741 (d, J(H, H) =8.2 Hz, 8H; arom. H),
7.63 (d, J(H, H)=8.8 Hz, 2H; arom. H (BINOL)); *C NMR (100 MHz,
CDCl;, 25°C): 0 =12.76, 17.73, 17.81, 69.85, 69.94, 101.52, 106.43, 107.35,
114.08, 118.63, 120.61, 121.74, 126.41, 127.16, 127.59, 127.75, 129.67, 130.21,
136.36, 136.44, 137.34, 139.73, 149.89, 154.76, 160.09; IR (CHCl;): 7#=3008
(m), 2944 (m), 2866 (m), 1595 (s), 1500 (w), 1462 (w), 1407 (w), 1376 (m),
1350 (m), 1286 (w), 1248 (m), 1156 (s), 1125 (w), 1064 (w), 1015 (m), 965
(w), 914 (w), 883 (w), 831 cm™! (m); MS (FAB): m/z (%): 1339.4 (100)
[M]*, 1169 (31); MALDI-TOF-MS (2,5-DHB): 1362.7 [M+Na]*, 1339.7
[M]*; elemental analysis calcd (%) for CgHosOgSi, (1339.89): C 78.88, H
7.37; found: C 79.03, H 7.62.

Compound ent-15a: Compound ent-15a was synthesized according to the
procedure described for 15a. The specific rotation of ent-15a was [a]} =
+12.6 (¢=0.38 in CHCl;).

Compound 15b: TBAF-3H,0 (335mg, 1.06 mmol) was added to a
solution of 15a (570 mg, 0.43 mmol) in THF (60 mL) under ice-bath
cooling, according to GP III. Workup and subsequent purification by flash
column chromatography (CH,Cl,/acetone 10:1) afforded pure 15b
(413 mg, 95%) as a colorless foam. R; (CH,Cl/acetone 10:1): 0.50;
[a] =441.0 (¢=1.03 in CHCL); '"H NMR (500 MHz, CDCl,;, 25°C,
TMS): 6 =4.89 (s, 2H; 20H), 5.02 (s, 8H; 4OCH,), 5.09 (s, 4H; 20OCH,),
5.24 (dd, J(H, H)=10.9, 0.9 Hz, 4H; vinyl H), 5.74 (dd, J(H, H) =176,
0.9 Hz, 4H; vinyl H), 6.55 (t, J(H, H)=2.3 Hz, 2H; arom. H), 6.68-6.73
(m, 8H; arom. H+4CHCH,), 7.03-7.08 (m, 4H; arom. H), 733 -7.41 (m,
18H; arom. H), 7.25 (s, 2H; arom. H), 7.81 (d, J(H, H) =8.9 Hz, 2H; arom.
H (BINOL)); ®C NMR (125 MHz, CDCl;, 25°C): 6 =69.89, 70.07, 101.64,
106.44, 108.45, 11.25, 114.13, 118.19, 120.18, 125.87, 126.43, 127.74, 128.71,
130.12, 130.34, 136.30, 136.43, 137.39, 139.38, 151.10, 155.47, 160.16; IR
(CHCLy): 7=3534 (m), 3007 (w), 2931 (w), 1598 (s), 1513 (m), 1456 (m),
1407 (w), 1371 (s), 1293 (w), 1158 (s), 1120 (w), 1064 (w), 1016 (w), 990 (W),
960 (w), 913 (m), 851 (m), 831 cm™! (m); MS (FAB): m/z (%): 1026.0 (74)
[M]*, 910 (9), 672 (6); MALDI-TOF-MS (HABA): 1050.4 [M+Na]*,
1027.1 [M]*; elemental analysis calcd (%) for C;Hs3Oy (1027.20): C 81.85,
H 5.69; found: C 81.89, H 5.72.

Compound 16a: According to GP 11, NaH (110 mg, 2.7 mmol) was added
to a solution of 2 (0.69 g, 1.1 mmol) in DMF (30 mL) at 0°C. After stirring
at room temperature for 5 min, the solution was cooled to 0°C again, and a
solution of 12 (2.00 g, 2.2 mmol) in DMF (30 mL) was added. After stirring
at room temperature for 1 h and working up, purification of the crude
product by flash column chromatography (hexane/CH,Cl, 1:1) yielded 16a
(1.05 g, 42%) as a colorless foam. R; (hexane/acetone 1:1): 0.64; [a]¥ =
—71 (¢=1.00 in CHCL); '"H NMR (500 MHz, CDCl;, 25°C, TMS): 6 =
0.71 (d, J(H, H)=7.5Hz, 18H; 6CH,;), 0.78 (d, J(H, H)=75Hz, 18H;
6CHs;), 1.00 (d, J(H, H) =75 Hz, 6 H; 6 CH(CH,),), 4.96 (s, 8H; 4OCH,),
4.99 (s, 16H; 8OCH,), 5.03 (d, J(H, H) =11.9 Hz, 2H; 20CHH), 5.07 (d,
J(H, H)=11.9 Hz, 2H; 20CHH), 5.25 (dd, J(H, H) =10.9, 0.9 Hz, 8H;
vinyl H), 5.74 (dd, J(H, H) =17.6, 0.9 Hz, 8 H; vinyl H), 6.53 (t, J(H, H) =
22Hz, 6H; arom. H), 6.55 (d, J(H, H)=22Hz, 20H; arom. H+
8CHCH,), 6.93 (dd, J(H, H)=9.2, 2.5 Hz, 2H; arom. H (BINOL)), 7.13
(d, J(H, H)=9.2 Hz, 2H; arom. H (BINOL)), 715 (d, J(H, H)=8.8 Hz,
2H; arom. H (BINOL)), 718 (d, J(H, H)=2.5Hz, 2H; arom. H
(BINOL)), 7.34 (d, J(H, H) =82 Hz, 16H; arom. H), 7.38 (d, J(H, H) =
8.2 Hz, 16 H; arom. H), 7.64 (d, J(H, H) =8.8 Hz, 2H; arom. H (BINOL));
3C NMR (125 MHz, CDCl;, 25°C): 6 =12.77, 17.74, 17.82, 69.85, 39.99,
101.66, 106.41, 106.50, 107.37, 114.07, 118.60, 120.62, 121.75, 126.41, 12717,
127.60, 127.73, 129.69, 130.23, 136.32, 136.45, 137.34, 139.30, 139.70, 149.91,
154.81, 160.06, 160.11; IR (CHCL,): 7= 3052 (w), 3008 (m), 2945 (m), 2867
(m), 1595 (s), 1513 (w), 1450 (m), 1407 (w), 1375 (m), 1348 (m), 1294 (m),
1156 (s), 1057 (m), 1016 (m), 914 (w), 882 (w), 831 cm~! (m); MALDI-TOF-
MS (DHB): 2334.1 [M+K]*, 2317.0 [M+Na]*, 2294.1 [M+1]*; elemental
analysis caled (%) for C;5,H;54,046S1, (2293.01): caled: C 79.62, H 6.77;
found: C 79.72, H 6.83.

Compound 16b: According to GPIII, a solution of 16a (343 mg,
0.15mmol) in THF (10 mL) was treated with TBAF-3H,O (94 mg,
0.30 mmol). Work-up and purification of the crude product by flash
column chromatography (hexane/CH,Cl, 2:1) afforded 16b (250 mg, 84 %)
as a colorless foam. R; (hexane/acetone 1:1) 0.55; [a]} = +22.0 (¢=0.70 in
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CHClL,); '"H NMR (400 MHz, CDCl,, 25°C, TMS): 6 =4.92 (s, 2H; 20H),
4.96 (s, 8H; 4OCH,), 4.99 (s, 16 H; 8OCH,), 5.07 (s, 4H; 2OCH,), 5.24 (dd,
J(H, H)=10.9, 0.9 Hz, 8H; vinyl H), 5.74 (dd, J(H, H) = 176, 0.9 Hz, 8H;
vinyl H), 6.52-6.54 (m, 6H; arom. H), 6.64-6.73 (m, 20H; arom. H+
8CHCH,), 704 (m, 4H; arom. H), 7.31-7.38 (m, 36 H; arom. H + arom. H
(BINOL)), 7.81 (d, J(H, H)=8.9 Hz, 2H; arom. H (BINOL)); 3C NMR
(100 MHz, CDCl;, 25°C): 6 =69.85, 69.99, 101.62, 106.37, 106.42, 108.41,
111.29, 114.11, 118.22, 120.13, 125.89, 126.42, 127.74, 127.82, 128.71, 130.10,
130.32, 136.28, 136.43, 137.35, 139.23, 139.36, 151.10, 155.46 160.11; IR
(CHCl,): 7=3528 (w), 3005 (w), 1595 (s), 1513 (m), 1456 (m), 1405 (w),
1369 (m), 1292 (m), 1267 (w), 1154 (s), 1118 (m), 1056 (m), 1015 (m), 990
(m), 913 (m), 851 (w), 826 cm™! (m); MALDI-TOF-MS (DHB): 2003.6
[M+Na]*; elemental analysis calcd (%) for C3,H; 1,04 (1980.33): C 81.27,
H 5.80; found: C 81.18, H 6.02.

Compound 17a: Compound 17a was prepared according to the following
procedure for ent-17a given below. The specific rotation of 17a was [a]} =
—179.9 (¢=1.02 in CHCL).

Compound ent-17a:" A mixture of (§)-3,3"-diiodo-2,2’-di(methoxymeth-
yl)-1,1"-binaphthalen®! (4.70 g, 7.5 mmol), 4-styrene boronic acid®! (2.77 g,
18.8 mmol), [Pd(PPh;),] (0.52 g, 0.45mmol) and K,CO; (1M, 38 mL,
37.6 mmol) in THF (100 mL) was heated at 70°C for 20 h. After cooling
to room temperature, Et,0 (100 mL) was added, and the phases were
separated. The organic layers were dried over MgSO,, and the solvents
were evaporated under reduced pressure. The residue was redissolved in a
minimum of Et,O (50 mL). After the Pd-salts had precipitated, the mixture
was filtered over Celite, and the filtrate was concentrated in vacuo to yield
the crude product as a yellowish foam. Flash column chromatography
(hexane/Et,O 10:1) afforded ent-17a (2.70 g, 62 %) as a colorless foam. R;
(hexane/ethyl acetate 5:1): 0.29; [a]) =+206.4 (c=1.01 in CHCly);
'H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =2.35 (s, 6H; 2CHj;), 4.38
(d, JH,H)=58Hz, 2H; OCHH), 443 (d, J(H, H)=5.8Hz, 2H;
OCHH), 529 (dd, J(H, H)=109, 0.8 Hz, 2H; vinyl H), 5.82 (dd,
J(H, H)=176, 0.9 Hz, 2H; vinyl H), 6.78 (dd, J(H, H) =176, 10.9 Hz,
2H;2CHCH,), 7.28-744 (m, 6 H; arom. H (BINOL)), 7.51 (dd, J(H, H) =
6.5, 1.5 Hz, 4H; arom. H), 7.74 (dd, J(H, H) =6.5, 1.8 Hz, 4H; arom. H),
7.88 (d, J(H, H)=8.3 Hz, 2H; arom. H (BINOL)), 7.95 (s, 2H; arom. H
(BINOL)); *C NMR (100 MHz, CDCl;, 25°C): 6 =55.91, 98.55, 113.00,
125.21, 126.23, 126.35, 126.45, 126.58, 127.88, 129.76, 130.44, 130.87, 133.64,
135.03, 136.55, 136.59, 138.54, 151.31; IR (CHCL): 7=3008 (s), 1628 (w),
1512 (m), 1448 (w), 1430 (w), 1391 (m), 1353 (w), 1156 (s), 1079 (m), 1018
(W), 998 (s), 971 (s), 914 (s), 846 cm™! (s); MS (FAB): m/z (%): 591.5 (5),
579.5(9),578.5 (7) [M]*, 548.5 (6), 547.4 (10), 531.4 (9), 518.4 (8), 517.4 (17),
516.4 (35), 515.4 (100), 505.4 (27), 503.4 (74), 502.4 (88), 501.3 (43), 489.3
(17), 488.3 (16), 4873 (25), 486.4 (15), 485.3 (24), 475.3 (27), 474.3 (54),
473.3 (49), 472.3 (26), 459.3 (13), 457.3 (17), 445.3 (10), 415.3 (12), 341.2
(14), 339.2 (13), 326.2 (14), 313.1 (13); elemental analysis calcd (%) for
C,H;,0, (578.70): C 83.02, H 5.92; found: C 83.15, H 6.12.

Compound 17b: Compound 17b was prepared according to the procedure
for ent-17b given below. The specific rotation of 17b was [a]¥ = —21.7 (c =
0.52 in CHCL).

Compound ent-17b: Under ice-bath cooling, HCI (concd, 20 drops) was
slowly added to a solution of ent-17a (180 mg, 0.31 mmol) in THF (10 mL)
and MeOH (10 mL). After stirring at room temperature for 2 h, further
HCI (concd, 20 drops) was added whereupon the reaction proceeded to
completion (tlc control). After cooling to 0°C, H,O (20 mL) was added, the
organic layer was separated, and the aqueous layer was extracted with
CH,(C], (3 x 100 mL). Drying of the combined organic layers over MgSO,
and evaporation of the solvents gave the crude product, which was purified
by flash column chromatography (hexane/acetone 15:1) to yield ent-17b
(120 mg, 80 %) as a white foam. R, (hexane/CH,Cl, 1:2): 0.52; [a]} = +20.0
(¢=1.00 in CHCl;); '"H NMR (400 MHz, CDCl;, 25°C, TMS): d =5.29 (dd,
J(H, H)=10.9, 0.8 Hz, 2H; vinyl H), 5.35 (s, 1H; OH), 5.35 (s, L H; OH),
5.82 (dd, J(H, H) =176, 0.9 Hz, 2H; vinyl H), 6.78 (dd, J(H, H) =17.6,
10.9 Hz, 2H; 2CHCH,), 7.21-741 (m, 6H; arom. H (BINOL)), 7.53 (dd,
J(H, H)=6.6, 1.6 Hz, 4H; arom. H), 7.71 (dd, J(H, H)=6.5, 1.8 Hz, 4H;
arom. H), 792 (d, J(H, H) =8.0 Hz, 2H; arom. H (BINOL)), 8.03 (s, 2H;
arom. H (BINOL)); BC NMR (100 MHz, CDCl;, 25°C): 6 =112.34,
114.25, 124.27, 124.39, 126.31, 127.41, 128.48, 129.49, 129.78, 130.32, 131.29,
132.95, 136.47, 136.93, 137.06, 150.20; IR (CHCL;): #=3520 (s), 3056 (W),
3008 (m), 1704 (w), 1628 (m), 1598 (m), 1512 (m), 1439 (m), 1401 (m), 1360
(m), 1319 (w), 1294 (w), 1171 (m), 1148 (m), 1129 (m), 1018 (w), 910 (s),
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847 cm™! (s); MS (FAB): miz (%): 492.2 (23), 491.2 (74), 490.2 (100) [M]*,
4892 (11), 245.1 (11), 147.1 (14), 137.1 (9), 136.0 (10), 133.0 (9), 109.0 (12),
106.9 (10); elemental analysis calcd (% ) for C3sH,40, (490.59): C 88.14, H
5.34; found: C 88.05, H 5.37.

Addition of Et,Zn to PhCHO mediated by Ti-BINOLates™”“! in
homogeneous solution. General procedure IV (GP IV):#:%l Detailed
example for the catalysis with 15b. Ti(OiPr), (65 pL, 0.21 mmol, 1.2 equiv)
was added to a solution of 15b (37 mg, 0.036 mmol, 0.2 equiv) in toluene
(1.8 mL) at room temperature, whereupon the solution immediately
became orange. After stirring at room temperature for 30 min, PhCHO
(18 uL, 0.18 mmol, 1.0 equiv) was added. After cooling the solution to
—20°C and addition of Et,Zn (2™, 0.27 mL, 0.54 mmol, 3.0 equiv), the
reaction mixture was stirred at this temperature for 2 h. To monitor the
conversion and enantioselectivity of the reaction, small samples were taken
from the reaction mixture at intervals. Et,O and HCI (IN) were added to
the samples, and the organic layer was analyzed by CGC [$-CD; heating
rate 110°C/1.5°Cmin~!; pressure: 1.3 bar H,; t; (PhCHO) ca. 2.8 min, #y
((R)-1-phenyl-1-propanol) ca. 9.9 min, #z ((S)-1-phenyl-1-propanol) ca.
10.3 min]: (R)/(S)-1-phenyl-1-propanol: 6.3:93.7, conversion: 88% after
2h.

Suspension copolymerization of BINOL cross-linkers 3a,13, and 14a—-17a
with styrene and subsequent deprotection: Polymers p-3 and p-13—p-17.
General procedure V (GP V):l'"17 #I Detailed example for the preparation
of BINOL/styrene-copolymer p-ent-15. In a three-necked flask, equipped
with a condenser and an overhead stirrer, a warm solution of poly(vinyl
alcohol) (120 mg, degree of polymerization 100000, 86 -89 % hydrolyzed)
in H,O (11 mL), which was prepared by violent stirring at 40-50°C and
filtering off of the insoluble parts, was added to a solution of ent-15a
(746 mg, 0.557 mmol), styrene (3.77 g, 36.21 mmol, 65 equiv), and AIBN
(75 mg) in THF (3.0 mL) and benzene (4.7 mL). After stirring at room
temperature for 5 min to homogenize the emulsion, the temperature was
slowly raised to 75-80°C and stirred at this temperature for 14 h. The
suspension was filtered through a glass filter (G2) and the resulting
polymer beads were washed with hot H,O (500 mL), MeOH/H,O
(200 mL), MeOH (200 mL), THF (200 mL), MeOH (200 mL), and pentane
(200 mL). The beads were then collected and dried under high vacuum for
several hours to give polymer p-ent-15 (4.29 g, 95 %, theoretical loading:
0.123 mmol g'). The beads were sieved through a sieve (mesh width: 1000,
800, 630, 500, 400, 250, 160, 100) to give fractions of uniform size. IR (KBr):
7=3445 (m), 3080 (w), 3058 (w), 3024 (m), 2921 (s), 2850 (m), 1942 (m),
1869 (m), 1801 (m), 1597 (s), 1541 (w), 1492 (s), 1451 (s), 1348 (s), 1224 (m),
1153 (s), 1067 (s), 1028 (s), 964 (W), 906 (m), 882 (w), 842 (w), 802 (w), 756
(s), 697 (s), 538 cm™! (s); elemental analysis calcd (%) for CgHogO4Si, -
65 CgHy (8109.74): C 90.05, H 7.68; found: C 88.49, H 7.73.

According to this general procedure, all polymers were prepared by
stoichiometrically adjusting the amounts of organic solvents, AIBN, H,O
and poly(vinyl alcohol) to the amount of monomers used.

The protecting groups were cleaved from the polymers in the following
ways:

Deprotection of polymers containing TIPS-protected BINOL cross-linkers
to give polymers p-3 and p-13-p-16. General procedure VI (GP VI):
Detailed example for the deprotection of TIPS-protected p-ent-15 with a
loading of 0.123 mmolg!. A suspension of beads of TIPS-protected
polymer p-ent-15 (1.78 g, 0.22 mmol) in THF (10 mL) was treated with a
solution of TBAF-3H,0 (152 mg, 0.48 mmol, 2.2 equiv) in THF (2 mL),
whereupon the beads immediately turned yellow. After stirring for 14 h at
room temperature, the beads were filtered through a glass filter (G2) and
washed with THF/H,O 10:1 (10 x 25 mL), THF/HOAc 300:1 (10 x 25 mL;
the beads lost their yellow color during this washing step), THF/H,O (10 x
25 mL), THF (10 x 25 mL), MeOH (2 x 25 mL), and pentane (1 x 25 mL),
and subsequently dried under high vacuum to afford deprotected p-ent-15
(1.65 g, 97 %) with a new theoretical loading of 0.128 mmol g~

Deprotection of polymers containing MOM-protected BINOL cross-linker
17a to give polymers p-17. General procedure VII (GP VII): Detailed
example for the deprotection of MOM-protected p-17 with a loading of
0.136 mmol g~". The polymer beads (805 mg, 0.11 mmol) were suspended in
THF (16 mL) and HCI (6M, 5 mL, 30 mmol) was added. After heating at
70°C for 1 h, HCI (concd, 30 drops) was added, and the mixture was heated
at 70 °C for a further 6 h. The beads were filtered through a glass filter and
extensively washed with THF/H,O 10:1 (5 x 25 mL), THF (5 x 25 mL),
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MeOH (2 x 25 mL), and pentane (2 x 25 mL) and dried under high vacuum
to give deprotected p-17 (738 mg, 93%) as colorless beads with a new
theoretical loading of 0.138 mmolg!.

Addition of Et,Zn to PhCHO mediated by polymer-bound Ti-BINOLates.
General procedure VIII (GP VIII):['* Detailed example for the catalysis
with polymer p-ent-15 with a loading of 0.128 mmol g~'. Beads of polymer
p-ent-15 (1.62 g, 0.21 mmol, 0.2 equiv) were suspended in toluene (10 mL)
and stirred for 15 min at room temperature. After removal of toluene under
high vacuum (in order to remove traces of water in the polymer), the dry
beads were resuspended in toluene (10 mL). After addition of Ti(OiPr),
(157 pL, 0.52 mmol, 0.5 equiv), whereupon the beads immediately turned
orange, the suspension was stirred at room temperature for 14 h. Ti(OiPr),
(314 pL, 1.04 mmol, 1.0 equiv), and PhCHO (107 pL, 1.04 mmol, 1.0 equiv)
were added; the solution was cooled to —20°C, and Et,Zn (2Mm, 1.56 mL,
3.12 mmol, 3.0 equiv) was added. After 4.5 h, the reaction solution was
drawn off with a syringe under Ar and the polymer beads were washed with
toluene (5 x 10 mL). HCI (1N, 50 mL) was added to the combined organic
fractions, the organic phase was separated, and the aqueous layer was
extracted with Et,0 (2 x 50 mL). Drying of the combined organic phases
over MgSO, and evaporation of the solvents afforded 1-phenyl-1-propanol
(ca. 67 mg, 48%). The enantioselectivity and conversion of the reaction
were determined by CGC analysis [3-CD; heating rate 110°C/1.5°Cmin;
pressure: 1.3 bar H,; tr (PhCHO) ca. 2.8 min, f; ((R)-1-phenyl-1-propanol)
ca. 9.9 min, tz ((S)-1-phenyl-1-propanol) ca. 10.3 min] of the crude reaction
product: (R)/(S)-1-phenyl-1-propanol: 92.8:7.2, conversion: 99% after
4.5 h. For multiple use of the catalyst, the washed beads were resuspended
in toluene (10 mL), then Ti(OiPr), (314 uL, 1.04 mmol, 1.0 equiv) and
PhCHO (107 uL, 1.04 mmol, 1.0 equiv) were added, followed by Et,Zn
(2Mm, 1.56 mL, 3.12 mmol, 3.0 equiv) at —20°C. After stirring at —20°C for
several hours, a small sample of the reaction mixture was diluted with Et,0,
several drops of HCI (1N) were added, and the enantioselectivity and
conversion determined by CGC analysis of the organic layer.

1,3-Dipolar cycloadditions of diphenyl nitrone with vinyl ethers'®®! using
polymers p-17. General Procedure IX (GP IX): Detailed example for the
catalysis of the addition of tert-butyl vinyl ether to diphenyl nitrone with
p-17 with a loading of 0.215 mmolg~!. Beads of p-17 (456 mg, 0.098 mmol,
0.2 equiv) were suspended in toluene (4 mL) and stirred for 30 min at room
temperature. The solvent was then removed under high vacuum (eliminat-
ing traces of water in the polymer). The dry beads were resuspended in
toluene (4 mL), and AlMe; (50 pL, 0.098 mmol, 2M in heptane, 0.2 equiv)
was added whereupon the beads turned yellow and evolution of CH, was
visible. After stirring at room temperature for 3 h, a solution of diphenyl
nitrone (97 mg, 0.49 mmol, 1.0 equiv) in toluene (1 mL) was added,
followed by the addition of freshly distilled tert-butyl vinyl ether
(0.32 mL, 2.5 mmol, 5 equiv). The reaction mixture was stirred for 12 h,
the solvent was then removed by syringe, and the beads washed with
toluene (3 x 10 mL). The combined extracts were concentrated under
vacuum to give a yellow oil (135 mg) as crude product. 'H NMR analysis!*!
showed a conversion of >95% (no nitrone visible) and an exo/endo
selectivity of >95:5 (only exo-cycloadduct visible). Flash column chroma-
tography (hexane/Et,0 20:1) afforded pure exo-cycloadduct (114 mg,
78%) as a white solid. HPLC analysis of the exo-cycloadduct (Daicel
Chiralcel OD, hexane/iPrOH 99.5:0.5, flow rate 0.7 mLmin~!, z; (minor):
ca. 9.8 min, #z (major): ca. 14.3 min) gave an enantioselectivity of 4.4:95.6.

Addition of TMSCN to pivalaldehyde!*! mediated by polymer-bound Ti-
BINOLate p-ent-15. General Procedure X (GP X): Detailed example for
the catalysis with polymer p-ent-15 with a loading of 0.128 mmol g~'. Beads
of polymer p-ent-15 (495 mg, 0.064 mmol, 0.2 equiv) were suspended in
toluene (10 mL) and stirred for 15 min at room temperature. After removal
of toluene under high vacuum (in order to remove traces of water in the
polymer), the dry beads were resuspended in CH,Cl, (3 mL), and Ti(OiPr),
(19 uL, 0.064 mmol, 0.2 equiv) was added. After stirring at room temper-
ature for 3 h, the reaction suspension was cooled to 0°C and TMSCN
(99 uL, 0.794 mmol, 2.5 equiv) was added, followed by pivalaldehyde
(35 uL, 0.318 mmol, 1.0 equiv) after a further 30 min at this temperature.
After stirring at 0°C for 16 h, the reaction solution was drawn off with a
syringe under Ar, and the beads were washed with CH,Cl, (5 x 5 mL). The
combined organic phases were concentrated under vacuum to a total
volume of about 5 mL and HCl (4N, 10 mL) and MeOH (5 mL) were
added. After vigorous stirring at room temperature for 4 h, the organic
layer was separated and the aqueous phase was extracted with CH,Cl, (2 x
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10 mL). Drying of the combined organic layers over MgSO, and
evaporation of the solvent afforded the cyanohydrine 2-hydroxy-3,3-
dimethylbutanenitrile (18 mg, 50 %) as a slightly orange oil. The enantio-
selectivity of the reaction was determined by CGC analysis [3-CD; heating
100°C/isothermal; pressure: 1.0 bar H,; #z (pivalaldehyde) ca. 5.1 min, #z
(8)-2-hydroxy-3,3-dimethylbutanenitrile ca. 20.3 min, #; (R)-2-hydroxy-3,3-
dimethylbutanenitrile ca. 21.3 min] of the crude reaction product: (R)/(S)-
2-hydroxy-3,3-dimethylbutanenitrile: 71.7:28.3. The conversion, deter-
mined by CGC analysis of a sample taken from the reaction solution prior
to hydrolysis, was quantitative. For multiple use of the catalyst, the beads
were resuspended in CH,Cl, (3 mL) and TMSCN and pivalaldehyde were
added, as described above. Workup of the reaction solution and analysis of
the crude product were performed as described.

Acknowledgements

We are grateful for financial support by the Swiss National Science
Foundation (project no. 2027-048157 and 20-50674.97). The following
companies provided chemicals: Hiils AG, Troisdorf (titanates), Witco AG
(Et,Zn). The continued generous financial support from Novartis AG
(Basel) is gratefully acknowledged.

[1] J. Seyden-Penne, Chiral Auxiliaries and Ligands in Asymmetric
Synthesis, Wiley, New York, 1995.

[2] R. Noyori, Asymmetric Catalysis in Organic Synthesis, Wiley, New
York, 1994.

[3] H.-U. Blaser, Chem. Rev. 1992, 92, 935-952.

[4] E.C. Blossey, W.T. Ford in Comprehensive Polymer Science. The
Synthesis, Characterization, Reactions and Applications of Polymers,
Vol. 6 (Eds.: G. Allen, J. C. Bevington), Pergamon, New York, 1989,
pp. 81-114.

[5] P. Hodge in Innovatives and Perspectives in Solid Phase and
Combinatorial Libraries (Ed.: R. Epton), Mayflower Scientific,
Kingswinford, 1990, pp. 273 -292.

[6] S. Itsuno in Polymeric Materials Encyclopedia; Synthesis, Properties
and Applications, Vol. 10 (Ed.: J. C. Salamone), CRC, Boca Raton,
1996, pp. 8078 —8087.

[7] S.J. Shuttleworth, S. M. Allin, P. K. Sharma, Synthesis 1997, 1217 -
1239.

[8] H.-U. Blaser, B. Pugin in Supported Reagents and Catalysts in

Chemistry (Eds.: B. K. Hodnett, A. P. Kybett, J. H. Clark, K. Smith),

The Royal Society of Chemistry, 1998, pp. 101 -109.

| L. Pu, Tetrahedron: Asymmetry 1998, 9, 1457 -1477.

| P. Hodge, Chem. Soc. Rev. 1997, 26, 417-424.

[11] D. C. Sherrington, Chem. Commun. 1998, 2275 —2286.

] A. Guyot in Synthesis and Separations using Functional Polymers
(Eds.: D. C. Sherrington, P. Hodge), Wiley, Chichester, 1988, pp. 1-42.
[13] P. Hodge, D.C. Sherrington in Synthesis and Separations using

Functional Polymers (Eds.: D.C. Sherrington, P. Hodge), Wiley,
Chichester, 1988, pp. 469-478.

[14] R.Dahinden, A. K. Beck, D. Seebach in Encyclopedia of Reagents for
Organic Synthesis, Vol. 3 (Ed.: L. Paquette), Wiley, Chichester, 1995,
pp. 2167—2170, and references cited therein.

[15] a) D. Seebach, R. Marti, T. Hintermann, Helv. Chim. Acta 1996, 79,
1710-1740; b) P. J. Comina, A. K. Beck, D. Seebach, Org. Proc. Res.
Dev. 1998, 2, 18-26.

[16] P.B. Rheiner, H. Sellner, D. Seebach, Helv. Chim. Acta 1997, 80,
2027 -2032.

[17] H. Sellner, D. Seebach, Angew. Chem. 1999, 111,2039-2041; Angew.
Chem. Int. Ed. 1999, 38, 1918 -1920.

[18] a) C. Rosini, L. Franzini, A. Raffaelli, P. Salvadori, Synthesis 1992,
503-517; b) O. Reiser, Nachr. Chem. Tech. Lab. 1996, 44, 380 -388;
¢) R. Zimmer, J. Suhrbier, J. Prakt. Chem. 1997, 758 -762; d) L. Pu,
Chem. Rev. 1998, 98, 2405 —2494.

[19] a) Q.-S. Hu, D. Vitharana, G.-Y. Liu, V. Jain, M. W. Wagaman, L.
Zhang, T. R. Lee, L. Pu, Macromolecules 1996, 29, 1082 -1084; b) Q.-S.
Hu, D. Vitharana, G. Liu, V. Jain, L. Pu, Macromolecules 1996, 29,
5075-5082; c¢) L. Ma, Q.-S. Hu, K. Y. Musick, D. Vitharana, C. Wu,
C. M. S. Kwan, L. Pu, Macromolecules 1996, 29, 5083 -5090; d) Q.-S.

3704

[20]

[21]

[22]
[23]
[24]
[25]
[26]

[27]
(28]

[29]
(30]

(31]
(32]

(33]
(34]

35]
(36]

(37]

(38]
(39]
[40]

[41]

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

Hu, D. Vitharana, X.-F. Zheng, C. Wu, C. M. S. Kwan, L. Pu, J. Org.
Chem. 1996, 61, 8370-8377; e¢) H. Cheng, L. Ma, Q.-S. Hu, X.-F.
Zheng, J, Anderson, L. Pu, Tetrahedron: Asymmetry 1996, 7, 3083 —
3086; f) L. Ma, Q.-S. Hu, L. Pu, Tetrahedron: Asymmetry 1996, 7,
3103-3106; g) L. Ma, Q.-S. Hu, D. Vitharana, C. Wu, C. M. S. Kwan,
L. Pu, Macromolecules 1997, 30, 204 -218; h) W.-S. Kuang, Q.-S. Hu,
X.-F. Zheng, J, Anderson, L. Pu, J. Am. Chem. Soc. 1997, 119, 4313 -
4314; i) Q.-S. Hu, W.-S. Huang, D. Vitharana, X.-F. Zheng, L. Pu, J.
Am. Chem. Soc. 1997, 119, 12454—12464;j) Q.-S. Hu, W.-S. Huang, L.
Pu, J. Org. Chem. 1998, 63, 1364 -1365; k) W.-S. Huang, Q.-S. Hu, L.
Pu, J. Org. Chem. 1998, 63, 2798-2799; 1) L. Ma, L. Pu, Macromol.
Chem. Phys. 1998, 199, 2395-2401; m) K. T. Musick, Q.-S. Hu, L. Pu,
Macromolecules 1998, 31, 2933 -2942; n) W.-S. Huang, L. Pu, J. Org.
Chem. 1999, 64,4222 —4223; 0) K. B. Simonsen, K. A. Jgrgensen, Q.-S.
Hu, L. Pu, Chem. Commun. 1999, 811-812; p) M. Johannsen, K. A.
Jgrgensen, X.-F. Zheng, Q.-S. Hu, L. Pu, J. Org. Chem. 1999, 64,299 -
301; q) H.-B. Yu, X.-F.Zheng, Z.-M. Lin, Q.-S. Hu, W.-S. Huang, L. Pu,
J. Org. Chem. 1999, 64, 8149-8155; H. Cheng, L. Pu, Macromol.
Chem. Phys. 1999, 200, 1274-1283; r) L. Pu, Chem. Eur. J. 1999, 5,
2227-2232.

A. Mandoli, D. P. Pini, S. Orlandi, F. Mazzini, P. Salvadori, Tetrahe-
dron: Asymmetry 1998, 9, 1479 -1482.

a) K. Nozaki, Y. Itoi, F. Shibahara, E. Shirakawa, T. Ohta, H. Takaya,
T. Hiyama, J. Am. Chem. Soc. 1998, 120, 4051 —-4052; b) K. Nozaki, F.
Shibahara, Y. Itoi, E. Shirakawa, T. Ohta, H. Takaya, T. Hiyama, Bull.
Chem. Soc. Jpn. 1999, 72,1911 -1918.

D.J. Bayston, J. L. Fraser, M. R. Ashton, A.D. Baxter, M. E. C.
Polywka, E. Moses, J. Org. Chem. 1998, 63, 3137 -3140.

Q.-H. Fan, C.-H. Yeung, W.-H. Hu, A. S. C. Chan, J. Am. Chem. Soc.
1999, 121, 7407 - 7408.

S. Yamago, M. Furukawa, A. Azuma, J. Yoshida, Tetrahedron Lett.
1998, 39, 3783 -3786.

J. Cuntze, L. Owens, V. Alcazar, P. Seiler, F. Diederich, Helv. Chim.
Acta 1995, 78, 367 -390.

P. Castro, F. Diederich, Tetrahedron Lett. 1991, 32, 6277 —6280.

H. C. Brown, R. L. Sharp, J. Am. Chem. Soc. 1966, 88, 5851 —5854.
This compound was extremely sensitive to both air and light, and was
therefore directly employed in subsequent coupling steps without
prior storage.

J. Braun, H. Normant, Bull. Soc. Chim. Fr. 1966, 8, 2557 —-2564.
Special precautions had to be taken to avoid undesired polymerization
of the styryl-substituted compounds during synthesis and workup.
Only sufficiently dilute solutions were heated; crude products were
purified immediately by flash-column chromatography; purified
compounds were stored in a refrigerator, with exclusion of light.

N. Miyaura, T. Yanagi, A. Suzuki, Synth. Commun. 1981, 11,513 -519.
We also tried to synthesize a para-substituted spacer molecule by
etherification of 4-hydroxy-benzyl alcohol and 4-vinyl-benzyl chlor-
ide, followed by Appel reaction. However, the resulting benzyl
bromide could not be isolated due to hydrolysis during workup.

C.J. Hawker, J. M. J. Fréchet, J. Am. Chem. Soc. 1990, 112, 7638 —
7647.

P. B. Rheiner, Ph.D. Dissertation No. 12773, ETH Ziirich, 1998.

P. B. Rheiner, D. Seebach, Chem. Eur. J. 1999, 5, 3221 -3236.
Change of the reaction conditions by using K,CO; as base and acetone
as solvent did not suppress silyl migration and gave the coupling
products in comparable yields after heating for 72 h at 50—60°C. In
order to reduce the risk of racemization of BINOL during the several
days of coupling conditions at elevated temperatures, we decided to
perform the coupling step under the conditions described above
(NaH, DMF, RT).

Cross-linker 13 could not be successfully deprotected. The reaction
product of the deprotection reaction was insoluble in every solvent
tested, so that no characterization was possible.

P.J. Cox, W. Wang, V. Snieckus, Tetrahedron Lett. 1992, 33, 2253 —
2256.

D. Seebach, A. K. Beck, S. Roggo, A. Wonnacott, Chem. Ber. 1985,
118, 3673-3682.

D. Seebach, A. K. Beck, R. Imwinkelried, S. Roggo, A. Wonnacott,
Helv. Chim. Acta 1987, 70, 954 -974.

D Seebach, A. K. Beck, B. Schmidt, Y. M. Wang, Tetrahedron 1994,
50, 4363 -4384.

0947-6539/00/0620-3704 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 20





Immobilization of BINOL

3692-3705

[42] M. Mori, T. Nakai, Tetrahedron Lett. 1997, 38, 6233 —6236. [47]

[43] A similar observation was made by Yoshida et al. (ref. [24]) by using
dendritically substituted BINOLs (with Fréchet branches without [48]
peripheral styryl groups up to the third generation) in the Ti-
BINOLate-mediated addition of allyl stannane to PhCHO. [49]

[44] S. Itsuno, Y. Sakurai, K. Ito, T. Maruyama, S. Nakahama, J. M. J. [50]
Fréchet, J. Org. Chem. 1990, 55, 304-310.

[45] For example, immobilization of nonprotected BINOL 15b, following

the described procedure, afforded polymer beads, which after loading

with titanate, gave racemic 1-phenyl-1-propanol in the addition of

Et,Zn to PhACHO; most probably the BINOL moiety had racemized

during the copolymerization process. [51]

Especially in the case of the deprotection of the TIPS groups with

tetrabutyl ammonium fluoride (TBAF), extensive washing of the

beads with THF/H,O was necessary to remove fluoride and tetrabutyl

ammonium salts. Washing of the polymer beads with water only was

not sufficient as the polymer beads do not swell in water. The beads

were therefore treated with THF, a solvent in which they swell very

well, and some H,0O was added. In this way, the salts could be

completely removed from the beads.

[46

The same trend was also observed during our work on polymer-bound
cross-linking TADDOLs (ref. [17]).

K.B. Simonsen, P. Bayon, R.G. Hazell, K. V. Gothelf, K. A.
Jgrgensen, J. Am. Chem. Soc. 1999, 121, 3845—-3853.

M. Mori, H. Imma, T. Nakai, Tetrahedron Lett. 1997, 38, 6229 —6232.
The selectivity in the 17th run was lower than in the 16th run, although
the catalyst had been treated with titanate in between the two runs.
This might be due to the fact that an excess of titanante was used for
recharging of the beads; even after extensive washing, some Ti(OiPr),
might still have been present within the polymer beads, giving rise to
formation of racemic cyanohydrine.

Note added in proof: After submission of this paper, a publication
appeared in which grafting of a BINOL to Merrifield resin through a
3,3'-dicarboxylic acid amide was described: X.-W. Yang, J.-H. Sheng,
C.-S. Da, H.-S. Wang, W. Su, R. Wang, A.S. C. Chan, J. Org. Chem.
2000, 65, 295-296.

Received: January 21, 2000 [F2249]

Chem. Eur. J. 2000, 6, No. 20 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0947-6539/00/0620-3705 $ 17.50+.50/0 — 3705






FULL PAPER

Nickel-Catalyzed [2+2] Cycloaddition of Alkynes with Activated
Cyclic Alkenes: Synthesis and Novel Ring Expansion Studies of

Cyclobutene Products

Daw-Jen Huang, Dinesh Kumar Rayabarapu, Lih-Ping Li, Thota Sambaiah,

and Chien-Hong Cheng*!?!

Abstract: Oxabenzonorbornadienes 1
and 2 and azabenzonorbornadiene 3
undergo [2+42] cycloaddition with al-
kynes (PhC=CPh, PhC=CMe,
PhC=CCO,Et, PhC=CCH(OEt),, and
HC=C(CH,),Me) in the presence of
[Ni(PPh;),Cl,], PPh;, and Zn powder

the [2+2] cycloaddition product, but in
acetonitrile, the catalytic [2+2] cyclo-
addition proceeds and cycloadduct 4 f is
isolated in 83 % yield. At high temper-
ature, these cyclobutene derivatives
readily undergo ring expansion to yield
the corresponding 8-membered carbo-

cyclic dienes. Thus, flash vacuum pyrol-
ysis of 4a, 4d, 4f, 6, and 14 at 500°C
affords dienes 13a—d and 15 in 70-
96 % yields. This interesting ring expan-
sion may be viewed as the insertion of an
alkyne moiety into the carbon-carbon
double bond of a cyclic olefin resulting

in toluene to afford the corresponding
exo-cyclobutene derivatives 4a—e, Sa—
e, and 6 in fair to excellent yields. Under
similar conditions, EtCO,C=CCO,Et

. . ” ring expansions
does not react with 1 in toluene to give

Introduction

Transition metal-mediated [m+n] cycloadditions are powerful
methods for the synthesis of cyclic compounds and have
continued to attract great attention.[! The [2+2] cycloaddition
of alkenes and alkynes, a convenient route to the synthesis of
4-membered rings, is intriguing in view of the fact that the
reaction is thermally forbiddenP! in the absence of a metal
catalyst. Only scattered reports on this cycloaddition have
appeared in the literature.l*”1 Moreover, applications of the
cyclobutene products in organic synthesis have not been
explored.

Recently, we observed that, in the presence of Zn powder,
nickel phosphine complexes catalyzed the [2+2+2] cocyclo-
trimerization of fullerene, oxa- and azabenzonorbornadienes,
and various a, -unsaturated ketones and esters with alkynes
to give multiple-ring products.®l Tkeda and his co-workers also
reported the [24+242] cocyclotrimerization of a, S-unsatu-
rated ketones with alkynes using a nickel halide and zinc

[a] Prof. C.-H. Cheng, Dr. D.-J. Huang, D. K. Rayabarapu,
Dr. L.-P. Li, Dr. T. Sambaiah
Department of Chemistry
National Tsing Hua University
Hsinchu, Taiwan 30043
Fax: (+886)3-572-4698
E-mail: chcheng@mx.nthu.edu.tw
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Keywords: alkynes - cycloadditions

- cyclobutenes - norbornadienes -
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in the enlargement of the ring by two
carbons. Compound 13a is readily de-
oxygenated by TiCl, and Zn in THF to
give a cyclooctatetraene derivative 16 in
89 % yield.

halide as the catalyst system.] In this paper, we wish to report
that nickel phosphine complexes also catalyze stereoselec-
tively the [2+2] cycloaddition of oxa- or azabenzonorborna-
dienes with various alkynes to give exo-cyclobutene deriva-
tives. In addition, these cyclobutene derivatives undergo a
novel ring expansion, converting the fused 4/6-rings into a
cyclooctadiene moiety in high yields. A large number of
important biologically active natural products consisting of
cyclooctane derivatives are known,['> 'l but the construction
of 8-membered carbocyclic rings remains a challenge to
synthetic chemists.l'>!%l The present nickel-catalyzed [2+2]
cycloaddition and the subsequent ring expansion provide a
quick and efficient method for the construction of 8-mem-
bered rings bearing various functional groups.

Results and Discussion

Treatment of oxabenzonorbornadiene (1) with diphenylacet-
ylene in the presence of [Ni(PPh;),Cl,], PPh;, and Zn powder
in toluene under a nitrogen atmosphere at 90 °C gives an exo-
cyclobutene derivative 4a in 85% yield (Scheme 1). Control
reactions indicate that in the absence of either nickel complex
or zinc powder, no 4a is formed. Extra PPh; stabilizes the
nickel catalyst system. If the PPh,/[Ni(PPh;),Cl,] ratio is lower
than 8:1 under these reaction conditions, the nickel catalyst
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R 1
X g X . R
| +R'—=—=—R? M n
PPhg, Zn, toluene 175 OR2
R R
1 X=0,R=H 4

2 X=0,R=0CH3
3 X=NCOy;Me, R=H
Scheme 1. Oxa- and azabenzonorbornadienes react with diphenylacety-

lene in the presence of [Ni(PPh;),Cl,], PPh;, and Zn powder to give exo-
cyclobutene derivatives.

readily decomposes and the catalytic activity decreases
rapidly.

This [Ni(PPh;),CL]/PPh;/Zn system in toluene also effi-
ciently catalyzes the cycloaddition of 1 with other internal and
terminal acetylenes including PhC=CMe, PhC=CCO,kEt,
PhC=CCH(OEt),, and HC=C(CH,),Me to afford the corre-
sponding exo-cyclobutene derivatives 4b—e in fair to excel-
lent yields (Table 1). It is noteworthy that the reaction of 1
with Ph\C=CCH(OEt), gave formyl derivative 4e in 90%
yield. No corresponding diethyl acetal derivative was isolated,
presumably owing to hydrolysis during the work-up process.
The same nickel catalyst system, however, is inactive for the
[2+2] cycloaddition of diethylacetylene and bis(trimethylsi-
lyl)acetylene. The reaction of diethyl acetylenedicarboxylate
with 1 depends greatly on the solvent. There is no [2+2]
cycloaddition product observed in toluene, but when the
catalytic reaction was carried out in acetonitrile, the [2+2]
cycloadducts 4 f was isolated in 83 % yield.

Similarly, 2,5-dimethoxy-7-oxabenzonorbornadiene (2) un-
dergoes cross-[2+2] cycloaddition with Ph\C=CPh, PhC=CMe,
PhC=CCO,Et, PhnC=CCH(OEt),, and HC=C(CH,),Me in the
presence of [Ni(PPh;),Cl,]/PPhy/Zn catalyst system to afford
the corresponding exo-cyclobutenes Sa—e in good to excel-
lent yields (Scheme 1, Table 1). The reaction of 2 with
PhC=CCH(OEt), also gave formyl derivative 5e in 96%
yield. The reaction of 2-methoxy-7-oxabenzonorbornadiene
(7) with diphenylacetylene gave [2+42] cycloadduct 8 in 96 %
yield. On the other hand, when 7 was treated with methyl-
phenylacetylene, two regioisomers 9a and 9b were obtained
in 40 and 41% yield (Scheme 2). The alkenes used in the

OCHjs H3CO o} R
[Ni(PPh3),Cl,]
| + Ph———R “
PPhg, Zn, toluene Ph
8,9a
7 R = Ph, CH3

8 R=Ph
9aR = CHjs

(0] R
* O Ph

OCHg
9b R = CHg3

Scheme 2. Oxabenzonorbornadiene 7 reacts with methylphenylacetylene
to furnish two regioisomers 9a and 9b.

Chem. Eur. J. 2000, 6, No. 20

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

Table 1. [242] Cycloaddition of 7-oxa- and 7-azabenzonorbornadienes
with alkynes.[?

Entry Norborna- Alkyne Product
diene T[°C] ([mmol]) (yield [%])!
O Ph
1 1 90 Ph—=-Ph
(2.0) Ph
4a (85)
O Ph
2 1 85 Ph—=-CH O L
eo O ° v‘j\CHa
4b (82)
O H
H-=—(CH,)sCH,
3 1 80
(2.0) (CH3)4CH3
4c¢ (55)
O Ph
Ph—=-CO,Et Y
4 1 30 2
(12) CO,Et
4d (64)
O  Ph
5 1 90 Ph—=—CH(OEt), O 0
(2.0) CHO
4e (90)
O  CO.Et
6l 1 30 EtO,C—=-CO,Et O Y
1.2) CO,Et
41 (83)
HiCO o H
7 2 5 H—=—(CH,),CH, (CH2)4CH3
(2.0) SCH,
5a (42)
H3CO O Ph
8 2 90 Ph—="CH, CH3
(3.0)
OCHs
5b (86)
H:CO o Ph
9 2 95 Ph—=-Ph Ph
(2.0)
OCHjs
5¢ (76)
HCO o Ph
— T
0 2 9 Ph—=CO.Et ‘ L “CO,Et
(2.0) bCH,
5d (95)
HiCO o  Ph
" 5 %0 Ph—=—CH(OEt), CHO
20 OCH
3
5e (96)
CO,Me
. N~ Ph
2 3 95 Ph—=-Ph
(2.5)

N
: )
=
|-
3

[a] Reaction conditions: benzonorbornadiene (1.00 mmol), [NiCl,(PPh;),]
(0.0500 mmol), PPh; (0.800 mmol), Zn (2.75 mmol), and toluene
(2.00 mL). [b] Isolated yields based on the benzonorbornadiene derivative
used. [c] CH;CN was used instead of toluene.
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[242] cycloaddition can be extended to azabenzonorborna-
diene. Thus, in the presence of the [Ni(PPh;),Cl,]/PPhs/Zn
system, 3 reacts with diphenylacetylene to give the corre-
sponding cyclobutene derivative 6 in 98% yield (Table 1,
entry 12).

For all reactions of 1-3 and 7 with different alkynes to give
the cyclobutene derivatives, only the exo isomers were
observed. Exo stereochemistry of these products was estab-
lished on the basis of the coupling constant of the protons H-9
and H-12 on the 4/6-ring junction and the bridgehead protons
H-1 and H-8 (see Scheme 1). It is well known that for a
norbornadiene derivative, the coupling constant between an
exo and a bridgehead proton is 3 to 6 Hz, but is essentially
zero for an endo and a bridgehead proton. For all cyclobutene
derivatives synthesized by the present method, the protons
H-9 and H-12 on the 4/6-ring junction appear as singlets and
show no sign of coupling with the bridgehead protons. These
results indicate that H-9 and H-12 occupy the endo posi-
tions.l'”? Similar exo selectivity was observed for palladium or
nickel-catalyzed addition of aryl groups to oxa- and azaben-
zonorbornadienes.!'*]

To enable us to understand the scope of catalysts, we tested
several nickel complexes with different ligands for catalytic
activity in the [242] cycloaddition of 7-oxabenzonorborna-
diene (1) with diphenylacetylene. As shown in Table 2, nickel
systems [Ni(PPhs),], [NiCl,(P-nBu,),]/Zn, and [Ni(PPh;),Cl,]/
PPh,/Zn revealed high catalytic activity for the cross-[2+2]

Ni”

0 il Ni®
—R?
R1

" \ /\@joj
©//1Z\!I/Ni\/\,;2 1

R1
1

Scheme 3. Proposed mechanism of the nickel-catalyzed [24-2] cycloaddi-
tion.

cyclometallation affords a nickelacyclopentene intermediate,
12. Subsequent reductive elimination of the metallacycle 12
gives the cyclobutene product and regenerates the Ni’ species.
The products of the cyclo-

addition of oxa- and azabenzo-

Table 2. Effect of nickel catalysts on the [2+2] cycloaddition of 7-oxabenzonorbornadiene with diphenylace-

norbornadienes with alkynes

tylene.l?]
- - catalyzed by the [Ni(PPhs),-
Ent Sol NBE (1)/alk 1 Ni catalyst 1 Yield [% ]t
ntry olvent (1)/alkyne [mmol] i catalyst [mmol] i ield [ 11) CLJPPhyZn system depend
- greatly on the reaction condi-
1 THF 1.0/2.0 NiBr, (0.10), Zn (3.0) 65 32 i d th Ik
2 toluene  0.5/1.0 [Ni(cod),] (0.10) 63 36 lons  an ¢ alkynes em-
3 toluene  0.5/1.0 [Ni(PPhs),] (0.050) 76 - ployed. For disubstituted al-
4 toluene  0.5/1.0 [NiClL,(P"Bus),] (0.05), Zn(3.0) 84 - kynes PhC=CPh, PhC=CMe,
5 toluene  1.0/2.0 [NiCl,(PPhy),] (0.05), PPh; (0.8), Zn (3.0) 85 - PhC=CCO,Et, PhC=CCH-

[a] Reaction conditions: for THF (2.0 mL) at 62°C and for toluene (1.0 mL) at 80°C for 24 h. [b] Isolated yields.

cycloaddition. On the other hand, NiBr,/Zn and [Ni(cod),]
(cod =cycloocta-1,5-diene) gave not only the cross-[2+2]
cycloadduct, but also the product (10) from homo-[2+2]
cycloaddition of oxabenzonorbornadiene.'” No homocy-
cloaddition product was observed when nickel phosphine
systems were used.

Given the known organometallic chemistry of nickel and
the structure of the products observed, we propose the
mechanism depicted in Scheme 3 to account for the present
nickel-catalyzed [2+2] cycloaddition. Reduction of [Ni(PPhj;),-
X,] to a Ni species by zinc metal initiates the catalytic
reaction. Coordination of an alkyne and 7-oxabenzonorbor-
nadiene (1) to the nickel center followed by oxidative
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(OEt),, and EtO,CC=CCO,Et,
the reaction with oxa- and aza-
benzonorbornadienes strongly
favors cross-[242] cycloaddition. Nonetheless, for MeC=C-
CO,Me and most monosubstituted alkynes such as PnC=CH
and HC=C(CH,),Me, [2+2+2] cocyclotrimerization of an
oxa- or azabenzonorbornadiene with two alkynes domi-
nates.®) Competition between the [2+2+2] and [2+2] cyclo-
additions can be clearly seen in the reaction of HC=C-
(CH,);Me with oxabenzonorbornadiene (1). At ambient
temperature, the reaction gives mainly the [2+2+2] cyclo-
addition products in 68 % yield,™ but as the reaction
temperature increases to 80°C, the [2+2] cycloaddition
dominates, giving 4¢ in 55 % yield (Scheme 4).

The observed selectivity for [242] and [24+242] cyclo-
addition of alkynes may be explained by the competition
reactions shown in Scheme 5. For disubstituted alkynes,
further insertion of the alkyne into 12 to give 12’ is generally
unfavorable due to the strong steric repulsion among the four
substituents on the two coplanar alkyne moieties in 12'. Thus,
the reductive elimination process to give the cross-[2+2]
cycloaddition product dominates. On the other hand, reduc-
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Scheme 4. Competition between [2+2+2] and [2+2] cycloadditions in the
reaction of HCC(CH,),Me with 1.
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Scheme 5. Competing reactions behind the observed selectivity for [2+2]
and [2+2+2] cycloaddition of alkynes.

tive elimination of 12 (a five-membered-ring metallacycle) to
give a four-membered-ring product is expected to have higher
activation energy than that of the reductive elimination of 12
(a seven-membered-ring metallacycle) to afford a six-mem-
bered ring cocyclotrimerization product. As a result, the
tendency to form cyclobutenes relative to cyclohexadienes
increases as the reaction temperature raises.

Ring expansion of cyclobutene derivatives: The cyclobutene
derivatives prepared by the present nickel-catalyzed [2+2]
cycloaddition method are quite stable at ambient temper-
ature. However, heating these [2+2] cycloaddition products at
high temperature leads to ring expansion and the formation of
8-membered carbocyclic dienes. Thus, flash vacuum pyrolysis
of 4a at 500°C readily affords diene 13a in 85% yield and
99% selectivity (Scheme 6). Compound 13a is fully charac-
terized by MS, NMR, and IR spectral data. The mass
spectrum showing a molecular ion at m/z 322 indicates that
13a has the same molecular formula as that of starting
compound 4a. In the 'H NMR spectrum of 13a, the bridge-
head and olefin protons appear at 6 =5.82 (d, J=5.7 Hz) and
6.41 (d, J=5.7 Hz), respectively. The observation of only two
resonances with coupling constant of 5.7 Hz in the non-
aromatic region of the "H NMR spectrum is in agreement with
the proposed symmetrical ring structure. The observed
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X H x R
1
LY 500°C R
—_———

4a X=0, R=Ph, R2=Ph 13a 85%
4d X =0, R! = Ph, R? = CO,Et 13b 70 %
4f X=0,R'=COsEt, R?=COzEt  13c 80 %

6 X =NCO,Me, Rt=Ph,R2=Ph  13d 96 %

Scheme 6. Ring expansion of cyclobutenes 4d, 4f, and 6 to give 13b—d.

number of *C NMR signals and the coupling patterns also
support the proposed ring-expansion structure.

Similarly, cyclobutenes 4d, 4f, 6, and 14" also underwent
ring expansion smoothly at 500°C and gave 13b—d and 15 in
70, 80, 96, and 92 % yields, respectively (Schemes 6 and 7).
The spectral data of these compounds clearly show that their

O  Ph

structures are similar to that of 13a.
MeO,C
Ph
MeOsz MeO,C O
MeO,C Ph Ph

14 15

500°C
vacuum

Scheme 7. Ring expansion of cyclobutene 14 to give 15.

Deoxygenation of 13a with TiCl, and Zn?!l in THF affords
the corresponding cyclooctatetraene derivative 16 in 89 %
yield (Scheme 8). The 'H NMR spectrum of this product

O Ph TiCly / Zn O Ph
Ph THF, reflux Ph
13a 16 (89%)

Scheme 8. Deoxygenation of 13a with TiCl, and Zn to afford the
corresponding cyclooctatetraene derivative 16.

shows two resonances at 0 =6.36 and 6.56 for the olefinic
protons with a coupling constant of 11 Hz in addition to the
signals in the aromatic region. This observed coupling
constant strongly suggests cis stereochemistry for the olefinic
double bonds consistent with the proposed cyclooctatetraene
structure. The *C NMR and MS data also confirm the
deoxygenated 8-membered-ring structure.

The results of high-temperature thermal ring opening of
cyclobutene derivatives 4a, 4d, 4f, and 6 is surprising in view
of the cis stereochemistry of products 13a—d. Cyclobutene
derivatives are known to undergo ring-opening reactions
thermally® 2 by a conrotatory process and photochemi-
cally®! by a disrotatory pathway to give diene products. A
thermally allowed conrotatory process clearly cannot explain
the observed cis structure of products 13a—d in the present
high-temperature ring-opening reaction. While the mecha-
nism is still not known, a simple diradical process involving
homoleptic scission of the carbon-carbon single bond
between the two fused carbons of the cyclobutene moiety
followed by the required disrotatory process and bond
rearrangement explains satisfactorily the present ring-open-
ing results (Scheme 9).12
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Scheme 9. Proposed diradical mechanism explaining the ring-opening
results.

Conclusion

We have demonstrated that nickel complexes catalyze [2+2]
cycloaddition of activated alkenes and alkynes in addition to
the previously reported [242+2] cycloaddition of an alkene
and two alkyne molecules. The [2+2] cycloaddition is a
convenient method for the preparation of exo-cyclobutene
derivatives of oxa- and azabenzonorbornadienes. These cyclo-
butene derivatives undergo high-temperature thermal ring
expansion to give substituted cyclooctadienes. The result of
ring expansion is equivalent to insertion of an alkyne moiety
into the carbon — carbon double bond of a cyclic olefin leading
to enlargement of the ring by two carbons. The present new
methodology provides a quick and efficient alternative for
constructing 8-membered rings bearing various functional
groups. Application in natural product synthesis is currently in
progress.

Experimental Section

All reactions were conducted under nitrogen on a dual-manifold Schlenk
line with purified deoxygenated solvents and standard inert-atmosphere
techniques, unless otherwise stated. Reagents and chemicals were used as
purchased without further purification. Oxa- and azabenzonorbornadienes
(1-3, 7) were prepared following literature procedures.”®l Catalyst
[Ni(PPh;),Cl,] was synthesized according to a reported procedure.?”) The
purity of each product was checked by NMR analysis.

General procedure for the [2+2] cycloaddition of oxa- and azabenzonor-
bornadienes with alkynes: A round-bottom side-arm flask (50 mL)
containing oxa- or azabenzonorbornadiene (1.00 mmol), [Ni(PPh;),Cl,]
(0.0500 mmol), PPh; (0.210 g, 0.800 mmol), and zinc powder (0.180 g,
2.75 mmol) was evacuated and purged with nitrogen gas three times.
Freshly distilled dry toluene (2.0 mL) and an alkyne (1.2-3.0 mmol) were
added. The reaction mixture was heated and stirred at the appropriate
temperature (shown in Table 1) for 24 h. The reaction mixture was then
cooled and stirred in the air for 15 min at room temperature, filtered
through Celite and silica gel, and eluted with dichloromethane. The filtrate
was concentrated and the residue was purified on a silica gel column with
hexane/ethyl acetate as eluent to afford the desired products.

Compound 10 was characterized by comparison of its spectral data with
those reported earlier."” Important spectral data for new compounds 4a—f,
S5a-e, 6,8, and 9a-b, follow.
(15*,8R*,95*,12R*)-10,11-Phenyl-13-oxatetracyclo[ 6.4.1.0>%.0%'?]trideca-
2,4,6,10-tetraene (4a): 'H NMR (300 MHz, CDCl,): 6 =7.65 (dt,J =71 Hz,
J=1.4Hz, 4H, Ph), 732 (m, 8H, Ph), 7.21 (m, 2H, Ph), 5.18 (s, 2H, O—CH,
bridgehead), 3.02 (s, CH, endo-cyclobutene); “C{'H} NMR (75 MHz,
CDCly): 6 =144.96 (s), 138.69 (s), 134.64 (s), 128.49 (d), 128.04 (d), 126.65
(d), 126.46 (d), 119.66 (d), 76.43 (d, O—C, bridgehead), 45.44 (d); MS: m/z
(%): 322 ([M]*, 100), 294 (24.8), 279 (12.6); HRMS: m/z: calcd for C,,H ;40
322.1359, found 322.1358; Anal. calced for C,,H;3O: C 89.44, H 5.59, O 4.97,
found: C 89.24, H 5.70, O 5.06.
(15*,8R*,98*,12R*)-10-Methyl-11-phenyl-13-oxatetracyclo[ 6.4.1.0>7.0%12] -
trideca-2,4,6,10-tetraene (4b): '"H NMR (300 MHz, CDCl;): 6 =745 (d,J =
7.0 Hz, 2H, Ph), 7.36 (t, /=7.0 Hz, 3H, Ph), 732-7.15 (m, 4 H, Ph), 5.08 (s,
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1H, O—CH, bridgehead), 5.02 (s, 1H, O—CH, bridgehead), 2.90 (dq, /=
2.6 Hz, J=1.8 Hz, 1H, CH, endo-cyclobutene), 2.60 (d, J=2.6 Hz, CH,
endo-cyclobutene), 2.11 (d, /=18 Hz, CH;); *C{'H} NMR (75 MHz,
CDCLy): 6 =145.17 (s), 144.95 (s), 138.63 (s), 137.87 (s), 134.52 (s), 128.46
(d), 127.03 (d), 12650 (d), 126.47 (d), 125.82 (d), 119.59 (d), 119.49 (d),
76.20 (d, O—C, bridgehead), 75.43 (d, O—C, bridgehead), 47.41 (d), 44.61
(d), 14.45 (q); MS: miz (%): 260 ([M]*, 100), 245 ([M — CH,]*, 42.3);
HRMS: m/z: caled for C,yH;cO 260.1202, found 260.1198.

(15*,8R *,95*,128%*)-10-Pentyl-13-oxatetracyclo[ 6.4.1.0>".0>?]trideca-2,4,6,
10-tetraene (4¢): 'H NMR (300 MHz, CDCl,): 6 = 7.24 (m, 2H, benzo), 7.15
(m, 2H, benzo), 5.89 (brs, 1 H, =C—H, cyclobutene), 4.94 (s, 1H, O—CH,
bridgehead), 4.89 (s, 1 H, O—CH, bridgehead), 2.62 (d, J=3.2 Hz, 1 H, CH,
endo-cyclobutene), 2.55 (d, J=3.2 Hz, 1H, CH, endo-cyclobutene), 2.11
(m,2H, CH,, pentyl), 1.55 (m, 2H, CH,, pentyl), 1.36 (m, 4 H, CH,, pentyl),
0.89 (t, J=6.9 Hz, CH;); *C{'H} NMR (75 MHz, CDCl;): 6 =151.57 (s),
145.23 (s), 144.56 (s), 132.13 (d), 128.55 (d), 127.06 (d), 126.35 (d), 119.50
(d), 76.37 (d, O—C, bridgehead), 75.42 (d, O—C, bridgehead), 48.65 (d),
44.39 (d), 31.69 (t), 29.51 (t), 26.43 (t), 22.49 (t), 14.02 (q); MS: m/z (% ): 240
([M]*+, 51.7), 183 (M — CH,]*, 100); HRMS: m/z: caled for C;;H,0O
240.1515, found 240.1509.

Ethyl(15*,8R*,98*,12R*)-11-Phenyl-13-oxatetracyclo[ 6.4.1.0>".0>]trideca-
2,4,6,10-tetraene-10-carboxylate (4d): 'H NMR (300 MHz, CDCL): 6 =
8.13 (dd, J=7.6 Hz, /=19 Hz, 2H, Ph), 7.49-736 (m, 5H, Ph), 7.21 (dd,
J=53Hz, J=3.1Hz, 2H, Ph), 5.22 (s, 1 H, O—CH, bridgehead), 5.17 (s,
1H, O—CH, bridgehead), 4.33 (q, 2H, J=71 Hz, O—CH,), 3.05 (AB d,
Jag=3.7 Hz, CH, endo-cyclobutene), 2.93 (AB d, J,5 =3.7 Hz, CH, endo-
cyclobutene), 1.41 (t, J=7.1 Hz, CH;); BC{'H} NMR (75 MHz, CDCL,):
0 =162.55 (s, C=0), 154.60 (s), 144.59 (s), 144.21 (s), 131.80 (s), 130.37 (d),
128.84 (d), 128.40 (d), 128.19 (d), 126.83 (d), 126.69 (d), 119.91 (d), 119.61
(d), 76.12 (d, O—C, bridgehead), 76.08 (d, O—C, bridgehead), 60.32 (t),
44.83 (d), 44.52 (d), 14.33 (q); MS: m/z (%): 318 ([M]*, 16.0), 290 ([M —
C,H,]*,4.0),272 (|[M — OC,H;]*, 25.2), 244 ([M — COOELt]*, 100); HRMS:
m/z: caled for C,;H 305 318.1257; found 318.1251; anal. calcd for C,;H;O5:
C 79.24, H 5.66, O 15.10; found: C 78.85, H 5.715, O 15.44.

(15*,8R*,95%,12R*)-11-Phenyl-13-oxatetracyclo[6.4.1.0>%.0% 2 |trideca-2,4,

6,10-tetraene-10-carbaldehyde (4e): 'H NMR (300 MHz, CDCL): 6=
1022 (s, 1H, CHO), 777 (m, 2H, Ph), 750 (m, 3H, Ph), 7.36 (m, 2H,
Ph), 7.23(m, 2H, Ph), 5.25 (s, 1 H, O—CH, bridgehead), 5.22 (s, 1H, O—CH,
bridgehead), 3.14 (d, J=3.7 Hz, 1 H, CH, endo-cyclobutene), 3.04 (d, J=
3.7 Hz, 1H, CH, endo-cyclobutene); C{'H} NMR (75 MHz, CDCl;): 6 =
185.49 (d, CHO), 15731 (s), 144.54 (s), 143.83 (s), 137.00 (s), 131.99 (s),
131.19 (d), 129.07 (d), 128.56 (d), 127.09 (d), 126.86 (d), 120.05 (d), 119.69
(d), 76.29 (d, O—C, bridgehead), 76.17 (d, O—C, bridgehead), 45.87 (d),
43.26 (d); MS: m/z (%): 274 ([M]*, 68.4), 245 (55.9); HRMS: m/z: calcd for
C,oH,,0, 274.0995, found 274.0980.

Synthesis of diethyl (15*,8R*,95%*12R *)-13-oxatetracyclo[6.4.1.0>.0>'?]-
trideca-2,4,6,10-tetraene-10,11-dicarboxylate (4f): A round-bottom side-
arm flask (25 mL) containing oxabenzonorbornadiene 1 (1.00 mmol),
[Ni(PPh;),Cl,] (0.0500 mmol), and zinc powder (0.180 g, 2.75 mmol) was
evacuated and purged with nitrogen gas three times. Freshly distilled dry
CH;CN (3.0 mL) and diethyl acetylenedicarboxylate (0.19 mL, 1.2 mmol)
were added to this system. The reaction mixture was heated and stirred at
80°C for 24 h; it was then cooled and stirred in the air for 15 min at room
temperature, filtered through Celite and silica gel and eluted with
dichloromethane. The filtrate was concentrated and the residue was
purified on a silica gel column with hexane/ethyl acetate (v/v=9/1) as
eluent to afford the title compound (0.26 g, 0.83 mmol) in 83% yield.
'"H NMR (300 MHz, CDCL;): 6 =7.28 (dd, J=5.3 Hz, J=3.0 Hz, 2H, Ph),
7.15 (dd, J=5.3 Hz, J=3.0 Hz, 2H, Ph), 5.16 (s, 2H, O—CH, bridgehead),
4.26 (q,4H,J=171Hz, O—CH,), 2.86 (s, 2H, =CH, endo-cyclobutene), 1.32
(t, 6H, J=7.1Hz, CH;); “C{'H} NMR (75 MHz, CDCl;): 4 =160.83 (s,
C=0), 143.65 (s), 142.19 (s), 126.88 (d), 119.85 (d), 75.41 (d), 60.98 (t), 45.70
(d), 14.03 (q); MS: m/z (%): 314 ([M]*, 19.0), 286 ([M — C,H,]*, 8.4), 268
([M — OC,H;]*, 32.2), 240 ([M — COOELt]*, 100); HRMS: m/z: calcd for
C3sH 305 314.1154, found 314.1159.

(15*,8R*,98*,125*)-3,6-Dimethoxy-10-pentyl-13-oxatetracyclo[6.4.1.0>".

0°2]trideca-2,4,6,10-tetraene (Sa): 'H NMR (300 MHz, CDCl;): 6 = 6.69 (s,
2H, dimethoxybenzo), 5.90 (brs, 1H, =CH, cyclobutene), 5.13 (s, 1H,
O—CH, bridgehead), 5.09 (s, 1 H, O—CH, bridgehead), 3.81 (s, 3H, OCHs;),
3.79 (s, 3H, OCH,;), 2.66 (d, J=3.2 Hz, 1 H, CH, endo-cyclobutene), 2.59
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(brd, J=3.2 Hz, CH, endo-cyclobutene), 2.11 (m, 2H, CH,, pentyl), 1.55
(m, 2H, CH,, pentyl), 1.32 (m, 4H, CH,, pentyl), 0.90 (brt, 3H, J=6.8 Hz,
CH;, pentyl); “C{'"H} NMR (75 MHz, CDCLy): 6 =151.79 (s), 147.33 (s),
134.40 (s), 133.70 (s), 12719 (d), 11123 (d), 11118 (d), 74.78 (d, O—C,
bridgehead), 73.59 (d, O—C, bridgehead), 56.10 (q, OCHj), 48.06 (d), 43.80
(d), 31.69 (1), 29.51 (1), 26.42 (1), 22.45 (t), 13.97 (q); MS: m/z (%): 300
([M]*, 49.4), 271 ([M — C,H4]*, 49.4); HRMS: m/z: cacld for C,H,,0;
300.1727, found 300.1728.

(15*,8R*,95*,12R *)-3,6-Dimethoxy-10-methyl-11-phenyl-13-oxatetracy-
clo[6.4.1.0>.0°"?]trideca-2,4,6,10-tetraene  (Sb): 'H NMR (300 MHz,
CDCL): 6=746 (d, J=82Hz, 2H, Ph), 736 (brt, J=8.0 Hz, 2H, Ph),
724 (m, 1H, Ph), 6.67 (s, 2H, 1,4-dimethoxybenzo), 5.28 (s, 1H, O—CH,
bridgehead), 5.21 (s, 1 H, O—CH, bridgehead), 3.83 (s, 3H, OCHs), 3.81 (s,
3H, OCHj;), 2.93 (dq, J=3.6 Hz, J=1.4 Hz, 1H, CH, endo-cyclobutene),
2.64 (d, J=3.6 Hz, 1H, CH, endo-cyclobutene), 2.11 (d, /=14 Hz, 3H,
CHL,); *C{'H} NMR (75 MHz, CDCL): 6 = 14738 (s), 147.21 (s), 138.82 (s),
138.01 (s), 134.50 (s), 134.19 (s), 133.98 (s), 128.43 (d), 126.98 (d), 125.84 (d),
111.23 (d), 111.17 (d), 7439 (d, O—C, bridgehead), 73.60 (d, O—C,
bridgehead), 56.13 (q, OCHj;), 46.78 (d), 44.00 (d), 14.45 (q); MS: m/z
(%): 320 ([M]*, 100), 305 ([M — CH;]*, 41.1); HRMS: m/z: calcd for
C,H,,0; 320.1414, found 320.1408.

(18*,8R*,95*,12R *)-3,6-Dimethoxy-10,11-diphenyl-13-oxatetracyclo[ 6.4.
1.0>7.0%2]trideca-2,4,6,10-tetraene (5c¢): 'H NMR (300 MHz, CDCl,): 6 =
765 (d, J=71Hz, 4H, Ph), 737 (t, J=7.1 Hz, 4H, Ph), 731 (t, /=71 Hz,
2H, Ph), 6.70 (s, 2H, 1,4-dimethoxybenzo), 5.36 (s, 2H, O—CH, bridge-
head), 3.84 (s, 6H, OCHj;), 3.05 (s, 2H, CH, endo-cyclobutene); BC{'H}
NMR (75 MHz, CDCL): 6 = 14735 (s), 138.88 (s), 134.65 (s), 133.99 (s),
128.46 (d), 127.97 (d), 126.50 (d), 111.34 (d), 74.60 (d, O—C, bridgehead),
56.13 (q, OCHs), 44.85 (d); MS: miz (%): 382 ([M]*, 100), 353 ([M —
OCH;]t; HRMS: m/z: caled for CsH,,O; 382.1571, found 382.1572.

Ethyl(15*,8R *,98*,12R *)-3,6-Dimethoxy-11-phenyl-13-oxatetracyclo[ 6.4.
1.0>7.0%trideca-2,4,6,10-tetraene-10-carboxylate  (5d): 'H NMR
(300 MHz, CDCLy): 6 =8.15 (dd, J=74 Hz, J=2.1 Hz, 2H, Ph), 744 (m,
3H, Ph), 6.71 (s, 2H, 1,4-dimethoxybenzo), 5.40 (s, 1H, O—CH, bridge-
head), 5.34 (s, 1H, O—CH, bridgehead), 4.36 (q AB d, J=7.1Hz, J\z=
2.5Hz, 1H, O—CH,), 432 (q AB d, J=7.1Hz, J,5=2.5 Hz, 1H, OCH,),
3.85 (s, 3H, OCHs;), 3.84 (s, 3H, OCH3;), 3.07 (d, J=3.6 Hz, 1 H, CH, endo-
cyclobutene), 2.97 (d, /=3.6 Hz, 1H, CH, endo-cyclobutene), 1.40 (t, J=
7.1 Hz, 3H, CH;); BC{'H} NMR (75 MHz, CDCL): 6 =162.65 (s, C=0),
154.82 (s), 147.46 (s), 147.29 (s), 133.66 (s), 133.32 (s), 131.88 (s), 130.39 (d),
128.93 (d), 128.45 (d), 111.86 (d), 111.31 (d), 74.50 (d, O—C, bridgehead),
74.29 (d, O—C, bridgehead), 60.34 (t), 56.22 (q, OCHj;), 56.03 (q, OCH,),
44.31 (d), 44.14 (d), 14.39 (q); MS: m/z (%): 378 ([M]*, 59.3), 332 ([M —
C,H,]*, 5.8), 304 (|[M — COOELt]*, 100); HRMS: m/z: calcd for C,3H,,05
378.1469, found 378.1443.

(15*,8R*,95*,12R*)-3,6-Dimethoxy-11-phenyl-13-oxatetracyclo[ 6.4.1.0>".

0%?]trideca-2,4,6,10-tetraene-10-carbaldehyde (5e): 'H NMR (300 MHz,
CDCl;): 6=10.17 (s, 1H, CHO), 7.77 (m, 2H, Ph), 7.46 (m, 3H, Ph), 6.69 (s,
2H, 1,4-dimethoxybenzo), 5.39 (s, 1H, O—CH, bridgehead), 5.36 (s, 1H,
O—CH, bridgehead), 3.83 (s, 3H, OCHj;), 3.80 (s, 3H, OCHs;), 3.14 (d, /=
3.6 Hz, 1H, CH, endo-cyclobutene), 3.05 (d, /=3.6 Hz, 1H, CH, endo-
cyclobutene); *C{'H} NMR (75 MHz, CDCl;): 6 = 185.42 (d, CHO), 157.44
(s), 147.47 (s), 147.21 (s), 137.17 (s), 133.63 (s), 132.92 (s), 132.05 (s), 131.14
(d), 129.04 (d), 128.65 (d), 111.77 (d), 11131 (d), 74.66 (d, O—C,
bridgehead), 74.40 (d, O—C, bridgehead), 56.08 (q, OCH;), 56.04 (q,
OCHs;), 45.32 (d), 42.86 (d); MS: m/z (%): 334 ([M]*, 39.4), 305 ([M —
CHOJ*, 21.5); HRMS: m/z: calcd for C, H,30, 334.1206, found 334.1205.

Methyl(15*,8R *,95*,12R *)-10,11-diphenyl-13-azatetracyclo[ 6.4.1.0>.0%?]-
trideca-2,4,6,10-tetraene-10-carboxylate (6): '"H NMR (300 MHz, CDCl;):
0="1759 (t,J =75 Hz, 4H, phenyl), 7.32 (m, 8 H, phenyl, benzo), 7.21 (d, J =
3.1 Hz, 1H, benzo), 7.20 (d, J=5.3 Hz, 1H, benzo), 5.28 (brs, 1 H, N—CH,
bridgehead), 5.15 (brs, 1 H, N—CH, bridgehead), 3.29 (s, 3H, OCH,), 2.96
(d, J=3.2Hz, 1H, CH, endo-cyclobutene), 2.92 (d, /J=3.2 Hz, 1H, CH,
endo-cyclobutene); C{'H} NMR (75 MHz, CDCL,): 6 =155.72 (s, C=0),
143.92 (s), 143.62 (s), 140.42 (s), 139.23 (s), 134.65 (s), 134.28 (s), 128.40 (d),
128.32 (d), 128.14 (d), 128.05 (d), 126.72 (d), 126.57 (d), 126.51 (d), 126.26
(d), 120.14(d), 119.94 (d), 60.21 (d), 60.06 (d), 51.67 (q), 46.20 (d), 45.87 (d);
MS: m/z (%): 379 (M+, 100), 319 ([M — COOCHj;]*, 5.0); HRMS: m/z:
caled for C,sH,NO, 379.1574, found 379.1584.
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(15*,8R*,98*,12R *)-3-Methoxy-10,11-diphenyl-13-oxatetracyclo[ 6.4.1.0>".
0°?]trideca-2,4,6,10-tetraene (8): '"H NMR (300 MHz, CDCl;): 6 =7.63 (t,
J=6.6 Hz, 4H, phenyl), 737-725 (m, 6H, phenyl), 7.16 (t, J =74 Hz, 1H,
benzo), 6.95 (d, /=72 Hz, 1 H, benzo), 6.75 (d, J = 8.2 Hz, 1 H, benzo), 5.39
(s, 1H, O—CH, bridgehead), 5.14 (s, 1 H, O—CH, bridgehead), 3.86 (s, 3H,
OCHs;), 3.04 (d,J=3.5 Hz, 1 H, CH, endo-cyclobutene), 3.00 (d, J=3.5 Hz,
1H, CH, endo-cyclobutene); *C{'H} NMR (75 MHz, CDCl;): 6 =152.97
(s), 14727 (s), 138.93 (s), 138.74 (s), 134.70 (s), 134.65 (s), 131.83 (s), 128.45
(d), 127.97 (d), 126.47 (d), 112.39 (d), 110.25 (d), 76.66 (d), 74.27 (d), 55.51
(q), 45.41 (d), 44.99 (d); MS: m/z (%): 352 ([M]*, 100), 323 ([M — OCH;]*,
22.4); HRMS: m/z: caled for C,sH,,0, 352.1465, found 352.1461.

(15*,8R*,98*,12R *)-3-Methoxy-11-methyl-10-phenyl-13-oxatetracyclo-
[6.4.1.0>7.0*]trideca-2,4,6,10-tetraene (9a): 'H NMR (300 MHz, CDCl;):
0="748 (t, J=7.1Hz, 2H, phenyl), 738 (t, J=71Hz, 2H, phenyl), 7.25
(t, J=71Hz, 1H, phenyl), 717 (t, J=7.1 Hz, 1H, benzo), 6.97 (d, J=
7.1 Hz, 1H, benzo), 6.76 (d, J=7.1Hz, 1H, benzo), 5.26 (s, 1H, O—CH,
bridgehead), 5.10 (s, 1 H, O—CH, bridgehead), 3.88 (s, 3H, OCHs), 2.96 (dd,
J=3.4Hz,J=18 Hz, 1 H, CH, endo-cyclobutene), 2.62 (d,/=3.4 Hz, 1H,
CH, endo-cyclobutene), 2.13 (brs, 3H, CH;); “C{'H} NMR (75 MHz,
CDCly): 6 =152.79 (s), 147.23 (s), 138.55 (s), 137.83 (s), 134.48 (s), 131.93 (s),
12823 (d), 126.95 (d), 125.76 (d), 112.24 (d), 110.10 (d), 75.64 (d), 74.00 (d),
55.45 (d), 55.45 (q), 46.88 (d), 14.39 (q); MS: m/z (%): 290 ([M]*, 50.2), 275
([M — CH;]*, 100); HRMS: m/z: caled for C,H;sO, 290.1308, found
290.1276.

(1R *,88*,9R*,125*)-3-Methoxy-10-methyl-11-phenyl-13-oxatetracyclo-
[6.4.1.0>7.0*]trideca-2,4,6,10-tetraene (9b): 'H NMR (300 MHz, CDCl;):
0="748 (t, J=7.1Hz, 2H, phenyl), 738 (t, J=71Hz, 2H, phenyl), 7.25
(t,J=7.1Hz, 1H, phenyl), 716 (t, / = 7.1 Hz, 1 H, benzo), 6.92 (d,J =71 Hz,
1H, benzo), 6.76 (d, /=8.3 Hz, 1H, benzo), 5.32 (s, 1 H, O—CH, bridge-
head), 5.04 (s, 1 H, O—CH, bridgehead), 3.89 (s, 3H, OCH;),2.92 (d d, /=
3.2 Hz,J =1.8 Hz, 1 H, CH, endo-cyclobutene), 2.66 (d, /= 3.2 Hz, 1H, CH,
endo-cyclobutene), 2.13 (brs, 3H, CH;); *C{'H} NMR (75 MHz, CDCl,):
5=152.89 (s), 14746 (s), 138.88 (s), 138.04 (s), 134.48 (s), 131.74 (s), 128.40
(d), 126.95 (d), 125.81 (d), 112.40 (d), 110.04 (d), 76.44 (d), 73.21 (d), 55.45
(q), 4732 (d), 44.11 (d), 14.39 (q); MS: m/z (%): 290 ([M]*, 50.2), 275
([M — CH;]*, 100); HRMS: m/z: caled for C,H;sO, 290.1308, found
290.1296.

General procedure for flash vacuum pyrolysis of 4a, 4d, 4f, and 6: A
cyclobutene derivative (4a, 4d, 4f, or 6) (0.270 mmol) in a sample boat
(5mL) was inserted into one end of a glass (quartz or pyrex) tube. The
other end of the tube was connected to a stopcock. This glass tube, longer
than the furnace used for heating by ca 15 cm, was then placed in the
furnace but with the sample end kept outside of the furnace. The glass tube
was evacuated through the stopcock for about 20 min until the vacuum in
the tube reached ~10~! Torr. The furnace was then heated to 500°C and
was kept at the same temperature for 30 min. The sample end of the glass
tube was then inserted into the furnace and the reaction mixture started to
condense at the other end of the tube. When all the reactants shifted from
one end to the other of the tube (<1 min), the glass tube was cooled to
room temperature. The crude product was extracted with dichloromethane,
concentrated, and separated on a silica gel column with hexane/ethyl
acetate mixture as eluent to provide the desired products.

Important spectral data for compounds 13a -d follow.

(1R*,85%)-10,11-Diphenyl-13-oxatricyclo[ 6.4.1.0*"]trideca-2,4,6,9,11-pen-
taene (13a): 'H NMR (300 MHz, CDCl;): 6 =7.00-6.98 (m, 9H), 6.81—
6.84 (m, 5H), 6.41 (d, J=5.6 Hz, 2H), 5.82 (d, J=5.7 Hz, 2H); “C{'H}
NMR (75 MHz, CDCl;): 6 =144.13 (s), 140.35 (s), 139.63 (s), 138.60 (d),
129.05 (d), 127.67 (d), 127.10 (d), 127.05 (d), 125.85 (d), 125.80 (d), 119.44
(d), 80.72 (d); MS: m/z (%): 322 ([M]*, 24), 293 (100); HRMS: m/z: calcd
for C,,H,50O 322.1358, found 322.1350.

Ethyl(1R*,85*)-11-phenyl-13-oxatricyclo[6.4.1.0*"]trideca-2,4,6,9,11-pen-
taene-10-carboxylate (13b): 'H NMR (300 MHz, CDCl;): 6 =7.38-7.18 (m,
5H), 7.07-7.05 (m, 4H), 6.92 (d, J=5.7 Hz, 1H), 6.34 (d, J=5.7 Hz, 1H),
5.75 (t, J=5.7Hz, 2H), 3.71 (q, /=71 Hz, 2H), 0.73 (t, J=7.1 Hz, 3H);
BC{'H} NMR (75 MHz, CDCl;): 6=169.41 (s), 143.89 (s), 142.07 (d),
140.41 (s), 139.61 (d), 139.30 (s), 136.12 (s), 133.85 (s), 128.50 (d), 128.12 (d),
127.92 (d), 126.84 (d), 126.68 (d), 119.79 (d), 119.60 (d), 80.61 (d), 80.22 (d),
60.84 (), 13.34 (q); IR (neat): 2936, 1718 cm™!; MS: m/z (%): 318 ([M]*, 6),
305 (100); HRMS: m/z: calcd for C,;H;305 318.1256, found 318.1259.
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Diethyl(1R *,85%*)-13-Oxatricyclo[6.4.1.0>]trideca-2,4,6,9,11-pentaene-10,
11-dicarboxylate (13¢): 'H NMR (300 MHz, CDCl;): 6 =7.25-7.24 (m,
4H), 708 (d, J=5.4 Hz, 2H), 5.73 (d, J=5.6 Hz, 2H), 4.12 (q, /=72 Hz,
4H, O—CH,), 1.22 (t, J=72Hz, 6H, CH,); *C{'H} NMR (75 MHz,
CDCl;): 6 =168.04 (s, C=0), 144.09 (d), 139.43 (s), 129.49 (s), 119.93(d),
79.97 (d), 61.26 (t), 13.93 (q); IR (neat): 2986, 1726 cm~'; MS: m/z (%): 314
([M]*, 6), 285 (100); HRMS: m/z: caled for C3gH;O5 314.1154, found
314.1156.

Methyl(1R *,85%)-10,11-diphenyl-13-azatricyclo[ 6.4.1.0>"|trideca-2,4,6,9,11-
pentaene-13-carboxylate (13d): 'H NMR (300 MHz, CDCly): § =7.37-7.24
(m, 4H), 6.95-6.92 (m, 6H), 6.76-6.73 (m, 4H), 6.45 (t, J=6.4 Hz, 2H),
5.72 (d, J=6.4 Hz, 1H), 5.63 (d, J=6.4 Hz, 1H), 3.77 (s, 3H); BC{'H}
NMR (75 MHz, CDCl;): 6 =154.35 (s), 144.29 (s), 139.43 (s), 139.30 (s),
139.13 (s), 138.83 (d), 138.64 (d), 129.11 (d), 129.01 (d), 127.69 (d), 127.05
(d), 126.99 (d), 125.70 (d), 120.48 (d), 60.81 (d), 60.43 (d), 52.63 (q); IR
(neat): 1704 cm™'; MS: m/z (%): 379 ([M]*, 72), 320 ([M — COOELt]*, 29);
HRMS: m/z: caled for C,sH,O,N 379.1573, found 379.1570.
Dimethyl(1R*,65*,7R *,85*)-3,4-diphenyl-9-oxabicyclo[4.2.1]nona-2,4-di-
ene-7,8-dicarboxylate (15): [2+2] cycloadduct 14 (0.0104 g, 0.0266 mmoL)
underwent ring opening to give product 15 (0.0096 g) in 92% yield.
'H NMR (300 MHz, CDCly): 6 =3.74 (s, 6H), 3.78 (s, 2H), 5.21 (d, J=
5.5Hz, 2H), 6.38 (d, J=5.4Hz, 2H), 6.93-6.96 (m, 4H), 7.03-7.06 (m,
6H); BC{'"H} NMR (75 MHz, CDCl;): 6 =52.25 (q), 57.28 (d), 79.30 (d),
126.27 (d), 127.45 (d), 128.42 (d), 137.72 (d), 141.09 (s), 142.89 (s), 170.92 (s);
IR (neat): 2948, 1736, 1439, 1222, 1015, 929, 761 cm™!; EI-MS: m/z (rel
intensity): 390 ([M]*, 11), 359 ([M — OCH;]", 100), 331 ([M — COOMe]",
46); HRMS: m/z: caled for C,,H,,05: 390.1467; found 390.1452.

Synthesis of 7,8-diphenylbenzo[a]cyclooctene (16): A round-bottom side-
arm flask (50 mL) was charged with zinc powder (0.500 g, 7.65 mmol) and
the system was evacuated and purged with nitrogen gas three times. Freshly
distilled dry THF (10.0 mL) and TiCl, (0.33 mL, 3.00 mmol) were added to
the system. The solution was stirred at room temperature for a few minutes
and cooled to 0°C. A THF solution of 13a (0.194 g, 0.600 mmol in 5.0 mL
THF) was added to the solution and the system was then refluxed for 16 h.
On cooling to room temperature, the solution was quenched with water
(15.0 mL) and filtered. The filtrate was extracted with ether (60 mL). The
ether layer was washed with brine (40 mL), dried (MgSO,), filtered, and
concentrated. The residue was separated on a silica gel column with hexane
as eluent to afford 16 in 89 % yield (0.164 g). 'H NMR (300 MHz, CDCl;):
0="715-717 (m, 4H), 7.02-7.06 (m, 2H), 6.99 (d, J=1.8 Hz, 2H), 6.98 (d,
J=1.8 Hz, 2H), 6.83-6.86 (m, 4H), 6.56 (d, J=11.0 Hz, 2H), 6.36 (d, /=
11.0 Hz, 2H); BC{'H} NMR (75 MHz, CDCl;): 6 =140.30 (s), 138.41 (s),
137.90 (s), 135.59 (d), 131.22 (d), 129.35 (d), 128.81 (d), 127.74 (d), 126.73
(d), 126.47 (d); IR (neat): 2932 cm™'; MS: m/z (%): 306 ([M]*, 100), 237;
HRMS: m/z: caled for C,,H,g 306.1409, found 306.1397.
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Enzyme-Labile Protecting Groups in Peptide Synthesis:
Development of Glucose- and Galactose-Derived Urethanes

Andrew G. Gum,” Thomas Kappes-Roth,!”! and Herbert Waldmann?!?!

Abstract: The development of the tetra-
O-acetyl-D-glucopyranosyloxycarbonyl
(AGIOC) and tetra-O-acetyl-3-p-galac-
topyranosyloxycarbonyl (AGalOC) pro-
tecting groups, which are fully enzyme-
labile, carbohydrate-derived urethanes,

mixture of a model AGIOC dipeptide
was achieved with a “one-pot” proce-
dure in good yield. To gain a better
understanding of the enzymatic depro-
tection reaction, the AGalOC group was
removed through a two step biotrans-

formation (lipase catalyzed deacetyla-
tion, followed by f-galactosidase cata-
lyzed glycosidic bond fragmentation).
Under these very mild reaction condi-
tions (aq. buffer pH 7.0, 37°C), the
desired N-terminal, unprotected dipep-

is described. The protected amino acids
were easily synthesized and subsequent-
ly converted into a series of model
dipeptides through classical peptide cou-
plings. Cleavage of an a/f-anomeric

Introduction

Protein conjugates, such as glyco-, phospho-, and lipoproteins,
in which the amino acid backbone is covalently linked to
carbohydrates, phosphates, and lipids, play numerous impor-
tant roles in many biological processes.l!! Peptide conjugates
with the characteristic linkage between the peptide and the
side chain modifications found in their parent proteins, have
proven to be efficient and invaluable tools for the study of
such biological phenomena. For instance, lipid-modified
peptides were used in the study of membrane binding and
plasma membrane targeting of the Ras proteins.’l Due to the
acid and base lability of the desired glyco-, phospho- and
lipopeptide structures, standard preparations based on clas-
sical protecting group techniques, like N-terminal 9-fluore-
nylmethoxycarbonyl (Fmoc) and fert-butyloxycarbonyl (Boc)
protected peptide building blocks, are not sufficient. Thus,
methods that allow for the facile synthesis of the target
compounds under the mildest conditions are in demand. The
use of biotransformations, especially enzyme-labile protecting
groups that are removed with a very high degree of selectivity
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tide conjugates were obtained. The
methodology was further utilized for
the synthesis of an advanced tetrapep-

glycosidases .
tide model system.

and under desirable conditions (pH 6-8, aqueous solvents,
ambient temperatures), offers an attractive alternative for the
synthesis of peptides and related conjugates.P!

When synthesizing peptides, it is necessary to protect the
N-terminus as a urethane in order to prevent racemization of
the amino acid upon activation. Unfortunately, to date, there
are no known amidases, esterases, or lipases that are able to
cleave the rather stable urethane bonds. We reasoned that
these enzymes are not able to attack the carbonyl group of
urethanes for electronic reasons (diminished reactivity of the
carbonyl group due to two +M substituents). An alternative
strategy would be to employ a biocatalyst that attacks a
different bond, for example, an O-alkyl bond, and to use an
urethane designed accordingly. It is well known that glyco-
sidases hydrolyze their substrates by cleaving the glycosidic
bond." Therefore, a carbohydrate-derived urethane protect-
ing group would provide the desired enzyme-lability (Fig-
ure 1). Additionally, such sugar derivatives have increased
solubility in aqueous solutions, a necessary requirement for all
biotransformations. This idea has already been employed for
antibody-directed enzyme prodrug therapy (ADEPT)P! as
well as for the cleavage of glycosyl esters from amino acids.[®!
Recently, our group reported a new enzyme-labile protecting
group for peptide synthesis, a tetrabenzyl-glucose-derived
urethane (BGIOC).I Removal of the BGIOC group requires
hydrogenolytic cleavage of the benzyl ethers followed by
glucosidase-mediated hydrolysis of the glycosidic bond.
Benzyl-protected glycosides are acid-labile, thus, although
the BGIOC-group demonstrates that the strategy delineated
above can successfully be realized, it poses no significant
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Enhanced Solubility
in Aqueous Solutions

qéxﬁo%gwﬁ

Galactose X=OH, Y=H 0 Peptide or Peptide

Glucose X=H, Y=0OH Conjugate
Enzyme-labile
Glycosidic Bond Glycosidase
X ~OH
I\-I(mOH + COp + HzN
OH
Carbohydrate Deprotected Peptide

Figure 1. Principle of carbohydrate-derived urethane protecting groups.

buffered solution of dipeptide 6 in the presence of lipase WG
and 5% methanol as co-solvent at 37°C, thin layer chroma-
tography (TLC) indicated complete cleavage of all acetate
groups. Both a- and f-glucosidases were then added to the
reaction and, after a further 24 hours of incubation, the
desired unprotected dipeptide 7 was obtained in good yield
over the two enzymatic steps. Only the desired dipeptide was
isolated and no hydrolysis of either amide or ester bonds was
observed. Unfortunately, attempts to utilize the AGIOC
group for the synthesis of larger peptides were not successful,
so an alternative group embodying the same advantageous
properties was developed.

For the new group, a -galactose-derived urethane was the
initial choice, because a wider variety of commercial (-
galactosidases is available, thus allowing for increased flexi-

advantages compared with clas- Boc,0, DMAP [
i i - -Ala-OBz > 0=C=N-Ala-OBz| ]
sical hydrog_enolytlcally remov H-Ala-OBz CH,Cly, 0 °C, 30 min.
able protecting groups. 2
Herein, we wish to describe OAc
AcO
the development of the tetra- ACMOH
O-acetyl-D-glucopyranosyloxy- NEt. 3 OAC
carbonyl (AGIOC) and tetra- :
OAc

O-acetyl-f-D-galactopyranosyl-

OAc
oxycarbonyl (AGalOC) pro- Aco/ﬁ 0 H Hy, 10% Pd-C A};\So OTN-Ala-OBzI
tecting groups; these are second AcO oA O\([DFN Ala-OH EtOAG/EtOH OAc ¢
generation enzyme-labile ure- 5 3:1) — 4
. . 9 . o, .
thanes, which are readily at- 94%, a/p 1:2 AGIOC 44%, o/p 1:2
ta(.:hed to the desired amino H-Gly-OtBu s HCI
acid and, after further synthetic EDC, HOBt, NEt, oH
steps, cleaved in two separate CH,Clp HO a
or sequential enzymatic steps. HO OH
1) Lipase WG, 5% MeOH OH
OAc 0.07 M phosphate buffer +
AcO H pH6.0,37 °C, 16 h
'ACO O~ -N-Ala-Gly-OfBu > | H-Ala-Gly-OfBu
Results and Discussion OAc 0O 2) a/p-glucosidase, 24 h
6 7

In the first extension of the
previously reported BGIOC-
derived urethane, the benzyl-
protected glucose was replaced with the tetra-O-acetyl
glucose derivative (AGIOC).[¥! This exchange would allow
for a completely enzyme-labile system (lipase deacetylation
followed by glucosidase-catalyzed unmasking of the ure-
thane), thus eliminating the need for any chemical depro-
tection steps. The protected amino acid 4 was synthesized
through a “one-pot” procedure previously reported in the
literature®? (Scheme 1). When L-alanine benzyl ester 1,
4-dimethylaminopyridine (DMAP) and Boc,O were mixed,
the intermediate isocyanate 2 was generated in situ and
trapped, without being isolated, with tetra-O-acetyl glucose
3191 to give an anomeric mixture of the protected amino acid 4
(a/p 1:2). For this initial study, the anomeric mixture was not
separated, but was utilized throughout the subsequent steps.
After simple catalytic hydrogenation to afford amino acid 5,
the dipetide 6 was synthesized in high yield under standard
peptide coupling conditions.

For the final enzymatic deprotection, a “one-pot” biotrans-
formation was used. After overnight incubation of an aqueous

Chem. Eur. J. 2000, 6, No. 20

85%, a/p 1:2
Scheme 1. Cleavage of the a/f-mixed AGIOC-group.
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64% over two steps

bility in the final deprotection step. Introduction of the
protecting group was achieved under the previously described
conditions by nucleophilic trapping of the appropriate amino
acid isocyanate 9 with tetra-acetyl-B-galactose 100"
(Scheme 2). Although both protected amino acid benzyl
esters 11 and 12 were obtained as anomeric mixtures, the a/f
ratio was greatly improved when dry toluene was used as the
solvent (from 1:2 up to 1:12).

The free acids 13 and 14 were obtained after hydrogenation
of the benzyl ester by simply filtering the crude reaction
mixture through celite; they did not require further purifica-
tion (Scheme 3). After additional coupling reactions under
various conditions with C-terminal ester-protected amino
acids, a series of model AGalOC-protected dipeptides, 1521,
was generated (Table 1).

After the coupling, the anomers were separated through
careful column chromatography on silica gel. The key
characteristic for differentiating the anomers was apparent
in the ®C NMR shift differences (6 for CH,.c; ~90 and for

0947-6539/00/0620-3715 $ 17.50+.50/0 3715





FULL PAPER

H. Waldmann et al.

) Boc,0, DMAP
H-AA'-OBz| —> [ 0=C=N-AA'-OBzl
toluene, 0 °C, 30 min.
8 9
AcO  oAc
AcO OH
OA
NEt, 10
AcO OAc
H
1
AcO O\"/N-AA -OBzl
OAc O
L_V—J
AGaloC 11,12

11 AA" = Phe, 93% (o/B 1:12)
12 AA" = Leu, 85% ( a/p 1:4)
Scheme 2. Introduction of the AGalOC-protecting group.

HO

H,, 10% Pd-C
> AGalOC-AA'-OH

EtOAC/EIOH (B:1) 1o 1 - bro 089

AGalOC-AA'-0OBzI

11 AA" = Phe ;

12 AA" = Leu 14 AA" = Leu 96%
H-AAZ-OPG
conditions

|

BAGalOC-AA'-AAZ-OPG
15-21

0°C-RT, 12-16h

Scheme 3. Preparation of dipeptides.

Table 1. Summary of coupling reactions.

AA'-AA?-OPG Conditions Yield of $-anomer
15  Phe-Val-OrBu EEDQU, CH,Cl, 55%
16 Phe-Ala-OrBu EEDQ, CH,(Cl, 67 %
17  Phe-Ser-OrBu EEDQ, CH,Cl, 40%
18 Leu-Ser-OBzl EEDQ, CH,Cl, 40 %
19 Leu-Ala-OrBu EDCP!, HOBtlY, DMF  52%
20  Leu-Ser-OrBu EDC, HOBt, DMF 40%
21  Leu-Ser(/Bu)-OrBu  EDC, HOAtY, CH,Cl, 74%

[a] EEDQ = N-Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline. [b] EDC=
N'-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride. [c] HOBt=
1-Hydroxybenzatriazole. [d] HOAt = 1-Hydroxyazabenzotriazole.

CHp ¢, ~93). Although, in theory, the anomeric mixture could
have been utilized for the study, in order to gain a better
understanding of the enzymatic deprotection, only the j-
anomer was used, allowing for easier product characterization.

It is also worth mentioning that, when the hydroxyl substitu-
ent of the serine was protected with a tert-butyl group, competing
side reactions were minimized and the yield of the -anomer
increased by nearly twofold (Table 1, compounds 20 and 21).

Initially, the urethane deprotection was attempted in two
separate enzymatic steps with isolation and characterization
of the free [f-galactose-protected intermediates 22 and 23
(Scheme 4). For the first step, a 5% acetone co-solvent was

used to enhance the solubility of the starting substrate.
Protected dipeptides 15 and 16 were incubated for 48 to 72 h
at 37°C with lipase WG to remove the acetyl groups. After
addition of a saturated sodium chloride solution and extrac-
tion into ethyl acetate, the dipeptides 22 and 23 were isolated
in moderate yield. The intermediates were fully characterized
to insure that all four of the acetates were cleaved in the first
enzymatic step. In the second biotransformation, the inter-
mediates 22 and 23 were stirred in the presence of f(-
galactosidase from E. coli for 12 to 36 h under conditions
similar to those described above (Scheme 5). The known

OH o|_<|)
HomOH
OH

R-galactosidase

O'ﬂ) H acetone (trace) *

S olawaon, ST

OH § 0.07 M phosphate

buffer, pH 7.0 12

22 AA'-AA? = Phe-Val 37°C.12-36h 24 AA'-AA = Phe-Val, 95%

23 AA'-AA? = Phe-Ala 25 AA'-AA” = Phe-Ala, 86%
Scheme 5. Liberation of N-terminal free dipeptides.

target N-terminal-unmasked dipeptides 24 and 25 were
isolated in high yield by adjusting the pH of the aqueous
phase to 11-12 and extracting with ethyl acetate. They have
previously been reported in the literature.['> 1

After obtaining an understanding of the two separate
enzymatic cleavage steps, the subsequent deprotection pro-
cedures were accomplished by following the previously
described conditions in a two-step process, without isolation
of the intermediates. AGalOC dipeptides 17 and 19
(Scheme 6) were successfully deprotected to afford the
dipeptides 26 and 27, which are known compounds,'¥ in good
yields over the two enzymatic steps. It was necessary to filter
the reaction mixture after the initial biotransformation in
order to remove all lipase residues, as these were found to
adversely affect the overall isolated yields (see Experimental
Section).

The developed technique was then used to synthesize a
more complex AGalOC- protected tetrapeptide target, 30
(Scheme 7). The intermediate C-terminal-deprotected dipep-
tide 28 was obtained in excellent yield either by hydro-
genation of benzyl ester 18 or, in a more efficient approach, by
TFA catalyzed (TFA = trifluoroacetic acid) cleavage of the
bis-tert-butyl-protected dipeptide, 21. In the course of this
acid-mediated transformation the glycosidic bond remained
fully intact; this demonstrates the acid stability of the
AGalOC group. The coupling of acid 28 with the known
dipeptide 29141 proceeded in high yield, and the pure
tetrapeptide 30 was obtained after washing the crude reaction
mixture with 0.1x HCI and extraction into dichloromethane.

The final removal of the AGalOC protecting group was

achieved by a two-step proce-

OACOAC gi"/Ja:e\tlgnGe OH_OH " dure without isolation of inter-
0 . o e
AcO Q OTH-AALAAZ-OtBu — » {0 oTN-AA’-AAZ-OtBu rpedlate 31. Although the initial
OAc 0.bO7ﬁM p*}_ﬁpgate OH ¢ lipase-catalyzed removal of the
uffer pH 7. .
15 AA'-AAZ= Phe-Val 37 °C,48-72h 22 AA'-AA? = Phe-Val, 69% acetates to give the fully deace-

16 AA'-AA? = Phe-Ala

Scheme 4. Initial enzymatic cleavage of acetyl groups.

3716 ———

23 AA'-AA? = Phe-Ala, 55%
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tylated intermediate [-galac-
tose tetrapeptide 31 appeared
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OH oH ethers, demonstrates the poten-

o &0: OH tial utility of this method for the

1) Lipase WG, 5% acetone OH preparation of sensitive, modi-

AcO O%c ’ gﬁ?"é p;;’?gt‘a“fg_g’;f;er * fied peptide conjugates. Fur-

AcO 0, N-AA™-AA%OfBU . » | H-AA-AAZ-OfBu | thermore, the deprotection

OAc ¢ 2) B-galactosidase was successful for both anome-

acetone (trace), 12-36 h
17 AA'-AA? = Phe-Ser
19 AA'-AAZ = Leu-Ala

Scheme 6. Two step enzymatic deprotection.

B-AGaIOC-Leu-S?r-OtBu

21 OtBu
TFA, CH,Cl,
0,
98% H—Pro-S?r-OtBu
OfBu 29
B-AGalOC-Leu-Ser-OH L
28 EDC, HOAt,
CH,Cl,, 0 °C-rt
87%
H,, 10% Pd-C
EtOACc:EtOH (3:1)
95%
B-AGalOC-Leu-Ser-OBzI OH oH
18

OH

[B-AGalOC-Leu-Ser—Pro—SFr-OtBu

Lipase WG, 5% acetone
0.07 M phosphate buffer
pH7.0,37°C,48h

H
HO&O\W N-Leu-Ser-Pro-Sler-OtBu
(e}

26 AA'-AA? = Phe-Ser, 60%
27 AA-AA® = Leu-Ala, 72%

ric mixtures and pure sub-
strates. Thus, in theory, tedious
separation steps are not needed
prior to the final enzymatic
cleavage reaction. It is only
necessary to use the appropri-
ate combination of a- and -
glycosidases. Synthetic efforts
to further employ this strategy
for the preparation of addition-
al polypeptide systems, which
include phosphopeptides, are
ongoing and will be reported
in due course.

OtBu
30

Experimental Section
OfBu General procedures: All 'H and

31
3C NMR spectra were recorded on

B-galactosidase, EDTA
0.07 M phosphate buffer
pH7.0,37°C,12h

Bruker AC250, AM400, or DRX 500
machines. Mass spectra were meas-

ured on a Finnigan MAT MS 70 spec-
trometer and for FAB-spectra a 3-ni-

‘ H-Leu-Ser-Pro-S@r—OtBu

used. Specific rotations were obtained

trobenzyl alcohol (3-NBA) matrix was
OtBu

32
60% over two steps

Scheme 7. Model synthetic application.

to be complete according to TLC monitoring, a problem with
repeated mass loss was encountered during the final depro-
tection step. It was determined that possible contamination
with a metallo protease was causing the cleavage of the amide
bonds in the peptide before any of the desired product could
be isolated. This problem was alleviated by briefly stirring the
commercial f-galactosidase in the presence of a catalytic
amount of ethylenediaminetetra-acetate (EDTA) prior to the
addition of the broth containing the crude intermediate 31.
Under these modified conditions, the desired tetrapeptide 32
was obtained in 60 % yield over the two sequential enzymatic
steps.

Conclusion

We have developed two new, fully enzyme-labile, carbohy-
drate-derived urethane protecting groups, which will be useful
for the synthesis of complex polypeptides. The successful
preparation of a series of dipetides and a tetrapeptide model
system with this new strategy has been reported. The mildness
of the reaction conditions (pH 7.0, 37°C) and complete
orthogonal stability due to the high selectivity of the enzyme,
that is, no observable cleavage of peptide bonds, esters, or fBu

Chem. Eur. J. 2000, 6, No. 20
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from a Perkin—Elmer 241 polarime-
ter. All column chromatography was
performed on SDS 60 ACC silica gel
and TLC on E. Merck Silica Gel 60
F.s, plates. All dry solvents were either
purchased or dried according to stan-
dard laboratory procedures. Lipase WG was purchased from Fluka, a- and
p-glucosidases and f-galactosidase from Fluka or Sigma.
N-(2,3,4,6-Tetra-O-acetyl-D-glucopyranosyloxycarbonyl)-L-alanine benzyl
ester (4): A solution of DMAP (162 mg, 1.33 mmol) in CH,Cl, (5 mL),
followed by a solution of amino acid ester 1 (238 mg, 1.33 mmol) in CH,Cl,
(5mL) was added to a solution of Boc,0O (407 mg, 1.86 mmol) in dry
CH,C], (10 mL) at RT and under argon. After stirring the reaction for
30 min, a solution of 2,3,4,6-tetra-O-acetyl-p-glucopyranose (3) (648 mg,
1.86 mmol) in CH,Cl, (10 mL) was added dropwise. The reaction was
stirred overnight. The solvent was removed under reduced pressure, and
the crude product was purified by column chromatography (ethyl acetate/
hexane 2:3) to give protected amino acid 4 (329 mg, 44 %, a/f 1:2) as a
colorless wax. R;=0.38 (ethyl acetate/hexane 2:3); [a]R =+30.7 (c=12in
CHCLy);

B-anomer: '"H NMR (500 MHz, CDCl;): 6 =7.38-7.32 (m, 5H), 5.66 (d,J =
8.3 Hz,1H),5.54 (d,/=72Hz,1H),5.25 (t,/=9.5 Hz, 1H), 5.20-5.10 (m,
4H), 4.38 (quint, 1H), 430 (dd, J=12.5, 4.3 Hz, 1H), 4.11 (dd, J=12.5,
2.0 Hz, 1H), 3.85-3.82 (m, 1 H), 2.07 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H), 2.00
(s, 3H), 1.43 (d, /=72 Hz, 3H); *C NMR (125 MHz, CDCl,): 6 =172.2,
170.6, 170.1, 169.6, 169.4, 153.6, 135.2, 128.7, 128.5, 128.2, 92.9, 72.8, 72.5,
70.1, 67.8, 673, 61.5, 49.8, 20.7, 20.6, 18.2; HRMS (FAB-3-NBA): [M+H]*
calcd 554.1874; found 554.1806.
N-(2,3,4,6-Tetra-O-acetyl-D-glucopyranosyloxycarbonyl)-L-alanine (5):
10% Pd-C (30 mg) was added to a solution of AGIOC-protected 4
(265 mg, 0.48 mmol) in ethyl acetate/ethanol (30 mL:10 mL). The atmos-
phere was exchanged for hydrogen and the reaction was stirred for 6 h at
RT. The crude mixture was filtered through celite and concentrated under
reduced pressure to give the amino acid 5 (209 mg, 94%, a/f 1:2) as a
colorless wax. [a]% =+24.3 (¢=0.9 in methanol); f-anomer: '"H NMR
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(500 MHz, CDCl;): =700 (brs, 1H), 5.81 (d, /=7.2 Hz, 1H), 5.68 (d, /=
8.2Hz, 1H), 5.28 (t, J=9.5Hz, 1H), 5.15-5.10 (m, 2H), 4.33-4.29 (m,
2H), 4.13-4.10 (m, 1 H), 3.88-3.86 (m, 1 H), 2.08 (s, 3H), 2.04 (s, 3H), 2.03
(s,3H),2.01 (s,3H), 1.45 (d, /=70 Hz, 3H); *C NMR (125 MHz, CDCl,):
0=176.6, 170.8, 170.1, 169.9, 169.6, 153.3, 92.9, 72.7, 72.5, 70.3, 67.9, 61.5,
49.8,20.7,20.6, 18.0; HRMS (FAB-3-NBA) [M+H]": calcd 464.1404; found
464.1460; elemental analysis calcd (%) for C;sH,sNO;-H,0O: C 4491, H
5.65, N 2.91; found C 44.81, H 5.57, N 3.02.

N-(2,3,4,6-Tetra-O-acetyl-D-glucopyranosyloxycarbonyl)-L-alaninyl-L-gly-
cine fert-butyl ester (6): A solution of 1-(3-dimethylaminopropyl)-3-
ethylcarbodi-imide hydrochloride (EDC) (115 mg, 0.60 mmol) in CH,Cl,
(10 mL) was added dropwise to a cooled (0°C) solution of amino acid 5§
(160 mg, 0.35 mmol), 1-Hydroxybenzatriazol (HOBt) (71 mg, 0.49 mmol),
L-glycine fert-butyl ester hydrochloride (67 mg, 0.40 mmol) and triethyl-
amine (68 uL, 0.49 mmol) in CH,Cl, (20 mL). The reaction was warmed to
RT and stirred overnight. The reaction was washed with 0.5N HCI (3 x
50 mL). The organic phase was dried over MgSO,, filtered, and concen-
trated under reduced pressure. The crude residue was purified by column
chromatography (ethyl acetate/hexane 1:1) to give dipeptide 6 (170 mg,
85%, alff 1:2) as a colorless wax. R;=0.62 (ethyl acetate/hexane 2:1);
[a]%=+18.9 (c=1.0 in chloroform); $-anomer: 'H NMR (500 MHz,
CDCly): 0=6.70 (t, /=49 Hz, 1H), 5.88 (d, /=76 Hz, 1H), 572 (d, /=
8.3 Hz, 1H), 5.28 (t, J=9.5Hz, 1H), 5.17-5.06 (m, 2H), 4.37-4.26 (m,
2H) 4.14-4.07 (m, 1H), 3.97-3.87 (m, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 2.04
(s, 3H), 2.03 (s, 3H), 1.47 (s, 9H), 1.42 (d, J=7.0Hz, 3H); *C NMR
(125 MHz, CDCl,): 6 =171.8, 170.6, 170.1, 169.6, 169.4, 168.7, 153.4, 92.9,
82.5, 72.8, 72.4, 70.1, 678, 61.5, 50.3, 42.0, 28.0, 20.7, 20.6, 18.6; HRMS
(FAB-3-NBA) [M+H]": caled 577.2245; found 577.2383; elemental analysis
caled (%) for CoH;3;gN,Oy,: C 50.00, H 6.29, N 4.86; found C 49.75, H 6.22,
N 4.84.

L-Alanyl-L-glycine fert-butyl ester (7): A solution of dipeptide 6 (58 mg,
0.1 mmol) in methanol (2.5 mL) was added to a solution of lipase WG
(1.6 units) in phosphate buffer (0.07m, 47.5 mL, pH 6.0). The reaction
mixture was incubated at 37 °C. After stirring for 16 h, a-glucosidase (3 mg,
12 units) and S-glucosidase (3 mg, 15 units) were added. After an addi-
tional 24 h, the entire reaction mixture was lyopholized, and the crude
residue was purified by column chromatography (chloroform/methanol
7:1) to give the target dipetide 7 (13 mg, 64 %) as a colorless oil, whose
characteristics matched those previously reported. (see ref. [7])

General procedure for the synthesis of AGalOC amino bonzyl esters 11
and 12

N-(2,3,4,6-Tetra-O-acetyl-D-galactopyranosyloxycarbonyl)-L-phenylalanine
benzyl ester (11): A solution of L-phenylalanine benzyl ester (8, 306 mg,
1.20 mmol) in dry toluene (4 mL) was added dropwise to a cooled (0°C)
solution of Boc,0 (367 mg, 1.68 mmol) and DMAP (147 mg, 1.20 mmol) in
dry toluene (10 mL). After stirring for 30 min at 0°C, a solution of 2,3,4,6-
tetra-O-acetyl-pD-galactopyranose (10, 585 mg, 1.68 mmol) in dry toluene
(10 mL) was added dropwise, followed by NEt; (145 mg, 200 pL,
1.44 mmol). The reaction was allowed to warm to RT and stirred overnight.
The reaction mixture was then concentrated under reduced pressure, and
the crude residue was purified by column chromatography (hexane/ethyl
acetate 1:1 to 1:2) to afford the pure product 11 (699 mg, 93 %, o/ 1:12) as
a white foam. M.p. 52-54°C; R;=0.56 (ethyl acetate/hexane 2:1); [a]% =
+242 (¢=1.0 in CHCl;); f-anomer: 'H NMR (500 MHz, CDCl;): 6 =
739-702 (m, 10H), 5.64 (d, J=84Hz, 1H), 543 (d, /=32 Hz, 1H),
5.38(d,/=8.1Hz, 1H),532 (t,/=8.4 Hz, 1H), 5.15 (dd, /=12.1,10.3 Hz,
2H), 5.07 (dd, /=104, 3.4 Hz, 1H), 4.65 (m, 1H), 4.16 (m, 1H), 4.06 (m,
1H), 3.15 (dd, J=13.9, 6.0 Hz, 1H), 3.10 (dd, J=13.9, 6.0 Hz, 1H), 2.17 (s,
3H), 2.05 (s, 3H), 2.01 (s, 3H), 1.99 (s, 3H); *C NMR (125 MHz, CDCl,):
0=170.8, 170.4, 170.2, 170.0, 169.6, 153.3, 135.1, 134.9, 129.3, 128.8, 128.7,
128.6,127.3,93.5,71.5,70.9, 67.6, 67.4, 66.8, 61.0, 55.0, 37.7, 20.6, 20.5; HRMS
(FAB-3-NBA) [M+H]*: calcd 630.2187; found 630.2267.

N-(2,3,4,6-Tetra-O-acetyl-pD-galactopyranosyloxycarbonyl)-L-leucine benzyl
ester (12): The general procedure described above was used with: Boc,O
(1.13 g, 4.3 mmol), DMAP (550 mg, 5.2 mmol), L-leucyl benzyl ester (8,
984 mg, 4.3 mmol), 2,3,4,6-tetra-O-acetyl-p-galactopyranose (10, 1.65 g,
4.7 mmol) and NEt; (475 mg, 655 pL, 4.7 mmol). Compound 12 (2.19 g,
85%, alf 1:4) was isolated as a white foam. M.p. 45-48°C; R;=0.38 (ethyl
acetate/hexane 1:1); [a]® = +16.5 (¢=1.0 in CHCL;); S-anomer: '"H NMR
(250 MHz, CDCly): 6 =733 (m, 5H), 5.62 (d, /=83 Hz, 1H), 5.48 (brs,
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1H), 5.42-5.40 (m, 1 H), 5.34-5.29 (m, 1 H), 5.17 (s, 2H), 5.06 (dd, J = 10.4,
3.4 Hz, 1H), 4.35-4.30 (m, 2H), 4.07-4.01 (m, 1H), 2.14 (s, 3H), 2.03 (s,
3H), 1.99 (s, 3H), 1.98 (s, 3H), 1.69-1.61 (m, 2H), 1.57-1.52 (m, 1H),
0.53-0.50 (m, 6H); *C NMR (125 MHz, CDCl;): 6 =172.5, 170.4, 170.3,
170.2, 169.8, 153.6, 135.2, 128.7, 128.5, 128.4, 128.2, 128.1, 93.5, 83.9, 71.5,
70.9, 68.7, 67.5, 674, 66.6, 61.3, 52.6, 27.6, 24.7, 22.8, 21.8, 20.6, 20.6; HRMS
(FAB-3-NBA) [M+H]": calcd 596.2343; found 596.2278; elemental anal-
ysis caled (%) for C,xH3NO,5: C 56.47, H 6.26, N 2.35; found C 56.08, H
6.20, N 2.03.

General procedure for the cleavage of the benzyl esters 13 and 14

N-(2,3,4,6-Tetra-O-acetyl-p-galactopyranosyloxycarbonyl)-L-phenylalanine
(13):10% Pd-C (100 mg) was added to a solution of benzyl ester 11 (1.05 g,
1.67 mmol) in ethyl acetate/ethanol (30 mL:10 mL). The atmosphere was
exchanged for hydrogen and the reaction was stirred at RT for 14 hours.
The mixture was filtered through celite and concentrated under reduced
pressure. The crude residue was purified by column chromatography (ethyl
acetate with 1% acetic acid) to afford acid 13 (880 mg, 98 %, a/ff 1:12) as a
white foam. M.p. 77-80°C; R;=0.07 (ethyl acetate/hexane 2:1); [a]® =
+52.1 (¢=1.0 in CHCLy); p-anomer: 'H NMR (500 MHz, CDCL,): 6 =
7.32-726 (m, 3H), 719-7.13 (m, 2H), 5.64 (d, /=83 Hz, 1H), 5.46 (d,
J=82Hz, 1H), 542 (dd, J=3.2 Hz, 1H), 5.29 (dd, /=112, 8.3 Hz, 2H),
5.07 (dd,J=10.5,3.3 Hz, 1H), 4.61 (dd,J=13.6, 6.5 Hz, 1 H), 4.14 (m, 2H),
4.06 (dd, J=13.7,6.7 Hz, 1H), 3.22 (dd, J=14.0, 5.2 Hz, 1H), 3.08 (dd, /=
14.0, 6.5 Hz, 1H), 2.15 (s, 3H), 2.03 (s, 3H), 2.00 (s, 3H), 1.98 (s, 3H);
BC NMR (125 MHz, CDCL): 6 =170.7, 170.5, 170.4, 170.2, 170.1, 153.5,
135.2,129.4,129.3, 128.8, 128.7, 127.4, 93.5, 71.4, 70.8, 67.8, 66.8, 61.0, 54.8,
374,20.7,20.6,20.5; HRMS (FAB-3-NBA) [M+H]": calcd 540.1717; found
540.1796.

N-(2,3,4,6-Tetra-O-acetyl-D-galactopyranosyloxycarbonyl)-L-leucine (14):
The general procedure described above was used with: L-leucine benzyl
ester 12 (1.62 g, 2.72 mmol) and 10 % Pd-C (80 mg). Acid 14 (1.32 g, 96 %,
alp 1:4) was isolated as a white foam. M.p. 67—-70°C (sublimed); R;=0.07
(ethyl acetate/hexane 1:1); [a]D =+22.6 (c=1.0 in CHCl;); S-anomer:
'H NMR (500 MHz, CDCLy): 6=5.64 (d, J=83Hz, 1H), 541 (d, J=
3.4 Hz, 1H), 5.38 (d, J=8.6 Hz, 1H), 5.31 (dd, J=10.4, 8.3 Hz, 1H), 5.08
(dd,J=10.5,3.4 Hz, 1H), 4.34 (dt,/=9.0, 4.5 Hz, 1H), 415 (d, /=6.7 Hz,
2H), 4.06 (t,J=6.4 Hz, 1H), 2.16 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H), 1.99 (s,
3H), 1.74-1.66 (m, 2H), 1.59-1.53 (m, 1H), 0.95 (d, /=63 Hz, 6H);
13C NMR (125 MHz, CDCL,): 6 =176.9, 170.7, 170.4, 170.2, 170.1, 153.7,
93.5,71.5, 70.8, 67.9, 66.8, 60.9, 52.4, 41.0, 27.8, 21.7, 21.6, 20.6, 20.5; HRMS
(FAB-3-NBA) [M+H]": calcd 506.1984; found 506.1984.

General procedure for dipeptide coupling to give compounds 15-21

N-(2,3,4,6-Tetra-O-acetyl-f-p-galactopyranosyloxycarbonyl)-L-phenylalan-
yl-L-valine tert-butyl ester (15): A solution of AGalOC-phenylalanine acid
13 (78 mg, 0.14 mmol) in dry CH,Cl, (5 mL) was added to a flask containing
L-valine-fert-butyl ester hydrochloride (37 mg, 0.17 mmol). After cooling
the solution to 0°C for 15 min, NEt; (18 mg, 24 uL, 0.17 mmol) was added,
followed by dropwise addition of a solution of the coupling reagent EEDQ
(71 mg, 0.29 mmol) in dry CH,Cl, (3 mL). The mixture was allowed to
warm to RT and stirring was continued overnight. Additional CH,Cl,
(10 mL) was added, and the crude reaction mixture was washed with
0.1x HCl (3 x 5 mL), saturated NaHCOj; solution (3 x 5 mL), and water
(3 x5 mL). The combined organic layers were dried over MgSO,, filtered,
and concentrated under reduced pressure. The crude product was purified
by column chromatography (hexane/ethyl acetate 1:1 to 1:2) to give the -
dipeptide 15 (55 mg, 55 %) as a white foam. M.p. 83-86°C; R;=0.57 (ethyl
acetate/hexane 2:1); [a]% =+4.8 (¢=1.0 in CHCl;); '"H NMR (400 MHz,
CDCl;): 6 =730-7.17 (m, 5H), 6.16 (d, J=8.4 Hz, 1H), 5.63 (d,/ = 8.4 Hz,
1H), 5.54 (d, /=78 Hz, 1H), 5.41 (d, J=3.0 Hz, 1H), 5.30 (dd, J=8.4 Hz,
1H), 5.06 (dd, /=104, 3.2 Hz, 1H), 4.40 (q, /=6.7 Hz, 1H), 4.33 (dd, J =
8.4,4.0Hz, 1H), 419-4.10 (m, 2H), 4.05 (d, /=71 Hz, 1H), 3.08 (d, /=
71 Hz, 2H), 2.16 (s, 3H), 2.10 (m, 1H), 2.03 (s, 6H), 1.99 (s, 3H), 1.45 (s,
9H), 0.85 (t, J=6.6 Hz, 6H); *C NMR (125 MHz, CDCl;): 6=170.4,
170.2, 170.0, 169.8, 169.6, 153.4, 135.8, 129.3, 128.8, 127.3, 93.5, 82.2, 71.4,
70.9, 67.6, 66.8, 60.1, 57.6, 56.4, 38.3, 31.4, 28.0, 20.7, 20.6, 18.7, 17.7; HRMS
(FAB-3-NBA) [M+H]": caled 695.3027, found 695.2971; elemental analysis
caled (%) for C53Hy¢N,Oy,: C57.05, H 6.67, N 4.03; found C 56.91, H 6.63, N
3.81.

N-(2,3,4,6-Tetra-O-acetyl-f-D-galactopyranosyloxycarbonyl)-L-phenylalan-
yl-L-alanine tert-butyl ester (16): The general procedure for dipeptide
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coupling was used with: L-alanine-tert-butyl ester hydrochloride (75 mg,
0.41 mmol), NEt; (41 mg, 57 uL, 0.41 mmol), AGalOC-phenylalanine acid
13 (183 mg, 0.34 mmol) in dry CH,Cl, (15mL), and EEDQ (168 mg,
0.68 mmol) in dry CH,Cl, (3 mL). The S-dipeptide 16 (152 mg, 67 %) was
isolated as a white foam. M.p. 82-85°C; R;=0.43 (ethyl acetate/hexane
2:1); [a] =+12.8 (¢=1.0 in CHCl;); '"H NMR (250 MHz, CDCl;): 6 =
732-728 (m, 3H), 7.22-7.16 (m, 2H), 6.28 (m, 1H), 5.63 (d, /=8.3 Hz,
1H), 5.53 (d, J=8.0 Hz, 1H), 5.40 (d, J=3.1 Hz, 1H), 5.30 (dd, /=10.3,
8.4 Hz, 1H), 5.06 (dd, J=10.3, 3.2 Hz, 1H), 4.35 (quint, /=7.1 Hz, 1H),
4.18-4.13 (m, 2H), 4.10-4.05 (m, 2H), 3.13 (dd, J=13.8, 6.2 Hz, 1 H), 3.03
(dd, J=13.7, 6.8 Hz, 1H), 2.15 (s, 3H), 2.04 (s, 3H), 2.02 (s, 3H), 1.97
(s,3H), 1.43 (s, 9H), 1.30 (d, J=7.1 Hz, 3H); ®*C NMR (125 MHz, CDCl,):
0=171.5, 170.3, 170.1, 169.9, 169.7, 169.4, 153.3, 135.5, 129.3, 128.7, 1272,
93.4, 82.1, 71.3, 70.8, 67.6, 66.7, 60.8, 56.1, 48.7, 38.4, 27.8, 20.7, 20.5, 18.5;
HRMS (FAB-3-NBA) [M+H]": calcd 667.2714; found 667.2551; elemental
analysis calcd (%) for C;;H,N,0,,: C 55.85, H 6.35, N 4.20; found C 55.52,
H 6.35, N 3.90.

N-(2,3,4,6-Tetra-O-acetyl-D-galactopyranosyloxy-carbonyl)-L-phenylalan-
yl-L-serine tert-butyl ester (17): The general procedure for dipeptide
coupling was used with: L-serine-tert-butyl ester (60 mg, 0.37 mmol),
AGalOC-phenylalanine acid 13 (181 mg, 0.34 mmol) in dry CH,Cl,
(10 mL), and EEDQ (126 mg, 0.51 mmol) in dry CH,Cl, (5 mL). The -
dipeptide 17 (92 mg,40%) was isolated as a white wax. R;=0.33 (ethyl
acetate/hexane 2:1); [a] = +21.2 (¢ =1.0 in CHCL); '"H NMR (500 MHz,
CDCl;): 0 =731-718 (m, 5SH), 6.65 (d, / =6.8 Hz, 1H), 5.62 (d, /=8.3 Hz,
1H), 5.55 (d, /=76 Hz, 1H), 5.40 (d, /=32 Hz, 1H), 5.28 (dd, /=104,
8.3 Hz, 1H), 5.07 (dd, J=10.4, 3.4 Hz, 1 H), 4.43-4.39 (m, 2H), 4.16-4.09
(m, 2H), 4.04 (d, /=6.8 Hz, 1H), 3.91 (dd, J=11.4, 3.1 Hz, 1 H), 3.82 (dd,
J=11.4, 4.0 Hz, 1H), 3.10 (dd, J=6.7, 3.8 Hz, 2H), 2.15 (s, 3H), 2.06 (s,
3H), 2.02 (s, 3H), 1.98 (s, 3H), 1.45 (s, 9H); *C NMR (125 MHz, CDCl,):
0=170.4,170.3, 170.1, 169.9, 168.8, 153.5, 135.6, 129.2, 129.0, 128.9, 1274,
93.6, 83.0, 71.4, 70.8, 67.7, 66.7, 63.3, 60.9, 56.4, 55.6, 38.1, 27.9, 20.6, 20.5;
HRMS (FAB-3-NBA) [M+H]*: calcd 683.2663; found 683.2748.

N-(2,3,4,6-Tetra-O-acetyl-f-D-galactopyranosyloxycarbonyl)-L-leucyl-L-
serine benzyl ester (18):

The general procedure for dipeptide coupling was used with: L-serine-
benzyl ester- TsOH (93 mg, 0.30 mmol), NEt; (30 mg, 42 uL, 0.30 mmol),
AGalOC-leucine acid 14 (124 mg, 0.25 mmol) in dry CH,Cl, (10 mL), and
EEDQ (93 mg, 0.38 mmol) in dry CH,Cl, (2mL). The S-dipeptide 18
(69 mg, 40 % ) was isolated as a colorless oil. R;=0.30 (ethyl acetate/hexane
2:1); [a]% =422 (¢=135 in CHCL); 'H NMR (250 MHz, CDCL,): 6 =
7.28 (brs, 5H), 6.96 (d,/ =79 Hz, 1H), 5.57 (d, /=8.2 Hz, 1H), 5.46 (d,J =
79 Hz, 1H), 535 (d, /=3.2 Hz, 1H), 523 (t,/=8.3 Hz, 1H), 5.14 (s, 2H),
5.03 (dd, J=10.3, 3.3 Hz, 1H), 4.65-4.61 (m, 1H), 422-4.16 (m, 1H),
4.09-3.99 (m, 3H), 3.94 (dd, /=115, 32 Hz, 1H), 3.83 (dd, /=113,
3.2 Hz, 1H), 2.80 (brs, 1H), 2.09 (s, 3H), 1.98 (s, 3H), 1.96 (s, 3H), 1.92 (s,
3H), 1.60-1.39 (m, 3H), 0.85 (d, /=5.6 Hz, 6H); *C NMR (125 MHz,
CDCl;): 0=171.9,170.3,170.2, 170.1, 170.0, 169.9, 153.9, 135.1, 128.7, 128.6,
128.2, 128.1, 93.6, 71.4, 70.7, 67.8, 67.6, 66.8, 62.8, 60.4, 54.8, 53.7, 41.3, 24.6,
22.9,21.8,20.7, 20.6, 20.5; HRMS (FAB-3-NBA) [M+H]*: calcd 683.2663;
found 683.2549.

N-(2,3,4,6-Tetra-O-acetyl-3-D-galactopyranosyloxycarbonyl)-L-leucyl-1.-
alanine tert-butyl ester (19): The general procedure for dipeptide coupling
was used with: L-alanine-fert-butyl ester hydrochloride (62 mg, 0.34 mmol),
NEt; (34 mg, 47 pL, 0.34 mmol); AGalOC-leucine acid 14 (156 mg,
0.31 mmol), EDC (73 mg, 0.37 mmol), and HOBt (72 mg, 0.47 mmol) were
added to the reaction flask. The reaction was cooled (0°C) and then DMF
(10 mL) was added. After 14 h, the DMF was removed under reduced
pressure. The crude residue was dissolved in ethyl acetate, extracted, and
purified as described above. The S-dipeptide 19 (101 mg, 52 % ) was isolated
as a colorless oil. R;=0.23 (ethyl acetate/hexane 1:1); [a]% =+1.3 (¢c=0.6
in CHCL;); '"H NMR (400 MHz, CDCLy): 6 =6.44 (d, J=7.3 Hz, 1H), 5.63
(d, /J=84Hz,1H), 541 (d,/=3.2Hz, 1H), 5.36 (d, /=8.4 Hz, 1H), 5.30
(dd,/=10.4,83 Hz,1H),5.07 (dd,J=10.3,3.4 Hz, 1H),4.40 (q,/ =71 Hz,
1H),4.19-4.04 (m, 4H), 2.15 (s, 3H), 2.06 (s, 3H), 2.03 (s,3H), 1.98 (s, 3H),
1.69-1.48 (m,3H), 1.45 (s,9H), 1.35 (d,/=7.1 Hz,3H), 0.93 (d, /= 6.2 Hz,
6H); “C NMR (100 MHz, CDCl,): 6 =171.8, 170.8, 170.3, 170.2, 170.0,
169.7, 153.6, 93.5, 82.2, 71.4, 70.9, 67.7, 66.8, 60.9, 53.6, 48.7, 41.7, 27.9, 24.6,
22.9,21.8, 20.7, 20.6, 18.5; HRMS (FAB-3-NBA) [M+H]": calcd 633.2871;
found 633.2938.
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N-(2,3,4,6-Tetra-O-acetyl-f-p-galactopyranosyloxycarbonyl)-L-leucyl-1.-
serine tert-butyl ester (20): The general procedure for dipeptide coupling
was used with: L-serine-tert-butyl ester (60 mg, 0.37 mmol), AGalOC-
leucine acid 14 (168 mg, 0.33 mmol), EDC (79 mg, 0.40 mmol), and HOBt
(76 mg, 0.50 mmol) were added to the reaction flask, the mixture was
cooled (0°C); and DMF (10 mL) was added. The S-dipeptide 20 (89 mg,
40% ) was isolated as a colorless oil. R;=0.19 (ethyl acetate/hexane 1:1);
[a]% =+5.3 (c=15 in CHCl;); 'H NMR (500 MHz, CDCl;): 6 =6.83 (d,
J=73Hz, 1H), 5.62 (d, /=8.3 Hz, 1H), 5.47 (d, /=78 Hz, 1H), 5.42 (d,
J=29Hz, 1H), 5.30 (dd, J=10.4, 8.4 Hz, 1H), 5.08 (dd, /=104, 3.3 Hz,
1H), 449 (dt, /=73, 3.3 Hz, 1 H), 420 (m, 1H), 4.18-4.10 (m, 2H), 4.0-
4.04 (m, 1H),3.91 (dd,J=11.3,3.2 Hz, 1 H), 3.88 (dd, /= 11.3,3.8 Hz, 1 H),
2.88(brs, 1H),2.15 (s, 3H),2.07 (s, 3H), 2.03 (s,3H), 1.98 (s, 3H), 1.69 - 1.49
(m, 3H), 1.47 (s, 9H), 0.95 (d, J=4.6 Hz, 3H), 0.93 (d, J=4.6 Hz, 3H);
13C NMR (125 MHz, CDClLy): 6 =171.8, 170.4, 170.1, 170.0, 169.9, 153.9,
93.6, 82.9, 71.4, 70.8, 67.8, 66.8, 63.3, 60.9, 55.4, 53.9, 41.3, 28.0, 24.6, 22.9,
21.8,20.7,20.6,20.5; HRMS (FAB-3-NBA) [M+H]": calcd 649.2820; found
649.2848.

N-(2,3,4,6-Tetra-O-acetyl-f-p-galactopyranosyloxycarbonyl)-L-leucyl-O-
(tert-butyl)-L-serine tert-butyl ester (21): The general procedure for dipep-
tide coupling was used with: O-(fert-butyl)-L-serine-ters-butyl ester
(122 mg, 0.56 mmol), AGalOC-leucine 14 (228 mg, 0.45 mmol), 1-Hydroxy-
azabenzotriazole (HOAt) (96 mg, 0.71 mmol) in dry CH,Cl, (40 mL), and
EDC (94 mg, 0.49 mmol) in dry CH,Cl, (5mL). The p-dipeptide 21
(235 mg, 74 %) was isolated as a white foam. M.p. 79-82°C; R;=0.40
(ethyl acetate/hexane 1:1); [a]%=+16.0 (c=1.0 in CHCL); 'H NMR
(500 MHz, CDCl;): 6=6.53 (d, /=8.1 Hz, 1H), 5.60 (d, J=8.4 Hz, 1H),
5.45 (d,J=83Hz, 1H), 541 (d,J=3.2 Hz, 1H), 5.32 (dd, /=104, 8.4 Hz,
1H), 5.06 (dd, J=10.4, 3.4 Hz, 1 H), 4.54 (dt, J=8.1, 2.8 Hz, 1 H), 4.20 (m,
1H), 4.15 (d, J=6.7 Hz, 2H), 4.05 (t, J=72Hz, 1H), 3.77 (dd, /=828,
2.8 Hz, 1H), 3.52 (dd,/=8.9,2.9 Hz, 1 H), 2.16 (s, 3H), 2.06 (s, 3H), 1.98 (s,
3H), 1.69-1.64 (m, 2H), 1.58-1.50 (m,1 H), 1.45 (s, 9H), 1.15 (s, 9H), 0.96
(d,/=6.3 Hz,3H), 0.94 (d, /= 6.3 Hz, 3H); *C NMR (125 MHz, CDCl;):
0=171.0, 170.3, 170.1, 170.0, 169.7, 169.0, 153.5, 93.4, 82.0, 73.2, 71.3, 70.9,
67.6, 66.8, 62.0, 60.8, 53.7, 53.2, 42.0, 28.0, 27.3, 24.6, 22.9, 21.8, 20.6, 20.5;
HRMS (FAB-3-NBA) [M+H]": caled 705.3446; found 705.3424; elemental
analysis calcd (%) for C;,H;,N,O5: C 54.54, H 7.44, N 3.97; found C 54.33,
H 748, N 3.81.

General procedure for lipase WG catalyzed cleavage of acetate groups to
give compounds 22 and 23

N-(B-p-galactopyranosyloxycarbonyl)-L-phenylalanyl-L-valine tert-butyl es-
ter (22): A solution of dipeptide 15 (55 mg, 0.08 mmol) in acetone (2.5 mL)
was added to a solution of lipase WG (40 mg, 3.2 Units, Fluka) in Na-
phosphate buffer (0.07 M, 47.5 mL, pH 7.0). The reaction was incubated at
37°C and stirred for 48 h. A saturated sodium chloride solution (50 mL)
was added, and the crude product was extracted into ethyl acetate (5 x
25 mL). The combined organic phases were dried over MgSO,, filtered,
and concentrated under reduced pressure to give the pure, free galactose f3-
dipeptide 22 (29 mg, 69 %) as an amorphous white wax. R;=0.26 (chloro-
form/methanol 9:1); [a]% = +8.9 (¢=0.47 in CHCl;); 'H NMR (500 MHz,
CD;OD): 6 =729-7.18 (m, 5H), 5.22 (d, /=8.1 Hz, 1H), 4.50 (dd, J=9.0,
5.3 Hz, 1H), 419 (d, J=5.9 Hz, 1H), 3.85 (d, J=3.0 Hz, 1H), 3.71-3.65
(m, 2H), 3.63 (dd, /=9.8, 8.1 Hz, 1H), 3.58 (t, /=6.0 Hz, 1H), 3.50 (dd,
J=9.7, 33 Hz, 1H), 3.31 (dd, J=14.0, 53 Hz, 1H), 2.88 (dd, /J=14.0,
9.0 Hz, 1H), 2.13 (m, 1H), 147 (s, 9H), 0.95 (dd, /=6.8, 2.1 Hz, 6H);
3C NMR (125 MHz, CD;0D): 6 =173.9, 171.9, 156.8, 138.2, 130.3, 129.5,
127.8, 975, 82.8, 77.3, 74.7, 71.3, 69.9, 62.2, 59.8, 57.3, 39.0, 31.9, 28.3, 19.5,
18.5; HRMS (FAB-3-NBA) [M+Na]*: calcd 549.2424; found 549.2402.

N-(B-D-Galactopyranosyloxycarbonyl)-L-phenylalanyl-L-alanine tert-butyl
ester (23): The general procedure for lipase WG catalyzed cleavage was
used with: lipase WG (110 mg, 8.8 Units, Fluka) in Na-phosphate buffer
(0.07m, 15 mL, pH 7.0), and dipeptide 16 (126 mg, 0.19 mmol) in acetone
(0.75 mL). The reaction was incubated at 37°C and for 48 h. Pure, free
galactose [-dipeptide 23 (52 mg, 55%) was isolated as a white wax. R;=
0.40 (methanol/ethyl acetate 1:4); [a]%=-10.1 (¢c=1.0 in CH;OH);
'"H NMR (250 MHz, CD;0D): 6 =730-7.19 (m, 5H), 5.21 (d, J=8.0 Hz,
1H), 4.41 (dd, /=93, 48 Hz, 1H), 427 (q, J=72Hz, 1H), 3.83 (d, /=
3.0 Hz, 1H), 3.68-3.47 (m, 5H), 3.15 (dd, /=14.0, 4.8 Hz, 1 H), 2.86 (dd,
J=14.0, 93 Hz, 1H), 1.46 (s, 9H), 1.35 (d, /=72 Hz, 3H); *C NMR
(100 MHz, CD;0D): 6 =173.6, 173.2, 156.8, 138.3, 130.4, 129.5, 127.8, 97.5,
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82.7,713, 74.8, 71.3, 70.0, 62.2, 57.3, 50.3, 39.1, 28.2, 17.5; HRMS (FAB-3-
NBA) [M+Na]*: caled 521.2111; found 521.2055.

General procedure for sequential enzymatic cleavage to give compounds
26 and 27

L-Phenylalanine-L-serine tert-butyl ester (26): A Na-phosphate buffer
solution (0.07M, 1.5 mL) followed by lipase WG (Fluka, 7 mg) was added
to a solution of dipeptide 17 (12.5 mg, 0.012 mmol) in acetone (0.2 mL).
The reaction was incubated at 37 °C for 72 h. After TLC indicated complete
removal of the acetates, the reaction tube was centrifuged. The crude broth
was separated from the lipase residue by pipette and was added to a
solution of f-galactosidase (30 puL, 4.5 Units) in a Na-phosphate buffer
solution (0.07M, 0.3 mL). The reaction was incubated at 37°C for an
additional 24 h. A saturated NaCl solution (10 mL) was then added, and
the crude product was extracted into ethyl acetate (3 x2mL). The
combined organic phases were dried over MgSO,, filtered, and concen-
trated under reduced pressure to give the target N-terminal, free dipeptide
26 (2.2 mg, 60% over two steps) as a pale yellow oil which required no
further purification. R;=0.49 (chloroform/methanol/water 12:6:1); [a]D =
—83.3 (¢=0.7, CHCL); '"H NMR (500 MHz, CDCL;): 6=8.09 (d, J=
6.6 Hz), 7.33-721 (m, 5H), 5.55 (brd, 2H), 4.50 (m, 1H), 3.90 (dd, J=
11.1, 3.1 Hz, 1H), 3.85 (dd, /=111, 4.5 Hz, 1H), 3.67 (dd, /=8.9, 4.0 Hz,
1H), 3.20 (dd, J=13.7, 40Hz, 1H), 2.99 (brs, 1H), 2.80 (dd, J=13.7,
8.9 Hz, 1H), 1.47 (s, 9H); C NMR (125 MHz, CDCL;): 6 =174.8, 173.6,
169.6, 137.7,129.2, 128.5, 126.7, 82.4, 62.9, 56.4, 55.2, 41.0, 27.8, 22.4; HRMS
(EL 70 eV, 110°C) [M]": calcd 308.1736; found 308.1731.

Compound 27 was prepared according to the same procedure.!'’]

N-(2,3,4,6-Tetra-O-acetyl-f-D-galactopyranosyloxycarbonyl)-L-leucyl-L-
serine (28)

Synthesis by hydrogenation of benzyl ester 18: 10% Pd-C (10 mg) was
added to a solution of dipeptide benzyl ester 18 (70 mg, 0.10 mmol) in ethyl
acetate and ethanol (6:18 mL). The atmosphere was exchanged for
hydrogen, and the reaction was stirred at RT for 14 h. The mixture was
filtered through celite and concentrated under reduced pressure. The crude
residue was purified by column chromatography (ethyl acetate/acetic acid
99:1) to afford acid 28 (56 mg, 95%) as a white wax.

Synthesis by TFA cleavage of bis tert-butyl dipeptide 21: TFA (1 mL),
followed by a catalytic amount of water, was added dropwise to a cooled
(0°C) solution of bis-tert-butyl dipeptide 21 (100 mg, 0.14 mmol) in CH,Cl,
(2 mL). The reaction mixture was stirred at 0°C for 24 h. The mixture was
then concentrated under reduced pressure and co-distilled with toluene
several times to insure complete removal of TFA. The crude residue was
dissolved in ethyl acetate (30 mL) and washed with a 5 % NaHCO; solution
(3 x5 mL). The aqueous phase was adjusted to pH 2 with 6m HCI and
extracted with ethyl acetate (3 x 15mL). The combined organic phases
were dried over MgSO,, filtered, and concentrated to give the pure
dipeptide free acid 28 (81 mg, 98 % ) as a white wax. R;= 0.07 (ethyl acetate/
hexane 1:1); [a]® = +22.6 (¢ =1.0 in CHCL;); 'H NMR (500 MHz, CDCL,):
0=5.64 (d, /=83 Hz, 1H), 5.41 (d, /=3.4Hz, 1H), 538 (d, /=8.6 Hz,
1H),5.31 (dd, J=10.4,8.3 Hz,1H), 5.08 (dd,/=10.5,3.4 Hz, 1H), 4.34 (dt,
J=9.0,4.5Hz, 1H), 415 (d, J=6.7 Hz, 2H), 4.06 (t, J=6.4 Hz, 1H), 2.16
(s, 3H), 2.05 (s, 3H), 2.03 (s, 3H), 1.99 (s, 3H), 1.74-1.66 (m, 2H), 1.59—
1.53 (m, 1H), 0.95 (d, /=6.3 Hz, 6H); *C NMR (125 MHz, CDCL): 6 =
176.9, 170.7, 170.4, 170.2, 170.1, 153.7, 93.5, 71.5, 70.8, 67.9, 66.8, 60.9, 52.4,
410, 278, 21.7, 21.6, 20.6, 20.5; HRMS (FAB-3-NBA) [M+Nal*: calcd
615.2013; found 615.1954.

N-(2,3,4,6-Tetra-O-acetyl-f-D-galactopyranosyloxycarbonyl)-L-leucyl-L-

seryl-L-prolyl-O-(tert-butyl)-L-serine tert-butyl ester (30): A solution of
EDC (13 mg, 0.07 mmol) in CH,Cl, (5 mL) was added dropwise to a cooled
(0°C) solution of dipeptide acid 28 (39.6 mg, 0.07 mmol), HOAt (13.6 mg,
0.10 mmol) and dipeptide 29 (23.3 mg, 0.07 mmol) in CH,Cl, (15 mL). The
reaction was allowed to warm to RT and stirred for 14 h. The reaction
mixture was concentrated under reduced pressure. The crude residue was
dissolved in CH,Cl, (20 mL) and extracted with 0.IN HCI (3 x 10 mL) and
water (1 x 10 mL). The combined organic layers were dried over MgSO,,
filtered, and concentrated to give the tetrapeptide 30 (52 mg, 87 %) as a
white wax, which was pure and required no additional purification steps.
R;=0.62 (chloroform/methanol 9:1); [a]%=-13.6 (¢=0.9 in CHCL);
'H NMR (500 MHz, CDCL;): 6=6.93 (d, /=83 Hz, 1H), 6.84 (d, J=
8.0Hz, 1H), 5.61 (d, J=8.4Hz, 1H), 544 (d, J=83Hz, 1H), 541 (d,
J=32Hz, 1H), 5.30 (dd, J=10.3, 8.4 Hz, 1H), 5.06 (dd, /=104, 3.4 Hz,
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1H), 4.92 (m, 1H), 4.62 (m, 1H), 4.57 (m, 1H), 421-4.17 (m, 1 H), 4.13 (d,
J=6.9 Hz,2H),4.04 (t,/=6.8 Hz, 1H), 3.94 (dd,/=10.7, 4.6 Hz,2H), 3.74
(dd, /=823, 2.8 Hz, 2H), 3.66 (dd, /=174, 7.5 Hz, 1H), 3.50 (dd, /=828,
2.8 Hz, 1H), 3.20 (brs, 1H), 2.20-2.16 (m, 3H), 2.15 (s, 3H), 2.08 (s, 3H),
2.04 (m, 1H), 2.02 (s,3H), 1.98 (s, 3H), 1.68-1.46 (m, 3H), 1.4 (s, 9H), 1.13
(s, 9H), 0.90 (dd, J=6.3, 2.3 Hz, 6H); *C NMR (125 MHz, CDCl,): 6 =
171.4,171.1, 170.4, 170.2, 170.0, 169.8, 153.6, 93.5, 82.5, 73.4,71.4, 70.9, 67.7,
66.8,63.7,62.2,60.9,60.5,53.7,53.3,52.2,47.6,41.8,29.1,28.0,27.3,24.6,23.0,
21.7,20.7,20.6, 20.5; HRMS (FAB-3-NBA) [M+H]": calcd 889.4294; found
889.4196.

L-Leucyl-L-seryl-L-prolyl-O-(tert-butyl)-L-serine fert-butyl ester (32): A
solution of the tetrapeptide 30 (10.8 mg, 0.011 mmol) in acetone (0.2 mL),
followed by lipase WG (13 mg, Fluka), was added to a solution Na-
phosphate buffer (0.07m, 1.2 mL) in an Eppendorf tube. The reaction was
incubated at 37°C and stirred for 48 h, after which time TLC indicated
complete removal of all acetate groups. In a second Eppendorf tube, a stock
solution of f-galactosidase (50 pL, ~250 Units) was added to a Na-
phosphate buffer (0.07M, 1 mL). A few crystals of EDTA were added, and
the mixture was briefly stirred. The mixture from the first enzymatic step
was then centrifuged to allow for easy transfer of the reaction broth away
from the undesired Lipase residue. The crude broth was transferred by
pipette into the EDTA/f-galactosidase solution and further incubated at
37°C for 12 h. Two drops of 1N NaOH solution were added to the reaction
mixture. The desired product was extracted into ethyl acetate, dried over
MgSO,, filtered and concentrated under reduced pressure to give the
N-terminal free tetrapeptide 32 (3.3 mg, 60 % over two steps) as a colorless
oil. R;=0.36 (chloroform/methanol 3:1); [«]% = —372 (¢c=1.1 in CHCl,);
'H NMR (500 MHz, CDCl;): 6=790 (d, /=82Hz, 1H), 6.99 (d, J=
8.4 Hz, 1H), 4.94 (ddd, J=12.8, 8.0, 4.8 Hz, 1H), 4.63 (dd, /=8.1, 3.8 Hz,
1H), 4.58 (dt, /=84, 2.8 Hz, 1H), 3.97-3.93 (m, 1H), 3.91 (dd, /=10.6,
4.8 Hz, 1H),3.79-3.70 (m, 3H), 3.51 (dd, /=8.8,2.9 Hz, 1 H), 3.38 (dd, J =
9.8, 4.1 Hz, 1H), 2.20-2.10 (m, 2H), 2.02-1.96 (m, 2H), 1.75-1.62 (m,
2H), 1.45 (s,9H), 1.39-1.33 (m, 1H), 1.13 (s, 9H), 0.94 (d, /= 6.4 Hz, 3H),
091 (d, J=6.4 Hz, 3H); "C NMR (125 MHz, CDCl,): 6 =175.8, 171.1,
170.7,169.9, 82.3, 73.3, 64.1, 62.3, 60.4, 53.5, 53.3, 51.6, 47.6, 44.1, 29.1, 28.0,
273,24.8,24.6, 23.4, 21.3; HRMS (FAB-3-NBA) [M+H]*: calcd 515.3445;
found 515.3530.
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The Nickel-Substituted Quasi-Wells - Dawson-Type Polyfluoroxometalate,
[Ni''(H,O)H,F;NaW,;05]°", as a Uniquely Active Nickel-Based Catalyst for
the Activation of Hydrogen Peroxide and the Epoxidation of Alkenes and

Alkenols

Revital Ben-Daniel, Alexander M. Khenkin, and Ronny Neumann*[#!

Abstract: A series of transition metal
substituted polyfluorooxometalates
(PFOM) [M(L)H,F¢NaW,;Os]?~, M=
Zn**, Co**, Mn?*, Fe?*, Ru**, Ni** and
V3+ and L =H,0, O*, of quasi-Wells—
Dawson structure, was synthesized. In
the series prepared, only the nickel-
substituted polyfluorooxometalate was
capable of catalytic activation of hydro-
gen peroxide in biphasic reaction media,
the reaction leading mainly to the selec-

iron-, vanadium-, and zinc-substituted
polyfluorooxometalates were catalyti-
cally inactive, although, except for the
zinc polyfluorooxometalate, very signif-
icant catalase activity was observed.
Oxidation of thianthrene showed that
sulfoxides were oxidized more easily
than sulfides. Kinetic profiles of cyclo-

Keywords: homogeneous catalysis -
hydrocarbons - hydrogen peroxide -

octene epoxidation showed that the
reaction was zero order in both cyclo-
octene and hydrogen peroxide. Hydro-
gen peroxide was consumed at a rate
40 % higher than the rate of epoxidation
of cyclooctene. The reaction appears to
proceed through an intermediate per-
oxo/hydroperoxo species that was ob-
served in the IR spectrum. Atomic
absorption, IR and F NMR spectro-
scopy indicated that the [Ni(H,O)-

tive epoxidation of alkenes and alkenols.
The manganese-, cobalt-, ruthenium-,

oxidations -

Introduction

The activation of hydrogen peroxide towards epoxidation of
alkenes and alkenols remains an important research activity
in the quest for “green” oxidation techniques. Some catalysts
(not an exhaustive listing) recently shown to be highly active
and perhaps of industrial potential in such reactions include
methyl rhenium trioxide,[ titanium silicalites,”) manganese
triazacyclononane,P! and peroxophosphotungstates.l We are
interested in oxidation catalyzed by low-valent transition
metal substituted polyoxometalates. In this context, various
types of transition metal substituted polyoxometalates in
combination with various oxidants or oxygen donors such as
iodosobenzene,’! N-oxides ! periodate,” ozone ! tert-butyl-
hydroperoxide, molecular oxygen!'®'?land hydrogen perox-
idel™™ have been shown to be effective for alkene and alkane
oxidation. Three major polyoxometalate structure types have
been used in this research. They are the more common Keggin

[a] Prof. Dr. R. Neumann, R. Ben-Daniel, Dr. A. M. Khenkin
Department of Organic Chemistry
Weizmann Institute of Science
Rehovot 76100 (Israel)
Fax: (+972)8-934-4142
E-mail: ronny.neumann@weizmann.ac.il
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H,F,NaW;0s;5]°~ compound was stable
under reaction conditions.

and Wells—-Dawson compoundsl> 7% 10-11. 13 and also the so-
called “sandwich” compounds.[>® 2 130 Transition metal
substituted polyoxometalates that have been found to be
active upon insertion of the transition metal into the
polyoxometalate environment include those containing man-
ganese, iron, cobalt, copper, and noble metals.

Catalytic oxidation catalyzed by nickel-based complexes is
comparatively rare. From a historical perspective, nickel
peroxidel'l is a long-known stoichiometric oxidant, which,
however, is inactive for epoxidation of alkenes. More recently,
Burrows and her groupl" published a series of reports
showing that saturated macrocyclic compounds such as
cyclam coordinate nickel(ir), and can be used in conjunction
with two-electron oxygen donors such as hypochlorite and
iodosobenzene for catalytic oxidation. Nickel(1v) — oxo species
have been postulated as the active species. Some nickel-based
catalysts have also been reported to be active in Mukaiyama-
type oxidation reactions (molecular oxygen in the presence of
aldehydes as cooxidants).l') To our knowledge, there are no
reports that nickel-coordinated complexes and hydrogen
peroxide as terminal oxidant are catalytically active in the
epoxidation of alkenes. In published reports on oxidation with
a series of transition metal substituted polyoxometalates, the
nickel-based compounds were also described as inactive (or
similar in activity to noncatalytic control systems) compared
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to isostructural complexes with other transition metals such as
manganese, iron, cobalt, and so forth.

Upon preparing a new series of polyoxometalates contain-
ing transition metals, we were therefore somewhat surprised
to find that the nickel-containing analogue was the most
active one for the activation of hydrogen peroxide towards
epoxidation of alkenes. The transition metal substituted
polyoxometalates prepared in this series differ from more
common polyoxometalates in that oxygen has been substi-
tuted by fluorine in parts of the polyoxometalate framework.
These compounds are termed polyfluorooxometalates
(PFOMs). Recently a few compounds of this type have been
prepared, although they have not been examined as catalysts.
In one type of PFOMs, the structure is analogous to the
Keggin structure, with partial substitution of one to four
atoms of oxygen by fluorine.'’ In a second group of PFOMs,
compounds of an elliptical egg shape akin to Wells—Dawson-
type polyoxometalates (herein termed quasi-Wells— Dawson
structures; Figure 1) were prepared. Both nonsubstituted (all
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Figure 1. Structure of the [M(L)H,FsNaW,,0ss]¢~ polyfluorooxometalate
family.

tungsten)!'®! and cobalt- and iron!"-substituted compounds
have been reported. A zinc-substituted compound has also
been well-characterized in a doctoral thesis.?"!

This paper describes the preparation and characterization
of a series of quasi-Wells—Dawson PFOMs of general
formula [M(L)H,F;NaW;0s]?", where M=Zn?**, Co*,
Mn?*, Fe?*, Ru?**, Ni** and V°*; L =H,0, O?". First, the zinc
analogue, [Zn"(H,0O)H,F¢NaW;0s]°~, was prepared. The
remaining PFOMs were then prepared by metathetical
exchange with appropriate transition metal salts. Catalytic
activity towards epoxidation of alkenes and alkenols with
hydrogen peroxide was then measured.

Results and Discussion

Synthesis and characterization: The zinc-substituted
PFOM,? [Zn(H,0)H,F;NaW,Oss]°~ was prepared in sat-
isfactory yield from a sodium tungstate solution brought to
pH 4.5 by addition of HF. The precipitate of unknown
composition was filtered off, and zinc acetate was added to the
filtrate, which presumably contained the lacunary PFOM,
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© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

[H,F¢NaW,,O4]"~; this yielded the [Zn(H,O)H,F,NaW,;-
Oss]°~ compound, which was collected as the potassium salt
after addition of KCI. Although some other isostructural
PFOMs, M = Co?t, Fe?*, Mn?** and Ni**, were reported to
have been synthesized" %! in low yields by addition of other
salts to the lacunary [H,F;NaW,,Os]!'~, our attempts to
convincingly repeat these reported syntheses were unsuccess-
ful, especially for M =Fe?*, Mn?* and Ni**. Therefore, we
chose to change the synthetic strategy and to prepare the
further transition metal substituted PFOMs, [M(L)H,F,-
NaW,;0s;]7", where M = Co?**, Mn?*, Fe?*, Ru**, Ni** and
V3+ and L=H,0, O, by metathetical exchange of the zinc
atom by the other transition metals. Such a strategy was very
successful and reliable in the past for the synthesis of
transition metal substituted “sandwich” compounds.?!! In this
case, yields for the metathetical exchange reaction were in the
range of 50-65%.

Single crystals for X-ray diffraction analysis were grown for
the vanadium-substituted Kg[V(O)H,F¢NaW,,Os] - 17H,0, the
ruthenium-substituted Ko[Ru(H,O)H,F;NaW,0s] - 15H,0,
and the nickel-substituted Ko[Ni(H,O)H,F(NaW,,Os]-15H,0
analogues. From the crystallographic data (Table 1) it was

Table 1. Crystallographic data for Kg[V(O)H,FiNaW,;0s]-17H,0
Ko[Ru(H,O)H,F,NaW,,Os5] - 15H,0, and Ky[Ni(H,O)H,F{NaW;Os;] -
15H,0.

Vanadium Ruthenium Nickel
space group C2/c C2/c C2/c
a[A] 22.736 (3) 22.591 (3) 22.701 (3)
b [A] 12.335 (2) 12.310 (2) 12.324 (2)
c[A] 29.504 (5) 27.870 (4) 29.310 (5)
B°] 92.15 (2) 98.79 (2) 93.62 (3)
V [A3] 8269 (2) 7659 (2) 7886 (2)
VA 4 4 4
Peated [g cm ™3] 3.83 4.04 3.89
u(Mog,) [em™] 239.92 264.93 247.43
no. of unique reflections 7648 6980 7112
no. of reflections /> 30; 4775 4423 4539
R (R,) 0.050 (0.069)  0.155 (0.220)  0.851 (0.108)

clear that the transition metal substituted PFOMs were of the
same structure, and that they were completely isostructural to
the previously reported [H,FsNaW,;Os]’~ anion.'®! The
vanadium-substituted sample gave the best data. A sodium
heteroatom in the center is surrounded by six fluorine atoms
(Na—F, 2.24(2) A) in a trigonal prism coordination. There are
two different types of tungsten atoms (the substituted
transition metal, M), with 12 atoms in a “belt” position, W,
and six atoms in a “capped” position, W_.[?2l The belt tungsten
atoms (M) are coordinated as distorted octahedrons (bond
lengths to the bridging oxygen positions: W,—O,; 1.91(4) A,
W,—Op 1.91(2) A, W,—O,, 1.90(3) A; bond length to the
terminal oxygen position: W,—O,, 1.70(4) A; longer W,—F
bonds, 2.21(5) A). The atoms in the capped position have very
similar tetragonal coordination (bond lengths to the bridging
oxygen positions: W.—O,, 1.95(4) A and WO, 1.91(7) A,
bond lengths to the terminal oxygen positions: W—O
1.71(3) A, and longer, WO, bonds, 2.25(5) A). In the
refinement procedure, placement of the substituted metal in
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either the belt or capped position gave similar R values. The
position of the substituted metal can therefore not be
determined by the X-ray data, and the substituted metal is
assumed to be in both positions.

Credence to the assumption that the substituted metal is
located in both belt and capped positions was gained from two
NMR experiments. The first is the 3'V NMR spectrum of
Ks[V(O)H,FsNaW;045]%~ in D,O (Figure 2) and the second is

AN

480 500 520  -540
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Figure 2. >'V NMR spectrum of Ky[V(O)H,F;NaW;0s;] in D,O.

its 'TH NMR spectrum in CD;CN. For metal substitution in
both the belt and capped position, two peaks are expected and
were observed. VOCI; was used as external standard, and two
peaks at A —502 (Av,, =490 Hz) and — 516 (Av,, =270 Hz)
were observed, with an area ratio of approximately 1:1.75. The
peaks were shifted slightly downfield relative to those of other
monovanadotungstates.[’! Statistical and isomorphous sub-
stitution of one vanadium atom each from the belt and capped
positions would be expected to give, approximately, the
observed peak areas. Additionally, since proximate fluorine
substitution in the belt position would be expected to give an
upfield shift in the 3'V NMR, the relative shifts of the peaks
are logical. For example, for VO*-, = —540, for VO,F,,
0=-595 and for VOF,'", 6 =—79724 The relative peak
areas (capped and belt) correlate with the chemical shift.
The position of the hydrogen atoms was not resolved in the
X-ray structure, but is surmised to be between the O oxygen
and the neighboring fluorine atoms, together forming HF;0
tetrahedra.l'®2) [M(L)H,F,NaW,,Os;s]9" isomers with M in
the belt or capped position are nonsymmetric, and two
quartets in the coupled 'H{*'F} NMR spectrum are to be
expected. Therefore, four quartets are ideally to be expected
for an isomeric mixture. Indeed, this was observed for the
series of [M(L)H,F;NaW,;;055]?~ compounds measured in
CD;CN to avoid interference from HOD, but most clearly, for
4Qg[V(O)H,FsNaW,,0s;] where *Q = (n-C,H,),N* (Figure 3).
Four quartets at 6 =5.09, 4.97, 491, and 4.77 are clearly
observable, with an area ratio of 1.6:1.6:1.1:1.0 measured from
the decoupled 'H NMR spectrum. The peaks at 6 =5.09 and
477 are clearer after Gaussian apodization (inserts). The
additional peak (singlet) at 0 =4.84 is associated with an
impurity (2.5% by integration) and there are two additional
impurities, not shown, <1% each, at 0 =5.41 (triplet) and
4.62 (singlet). The coupling constants 'Jy  of the four quartets
are 10.7, 9.5, 10.4, and 10.8 Hz, respectively. Based on
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Figure 3. 'H{"”F} NMR spectrum of “Qg[V(O)H,F,NaW,,Os;s] in CD;CN.
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statistical probabilities, and similar to the >'V NMR spectrum,
the area ratios seem to indicate that the peaks at 6 =4.91 and
4.77 are associated with metal substitution in the capped
location, while the peaks at 0 =5.09 and 4.97 are associated
with belt substitution. The poorer resolution of the quartets at
0=15.09 and 4.77 versus the quartets at 0 =4.97 and 4.91 is
associated with the proximity of 'V (I=7/2), which would
distort the peaks, to the HF;O tetrahedra. The more resolved
quartets are related to the distal (from vanadium) HF;O
tetrahedra. It is important to additionally note that W (I=
1/2) is not expected to cause significant peak broadening,
whereas paramagnetic centers, for example Ni**, significantly
shift and broaden peaks.

Further characterization of the [M(L)H,F¢NaW,,Os;]9"
compounds was by YF NMR and W NMR spectroscopy.
It is important to note that for the series of PFOMs, the
spectra were essentially the same, regardless of the substituted
transition metal. In the "F{'H} NMR spectra (Figure 4) of

204800 a0 40 160 170
ppm

Figure 4. YF NMR spectrum of K,[Ni(H,O)H,F,NaW,Os;] in D,0.

[Ni(H,O)H,F;NaW,0ss]°~ dissolved in D,O, five peaks were
observed at 6=-140.1, —160.0, —162.3, —165.8 and
—168.50. The relative intensities vary somewhat, depending
on the substituted metal, but are approximately 1:1:1:2.5:1.2.
Two further comments are worthwhile making. First, the
peaks appeared as singlets and were not affected by the
adjoining hydrogen atoms. Second, as is common for tran-
sition metal substituted polyoxometalates, fast exchange on
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the NMR time scale of the substituted transition metal
prevents the resolution of all the theoretically expected
peaks.!?] Theoretically, the belt-substituted isomer is expected
to yield six peaks of equal intensity in the ’"F NMR spectrum.
The capped-substituted isomer is expected to yield an addi-
tional six lines, if non-NMR equivalence of the three fluorine
atoms distal to the substituted metal is assumed; if these three
fluorine atoms are regarded to be NMR equivalent, then four
lines of a 1:1:1:3 intensity ratio are expected. Considering the
statistical 2:1 ratio of belt versus capped positions, all in all,
either 12 or 10 lines are expected, with an area ratio of
2:2:2:2:2:2:1:1:1:1:1:1 or 2:2:2:2:2:2:1:1:1:3, respectively.

The W NMR spectrum of the nonsubstituted parent
compound,!'s! [H,F;NaW,,04]"", is simple. There is a doublet
due to coupling with fluorine associated to the belt tungsten
atoms and a singlet from the tungsten atom in the capped
position. The inclusion of a transition metal very significantly
changes the 'SW{YF} NMR spectrum (measured as the
lithium salt for maximum solubility) (Figure 5), because of
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Figure 5. W NMR spectrum of Li[Ni(H,O)H,F,NaW,,Os;]in D,O.

the reduction in symmetry. As was observed for ’F NMR, the
substituted transition metal did not affect the 'W NMR
spectra. Lacking a W-F decoupler, needed to reliably sort out
W —F connectivities, we have so far not been able to further
analyze the spectra.

Catalytic activation of hydrogen peroxide: We began our
survey of the catalytic activity of the series [M(L)H,F{NaW,,-
Os5]7~, M =Zn?", Co**, Mn?**, Fe?*, Ru?*, Ni>* and V>, by
testing the compounds for activity in the epoxidation of
cyclooctene with 35% aqueous hydrogen peroxide. At room
temperature, cyclooctene (1 mmol), Q,[M(L)H,FsNaW,,Os;]
(Q =tricaprylmethyammonium) (0.001 mmol), 1,2-dichloro-
ethane (1 mL) and H,0, (35%, 3 mmol) were stirred 24 h.
Analysis showed that only the nickel-substituted compound,
Qy[Ni(H,O)H,F;NaW,0s], resulted in significant conver-
sion, 24.6 %, with nearly 100% selectivity to cyclooctene
oxide. For all the other PFOMs, the conversion of cyclooctene
was <2 %, although considerable hydrogen peroxide dismu-
tation to oxygen and water was observed. The dismutation
reaction was quantified by measurement of the amount of
oxygen formed at room temperature. Thus, solutions of
K [M(L)H,FsNaW,,Oss] (1 umol) and hydrogen peroxide
(35%, 1 mmol) in acetate buffer (1 mL) were mixed and
oxygen evolution was measured with a gas burette. The zero-
order rates in hydrogen peroxide were 0.2 <0.8 <22 <32<
8.7<13.9mol hydrogen peroxide decomposed per mol
PFOM per minute for the zinc- < vanadium- < iron- < ruthe-
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nium- < cobalt- < manganese-substituted compounds, respec-
tively.

The activity of the nickel-substituted PFOM was further
investigated on a series of simple alkenes (Table 2).
[Ni(H,O)H,F;NaW,0ss]°~ was rather successful at catalyzing

Table 2.  Epoxidation of representative alkenes

[Ni(H,O)H,FNaW,;055]’~.1"

catalyzed by

Substrate Conversion [mol %] Selectivity [mol %]

25°C 60°C 25°C 60°C
cis-cyclooctene 78.3 >99 98 >99
1-octene 25.2 46.3 88 97
trans-2-octene 432 61.5 89 94
cyclohexene 429 74.6 751! 741l
styrene 33.6 [c]

[a] Reaction conditions: substrate (1 mmol), catalyst (0.01 mmol), 1,2-
dichloroethane (1 mL), 35% H,O, (3 mmol), 24 h. The selectivity is given
as mol epoxide per mol total products. The other products were allylic
oxidation products. [b] The remaining products were mostly 2-cyclohex-
enol and 2-cyclohexenone. [c] the products were 42 % benzaldehyde, 16 %
phenylacetaldehyde and 42 % PhCOCH,OH (GC-MS).

the epoxidation reaction (catalyst/substrate ratio 1:100), even
in the case of difficult-to-epoxidize terminal alkenes (1-
octene). Interestingly, cyclohexene, which is very sensitive
towards formation of allylic oxidation products by metal-
catalyzed autooxidation, showed high yields of epoxide and
temperature-independent selectivity. Styrene oxide was un-
stable under the reaction conditions, yielding both the
rearranged product phenylacetaldehyde, and a subsequent
oxidation product PhCOCH,OH, in addition to the carbon—
carbon bond-cleavage product, benzaldehyde. Interestingly,
these nickel-substituted PFOM-catalyzed reactions signifi-
cantly contrast with the previously studied epoxidation
catalyzed by manganese-substituted “sandwich” polyoxome-
talates.l'**<] Here, turnover numbers for an active substrate
such as cyclooctene are lower, but the active intermediate is a
more potent oxidant, as yields for epoxidation of a relatively
inert alkene, 1-octene, are higher. In addition, the reaction
here is much less sensitive to temperature compared to the
manganese “sandwich” case, where, at 60°C, cyclohexene
gave predominantly allylic oxidation products while yielding
epoxide only at approximately 0°C. The [Ni(H,O)H,F,-
NaW,,0s;]°"-catalyzed epoxidation of primary alkenols was
also studied (Table 3). The reactivity is significantly higher for
the allylic alcohols (catalyst/substrate ratio 1/1000) than for

Table 3. Epoxidation of alkenols

[Ni(H,O)H,FNaW,,055]*~.1"

representative catalyzed by

Substrate Conversion [mol % | Selectivity [mol %]
cis-2-hexen-1-ol 88.3 96
trans-2-hexen-1-ol 72.5 97
cis-3-hexen-1-ol 27.3 94
trans-3-hexen-1-ol 5.1 92

[a] Reaction conditions: substrate (1 mmol), catalyst (0.001 mmol), 1,2-
dichloroethane (1 mL), 35% H,O, (1 mmol), 25°C, 24 h. The selectivity is
given as mol epoxide per mol total products. The other products were
allylic oxidation products. trans-2-octene gave 4.8 mol % conversion under
reaction conditions.
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alkenes, although the homoallylic alcohols are significantly
less reactive. cis-Alkenols are more reactive than trans-
alkenols. Selectivity for the epoxide is high in all cases.

Where the activity of a new catalysts is described, an
important factor determining the practicality of the catalyst
for a specific use is its stability. The use of polyoxometalates
for the activation of hydrogen peroxide has shown that
Keggin-type polyoxometalates are not stable under the
typical reaction conditions,?! whereas “sandwich”-type poly-
oxometalates are very stable.'3*<t Also important in the
activation of hydrogen peroxide is, of course, the identity of
the active intermediate and the reaction yield in hydrogen
peroxide. In this research, we have used four independent
methods to study the question of catalyst stability and
performance.

First, the reaction profile for the epoxidation of cyclooctene
as a model alkene was measured (Figure 6). The reaction
profile shows that the reaction is zero-order in cyclooctene

0.8+

Cyclooctene
H202

Substrate consumed / mmol

0 100 200 300 400 500
Time / min

Figure 6. Reaction profile for the oxidation of cyclooctene. Reaction
conditions: substrate (1 mmol), catalyst (0.01 mmol), 1,2-dichloroethane
(I1mL), 35% H,0, (3 mmol), T=60°C. Cyclooctene consumption was
determined by GC, H,0O, consumption was determined from the amount
used to form cyclooctene oxide and the amount of oxygen formed (gas
burette). k,=1.16 mmolmin~!, ky,q, = 1.64 mmolmin~".

and hydrogen peroxide, as is expected, since the catalyst is the
limiting species. However, more importantly, the reaction
profiles give additional important insights: a) There appears
to be no induction period; an induction period would be
indicative of the time-dependent formation of an active
species. b) There is no apparent reaction deceleration as a
function of time; such a deceleration would point to
significant catalyst deactivation. ¢) Hydrogen peroxide reacts
only 40% more rapidly than cyclooctene; this indicates
minimal nonproductive hydrogen peroxide consumption.
Second, the IR spectra of Qy[Ni(H,O)H,F;NaW;0ss] were
measured before and after addition of hydrogen peroxide
(Figure 7). The original compound, bottom spectrum, is
typical of the quasi-Wells—Dawson polyoxometalate; peaks
were at 949, 882, 783, and 720 cm~L. After addition of a 100-
fold excess of hydrogen peroxide to Q,[Ni(H,O)H,F,Na-
W;,0s;s] in 1,2-dichloroethane, at 60 °C for six hours, followed
by phase separation and evaporation of the organic solvent,
the original peaks remained and were essentially unchanged
in position. In addition, a new peak was detected at 816 cm~1.
Our interpretation of these spectra is that the addition of
hydrogen peroxide to Q[Ni(H,O)H,F;NaW;0ss] does not
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Figure 7. IR spectrum of [Ni'(H,O)H,F,NaW;Os]°~. Bottom trace:
before addition of H,0,; top trace: after addition of H,O, (6 h at 60°C).

affect the overall structure of the latter, but that a peroxo or
hydroperoxo moiety, which typically absorb at 800 -840 cm~!,
is now bound to the PFOM, forming the active intermediate
“[Ni(H,O)H,F(NaW ;05| —H,0,”.

Third, after Qo[Ni(H,O)H,F¢NaW,Os;] was heated in 1,2-
dichloroethane with a 1000-fold excess of 35 % H,O,, at 60°C
for 6 h, the aqueous phase was separated and tested for the
presence of dissolved nickel by AAS. There was no indication
of nickel down to a 10 ppm level of detection. Finally, the F
NMR spectrum of Qy[Ni(H,O)H,F;NaW;0ss] was measured
after addition of hydrogen peroxide. For this, Qg[Ni-
(H,O)H,F¢NaW,Os;] (0.02 mmol) was dissolved in CDClI,
(2mL), and H,0, (35%, 6 mmol) was added. The stirred
mixture was kept at 25°C and the YF NMR spectra were
measured before addition of H,0O,, after 3 h, after 6 h and
after 24 h (Figure 8). The F NMR spectrum of Q,[Ni-
(H,O)H,F(NaW,,Os;] in CD;CN was qualitatively different
from the spectrum of K [Ni(H,0)H,F{NaW,Os] in D,O
(Figure 4). Six major peaks were resolved at 0 =—163.4,
—164.4, —164.8, —165.0, —165.2, and —167.1, and an addi-
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Figure 8. Changes in the “F NMR spectrum of [Ni'(H,O)H,F-
NaW,05;]°~ with time after addition of H,0O,.
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tional shoulder was observed at é =—167.2. Relative peak
intensities differed significantly from those of the sample in
water. None of the peaks is attributable to F—H coupling, as
the spectrum was unchanged by 'H decoupling. That the peak
downfield from the one at d = —140 found in D,O was not
detected in CD;CN could quite conceivably mean that that
peak is associated with a lacunary species. As noted above, we
believe that the ’F NMR spectrum is not completely resolved.
Upon addition of H,O, at room temperature, the Y’F NMR
spectrum is essentially unchanged after 6 h. In this time
period, significant catalytic activity, Tables2 and 3, was
observed. After a total period of 24 h, the YF NMR spectrum
is slightly changed. The peak at 6 — 165 is no longer observed.
This same slight change is discernable after 6 h at 60°C but
there is no further change after longer time periods. Fur-
thermore, no ’F NMR peaks associated with free F~ ions that
would be formed in the collapse or decomposition (fluorine in
surface positions are quickly exchanged by oxygen) of the
quasi-Wells—Dawson structure were detected in either the
aqueous or organic phase. Our interpretation of the "F NMR
data after 24 h at 25°C or 6 h at 60 °C is that the quasi-Wells—
Dawson structure is retained in the presence of H,O,. The
slight loss of resolution is associated with the formation of a
peroxo/hydoperoxo intermediate.

Conclusion

A partially new series of transition metal substituted poly-
fluorooxometalates with quasi-Wells—Dawson structure was
prepared and characterized. Characterization by 'V and
'H{*F} NMR spectroscopy show that the transition metal is
substituted in both the belt and capped positions. The nickel-
substituted compound was the only one active in the
activation of hydrogen peroxide towards the selective epox-
idation of alkenes and alkenols. Yields based on hydrogen
peroxide were high. An intermediate peroxo/hydroperoxo
compound was detected by IR spectrometry. Use of IR, AAS,
and ’F NMR indicates that the nickel-substituted polyfluoro-
oxometalate structure is stable under reaction conditions of
aqueous hydrogen peroxide at 60 °C.

Experimental Section

General: Reactants and solvents were all from commercial sources and
were used without additional purification. Water was determined by
thermogravimetric analysis (Mettler 50). Y’F NMR and 'H NMR spectra
were measured on a Bruker 400 DRX instrument at 376.499 MHz and
400.132 MHz in D,O or CD;CN, with neat CF;COOH as external standard.
'V NMR and ' W NMR spectra were measured on a Bruker 300 AMX
spectrometer at 78.86 MHz and 12.505 MHz in D,O, with VOCI; and
NaWO, as external standards. IR spectra were measured on a Nicolet 510M
FT spectrometer; atomic absorption measurements were done on a GBC
921 spectrometer. Oxidation reaction products were characterized with the
aid of reference compounds, when available, by GLC (Hewlett-Packard
5890 gas chromatograph) with a flame ionization detector and a 15 m x
0.32 mm 5 % phenylmethylsilicone (0.25 pm coating) capillary column and
helium carrier gas. Products with uncertain initial identity were unambig-
uously identified with a gas chromatograph equipped with a mass-selective
detector (GC-MS Hewlett-Packard GCD) and the same column described
above. IR spectra were measured on samples on NaCl plates, obtained by
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evaporation of a solution of Q[Ni(H,O)H,F;NaW,,Os;] dissolved in 1,2-
dichloroethane. The lithium salt, “[Ni(H,O)H,F,;NaW,,Os;], for the W
NMR measurement was obtained after the potassium salt, *[Ni-
(H,O)H,F{NaW,;Oss], was passed through a lithium-substituted Dowex
50 ion-exchange column. The solution was concentrated to approximately
1M for the W NMR measurement.

Synthesis

[Zn(H,0)H,FNaW,,055]°~: The zinc-substituted PFOM, [Zn(H,0)H,F-
NaW,,0s;]°~ was prepared according to a previously reported method,!
by which NaWO, - 2H,0 (44 g) was dissolved in water (100 mL) in a teflon
beaker. The solution was heated to 80°C and 49 % HF was added dropwise
until the pH reached 4.5. The white precipitate was filtered off and the
filtrate was reheated to 80 °C. Zinc acetate (7 g) dissolved in water (5 mL)
was added slowly, while the pH was kept at 4.5. The solution was stirred an
additional hour at 80°C, cooled, and then KClI (3 g) was added. The white
precipitate was filtered and recrystallized twice from water. Yield: 9.6 g. F
NMR (in H,O, neat CF;COOH as standard, relative intensities given in
parentheses) 0 = —140.3(1), —160.1(1), —162.5(1), —165.8(2.5), —168.7(1).

K[ V(O)H,F{NaW,04]-17H,0: The other transition metal substituted
PFOMs were prepared from [Zn(H,0)H,F{NaW;055]*~ PFOM as starting
material. For example, Kg[V(O)H,F;NaW;0ss]-17H,0 was prepared as
follows: VOSO, (0.326 g, 2 mmol), dissolved in 5 mL of an acetate buffer
(pH =5), was added over 5 min to a solution of [Zn(H,0)H,FsNaW;0ss]°~
(4.8 g, 1 mmol) in an acetate buffer (pH =5) (40 mL) at 50 °C. The solution
turned purple immediately. After being stirred for 30 min, the solution was
cooled and filtered. A saturated KCl solution was added to the filtrate, and
the precipitate formed was filtered. The precipitate (3.0 g) was dissolved in
water (15mL) and heated to 90°C, followed by addition of K,S,04
(750 mg). Upon addition of the oxidant, the color of the solution turned
from deep purple-brown to yellow in 20 min. Upon being cooled, the
solution yielded only yellow needle-like crystals, yield 2.4 g, which were
recrystallized from water. Elemental analysis calcd (% )for K¢[V(O)H,F¢-
NaW;0;5;]-17H,0: K 6.48, Na 0.48, V 1.05, W 64.70, H,O 6.34, F 2.19;
found: K 6.59, Na < 0.5 detected but precision limited due to sensitivity
limitation, V 1.15, W 63.87, H,O 6.29, F 2.36.

Ko[Ni(H,0)H,F;NaW,;055]-15H,0: Nickel nitrate hexahydrate (0.4 g)
dissolved in an acetate buffer (pH 5) (5 mL) was added slowly to a solution
of [Zn(H,0O)H,F,NaW,,0s;]°~ (4.8 g) in an acetate buffer (pH 5) (40 mL)
at 50°C. The solution turned light green immediately. After being stirred
for 30 min, the solution was cooled and filtered. To the filtrate, a saturated
KClI solution was added, and the precipitate formed was filtered and
recrystallized; yield 2.85g. Elemental analysis caled (%) for Kg[Ni-
(H,O)H,F{NaW,;0ss] - 15H,0: K 7.27, Na 0.48, Ni 1.21, W 64.53, H,0
5.95,F 2.35; found: K 7.11, Na < 0.5 detected, Ni 1.32, W 64.92, H,0 591, F
2.12.

Ky[Ru(H,0)H,F;NaW,05] - 15H,0: Ru(DMSO),Cl, (0.43 g) dissolved in
50 mL of an acetate buffer (pH 5) was added slowly to a solution of
[Zn(H,0)H,F,NaW;05;]°~ (4.8 g) in an acetate buffer (pH 5) (40 mL) at
50°C. The solution turned light brown immediately. After being stirred at
60°C for 5 h, the solution was cooled and filtered. To the filtrate a saturated
KCI solution was added and the precipitate formed was filtered and
recrystallized; yield 2.7 g. Elemental analysis caled (%) for Ko[Ru-
(H,O)H,F,NaW,,Os;] - 12H,0: K 728, Na 0.48, Ru 2.09, W 64.69, H,O 4.85,
F 2.36; found: K 7.37, Na < 0.5 detected, Ru 1.91, W 64.01, H,O 4.99, F 2.19.

Other substituted compounds: The other substituted compounds were
prepared in an identical way, yielding a pale brown manganese compound,
a black iron compound and a purple cobalt compound. We were
unsuccessful in preparing the analogous copper and chromium compounds
by this procedure. Quaternary ammonium salts of the various transition
metal substituted PFOMs, Q,[M(H,O)H,FNaW,,0ss], where Q is the
quaternary ammonium cation, were prepared by [M(H,O)H,F{NaW,,-
Os5]°~ (1 mmol) being dissolved in water (100 mL); to this, an equinormal
amount quaternary ammonium salt, for example, tetrabutyl ammonium
bromide or tricaprylmethyl ammonium chloride, dissolved in dichloro-
methane (75 mL), was added. The phases were mixed vigorously for
30 min. The organic phase was separated, dried with sodium sulfate and the
solvent was evaporated. The yields were nearly quantitative.

X-ray crystallography: X-ray data were measured on a PW1100/20 Phillips
four-circle diffractometer. Moy, (A=0.71069 A) radiation with a graphite
crystal monochromator in the incident beam was used. The unit cells were
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obtained by a least-squares fit of 24 centered reflections in the range of
10 <0< 15. Intensity data were collected by the w —26 method to a
maximum of 26 of 50°. The scan width, Aw, for each reflection was
1.0040.035tan @ with a scan speed of 3.0° min~!. Background measure-
ments were made for a total of 10s at both limits of each scan. Three
standard reflections were measured every 60 min and no systematic
variations were observed. Intensities were corrected for Lorentz, polar-
ization and absorption effects. All non-hydrogen atoms were found from
the results of the SHELXS-86 direct method analysis. The tungsten atoms
were refined on the assumption of a random substitution of one substituted
metal atom, and the electron densities were adjusted accordingly. Refine-
ment proceeded to convergence after w | Fy|—| F,|? was minimized. A
final difference Fourier synthesis map showed several peaks less than
2.3 e A3 scattered about the unit cell without significant feature. The
discrepency indices are R=3||Fy| — |F.||/Z|F,| and R, =[Zw | F,| — |F.
|2/Z] Fy|?]"*. Further details of the crystal structure investigation may be
obtained from the Fachinformationszenstrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail: crysdata
@fiz-karlsruhe.de) on quoting the depository number CSD-410811.

Catalytic epoxidation reactions: Typically, epoxidation reactions were
carried out in 5-mL vials: the vial was loaded with catalyst (10 umol)
dissolved in 1,2-dichloroethane (1 mL) and substrate (1 mmol). Hydrogen
peroxide (35 % aqueous, 3 mmol) was added after the reaction temperature
was equilibrated. The reaction mixture was stirred magnetically and
aliquots were removed at the appropriate time intervals for analysis by gas
chromatography.
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Self-Assembly of Two- and Three-Dimensional Coordination Networks with
Hexamethylenetetramine and Different Silver(® Salts

Ming-Liang Tong, Shao-Liang Zheng, and Xiao-Ming Chen*[*!

Abstract: Interesting two-dimensional
networks with square or hexagonal cav-
ities, and three-dimensional networks with
different channels, have been obtained
by varying the counterions, the molar
ratio of metal to hmt (hmt = hexameth-

ly [Agy(us-hmt)(NO,),] (1) and [Ag,(us
hmt)(SO,4)(H,0)]-4H,0 (2), two have a
metal-to-hmt molar ratio of 1:1 and are
2-D networks with hexagonal cavities,
namely [Ag(us-hmt)(NO,)] (3) and [Ag,-
(u5-hmt),](S,0¢) - 2H,0O (4), and seven

present the metal-to-hmt molar ratios of
3:1,2:1,3:2, or 4:3 and are 3-D networks
of novel topologies and with different
channels, namely [Ag,(u,-hmt)(u,-0%)]
(5), [Ags(uy-hmt),(H,0),](SO,)(HSO,) -
2H,0 (6), [Agy(us-hmt)(u,-O,CMe)]-

ylenetetramine) and the pH values of
the initial solutions. Among the eleven
products isolated and structurally char-
acterized, two have a metal-to-hmt mo-
lar ratio of 2:1 and are the first exam-

chemistry
ples of Ag—hmt square networks, name-

Introduction

Pronounced interest has recently been focused on the crystal
engineering of supramolecular architectures organized by
coordinate covalent bonds or supramolecular contacts such as
hydrogen bonding and m—m interactions.-? The self-assem-
bly of these frameworks is heavily influenced by factors such
as the solvent system,['?l the template, ¥ the pH value of the
solution, and steric requirement of the counterion;F! the
exploration of synthetic strategies and routes is therefore a
long-term challenge and much work is required to extend the
knowledge of the relevant structural types and establish
proper synthetic strategies leading to the desired species. The
use of different synthons!'® ®7 is one of several strategies that
could be employed in the synthesis of frameworks having
large cavities or channels for possible application in separa-
tion processes and catalysis. Silver(l) is a good candidate as a
simple spacer in L-M-L metallic synthons for the preparation
of desired networks, and hexamethylenetetramine (hmt) as a
potential tetradentate ligand seems quite suitable for self-
assembly of supertetrahedral (for hmt) [Ag,(hmt)] networks
with metallic synthons. However, as far as we know, no such
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(MeCO,) - 4.5H,0 (7), [Agy(uy-hmt) (us-
maleate)]-SH,O (8), [Ags(u,-hmt)(u,-
O,CPh);]  (9), [Agi(us-hmt);(H,0)]-
(SO,)(NO3),-3H,0 (10), and [Agp(us
hmt)s(us-HPO,) (u,-H,PO, )3 (H,PO,)-
(H,0)](H;PO,) - 10.5H,0 (11).

supramolecular

supertetrahedral network has been isolated and character-
ized.[8-13]

In view of this, we tried to find a feasible route to the self-
assembly of supertetrahedral [Ag,(hmt)] networks with a g,
hmt ligand. In a recent communication we reported the first
[Ag,(hmt)] hypothetical framework with u,-hmt ligands and
biconnected Ag! acting as a simple spacer in L-M-L metallic
synthons.' We report here a systematic preparation and
crystal structures of eleven two- (2-D) and three-dimensional
(3-D) noninterpenetrating open coordination networks self-
assembled from the hmt ligand with different AgX salts (X =
NO,-, ox*>~ [ox =oxalate, C,0,>"], SO,*~, SO;>~, MeCO,",
maleate, PhCO,~, and PO,"): [Ag,(u,-hmt)(NO,),] (1),
[Ag(uy-hmt)(SO,)(H,0)]-4H,O0 - (2),  [Ag(us-hmt)(NO,)]
(3), [Ag(us-hmt),](S,04) -2H,O  (4), [Aga(uy-hmt)(pty-0%)]
(5), [Ags(us-hmt),(H,0),](SO,)(HSO,) - 2H,0 (6), [Ag(us
hmt)(u,-O,CMe)](MeCO,) -4.5H,0 (7), [Ag(us-hmt)(us-
maleate)]-5H,O (8), [Ags(us-hmt)(u,-O,CPh)s] (9), [Aga(us
hmt);(H,0)[(SO4)(NO3),-3H,0 (10), and [Agy,(us-hmt)e(us-
HPO,)(u,-H,PO,);(H,PO,),(H,0)](H;PO,) - 10.5H,0O  (11).
Among these, 9 has the highest Ag:hmt molar ratio for a
3-D Ag-hmt coordination network, 1 and 2 are the first 2-D
examples of Ag—hmt square networks, 3 and 4 are 2-D
networks with similar skeletons and hexagonal cavities, 5—11
are 3-D coordination networks with novel topologies and
different channels. The hmt ligands adopt the less common
tetradentate mode in the construction of nine complexes,
while those in 3 and 4 function in the usual tridentate mode.
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Results and Discussion

Synthesis chemistry: All the derivatives were obtained by
slow evaporation of acetonitrile —water solutions of hmt and
the appropriate Ag' salt in molar ratios of 1:1 or 2:1 under
weak acidic or basic conditions, as shown in Scheme 1.

s0f LN Pl
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| |
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W 6,10 and 11 (3-D networks with hexagonal channels)

Scheme 1. Eleven different Ag—hmt networks.

Compound 4 was obtained from self-assembly of Ag,SO;
and hmt. However, the counterion of the product was
exchanged for S,0¢’", in response to the possibility that the
SO52~ counterion could be oxidized by the dioxygen mole-
cules in air under basic conditions (relevant potentials:
Pou j0, =+0.401 Vand @502 s0r =—0.569 V).

It is not hard to see from Scheme 1 that: 1) Participation of
counterions plays an important role in self-assembly of these
frameworks. Variations of the structural types of the networks
were observed for different counterions. The 3-D networks
were usually obtained in the presence of uncoordinated or
strongly bridging counterions in the reaction systems, while
the 2-D networks were easily generated in the presence of
monodentate coordinating counterions in the reaction sys-
tems. 2) The pH of the solution can obviously also influence
the structural type of the product, such as 2, 6, and 9. 3) The
[Ag,(hmt)] networks, which have been theoretically postu-
lated but not isolated,["! can be easily obtained by our
synthetical routes in a polar acetonitrile —water solvent.

Crystal structures

2-D square nets: Nets 1 and 2 are made up of infinite,
undulating neutral 2-D layers of square units. As illustrated in
Figure 1a, each square unit of 1 is organized from four Ag'
atoms in two geometries and four hmt ligands each at the
midpoints of sides and corners, in which the Ag(1) atom,

3730
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Figure 1. Perspective view of 1 showing a) the layer viewed along the ¢ axis
and b) the packing of the 2-D layers.

located at a two-fold crystallographic axis, is in a greatly
distorted octahedron coordinated by two nitrogen atoms from
different hmt ligands [Ag(1)-N 2.479(3) A, N-Ag(1)-N
101.79(15)°] and four oxygen atoms from two chelated NO,~
groups [Ag(1)—0 2.499(3) A, O-Ag(1)-O 49.65(12)°], while
the Ag(2) atom is in a perfectly linear geometry ligated by two
nitrogen atoms from two hmt ligands [Ag(2)—N 2.294(3) A,
N-Ag-N 180°].

Adjacent layers are separated by a distance of 6.945 A and
are intercalated into each other by the lateral Y-shaped
Ag(NO,), fragments of one layer inserting into the U-shaped
cavities of two adjacent layers, where weak interlayer Ag--- O
contacts (2.865 A) between the biconnected Ag' atoms and
oxygen atoms of the NO,~ group result in a 3-D molecular
network (Figure 1b).

The structure of 2 is also made up of infinite, deeply
undulating neutral 2-D layers of square units similar to those
of 1 together with lattice water molecules.'! As depicted in
Figure 2, each square unit is organized from four Ag! atoms in
two geometries and four hmt molecules each at the midpoints
of sides and corners; the Ag(2) atom is in a distorted trigonal
geometry coordinated by two nitrogen atoms from different
hmt ligands and one aquo ligand [Ag(2)—N 2.311(4) and
2.347(4), Ag(2-O 2303(4)A; N-Ag(2-N (or O)
115.10(14)-127.80(15)°), while the Ag(l) atom is in a
T-shaped geometry ligated by two nitrogen atoms from two
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Figure 2. Perspective view showing a layer in 2.

hmt ligands and one monodentate SO~ anion [Ag(1)-N
2.279(4) and 2292(4), Ag(1)-O 2.571(5) A; N-Ag(1)-N
172.81(15), N-Ag(1)-O 88.44(16) and 92.44(15)°].

In contrast to that of 1, adjacent layers of 2 are connected by
interlayer hydrogen bonds between the aquo ligand and SO~
anion with the O(1w)---O(SO,) distance of 2.681-2.691 A,
resulting in a 3-D molecular network having irregular
pentagonal channels. The lattice water molecules are clath-
rated in these channels.

To our knowledge, hmt usually acts in a y;-bridged mode in
construction of most of the 2-D Ag—hmt nets!® -2 and no
square-grid structural motif in 2-D Ag—hmt networks was
known before our work; the square 2-D nets in 1 and 2 are,
therefore, a new structural motif and the first examples
constructed from p,-hmt in 2-D Ag—hmt nets.

2-D hexagonal nets: The networks of 3 and 4 are made up of
infinite wavy 2-D layers of hexagonal units in the boat-type
conformation, similar to those in [Ag(hmt)]X (X=NO;,
ClO,~, and SbF,").5 1121 Ag illustrated in Figure 3a, each
hexagonal unit in 3 is organized from three Ag' atoms and
three hmt ligands, each representing a corner. The Ag' atom
occupies a greatly distorted tetrahedral geometry, coordinat-
ed by three nitrogen atoms from different hmt ligands
[Ag(1)-N 2.399(5)-2.438(4) A, N-Ag(1)-N 110.18(10)—
115.13(17)°] and one oxygen atom from a monodentate
NO,  ion [Ag(1)-O 2.444(10) A, N-Ag(1)-O 93.8(2)-
112.74(12)°]. These NO,™ ions are alternately oriented above
and below the hexagonal layer.

Adjacent layers are separated by 6.475 A and have no
significant interlayer connection (Figure 3b), being similar to
those in [Ag(hmt)]X (X=NO;~ [l Cl0,~,l'l and SbF,[2),
but different from those in 1 and 2.

Each hexagonal unit in 4 is also organized from three Ag!
ions and three hmt molecules making up the corners, as in 3.
But the Ag' atom is in a slightly distorted trigonal geometry,
coordinated by three nitrogen atoms from different hmt ligands
[Ag(1)-N 2.336(4)-2.354(4) A, N-Ag(1)-N 117.71(13) -
123.39(13)°], as illustrated in Figure 4a.

Chem. Eur. J. 2000, 6, No. 20
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Figure 3. Perspective view showing a) a layer and b) the packing of the
2-D layers in 3.

The S,04* anions are located in orderly fashion between
the 2-D layers with weak Ag--- O(S,0¢) bonds [2.728(5) A],
thus acting as pillars between the 2-D layers to produce 1-D
channels in the a axis in the solid, as shown in Figure 4b.

3-D coordination networks: The structure of 5 consists of 2-D
[Ag,(hmt)] square nets similar to those of 1 and 2, which are
further connected by u,-0x*>~ bridges to form a 3-D coordi-
nation network. As in 1 and 2, each square unit of the 2-D net
is organized of four Ag! atoms in two geometries and four hmt
molecules, one each at the midpoints of sides and corners; the
Ag(1) ion occupies a distorted octahedral geometry, coordi-
nated by two nitrogen atoms from different hmt ligands and
four oxygen atoms from two ox>~ ligands [Ag(1)—N 2.500(5),
Ag(1)—0 2.492(6) and 2.545(6) A], while the Ag(2) atom is in
a distorted tetrahedral geometry ligated by two nitrogen
atoms from two hmt ligands [Ag(2)—N 2.413(5) A] and two
oxygen atoms from different ox?>~ ligands belonging to the
adjacent upper or lower layer [Ag(2)—O 2.486(6) A]. There-
fore, the 2-D square layers are interlinked by u,-0x?>~ bridges
into a 3-D network (Figures 5a and b). It has been docu-
mented that the ox?>~ ligand can act in us-bridge mode ligating
Ag' atoms;[**" the u, mode present here (Figure 5c) has not
been reported elsewhere, although u,, us, u4, s, g, and ug
modes have been observed for other metal atoms.[!>!

The structure of 6 consists of an open 3-D cationic network
formed by the same hexagonal [Ag(hmt)] layers (Figure 6a)
as those in 3 and 4, joined by biconnected Ag' atoms, which
coordinate to the fourth nitrogen atoms (free in 3 and 4) of the
hmt ligands, as shown in Figure 6b. The Ag—N bond lengths
[2.249(5) A] for these spacers are shorter than those
[2.312(5)-2.367(3) A] in [Ag(hmt)] layers, but slightly longer
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Figure 4. Perspective view showing a) a layer and b) the packing of the
2-D layers in 4. The uncoordinated nitrogen atoms and their adjacent
carbon atoms of the hmt ligands in (b) have been omitted for clarity.

than those [2.223(5) A] found in a similar 3-D network,
[Ags(hmt),](ClO,);- 2H,0.! The SO,>-, HSO,", and lattice
water molecules are clathrated in the hexagonal channels.

From the topological point of view, the 3-D network of 6 is a
(3,4)-connected net, comprising triconnected (silver atoms of
the layers) and tetraconnected (hmt molecules) centers in the
ratio 1:1, similar to those of [Ag;(hmt),](ClO,);- 2 H,O!"! and
[Agy (hmt)e](PF); - 14 H,0.

The structure of 7 is an open 3-D cationic honeycomb
network with hexagonal channels, acetate counterions, and
lattice water molecules.' As shown in Scheme 1, the dimeric
Ag,(MeCO,), fragments are bridged by hmt ligands, each
using two nitrogen atoms, to create an infinite chain with
hexagonal cavities along the ¢ direction [Ag—N 2.240(4) and
2.405(4), Ag—O 2.366(4) and 2.391(4) A]. These chains are
further joined by simple Ag' spacers through the two
remaining nitrogen atoms of the hmt ligands [Ag—N
2.238(5) and 2.255(5) A; N-Ag-N 178.08(15)°] into a 3-D
noninterpenetrating open network having hexagonal channels
along the c axis (Figure 7a). The uncoordinated acetate ions
and lattice water molecules are clathrated in the channels and
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Figure 5. a) Perspective view of 5 showing the 3-D network viewed along
the b axis and b) the a axis, and c) the coordination mode of the ox?>~ group.
Small open balls represent centers of mass of the hmt ligands.

hydrogen-bonded to each other and to the carboxylate groups
of the host network.

The topology in 7 is, to the best of our knowledge,
unprecedented. The hexagonal subunits viewed along the ¢
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a)

b)

Figure 6. Perspective view of 6 showing a) the 2-D layer and b) the 3-D
network along the c¢ axis. Small open balls represent centers of mass of the
hmt ligands.

axis are all equivalent (Figure 7a), and involve four Ag' atoms,
two Ag,(0O,CMe), fragments, and six hmt ligands, while the
hexagonal subunits viewed along the b axis are nonequivalent
and can be classified into two categories (Figure 7b); one
involves two Ag,(0,CMe), fragments and two hmt ligands,
another involves four Ag' atoms and four hmt ligands. These
features are in contrast to those of the reported three-
dimensional networks, a triconnected 3-D enantiomorphic
interpenetrating network in [Ag(hmt)]PF,- H,O,!'"! two (3,4)-
connected mnets in [Ag;(hmt),](ClO,);-2H,0!  and
[Ag; (hmt)g](PF);; - 14H,0,'” and a triconnected 3-D net in
[Agy(hmt);(H,0)](PFy),- 3EtOH.1 The hexagonal units of
the 3-D network of 7 are all equivalent and involve four Ag!
atoms, two Ag,(u,-O,CMe), fragments, and six hmt ligands. In
the Ag,(u,-O,CMe), fragments, the Ag' atoms are joined by
two unusual noncoplanar skew-skew u,-carboxylate
bridges!'®! with an Ag--- Ag distance of 2.9144(8) A, indicating
a relatively strong Ag--- Ag interaction;'"l each Ag' atom is
further ligated by two nitrogen atoms from two different hmt
ligands, completing a distorted tetrahedron.

The structure of 8 is similar to that of 7 and also consists of
an open 3-D neutral honeycomb network with hexagonal
subunits (Figure 8a) and lattice water molecules. The dimeric

Chem. Eur. J. 2000, 6, No. 20

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

Figure 7. Perspective view showing the 3-D network in 7 along a) the c axis
and b) the b axis. The u,-O,CMe bridges are omitted for clarity. Small open
balls represent centers of mass of the hmt ligands.

Ag,(maleate), fragments, each formed by a pair of silver(1)
atoms bridged by two u,-carboxylate ends from two maleate
ligands, are joined by a bridge of the hmt ligands, each using
two nitrogen atoms, to form an infinite chain along the ¢ axis
[Ag--- Ag 2.8154(15), Ag—N 2.238(5)-2.304(4), and Ag—O
2.475(4)-2.530(5) A]. These chains are further joined by the
simple Ag! spacers through the two remaining nitrogen atoms
of the hmt ligand [Ag—N 2.269(4) and 2.287(4) A; N-Ag-N
162.48(16)°] into a 3-D noninterpenetrating open network
having hexagonal channels along the c or b axis (Figure 8b).
Another carboxylate end of the maleate ligand ligates in
monodentate fashion to an adjacent Ag' atom (Ag—O
2.534(5) A). Although the hexagonal channels are mainly
occupied by the alkene units of the maleate groups, a large
number of lattice water molecules are located in them,
hydrogen-bonded to one other and to the carboxylate groups
of the host network [O -+ O 2.676(7)—-2.947(10) A].

It should be noted that, neglecting the Ag-maleate
coordination, the topology of 8 is the same as that of 7.

Crystals of 9 are made up of a neutral 3-D honeycomb
coordination network with hexagonal subunits (Figure 9a). As
shown in Scheme 1, the dimeric Ag,(PhCO,), fragments are
bridged by hmt ligands, each using two nitrogen atoms, to
form an infinite chain along the a axis, which is similar to that
in 7 and 8.' These chains are further joined by the
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Figure 8. Perspective view of 8 showing a) the hexagonal ring and b) the
3-D network along the c axis. Small open balls represent centers of mass of
the hmt ligands.

biconnected Ag,(PhCO,), fragments through the two remain-
ing nitrogen atoms of the hmt ligands into a novel 3-D
honeycomb network. It should be noted that the biconnected
Ag,(PhCO,), fragments present here act as a longer spacer
than those in 7 and 8, an unprecedented observation.

The Ag,(u,-O,CPh), fragments can be classified into three
types. As shown in Figure 9a, the first type of Ag' atom is
joined by two unusual noncoplanar skew —skew carboxylate
bridges!'® with an Ag—Ag distance of 2.8567(15) A, indicating
a relatively strong Ag--- Ag interaction;!'"l each Ag' atom is
further ligated by two nitrogen atoms from two different hmt
ligands, completing a tetrahedral coordination geometry
[Ag(1)-O 2.269(7) and 2.253(7), Ag(1)-N 2.416(7) and
2.441(6) A], while the second or third type of Ag' atom is
ligated by two oxygen atoms from the skew —skew or coplanar
carboxylate bridges [Ag--- Ag distance of 2.8186(20) and
2.7460(18) A] and one nitrogen atom from one hmt ligand,
resulting in a distorted T-shaped coordination geometry
[Ag(2)—0 2.223(6) and 2.231(6), Ag(2)—N 2.415(7); Ag(3)—O
2.159(6) and 2.204(7), Ag(3)—N 2.435(7) A].
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Figure 9. Perspective view of 9 showing a) the hexagonal ring, b) the 3-D
network seen along the a axis and c) along the b axis. The u,-O,CPh bridges
are omitted for clarity and small open balls represent centers of mass of the
hmt ligands in (b) and (c).

It is noteworthy that 9 is the 3-D Ag-hmt coordination
network with the highest molar ratio of Ag to hmt, and the
topology of 9 is, to the best of our knowledge, unprecedented.
In 9, each hexagonal unit viewed along the a axis is equivalent,
and involves six Ag,(O,CPh), fragments and six hmt ligands
(Figure 9b), while the rectangular unit viewed along the b or ¢
axis involves four hmt ligands and four Ag,(O,CPh), frag-
ments in two types. The long side is hmt-Ag,(O,CPh),-hmt,
the short one is hmt-Ag-hmt (Figure 9¢). These features are
different from those of 7 and 8. It has been reported that the
largest ring in observed Ag—hmt networks is composed of six
biconnected Ag! atoms and six hmt ligands, so the hexagonal
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ring in 9 becomes the largest one so far in Ag—hmt networks,
being composed of twelve Ag! atoms and six hmt ligands
(Figure 9a).

The structure of 10 is a novel open 3-D cationic network
with two types of channels, as depicted in Figure 10. Four
crystallographically independent Ag' atoms have three types

Figure 10. Perspective view of 10 showing the 3-D network along the b
axis.

of coordination geometry. The setting of the first type of
Ag(1) atoms has a distorted tetrahedral geometry due to
coordination by three nitrogen atoms from three hmt ligands
[Ag—N 2.384(7)-2.385(5) A; N-Ag-N 117.8(2)-120.98(11)°]
and one oxygen atom from an aquo ligand [Ag—0O 2.558(9) A;
N-Ag-0 89.1(3)-93.19(17)°]. Each of the second type of Ag!
atoms occupies a slightly distorted triangular geometry and is
coordinated by three nitrogen atoms from three hmt ligands
[Ag—N 2.343(7)-2.389(5) A; N-Ag-N 117.6(2) - 121.20(12)°].
Each of the third type of Ag! atom is in a Y-shaped geometry
and coordinated by three nitrogen atoms from three hmt
ligands [Ag—N 2.350(7)-2.389(5) A; N-Ag-N 109.5(2) and
125.3(2)°].

It is noteworthy that, from the topological point of view, the
3-D network of 10 is also a (3,4)-connected net, composed of
triconnected (silver atoms of the layers) and tetraconnected
(hmt molecules) centers. But the topological type is unpre-
cedented. The large hexagonal unit of the 3-D network of 10
involves six Ag' atoms and six hmt ligands, while the small one
involves four Ag' atoms and four hmt ligands; each large
hexagonal unit is enclosed by six small hexagonal ones, and
each small one is enclosed by two large ones and four small
ones. These features are different from those of the tricon-
nected 3-D net in [Ag,(hmt);(H,0)](PF;), - 3 EtOH,"3 which
has a similar formula to 10, but contains silver(l) atoms and
hmt ligands with different coordination geometry and coor-
dination modes, and therefore a different network skeleton;
they are also different from those in 6 -9 and the reported 3-D
Ag—hmt networks, a triconnected 3-D enantiomorphic inter-
penetrating network in [Ag(hmt)]PF, - H,O,l'") and two (3,4)-
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connected 3-D nets in [Ag;(hmt),](ClO,);-2H,0" and
[Agy (hmt)e](PFe)y; - 14 H,O.11

The structure of 11 consists of an open neutral 3-D network
with hexagonal channels, neutral H;PO, molecules, and lattice
water molecules. As shown in Figure 11a, twelve crystallo-

b L1 B0
SONSKD AR
A= Y, 1!’5

Figure 11. a) Coordination environments of the metal atoms in 11;
b) perspective view showing the 3-D network in 11 along the a axis. Small
open balls represent centers of mass of the hmt ligands. The monodentate
H,PO,~ and the uncoordinated oxygen atoms of the bridging H,PO,~ or
HPO,* groups are omitted for clarity.

graphically independent Ag! atoms have four types of
coordination geometry. Ag(1), Ag(4), Ag(5), Ag(6), and
Ag(11) atoms are in distorted tetrahedral geometry; each is
coordinated by two nitrogen atoms from two hmt ligands and
two oxygen atoms from two H,PO,~ ions, or one H,PO,~ and
one HPO/~ ion, or one H,PO,” ion and an aquo ligand
[Ag—N 2.297(10)-2.403(11), Ag—O 2.259(12) —2.548(13) A].
Ag(2) and Ag(9) atoms occupy a T-shaped geometry and are
each coordinated by two nitrogen atoms from two hmt ligands
and one oxygen atom from one H,PO,~ group [Ag—N
2.224(12)-2316(13), Ag(2)-O  2.574(11)-2.587(13) A].
Ag(3), Ag(7), and Ag(10) atoms are in distorted triangular
geometry and are each coordinated by two nitrogen atoms
from two hmt ligands and one oxygen atom from one H,PO,~
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ion [Ag(10)~N 2.295(12)-2.394(14), Ag(3)—O 2.281(12)-
2.413(18) A], the Ag(12) atom is in an uncommon square-
planar geometry®l and is coordinated by two nitrogen atoms
from two hmt ligands and two oxygen atoms from two H,PO,~
ions [average Ag(12)-N 2.222(12), Ag(12)—0 2.514(12) A].

Among the twelve crystallographically independent
HPO/*~, H,PO,~ groups and H;PO, molecules, one acts as a
us bridge, three as u, bridges, and seven in monodentate mode
in coordination to the Ag! atoms, and the neutral H;PO,
molecule is hydrogen-bonded to the lattice water molecules
and the coordinated HPO,?>~ or H,PO,~ groups.

Such coordination geometries and bridging modes interact
in complex form to generate the 3-D network of hexagonal
channels (Figure 11b). It is noteworthy that the channels in 11
are asymmetric, a useful property in microporous solids for
selective molecular adsorption, ion exchange, and heteroge-
neous catalysis.[""]

Thermogravimetric analysis: In order to examine the thermal
stability of the porous networks, we carried out thermogravi-
metric (TG) analyses and measurements of the XRPD
patterns for some structures. Samples of 2, 4, 7, 8, 9, and 10
were chosen to be heated to 600 °C in N,. The TGA curve for
2 shows that the first weight loss of 13.1% between 76 and
100 °C corresponds to the loss of the included water molecules
(calculated: 13.3%), and the second weight loss of 3.2%
between 100 and 156 °C corresponds to the loss of coordinated
water molecules (calculated: 3.3%). Decomposition of 2
began above 205 °C. The TGA curve for 4 shows that the first
weight loss of 2.5 % between 50 and 98 °C corresponds to the
loss of one included water molecule (calculated: 2.6 %), and
the second weight loss of 2.4 % corresponds to the loss of the
second included water molecule between 98 and 177°C
(calculated: 2.6 % ). Decomposition of 4 began above 240°C.
The TGA curve for 7 shows that the weight loss of 14.3%
between 70 and 120 °C corresponds to the loss of the included
water molecules (calculated: 14.6 % ). Decomposition of 7
began above 208°C. The TGA curve for 8 shows that the
weight loss of 15.6 % between 50 and 157 °C corresponds to
the loss of five included water molecules (calculated: 16.1%).
Decomposition of 8 began above 220°C. The TGA curve for
10 shows that the weight loss of 6.6 % between 100 and 180°C
corresponds to the loss of the three included water molecules
and one aquo ligand (calculated: 6.3%). This fact indicates
that the aquo ligand is weakly coordinated, in accordance with
the relatively long Ag—O bond revealed in its crystal
structure. Decomposition of 10 began above 220°C. The
TGA curves show that no chemical decomposition occurred
up to 200°C and 220°C for 4 and 9, respectively. The X-ray
powder diffraction patterns of these samples are more or less
different from those of the original solids and a slight shift and
broadening of the diffraction lines was observed along with
the emergence of new small diffraction lines; these phenom-
ena indicate alteration of the crystal structure topologies or
local distortions within the structures, which are commonly
observed in zeolites and molecular sieves,? and may be
attributed to distortions in the pore structures which often
lower the overall symmetry of the structures slightly when the
solvate molecules are driven from the pores.?!l Even so, the

3736 ——

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

fact that no chemical decomposition was observed up to 200—
240°C for the Ag—hmt networks present here and docu-
mented elsewherel'® 'l suggests that they may, in a sense, be
related to the porous materials.

Conclusion

Interesting two-dimensional networks, with square or hexag-
onal cavities, and three-dimensional networks of novel top-
ologies have been obtained from the self-assembly of the rigid
Us- or u,-hmt ligand and different silver salts depending on the
counterions, the molar ratio of metal to hmt, and the pH
values of the solutions. Variations in the structural motifs of
the networks have been observed with increasing coordina-
tion ability of the counterions. The 3-D networks were usually
obtained in the presence of uncoordinated or strongly
bridging counterions in the reaction systems, while the 2-D
networks were easily generated in the presence of mono-
dentate coordinating counterions in the reaction systems. Out
of the eleven products isolated and characterized, two have a
metal-to-hmt molar ratio of 2:1 and contain 2-D square
structural motifs, namely [Ag,(u,-hmt)(NO,),] (1) and
[Ag,(us,-hmt)(SO4)(H,0)]-4H,0 (2), two have a metal-to-
hmt molar ratio of 1:1 and contain 2-D hexagonal networks,
[Ag(us-hmt)(NO,)] (3) and [Ag,(us-hmt),](S,06) - 2H,0 (4),
seven present 3-D networks with novel topologies and
channels of different sizes, specifically [Ag,(uy-hmt)(uy4-0%)]
(5), [Ags(uy-hmt),(H,0),](SO,)(HSO,) -2H,0 (6), [Aga(us
hmt)(u,-O,CMe)](MeCO,) -4.5H,0 (7), [Ag(us-hmt)(us-
maleate)]-5H,0 (8), [Ags(us-hmt)(u,-O,CPh)s] (9), [Aga(us
hmt);(H,0)](SO,)(NO;),-3H,0 (10) and [Agy,(us-hmt)s(us-
HPO,)(u,-H,PO,);(H,PO,),(H,0)](H;PO,) - 10.5H,O (11).

Although hmt rarely acts in tetradentate coordination
mode, our present work suggests effective routes to con-
structing [Ag,(hmt)] frameworks with u,-hmt ligands and
metallic spacers. Moreover, the longer Ag,(u,-O,CPh), enti-
ties have been successfully used as a simple spacer to
construct a novel 3-D noninterpenetrating honeycomb net-
work with the highest Ag':hmt molar ratio to date. The
isolation of the title complexes and previous work also
demonstrate that participation of counterions plays a vital
role in self-assembly of these frameworks.

Experimental Section

Materials: The AgNO,, Ag,(ox) and Ag,SO; salts were prepared by the
reaction of AgNO; and the appropriate sodium salts, Ag;PO, was prepared
by the reaction of Ag,O and dilute H;PO, solution, Ag,(maleate), and
Ag,(PhCO,), were prepared according to the literature method.??! Other
reagents and solvents employed were commercially available and used as
received without further purification. The C, H, N microanalyses were
carried out with a Perkin—Elmer 240 elemental analyzer. The FT-IR
spectra were recorded from KBr pellets in range 4000-400 cm™ on a
Nicolet SDX spectrometer. Thermogravimetric data were collected on a
Perkin - Elmer TGS-2 analyzer in flowing nitrogen at a heating rate of
10°Cmin~.

Synthesis of the polymers: All the compounds were prepared by treating
the silver salts (AgNO,, AgSO,, AgSO0;, Ag,(ox), Ag,(0,CMe),,
Ag,(maleate),, Ag,(PhCO,),, and Ag;PO,) dissolved in MeCN/H,O mixed
solvents with MeCN solution of the hmt ligand in molar ratios of 1:1 or 1:2
at 50-60°C.
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Synthesis of [Ag,(#,-hmt)(NO,),] (1): An aqueous solution (5 mL) of hmt
(0.140 g, 1.0 mmol) was added dropwise to a stirred MeCN/H,O solution
(5mL) of AgNO, (0.308 g, 2.0 mmol) at 50°C for 15 min. The resulting
colorless solution was allowed to stand in air at room temperature for two
weeks, yielding colorless crystals in good yield (78%). Anal. calcd for
C¢H,Ag,NsO, 1: C 16.09, H 2.70, N 18.76 %; found: C 15.92, H 2.56, N
18.66%; IR (KBr, cm™!): #=3451mbr, 2981w, 2852m, 2876w, 1578m,
1460s, 1377m, 1328 m, 1267s, 1238vs, 1006vs, 928 m, 806s, 687s, 666 m,
S512m.

Synthesis of [Ag,(u,-hmt)(SO,)(H,0)]-4H,0 (2): The procedure was the
same as that for 1, yield ca. 75 %. Anal. calcd for CsH,,Ag,N,O,S 2: C 13.29,
H 4.09, N 10.34 %; found: C 13.16, H 4.02, N 10.22%; IR (KBr, cm™'): 7=
3437mbr, 3395m, 2966 w, 2938 m, 2868 m, 1651 m, 1560 m, 1454 m, 1384 m,
1370m, 1229s, 1117 vs, 1004 vs, 835w, 814s, 688m, 617s, 512m.

Synthesis of [Ag(#;-hmt)(NO,)] (3): The procedure was the same as that
for 1 except that the molar ratio of Ag:hmt was 1:1, yield ca. 85 %. Anal.
caled for CgH,AgN50O, 3: C 24.51, H 4.11, N 23.82 %; found: C 24.38, H
4.06, N 23.76%; IR (KBr, cm™'): ¥#=3458m, 2950m, 2874m, 1630w,
1459 m, 1371 m, 1269vs, 1239 vs, 1006 vs, 812, 687m, 512 m.

Synthesis of [Ag,(u;-hmt),](S,04) - 2H,0 (4): The procedure was the same
as that for 1 except that the molar ratio of Ag:hmt was 1:1, yield ca. 75 %.
Anal. caled for C,HxAg,NO4S, 4: C 20.82, H 4.08, N 16.19 %; found: C
20.68,H4.02,N 16.11 %; IR (KBr, cm™'): 7 =3465m, 2954 w, 2886 w, 1636 w,
1463 m, 1385w, 1226 vs, 1008 vs, 988 vs, 927w, 808's, 778 w, 702m, 666 w, 576,
S516m.

Table 1. Crystallographic data for compounds 1-11.

Synthesis of [Ag,(u,-hmt)(u-0x)] (5): The procedure was the same as that
for 1, yield ca. 75%. Anal. caled for CgH,,Ag,N,O, 5: C 21.64, H 2.72, N
12.62%; found: C 21.48, H 2.61, N 12.52%; IR (KBr, cm™'): 7#=3428m,
2979 m, 2945m, 2864w, 1578 vs, 1448 m, 1356w, 1298, 12355, 1008 vs, 815,
7705, 685s, 519w, 471w, 403 w.

Synthesis of [Ag;(x,-hmt),(H,0),](SO,)(HSO,) - H,0 (6): White Ag,SO,
solid (0.117 g, 0.5 mmol) was added to a dilute H,SO, solution (10 mL) over
10 min. The pH of the solution was adjusted to ~4.5 by addition of dilute
NaOH solution, then a solution of hmt (0.140 g, 1.0 mmol) in MeCN (5 mL)
was slowly added. The resulting colorless solution was stirred at 50 °C for
15 min and allowed to stand in air at room temperature for three weeks,
yielding colorless crystals, yield ca. 55 % based on silver(1). Anal. calcd for
C,H36Ag5NgOS, 6: C 17.97, H 3.77, N 13.97 %; found: C 17.68, H 3.64, N
13.75%; IR (KBr, cm™): 7 =3458s, 34095, 2959 m, 2931 w, 2882m, 1630m,
1560w, 1461 m, 1398w, 1377w, 1349w, 1293 m, 12575, 12365, 1110vs, 1011 vs,
871w, 814s, 688m, 617s, 505w.

Synthesis of [Ag,(u,-hmt)(u,-0,CMe)](MeCO,) -4.5H,0 (7): The proce-
dure was the same as that for 1, yield ca. 75%. Anal. calcd for
CioHyAgN,Ogs 7: C 21.64, H 4.90, N 10.09 %; found: C 21.48, H 4.79, N
10.04%; IR (KBr, cm™!): #=23325sbr, 2938m, 2875m, 1672m, 1574 vs,
1454m, 1405s, 1342m, 12365, 1046w, 920w, 814m, 688 m, 646 m, 625w,
512w.

Synthesis of [Ag,(u,-hmt)(u;-maleate)] - SH,0 (8): The procedure was the
same as that for 1, ca. 82 % yield. Anal. calcd for C,,H,,Ag,N,O, 8: C 21.45,
H 4.32, N 10.00 %; found: C 21.28, H 4.19, N 9.84 %; IR (KBr, cm™!): 7=

[Ag(hmt)(NO,),] [Agy(hmt)(SO,) [Ag(hmt)(NO,)] [Ago(hmt),](S,0) - [Ago(hmt)(ox)] [Ags(hmt),(H,0),]
@ (H,0)]-4H,0 (2) (3) 2H,0 (4) ® (SO4)(HSO,)-2H,0 (6)
empirical formula C¢H,N¢O,Ag, C¢H,,N,O0SAg, C¢H;N;O,Ag C,HNgOsS,Ag, CgH,Ag,N, O, C,H3NgO,,S,Ag;
M, 447.96 542.08 294.08 692.28 443.96 869.19
crystal system orthorhombic monoclinic orthorhombic orthorhombic monoclinic orthorhombic
space group Pmma (No. 51) Cc (No. 9) Pnma (No. 62) Pbca (No. 60) P2/c (No. 13) Pnnm (No. 58)
a[A] 12.882(6) 6.362(6) 12.951(5) 12.141(5) 6.383(2) 10.011(4)
b [A] 6.2920(10) 18.81(1) 6.583(3) 11.140(2) 6.816(2) 19.369(7)
c[A] 6.945(4) 12.552(4) 10.449(5) 15.765(9) 12.414(5) 6.4140(10)
A1 90 91.64(6) 90 90 92.95 90
V [A3] 562.9(4) 1502(2) 890.8(7) 2132.2(15) 539.4(3) 1243.7(7)
Z 2 2 4 8 2 2
Pearea [gem ™3] 2.643 2.398 2.193 2.157 2.734 2.321
u [mm~1] 3.498 2.798 2.245 2.093 3.644 2.581
obs. refl. criterion 1> 20(I) I1>20(1) 1>20(1) 1>20(1) 1>20(1) 1>20(1)
R1, wR2[-b] 0.0289, 0.0746 0.0259, 0.0663 0.0488, 0.1241 0.0485, 0.1377 0.0467, 0.1317 0.0386, 0.1031

[a] R1=Z||F,| — |F||/Z|F,|. [b] wR2=[Ew(F2 — F2)/Zw(F2)*]'?; weighting: w = 1/[0*(F,)*+(aP)*+ bP), where P=(F2+2F2)/3.

[Ag,(hmt)(O,CMe)] [Ag,(hmt) [Ag;(hmt) [Agy(hmt);(H,0)] [Ago(hmt)s(HPO,)(H,PO,),0(H,0)]
(MeCO,)-4.5H,0 (7) (maleate)]-5H,O (8) (O,CPh);] (9) (SO,)(NO3),-3H,0 (10)  (H;PO,)-10.5H,0 (11)

empirical formula  C,)Hy;N,Og5Ag, C1oHxuN,O0Ag, CyHy;AgeN,Og  CigHuN, O SAg, C36H119A812N24050 50P1

M, 555.10 560.07 827.14 1144.21 3506.63

crystal system orthorhombic monoclinic triclinic orthorhombic monoclinic

space group Pbcn (No. 60) C2/c (No. 15) P1 (No. 2) Pnma (No. 62) P2, (No.4)

a[A] 22.7015(3) 12.587(7) 6.439(2) 29.402(13) 10.310(2)

b [A] 12.1200(2) 22.311(10) 15.490(5) 6.543(2) 22.950(5)

c[A] 12.9889(2) 13.063(7) 15.758(8) 16.849(9) 20.002(4)

a[’] 90 90 117.630(10) 90 90

A1 90 103.30(2) 90.930(10) 90 90.49(3)

v [°] 90 90 94.370(10) 90 90

V[A3] 3573.79(9) 3570(3) 1386.1(9) 3241(2) 4732.6(17)

V4 8 8 2 4 2

Peatea [gem ™3] 2.164 2.084 1.982 2.345 2.461

u [mm™1] 2.251 2.246 2.147 2.534 2.744

obs. refl. criterion  1>20([) 1>20(1) 1>20(1) 1>20(1) 1>20(1)

R1, wR2 "] 0.0553, 0.1664 0.0475, 0.1192 0.0564, 0.1303 0.0531, 0.1371 0.0463, 0.1098

[a] R1I=Z||F,| — |F.||/Z|F,|. [b] wR2=[Ew(F2 — F2)/Sw(F2)?*]"?; weighting: w = 1/[0*(F,)*+(aP)*+ bP], where P=(F2+2F?2)/3.

Chem. Eur. J. 2000, 6, No. 20
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3325sbr, 2938m, 2875m, 1672m, 1574vs, 1454m, 1405s, 1342m, 12365,
1046w, 920w, 814m, 688m, 646 m, 625w, 512w.

Synthesis of [Ag;(#,-hmt)(,-0,CPh);] (9): The procedure was the same as
that for 1, yield ca. 86 %. Anal. calcd for C,;H,;Ag;N,O4 9: C39.21, H 3.29,
N 6.77 %; found: C 39.16, H 3.22, N 6.72%; IR (KBr, cm™!): #=3057w,
2966w, 2931w, 15955, 1553 vs, 1453w, 1391, 1229s, 1173 w, 1068w, 1004 vs,
835w, 814m, 709s, 681s, 512w, 428 w.

Synthesis of [Ag,(#,-hmt);(H,0)](SO,)(NO;),-3H,0 (10): An aqueous
solution (5 mL) of hmt (0.140 g, 1.0 mmol) was added dropwise to a stirred
MeCN/H,0 suspension (5 mL) of Ag,SO, (0.156 g, 0.5 mmol) at 50°C for
15 min. The solution was adjusted to pH ~4.5 by addition of dilute HNO;
solution. The resulting colorless solution was allowed to stand in air at room
temperature for two weeks, yielding colorless crystals (ca. 90% yield).
Anal. calcd for C;gH,,Ag,N,0,,S 10: C 18.90, H 3.88, N 17.14 % found: C
18.78, H 3.68, N 17.02%; IR (KBr, cm™'): #=3440mbr, 2921w, 1578 m,
1460m, 1381s, 1237s, 1091s, 1004 vs, 8115, 688, 605m, 506 m, 377 w.

Synthesis  of  [Agp(us-hmt)o(u;-HPO,) (1-H,PO,);(H,PO,),(H,0)]-
(H;P0,) -10.5H,0 (11): Yellowish Ag;PO, solid (0.5 mmol) was added to
a dilute H;PO, solution (15 mL) in 20 min. The solution was adjusted to pH
~ 4.5 by addition of dilute NaOH solution, then a solution of hmt (0.280 g,
2.0 mmol) in MeCN (5mL) was slowly added. The resulting colorless
solution was stirred at 50°C for 15 min and allowed to stand in air at room
temperature for three weeks, yielding colorless crystals [ca. 55% yield
based on silver(1)]. Calc. for CsH,;0Ag,N,,Os05P;, 11: C 12.33, H 3.42, N
9.59%; found: C 12.19, H 3.34, N 9.55%; IR (KBr, cm™!): #=3451mbr,
3388m, 2952m, 2875m, 1651 m, 1560m, 1461 m, 1370w, 1300w, 1264 m,
12365, 1075m, 1011 vs, 934 m, 814s, 688 m, 674m, 540m, 512w.

X-ray crystallography: Diffraction intensities for the eleven complexes
were collected at 21°C on a Siemens R3m diffractometer using the w-scan
technique. Lorentz polarization and absorption corrections were ap-
plied. The structures were solved by direct methods and refined with
the full-matrix least-squares technique by means of the SHELXS-97 and
SHELXL-97 programs, respectively.?* 2! Anisotropic thermal parameters
were assigned to all non-hydrogen atoms except those in 10, in which some
non-hydrogen atoms are refined anisotropically. The organic hydrogen
atoms were generated geometrically (C—H =0.96 A); the aquo hydrogen
atoms were located from difference maps and refined with isotropic
temperature factors. Analytical expressions of neutral-atom scattering
factors were employed, and anomalous dispersion corrections were
incorporated.”®l The absolute structures for 3 and 11 were determined
with Flack parameters of —0.03(4) and 0.09(4), respectively.?’”! The
crystallographic data for 1-11 are listed in Table 1. Drawings were
produced with SHELXTL.?® Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publica-
tions nos. CCDC-116813 to 116814 and CCDC-138324 to 138332. 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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Dynamics in Physisorbed Monolayers of 5-Alkoxy-isophthalic Acid
Derivatives at the Liquid/Solid Interface Investigated by Scanning Tunneling

Microscopy

André Gesquiere,”! Mohamed M. Abdel-Mottaleb,*! Steven De Feyter,*?!
Frans C. De Schryver,*!*! Michel Sieffert,” Klaus Miillen,!” Anna Calderone,!*!
Roberto Lazzaroni,'*! and Jean-Luc Brédas!®!

Abstract: Monolayers of isophthalic
acid derivatives at the liquid/solid inter-
face have been studied with scanning
tunneling microscopy (STM). We have
investigated the dynamics related to the
phenomenon of solvent co-deposition,
which was previously observed by our
research group when using octan-1-ol or
undecan-1-ol as solvents for S-alkoxy-
isophthalic acid derivatives. This solvent

real-time (two frames per second) for
the first time. Dynamics of individual
molecules were investigated in mixtures
of semi-fluorinated molecules with
video-STM. The specific contrast arising
from fluorine atoms in STM images

Keywords: liquid/solid interface
monolayers - scanning probe micros-
copy - self-assembly

allows us to use this functionality as a
probe to analyze the data obtained for
the mixtures under investigation. Upon
imaging the same region of a monolayer
for a period of time we observed that
non-fluorinated molecules progressively
substitute the fluorinated molecules.
These findings illustrate the metastable
equilibrium that exists at the liquid/solid
interface, between the physisorbed mol-

co-deposition has now been visualized in

Introduction

With scanning tunneling microscopy (STM) organic mono-
layers can be studied with submolecular resolution at the
liquid/solid interface. This type of monolayers, which are
formed by spontaneous self-organization of molecules from
solution on solid substrates, has been studied for a wide
variety of compounds.'l Besides functionality, chirality and
photoreactivity have also been investigated at the liquid/solid
interface.?1Bl
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ecules and the supernatant solution.

STM does not only allow the visualization of the ordering
within monolayers, but also the study of the dynamics within
these monolayers. The range of dynamic phenomena that can
be investigated by STM is limited by the nature of the STM
experiment, which is generally slow compared with the
timescale of single molecule dynamics.

Several spontaneous dynamic phenomena have been vi-
sualized both in pure and mixed monolayer systems at the
liquid/solid interface. Stabel etal. investigated the two-
dimensional structure of 2-hexadecyl-anthraquinone mono-
layers.) The analysis suggests a rather loose packing with
nonoptimized intermolecular interactions. The authors pro-
pose that the STM-images present the average struc-
ture between two oscillating densely packed monolayer
structures.

Ostwald ripening describes the growth of larger particles at
the expense of smaller particles. The thermodynamic driving
force in two dimensions is the reduction of the circumference-
to-area ratio and thereby the lowering of the interfacial or line
energy. Stabel et al. studied this phenomenon in two-dimen-
sional systems with STM.P! They observed that small domains
in 2-hexadecyl-anthraquinone and tetradodecyl-octathio-
phene monolayers shrink and finally disappear. Reorientation
of molecules and lamellar fragments with respect to the
graphite substrate has been invoked to explain the observed
Ostwald ripening.
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A variable temperature fast STM was used to observe the
order-disorder transition in monolayers of alkanes at the
liquid/graphite interface.l’! At the interface between a neat
melt of a long-chain alkane and a solution of this long-chain
alkane disordered lamellae and a columnar phase are found.

Dynamic processes have also been reported for mixed
monolayers of triacontane/triacontanol by Venkataraman
et al.l’l They observed that triacontane and triacontanol form
separate domains on the graphite substrate. The alcohol
molecules are found to adsorb preferentially on the substrate
and they have a tendency to displace the alkane molecules off
the surface. This molecular motion in adlayers of the mixtures
is the main reason for the noisier images that were obtained
for the mixtures when compared with the single-component
solutions. Mixed octadecanol/tetracosanol monolayers phys-
isorbed on highly oriented pyrolytic graphite (HOPG) were
imaged by Elbel etal!®! They found that the molecular
organization is dependent of concentration ratio between the
two components in the mixture. Dynamics could be observed
for an ordered arrangement consisting of mixed double
lamellae of octadecanol and tetracosanol. For this ordering
molecular dynamics could be detected. The composition of
the lamella was found to fluctuate, while maintaining an
overall densely packed double lamella structure. This was
explained by assuming a correlated desorption-readsorption
process of octadecanol/tetracosanol pairs.

Molecular motion at domain boundaries in mixed mono-
layers of fatty acids adsorbed on graphite has recently been
observed.l Hibino et al. observed a dynamic exchange of the
two kinds of observed lamellae, which consist of myristic acid
and behenic acid; this indicates an adsorption-—desorption
process of molecules on the graphite surface.

In this paper we report on dynamics occurring in mono-
layers of isophthalic acid (ISA) derivatives at the liquid/solid
interface, detected by scanning tunneling microscopy. The
presented images show the rearrangement of the molecules
adsorbed on the surface due to reorientation and adsorption-
desorption of the molecules in the monolayer.

Experimental Section

Synthesis of the compounds discussed in the paper: The synthesis of Hn-
ISA (Figure 1b) was reported previously.")

Dimethyl 5-(-hexenyloxy)isophthalate: Dimethyl 5-hydroxyisophthalate
(3.6 g, 17 mmol) and potassium carbonate (2.8 g, 20 mmol) were stirred in
dry N,N-dimethylformamide (100 mL) for one hour at 80°C. To this
mixture, 6-bromohex-1-ene (2.8 g, 17 mmol) was added and the mixture
was stirred for 10 h. The solvent was then evaporated and the residue mixed
with water followed by extraction with dichloromethane (5 x 50 mL). The
combined organic phases were dried over magnesium sulphate. The
mixture was concentrated through evaporation of dichloromethane and
purified by column chromatography on silica gel (ethyl acetate/petroleum
ether 1:9) to obtain pure dimethyl 5-(-hexenyloxy)isophthalate as a
colorless oil (4.02 g, 13.7mmol, 81%); 'H NMR (250 MHz, CDCl;,
25°C): 6=823 (d, “/(H,H)=1.55Hz, 1H, ArH), 7.71 (d, “Y(HH)=
1.55Hz, 2H, ArH), 5.88-5.72 (m, 1H, CH=CH,), 5.05-4.93 (m, 2H,
CH=CH,), 4.02 (t, 3J(H,H)=6.2 Hz, 2H, OCH,), 3.91 (s, OCH;, 6H),
2.15-2.06 (m,2H, CH,), 1.85-1.74 (m,2H, CH,), 1.62-1.49 (m,2H, CH,);
BC NMR (75MHz, CDCl;, 25°C): d=166.19, 159.16, 138.35, 131.68,
122.27, 119.79, 114.85, 68.36, 52.37, 33.33, 28.48, 25.20; MS-FD: m/z: 292.3
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[M]*; elemental analysis calcd (%) for C,;H,,Os: C 75.74, H 6.90; found: C
75.66, H 6.89.

Dimethyl 5-(7,7,8,8,9,9,10,10,11,11,12,12,13,13,14,14,15,15,16,16,17,17,18,18,
18-pentacosafluoro-n-octadecyloxy)isophthalate:  1-Iodoperfluorodode-
cane (3.0g, 4.02mmol) and 5-(w-hexenyloxy)isophthalate (1.17 g,
4.0 mmol) were added into a two-necked-round bottom flask equipped
with a reflux condenser, an argon inlet and a magnetic stirrer. The mixture
was homogenized by heating to 80°C. During the following 2h AIBN
(0.075 g, 0.457 mmol) was added in small portions and the reaction mixture
was stirred for another 5 h. The reaction was followed by 'H NMR. After
cooling to room temperature, the mixture solidified to a yellow waxy solid.
The crude product (4.0 mmol) was dissolved in dry toluene (10 mL) under
argon. Tri-n-butyltin hydride (3.2 mL, 12.0 mmol) and AIBN (0.082 g,
0.5 mmol) were added and the solution was stirred for 12h at 80°C.
Methanol was added to decompose the excess of hydride. After cooling to
room temperature, a white precipitate was isolated by suction filtration.
The product was isolated after column chromatography on silica gel
(dichloromethane/petroleum ether 3:2) as a colorless solid (2.44 g,
2.67 mmol, 67%). M.p. 97°C; 'H NMR (250 MHz, CDCl;, 25°C): d =
8.02 (s, 1H, ArH), 7.71 (s, 2H, ArH), 4.05 (t, 3/(H,H)=6.3 Hz, 2H,
OCH,), 3.91 (s, 6H, OCHj;), 2.16-1.95 (m, 2H, CH,CF,), 1.86-1.76 (m,
2H, OCH,CH,), 1.69-1.40 (m, 2H, CH,); *C NMR (75 MHz, CDCl,,
25°C):0 =166.18, 159.11, 131.74, 122.86, 119.78, 68.27, 52.37, 30.81, 28.84,
27.01, 25.70, 20.08; MS-FD: m/z: 912.4 [M]*; elemental analysis calcd (%)
for CyxH,,F»s05: C 36.86, H 1.94; found: C 36.78, H 1.92.

Dimethyl 5-(7,7,8,8,9,9,10,10,11,11,12,12,13,13,14, 14,15,15,16,16,17,17,18,18,
18-pentacosafluoro-n-octodecyloxy)isophthalic acid (F;,;Hg-ISA): The hy-
drolysis of dimethyl 5-((w-perfluorododecyl)hexyloxy)isophthalate (2.0 g,
2.2 mmol) was performed in a solution of sodium hydroxide (0.168. g,
3.0 mmol) in ethanol/water 2:1, which was stirred for 6 h under reflux. The
solution was cooled to room temperature. The white precipitate obtained
after addition of conc. HCl was filtered, washed with water, and dried
under high vacuum. The crude acid was recrystallized from ethyl acetate to
yield a pure colorless and crystalline product (1.84 g, 2.08 mmol, 95%);
M.p. 197°C;'H NMR (250 MHz, DMSO, 55°C): 6 =8.02 (s, 1 H, ArH), 7.56
(s,2H, ArH), 3.96 (t, *J(H,H) = 6.0 Hz, 2H), 2.08 - 1.90 (m, 2H, CH,, CF,);
1.70-1.62 (m, 2H, OCH,CH,), 147-136 (m, 6H, CH,); ¥C NMR
(75 MHz, DMSO, 55°C): 6 =165.93, 158.44, 132.41, 121.89, 118.66, 67.70,
29.65,27.91,27.65,24.56,19.14; MS-FD: m/z: 884.3 [M]*; elemental analysis
caled (%) for Cy¢H,;F,s05: C 35.31, H 1.94; found: C 35.23, H 2.02.

Scanning tunneling microscopy: Prior to imaging, all compounds under
investigation were dissolved in octan-1-ol or undecan-1-ol (Aldrich, 99 %)
and a drop of this solution was applied on a freshly cleaved surface of highly
oriented pyrolytic graphite. The STM images were acquired in the variable
current mode (constant height) under ambient conditions. In the STM
images, white corresponds to the highest and black to the lowest measured
tunneling current. STM experiments were performed using a Discoverer
scanning tunneling microscope (Topometrix Inc., Santa Barbara, CA)
along with an external pulse/function generator (Hewlett Packard 8111 A),
with negative sample bias. Tips were electrochemically etched from Pt/Ir
wire (80%:20%, diameter 0.2 mm) in a 2N KOH/6N NaCN solution in
water. The scanning speed of the Topometrix Discoverer STM in standard
mode is limited to seven seconds per image consisting of 200 lines and
200 pixels per line. After modification, the scanning speed improved to two
images per second (video-STM). Most home-built systems described in
literature can acquire several frames per second, although imaging rates up
to 20 frames per second have been reported.'*!"l However, when frame
rates of ten frames per second or even higher are reported, one should keep
in mind that in these cases, the presented “snapshots” are in fact several
averaged frames. This is done in order to reduce the considerable amount
of noise that is inherent to the high scanning speed.

The feedback of the video-STM system is controlled by the Topometrix
hardware, the scanning and image acquisition is regulated by a home built
setup. Four HP 33120A function generators, set up as a phase-lock
assembly, control the scanning of the Stm tip as well as the storage of the
STM image in the image buffer of an Arlunya TF6000 image processor. In
this way, the tunneling current at each x,y-coordinate is mapped to the
correct pixel. The STM images are recorded in real-time (two frames per
second) on videotape. Individual images can be retrieved by PC.

The experiments were repeated in several sessions using different tips to
check for reproducibility and to avoid artifacts. Different settings for the
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tunneling current and the bias voltage were used, ranging from 0.3 nA to
1.3 nA and —10 mV to — 1.5V, respectively. During imaging, we detected
little drift of the STM system and care was taken that the same region of the
monolayer was imaged during consecutive scans. All STM images contain
raw data and are not subjected to any manipulation or image processing.
The presented snapshots are single frames.

Molecular mechanics calculations: The molecular mechanics calculations
have been performed on periodic systems with the Cerius?® package
developed by Molecular Simulations Inc. The potential energy is described
with the Universal Force Field (UFF), with partial atomic charges set to
zero."13] The long-range non-bonding interactions are calculated by using
the Ewald method (the parameters being estimated within the program).
The considered plane of graphite is composed of 20 x 30 fused rings and
contains 1200 carbon atoms. The atomic positions are fixed during the
energy minimization processes. We emphasize that we have tested this
approach on small systems consisting of one CH, or one CF, molecule
adsorbed on graphite. The corresponding results are in agreement with
previous experimental and theoretical data obtained with post Hartree —
Fock quantum chemical calculations.['"]

Results and Discussion

Dynamic processes occurring at the liquid/solid interface,
between monolayers adsorbed on the substrate and the
supernatant solution, are illustrated by the systems inves-
tigated within our research group. Specifically, we report the
visualization of the exchange of molecules between mono-
layers of isophthalic acid derivatives adsorbed on HOPG and
the supernatant solution. The molecular structures of the
compounds under investigation are shown in Figure 1.

Insertion of solvent molecules
in H,-ISA monolayers: Upon
applying a drop of a solution of
H,,-ISA in octan-1-ol onto a
freshly cleaved graphite surface
highly ordered monolayers,
spontaneously formed by phys-
isorption, can be observed with
STM. Figure 2a shows an STM
image of the structure of such a
monolayer. The aromatic moi-
ety of the H,,-ISA molecules is
visible as a bright spot.l' The
wide darker bands correspond
to the location of the alkoxy-
chains, which are fully interdi-
gitated, while the narrow ones
with a similar contrast reflect
the location of octan-1-ol mol-
ecules co-deposited between
adjacent H,;-ISA lamellae.l™]
The short solvent molecules
can be observed on the sub-
strate since the carboxyl groups
of the ISA head groups form
hydrogen bonds with the hy-
droxyl group of the solvent
molecules. Co-deposition, in
this case the adsorption of sol-
vent molecules from the super-
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HOOC
a) O—(CHp)s~(CF2)12-F
HOOC
HOOC,
b) O—(CHp)7H
HOOC

Figure 1. Chemical structure of the compounds under investigation: (a) 5-
((w-perfluorododecyl)hexyloxy)isophthalic acid (Fj,H-ISA); (b) 5-(w-alk-
oxy)isophthalic acid (Hn-ISA, n =18, 20).

natant solution in the monolayer structure, is a dynamic
process. This is illustrated in Figure 2. At the left-hand side of
each picture one can see how solvent molecules are pro-
gressively incorporated between adjacent H,-ISA lamellae.
The newly formed solvent lamella interleaves the two
adjacent H,;-ISA lamellae. A domain boundary at the left-
hand bottom corner is used as a reference point. The co-
deposition process was completed within two minutes. Not
surprisingly, this process is initiated at a domain boundary,
typically a region with free volume and hence increased
dynamics. In contrast to Ostwald ripening, which only
involves the reorientation of molecules and lamellar frag-
ments within the monolayer, co-deposition involves both
exchange with the supernatant solution as well as reorienta-
tion of the lamellar fragments. For instance, Figure 2 shows
that co-adsorption of octan-1-ol molecules induces a cooper-

Figure 2. A series of STM pictures of the same area of a H,-ISA monolayer deposited from octan-1-ol obtained
ata)r=0s,b)t=32s,¢c)1=89s, and d) t=120s. The arrow indicates where the insertion of solvent molecules
between two adjacent lamellae is initiated. The wide lamellae consist of H,-ISA molecules. The narrow lamellae
are built up by solvent molecules. Image sizes are 23.0 x 23.0 nm?. I,,=1.0 nA, Vi;,,=—0.8 V.
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ative shift of the lamellae to the upper-left of the image. This is
expressed in the image by the appearance of a wavelike
pattern. The lamellae in the lower right of the image are
basically unaffected by the insertion process.

A detailed quantitative analysis of this particular co-
deposition process reveals a linear relationship between the
number of octan-1-ol molecules that adsorb inbetween the
H,-ISA lamellae and the timescale of the process. It was
therefore possible to obtain the insertion rate that character-
izes the observed process, which was found to be 0.4 mole-
cules per second. Notably this rate is only applicable to this
particular example. In general, we did not find this kind of
linear relationship. For example, in the two systems described
hereafter in this section the number of solvent molecules that
build-up the solvent lamellae under consideration was found
to fluctuate.

These data were obtained with a commercial STM system
capable of collecting one STM image every seven seconds. We
took this study a step further by investigating dynamic
phenomena related to solvent co-deposition by means of a
video-STM, which enables us to acquire data in a continuous
mode (two frames per second).

Figure 3a shows an STM image of the structure of a
monolayer of H,-ISA dissolved in undecan-1-ol. The solid
arrow indicates a region where solvent molecules are incor-
porated in the H,;-ISA monolayer. The dashed arrow
indicates a boundary between two H,-ISA lamellae, one
with (left) and one without (right) solvent molecules co-
deposited adjacent to it. The four ISA groups directly above
these solvent molecules are used as a reference to keep track
of the progress of the dynamic process (encircled in Fig-
ure 3a). With video-STM, we were able to observe dynamic
changes occurring at the location indicated by the dashed
arrow. Starting from this location, solvent molecules are
progressively inserted in between the H,,-ISA lamellae. In
Figure 3b, which is a snapshot taken from a video tape forty-
one seconds after Figure 3a, the solvent lamella has advanced
towards the domain boundary in the top right section of the
image (indicated by the solid line). At the same time, the
isophthalic acid reference row has expanded along the growth
direction of the solvent lamella: now eight ISA groups
interacting with these solvent molecules can be distinguished.

This local change of the monolayer structure also has an
impact on the neighboring lamella. Simultaneously with the
insertion of the solvent molecules, other undecan-1-ol mole-
cules desorb from the surface (solid arrow). Due to the extra
space taken up by the new co-adsorbed solvent molecules, the
adjacent H,,-ISA lamella shifts towards the top of the image,
and thereby forces other undecan-1-ol molecules out of the
monolayer. Naturally, the distance over which the H,,-ISA
lamella is shifted corresponds to the width of a undecan-1-ol
lamella. The molecular motions during this rearrangement
were faster than the speed of image acquisition. Solvent
molecules adsorbed or desorbed between scans, thus the
adsorption and desorption process takes less than 0.5 s (the
time required to obtain one image). Based on the time
required to obtain one image and the number of scan lines
that build-up this image a rough estimate of the exchange rate
between the monolayer and the solution on top can be made.
An ISA group is seven scan lines in the presented images. The
time required to scan one line is 2.4 ms. This means that the
H,-ISA molecules have a residence time on the surface of at
least 16.8 ms. The undecan-1-ol molecules also appear stable
over several scan lines. Consecutive images usually show the
same general organization. This implies that the overall
structure of the monolayer in the observed region remains
stable for at least 0.5 s. Twenty-six seconds after the frame in
Figure 3b was obtained, the solvent lamella has progressed all
the way to the domain boundary, as shown in Figure 3c. The
actual residence time of individual molecules can not reliably
be determined. Although the overall structure appears to
remain unchanged, molecules are most probably exchanging
between consecutive images, even though it is not possible to
observe this. This makes a more detailed quantitative
discussion precarious. Therefore we moved to the study of
semi-fluorinated molecules. The specific contrast of the
fluorinated chain in the STM images serves as a label to
follow the molecular exchanges as a function of time. This will
be discussed further in the text.

On a few occasions, a double row of undecan-1-ol
molecules was observed. The width of such a double row is
3.1 nm, which is somewhat smaller than the width of an H,y-
ISA lamella (3.7 nm). This explains why a double row of
undecan-1-ol molecules can adsorb in an H,,-ISA adlayer

s

41 = Ois

Figure 3. Snapshots taken from videotape, showing STM images of an H,,-ISA monolayer formed by physisorption from a solution in undecan-1-ol on
HOPG. The time of the first image is arbitrarily set to zero. a) Solvent molecules incorporate in between H,-ISA lamellae during imaging. The dashed arrow
indicates where the insertion process is taking place. The encircled area indicates the four isophthalic groups that serve as a reference to follow the observed
molecular motions. The solid arrow indicates where solvent molecules are consequently expelled from the monolayer (shown in b). ¢) The solvent lamella
extends all the way to the domain boundary (solid line). Image sizes are 15.0 x 15.0 nm?. I, =0.9 nA, Vy;,,=—0.6 V.
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without major disturbance of the monolayer structure. In
Figure 4a two adjacent solvent lamellae are visible in the
center of the image. Figure 4b and Figure 4c show how the
double solvent lamella breaks up. At this stage H,-ISA
molecules adsorb at the same location as the solvent
molecules, thereby replacing them. However, simultaneously
another double row of solvent molecules appears immediately
above the expanding H,,-ISA lamella. At this time, we are not
able to determine if the solvent molecules stay adsorbed on
the surface and slide upwards over a distance corresponding
to the width of a H,-ISA lamella (thereby expelling the
neighboring H,,-ISA molecules from the monolayer) or if the
two adjacent solvent lamellae and the neighboring H,-ISA
lamella desorb cooperatively and are replaced by molecules
from the solution on top of the monolayer. When the dynamic
process is completed, it appears as if the double lamella of
solvent molecules and the H,;-ISA lamella directly above
have traded places, as shown in Figure 4d. The tip was then
translated during scanning in such a way that the rows of
solvent molecules again appear in the middle of the image
(Figure 4e). The images in Figure 4f—h show that this less-
favorable packing is ultimately replaced by the more stable
arrangement of lamellae of the isophthalic acid derivative
interspersed by a single row of solvent molecules. Previous
reports from our research group, mentioned in the introduc-
tion, demonstrate that the latter arrangement is indeed the
most favorable for the systems considered in this paper.['”]
From these observations we find that double lamellae of
undecan-1-ol are stable within an Hy-ISA monolayer on a
timescale of minutes. The time that the molecules remain on
the graphite surface was determined using the principle
explained above and was in this case at least 15 ms. The blurry
area in Figure 4f could be observed during two seconds. In this
time interval the double undecan-1-ol lamella and an H,-ISA
lamella (58 molecules) desorbed from the surface and the
structure as seen in Figure 4g was formed. The entire process
came about in 73 seconds.

Exchange of fluorinated and non-fluorinated isophthalic acid
derivatives in their mixed monolayers: The experiments in the
previous section clearly illustrate the dynamics and structural
changes that take place within monolayers at the liquid/solid
interface. However, these experiments do not provide in-
formation about the exchange or mobility of individual
molecules in domains that do not undergo major structural
changes. In view of that we introduced semi-fluorinated
isophthalic acid derivatives, which can act as markers that
allow us to study this type of dynamics.

In a previous paper we reported on the two-dimensional
organization of semi-fluorinated isophthalic acid derivatives
physisorbed on the basal plane of HOPG.[') Upon mixing of a
fluorinated isophthalic acid derivative with its non-fluorinat-
ed analogues, mixed monolayers are formed. No separate
domains of non-fluorinated and semi-fluorinated molecules
could be observed. Individual lamellae are composed of a
random mixture of fluorinated and non-fluorinated mole-
cules. Now, this imaging process has been taken a step further
by studying dynamics in these mixed monolayers. Specifically,
monolayers physisorbed from a mixture of F;,H-ISA with
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Figure 4. Snapshots taken from a video-STM movie. The time of the first
image is arbitrarily set to zero. a) A double row of undecan-1-ol molecules
can be recognized in the center of image (indicated by arrows). This
structure breaks up and re-emerges in the top of the image b) and c). d) -
e) After the completion of this restructuring the scanning area (identical
size) was centered again around the double lamella. For clarity, an arrow
points to a reference point. f) At the end the double lamella disintegrates.
Because of the mobility of the molecules during the reorganization this
area appears distorted in the image. g) A more stable arrangement
composed of lamellae of the isophthalic acid derivative interspersed by a
single row of solvent molecules appears (indicated by arrows in h). The
domain visible in the top right of image e) and f) disappears and is replaced
by the expanding restructured domain, as can be seen in image h). Image
sizes are 16.5 x 16.5 nm?. I, =0.9 nA, V,;,,=—0.85 V.
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Hs-ISA (concentration ratio 1:1) in octan-1-ol have been
studied. When the same area of such a monolayer was imaged
during an extended period of time a dynamic process
occurring at the graphite surface could be observed, as shown
in the image series in Figure 5a—{f. Both semi-fluorinated and
non-fluorinated molecules can be distinguished by their
characteristic STM contrast. The perfluorinated part of the
alkyl chain appears as a black band, due to a relative decrease
in tunneling current compared with the non-fluorinated alkyl
chains. Hence, this functionality is a good marker that allows
us to study the exchange of molecules between the liquid
phase and the physisorbed monolayer quantitatively. The
observed contrast for the perfluorinated part of the alkyl
chain is in agreement with a previous study of a single fluorine
atom substituted stearic acid physisorbed on graphite, and
supported by theoretical calculations.'”'®! The bright spots
correspond to the location of the isophthalic acid groups. The
non-fluorinated part of the alkyl chain can be seen as a darker
band with respect to the isophthalic acid groups. The F,Hg-
ISA molecules were found to be distributed sparsely over the
monolayer.

At first, two semi-fluorinated molecules are visible in the
STM image, shown in Figure 5a. These molecules are
indicated by the arrows. The bright edges around the black
bands of the semi-fluorinated molecules are scanning arti-
facts. These were always observed in the vicinity of a
fluorinated alkyl chain during the course of our experiments.
In Figure 5b, an additional fluorinated molecule has adsorbed
on the surface, as can be seen in the top left of the imaged
area. In Figure 5c, this semi-fluorinated molecule has des-
orbed, while the two initially imaged semi-fluorinated mole-

cules remain on the graphite surface. The residence time of
this third molecule on the surface was 8.0 s. While scanning
from the top of the image shown in Figure 5d to the bottom
only a part of the semi-fluorinated chain of the F,H¢ISA
molecule left in the image could be visualized, as can be seen
in the encircled area. The hind part of the fluorinated alkyl
chain is no longer visible. This is explained by the fact that
during the acquisition of a scanline over the F,H¢ISA
molecule, this molecule was exchanged for an Hjg-ISA
molecule. Thus the exchange rate is faster than the time
needed to obtain one scanline, in this case 4.3 ms. In the
subsequent scan taken immediately after Figure 5d it is clear
that the F;,H-ISA molecule has indeed been substituted by a
non-fluorinated H,s-ISA molecule.

In Figure 5f the remaining fluorinated molecule has also
desorbed from the graphite surface and has been replaced by a
non-fluorinated molecule. The entire process came about in 58 s.

In general, the residence time of a fluorinated molecule was
found to vary from several seconds to several minutes. In
some cases we even found the residence time to be tens of
minutes. These residence times are much higher than those
observed by Stevens et al. for mixtures of long-chain alcohols
and long-chain thiols.'”] This demonstrates the impact of the
hydrogen bonding between neighboring isophthalic acid
groups and between the isophthalic acid groups and the
solvent molecules in the monolayer. Because of this type of
hydrogen bonding highly stabilized two-dimensional crystals
are formed for which the exchange rate of molecules between
the monolayer and the solution is considerably reduced.

In order to reveal the relative importance of adsorbate-
substrate and adsorbate —adsorbate interactions that lead to

M

Figure 5. Snapshots taken from an STM videotape. The time of the first image is arbitrarily set to zero. a) Two F,Hs-ISA molecules are initially co-adsorbed
in an H;g-ISA monolayer. The arrows indicate the two F;,H¢-ISA molecules. b) A third F;,;H-ISA molecule has adsorbed in an H;4-ISA lamella (indicated by
arrow). ¢) Eight seconds later this molecule is exchanged for an H;4-ISA molecule. d) The encircled area indicates the partly imaged semi-fluorinated alkyl
chain. The F;,H¢-ISA molecule desorbs while the tip is scanning over it. ¢) The remaining F;,H¢-ISA molecule is replaced by an H;s-ISA molecule as well, as

can be seen in f). Image sizes are 12.5 x 12.5 nm?. I,;= 1.1 nA, V;,,=—0.38 V.
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the gradual desorption of the fluorinated molecules and their
replacement by non-fluorinated ones, molecular mechanics
calculations have been performed. The relative stabilities
calculated for each kind of molecule (semi-fluorinated (F) or
non-fluorinated (H)) in terms of i) the adsorption of mole-
cules on graphite and ii) the interaction between the mole-
cules have been compared. In a first step, we have calculated
the adsorption energy of the single molecules on graphite. In a
next step, in order to obtain information on the intermolec-
ular interactions, the energy of several sets of three molecules
adsorbed on graphite has been determined. We have consid-
ered four possibilities: Two situations in which a set contains
three identical molecules (HHH or FFF) and two cases in
which a set contains both types of molecules (HFH or FHF).
Such a set reflects the orientation of three adjacent molecules
in a lamella, the alkyl chains are interdigitated and the
distance between the isophthalic acid groups is in the 9.585 -
9.900 A range, and allows for quantification of the intermo-
lecular interactions within a lamella. Note that this approach
does not take the hydrogen-bonding interactions between
ISA groups in adjacent lamellae into account. We assume that
these hydrogen bonds do not differ between semi-fluorinated
or non-fluorinated molecules, and as such do not contribute
to the difference in intermolecular interactions reported
below.

The total energies calculated for the systems with one
F,H¢-ISA (F) or Hig-ISA (H) molecule physisorbed on
graphite, hereafter noted as Ergpnie a0d Epygraphice, ar€ —2.1
and —36.7 kcalmol™!, respectively. Thus, the interaction
between the non-fluorinated molecule and graphite is clearly
more favorable (AE =34.6 kcal mol!), than that between the
semi-fluorinated compound and graphite. The difference in
stability can be explained on the basis of previous quantum-
chemical results (obtained at the ab initio level) which show
that besides induced dipole-induced dipole interactions
(present in all complexes) another phenomenon playing a
significant role in the stability of the alkyl chain/graphite
complex is the formation of weak “hydrogen-bond-like”
interactions between the —CH, units and the m-system of
graphite.l'®?! Moreover, the C—H bond is slightly polarized as
the hydrogen atom points towards graphite, which is electron
rich. Obviously, no such interaction is established between the
—CF, units and graphite. Furthermore, the —CF, units are
located slightly further from the carbon plane than the —CH,
units (on the order of 0.4 A for the C atoms and 0.2 A for the
F atoms). In fact, the mean distance between the H and F
atoms and the graphite plane is on the order of 2.846 and
3.041 A, respectively. This also points to a weaker interaction
of the —CF, units with the surface.

The total energies corresponding to three H molecules
(Evmmygraphite) OF three F molecules (Egppjgraphice) assembled on
the carbon plane are on the order of —150.4 and
—42.8 kcalmol~!, respectively. We obtain, by combining these
results, that the intermolecular interaction energies between
three interdigitated Hs-ISA molecules (Eyyy) and between
three interdigitated F;,H¢-ISA molecules (Egpr) are —40.2
and —36.4 kcal mol !, respectively. Note that these two values
are nearly the same, which is not surprising since the structure
of the molecules is quite similar.
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Finally, two cases of mixed lamellae of semi-fluorinated and
non-fluorinated compounds deposited on graphite have been
considered: one where a semi-fluorinated molecule is sur-
rounded by two non-fluorinated chains (HFH), the second
one corresponding to the reverse situation (FHF). The total
energies of these two systems (Eyrpjgraphite a0d Erppjgraphice) are
—109.3 kcalmol™' and —77.2 kcalmol~!, respectively. The
intermolecular interaction energy between one semi-fluori-
nated molecule and two non-fluorinated molecules surround-
ing the semi-fluorinated one (Eygy) can be estimated with the
following Equation:

EHHH/gmphile = EHFH/graphile - EF/gmphi(e + EH/graphilc - EHFH + EHHH (1)

In this way, we have calculated that FEyy is about
—33.8 kcalmol !, that is 6.4 kcalmol~' lower than the inter-
action energy between three non-fluorinated molecules
(Eunn)- This difference in intermolecular interaction energy,
in combination with the relatively unfavorable adsorption
energy of a single semi-fluorinated molecule on graphite,
accounts for the gradual replacement of semi-fluorinated
molecules by non-fluorinated molecules.?” It should be clear
that a desorption-—readsorption process also holds for non-
fluorinated molecules, which goes unnoticed except in those
rare cases where such a molecule is replaced by a semi-
fluorinated one. Based upon the previous calculations, one
might expect a longer residence time for the non-fluorinated
molecules.

One has to keep in mind that the influence of the solvent on
the energetics of adsorption and the entropic contributions
have been neglected in the present calculations.

Although the desorption sometimes occurs while the tip is
scanning over the molecule (Figure 5d), in general we find
that desorption takes place in between succesive scans
(Figure 5e—f). Furthermore, on some occasions we could
observe that within one lamella a semi-fluorinated molecule
desorbs while a second one remains adsorbed. In combination
with the relatively long residence times, this suggests an only
minor influence of the STM tip on the observed molecular
dynamics.

All STM experiments described in this paper are performed
in solution. Hence, there is an equilibrium between the
molecules adsorbed on the graphite surface and those in the
supernatant solution. A mathematical model for such two-
component system has been devised by Venkataraman et al.l’]
The resulting equation that describes this system is reminis-
cent of the Langmuir model for the gas/solid interface. This
equation was further adapted by Venkataraman et al. with the
assumption that there is no interaction between the solute and
the solvent molecules. Hence, this model is not suitable to
evaluate our experimental findings, since the isophthalic acid
head groups can form hydrogen bonds with the hydroxyl
group of an alcohol molecule. Furthermore, in case of the
mixtures of fluorinated and non-fluorinated isopthalic acid
derivatives a three-component system has to be considered. In
addition, the fluorinated and non-fluorinated isopthalic acid
derivatives are interacting species since they do not assemble
on the graphite surface in separate domains.
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Conclusion

Dynamics occurring in monolayers of isophthalic acid deriv-
atives at the liquid/solid interface have been investigated with
a commercial STM and with a home-built video-STM in real-
time (two frames per second). When using octan-1-ol or
undecan-1-ol as solvents for the 5-alkoxy-isophthalic acid
derivatives, these solvent molecules co-adsorb in the mono-
layer structure. In this manner a two-dimensional co-crystal is
formed. This solvent co-deposition has for the first time been
visualized in real-time (two frames per second). From a
quantitative analysis we find residence times of at least 15 ms
for the physisorbed molecules. The overall structure of the
monolayer was found to be stable for at least 0.5 s, while the
exchange rate of solvent molecules was determined to be
faster than 0.5s. For these systems it was not possible to
determine an actual residence time of individual molecules.
This difficulty has been overcome by use of labeled molecules,
namely semi-fluorinated molecules.

For mixtures of semi-fluorinated and non-fluorinated iso-
phthalic acid derivatives dynamic phenomena in seemingly
static monolayers which would otherwise go unnoticed could
be detected as well. The observations could be made easily
since the fluorocarbon segments serve as a probe for the
interpretation of the obtained images. While imaging the
same region of a monolayer for an extended period of time we
observed that non-fluorinated molecules progressively sub-
stitute the fluorinated molecules. From molecular mechanics
calculations we propose that this phenomenon can primarily
be attributed to the substantially smaller adsorption energy of
a semi-fluorinated molecule physisorbed on graphite com-
pared with a non-fluorinated molecule. In addition, there is
also a small difference in intermolecular interaction energy.
Furthermore, the perfluorinated part of the alkyl chain of a
semi-fluorinated molecule is located slightly further from the
graphite plane than the hydrogenated part of the alkyl chain.
The residence time of the semi-fluorinated molecules ranges
from a few seconds to several minutes. These relatively long
times illustrate the stabilizing interactions between the
molecules in the monolayer, which are to a large extent based
upon hydrogen bonding. However, the exchange process itself
is fast and takes less than 4.3 ms.

The co-deposition processes were initiated in the vicinity of
domain boundaries, while the exchange of semi-fluorinated
molecules by non-fluorinated molecules also took place in
densely packed regions. The observed molecular motions and
rearrangements in the monolayers are attributed to the
process of adsorption and desorption of molecules on the
graphite substrate and to rotation and translation of mole-
cules on the surface.
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Evidence for Ionic Samarium(i Species in THF/HMPA Solution and
Investigation of Their Electron-Donating Properties**

Rasmus J. Enemarke, Trille Hertz, Troels Skrydstrup, and Kim Daasbjerg*!?!

Abstract: The fundamental nature of
samarium(i) complexes in THF/HMPA
(HMPA = hexamethylphosphoramide)
solutions containing Sml, has been
clarified by means of cyclic voltammetry,
conductivity measurements, UV spec-
troscopy, and kinetic measurements. The
principal species is not [SmI,(hmpa),] as
previously suggested, but either the
ionic cluster [Sm(hmpa),(thf),]>*21- if
four equivalents of HMPA is present in
the THF solution or [Sm(hmpa)]**21-
in the presence of at least 10 equivalents
of HMPA. The formal potential of

(thf),]** 21~ redox couple determined by
cyclic voltammetry was —1.79+0.08 V
versus SCE. The order of reactivity of
the samarium() complexes was found
to be [Sm(hmpa)e]** 21~ > [Sm(hmpa),-
(thf),]**2I- >Sml, in their respective
reactions with 1-iodobutane and with
benzyl chloride. Very high rate enhance-
ments, of the order of 1000 - 15000-fold,
were observed upon addition of HMPA

Keywords: alkyl halides - electro-
chemistry - electron transfer
samarium

to the THF solution containing Sml,.
Comparison of these rate constants with
the corresponding rate constants for
electron transfer (ET) reactions involv-
ing aromatic radical anions revealed that
none of the reactions studied can be
classified as outer-sphere ET processes
and that the inner-sphere electron-do-
nating abilities of the [Sm(hmpa),-
(thf),]**2I-and Sml, complexes are
comparable. The inner-sphere ET char-
acter of the transition state increases on
going from 1-iodobutane and benzyl
bromide to benzyl chloride and aceto-

N ligands -
the [Sm(hmpa),(thf),]’* 2I-/[Sm(hmpa),-

Introduction

Low-valent metal complexes have become important as
single-electron transfer reagents for promoting organic syn-
thetic transformations. One of the most widely used is the
lanthanide(i) salt samarium diiodide (Sml,), introduced to
organic chemistry some 20 years ago by Kagan and co-
workers.l Tt has been applied to a wealth of radical and
anionic reactions, including pinacol coupling, Barbier- and
Grignard-type reactions, aldol- and Reformatsky-type cou-
pling, conjugate addition, nucleophilic acyl substitution,
radical addition, ketyl-olefin coupling, deoxygenation, de-
halogenation, and other reduction reactions.”! Because of its
moderate oxidation potential and high oxophilicity, the
divalent samarium reagent displays functional group selectiv-

[a] Assoc. Prof. Dr. K. Daasbjerg, R. J. Enemarke, T. Hertz,
Assoc. Prof. T. Skrydstrup
Department of Chemistry, University of Aarhus
Langelandsgade 140, 8000 Arhus C (Denmark)
Fax: (+45)86196199
E-mail: kdaa@kemi.aau.dk

HMPA = hexamethylphospharamide.

[**]

[g Supporting information (Rate data for the ET reaction between
aromatic radical anions and 1-iodobutane and benzyl chloride) for this
article is available on the WWW under http://www.wiley-vch.de/home/
chemistry/ or from the authors.
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phenone.

ity in the reduction step, and when relevant, generally leads to
the formation of products with high diastereoselectivities. Yet
the mechanism of its electron transfer (ET) processes is still
not fully understood. Such knowledge would be of interest
from a mechanistic point of view, but would also provide
valuable information for the development of new applications
of this single-electron donating agent to syntheses. Recently,
we addressed the mechanistic aspects of Sml,-induced ET
reactions involving two organic substrates, benzyl bromide
and acetophenone.’] Inner-sphere/outer-sphere concepts
were invoked in the description of the transition state
structures: whereas the ET to acetophenone was clearly
shown to involve an inner-sphere process, the ET to benzyl
bromide was closer to an outer-sphere process. A prerequisite
for the above description was the elucidation of the funda-
mental redox behavior of the SmI,*/Sml, couple by cyclic
voltammetry, which provided the formal potential E°=
—0.89 V versus SCE (—1.41 V versus ferrocenium/ferrocene
(Fc*/Fc)) in tetrahydrofuran (THF).B!

The addition of hexamethylphosphoramide (HMPA) to a
THF solution of the divalent lanthanide reagent leads to a
substantial increase in the electron-donating abilities of
Sml,.> 4 Other effects observed when this cosolvent is used
include an increase in the stability of the organosamarium
species formed, allowing reactions to be performed under
Grignard conditions,”] enhancement of stereoselectivities,> °l
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and promotion of certain radical cyclizations.[>”] Recently,
resolution of the crystal structures of [SmI,(hmpa),] and
[Sm(hmpa)s]** 21~ showed that both reside in an octahedral
configuration.’® The short Sm—O bonds (2.5 A) suggest that
the electron-donating ligands are strongly bonded to the
lanthanide ion, and thus explain its enhanced reducing power.
In the [SmI,(hmpa),] complex the long Sm—I bonds (3.39 A)
imply that these bonds are rather weak, which is exemplified
by the isolation of [Sm(hmpa)y|** 21" in the solid state upon
addition of excess HMPA (10 equiv).*"! However, the solution
structures of the complexes may differ; indeed, isothermal
titration calorimetry experiments have indicated that a
complex accommodating six HMPA ligands is not thermody-
namically favored in THF, even in the presence of large
amounts of HMPA. Pl Rather it was suggested that [SmI,(hm-
pa),] was the reductant responsible for the unique reactivity
exhibited by Sm! in all THF/HMPA mixtures.

Herein we describe the ability of HMPA-coordinated
samarium(il) complexes to act as ET reagents, which we
investigated by employing the procedure previously described
for SmI,.F! For this purpose clarification of the fundamental
structural and redox features of the samarium complexes in
THF/HMPA solutions was desirable.'”! Four different exper-
imental approaches were used: a) cyclic voltammetry; b) con-
ductivity measurements; c¢) UV spectroscopy; d) kinetic
studies of ET processes involving the electron acceptors
1-iodobutane and benzyl chloride. On this basis, we propose
that the principal HMPA-coordinated samarium(i) complex
in THF is not [SmI,(hmpa),] but either the ionic cluster
[Sm(hmpa),(thf),]* 21~ or [Sm(hmpa)e]**21-, depending on
the amount of HMPA present in the THF. We have also
ranked the ability of these complexes to act as inner-sphere
electron donors.

Results

Cyclic voltammetry: The fundamental redox properties of
HMPA-coordinated samarium complexes in solution were
assessed by cyclic voltammetry experiments in a supporting
electrolyte solution of 0.2M tetrabutylammonium hexafluoro-
phosphate (Bu,NPF) and 0.02M tetrabutylammonium iodide
(Bu,NI) in various THF/HMPA cosolvent combinations
(Figure 1). The voltammograms were recorded at a sweep
rate of 0.1 Vs~! for a solution of 2.5mM Sml, in THF +n e-
quivalents of HMPA (n =0, 2, 4, 6, 10). The tremendous effect
on the electron-donating ability of Sm! as n increased from 0
to 4 was shown by the large negative shifts observed in the
positions of the oxidation wave (400 mV) and in particular of
the reduction wave (1080 mV). The peak separation was
enhanced to 830 mV for n=4, compared with 150 mV
observed for the SmI,"/Sml, redox system in THF (n=0,
sweep rate=0.1 Vs!), while the peak currents became
smaller. At n=2 an intermediate situation arose, in which
the two redox systems pertaining to Sml, and the HMPA-
coordinated samarium complex were evident in the voltam-
mogram and the respective “corrected” peak currents were
diminished by approximately one-half compared with the
maximum values found at »=0 and 4. Surprisingly, the
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Figure 1. Cyclic voltammograms of 2.5mM Sml, recorded in THF/0.2m
Bu,NPF;+0.02m Bu,NI at a glassy carbon electrode (diameter 1 mm) at
a sweep rate of 0.1 Vs~! for n equivalents of HMPA added, where n=0
(—), 2 (=—=), 4 (s=s-), 6 (----), 10 (—es). The dotted curve
represents a simulation for a simple quasi-reversible system at n =4 based
on the following parameters in Digisim 2.1: E°=—1.79 V versus SCE, k° =
1.6 x 10 cms™!, D =1.7 x 107° cm?s~!, transfer coefficient a = 0.6, capaci-
tance C4=10""F.

reverse wave pertaining to SmI,* had disappeared.l'l In the
presence of additional HMPA (n=6 and 10) the oxidation
wave was shifted progressively in a negative direction by up to
150 mV although the reduction wave was unchanged. At n=
20 no further changes were observed in the cyclic voltammo-
gram (not shown in Figure 1). The presence of 20mm Bu,NTin
the THF/0.2m Bu,NPF; solution had no effect on the position
of the peaks for the HMPA-coordinated complexes, contrary
to the situation previously found for the SmlI,"/SmI, redox
system with a shift of more than 100 mV in a negative
direction.P!

Conductivity measurements: To identify more exactly the
samarium complexes in the THF/HMPA solutions, the con-
ductivity of Sml,, Sml;, and Bu,NI was plotted against the
number of equivalents of HMPA added (Figure 2). Whereas
the conductivity of a solution of Sml, in pure THF was near
zero as expected, it increased substantially upon addition of
HMPA, surpassing even that of the corresponding Bu,NI
solution. For Bu,NI there was a only weak, almost negligible
increase in the conductivity, as the HMPA content and hence
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Figure 2. Variation of the conductivity x for 2.5mwm Sml, (0), Sml; (2) and
Bu,NI (v) in THF with the number of equivalents of HMPA added (n).
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the polarity of the solvent mixture were raised. Therefore any
medium effect can be disregarded in further discussion. The
initial increase observed in the conductivity for Sml, at n =2
was much greater than the subsequent increases at n>?2,
although the measurements were influenced somewhat by
relatively slow reactions between the rather reactive HMPA-
coordinated samarium(i) complex and any impurities present
in the THF/HMPA solution, manifested as a slow drift in the
read-off conductivity value which was enhanced substantially
if water or oxygen was added deliberately to the solution.
Taking that into account, we concluded that the structure of
the samarium complex was relatively unchanged when n > 10.

The conductivity measurements of Sml; revealed some
interesting features. A THF solution of SmI; had a low
conductivity, which is attributed to the equilibrium process
SmI; = Sml,* + I".F1 The conductivity did not rise significant-
ly upon addition of two equivalents of HMPA, whereas a large
shift was observed as n was increased to 3 and then 4. If more
HMPA (n>4) was added, precipitation caused an abrupt
decrease in the conductivity.

UYV spectroscopy: The UV spectrum of the blue solution of
Sml, (n=0) with the characteristic broad bands at 560 (e =
680M~tcm™!) and 620 nm (¢ =740M'cm™!) changed slightly
as HMPA was added (Figure 3); the peak at 620 nm vanished
while the 560 nm peak was shifted to 540 nm and enhanced
(e=870M~'cm™). There were no detectable differences in the
spectra for n>6. These overall features of the UV spectra
have been described elsewherel’], although in that case a
substantial decrease in the absorption was noted over the
whole wavelength range as HMPA was added.

0 T T T r
400 500 600 700
A/nm

Figure 3. UV spectra of Sml, for n equivalents of HMPA added to a THF
solution, where n =0 (——), 2 (se9e), 4 (----), 6 (—sos), 8 (——-), 10 (s—e-).

Kinetics of electron transfer processes: Rate constants K,
were measured for the reactions of Sml, with 1-iodobutane
(Table 1) and with benzyl chloride (Table 2), for various
concentrations of HMPA. Clearly, the rate was greatly
enhanced: 15000-fold for 1-iodobutane and 1000-fold for
benzyl chloride when the HMPA content was increased from
n=0 to n=20. Most of the rate enhancement took place
initially at » =0-4, whereas almost no effect was evident for
n>10. The rate constants k., were also measured in the

Chem. Eur. J. 2000, 6, No. 20
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Table 1. Rate constants k,, for the reaction between Sml, and 1-iodobu-
tane in THF containing n equivalents of HMPA at 20°C. The uncertainty
on kg, is estimated to be 10%.

n Kons [M~!'s7'] kegps [M1s 7]
0 < 2.7 x 10740 <23 x 10740
4 1.0 49
6 3.1 15
8 3.6 18

10 4.1 20

20 4.1 16

[a] Measured in the presence of 0.2m Bu,NPF;. [b] The decay of Sml, in the
presence of 1-iodobutane was only slightly faster than the “natural decay”

Table 2. Rate constants k,,, for the reaction between Sml, and benzyl
chloride in THF containing n equivalents of HMPA at 20°C. The
uncertainty on kg, is estimated to be 10 %.

n Kops [M71s71] Koo [M™!s71]
0 24x1072 2.0x 1072
4 9.4 12
6 20 24
8 19 29
10 20 29
20 21 20

[a] Measured in the presence of 0.2M Bu,NPF;.

presence of supporting electrolyte (0.2M Bu,NPFy), that is,
under the conditions employed in the electrochemical meas-
urements. This increase in the ionic strength of the medium
had essentially no influence on the rate constants obtained for
benzyl chloride, but a notable rate enhancement was observed
in the case of 1-iodobutane. We did not pursue this point
further in the present work.

Discussion

The substantial decrease observed in the peak potentials and
currents in cyclic voltammetry as four equivalents of HMPA
were added to a THF solution containing Sml, showed that a
new and larger samarium(ii) species was formed.l'” This was
also reflected in the UV spectra, where the disappearance of
the peak at 620 nm was accompanied by the appearance of a
peak at 540 nm. At n =2 distinct oxidation waves pertaining
to both Sml, and the new samarium species were observed,
the “corrected” peak currents being about one-half of their
maximum values. The conversion of half the Sml, to an
HMPA-coordinated samarium(il) complex containing four
ligands is the most likely interpretation'” although we cannot
exclude completely the occurrence of equilibrium reactions
involving different HMPA-coordinated samarium species. On
the basis of existing literature,®l the most likely identity of this
solution species would be [Sml,(hmpa),]. However, this is
contradicted by the tremendous increase observed in the
conductivity of the Sml, solution upon addition of HMPA.
We suggest that the principal samarium species in THF at
n=4 is therefore [Sm(hmpa),* 21, or more correctly
[Sm(hmpa),(thf),]>**21~ to emphasize the octahedral struc-
ture of the complex. This is also supported by the fact that the
Sm—1I bonds in the solid-state structure of [SmI,(hmpa),] are
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long and relatively weak and thus should be susceptible to
cleavage in solution.®! In Equation (1), the reaction between
Sml, (or Sm(thf);I,)[*¥l and HMPA is depicted as an equilib-
rium that is shifted to the right.

Sm(thf)sI, + 4HMPA = [Sm(hmpa),(thf),]>* 2T~ + 3THF )

It is the dissociated form(s) of the ionic cluster
[Sm(hmpa),(thf),]** 21~ which gives rise to the conductivity.
Since the electrochemical measurements were carried out in
the presence of a large excess of Bu,NPF¢ we cannot rule out
[Sm(hmpa),(thf),]** 2PF,~ as the principal species in these
particular experiments. Neither the cyclic voltammetric nor
the conductivity measurements allow us to determine the
relevant dissociation constants, although they must be small in
a nonpolar solvent such as THF. It is noteworthy that the
conductivities of [Sm(hmpa),(thf),]**21- and Bu,NI are
comparable and that the dissociation constant for Bu,NI can
be estimated to be approximately 10-°m in THE.[I'Y

The presence of 20mm BuyNI in the THF/0.2m Bu,NPF,
solution containing Sml, and four equivalents of HMPA was
found to have no effect on the cyclic voltammogram. This
behavior stands in sharp contrast to the substantial influence
exerted by 20mm Bu,NI on the corresponding Sml,"/SmlI,
redox pair at n =0, where the waves were shifted in a negative
direction.’! Digital simulations showed that the reason for
these different behaviors could not be the slowing of the
charge transfer step at the electrode surface upon addition of
HMPA, as envisioned by the substantial increase in the peak
separation from 150 to 830 mV. Thus, it seems that although
Sml,* and I~ form Sml; in an equilibrium reaction,?! neither
ligand exchange reactions nor detectable shifts in the
dissociation reactions involving I~ could be observed electro-
chemically for either [Sm(hmpa),(thf),]** 21~ or its oxidized
form. We therefore attribute the electrochemical oxidation
wave occurring on the forward scan at n =4 to [Sm(hmpa),-
(thf),]** 21~ and the reduction wave that was detectable on the
reverse scan to [Sm(hmpa),(thf),]**21". The latter species is
also formed directly if Smlj; is used as the starting compound
in the THF/HMPA/0.2m Bu,NPF+0.02m Bu,NI solution,
giving rise to exactly the same reduction wave in the cyclic
voltammogram. The high conductivity found in THF/HMPA
for Sml; at n =4, surpassing even those for Sml, and Bu,NT, is
consistent with this interpretation. Still, it should be empha-
sized that the electrochemical results could be interpreted
equally well if [Sm(hmpa),(thf),]**2PF,~ were the principal
species in the electrolyte solution. We did not pursue this
particular point further since the electrochemical measure-
ments in general were difficult to carry out because of
adsorption phenomena (see Experimental Section), but in the
further discussion the uncertainties involved in neglecting ion-
pair equilibria should be kept in mind even if they have no
effect on the overall interpretation concerning the existence
of ionic samarium species.

With the reservations outlined above, the two species
[Sm(hmpa),(thf),]** 21/[Sm(hmpa),(thf),]** 21~ can be con-
sidered as a simple quasi-reversible redox system in which the
peak separation increases as a function of the sweep rate. By
comparing the experimental cyclic voltammograms recorded
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at three different sweep rates with simulated curves, the
formal potential E° as well as the standard heterogeneous rate
constant k° can be determined (see Figure 1). The main
emphasis in the simulation procedure was on describing the
reproducible development in the experimentally obtained
peak potentials and currents, since presumably the shape of
the experimental cyclic voltammograms is influenced some-
what by adsorption phenomena. This led to E°=—-1.79+
0.08 V versus SCE (—2.31+£0.08 V versus Fc'/Fc) and to
logk® [cms™]=—-5.84+0.7 This E° value differs by only
40 mV from that determined in a recent study,l'® although
the simulation procedure used therein was based on the
model proposed for the Sml,*/Sml, systemP! with an equili-
brium process incorporated as a homogeneous follow-up
reaction.!]

A comparison of the above E° value with the corresponding
value for the Sml,*/Sml, system previously determined (E° =
—0.89 V versus SCE)P! reveals that the increase in reducing
power FAE® induced by the presence of HMPA is 0.90 eV.
This explains the remarkable effect exerted by HMPA on the
reactivity of Sml,, as noted by Flowers et al.l'¥] However, the
determination of a low k° value from the large peak
separation shows that the ET processes involving
[Sm(hmpa),(thf),]** 21~ must be somewhat retarded by a high
reorganization energy. For the [Sm(hmpa),(thf),]>*21/
[Sm(hmpa),(thf),]**21-couple k° (1.6 x 10~°cms~!) is ap-
proximately 1/4000 times that for the Sml,"/SmI, couple
(k°=6.5x1073cm s7') and less than 10~ times that for the
anthracene/(anthracene radical anion) system (k°=35cms™!
in N,N-dimethylformamide), for instance.'y The self-ex-
change reorganization energies A(0) for the samarium com-
plexes in THF can be estimated roughly from the heteroge-
neous k° values.!'’] In this manner, A(0) is calculated to be
approximately 70 kcalmol™!  for  SmL*/SmI, and
110 kcalmol~!  for  [Sm(hmpa),(thf),]** 21-/[Sm(hmpa),-
(thf),]>*21-.8] Should the electrochemical charge transfer
process at the glassy carbon electrode not proceed by an
outer-sphere ET as assumed herein, but rather by an inner-
sphere ET, then the A(0) values might be even higher. The
high reorganization energies are attributed mainly to the
inner-sphere reorganization in terms of the profound molec-
ular changes occurring in the structure of the ligands strongly
bonded to the samarium nucleus.'”) The contribution from
the solvent reorganization 4 is 12 kcalmol~! for SmL,*/Sml,
and 9kcalmol™' for [Sm(hmpa)y(thf),]**21-/[Sm(hmpa),-
(thf),]**2I~ when calculated from the simple continuum
expression®! A = e*(D,' — D,"")/2r, where the static dielec-
tric constant D, = 7.6, the optical dielectric constant D, =1.98,
and the radius ris set at 5 A for SmI,*/Sml, (assuming that the
coordination sphere includes five THF molecules) and 7 A for
[Sm(hmpa),(thf),]** 21-/[Sm(hmpa),(thf),]** 21, estimated
from the crystal radii.l’> "] No specific solvent interactions
are taken into account in such a calculation. Furthermore, in
this discussion we have completely neglected the effect of ion-
pairing, which may raise the reorganization energy substan-
tially for the [Sm(hmpa),(thf),]**21-/[Sm(hmpa),(thf),]** 21~
couple.?% Actually, this effect could be a major reason for the
large difference of 40 kcalmol~' observed in the 1(0) values
for the two samarium systems.
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When 6 or 10 equivalents of HMPA were added to the THF
solution containing Sml, the oxidation wave in the cyclic
voltammogram was shifted progressively in a negative direc-
tion by up to 150 mV, while the reduction wave was
unaffected. At n=20 no further changes were observed in
the cyclic voltammogram, indicating that the coordination
sphere of samarium(i) was unaffected. Nor did the presence
of HMPA in such amounts introduce any appreciable medium
effect due to changes in the polarity of the solvent. This
behavior agrees well with the increase observed in the
conductivity when n was raised from 4 to 6 followed by the
leveling off in the readings at n > 10. No appreciable changes
were observed in the UV spectra for n > 6 , in which respect
this technique is less sensitive. We propose that a
[Sm(hmpa)¢]** 21~ species is formed when n > 6, as shown in
Equations (1) and (2), and that the presence of at least
10 equivalents of HMPA is required to shift the equilibrium
completely to the right.

[Sm(hmpa),(thf),>* 21~ + 2HMPA = [Sm(hmpa)sJ**21- + 2THF  (2)

The dissociation of [Sm(hmpa)]** 21~ to form free ions is
slightly more favored than the dissociation of
[Sm(hmpa),(thf),]**21- if it is to be consistent with the
increase observed in conductivity on going fromn=4ton==6.

The [Sm(hmpa)g]** 21~ structure would be in line with the
isolation and characterization of a samarium() complex
containing six HMPA ligands in the solid phase.®! It is also
noteworthy that the precipitation of such complexes usually
requires the use of excess HMPA (n~10). The relatively
small difference in the oxidation waves for n > 4 indicates that
the fifth and sixth HMPA ligands in [Sm(hmpa),]>* are rather
loosely bonded to the samarium nucleus. Interestingly, there is
no difference in the position of the reduction waves on the
reverse scan. This suggests that the [Sm(hmpa),(thf),]>* 21~
complex is formed upon -electrochemical oxidation of
[Sm(hmpa)¢]* 21, unless the reduction wave of a
[Sm(hmpa)e]** 21~ complex appears coincidentally at exactly
the same potential as that of [Sm(hmpa),(thf),]*>*21". Pre-
sumably [Sm(hmpa)e]’**21~ is generated initially but two
HMPA ligands are then expelled, since the Sm™ core, with
shorter bond lengths than Sm", would become too encum-
bered if six large HMPA ligands surrounded it in an
octahedral structure.l”) This chemical follow-up reaction
would even induce a shift of the oxidation wave in a negative
direction. The above interpretation has been further sub-
stantiated by the finding that a precipitate is formed when
more than four equivalents of HMPA are added to a solution
of Sml;. A similar precipitate has been observed after
reductive coupling reactions with Sml,, where it was identi-
fied by high-resolution mass spectrometry and X-ray diffrac-
tion as a [Sml,(hmpa),]*I~ complex.l'”) Thus, the two THF
ligands in the solution complex have been replaced by two
iodides in the solid complex, leaving the four HMPA ligands
untouched.

To assess how the different structural and redox features of
the samarium species are reflected in the reactivity of the
Sml,, [Sm(hmpa),(thf),]**, and [Sm(hmpa)]** complexes,
rate constants k., for the reaction of Sml, with 1-iodobutane
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and with benzyl chloride were measured for various concen-
trations of HMPA. The rate-controlling step in the mechanism
is the reduction of the alkyl halide RX by the Sm! complex to
form the alkyl radical R* as shown in Equation (3).

Sm! complex + RX5S$m!™! complex + R* + X~ 3)

Whether the leaving group X~ is coordinated to the Sm!!
complex depends on the nature of the species involved; R" is
further reduced by another molecule of Sm! in a fast reaction
to the corresponding carbanion (coordinated to Sm'!).

The rate enhancement observed as a function of n is
enormous, at least 1000-fold (Tables 1 and 2). This is to be
attributed to the formation of new HMPA —samarium com-
plexes since any medium effect (that is, the slight increase in
the polarity of the medium as HMPA is added) on &k, can be
neglected as mentioned above in the discussion of the
conductivity and cyclic voltammetry measurements. This
complexation is also in line with the observation that the
major part of the increase in the rate constant takes place
between n =0 and n =4 whereas almost no effect is seen for
n>10. In other words, the order of reactivity of the
samarium(t) species is: [Sm(hmpa)¢]**2I- (n>10)>
[Sm(hmpa),(thf),]** 21~ (n=4) > Sml, (n=0).?" For 4 <n <
10 the first two of these samarium(ti) species are both present.
Opverall, this reactivity pattern corresponds exactly to the
development observed in the cyclic voltammograms and the
conductivity measurements for the different values of .

Since the redox behavior of the electron donors Sml, and
[Sm(hmpa),(thf),]** 21~ (but not [Sm(hmpa),]** 21~) could be
characterized by cyclic voltammetry, it would be interesting to
compare the reactivity of these two specific complexes
towards l-iodobutane and benzyl chloride with the corre-
sponding reactivity of well-known electron donors such as
aromatic radical anions A°~. Aromatic radical anions are
among the best candidates for being involved in outer-sphere
ET processes??l and the above approach can therefore be
invoked in a description of the ability of various electron
donors to act as outer-sphere or inner-sphere ET reagents.*’!
The procedure involves the measurement of rate constants
kgr for the reactions of various A*~ species with 1-iodobutane
and with benzyl chloride. The rate-controlling step is shown in
Equation (4).

A-+RX 1 A LR 4+ X- “

From free energy plots of logkgr versus E,° for the two
alkyl halides (where E,° denotes the standard potential of the
aromatic compound), the expected rate constant for an ET
process can be interpolated for any value of the potential from
the straight line through the points determined by linear least-
squares analysis (Figures 4 and 5). According to dissociative
ET theory?®! the plot should be parabolic, but we have
employed a linear approach since no curvature could be
detected in the small driving-force interval considered here.
By comparing these expected rate constants with the actual
rate constants k,,, determined for the reaction between either
of the two samarium complexes and the substrate in question,
the degree of electronic interaction in the transition state
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Figure 4. ET rate constants (+) for the reaction between radical anions of
aromatic compounds (from left to right: benzophenone, perylene, (E)-2-
aminoazobenzene, (E)-azobenzene, 9-fluorenone, (E)-3-chloroazoben-
zene, phenazine) and 1-iodobutane in THF/0.2m Bu,NPF,. The rate
constants of the reaction of Sml, with 1-iodobutane (e) and of
[Sm(hmpa),(thf),]>* 21~ with 1-iodobutane (o) in THF are also shown.
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Figure 5. ET rate constants (+) for the reaction of radical anions of
aromatic compounds (from left to right: 1-cyanoisoquinoline, 1,4-diacetyl-
benzene, (E)-azobenzene, 9-fluorenone, benzanthrone, phenazine) with
benzyl chloride in THF/0.2m Bu,NPF. The rate constants of the reaction
of SmI, with benzyl chloride (@) and of [Sm(hmpa),(thf),]** 21~ with benzyl
chloride (o) in THF are also shown.

can be estimated. In principle, for an outer-sphere ET process
kovs/ker should be unity; the higher the k. /kgrratio, the more
profound is the inner-sphere ET character of the process.

For both 1-iodobutane and benzyl chloride, the points
pertaining to Sml, lie at or just above the straight line. The
kow/ker ratios are <2 and 450, respectively, which encom-
passes the value (6) obtained for benzyl bromide in our
previous report.’! The same tendency is seen for the rate
constants for the [Sm(hmpa),(thf),]** 21~ complex, although
the points here lie below the line (kg /kgr=1.7 x 10~ for
l-iodobutane and 6.9 x 10~* for benzyl chloride). These
values show that the inner-sphere character of the ET
processes increases in the halogen order I < Br < Cl, that is,
the strongest coordination to the samarium nucleus is
observed for the smallest and most electronegative halogen
atom, chlorine.

The k,,/kgr ratios obtained for the three alkyl halides are
still much lower than the 10° estimated for acetophenone and
Sml,, the ET process of which has a profound inner-sphere
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character.’l At first sight the results also suggest that the
stronger and more potent electron donor, [Sm(hmpa),
(thf),]** 21, should react with less inner-sphere ET character
than Sml, since the pertinent k.. /kgr values are smaller.
However, this interpretation is more doubtful since a
comparison of k/kgr for different samarium complexes
should be carried out with caution. That experimental k,/kgr
ratios below 1 are obtained for [Sm(hmpa),(thf),]*" 21"
underlines this point. Indeed, a thorough analysis should take
into account the differences in the reorganization energies of
the samarium complexes as well as including all relevant work
terms.

The reorganization energies of the Sml,"/SmI, and the
[Sm(hmpa),(thf),]** 21-/[Sm(hmpa),(thf),[** 21~ redox cou-
ples could be estimated approximately in this study from the
heterogeneous k° values to be 70 and 110 kcalmol~!, respec-
tively. In comparison, the self-exchange reorganization en-
ergies for the aromatic radical anions used as ET donors are
about 10 kcalmol 1.1 Consequently the k. /kpy ratios can
attain values substantially below 1 with estimated minimum
values of 3x10° and 5x107° for Sml, and
[Sm(hmpa),(thf),]>*21~, respectively.?¥l In a recent calcula-
tion of the k,/kgr ratio for the reduction of the hexenyl
radical by the HMPA-coordinated samarium complex, kgrwas
estimated from Marcus theory, taking 30 kcalmol~! as the
self-exchange reorganization energy.l'® Using the alternative
value of 110 kcalmol™" (but keeping all other parameters
unchanged) would increase the kg /kgy ratio from the
calculated value (2) to 5 x 107 with the important result that
the ET would then be assigned to an inner-sphere rather than
an outer-sphere process.!'®]

The work terms are important for the reaction between the
neutral alkyl halides RX and the samarium complexes,
whereas they can be neglected for the reactions involving
the aromatic radical anions. These terms arise because
oppositely charged species (Sml,* or [Sm(hmpa),(thf),]* 21~
and X") are formed after a presumed outer-sphere ET process
to RX. According to the simple continuum model (thereby
neglecting any specific interactions), a correction of the
reaction free energy of e’/r,,D should be included, where ry, is
the radius of the encounter complex (equal to the sum of the
radii of the two reacting species).?” Setting r,, at an average
value of 9 A for all combinations of species discussed here
would lead to a correction term of 4.8 kcalmol ™! (0.21 eV).>
Inclusion of the correction term would lead to a lowering of
the experimentally obtained k,./kgr ratios by a factor of
approximately 100, as can be deduced from the straight lines
in Figures 4 and 5. For the experiments carried out in the
presence of Bu,NPF,, however, the electrostatic contribution
would be less important since it should be modified by the
effect of ionic strength; accordingly, the work terms were
neglected in our previous communication.P!

Opverall, the effects of the electrostatic contribution and the
self-exchange reorganization energies on the k,/kgrratio can
be substantial, the reorganization energy being the most
influential parameter. The above analysis shows that none of
the reactions studied in this paper proceeds by an outer-
sphere ET pathway, which should have a k,/kgratio close to
the estimated minimum value. Perhaps the most surprising
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conclusion is that the inner-sphere ET abilities of the
[Sm(hmpa),(thf),]>** 21~ and Sml, complexes as electron
donors are comparable despite the rather encumbered nature
of [Sm(hmpa),(thf),]**21- and its better electron-donating
ability as deduced from the relatively low E° value for the
[Sm(hmpa),(thf),]** 21/[Sm(hmpa),(thf),]** 21~ redox cou-
ple. The [Sm(hmpa)s]** 21~ species must also act as an inner-
sphere ETreagent towards 1-iodobutane and benzyl chloride,
if one considers its similarity to the [Sm(hmpa)s-
(thf),]>* 21~ complex in terms of reactivity and electrochem-
ical behavior. In the inner-sphere ET process one could
imagine that the halogen X functions as a bridge between the
two reactants in the transition state, which in the case of SmlI,
would lead to a ligand transfer affording SmI,X. In any case,
these considerations show that one should be very careful in
classifying ET processes as the outer-sphere type before the
various factors have been assigned precisely. At the present
stage we prefer to develop a relative but still very useful k. /
kgr scale in the description of ET processes involving
samarium complexes.

Conclusion

The fundamental nature of samarium(ir) complexes in THF/
HMPA solutions containing Sml, has been clarified by means
of cyclic voltammetry, conductivity measurements, UV spec-
troscopy, and kinetic measurements. The principal species is
not [SmI,(hmpa),] as previously believed, but either the ionic
cluster [Sm(hmpa),(thf),]** 21" if four equivalents of HMPA
are present in the THF solution or [Sm(hmpa)e]** 21~ in the
presence of at least 10 equivalents of HMPA. The formal
potential of the [Sm(hmpa),(thf),]>*21~/[Sm(hmpa),-
(thf),]> 21~ redox couple determined by cyclic voltammetry
was —1.79 £ 0.08 V versus SCE. The order of reactivity of the
various samarium(i) complexes is [Sm(hmpa)e]** 21~ >
[Sm(hmpa),(thf),]* 21~ > Sml, in their reactions with 1-iodo-
butane and with benzyl chloride. Rate enhancements ob-
served upon addition of HMPA to the THF solution contain-
ing Sml, were of the order of 1000-15000-fold. From a
comparison of these rate constants with the corresponding
rate constants for ET reactions involving aromatic radical
anions, taking into account the effects of work terms and
differences in the self-exchange reorganization energies, none
of the reactions studied can be classified as outer-sphere ET
processes. This is also true for the reduction of the hexenyl
radical by [Sm(hmpa),(thf),]>*21- which was previously
attributed to an outer-sphere ET process. Surprisingly, the
inner-sphere ET abilities of the [Sm(hmpa),(thf),]** 21~ and
Sml, complexes as electron donors are comparable. The
inner-sphere ET character of the transition state increases on
going from 1-iodobutane and benzyl bromide to benzyl
chloride and acetophenone.

Experimental Section

Materials: 1-Iodobutane, benzyl chloride, the aromatic mediators, HMPA,
and THF were obtained commercially. The supporting electrolyte was
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prepared by standard procedures and Sml, and Sml; were synthesized
according to reference [1]. The solvents were distilled before use, THF
from a solution containing sodium and benzophenone.

Equipment and procedure: Most of the electrochemical equipment was
home-built; the experimental set-up has been described elsewhere.?®l The
working electrode was a glassy carbon disk, diameter 1 mm. The electrode
surface was polished with diamond paste (0.25 um), then cleaned in an
ethanol bath. The counter-electrode consisted of a platinum coil melted
into glass and the reference electrode was a silver wire in sintered glass
containing THF/0.2m Bu,NPF,+0.02m Bu,NI. All potentials were re-
ported relative to the Fc*/Fc redox couple, of which the measured potential
was 0.52V versus SCE in THF/0.2m Bu,NPF,. Chemicals were always
handled using a vacuum line and at no point during the different
operations was the interference of dioxygen allowed. The cyclic voltam-
metric experiments were in general made difficult by blocking of the
electrode surface by the samarium complexes after even a few scans. At the
same time the samarium complexes decayed slowly because of reactions
involving residual water or other impurities in the THF solution. Preparing
a fresh solution of THF/Bu,NPF¢/Sml, for each concentration of HMPA
studied and polishing the electrode carefully before each experiment
solved these problems. The small variations in peak currents observed at
n=4and n = 61n Figure 1 should therefore be attributed to no effects other
than the experimental uncertainty associated with the procedure outlined.
Digisim 2.1 software (Bioanalytical Systems, Inc.) was used for digital
simulation. The diffusion coefficients of Sml,"™ and Sml, were assumed
to be equal, and likewise for the [Sm(hmpa),(thf),]’*21~ and
[Sm(hmpa),(thf),]** 21~ complexes.

The conductivity measurements were carried out on a CDM210 MeterLab
instrument from Radiometer. All UV spectra were recorded by means of a
fiber-optic spectrometer S1000 (dip-probe) from Ocean Optics. The
reaction kinetics was monitored by UV/Vis spectroscopy using the dip-
probe technique described elsewhere.’””) The decay of Sml, and
[Sm(hmpa),(thf),]** upon addition of the alkyl halide was detected at 620
and 540 nm, respectively. No build-up of intermediates during the reaction
could be detected in the wavelength range 450—800 nm. The kinetics for
1-iodobutane and benzyl chloride followed the same rate law [Eq. (5)].

d[samarium(t1) complex]/ds
= —2k,ps[samarium(i1) complex][alkyl halide] 5)

In each experiment k., was determined under pseudo first-order con-
ditions at 20°C with an excess of alkyl halide. The ET rate constants kg
were determined by cyclic voltammetry! or the dip-probe technique from
measurement of the decay of the absorption of the aromatic radical anion
upon addition of the alkyl halide in THF/0.2m Bu,NPF,.””! The radical
anion was generated at the required initial concentration by electro-
chemical reduction of the parent aromatic compound. Addition of HMPA
in the amounts used in the Sml, experiments to the solutions of the
aromatic radical anions had no effect on the reaction rates. The estimated
uncertainty in the determination of rate constants was 10%.
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Abstract: Hetero-Diels— Alder reaction of the steroidal exocyclic enol ethers 14 and

15, obtained from the secoestrones 8 and 9 by reduction, iodoetherification, and
elimination, with ethyl O-benzoyldiformylacetate (16) leads to the spiroacetals 17
and 18 as a mixture of four diastereomers. Reduction of the major diastereomers 17a
and 18 a with DIBAH and subsequent hydrogenation yields the novel natural product
hybrids 21, 23, 24, and 25, which possess the structural features of the steroid estrone

(7) and the mycotoxin talaromycin 6.

Introduction

The synthesis of hybrid natural products by combining
structurally different naturally occurring compounds with
high biological activities appears to be a promising approach
to increase the number and, especially, the diversity of
substances for pharmacological testing. By this means, it
may be possible to improve the probability of finding new
lead structures. Owing to their ability to penetrate cell
membranes and bind to specific receptors, steroids represent
a valuable class of natural products in this context. It has
already been shown that the chemotherapeutic activity of
cytostatics against estrone hormone-receptive tumors can be
increased by linking them to estrone.?l Our aim was to
combine estrone with mycotoxins to design a new class of
cytotoxic compounds. Recently, we reported the enantiose-
lective total synthesis of the biologically highly active
spirocyclic mycotoxin (—)-talaromycin B (6).) Our strategy
was based on an intermolecular hetero-Diels— Alder reac-
tion* of methyl O-benzoyldiformylacetate (4)F! as a 1-oxa-
1,3-butadiene with the exocyclic enol ether 3 obtained from 1
by iodoetherification followed by elimination (Scheme 1).B4
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Scheme 1. Enantioselective total synthesis of (—)-talaromycin B (6) em-
ploying a hetero-Diels — Alder reaction.

We present here the synthesis
of hybrid natural products con-
sisting of estrone (7) and the
mycotoxin talaromycin 6 using
this method, starting from the 7
D-secoestrones 8 and 9.0 Estrone
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Results and Discussion

The p-secoestrones 8 and 9, which are easily accessible in five
steps from estrone (7) by employing a Grob fragmentation as
the key step,[”! were reduced to the alcohols 10 and 11 by using
sodium or potassium borohydride (Scheme 2). Subsequent
iodoetherification afforded the iodoethers 12 and 13 as 2:1
and 2.5:1 mixtures, respectively, of both possible epimers in

OBz

2.5 equiv %/COZB
> 16

(@)

d)

Scheme 2. Synthesis of the spiroacetals 17 and 18; a) 8: 10 equiv NaBH,,
MeOH, RT, 30 min; 9: 10 equiv KBH,, MeOH, RT, 30 min, 99% of 11;
b) I,, NaHCO;, Et,0/H,0, RT, 4 h; 12: 99 % from 8 (ds =2:1); 13: 96 %
(ds=2.5:1); ¢) DBU (neat), 90-100°C, 30 min; d) toluene/CH,Cl,, RT,
14 h; 17: 76 % from 12 (dr=ab:c:d=3.9:3.2:1.0:1.0); 18: 72% from 13
(dr=a:b:c:d=4.5:4.0:1.5:1.0); Bn =benzyl, Bz =benzoyl.

17a: R = Me

18a: R=Bn

25

24

excellent yields. The low diastereoselectivity was of no concern
as the new stereogenic center was destroyed in the next step.
The subsequent elimination to give the exocyclic enol ethers
14 and 15 as single double-bond isomers was achieved under
solvent-free conditions with DBU as the base at 90°C. The
methylene-tetrahydropyrans 14 and 15 thus obtained had to
be used directly in the next step without further purification,
since they are rather sensitive and prone to isomerization.
Hetero-Diels— Alder reactions of 14 and 15 with ethyl O-
benzoyldiformylacetate (16) gave the spiroacetalsl® 17 and 18
in overall yields of 76 % and 72 %, respectively, as mixtures of
four diastereomers. The diastereomer ratios were determined
as 3.9:3.2:1.0:1.0 for 17 and 4.5:4.0:1.5:1.0 for 18 by HPLC
analysis. The separation of the major diastereomers 17a and
18a was achieved by column chromatography and subsequent
crystallization. The relative configurations of the two com-
pounds were determined by X-ray analysis.”! It can be
assumed that the formation of the major diastereomers 17a
and 18a results from an exo attack of the heterodiene anti to
the angular methyl group at C-5 in 14 and 15, respectively.

The two ester moieties in 17a and 18a were reduced with
DIBAH to afford the diols 19 and 20 in yields of 70 % and
76 %, respectively (Scheme 3). The double bonds in 19 and 20
were then hydrogenated in a highly stereoselective manner,
by employing 50 bar of hydrogen pressure and 10 mol % PtO,
as catalyst, to give the protected estrone —talaromycin hybrids
21 and 22 in quantitative yield. The selective generation of the
newly formed stereogenic centers in 21 and 22 resulted from a
B-addition of hydrogen to the olefinic double bond. The
benzyl group in 22 could be removed by catalytic hydro-
genolysis in the presence of Pd/C under 65 bar to give the
estrone —talaromycin hybrid 23 in 99 % yield. Hydrogenation
of 20 with Pd/C as catalyst led to both cleavage of the benzyl
ether moiety and reduction of the allylic alcohol. This
furnished the diol 24 as a single diastereomer in quantitative
yield.'1 The hybrid 25 was obtained in 90 % yield by a Birch
reduction of 20 with lithium in liquid ammonia at —78°C. In
this reaction only the benzyl ether is cleaved, while the allylic
alcohol is left mainly untouched.

The configuration at C-4 of the new compounds 21 and 22
was determined by NMR analysis. The 'H NMR coupling

23

Scheme 3. Synthesis of the estrone —talaromycin hybrids 23, 24, and 25; a) 12 equiv DIBAH, THF/CH,Cl,, —78°C, 21 h; 19: 70 %; 20: 76 %; b) 10 mol %
PtO,, H, (50 bar), MeOH/ethyl acetate, RT, 12 h, 99 %; c¢) 10 mol % Pd/C, H, (65 bar), MeOH/ethyl acetate, RT, 20 h, 99 %; d) 10 mol % Pd/C, H, (65 bar),

MeOH/ethyl acetate, RT, 24 h, 99 %; e) Li, NH; (1), MeOH, —78°C, 3 h, 90%.
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constants of the 4-H signal at 6 =3.81 for 21 (J; =J,=10.9 Hz,
J;=49Hz) and at 6=3.80 for 22 (J;,=J,=10.6 Hz, J;=
4.8 Hz) result from two axial-axial couplings and one
axial—equatorial coupling. This coupling pattern is only
possible in conformation C1 of the given diastereomers 21
and 22 (Scheme 4). Owing to the anomeric effect and the

CH,0H

c2

Scheme 4. Conformation of the spiroacetal moiety in 21 and 22.

H-bonding interaction, conformation C1 should be more
stable than conformation C2; therefore, it is not surprising
that 21 and 22 mainly exist in the former conformation.

The toxicities of the new hybrid compounds were deter-
mined by performing HTCFA tests (Human tumor colony
forming ability). For this purpose, 10? to 105 human lung
cancer cells of the line A 549 were placed in six-well multi-
plates and cultivated in a culture medium that contained 90 %
DMEM (Dulbecco’s modified Eagle’s medium) and 10%
FCS (fetal calf serum). After 24 h of cultivation, the medium
was removed, and the cells were incubated with different
concentrations of the synthesized estrone—talaromycin hy-
brids dissolved in DMSO/culture medium for 24 h. The
remaining cells were cultivated for a further 8-9 days at
37°C in air with a CO, content of 7.5% and dyed with
Loffler’s methylene blue; finally the relative colony-forming
rate was determined.'! Effective dosage values (EDsy) of
23 um for 19, 30 um for 21, 73 uM for 23, and 95 um for 24 were
determined. The measured cytotoxicities of the new com-
pounds are comparable with that of the well-known anti-
cancer agent cyclophosphamide. The obtained values repre-
sent the lower limits of the cytotoxicities, since the tested
compounds caused some problems with regard to solubility in
the culture medium. We had expected compound 23 to show
at least the same cytotoxicity as 21; however, the slightly lower
cytotoxicity of the former may be explained in terms of a
reduced ability to penetrate the cell membrane due to its
higher polarity.

Conclusion
The combination of different natural products showing
pronounced biological activities seems to be a promising

new approach for the generation of pharmacologically
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interesting compounds in combinatorial chemistry. The de-
scribed linkage of estrone to the mycotoxin talaromycin has
led to a new class of natural product hybrids that exhibits
anticancer activity.

Experimental Section

General methods: All solvents were distilled and dried prior to use.
Reagents and materials were obtained from commercial suppliers and were
used without further purification. Analytical thin-layer chromatography
was performed on precoated silica gel SIL G/UV,s, plates (Macherey,
Nagel). Silica gel 32-63 (0.032 - 0.063 mm) (Macherey, Nagel) was used for
column chromatography. HPLC was carried out on a Kontron HPLC
instrument with a Merck Lichrospher 100RP-18 (5 um) column and
HPLC-grade solvents (80% CH;CN/20% H,O) for elution at a flow rate
of 0.5mLmin"!. Melting points were determined on a Mettler FP61
apparatus and are uncorrected. Optical rotations were measured on a
Perkin - Elmer 241 polarimeter. IR spectra were recorded from samples in
KBr pellets on Bruker IFS 25 or Vector 22 spectrometers. UV/Vis spectra
were recorded on a Perkin-Elmer Lambda 9 spectrophotometer with
sample solutions in 1 cm quartz cuvettes. NMR spectra were recorded on
Varian VXR200 [50 MHz (**)C)], Bruker AMX300 [300 MHz (‘H),
75 MHz (*C)], Varian VXRS500 [500 MHz (‘H), 125 MHz (*C)], or
Bruker AM400 spectrometers [400 MHz (*H), 100 MHz, (*C)] at room
temperature unless otherwise noted. Chemical shifts () are reported in
ppm downfield from tetramethylsilane (TMS, 0 =0). Alternatively, spectra
were referenced to the resonances of residual solvent protons. Multi-
plicities of BC NMR peaks were determined by using the APT pulse
sequence. EI mass spectra were measured on a Varian MAT 311A with an
ionization energy of 70 eV. High-resolution mass spectra (HRMS) were
measured on a Varian MAT 731 (EI) or on a Bruker Bioapex Fourier
transform ion cyclotron resonance mass spectrometer equipped with an
external electrospray ionization source. Elemental analyses were per-
formed in the Microanalytical Laboratory of the Georg-August University
Gottingen. Crystal data were collected on a Stoe-Siemens AED diffrac-
tometer. Programs used: Bruker AXS SAINT (data reduction), SHELXS-
97 (solution), and SHELXL-97 (refinement).”)

Reduction of the aldehydes 8 and 9

Alcohol 11: KBH, (2.85 g, 52.9 mmol) was added to a solution of the
aldehyde 9 (1.98 g, 5.29 mmol) in methanol (80 mL) at 0°C. The mixture
was stirred for 30 min at room temperature, then diluted with water
(150 mL), acidified with 10% H,SO, (20 mL), saturated with NH,Cl, and
extracted with CH,Cl, (3 x 60 mL). The combined organic extracts were
dried with Na,SO, and concentrated in vacuo. Purification of the residue by
column chromatography on silica gel (petroleum ether/fert-butyl methyl
ether, 5:1) furnished 1.97 g (5.23 mmol, 99 %) of 11. R;=0.16 (PE/MTBE,
5:1); [a]y =+72.0 (c=0.5 in CHCL;); UV/Vis (CH;CN): 4,,,, (Ig€) =200.5
(4.729), 278.5 (3.300), 286.0 nm (3.259); IR (KBr): #=3408 (OH), 3111,
3032 (Ar-H), 2922 (CH,;), 2862 (CH), 1608, 1576, 1499 (C=C), 841 cm™!
(Ar-H); '"H NMR (500 MHz, CDCl;): 6 =0.78 (s, 3H, 2-CHj;), 1.21-1.54
(m, 6H, 10-H,, 4-H,, 3-H,, OH, 1-H), 1.74 (m,, 1H, 10a-H), 2.05 (m, 1H,
3-H,),2.13-2.18 (m, 1H, 4-H,,), 2.19-2.34 (m, 3H, 4a-H, 1"-H,), 2.80-2.85
(m, 2H, 9-H,), 3.28 (d, /= 10.1 Hz, 1H, CH,0H), 3.60 (d, /= 10.1 Hz, 1H,
CH,OH), 4.95 (dd, J=10.0, 3.0 Hz, 1H, 3'-H,), 5.02 (s, 2H, CH,Ph), 5.05
(dd, J=172,3.0 Hz, 1H, 3'-H;), 5.91 (dddd, J =172, 10.0, 7.0, 6.0 Hz, 1H,
2'-H), 6.70 (d, J=2.5 Hz, 1H, 8-H), 6.77 (dd, J = 8.5, 2.5 Hz, 1 H, 6-H), 7.21
(d, J=8.5Hz, 1H, 5-H), 728-742 (m, 5H, Ph-H); *C NMR (50 MHz,
CDCl,): 6 =16.25,26.18,27.58, 30.44, 32.40, 35.82, 38.89, 41.18, 43.44, 44.24,
69.90, 70.97, 112.3, 114.3, 114.4, 126.4, 1274 (2C), 127.8, 128.5 (2C), 133.1,
1373, 1379, 140.4, 156.7; MS (EI, 70 eV): m/z (%): 376.4 (96) [M]*+, 91.1
(100) [C/H,]*, 571 (40) [C,Ho]*, 43.1 (26) [C;H,|*, 41.1 (24) [C3Hs)t;
elemental analysis calcd (% ) for C,sH3,0, (376.2): C 82.94, H 8.57; found C
82.73, H 8.49.

Alcohol 10: Aldehyde 8 (2.68 g, 9.0 mmol) was reduced with NaBH,
(3.38 g, 90 mmol) in methanol (120 mL) as described for 11 to give alcohol
10. The product was used without purification for the next step.
Iodoetherification of 10 and 11

Tetrahydropyran 12: Water (7.5 mL), NaHCO; (1.13 g, 13.5 mmol), and
iodine (3.43 g, 13.5 mmol) were added to a solution of crude alcohol 10
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(2.70 g, 9.0 mmol) in diethyl ether (25 mL) at 0°C. The resulting mixture
was stirred at room temperature for 4 h, and then the reaction was
quenched by the addition of saturated Na,S,0; solution (25 mL). The
mixture was extracted with diethyl ether (3 x 30 mL), and the combined
extracts were dried with Na,SO, and concentrated in vacuo. Purification of
the residue by column filtration gave 3.84 g (99 % yield) of a mixture of the
two diastereomeric tetrahydropyrans 12. Separation of the diastereomers
could be achieved by column chromatography (petroleum ether/tert-butyl
methyl ether 20:1). The major diasterecomer was obtained as white crystals.
Analytical data for the major isomer: m.p. 126.4°C; [a]¥ =+54.0 (¢c=0.5
in CHCL,); IR (KBr): 7 =2936 (CHj;), 2866 (Ar-H), 2846 cm~! (Ar-H); UV/
Vis (CH;CN): A, (Ig€) =200.0 (4.654), 278.5 (3.299), 286.0 nm (3.255);
'"H NMR (400 MHz, CDCl;): 6=1.00 (s, 3H, 5-CH;), 1.10-1.38 (m, 5H,
1’c-H, 1'-H,, 3-H,), 1.40-1.65 (m, 2H, 8-H,), 1.82 (brd, /=12.0 Hz, 1H,
4-H),1.93-2.02 (m, 1H, 2"-H,), 2.25-2.37 (m, 2H, 2’-H,,, 7'b-H), 2.78 - 2.90
(m, 2H, 3'-H,), 3.17 (d, /=10.8 Hz, 1 H, 6-H,), 3.19-3.35 (m, 3H, 2-CH,I,
2-H), 3.57 (d, J=10.8 Hz, 1H, 6-H,), 3.78 (s, 3H, 5~ OCH,), 6.63 (d, J=
2.7Hz, 1H, 4-H), 6.72 (dd, J=8.6, 2.7 Hz, 1H, 6'-H), 720 (d, J=8.6 Hz,
1H, 7-H); ®*C NMR (50 MHz, CDCl;): 6 =10.62, 16.62, 25.39, 25.61, 29.85,
30.42, 33.86, 34.96, 38.40, 43.61, 47.09, 55.12, 76.38, 79.84, 111.5, 113.4, 126.0,
132.3, 137.6, 157.4; MS (EL, 70 eV): m/z (%): 426.4 (100) [M]"; elemental
analysis calcd (%) for C,\H,,10, (426.3): C 56.35, H 6.38; found C 56.10, H
6.10.

Tetrahydropyran 13: Alcohol 11 (1.97 g, 5.23 mmol) was transformed as
described above in the preparation of 12 to yield the two diastereomeric
tetrahydropyrans 13 (2.52 g, 5.02 mmol, 96 %) as a 2.5:1 mixture. Separa-
tion of the diastereomers could be achieved by column chromatography
(petroleum ether/tert-butyl methyl ether, 20:1). Analytical data for the
major isomer: R;=0.41 (PE/MTBE, 20:1); m.p. 108.8°C; [a]¥ =+46.2
(¢=1.0in CHCl,); IR (KBr): 7=2935 (CH,), 2860 (Ar-H), 2843 cm™! (Ar-
H); UV/Vis (CH;CN): A, (Ig€) =200.5 (3.993), 278.0 (2.638), 286.0 nm
(2.586); 'TH NMR (500 MHz, CDCl;): 6=0.99 (s, 3H, 5-CHj;), 1.14-1.36
(m, 5H, 1'c-H, 1"-H,, 3-H,), 1.41-1.57 (m, 2H, &-H,), 1.79 (brd, J=
12.4 Hz, 1H, 4-H), 1.93-2.01 (m, 1H, 2"-H,), 2.24-2.32 (m, 2H, 2"-H,,
7'b-H),2.79-2.85 (m, 2H, 3'-H,), 3.16 (d,/ =10.8 Hz, 1H, 6-H,), 3.21-3.32
(m, 3H, 2-CH,I, 2-H), 3.55 (d,/=10.8 Hz, 1H, 6-H,), 5.02 (s, 2H, CH,Ph),
6.70 (d, J=2.8 Hz, 1H, 4-H), 6.77 (dd, J=8.6, 2.8 Hz, 1H, 6'-H), 7.19 (d,
J=8.6Hz, 1H, 7-H), 728-744 (m, 5H, Ph-H); “C NMR (50 MHz,
CDCl,): 6 =10.63,16.64,25.41,25.63, 29.88, 30.45, 33.90, 35.00, 38.41, 43.69,
47.14, 69.88, 77.36, 79.90, 112.4, 114.5, 126.1, 1274 (2C), 1278, 128.5 (2C),
132.7, 1372, 1377, 156.7; MS (EI, 70 eV): m/z (%): 502.3 (36) [M]*, 91.1
(100) [C;H;]*; elemental analysis caled (%) for CsH3 10, (502.4): C 62.15,
H 6.22; found C 62.45, H 6.16.

Elimination of the iodides 12 and 13

Enol ether 14: All glassware used for this preparation was first washed with
a concentrated solution of potassium hydroxide in water/ethanol (1:1) and
dried in vacuo. The tetrahydropyran 12 (426 mg, 1.0 mmol) and DBU
(244 mg, 1.6 mmol, 240 uL) were heated at 90-100°C for 30 min. The
mixture was then cooled to room temperature and diluted with diethyl
ether (13 mL), CH,Cl, (13 mL), and water (8 mL). The organic layer was
separated, washed with water (10 mL), dried with Na,SO,, and concen-
trated in vacuo. Crude 14 was used for the next step without further
purification. C,)H,40, (298.4).

Enol ether 15: Treatment of iodide 13 (1.45 g, 2.88 mmol) as described in
the preparation of 14 gave the enol ether 15, which was used for the next
step without further purification. C,sHz,0, (374.5).

Hetero-Diels — Alder reaction of 14 and 15 with ethyl O-benzoyldiformyl-
acetate (16)

Spiroacetal 17: The anhydrous sodium salt of ethyl diformylacetate
(380 mg, 2.50 mmol), which was obtained by titration of the free acid with
aqueous sodium hydroxide solution and drying in vacuo, was suspended in
toluene (4.0 mL) and treated with benzoyl chloride (351 mg, 2.50 mmol,
290 pL). The resulting suspension was stirred for 1 h at room temperature
and then cooled to 0°C. A solution of the crude enol ether 14 (298 mg,
1.00 mmol) in toluene/CH,Cl, (0.7 mL, 1:1) was added and stirring was
continued for 3 h at 0°C and for a further 11 h at room temperature. The
reaction was then quenched by the addition of saturated aqueous sodium
bicarbonate solution (4.0 mL), the layers were separated, and the aqueous
phase was extracted with CH,Cl, (2 x3.0mL). The combined organic
layers were dried with Na,SO, and concentrated in vacuo. Column
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filtration through deactivated silica gel (1% NaHCO;) gave 405 mg
(76 % based on 12) of 17 as a mixture of four diastereomers in a
3.9:3.2:1.0:1.0 ratio, with 17a as the major isomer (HPLC). Compound 17a
was isolated by crystallization after column chromatography on deacti-
vated silica gel (1 % NaHCO;, gradient: petroleum ether/ethyl acetate 10:1
to 5:1). Data for the pure diastereomer 17a: m.p. 167.2°C; [a]} = +104.0
(c=0.5 in CHCL); IR (KBr): #=2944 (CHy), 1716 (~CO,~), 1634, 1502
(C=C), T4 ecm™! (Ar-H); UV/Vis (CH;CN): 1., (Ige)=196.0 (4.902),
229.5 (4.499), 279.0 nm (3.435); 'H NMR (500 MHz, CDCl,): 6 =0.97 (s,
3H, 9-CH,), 1.13 (t, J=7.1 Hz, 3H, CH,CH,), 1.20— 1.36 (m, 4H, 2"-H,, 1"-
H,, 10-H, 11-H,), 1.45-1.54 (m, 2H, 1'-H,,, 8-H,), 1.63 (ddd, J =13.5, 10.5,
2.7 Hz, 1H, 1'c-H), 1.93-1.97 (m,, 1H, 2’-H,), 2.18 (dd, J=14.5, 5.1 Hz,
1H, 5-H,),2.28-2.38 (m, 4H, 5-H,, 7b-H, 8"-H,, 11-H,), 2.74-2.92 (m, 2 H,
3-H,),3.33 (d,/=10.8 Hz, 1 H, 8-H,), 3.67 (d, /= 10.8 Hz, 1H, 8-H,), 3.78
(s, 3H, 5-OCH,), 4.10 (dq, J=10.8, 7.1 Hz, 1H, CH,CH,), 417 (dq, J=
10.8,7.1 Hz, 1H, CH,CH,), 6.13 (t,/ =5.3 Hz, 1 H, 4-H), 6.64 (d,/=2.8 Hz,
1H, 4-H),6.73 (dd,J=8.4,2.8 Hz, 1 H, 6-H), 720 (d,J = 8.4 Hz, 1 H, 7-H),
744 (t,J = 6.1 Hz, 2H, Bz-H,,), 7.56 (tt, J = 6.1, 1.2 Hz, 1 H, Bz-H,), 7.57 (s,
1H, 2-H), 8.04 (dd, /=84, 1.2Hz, 2H, Bz-H,); “C NMR (75 MHz,
CDCl,): 6 =14.22,15.88, 25.33, 25.65, 29.83, 33.25, 33.28, 35.09, 37.74, 38.29,
41.42, 43.53, 55.18, 60.09, 61.00, 73.97, 99.11, 106.1, 111.7, 113.6, 126.1, 128.2
(2C),129.8 (2C), 131.0,132.4,132.6, 137.7,155.7,157.6, 166.3, 166.4; MS (EI,
70 €V): m/z (%): 546.7 (9) [M]*, 441.6 (12) [M — C;H,O]", 424.6 (38) [M —
PhCO,H]*, 298.4 (34) [M — PhCO,H — C;H,,0,]", 122.2 (86) [PhCO,H]";
elemental analysis calcd (%) for C33HiO, (546.7): C 72.51, H 7.01; found C
72.38, H 6.84.

Spiroacetal 18: Reaction of 16 and the crude enol ether 15 as described
above in the preparation of 17 gave 1.29 g (2.07 mmol, 72 % based on 13) of
the spiroacetal 18 as a mixture of four diastereomers in a 4.5:4.0:1.5:1.0
ratio, with 18a as the major isomer (HPLC). Compound 18a was isolated
by crystallization after column chromatography on deactivated silica gel
(1% NaHCOs;, gradient: petroleum ether/ethyl acetate, 10:1 to 5:1). R;=
0.32 (PE/EtOAc, 5:1); m.p. 159.9°C; [a]} = +88.8 (¢=1.0 in CHCL,); IR
(KBr): #=2941 (CHj;), 1718 (—-CO,™), 1633 (C=C), 1503 (C=C), 712 cm™!
(Ar-H); UV/Vis (CH;CN): A, (Ig€) =229.5 (3.574), 278.5 nm (2.460);
'"H NMR (500 MHz, CDCl;): 6 =0.97 (s, 3H, 9-CH3;), 1.12 (t, /=71 Hz,
3H, CH,CH;), 1.18-1.35 (m, 4H, 1'-H,, 2’-H,, 10-H, 11-H,), 1.42-1.56 (m,
2H, 1'-H,, 8-H, ), 1.61 (ddd, J=13.3, 10.8, 3.9 Hz, 1H, 1’c-H), 1.89-1.97
(m, 1H, 2’-H,), 2.16 (dd, J=14.4, 53 Hz, 1H, 5-H,), 2.26-2.37 (m, 4H,
5-H,, 7'b-H, 8-H,, 11-H,), 2.72-2.81 (m, 1H, 3'-H,), 2.86 (m., 1 H, 3'-H,),
3.31(d,J=10.7 Hz, 1H, 8-H,), 3.65 (d,/=10.7 Hz, 1 H, 8-H,), 4.08 (dq, J =
10.8,7.1 Hz, 1H, CH,CHj;), 4.16 (dq,J=10.8, 7.1 Hz, 1 H, CH,CH3), 5.02 (s,
2H, CH,Ph), 6.11 (t, J=5.4 Hz, 1H, 4-H), 6.71 (d, J=2.6 Hz, 1H, 4-H),
6.78 (dd,J=8.5,2.6 Hz, 1H, 6'-H), 7.19 (d, /= 8.5 Hz, 1H, 7"-H), 7.28 - 745
(m,7H, 5 x Bn-H, 2 x Bz-H,,), 7.55 (m,, 1H, Bz-H,)), 7.65 (s, 1H, 2-H), 8.02
(dd, /=84, 1.1 Hz, 2H, Bz-H,); ¥C NMR (125 MHz, CDCl;): 6 =14.13,
15.78,25.28,25.75,29.74, 31.89, 33.17, 34.96, 38.25, 38.28, 41.42, 43.46, 60.10,
62.80, 69.90, 73.92, 101.5, 105.8, 112.4, 114.5, 126.1, 1274 (2C), 1278, 128.3
(20), 1285 (2C), 129.6 (2C), 130.3, 132.7. 133.0, 137.2, 137.6, 155.5, 156.8,
165.5, 166.1; MS (EIL, 70 eV): m/z (%): 622.4 (4) [M]*, 546.5 (25) [M —
C¢Hs]*, 500.4 (19) [M — PhCO,H]", 374.4 (14) [M — PhCO,H — C;H,,0,]*,
91.1 (100) [C;H;]"; elemental analysis caled (%) for C3H,0, (622.8): C
75.22, H 6.80; found C 75.20, H 6.66.

DIBAH reduction of the diesters 17a and 18a

Diol 19: A solution of the diester 17a (111 mg, 0.20 mmol) in THF/CH,CIl,
(30 mL, 1:1) was treated with DIBAH solution in toluene (1M, 2.40 mmol,
2.40 mL) at —78°C. The resulting mixture was stirred for 21 h at —78°C,
allowed to warm to room temperature, and quenched with saturated
sodium bicarbonate solution (0.1 mL) and 10 % aqueous sodium hydroxide
solution (0.2 mL). The resulting mixture was filtered, diluted with CH,Cl,
(100 mL), washed with water (30 mL) and brine (30 mL), and dried with
MgSO,. After evaporation of the solvents, chromatographic purification
(SiO,, petroleum ether/ethyl acetate, 1:1) of the residue gave 57 mg of the
diol 19 (70%) as a white solid. M.p. 146.9°C; [a]¥ =+114.7 (¢=0.17 in
MeOH); IR (KBr): 7 =3426 (OH), 2930 (CH;), 1666 (C=C), 840 cm~' (Ar-
H); UV/Vis (CH;CN): 4, (Ige)=200.5 (4.694), 278.5 (3.292), 286.0 nm
(3.259); '"H NMR (500 MHz, CDCL): 6 =0.99 (s, 3H, 9-CHj;), 1.20-1.50
(m, 7H, 2'-H,, 8-H,, 1"-H,, 10-H, OH), 1.65 (m,, 1H, 2"-H,), 1.85 (dd, /=
13.0,9.3 Hz,1H, 5-H,), 1.94-1.98 (m, 1H, 3'-H,), 1.96 (dd, / =13.5, 3.7 Hz,
1H,11-H,),2.24 (dd, J=13.0, 6.4 Hz, 1 H, 5-H,), 2.30-2.36 (m, 2H, 11-H,,
1'c-H), 2.78-2.90 (m, 2H, 3'-H,, 7'b-H), 3.18 (d, /=10.7 Hz, 1H, 8-H,),
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3.48 (d, J=10.7 Hz, 1H, 8-H,), 3.78 (s, 3H, 5-OCHS,), 4.15 (d, J = 12.0 Hz,
1H, 3-CH,0H), 427 (d, J=12.0 Hz, 1H, 3-CH,0H), 4.70 (m,, 1 H, 4-H),
6.30 (s, 1H, 2-H), 6.63 (d, J=2.8 Hz, 1H, 4-H), 6.72 (dd, /=8.5, 2.8 Hz,
1H, 6-H), 720 (d, J =8.5 Hz, 1 H, 7-H); *C NMR (75 MHz, CD,0OD): 6 =
16.35, 26.66, 26.89, 30.84, 34.35, 34.57, 36.36, 39.97, 42.81, 42.85, 45.07, 55.64,
61.17,62.43,74.45,101.1, 112.7, 114.6, 117.5, 126.9, 133.9, 138.9, 140.4, 159.1;
MS (EL 70eV): m/z (%): 4003 (3) [M]*, 298.3 (100) [M — CH(Os]";
elemental analysis calcd (%) for C,,H3,05 (400.5): C 71.97, H 8.05; found C
71.72, H 8.14.

Diol 20: Reduction of 18a (278 mg, 0.45 mmol) as described above in the
preparation of 19 gave the diol 20 (163 mg, 0.34 mmol, 76 %) as a white
solid. R;=0.17 (PE/EtOAc, 1:1); m.p. 1572°C; [a]¥ =+146.0 (c=0.3 in
CHCL,); IR (KBr): 7=3376 (OH), 2929 (CHj;), 1664 (C=C), 841 cm™"' (Ar-
H); UV/Vis (CH;CN): A, (Ig€) =201.5 (4.031), 278.5 (2.536), 286.0 nm
(2.480); 'H NMR (500 MHz, CDCl;): 6 =0.97 (s, 3H, 9-CHj;), 1.19-1.55
(m, 7H, 2"-H,, 8-H,, 1'-H,, 10-H, OH), 1.63 (m,, 2H, 2’-H,,, OH), 1.82 (dd,
J=12.9,9.5Hz, 1H, 5-H,), 1.87-1.97 (m, 2H, 3"-H, 11-H,), 2.22 (dd, J=
12.9, 6.6 Hz, 1H, 5-H,), 2.26-2.36 (m, 2H, 11-H,, 1'c-H), 2.74-2.86 (m,
2H, 3'-H,, 7b-H), 3.16 (d, /=10.7 Hz, 1 H, 8-H,), 3.46 (d, /=10.7 Hz, 1H,
8-H,), 4.14 (d, /J=119Hz, 1H, 3-CH,OH), 423 (d, J=119Hz, 1H,
3-CH,OH), 4.67 (brdd, J=9.5, 6.6 Hz, 1H, 4-H), 5.01 (s, 2H, CH,Ph), 6.28
(s,1H,2-H), 6.70 (d,/=2.6 Hz, 1H, 4-H), 6.77 (dd, J=8.5,2.6 Hz, 1H, 6'-
H), 718 (d, /=85Hz, 1H, 7-H), 727-744 (m, 5H, Ph-H); C NMR
(125 MHz, CDCl,): 6 =15.85, 25.32, 25.58, 29.84, 33.15, 33.44, 35.06, 38.26,
41.22,41.61,43.52,62.59, 63.38, 69.94, 73.33,99.88, 112.4, 114.6, 114.8, 126.1,
1274 (2C), 1278, 1285 (2C), 132.9, 1372, 1378, 140.0, 156.8; MS (EI,
70 eV): m/z (%): 476.5 (2) [M]*, 458.4 (46) [M —H,O]*, 374.4 (100) [M —
C,H¢05]*, 91.1 (60) [C;H,]*; : HRMS: calcd for C;)H;,O5 476.2563; found
476.2562.

Selective hydrogenation of 19 and 20

Hybrid compound 21: A suspension of diol 19 (40 mg, 100 umol) and PtO,
(2.3 mg, 10 pmol, 10 mol %) in methanol/ethyl acetate (10 mL, 1:1) was
subjected to 50 bar of hydrogen pressure at room temperature for 12 h. The
catalyst was then removed by filtration through a short pad of silica gel.
Evaporation of the solvent from the filtrate gave 40 mg (99 umol, 99 %) of
21 as a white solid. M.p. 150°C (dec.); [a]® =+109.7 (¢c=0.3 in MeOH);
IR (KBr): #=3420 (OH), 2926 (CH,), 2872 (Ar—O—CH,), 1608 (C=C),
844 cm™! (Ar-H); UV/Vis (CH;CN): 1., (Ige)=200.0 (4.606), 278.5
(3.276), 286.0 nm (3.242); '"H NMR (500 MHz, CD;0D): 6 =0.98 (s, 3H,
9-CH,), 1.15-1.35 (m, 6H, 1-H,, 8'-H,, 10-H, OH), 1.38-1.50 (m, 3H, 1'c-
H,3-H, OH), 1.55-1.70 (m, 2H, 5-H,, 7'b-H), 1.73 (dd,/=13.1,3.8 Hz, 1 H,
2'-H,), 1.92-1.96 (m., 1H, 2"-H,), 2.00 (dd, J=12.6, 5.0 Hz, 1H, 5-H,),
2.23-2.33 (m, 2H, 11-H,), 2.71-2.80 (m, 2H, 3'-H,), 3.08 (d, /=10.6 Hz,
1H, 8-H,), 3.33 (d, /=10.6 Hz, 1H, 8-H,), 3.46 (t, /=113 Hz, 1H, 2-H,),
3.49 (dd, /=113, 75 Hz, 1H, 2-H,), 3.72 (s, 3H, 5'-OCHs;), 3.76 (dd, J =
11.2, 48 Hz, 1H, 3-CH,OH), 3.81 (td, /=10.9, 49 Hz, 1H, 4-H), 3.83 (dd,
J=112, 3.8 Hz, 1H, 3-CH,OH), 6.58 (d, /J=2.6 Hz, 1H, 4-H), 6.66 (dd,
J=8.5, 2.6 Hz, 1H, 6-H), 714 (d, J=85Hz, 1H, 7-H); ¥C NMR
(125 MHz, CD;OD): 6=16.34, 26.71, 26.85, 30.91, 34.51, 35.36, 36.37,
39.93,42.95, 45.07,45.73, 47.51, 55.54, 61.73, 62.61, 66.29, 73.16, 99.84, 112.6,
114.4, 127.0, 133.8, 138.8, 159.0; MS (EL, 70eV): m/z (%): 402.5 (100)
[M]+;HRMS: caled for C,,H;,O5 402.2406; found 402.2406; elemental
analysis caled (%) for C,,H;,O5 (402.5): C 71.61, H 8.51; found C 71.53, H
8.65.

Hybrid compound 22: The diol 20 (70 mg, 147 umol) was hydrogenated as
described for 19 to give 70 mg (146 pmol, 99 %) of 22 as a white solid. R;=
0.12 (PE/EtOAc, 1:2); [a]d = +98.0 (¢=0.2 in DMF); IR (KBr): #=3385
(OH), 3063, 3032 (Ar-H), 2926 (CH;), 1608, 1577 cm~' (C=C); UV/Vis
(CH;CN): A (Ig€) =200.5 (4.045), 249.5 (3.317), 278.5 (2.627), 286.0 nm
(2.581); '"H NMR (500 MHz, CD,OD): 6 =0.98 (s, 3H, 9-CH3), 1.15-1.35
(m, 6H, 1'-H,, 8'-H,, 10-H, OH), 1.38-1.52 (m, 3H, 3-H, OH, 1'c-H), 1.58 —
170 (m, 2H, 5-H,, 7b-H), 1.74 (dd, J=13.1, 3.4 Hz, 1H, 2"-H,), 1.92-1.97
(m., 1H,2-H,),2.01 (dd,J=12.4,5.0 Hz, 1H, 5-H,),2.22-2.35 (m, 2H, 11-
H,),2.73-2.84 (m, 2H, 3'-H,), 3.09 (d, /=10.6 Hz, 1H, 8-H,), 3.34 (d, /=
10.6 Hz, 1H, 8-H,), 3.46 (t,/=11.3 Hz, 1H, 2-H,), 3.49 (dd, J =11.3,7.5 Hz,
1H, 2-H,), 3.76 (dd, /=112, 48 Hz, 1H, 3-CH,OH), 3.80 (td, J=10.6,
48 Hz, 1H, 4-H), 3.84 (dd, /=112, 3.9 Hz, 1H, 3-CH,OH), 5.01 (s, 2H,
CH,Ph), 6.67 (d,/=2.7Hz, 1H, 4-H), 6.73 (dd, /=8.7,2.7 Hz, 1H, 6-H),
7.16 (d,J=8.7Hz,1H,7-H), 726 - 742 (m, 5H, Ph-H); *C NMR (75 MHz,
[Dg]DMSO): 6 =15.61, 25.00, 29.30, 32.94 (2C), 33.80, 34.55, 37.86, 41.06,
42.99, 44.71, 46.22, 59.52, 61.16, 63.62, 68.94, 71.02, 97.77,112.2, 114.2, 125.8,
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1273 (2C), 1275, 1282 (2C), 132.5, 1373 (2C), 156.1; MS (EL 70 eV): m/z
(%): 478.1 (100) [M]*, 91.0 (75) [C;H,;]"; HRMS: calcd for Cs;HzOs
478.2719; found 478.2719.

Hybrid compound 23: A suspension of diol 22 (70 mg, 146 pmol) and Pd/C
(16 mg, 10 % Pd on charcoal, 15 umol, 10 mol % ) in methanol/ethyl acetate
(I5mL, 1:1) was subjected to 65bar of hydrogen pressure at room
temperature for 20 h. The catalyst was removed by filtration through a
short pad of silica gel. Evaporation of the solvent from the filtrate gave
56 mg (145 umol, 99 %) of 23 as a white solid. R;=0.11 (PE/EtOAc, 1:2);
[a]® =+108.4 (¢ =0.25 in DMF); IR (KBr): 7 =3433 (OH), 3020 (Ar-H),
2924 (CH,), 1616, 1582, 1499 (C=C), 827 cm! (Ar-H); UV/Vis (CH;CN):
Amax (126)=199.0 (3.948), 280.0 (2.704), 287.0 nm (2.666); 'H NMR
(500 MHz, [D;]DMF 45°C): 6=0.98 (s, 3H, 9-CH3), 1.10-1.45 (m, 9H,
1-H,, 11-H,, 10-H, 2 x OH, 2"-H,, 5-H,), 1.54-1.67 (m, 2H, 3-H, 1'c-H),
1.71 (dd, J=13.1, 3.8 Hz, 1H, 2'-H,), 1.88-2.03 (m, 2H, §8-H,, OH), 1.99
(dd,/=12.1,5.0 Hz, 1H, 5-H,), 2.19-2.32 (m, 2H, 7'b-H, 8'-H,), 2.68 - 2.80
(m, 2H, 3'-H,), 3.06 (d, /=10.6 Hz, 1H, 8-H,), 3.29 (d, J=10.6 Hz, 1H,
8-H,), 343 (t, /J=113Hz, 1H, 2-H,), 3.49 (dd, /=10.6, 72 Hz, 1H,
3-CH,OH), 3.75 (dd, /=11.3, 4.8 Hz, 1H, 2-H,), 3.81 (td, /=10.8, 5.0 Hz,
1H, 4-H), 3.82 (dd, /=10.6, 4.0 Hz, 1H, 3-CH,OH), 6.54 (d, J=2.6 Hz,
1H,4'-H),6.62 (dd,J=8.5,2.6 Hz, 1H, 6'-H), 709 (d,/ =8.5 Hz, 1H, 7-H);
BC NMR (125 MHz, [D,]DMEF, 45°C): 6 =16.10, 26.10, 26.23, 30.15, 33.91,
34.92,35.69,39.24,42.35, 44.26,45.74, 47.48, 61.28, 62.12, 65.49, 72.25, 98.86,
113.5,115.5, 126.4, 131.6, 138.1, 156.2; MS (EL, 70 eV): m/z (%): 388.1 (81)
[M]*, 186.0 (100) [C;3sH,,O]"; HRMS: calcd for Cp3H;,O5 388.2250; found
388.2249.

Diol 24: A suspension of diol 20 (70 mg, 147 umol) and Pd/C (31 mg, 5%
Pd on charcoal, 15 pmol, 10 mol %) in methanol/ethyl acetate (15 mL, 1:1)
was subjected to 65 bar of hydrogen pressure at room temperature for 24 h.
The catalyst was then removed by filtration through a short pad of silica gel.
Evaporation of the solvent from the filtrate gave 54 mg (146 umol, 99 %) of
compound 24 as a white solid. R;=0.38 (PE/EtOAc, 1:2); m.p. 227.9°C;
[a]® =+115.4 (¢=0.5 in DMF); IR (KBr): #=3455 (OH), 2922 (CHj;),
1616, 1585, 1499 (C=C), 822 cm™' (Ar-H); UV/Vis (CH;CN): 4., (Ige) =
199.0 (3.892), 280.0 (2.588), 287.0nm (2.543); 'H NMR (500 MHz,
[D;]DMF): 6=0.90 (d, J=6.7Hz, 3H, 3-CH;), 0.96 (s, 3H, 9-CH,),
1.10-1.29 (m, 4H, 1'-H,, 11-H,, 10-H, 2"-H,), 1.34-1.52 (m, 4H, 3-H, 5-H,,
1-H,, 2’-Hy), 1.56 (m,, 1H, 1'c-H), 1.70 (dd, J=13.2, 3.6 Hz, 1H, 11-H,),
1.89-1.95 (m, 1H, 8-H,), 1.98 (dd, J=12.6, 4.6 Hz, 1H, 5-H,), 2.19-2.26
(m, 1H, 7'b-H), 2.26-2.33 (m, 1H, 8-H,), 2.72-2.76 (m, 2H, 3'-H,), 3.07
(d, 7=10.5Hz, 1H, 8-H,), 3.23 (dd, /=11.3, 11.3 Hz, 1H, 2-H,), 3.29 (d,
J=10.5Hz, 1H, 8-H,), 3.50 (m, 2H, 2-H,, 4-H), 4.68 (d, J=5.7Hz, 1H,
4-OH), 6.55 (d, J=2.5Hz, 1H, 4-H), 6.63 (dd, /=8.4, 2.5 Hz, 1H, 6-H),
710 (d, /=84 Hz, 1H, 7-H), 9.23 (s, 1H, 5-OH); *C NMR (125 MHz,
[D,;]DMF): 6 =14.32, 17.05, 27.03, 27.15, 31.00, 34.85, 35.80, 36.61, 40.11,
40.73, 43.81, 45.23, 46.80, 66.12, 70.39, 73.12, 100.2, 114.4, 116.4, 127.5,132.4,
139.0, 157.2; MS (EI, 70 eV): m/z (%): 372.1 (100) [M]*, 287.1 (45) [M —
CsH,0]+, 186.0 (92) [M]**; HRMS (ESI): calcd for C,sH3;0, [M+H]* m/z:
373.2379; found 373.2379.

Allylic alcohol 25: Lithium wire (5 mg, 0.72 mmol) was added to a solution
of 20 (30 mg, 63 umol) in liquid ammonia (3 mL) and methanol (0.6 mL) at
—78°C, and the resulting mixture was stirred at this temperature for 3 h.
Solid NH,CI was then added to remove the excess lithium; thereafter, tert-
butyl methyl ether (10 mL) was added, and the mixture was allowed to
warm to room temperature. After evaporation of the NHj, the residue was
partitioned between ethyl acetate (20 mL) and water (20 mL), the aqueous
phase was extracted with ethyl acetate (3 x 40 mL), and the combined
organic phases were washed with brine and dried with MgSO,. Evapo-
ration of the solvents and purification of the residue by column
chromatography (petroleum ether/ethyl acetate, 1:1, with 1% MeOH)
yielded 22 mg (57 umol, 90 %) of 25 as a white solid. R;=0.16 (PE/EtOAc,
1:1); [a]® =+134.0 (c=0.2 in DMF); IR (KBr): 7 =3397, 3356 (OH), 2937
(CHj;), 1618, 1584, 1501 (C=C), 822 cm™' (Ar-H); UV/Vis (CH;CN): A,
(Ige) =199.5 nm (4.079), 280.0 (2.724), 286.5 (2.678); 'H NMR (500 MHz,
[D;]DMEF, 35°C): 6 =0.98 (s, 3H, 9-CH;), 1.09-1.48 (m, 8H, 2"-H,, 8'-H,,
1-H,, 10-H, 2 x OH), 1.61 (m,., 1H, 2'-H,), 1.76 (dd, /=12.9,9.4 Hz, 1H,
5-H,), 1.88-2.04 (m, 3H, 3"-H, 11-H,, OH), 2.16 (dd, J=12.9, 6.6 Hz, 1H,
5-H,), 2.22-2.34 (m, 2H, 11-H,, 1'c-H), 2.70-2.80 (m, 2H, 3'-H,, 7b-H),
3.13(d,/=10.7Hz, 1H, 8-H,), 3.48 (d, /=10.7 Hz, 1H, 8-H,),3.93 (d, J =
12.1 Hz, 1H, 3-CH,OH), 4.25 (d, /=12.1 Hz, 1H, 3-CH,,OH), 4.55 (brdd,
J=9.1,72Hz, 1H, 4-H), 6.29 (s, 1H, 2-H), 6.47 (d, J=2.7 Hz, 1H, 4-H),
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6.54 (dd,J=8.5,2.7Hz, 1H, 6-H), 7.08 (d,/ =8.5 Hz, 1 H, 7-H); *C NMR
(125 MHz, [D,;]DMF): 6 =16.08, 26.04, 26.24, 30.17, 33.70, 33.95, 35.58,
39.15, 42.01, 42.62, 44.25, 60.34, 61.34, 73.49, 100.1, 113.5, 115.5, 118.2, 126.6,
1314, 138.0, 138.1, 156.2; MS (EL 70 &V): m/z (%): 368.1 (17) [M — H,O[*,
284.1 (100) [M — C,H¢O5]*, 43.1 (35) [CsH,]"; HRMS (ESI): calcd for
C,3H300sNa [M+Na]* m/z: 409.1991; found 409.1991.
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Solution and Solid-State Characterization of Eu" Chelates:
A Possible Route Towards Redox Responsive MRI Contrast Agents

Liszl6 Burai, Eva Téth, Sabine Seibig, Rosario Scopelliti, and André E. Merbach*!?!

Abstract: We report the first solid state
X-ray crystal structure for a Eu" chelate,
[C(NH,);]5[Eu'(DTPA)(H,0)] - 8H,0,

in comparison with those for the corre-
sponding Sr analogue, [C(NH,)s]s-
[Sr(DTPA)(H,0)]-8H,0 and for
[Sr(ODDA)]-8H,0 (DTPAS- = dieth-
ylenetriamine-N,N,N',N",N"-pentaacetate,
ODDA?* =1,4,10,13-tetraoxa-7,16-diaza-
cyclooctadecane-7,16-diacetate).  The
two DTPA complexes are isostruc-
tural due to the similar ionic size and
charge of Sr** and Eu?*. The redox
stability of [Eu'(ODDA)(H,0)] and
[Eu'(ODDM)J*~ complexes has been
investigated by cyclovoltammetry and
UV/Vis spectrophotometry (ODDM*-
= 1,4,10,13-tetraoxa-7,16-diaza-cycloocta-

(ODDA)(H,0)], [Eu™(ODDM)], and
[Eu™(DTPA)(H,0)], respectively, com-
pared with —0.63 V for Eu™! aqua).
The thermodynamic stability con-
stants of [Eu(ODDA)(H,0)], [Eul-
(ODDM)J*, [Sr(ODDA)(H,0)], and
[St(ODDM)]?>~ were also determined
by pH potentiometry. They are slightly
higher for the Eu" complexes than those
for the corresponding Sr analogues
(logKy;. =9.85, 13.07, 8.66, and 11.34
for [Eu''(ODDA)(H,0)], [Eu-
(ODDM)J*-, [Sr(ODDA)(H,0)], and
[Sr(ODDM)J>-, respectively, 0.1m
(CH;),NCl). The increased thermody-
namic and redox stability of the Eu!!
complex formed with ODDA as com-
pared with the traditional ligand DTPA

can be of importance when biomedical
application is concerned. A variable-
temperature "O-NMR and 'H-nuclear
magnetic relaxation dispersion
(NMRD) study has been performed on
[Eu'(ODDA)(H,0)] and [Eu'-
(ODDM)]*~ in aqueous solution. [Eu'-
(ODDM)]*~ has no inner-sphere water
molecule which allowed us to use it as an
outer-sphere model for [Eu(ODDA)-
(H,0)]. The water exchange rate
(k2% =0.43 x 10° s7!) is one third of that
obtained for [Eu(DTPA)(H,0)]*~. The
variable pressure 7O-NMR study yield-
ed a negative activation volume, AV+*=
—3.9cm’mol!; this indicates associa-
tively activated water exchange. This
water exchange rate is in the optimal

decane-7,16-dimalonate). The macrocy-
clic complexes are much more stable
against oxidation than [Eu'(DTPA)-
(H,O)]*~ (the redox potentials are
E;,=-082V, —092V, and —135V
versus Ag/AgCl electrode for [Eu™-
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under http://www.wiley-vch.de/home/chemistry/. The following sup-
porting information is available: X-ray structure of [Sr(DTPA)-
(H,0)]*~ (Figure S1), UV/Vis spectrum of [Eu'(ODDA)(H,0)] and
[Eu(ODDM)]*~ (Figures S2a and S2b), species distribution diagram
of the Sr*-ODDM?*~ and Sr**-ODDA?" systems (Figures S3a and S3b),
data for X-ray structures (Tables S1-S4), variable-temperature re-
duced transverse and longitudinal 7O relaxation rates and chemical
shifts of [Eu/(ODDA)(H,0)] and [Eu"(ODDM)]>~ solution (Table S5
and S6), reduced transverse 'O relaxation rates as a function of
pressure for [Eu(ODDA)(H,0)] (Table S7), and proton relaxivities as
a function of the magnetic field (Table S8 and S9).
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range to attain maximum proton relax-
ivities, which are, however, strongly
limited by the fast rotation of the small
molecular weight complex.

euro-

Introduction

Complexes of divalent europium have recently received a
growing interest, which originates from two aspects. The ionic
radius of Eu'" is between those of the Ca" and Sr'" ion (ionic
radii are 125, 112, and 126 pm for Eu", Ca'l, and Sr'|,
respectively)? and its chemical properties—except for the
redox behavior—also show similarity with those of the
alkaline earth metal ions. Therefore, the Eu! ion was
proposed as a spectroscopic probe of Ca'' in biological
systems.®] Furthermore, Eu" has seven unpaired electrons in
an 8§ ground state and is isoelectronic with Gd™. In the last
two decades, Gd™ poly(amino carboxylate) complexes have
been successfully used in medical diagnostics as contrast
agents in magnetic resonance imaging and were intensively
investigated both for their electronic relaxation and water
exchange properties which influence their efficiency.[*]
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Studying appropriate complexes of the isoelectronic Eu'f may
give deeper insight into those processes of Gd™ and open new
ways in the field of developing specific redox responsive
contrast agents.

Nowadays there is an increasing demand for NMR-
sensitive probes of a specific property of the biological
environment. Special attention is devoted to systems able to
probe changes in pH, temperature, or partial oxygen pressure.
Assessment of pO, changes can be of high importance in
many cases, such as the differentiation between venous and
arterial blood, pathological states associated with stroke,
tumors or cerebral mapping of task activation. Redox, or
more particularly pO, responsive contrast agents can be
imagined with complexes where the metal can switch between
oxidation states characterized by different relaxation proper-
ties. Beside manganese(l1ii) which has been proposed re-
cently,’® europium(iiir) chelates can also be good candidates,
provided the stabilization of the lower oxidation state is
controlled. Certainly, the development of applicable pO,
responsive agents requires a strong biochemical expertise as
well, but as a first step, the exploration of basic chemistry of
the possible systems is primordial.

We have recently investigated the water exchange kinetics
and electronic relaxation on the Eu!' aqual™® and the
[Eu'(DTPA)(H,O)]*~ complexesl’’ (DTPA’- = diethylenetri-
amine-N,N,N',N”,N"-pentaacetate). The water exchange of
the Eu" aqua complex was found to be the fastest ever
measured by magnetic resonance, while its electronic relax-
ation was slower compared with the isoelectronic Gd™ aqua
ion. Unfortunately, the redox stability of Eu" poly(amino
carboxylates) in aqueous solution is lower than that of the Eul!
aqua complex, which raised difficulties when investigating for
example, [Eu'(DTPA)(H,O)]?~. Therefore, our objective was
to find other Eu"! poly(amino carboxylate) complexes with
higher redox stability in aqueous solution. Although a lot is
known about the preparation, optical and electrochemical
properties of aqueous solutions of Eu" inorganic salts,!'% only
few data are available on Eu" poly(amino carboxylates).['!-1%]
In general, their thermodynamic stability was found to be
similar or slightly higher than that of the corresponding Sr!!
complexes. Some Eu!! crown ether and azacryptand com-
plexes have also been reported in the literature;'-'! interest-
ingly they have more positive Eu™/Eu'" reduction potentials
than the Eu"/Eu" aqua complex which makes them the most
redox stable Eu!' complexes in aqueous solution found so far.

Among azacrown ethers, the complexation properties of
[18]aneN,O4-carboxylate derivatives were investigated in
detaill®2%  ([18]aneN,O, = 1,4,10,13-tetraoxa-7,16-diaza-cy-
clooctadecane). Due to the relatively large cavity of the 18-
membered macrocycle, its derivatives form especially stable
complexes with the divalent and trivalent ions of large ionic
radius, and with the rare-earth ions. Moreover, the [18]ane-
N,O,-dimalonate (ODDM?*") shows a large selectivity for Sr'f
against Ca'.?!l These observations urged us to investigate the
thermodynamic and redox stability as well as the water
exchange rate of the Eu' complexes of two [18]aneN,O,-
carboxylate derivatives, namely the 1,4,10,13-tetraoxa-7,16-
diaza-cyclooctadecane-7,16-diacetate (ODDA?"), and -dimal-
onate (ODDM*) (chemical structure of the ligands in
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Scheme 1.). As no X-ray crystal structure is available for
either strontium or europium(i) poly(amino carboxylates),
attempts have also been made to prepare appropriate crystals
for X-ray structural determination of this type of complexes.

HOOC\ K\Omo/\ / COOH

HC—I\<\/ \/N—CH
\
o} o
HOOC/ ) COOH
H4ODDM
0 ‘0
HOOC-H,C—N N—CH,,-COOH
o o
AN
H,ODDA
HOOC— /—Coor
N N—N—""N
Hooc—" L \_coon
COOH
HsDTPA

Scheme 1. Chemical structure of the ligands.

In the present paper we report thermodynamic stability
constants, redox potentials, and the results of proton and
oxygen-17 relaxation studies of the [Eu/(ODDA)(H,0)] and
[Eu"(ODDM)]*~ complexes. For the first time, we also report
the X-ray structure of a Eu" chelate, [Eu"(DTPA)(H,0)]*-, in
comparison with the corresponding [Sr(DTPA)(H,O)]*.
The crystal structure of the [Sr(ODDA)] complex is also
presented.

Results and Discussion

Crystal structures of [C(NH,);];[Eu(DTPA)(H,0)]-8H,0,
[C(NH,);]5[Sx(DTPA)(H,0)]-8H,0 and [Sr(ODDA)]-
8H,O0: Since so far no solid state X-ray studies have been
reported for Eu' chelates, our objective was the structural
description of Eul' complexes and their comparison to the
analogue complexes formed with Sr>*, which has similar ionic
size and charge, but very different electronic configuration.
Furthermore, their comparison with the corresponding tri-
valent lanthanide complexes is also of interest. Solid state
X-ray structures are known for numerous lanthanide(ir)
poly(amino carboxylates)!®! used for biomedical application.
In those formed with octadentate ligands, the lanthanide(ir)
ion is usually nine-coordinate with one water molecule in the
inner coordination sphere.

The X-ray structure of [Eu'(DTPA)(H,O)]*~ is shown in
Figure 1; the structure of the [Sr(DTPA)(H,O)]*~ analogue is
identical (see Supporting Information Figure S1). Selected
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Figure 1. X-ray structure of [Eu'/(DTPA)(H,O)}*~.

bond lengths between the coordinating atoms and the metal
center as well as selected bond angles are presented in Table 1.
(The detailed results can be found in the Supporting
Information.)

The coordination number of both divalent metals is nine,
with one inner sphere water molecule. Importantly, the bond
lengths and angles in both complexes are identical. The
coordination polyhedron is close to a regular capped square
antiprism, as the two planes formed by O3—05—-07—09 and
O1-N1-N2-N3 are almost parallel: The angle between the
two planes is 3.6 and 3.3° for the Sr!! and Eu!! compound,
respectively.

The crystal structures of [Sr(DTPA)(H,O)]*~ and [Eu'-
(DTPA)(H,O)]?~ are also similar to that of the
[GA(DTPA)(H,0)]>~ complex, with the exception of the
bond lengths. Due to the lower charge and the larger ionic
radius of Sr** and Eu?*, the bond lengths are about 0.15 A
longer than those of the corresponding Gd"' complex.?! For
example, the distance between the metal center and the
coordinated water oxygen ranges from 2.408 to 2.490 A for
Gd" DTPA-type complexes in generall® (it is 2.490 A for
[GA(DTPA)(H,0)]>), while it is 2.619(4) and 2.622(6) A in
[Sr(DTPA)(H,O)]*~ and [Eu"'(DTPA)(H,0)]*, respectively.
These distances agree well with the Sr—O,,, bond length in
[Sr(H,0),;]** determined by XAFS in solution (2.62 A).) In
contrast to the different distances, the average angles between

the coordinated water molecule and the carboxylate oxygens
are very similar: 73.4° in [Gd(HDTPA)(H,0)] ¥ compared
with 76.3(2)° in the [Eu"(DTPA)(H,O)]*~ complex and
76.6(2)° for the Sr complex (bond angles are not reported
for the nonprotonated [Gd(DTPA)(H,0)]*).

Unfortunately, suitable crystals of Eu'/(ODDA) could not
be obtained. However, the identical structures found for
[Eu"(DTPA)(H,0)]*~ and [Sr(DTPA)(H,O)]*~ strongly sug-
gest that all structural data obtained for the Sr' analogue can
be applied for Eu''(ODDA) as well. The Sr(ODDA) crystal-
lized as a linear polymer without inner sphere water molecule.
In this structure, four oxygens and two nitrogens of the
macrocyclic ring and one oxygen of each carboxylate group
are bound to the Sr*¥, giving eight of the total nine bonds
around the metal (Figure 2). The ninth coordination site is
occupied by a carboxylate oxygen coming from a neighbor

Figure 2. X-ray structure of [Sr(ODDA)].

Table 1. Selected bond lengths [A] and angles [°] of the complexes obtained from X-ray structures.

[Sr(DTPA)(H,O)J* [Eu'(DTPA)(H,0) > [GA(DTPA)(H,0) > 1 [Sr{(ODDA)]
M1-01 2.556(3) 2.568(5) 2363 Sr1-01 2.635(4)
M1-03 2.558(3) 2.569(5) 2.402 Sr1-02 2.646(4)
M1-05 2.556(3) 2.569(4) 2.403 Sr1-03 2.627(4)
M1-07 2.566(3) 2.562(5) 2416 Sr1-04 2.702(4)
M1-09 2.589(3) 2.600(4) 2437 Sr1-05 2.594(4)
M1-011 2.619(4) 2.622(6) 2710 Sr1-O6ALl 2.544(4)
MI1-N1 2.910(3) 2.888(6) 2.582 Sr1-07 2.527(5)
M1-N2 2.784(4) 2.776(5) 2.629 Sr1-N1 2.776(6)
M1-N3 2.769(3) 2.760(5) 2.490 Sr1-N2 2.762(6)
03-M1-011 74.6(2) 74.3(3) 68.8") 06A-Sr1-011 85.4(1)
05-M1-011 77.0(1) 76.9(2) 77.20) 06A-Sr1-020 69.9(1)
07-M1-011 73.4(2) 72.7(3) 72,600 06A-Sr1-03[ 76.5(1)
09-M1-011 81.3(2) 80.7 (2) 75.10) 06A-Sr1-04 72.9(1)

a] Ref. [22]. [b] Bond angles for [GA(HDTPA)(H,O)]~ from ref. [24]. [c] O6A atom obtained by the following symmetry transformation: x, — y + %5,z + %.
[a] g ) y g sy ry y
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ligand. In aqueous solution, this bond breaks up and one
water molecule enters the inner coordination sphere, as it is
proved by 7O NMR for the analogue Eu"' system (see below).
Interestingly, in this structure assumed for the aqueous
solution, the coordination of the inner sphere water and that
of the carboxylates occur on the opposite sides of the
molecule. In all poly(amino carboxylate) complexes where
structures are known, the inner sphere water coordinates from
the carboxylate side of the ligand, thus, constituting a well
defined hydrophilic region on this side, in contrast to the
hydrophobic region determined by the ligand backbone on
the other side of the molecule. This separation of a hydro-
phobic and hydrophilic side is missing for the Sr(ODDA) and
Eu'(ODDA) complexes.

In Sr(ODDA), the metal ion is displaced by 0.641 A from
the plane formed by the four ring oxygens (O1, 02, O3, O4),
while the angle between the plane NI1-Sr1-N2 and
0O5—-Sr1—07 is 113.1°. The two carboxylate groups are in cis-
configuration as referred to the macrocyclic ring, where the
angle of O7-Sr1-05 is 79.3(1)°. Interestingly, for the
Cu(ODDA) complex a trans-configuration was found.! It
was explained with the cavity size of the macrocyclic ring
which is large enough to accommodate the small Cu** ion
(ionic radius 73 pm). Apparently, the Sr’** (ionic radius
126 pm) is too large to be able to enter the ring cavity. This
is also reflected by the longer average bond lengths with the
ring oxygens and nitrogens (2.653(4) and 2.769(6) A, respec-
tively), as compared with that for the carboxylate oxygens
(Sr1—05=2.594(4) A, Sr1—O6A =2.544(4) A, Sr1-07=
2.527(5)). The Sr1—O5 and Sr1—O6A distances correspond
to metal—carboxylate bonds where both oxygens of the
carboxylate group are coordinated acting as a bridge between
two different metal ions, and consequently these distances are
slightly longer than the Sr1—O7 distance. Most of the
carboxylate oxygen—metal and nitrogen—metal bond lengths
are very close to those obtained for [Eu'(DTPA)(H,0)]*~ and
[Sr(DTPA)(H,O)]*~ (Table 1). Furthermore, the average
values of the Ogypoxyiae—metal i0n—Oy,, bond angles in
[Eu'(DTPA)(H,O)]*~ and [Sr(DTPA)(H,O)J*" are also sim-
ilar to the Ojycroeye=ST1I—O6A bond angles in Sr(ODDA)
(76.2(1)°). However, taking into account the larger bond
lengths of the OyucroeyaeS>" in Sr(ODDA), this similarity
means that when dissolved in water and the O6A is replaced
by a water molecule, the [Sr(ODDA)(H,0)], and the
corresponding [Eu(ODDA)(H,0)] complexes will be much
more open from the water coordination side than the DTPA
complexes.

Redox stability of [Eu'(ODDM)]*~ and [Eu"(ODDA)-
(H,0)]: The redox stability of Eu complexes in aqueous
solution is directly described by the redox potential of the
Eu™L/Eu'L redox couple; a more negative potential indi-
cates a lower redox stability against oxidation. It is generally
assumed that the Eu" ion can oxidize by reacting with both
oxygen and water.['%]

As the cyclovoltammetry curves show (Figure 3), the
macrocyclic [Eu(ODDA)(H,O)] and [Eu"'(ODDM)]*~ com-
plexes are much more redox stable than [Eu"(DTPA)-
(H,0)]*, the redox potentials are E,,=—0.92 and —0.82 V
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Figure 3. Cyclovoltammograms of a) Eu"(ODDA), b) Eu'(ODDM)
at 50 % metal excess and c¢) Eu''(DTPA) solutions.

for Eu'™(ODDM) and Eu™(ODDA), respectively, com-
pared with E;,=—1.35V for Eu'""(DTPA).”l Although the
redox potentials of the macrocyclic complexes are still
negative, they are much closer to that of Eu'""-aqua. (The
signal of the Eu™.aqua system can also be seen on the
cyclovoltammogram of Eu™(ODDM), as it was recorded at
50 % metal excess (Figure 3, curve b), thus the smaller peaks
with E,,=—0.63 V correspond to the free Eu''™l)

The redox kinetic behavior of [Eu(ODDM)J*- and
[Eu'(ODDA)(H,0)] has been studied by UV/Vis spectrom-
etry. The spectrum of [Eu"(ODDA)(H,0)] shows two
maxima at 337nm (e=665M'cm™') and 262nm (e=
2013m~'em™!), while for [Eu(ODDM)J>~ only one peak
can be found at 258 nm (¢ =2474M~'cm™') with a shoulder at
around 320 nm (see Supporting Information Figures S2a—Db).
The oxidation of the complexes can be followed by the
intensity diminution of the peaks at 262 and 258 nm. The
kinetic curves obtained were not first-order and showed a
complicated oxidation behavior as it was also observed for
[Eu'(DTPA)(H,O)]*-,! thus, we could only calculate an
approximate value for the half-life time. The redox kinetic
stability of the macrocyclic complexes is much higher than
that of [Eu(DTPA)(H,O)]*~: The estimated ¢, is 16 h and
10d for [Eu(ODDM)]>~ (¢ =1mMm) and [Eu(ODDA)-
(H,0)] (c =5mm), respectively, whereas it was only 1 h for
[Eu'(DTPA)(H,O)]>~. In all cases the redox stability was
found to increase with increasing concentration, for example,
a 0.1M, basic [Eu'(ODDA)(H,0)] solution can be kept under
nitrogen without any changes for one month. Such concen-
tration dependence is often observed in the oxidation of
strongly reducing agents, and suggests that the oxidation
reaction can partly be due to the presence of oxidative trace
impurities.

Thermodynamic stability of the complexes: The protonation
constants, K of the ligands ODDA?~ and ODDM*-, as well
as the thermodynamic stability constants, Ky; and K of
their Eu" and Sr" complexes are shown in Table 2. For
comparison, the table contains also the corresponding con-
stants of the DTPA complexes. The protonation constants
determined for ODDA?~ and ODDM*- agree well with those
previously reported in the literature for similar ionic strength
and temperature. The stability constants of the Eu! macro-
cyclic complexes are more than one order of magnitude
higher than those of the Sr analogues, while the protonation
constants of the complexes are essentially the same. A similar
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Table 2. Protonation constants of the ligands (logK{"), and stabilility and
protonation constants (logKy; and logK)") of the complexes in 0.1m
(CH;),NCl at 25°C.

ODDM*- ODDA?- DTPA>-
this work fa] this work o] fe] 1d]

logK {1 8.60 +£0.02 8.62 8.95+0.02 8.45 8.93 10.59
logK it 8.00£0.01 7.95 7.99 +£0.02 7.80 8.01 8.65
logK i1 3.31+£0.02 4.02 2.24+0.03 2.90 2.50 4.28
logK ! 2.73

logK i1 2.06

logKg, 13.07 £0.04 9.85 +0.02 10.08
logK 4.42 +0.02 4.97 +0.05 5.45
logKsy ~ 11.3440.06 8.66+0.02 829 9.68
logKl, 4564008 4924012 5.4

[a] Ref. [21] in 0.15m (CH;),NCL [b] Ref. [19]. [c] Ref. [20] in 0.Im
(CH3),NNO;. [d] Protonation constants from A. E. Martell, R. M. Smith,
Critical Stability Constants, Vol. 1, Plenum Press, New York, 1974, p. 281,
stability constants from ref. [14].

trend was observed for open-chain poly(amino carboxylate)
complexes, such as DTPA>~, where the stability of the Eu"!
complex was identical or slightly higher than that of the Sr
complex.!3-14]

The species distribution diagram of Eu**-ODDM*- (Fig-
ure 4a) and Eu>**~ODDA?- (Figure 4b) systems shows that
the complexation is complete by pH 7 for [Eu''(ODDM)]*~
and pH75 for [Eu(ODDA)(H,0)]. Similar distribution
diagrams were obtained for the Sr complexes except that the
protonated complexes form in lower amount (see Supporting
Information Figure S3). Compared with [Eu'(DTPA)-
(H,O)]*~, the macrocyclic complexes have a higher condi-

a)
[ =4
S
3
©
I
pH
b)
14
0.8 Eu'(ODDA)
§ 069
5
©
= 044
0.2
0 g i T T v "
2 3 4 5 6 7 8

pH

Figure 4. Species distribution diagram of the a) Eu>’*~ODDM?*" and
b) Eu**~ODDA?" systems.
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tional stability due to the lower sum of the ligand protonation
constants. This is also reflected in the fact that the
[Eu"(DTPA)(H,0)]> forms completely only above pH 9.

70-NMR and NMRD measurements: A variable-temper-
ature oxygen-17 and a variable-temperature and a multiple
field proton relaxation study have been performed on
[Eu"(ODDM)J?>~ and [Eu"'(ODDA)(H,0)] to determine the
correlation times for water exchange, rotation and electronic
relaxation.

For the analysis of both 'H- and "O-NMR data it is
necessary to know the number of inner sphere coordinated
water molecules (q). Based on the identical X-ray structures
obtained for [Eu'(DTPA)(H,0)]*~ and [Sr(DTPA)(H,O)]*",
the structure of Eu(ODDA) can also be assumed to be
analoguos to that determined for S'"ODDA. This latter does
not contain any inner sphere water in solid state, however, the
7O-NMR chemical shifts measured in [Eu'(ODDA)(H,0)]
solutions clearly indicate the presence of inner sphere water.
Based on the value of the chemical shifts, or more precisely on
the scalar coupling constant, A/A, calculated from the shifts we
assume g =1 for [Eu''(ODDA)(H,0)]. This constant charac-
terizes the electron delocalization from the ion onto the ligand
nucleus, so its value has to be similar for similar complexes.
The A/h obtained for [Eu"(ODDA)(H,O)] is a somewhat
higher than that for [Eu(H,O)s]** and [Eu’(DTPA)(H,O)]*~
(Table 3), which could indicate that the average number of

Table 3. Parameters obtained from the simultaneous fit of variable-temperature
70 relaxation rates, chemical shifts and 'H NMRD data.

[Eu"(HLO)*'™ [Eu'(DTPA)(H,0) ™ [Eu'(ODDA)(H,0)]

k2P0 s7! 4.4 13 0.43+0.08
AH*/kJmol ! 15.7 26.3 22.5+2.6
AS*/IJmol 'K~! -7.0 +18.4 —4.0+0.5
AV*/cmPmol ! —-11.3 +4.5 —394+0.1
(A/R)/10°rads™ —-3.7 —-3.5 —4.340.4l
3%/ps 16.3 74 582+1.6
Exr/kJmol ™! 21.3 18.9 239408
2%/ps 1.0 13.6 143+0.7
E./kJmol! 12.5 1 1

A2/1020 572 1.13 1.7 1.01£0.05
DZS/100 m2st 229 23 24340214
Epu/kJ mol-! 201 29 25.4+0.74

[a] Ref. [8] simultaneous fit with EPR data. [b] Ref. [9]. [c] Calculated with
considering of the outer-sphere contribution obtained from the reduced 7O shift
of [Eu''(ODDM)]*". The outer-sphere contribution is 20 +7 % to the total shift of
[Eu(ODDA)(H,0)]. [d] Calculated from the 'H NMRD data of [Eu"(ODDM)]*~
and were fixed in the simultaneous fit.

inner sphere water molecules in the ODDA complex is more
than one due to a hydration equilibrium between differently
hydrated species (g=1 and g=2). Such a hydration equi-
librium can be influenced by pressure, that is, an increase in
pressure will favor the bishydrated species resulting in
increased 7O chemical shift values. We have measured the
70 chemical shift of the water signal as a function of pressure
up to 165 MPa in a [Eu'(ODDA)(H,O)], as well as in a
[Sr(ODDA)(H,0)] reference solution. The 7O shifts of the
[Eu"(ODDA)(H,0)] sample referred to the reference solu-
tion do not change with pressure within the experimental
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errors, which excludes any hydration equilibrium. Therefore
we can conclude that the complex exists as the monohydrated
[Eu'(ODDA)(H,0)] species in aqueous solution.

For [Eu''(ODDM)]* no solid X-ray data are available. The
very small 7O chemical shifts induced by the complex and the
identical 1/T}, and 1/T,, values measured (Figure 5c, 5d, 5Se) let
us conclude that [Eu"(ODDM)]*~ has no inner-sphere water
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Figure 5. 'H-NMRD profiles of a)[Eu’(ODDA)(H,0)], b)[Eu"-
(ODDM)]*~ solutions at 5°C (m), 15°C (@), 25°C (a), 37°C (e) and
60°C (+). ¢) Reduced transverse and d) longitudinal 7O relaxation rates
and e) chemical shifts at B=9.4 T for [Eu''(ODDA)(H,0)] (m) and for
[Eu(ODDM)J*- (o).
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molecule. (The meaning of reduced value here: P, is
considered as the concentration of the complex divided by
the molality of the water.) Consequently, [Eu"'(ODDM)]*~
can be regarded as an outer sphere model for [Eu/(ODDA)-
(H,O)]. This is rather fortunate because for the two Eu!
complexes studied so far by 7O-NMR spectroscopy® ! we
had to assume that there is no outer sphere contribution to the
chemical shifts (there was no slow exchange region where the
chemical shifts give indication on the outer sphere contribu-
tion), whereas it is well-known that for Gd™' complexes it can
contribute up to 20 % to the overall chemical shift. Therefore,
the 7O chemical shift data of [Eu/(ODDM)]*~ have been
fitted as the outer-sphere contribution to the total shift
obtained for [Eu(ODDA)(H,0)] [see Appendix Eq. (5)].
This outer-sphere contribution to the YO chemical shift
was found to be 20+7% to the total shift of
[Eu"(ODDA)(H,0)]. Similarly, the [Eu"(ODDM)]*~ was
used as an outer-sphere model for the proton relaxivities as
well.

The proton relaxivities (r;), the reduced O relaxation rates
(1/T); and 1/T,,) and chemical shifts (Aw,) of [Eu(ODDA)-
(H,0)], together with the Aw, values of [Eu(ODDM)J*-,
were fitted simultaneously to the theory (for the equations see
Appendix) that has already been successfully applied for
several Gd™' complexes as well as for Eu'' aqua and for
[Eu'(DTPA)(H,0)]> .2 3.9 The experimental data and fits
are presented in Figure 5 and the parameters obtained are
given in Table 3. The diffusion coefficient, DZ%;, was fixed to
the value obtained for [Eu'(ODDM)|*~ in a separate fit of the
proton relaxivities to the outer sphere relaxation theory
[see Appendix for Egs.(17), (18), and (19)]. For the
Eu—O distance, rg,o, We used the value determined for
[Eu'(DTPA)(H,0)]*- by solid state X-ray (2.62 A) and for
the Eu—H distance we used rg,q=3.22 A.

The pressure dependence of the reduced transverse relax-
ation rates, 1/T,,, was measured for [Eu(ODDA)(H,0)] at
298 K and 9.4 T. At this temperature and magnetic field 1/7,
is in the fast exchange limit. The hyperfine coupling constant,
A/h, and 7, was assumed pressure independent.’’] (When a
pressure dependence equivalent to activation volumes be-
tween —4 and +4 cm?mol~! was ascribed to 7,, the change in
the fitted parameters was less than 5%.) Thus, the measured
1/T,, values are directly proportional to the exchange rate, k..
The data points and the least square fit are shown in Figure 6,
and the fitted parameters are (k.,)&* = (4.46 £0.02) x 108 s
and AVt=-3940.1 cm*mol %

12.41
12.31
12.21

12.11

In(1/Ty,)

12.01

0 50 100 150 200
pressure /MPa

Figure 6. Pressure dependence of the reduced transverse 7O relaxation
rates at B=9.4 T and 25 °C for [Eu'(ODDA)(H,0)].
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Water exchange on [Eu(ODDA)(H,0)]: The water ex-
change rate of the complex is determined from the transverse
70 relaxation rates (1/7,,). In the whole temperature range
studied, the system is in the fast exchange region (see
Figure 5c), thus, the 1/7,, values are given by the relaxation
rate of the coordinated water molecule (1/T,,), itself deter-
mined by the water residence time (z,, = 1/k,,), the longitu-
dinal electronic relaxation rate (1/7.), and the nuclear
hyperfine coupling constant (A/%) [see Appendix for Eq. (7)].

The water exchange rate, k%%, is ten times lower on
[Eu'(ODDA)(H,0)] than on [Eu(H,O)s]*" and about one
third of that on [Eu(DTPA)(H,O)]*~ (Table 3).>% The
negative activation volume indicates associatively activated
interchange (I,) mechanism,?®! which is also supported by the
negative activation entropy. For [Eu"(DTPA)(H,O)]*-, the
water exchange mechanism was found to be dissociatively
activated with an eight-coordinate transition state.”! The
difference in the water exchange mechanism on the
[Eu"(ODDA)(H,0)] and [Eu''(DTPA)(H,O)]*~ complexes
is not unexpected if the structure of the two complexes is
taken into account (we assume that [Eu'(ODDA)(H,0)] is
isostructural with the Sr analogue where the crystal structure
is known). The distances between the metal and the coordi-
nating atoms as well as the bond angles show that the water
coordinating site is much more open in the ODDA than in the
DTPA complex. As a consequence, the [Eu{(ODDA)(H,0)]
can accommodate a second water molecule in the inner
sphere without the preceding departure of the leaving water
molecule, whereas in [Eu(DTPA)(H,O)]*~ the inner sphere
water has to leave first in order to provide enough room for
the entering molecule. The difference in the exchange rates,
though not enormous, can also be the consequence of the
different mechanisms. However, in order to be able to draw
general trends for water exchange rates on Eu'! complexes
further systems have to be measured.

Rotation: The rotation correlation time, 7y, of the complex is
calculated from the longitudinal water 'H- and 17O relaxation
rates. The simultaneous fit of 'H- and O-NMR data gave
38 =58 ps for [Eu''(ODDA)(H,0)] which is about 25%
lower than that obtained for [Eu(DTPA)(H,O)]*". The faster
rotation can be explained by the fact that [Eu'(ODDA)-
(H,0)] is a neutral complex, thus, the whole tumbling entity is
smaller than for example, in the case of the triple-charged
DTPA-chelate.

Electronic relaxation: The electronic relaxation parameters
(the trace of the square of transient zero-field-splitting, A2
and the correlation time for the modulation of ZFS, 7,) have
been obtained from the simultaneous fit of 'H NMRD and
70 relaxation data for [Eu"(ODDA)(H,0)] and from the
separate fit of 'H NMRD data for [Eu(ODDM)]*~. For
[Eu'(ODDA)(H,0)], they are mainly determined by the
NMRD data, as electronic relaxation contributes less than
6% to the transverse 7O relaxation rates at 9.4 T. The values
obtained are A?=(1.01 £0.05) x 10*°s~2 and (1.94 £0.27) x
10% 572 for [Eu"(ODDA)(H,0)] and [Eu'(ODDM)]*-, re-
spectively, compared with A>=1.7 x 10 s72 for [Eu"'(DTPA)-
(H,O)~.1 As 7, is quite similar for the three complexes
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(143 £0.7 ps, 11.6 + 1.2, and 13.6 ps for [Eu/(ODDA)(H,0)],
[Eu'(ODDM)J*-, and [Eu(DTPA)(H,O)]*~, respectively)
we can predict a narrower EPR band for [Eu!(ODDA)-
(H,O)] and a somewhat broader one for [Eu''(ODDM)]*-
than for [Eu"'(DTPA)(H,0)]*~. A multiple field EPR study is
in progress to investigate electronic relaxation of Eu" com-
plexes.

Proton relaxivity: The measured longitudinal water pro-
ton relaxation rates, r;, of [Eu'(ODDA)(H,0O)] and
[Eu(ODDM)J?>~ solutions are presented in Figure 5a and
5b. (The values are normalized for 1 mm Eu" concentration.)
Considering the large magnetic field covered in this study
(5 x107* to 0.47 T) the fit of the data is quite satisfying. The
relaxivity of [Eu"(ODDA)(H,0)] at 20 MHz and 25°C is
3.49mm~'s~! which is similar to that of [Eu"(DTPA)(H,0)]*~
under the same conditions (3.57mm's!).) Although the
water exchange rate is in the optimal range to obtain
maximum relaxivities, the fast rotation of the small molecular
weight complexes avoids attaining higher values. If attached
to a slowly rotating macromolecule, these Eu'! agents could
have about 10 times higher proton relaxivities.

Conclusion

The first solid X-ray crystal structure of a Eu" chelate,
[Eu"(DTPA)(H,0)]*-, has been found identical with that of
the Sr analogue. In solid state the macrocyclic [Sr(ODDA)]
complex forms linear polymer chains with carboxylate bridges
and has no inner-sphere water. The crystal structure is most
likely to be the same for the Eu'! analogue as well. In solution
the bridging carboxylate group is replaced by a water
molecule, as determined by 7O chemical shifts for the
[Eu(ODDA)(H,0)]. Interestingly, this is the only lanthanide
chelate reported so far where the inner sphere water molecule
and the carboxylates coordinate to the metal from the
opposite sides of the macrocyclic plane. Both the thermody-
namic and redox stabilities (several weeks) of the macrocyclic
[Eu(ODDA)(H,0)] and [Eu'(ODDM)J]** complexes are
higher than those of [Eu''(DTPA)(H,0)]*~. Both the higher
thermodynamic stability and the stabilization of the lower
oxidation state in aqueous solution can be important in
biomedical applications of Eu" systems such as redox
responsive MRI probes. Certainly, beside the thermodynamic
and oxidative stability of the complex, kinetic inertness is also
of importance for in vivo applications. In a biological
environment, due to the competition of other endogenously
available metal ions, the kinetic stability of the complex may
not be sufficient. However, at physiological pH the proton
catalyzed pathway for the dissociation of the complex is not
significant.

As the [Eu(ODDM)J** has no inner sphere water
molecule, it was used as an outer sphere model in the analysis
of both 70O NMR and NMRD data for [Eu'(ODDA)(H,0)].
Contrary to [Eu(DTPA)(H,0)]*, the mechanism of the
water exchange is associatively activated for [Eu'(ODDA)-
(H,0)], which is the consequence of the more open water
binding site of the metal ion. The water exchange rate, as
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obtained from a simultaneous fit of ’O-NMR and 'H-NMRD
data, could be optimal to reach high proton relaxivities. The
fast tumbling of the complex prevents attaining higher
relaxivity values, however, this can be circumvented by
attaching the Eu" chelate to slowly rotating macromolecules.

Experimental Section

H,0ODDA was purchased from Fluka, Na,ODDM was kindly provided by
Prof. Erno Briicher, (Lajos Kossuth University, Debrecen, Hungary) and
used without further purification. The concentration of ligand solutions was
determined from the pH potentiometric titration curves obtained in the
absence and presence of an excess of CaCl,. The manipulations with
ODDM were done at pH >3 to avoid decarboxylation of the malonate
groups in acidic solution.?!l For the preparation of Eu(O;SCF;);, EuCl;,
and SrCl, solutions, we used the salts of the highest analytical grade (Fluka
and Alfa Aesar). The concentration of the solutions was determined by
complexometric titrations with standardized Na,(H,EDTA), using xylenol
orange or methylthymol blue indicator. The solutions of the Eu'' complexes
were prepared by reducing the corresponding Eu™ solutions with
controlled coulometry in a home built electrolysis cell using an EG&G
263A galvanostate/potentiostate.l’) The reduction potential used was 0.4 —
0.5V lower than the E;, calculated from the cyclovoltammogram of the
EuL solution. The solutions of the Eu complexes were prepared by
mixing equimolar quantities of the ligand and the metal and setting the
appropriate pH. The cyclovoltammetry curves were recorded on the same
EG&G 263A galvanostat/potentiostat apparatus with a standard cell in
EuL solution (cg, =0.001m and 0.1m NaNO; as supporting electrolyte)
using a Pt microelectrode, Ag/AgCl in 3M NaCl reference electrode at
50 mVs~! scan rate. The concentration of the Eu!' samples prepared by
electrolysis was always determined by a Zimmermann - Reinhardt redox
titration using a ten-fold Fe,(SO,); excess in H,SO,/H;PO, solution (4M),
then the Fe! formed, corresponding to the amount of Eu', was titrated with
a K,Cr,0; solution. The poly(amino carboxylate) ligands showed no
interference with the K,Cr,0O; solution. The redox potential of the titrated
solution was monitored with a combined Pt redox electrode (reference
electrode part 3m KCl Ag/AgCl, Metrohm) connected to a Metrohm 692
pH/ion-meter. The concentration determined in this way corresponded
well, within the limit of the precision of the titration, to the Eu quantity
weighed in. All manipulations with Eu'" samples were done under nitrogen
atmosphere with rigorous exclusion of oxygen.

X-ray measurements: To prepare [C(NH,);];[Sr(DTPA)(H,O)]-8H,0
crystals, HsDTPA (7.88 g, 20 mmol) was added to a slurry solution of
SrCO; (2.95 g, 20 mmol) in water (30 mL). When the production of CO,
has finished, [C(NH,);],CO; was added (3.60g, 20 mmol). The pH was
adjusted to 10 by NaOH. By addition of acetone a white powder was
precipitated in the solution. The received powder was filtered and than
redissolved in small amounts of water. Acetone was added until the
solution became opalescent. After a few days of storage in refrigerator,
small colorless plates were obtained and used for X-ray structural
determination.

To obtain [C(NH,);];[Eu'(DTPA)(H,0)]-8H,0 crystals, [C(NH,)],-
[Eu™(DTPA)] (227 mg, 0.33 mmol) prepared from EuCOs;, was dissolved
in water (2 mL). After complete electrochemical reduction at pH 9, the
solution was filled into a Schlenk tube, closed under N, and acetone was
added until the solution became opalescent. After keeping the sample in
the refrigerator for few days we obtained yellow crystalline plates.

For the preparation of [Sr(ODDA)]-8H,O crystals, H,ODDA (100 mg,
0.27 mmol) and SrCO; (40 mg) were dissolved in water (0.5 mL). When
CO, production has finished, the solution (pH 8) was filtrated and the clear
filtrate was treated with acetone in the same way as for the DTPA samples.

Suitable crystals were mounted in glass capillaries and measured by the
following technique. Data collection for [C(NH,);]5[Sr(DTPA)(H,0)]-
8H,0 and [Sr(ODDA)]-8H,0 was performed on a mar345 imaging plate
detector system and data reduction was carried out with marHKL
release 1.9.1.71  Diffraction data for [C(NH,);];[Eu(DTPA)(H,0)]-
8H,0O were collected on a Rigaku Mercury CCD and reduced with Crystal
Clear 1.2.08%  and teXsan for Windows 1.0.5.51  Data for
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[C(NH,);]5[Eu(DTPA)(H,0)] - 8H,O were then corrected for absorption
(REQAB4, release 1.1)P!. Structure solution for all compounds was
performed with ab initio direct methods.?? All structures were refined
using the full-matrix least-squares on F? with all non-H atoms anisotropi-
cally defined. H atoms were placed in calculated positions using the “riding
model” (except the ones belonging to water molecules which were not
included in the model) with U, =a x U, (X) (where a is 1.5 for methyl
hydrogen atoms and 1.2 for others, while X is the parent atom). Some water
molecules in the complexes [C(NH,);]5[Sr(DTPA)(H,0)]-8H,0 and
[Sr(ODDA)]-8H,0 were found to be affected by disorder and split into
two different sites. Space group determination, structure solution, refine-
ment, molecular graphics, and geometrical calculation have been carried
out on all structures with the SHELXTL software package, release 5.1.1%%
Crystal data and structure refinement details are presented in Table 4, and
the final atomic coordinates, thermal, and geometrical parameters and
hydrogen coordinates are listed in the Supporting Information.

UV/Vis measurements: UV/Vis spectra of the complexes were recorded on
a Perkin—Elmer Lambda 5 spectrophotometer. The solutions containing
Eu! were filled under nitrogen into special cuvettes suitable for use in
anaerobic conditions.

Equilibrium studies: The ligand protonation constants and complex
stability constants were determined by pH potentiometry at a constant
ionic strength (0.1m (CH;),NCl). The titrations were carried out in a
thermostated vessel (25+0.2°C) using (CH;),NOH as titrant solution
dosed with a Metrohm Dosimat 665 automate burette and a combined glass
electrode (C14/02-SC, reference electrode part Ag/AgCl in 3m KClI,
Moeller Scientific Glass Instruments, Switzerland) connected to a Met-
rohm 692 pH/ion-meter. The titrated solution (3 -4 mL) was stirred with a
magnetic stirrer and bubbled with a constant N, flow to avoid any effects
from O, and CO,. Protonation and stability constants were determined in
0.001 -0.002m solutions from 3 —4 parallel titrations, each curve containing
40-50 volume/pH data pairs in the pH range 2—10 for ODDA and 3-10
for ODDM. To obtain the stability constants of the Eu" complexes, freshly
reduced EuCl, solution was added to the beforehand deoxygenated sample
solution and was titrated immediately. The hydrogen ion concentration was
calculated from the measured pH values as suggested by Irving, where a
correction term is used, obtained as the difference between the measured
and calculated pH values in a titration of HCI (0.01m) with standardized
(CH;),NOH.P4

70 NMR measurements: For the variable-temperature studies, the
[Eu"(ODDA)(H,0)] (c¢=0.1107 molkg™!, pH84) and the [Eu'-
(ODDM)]* solutions (c=0.0968 molkg~!, pH 8.6) were filled with a
syringe into glass spheres which were fitted into 10 mm NMR tubes. The
NMR tubes containing the spheres had been previously closed with a
septum in a glove box under nitrogen. Glass spheres are used in order to
eliminate susceptibility effects.®> The relaxation rates and chemical shifts
were measured with regard to a NaOH solution (pH9) as external
reference. To improve sensitivity in 7O NMR, '"O-enriched water (10 %
H,"70, Yeda (Israel)) was added to the solutions to yield in 2% 7O
enrichment. The 7O NMR measurements were performed on a Bruker
AM-400 spectrometer at 9.4 T, 54.2 MHz. Bulk water longitudinal relax-
ation rates, 1/T), were obtained by the inversion recovery method,?*! and
transverse relaxation rates, 1/7,, by the Carr—Purcell—-Meiboom - Gill
spin echo technique.”!

Variable-pressure NMR spectra were recorded up to a pressure of 165 MPa
on a Bruker AMX-400 spectrometer equipped with a home-made high
pressure probe.s]

NMRD: The 1/T, nuclear magnetic relaxation dispersion (NMRD) profiles
of the solvent protons at 5, 15, 25, 37 and 60°C were obtained in 0.01—
0.02m Eu'L solutions on a Spinmaster FFC fast field cycling NMR
relaxometer (Stelar), covering a continuum of magnetic fields from 5 x 10~
to 0.47 T (corresponding to a proton Larmor frequency range 0.022—
20 MHz). Higher frequency measurements were performed on a 60 MHz
electromagnet, connected to an AC-200 console and on a Bruker AC-200
spectrometer.

Data analysis: The thermodynamic equilibrium constants were calculated
by the program PSEQUAD.™® The ligand protonation constants (K) the
complex stability and protonation constants (K, and K} ) are defined
as Kf=[HLJ/[H,_,L][H], Ky.=[MLJ/[L][M**] and Kfi; =[HML}/
[ML][H*]. The simultaneous least-squares fit of 7O-NMR and NMRD
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Table 4. Crystal data and structure refinement.

[C(NH,);];[St(DTPA)(H,0)] -8H,0

[C(NH,);]5[Eu'(DTPA)(H,0)]-8H,0

[Sr{(ODDA)] -8 H,O

formula

Ml'

temperature [K]
wavelength

crystal system

space group

unit cell dimensions [A, °]

volume [A?]

V4

density (calculated) [g cm™]
absorption coefficient [mm~!]
F(000)

crystal size [mm?]

0 range for data collection [°]
index ranges

reflections collected
independent reflections
refinement method
data/restraints/parameters
final R indices [I>20(1)]®
R indices (all data)l!
GoF’!

extinction coefficient

largest diff. peak and hole [e A-7]

Ci7HsuN, 0468t

818.34

143(2)

Mok,

Triclinic

P1

a=10.641(2) a =94.21(2)
b=10.740(2) B =102.18(2)
¢=17.844(4) y = 110.975(10)
1836.4(6)

2

1.480

1.555

860

0.34 x 0.20 x 0.15

1.18 to 25.02
—11<h<11,-12<k<12,
—-21<I<21

11210

5865 [Rin = 0.0309]
full-matrix least-squares on F?
5865/0/483

R1=0.0592, wR2 =0.1639
R1=0.0619, wR2=0.1676
1.075

0.148(7)

0.879 and —1.106

Ci7H5uN,0Eu

882.68

143(2)

Mok,

Triclinic

P1

a=10.4575(9) o = 94.3575(13)
b=10.7425(7) B =101.9872(15)
c=17.836(2) y = 110.5455(17)
1810.9(3)

2

1.619

1.820

910

0.24 x 0.17 x 0.10

1.18 t0 26.38

—12<h<9, -10<k <11,
—-17<1<21

8623

4287 [Ry =0.0172]

full-matrix least-squares on F?
4287/0/482

R1=0.0389, wR2=0.0929
R1=0.0420, wR2 =0.0967
1.113

2.257 and —0.619

CisHuuNO,6ST

608.15

143(2)

Mo,

Monoclinic

P2,/c

a=10.256(2) . =90
b=20.057(4) f=109.05(3)
c=13.619(3) y =90
2648.1(9)

4

1.525

2.110

1280

0.35 % 0.10 x 0.05

1.88 to 24.40
—11<h<11, -21<k<23,
—14<i<14

12536

3930 [R;, = 0.0816]
full-matrix least-squares on F?
3930/0/317

R1=0.0614, wR2 =0.1547
R1=0.0925, wR2 =0.1683
0.985

0.0010(6)

1.254 and —1.421

[a] R=Z||F,| = |F.||/Z|F,|, wR2={Z[w(F2 — F2)?)/Z[w(F?)*]}'2 [b] GoF ={Z[w(F?— F?)*]/(n— p)}"?, where n is the number of data and p is the number of

parameters refined.

data was performed with the program Scientist for Windows by Micromath,
version 2.0. The reported errors correspond to one standard deviation
obtained by the statistical analysis.

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-141713 -
CCDC-141715. 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).

Appendix

Oxygen-17 NMR: From the measured O NMR relaxation rates and
angular frequencies of the paramagnetic solutions, 1/7}, 1/T,, and w, and of
the water reference, 1/7,, 1/T,,, and w,, the reduced relaxation rates and
chemical shift, 1/7,, 1/T,,, and w, can be calculated, which may be written
as in Equations (1) —(3), where P, is the molar fraction of bound water,
1/Ty,, 1/T,, are the relaxation rates of the bound water and Aw,, is the
chemical shift difference between bound and bulk water.

1 171 1 1
7:%*,7]:7 )
Ty PolT, Tia T + T
1 1 [1 1 ] 1752 + 15 T3 + Aol )
Ty Poll, Tonl 7o (ta' + Tal) + Ao}
A ) Aln +A (3)
W, =—W —Wp) = Wos
P, YA + Tl + T2A02

Aw,, is determined by the hyperfine or scalar coupling constant, A/A,
according to Equation (4), where B represents the magnetic field, S is the
electron spin and g; is the isotropic Landé g factor.

_&gS(S+1)B A
B 3Ky T h

Aw, 4)

m

Chem. Eur. J. 2000, 6, No. 20

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

The outer-sphere contribution to the chemical shift is assumed to be
linearly related to Aw,, by a constant C, [Eq. (5)].

Awy=CoAwy, (5)

The 7O longitudinal relaxation rates are given by Equation (6), where yg is
the electron and y; is the nuclear gyromagnetic ratio (ys=1.76 x
10" rads™!'T ~, y;=—3.626 x 107 rads™'T"), r is the effective distance
between the electron charge and the 7O nucleus, / is the nuclear spin (¥ for
70), y is the quadrupolar coupling constant and # is an asymmetry
parameter.

11 2 Hyiyd
[ (Ho) %ySS(SJrl)} « [6Td]+14 Taz

T l15\d7) o 1+ 0t

6
372 21 + 3 ©

+—m (1 + 943
1072 -1y r TR

In the transverse relaxation the scalar contribution, 1/7, is the most
important one [Eq. (7)]. In Equation (7) 1/t is the sum of the exchange
rate constant and the electron spin relaxation rate.

1 S(S+1)<A>2 1 1 1
EEe— sl

— = — | tg—=—+— 7
TZm TZsc 3 h T Tm Tlu ( )

The binding time (or exchange rate, k) of water molecules in the inner
sphere is assumed to obey the Eyring Equation [Eq. (8)], where AS* and
AH* are the entropy and enthalpy of activation for the exchange process,
and k2® is the exchange rate at 298.15 K.
1 ks T {As+ AH*

= P

— =k =—€X ———} =k28T
T h R RT

AH Y/ 1 1
298.15 exp{—(— - —) }
R \29815 T

The electron spin relaxation rates, 1/7, and 1/, for metal ions in solution
with S >% are mainly governed by a transient zero-field-splitting mech-
anism (ZFS). The ZFS terms can be expressed by Equations (9), (10), and

®
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(11),441 where A? is the trace of the square of the transient zero-field-
splitting tensor, 7, is the correlation time for the modulation of the ZFS
with the activation energy E,, and w; is the Larmor frequency of the
electron spin.

( ! )ZFS 1A2 {4S(S+1) 3}( ! + 4 ) 9)
=—A"t, —
T 25 1+ it 1+ 4wit?
1\ zes 5.26 7.18
( ) :AZT{ + } (10)
T 1+ 0372wér2 1 + 1.24wg7,
7, =12%ex {{EV (1 ! )} (11)
TSP R\T T 208115

The pressure dependence of In(k,,) is linear [Eq. (12)], where AV* is the
activation volume and (k.,){ is the water exchange rate at zero pressure and
temperature 7.

! =ke= (key)d { AV%}P} (12)
= Kex = (Kex)0 €XP RT

Tm

NMRD: The measured proton relaxivities (normalized to 1mm Eu?**
concentration) contain both inner sphere and outer sphere contributions

[Eq. (13)].
1= Tis+ Fios (13)

The inner sphere term is given by Equation (14), where ¢ is the number of
inner sphere water molecules.

1 q 1

= XX (14)
1000 5555 Tl + 7,

Tis

The longitudinal relaxation rate of inner sphere protons, 1/Tf can be
expressed as in Equation (15).

1 2 hzyszyf 31y Tta
—H = = (u, 4m)? S(S+1 + 15
i =5 e 4 e S T T i (13)

In Equation (15) rg,y is the effective distance between the Eu'' electron
spin and the water protons, wy is the proton resonance frequency, and z; is
given by Equation 16.

1 1 1

1
—=——+—i=12 (16)

T Tm TR ie

The outer-sphere contribution can be described by Equation (17) and (18),

where N, is the Avogadro constant, and J is a spectral density function.

32N\ (N2,
Tios = 205 \a Ry3ytapmDenS(S + D[BJo(wr,T) + 1ol ws, Toe)] (17)
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The Use of Complexation Induced Proton NMR Chemical Shifts for
Structural Analysis of Host — Guest Complexes in Solution

Volker Riidiger and Hans-Jorg Schneider*[?!

Abstract: Proton shielding variations in
supramolecular complexes contain a
wealth of information on complex geo-
metries in solution that has been until
now mostly neglected. We describe
herein ways for such analyses with five
cyclophane and two cyclodextrin com-

complexes at 100% complexation (CIS
values) are calculated as sum of aniso-
tropy effects Ay from aromatic ring
currents and linear electric field effects
LEF, based on force field generated
geometries. The conformations with the
best agreement between calculated and
observed CIS values are at least for non-

charged guest compounds close to those
obtained from molecular mechanics
and/or MD calculations and intermolec-
ular NOEs (where available), noticeably
without adjusting the complex geome-
tries to the experimental CIS. Through-
space electrostatic field effects LEF,
which have been until now often ne-

plexes in water, by using a program
SHIFT which is based on and parame-
trized with the analyses of over 300
intramolecular proton shift variations in
well defined molecular frameworks such
as steroids or cyclophanes. The intermo-

” ° lar chemistry
lecular shift changes in the host—guest

Introduction

Methods: Proton NMR shifts reflect in a particularly sensitive
way through-space interactions between different molecules
or between parts of a larger molecular entity. For this practical
reason proton NMR chemical shift titrations have become the
most important tool to characterize supramolecular com-
plexes in solution. Until now, however, most reports are
restricted to the extraction of association constants from the
corresponding isotherms; the use of the simultaneously
obtained shift changes (CIS values, at 100 % complexation)
is usually based on only qualitative interpretations or often
only on guesswork. The ring-current induced shift changes
seen with complexes of aromatic guest molecules with cyclo-
dextrins!Mor cyclophanes? have been used quite early for the
conformational analyses of such supramolecular systems. It
was shown early, however, that neglect of charge-induced
linear electric field effects in these early calculations can lead

[a] Prof. Dr. H.-J. Schneider, Dr. V. Riidiger
FR 11.2 Organische Chemie der Universitét des Saarlandes
66041 Saarbriicken (Germany)
Fax: (+49)691 302 4105
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5881-5882.
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plexation induced NMR shifts
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glected, can be sizeable also for non-
charged systems; best agreement be-
tween experiment and calculation is
observed with Gasteiger atomic charges.

to wrong conclusions.?’! The advent of two-dimensional NMR
methods provides a routine application to obtain CIS values
also for signals masked in simple one-dimensional NMR
titration; this and the now available convenient assignment
techniques should provide a new incentive to make better use
of the wealth of numerical information regarding the under-
lying supramolecular structures. It has been stated, that the
chemical shift compares infact favourably with other NMR
parameters such as NOEs, coupling constants or relaxation
times in terms of dispersion of parameters and of their
accuracy, contrary to its less common use for example in
protein chemistry.[* 3

Application of NMR-shielding variations to the elucidation
of biopolymer structures poses quite similar problems and
promises as application to host—guest complexes, but has
been recently more advanced.™ Besides quantum chemical
approaches® the most successful method for larger systems
are based either on strictly empirical correlations™ or in
particular on the application of classical, semiempirical
equations introduced decades ago by McConnell,["! Ziircher,®!
and Poplel et al. The corresponding calculations of aniso-
tropy and electric field effects and their later developments
are documented in many NMR textbooks and reviews;™ they
are also the basis of our approach to analyze CIS values in
supramolecular complexes,® 1% which are the focus of the
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present paper. Comparable in force field applications the
reliability of quantitative NMR shielding analyses depends
essentially on the correctness of the underlying equations. In
particular the extensive work by Abraham et al.l'l has always
been based on comparison of experimental and calculated
shifts in intramolecular frameworks. Advanced programs for
shift calculations in biopolymers!* such as that by Williams
etal.l”l are to a large extent based on comparison of
experimental shieldings in proteins. Notably, however, the
use of biopolymer data as training set for shielding calcu-
lations is limited by the accuray of the underlying structural
coordinates, which is usually limited to some tenths of an
Angstrom at best. Model calculations show that, for example,
the displacement of an hydrogen atom by only 0.15 A can lead
to shift differences of up to 0.7 ppm, if the observed proton
happens to lie close to the edge of the shielding cone
generated by an aromatic ring current.!’]

Another approach uses the difference Ad between calcu-
lated and experimental shifts for adjusting parameters in a
corresponding pseudopotential, which is implemented into a
force field, similar to the common usage of NOE con-
straints.') Naturally, the agreement Ad between calculated
and observed shifts is better with this method, which we
illustrate also with one example using a GRID-SHIFT
procedure with the complex between CP44 and p-toluene-
sulfonic acid (TsOH), see below. In this approach, however,
experiment and calculation are mixed; the use of NOEs for
this purpose is less problematic as it is commonly used only as
a cut-off constraint, and in principle only depends on a single
distance relationship. NMR shifts are always a mixture of

Abstract in German: Die Variation von Protonen-NMR-
Verschiebungen in supramolekularen Komplexen enthilt eine
bisher meist vernachlissigte Vielzahl an Informationen iiber
deren Geometrie in Losung. Wir beschreiben Wege zu einer
entsprechenden Analyse mit fiinf Cyclophan- und zwei
Cyclodextrin-Komplexen in Wasser: Die Grundlage ist ein
Programm SHIFT, welches auf der Analyse von mehr als 300
intramolekularen Verschiebungsvariationen in geometrisch gut
definierten Geriisten wie Steroiden oder Cyclophanen beruht.
Die intermolekularen Verschiebungsinderungen in Wirt—
Gast-Komplexen bei 100% Komplexierung (CIS-Werte) wer-
den berechnet als die Summe von Anisotropieeffekten Ay aus
aromatischen Ringstromen und von linerearen Feldeffekten
LEF, jeweils auf der Grundlage von kraftfeldberechneten
Modellgeometrien der Komplexe. Die Konformation mit der
besten Ubereinstimmung zwischen berechneten und experi-
mentellen CIS-Werten gleichen zumindest fiir nichtgeladene
Systeme denen, die aus Molekiilmechanik- und/oder aus
Molekiildynamik-Rechnungen bzw. aus intermolekularen
NOE-Effekten (soweit verfiighar) resultieren. Hervorzuheben
ist, dass dies ohne Anpassung der Komplexgeometrien an die
experimentellen CIS-Werte erreicht wird. Die durch den Raum
wirkenden elektrostatischen Feldeffekte (LEF), welche bisher
meist vernachlissigt wurden, sind erheblich, auch bei unge-
ladenen (nicht-ionischen) Systemen; die beste Ubereinstim-
mung zwischen Experiment und Rechnung wird erhalten mit
Hilfe von Gasteiger-Atomladungen.
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several, more complex screening mechanisms; in view of
sizeable long distance effects, which for example for LEF has
been even observed with non-charged steroids over 8 Al
NMR shifts lend themselves less for cut-off constraints than
NOE:s do.

We have developed the program SHIFT on the basis of
more than 300 intramolecular proton shift variations analysed
in conformationally well-defined cyclohexanes,['% ster-
oids,"®! decalins!'*! and cyclophanes.['¥l High-resolution struc-
tures of these frameworks, obtained from molecular mechan-
ics calculations, and comparison with selected X-ray analyses,
served as a basis for the evaluation and parametrization of
classical equations describing anisotropy effects Ay and linear
electric field effects (LEF). Important effects such those of
square electric fields or of steric distortions can also be
calculated, particularly for example for the *C nuclei, but in
view of strain energy are fortunately small in typical host—
guest complexes; they are therefore neglected in the present
work. Other than the early approaches!® SHIFT provides for
time averaged shifts in multiple conformations, for example
protons of methyl group can be calculated separately and then
averaged.

As all NMR-based structure evaluations SHIFT requires as
input three-dimensional model conformations, for which
shielding effects Ay, LEF etc using the above-mentioned
classical equations are then calculated and added to under-
lying shifts d,. For intramolecular effects the J, values must be
taken from parent compounds, from NMR shift tabulations,
from empirical increments, or from calculations with relat-
ed'l programs. In order to analyze infermolecular shielding
effects, which are the focus of the present work, the d, values
are simply, and exactly available from measurements of the
isolated compounds, such as the host and guest, under the
same conditions as the complex. A detailed description of the
program and its application to intramolecular shielding effects
is available elsewhere.l'*8l In the simplest version of the
program the user compares the experimentally observed shift
changes (CIS values) of user-selected protons with those
calculated by SHIFT for different conformations; if the
agreement AJ between calculated and observed shifts is
significantly better for one particular conformation, this
conformation can be considered to represent the most
important present. The present paper describes for the first
time the comprehensive application of the program for the
structural evaluation of host—guest complexes, with a vali-
dation which in contrast to earlier reportsl> 1141 s based on
the analyses of many complexes and on widely tested
parameters for the underlying equations. Where possible
(i.e., with the cyclophanes) not only the effects of guest on the
host, but also the inverse effects on the guest molecule was
analysed.

Results

Cyclophane complexes: Application of SHIFT to complexes
of benzene as the guest in cyclophane CP44 with either "NH,
or "NMe, corner groups (CP44(NH,) or CP44(NMe,)) showed
a very good agreement between calculated and observed shifts
(Table 1) for CHARMm-generated™”! geometries (Figure 1).
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Table 1. Results from SHIFT calculations with cyclophane CPnn complexes.?]

the NMR data yields mostly

Host Guest Proton Arom. Ay LEF SAy + LEF exptl several structures which are in
CP44(NH,) benzene - 145 0.36 ~1.09 “11z fast equilibrium; nevertheless
CP44(NMe,)  benzene - —1.04 0.16 —0.88 —096 in all cases numeric evidence
CP44 +p-TsOH H2 -2.36 0.03 —2.33 —1.02  for the intracavity inclusion can
(CHARMm- H3 0.04 0.02 0.06 -133  be found.
imi [b] — — — — . .
optimized) Hx 0.51 0.02 0.53 0.53 The shielding effects exerted
CP44 +p-TsOH .
(Grid-Proced.)i A, —0.13 py .an aromatl.c guest molecule
CP66 benzene - —~074 0.06 —-0.68 —071 inside a cavity on the host
CP66 naphthalenel! eq H1 -055 0.00 —-055 —-095  protons are also large and in-
) H2 —1.65 0.02 —0.61 —102 formative with respect to the
pseudoaxial ps H1 —1.18 —0.01 —-1.19 complex cometries  (Sche-
H?2 ~0.60 —0.01 —061 p geom: .
axial ax H1 _1.24 —0.01 _125 mes 1, 2); this is illustrated with
H?2 —0.38 —0.01 —0.39 the results in Table 3, as well as
mixture eq +ax H1 —0.90 —0.01 —0.90 the approximate agreement to
H2 ~1.02 0.01 —1.01

be reached with the SHIFT

[a] All values refer to complexation induced shifts (at 100% complexation) in ppm; aromatic ring current
induced shifts, arom. Ay; linear electric field effetcs, LEF; sum of both, ZAy 4+ LEF; experimental data exptl
CP44(NH,): cyclophane with protonated nitrogen atoms, all others with permethylated nitrogen atoms. [b] For
single conformer as obtained form CHARMm enegry minimization. [c] Obtained with a Grid procedure which
selects the closest to the observed CIS values out of 1098 conformations, see text; [d] Naphthalene insertion
modes either equatorial, eq; pseudoequatorial, ps; axial ax; or 50:50 mixture of eq + ax.

program. Here the total of
seven shifts can be used which
indicate a preferred axial ori-
entation (Ad,, =0.19) of naph-
thalene sulfonic acid within the

Table 2. CIS values calculated for the complex CP44 and p-toluenesulfonic
acid with different depth of immersion.[?

del Guest Proton  Eff,,,, Effige  Effgy  AE=Eff ey — Eegpu
1.02 H, 2.75 —0.11 2.64 1.07
H,, 0.66 —043 023 —1.68
Me 0.13 -022 —-0.09 -0.74
089 H, 213 —0.32 1.81 0.24
H,, 1.68 —043 125  —0.66
Me 0.34 —-0.23 0.11 —-0.54
053 H, 2.69 —0.20 249  —-092
Figure 1. CHARMm-simulation of the complex between CP44(NMe,) H,, 1.05 —0.44 061 —1.30
and benzene. Me 0.21 -022 -0.01 -0.66
-069 H, 1.41 —-0.41 1.00 -0.57
H,, 230 —041 189 —0.02
Me 0.52 -0.22 030 —-035

Experimental CIS values in some related complexes change
little with the solvent composition; this indicates that solvent
effects may be small on the inclusion geometry.?” The
hithertoo often neglected electric field effect exerted by the
permanent positive host charges contribute up to one third of
the total calculated shielding. With p-TsOH the CHARMm-
generated conformations showed only approximate agree-
ment (Table 2). Only after applying an automatted GRID
search, by which 1098 structures were generated and com-
pared with the experimental CIS values, an average agree-
ment of Ad=0.13 for all three TsOH signals was observed
with one of these structures (Table 1); this is in contrast to the
best value of Ad = 0.3 obtained by moving the guest within the
host cavity without simultaneously adjusting to the observed
CIS values.

The larger CP66 host can accomodate benzene in a variety
of conformations; the force field optimized single conforma-
tion agrees well with Ad,, =0.03 with the SHIFT calculation.
Naphthalene can be complexed within this larger cavity in a
axial (ax), equatorial (eq), pseudoeqatorial (pseudo-eq)
conformation, or in a mixture of eq and ax geometries. The
calculations show satisfactory agreement with Ad,, <0.5
(Table 2) only for an assumed 50:50 mixture of both eq and ax
complex structures. However, as a result of the time averaging

Chem. Eur. J. 2000, 6, No. 20
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S

[a] Distance d in [A] between center of CP44 cavity and guest phenyl
moiety, see Scheme 1. Positive values indicate that the SO; group is closer
to the CP44 center than the CH; group. Experimental shifts in D,O (H,:
1.57, H,,: 1.91, Me: 0.65); further details see Table 1.

y R

i R
N——(CHZ)‘ N

so,‘

Q. &

7N

S

Me

R/N_‘CHz)-s_N\R

R R
CP44

Scheme 1. CIS values (in ppm) of the host CP44 on the guest p-TsOH. For
calculation of CIS values the center of the aromatic p-TsOH moiety is
moved up and down, yielding differences d (see Table 2) to the CP44 cavity
center which is described by line D.

p-TsOH
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0.60

=3

N

SISO

Scheme 2. CIS (experimental values, in ppm) of an aromatic guest
(naphthalene-2-sulfonate) on the azoniacyclophane host CP66 (in D,0O).

Table 3. cis values (in ppm) on the cyclophane host CP66 exerted by the
guest naphthalene-2-sulfonate.[?]

Inclusion Mode Proton  Ay,om LEF Afarom +LEF  CIS¢py
axial 1 0.10 —0.07 0.03 0.10
2 0.14 —0.03 0.11 0.45
3 0.02 0.00 0.02 0.00
4 -014 -0.02 —-0.16 -0.15
5 —-053  0.03 —0.50 —0.60
6 —0.40 0.00 —0.40 —0.90
7 -095 0.02 -0.93 -1.25
pseudoequatorial 1 0.01 —0.10 —0.09
2 —-0.03 —0.05 —0.02
3 0.09 —0.04 0.05
4 0.01 —0.01 0.0
5 0.12 0.03 0.09
6 —-0.01 —0.04 —0.05
7 —-042 0.00 —042

[a] Footnotes see Table 1.

CP66 cavity, with possible small contributions of other
conformations.

Cyclodextrin complexes?!: Very similar geometries for a-CD
complexes (Scheme 3, Figure 2) were obtained by gas-phase
molecular (quenched) dynamics (MD) simulations and MD
calculations in a water box of 30 A radius (1370 water
molecules); these showed that the two water molecules in the
a-CD cavity are completely expelled by complexation with
aryl derivatives such as p-nitrophenol PN or benzoic acid BA.
The complex conformations closely agree with those descri-
bed in the literature on the basis of intermolecular NOEs
between the inner 3- and 5-protons of the CD cavity and the
o- and m-protons of the guests.?!] In all cases force field
calculations as well as NOEs

OH
°
HO o— OH
OH HO
Ooh \\L:°:§‘0H
0
HOO
n=6 a-CD 5 HO a—-CD OH
OH
n=7p-CD g o A\
Ho Do HO
)
OH O OH
o

Figure 2. Orientation of phenyl rings and ring current anisotropy cones
within the a-CD cavity; solid lines: model with minima avoiding repulsions
between host and guest protons; dashed lines: model including conformers
with such repulsions.

analyses of Komiyama et al.,['l where rotational conformers as
indicated by the the dashed lines in Figure 2 were used, we
found that only the conformer indicated by the solid line
structure represents an energy minimum; this structure was
used with SHIFT in the summation of the Ay and LEF
contributions on all the inner cavity protons H-3 and H-5.
The results in Table 4 illustrate, that the neglect of electric
field effects for complexes can also be misleading for cyclo-
dextrin, and that better agreement compared with the earlier
approaches!'! can be reached with force field generated
geometries by explicit inclusion of the electrostatic effects.
The critical point here is, as in related force field simulations,
the choice of the point charges in guest molecules such as PN
or BA; Scheme 4 shows the many options with BA. Best
agreement between experimental and calculated shifts (Ta-
ble 4) was obtained by the use of Gasteiger?? point charges,

showed the benzene moiety
deep inside the cavity, with the
hydrophilic substituent of the
guest oriented towards the wid-
er side of the CD torus. The CD
cavity can accommodate the
benzene ring with several ro-
tamers along the vertical axis
within the torus, as indicated in
Figure 2 together with the cor-
responding aromatic shielding
conus. In contrast to the early

3774
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Table 4. Cyclodextrin—arene complexes; CIS values (in ppm) on host.[?)

Proton A arom LEF Ay +LEF

Gasteiger CT CNDO Gasteiger CT CNDO  CIS;"  CISp!
with p-nitrophenol:
H3 —-0.36 —0.06 -041 -016 —0.42 -0.77 —-052 —-026 —0.35
H5 —0.03 —0.04 048 —-011 —0.07 045 -0.14 0.08 —0.05
with benzoic acid:
H3 —-040 —0.07 -010 -0.02 —0.47 —-050 —-042 —040 —045
H5 0.01 0.05 0.01 0.06 0.06 0.02 0.07 0.09 0.17

[a] With Johnson-Bovey model, LEF with local charges according to Gasteiger, charge template (CT,
CHARMmM) or CNDO. (see also Table 5). [b] Earlier calculations without LEF and with conformations fitted to

the experimental shifts (Komiyama et al.). [c] Experimental data.
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Scheme 4. Different charge distributions used in SHIFT calculations (for example benzoic acid).

and with underlying conformations which are averaged
between the energy minima reflected in conformations
depicted in Figure 2. For both PN or BA complexes with a-
cyclodextrin the orientation and depth of immersion of the
conformer agrees well with NOE data and with the SHIFT
calculations.

In conclusion, the application of programs such as SHIFT
leads to valuable structural evaluations of supramolecular
complexes in solution. For these the shifts d, in absence of the
shielding effect, which is to be calculated, are available from
measurements of the separate species before complex for-
mation. The program also provides for the calculation of *C-
NMR shifts and for higher order effects, such as square
electric field effects; these, however, are more difficult to
evaluate, and fortunately are not necessary for the analyses of
associations between molecules. In contrast to for example
molecular orbital calculations the use of classical equations
allows the chemist to evaluate the shielding contribution of
single groups within a molecule or within a supramolecular
complex in a more direct and intuitive way. It should be
stressed, that as with force field applications the reliability of
the shift calculations depends strongly on the parametrization
of the underlying equations. Before applying these to new
effects, such as to amide functions, a sufficiently large number
of conformationally well defined structures with such func-
tions should be evaluated.
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Deoxygenation and Desulfurization of Oxiranes and Thiiranes by Carbenes:

A Theoretical Study

Ming-Der Su*®l and San-Yan Chu*!

Abstract: The potential-energy surfaces
for the abstraction reactions of carbenes
with oxirane and thiirane have been
characterized in detail by using density
functional theory (B3LYP/6-31G*),
which include zero-point corrections.
Six carbene species: dimethylcarbene,
cyclobutylidene, cyclohexylidene, phen-
ylchlorocarbene, methoxyphenylcar-
bene, and dimethoxycarbene have been
chosen in this work as model reactants.

ers, and enthalpies of the reactions were
used comparatively to determine the
relative carbenic reactivity, as well as the
influence of substituents on the reaction
potential-energy surface. As a result, our
theoretical investigations indicate that,
irrespective of deoxygenation and de-
sulfurization, the relative carbenic reac-
tivity decreases in the order: cyclobutyl-
idene > dimethylcarbene ~ cyclohexyl-
idene > phenylchlorocarbene > methoxy-

phenylcarbene > dimethoxycarbene.
Namely, the alkyl-substituted carbene
abstractions are much more favorable
than those of the m-donor-substituted
carbenes. Moreover, for a given carbene,
while both deoxygenation and desulfur-
ization are facile processes, the deoxy-
genation reaction is more exothermic
but less kinetically favorable. Further-
more, a configuration-mixing model
based on the work of Pross and Shaik

All the interactions involve the initial
formation of a loose donor-acceptor
complex followed by a heteroatom shift
via a two-center transition state. The

complexation energies, activation barri- thiiranes

Introduction

Reductive deoxygenation of organic molecules has been a
topic of considerable interest over the past three decades,
from mechanistic as well as synthetic perspectives.l'! A varied
series of reagents has been used for the purpose of organic
synthesis and of proving structures,? illustrating its richness
and complexity. Basically, deoxygenation reactions can be
classified into two principal types: a) those in which oxygen is
simply abstracted from a molecule and b) those in which
oxygen removal occurs in tandem with intermolecular cou-
pling. The former is best exemplified by the deoxygenation of
oxiranes (ethylene oxides and epoxides!?) to give alkenes
[Eq. (1)].B! The most common example of the second mode of

As + o§(—> A=0 +I (1)
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is used to rationalize the computational
results. The results obtained are in good
agreement with available experimental
observations, and allow a number of
predictions to be made.

. oxiranes -

deoxygenation is the reductive coupling of ketones and
aldehydes to yield olefins [Eq. (2)].[¥ Nevertheless, the de-
tailed reaction mechanism of deoxygenation has not been
firmly established by either experimental or theoretical
studies, and many key questions remain open.

(%— O (0}
A/ 7z

— = A

o\__ No \o + I 2)

Y4

Similarly, sulfur-containing compounds have played an
increasingly important role in organic synthesis owing to the
ease of sulfur incorporation into complex structures and the
ease of its removal as required by the synthesis. It is therefore
not surprising that reductive desulfurization of organic
molecules has been subjected to extensive synthetic and
mechanistic investigations.”! In fact, the search for general
and selective methods of desulfurization has led to the
development of many procedures and reagents.[) Desulfur-
ization appears to be a general process, the chemistry of which
parallels that of deoxygenation. In connection with studies of
oxygen-transfer reactions, it is therefore desirable to examine
the reaction mechanisms of sulfur atom abstractions in
relation to the analogous reactions of heteroatom-transfer
chemistry.
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Recently, through the elegant studies performed by Lusz-
tyk, Warkentin, and many others,” 8! it was found that singlet
carbenes are capable of abstracting oxygen and sulfur atoms
from oxiranes and thiiranes, respectively, undergoing the
reaction shown above [Eq. (1)]. Several qualitative conclu-
sions concerning the oxirane deoxygenation and thiirane
desulfurization can be made: a) the magnitudes of the rate
constants for heteroatom transfer are dependent on the
philicity of the carbene intermediate; b) trends in the kinetic
data suggest that oxygen and sulfur transfer occur by concerted
mechanisms through ylide-like transition states; c) ylides
formed by the attack of carbenes on heteroatom donors were
not observed for any of the heteroatom-transfer reactions;
and d) absolute rate constants for the heteroatom transfers
show that both deoxygenation and desulfurization are facile
processes, the latter proceeding much faster than the former.

No estimates of the absolute activation energies of such
abstractions are, to our knowledge, available yet from experi-
ments.l In fact, it is very difficult to detect the intermediate as
well as the transition state due to limitations in current
experimental techniques. For a long time chemists have used
transition-state structures to explain the transformation of
reactants into products. Correct evaluations of transition-state
geometries and energies are a powerful approach to the study
of chemical reaction mechanisms. In this regard, in order to
examine the mechanisms of the heteroatom-transfer reac-
tions, we have undertaken a systematic investigation of the
abstraction reactions of various carbene species [Eq. (3)] by
using density functional theory (DFT).

X x=05
>c:<1—6) +L\¥>>C=X+/\< ®3)
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Six carbenes (1-6), which mimic the experimental work,”
have been chosen as model systems for heteroatom transfer in
this work. These carbene species are dimethylcarbene (1),
cyclobutylidene (2), cyclohexylidene (3), phenylchlorocar-
bene (4), methoxyphenylcarbene (5), and dimethoxycarbene
(6). We compared both the deoxygenation of oxiranes and the
desulfurization of thiiranes (ethylene sulfidesP) by the same
carbene species. Our approach was to calculate a number of
examples of the reaction for which activation parameters are
available, as is the case for carbenes 1-6. Even if the
uncertainties in the calculated activation parameters for
individual reactions are too large for definite conclusions to
be drawn, the relative values for a number of related reactions
are likely to be reproduced, at least qualitatively. Comparison
of the predicted pattern of rates with experiment should then
provide a more reliable test of the predicted mechanism than
any calculation for a single case.

The purpose of the present DFT mechanical study was to
locate the transition state for the reaction given in Equa-
tion (3), to carry out a vibrational analysis at this stationary
point, and to explain why there appears to be a barrier for the
carbene abstractions. Through the study, we may then clarify
the factors that affect the relative stability of intermediates
and control the activation barriers for these abstraction
reactions. The other impetus for this work was an attempt to
ascertain whether such abstractions occur in a concerted
fashion or in a stepwise biradical manner with a highly
distorted transition state. Besides these, our aim was further to
search for a general theory of reactivity for such abstraction
reactions, and to decide whether reactivity can be predicted
through an understanding of the reaction mechanisms,
although qualitative in nature, from either simple molecular-
orbital or valence-bond considerations. Furthermore, an
understanding of the factors that can facilitate both the
oxirane deoxygenation and thiirane desulfurization may
suggest further synthetic applications.

The results are divided into three major parts. First, the
results for both the oxirane deoxygenation and thiirane
desulfurization. Second, the comparison between deoxygena-
tion and desulfurization.. In the last section, the origin of the
barrier heights and reaction enthalpies for these abstraction
reactions is discussed.

Computational Methods

All geometries were fully optimized without imposing any symmetry
constraints, although in some instances the resulting structure showed
various elements of symmetry. For our DFT calculations, we used the
hybrid gradient-corrected exchange functional proposed by Becke,!'")
combined with the gradient-corrected correlation functional of Lee, Yang,
and Parr.'!l This functional is commonly known as B3LYP, the results of
which have been shown to be closer to the QCISD(T) reference than the
MP2 value."?l For C, H, O, and S the standardized 6-31G* basis set was
used.l¥ We thus denote our B3LYP calculations by B3LYP/6-31G*. The
spin-unrestricted (UB3LYP) formalism used for the open-shell (triplet)
species, and their (S?) values were all nearly equal to the ideal value (2.00).
The vibrational frequencies were investigated to characterize the structures
as minima or transition states. Relative energies are corrected for
vibrational zero-point energies (ZPE, not scaled). All calculations were
performed with the GAUSSIAN 94/DFT package.['*]
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Results and Discussion

Structures and energies of intermediates and transition states

Carbene and oxirane: Before discussing the geometrical
optimizations and the potential-energy surfaces for the
abstraction reactions, it is perhaps worthwhile to recall briefly
the electronic structure of a carbene. It is well established that
carbene has a relatively low-lying o lone-pair orbital and a
higher lying 7 (p in C) orbital.'™™] There are two low-lying
states, singlet and triplet, depending on whether the electronic
configuration is o’n® (singlet) or high spin o's! (triplet). The
optimized reactant geometries of dimethylcarbene (1), cyclo-
butylidene (2), cyclohexylidene (3), phenylchlorocarbene (4),
methoxyphenylcarbene (5), and dimethoxycarbene (6) for
each reaction obtained at the B3LYP/6-31G* level of theory
are presented in in Figures 1-6, respectively. The triplet
structures of carbenes 1-6 were also optimized (UB3LYP/6-
31G*) and their geometrical parameters are shown in
parentheses.[') Calculated values for the energy difference

keal mol )
kcal mol™’)

o
©0o

-

(-

+SC2H4

1-O-PC

-3.8 kcal mol™

1-S-PC

-5.8 kcal mol ™

1-S-PC
1-O-TS ~0.12 kcal mol™

+3.3 keal mol™

1-S-AP

-72 kcal mol™

1-O-AP

-99 kcal mol™

Figure 1. The optimized geometries (bond lengths in A and angles in
degrees) for the precursor complexes (PC), transition states (TS), and
abstraction products (AP) of oxirane and thiirane with dimethylcarbene
(1). All were calculated at the B3LYP/6-31G* level of theory. Values in
parentheses are in the triplet state. The relative energies are taken from
Tables 1 and 3. The heavy arrows indicate the main atomic motions in the
transition-state eigenvector.
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2
0.0 kcal mol™
(+0.60 kcal mol™)

+SC2H4

2-0-PC
-5.5 kcal mol”

2-0-TS
-0.032 kcal mol”

2-S-TS

+ +
C2Ha CeHa
2-0-AP 2-S-AP
-102 kcal mol™! -75 kcal mol™

Figure 2. The optimized geometries (bond lengths in A and angles in
degrees) for the precursor complexes (PC), transition states (TS), and
abstraction products (AP) of oxirane and thiirane with cyclobutylidene (2).
All were calculated at the B3LYP/6-31G* level of theory. Values in
parentheses are in the triplet state. The relative energies are taken from
Tables 1 and 3. The heavy arrows indicate the main atomic motions in the
transition-state eigenvector.

AE (= Egipiee — Eqinger) between the singlet and triplet states
of various carbenes (ABC:) are given in Table 1; a negative
value for AE, implies that the triplet is predicted to be the
ground state rather than the singlet.

Dimethylcarbene (1) is now believed to have a singlet
ground state with a small AE, of 1.0-1.5 kcalmol Ll
However, our B3LYP/6-31G* calculations predict that the
singlet state of this carbene is no more than 1.9 kcalmol~!
above the triplet ground state. In any event, these calcula-
tional results strongly imply that the energy separation
between the singlet and triplet states of dimethylcarbene is
very small. In fact, it has been understood for some time on a
theoretical level that there are two distinct ways to control the
singlet—triplet gap.l'! The first is through a change in
geometry, primarily the bond angle (¢) at the carbene
center.l' 2 Theory predicts that as ¢ contracts, the energy
of the singlet carbene decreases relative to that of the triplet.
Our B3LYP/6-31G* results confirm this prediction. For
example, cyclobutylidene (2, ¢ =87°) is found to have a
singlet ground state with AE, of 0.60 kcalmol~!, whereas
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3-0-PC

-3.5 kcal mol™

3-S-PC
-3.5 kcal mol”

3-O-TS

+2.3 kcal mol™’

3-S-TS

Figure 3. The optimized geometries (bond lengths in A and angles in
degrees) for the precursor complexes (PC), transition states (TS), and
abstraction products (AP) of oxirane and thiirane with cyclohexylidene (3).
All were calculated at the B3LYP/6-31G* level of theory. Values in
parentheses are in the triplet state. The relative energies are taken from
Tables 1 and 3. The heavy arrows indicate the main atomic motions in the
transition-state eigenvector.

cyclohexylidene (3, ¢ =115°) possesses a triplet ground state
with AE of —1.0 kcalmol~'.["] The second factor that affects
the relative energy between the singlet and triplet states is
related to electronic perturbation, which depends on the
nature of substituents.?!l It is generally accepted that the
singlet state appears to be the ground state of an acyclic
carbene ABC: whenever either A or B has a lone-pair n-
donor atom bonded directly to the carbene center.?? Again,
our theoretical calculations are in good accord with this
conclusion. For instance, the ground state of C(CsHs)(Cl) (4),
C(C¢H;)(OCH;) (5), and C(OCHs), (6) is predicted to be the
singlet with AE of 4.3, 19, and 54> kcal mol !, respectively,
based on the B3LYP/6-31G* level of theory.

We now turn to the computed structures reported in
Figures 1-6. It is understood and widely accepted that the
triplet carbene (ABC:) has a significantly wider bond angle ¢
and shorter bond lengths (C—A and C—B) than the closed-
shell singlet state.’?2 There are, however, two exceptions
found in Figures 5 and 6, in which the optimum C—O bond
lengths in both triplet C(OCHj;), and triplet C(C¢Hs)(OCHs;)
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9 5

0.0 keal mol}
(+4.3 kcal mol™’)

+0CzHa

+SCz2H4

4-0-PC

-2.1 kcal mol™!

4-0-TS

b 4-S-TS
+6.5 kcal mol

+2.1 kecal mol™

-58 kcal mol!

Cz2H4 ,91- kcal mol™! Cz2H4

Figure 4. The optimized geometries (bond lengths in A and angles in
degrees) for the precursor complexes (PC), transition states (TS), and
abstraction products (AP) of oxirane and thiirane with phenylchlorocar-
bene (4). All were calculated at the B3LYP/6-31G* level of theory. Values
in parentheses are in the triplet state. The relative energies are taken from
Tables 1 and 3. The heavy arrows indicate the main atomic motions in the
transition-state eigenvector.

are longer than those in the singlet state.?! The reason for this
is presumably the fact that conjugation of the triplet carbene &
electron to the two m electrons of the OCH; group is less
important than the delocalization of the latter into the empty
p-m orbital on the carbene carbon atom in the singlet state.

The optimized geometries of the calculated compounds
oxirane and thiirane at the B3LYP/6-31G* level are collected
in Table 2. As one can see in Table 2, the agreement for both
bond lengths and bond angles in the compounds between the
B3LYP results and experiments®! is quite good, with the bond
lengths and angles in agreement to within 0.023 A and 1.7°,
respectively. It is therefore believed that the B3LYP calcu-
lations provide an adequate theoretical level for further
investigations of molecular geometries, electronic structures,
and kinetic features of the reactions.

Furthermore, there is general agreement that the abstrac-
tion reactions of carbenes proceed via the singlet state,”*! and
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0.0 kcal mol’!
| (+19 kcal mol ™)

+SC2Ha

5-0-PC

» 5-S-PC
-0.83 kcal mol

-1.6 kcal mol™

5-S-TS
+8.2 kcal mol™

5-0-AP
-86 kcal mol!

5-S-AP
-55 kcal mol ™

Figure 5. The optimized geometries (bond lengths in A and angles in
degrees) for the precursor complexes (PC), transition states (TS), and
abstraction products (AP) of oxirane and thiirane with methoxyphenyl-
carbene (5). All were calculated at the B3LYP/6-31G* level of theory.
Values in parentheses are in the triplet state. The relative energies are taken
from Tables 1 and 3. The heavy arrows indicate the main atomic motions in
the transition-state eigenvector.

much of the experimental work on carbenes (such as 1-6)
involves initial generation of the singlet from the appropriate
precursor.”®l Indeed, this is consistent with results based on
spin conservation, which predict that a singlet carbene is
required to produce singlet abstraction products.’”! Addition-
ally, as noted earlier, all of the carbenes 1- 6 considered in this
study have either a singlet ground state or a triplet ground
state with a relatively small singlet —triplet energy gap. Hence,
our investigation will be confined to the singlet surfaces.

Let us now explore the potential-energy surface for these
abstraction reactions. When we searched the potential-energy
surface for transition structures of the deoxygenation of
oxiranes producing a ketone and an alkene, we noticed an
initial decrease in total energy as compared with the isolated
molecules at large separation. Indeed, it is reasonable to
expect that the reaction between carbene and oxirane occurs

Chem. Eur. J. 2000, 6, No. 20
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1.433

6-0-PC
-2.1 kcal mol”

6-S-PC
-1.6 kcal mol™

6-S-TS

1 +13 kcal mol™

+35 kcal mol”

6-O-AP
CaHa -73 keal mol™ CzHa

6-S-AP

-40 kcal mol™!
Figure 6. The optimized geometries (bond lengths in A and angles in
degrees) for the precursor complexes (PC), transition states (TS), and
abstraction products (AP) of oxirane and thiirane with dimethoxycarbene
(6). All were calculated at the B3LYP/6-31G* level of theory. Values in
parentheses are in the triplet state. The relative energies are taken from
Tables 1 and 3. The heavy arrows indicate the main atomic motions in the
transition-state eigenvector.

Table 1. Relative energies for singlet and triplet carbenes and for the
process carbene + oxirane — precursor complex — transition state — ab-
straction products.®®!

System AE 9 AE 1 AE*l] AHWY
[kcalmol~'] [kcalmol™!] [kcalmol™'] [kcalmol™!]
1 /\ —2276 —6.318 +0.9259 —99.67
HsC “cHs (—1.879)  (—3.780) (+3.316) (—98.60)
~ —04746  —8913 —3.758 —104.3
2 <> (+0.6037)  (—5.462) (=0.0320) (—102.3)
N —3.125 —8.244 —1.921 —102.1
3 O (=1.027)  (—3478) (+2.321) (=99.01)
4 /\ +4.563 —2.885 +5.515 —90.82
ph CI (+4.291)  (—2.093) (+6.462) (—90.88)
s /'i +19. 90 —1.415 +24.32 —86.39
Ph ‘OCHs (+19.23) (—0.8289)  (+24.40) (—86.28)
p ~ +54.64 —2.824 +34.87 —72.86
CH:O ©OCH3 (+53.55) (—2.115) (+34.55) (=72.75)

[a] At the B3LYP/6-31G* level. The B3LYP optimized structures of the
stationary points see Figures 1-6. [b] Energies differences in parentheses
have been zero-point corrected. [c] Energy relative to the corresponding
singlet state. A positive value means the singlet is the ground-state. [d] The
stabilization energy of the precursor complex, relative to the corresponding
reactants. [e] The activation energy of the transition state, relative to the
corresponding reactants. [f] The exothermicity of the product, relative to
the corresponding reactants.
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Table 2. Comparison of structures of oxirane and thiirane.l*l
A A

X 1.429, (1.428) 1.838, (1.815)

c—C 1.462, (1.469) 1.481, (1.484)

H 1.090, (1.086) 1.087, (1.083)

61.80, (61.62) 4827, (47.51)
1152, (116.9) 115.8, (114.5)

[a] At the B3LYP/6-31G* level. [b] Values in parentheses denote the
experimental data. For oxirane and thiirane see ref. [24a] and [4b],
respectively. [c] Bond lengths are in A and bond angles are in degrees.

with the initial formation of a precursor complex (PC), in
which the vacant p-m orbital on the carbene is oriented for
maximum interaction with the o lone pair on the oxygen.
Therefore, as shown in Figures 1-6, the deoxygenation of
oxirane by carbenes initiates the formation of a two-center
ylide-like complex (1-O-PC, 2-0-PC, 3-0-PC, 4-O-PC, 5-O-
PC, and 6-O-PC) with optimal overlap between the carbene
carbon and oxygen atoms
through a parallel plane ap-
proach of the two molecules
(see structure 7 in Scheme 1).
We note that the calculated
Hessian matrices had no nega-
tive eigenvalues, confirming
their identification as true min-
ima on the potential-energy surface. In fact, it is well-known®®!
that the interaction between the empty p orbital on the
abstracting species (carbene) and the lone-pair orbital on a
Lewis base (oxirane) can cause lone-pair donation that
stabilizes the intermediate complex (donor-acceptor com-
plex) initially formed in the abstraction reaction (see
Scheme 1).

Complexation energies computed for the formation of
these intermediate complexes are given in Table 1. The DFT
results of Figures 1-6 show that the calculated C—O bond
lengths between the carbene and the oxirane in the precursor
complexes 1-0-PC, 2-0-PC, and 3-0-PC are 2.06 A, 2.19 A,
and 1.99 A, respectively, whereas 4-O-PC, 5-O-PC, and 6-O-
PC have a C-O distance of 2.77 A, 3.01 A, and 344 A,
respectively. We attribute the weak intermediate bond and
long C—O distance in the last three precursor complexes to the
steric effect of bulky substituents on the carbene species.
Coincidentally, it is of interest to stress that a longer C-O
distance should correlate with a smaller value for the
intermediate stabilization energy. For instance, as shown in
Table 1, of the investigated species the complexation energies
of 1-0-PC, 2-0-PC, and 3-O-PC are estimated to be 3.8, 5.5,
and 3.5 kcalmol~! at the B3LYP/6-31G* level, respectively,
which are larger than those for 4-O-PC (2.1 kcalmol '), 5-O-
PC (0.83 kcalmol '), and 6-O-PC (2.1 kcalmol~'). Note that,
even when the ZPE correction is considered, the stabilization
energies of these precursor complexes relative to their
corresponding reactants are still less than 6.0 kcalmol~!. Our
attempt to determine the molecular complexes at much
shorter C—O distance for the addition of carbene to oxirane
were not successful. Thus, the present calculations indicate

Scheme 1.
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that those precursor complexes obtained in this work can be
referred to as rather loose donor-acceptor complexes. In
other words, our theoretical findings suggest that the ylide-
like precursor complex exists only as a shallow minimum and
experimental detection of such an intermediate formed
during the reaction is not possible. Our model prediction is
consistent with experimental observations, in which ylides
from the reaction of carbenes with oxiranes were not detected
by laser flash photolysis (LFP) methods.[” ®l

In addition, it should be noted that charge transfer between
oxirane and carbene occurs despite their large separation.
This charge separation may be used as a guide to examine the
carbene philicity. For instance, the B3LYP results show that
the net charge-transfer decreases in the order: 3-O-PC
(0.130 au) >1-0-PC (0.113 au) >2-0-PC (0.0822 au) > 5-0-
PC (0.0166 au) >4-0-PC (0.0142 au) > 6-O-PC (0.0119 au).
This suggests that the carbenes 1, 2, and 3 are electron-
deficient (electrophilic) molecules, the carbenes 4 and 5 are
ambiphilic in nature, and carbene 6 is considered to be
nucleophilic in character. These features are in reasonable
agreement with the previous study!”) based on Moss’ carbene
philicity scale.l*"]

We then examined the transition state for the oxygen
transfer from oxirane to carbene [Eq. (1)]. The transition-
state structures (1-O-TS, 2-O-TS, 3-O-TS, 4-O-TS, 5-O-TS
and 6-O-TS) obtained for the abstraction reaction are
displayed in Figures 1-6, respectively. All the transition
states at the B3LYP level of theory were confirmed by the
calculation of the energy Hessian, which shows only one
imaginary vibrational frequency: 455icm~! (1-O-TS),
379 cm! (2-O-TS), 385i cm™! (3-0-TS), 380i cm~! (4-O-TS),
595i cm™! (5-O-TS), and 658i cm™! (6-O-TS). The arrows in
Figures 1 -6 illustrate the directions in which the atoms move
in the normal coordinate corresponding to the imaginary
frequency. The transition vector (normal mode associated
with the imaginary frequency) consists mainly of the forming
C—O stretching mode coupled to O—C bond breaking in the
oxirane and is compatible with the changes in geometry that
occur during the reaction. Apparently, the transition states
connect the corresponding precursor complexes to the
abstraction products. It should be emphasized that the
primary similarity among these transition states is the two-
center pattern involving carbon (carbene) and oxygen (oxi-
rane). Moreover, the B3LYP calculations show that the
forming C—O bond in the 1-O-TS, 2-0O-TS, 3-O-TS, 4-O-TS,
5-O-TS, and 6-O-TS structures is shorter by 20 %, 26 %, 17 %,
36 %, 45%, and 51 %, respectively, than the corresponding
precursor complex. These structural features reveal that the
three transition structures 1-O-TS, 2-O-TS,and 3-O-TS take
on more reactant-like character than those of 4-O-TS, 5-O-TS,
and 6-O-TS. As will be demonstrated below, this is consistent
with the Hammond postulate,?”l which associates an earlier
transition state with a smaller barrier and a more exothermic
reaction.

Furthermore, the most dramatic result in our DFT calcu-
lations is that all the transition states for the oxygen-transfer
reactions are asynchronous. That is, bond breaking at the C,
carbon is far more advanced that at the C, carbon, but there is
nonetheless some bond breaking there as well. As can be seen
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in Figures 1 -6, in each case one of the breaking bonds (O—C;)
is only slightly longer than in a normal O—C single bond of
oxirane (ie., 1-O-TS 1431 A; 2-0-TS, 1437 A; 3-O-TS,
1433 A; 4-O-TS, 1444 A; 5-0-TS, 1434 A; and 6-O-TS,
1.453 A), while the other (O—C,) is greatly stretched (i.e., 1-
O-TS, 1.567 A; 2-O-TS, 1.546 A; 3-O-TS, 1.552 A; 4-O-TS,
1.585 A; 5-0-TS, 1.627 A; and 6-O-TS, 1.876 A). Notably, it is
clear from these results that 6-O-TS has the highest activation
barrier structure with the most pronounced asynchronicity,
while 2-O-TS has the lowest barrier energy and is more
synchronous. In principal, it is believed that the steric effect
(caused by bulky substituents on the carbene and/or oxirane
molecules) should enhance the asynchronicity. Despite the
dramatic asynchronicity in these transition structures, the
present calculations indicate that the oxirane deoxygenation
reaction is still concerted, since no energy minimum corre-
sponding to an intermediate between the transition state and
products has been found. Additional support for such a
concerted process comes from the work of Schuster,® where
the oxirane deoxygenation was found to take place with
complete retention of stereochemical integrity in the alkene.

To better estimate the reactivities of carbenes 1-6 in
oxygen-transfer reactions, the activation barriers were eval-
uated. The activation energies for the transition states 1-O-TS,
2-0-TS, 3-O-TS, 4-O-TS, 5-O-TS, and 6-O-TS are also
summarized in Table 1. As one can see in Table 1, the energy
of the transition state relative to its corresponding reactants
increases in the order: 2-0-TS (—0.032 kcalmol~') < 3-O-TS
(2.3 kcalmol™') < 1-O-TS (3.3 kcalmol™') <4-O-TS (6.5 kcal
mol~') < 5-0-TS (24 kcalmol~!) < 6-O-TS (35 kcalmol~!). As
a result, the dimethoxycarbene (6) deoxygenation should be
comparatively difficult to carry out experimentally due to its
highest activation barrier (estimated 35 kcal mol~'), but other
carbene-abstraction reactions [especially for dimethylcarbene
(1), cyclobutylidene (2), and cyclohexylidene (3)] may readily
undergo oxygen-transfer reaction in a concerted fashion. It is
of importance to note that these theoretical trends are
precisely what is observed by experiment;[”! this implies that
the B3LYP calculations can provide a reliable theoretical
level for further investigations of heteroatom-transfer reac-
tions.

Finally, as expected, the abstraction products (AP) of the
deoxygenation of oxirane by carbenes are ketones (1-O-AP,
2-0-AP, 3-O-AP, 4-O-AP, 5-O-AP, and 6-O-AP) and an
ethylene. The optimized product geometries and their relative
energies for each abstraction reaction are also collected in
Figures 1 -6 and Table 1, respectively. It is worth noting that
the newly formed C—O bonds in the transition structures are
stretched by an average 38% relative to their final equi-
librium values in absraction reactions for carbenes 1-3, and
35% for carbenes 4-6. Again, these structural features
indicate that the alkyl-substituted carbene-abstraction reac-
tion reaches the TS relatively early, whereas the m-donor-
substituted carbene abstraction arrives at the TS relatively
late. According to the Hammond’s postulate,! one may then
anticipate a larger exothermicity for the former than for the
latter. This is demonstrated perfectly by evaluating the
reaction enthalpies for these carbene-abstraction reactions.
For instance, as seen in Table 1, the oxygen-transfer reaction is
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exothermic and the exothermicity increases in the order:
cyclobutylidene (2, —102 kcalmol~!) < cyclohexylidene (3,
—99.0 kcalmol ') < dimethylcarbene (1, —98.6 mol™!)<
phenylchlorocarbene (4, —90.9 kcalmol~') < methoxyphe-
nylcarbene (5, —86.3 kcalmol~!) < dimethoxycarbene (6,
—72.8 kcalmol~'). Namely, our model calculations demon-
strate that the alkyl-substituted carbene abstractions are
favored thermodynamically over the m-donor-substituted
carbene ones.

Carbene and thiirane: Next we consider the reaction for
sulfur transfer from thiirane to carbene, leading to thiones and
an ethylene. In principle, the computational results of the
thiirane desulfurization are similar to those noted above for
the oxirane system. Namely, these exothermic reactions
proceed via initial formation of a donor-acceptor complex
and subsequent rearrangement through a two-center transi-
tion state to yield the eventual abstraction products. The fully
optimized geometries of the reactants, precursor complexes,
transition states, and products for various model reactions
calculated at the B3LYP/6-31G* level are given in Figures 1 -
6. The energy parameters at the same level of theory are
summarized in Table 3.

Table 3. Relative energies for singlet and triplet carbenes and for the
process carbene -+ thiirane — precursor complex — transition state — ab-
straction products.®®!

System AE9 AE, AE*] AHM
[kcalmol~!'] [kcalmol™!] [kcalmol™'] [kcalmol™!]
1 K —2.276 —7.901 —1.245 —7282
Hsé “cHs (—1.879)  (—5.821) (—0.1186) (—71.59)
~ —04746  —5.980 —2.496 —176.34
2 <> (+0.6037) (—4.872) (=1.672)  (=75.29)
N —3.125 —5.201 —3.096 —76.36
3 (—1.027)  (—3.474) (+0.6344)  (—73.01)
4 /‘i +4.563 —2.852 +0.5802  —57.40
ph CI (+4.291)  (—2.144) (+2.073)  (=57.67)
. /'i +19.90 2247 +8.300 —54.64
Ph ‘OCHs (+19.23) (—1.630) (+8230)  (—54.64)
p ~ +54.64 —2293 +13.16 —40.43

CHsO OCHs (+53.55)  (—1.647)  (+13.11)  (—40.39)

[a] At the B3LYP/6-31G* level. The B3LYP optimized structures of the
stationary points see Figures 1-6. [b] Energies differences in parentheses
have been zero-point corrected. [c] Energy relative to the corresponding
singlet state. A positive value means the singlet is the ground state. [d] The
stabilization energy of the precursor complex, relative to the corresponding
reactants. [e] The activation energy of the transition state, relative to the
corresponding reactants. [f] The exothermicity of the product, relative to
the corresponding reactants.

Like the oxirane deoxygenation discussed earlier, the ylide-
like precursor complexes 1-S-PC, 2-S-PC, 3-S-PC, 4-S-PC, 5-
S-PC, and 6-S-PC for thiirane desulfurization were also
located at the DFT level. These adducts were confirmed to
have no imaginary frequency; this indicates that they are true
minima on the potential-energy surfaces. As noted previously,
these intermediates correspond to donor-—acceptor com-
plexes that are stabilized by the donative interaction between
lone pair electrons on the sulfur atom and a vacant p-m orbital
on the carbene as illustrated in Scheme 1. However, our
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B3LYP calculations indicate that they all have very long C—S
distances (2.43 A-3.79 A) compared with those in their
corresponding abstraction products. Such long C—S distances
between carbene and thiirane are also reflected in their
calculated binding energies. For instance, as presented in
Table 3, the energy of the precursor complex relative to its
corresponding reactants is less than 4.0 kcalmol~!. Conse-
quently, it appears unlikely that the ylide-like intermediate
complexes can be isolated experimentally at room temper-
ature because their stabilization energies are too low. Our
computational findings agree well with the experimental
evidence. It was reported that the sulfur ylide intermediate
formed during the reaction has not been observed directly by
LFP.7

Likewise, the intermediate complex is transformed via a
two-center-like transition state to the product thione and
ethylene. Transition-state geometries (1-S-TS, 2-S-TS, 3-S-TS,
4-S-TS, 5-S-TS and 6-S-TS) were located with full optimiza-
tion and in each case were characterized by having only one
imaginary vibrational frequency. As illustrated by the tran-
sition vectors in Figures 1-6, movement of the transferring
sulfur atom dominates as the C=S bond forms and the two
S—C bonds break. It is of interest to note that the overall
feature of the structural changes in the thiirane desulfuriza-
tion is essentially the same as that calculated previously in the
oxirane deoxygenation. The most striking difference, how-
ever, is that almost equal separations for the two breaking
S—C bonds are found in the transition structures of dimethyl-
carbene (1-S-TS), cyclohexylidene (3-S-TS), phenylchlorocar-
bene (4-S-TS), methoxyphenylcarbene (5-S-TS) and dimeth-
oxycarbene (6-S-TS), which demonstrates a synchronous
concerted process.

Moreover, it is of interest to emphasize that the newly
formed C—S bond length in 1-S-TS, 2-S-TS, and 3-S-TS is
shorter by 13% —16% relative to their value of precursor
complex, while the analogous C—S bond in 4-S-TS, 5-S-TS,
and 6-S-TS is on average 40% shorter than that in the
corresponding ylide-like complex. These structural features
suggest that the barrier is encountered earlier in the reaction
of the first three carbenes than in that of the last three. This is
definitively reflected in the computed activation energies. As
shown in Table 3, the predicted activation barriers for
these desulfurization increase in the order: 1-S-TS
(—0.12 kcalmol ') < 2-S-TS (—1.7 kcalmol ') < 3-S-TS (0.63
kcalmol!) <4-S-TS (2.1 kcalmol™') <5-S-TS (8.2 kcal
mol~') < 6-S-TS (13 kcalmol~'). Besides, it is evident from
Table 3 that all the thiirane desulfurizations are exothermic,
and the order of exothermicity follows the same trend as that
of the activation energy: cyclobutylidene (2, —75 kcal
mol~!) < cyclohexylidene (3, —73 kcalmol™') < dimethylcar-
bene (1, — 72 kcal mol~') < phenylchlorocarbene (4, — 58 kcal
mol~') < methoxyphenylcarbene (5, —55 kcalmol™!) < di-
methoxycarbene (6, — 40 kcalmol~'). Consequently, the the-
oretical findings suggest that the desulfurization of thiirane by
alkyl-substituted carbenes is much more favorable both from
a kinetic and a thermodynamical viewpoint than by s-donor-
substituted carbenes. Again, our results find excellent support
in some experiments by Lusztyk, Warkentin, and co-work-
ers.l”
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Comparison with oxirane deoxygenation and thiirane desul-
furization

A comparison of the oxirane deoxygenation with the thiirane
desulfurization, reveals the following similarities and differ-
ences that are worth mentioning. As for the similarities, our
model calculations strongly indicate that heteroatom transfer
from oxiranes and thiiranes should occur via a ylide-like (two-
center) transition state rather than through a persistent ylide
intermediate which then fragments. Moreover, regardless of
the abstraction reactions applied, our theoretical investiga-
tions suggest that the formation of a complex between
reactants is highly unlikely to be detected by experiments.

Additionally, these abstraction reactions may take place in a

concerted fashion, with partial breaking of the two X—C (X =

S and O) bonds in the single transition state. It is therefore

predicted that these abstractions are highly stereospecific and

that the relative configuration of substituent groups is
retained completely in the olefins.

While the similarities between the two abstraction reactions
for each carbene system are remarkable, the differences
between them are more significant. Some points of interest
pertinent to the results of the calculations follow:

1) The sulfur ylide-like intermediates have a long-range
minimum corresponding to a loosely bound complex
between carbene and thiirane, whereas oxygen ylide-like
intermediates are more tightly bound in the sense of
exhibiting a shorter forming C — O bond length. That is to
say, overall, the carbene appears to be bound slightly more
weakly in the thiirane ylide-like complex than in the
oxirane ones.

2) As discussed earlier, oxirane undergoes concerted deoxy-
genation by reaction with carbenes via an asynchronous
transition state. In contrast, thiirane desulfurization reac-
tions are predicted to be concerted, but more synchronous,
via a transition structure with two more-or-less equal
breaking bonds.

3) For a given carbene species, the activation barrier for the
thiirane desulfurization is smaller than that for the oxirane
analogue; this indicates that the former is kinetically more
favorable than the latter. This conclusion is in line with
experimental observations. It has been reported that,
providing reaction conditions remain the same, the desul-
furization reactions are generally more efficient than the
deoxygenation ones.!”!

4) It is generally found that while both deoxygenation and
desulfurization are facile processes, the deoxygenation
reaction is more exothermic. Thus, the production of
carbonyl compounds is clearly more thermodynamically
favorable than that of thiocarbonyl molecules.

In brief, considering both the activation barrier and
exothermicity based on the model calculations presented
here, we conclude that the resulting carbenic reactivity orders
are as follows: cyclobutylidene > dimethylcarbene ~ cyclo-
hexylidene > phenylchlorocarbene > methoxyphenylcarbene >>
dimethoxycarbene. In other words, electron-donating groups
(or electropositive substituents) on the carbene accelerate the
abstraction reaction, whereas electron-withdrawing groups
(or m-donor substituents) on the carbene retard the reaction.
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The configuration-mixing model

Although theoretical analysis based on Moss’ carbene phi-
licity scale has been used to predict the reactivities of carbene
intermediates,” 2! we believe that a somewhat different
approach and some new aspects emphasized here may
supplement their results. According to our theoretical anal-
ysis, it was found that all our computational results can be
rationalized on the basis of a configuration-mixing (CM)
model, which was developed by Pross and Shaik.* 3% 321 Tn this
section we show how concepts deduced from the CM model
can be used to predict the relative reactivity of reactants.

Although many electron configurations of the species
involved in the abstraction reaction contribute to the precise
form of the energy surface,*'l there are only two predominant
configurations that contribute significantly to the total wave-
function ¥and, in turn, to the potential-energy surface. One is
the reactant ground-state configuration that ends up as an
excited configuration in the product region. The other is the
excited configuration of the reactants that correlates with the
ground state of the products.

The key valence bond (VB) configurations for heteroatom-
transfer reaction (8 and 9) are illustrated in Scheme 2, while
the key molecular orbital (MO) configurations (10 and 11) are

By oM A
X *I oot X *I

'[ABC:]'[XC2H4] 3[ABC:]°[XC2H4]

8 9
Scheme 2.

illustrated in Scheme 3.*1 The VB configuration 8, labelled
TABC:])'[XC,H,], is termed the reactant configuration be-
cause this configuration is a good descriptor of the reactants;
the two electrons on the ABC: moiety are spin-paired to form
the lone pair, while the two electrons on the X heteroatom are
spin-paired with the ethylene moiety to form two X—C o
bonds. On the other hand, configuration 9 is the VB product
configuration. It might initially appear strange that triplet
pairs are incorporated into the description of a singlet
carbene-abstraction reaction. In reality, however, there is no
actual spin change here because, despite the fact that
S[ABC:[XC,H,] appears to contain two triplet pairs, the
overall spin state of }[ABC:]’[XC,H,] remains a singlet.
Moreover, it is a doubly excited configuration only in the
reactant geometry. In terms of the product geometry, it is not
an excited configuration at all, just the configuration that
describes the ground-state abstraction products.?*! The MO
representations of VB configurations 8 and 9 are shown in
Scheme 3. A schematic energy plot of 8 and 9 (or 10 and 11)
for heteroatom-transfer reaction, as a function of the reaction
coordinate (approach of a carbene to the XC,H, molecule), is
illustrated in Figure 7. The ground-state reaction profile,
obtained by the mixing of reactant and product configura-
tions, is indicated by the dashed curve and exhibits an
activation energy barrier. Thus, it is the avoided crossing of
these two configurations that leads to the simplest description
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Scheme 3.

CH xﬁ SR
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R

Figure 7. The energy diagram for an abstraction reaction showing the
formation of a potential-energy curve (¥) by mixing two configurations:
the reactant configuration and the product configuration. The reactants are
separated by an energy gap A. Configuration-mixing near the crossing
point causes an “avoided” crossing (dotted line).

(A)(B)C=X + C2Ha

of the ground-state energy profiles for abstraction reactions of
the carbene species.: 3

Based on Figure 7 for barrier formation in carbene-
abstraction reactions, we are now in a position to provide
insight into the parameters that are likely to affect reactivity
in this system. The energy of point 9 (left in Figure 7), the
anchor point for JJABC:[]*[XC,H,] in the reactant geometry,
will be governed by the singlet—triplet energy gap for both
the carbene and the oxirane (or thiirane), that is, AE
(= Eipet — Einger for ABC?) + AE e (= Erripler — Egingier TOT
XC,H,). In other words, the smaller the AE,+ AE,,. value,
the lower the activation barrier and the larger the exother-
micity.’ 32l Bearing the above analysis in mind, we shall
explain the origin of the observed trends as shown previously
in the following discussion:

a) Why are the alkyl-substituted carbene much more favorable
than the © donor-substituted carbenes towards the abstraction
reactions with oxirane and thiirane? The driving force for this
can be traced to the singlet—triplet energy gap (AE,) of the
carbene. As analyzed above, if AE . is a constant, the smaller
the AE of carbene, the lower the barrier height and the larger
the exothermicity, and, in turn, the faster the heteroatom-
transfer reaction. Indeed, our theoretical calculations confirm

0947-6539/00/0620-3785 $ 17.50+.50/0 3785





FULL PAPER

M.-D. Su, S.-Y. Chu

this prediction. For the B3LYP/6-31G* calculations on the six
carbene species studied here, a plot of the activation barrier
(AE*) and the reaction enthalpy (AH) versus AE, for the
oxirane deoxygenation is given in Figure 8: the best fit is

100
'_g A
e . 6
£ 0 132 4
=)
5 B
Lﬁ Hw/_f_{,,,,-——»—r“
0-1001—%s 2 s ¢
= 32
g
©
o

-200

40 0 10 20 30 40 50 60

AE (kcal mol™')
Figure 8. AE (= Eyipiet — Eqinger) for carbenes 1-6 versus the activation
energy and reaction enthalpy for the deoxygenation of oxirane. The linear
regression equation is A) AET=0.625AFE, +4.00 and B) AH = 0.486AFE, —
97.7 with correlation coefficients r>=0.94 and r*>=0.94, respectively. All
values were calculated at the B3LYP/6-31G* level, see text.

AE*=0.625AE, +4.00 (»=0.936; r = correlation coefficient)
and AH =0.486AE, — 97.7 (r* = 0.944), respectively. Likewise,
the linear correlation between AE and AE* as well as AH for
thiirane desulfurization, also obtained at the same level of
theory, are AE*=0.248AE;+0.288 (’=0.944) and AH=
0.578AE, — 69.3 (r»=0.939), respectively.

Furthermore, since two new bonds have to be formed
between the carbene carbon and the heteroatom during the
abstraction reaction, the “bond-prepared” carbene state must
have at least two open shells, and the lowest state of this type
is the triplet state. Accordingly, from the valence-bond point
of view, the bonding in the product can be recognized as bonds
formed between a triplet carbene state and a triplet hetero-
atom (overall singlet). This is similar to considering the bonds
in a carbon monoxide molecule as being formed between a
triplet carbon atom and a triplet oxygen atom.*> Therefore, if
a reactant carbene has a singlet ground state with a low-lying
triplet state (and vice versa), it will readily undergo single-step
bond abstractions due to involvement of the triplet state in the
reaction (remember that the whole abstraction reaction still
proceeds on the singlet surface). As noted in the previous
section, alkyl substituents lead to a lowering in the energy of
the triplet state as relative to that of the singlet state in the
carbene species; this results in a smaller singlet—triplet
splitting AEy (= Eyipier — Eginger)- For example, the B3LYP
calculations result in a AE for carbenes 1-3 of —1.9, 0.60,
and — 1.0 kcalmol~!, respectively. A consequence of the near
degeneracy of these two states is their rapid equilibration.B
Thus, the chemical properties expressed by such carbenes are
characteristic of both a singlet and triplet carbene. It is
therefore anticipated that a carbene species with the electron-
donating substituents (such as the alkyl groups) would lead to
a smaller AE and, in turn, allow a more facile heteroatom-
transfer reaction.

On the other hand, if the magnitude of the carbene energy
gap (AE,) separating the triplet from the singlet ground state

3786 —
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is too large to permit participation of its triplet in the reaction,
then this would retard the heteroatom-transfer reaction. As
mentioned earlier, for the Cl and OCH; substituents, the
singlet — triplet energy gap increases as more potent electron-
withdrawing groups are attached to the carbene. This
observation can be explained simply as a result of greater
stabilization of the singlet than of the triplet by m-donor
substituents. For instance, our results show that AE, of
carbenes 4-6 are 4.3, 19, and 54 kcalmol!, respectively.
These gaps are too large to be overcome within the lifetime of
the singlet carbene and thus the three carbenes behave as
classical singlet carbenes. It is therefore predicted that by
adding m-donor substituents (or electron-withdrawing sub-
stituents) such as the Cl and OCHy, the stability of the singlet
carbene increases (and thus leads to a larger AE). Con-
sequently, its reactivity toward the abstraction reaction
decreases.

b) For a given carbene species, why are the activation barriers
for thiirane desulfurization lower than those for oxirane
deoxygenation? The reason for this may be traced to AE,
which can be evaluated to a good approximation from the
energies of the vertical HOMO —1 (the bonding X—C o
orbital of XC,H,) — LUMO (the antibonding X—C o* orbital
of XC,H,) triplet excitation in oxirane (X =0) and thiirane
(X =S).P"1 As anticipated by the CM model shown in Figure 7,
if AE of carbene is a constant, then a smaller value of AE.
leads to a lower barrier height. Our DFT results suggest an
decreasing trend in AE,. for oxirane (188 kcalmol™') to
thiirane (106 kcalmol~').3®! This is in good accord with the
experimental and theoretical observations as noted earlier,
that is, thiirane is more susceptible to a carbene-abstraction
reaction than oxirane.

Conclusion

In conclusion, our theoretical attempts to reflect the exper-
imental trend of carbene-abstraction reactions are quite
encouraging. In particular, the agreement between DFT and
experimental results indicates that the B3LYP/6-31G* meth-
od can be an adequate tool to investigate these heteroatom-
transfer reactions. Additionally, our work provides strong
evidence that the singlet — triplet splitting (AEy and AE,.) can
be used as a diagnostic tool to predict the reactivity of the
reactants. In consequence, with the above analysis in mind, we
are confident in predicting that electron-donating or bulky
substituents on the carbene will result in a smaller AE; and, in
turn, will facilitate the heteroatom-transfer reaction. It should
be noted that while both deoxygenation and desulfurization
are facile processes, the deoxygenation reaction is more
exothermic but less kinetically favored. Besides this, the
present model calculations demonstrate that a concerted
process that does not involve ylide intermediates should play
a dominant role in such abstraction reactions. That is to say,
these heteroatom-transfer reactions by carbenes will proceed
stereospecifically, leading to an olefin with retained stereo-
chemistry.
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Furthermore, as our analysis demonstrates, the CM ap-
proach adds additional facets and insights to this relatively
poorly understood area of mechanistic study. Although the
relative reactivity of various carbenes are determined by the
entire potential-energy surfaces, the concepts of the CM
model, focusing on the singlet—triplet splitting in the reac-
tants, can allow one to assess quickly the relative reactivity of
a variety of carbenes without specific knowledge of the actual
energies of the interactions involved. In spite of its simplicity,
our approach can provide chemists with important insights
into the factors that control the activation energies for
heteroatom-transfer reactions and thus permit them to
predict the reactivity of some unknown carbenes. The
predictions may be useful as a guide to future synthetic
efforts and to indicate problems that merit further study by
both theory and experiment. It is hoped that our study will
stimulate further research into the subject.
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Hydrogen-Bonding Effects in Calix[4]arene Capsules

Young Lag Cho,'*! Dmitry M. Rudkevich,?! Alexander Shivanyuk,™ Kari Rissanen,™ and

Julius Rebek, Jr.*2!

Abstract: The synthesis and spectro-
scopic characterization of self-assem-
bling calix[4]arene based capsules 1la-
la and 1b-1b are described. These
compounds feature four urea substitu-
ents at the upper rims and four secon-
dary amide fragments at the lower rims
that can participate in inter- and intra-
molecular hydrogen bonding in apolar
solution. Communication between the

C=0O---H-N hydrogen bonds at the low-
er rim. This seam is cycloenantiomeric,
with either clockwise or counterclock-
wise arrangements of the head-to-tail
amides. Complexation of Nat-cation
breaks hydrogen bonds at the lower
rim but maintains the capsular assembly.
Encapsulation properties of 1a-1a and
1b-1b were studied in nonpolar sol-
vents and their binary mixtures as well

as through heterodimerization experi-
ments. The presence of amide groups at
the lower rim causes notable differences
in the capsule’s binding affinities when
compared to the corresponding tetraes-
ter capsules 1c-1c¢ and 1d-1d. In the
monomeric state calixarenes 1a, b are in
a pinched cone conformation. The solid
state X-ray crystallographic studies with
monomeric 1a reveal only two intra-

calixarene rims in 1a, b influences the
self-assembled cavity’s size and shape.
Specifically, dimerization results in a
perfect cone conformation of the calix-

. . assembly .
arene skeleton in 1a, b and stabilizes a c
. ’ chemistry
seam of intramolecular amide
Introduction

Hydrogen bonding donor and acceptor sites, properly posi-
tioned on a concave molecular platform, result in the self-
assembly of capsules.!! Calixarenes with four urea substitu-
ents on their upper rims, for example, dimerize through a
cyclic array of intermolecular C=0 -+« H-N hydrogen bonds!? 3!
and the resulting systems feature well-defined cavities that
reversibly encapsulate smaller molecules. Open-ended mole-
cules, the cavitands, can have their host—guest properties
controlled by intramolecular hydrogen bonding.

In unsubstituted calixarenes!* the four phenols form a
cooperative, cyclic array of O --- H-O bonds that maintain the
cone conformation; similarly, in unsubstituted resorcinarenes
the eight phenols stabilize the crown conformation.’] In
elaborated resorcinarene cavitands a cyclic array of eight
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molecular C=0 ---H-N hydrogen bonds
between the adjacent amides at the
lower rim, and an extensive network of
intermolecular hydrogen bonds between

supramolecular )
urea groups at the upper rim.

secondary amides enforces a vase-like shape and determines
the dynamics of guest exchange.l¥) Herein, we describe the
synthesis and structural studies of hybrid molecules 1a, b—
calix[4]arenes capable of simultaneous participation in both
inter- and intramolecular hydrogen bonding processes, and
report on their interplay (Figure 1). The communication
between the sites influences the self-assembled cavity’s size
and shape and may also lead to transmission of stereo-
chemical information to the cavity from a remote site.

Results and Discussion

Calix[4]arenes exhibit a number of conformational possibil-
ities but we are concerned here with only two: the perfect
cone C,, and the pinched cone C,, conformations (Figure 2).
In tetra-O-alkylated cone-shaped calix[4]arenes, the perfect
cone conformation can not be easily achieved.”® In the
pinched cone calixarene structures two opposite aromatic
rings are parallel in a face to face arrangement while the other
two are flipped outward. This arrangement minimizes solvent
exposed surface and internal cavities, so the C,, symmetrical
structure is energetically preferred in solution. Usually the
interconversion between the two identical pinched structures
is fast on the NMR time scale (Figure2). The barrier,
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1 A = CHG G CFMERGT Hy, A = GeHy-GHy -par

18 A & CHACI-NHICH My, A & [CH 0,

Figure 1. Self-assembly and structure of capsules 1a-1a and 1b-1b. Hydrogen bonding is indicated by arrows; only one cycloenantiomeric arrangement is

depicted.

Figure 2. Schematic representation of the C,, = C,, = C,, conformational equilibria in calix[4]arenes.

however, can be increased when acid, amide or urea sites are
positioned at the upper rim and engage in transannular
hydrogen bonding.!

A few tactics are available to stabilize the perfect cone
shaped calixarenes. They can be rigidly fixed in this con-
formation through the covalent bridging of proximal phenolic
oxygens at the lower riml”! or by bridging of the distal
aromatic rings at the upper rim."! Tetraesters and tetra-N,N-
dialkylamides on the lower rim also exist as C,, conformers
when they are in contact with cations such as sodium and
potassium.'” The remaining examples are calix[4]arene
tetraurea dimeric capsules (for example, 1).3 In these, a
seam of intermolecular hydrogen bonds at the upper rim and
an encapsulated guest molecule stabilize the perfect cone
conformer of each calixarene halves.

The combination of four ureas at the upper rim and four
secondary acetamide groups at the lower rim was yet

Chem. Eur. J. 2000, 6, No. 20
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unknown. Such structures offer
both types of hydrogen bond-
ing—intermolecular assembly
and intramolecular folding—
and we used this to expose
information flow from the up-
Cav per rim to the lower rim of the
calixarene.

Synthesis (Scheme 1): Tetranitrocalix[4]arene tetraester 201]
was saponified with aqueous NaOH, activated with SOCl,
then used to acylate n-octylamine in CHCI;, giving tetraamide
3. Reduction of the nitro groups with molecular H, and
Raney/Ni in toluene at 70°C afforded tetraamine 4b, which
was directly coupled with either p-tolyl- or n-octylisocyanate
in CH,Cl,. The tetraureas 1a and b were obtained in 78 and
48 % vyields, respectively. Tetraureas 1¢, d were prepared as
descibed in literatureP °! from tetraamine 4a® and p-tolyl- or
n-octylisocyanate. Tetraamide 5 was prepared from the
corresponding tetraester 602 by a sequence parallel to that
used for 3.

Intramolecular hydrogen bonding at the lower rim: In
tetraamides 3 and 5 the lower rim’s secondary C(O)—-NH
groups show spectroscopic evidence of hydrogen bonding.['*]
The corresponding 'H-NMR spectra in CDCl; possess down-
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NO, NH,
[’@cuzh > l/©cu2]
r° R*
2 R = CHyC(0)-OCoHs 4a R = CH,C(0)-OCoH

5
3 R = CH,C(O)-NH(CHyp);CHz ~ 4b R = CH2C(O)-NH(CH2)7CH3

Bu
[/@\cnz]
o 4
R*

5 R = CH,C(0)-NH(CH,)7CH3
6 R = CH3C(0)-OCoHs

Scheme 1. Synthesis of tetraurea 1a-e, tetraamide 5, and tetraester 6.

field N-H triplets at 6 =7.33 and 6 =7.57 for nitrated 3 and
butylated 5, respectively (at 295 K). One set of signals was
observed at millimolar concentration ranges. However, on
cooling to 213 K, the '"H-NMR spectrum of 5 resolved into
two sets of signals for all groups of protons. In particular, two
aromatic C-H at 6 =7.13 and 6.36 and two amide N-H at 6 =
7.80 and 7.49 were seen, which is consistent!” with the pinched
cone C,, structure. Apparently, the spectra observed at room
temperatures are time-averaged, reflecting fast interconver-
sion between two C,, conformations on the NMR time scale.
The signals of tetraamide 5 coalescence at ~233 K in CDCl;.
For comparison the tetraester 6 shows fast interconversion
between the two C,, conformations on the NMR time scale in
the temperature range 210-295 K. Accordingly, intramolec-
ular hydrogen bonding of the lower amides stabilizes the
pinched cone conformations and raises the barrier to their
interconversion.

Solid-state structures: Further structural information came
from the single crystal X-ray analysis of tetraamide 3 and
tetraurea la (see Table 6, Table 1). Diffraction quality
crystals were obtained from 3 and la by recrcystallization
from MeCN and MeOH/CHCIj;, respectively. In the crystal-
line state molecule 3 adopts a pinched cone conformation
(Figure 3). The arrangement of the amido fragments at the
lower rim of the calixarene is chiral since the carbonyls are
oriented either clock- or counterclockwise. The crystal is a
racemate containing both enantiomers related through a
center of symmetry. Two intramolecular C=O --- H-N hydro-
gen bonds bridge pairs of neighboring acetamido fragments
(Table 1) while the remaining C=0O and NH groups form
intermolecular hydrogen bonds; the infinite chains of calix-
arene molecules result (Figure 4). Three MeCN molecules,
one of which is disordered over two positions, fill voids in the
crystal.
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1a R = CHoC(O)-NH(CHy)7CHg, R = CgHy-CHg-para
1b R = CHoC(0)-NH(CH)7CHg, R' = (CHp)7CH3

1¢ R = CHoC(0)-OC,Hs, R = CgHy-CHg-p

1d R = CH,C(0)-OC,Hs, R = (CH,)7CH

1e R = CH,C(O)-NHC*H(CHg)CgHs, R = (CH)7CH3

Table 1. Geometry of hydrogen bonding in 3:3MeCN and 1a-2MeOH
(A, °].

D-H--- A d(D-A) X (DHA)
3.3MeCN
N(4)-H(4)--- O(7) 2.814(5) 139.5
N(3)-H(3)-:- O(5) 2.806(4) 139.6
N(1)-H(1)--- O(8)le! 2.869(4) 170.8
N(2)-H(2)--- O(6) 2.861(5) 162.8
1la-2MeOH
N(5)-H(5)---0Z1 2.853(4) 156.2
N(6)-H(6)--- OZ1 3.089(4) 150.6
N(1)-H(1)---OZ2 2.955(4) 143.5
N(2)-H(2):--0Z2 2.985(4) 1553
N(11)-HZ2.--O(12) 2.926(3) 139.7
N(9)-HZ1---O(8) 2.914(3) 140.5
N(3)-H(3)---O(1)t 2.963(4) 1551
N(4)-H(4) -+ O(1)lel 3.031(4) 156.1
N(10)-HZ3--- O(6)!4] 2.878(4) 162.1
N(7)-H(7) --- O(3)t! 2.808(4) 173.7

Symmetry transformations used to generate equivalent atoms: [a] —x,
—y+2, —z+1L [b]—x, —y+2, —z. [c] —x+ %, y+¥%, —z+1. [d]x+ 14,
—y+h 2 le]l —x+Y y+¥%, -2z

The molecule of tetraurea 1a also exists in the pinched cone
conformation in the solid state (Figure5). The carbonyl
groups of acetamido and urea fragments are oriented in
opposite directions making the whole structure chiral; two
enantiomeric conformations are found in the crystal which are
related through a center of symmetry.

The amido groups at the lower rim form the hydrogen
bonding array similar to that of 3 (Figure 6). No intra-
molecular hydrogen bonds are found between the urea
fragments at the upper rim. Instead, the neighboring ureas
form intermolecular hydrogen bonds to two methanol mol-
ecules. In addition several H,O and MeOH molecules with
occupancy factors between 0.7 and 0.2 are found in the crystal.
The unsaturated C=0O and N-H groups form intermolecular
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Figure 3. Molecular conformation of 3. Intramolecular hydrogen bonds
are shown in dotted lines. Only the first carbon atoms of pendant butyl
chains are shown. Nitrogen and oxygen atoms are darkened.

hydrogen bonds resulting, again, in infinite chains. Two octyl
chains of 1a and the solvent molecules are highly disordered
causing rather high R values.

Intermolecular hydrogen bonding at the upper rim: In
nonpolar aprotic solvents all tetraureas 1a—d assembled into
dimeric capsules (Figure 7, Figure 8). Characteristic> 3! down-
field signals for the urea NH, signals and two m-coupled
doublets (*/(H,H) ~2 Hz) of the calixarene aromatics were
clearly observed in CDCl;, C,D,Cl,, and [Dg]benzene.
Further evidence of dimerization was obtained from the
'H-NMR experiments in two-solvent mixtures, for example
CDCl; with either [Dg]benzene, [Dg]toluene, [D,|p-xylene,or
C,D,Cl, (Tables 2, 3 and Figure 8). Two sets of signals were
observed, one for capsules occupied with one solvent and

Figure 4. Packing of 3 in crystal. Top: the side view. Bottom: the lower rim view. The nitro groups are omitted

for clarity.

Chem. Eur. J. 2000, 6, No. 20
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Figure 5. Molecular conformation of 1a. Intramolecular hydrogen bonds
between acetamido groups are indicated. Only the first two carbon atoms
of the octyl chains are shown.

another for those occupied by the second solvent. Such
experiments have been useful to establish the solvent
occupancy and exchange rates for other capsules,'* but had
not been reported for calix[4]arene tetraurea dimers. Further,
when mixed in a 1:1 ratio, compounds 1a—-d formed hetero-
dimeric assemblies along with the corresponding homodimers
in roughly the expected distributions (Table4). Also as
expected,? 3 only monomeric species 1a—d were observed
in the competitive solvent [D;]DMSO.

Remote effects of hydrogen bonding—lower rim to upper
rim: Tetraurea tetraamides 1a, b show different dimerization
properties than the corresponding tetraesters 1¢, d. Primary
observations came from the analysis of the dimeric capsules
distribution in binary solvent mixtures (Table 2, Table 3).
When compared with tetraester
capsules 1c-1c and 1d-1d, tet-
raamides 1a-1a and 1b-1b show
somewhat larger affinity towards
smaller (volume 76 A3) CDCI,
versus [D¢]benzene and
CDCL,CDCl,. This implies that
the internal cavity in capsules
la-1a and 1b-1b is smaller than
in 1c-1c and 1d-1d. Molecular
modeling also indicates that the
volume of 1a-1a is ~20 A3 less
than for 1c-1ec.

The capsule stabilities are also
different. While ~2% (vol) of
[D¢]DMSO in CDCl,; is needed
to dissociate dimer 1¢-1¢, capsule
1a-1a takes less than 1% (vol) of
[D¢]DMSO. We propose that in-
tramolecular C=0---H-N hydro-
gen bonds at the lower rim are
responsible for these features.
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Figure 6. Top: infinite hydrogen bonded chains formed by the acetamido group in calixarene 1a. Urea fragments
and octyl chains are omitted for clarity. Bottom: intermolecular hydrogen bonds between the urea fragments in

1a. Acetamido groups and p-tolyl rings are omitted for clarity.

Remote effects of hydrogen bonding: upper rim to lower rim:
The arrangement of the lower rim hydrogen bonds in dimeric
capsules 1a-1a and 1b-1b is different from that of mono-
meric tetraamides 1a, b, 3, and 5. The corresponding portion
of the 'H-NMR spectra of 1a (Figure 8) and 1b in CDCl,
possess the amide NH signal at 0=6.79 and 0=6.88,
respectively (at 295 K), which is Ad = 0.5 further upfield than
signals of model tetraamides 3 and 5. From the variable
temperature 'H-NMR spectra in C,D,Cl,, the temperature

Figure 7. The energy-minimized (MacroModel 5.5, Amber* force field) structure of dimeric
capsules 1a-1a and 1b-1b. The long alkyl chains and CH hydrogens are omitted for viewing

clarity.
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coefficient AS/AT values!™ of
3.1x 1073 and 3.3 x 10~* were
calculated for the amide NH
- signals of 1a-1a and 1b-1b,
respectively. These are lower
than for tetraamide 5 (Ad/
AT=52x103%) but higher
than for both urea N-H protons
(AO/IAT=0.2-1.7 x1073) (Ta-
ble 5). The FT-IR spectra of
tetraamide 5 in CHCI; showed
both hydrogen-bonded (v=
3350 cm™') and free (v=
3435 cm™') absorptions (5 x
104-1 x 1072M concentration
range) which is consistent with
the solid-state structures dis-
cussed above. At the same
time, the CHCI, solution of 1a
showed only the hydrogen-
bonded stretching at 7=
3360 cm™! (0.5x103-1x
10-2M concentration range).
Molecular modeling!'! sug-
gests that each amide N-H
hydrogen atom in capsules la-la and 1b-1b forms an
intramolecular hydrogen bond with the adjacent carbonyl
with the C=0---H-N distances of ~2 A; a cyclic seam of
intramolecular hydrogen bonds is imposed on the amides.
Moreover, modeling also indicates that no such seam can be
formed if the calixarene skeleton adopts a C,, pinched
conformation. This was further confirmed by 'H-NMR
spectroscopy (Figure 9). Specifically, the H.-C-H, protons
of the methylene unit adjacent to the C(O)-NH at the lower
rim appear diastereotopic (in CDCl;,
C,D,Cl,, etc.), which is an expected con-
sequence of the cycloenantiomeric ar-
rangement of the amides.'” ¥ Both COSY
and homonuclear J-resolved 2D correla-
tion experiments confirmed the presence of
two, nonequivalent protons in the C(O)-
NH-CH:Hp multiplet. In the competitive
[D]DMSO the cyclic arrangement is inter-
rupted, and only a doublet of triplets
(coupled on the adjacent CH, and NH)
was seen. Addition of D,0O (~10% vol)
further simplifies the picture, and elimi-
nates the coupling on the N-H proton, so
that a triplet is observed. In the 'TH-NMR
spectra of monomeric calixarenes 3 and 5,
the CH, protons of the methylene unit
adjacent to the C(O)-NH at the lower rim
are not diastereotopic (CDCl;, etc.). Fur-
thermore, the CH, protons of the EtO-
C(O)- group in capsules 1¢-1c and 1d-1d
are not apparently diastereotopic: the seam
of the upper rim urea’s hydrogen bonds is
probably too distant to cause diastereotop-
ism in this case.
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NHCH, methylene unit at the lower
rim become apparently magnetically
equivalent (CDCl;) (Figure9). The
upper rim urea hydrogen bonding is
not disrupted in this case;["”] the NMR
spectra of the sodium complexes 1a-
Na*™ and 1b-Na™ showed character-
istic for the calix[4]arene capsules Sg
symmetrical features. Accordingly, un-
like polar competitive solvent (e.g.
DMSO, MeOH, DMEF, etc.) sodium
cation selectively controls the hydro-
gen bonding only at the lower rim.

Conclusion

In the molecules presented here, the
upper rims communicate with the
lower rims through conformational
changes in the skeleton. The lower
rim cyclic arrays in dimers 1a-1a and
1b-1b are cycloenantiomeric, with
either clockwise or counterclockwise
arrangements of the head-to-tail
amides. This results in diastereomeric
relationships in the alkyl chains, at-
tached to the amide nitrogens, in
THI! capsules 1a-1a and 1b-1b but not in
the corresponding monomers. We are
currently exploring this phenomenon
|| to achieve such diastereoselection
through chiral amide residues attach-
ed to the lower rim of tetraures 1. The
Na*-bound capsules also showed dif-

| I
E 3

! 1
] T

Figure 8. Two-solvent experiments. The "H-NMR spectra of 1a-1a (600 MHz, 295 K) in: a) CDCl;;
b) CDCl,/C,D,Cl, 1:3; ¢c) CDCly/C,D,Cl, 1:1; d) C,D,Cl,. The capsule’s urea N-H is situated in downfield

region of 6 =9-10.

In short, the lower rim cyclic arrangement of intramolecular
hydrogen bonds are observed only when the calix[4]arene
skeleton adopts a perfect cone conformation, as is the case of
capsules 1a-1a and 1b-1b. In the monomeric models, not a
seam but two proximal, lower rim intramolecular hydrogen
bonds are formed, stabilizing a pinched cone conformation of
the skeleton.

Complexation of sodium salts: Addition of a Na* source as
NaClO, or NaPic to the CDCl; or CD,Cl, solutions of 1a, b
results, as expected, in its strong complexation at the lower
rim.l% 131 As a consequence, it breaks the intramolecular
amide hydrogen bonding; the amide carbonyls turn inward to
coordinate the cation. For both 1a and 1b, the amide NH
signals shift Ad~0.15 upfield. The protons of the C(O)-
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ferent encapsulation properties than
the corresponding cation-free dimers.
We will report on the results in the
sequel.

Experimental Section

General: Melting points were determined on a Thomas-Hoover capillary
melting point apparatus and are uncorrected. 'H-NMR (600 MHz) and C-
NMR (151 MHz) spectra were recorded on a Bruker DRX-600 spectrom-
eters. The chemical shifts were measured relative to residual non-
deuterated solvent resonances. Electrospray (ESI) mass-spectra were
obtained with a Finnigan LCQ ion trap mass spectrometer. High resolution
matrix-assisted laser desorption/ionization (HRMS-MALDI-FTMS) mass
spectrometry experiments were performed on a IonSpec HiResMALDI
fourier transform mass spectrometer. For high-resolution mass spectral
data, for compounds with molecular weight <500, the measured masses
always agreed to <5 ppm with the calculated values. For compounds with
significantly higher molecular weight (<1500), slightly lower resolution
(<10 ppm) was achieved.””) FT-IR spectra were recorded on a Perkin—
Elmer Paragon 1000 PC FT-IR spectrometer. Flash chromatography was
performed with silica gel 60 (EM Science or Bodman, 230400 mesh). All
experiments with moisture- or air-sensitive compounds were performed in
anhydrous solvents under a dry nitrogen atmosphere. Compounds 2,[!'!]
42 1¢,1 14, and 6['? were synthesized in accord with the literature
protocols. Molecular modeling was performed using the Amber* force field
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Table 2. Distribution of dimeric tetrakis(p-tolyl)urea capsules 1a-1a and
1c-1c in binary solvent mixtures.[?]

Table 5. Temperature coefficients (AS/AT x 10%) for the N-H signals of
calix[4]arenes 1a, b and 5 in C,D,Cl,.1"]

Solvents 1:1 Volume ratio [A3] la-1a lc-1c Compounds NH,, NH, NH,mide
[Dg]benzene/CDCly 83:76 2:1 5:1 1al®) -1.7 1.3 -31
[Dg]toluene/CDCly 100:76 <1:10 2:3 1bl 0.6 -02 -33
CDCL,CDCI,/CDCly 108:76 10:1 13/1 5ldl - - -52
[Dyg]p-xylene/CDCls 117:76 <1:10 <1/10

[a] Determined by 'H-NMR spectroscopy by integration of the corre-
sponding urea NH and aromatic CH signals. Estimated error 5%.

Table 3. Distribution of dimeric tetrakis(octyl)urea capsules 1b-1b and
1d-1d in binary solvent mixtures.!?!

Solvents 1:1 Volume ratio [A3] 1b-1b 1d-1d
[Dg]benzene/CDCly 83:76 1:2 2:3
[Dg]toluene/CDCl, 100:76 <1:10 <1:10
CDCI,CDCL,/CDCl, 108:76 1:3 2:3
[Dyg]p-xylene/CDCly 117:76 <1:10 <1:10

[a] Determined by 'H-NMR spectroscopy by integration of the corre-
sponding urea NH and aromatic CH signals. Estimated error 5%.

Table 4. Heterodimerization of calix[4]arene tetraureas 1a—d in CDCl, !

Compounds [two homodimers]:[heterodimer] /%
la-la+1b-1b 45:55
la-la+1d-1d 38:62
lc-1c+1b-1b 53:47
lc-1c+1d-1d 43:57

[a] Determined by 'H-NMR spectroscopy by integration of the corre-
sponding urea NH and aromatic CH signals. Estimated error 5%.

5l Hg |* H=

2 I .'

1] | |
|.| _-'H'.I li
i
|
+
[

[a] Negative values assigned when the chemical shift decreased with
temperature. [b] Temperature interval 245-355 K. [c] Temperature inter-
val 275-335 K. [d] Temperature interval 255-355 K.

in the MacroModel 5.5 program.l'®! Molecular volume calculations were
performed using Grasp program.?!l

25,26,27,28-Tetrakis(N-n-octylcarbamoyl)methoxy-5,11,17,23-tetra-nitro-

calix[4]arene (3): An NaOH (15 g, 0.38 mol) solution in water (150 mL)
was added to a suspended solution of tetraester 2 (27.5 g, 29.0 mmol) in
MeOH (150 mL), and stirred for 3 h at rt. After been diluted with water
(500 mL), the mixture was stirred for another hour. The solution was
acidified with conc HCI and filtered, the resulting precipitate was dried in
vacuo to afford the corresponding tetraacid as yellow solid (17.1 g, 70 %),
which was used without further purification. M.p. 214-215°C; '"H NMR
([D¢]DMSO): 6=12.98 (s, 4H; COOH), 7.66 (s, 8H; ArH), 4.92 (d,
2J(H,H) =14.2 Hz, 4H; ArCH,Ar), 4.77 (s, 8H; OCH,) 3.69 (d, 2J(H,H) =
14.2 Hz, 4H; ArCH,Ar); *C NMR ([D4]DMSO): 6 =170.5, 161.4, 142.3,
135.7, 123.9, 71.1, 30.5; FT-IR (film): #=3378 (COOH), 2947, 2836, 1738
(CO), 1526 (NO,), 1350, 1248, 1027 cm~'; ESI-MS: m/z: calcd for
C3HsN,O, - Na*: 859; found: 859 [M+Na]*, 835 [M —H]~. The above
tetraacid (4.38 g, 5.23 mmol) was slowly added to a solution of SOCI,
(100 mL) and DMF (2 mL), and the reaction mixture was refluxed for 6 h.
After cooling the solution was poured into diethyl ether (200 mL) at ~0°C,
the precipitate was filtered to obtain the acid chloride as pale yellow solid.
To the solution of n-octyl amine (12 mL) and triethylamine (10 mL) in
CH,Cl, (100 mL), was slowly added the crude acid chloride, and the

Figure 9. Portions of the "H-NMR spectra (600 MHz, 295 K): a) capsule 1a-1a in CDCl;; b) same in CDCly/D,0; ¢) Na* complex with 1a-1a in CD,Cl,
after solid -liquid extraction of NaClO,; d) Na* complex with 1a-1a in CDCly/D,0 after liquid -liquid extraction of NaClO,; e) tetraamide 5 in CDCl;;
f) same in CDCLy/D,0. The assignments of the methylene H,, Hg, H¢, and Hy, protons is shown on the structures on the right.
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reaction mixture was stirred at rt for 3 h. Water (100 mL) was added, the
organic layer was separated, washed with water, 1N HCI, water, and dried
over MgSO,. The solvent was evaporated in vacuo to give crude product
which was further purified with flash column chromatography (EtOAc/
hexanes, 1:1) to afford 3 as a pale yellow powder (2.33 g, 35%). M.p. 207 -
209°C; '"H NMR (CDCLy): 6 =759 (s, 8H; ArH), 7.33 (brs, 4H; NH), 4.71
(d, 2J(HH)=143Hz, 4H; ArCH,Ar), 4.56 (s, 8H; OCH,), 3.49 (d,
2J(H,H) = 14.3 Hz, 4H; ArCH,Ar), 3.35-3.31 (m, 8H; NCH,), 1.58-1.55
(m, 8H; CH,), 1.31-1.26 (m, 40H; CH,), 0.88 (t, 3/(H,H)=6.9 Hz, 12H;
CHj;); BC NMR (CDCly): 6 =168.1, 161.1, 143.6, 135.4, 124.7, 74.5, 40.0,
32.0, 31.2, 29.8, 29.6, 29.5, 27.3, 22.9, 14.3; FT-IR (film): #=3301 (NH),
2928, 2856, 1655 (CO), 1533 (NO,), 1350, 1100 cm~!; ESI-MS: m/z: calcd
for CegHogNgO16: 1281; found 1282 [M+H]*, 1280 [M — H]~.
25,26,27,28-Tetrakis(N-n-octylcarbamoyl)methoxy-5,11,17,23-tetra-amino-
calix[4]arene (4b): Tetranitrocalixarene 3 (2.32 g, 1.81 mmol) was added to
a suspension of Raney Nickel in toluene (50 mL). The mixture was stirred
under H, atmosphere at 60—70°C for 3 h, cooled and filtered through a
celite pad. The filtrate was evaporated in vacuo to give 4b as a pale brown
solid (1.89 g, 90 % ) which was used without further purification. M.p. 188 -
189°C; '"H NMR (CDCl;): 6 =7.39 (brs, 4H; NH), 6.03 (s, 8H; ArH), 4.32
(d, 2J(H,H) =13.5 Hz, 4H; ArCH,Ar), 4.31 (s, 8H; OCH,), 3.31-3.29 (m,
8H; NCH,), 2.99 (d, 2/(H,H) =13.5 Hz, 4H; ArCH,Ar), 1.55 (brs, 8H;
NH,), 1.28-1.26 (m, 48H; CH,), 0.88 (t, *J(H,H) =6.9 Hz, 12H; CH;);
BCNMR (CDCly): 6 =170.0, 149.6, 141.6, 134.9, 116.4, 74.5,39.7,32.1, 31.3,
29.9, 29.6, 29.5, 27.3, 22.9, 14.3; FT-IR (film): ¥ =3322 (NH), 2957, 2856,
1651 (CO), 1472, 1210 cm~'; HRMS-MALDI-FTMS: m/z: caled for
CysH;0sN5Og: 1160.8050; found 1161.8016 [M+H]*.
25,26,27,28-Tetrakis(/N-n-octylcarbamoyl)methoxy-5,11,17,23-tetra-kis[/V-
(p-tolyl)aminocarbamoyl)calix[4]arene (1a): Solution of 4b (0.253 ¢,
0.218 mmol) and p-tolylisocyanate (0.34 mL, 2.7 mmol) in CH,Cl,
(20 mL) was refluxed for 10-12 h, evaporated in vacuo, triturated with
cold MeOH and filtered to afford 1a as a pale yellow solid (0.170 g, 78 % ).
M.p. 185-186°C; '"H NMR (CDCl;): 6 =9.28 (s, 4H; NH-urea), 7.72 (d,
4J(HH)=2.2 Hz, 4H; ArH), 7.69 (d, */(H,H) =8.3 Hz, 8H; ArH), 7.17 (d,
3J(H,H)=8.3 Hz, 8H; ArH), 7.11 (s, 4H; NH-urea), 6.79 (brt, 4H; NH-
amide), 5.93 (d, /(H,H)=2.2 Hz, 4H; ArH), 4.48 (d, 2J(H,H) =12.3 Hz,
4H; ArCH,Ar), 438 (d, 2J(HH)=144Hz, 4H; OCH,), 433 (d,
2J(HH)=14.4Hz, 4H; OCH,), 3.31-3.24 (m, 8H; NCH,), 2.93 (d,
2J(HH) =123 Hz, 4H; ArCH,Ar), 2.29 (s, 12H; ArCHj;), 1.69-1.27 (m,
48H; CH,), 0.90-0.86 (m, 12H; CH,); C NMR ([D¢]DMSO): 6 =168.7,
152.4, 150.2, 137.3, 134.2, 134.1, 130.2, 129.0, 118.2, 118.0, 73.6, 38.5, 31.4,
29.3, 29.0, 28.9, 26.7, 22.2, 20.3, 13.9; FT-IR (film): #=23328 (NH), 2984,
2928, 1666 (CO), 1552, 1203, 1018 cm~'; HRMS-MALDI-FTMS: m/z:
caled for CpH;3,N,04,: 1693.0088; found 1716.0042 [M+Na]*.
25,26,27,28-Tetrakis(/V-n-octylcarbamoyl)methoxy-5,11,17,23-tetra-kis[ /V-
(n-octyl)aminocarbamoyl)calix[4]arene (1b): A solution of 4b (0.256 g,
0.220 mmol) and n-octylisocyanate (0.45 mL, 2.55mmol) in CH,Cl,
(20 mL) was stirred at rt for 10-12 h. It was then evaporated in vacuo,
triturated with cold MeOH and filtered to give 1b as a pale yellow solid
(0.187 g,48 % ). M.p. 205-207°C; 'TH NMR (CDCl;): 6 =7.62 (d, “J(H,H) =
1.9 Hz, 4H; ArH), 7.51 (s, 4H; NH-urea), 6.88 (brt, 4H; NH-amide), 6.74
(brt, 4H; NH-urea), 6.29 (d, “/(HH)=19Hz, 4H; ArH), 4.57 (d,
2J(HH)=122Hz, 4H; ArCH,Ar), 443 (d, *J(H,H)=14.6Hz, 4H;
OCH,), 4.38 (d, 2J(H,H) =14.6 Hz, 4H; OCH,), 3.55-3.50 (m, 4H; ureca-
NCH,), 3.33-3.29 (m, 8 H; amide-NCH,), 3.25-3.21 (m, 4H; urea-NCH,),
3.12 (d,?J(H,H) =12.2 Hz, 4H; ArCH,Ar), 1.68-1.64 (m, 8H; CH,), 1.43 -
1.27 (m, 88H; CH,), 0.91-0.86 (m, 24H; CH;); *C NMR (CDCL): 6 =
169.5,157.9,150.3,135.4,134.3,134.1,118.5, 117.6, 75.4, 40.6, 39.9, 32.1, 32.0,
30.4,29.9,29.6,29.5,27.4,272,22.8,14.3; FT-IR (film): 7 = 3319 (NH), 2928,
2856, 1651 (CO), 1557, 1473, 1215; MALDI-FTMS: m/z: caled for
C0sH72N ;04,1 1782; found 1783 [M+H]", 1805 [M+Na]*; ESI-MS: m/z:
1804 [M+Na]*, 1816 [M+Cl]~.
25,26,27,28-Tetrakis(/N-n-octylcarbamoyl)methoxy-5,11,17,23-tetra-tert-bu-
tylcalix[4]arene (5): A suspension of fert-butylcalix[4]arene (2.51g,
3.87 mmol), Na,COs; (4.0 g, 38 mmol), and 2-bromo-N-(n-octyl)acetamide
(7.7 g,31 mol) in MeCN (100 mL) was refluxed for 2 d, evaporated in vacuo
and redissolved in CH,Cl, (100 mL). The organic layer was washed with
water (2 x 100 mL), 1N HCI (2 x 100 mL), water (2 x 100 mL), dried over
MgSO, and then evaporated. The mixture was triturated with cold MeOH
and filtered to afford calixarene 5 as a white solid (4.73 g, 92 % ). M.p. 206 —
207°C; '"H NMR (CDCL): 6 =7.57 (brt, 4H; NH), 6.78 (s, 8H; ArH), 4.49
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(s, 8H; OCH,), 4.48 (d, 2J(H,H) = 13.0 Hz, 4H; ArCH,Ar), 3.38-3.34 (m,
8H;NCH,),3.24 (d,2/(H,H) = 13.0 Hz, 4H; ArCH,Ar), 1.60— 1.57 (m, 8H;
CH,), 1.35-1.23 (m, 40H; CH,), 1.08 (s, 36H; CH;) 0.89 (t, 3/(H,H)=
6.9 Hz, 12H; CH;); *C NMR (CDCl;): 6 =169.7, 153.1, 145.9, 132.9, 126.0,
74.8,39.8,34.1,32.1,31.7,31.5, 30.0, 29.6, 29.5, 274, 22.9, 14.3; FT-IR (film):
7=3302 (NH), 2927, 2856, 1652 (CO), 1479, 1195, 1126, 1046; HRMS-
MALDI-FTMS: m/z: calcd for Cg,H 5,N,Og: 1325.0045; found 1347.9980
[M+Na]t.

Single crystal X-ray analysis: Crystallographic data measurements at
173.0(2) K. Direct methods (G. M. Sheldrick, Acta Crystallogr. 1990, A46,
467), refinement with full matrix versus F? (G. M. Sheldrick, SHELXL-97,
Programm for the Refinement of Crystal Structures. Universitit Gottingen,
Germany, 1997). Geometrical restraints were imposed on the disordered
parts of octyl chains of 1a. These parts and some solvent molecules were
refined isotropicaly.

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-141172/
141173. 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).

Table 6. Crystallographic data for calixarenes 3 and 1a.

3.3MeCN 1a-2MeOH

empirical formula Cr7HsN11 Oy CipoH140N1;2O014
formula weight 1439 1756
crystal system triclinic monoclinic
space group Pl P21/a
a[A] 13.301(5) 18.7606(3)
b [A] 13.376(5) 27.062(1)
c[A] 19.284(6) 21.632(5)
al’] 75.97(2) 90
A1 85.65(2) 96.644(2)
v [°] 69.32(2) 90
vV [A3] 3113.9(4) 10909.3(5)
Z 2 4
D [gem™3) 1.53 1.10
p [mm~'] 0.094 0.077
F(000) 1364 4128
crystal size [mm] 0.3x0.2x0.15 0.45%x0.32%x0.2
26 [°] 49.98 49.96
h —15to 14 —22to22
k —15to 15 —30to 32
/ —22to021 —25t025
refln. collected 19259 32396
refln. unique 10861 18706
R(int) 0.0321 0.0584
No. of parameters 814 1217
No. of restraints 0 24
N 1.085 1.097
R1 (I>20(1)) 0.0920 0.1321
wR2 (I>20()) 0.2583 0.3167
R1 (all data) 0.1114 0.2061
wR2 (all data) 0.2734 0.3595
Ap [e A3 0.7/ — 0.4 0.7/ - 0.5
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Induced-Fit Molecular Recognition with Water-Soluble Cavitands

Takeharu Haino,'®! Dmitry M. Rudkevich,'*! Alexander Shivanyuk,"!
Kari Rissanen,” and Julius Rebek, Jr.*[l

Abstract: Synthesis of novel water-solu-
ble cavitands 1 and 2 and their com-
plexes—the caviplexes—is described.
The solubility in water derives from four
primary ammonium groups on the lower

and the exchange rates of guests in the
caviplexes are slow on the NMR time-
scale (room temperature and 600 MHz).
The direct observation of bound species
and the stoichiometry of the complexes

0.7 kcalmol ') and 1.4 x 10°m7!
(—AG* =29 kcalmol™!) in D,O and
1.4 x 10! (— AG* =1.7 kcalmol~') and
28 x10*m! (-~ AG* =6.0 kcalmol™)
in [D,Jmethanol for aliphatic guests

rim and eight secondary amide groups
on the upper rim. Cavitands 1 and 2 exist
as D,y velcraplex dimers in aqueous
solution but the addition of lipophilic
guests 15-24 induces conformational
changes to the vase-like structures. The

. o . o self-assembly
internal cavity dimensions are 8 x 10 A,

Introduction

Cavitands are open-ended container-molecules that act as
hosts for complementary guests.l!l They were first prepared by
Cram,Pl and subsequently used in the syntheses of carcer-
ands,”! the closed-surface container-molecules, and larger
molecular cavities.[! Self-assembled capsules are more recent
incorporations and these have given a modern outlet for
physical organic chemistry into the molecular recognition
community.P!

The binding properties of cavitands have been extensively
studied in the solid state, the gas phase, and in organic
solvents, % and the unusual kinetic stability of self-folding
cavitands—hosts with intramolecular hydrogen bonds—has
emerged.”! Separate 'H-NMR signals for free and bound
guest at ambient temperatures allow the study of guest
orientation inside the cavity of the host.[ 1l The most recent
versions involve self-complementary cavitands!!! with struc-
tural features common to self-replicating molecules and
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is reported. The association constants
(K,) between 0.4 x 10

Keywords: cavitands
chemistry - molecular recognition -
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16-24 were determined. Guest ex-

(=AG? = change rates of the new hosts 1 and 2
are considerably slower than rates ob-
host— guest served for typical open-ended cavities in

aqueous solution.

nanoscale unimolecular capsules that show promise as
selective reaction chambers.'2 Much of the desirable behav-
ior can be attributed to the intramolecular hydrogen bonds
that maintain the shape of the cavitand and it is reasonable to
raise questions regarding the effects of solvents that can
compete for these hydrogen bonds. Accordingly, we present
here the full account of the synthesis of water-soluble
cavitands 1 and 2 (Figure 1) and relate their host-guest
properties in that universal solvent.['’]

1 R = CH,0C(0)-NH-CH,C(O)OCH,C(CH,OH),NHg* CI
2 R= NH3* CF3C(0)O"

Figure 1. Cavitands 1 and 2.

At the outset, the seemingly incompatible chemical sur-
faces of these cavitands—the charged, hydrophilic ammonium
groups at the lower rim and large lipophilic inner space of
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~8x 10 A dimensions—rendered predictions of, say, their
aggregation behavior or preferred shape at best, tenuous. We
found that guest encapsulation controls the size and shape of
cavitands; the induced fit of guests determines their folding
and unfolding behavior. The complexes of such cavitands, the
caviplexes, define 1 and 2 as unique among open-ended,
water-soluble molecular hosts.

Results and Discussion

Synthesis (Scheme 1, Scheme 2): Resorcinarenes 3 and 104
were prepared by the acid-catalyzed condensation of resorci-
nol with 4-O-benzylbutanal and 2,3-dihydrofuran, respective-
ly, in EtOH. Resorcinarene 3 was then converted into
octanitro cavitand 4 in 89 % yield.

Subsequent reduction and acylation with propanoyl chlor-
ide gave cavitand §. The benzyl groups were removed with Pd/
C in EtOH/toluene and the resulting cavitand 6 was activated
with CDI (1,1’-carbonyldiimidiazole) as the tetraimidazole
derivative 7. Reaction of 7 with glycine-derived TRIS
derivative 9™ resulted in octaamide 8. Desilylation with
aqueous HCI gave the short-lived dodecahydroxy cavitand
that, most likely, rapidly rearranged through an intramolec-
ular acyl shift to the water-soluble, octahydroxy tetraammo-
nium salt 1. When desilylation was carried out under basic
conditions (TBAF in a THF/MeOH mixture) the dodecahy-

H,C
(CH2)4 ( 2(\))‘;1(H2(_3)4 (H20)s

OBn OBn OBn
3
Et Et
—
E\t Et 7/ H
ol o
by L
NN
b,c
O

(CH2)q CH
H,C
(2‘)4 F|2 (CHo)a F|2
R R

dCSR:OBn

6R=OH
e C
7R = 0C(O)Im

'
8 R = OC(O)NHCH,C(O)NH-C(CH,OTBDMS)3

droxy cavitand was formed exclusively and with a yield as high
as 96%. Unaccountably, and much to our chagrin, this
material was insoluble in water.

The lesson was not lost as it led to the synthesis of the
streamlined, water-soluble cavitand 2, by way of novel
resorcinarene platform 13 (Scheme 2). The phenolic hydroxy
groups of 10 were selectively protected through alkylation
with benzyl bromide in acetone (K,CO;, Nal) and gave
octakisbenzyloxy derivative 11 in 58 % yield. The lower rim
hydroxyls in 11 were then converted to NHBoc groups.
Specifically, the azide derivative 12 was prepared by mesyla-
tion of 11 with MsCl (Et;N, CH,Cl,, 91 % yield) and further
treatment with NaN; in DMF at 80°C (76 % yield). The one-
pot reduction of 12 with Raney/Ni and H,, then protection
with Boc,0O in EtOAc/EtOH followed by debenzylation
(Raney/Ni, H,, EtOH) resulted in resorcinarene 13 in 86 %
overall yield. Alternatively, 11 was submitted to Mitsu-
nobu reaction with EtOC(O)C(O)NHBoc, diethyl azodicarbox-
ylate (DEAD), and PPh; in CH,Cl, followed by the saponi-
fication (LiOH, THF/H,0). The resulting octabenzyl resorci-
narene was debenzylated with Raney/Ni and H, in EtOH
resulting resorcinarene 13 in 32 % overall yield from 11

In either case, resorcinarene 13 was then condensed with
1,2-difluoro-4,5-dinitrobenzene in DMF in the presence of
Et;N to afford octanitro cavitand 14 in 91 % yield (Scheme 2).
Reduction of 14 (Raney/Ni, H, in toluene/MeOH), subse-
quent acylation with propionyl chloride under Schotten—

H OTBDMS
AY
H2N N—60TBDMS
— OTBDMS

e}
9
< S
O  Hs'N
o H OH . o< _>COH
NH N_60H _ NH O oH
o) OH o)

Scheme 1. a) 1,2-Difluoro-4,5-dinitrobenzene, Et;N, DMF, 70°C, 12 h, 89%. b) SnCl,-2H,0, EtOH, 78°C. c) C,H;C(O)Cl (10 equiv), Py (18 equiv),
CH,Cl,, —78°C, 21 %. d) Pd/C, EtOH/toluene, 81 %. e¢) CDI, THF, 72%. f) 9, THF/toluene, 110°C, 45 %.
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3797-3805

13

(,CHz)s(?”Z)S

(CHp)NHBoc
NHBoc ]

BocHN

14

NHBoc

Scheme 2. a) BnBr, Nal, K,CO;, acetone, 58 %. b) MsCl, Et;N, CH,Cl,, 91 %. c) NaN;, DMF, 80°C, 76 %. d) Boc,O, Raney/Ni, H,, EtOH/EtOAc, 90 %.
e) Raney/Ni, EtOH, 95 %. f) 1,2-Difluoro-4,5-dinitrobenzene, Et;N, DMF, 70°C, 91 %.

Baumann conditions in EtOAc/H,0, or better, in the presence
of K,COj; or in pyridene/CH,Cl,, followed by cleavage with
TFA in CH,Cl, gave octaamide 2 in 63% overall yield
(Scheme 2).

Single crystal X-ray analysis: Diffraction quality crystals could
be grown by slow recrystallization of 13 from hot MeOH. As
might be expected, the molecule of 13 adopts a perfect
“crown” conformation, stabilized through four O-H..-OH
intramolecular hydrogen bonds on neighboring resorcinol
hydroxy groups (Figure 2). One of the pendant NHBoc
groups is disordered over two positions with occupancy
factors of 0.46 and 0.54. Two additional intramolecular
C=0-:-H-N hydrogen bonds are formed between the neigh-
boring NHBoc groups that are oriented in opposite directions.
The bowl-shaped cavity of resorcarene 13 is filled with one
MeOH molecule while several other MeOH molecules are
hydrogen bonded to the resorcinol hydroxy groups. These
solvent molecules, as well as the poor quality of the crystals,
are responsible for the rather high R values.

The packing of 13 is shown on Figure 2. Two molecules of 13
form a centrosymmetric dimer through two hydrogen bonds
between the symmetry-related carbonyl oxygens O13 and
hydroxy groups O6.

Conformational behavior in solution: The 'H-NMR spectra of
compounds 1 and 2 in D,O are sharp and exhibit a reduced
symmetry at room temperature: six aromatic CH singlets in a
2:2:1:1:1:1 ratio are seen, and the CH methine proton is seen
at 0 ~4 (Figure 3). The NMR spectra are concentration
independent within the 0.5 x 10*M~-5 x 1073m range and
also temperature independent within the 295-340 K range.
Broadening in the 'H-NMR spectra of 1 was, however,
observed at higher concentrations and is most probably due to
some nonspecific lipophilic aggregation in aqueous media.

Chem. Eur. J. 2000, 6, No. 20
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016a 010
0150 ~ NI
N4 B 08
013a Lm&
N2a _;N?O o1
04a 06

Figure 2. Top: Molecular conformation of resorcinarene 13 viewed from
the narrow rim. Hydrogen atoms are omitted for clarity, and only one
position of the disordered NHBoc groups is shown. Hydrogen bonds are
indicated by dotted lines, but only two of the MeOH solvents hydrogen
bonded to the resorcinol hydroxy groups are shown. The MeOH molecule
included in the cavity is omitted for clarity. Heteroatoms are darkened and
labelled. Bottom: crystal packing of 13. Selected distances [A] between the
hydrogen bonding atoms: O1—08=2.734(8), 02—-03=2.726(6), O3—
003 =2.66(1), 04—05=2.696(6), 06—07 =2.727(5), N3—011 =2.883(6),
N4-09 =2.947(13), O007—-07 =2.743(7), O6—O013 A =2.622(6).
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NHg* representing an average C,, symmetry. One interpretation:

T
|

)

8 6

Figure 3. 'H-NMR spectra (D,0, 600 MHz, 295 K): a) cavitand 2; b) com-
plex 2-18; c¢) complex 2-17. Guests are present in ~20-fold excess.
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MeOH is more lipophilic and is a better guest for the
hydrophobic cavities of 1 or 2 than is water. This shifts the
conformational equilibrium in MeOH from D, of the dimer
to a C,, vase-shaped structure by way of the (undetected) C,,
monomer (Figure 4).

The conformational features observed in aqueous solution
for highly hydrophobic cavities 1 and 2 may be the result of
hydrophobic collapse. In short, these guest-unfriendly struc-
tures did not bode well for molecular recognition of small
targets in water.

Complexation in solution: Water-soluble calixarene and
resorcinarene derived host-molecules are known to bind a
variety of aryl- and alkylammonium cations.['’] Neutral guests
such as adamantane, polycyclic aromatics, alcohols, and
polyols (e.g., sugars, nucleosides, and nucleotides) and amino
acids are also complexed.l's] Anionic guest-species, such as

Figure 4. Proposed schematic representation of the C,, = C,, = D,, conformation equilibrium for water-soluble cavitands 1 and 2 in polar, protic media.

Hydrogen bonding sites on the
periphery of the molecule may
also be involved.

These spectral features are
best reconciled with the exis-
tence of a dimeric D,4 velcra-
plex!'! for 1.1 and 2-2 in b)
aqueous solution (Figure 4).

Further evidence for the di-
merization was obtained from
electrospray ionization mass
spectrometry (ESI-MS). Only a)
peaks for the dimer 1-1 were
observed from millimolar aque-

LLL@M

ety

NY_ CF,C00"

&

ul_

ous solution of 1: at 4917 (neg- -l |
ative ESI-MS, singly charged); 8 6
at 2460 (positive ESI-MS, dou-
bly charged); at 1640 (negative
ESI-MS, triply charged); and at
1230 (negative ESI-MS, quadruply charged). Masses for the
dimer 2 -2 were also observed for cavitand 2 both in water and
MeOH, at 3164 [2M+H]* and 1583 [2M+2H]*. The
dimerization in aqueous solution apparently maximizes the
contacts of hydrophobic surfaces of the resorcinarene skel-
eton and the aromatic walls of 1 and 2 and buries them from
the aqueous mileau.

Contrary, the "TH-NMR spectrum of 2 in [D,]methanol is
broad at room temperature and confirms some conforma-
tional dynamics (Figure 5). The spectrum sharpens at ~330 K,

3800
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4 2 0 -2

Figure 5. '"H-NMR spectra ([D,]Jmethanol, 600 MHz, 295 K): a) cavitand 25 b) complex 2-22. The guest is present
in ~20-fold excess; c) complex 2-16.

(poly)carboxylates and nucleotides/phosphates, can be bound
within the positively charged receptors featuring shallow
cavities.'” Recently, water-soluble, extended (~20A in
diameter) macrocyclic sugar clusters were prepared and
adsorbed on silica (quartz) surfaces. They form strong
complexes with 8-anilinonaphthalene-1-sulfonate (ANS) in
aqueous solution.['%

Hydrophobic, van der Waals and also electrostatic inter-
actions are the intermolecular forces for complex formation.
Even strong affinity towards organic guests was detected in
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aqueous solution, but the com-
plexes were not kinetically sta-
ble.?! Instead, the binding
events are fast on the NMR
timescale, and only time-aver-
aged signals can be seen.

We found that cavitands 1
and 2 behave differently. Their
size and shape resemble those
of known cavitands, but 1 and 2

are formed under thermody- "

NHz*CI™
A 7\/

namic control through the con-
formational folding and unfold-
ing. Exchange between com-
plexed and free guest species

i_.'_JUL__u__I oS Y U

in water is slow on the NMR
timescale. Admittedly, the cri-
teria for kinetic stability are
arbitrary-ambient tempera-
tures at 600 MHz; but even so,
the sharp and widely separated
signals for free and bound guest species (Ad >3) indicate
substantial energetic barriers for guest exchange in and out of
the cavities 1 and 2. This behavior is unprecedented for open-
cavity receptors in aqueous solution.?!]

Addition of positively charged 15-19 and neutral 20-24
guests, that is N-methyl quinuclidinium trifluoroacetate, ada-
mantane, cyclohexane, and camphor derivatives (Figure 6),

0

3 0 3

Figure 7. Upfield regions of the 'H-NMR spectra (600 MHz, 295 K) of caviplexes with 2: a)in D,0; b)in
[D,]Jmethanol. Guest structures are depicted in the middle. The upfield signals (6 =0-3) are due to the
encapsulated species. The host and guest concentrations are 0.5 and 50 mwm, respectively.

16 and = 50 equivalents for 17 and 18) were needed to observe
the complexes by 'H-NMR spectroscopy at millimolar con-
centrations.¥] Likewise, for D,O solutions of host 2, the
moderate association constant values K, (see Table 1) from
0.4 x 10'M~! (- AG*5=0.7 kcalmol ') of 2-18 to 1.4 x 10°m~!
(=AG? =29 kcalmol™") of 2-22 were obtained directly
from integration of the NMR spectra at 295 K. When 16 was
added to the solution of 2, a
precipitate formed that was char-

CH3 _NHz*CI" NHg*CI" | : acterized as the 1:1 complex 2-
NoTer NL_ CF:c00 ) er 16. Unaccountably, notably high-
s cHs @ @ er values were obtained in
s " 16 17 18 10 [Dymethanol  solutions: K,
from 1.7x10'M~' (—AG*® =
1.7 kcalmol™!) of 2-18 to 2.8 x
Foon Me 10*mM~! (- AG?=6.0 kcalmol™)
of 2-16.

CN
i .0 Me; EME
Me o)
21 22 23

Figure 6. Guest molecules 15-24.

20

resulted in the anticipated changes in the NMR spectra of 1
and 2, both in D,0O and [D,]methanol solutions (Figures 3, 5
and 7). Upon complexation with 15-22, the symmetry of the
host returns to a vase-shaped C,, with one set of aromatic CH
protons with 2:1:1 ratio and the methine CH triplet, shifted to
d ~ 6. Moreover, new signals emerged between 0 =0 and — 3,
characteristic for guests bound within the magnetically
shielded environment (Figure 7).

The smaller iso-butyl ammonium hydrochloride (15) does
not form a kinetically stable complex with 1 nor 2 at room
temperature. Nonetheless, some recognition still takes place:
the vase C,, conformations of 1 and 2 are observed exclusively
in D,0. However, there are apparently not enough hydro-
phobic contacts within the host—guest complex to slow the
exchange.

For cavitand 1, the affinities are low: — AG =3 kcalmol~!
(295 K), and large excesses of the guests (= 11 equivalents for

Chem. Eur. J. 2000, 6, No. 20
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Me
o]

24 Guest monitoring inside the cav-
ity: As mentioned, previously
reported water-soluble cavitands

show fast complexation—decomplexation processes on the
NMR timescale, and give averaged spectra. The geometries of
the complexes must be inferred from the induced chemical
shift changes. For the cases at hand, a direct view “from the

Table 1. Binding constants (K, M~!) and binding free energies (— AG?%,
kcalmol!) for the complexation of guests 16— 18 and 2224 with cavitand
2 in D,O and [D,]methanol.[* ®!

Guest K, —AG®
D,0 CD;0OD D,0 CD;0OD

16 - 2.8 x 10* - 6.0

17 0.5 x 10! 7.7 x 10! 1.0 2.5

18 0.4 x 10! 1.7 x 10! 0.7 1.7

22 1.4 x 107 2.8 x 10? 2.9 33

23 0.5 x 10! 0.9

24 2 x 10! 0.5

[a] Determined by 'H-NMR spectroscopy, 295 K. [b] Error ~10%.
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inside” is available for molecules in 1 and 2 and the structural
details concerning the orientation of the guest inside the host
are more confidently made. First, integration clearly indicates
that only one guest molecule 16 —24 is accommodated inside
the cavity. Second, the chemical shifts of the guest signals are
directly related to their position inside the cavity (Figure 7).
For the complexed 1-substituted adamantanes 18 -21, all four
sets of the skeleton protons can be seen in the window in a
3:3:3:6 ratio (most upfield to least upfield). These represent
the two doublets and two apparent singlets, respectively. The
functional group at the 1-position is, accordingly, directed
toward the open end at the top of the structure. Likewise, with
2-adamantanone (22), the carbonyl group is directed toward
the top; four sets for the skeleton CH protons are clearly
observed in a 2:2:4:4:2 ratio. The encapsulated cyclohexyl
moiety of 17 exhibits seven broad signals between ¢ =0 and
—3. The broadening may indicate the effects of the reduced
symmetry of the guests inside the circle of amides and a
reduced tumbling of these guests inside. The caviplex 1-16
with N-methyl quinuclidinium gives three upfield signals in a
1:6:6 ratio. With N-CD;-quinuclidinium as guest, the spectrum
does not change, which indicates that the N-methyl group is
directed at the open ends of the cavitand in the complexes.
The ROESY spectrum of the 2-16 complex in [D]Jmethanol
showed NOE connectivities of the methylene CH, signals of
the complexed 16 with the signals for the aromatic wall CH
protons of the host. Accordingly, the guest molecule floats in
the cavity above the resorcinarene platform.

Complexation of chiral camphor (23) and camphor sulfonic
acid (24) further reduces the symmetry of the host. In the
caviplexes 223 and 2 - 24, structure 2 is clearly C, symmetrical
and lacking mirror planes. In the 'H-NMR spectra (in D,0)
this results in a doubled set for the CH protons of the
phenylene walls, while the CD-spectra (in methanol) show
significantly enhanced complexation-induced responses (Fig-
ure 8).

Mechanistic considerations: In caviplexes 1 and 2, the convex
hydrocarbon surface of the guest finds its complement in the
concave and m-bonded inner-surface of the host; hydrophobic
and CH-m interactions contribute to the binding process.
Maximal hydrophobic contacts can be established when the

geometrical conditions are fulfilled. Indeed, for smaller iso-
butyl ammonium hydrochloride (15) no kinetically stable
complex is formed.

The energetic barriers for the conformational changes
(Figure 4), for example from the kite (C,,) and/or velcrand
(D,q) to the vase of C, symmetry usually amount to 10—
12 kcalmol ! in organic solvents,!'¥] but the value is unknown
in aqueous solution. Intermolecular C=0O-.-H-N hydrogen
bonding between two cavitands in the dimeric velcraplexes 1-
1 or 2.2 may add to this energetic barrier,” while the
intramolecular C=0 -+« H-N hydrogen bonds can stabilize the
vase conformation and thus participate in guest complexation
even in polar media.’’l Taken together, the large and
energetically costly conformational changes that accompany
by complexation—the induced fit—result in the high kinetic
stability of the caviplexes in water.

Conclusion

Cavitands 1 and 2 represent new species of water-soluble
molecular containers. The deep cavities here are open but
exchange is slow since the uptake and release of guests
involves significant conformational changes in the host. If
even larger receptors can be made to show these properties in
water, then more than one guest can be accommodated at the
same time. The slow exchange could then guarantee that
enough time is available for many types of interactions, even
reactions, to take place between guests. This has already been
accomplished with capsular species in organic solvents, but
the use of cavitands as reaction vessels, especially for bio-
logically relevant guests, remains a desirable goal.

Experimental Section

General: Melting points were determined on a Thomas—Hoover capillary
melting point apparatus and are uncorrected. 'H-NMR and "*C-NMR
spectra were recorded on a Bruker AM-300 and a Bruker DRX-600
spectrometers. The chemical shifts were measured relative to residual non-
deuterated solvent resonances or TMS. High resolution matrix-assisted
laser desorption/ionization (HR MALDI FTMS) mass spectrometry
experiments were performed on an IonSpec HiResMALDI Fourier
transform mass spectrometer. For high
resolution mass spectral data, for com-
pounds with molecular weight =2000,
c) lower than 10 ppm resolution was
achieved.? Electrospray ionization
(ESI) mass spectra were recorded on
an API III Perkin-Elmer SCIEX

I triple quadrupole mass spectrometer.
7 CD spectra were obtained on an
AVIV 62DS spectrometer in MeOH.
The HPLC analysis and preparative

separation were performed with Wa-
ters 486 system. Silica gel chromatog-
raphy was performed with silica gel 60
(EM Science or Bodman, 230-
400 mesh). All experiments with mois-

a) b)
40 30 T
30 2+23 20
> 4 |
5 z 10
S 5 2
= 20 é_ 0
3 2
g ©—10
. [e]
10 £
—20 4
0 : : -30 :
250 300 350 400 nm 250 300

concentrations are 1 and 30 mwm, respectively.

3802

T
350 400 nm

Figure 8. Portions of the spectra for the chiral caviplexes 223 and 2-24. a) and b) the CD-spectra in
[D,]Jmethanol; c¢) portion of the 'H-NMR spectra, aromatic region (D,0, 600 MHz, 295 K). The host and guest
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ture- or air-sensitive compounds were
performed in anhydrous solvents un-
der a nitrogen atmosphere. Compound
10 was synthesized in accord with the
literature protocol.' Molecular mod-
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eling was performed using the Amber* force field in the MacroModel 5.5
program.

Resorcinarene (3): 5-Benzyloxypentanal (880 mg, 4.58 mmol) was added
dropwise at 0°C to a solution of resorcinol (500 mg, 4.55 mmol) in EtOH
(4.2 mL) and conc. HCI (0.9 mL). The mixture was warmed up to 50°C.
After 7-12 h the mixture was poured into water, and the precipitate was
filtered. The residual solid was purified by column chromatography on SiO,
with hexane/EtOAc 1:1 to give compound 3 (674 mg, 52%). M.p. 93—
95°C; 'H NMR ([DgJacetone): 6 =8.60 (brs, 8H), 7.56 (s, 4H), 7.4-7.2
(m, 20H), 6.24 (s, 4H), 4.44 (s, 8H), 4.34 (t, 3J(H,H) =79 Hz, 4H), 3.44 (t,
3J(HH)=5.7Hz, 8H), 233 (q, *(HH)=77Hz, 8H), 1.65 (quint,
3J(HH)=7.7Hz, 8H), 138 (quint, 3/(H,H)=77Hz, 8H); “C NMR
([Dglacetone): 6 =152.8, 140.2, 129.1, 128.2, 128.1, 125.6, 125.2, 103.8,
73.1,71.1, 34.3, 34.1, 30.5, 25.6; HR MALDI-FTMS: m/z: 1159.5603 [M +
Na]*t.

Octanitro cavitand (4): Et;N (5 mL, 36.1 mmol) was added dropwise at 0°C
to a mixture of resorcinarene 3 (2.60 g, 2.29 mmol) and difluorodinitro-
benzene (1.9 g, 9.31 mmol) in DMF (100 mL). After stirring at 70°C for
16 h, the reaction mixture was poured into ice water. The formed
precipitate was filtered, dried, and purified by column chromatography
(1.2% MeOH in CHCL;) to give 4 as a yellow powder (3.65 g, 89 % ). M.p.
>250°C;'"HNMR (CDCl;): 0 =7.64 (s,4H), 723 (s,4H), 7.4-7.1 (m, 24 H),
7.02 (s,2H), 6.23 (s,2H), 4.43 (s, 8H), 4.00 (t,J(H,H) = 7.3 Hz, 4H), 3.43 (t,
3J(HH)=6.2 Hz, 8H), 2.2-1.2 (m, 24 H).

Octaamide (5): A mixture of the octanitro derivative 4 (3.00 g, 1.67 mmol)
and SnCl,-2H,0 (11.0 g, 48.8 mmol) in EtOH (150 mL) and conc. HCI
(25 mL) was refluxed for 6 h and then poured onto ice. The pH was
adjusted to 10 with 2m aq. NaOH. The aqueous phase was extracted with
CH,CI, (2 x ) and the organic layer was separated, dried over MgSO,, and
concentrated in vacuo to give the crude octaamine cavitand which was
immediately used without further purification. To the solution of the
octaamine in CH,Cl, (100 mL) was added pyridine (2.60 mL) and
propionyl chloride (1.4 mL, 16.1 mmol) at —78°C. The mixture was
gradually warmed up to rt, poured into water, and extracted with EtOAc.
The organic layer was washed with 10% aq. HCI, aq. NaHCOs, brine, and
concentrated. The residue was purified by column chromatography (70 %
EtOAc/hexane) to give desired compound 5 (706 mg, 21 %) as a pale
yellow solid. M.p. 153-155°C; '"H NMR ([Dg]benzene): 6 =9.87 (s, 4H),
9.71 (s, 4H), 7.87 (s, 4H), 7.67 (s, 4H), 732 (d, J=75Hz, 8H), 724 (t,
3J(H,H) =75 Hz, 8H), 7.39 (s, 4H), 7.18 (s, 4H), 7.13 (t, *J(H,H) =7.5 Hz,
4H), 6.31 (t, *J(H,H) =82 Hz, 4H), 4.33 (s, 8H), 3.33 (t, *J(H,H) = 6.4 Hz,
8H),2.5-2.3 (m,8H),2.4-2.1 (m, 8H),2.0-1.8 (m, 8H), 1.8-1.6 (m, 8H),
1.8-1.5 (m, 8H), 1.16 (t, */(H,H) = 6.8 Hz, 12H), 0.98 (t, *J(H,H) = 6.8 Hz,
12H); BC NMR ([D4]benzene): 0 =174.3, 172.4, 155.6, 155.4, 151.0, 149.7,
139.6, 136.2, 129.4, 124.1, 121.7, 116.9, 72.8, 70.5, 33.8, 32.7, 32.2, 30.1, 29.7,
25.2,10.8, 10.1; HR MALDI-FTMS: m/z: 2023.9392 [M + Na]*.

Tetrahydroxy cavitand (6): Cavitand 5 (270 mg) was dissolved in a mixture
of EtOH/toluene 3:1 (28 mL) and a catalytic amount of 10% Pd/C. The
resulting mixture was evacuated and the reaction flask was filled with H,.
After stirring for 24 h, the mixture was filtered through a Celite pad and
concentrated. The crude product was purified by column chromatography
(4% MeOH/CHCIL,) to give desired tetraol 6 (199 mg, 81%). 'H NMR
([DgJacetone): 6 =9.49 (s, 8H), 7.95 (s, 4H), 7.72 (s, 8H), 7.50 (s, 4H), 5.82
(t,*/(H,H)=8.1 Hz, 4H), 3.7-3.5 (m, 8H), 2.6 -2.3 (m, 24 H), 1.7- 1.6 (m,
8H), 1.5-1.4 (m, 8H), 1.21 (t, */(H,H) = 7.6 Hz, 24 H); *C NMR ([Dg]ace-
tone): 0 =175.6,155.7,149.5, 137.0, 129.5, 126.0, 121.8, 117.1, 62.6, 34.7, 33.9,
32.8,31.4,25.5,10.7, HR MALDI-FTMS: m/z: 1663.7152 [M + Na]*.

Tetracarbonylimidazolyloxy cavitand (7): CDI (100 mg, 616.7 umol) was
added to a solution of 6 (100 mg, 61.0 umol) in THF (3mL), and the
mixture was heated under reflux for 24 h, then poured into ether. The
resulting solid was collected by filtration and dried to give 7 (76 mg, 72 %)
which was directly used in the next step. 'H NMR ([Dg]acetone): 6 =9.50
(s,8H), 8.12 (s, 4H), 7.49 (s, 4H), 7.73 (s, 8H), 7.53 (s, 4H), 745 (s, 4H), 5.87
(t, 3/(HH)=8.1Hz, 4H), 444 (t, 3/(HH)=6.5Hz, 8H), 2.6-2.4 (m,
24H), 2.0-1.8 (m, 8H), 1.6-1.5 (m, 8H), 1.21 (t, *J(H,H) =7.5 Hz, 24H);
BC NMR ([DgJacetone): 6 =174.4, 155.9, 150.3, 149.6, 137.9, 136.7, 131.3,
129.6, 125.7, 121.8, 118.1, 117.3, 69.1, 34.2, 32.2, 31.3, 29.0, 25.0, 10.6.

Octaamide (8): A solution of 7 (226 mg, 0.132 mmol) and amine 9 (1.50 g,
3.23 mmol) in toluene (8 mL) and THF (1 mL) was heated at 110°C for 3 d.
The reaction mixture was purified by column chromatography (50%
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EtOAct/hexane) to give desired product 8 (228 mg, 45%). M.p. 115-
117°C; 'H NMR ([DgJacetone): 6=9.49 (s, 8H), 7.92 (s, 4H), 772 (s,
8H), 7.52 (s, 4H), 6.60 (brs, 4H), 6.56 (s, 4H), 5.86 (t, J(H,H) =8.1 Hz,
4H), 4.06 (t, Y(HH)=6.4 Hz, $H), 3.90 (s, 24H), 3.71 (d, J(HH) =
59 Hz, 8H), 2.6-2.4 (m, 24H), 1.8-1.7 (m, 8H), 1.5-1.4 (m, 8H), 1.21
(t, 3J(H,H)=76 Hz, 24H), 091 (s, 108H), 0.05 (s, 72H); C NMR
([DgJacetone): 0 =174.4,169.7, 1577, 155.8, 150.3, 136.9, 129.5, 125.8, 121.8,
1172, 65.6, 62.7, 61.3, 45.9, 34.4, 32.5, 31.4, 26.4, 25.3, 18.9, 10.7, —5.2; ESI-
MS: miz: 3830, 3852 [M]*, [M + Na]*.

Cavitand (1): Procedure A: TBAF (100 mg) at 0°C was added to the
solution of 8 in THF (4 mL) and MeOH (0.1 mL). The reaction mixture was
stirred overnight, concentrated in vacuo, and the residue was purified by
column chromatography on ODS (70 % MeOH/H,0) to give the dodeca-
hydroxy cavitand (13.6 mg, 96 % ). Preparative HPLC purification was also
used with a BETASIL C18 column (150 x 4.6 mm) with flow of
1.25 mLmin~. 'H NMR ([D4]methanol): 6 =73-6.8 (m, 8H), 6.7-6.5
(m, 4H), 6.4-6.1 (m, 4H), 4.16 (brs, 4H), 3.97 (brs, 8H), 3.73 (brs, 8H),
3.69 (s,24H),2.6-2.4 (m, 24H),2.1-1.9 (m, 8H), 1.7- 1.5 (m, 8H), 1.4~ 1.2
(m, 24H).

Procedure B: A solution of 8 in MeOH and few drops of 5% aq. HCI was
stirred for 1 h at 0°C and carefully concentrated. The residue was purified
by HPLC (reversed-phase, ODS) to afford 1 (27.5 mg, 62%). 'H NMR
(D,0,295K): 6 =7.00(s,4H),6.92 (s,4H), 6.74 (s,2H), 6.62 (s, 2H), 6.37 (s,
2H), 6.16 (s, 2H), 4.23 (s, 8H), 3.99 (brs, 4H), 3.9-3.7 (m, 8H), 3.82 (s,
8H), 3.62 (s, 16H), 2.5-2.2 (m, 16H), 2.0-1.7 (m, 8H), 1.5-1.3 (m, 8H),
1.11 (t,3/(H,H) = 7.5 Hz, 24 H); ESI-MS: m/z: 4917 [M]~, 1640 [M]*-, 1230
[M]*-, 2460 [M]**; HR MALDI-FTMS: m/z: 2480.0522 [M + Na]*.

Octabenzylresorcinearene (11): Nal (50 g) and K,CO; (90 g) were added to
the solution of resorcinarene 10 (30 g) in acetone (1 L). After stirring for
1 h, benzylbromide (52 mL) was added to the suspension and the reaction
mixture was heated under reflux for 4—7 d and then concentrated in vacuo.
The residue was diluted with EtOAc and the insoluble solids were filtered
off. The filtrate was concentrated and the formed crystals were separated to
give 11 (35 g, 58 % ). M.p. 193-195°C; 'H NMR ([Dg4]acetone, 59°C): 6 =
74-72 (m, 40H), 6.96 (s, 4H), 6.75 (s, 4H), 4.95 (d, 2/(H,H) =11.7 Hz,
8H), 4.82 (t, *J(H,H) =74 Hz, 4H), 4.74 (d, 2J(H,H) =11.7 Hz, 8 H), 3.55
(dt, 3/(H,H) =6.0 Hz, 3J(H,H)=5.3 Hz, 8H), 3.1 (m, 4H), 2.1-2.0 (m,
8H), 1.62 (quint, *J(H,H)=6.8 Hz, 8H); HR MALDI-FTMS: m/z:
1463.6881 [M + Na]*.

Resorcinearene (12): Methanesulfonylchloride (7 mL) was added dropwise
to the stirred solution of 11 (27 g, 18.7 mmol) in CH,Cl, (500 mL) and Et;N
(35 mL) at 0°C. After 3 h the solution was poured into 10 % aq. HCL The
aqueous layer was extracted with CH,Cl,. The organic phaze was washed
with saturated NaHCO; solution and concentrated to result the corre-
sponding tetrasulfonate (30 g, 91%). '"H NMR ([Dg]acetone, 50°C): 6 =
74-71 (m, 40H), 6.93 (brs, 4H), 6.80 (s, 4H), 4.98 (d, 2/(H,H) =11.6 Hz,
8H), 4.82 (t, *J(H,H) =7.5 Hz, 4H), 4.71 (d, 2J(H,H) = 11.6 Hz, 8H), 4.22
(t,3J(H,H) = 6.6 Hz, 8H), 2.94 (s,12H), 2.2-2.0 (m, 8 H), 1.9- 1.7 (m, 8 H);
BC NMR ([Dglacetone, 50°C): 6 =156.7, 139.0, 129.3, 128.5, 128.4, 127.0,
126.8, 100.6, 71.8, 71.7, 37.5, 36.8, 31.5, 29.2. To the solution of the above
compound (30 g) in DMF (300 mL) was added NaN; (6.5¢g) and the
mixture was stirred for 12 h at 70°C and then concentrated and diluted with
water. The aqueous layer was extracted with EtOAc. The organic layer was
concentrated in vacuo, and the residue was recrystalized from ethylacetate
to give compound 12 (20 g, 76 % ). '"H NMR ([D]acetone, 50°C): 6 =7.4—
7.1 (m, 40H), 6.93 (brs, 4H),s 6.79 (s, 4H), 4.98 (d, 2J(H,H) = 11.6 Hz, 8H),
4.80 (t, *J(HH)=75Hz, 4H), 474 (d, *(H,H)=11.6 Hz, 8H), 3.26 (t,
3J(HH)=70Hz, 8H), 22-2.0 (m, 8H), 1.7-1.6 (m, 8H); *C NMR
([Dglacetone, 50°C): 6 =156.7, 139.0, 129.2, 128.5, 128.4, 127.1, 100.6, 71.7,
52.6, 36.8, 32.7, 28.8; ESI-MS: m/z: 1564 [M + Na]".

Resorcinearene (13): Procedure A: Raney/Ni (cat.) was added to the
mixture of 12 (405 mg, 0.263 mmol) and Boc,O (250 mg, 1.146 mmol) in
EtOH (20 mL) and EtOAc (20 mL). The solution was stirred at 40°C for
12 h, filtered, and concentrated in vacuo. The residue was purified by
column chromatography to give the corresponding N-Boc-protected
resorcinarene (433 mg, 90%). '"H NMR ([Dglacetone, 50°C): 6 =74-7.1
(m, 44H), 6.78 (s, 4H), 5.96 (s, 4H), 5.1-4.9 (m, 8H), 4.78 (t, *J(H,H) =
70 Hz,4H),4.9-4.6 (m,8H),3.15-3.05 (m, 8H),2.1-1.9 (m,8H), 1.7-1.5
(m, 8H), 1.36 (s, 32H). To the solution of the above compound in EtOH
was added catalytic amount of Raney/Ni and the suspension was stirred for
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5h at 45°C. The resulting solution was filtered through a pad of Celite and
concentrated in vacuo to give resorcinarene 13 (210 mg, 95%). M.p. 220 -
225°C (decomp); 'H NMR ([DgJacetone): 6 =8.46 (s, 8H), 749 (s, 4H),
624 (s, 4H), 5.15 (brs, 4H), 430 (t, *J(H,H) =79 Hz, 4H), 3.15 (dt,
3J(H,H) = 6.9 Hz, 3J(H,H) = 6.6 Hz, 8H), 2.35-2.25 (m, 8H), 1.5-1.4 (m,
8H), 1.42 (s, 36 H); 3C NMR ([DgJacetone): 6 =157.0, 152.8, 125.1, 124.9,
103.8, 78.6, 58.6, 41.3, 34.5, 31.8, 28.9; ESI-MS: m/z: 1140 [M + Na]*, 1116
[M —H]*.

Procedure B: DEAD (0.47 mL, 2.89 mmol) was added at 0°C to the
solution of the resorcinearene 11 (1.00 g, 0.694 mmol), PPh; (787 mg,
3.00 mmol), and EtO,CC(O)NHBoc (651 mg, 3.00 mmol) in THF (20 mL)
and the reaction mixture was then stirred for 12 h at rt. The solvent was
evaporated in vacuo and the residue was purified by column chromatog-
raphy to give the corresponding N,N-(Boc)C(O)CO,Et derivatized benzyl-
oxy compound (1.52 g, 98%). The above compound (1.4 g, 0.625 mmol)
was dissolved in THF (10 mL) and water (7.5 mL), and then LiOH (180 mg)
was added to the stirred solution. After 3 h at 0 °C, the reaction mixture was
poured into acidic water. The aqueous layer was extracted with EtOAc.
The product was purified by column chromatography to give the N-Boc
benzyloxy compound (394 mg, 34%). 'H NMR ([DgJacetone): 6 =7.4-7.1
(m, 44H), 6.78 (s, 4H), 5.96 (s, 4H), 5.1-4.9 (m, 8H), 4.78 (t, *’J(H,H) =
7.0 Hz, 4H), 4.9-4.6 (m, 8H), 3.15-3.05 (m, 8H), 2.1-1.9 (m, 8H), 1.65 -
1.50 (m, 8H), 1.36 (s, 32 H). To the solution of this compound in EtOH was
added catalytic amount of Raney/Ni, and the suspension was stirred for 5 h
at 45°C. The resulting solution was filtered through Celite and concen-
trated in vacuo to give the desired 13 (210 mg, 95%).

Octanitro cavitand (14): Et;N (0.76 mL, 5.48 mmol) was added to the
solution of resorcinarene 13 (700 mg, 0.626 mmol) and dinitrodifluoroben-
zene (540 mg, 2.65 mmol) in DMF (30 mL) and the reaction mixture was
stirred for 12 h at 70°C. The mixture was poured into acidic water and the
resulting precipitate was collected by filtration, dried, and purified by
column chromatography to give 14 (1.00 g, 91%). M.p. >260°C; 'H NMR
([DgJacetone, 50°C): 6 =7.65 (s, 8H), 7.00 (s, 4H), 6.3 (brs, 4H), 4.03 (t,
*J(H,H) =75 Hz, 8H), 3.15 (m, 8H), 2.3-1.9 (m, 8H), 1.5-1.4 (m, 8H),
1.42 (s, 36 H).

Octaamide cavitand (2): Raney/Ni (cat.) was added to the solution of 14
(210 mg, 0.13 mmol) in toluene (10 mL) and MeOH (3 mL). The mixture
was stirred at 40 °C for 16 h under H, atmosphere, and then the catalyst was
filtered off. The solvent was removed in vacuo. The residue was redissolved
in CH,Cl, (50 mL), and then Et;N (0.2 mL) and propionylchloride (0.2 mL)
were added at —40°C. The reaction mixture was warmed slowly to rt and
stirred for 1 h. The mixture was poured into acidic water, and the aqueous
layer was extracted with EtOAc. The organic layer was washed with
aqueous NaHCOj; and concentrated in vacuo. The residue was purified by
column chromatography to give the corresponding octaamide (170 mg,
66%). M.p. 240-245°C (decomp); 'H NMR ([Dg4Jacetone): 6 =9.51 (s,
8H), 791 (s, 4H), 7.72 (s, 8H), 7.52 (s, 4H), 6.16 (brs, 4H), 5.28 (brs, 4H),
3.21 (m, 8H), 2.55-2.4 (m, 24H), 1.65-1.5 (m, 8H), 1.44 (s, 36 H), 1.22 (t,
*J(H,H) =75 Hz, 24H); *C NMR ([Dgacetone): 6 =174.3, 171.0, 156.9,
155.7, 1503, 150.0, 136.9, 129.5, 125.6, 121.8, 117.2, 78.6, 60.6, 41.4, 34.8, 31.3,
28.9, 10.7; ESI-MS: m/z: 1981 [M —H+BC]*, 2018 [M+K]*. This
compound (13.2 mg, 6.66 mmol) was dissolved in CH,Cl, (3 mL), and
TFA (2 mL) was added dropwise to the solution. After stirring for 30 min at
rt, the solution was concentrated in vacuo to give cavitand 2 (13.0 mg,
96% ). "H NMR (D,0): 6 =6.94 (s, 4H), 6.91 (s, 2H), 6.78 (s, 2H), 6.61 (s,
2H), 6.38 (s, 2H), 6.14 (s, 4H), 4.00 (m, 4H), 2.8-2.6 (m, 8H), 2.5-2.2 (m,
16H), 2.0-1.8 (m, 8H), 1.6-1.2 (m, 8H), 1.22 (t, *J(H,H) =7.5 Hz, 12H),
1.09 (t, 3/(H,H) =75 Hz, 12H); ESI-MS (in H,0): 3164 [2M +H]*, 1583
[2M +2HJ*; (in MeOH): 3735 [2M + 5TFA +H]*, 3619 [2M + 4 TFA +
H]*, 3506 [2M +3TFA+H]*, 3392 [2M +2TFA+H]*, 3278 2M+
TFA +HJ*, 3164 [2M +H]*, 1697 [2M +TFA + 2H]*.

X-ray crystallography: Crystallographic data measurements at 170.0(2) K
by a Kappa CCD, Moy, radiation (graphite monochromator, 1 =0.7107 A).
The data was processed with Denzo-SMN v0.93.0.2°) No absorbtion correc-
tions were applied. Solution by direct methods??”! and refinement with full
matrix versus F2.18! The hydrogen atoms were calculated to their idealized
positions with isotropic temperature factors and refined as riding atoms.

Compound 13: C¢Hg,O6N,, crystal size 0.4 x 0.2 x 0.15 mm?, triclinic, P1,
a=14.9991(8) A, b=16.9911(8) A, c=17.842(1) A, a = 100.071(3)°, f=
108.163(3)°, y =103. 377(3)°, Z=2, V=4050.6(4) A3, peyiea=1.039 gecm 3,
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20, =49.92°, u=0.08 mm~!, F(000)=1355, —17<h <17, —20 <k <20,
—20<1<21, 939 parameters, R1 =0.1285, wR2 = 0.3335 (for 8418 refl. />
20(1)), R1= 0.1898, wR2 =0.3786 for all 14017 reflections (R;, =0.056),
§=1.075, Ap (min, max) = —0.45-0.78 ¢ A3,

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-143909.
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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Polyphospha[m]cyclo[n]carbons (m+n =15, 20, 25, 30, 40)

Gottfried Markl,* Thomas Zollitsch, Peter Kreitmeier, Michael Prinzhorn,
Sabine Reithinger, and Ernst Eibler!®!

Abstract: The Eglinton reaction of di-
ethynyl(2,4,6-tri-tert-butylphenyl)phos-

phane (7a), that is, the oxidative cou-
pling of 3, 4, 5, or 6 of these phosphane
units, affords a mixture of the 15-, 20-,
25-, and 30-membered macrocycles 8, 9,
10, and 11. Pure triphosphacyclopenta-
decahexayne 8 and pentaphosphacyclo-
pentacosadecayne 10 were isolated by
HPLC, while the mixture of 9 and 11
could not be separated. Multistep syn-
theses of open-chain polyphosphapo-
lyynes are described, whose intra- or
intermolecular coupling yields the phos-
phamacrocycles 8, 9, and 11. Eglinton
coupling of bis(ethynylphosphanyl)bu-
tadiyne (17) gave a mixture of the 20-
membered tetraphosphacycloicosaoc-

membered octaphosphacyclotetraconta-
hexadecayne 23 as result of a di-, tri-,
and tetramerization, respectively. Intra-
molecular coupling of bis[(ethynylphos-
phanyl)butadiynyl]phosphane 25a gave
8, while intermolecular coupling gave
11; these two compounds were isolated
by chromatography to give yields of 70
and 5%, respectively. The open-chain
tetraphosphaeikosaoctayne 28 couples
intramolecularly to give 9 and intermo-
lecularly to give the 40-membered octa-
phosphacyclotetracontahexadecayne 23,
which was isolated in the pure form.

Keywords: coupling reactions - in-
version barriers macrocycles
NMR spectroscopy - phosphacyclo-

Octaphosphatetracontahexadecayne 32
cyclized to give 23, exclusively. The
temperature-dependent 'H and 3'P
NMR spectra of the open-chain and
cyclic ethynylphosphanes indicated a
lowering of the inversion barrier of the
tertiary phosphanes from the usual 130 -
140 kJmol~! to 65-75 kImol~'. Ab initio
calculations proved that the dramatic
reduction of the inversion barriers results
from the interaction of the lone pair on
phosphorus with the m orbitals of the
triple bonds in the planar transition state
during inversion. The situation is com-
parable with the dramatic reduction of
the P inversion barrier in phospholes,
because of the planar, aromatic transition
state. The polyphospha[m]cyclo[n]car-

tayne 9, the 30-membered hexaphospha-

; polyynes -
cyclotriacontadodecayne 11, and the 40-

Introduction

The most important synthetic approach to macrocyclic poly-
ynes with diacetylenic links 2 is the oxidative coupling of
terminal bisacetylenes 1 by the various methods of Glaser,!]
Eglinton,? and Hay® (Scheme 1).

oxidative X
_—
coupling X

Scheme 1. Formation of macrocyclic polyynes 2 with butadiyne-1,3-diyl
bridges by oxidative coupling of 1.

[a] Prof. Dr. G. Mirkl, Dr. T. Zollitsch, Dr. P. Kreitmeier,
Dipl.-Chem. M. Prinzhorn, Dr. S. Reithinger, Dr. E. Eibler
Institut fiir Organische Chemie der Universitdt Regensburg
93040 Regensburg (Germany)

Fax: (-+49)941-943-4505
E-mail: gottfried.maerkl@chemie.uni-regensburg.de
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bons may be considered as precursors
to cyclic P,,C, systems.

F. Sondheimer et al.[*3 had already achieved the synthesis
of [18]annulene by the Eglinton coupling of 1,5-hexadiyne
(1a; —X—X—=—CH,CH,—). Dehydrobenzannulenes 2bl are
obtained by the oxidative coupling of 1,2-diethynylbenzene
(1b).

de Meijere et al. described the formation of cyclic polyynes
2¢ (n-rotanes) with spirocyclopropane-links between 1,3-
diyne units by the coupling of 1,1-diethynylcyclopropanes 1¢
(—X—X—=1,1-cyclopropane).

Expanded radialenes 2d have been synthesized by stepwise
oxidative coupling of the diynes 1d by Diederich et al.®l

The macrocyclic polyynes became even more fascinating,
when Diederich, McElvany et al. observed, by laser-desorp-
tion Fourier transform mass spectrometric experiments, that
[4n+2]- and [4n]dehydroannulenes 2e, n=1-3 (n=3,
C;(CO),)" and dehydroannulenes 2f, n=1-3 (n=3,
Cy(C4Hyp)5),') the annelation products of cyclobutene-1,2-
dione and the anthracene, respectively, form cyclo[n]carbon
ions C,* (n=18, 24, 30) and C,~ (n=18, 24, 30), which
coalesce to give fullerenes, through the elimination of CO and
anthracene, respectively.'”l Evidently, the size of the full-
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erenes can be determined by the size of the cyclo[n]carbon
precursors.

Macrocyclic polyynes with diacetylene units and isopropyl
links (2g) are also accessible by Cadiot —Chodkiewicz cou-
pling reactions.'!] Table 1 presents the coupling products 2
from various substrates 1.

In a similar reaction to their synthesis of the [n]pericy-
clines,™¥ Scott et al.'¥ achieved the first synthesis of the
phosphacyclopolyynes  tri-tert-butyl-1,4,7-triphospha[3]peri-
cycline (3) and tetra-tert-butyl-1,4,7,10-tetraphospha[4]pericy-
cline (4) by coupling of the bis-Grignard derivatives of 5a and
5b with fert-butyldichlorophosphane (Scheme 2). The expect-
ed stereoisomers of 3 and 4 could be isolated because of the
configurational stability of the pyramidal phosphines. The
structures of the cis,cis,trans-1,4,7-tri-tert-butyl-1,4,7-triphos-
pha[3]pericycline and the cis,trans,cis,trans-1,4,7,10-tetra-tert-
butyl-1,4,7,10-tetraphospha[4]pericycline were obtained by
X-ray analysis. Scott discussed the tetraphospha[4]pericycline
4 as a possible precursor of phosphacarbons P,,C,.

Abstract in German: Die FEglinton-Reaktion von Diethi-
nyl(2,4,6-tri-tert-butylphenyl)phosphan (7) liefert durch oxi-
dative Kupplung von 3, 4, 5 und 6 Phosphan-Bausteinen ein
Gemisch aus den 15-, 20-, 25- und 30-gliedrigen Makrocyclen
8, 9, 10 und 11. Mittels HPLC gelingt die Abtrennung von
Triphosphacyclopentadecahexain 8 und Pentaphosphacyclo-
pentacosadecain 10 in reiner Form; 9 und 11 kénnen nicht
getrennt werden. Es werden vielstufige Synthesen offenkettiger
Polyphosphapolyine beschrieben, deren inter- bzw. intramole-
kulare Kupplung gezielt die Phosphamakrocyclen 8, 9 und 11
liefert. Bei der Eglington-Kupplung von Bis(ethinylphospha-
nyl)-butadiin 17 wird durch Di-, Tri- und Tetramerisierung ein
Gemisch aus dem 20-gliedrigen Tetraphosphacycloeikosaoc-
tain 9, dem 30-gliedrigen Hexphosphacyclotriacontadodecain
11 und dem 40-gliedrigen Octaphosphacyclotetracontahexa-
decain 23 gebildet. Bis[(ethinylphosphanyl)butadiinyl[phos-
phan 25 a liefert durch intramolekulare Kupplung 8 und durch
intermolekulare Kupplung 11, die chromatagraphisch in 70-
bzw. 5-proz. Ausb. rein erhalten werden. Das offenkettige
Tetraphosphaeikosaoctain 28 wird intramolekular zu 9 und
intermolekular zum 40-gliedrigem Octaphosphacyclotetracon-
tahexadecain 23 gekuppelt, die chromatographisch getrennt
werden. Das Octaphosphatetracontahexadecain 32 cyclisiert
ausschlieflich zu 23. Die temperaturabhingigen 'H-NMR-
und 3 P-NMR-Spektren der offenkettigen wie der cyclischen
Ethinylphosphane zeigen, dass die Inversionsbarrieren der
tertiiiren Phosphane, die im Normalfall bei 130- 140 kJ mol™!
liegen, auf 65-75 kJmol™ abgesenkt werden. Ab initio-Rech-
nungen bestiitigen, dass diese dramatische Reduktion der
Inversionsbarrieren durch die Wechselwirkung des Phosphin-
lonepairs mit den m-Orbitalen der Dreifachbindungen im
planaren Ubergangszustand der Inversion zustandekommi.
Diese Situation ist vergleichbar mit der ebenfalls dramatischen
Verringerung der P-Inversionsbarriere in Phospholen durch
den planaren, aromatischen Ubergangszustand. Die Polyphos-
pha[m]cyclo[n]carbone konnen als Vorstufen cyclischer P,,C,-
Systeme aufgefasst werden.

Chem. Eur. J. 2000, 6, No. 20
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Table 1. Macrocyclic polyynes 2 with different X—X bridges.

1,2 —X-X-— n Ref.
1a,2a — CH,CH— 1,2,3,4 [4,5]
1b, 2b 0,12 6]

1¢,2¢ : 3,4,6 [7]

1d,2d 2,3,4 [8]
Z X .
(iPr),Si Si(iPr),
le, 2e o 1,2,3 [9]
: zo
1f2f 1 [10]

¢

1,2,3,4 [11]

2g ><Me
Me

Bu

/H 1. 2 equiv EtMgBr /|

P
— p 2. 1.5 equiv tBuPCl, \

\ pP———FP
B Bu \tBu
S5a 3

H
\
P
/
Bu
H Bu Bu

Noo_ /
/ P———FP
1.2.2 equiv EtMgBr I|

Bu—? .22 oquiv EMgBr_

2. 1.2 equiv BuPCl
\ 2

sp H

Scheme 2. Synthesis of 1,4,7-triphospha[3]pericycline (3) and 1,4,7,10-
tetraphospha[4]pericycline (4).

In this paper we describe the synthesis of macrocyclic
polyphosphapolyynes 8 —11 with diacetylenic links by a one-
pot oxidative coupling reaction of diethynyl(2,4,6-tri-tert-
butylphenyl)phosphane (7a) or by subsequent coupling steps
via open-chained polyphosphapolyynes (Scheme 3).

The triphosphacyclopentadecahexayne 8, n=1, and the
pentaphosphacyclopentacosadecayne 10, n=3, can be de-
scribed as formally 187 and 307 systems, respectively.

The question of aromaticity of these systems is similar to
that of the phospholes 13, which are not aromatic because of
the pyramidal structure of the tervalent phosphorus.!”] How-
ever, Mislowl') demonstrated a dramatic lowering of the
inversion barrier in phospholes (=16 kcalmol~! vs. 230 kcal
mol~! in tert-phosphanes) as result of the aromaticity of the
planar transition state. If the inversion of the pyramidal
phosphines in the polyphosphacyclopolyynes occurs more or
less simultaneously, the transition states of 8 and 10, which are
similar to that of 13, could be aromatic and the phosphane
inversion energy barriers should be reduced.
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R
tBu tBu /
B8 <§PC|22Li:R B P
tBu tBu \R
7a,R=H
6 7b, R = Si(CHg);
7c, R = Si(iPr);
7d, R =—=—Si(CHy);
Ar
||:, ‘p* —|(n+2)e
7a Eglinlt'on // \\ n // \\ n
coupling
/ AN Vi AN
Ar/P" = :"P\Ar P=—r=r"
8-11 (n=1-4) 12 (n=1-4)
(S]
I\ U\
R
13 14

Scheme 3. Eglinton coupling of 7a to give polyphosphacyclopolyynes
8-11, polyphosphacyclopolyyne polyanions 12, and comparison with
phospholes 13 and phospholyl anions 14.

In a similar manner to the phospholyl anions 14,l'"] the
phosphides 12 (n =1, 3) could be expected to be aromatic 187
and 307 systems per se.

Since the thermal cleavage of P—aryl bonds has been dem-
onstrated (the P-—aryl bond in 1-aryl-1,2(1,4)-dihydrophos-
phinines can be cleaved thermally to give A3-phosphinines),!!$!
the phosphacyclopolyynes are possible candidates for the
access of polyphosphacarbons (C,P;, C;¢Ps, CyPs, C,uPs).

Results and Discussion
Eglinton coupling of diethynylphosphane (7 a)

Synthesis of 7a: The stability of tervalent phosphorus under
the reaction conditions is important for the oxidative coupling
of ethynylphosphanes. This re-
quirement is fulfilled by the
2.4.,6-tri-tert-butylphenyl-substi-
tuted phosphanes!'® (Scheme 3).
(2,4,6-Tri-tert-butylphenyl)-

bis[ (trimethylsilyl)ethynyl]-
phosphane (7b) was obtained
in 50-60% yield by the reac-
tion of two equivalents of
lithium trimethylsilylacetylide
(R=SiMe;) with 24,6-tri-tert-
butylphenyldichlorophosphane
(6) in THF at -78°C
(Scheme 4). Desilylation of 7b
either with NaOH/MeOHP or
with TBAF/THF?! yielded the
phosphane 7a (70 % ). The syn-
thesis of 7a is more straightfor-
ward by substitution of 6 with
the mono-Grignard compound

H

Ar—P,

\

H
7a

15b Cu(OAc),

pyridine

RqSi

3808

/ 1. EtMgBr

(nBuli)
2. R3SiCl

Ar,

/
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of acetylene itself in THF at room temperature to give
colorless crystals of phosphane 7a in 4652 % yield.

Eglinton coupling of diethynylphosphane 7 a: A solution of 7a
(10 mmol) in a mixture of pyridine (60 mL) and methanol
(30 mL) was added to a solution of [Cu(OAc),] (60 mmol) in
pyridine (250 mL) over a period of 15min. The stirred
solution was heated to 60°C for 3 h. The solvent was
evaporated and the residue extracted with benzene to give a
dark yellow product (1.30 g from 3.26 g 7a), which is soluble
in nonpolar solvents (e.g., benzene, toluene, CHCl;, CCly),
and relatively insoluble in polar solvents (e.g., methanol,
CH;CN, CH;NO,). According to the FD-MS (toluene) and
the 3'P NMR data, a mixture of coupling products had been
formed that was partially separated by HPLC (Scheme 3).

It was possible to isolate the 1,6,11-triphosphacylopenta-
deca-2,4,79,12,14-hexayne (8, n=1) and the 1,6,11,16,21-
pentaphosphacyclopentacosa-2,4,7,9,12,14,17,19,22,24-deca-
yne (10, n=3, “pentamer”), in pure form; however, the
mixture of the tetramer 9 (n =2) and hexamer 11 (n =4) could
not be separated (Scheme 3).

The HPLC separation of the coupling mixture 8 —11 is time
consuming and only a few milligrams of the pure products
were obtained. For this reason, we decided to synthesize the
corresponding open-chained polyphosphapolyynes and to
study their cyclizing intra- and intermolecular Eglinton
coupling reactions. The analytical and spectroscopic data of
the phosphacyclopolyynes 8, 9, and 11 prepared this way will
be presented for this reaction. Only the pentaphosphacyclo-
pentacosaoctayne 10, not obtained by the stepwise oxidative
coupling reactions, is described in the Experimental Section
under the Eglinton coupling of 7a.

Oxidative coupling of bis(ethynylphosphanyl)butadiyne (17)

Synthesis of 17 by the Eglinton coupling of diethynylphos-
phane 15b: One strategy for the synthesis of 17 is the
oxidative coupling of the monosilyl-protected diethynylphos-
phanes 15a and 15b to give 16a and 16b followed by a
twofold desilylation (Scheme 4).

SiRs

Y,

SiR3
7b, R =CHj
7c, R=iPr

SiR;
/
Ar—P
\,
15b, R = iPr

Ar= tBu

tBu

Ar

\

SiR,

Ar, Ar

\ /

SN

P NaOH

MeOH

16a, R = CH; 17

16b, R = iPr

Scheme 4. Synthesis of bis[ethynyl(2,4,6-tri-tert-butylphenyl)phosphanyl]butadiyne (17) from diethynyl(2,4,6-
tri-tert-butylphenyl)phosphane (7a).

0947-6539/00/0620-3808 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 20





Polyphosphacarbons

3806-3820

The monosilylation of diethynylphosphane 7a was rather
difficult. Metallation of 7a either with one equivalent EtMgBr
or nBuLi at —78°C followed by reaction with trimethylchlo-
rosilane yielded a yellow, crystalline reaction product that was
a mixture of the bis-trimethylsilyl-substituted derivative 7b,
the desired monosilylated phosphane 15a, and the starting
material 7a (ratio 0.7:2.0:1.2) according to the EI-MS, and '"H
and *'P NMR data. This mixture could not be separated
(Scheme 4).

When triisopropylchlorosilane was used in the same
procedure, a mixture of 7¢, 15b, and 7a was obtained in
about the same ratio (1.0:2.0:1.1). We were able to separate
this mixture by column chromatography on silica gel.

The Eglinton coupling of 15b with [Cu(OAc),] in pyridine
at room temperature after hydrolysis and chromatography on
silica gel (CH,Cl,/hexane, 1:6) produced 16b in 84 % yield.

A modification of the Eglinton coupling by de Meijere!??!
with four equivalent [Cu(OAc),] and three equivalents CuCl
in pyridine gave 16b in <95% yield. By desilylation of 16b
with TBAF/THF at —78°C, 17 was obtained in 90 % yield.

Total synthesis of 17 from 1,3-butadiyne (18): Since 1,3-
butadiyne (18) is relatively easy to obtain by dehydrochlori-
nation of 1,4-dichloro-2-butyne,? we attempted the synthesis
of 17 from 18.

The bis-Grignard compound of 18 (reaction of 18 with two
equivalents of EtMgBr) was treated with two equivalents of
(tri-tert-butylphenyl)monochlorophosphane 19b??* at —78°C
to give bis[(2,4,6-tri-tert-butylphenyl)phosphanyl]butadiyne
(20) as colorless crystals in 33 % yield (Scheme 5).

o 1.2EmMgBr A\ M

T 2. ArPHCI F= A

. Al
H H
18 19b 20
2COCl, Ary A A
p—— —
2CO
a— >—ci
o 21 (o]

Ary ol 2L SiMe,
p——=—p 16a
/ \

cl cl

22
NaOH
17
MeOH

Scheme 5. Synthesis of 17 from 1,3-butadiyne (18).

With a twofold excess of phosgene, the secondary phos-
phine 20 gave the butadiynediylbis[(2,4,6-tri-fert-phenylphos-
phanecarbonylchloride] (21, yield 51%), which can be
decarbonylated by heating to 160-170°C to give the buta-
diynediylbis[(2,4,6-tri-tert-butylphenyl)phosphinouschloride]
(22). The treatment of chlorophosphine 22 with trimethylsi-
lylethynyl-MgBr at 0°C afforded the bis-trimethylsilyl deriv-
ative 16 a. Desilylation with 2N NaOH/MeOH gave 171in 55 %
yield [FD MS(CH,Cl,), m/z 650; 3'P{'"H} NMR, 6 = —67.88].

Chem. Eur. J. 2000, 6, No. 20

!'H and 'P NMR spectra of the alkynylphosphanes 7, 15, 16,
17, and 20: The 3'P NMR data of the bis-alkynylphosphanes 7
and 15 and the 1,6-diphosphanes 20, 16, and 17 are given in

Table 2.

Table 2. 3'P{'H} NMR-data of 7, 15,

16, 17, and 20 (162 MHz, CDCl;).

Compound o ('P NMR)
R
A
Ar—P.
\ |
7a R=R'=H —171.61 (s)
7b R =R’'= Si(CH;); —70.38 (s)
Tc R=R’'= Si(iPr); —68.85 (s)
15a R=Si(CH;);, R"=H —71.11 (s)
15b R =Si(iPr);, R'=H —70.37 (s)
Ar Ar
\ /
|
/ \
X X
20 X=H —97.37 (d, J(PH) =251.2 Hz)
Ar Ar
\ /
/P e P\
R R

16a R =Si(CHy;); —67.33 (s)
16b R =Si(iPr); —66.53; —66.29
17 R=H —67.88

While the *'P{*H} NMR data of all bis-alkinylphosphanes
are singlets in the range of 0=-66.29 to —71.61, the
appearance of two signals for 16b with an integration ratio
of 1:1.3 has to be interpreted. The 3'P NMR spectrum of 16b

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

was temperature dependent. Figure 1a and 1b depict the 'H

'H NMR 3P NMR
21°C
_JLJL 0
767574 13 12 11 10
351°c
40°C \ ”
767574 13 12 11 10 M
-80°C
/v\.' o
767574 13 12 11 10 -66.0 670

Figure 1. '"H NMR spectra (400 MHz,

[Dg]THF) (left) and *P{'H} NMR

spectra (162 MHz, THF) (right) of 16b at various temperatures.
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and P NMR spectra of 16b from +21 to —80°C and from
+40 to —40°C, respectively.

In the 'H NMR spectrum, the signals of iPr—H (6 = 1.07 (s))
and p-tBu (0 =1.30 (s)) split at —40°C to become doublets.
The doublet of the m-aryl-H (6 =7.48, d, */(P,H) =3.2 Hz) at
—80°C changes to two broad signals at 6 =7.45 and 7.60.

The 3'P NMR spectra at dif-
ferent temperatures were more
informative: the two signals at

midal and the planar geometries with DFT. All calculations
were carried out with Becke’s hybrid functional B3LYP and a
6-31G** basis set.P"

The energy barriers (in Hartree) for the ground state (GS)
and the transition state (TS) of the phosphane inversions are
given in Table 3. These values at least qualitatively confirm

Table 3. Calculated energy barriers for the inversion of PH;, H,P(C=CH), and HP(C=CH),.

21°C (6 = —66.53 and —66.29) PH,

H,P(C=CH) HP(C=CH),

become sharper at 0°C (0= GS [Hartree]
—6726 and —66.73) and are TS [Hartree]
baseline separated at —40°C AE [Hantree]

—343.146208988 (Cs,)
—343.093123849 (D)
0.05308514

— 419.291730569 (C,) — 495.436500384 (C,)
— 419.241986342 (Cy,) —495.391053894 (C,,)
0.04974423 0.04544649

130.7 119.4

AE [kJmol~'] 139.5

(0 =—6726 and —66.73). These
values do not change signifi-
cantly at —80°C (0=-6774
and —66.75). As the temperature is increased the two signals
coalesce at +35.1°C and appear as a broad singlet at +40°C.

The explanation of this phenomena is a dramatic reduction
of the inversion barrier of the pyramidal phosphine phospho-
rus in the bis-alkynylphosphine 16b.

The two 3P NMR signals of 16b at 21°C belong to the
diastereomeric meso and racemic forms.

R&?/: Ar~|§/'~ :\g/Ar
ad 4 N
/ /R R\
RNP/: RNP/: = R
Ar Ar Ar
meso-16b rac-16b R = Si(iPr),

At 35.1°C the signals coalesce, which means that the
phosphane inversion is now so fast that the signals are no
longer separated. We observe one broad signal at 40°C
because the high rate of inversion produces only an averaged
value. We calculated the inversion barrier according to the
method of Friebolin and Mannschreck.?>2]

With T,=35.1£2°C, the following AG* values for the
reversible inversions were obtained.

AG%_p =65.81+£0.4 kImol!

AGE_ o =65.144+0.4 kImol ™!

Usually the AG* values of the inversion barriers of
alkylphosphanes, arylphosphanes, and alkylarylphosphanes
are ~130-140 kJ mol~L?"] Electronegative substituents at the
phosphorus atom increase the inversion barriers, while
electropositive substituents diminish them (for dimethylfluo-
rophosphane AG* =226 kJ mol~',?% and for trimethylsilyliso-
propylphenylphosphane AG*~ 80 kI mol!).*!

To our knowledge, the value of AG* ~ 65 kI mol~! for 16b is
one of the lowest known for phosphane inversions.

Ab initio calculations possibly give an explanation of this
phenomena. According to these results, the pyramidal inver-
sion of ethynylphosphanes is supported by the interaction of
the phosphorus lone pair with the m-orbitals of the triple
bonds in the planar transition state. The geometries of PHj,
H,P(C=CH), and HP(C=CH), were calculated for the pyra-

3810
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the decrease of the AG* values of the inversion barriers as the
number of triple bonds increases.

The stabilization of the planar transition state can be
understood by an overlap of the & orbitals of the triple bonds
with the P lone pair. The situation is comparable with that of

the phospholes 13. As already mentioned, MislowP!l found
that the inversion barriers of 13 are lowered considerably by
the formation of a planar aromatic transition state.

The overlapping of m orbitals is also the result of the
reduction of the inversion barrier by aryl groups (CsHsP-
(CH;)C;H;, AG* =134 kImol™!; ¢-C¢H,,P(CH;)C;H,, AG*=
149 kJmol~')2l and by carbonyl groups (H;CP(CHO),,
AG*=179 kJmol ).

Consequently, the singlet in the 3'P NMR spectrum of 17 at
room temperature must be interpreted by the configuration of
the tervalent pyramidal phosphorus in 16 being even less
stable; therefore, the two diastereomers can not be detected
at 21 °C. Indeed, the coalescence temperature T, for the bis-
terminal acetylene 17 was 2.9 £2°C. Already at —20°C, the
3P NMR spectrum ([Dg]THF) splits into two singlets (6 =
—68.38 and —68.41) from the diastereomers of 17, and at
—60°C the two signals are baseline separated (6 = — 68.93 and
—69.01).

Oxidative Eglinton coupling of bis(ethynylphosphanyl)buta-
diyne 17 to give tetraphosphacycloicosaoctayne 9 and hexa-
phosphacyclotriacontadodecayne 11: The Eglinton coupling
of 17 in the de Meijere modification yielded a solid yellow
product after column chromatography. According to the MS
and the 3'P NMR spectroscopic data, the reaction product was
a mixture of the 20-membered tetraphosphacycloicosaoc-
tayne 9 (86-87 %), the 30-membered hexaphosphatriaconta-
dodecayne 11 (11.1 %), and the 40-membered octaphospha-
cyclotetracontahexadecayne 23 (2.4 %) as result of oxidative
dimerization, trimerization, and tetramerization, respectively
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Scheme 6. Formation of the 20-, 30-, and 40-membered polyphosphacyclopolyynes 9, 11, and 23 by Eglinton coupling of 17.

[*'P NMR (162 MHz, C,D,Cl,) at 120°C: 6(9)=—65.24,
o(11) = — 63.53, 6(23) = — 63.03] (Scheme 6).

Since 9, 11, and 23 can be obtained in a pure form by
different approaches (as described in the following sections),
the separation of the reaction mixture was not investigated.

Oxidative coupling of phosphane 25a to give triphosphacy-
clopentadecahexayne 8 and hexaphosphacyclotriacontado-
decayne 11

Synthesis of 25 a: The strategy for the synthesis of 25a is the
Cadiot— Chodkiewicz coupling of (bromethynyl)(2,4,6-tri-
tert-butylphenyl)[ (triisopropylsilyl )ethynyl]phosphane ~ (24)
with the copper salt 7d of diethynyl(2,4,6-tri-tert-butylphen-
yl)phosphane (7a) followed by desilylation (Scheme 7).

A solution of 15b in THF was treated with an aqueous
solution of NaOBr.*Y Chromatographic purification afforded

2 Ar—P + Ar—P + 15b + 16b +

24 7d 25a,R=H

25b, R = Si(iPr); Ar
Scheme 7. Synthesis of 25a, 25b by Cadiot — Chodkiewicz coupling.

24 as a colorless viscous oil in 44 % yield. The preferred
method was the reaction of the lithium acetylide of 15b
(treatment of 15b with nBuLi at —78°C) with p-toluenesul-
fonylbromideP’! (yield 75%). The spectroscopic data of 24
confirmed the structure (see the Experimental Section).
Several different procedures for the Cadiot— Chodkiewicz
coupling have been described in the literature. The reaction of
diacetylene 7a with CuCl and NH,OH - HCI in THF/isopro-
pylamine (v/v=1:1) and addition of 24 in THF at room
temperature gave the desired hexayne 25b in only 11 % yield.
Byproducts were 15b (6 % ), the tetrayne 16b (18 % ), which is
an autocoupling product of 24, and the hitherto unknown
[ethynyl(2,4,6-tri-tert-butylphenyl)phosphanyl]{2,4,6-tri-tert-

Chem. Eur. J. 2000, 6, No. 20

Si(iPr), H
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butylphenyl)[(triisopropylsilyl)ethynyl]phosphanyl}butadiyne
26 (1%), which is the monocoupling product of 24 with 7a.

Since the yield of 25b could not be improved by several
variations of this method, we studied the Pd/Cu-catalyzed
coupling according to Elbaum et al.l*®l However, this method
(catalytic amounts of Cul and [Pd(CH;CN),] in isopropyl-
amine) produced a similar composition of reaction products,
and the yield of 25b did not increase.

The best approach to 25b started from the isolated bis-Cu-
salt 7d that can be prepared according to Scott and Cooney!
by treatment of 7a with nBuLi (2.1 mol) in THF at —78°C
and then with CuCl (2.1 mol) at 0°C. After replacement of the
THF by pyridine, the bromoacetylene 24 was added slowly to
the Cu salt 7d.

The hexayne 25b was isolated by column chromatography
in 27% yield. The byproducts were formed in smaller
quantities (16b in 10 %, 24 in 4% yield, while 15b could not

be detected at all). The phos-
phane 25a was obtained by desi-
lylation of 25b with TBAF/THF
at —78°C in 63 % yield as yellow
crystals.

Oxidative Eglinton coupling of
\ 25a: The oxidative coupling of
25a according to the modified
Eglinton method (as discussed
above) can be expected to be
either intramolecular to give the
15-membered ring 8 or intermo-
lecular by formation of the 30-
membered ring 11 (Scheme 8).
The crude, brown, solid reaction product yielded after
chromatography (silica gel, CH,Cl,/hexane 1:6) an orange-
yellow powder. Repeated chromatography (silica gel,
CH;CN/n-hexane 1:200) gave orange-yellow crystals of 8
(m.p. 78-84°C) and yellow crystals of 11 [m.p.~175°C
(decomp)].

26

Triphosphacyclopentadecahexayne 8: According to the spec-
troscopic data, the product with the low melting point was the
intramolecular coupling product 8 (70 %) and that with the
high melting point was the intermolecular coupling product 11
(5%). The latter had been observed already as a byproduct in
the oxidative trimerization of 17.
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Scheme 8. Formation of the 15- and 30-membered polyphosphacyclopolyynes 8 and 11 by Eglinton coupling of

25a.

The 3'P{'H} NMR spectrum of 8 (Figure 2a) has three
signals at 6 = —68.14 (s), —68.62 (s), and —69.41 (s) with an
integration ratio of 1:2:0.8. This confirms the formation of
both possible isomers, the all-cis-compound 8a (6 =—69.41
and the ciscistrans-compound 8b [0 =-68.14 (1P) and

100

S

:

84

79

°
(@]

60 °C

J\ 21°C

-67.0 -680 -69.0 -70.0 -71.0 & 740 7.36 168 164 o

Figure 2. Temperature-dependant NMR spectra of 8. a)3'P{'H} NMR
spectra (162 MHz, C,D,Cl,) from 21°C to 100°C; b) 'H NMR spectra
(400 MHz, C,D,Cl,) from 21°C to 80°C. (The 9 scales are related to the
spectra at 21 °C. Because of the temperature drift of the signals at higher
temperatures the scales no longer correlate with the values of the signals).

3

—68.62 (2P)]. The *'P{!H} NMR spectrum of 8 was temper-
ature dependant. As the temperature was increased, the sharp
signals at 21 °C broadened and coalesced at 83.8°C. At 100°C
an averaged, broad singlet at = — 68.03 was observed.

This result can be rationalized—as in the open-chain
diphosphanes 16b and 17—by a distinct reduction of the
inversion barriers of the pyramidal tertiary phosphanes. The

3812
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Gibbs AG* values have been
calculated according to the
method of Friebolin and Mann-
schreck?l:

AG{_p =74.74+0.4 kJmol~!
f AG}_, =74.0+0.4 kImol™!
P The decrease in the phos-

FZ Ar
phane inversion barrier can be
interpreted again by an inter-
action of the m orbitals of the
triple bonds with the orbitals of
Ar\g g/Ar the P lone pair in the transition
0\?»/ 0 state. The singlet at 100°C can
a0 be rationalized in the sense of a

more or less synchronous inver-
sion of all three pyramidal
phosphine units. In this case
we must take an aromatic 187
transition state into account.
This assumption is in accord-
ance with the planar aromatic transition state of the phos-
pholes 13 during inversion.!

The 'H{*'P} NMR spectra (400 MHz, C,D,Cl,) confirm the
conclusion drawn from the P NMR data. The three singlets
of the o-tBu-H at 6 =1.632, 1.647, and 1.660 and the three
superimposing doublets of the m-aryl-H (6 =7.370-7.410) at
80°C collapse to two broad singlets (Figure 2b).

Hexaphosphacyclotriacontadodecayne 11: The intermolecular
oxidative coupling of 29 produced the 30-membered hexamer
11 only as a byproduct in 5% yield. Nevertheless, it was
isolated as pure yellow crystals by column chromatography.

The *'P NMR spectrum (400 MHz, CDCl;) of 11 at 21°C is
a broad singlet (6 = —63.95), which sharpens at 50°C.

In the 'H NMR spectrum (162 MHz, CDCl;) at room tem-
perature, all 0-rBu-H appear as one singlet (6 =1.64, 108 H) and
the m-aryl-H as one doublet (6 = — 745, J(PH) =3.5 Hz, 12H).

Since in the triphosphacyclopentadecahexayne 8 this phe-
nomena can be observed in both the P NMR and the
'H NMR signals only at elevated temperatures [P NMR
(100°C), 0 = —68.03 (s); 'THNMR (80°C), 6 =1.647 (s), o-1Bu,
0 ="7.39 (brs), m-aryl-H)], this result can be rationalized by a
further reduction of the inversion barrier of the pyramidal
phosphorus in 11.

The discussion, however, also has to take account of the
conformational mobility of the whole ring system as a result of
the chair—boat—chair conformations. As in hexaphenylcy-
clohexaphosphane (P-C¢H;)*1 or hexaspirocyclopropylcy-
clotriacontadodecayne ([6]-rotane),??l compound 11 should
exist in the chair conformation in the solid state.

Oxidative coupling of tetraphosphaicosaoctayne 28 to give 9
and octaphosphacyclotetracontahexadecayne 23 by intra- and
intermolecular Eglinton coupling, respectively

Synthesis of 28 by the Cadiot— Chodkiewicz coupling of 17
with 24: The strategy for the synthesis of 28 is the Cadiot—
Chodkiewicz coupling of the bis-copper salt of 17 with 24,
followed by desilylation of the coupling product 27
(Scheme 9).
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Scheme 9. Formation of 3,8,13,18-tetraphosphaicosaoctaynes 27 and 28 by
Cadiot — Chodkiewicz coupling.

As described for the synthesis of 25b, the isolated bis-
copper salt of 17 in pyridine was treated with 24 at room
temperature. Four fractions were isolated from the reaction
mixture by column chromatography: these fractions yielded
yellow crystals of 16b (2%, reductive coupling of 24 with
itself; m.p. 111-113°C), yellow crystals of the desired twofold
coupling product 27 (16 %, m.p. 80—-111°C), 15b (2%), and
the monocoupling product 29 (6%, as viscous yellow oil).

3,8,13,18-Tetraphosphaicosa-1,4,6,9,11,14,16,19-octayne
(28) can be isolated in 54 % yield by desilylation with TBAF in
THF at —78°C and column chromatography. The doublet at
0=3.25 (3J(PH) =0.4 Hz) in the '"H NMR spectrum indicates
the terminal acetylenic hydrogens. The 3'P{'H} NMR spec-
trum shows two singlets at 6 = —63.85 and — 67.81. The first
one belongs to the two inner P atoms and the second one to
the two outer P atoms.

Synthesis of 28 by Eglinton coupling of butadiyne 26:

Synthesis of 26: The alternative synthetic approach to 28 is the
monodesilylation of 16b to give 26 followed by an Eglinton
coupling to give 27 and formation of 28 by desilylation
(Scheme 9). Treatment of 16b with TBAF (0.13 mol) in THF
at —78°C (1 h) and column chromatography [Al,O;, petro-
leum ether (40-60)] of the reaction mixture gave the starting
material 16b (30 % ). The desired monodesilylated 26 (39 %)
was isolated with CH,Cl,/petroleum ether (v/v=1:20). The
third fraction, eluted with CH,Cl,/hexane (v/v=1:6), is the
bis-desilylated 17 (pale yellow crystals, 15 %).

Chem. Eur. J. 2000, 6, No. 20
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The EI MS (70 eV) and the fragmentation pattern confirm
the structure of 26. In the 'H NMR spectrum, the acetylenic H
appears at d =3.24 (d, 3J(P,H) =0.4 Hz).

The 3'P{!H} NMR spectrum (CDCI;) of 26 at 21 °C contains
three signals at 0 = —66.12, —66.28, and — 67.87, which can be
interpreted by the presence of two diastereomers (erythro-26,
and threo-26 Scheme 9). By comparison with the 3P NMR
spectra of 15b and 17, the signals at 0 = —66.12 and —66.28
can be assigned to P2 and P2’, and the signal at 6 = — 67.87 to
P1 and P1'. The temperature-dependant 3'P NMR spectra
(from —20 to +50°C) allows the rationalization of the
stereochemistry of 26 (Figure 3). At —20°C two signals are

P22 Py 50 °C
M J
J 35.4°C
- 21°C
e

1
M I -20°C

1 66.0 ’ 67.0 ' 880 o

Figure 3. Temperature-dependent 3'P{!H} NMR spectrum (162 MHz,
[Dg]THF) of 26.

observed for each diastereomer. One isomer shows a P—P
coupling ®J(PP)=2.3 Hz. The coalescence temperature for
P2/P2" is 35.4 +2°C. The free activation energy AG* for the
inversion energy of P2/P2’ was determined by the method of
Friebolin and Mannschreck.®

AGH_ g (P2/P2')=66.75+0.4 kImol!

AGE_n (P2/P2')=66.48 4+ 0.4 kImol™!

The coalescence temperature of P1/P1’ is between 0 and
21°C. The lineshape does not allow the determination of an
exact value.

The temperature-dependant NMR spectra of 26 confirm
that the dramatic reduction of the inversion barriers in
tervalent phosphines by adjacent triple bonds is a general
phenomenon.

The Eglinton coupling of 26 was carried out by stirring it
with [Cu(OAc),] (4 equiv) and CuCl (3 equiv) in pyridine for
15 h at room temperature. Chromatography of the crude oil at
Al,O; gave 27 as yellow crystals in a nearly quantitative yield,
m.p. 76-111°C.

In the 3'P{'"H} NMR spectrum, two singlets at 6 = —63.87
and —66.17 (ratio 1:1) are observed. By comparison with the
3P{'H]} signals of 25 a, the signal at 6 = — 63.87 can be assigned
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to the two inner phosphorus atoms, and the signal at 0 =
—66.17 to the two outer P atoms.

The large melting interval of more than 30°C for 27 is
probably caused by the presence of a mixture of stereo-
isomers. Theoretically, compound 27 has four chiral phospho-
rus atoms in the symmetric system and could form ten
stereoisomers. Since in 27 the inversion barriers of the
pyramidal tervalent phosphanes are expected to be reduced
considerably, the stereochemical situation certainly is rather
complex.

The desilylation of 27 to give 28 is achieved with TBAF in
THF as described above.

Oxidative coupling of 28 to give the polyphosphacyclo-
polyynes 9 and 23: The modified Eglinton coupling of 28
yields, after column chromatography, two yellow, crystalline
compounds. These are the tetraphosphacycloicosaoctayne 9
(65%) and the octaphosphacyclotetracontahexadecayne 23
(2%, Scheme 10).

Ar Ar
\ /
p—=——=—p
/ h
Ar LAr Y, \
\P = — p Ar\P 7 N p-
[Cu(OAd)), cuct | I I Il
28 —m—— +
pyridine I I H ||
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A’ “Ar A Q\ //
N Z
/P e N
Ar Ar
9 23
Ar Ar Ar Ar Ar Ar
Ar\ }: pr Ar\ L o Ar\ o J Ar\ \Pa o
e 7
pd P/ P/ P/ \ b p va/ Pc/
| A \
Ar Ar Ar
9a 9b 9¢c 9d
—P—P- = —P—=—=—P-

Scheme 10. Formation of the 20- and 40-membered polyphosphacyclo-
polyynes 9 and 23 by an intra- and intermolecular Eglinton coupling of 28.

The 3'P{'"H} NMR spectrum (Figure 4) at 21°C shows
several broad signals from 6 = — 64.7 to — 66.2. On heating the
sample to 140°C, only one sharp signal at 6 = —64.9 remains.
The broad signals of 9 at room temperature sharpen at
—20°C. The temperature dependence of the 3'P spectrum of 9
is clearly the result of the temperature dependence of the
inversion of the pyramidal phosphorus. At —20°C the
inversion is frozen, and so we observe the signals for all four
possible isomers 9a—-9d.

Since the all-cis-configured 9a is the less favored one for
steric reasons, we believe it to be formed in the lowest yield
(0=-68.13, 5%). The main isomer 9d (46.3%) has the
lowest symmetry and therefore gives rise to three signals at
0=—6556 (t, %J(P,P*) = 1.1 Hz, P°), —66.18 (t, J(P*,P") =
8.4 Hz, P*) and —66.80 (dd, %J(P*P°)=8.4 Hz, SJ(P"P°)=
1.1 Hz, 2P"). The signal at 0 =—65.56 (27 %) is assigned to
9¢ and that at 0 = —66.26 (22%) to 9b.

3814
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Figure 4. Temperature-dependent 3P NMR spectrum of 9 (162 MHz,
CDCl,): 21°C, —20°C; (C,D,Cl,): 140°C.

In the 'H NMR spectrum of 9 at 21 °C, the singlet observed
at 0 =1.29 corresponds to the p-tBu-H and the signal at 6 =
1.64 to the o-rBu-H, while the doublet at 6 =743 (d, */(PH) =
3.1 Hz) corresponds to the m-aryl-H. At —20°C these signals
are split because of the slower inversion of the tervalent
phosphane phosphorus atoms.

The physical and spectroscopic data of the 40-membered
octaphosphacyclotessaracontahexadecayne 23 is discussed in
the following section.

Oxidative coupling of hexadecayne 32 to give 23:

Synthesis of octayne 30: The synthetic strategy is the mono-
desilylation of 27 to give 30 followed by a modified Eglinton
coupling to give the bis(triisopropylsilyl) derivative 31
(Scheme 11).
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Scheme 11. Synthesis of octaphosphatetracontahexadecayne 32.

Si(iPr):
pyridine

'%\

>

The monodesilylation of 27 was carried out by treatment
with TBAF (0.3 equiv) in THF at —78°C for 2 h. One obtains
a mixture of the substrate 27 and the mono- and bis-
desilylated tetraphosphaicosaoctynes 30 and 28 as a yellow
oil; this mixture can be separated by column chromatography
on Al,O;.

In accordance with the unsymmetrical structure of 30, in the
SIP{'H} NMR spectrum (162 MHz, CDCl;) four different
signals with equal intensity are observed. These can be
assigned by comparison with the values of 27 and 28: 6 =
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—67.78 (s, P*), — 63.82 (s, P*), — 63.88 (s, P¢) and — 66.16 (s, P9).
The FD MS (CH,Cl,), m/z 1455 also supports the formula of
30.

Eglinton coupling of 30 to give hexadecayne 31: The oxidative
coupling of 30 was carried out according to the modified
Eglinton method. The disappearance of 30 was monitored by
TLC. After column chromatography, 31 was isolated as a pale
yellow microcrystalline solid (yield 87 %).

In the "H NMR (400 MHz, CDCl;) of 31 the signal of the
acetylenic hydrogen (6 = 3.25, s) disappeared. The integration
proves the presence of two triisopropylsilyl groups (6 = 1.04, s,
42H). In the IR spectrum the =CH signal at v =3300 cm™!
also disappears.

In agreement with the symmetric structure of 31, the *'P{'H}
NMR (162 MHz, CDCl;) shows three broad singlets with an
integration ratio of 2:1:1. The assignment is possible by
comparison with the 3P NMR spectrum of 27 [d = —66.17 (s,
2P%); —63.87 (s, 2P?), —63.70 (s, 2P¢, 2P9)]. In the FD-MS
(CH,Cl,) the expected peak of 31 (m/z 2908) cannot be
detected, probably because the molecule is no longer
desorbed from the RhC emitter or it decomposes below the
desorption temperature.

The desilylation of 31 occurs smoothly by means of the
standard method (TBAF in THF at — 78°C) and 32 is obtained
as a pale yellow precipitate. The IR spectrum [v(=CH)=
3300 cm! (w); »(C=C)=2160 (w), 2060 cm~! (m)] confirms
the formation of 32. As a result of the insolubility in all the
usual solvents, no satisfactory 'H and '*C NMR and no FD-
MS spectra could be obtained.

Intramolecular Eglinton coupling of 32 to give hexadecayne
23: The oxidative coupling of 32 was achieved again by means
of the modified Eglinton method ([Cu(OAc),] (4equiv),
CuCl,, (3 equiv), and pyridine). Because of the insolubility of
32, the coupling was carried out by adding small portions of
the solid 32 to the reaction mixture over a period of four hours
at 65°C. Heating was continued for a further two hours and
the mixture was then stirred for 24 hours at room temper-
ature. After hydrolysis, column chromatography of the crude
brown solid yielded the yellow, microcrystalline compound of
the 40-membered octaphospha ring system 23 in 9% yield.

This result confirms that both the intermolecular coupling
of the tetraphosphine 28 and the intramolecular coupling of
32 form the same 40-membered ring system 23.

In the IR spectrum (KBr) of 23 the »(=CH) band at
3300 cm~! disappears; the following signals are observed:
v(C=C) =2200 (w), 2165 (w), 2100 cm~! (m).

Amazingly, the 'H NMR spectrum (400 MHz, CDCl;,
21°C) of 23 is extremely simple. The 72H of the p-fBu groups
form a singlet at 6 =1.30, the 144 H of the o-rBu groups form a
singlet at 6 = 1.63, and the 16 m-aryl-H groups form a doublet
at 0 =745, *J(H,H)=3.5Hz. The 3P{'H} NMR spectrum
(162 MHz, CDCl;) shows one broad singlet for all eight
phosphine phosphorus atoms in the expected region (6=
—63.52). Neither the FD MS (CH,Cl,) nor the ESI MS
(CHCly/MeOH/H,0 10:10:1) confirm the molecular weight of
23 (m/z =2596); however, this does not place doubt on the
structure of the ring system.

Chem. Eur. J. 2000, 6, No. 20
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Comparison of the pyramidal inversion barriers of the 15-,20-,
25-, 30-, and 40-membered tri-, tetra-, penta-, hexa-, and
octaphospha ring systems 8, 9, 10, 11, and 23: In the 3'P NMR
of the 15-membered triphosphacyclopentadecahexayne 8 the
three signals of the two isomers at room temperature are
sharp lines. However, the inversion barrier of the pyramidal
phosphorus atoms is dramatically lowered (74.8 kJmol™).
The coalescence temperature is 83 °C and at 100°C only one
sharp signal (0=-—68.3) is observed. In the 3P NMR
spectrum of the 20-membered tetraphosphacycloeikosaoc-
tyne 9 at — 20 °C, sharp signals for all four possible isomers are
observed. However, at room temperature the signal broad-
ening indicates that there is a high rate of pyramidal inversion
of the phosphorus atoms in all isomers. At 140°C, the
inversion is so fast that only one P NMR signal (6=
—64.91) is observed. In the 25-membered pentaphosphacy-
clopentaicosadecayne 10 and the 30-membered hexaphos-
phacyclotriacontadodecayne 11 the reduction of the barrier of
the P inversion is no longer restricted by ring strains and,
therefore, at room temperature only broad *'P signals (10: 6 =
—65.51; 11: 0=-63.95) are observed. In the 3P NMR
spectrum of the 40-membered octaphosphacyclotetraconta-
hexadecayne 23 at room temperature these effects already
lead to one sharp signal for all eight pyramidal phosphorus
atoms (0 = —65.52).

Experimental Section

General methods: '"H NMR spectra were recorded on a VarianT60
(60 MHz), Bruker AW 80 (80 MHz), and Bruker ARX400 (400.13 MHz)
spectrometers. *C NMR spectra on a Bruker ARX 400 (100.61 MHz), 3'P
NMR spectra on Bruker ARX 400 (196.98 MHz) instruments. The UV/Vis
spectra were recorded on a Hitachi U-2000. The mass spectra are obtained
with a Finnigan MAT311A and 1128S (EI) and a Finnigan MAT 95 (FAB,
FD). The ESI-mass spectra were studied with a Finnigan MAT SSQ 7000.

2,4,6-Tri-tert-butyldichlorophosphane (6): The dichlorophosphane 6 was
synthesized according to the procedure of Yoshifuji et al.,l') improved by
Kreitmeier®! and Reithinger® from 1-bromo-2,4,6-tri-tert-butylben-
zene." Colorless needles, m.p. 70-71°C (from acetonitrile), 70%;
'H NMR (60 MHz, CDCL): 6 =1.33 (s, 9H, p-/Bu), 1.62 (s, 18 H, o-fBu),
7.39 (d, *J(PH) =4.2 Hz, 2H, m-aryl).
Diethynyl(2,4,6-tri-tert-butylphenyl)phosphane (7a):“!l. A saturated sol-
ution of acetylene in THF was prepared by bubbling acetylene into THF
(200 mL) at 0°C for 30 min. EtMgBr (10.0 mL, 10mM in THF, 100 mmol) was
then added dropwise at 0°C, while the addition of acetylene was continued
(30 min). The reaction mixture was allowed to warm to room temperature
and a solution of 6 (13.9 g, 40.0 mmol) in THF (200 mL) was added. After
stirring for 12 h, the mixture was hydrolyzed with NH,CI solution (10 %,
200 mL). The organic layer was separated and the aqueous solution
extracted with diethyl ether (3 x 40 mL). After drying and evaporation, the
crude solid product was purified by column chromatography (SiO,; CHCLy/
hexane 1:2). Recrystallization from ethanol (99 %, 15 mL) afforded 7a in
52% yield as colorless crystals. M.p. 91-92°C; 'H NMR (60 MHz, CDCL,):
0=133 (s, 9H, p-Bu), 1.72 (s, 18H, o-1Bu), 3.23 (s, 2H, =CH), 743 (d,
4J(PH)=3.6 Hz, 2H, m-aryl); IR (KBr): #=3300, 3260 (s, =CH),
2030 cm~! (m, C=C); elemental analysis caled (%) for C,,HyP (326.46):
C 80.94, H 9.57; found C 80.55, H 9.70.

(2,4,6-Tri-tert-butylphenyl)bis[ (trimethylsilyl)ethynyl J]phosphane (7b): A
solution of trimethylsilylacetylene (1.96 g, 20 mmol) in diethyl ether
(20 mL) was metallated with nBuLi (12.5 mL, 20.0 mmol) at —50°C over
a period of 30 min. This solution was then added slowly to a solution of 6
(3.58 g, 10.0 mmol) in diethyl ether (30 mL) at —78°C. The mixture was
allowed to warm to room temperature and the LiCl was filtered off in a
sintered glass tube. All operations were carried out with the exclusion of
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moisture. After removal of the solvent, the yellow, crystalline crude 7b was
purified by column chromatography (SiO,/hexanes). The byproduct 1,3,5-
tri-tert-butylbenzene was removed by sublimation at 70°C/10-2 mm Hg.
Recrystallization from methanol gave 7b as colorless crystals (72 % ). M.p.
105.5-106.5°C; '"H NMR (60 MHz, CDCl,/CD,ClL,): d=0.25 (s, 18H,
Si(CHs)s), 1.36 (s, 9H, p-rBu), 1.71 (s, 18 H, 0-rBu), 7.51 (d, */(P,H) ~ 4 Hz,
2H, m-aryl); “C NMR (22.64 MHz, CDCl;): 6 =0.36 (s, C11), 31.23 (s, C8),
34.20 (d, *J(P,C) =730 Hz, C6), 34.98 (s, C7), 39.95 (d, 3/(P,C) =4.64 Hz,
C5), 104.21 (d, 'J(P,C) =12.61 Hz, C9), 116.62 (d, 2/(P,C) =3.98 Hz, C10),
123.92 (d, 3J(P,C)=9.29 Hz, C3), 125.06 (s, Cl1), 151.50 (d, ¥/(P,C)=
1.99 Hz, C4), 157.79 (d, 2/(P,C)=17.25 Hz, C2); 3P NMR (101.27 MHz,
CDCl;): 6=-70.20; IR (KBr): #=2080 (m, C=C), 1240, 840 cm™' (vs,
Si(CHj;);); elemental analysis calcd (%) for C,gH,,PSi, (470.83): C 71.42 H
10.06; found C 71.29 H 10.09.

Bis(ethinyl)-2,4,6-tri-tert-butylphenylphosphane (7 a) by desilylation of 7b:
NaOH (2n, 5mL) was added to a solution of 7b (0.47 g, 1.00 mmol) in
methanol/diethyl ether (30 mL, 2:1). The mixture was stirred for 1 h and
then poured into HCI (2N, 50 mL) and diethyl ether (50 mL). The aqueous
phase was washed with diethyl ether (3 x 10 mL), and the combined diethyl
ether solutions were dried with Na,SO, and evaporated. Recrystallization
from ethanol afforded colorless crystals of 7a, (71 %). M.p. 91-92°C.

Eglinton coupling of 7a to give a mixture of the polyphosphacyclopolyynes
8,9, 10, and 11: A solution of 7a (500 mg, 1.50 mmol) in pyridine/methanol
(15mL, 2:1) was added dropwise over a period of 15min at room
temperature to a solution of [Cu(OAc),]-H,O (2.00g, 10.0 mmol) in
pyridine (50 mL). The mixture was heated to 60°C for 3h. After
evaporation in vacuo, the residue was extracted with benzene (2 x
50 mL). The organic solution was washed with water (2 x 20 mL), HCI
(2N, 10 mL), and again with water (3 x 10 mL). Column chromatography
(SiO,/benzene) yielded a dark yellow powder (decomp ~250°C), 402 mg
(82% related to 7a). The product was a mixture of the polyphosphacy-
clopolyynes 8, 9, 10, and 11 and was soluble in nonpolar solvents and
insoluble in polar solvents. It was possible to partially separate the mixture
by HPLC (Polygosil 60.7 cm, Machery-Nagel, Biiren), n-hexane/methyl-
pentane (99.6 % )/CH;CN (0.04 %), 40 bar). The 15-membered ring system
8 and the 25-membered ring 10 were isolated in pure form; compounds 9
and 11 could not be separated. Since 8, 9, and 11 are obtainable in better
yields by a consecutive, multistep synthesis, only 10, not available
otherwise, is described here.

1,6,11,16,21-Pentakis(2,4,6-tri-tert-butylphenyl)-1,6,11,16,21-pentaphos-
phacyclopentacosa-2,4,7,9,12,14,17,19,22,24-decayne ~ (10): 'H NMR
(400 MHz, CDCl;): 6 =1.29 (s, 45H, p-tBu), 1.64 (s, 90H, o-1Bu), 7.44 (d,
4J(PH) =2.7 Hz, 10H, m-aryl); BC NMR (100.61 MHz, CDCl;): 6 =121.4
(d, Y(PH)=20.5 Hz, Aryl-C1), 92.99 (d, 'J(P,C) =16.9 Hz, C9), 81.33 (s,
C10); *'P{'H} NMR (162 MHz, CDCl;): 6 = —65.51 (brs); IR (KBr): 7=
2070 cm™! (C=C); MS (PI FD, toluene): m/z (%): 1621 (90) [M —H]*,
1622.1 (100) [M]*, 1623.1 (60) [M+H]*, 1624.2 (30) [M+2H]*, 1625 (10)
[M+3H]*; elemental analysis caled (%) for C,,H,45P5 (1622.2): C 81.45, H
9.01; found C 81.78 H 9.22.

(2,4,6-Tri-tert-butylphenyl)bis| (triisopropylsilyl)ethynylJphosphane  (7¢)
and ethynyl(2,4,6-tri-tert-butylphenyl)[ (triisopropylsilyl)ethynyl Jphos-
phane (15b) by silylation of 7a: A solution of 7a (816 mg, 2.50 mmol) in
THF (70 mL) was metallated at —78°C with nBuLi (1.56 mL, 2.50 mmol,
1.6M in hexane). After stirring for another hour at —78°C, triisopropyl-
chlorosilane (0.60 g, 2.80 mmol) was added. After further 3 h reaction time
at room temperature, hydrolytic workup provided a dark oil, which was
purified by column chromatography (Al,Os/hexane). The first fraction
contained 7¢ (200 mg, 13 %), which was isolated as colorless oil, followed
by 15b (330 mg, 25%) as a yellow oil, and finally unreacted starting
material 7a (m.p. 90-91°C) was recovered (110 mg, 14 %).

Compound 7 ¢: '"H NMR (400 MHz, CDCly): 6 =1.04 (s, 42H, iPr), 1.30 (s,
9H, p-tBu), 1.69 (s, 18H, o-tBu), 743 (d, ¥(PH)=3.1 Hz, 2H, m-aryl);
BC NMR (101 MHz, CDCL,): 6 =11.29 (d, */(P,C) =1.0 Hz, C11), 18.56 (d,
3J(P,C)=0.1 Hz, C12), 31.12 (s, C8), 34.14 (d, *J(P,C) = 7.6 Hz, C6), 34.92 (s,
C7), 39.72 (d, 3J(P,C) =4.7 Hz, C5), 105.87 (d, 'J(P,C) = 14 Hz, C9), 113.58
(d, 2J(P,C)=29 Hz, C10), 12347 (d, 3J(P,C)=9.0 Hz, C3), 125.13 (d,
1J(P,C) =24 Hz, C1), 151.37 (d, */(P,C) =2.1 Hz, C4), 157.69 (d, 2J(P,C) =
17 Hz, C2); ¥P{'H} NMR (162 MHz, CDCl;), 6 = —68.85; IR (Film): 7=
2070 cm™' (m, C=C); UV/Vis (n-hexane): A, (¢)=286 (3200), 238
(18600), 216 nm (31800); MS (70 eV, EI): m/z (%): 638 (100) [M]*, 623
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(2) [M - CH,]*, 595 (5) [M—CH,]*, 481 (3) [M — C,H,,Si]*, 231 (9)
[Ci;Hy ], 57 (38) [C4Ho]*; elemental analysis caled (%) for C,H;PSi,
(639.2): C 75.17, H 11.20; found C 75.10, H 10.92.

Compound 15 b: "H NMR (400 MHz, CDCl;): 6 =1.05 (s, 21 H, iPr), 1.30 (s,
9H, p-Bu), 1.68 (s, 18H, o-fBu), 3.18 (d, *J(P.H) = 1.1 Hz, 1 H, =CH), 744
(d, /(PH) =3.1 Hz, 2H, m-aryl); *C NMR (101 MHz, CDCL): 6 =11.25
(d, J(P.C) =0.9 Hz, C11), 18.56 (s, C12), 31.11 (s, C8), 34.10 (d, 4J(P.C) =
7.6 Hz, C6), 34.92 (s, C7), 39.80 (s, *J(P.C) = 4.8 Hz, C5), 82.98 (d, *J(P.C) =
8.8 Hz, C13), 96.40 (d, 2/(P.C) =13 Hz, C14), 104.63 (d, J(P,C) =15 Hz,
C9), 114.40 (d, 2(PC)=2.2 Hz, C10), 123.71 (d, *J(P.C) =9.2 Hz, C3),
124.20 (d, J(P,C) =23 Hz, C1), 15165 (d, 4/(P.C) =2.4 Hz, C4), 15787 (d,
2J(P.C) =18 Hz, C2); *'P{'H} NMR (162 MHz, CDCL): 6 =—7037; IR
(film): #=3310, 3280 (m, =CH), 2100, 2040 cm~! (w, C=C); UV/Vis (n-
hexane): Aya (e) =290 (3300), 237 (17600), 210 nm (44400); MS (EL
70 €V): miz (%): 638 (100) [M]*, 623 (2) [M — CH,]*, 595 (5) [M — C;H,]*,
481 (3) [M — CH,,Si]*, 231 (9) [C;Hy ]+, 57 (38) [C,Ho]*; elemental
analysis caled (%) for C;;Hs, PSi (482.8): C 77.12, H 10.64; found C 77.57, H
10.94.

Partial desilylation of 7¢ to 15b: A solution of TBAF in THF (0.50 mL,
0.50 mmol, 1M in THF) was added to a solution of 7¢ (3.20 g, 5.00 mmol) in
THF (100 mL) at —78°C. After 3 h, the mixture was quenched with water
and dried with Na,SO,, and the solvent evaporated under reduced
pressure. The resulting yellow oil was purified by column chromatography
(Al,O;, hexane). Fraction 1: starting material 7¢, colorless oil (927 mg,
29%); fraction 2: 15b, light yellow oil (941 mg, 39 %); fraction 3: 7a, m.p.
90-91°C (261 mg, 16 %).

General procedure for the Eglinton coupling in the de Meijere modifica-
tion:?!] A solution of the terminal acetylene (1.00 mmol) in pyridine
(10 mL) was added dropwise to a stirred solution of [Cu(OAc),] (4 mmol)
and CuCl (3 mmol) in pyridine (10 mL) at room temperature. The reaction
mixture was stirred for a further 10 h, and after evaporation in vacuo, the
residue was dissolved in CH,Cl,/water (40 mL, 1:1). The organic phase was
washed with HCI (2N, 10 mL), saturated NaHCO; solution (7 mL), and
water (10 mL). The CH,Cl, solution was dried over Na,SO, and then
filtered through silica gel (CH,Cl,/hexanes, 1:6).

Eglinton coupling of 15b to give bis{(2,4,6-tri-tert-butylphenyl)| (triisopro-
pylsilyl)ethynyl]phosphanyl}butadiyne (16b): The 3-phosphapentadiyne
15b (1.54 g, 3.20 mmol) was coupled according to the general procedure.
The coupling product 16b formed as a yellow oil, which crystallized within
a few days (1.47 g, 95%). M.p. 111-113°C; 'H NMR (400 MHz, CDCl,):
0=1.07 (s, 42H, iPr), 1.30 (s, 18 H, p-tBu), 1.65 (s, 36 H, o-1Bu), 7.48 (d,
4J(PH)=3.2 Hz, 4H, m-aryl); 3C NMR (101 MHz, CDCl,): 6 =11.24 (s,
C13), 18.56 (s, C14), 31.10 (s, C8), 34.10 (d, “J(P,C) =7.5 Hz, C6), 34.95 (s,
C7), 39.73 (d, 3J(P,C) =4.8 Hz, C5), 82.82 (m, C9, 9'), 93.18 (m, C10, 10"),
103.58 (d, J(P,C) =12 Hz, C11), 115.19 (d, 2/(P,C) =1.6 Hz, C12), 123.52
(m, C1), 123.81 (d, 3/(P,C)=9.8 Hz, C3), 151.83 (m, C4), 157.88 (d,
2J(P,C) =18 Hz, C2); 3'P{'H} NMR (162 MHz, THF): 6 = —66.53, —66.29
(ratio 1:1.3); IR (KBr): #=2090, 2060 cm~! (w, C=C); UV/Vis (n-hexane):
Amax (€) =329 (6700), 289 (33900), 232 (47100), 211 nm (94 200); elemental
analysis calcd (%) for Cg,H,P,Si, (963.6): C 77.28, H 10.46; found C 77.62,
H 10.65.

2,4,6-Tri-tert-butylphosphane (19a): The reduction of 6 with LiAlH, was
described for the first time by Issleib et al.?*l and optimized by Kreit-
meier.’! Yield: 63%; colorless needles (from acetonitrile); m.p. 159-
161°C; 'H NMR (80 MHz, CDCL): 6 =123 (s, 9H, p-fBu), 1.50 (s, 18H,
o0-1Bu), 4.15 (d, 'J(PH) =211 Hz, 2H, P-H), 737 (d, /(PH) =2.6 Hz, 2H,
m-Aryl); IR (KBr): #=2410, 2350, 2280 cm~' (m, P-H).

(2,4,6-Tri-tert-butylphenyl)monochlorophosphane (19b): The monochlo-
rophosphane was prepared from 19a by reaction with CCl,/azoisobutyr-
onitrile according to Escudie et al.?**! The procedure was improved by
Reithinger.? Colorless product, m.p. 105-112°C (further purification of
the crude 19b by recrystallization was not possible); 'H NMR (80 MHz,
CDCly): =128 (s, 9H, p-Bu), 1.60 (s, 18H, o-rBu), 7.24 (d, 'J(PH) =
213 Hz, 1H, P-H), 746 (d, */(P,H) =4.0 Hz, 2H, m-aryl); IR (KBr): 7=
2405 cm™!, (w, P-H).

1,3-Butadiyne (18):1*/ This compound is accessible in good yields by
dehydrochlorination of 1,4-dichloro-2-butynel*! with aqueous KOH (yield
about 50 % ). Because of its instability the 1,3-butadiyne was prepared just
before use. It can be stored only in THF solution at —78°C.
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Bis[ethynyl(2,4,6-tri-fert-butylphenyl)phosphanyl]butadiyne (20):1 A sol-
ution of EtMgBr in THF (13.9 mL, 26.5 mmol, 1.9M in THF) was added to a
solution of 1,3-butadiyne (670 mg, 13.4 mmol) in THF (20 mL) at —78°C.
At 0°C  (2,4,6-tri-tert-butylphenyl)monochlorophosphane  (8.29 g,
26.5mmol) in THF (70 mL) was added dropwise to the bis-Grignard
compound of 1,3-butadiyne over a period of 35 min. After hydrolysis and
extraction with diethyl ether, the obtained crude product (2.16 g) was
recrystallized from hexane (43%). Colorless crystals (1.85 g); m.p. 147
148°C (decomp); '"H NMR (80 MHz, CDCl;): 6 =1.26 (s, 18 H, p-tBu), 1.56
(s, 36H, o-fBu), 5.80 (d, Y(PH) =252 Hz, 2H, P-H), 742 (d, “/(PH) =
2.4 Hz, 4H, m-aryl); IR (KBr): #=2410 cm~! (w, P-H).

Butadiynediylbis[ (2,4,6-tri-fert-butylphenyl) phosphinecarbonylchloride]
(21):53%1 A solution of phosgene (3.00 mL, 12.0 mmol, 4.0M in toluene) was
added to a solution of 1,6-diphosphahexadiyne 20 (1.81 g, 3.00 mmol) in
toluene (20 mL). The mixture was stirred for 1 h at room temperature.
After removal of the excess phosgene and the solvent, the residue was
recrystallized from petroleum ether (80-100°C) to give yellow crystals of
21 (57%). M.p. 165-166°C (decomp); 'H NMR (80 MHz, CDCl;): 6 =1.28
(s, 18 H, p-tBu), 1.55 (s, 36 H, 0-1Bu), 7.50 (d, */(P.H) =4.0 Hz, m-aryl); IR
(KBr): 7#=2080 cm~! (w, C=C).

Butadiynediylbis| (2,4,6-tri-fert-butylphenyl)phosphinouschloride] (22)P):
The chloroformyl derivative 21 (1.09 g, 1.50 mmol) was heated to 160 -
170°C, until the elimination of CO ceased (15-20 min). Column chroma-
tography (SiO,, diethyl ether/hexanes 1:2) and recrystallization from
benzene/CH;CN yielded yellow crystals of 22 (35%). M.p. 190-193°C;
'"H NMR (80 MHz, CDCl;): d =1.27 (s, 18 H, p-rBu), 1.67 (s, 36 H, o-tBu),
744 (d, “J(P.H) =3.2 Hz, m-aryl); IR (KBr): #=2060 cm~! (w, C=C).

Bis{(2,4,6-tri-tert-butylphenyl)| (triisopropylsilyl)ethynyl]phosphanyl}bu-

tadiyne (16a): Trimethylsilylacetylene-MgBr (1.82 mL, 0.74 mmol, 0.4M in
THF) was added dropwise to a stirred solution of 22 (190 mg, 0.28 mmol) in
THF (5 mL) at 0°C. After 4 h at room temperature, hydrolytic workup, and
extraction with diethyl ether, a yellow-brown product was obtained which
was purified by column chromatography (SiO,, CH,Cl,/hexanes 1:5) to give
yellow crystals of 16a (56%). M.p. 44-46°C; 'H NMR (400 MHz,
[Dg]THE, TMS): 6=0.15 (s, 18H, Si(CHa);), 749 (d, */(PH)=3.2 Hz,
4H, m-aryl); *C NMR (101 MHz, [Dg]THF): 6 =-0.60 (d, “/(P.C)=
0.9 Hz, C13), 31.32 (s, C8), 34.49 (d, *J(P,C) =7.5 Hz, C6), 35.62 (s, C7),
40.47 (d,J(P,C) =4.9 Hz), 83.46 (m, C9,9'), 93.28 (m, C10, C10'), 102.50 (d,
J(P,C)=10Hz, Cl11), 119.14 (d, 2J(PC)=4.0Hz, C12), 123.73 (d,
J(P,C)=20Hz, C1), 12490 (d, J(P.C)=9.8Hz), C3), 153.05 (d,
4J(P,C)=2.4 Hz, C4), 158.76 (d, %J(P,C) =18 Hz, C2); IR (KBr): 7#=2090,
2060 cm™!; UV/Vis (n-hexane): 4., (¢)=331 (8600), 286 (40500), 261
(44600), 234 (55000), 209 nm (109600); MS (70 eV, EI): m/z (%): 794 (79)
[M]*, 779 (15) [M — CH,]*, 737 (16) [M — C,H,]*+, 721 (3) [M — C3H,Si]*,
231 (35) [C7Hy7]F, 73 (79) [C3H,Si]H, 57 (100) [C,Hy]*; elemental analysis
caled (%) for CsoHz6P,Si, (795.3): C 75.51, H 9.63; found C 75.48, H 9.67.

Bis[ethynyl(2,4,6-tri-tert-butylphenyl)phosphanylJbutadiyne (17): NaOH
(2N, 0.5 mL) was added to a stirred solution of 16a (79.5 mg, 0.10 mmol) in
MeOH/diethyl ether (3.0 mL, 2:1). After 1 min, HCl (2N, SmL) and
diethyl ether (2 mL) were added. The diethyl ether solution was washed
with water and dried over Na,SO,. Filtration over silica gel (CH,Cl,/
hexanes, 1:5) afforded 17 as yellow crystals (55%), which could not be
purified further. M.p. 164-167°C (decomp); 'H NMR (400 MHz,
[Dg]THE, TMS): 6 =130 (s, 18H, p-tBu), 1.64 (s, 36 H, o-tBu), 3.86 (s,
2H, =CH), 744 (d, *J(P.H)=3.2 Hz, 4H, m-aryl); *C NMR (101 MHz,
[Dg]THF): 6 =31.23 (s, C8), 34.38 (d, *J(P,C) =7.6 Hz, C6), 35.54 (s, C7),
40.36 (d, 3J(P,C) =4.9 Hz, C5), 81.00, 83.19 (m, C9, C9', C10, C10'), 93.27
(m, C10, C10’), 100.11 (m, C12), 123.42 (d, 'J(P,C) =201 Hz, C1), 124.77 (d,
3J(P,C)=9.9 Hz, C3), 153.07 (d, “J(P,C) =2.2 Hz, C4), 158.85 (d, 2J(P.C) =
18 Hz, C2);3'P{'H} NMR (162 MHz, [Dg]THF): 6 = — 67.88; IR (KBr): 7=
3260 (m, =CH), 2060, 2030 cm™! (w, C=C); UV/Vis (n-hexane): ., (€)=
326 (7000), 282 (31100), 265 (32700), 226 (39100), 206 nm (74100);
elemental analysis calcd (%) for C,,Hg,P, (650.9): C 81.19, H 9.29; found C
80.73, H 10.09.

Eglinton coupling of 17 to give 9, 11, and 23: The Eglinton coupling of 17
(87.6 mg, 150 mmol) according to the general procedure afforded 40 mg
(41% with respect to 17) of a yellow solid (m.p.~175°C, decomp) as a
mixture of 9, 11, and 23, which could not be separated. 'H NMR (400 MHz,
CDCl;) of the mixture: 6 =1.286 (s), 1.295 (s), 1.303 (s, 9H, p-tBu), 1.64 (s,
18H, o-Bu), 743 (d, */(P,H) = 3.2 Hz), 745 (d, */(P.H) = 3.5 Hz), 7.46 (s, m-
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aryl); 3'P NMR (162 MHz, C,D,Cl,) at 21°C: several broad signals from
0=—64.33to —69.03, at 120°C: three sharp singlets at 6 = —63.03, —63.53,
and — 65.24 with an intensity of 1 (23), 4.5 (11) and 35 (9); IR (KBr): =
2160 (w), 2060 (w, C=C), the =CH signal at ~3300 cm~' had disappeared.

1-(Bromoethynyl)(2,4,6-tri-tert-butylphenyl)[ (triisopropylsilyl)ethynyl]-
phosphane (24): A solution of 15b (770 mg, 1.60 mmol) in THF (50 mL)
was metallated at —78°C with nBuLi (1.20 mL, 1.92 mmol, 1.6M in n-
hexane). After 20 min, p-tosylbromide (450 mg, 1.90 mmol) in THF (4 mL)
was added slowly at —78°C. The reaction mixture was stirred at room
temperature 2 h and then hydrolyzed (10 mL). The organic phase was
treated with H,SO, (2N, 5 mL), saturated NaHCO; solution (5 mL), and
water (2 x 20 mL). Evaporation afforded a reddish brown oil, which was
purified by column chromatography (AlLO;, hexanes). The phosphane 24
was obtained as a pale yellow oil (675 mg, 75 %). A small amount (108 mg,
14%) of the starting material 15b was recovered. 'H NMR (400 MHz,
CDCly): 0 =1.05 (s, iPr), 1.31 (s, 9H, p-tBu) 1.66 (s, 18H, o-tBu), 7.44 (d,
4J(P,H) =3.2 Hz, 2H, m-aryl); *C NMR (101 MHz, CDCl,): 6 =11.25 (d,
4J(P,C)=0.8 Hz, C11), 18.56 (s, C12), 31.11 (s, C8), 34.10 (d, “/(PC)=
7.6 Hz, C6), 34.92 (s, C7), 39.77 (d, 3J(P,C) = 4.7 Hz, C5), 66.02/78.38 (d.d,
J(P,C)=14.8 Hz, 2J(PC)=14.8 Hz, C13/Cl14), 10448 (d, J(PC)=
16.6 Hz); 114.52 (d, %/(P,C)=1.5 Hz, C10), 123.80 (d, */(P,C)=9.1 Hz,
C3), 124.26 (d, 'J(P,C)=23.4Hz, C1), 151.63 (d, */(P,C)=2.4 Hz, C4),
157.85 (d, 2/(P,C)=17.7 Hz, C2); ¥P{'H} NMR (162 MHz, CDCL;): 6 =
—64.86 (s); IR (film): 7=2110, 2080 cm~' (w, C=C); UV/Vis (n-hexane):
Amax (€) =279 (3800), 240 (17400), 210 nm (43400); MS (70 eV, El): m/z
(%): 561 (18) [M]", 546 (1) [M — CH,]*, 517 (3) [M — C;H,]*, 482 (9) [M —
Br]*, 245 (6) [CsHy]™, 231 (60) [Ci;Hy;]™, 57 (100) [C,H,]"; elemental
analysis calcd (% ) for C5H;BrPSi (561.7): C 66.29, H 8.97, Br 14.23; found
C 66.58, H 9.17, Br 14.15.

Cadiot — Chodkiewicz coupling of 7a with 24 to give (2,4,6-tri-tert-
butylphenyl)bis-({(2,4,6-tri-tert-butylphenyl)[ (triisopropylsilyl)ethynyl]-
phosphanyl}butadiynyl)phosphane (25b): A solution of 7a (196 mg,
0.6 mmol) in THF (8mL) was metallated at —78°C with nBuLi
(0.80 mL, 1.26 mmol, 1.6M in n-hexane). After 30 min the temperature
was increased to 0°C and CuCl (125 mg, 1.26 mmol) was added. The
mixture was stirred for a further 20 min at 0°C and then 30 min at room
temperature. The solvent was removed under reduced pressure (not to
dryness!), and the residue was dissolved in oxygen-free, dry pyridine
(20 mL). A solution of the bromo compound 24 in THF (5 mL) was added
dropwise to the copper salt of 7a. The reaction mixture was stirred for 12 h,
the dark solution was poured into HCI (40 mL, 10 % ), and the mixture was
extracted with hexanes (3 x 40 mL). The combined organic phases were
washed with HCI (2N, 20 mL) and saturated NaHCOj; solution (20 mL),
and dried over Na,SO,. Evaporation and column chromatography (Al,O3,
hexane) yielded a yellow oil of 16b (60.0 mg, 10 %), the desired coupling
product 25b (210 mg, 27 %) as a yellow resin, and 26 (10 mg, 2%). The
coupling reaction with CuCl/NH,OH - HCl/isopropylamine/THF produced
25b in 11% yield, with Cul/PdCl,(CH;CN)/isopropylamine/benzene
(Elbaum et al.*l) in 15% yield. '"H NMR (400 MHz, CDCl,): 6 = 1.04 (s,
42H, iPr), 1.30 (s, 9H, p-tBu), 1.30 (s, 18 H, p-tBu), 1.61 (s, 18 H, 0-rBu), 7.43
(d, 4/(PH)=3.4 Hz, 4H, m-aryl), 745 (d, */(P,H) =4.00 Hz, 2H, m-aryl),
3C NMR (101 MHz, CDCl): 6 =11.25 (d, */(P,C) = 0.9 Hz, C15), 18.56 (s,
C16), 31.07 (s, C8), 31.10 (s, C8?), 34.06 (d, “J(P,C) = 6.8 Hz, C6), 34.11 (d,
4J(P,C) =72 Hz, C6%), 34.98 (d, °J(P,C)=0.9 Hz, C7%), 35.01 (d, J(P.C) =
0.9 Hz, C7°), 39.71 (d, 3J(P,C)=5.1 Hz, C5%), 39.73 (d, 3J/(P,C)=4.7 Hz,
C5), 80.84 (ddd, 1J(P*,C) =73 Hz, *J(P,C) =4.8 Hz, %J(P,C) =2.5 Hz, C9),
83.72 (dd, 'J(P,C)=8.8 Hz, “J(P,C)=3.8 Hz, C12), 92.96 (dd, J(P,C)=
174 Hz, 3J(PC)=3.8Hz, C10, C11), 93.96 (dd, 2/(P,C)=174Hz,
3J(P,C)=4.7Hz, C10, C11), 10329 (dd, YJ(PC)=13.0Hz, %J(PC)=
1.7 Hz, C13), 115.50 (d, 2/(P,C)=2.0 Hz, C14), 121.85 (m, C1®), 123.35,
(dd, J(P,C) =214 Hz, °J(P,C)=1.7 Hz (C1?), 123.81 (d, */(P,C)=9.5 Hz,
C3%), 124.10 (d, 3J/(P,C) =10.0 Hz, C3"), 151.91 (d, “J(P,C) =2.5 Hz, C4%),
152.38 (d, 4/(P,C) =2.5 Hz, C4%), 15791 (d, J(P,C) =174 Hz, C2?), 15798
(d, 2J(P,C)=17.8 Hz, C2%); 3'P{'H} NMR (162 MHz, CDCl;): 6 = —63.99
(1P), —66.16 (2P); IR (film): 7 =2140 (w), 2090, 2065 cm~' (m, C=C); UV/
Vis (n-hexane): 4., (¢) =305 (59200), 273 (57500), 233 (73300), 211 nm
(131400); MS (FD, CH,Cl,): m/z: 1287; elemental analysis calcd (%) for
CgH 29P5S1, (1288.0): C 78.33, H 10.10; found C 78.71, H 10.48.

Desilylation of 25b to (2,4,6-tri-tert-butylphenyl)bis{[ ethynyl(2,4,6-tri-tert-

butyl-phenyl)phosphanyl]butadiynyl}phosphane (25a): A THF solution of
TBAF (0.25mL, 1M in THF) was added to a solution of 25b (645 mg,
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0.5 mmol) in THF (100 mL) at —78°C. The mixture was stirred for 2.5 h
and then quenched with water. The organic layer was evaporated, and the
crude product purified by column chromatography (Al,Os;, CH,Cly/hexane
1:10) to give yellow crystals of 25a (307 mg, 63%). M.p. 170-175°C
(decomp); '"H NMR (400 MHz, CDCl;): 6 =1.30 (s, 9H, p-Bu), 1.31 (s,
18H, p-tBu) 1.61 (s, 18 H, o-tBu), 1.64 (s, 36 H, 0-Bu), 3.25 (s, 2H, =CH)),
745 (d, *J(PH)=3.5Hz, 2H, m-aryl), 745 (d, “/(PH)=3.4 Hz, 4H, m-
aryl); ®C NMR (101 MHz, CDCl,): 6 =31.07 (s, C8), 31.08 (s, C8?), 34.08
(d, ¥(P,C)="72Hz, C6°, C6°), 34.99 (d, J(P,C)=0.9 Hz, C7%), 35.03 (d,
*J(P,C) =0.9 Hz, C7°), 39.70 (d, *J(P,C) =4.9 Hz, C5%), 39.77 (d, 3J(P,C) =
49 Hz, C5%), 81.02 (ddd, 'J(P*,C)=8.1Hz, “/(P,C)=42Hz, °J(PC)=
2.2 Hz, €9), 81.15 (dd, J(P,C) =9.1 Hz, ®J(P,C) =2.0 Hz, C12, C13), 82.76
(dd, J(P,C)=10.2 Hz, *J(P,C)=3.7 Hz, C12, C13), 93.11 (dd, 2J(P.C)=
175 Hz, 3J(PC)=3.8Hz, C10, Cl11), 93.76 (dd, 2/(P.C)=174Hz,
3J(P,C) =4.4 Hz, C10, C11), 97.32 (d, 2/(P,C) =11.9 Hz, C14), 121.53 (ddd,
1J(P,C)=19.8 Hz, J(P**,C)=1.5 Hz, C1°), 122.11 (dd, 'J(P,C)=20.9 Hz,
%J(P,C) =1.6 Hz, C1?), 124.04 (d, 3J(P,C) =9.7 Hz, C3%), 124.11 (d, 3J(P,C) =
9.9 Hz, C3P), 152.28 (d, *J(P,C) =2.6 Hz, C4%), 152.51 (d, “J(P,C) =2.6 Hz,
C4%), 158.01 (d, 2J(P,C) =17.8 Hz, C2%), 158.08 (d, 2/(P,C) =17.8 Hz, C2%);
SIP{IH} NMR (162 MHz, CDCL): 6 = — 63.86 (1P), —67.77 (2P); IR (KBr):
7=3300 (m, =CH), 2140, 2065, 2035 cm~! (w, C=C); UV/Vis (n-hexane):
Amax (8)=296 (30200), 275 (33000), 234 (34700), 207 nm (67900);
elemental analysis caled (%) for C4HgoP5 (975.4): C 81.27, H 9.20; found
C 81.44, H 9.61.

Eglinton coupling of 25b to give triphosphacyclopentadecahexayne 8 and
hexaphosphacyclotriacontadodecayne 11: The Eglinton coupling of 25b
(88.0 mg, 90 umol) according to the general procedure afforded a yellow-
orange solid which was purified by column chromatography (SiO,, CH;CN/
n-hexane 1:200).

Compound 8: Yield: 61.4 mg (70 % ); yellow-orange crystals; m.p. 78 -84 °C
(decomp). 'H{*'P} NMR (400 MHz, CDCl,): 6 =1.29 (s, 27H, p-tBu), 1.64
(s), 1.65 (s), 1.67 (s, S4H, o-tBu), 741 (s), 742 (s), 743 (s, 6H, m-aryl);
P{'H} NMR (162 MHz, CDCl;, 21°C): 6=-68.14, —68.62, —69.41
(integration ratio 1:2:0.8); —69.41 (s, isomer 8a), —68.14 (s), —68.62 (s,
integration ratio 1:2, isomer 8b); ratio 8a/8b =21:79; IR (KBr): 7=2145
(w), 2060 cm~! (m, C=C); UV/Vis (n-hexane); A, (¢) =300 (32800), 254
(95000), 206 nm (114200); MS (FD, CH,Cl,): m/z: 972; elemental analysis
caled (%) for CysHg,P5 (973.3): C 81.44, H 9.01; found C81.11, H 9.14.

Compound 11: Yield: 4.62mg (5%); yellow crystals; m.p. 175°C (de-
comp); 'H{*'P} NMR (400 MHz, CDCl,): 6 =1.29 (s, 54 H, p-tBu), 1.64 (s,
108H, o-tBu), 745 (d, “J(PH)=3.5Hz, 12H, m-aryl); *P{'"H} NMR
(162 MHz, CDCl;, 21°C): d=—-63.95 (brs); 3P{'H} NMR (162 MHz,
CDCl;, 50°C): 6 =—163.95 (s, sharp); IR (KBr): 7=2145 (w), 2100 (w),
2060 cm™! (w, C=C); UV/Vis (n-hexane): A, (¢)=290 (72400), 266
(128600), 205 nm (188100); MS (FD, CH,Cl,): m/z: 1946 (in agreement
with the calculated spectrum); elemental analysis calcd (%) for C3,H;7,Ps
(1946.9): caled C 81.44, H 9.01; found C 81.17 H 9.11.
[Ethynyl(2,4,6-tri-tert-butylphenyl)phosphanyl]{(2,4,6-tri-fert-butylphen-
yD)[ (triisopropylsilyl)ethynyl]phosphanyl}butadiyne (26) by monodesilyl-
ation of 16b: A solution of 16b (1.21 g, 1.25 mmol) in THF (50 mL) at
—78°C was treated with TBAF (0.2 mL, 0.2 mmol, 1M in THF) for 1 h.
Water (5mL) was added, and the organic layer dried over Na,SO,.
Evaporation yielded a yellow oil, which was purified by column chroma-
tography (Al,O;, hexane). The first fraction was the starting material 16b,
yellow crystals, m.p. 111-113°C (390 mg, 30%). With CH,Cl,/hexanes
(1:20) 26 was eluted, yellow oil (390 mg, 39 %), and finally with CH,Cl,/
hexanes (1:6) the bis-desilylation product 17 was obtained, yellow crystals,
m.p. 164-168°C (125 mg, 15%). Compound 26: 'H NMR (400 MHz,
CDCl;): 6 =1.05 (s,24H, iPr), 1.30 (s, 18 H, p-tBu), 1.63 (s, 18 H, 0-rBu), 1.64
(s, 18H, o-1Bu), 3.24 (d, 3J(PH)=0.4 Hz, 1H, =CH), 743 (d, ¥(PH)=
3.3 Hz, 2H, m-aryl®), 744 (d, ¥(PH)=3.4 Hz, 2H, m-aryl*); C NMR
(101 MHz, CDCL): 6=11.24 (d, “(P,C)=0.7 Hz, C17), 18.56 (s, C18),
31.09/31.10 (s/s, C8%, C8"), 34.07/34.11 (d/d, “J(P,C)=73 Hz, “J(P,C)=
7.2 Hz, C6%, C6%), 34.96/34.98 (d/d, °J(P,C) =0.9 Hz, *J(P,C)=1.3 Hz, C7%,
C7%), 39.73/39.77 (d/d, 3J(P,C) =4.7 Hz, 3J(P,C) =4.7 Hz, C5%, C5%), 81.40
(dd, J(P,C)=2.2,9.6 Hz, C9, Cl11, C14), 81.78 (dd, J(P,C) =4.4, 8.8 Hz, C9,
Cl11, C14), 83.19 (dd, J(P,C) =8.5, 4.0 Hz, C9, C11, C14), 92.96/93.48 (m/m,
C12, C13), 97.12 (d, 2J(P,C) =12.0 Hz, C10), 103.36 (dd, °/(P,C) =1.9 Hz,
1J(P,C) =12.7 Hz, C15), 115.35 (d, 2J(P,C)=2.1 Hz, C16), 122.34/123.38
(d/d, YJ(PC)=21.0Hz, J(PC)=21.6Hz, Cl* C1°), 123.79/124.03
(d/d, 3J(P,C)=9.5Hz, *J(P,C)=9.6Hz, C3*, C3%, 151.91/152.21 (d/d,
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4J(P,C) =2.5 Hz, *J(P,C) =2.5 Hz, C4%, C4Y), 157.88/158.96 (d/d, 2J(P,C) =
15.4 Hz, 2J(P,C)=15.7 Hz, C2, C2%); *P{'H} NMR (162 MHz, CDCl,,
21°C): 6 =—166.12, —66.28, —67.87; IR (film): 7=3280 cm~' (m, =CH),
2050, 2070 cm~! (w, C=C); UV/Vis (n-hexane): 4., (¢) =330 (3800), 284
(28300), 273 (28500), 231 (36300), 210 nm (73200); MS (70 eV, EI): m/z
(%): 807 (2) [M]*, 750 (2) [M — C,H,]*, 562 (2) [M — CysHy]*, 457 (4)
[CxHsPSi]*, 231 (100) [CyHy]*, 73 (8) [GHSSI]Y, 57 (76) [CHyl!;
elemental analysis calcd (%) for Cs;Hg,P,Si (807.3): C 78.85, H 9.99; found
C 79.08, H 10.17.

3,8,13,18-Tetrakis(2,4,6-tri-tert-butylphenyl)-1,20-bis(triisopropylsilyl)-
3,8,13,18-tetraphosphaicosa-1,4,6,9,11,14,16,19-octayne (27): The modified
Eglinton coupling of 26 (1.13 g, 1.40 mmol) according to the general
procedure afforded 27 as yellow crystals (1.09 g, 97 %). M.p. 76-111°C;
'"H NMR (400 MHz, CDCl,):  =1.04 (s, 42H, iPr), 1.302 (s, 18 H, p-tBu?),
1.299 (s, 18 H, p-rBu®), 1.60 (s, 36 H, o-tBu®), 1.64 (s, 36 H, o-tBu?), 7.43 (d,
4J(PH) =3.3 Hz, 4H, m-aryl®), 7.44 (d, */(P,H) = 3.6 Hz, m-aryl’); *'C NMR
(101 MHz, CDCL): 6=11.29 (d, ¥(P,C)=0.6 Hz, C17), 18.56 (s, C18),
31.07 (s, C8), 31.10 (s, C8), 34.06 (d, “J(P,C)="70Hz, C6), 34.11 (d,
4J(P,C) =71 Hz, C6%), 34.96 (d, >J(P,C)=0.7 Hz, C7%), 35.02 (d, *J(P,C) =
0.8 Hz, C7°), 39.71 (d, 3J(P,C) =4.9 Hz, C5%), 39.73 (d, 3J/(P,C)=4.7 Hz,
C5%),80.50-80.65 (m, C11, C14, C15, C15'), 81.65 - 81.83 (m, C11, C14, C15,
C15'), 83.75-83.89 (m, Cl11, Cl14, C15, C15), 92.77-93.06 (m, C12, C13,
Cl16, C16'), 93.53-93.76 (m, C12, C13, Cl16, C16'), 94.14 (dd, J(P,C) =179,
4.5 Hz, C12, C13, C16, C16'), 103.29 (dd, 'J(P*,C)=12.7 Hz, *J(P",C) =
1.7 Hz, C9), 115.51 (d, Y/(P,C)=2.1 Hz, C10), 121.64 (ddd, J(P"C)=
19.5Hz, SJ(P*4,C)=1.6Hz, C1°), 12332 (dd, J(P*,C)=213Hz,
°J(P*,C)=1.7Hz, C1?), 123.81 (d, 3(P,C)=9.5Hz, C3%), 124.11 (d,
3J(P,C)=9.9 Hz, C3%), 151.91 (d, ¥(P,C)=2.5Hz, C4°); 3P{'H} NMR
(162 MHz, CDClLy): 6=-63.87 (2P"), —66.17 (2P%); IR (KBr): 7=
2065 cm~! (w); UV/Vis (n-hexane): A, (¢) =308 (72500), 278 (82900),
238 (98000), 211 nm (173400); elemental analysis calcd (%) for
CiosH15sP4S1; (1612.5): C 78.96, H 9.88; found C 78.84, H 10.24.

Synthesis of 27 by Cadiot — Chodkiewicz coupling of 17 with 24: A solution
of 17 (98.0 mg, 0.15 mmol) in THF (4 mL) was metallated at —78°C with
nBuLi (0.20 mL, 0.31 mmol, 1.6M in n-hexane). After 30 min the temper-
ature was increased to 0°C, and CuCl (30.9 mg, 0.31 mmol) was added. The
mixture was stirred for 20 min at 0°C and finally for 20 min at room
temperature. The solvent was removed under reduced pressure (not to
dryness!) and replaced with dry, oxygen-free pyridine (5 mL). A solution of
24 (175 mg, 0.31 mmol) in THF (2.0 mL) was added within 30 min. After
12 h the dark reaction mixture was poured into HCl (2N, 10 mL). The
coupling product was extracted with hexane (3 x 20 mL). The combined
extracts were washed with HCI (2N, 10 mL), saturated NaHCO; solution
(10 mL), and water. Evaporation and column chromatography (AlO;,
CH,Cly/hexanes) afforded yellow crystals of 25 (41 mg, 2%), m.p. 111-
113°C, and the coupling product 27 as yellow crystals (40.0 mg, 16 % ), m.p.
78-111°C, 15b as a yellow oil (10 mg, 6 %) and 29 (10 mg, 6% ).

3,8,13,18-Tetrakis(2,4,6-tri-tert-butylphenyl)-3,8,13,18-tetraphosphaicosa-
1,4,6,9,11,14,16,19-octayne (28) by desilylation of 27: A solution of TBAF
(0.20 mmol, 0.20 mL, 1M in THF) was added to the solution of 27 (161 mg,
0.1 mmol) in THF (10 mL) at —78°C and stirred for 2 h. After quenching
of the mixture with water, evaporation of the organic solution and column
chromatography (AL,O;, CH,Cl,/hexanes 1:6) afforded 28 as pale yellow
crystals (53 % ). M.p. 124-150°C (decomp); 'H NMR (400 MHz, CDCL,):
0=1.30 (s, 18 H, p-rBu®), 1.31 (s, 18 H, p-tBu?), 1.61 (s, 36 H, 0-tBu®), 1.64 (s,
36H, o-tBu?), 3.25 (d, 3/(P,H) = 0.4 Hz,2H,=CH), 745 (d, */(P.H) = 3.5 Hz,
4H, m-aryl®), 746 (d, */(P.H) = 3.4 Hz, 4H, m-aryl*); 3C NMR (101 MHz,
CDCl;): 6 =31.06 (s, C8), 31.08 (s, C8%), 34.06 (d, “J(P,C) =7.2 Hz, C6),
34.08 (d, 4J(P,C) =72 Hz, C6), 34.99 (d, °J(P,C) =0.8 Hz, C7%), 35.03 (d,
3J(P,C)=0.9 Hz, C7%), 39.70 (d, 3J(P,C) =4.8 Hz, C5%), 39.77 (d, 3J(P,C) =
4.8 Hz, C5%),[80.82-81.03 (m), 81.15 (dd, J(P,C) =9.3, 1.7 Hz), 83.50 - 81.75
(m), 82.77 (dd, J(P,C)=10.1, 3.6 Hz)]: C9, Cl11, C14, C15, C15"; [92.99-
93.24 (m), 93.30-94.01 (m), 97.32 (d, 2J(P,C) =11.9 Hz)]: C12, C13, C16,
C16'; 121.45 (m, C1%), 122.11 (dd, J(P*,C)=21.2 Hz, %J(P",C)=1.7 Hz,
C1%), 124.04 (d, 3J(P,C) =9.3 Hz, C3%), 124.12 (d, 3J(P,C) =9.8 Hz, C3"),
152.28 (d, ¥/(P,C) =2.4 Hz, C4®), 152.52 (d, */(P,C) =2.5 Hz, C4%), 158.02
(d, 2J(P,C) =179 Hz, C2% 158.07 (d, /(P,C) =18.0 Hz, C2%); 3'P{'"H} NMR
(162 MHz, CDCly): d =—63.85 (P*), —67.81 (P*); IR (KBr): #=3300 (w,
=CH), 2060 cm™' (w, C=C); UV/Vis (CH,CL): An,, (€) =308 (60500),
280 nm (75100); MS (FD, CH,Cl,): m/z: 1299; elemental analysis calcd (%)
for CgH, 4P, (1299.8): C 81.32, H 9.15; found C 80.80, H 9.35.
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Oxidative coupling of 28 to 9 and 23: The modified Eglinton coupling of 28
(104 mg, 80 mmol) according to the general procedure afforded a yellow-
orange solid that was purified by column chromatography (SiO,, CH,Cl,/
hexane 1:3), followed by (SiO,, CH;CN/n-hexane 1:200). Two fractions of
yellow solids were obtained: 9 (68 mg, 65 %) and 23 (5.5 mg, 5%).

Compound 9: M.p. =250°C (decomp); 'H{*'P} NMR (400 MHz, CDCl;):
5=1.29 (s, 36 H, p-rBu, 1.64 (s, 72H, o-Bu), 743 (d, */(P.H) =3.1 Hz, 8H,
m-aryl); at —20°C the inversion rate was reduced, the signal at 1.29 split to
give a doublet, the other signals gave broad multiplets; *'P{'H} NMR
(162 MHz, CDCl;, 21°C): several broad signals from 6 = —64.7 to —67.2;
SP{IH} NMR (162 MHz, C,D,Cl,, 140°C): =—64.91 (s, sharp), fast
inversion of all pyramidal phosphine phosphorus atoms; *'P{'H} NMR
(162 MHz, CDCl,, —20°C): 6 =—68.13 (s, 9a), — 66.26 (s, 9b), —65.56 (s,
9¢), —65.56 (t, 1P, J(P,P) =1 Hz, 9d), —66.17 (t, 1P, J(PP) =8.4 Hz, 9d),
—66.80 (dd, 2P, J(PP)=84, 1.1 Hz, 9d); the ratio of 9a:9b:9¢:9d=
1:5.1:6.2:10.6; IR (KBr): #=2165 (w), 2065 cm™! (w, C=C); UV/Vis (n-
hexane): A (€) =300 (47800), 282 (72400), 256 (130200), 234 (133200),
208 nm (153300); MS (FD, CH,Cl,): m/z: 1296; elemental analysis calcd
(%) for CgH, 6P, (1297.8): C 81.44, H 9.01; found C 80.22 H 9.12.

Compound 23: M.p.~280°C (decomp); 'H{*'P} NMR (400 MHz, CDCl;):
0=1.30 (s, 72H, p-tBu), 1.63 (s, 144H, o-rBu), 745 (d, “J(PH)=3.5 Hz,
16H, m-aryl); ¥P{'H} NMR (162 MHz, CDCl;): 6 =—63.52 (brs); IR
(KBr): 7=2200 (w), 2165 (w), 2100 cm™! (m, C=C); UV/Vis (n-hexane):
Amax (€) =290 (72500), 267 (130100), 205 nm (208200); elemental analysis
caled (%) for C,H,35,Ps (2595.6): C 81.44, H 9.01; found C 80.47 H 9.10.

3,8,3,18-Tetrakis(2,4,6-tri-tert-butylphenyl)-1-(triisopropylsilyl)-3,8,13,18-

tetraphosphaicosa-1,4,6,9,11,14,16,19-octayne (30) by partial desilylation of
27: TBAF (0.20 mmol, 0.20 mL, 1m in THF) was added to a solution of 27
(1.08 g, 0.67 mmol) in THF (100 mL) at —78°C. After stirring for 2 h, the
reaction mixture was quenched with water. The organic phase was dried
over Na,SO, and evaporated under reduced pressure. The resulting yellow
oil was purified by column chromatography (Al,Os, hexane) to give the
starting material 27 as yellow crystals (254 mg, 24 %), m.p. 76-111°C,
followed by eluting with CH,Cl,/hexanes (1:20) to afford 30 as yellow
crystals (323 mg, 33%), m.p. 90—115°C, and finally with CH,Cl,/hexanes
(1:6) to give the bis-desilylated octayne 28 as yellow crystals (181 mg,
21%), m.p. 124-150°C (decomp). Compound 30: 'H NMR (400 MHz,
CDCly):  =1.04 (s, 21 H, Si(iPr)), 1.30 (s, 9H, p-tBu, (P%), 1.30 (s, 18 H, p-
Bu, (P*), 1.31 (s, 9H, p-rBu (P?), 1.61 (s, 36 H, 0-1Bu, P**), 1.63 (s, 18 H, o-
Bu, P%), 1.64 (s, 18H, o-Bu, PY), 3.25 (s, 1H, =CH), 743 (d, /(PH) =
3.2 Hz, 2H, m-aryl, P9), 744 (d, */(PH) =3.4 Hz, 2H, m-aryl, P¢), 745 (d,
4J(PH) =3.5 Hz, 2H, m-aryl, P*), 745 (d, */(PH) = 3.2 Hz, 2H, m-aryl, P?);
BC NMR (101 MHz, CDCly): 6=1124 (d, “(PC)=135Hz, Si-
CH(CH,;),), 1856 (s, Si-CH(CH;),), 10327 (dd, 'J(P,C)=13.0 Hz,
%J(P,C)=1.8 Hz, PIC=C-Si), 115.53 (d, Y/(P,C)=2.2 Hz, P&—C=C-Si);
SIP(H} NMR (162 MHz, CDClLy): 6 =—63.82 (P®), —63.88 (P°), —66.16
(PY), —67.78 (P%); IR (KBr): #=3300 (w, =CH), 2065 cm™! (w, C=C); UV/
Vis (n-hexane): A, (¢) =308 (70400), 278 (83800), 256 (86900), 238
(94000), 210 nm (167800); MS (FD, CH,Cl,): m/z: 1455; elemental analysis
caled (%) for Co;H,35P,Si (1456.2): C 80.01, H 9.55; found: C 80.18, H 9.70.

1,40-Bis(triisopropylsilyl)-3,8,13,18,23,28,33,38-octakis(2,4,6-tri-tert-butyl-
phenyl)-3,8,13,18,23,28,33,38-octaphosphatetraconta-1,4,6,9,11,14,16,19,21,
24,26,29,31,34,36,39-hexadecayne (31) by Eglinton coupling of 30: The
modified Eglinton coupling of 30 (291 mg, 0.20 mmol) according to the
general procedure afforded 31 as yellow powder (255 mg, 87 % ). M.p. 180—
190°C (decomp); 'H NMR (400 MHz, CDCl;): 6 =1.04 (s, 42 H, Si-iPr, 1.30
(s, 72H, p-tBu), 1.60 (s, 108 H, o-rBu, P*<4), 1.64 (s, 36 H, o-tBu, P*), 7.43 (d,
4J(PH) =3.3 Hz, 4H, m-aryl, P*), 7.44 (d, *J(P.H) = 3.5 Hz, 4 H, m-aryl, P®),
7.45 (d, *J(P,H) =3.5 Hz, 8H, m-aryl, P*¢); *C NMR (101 MHz, CDCl,):
0=11.24 (d, *J(P,C) = 0.9 Hz, Si-CH(CH,),), 18.57 (s, Si-CH(CH,),), 103.29
(dd, J(P,C)=12.6 Hz, %J(P,C) =1.8 Hz), P-C=C-Si), 115.53 (d, 2J(P,C) =
2.2 Hz, P-C=C-Si); *'P{'"H} NMR (162 MHz, CDCl;): 6 = —63.70, (P, P9),
—63.87 (P°), —66.17 (P?); IR (KBr): 7 =2065 (w), 2120 cm~! (w, C=C); UV/
Vis (n-hexane); Ay, (¢)=248 (376000), 217 nm (617000); elemental
analysis caled (%) for C,oH,7,PgSi, (2908.4): C 80.12, H 9.50; found C
80.33, H 9.54.
3,8,13,18,23,28,33,38-Octakis(2,4,6-tri-tert-butylphenyl)-3,8,13,18,23,28,33,
38-octaphosphatetraconta-1,4,6,9,11,14,16,19,21,24,26,29,31,34,36,39-hexa-
decayne (32) by desilylation of 31. A solution of TBAF (1m, 35 mL) was
added to a solution of 31 (102 mg, 35.0 umol) in THF (50 mL) at —78°C.
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After 2.5 h, the mixture was quenched with water. The resulting yellow
precipitate was separated by centrifugation, washed with THF (2 x 5 mL),
and dried in vacuo to give 32 as yellow powder (76.1 mg, 83%). M.p.
~190°C (decomp), insoluble in all usual organic solvents; IR (KBr): 7=
3300 (w,=CH), 2160 (w), 2060 cm~! (w, C=C); the Si—-C band 7 =795 cm™!
(m) had disappeared.

Synthesis of octaphosphacyclotetracontahexadecayne (23) by an intra-
molecular Eglinton coupling of 32: Compound 32 (20.8 mg, 8.00 umol) was
added to a solution of [Cu(OAc),]-H,O (25.6 mg, 128 umol) and CuCl
(9.50 mg, 96 pmol) in small portions over a period of 4 h at 65°C. The
mixture was stirred for a further 2 h at 65°C and 12 h at room temperature.
The solvent was removed and the residue treated with CH,Cl,/H,O (30 mL,
1:1); the organic phase was washed successively with water (5 mL), HCI
(5 mL, 10 %), NaHCOs solution (5 mL), and water (5 mL). Purification by
column chromatography (AlL,O;, CH,Cl,/n-hexane 1:10) afforded 23 as
yellow crystals (5.80 mg, 27 % ). M.p. ~280°C (decomp).
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Abstract: Rodlike amphiphilic mole-
cules that contain exclusively aromatic
building-blocks and no flexible alkyl
chains have been synthesized and their
mesomorphic properties investigated.
These novel compounds bear diol head
groups of different size (2,3-dihydroxy-
propyloxy or 5,6-dihydroxy-3-oxahexyl-
oxy groups) at one end of a biphenyl
unit, various aromatic segments (benzyl-
oxy, 4-, 3-, or 2-methylbenzyloxy, phen-

phism was investigated by means of
polarized light optical microscopy, dif-
ferential scanning calorimetry, and, for
enantiotropic phases, by X-ray scatter-
ing. The liquid crystallinity of this class
of compounds is influenced by protic
solvents, such as water and glycerol.
Dependent on the temperature and the
solvent content, different S, phases
were found. Several mesophases result-
ing from the frustration of these layer

structures (e.g., different columnar
phases, optical isotropic mesophases,
and nematic phases) were also present.
The smectic phases have different de-
grees of intercalation (Saq, Sa,). The
columnar phases are supposed to be
ribbon structures that result from the
collapse of the smectic layers. They
occur in some pure compounds or they
are induced upon the addition of protic
solvents. The particular phase sequences

oxy groups) at the other, and additional
methyl substituents in different posi-
tions. They were synthesized by using
Suzuki cross-coupling reactions as the

. ; diagrams
key steps. Their thermotropic mesomor-

Introduction

Liquid crystalline phases represent well-ordered, self-assem-
bled states of soft matter combining order and mobility on a
supermolecular level. Low molecular mass materials which
are able to form liquid crystalline phases are usually
anisometric (rod-shaped or disc-shaped) molecules or amphi-
philic molecules.!! In most cases these molecules contain
flexible alkyl- or polyether chains that are regarded as
responsible for the mobility within these ordered systems.
The parallel alignment of their anisometric rigid units on the
other hand gives rise to an orientational order leading to
nematic phases (N), whereas the microsegregation? of
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of the different compounds depend
mainly on the position of the methyl
substituents at the biphenyl cores and
are largely determined by the degree of
intercalation of the aromatic cores.

- biaryls -
phase

incompatible molecular parts is important for the formation
of mesophases with a positional long-range order in one
dimension (layer structures=smectic phases, S), in two
dimensions (regular arrangements of cylinders =columnar
mesophases, Col), or even in three dimensions (e.g., cubic
mesophases, Cub).

Few attempts have been made so far to completely abstain
from flexible chains. Some large rodlike or disclike rigid
molecules without flexible chains can form (predominately
nematic) liquid crystalline phases.’!l However, as a conse-
quence of the lack of flexible chains, they have stable
crystalline phases with very high melting points and meso-
morphic properties occur only at elevated temperatures; this
complicates investigation of their properties and limits their
practical application. Nevertheless, some recent observations
indicated that alkyl chains are not necessary for columnar
liquid crystallinity in the case of some disclike molecules with
peripheral chloro substituents.! Furthermore, chromonic
liquid crystals, which represent aromatic molecules surround-
ed by a periphery of hydrophilic groups, have a rich lyotropic
mesomorphism in dilute aqueous solutions covering different
types of lamellar, columnar, and nematic phases.[") Here, the
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mobility is provided by the solvent. However, few amphiphilic
aromatic molecules without alkyl chains can form liquid
crystalline phases in the absence of a solvent. These are the
potassium salt of 2-benzyl-3-phenylpropionic acid, which has
a thermotropic columnar phase,[® and some salts of 2-(3-
phenoxyphenyl)propionic acid, for which lyotropic and/or
thermotropic smectic and columnar phases have been re-
ported.l’l Interestingly, the latter represent important non-
steroidal anti-inflammatory drugs (“fenoprofens”), and there
is discussion regarding the extent to which their pharmaco-
logical activity is related to their ability to form liquid
crystalline phases. Therefore, it was an interesting challenge
for us to synthesize rodlike amphiphiles® without flexible
chains and to carry out fundamental studies on their self-
organization.

The semi-rigid benzyloxybiphenyl unit was chosen as
central core structure as the three linearly connected aromatic
rings should provide a sufficiently large molecular anisometry,
whereas the benzyl ether units provide a certain degree of
flexibility.’! To introduce amphiphilicity, a 2,3-dihydroxypro-
pyloxy unit!'” was fixed to one of the ends. As expected, the
parent amphiphile without additional substituents (0) is a

e OO

0:M.p.230°C

high-melting solid which readily crystallizes.'!l Therefore, no
liquid crystalline properties can be detected for this molecule.
To disturb the packing of the molecules in a crystal lattice, we
have grafted one, two, or even three methyl groups in
different positions along the aromatic core of this amphiphile.

The notation of these molecules is explained in Figure 1.
The expressions x or x.y describe the position(s) of the methyl
group(s) located at the central biphenyl core (0 =no methyl

z X,y
3 2 4 3 2 1

4 CH,0O O OH
G
(CHg) (CH3)  (CHy)

Figure 1. Structures and notation of the molecules under investigation.

group, only x =one methyl group, x.y =two methyl groups).
The numbers x and y increase with the distance from the polar
group, starting with the C-atom in the position ortho to the
polar group.'” This expression is followed by a number
indicating the position of the methyl group at the terminal
benzyl ether unit z (0 =no methyl group) after a slash.

Because these molecules represent amphiphiles, their
mesomorphic properties should be influenced by the addition
of protic solvents. Glycerol and water were used for these
investigations.

3822
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Finally, in order to generalize the results obtained, an
additional compound with the larger 5,6-dihydroxy-3-oxahex-
yloxy group (2/EO) as the polar group and two molecules with
a phenoxy group instead of the benzyloxy groups (1/Ph and
2/Ph) have been synthesized and investigated.

oo/Y\OH 1/Ph
OH
s Sl
ooﬂ/\OH 2/Ph
OH
s
@CHZOO 0™>"oH 2E0
OH
HC

Results and Discussion

Syntheses: In Scheme 1, the synthetic pathways are shown.
The compounds x.y/z were synthesized from different 4-halo-
phenols.*17] Williamson etherification with allyl bromide,

@_\ (0H>2‘
Q_\ 0"
7 "N

R3=H: vi l path B

path A

ﬂ
| |
Q—\ ﬂo/\&\w

R
x.ylz
Scheme 1. Synthesis of the amphiphiles x.y/z; reagents and conditions:
i) CH,=CH—CH,Br, K,CO;, acetone, reflux, 3 h; ii) OsO,, N-methylmor-
pholine-N-oxide, H,O, acetone, 20 °C, 20 h; iii) Me,C(OMe),, Py - TosOH,
20°C, 20 h; iv) [Pd(PPh;),], NaHCO; glyme, H,O, reflux, 6 h; v) H,O,
MeOH, Py-TosOH, reflux, 3 h; vi) H,, Pd—C, EtOAc or THF, 20°C;
vii) K,COs;, acetone, reflux, 8 h.

followed by dihydroxylation of the allylic double bond by
employing the van Rheenens method!'®l. Protection of the 1,2-
diol unit!" yielded the aryl halides 5 (X =Br, 1), which were
coupled in a Suzuki reaction® 2 with appropriate 4-benzyl-
oxyphenyl boronic acids?!! 6 to give the biphenyl derivatives 7.
Cleavage of the acetonide protecting groups by acidic
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hydrolysis?? yielded the desired diols (Path A). Alternatively,
the benzyl ethers 7 with R* = H can be cleaved hydrogenolyti-
cally, followed by etherification of the obtained phenols with
appropriately substituted aryl methyl bromides and removal
of the acetonide protecting group (Path B). In some cases the
acetonide group was deprotected before benzylation.

The benzyl ether 2/EO was synthesized from 4-bromo-3-
methylphenol™ and 1-(4-toluylsulfonyloxy)-2-oxa-5-hex-
ene.”?l To obtain the phenyl ethers 1/Ph and 2/Ph 4-phenoxy-
phenyl boronic acid was used instead of the benzyloxyphenyl
boronic acids. The products were purified by repeated
crystallization from n-hexane/ethyl acetate mixtures in most
cases.

Thermotropic mesophases of the benzyl ethers x/z: The
thermotropic behavior of the compounds was investigated by
means of polarized light optical microscopy, differential
scanning calorimetry, and, in the case of enantiotropic phases,
by X-ray diffraction. The thermotropic transition temper-
atures of the compounds x/z incorporating one or two methyl
groups are summarized in Table 1.

Molecules with one methyl group: Liquid crystalline proper-
ties were found for all monomethyl substituted compounds
1/0-4/0. The influence of the position of this methyl group on
the mesomorphic properties (see Table 1, first row) can be
summarized as follows. Compounds 1/0 and 4/0 with a methyl
group in one of the peripheral positions at the biphenyl core
(neighboring the hydrophilic group or the terminal benzyl
ether unit, respectively) display more stable liquid crystalline
phases than 2/0 and 3/0 with the methyl groups in the central
positions neighboring the connection between the phenyl
rings of the biphenyl units. This is in accordance with
observations made for non-amphiphilic calamitic mesogens(?*
and can be explained by the larger disturbance of a parallel
alignment of the molecules in layers by the central methyl
groups. Interestingly, the mesophase type strongly depends on
the position of the methyl group. Compounds 1/0 and 3/0, in
which the methyl groups are directed towards the polar

groups exclusively, have monotropic S, phases, whereas non-
smectic phases were found for compounds 2/0 and 4/0, in
which the methyl groups are turned away from the diol group.
Hence, a monotropic nematic phase was found for 2/0. On
further cooling, the transition to an S, phase and, simulta-
neously, the formation of circular, optical isotropic domains
can be observed. These rapidly grow and fuse to form a
homogeneous optical isotropic phase of high viscosity (Iso).
The appearance of these is very similar to that of cubic
phases.”! Unfortunately, no X-ray investigations of this phase
were possible due to its monotropic nature.

Compound 4/0 with the methyl substituent neighboring the
terminal benzyl group is especially interesting. On cooling
from the isotropic liquid state, the formation of an unusual
texture is observed; this consists of coexisting regions with a
spherulitic texture and regions with a broken fan-shaped
texture as shown in Figure 2. By X-ray diffraction a columnar
mesophase was found (see below). Thus, simply by shifting the
methyl group along the rigid biphenyl core a wide variety of
quite different mesophases can be obtained.

Figure 2. Polarized optical photomicrograph of the texture of the thermo-
tropic mesophase of 4/0 at 150 °C as obtained by cooling from the isotropic
liquid (a colored version of this texture can be found at http://www.che-
mie.uni-halle.de/org/ak/tschierske/index.html).

Table 1. Phase transition temperatures 7 [°C] and corresponding enthalpy values AH [kJ mol~!] (lower lines in italics) of the compounds 1/z—4/z as obtained by DSC
(peak temperatures in the heating scans, heating rate: 10 Kmin~'). Abbreviations: K = crystalline solid state; S, =smectic A phase; Col =columnar phase; Iso=
optical isotropic phase; N =nematic phase; I =isotropic liquid state.

Ro/j)fOH Ro/\O(H\OH RO/K\OH Ro/j):\OH

Comp. Phase Comp. Phase Comp. Phase Comp. Phase
R transitions transitions transitions transitions
@CH ° 1/0 K 147 (S, 127) 1 2/0 K102 (Iso 70 S, 70 N 72)l1 T 3/0 K 96 (S, 62)1 T 4/0 K 130 Col 151 1
z 488 6.2 29.6 28.8 244 85
CH;0 212 K 1001
2 25.1
CHj
CHy0 1/3 K 1371 2/3 K 95 (Iso 70)12 T 33 K88 (S, 55)1 4/3 K; 88 K, 116 Col 151 I
3 46.1 24.0 26.2 13.0 85 8.3
HsC
H C‘AQCH o 1/4 K 150 S, 156 1 2/4 K 131 (Iso 9511 S, 115) 1 3/4 K95S,1041 4/4 K, 97K, 133 Col 171 1
s ? 371 94 33.3 1.7 19.1 2.3 6.8 228 9.1

[a] These transitions cannot be investigated by DSC due to rapid crystallization. They were obtained from polarized light microscopy alone.

Chem. Eur. J. 2000, 6, No. 20
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Molecules with two methyl groups: All compounds with two
methyl groups, one positioned on the biphenyl segment and
the other grafted on to different positions of the benzyl group,
are also included in Table 1. With the exception of 2/2 and 1/3,
all compounds are mesogenic. Interestingly, the mesophase
type does not significantly change upon introduction of the
additional methyl group; in other words, all mesogenic
compounds 1/z and 3/z show smectic A phases, the optically
isotropic mesophase Iso is observed for all mesogenic com-
pounds 2/z, and all compounds 4/z with the methyl group
beside the benzyloxy unit have columnar mesophases with
exactly the same highly characteristic texture as 4/0 (see
Figure 2).

However, the methyl groups at the terminal benzyloxy
group substantially influence the mesophase stability. Methyl
groups in ortho and meta positions represent a second lateral
disturbance and reduce the stability of smectic phases. In
contrast to the smectic phases, the stability of non-smectic
phases is not significantly changed. Thus, the clearing temper-
ature of the columnar mesophase of 4/0 is not influenced by
the additional m-methyl group in compound 4/3. Also the
optically isotropic phases of 2/0 and 2/3 have the same
stability.

Elongation of the molecules by a methyl group in the para
position has a stabilizing effect on all mesophases, especially
smectic phases. Hence, the mesophases of 1/4, 2/4, and of all
compounds 4/z are enantiotropic; this enabled us to study
them by X-ray diffraction.

X-ray investigations—Smectic phases: Between crossed polar-
izers, the mesophases of 1/4 and 3/4 are characterized by focal
conic fan-textures, which easily align homeotropically to give
large pseudoisotropic areas. These textures are typical for S,
phases: mesophases consisting of layers of more or less
parallel-aligned molecules organized, on average, perpendic-
ular to the layer planes. Nevertheless, the two smectic A
phases of compounds 1/4 and 3/4 are quite different as
indicated by X-ray scattering. The smectic phase of 1/4 is
characterized by four equidistant sharp reflexes in the small-
angle region and the diffuse scattering in the wide-angle
region. The same diffuse scattering is found in the X-ray
pattern of the S, phase of 3/4; however, only one sharp reflex
is found in the small-angle region indicating a reduced
interlayer correlation. Also, the layer thickness is quite
different. In the S, phase of 1/4 a d value of 4.2 nm was
obtained at 153 °C; this corresponds to 1.83 molecular lengths
(L =2.3 nm from CPK models). The layer thickness in this S,
phase is in good agreement with the length of a dimer in which
a slight overlap of the diol units takes place, as required by the
hydrogen bonding between neighboring molecules (see Fig-
ure 3a). Therefore we designate this phase as S,, phase.

The layer thickness of 3/4 was found to be significantly
smaller than that of 1/4. It amounts d = 3.52 nm at 102 °C; this
is only 1.5 molecular lengths (L =2.3 nm). Hence, a signifi-
cant intercalation should take place in the case of 3/4, which
has a methyl group in the center of the biphenyl unit. The
most efficient packing of these molecules seems possible if a
complete intercalation of the 4-methylbenzyl groups and also
a partial overlapping of the diol groups is assumed (S, phase,

3824
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Figure 3. CPK models showing the arrangements of the molecules a) of
compound 1/4 in the non-intercalated S, phase and b) of compound 3/4 in
the intercalated S, phase.

see Figure 3b). For this arrangement, a layer thickness of
3.5nm can be estimated, which agrees very well with the
experimentally determined layer thickness.

No X-ray data were available for the monotropic S, phase
of 2/4. However, miscibility studies indicate a complete and
uninterrupted miscibility with the S,4 phase of compound 3/4,
whereas in the contact region with the S,, phase of 1/4 a
nematic phase is induced and a phase boundary separates the
S phases of both compounds. This shows that the S, phase of
2/4 should be different from that of 1/4. The S, phase of 2/4
should, therefore, be a strongly intercalated S,4 phase, similar
to that of 3/4.

Hence, the position of the methyl group at the biphenyl unit
significantly influences the degree of intercalation. It seems
that the peripheral methyl group of compound 1/4 allows a
dense packing of the aromatic cores, whereas the central
methyl groups of compounds 2/4 and 3/4 significantly hinder
close packing, and space becomes available for intercalation.

Columnar phases: The X-ray investigations of the columnar
phases of compounds 4/z also produce diffuse scattering in the
wide-angle region, indicating a short-range order of the
molecules typical for liquid crystalline phases. In the small-
angle region there are three sharp, non-equidistant reflections
pointing to a two-dimensional lattice characteristic of colum-
nar mesophases. Because the textures of all compounds 4/z
are highly characteristic and identical, and their mesophases
have an uninterrupted miscibility with each other, we can
assume that their columnar phases have the same structure.
Indeed, the relative positions of the reflections are almost
identical in all columnar mesophases. They can be related
either to an oblique® or to a rectangular cell as shown in
Table 2. Though both structures cannot be unambiguously
distinguished, a rectangular cell seems to be more likely for
two reasons. Firstly, in the rectangular cells of all compounds
the parameter b is in good agreement with the corresponding
molecular length L (4/0: b/L. =3.86/2.2 =1.75;4/4: b/L = 4.14/
2.3=1.80) and this parameter increases as expected upon
elongation of the molecule. This contrasts with the case of an
oblique lattice in which all parameters are strongly reduced in
the order 4/0 >4/3 > 4/4 (i.e., upon elongation of the mole-
cule), which is hard to explain with a uniform model.
Secondly, in other compounds, for which it was possible to

0947-6539/00/0620-3824 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 20





Rigid Aromatic Amphiphiles

3821-3837

Table 2. Observed Bragg reflections (6 [°]) and calculated lattice param-
eters of the columnar mesophases of the compounds 4/z assuming a
rectangular or an oblique cell.

Reflections Rectangular cell Oblique cell
0 hk lattice hk lattice
parameter parameter

4/0 1.24 11 a=9.02 nm 10 a=9.91 nm
2.28 02 b=3.86 nm 01 b=5.41 nm
3.47 13 11 y=159°

4/3 1.20 11 a=9.06 nm 10 a=9.02 nm
2.19 02 b=4.04 nm 01 b=4.94 nm
3.32 13 11 y=156°

4/4 1.18 11 a=38.72nm 10 a=6.42 nm
2.15 02 b=4.14nm 01 b=3.53nm
3.19 13 11 y =144°

prove a rectangular lattice by investigation of oriented
samples, the 11, 02, and 13 reflections have been found to
be the most intense reflections?” and, therefore, this labeling
seems reasonable.

A possible model of such a rectangular columnar phase is
shown in Figure 4a. The values of the parameter b lie in
between the d values of the smectic phases of 1/4 and 3/4.

Vit 4
ik
"k

Lo )

b

Figure 4. a) Cross-section of the proposed ribbon model of the thermo-
tropic columnar phases of compounds 4/z assuming a rectangular two-
dimensional lattice. The ribbons are extended perpendicular to the
projection plane. b) CPK models of 4/4 showing the splayed packing
arrangement of the molecules in the columnar mesophase.

Thus, a ribbon structure seems likely for this columnar phase.
In this case the parameter b can be attributed to the thickness
of the ribbons, whereas the parameter a indicates a periodicity
perpendicular to it. Because the value of b in the columnar
phase of compound 4/4 is only slightly smaller than the d value
of the S, phase of 1/4, the ribbons should represent fragments
of a double layer structure or of a bilayer structure with only a
slight degree of intercalation. From the parameter a, it can be
calculated that about 8 — 10 molecules should be arranged side
by side in the lateral diameter of the ribbons.

The occurrence of this columnar phase can be explained as
follows: in compounds 4/z, the methyl groups are located in
peripheral positions neighboring the benzyl groups. This
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causes these molecules to have a tapered shape. Dense
packing of the aromatic units and the diol groups could lead to
a splayed arrangement as shown in Figure 4b. The free space
between the benzyl groups can be filled by bending the benzyl
ether groups or by their intercalation. Hence, the tapered
shape provides an increased diameter of the molecules at their
lipophilic ends. This arrangement should lead to a significant
steric frustration of the smectic bilayer structure which could
result in a collapse and the formation of ribbonlike segments.
These ribbons arrange in a two-dimensional lattice giving rise
to the thermotropic columnar phases (Col).

Mesophases of the benzyl ethers x/z in the presence of protic
solvents

General remarks: Because all compounds are amphiphilic in
nature, their mesomorphic properties should be influenced by
protic solvents that specifically interact with the diol groups
by hydrogen bonding. Water and glycerol were chosen for
these investigations. Due to their extended lipophilic parts, all
compounds do not dissolve in excess water or glycerol, but
take up only a limited amount of these solvents. Compound
3/3, as a representative example, takes up a maximum amount
of approximately 1 mol water/mol mesogen in a closed, water-
saturated atmosphere. Therefore, one can speak of a guest—
host relationship or thermotropic mesomorphism of solvent
complexes instead of a lyotropic polymorphism in the tradi-
tional sense.

The mesomorphic properties of the solvent-saturated
samples are summarized in Tables 3, 4 and 5. Furthermore
the contact regions of these amphiphiles with excess solvent
were investigated by polarized light microscopy. The results
are summarized in the phase diagrams shown in Figure 5,
Figure 7, Figure 9, Figure 13 and Figure 16. Due to exper-
imental difficulties, we were not able to obtain well-defined
and homogenous binary mixtures. Therefore, the phase
diagrams are not quantitative, which means that the particular
concentration of the solvents is unknown. As the investiga-
tions were done in the presence of excess solvents, the amount
of solvent taken up may also have changed with temperature.
It was also not possible to carry out X-ray diffraction
investigations with the mesophases of the solvent-containing
amphiphiles, either owing to their monotropic nature and
tendency to crystallize, or the general difficulty in obtaining
homogeneous mixtures and transferring them into glass
capillaries without crystallization, separation of the compo-
nents, or solvent loss. So the phase assignment to date is based
on polarized light optical microscopic investigations. Never-
theless, these investigations have shown that the influence of
these protic solvents on the mesophases is quite varied and
strongly dependent on the structure of the amphiphiles.

Compounds 1/z: All solvent-saturated samples of molecules
1/z, with methyl groups neighboring the hydrophilic group,
show exclusively S, phases. The development of these S,
phases from the S, phases of the pure compounds is, however,
not continuous. As an example, the binary phase diagram of
compound 1/0 with glycerol is shown in Figure 5a. The
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Figure 5. Qualitative phase diagrams of the systems a) 1/0-glycerol (R=
H) and b) 1/4-glycerol (R = CHy;) as obtained by polarized light microscopy
of the contact regions with the solvent; crystalline phases are not shown;
Xmax cOIresponds to the solvent-saturated state.

thermotropic S, phase evidently takes up only a very limited
amount of solvent, and its clearing temperature is only
marginally influenced. In a small temperature and concen-
tration range, a nematic phase can be seen. Below this nematic
phase a sharp borderline separates two different S, phases,
the thermotropic S, phase and the solvent-rich S, phase. The
latter is further stabilized on increase of the glycerol content.
The same type of phase diagram can be observed for 1/4, but
in this case a small region of a nematic phase separates the two
S» phases (Figure 5b). Thus, the S, phases of the pure
compounds 1/0 and 1/4 should be different from those of their
solvent-saturated samples.

This could be explained by taking into account the results of
the X-ray investigations of the thermotropic phase of 1/4. For
this compound an S,, phase without intercalation of the
aromatic parts was found. The incorporation of the solvent
molecules into the head-group regions should increase their
volume, and space becomes available between the aromatic
cores. In this way intercalation should become possible.
Hence, the induced S, phases should represent strongly
intercalated S,4 phases, and the two different subtypes of S,
phases are incompatible with each other due to their different
layer thickness (see Figure 6). The nematic phases that occur

Figure 6. Transition from the S,, phases to the S,  phases of compounds 1/z.

in the contact regions between the two S, phases could be
cybotactic nematic phases and should be the result of the
competition between the two different length scales.

Only an induced smectic A phase could be detected on
addition of glycerol to the non-mesogenic compound 1/3. It
becomes visible at a certain solvent concentration and is
further stabilized on increase of the solvent content. The
glycerol-saturated sample has a clearing point of 118 °C. It can
be assumed that this induced phase is the same S,4 phase as
found in the solvent-rich systems 1/0-glycerol and 1/4-

3826 ——

glycerol. Therefore, it seems that the substitution pattern of
the benzyl group has only a marginal influence on the
principal phase behavior of the compounds 1/z.

Compounds 3/z: For all investigated 3/z-solvent systems a
further stabilization of the S, phases on increasing the solvent
content was observed®! and only one S, phase was found
over the whole concentration range (see Table 3 and Fig-
ure 7). Hence, in these systems, the structure of the S, phases

Table 3. Mesophases and transition temperatures 7' [°C] of the glycerol
saturated and water saturated compounds 3/z (polarizing microscopy).

3 2
oo {pyomyon
H3C /\Oj\
CHs

Position Water Glycerol
3/0 - SA 95 Col>1001 SA701
3/3 3 Sa 84 Col>1001 S, 60 Col 69 1
3/4 4 SA>1001 K 75 S, 12710 1

[a] The maximum of the mesophase stability in the contact region is 137 °C.

CHzoo/\/\oH
OH
CHs;

HsC
a) 100 b) 100
] Col
] ! 94
80 80 84
o Col_ 69 8
= IS
60 7 50 60 801 s Saa
5  Sa 18
40 0 X, 40 Xmax
Xglycerol —p Xwater —»
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Figure 7. Phase diagrams of the systems a) 3/3-glycerol and b) 3/3-water.

should not change significantly with the solvent content. As
proven by X-ray scattering, the mesophase of the pure
compound 3/4 is a strongly intercalated S,, phase. The
similarity of the behavior of all compounds 3/z suggests that
the S, phases of the other compounds 3/z should be also S,q
phases. It seems that hydration of the head groups does not
significantly change the degree of intercalation. Therefore,
only one S, subtype (S,q) is observed over the whole
concentration range, in contrast to compounds 1/z for which
intercalation is possible only after the addition of solvent. In
the systems 3/0-water, 3/3-glycerol, and 3/3-water additional
mesophases are induced in the solvent-rich samples above the
Saq phases (see Figure 7a and b). These mesophases have
well-developed spherulitic textures typical for columnar
mesophases, similar to that of the system 2/0-glycerol, which
is shown in Figure 11.

Remarkably, all columnar phases occur as high-temper-
ature phases above S, phases. If one assumes that enhancing
the temperature can either reduce the number of coordinated
solvent molecules and/or increase the effective size of the
aromatic regions by enhancing the mobility of the lipophilic
units, then the effective diameter of the lipophilic regions can
become larger than that of the polar regions with rising
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temperature. This could disturb the packing of the molecules
in the planar S,, structure thereby leading to the collapse of
the layers into ribbonlike fragments (see Figure 8). Hence,
these columnar phases should represent ribbon phases in
which the intercalated lipophilic regions have a larger cross-
section area than the polar regions. In this respect they are

iili~ |

Sad Col

Figure 8. Proposed model for the transition from the S,4 phases to the
columnar mesophases by changing the temperature.

similar to the thermotropic columnar phases of compounds
4/z, but they should differ in the degree of intercalation.
Remarkably, no columnar phase can be found for com-
pound 3/4 with either glycerol or water. This reveals a certain
influence of the substitution pattern of the benzyl group,
which is even more pronounced for the compounds 2/z.

Compounds 2/z: The behavior of these compounds is more
complicated. In all cases the isotropic mesophases (Iso) were
destabilized on increasing solvent content and they cannot be
found in the solvent-saturated systems.

For compound 2/4 with a 4-methylbenzyloxy unit, only the
continuous stabilization of the S, phase on increasing glycerol
content was found, indicating that the structure of the S,
phase (Sq) should not change significantly with solvent content.

A different behavior was found for all other compounds 2/z
(see Table 4 and Figure 9). As an example, the phase diagram
of the system 2/0-water is shown in Figure 9b. With increasing
water content, the isotropic mesophase and the nematic phase
of the pure compound are replaced by the S, phase, which is
further stabilized. At a certain water concentrations a sharp
phase boundary separates the S, phase of the pure compound
from a second, water-rich S, phase; this indicates that the
occurrence of the two different S, phases depends on the
water concentration. Therefore, we assume that, in analogy to
the systems 1/0-glycerol and 1/4-glycerol, a transition from a
non-intercalated S,, phase to a strongly intercalated S,q
phase takes place in this system. This would mean that the
thermotropic S, phase of 2/0 should be an S,, phase, in
contrast to that of 2/4 which was proven to be an S,4 phase.

Table 4. Mesophases and transition temperatures 7' [°C] of the water
saturated and glycerol saturated compounds 2/z (polarizing microscopy).

3 2
Oyroro{ (Do on
Hi;C OH
HsC
Position Water Glycerol
2/0 - S, 83 Col>1001 Col 821
212 2 S, 69 Col>1001 Col 731
2/3 3 S, 68 Col>1001 Col 671
2/4 4 - Sa1401
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Figure 9. Phase diagrams of the systems a) 2/0-glycerol, b)2/0-water,
c) 2/3-glycerol, and d) 2/3-water (Iso = optically isotropic mesophase).

Hence, it seems that in the series of compounds 2/z, the
substitution pattern of the benzyl group determines which S,
subtype is found, whereby 4-methylbenzyl groups seem to
induce S,; phases. Additionally, above the S,; phase a
columnar phase with a typical spherulitic texture occurs.

The phase diagrams of the systems 2/2-water and 2/3-water
(Figure 9d) are rather similar to that one of the 2/0-water
system, with the difference that the S,, phases are missing and
only the induced phases (S,q and Col) can be observed.
However, in all three cases, the columnar phases occur as
high-temperature phases in the solvent-rich parts of the phase
diagrams above the S, 4 phases. Therefore we assume that they
should have essentially the same structures as those found in
the lyotropic systems of compounds 3/z.

The observed phase sequence can be explained as shown in
Figure 10. If it is assumed that the isotropic mesophase Iso
represents a disturbed double layer structure in which the

Iso Sa2 Sad Col

Figure 10. Proposed model for the transition from the isotropic mesophase
Iso via different S, phases to the lyotropic columnar mesophase of
compound 2/0.

aromatic parts have a slightly larger space requirement than
the polar regions, then the addition of water enhances the
space-filling in the polar regions and allows the formation of
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an S,, phase with an equal space-filling of both regions. On
further increasing water content intercalation should become
possible giving rise to the S,y phase. The transition to the
columnar phase can be explained in the same way as for the
3/z-solvent systems.

The phase diagrams of compounds 2/z with glycerol are
slightly different as no induced S, phases can be found. In the
system 2/0-glycerol, for example, (Figure 9a) the S, phase is at
first stabilized, then slightly destabilized, and finally replaced
by a columnar phase whose texture is shown in Figure 11. For

Figure 11. Polarized light optical photomicrograph of the texture of the
induced columnar phase in the system 2/0 glycerol at 80°C.

the systems 2/2-glycerol and 2/3-glycerol, only the induced
columnar phases and no smectic phases were found (see, for
example, Figure 9c). Probably, the induced smectic phases
cannot be observed because the transition temperatures of the
glycerol-containing systems are generally lower than those of
the related systems with water.

Compounds 4/z: It was also of interest to investigate, how
protic solvents influence the columnar phases of compounds
4/z. Figure 12 shows a polarized light optical photomicrograph
of the contact region between 4/3 and glycerol at 126°C.
Additionally, the development of the mesomorphic properties
of 4/3 in the contact region with glycerol and its dependence
on the temperature is shown in the phase diagram in

Figure 12. Polarized light optical photomicrograph of the contact region of
4/3 (left-hand side) with glycerol (right-hand side) at 128°C.

3828
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Figure 13. Phase diagrams of the systems a) 4/0-glycerol, b) 4/3-glycerol,
and c) 4/4-glycerol (M =mesophases with spherulitic textures, probably
columnar mesophases).

Figure 13b. With increasing solvent content, the columnar
phase of the pure compound (Col) is destabilized and a
smectic A phase is induced. On further increasing the glycerol
content an additional mesophase (M) appears below this
induced S, phase and finally replaces the S, phase. This
solvent-induced mesophase has a spherulitic texture (see
Figure 12, right-hand side), which cannot be homeotropically
aligned. Hence, it is most probably a columnar phase.
However, the texture of this induced mesophase is not so
well developed as those of compounds 2/z and 3/z. Therefore,
and because we presently cannot completely exclude other
“intermediate” phases, such as rhomboedric and tetragonal
mesh-phases,? for lack of X-ray results, we designate this
phase as mesophase M.

The same principal types of phase diagrams were also
obtained for the related compounds 4/0 (see Figure 13a) and
4/4 (see Figure 13c) with glycerol. Here, the S, phases were
not completely replaced by the induced M phases. Remark-
ably, in contrast to the induced columnar phases of com-
pounds 2/0, 3/0, 2/3, and 3/3 which are high-temperature
mesophases, these induced mesophases occur below the S,
phases.

The observed phase sequence can be explained on the basis
of the model of the columnar thermomesophases of the
compounds 4/z. As explained above, these columnar phases
should be ribbon phases that result from the collapse of a
smectic bilayer structure due to the larger space required by
the lipophilic regions in comparison with the polar regions
(see Figure 4). This is in accordance with the fact that S,
phases can be induced upon the addition of glycerol. The
increased diameter of the hydrated polar ends should inhibit a
splayed arrangement of the molecules giving rise to a parallel
alignment of the molecules as shown in Figure 14. Hence, the
induced S, phases should be non-intercalated S,, phases. A
further increase of the solvent content can additionally
enlarge the polar regions. It seems, however, that in these
systems a deep intercalation of the aromatic cores is not
possible, probably for steric reasons. Therefore no transition
to an intercalated S,4 phase can be found. Instead, frustration
occurs and gives rise to the formation of the induced
mesophases in the solvent-rich regions. Consequently, these
induced phases should represent disturbed double-layer
structures (segments of the S,, phases) with larger cross-
sectional areas of the polar regions (see Figure 15). In other
words, the size ratio of head groups and aromatic units should
be the reverse of those of the ribbons in the columnar phases
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Figure 14. CPK models showing a non-intercalated parallel arrangement
of the molecules of compound 4/4.
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Figure 15. Proposed model for the transition from the thermotropic Col
phases, via the S,, phases to the lyotropic M phases of compounds 4/z.

of the pure compounds 4/z and also the reverse of the induced
high-temperature-columnar phases in the lyotropic systems of
compounds 2/0, 2/3, 3/0, and 3/3. This assumption is supported
by the fact that the induced M phases of compounds 4/z have
an inverted temperature dependence (i.e., they occur as low-
temperature mesophases below smectic phases). As the
aromatic regions can expand with rising temperature (en-
hanced mobility), the diameter of the polar and lipophilic
regions can become equivalent as the temperature increases,
thereby explaining the observed phase sequence (see Fig-
ure 15).

Comparison of the systems: These investigations have shown
that the change of the mesophase, brought about by shifting
the methyl group along the biphenyl rigid core, is largely
caused by the varying degree of intercalation that modifies the
effective diameter of the lipophilic parts with respect to the
polar molecular parts. For the glycerol-containing systems the
phase behavior is schematically summarized in Figure 16. It
seems that the mesophase behavior is mainly determined by
the substituent at the biphenyl unit.

In the series 1/z and 4/z in which the methyl groups are
located in peripheral positions, the substituents at the benzyl
group were found to have no significantly influence on the
principal phase behavior. However, in the series of com-
pounds 2/z and 3/z with methyl groups in central positions at
the biphenyl core, the 4-methylbenzyl derivatives behave
quite differently from the other compounds. Generally, the
position of the methyl group at the biphenyl core mainly
determines the type of thermotropic S, phase: S,, is

Chem. Eur. J. 2000, 6, No. 20

o -
"ifaiﬁﬂw

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

(om0 § Jrowo
' M

Kz I—+F @ 4 3

.

14

R4, };_"'- -l:l""E"'_;'l:lH . ] |
H a3 i |
] 5., |
2/z %.J—r/;ﬂ] . l'"' r/Enl
A g oo __
QO% - N
e " B St B

L
lﬂﬂ |- Ir [

Figure 16. Comparison of the phase behavior of the investigated com-
pounds in the presence of glycerol. In each diagram the solvent content
increases from the left to the right.

dominantfor compounds 1/z and S,4 is dominant for 3/z. It
seems that compounds 2/z are located at the borderline, so
that here the substitution pattern of the benzyl group decides
which S, subtype is preferred.

It is remarkable that no cubic phase can be detected as an
intermediate phase between the smectic and columnar meso-
phases as typical for thermotropici?* and lyotropic systems/*!l
of classical amphiphiles. However, the optical isotropic meso-
phases (Iso), which can be found exclusively in the series of the
compounds 2/z, could represent cubic phases. Unfortunately,
all isotropic mesophases were metastable, so that we were not
able to study their microstructure by X-ray scattering.

Comparison of the phase behavior of compounds 2/0 with
compounds 4/z (see Figure 16) suggests some degree of
similarity, as in both systems the thermotropic non-lamellar
phases (Iso and Col, respectively) are completely replaced by
Sa, phases, and novel mesophases are induced on further
increasing solvent concentration. There is also a certain
structural similarity between the compounds 2/z and 4/z, as
both types of molecules have the methyl groups directed
towards their lipophilic ends. This leads to a certain degree of
tapering in shape, with enlarged lipophilic ends. It seems that
the less-defined taper shape of compounds 2/z, with their
methyl groups in a more central position, yields only isotropic
(probably cubic) thermomesophases, instead of the columnar
phases that were found for compounds 4/z, which have a more
pronounced taper shape.

Further variations of the molecular structure: In order to
prove the generality of the concept of rigid aromatic
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amphiphiles, selected molecules with slightly changed molec-
ular structures were also investigated.*?

Variation of the terminal aromatic segment: As expected,
the phenyl ethers 1/Ph and 2/Ph, which have a more bent
structure than the corresponding benzyl ethers 1/0 and 2/0, do
not form thermotropic mesophases (Table5). They do,
however, show mesomorphism in the solvent-containing state.

Table 5. Transition temperatures T [°C] of the pure, water-saturated, and
glycerol-saturated compounds 1/Ph and 2/Ph as obtained by polarizing

microscopy.
0 Q Q 07 oH
Position Pure comp. Water Glycerol
1/Ph 1 K1101 SA971 SA671
2/Ph 2 K801 S, 63 Col 921 SA281

Compound 1/Ph, with the methyl group in a peripheral
position at the biphenyl core, exclusively forms an S, phase,
whereas for the isomeric compound 2/Ph, with the methyl
group in a central position, an

e SA phase and a high-temper-
80 1 ature columnar phase are in-
§ 60 duced in the presence of water
40 (see Figure 17). Thus, their
2 properties are related to those

of the corresponding benzyl
ethers 1/z and 2/z, respectively
(see Figure 16).

Figure 17. Phase diagram of the
system 2/Ph-water.

Variation of the head group: To investigate the influence of the
head-group size we have replaced the 2,3-dihydroxypropyloxy
head group of 2/0 by the larger 5,6-dihydroxy-3-oxahexyloxy
moiety. The thermotropic transition temperatures of 2/EO are

/N
Oreno {8 orpron
OH

2/EO

Pure comp.: K60 (S, 23) |
Water: Sp 73 Col >100 |
Glycerol: Col 60 |

considerably reduced and, in contrast to the diols 2/z, no
isotropic mesophase can be detected. This observation is in
agreement with the assumption that these phases should
represent disturbed layer structures due to a deficit in the

100 space-filling of the polar re-
80 4 | gions. The introduction of the

© o] 50 larger hydrophilic unit also
= 40 has a destabilizing influence
0 S | co on the lyot?op.ic mesophases,
20 . but the principal phase se-
0 Xglycerol — max quence is the same as found

for the 2/0-glycerol system
(Figure 18).

Figure 18. Phase diagram of the
system 2/EQ-glycerol.
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Molecules with three methyl groups: Compounds 4/z are
especially interesting with respect to the occurrence of
thermotropic columnar phases. Therefore, it was of interest
to see how the introduction of additional methyl groups can
influence their phase behavior. The molecules x.4/z with three
methyl groups (see Table 6) have only monotropic meso-

Table 6. Thermotropic transition temperatures 7' [°C] of the compounds
x.4/z as obtained by DSC (peak temperatures in the heating scans, heating
rate: 10 Kmin™).

3 2
yono Oy Yoy
HyC 2 1 OH
HiC CHs

Phase transitions

1.4/3 K 113 (S, 73) I
485 33
2413 K951
24.4
1.4/4 K 121 (S, 109 N 113) T
383 29 08
2.4/4 K 97 (S, 93) I
246 0.69

[a] Despite of the low transition enthalpy, this mesophase is clearly
identified as an S, phase by the typical optical texture.

phases, with exception of 2.4/3 which is non-mesogenic. The
mesophases are S, phases and for compound 1.4/4 an
additional nematic phase was found. However, no columnar
thermomesophase could be detected, as is typical for the
parent compounds 4/z. This observation is in agreement with
the proposed model of these columnar phases. Because the
additional substituents near the diol group should increase the
diameter of the polar ends, they reduce their taper shape and
the thermotropic columnar phases are lost.

The binary phase diagrams of the amphiphiles x.4/z with
glycerol are compared in Figure 19. These phase diagrams
appear to be quite different from each other, which shows that
the influence of the substituents cannot simply be analyzed by
an incremental approach. Nevertheless, they seem to be more
or less related to those of compounds 4/z, characterized by the
induction of novel mesophases on solvent addition. Induced
mesophases (M) can be found for 1.4/3, 2.4/3, and 2.4/4.
According to their microscopic textures they most probably
represent columnar phases, related to those found for the 4/z-
glycerol systems. For compound 1.4/4 alone no such induced
phase could be detected, probably because the methyl group
neighboring the diol group and the 4-methyl group at the
benzyl ether unit strongly favor S, phases.

Another interesting point is the occurrence of optically
isotropic mesophases in the solvent saturated regions of the
binary systems 1.1/4-glycerol and 2.4/4-glycerol. The isotropic
phase occurring in the system L14/4-glycerol (Is, see
Figure 19b) is rather fluid and seems to be an isotropic
liquid phase, whereas the isotropic phase of the glycerol-
saturated compound 2.4/4 is highly viscous (plastic) and
behaves like a cubic mesophase (Cub, see Figure 19d).1%) The
position of this cubic phase in the phase sequence S,-M
(Col?)-Cub is quite unusual and requires further investiga-
tion.
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Figure 19. Phase diagrams of the systems a) 1.4/3-glycerol, b) 1.4/4-glycer-
ol, c) 1.3/3-glycerol, and d) 1.3/4-glycerol [Is=fluid optically isotropic
phase; Cub=highly viscous and optically isotropic, probably cubic
mesophase, M =mesophases with spherulitic textures (most probably
representing columnar phases, but other noncubic “intermediate” phases
cannot be excluded)].

Conclusion

Calamitic amphiphilic compounds with all-aromatic segments
and methyl substituents in lateral positions are able to form
different thermotropic liquid crystalline phases that can be
modified by the addition of protic solvents. Thus, these
compounds represent a novel class of amphotropic liquid
crystalline materials,®® combining structural features of
classical amphiphiles and calamitic mesogens. Columnar
phases, S, polymorphism, nematic phases, and optical iso-
tropic phases can be observed for certain representatives of
this class of compounds. Thus, the same diversity of different
mesophases as, for example, in polycatenar compounds,* was
found. In contrast to classical flexible amphiphilic molecules,
in which the mesophase type is mainly determined by the size
of the (hydrated) head groups relative to the lipophilic chains,
here the rigid segments favor the formation of layer struc-
tures. Beside S,4 and S,, phases, various phases resulting from
the frustration of these layers (Col, M, N, Iso) were found. The
occurrence of the different mesophases is sensitive to the
number and position of the methyl groups and the concen-
tration of protic solvents. Depending on their positions, the
lateral substituents can disturb the packing of the rigid cores,
which can be partly compensated by intercalation. The degree
of intercalation depends on the positions of the methyl groups
and is additionally influenced by hydration. Hence, the self-
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organization of these nonconventional amphiphiles is deter-
mined by a delicate balance of microsegregation, space-filling,
and interdigitation.

Experimental Section

General remarks: 4-Benzyloxybromobenzene,*> 3¢ 4-bromo-3-methylphe-
nol,l’l 1-allyloxy-4-bromobenzene,””! 1-(4-toluylsulfonyloxy)-3-oxa-5-hex-
ene, and 4-benzyloxyphenylboronic acid®!! (6a) were prepared according
to literature procedures. Allyl bromide, benzyl bromide, 4-bromophenol,
palladium on charcoal (5% Pd), 2,2-dimethoxypropane, trimethylborate,
and N-bromosuccinimide (NBS) were used as obtained from Merck.
4-lodo-2-methylphenol, 2-methylbenzyl bromide, 3-methylbenzyl bromide,
4-methylbenzyl bromide, 4-bromodiphenyl ether, N-methyl morpholine-N-
oxide (50 or 60 wt % aq. solutions), and n-butyllithium (1.6M solution in
hexane) were used as obtained from Aldrich. Osmium tetroxide (Berlin
Chemie) was used as a solution (0.1 g dissolved in 100 mL fert-butyl
alcohol, stabilized with 2 mL fert-butylhydroperoxide). Confirmation of the
structures and purity of intermediates and products was obtained by
'"H NMR spectroscopy (VARIAN Unity 500, VARIAN Gemini 200 and
VARIAN Gemini 2000 spectrometers) and mass spectrometry (EI:
AMD 402, electron impact 70 eV; ESI: Finnigan Mat LCQ). Microanalyses
were performed by using a Carlo Erba 1102 or a CHNS-932 elemental
analyzer. The purity of all compounds was also checked by thin-layer
chromatography (TLC, Merck, silica gel 60 F,s,). Hexane/ethyl acetate
mixtures and chloroform/methanol mixtures were used as eluents and the
spots were detected by UV radiation. Glycerol used for the investigations
of the lyotropic behavior was distilled in vacuo and stored over a molecular
sieve. Transition temperatures were measured by using a Boetius hotstage
and confirmed by differential scanning calorimetry (Perkin—Elmer DSC-
7). Polarized optical photomicrographs were taken by means of a Nikon
Optiphot polarizing microscope with Linkam LTS 350 hotstage and control
unit. X-ray investigations were carried out with a Guinier-Goniometer
(Huber). Lyotropic mesophases were studied by the penetration technique.
A drop of pure amphiphile was surrounded by the solvent between two
glass cover slides. The concentration gradient at the amphiphile/solvent
boundary allows the phases to develop as bands. Their sequence was
monitored as a function of temperature. Solvent-saturated samples were
obtained by mixing the compounds with excess solvent between two cover
slips. As glycerol takes up water very rapidly during sample preparation,
special care was taken to avoid contamination with moisture. For the
preparation of the contact samples the amphiphile was melted at the edge
of a cover slip which was placed on top of a microscopy slide. The sample
was allowed to spread between slide and cover slip by means of capillary
forces. A drop of glycerol was placed at a certain distance to the cover slip
on the slide and heated to approximately 260 °C for several seconds. Thus,
excess water and some glycerol were allowed to evaporate. At the same
temperature, the glycerol was forced to reach the edge of the cover slip
beside the region of the amphiphile and to spread until the area around the
amphiphile was completely covered with glycerol. Excess glycerol was
carefully removed. Solvent-saturated samples with glycerol were obtained
by heating a small sample and a drop of glycerol side by side on a
microscopy slide to 260 °C for several seconds. Afterwards, the drops were
rapidly covered with a glass slide and mixed by grinding the slides together.

Synthesis of the compounds x.y/z

4-Bromo-2-methylphenol:'> " HBr (48 % aqueous solution, 100 mL) and
DMSO (100 mL) were added dropwise to a stirred solution of o-cresol
(20.3 g, 28.8 mmol) in AcOH (200 mL). The reaction was monitored by
TLC. After the reaction was complete (ca. 1h), saturated aqueous
NaHCO; (200 mL) was added cautiously. After the addition of diethyl
ether (200 mL) the phases were separated, and the aqueous phase was
extracted with diethyl ether (100 mL). The combined organic layers were
washed with saturated aqueous NaHCO; (4x100mL) and water
(100 mL). The solution was dried with Na,SO, and the solvent was
removed. The product was crystallized from hexane. Yield: 24.8 g (70%);
m.p. 63°C (62.5-63.5°C [¥l); 'TH NMR (500 MHz, CDCl;, 25°C, TMS):
0=722 (s, 1H; Ar—H), 7.15 (dd, 3/(H,H) = 8.6 Hz, “/(H,H) =2.6 Hz, 1H;
Ar—H), 6.62 (d,*/(H,H) = 8.6 Hz, 1H; Ar—H), 4.76 (brs, 1H; OH), 2.20 (s,
3H; CH,).

1-Benzyloxy-4-bromobenzenes
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General procedure: 4-Bromophenol (133 mmol) and the appropriate
benzylbromide (146 mmol) were dissolved in acetone (200 mL). K,CO;
(55 g, 400 mmol) was added and the mixture was stirred under reflux
(monitored by TLC, ca. 8 h). After the reaction was complete, the mixture
was poured into ice-water (150 mL) and extracted with diethyl ether (3 x
50 mL). The combined extracts were washed with Na,COj; solution (2Mm,
50 mL), water (50 mL), and brine (50 mL). After drying with Na,SO, and
evaporation of the solvent, the product was purified by crystallization from
methanol.

1-Benzyloxy-4-bromo-2-methylbenzene:!'*! Synthesized from 4-bromo-2-
methylphenol (24.8 g, 133 mmol) and benzylbromide (17.7 mL, 146 mmol).
Yield: 26.5¢g (73%); m.p. 57°C (62°C M); "TH NMR (200 MHz, CDCl;,
25°C, TMS): 6 = 742728 (m, 6H; Ar—H), 6.86 (d, */(H,H) = 2.9 Hz, 1 H;
Ar—H), 6.66 (dd, 3/(H,H) = 8.8 Hz, “J(H,H) =2.9 Hz, 1 H; Ar-H), 5.01 (s,
2H; Ar—CH,), 2.34 (s, 3H; Ar—CHs;).

1-Benzyloxy-4-bromo-3-methylbenzene:!') Synthesized from 4-bromo-3-
methylphenol (25.0 g, 134 mmol) and benzylbromide (17.5 mL, 147 mmol).
Yield: 28.5 g (77%); m.p. 68—71°C (70.5-71.5°C [8); 'TH NMR (200 MHz,
CDCly, 25°C, TMS): 6=744-729 (m, 6H; Ar-H), 6.89 (d, U(H,H) =
29 Hz, 1H; Ar-H), 6.70 (dd, %/(H,H)=8.6 Hz, */(H,H)=2.9 Hz, 1H;
Ar—H), 5.03 (s, 2H; Ar—CH,), 2.37 (s, 3H; Ar—CHs;); elemental analysis
caled (%) for C,H;0Br (277.2): C 60.67, H 4.73, Br 28.83; found C 60.61,
H 4.82, Br 28.85.

4-Bromo-2-methyl-1-(3-methylbenzyloxy)benzene: Synthesized from
4-bromo-2-methylphenol (25.0 g, 134 mmol) and 3-methylbenzylbromide
(25.4 g, 147 mmol). Yield: 31.6 g (81%) of a pale yellow oil; 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 6=73-71 (m, 6H; Ar—H), 6.72 (d,
3J(HH)=88Hz, 1H; Ar—H), 5.00 (s, 2H; Ar—CH,), 2.36 (s, 3H;
Ar—CH,), 2.24 (s, 3H; Ar—CH,).

4-Bromo-2-methyl-1-(4-methylbenzyloxy)benzene:!'Y Synthesized from
4-bromo-2-methylphenol (25.0 g, 134 mmol) and 4-methylbenzylbromide
(25.4 g, 147 mmol). Yield: 29.2 g (75%); m.p. 82-83°C (83°C [14]).

4-Benzyloxyphenylboronic acids 6

General procedure: The appropriate 1-benzyloxy-4-bromobenzene
(23.6 mmol) was dissolved in THF (50 mL). The solution was cooled to
—78°C and nBuLi (1.6M solution in hexane, 21.4 mL, 34.5 mmol) was
added dropwise. After stirring at —78°C for an additional 2h, trimethyl-
borate (8 mL, 71 mmol) dissolved in THF (8 mL) was added dropwise at
the same temperature. The mixture was allowed to warm to ambient
temperature overnight. Then hydrochloric acid (10 %, 30 mL) was added at
0°C. After stirring for an additional hour, diethyl ether (75 mL) was added,
and the layers were separated. The aqueous layer was extracted with
diethyl ether (3 x 30 mL). The combined organic layers were washed with
water (2 x 50 mL) and dried with Na,SO, After evaporation of the solvent,
a solid was formed on the addition of n-pentane. It was purified by
crystallization from hexane/ethyl acetate 5:1 (50 mL). The products were
used without further purification.

4-Benzyloxy-2-methylyphenylboronic acid (6b):?': Synthesized from
1-benzyloxy-4-bromo-3-methylbenzene (6.5 g, 23.6 mmol). Yield: 3.2 ¢
(56 %); m.p. 140°C; '"H NMR (200 MHz, [D¢]DMSO, 25°C, TMS): 0 =
75-6.7 (m, 8H; Ar—H), 6.49 (s, 2H; OH), 5.06 (s, 2H; CH,), 2.26 (s, 3H;
CH,;).

4-Benzyloxy-3-methylyphenylboronic acid (6¢):? Synthesized from
1-benzyloxy-4-bromo-2-methylbenzene (19.0 g, 72 mmol). Yield: 4.8 ¢
(29%); m.p. 130°C.

3-Methyl-4-(3-methylbenzyloxy)phenylboronic acid (6d): Synthesized
from 4-bromo-2-methyl-1-(3-methylbenzyloxy)benzene (7.7 g, 35 mmol).
Yield: 7.6 g (85%); m.p. 155°C; 'H NMR (400 MHz, CDCl;, 25°C, TMS):
0=28.03 (d, *J(H,H)=8.0 Hz, 1H; Ar—H), 7.98 (s, 1H; Ar—H), 7.3-7.2 (m,
3H; Ar-H), 713 (m, 1H; Ar-H), 6.98 (d, *J(H,H) =8.3 Hz, 1H; Ar—H),
5.13 (s, 2H; CH,), 2.37 (s, 6 H; CHs).

3-Methyl-4-(4-methylbenzyloxy)phenylboronic acid (6e): Synthesized
from 4-bromo-2-methyl-1-(4-methylbenzyloxy)benzene (7.7 g, 35 mmol).
Yield: 7.0 g (68 %); m.p. 160°C; 'H NMR (200 MHz, CDCl;, 25°C, TMS):
0=28.02 (d, */(H,H)=8.0 Hz, 1H; Ar—H), 7.98 (s, 1H; Ar—H), 7.5-7.1 (m,
8H; Ar—H), 6.98 (d, *J(H,H) =8.2 Hz, 1H; Ar—H), 5.12 (s, 2H; CH,), 2.35
(s, 6H; CH;).
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1-Allyloxy-4-halobenzenes

General procedure: The appropriate 4-halophenol (85.5 mmol) and allyl
bromide (7.9 mL; 94 mmol) were dissolved in acetonitrile (200 mL). K,CO;
(35 g, 250 mmol) was added, and the mixture was stirred under reflux
(monitored by TLC, ca. 2 h). After the reaction was complete, the mixture
was poured into ice —water (150 mL) and extracted with diethyl ether (3 x
50 mL). The combined extracts were washed with Na,COj; solution (2M,
50 mL), water (50 mL), and brine (50 mL). After drying with Na,SO, and
evaporation of the solvent, the compounds were used as the crude products.

1-Allyloxy-4-iodo-2-methylbenzene:**! Synthesized from 4-iodo-2-methyl-
phenol (20.0 g, 85.5 mmol). Yield: 22.0g (94%) of a pale yellow oil;
'H NMR (200 MHz, CDCl;, 25°C, TMS): 0 =7.44-7.38 (m, 2H; Ar—H),
6.55 (d, ¥(HH) = 84 Hz, 1H; Ar-H), 6.13-5.94 (m, 1H; CH=CH,),
5.46-5.35 (dd, 2/(H,H) =72 Hz, /(H,H) = 1.6 Hz, 1H; trans-CH=CH,),
529-523 (dd, 2(HH) = 10.5 Hz, %/(H,H) = 1.6 Hz, 1H; cis-CH=CH,),
450 (m, 2H; CH,), 2.19 (s, 1 H; Ar—CH,).

1-Allyloxy-4-bromo-2-methylbenzene: Synthesized from 4-bromo-2-meth-
ylphenol (11.2 g, 60 mmol). Yield: 13.2 g (97 %) of a of a pale yellow oil;
'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.3-72 (m, 2H; Ar—H), 6.68
(d, *J(HH) =83 Hz, 1H; Ar—H), 6.2-5.95 (m, 1H; CH=CH,), 5.48-5.25
(m, 2H; CH=CH,) 4.52 (m, 2H; CH,), 2.24 (s, 3H; Ar—CH,).

1-Allyloxy-4-bromo-3-methylbenzene: Synthesized from 4-bromo-3-meth-
ylphenol (25.0 g, 135 mmol). Yield: 27 g (89 %) pale yellow oil; 'H NMR
(200 MHz, CDCl;, 25°C, TMS): 6 =742 (d, *J(H,H) = 8.7 Hz, 1 H; Ar—-H),
6.95 (d, Y(HH)=3.1Hz, 1H; Ar-H), 6.63 (dd, 3/(H,H)=8.7 Hz,
‘J(HH)=3.1Hz, 1H; Ar-H), 6.15-5.95 (m, 1H; CH=CH,), 5.48-5.25
(m, 2H; CH=CH,) 4.50 (m, 2H; CH,), 2.24 (s, 3H; Ar—CH,).
3-Aryloxypropane-1,2-diols

General procedure: N-methylmorpholine-N-oxide (20 mL of a 60 wt%
aqueous solution, 115 mmol) and OsO, (15 mL of a 4mM solution in fert-
butyl alcohol) were added to a solution of the appropriate 1-allyloxy-4-
halobenzene (107 mmol) in dry acetone (120 mL). The mixture was stirred
at 20°C. After the reaction was complete (TLC), a saturated aqueous
Na,SO; solution (5mL) was added, and the mixture was stirred for
additional 30 minutes. Then the mixture was withdrawn using suction over
silica gel (ca. 50 g). The silica gel was rinsed with acetone (50 mL). The
solvent was removed and the residue was taken up in ethyl acetate
(100 mL). The solution was washed with dilute H,SO, (10%, 30 mL),
saturated NaHCO; solution (30 mL), water (30 mL), and brine (30 mL),
and dried with Na,SO,. The solvent was removed. Crystallization from n-
hexane or hexane/ethyl acetate yielded the pure products.

3-(4-Bromophenyloxy)propane-1,2-diol: Synthesized from allyloxy-4-bro-
mobenzene (12.0 g, 56 mmol). Purified by crystallization from hexane/ethyl
acetate 10:3 (65 mL). Yield: 10.8 g (81 % ); m.p. 82°C; 'H NMR (400 MHz,
CDCl;, 25°C, TMS): 6 =736 (d, *J(H,H)=9.0 Hz, 2H; Ar—H), 6.78 (d,
3J(HH) =9.0 Hz, 2H; Ar—H), 4.07 (m, 1H; sec. CH), 4.0-3.7 (m, 4H;
OCH,).

3-(4-Iodo-2-methylphenyloxy)propane-1,2-diol: Synthesized from 1-allyl-
oxy-4-iodo-2-methylbenzene (10.2 g, 37 mmol). Purified by crystallization
from hexane/ethyl acetate 2:1 (60 mL). Yield: 9 g (79%); m.p. 109°C;
"H NMR (200 MHz, [D¢]DMSO, 25°C, TMS): 6 =7.5-7.4 (m, 2H; Ar—H),
6.77 (d, *J(H,H) =9.2 Hz, 1H; Ar—H), 4.92 (d, */(H,H) =5.0 Hz, 1H; sec.
OH), 4.65 (t, 3J(HH)=5.7Hz, 1H; prim. OH), 4.03-3.72 (m, 3H;
ArOCH,, sec. CH), 3.48 (dd, *J(H,H)=5.5Hz, J(H,H)=5.5Hz, 2H;
CH,0H), 2.14 (s, 3H; Ar—CH,).

3-(4-Bromo-2-methylphenyloxy)propane-1,2-diol: Synthesized from 1-al-
lyloxy-4-bromo-2-methylbenzene (24.2 g, 107 mmol). Crystallization from
n-hexane/ethyl acetate 4:1 (100 mL). Yield: 18.3 g (66 %); m.p. 91-93°C;
"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =7.26 (m, 2H; Ar—H), 6.88 (d,
3J(HH)=92Hz, 1H; Ar-H), 410 (m, 1H; sec. CH), 4.00 (m, 2H;
ArOCH,), 3.84 (dd, 2J(H,H) =10.8 Hz *J(H,H) = 2.7 Hz, 1H; CH H,OH),
3.75(dd,%J(H,H) =11.4 Hz*J(H,H) = 5.4 Hz, 1H; CH,H,0H), 2.18 (s, 3H;
Ar—CHs;).

3-(4-Bromo-3-methylphenyloxy)propane-1,2-diol: Synthesized from 1-al-
lyloxy-4-bromo-3-methylbenzene (24.2 g, 107 mmol). Crystallization from
n-hexane (100 mL). Yield: 23.6 g (85%); m.p. 98°C; '"H NMR (200 MHz,
[Dg]DMSO, 25°C, TMS): 6 =745 (d, *J(H,H) =8.8 Hz, 1H; Ar—H), 6.98
(d, (H,H)=2.8 Hz, 1H; Ar-H), 6.74 (dd, 3/(H,H) =8.8 Hz, “/(H,H) =
3.0Hz, 1H; Ar-H), 494 (d, *J(H,H)=4.9 Hz, 1H; sec. OH), 4.67 (t,
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3J(H,H) =5.6 Hz, 1 H; prim. OH), 4.03—3.72 (m, 3H; ArOCH,, sec. CH),
345 (dd, 3J(H,H) =5.5 Hz, *J(H,H) =5.5 Hz, 2H; CH,OH), 2.32 (s, 3H;
Ar—CH,); ®C NMR (50 MHz, [Dg]DMSO, 25°C, TMS): 6 =158.2, 138.3,
1326, 1173, 1144, 112.2, 69.9, 62.8, 22.6.

4-(4-Bromophenyloxymethyl)-2,2-dimethyl-1,3-dioxolanes 5

General procedure: The appropriate 3-aryloxypropane-1,2-diol (46 mmol)
and pyridinium-p-toluene sulfonate (100 mg) in 2,2-dimethoxypropane
(70 mL) were stirred at 20°C. After the reaction was complete (TLC), the
2,2-dimethoxypropane was removed by using an evaporator, and the
residue was taken up in diethyl ether (100 mL) and washed with saturated
NaHCO; solution (30 mL), water (30 mL), and brine (30 mL). After drying
with Na,SO, and evaporation of the diethyl ether, the product was purified
by distillation in vacuo or by crystallization from hexane.
4-(4-Bromophenyloxymethyl)-2,2-dimethyl-1,3-dioxolane (5a): Synthe-
sized from 3-(4-bromophenyloxy)propane-1,2-diol (24.7 g, 100 mmol).
Yield: 255¢g (89%); m.p. 70°C; 'H NMR (200 MHz, CDCl;, 25°C,
TMS): 0 =737 (d,*J(H,H) = 8.9 Hz, 2H; Ar—H), 6.80 (d, *J(H,H) = 9.0 Hz,
2H; Ar—H), 4.46 (m, 1H; sec. CH), 4.20-3.85 (m, 4H; OCH,), 1.46 (s, 3H;
CHj;), 1.40 (s, 3H; CHj;); elemental analysis caled (%) for C,,H,s0;Br
(287.2): C 50.19, H 5.26, Br 27.58; found C 50.06, H 5.17, Br 27.58.
4-(4-Iodo-2-methylphenyloxymethyl)-2,2-dimethyl-1,3-dioxolane (5b):
Synthesized from 3-(4-iodo-2-methylphenyloxy)propane-1,2-diol (18.4 g,
60 mmol). Purified by distillation in vacuo. Yield: 17.6 g (85 %) pale yellow
oil; b.p. 120°C/0.008 Torr; '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =
741-736 (m, 2H; Ar—H), 6.55 (dd, 3/(H,H) =9.2 Hz, */(H,H) =2.9, 1H;
Ar—H), 447 (m, 1H; sec. CH), 4.17-3.85 (m, 4H; OCH,), 2.14 (s, 3H;
Ar—CH,), 1.43 (s, 3H; CHj;), 1.38 (s, 3H; CH;).

4-(4-Bromo-2-methylphenyloxymethyl)-2,2-dimethyl-1,3-dioxolane  (5c):
Synthesized from 3-(4-bromo-2-methylphenyloxy)propane-1,2-diol
(15.6 g, 60 mmol). Yield: 17.3 g (96 %) of a pale yellow oil which was used
without further purification; '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =
7.18-7.25 (m,2 Ar—H), 6.67 (d,*/(H,H) =9.3 Hz, 1H; Ar—H), 4.45 (m, 1 H;
sec. CH), 4.20-3.85 (m, 4H; OCH,), 2.17 (s, 3H; Ar—CHs;), 1.44 (s, 3H;
CH,), 1.38 (s, 3H; CH,).

4-(4-Bromo-3-methylphenyloxymethyl)-2,2-dimethyl-1,3-dioxolane (5d):
Synthesized from 3-(4-bromo-3-methylphenyloxy)propane-1,2-diol
(14.5 g, 46 mmol). The product was purified by distillation in vacuo
followed by crystallization from hexane. Yield: 11.4 g (82%); b.p. 80°C/
0.001 Torr; m.p. 55-57°C; '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =
737 (d, *J(H,H)=88Hz, 1H; Ar-H), 6.79 (d, “/(H,H)=2.9 Hz, 1H;
Ar—H), 6.60 (dd, *J(H,H) = 8.8 Hz, “/(H,H) =2.9 Hz, 1 H; Ar—H), 4.43 (m,
1H; sec. CH), 4.17-3.82 (m, 4H; OCH,), 2.33 (s, 3H; Ar—CHj;), 1.44 (s,
3H; CH;), 1.38 (s, 3H; CH,).
4-(4'-Benzyloxybiphenyl-4-yloxymethyl)-2,2-dimethyl-1,3-dioxolanes (7)
Preparation by a Suzuki cross-coupling reaction

General procedure: The reaction was completed under an argon atmos-
phere. The appropriate 4-(4-bromophenyloxymethyl)-2,2-dimethyl-1,3-di-
oxolane 5 (26.3 mmol), the appropriate benzyloxyphenylboronic acid 6
(22.9 mmol), and [Pd(PPh;),](0.5 g) were dissolved in glyme (160 mL) and
stirred under reflux for 6 h after addition of saturated aqueous NaHCO;
solution (100 mL). The product precipitated almost quantitatively when
the mixture was let to stand overnight at ambient temperature. It was
filtered off by suction and dissolved in CHCl; (50 mL). The solution was
dried with Na,SO,. In order to remove catalyst residues, the solution was
filtered over silica gel with suction. The silica gel was carefully rinsed with
CHCI; (100 mL). The combined organic solutions were evaporated. If not
specially mentioned, the products were purified by crystallization from
methanol/ethyl acetate mixtures (1:1-5:1).

4-(4'-Benzyloxybiphenyl-4-yloxymethyl)-2,2-dimethyl-1,3-dioxolane (7a):
Synthesized from 5a (5.0 g, 18.3 mmol) and 4-benzyloxyphenylboronic
acid (6a, 4.2 g, 18.5 mmol). Yield: 44 g (62%); m.p. 162°C; 'H NMR
(200 MHz, CDCl;, 25°C, TMS): 6 =748-7.32 (m, 9H; Ar—H), 7.03 (d,
3J(H,H) = 8.6 Hz, 2H; Ar—H), 6.97 (d, *J(H,H) =8.4 Hz, 2H; Ar-H), 5.11
(s,2H; Ar—CH,), 4.51 (m, 1H; sec. CH), 4.20 (m, 1 H; sec. CH), 4.10-3.90
(m, 4H; OCH,), 1.48 (s, 3H; CHj;), 1.42 (s, 3H; CH;); elemental analysis
caled (%) for C,sH,s0,4 (390.5): C 76.90, H 6.71; found C 76.61, H 6.55.
4-(4'-Benzyloxy-3-methylbiphenyl-4-yloxymethyl)-2,2-dimethyl-1,3-dioxo-
lane (7b): Synthesized from 5b (5.0g, 14.5mmol) and 6a (33 g,
14.5 mmol). Work-up procedure: The product precipitated almost quanti-
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tatively when the mixture was let to stand overnight at ambient temper-
ature. It was drawn off by suction and dissolved in ethyl acetate (50 mL).
The solution was dried with Na,SO, and the solvent evaporated. The
residue was dissolved in hot hexane (50 mL) and filtered. On cooling, the
product was precipitated again. It was filtered off by suction and purified by
two crystallizations from isopropanol (30 mL). Yield: 3.1 g (53%); m.p.
114°C; '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =7.60-7.25 (m, 9H;
Ar—H), 7.03 (d, 3J(H,H)=8.8 Hz, 2H; Ar—H), 6.87 (d, *J(H,H) =8.0 Hz,
1H; Ar—H), 5.11 (s, 2H; Ar—CH,), 4.50 (m, 1H; sec. CH), 4.25-3.95 (m,
4H; OCH,), 2.29 (s, 3H; Ar—CHs;), 1.49 (s, 3H; CHj;), 1.43 (s, 3H; CH,).
4-(4'-Benzyloxy-2-methylbiphenyl-4-yloxymethyl)-2,2-dimethyl-1,3-dioxo-
lane (7c¢): Synthesized from 5d (79g, 263 mmol) and 6a (52¢g,
22.9 mmol). Yield: 7.2 g (68 %); m.p. 114°C; '"H NMR (500 MHz, CDCl,,
25°C, TMS): 0=1749 (d, 3(HH)=72Hz, 2H; Ar—H), 7.39 (m, 2H;
Ar—H),7.31 (m, 1H; Ar—H), 7.18 (d, *J(H,H) = 8.7 Hz, 2H; Ar—H), 7.05 (d,
3J(H,H) =83 Hz, 1H; Ar—H), 7.00 (d, *J(H,H) =8.7 Hz, 2H; Ar—H), 6.81
(d, 3J(H,H)=2.7 Hz, 1H; Ar—H), 6.77 (dd, */(H,H) =83 Hz, %/ 2.7 Hz,
1H; Ar—H), 5.12 (s, 2H; Ar—CH,), 449 (m, 1H; sec. CH), 4.20 (dd,
2J(H,H) =8.4 Hz, 3J(H,H)=6.3 Hz, 1H; OCH H,), 4.12 (dd, 2/(HH) =
9.5 Hz, *J(H,H)=4.7 Hz, 1H; OCH H,), 3.99 (m, 2H; 2 OCH,H,), 2.18
(s, 3H; Ar—CHs;); elemental analysis calcd (%) for C,sH,s0, (404.5): C
7720, H 6.98; found C 77.65, H 7.17.

4-(4'-Benzyloxy-2'-methylbiphenyl-4-yloxymethyl)-2,2-dimethyl-1,3-dioxo-
lane (7d): Synthesized from 5a (3.54g, 12.3 mmol) and 6b (3.0g,
12.3 mmol). Work-up procedure: The solvent was removed in vacuo and
the aqueous residue was extracted with CHCl; (3 x 30 mL). After drying
with Na,SO,, the solution was filtered over silica gel with suction, and the
silica gel was rinsed carefully with additional CHCI, (100 mL). The solvent
was removed under reduced pressure. The oily residue crystallized when
allowed to stand overnight and was crystallized from n-hexane (30 mL).
Yield: 2.0 g (41%); m.p. 78°C; '"H NMR (200 MHz, CDCl;, 25°C, TMS):
0=748-6.82 (m, 12H; Ar—H), 5.09 (s, 2H; Ar—CH,), 4.51 (m, 1H; sec.
CH), 4.23-3.90 (m, 4H; OCH,), 2.25 (s, 3H; Ar—CH,), 1.48 (s, 3H; CHs),
1.42 (s, 3H; CH,).
4-(4'-Benzyloxy-3'-methylbiphenyl-4-yloxymethyl)-2,2-dimethyl-1,3-dioxo-
lane (7e): Synthesized from 5a (6.0 g, 21 mmol) and 6¢ (4.8 g, 20.8 mmol).
Yield: 4.6 g (55%); m.p. 115°C; '"H NMR (200 MHz, CDCl;, 25°C, TMS):
0=1750-726 (m, 9H; Ar—H), 6.99-6.91 (m, 3H; Ar—H), 5.13 (s, 1H;
Ar—CH,), 4.51 (m, 1H; sec. CH), 4.23-3.89 (m, 4H; OCH,), 2.18 (s, 3H;
Ar—CHs;), 1.49 (s, 3H; CHs;), 1.43 (s, 3H; CH;); elemental analysis calcd
(%) for CysH 0, (404.5): C 77.20, H 6.98; found C 77.25, H 7.23.
4-[3'-Methyl-4'-(3-methylbenzyloxy)biphenyl-4-yloxymethyl]-2,2-dimeth-
yl-1,3-dioxolane (7 f): Synthesized from 5a (2.0 g, 7.0 mmol) and 6d (1.6 g,
6.4 mmol). Yield: 0.7 g (27 % ); m.p. 93-95°C; '"H NMR (200 MHz, CDCl,,
25°C, TMS): 6 =745 (d, 3J(H,H) =8.6 Hz, 2H; Ar—H), 740-7.10 (m, 6 H;
Ar—H), 6.94 (d, *J(H,H) =8.6 Hz, 2H, Ar—H), 6.91 (d, *J(H,H)=8.2 Hz,
1H; Ar—H), 5.06 (s, 1H; Ar—CH,), 4.47 (m, 1H; sec. CH), 4.20-3.90 (m,
4H; OCH,), 2.37 (s, 3H; Ar—CHs;), 2.33 (s, 3H; Ar—CH,), 1.46 (s, 3H;
CH,), 1.40 (s, 3H; CHj;).
4-[3'-Methyl-4'-(4-methylbenzyloxy)biphenyl-4-yloxymethyl]-2,2-dimeth-
yl-1,3-dioxolane (7g): Synthesized from 5a (2.0 g, 7.0 mmol) and 6e (1.6 g,
6.4 mmol). Yield: 0.90g (34%); m.p. 118-120°C; '"H NMR (200 MHz,
CDCl;, 25°C, TMS): 6 =744 (d, °J(H,H) =8.8 Hz, 2H; Ar—H), 7.40-7.10
(m, 6H; Ar—H), 6.93 (d, 3/(H,H) =8.8 Hz, 2H; Ar—H), 6.90 (d, *J(H,H) =
8.2Hz, 1H, Ar—H), 5.05 (s, 1H; Ar—CH,), 4.46 (m, 1H; sec. CH), 4.20—
3.80 (m, 4H; OCH,), 2.35 (s, 3H; Ar—CHj;), 2.30 (s, 3H; Ar—CHj;), 1.45 (s,
3H; CH;), 1.39 (s, 3H; CHs).
4-[3,3'-Dimethyl-4'-(4-methylbenzyloxy)biphenyl-4-yloxymethyl]-2,2-di-
methyl-1,3-dioxolane (7h): Synthesized from 5¢ (2.6 g, 8.8 mmol) and 6e
(2.0 g, 8.0 mmol). Yield: 1.3 g (38%); m.p. 74-76°C; 'H NMR (200 MHz,
CDCl,;, 25°C, TMS): 6=740-720 (m, 8H; Ar—H), 6.92 (d, 3J(HH)=
8.4 Hz, 1H; Ar-H), 6.86 (d, 3/(H,H)=9.2 Hz, 1H; Ar-H), 5.08 (s, 1H;
Ar—CH,), 4.51 (m, 1H; sec. CH), 4.25-3.90 (m, 4H; OCH,), 2.38 (s, 3H;
Ar—CHs;), 2.33 (s, 3H; Ar—CH,), 2.28 (s, 3H; Ar—CHj,), 1.49 (s, 3H; CH;),
1.43 (s, 3H; CH,).
4-[2,3’-Dimethyl-4'-(4-methylbenzyloxy)biphenyl-4-yloxymethyl]-2,2-di-
methyl-1,3-dioxolane (7i): Synthesized from 5d (2.6 g, 8.8 mmol) and 6e
(2.0 g, 8.0 mmol). Yield: 0.5 g (15%); m.p. 73-75°C; 'H NMR (200 MHz,
CDCl;, 25°C, TMS): 0 =7.40-6.70 (m, 10H; Ar—H), 5.06 (s, 1 H; Ar—CH,),
4.46 (m, 1H; sec. CH), 4.20-3.85 (m, 4H; OCH,), 2.36 (s, 3H; Ar—CH,),
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2.29 (s,3H; Ar—CHs), 2.24 (s, 3H; Ar—CHs), 1.46 (s, 3H; CHj;), 1.40 (s, 3H;
CH,).
4-[2,3’-Dimethyl-4'-(3-methylbenzyloxy)biphenyl-4-yloxymethyl]-2,2-di-
methyl-1,3-dioxolane (7k): Synthesized from 5d (2.0 g, 6.5 mmol) and 6d
(2.5 g,5.9 mmol). Purified by crystallization at —20°C. Yield: 0.8 g (33%);
pale yellow oil; 'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.40-6.60 (m,
10H; Ar—H), 5.06 (s, 1 H; Ar—CH,), 4.47 (m, 1 H; sec. CH), 4.20—3.80 (m,
4H; OCH,), 2.38 (s, 3H; Ar—CHs;), 2.30 (s, 3H; Ar—CH,), 2.24 (s, 3H;
Ar—CHL), 146 (s, 3H; CHy), 1.40 (s, 3H; CH,).
4-[3,3’-Dimethyl-4'-(3-methylbenzyloxy)biphenyl-4-yloxymethyl]-2,2-di-
methyl-1,3-dioxolane (71): Synthesized from 5¢ (2.0 g, 6.5 mmol) and 6d
(1.5 g, 5.9 mmol). Yield: 0.8 g (40%); m.p. 50-51°C; 'H NMR (200 MHz,
CDCl;, 25°C, TMS): 6 =740-710 (m, 8H; Ar—H), 6.90 (d, 3/(H,H) =
8.4 Hz, 1H; Ar-H), 6.84 (d, J(H,H) =9.2 Hz, 1H; Ar-H), 5.06 (s, 1H;
Ar—CH,), 4.49 (m, 1H; sec. CH), 420~3.90 (m, 4H; OCH,), 2.37 (s, 3H;
Ar—CHs), 2.33 (s, 3H; Ar—CHs), 2.26 (s, 3H; Ar—CHs;), 1.47 (s, 3H; CHs;),
1.40 (s, 3H; CH,).

Synthesis by exchange of the benzyl ether unit (Path B, Scheme 1)

General procedure: The appropriate benzyl ether 7 (8.6 mmol) was
dissolved in ethyl acetate (50 mL), and palladium on charcoal (0.25 g)
was added. The mixture was shaken under a H, atmosphere at 20°C and
normal pressure (TLC). After the reaction was complete, the catalyst was
removed by filtration and the solvent evaporated. (The acidity of the
charcoal may cause a partial cleavage of the acetonide protecting group, so
that re-protection according to procedure for the formation of 5 might be
necessary.) The products were used without further purification.

A mixture of the obtained 4-(4-hydroxybiphenyl-4-yloxymethyl)-2,2-
dimethyl-1,3-dioxolane (1.59 mmol), the appropriate methylbenzylbro-
mide (1.73 mmol) and K,CO; (2.5 g, 18 mmol) in dry acetone (25 mL)
was stirred under reflux (TLC, ca. 5h). After the reaction had finished,
water (20 mL) was added and the mixture was extracted with CHC; (3 x
20 mL). The combined extracts were washed with Na,COj solution (2M,
30 mL), water (30 mL), and brine (30 mL), dried with Na,SO,, and the
solvent was removed under reduced pressure.
4-[3-Methyl-4'-(4-methylbenzyloxy)biphenyl-4-yloxymethyl]-2,2-dimeth-
yl-1,3-dioxolane (7m): Synthesized from 7b and 4-methylbenzylbromide.
Purified by repeated crystallization from 20 mL ethanol. Yield: 50 %;
transitions/°C: K 134 (S¢ 76 S, 96 N 106) I; 'H NMR (500 MHz, CDCl;,
25°C, TMS): 6 =743 (d, 3J(H,H) =8.7 Hz, 2H; Ar—H), 7.34-7.28 (m, 4H;
Ar-H), 718 (d, *J(H,H) =78 Hz, 2H; Ar—H), 6.95 (d, *J(H,H) =8.7 Hz,
2H; Ar—H), 6.85 (d, *J(H,H) =8.7 Hz, 1H; Ar—H), 5.04 (s, 2H; Ar—CH,),
4.48 (m, 1H; sec. CH), 4.20-3.78 (m, 4H; OCH,), 2.27 (s, 3H; Ar—CHs),
2.26 (s, 3H; Ar—CHs;), 1.46 (s, 1 H; CHj;), 1.40 (s, 1 H; CH,).
4-[2'-Methyl-4'-(4-methylbenzyloxy)biphenyl-4-yloxymethyl]-2,2-dimeth-
yl-1,3-dioxolane (7n): Synthesized from 7d and 4-methylbenzylbromide.
Yield 73 %. The crude product was used without further purification.
4-[3-Methyl-4"-(3-methylbenzyloxy)biphenyl-4-yloxymethyl]-2,2-dimeth-
yl-1,3-dioxolane (70): Synthesized from 7b and 3-methylbenzylbromide.
Purified by repeated crystallization from ethanol (20 mL). Yield: 0.38 g
(57%); m.p. 64°C; '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.44 (d,
*J(H,H) =88 Hz, 2H; Ar—H), 7.38-726 (m, 4H; Ar—H), 720 (s, 1H;
Ar—H), 7.16 (s, 1H; Ar—H), 6.99 (d, */(H,H) =8.6 Hz, 2H; Ar—H), 6.85 (d,
3J(HH)=9.2 Hz, 1H; Ar—H), 5.04 (s, 2H; Ar—CH,), 4.48 (m, 1H; sec.
CH), 420-3.74 (m, 4H; OCH,), 2.35 (s, 3H; Ar—CHj;), 2.26 (s, 3H;
Ar—CHg), 1.46 (s, 1H; CH,), 1.40 (s, 1H; CH;).
4-[2'-Methyl-4'-(3-methylbenzyloxy)biphenyl-4-yloxymethyl]-2,2-dimeth-
yl-1,3-dioxolane (7p): Synthesized from 7d and 3-methylbenzylbromide.
Yield 82 %. The product was used without further purification.
3-(4-Benzyloxybiphenyl-4-yloxy)propane-1,2-diols x.y/z

Hydrolytic deprotection of 4-(4'-benzyloxybiphenyl-4-yloxymethyl)-2,2-
dimethyl-1,3-dioxolanes (Path A, Scheme 1)

General procedure: A mixture of the appropriate 4-(4'-benzyloxybiphenyl-
4-yloxy)methyl-2,2-dimethyl-1,3-dioxolane 7 (4 mmol), methanol (25 mL),
water (3 mL), and pyridinium-p-toluene sulfonate (0.1 g) was heated at
reflux for 3 h. The reaction was monitored by TLC. After the reaction had
finished, the solvent was removed in vacuo. The residue was taken up in
ethyl acetate (30 mL) and washed with saturated aqueous NaHCOj;
(20 mL), water (20 mL), and brine (20 mL), and then dried with Na,SO,.
The solvent was distilled off and the product purified by repeated
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crystallization from n-hexane/ethyl acetate mixtures (5:4-3:1). The yields
refer to the purified products.

3-(4'-Benzyloxybiphenyl-4-yloxy)propane-1,2-diol (0): Obtained from 7a
(2.0 g, 5.1 mmol). Yield: 1.37 g (80%); m.p. 230°C; '"H NMR (400 MHz,
[D¢]DMSO, 25°C, TMS): 6 =7.55-7.27 (m, 9H; Ar—H), 7.04 (d, *J(H.H) =
8.8, 2H; Ar—H), 6.97 (d, *J(HH)=8.8Hz, 2H; Ar-H), 512 (s, 2H;
Ar—CH,), 4.00 (dd, */(H,H) =9.8 Hz, *J(H,H) =4.2 Hz, 1H; ArOCH,H,),
3.87 (m, 1H; ArOCH,H,), 3.78 (m, 1H; sec. CH), 3.66 (d, *J(H.H) =
5.5Hz, 2H; CH,0H); “C NMR (100 MHz, [D¢]DMSO, 25°C, TMS):
0=158.1,157.6,137.3,132.7,128.6, 1279, 127.7,127.3, 115.3, 115.0, 70.0, 69.7,
69.3, 62.7.

3-(4-Benzyloxy-3-methylbiphenyl-4-yloxy)propane-1,2-diol  (1/0): Ob-
tained from 7b (1.5 g, 3.8 mmol) Yield: 0.90 g (62%); transitions/°C: K
147 (S, 127) I; 'H NMR (500 MHz, [Ds]DMSO, 25°C, TMS): 6 =7.51 (d,
3J(HH)=85Hz, 2H; Ar-H), 745 (d, J(HH)=8.8 Hz, 2H; Ar-H),
742-730 (m, SH; Ar—H), 7.04 (d, */(H,H) =8.5 Hz, 2H; Ar—H), 6.94 (d,
3J(H,H) =86 Hz, 1H; Ar-H), 5.12 (s, 2H; Ar—CHy,), 4.83 (d, J(H,H) =
5.1 Hz, 1H; sec. OH), 4.60 (t, *J(H,H) =5.6 Hz, 1H; prim. OH), 4.00 (dd,
2J(H,H) = 9.8 Hz, 3J/(H,H) = 4.6 Hz, 1 H; ArOCH,H,), 3.90 (dd, 2/(H,H) =
9.8 Hz, *J(H,H) = 5.9 Hz, | H; ArOCH, H,), 3.82 (m, 1 H; sec. CH), 3.47 (m,
2H; CH,0H), 2.20 (s, 3H; Ar—CH,); “C NMR (50 MHz, [D4]DMSO,
25°C, TMS): 6 =157.3, 156.0, 137.1, 132.7, 131.8, 128.4, 128.3, 127.7, 127.1,
126.2, 124.5, 115.1, 111.7, 70.0, 69.6, 69.2, 62.8, 16.1; MS (ESI): m/z (%):
387.1 (32) [M+Na]*, 750.9 (100) [2M+Na]*; elemental analysis calcd (%)
for Cp,HL,0, (364.4): C 75.80, H 6.68; found C 75.76, H 6.62.

3-(4-Benzyloxy-2-methylbiphenyl-4-yloxy)propane-1,2-diol  (2/0): Ob-
tained from 7¢ (1.6 g, 4.0 mmol). Yield: 1.1 g (76 %); transitions/°C: K
102 (Iso 70 S, 70 N 72) I; '"H NMR (500 MHz, [D¢]DMSO, 25°C, TMS):
0=1747 (d, *J(H,H) =71 Hz, 2H; Ar-H), 740 (m, 2H; Ar—H), 730 (m,
1H; Ar-H), 720 (d, *J(H,H)=8.8 Hz, 2H; Ar—H), 7.06 (d, *J(H.H) =
83 Hz, 2H; Ar-H), 703 (d, 3/(H,H)=8.8Hz, 2H; Ar-H), 6.83 (d,
‘J(HH)=2.7Hz, 1H; Ar-H), 6.78 (dd, *(H,H)=83Hz, ‘(HH)=
2.7Hz, 1H; Ar—H), 5.12 (s, 2H; Ar—CH,), 4.88 (d, /(H,H)=5.1 Hz,
1H; sec. OH), 4.60 (t, 3J(H,H)=5.6Hz, 1H; prim. OH), 3.99 (dd,
J(HH)=98Hz, 3/(HH)=43Hz, 1H; ArOCHH,), 3.85 (dd,
2J(H,H) =10.0 Hz, *J(H,H) =6.1 Hz, 2H; ArOCH, H,), 3.78 (m, 1H; sec.
CH), 3.44 (m, 2H; CH,0OH), 2.19 (s, 3H; Ar—CHj;); MS (70 eV, EI): m/z
(%): 364 (92) [M]*, 273 (86), 199 (72), 91 (100); elemental analysis calcd
(%) for C;3H,,0, (364.4): C 75.80, H 6.68; found C 75.57, H 6.59.

3-(4'-Benzyloxy-2'-methylbiphenyl-4-yloxy)propane-1,2-diol  (3/0): Ob-
tained from 7d (0.50 g, 1.24 mmol). Yield: 0.29 g (65%); transitions/°C:
K96 (S, 62) I; '"H NMR (200 MHz, [D{]DMSO, 25°C, TMS): § =7.51-7.34
(m, 5H; Ar-H), 722 (d, 3J(H,H) =8.6 Hz, 2H; Ar—H), 7.10 (d, 3J(H,H) =
8.4 Hz, 1H; Ar—H), 7.00-6.86 (m, 4H; Ar—H), 5.14 (s, 2H; Ar—CH,), 4.95
(d, 3J(H,H) =4.9 Hz, 1H; sec. OH), 4.67 (t, 3J(H,H) =5.6 Hz, 1H; prim.
OH), 4.10-3.81 (m, 3H; ArOCH,, sec. CH), 3.48 (dd, 3/(H,H) =5.5 Hz,
3J(HH)=55Hz, 2H; CH,0OH), 222 (s, 3H; Ar—CH;); “C NMR
(50 MHz, [D¢]DMSO, 25°C, TMS): 6 =157.5, 1572, 1372 , 136.1, 133.8,
133.1,130.5,130.1, 128.4,127.7,127.5,116.5,114.1,112.1,69.9, 69.5, 69.1, 62.7,
20.5; MS (70 eV, EI): m/z (%): 364 (100) [M]*, 273 (91), 199 (72), 171 (8),
153 (5), 91 (90); elemental analysis calcd (% ) for C,;sH,,0, (364.4): C 75.80,
H 6.68; found C 75.41, H 6.43.

3-(4-Benzyloxy-3'-methylbiphenyl-4-yloxy)propane-1,2-diol  (4/0): Ob-
tained from 7e (0.4 g, 1.1 mmol). Yield: 0.13 g (36 %); transitions/°C: K
130 Col 151 I; 'H NMR (200 MHz, [D4]DMSO, 25 °C, TMS): 6 =7.56-7.30
(m, 9H; Ar—H), 7.10-6.97 (m, 3H; Ar—H), 5.18 (s, 2H; Ar—CH,), 4.95 (d,
3J(HH) =4.9 Hz, 1 H; sec. OH), 4.67 (t,*J(H,H) =5.6 Hz, 1 H; prim. OH),
410-3.70 (m, 3H; ArOCH,, sec. CH), 3.47 (dd, 3/(H,H)=5.5Hz,
3J(H,H) =5.5Hz, 2H; CH,0H), 2.28 (s, 3H; Ar—CH,;); MS (70 eV, EI):
miz (%): 364 (62) [M]*, 273 (100), 199 (95), 91 (43); elemental analysis
caled (%) for C;3H,,0, (364.4): C 75.80, H 6.68; found C 75.54, H 6.38.

3-[3-Methyl-4'-(3-methylbenzyloxy)biphenyl-4-yloxy |propane-1,2-diol (1/
3): Obtained from 70 (0.30 g, 0.71 mmol). Yield: 0.12 g (45%); m.p.
137°C; '"H NMR (200 MHz, [Dg]DMSO, 25°C, TMS): 0=754 (d,
3J(HH)=8.6Hz, 2H; Ar-H), 741-710 (m, 6H; Ar—-H), 707 (d,
3J(HH)=8.7Hz, 2H; Ar—H), 6.98 (d, *J(H,H)=84Hz, 1H; Ar—H),
5.11 (s,2H; Ar—CH,), 4.92 (brs, 1H; sec. OH), 4.66 (brs, 1H; prim. OH),
4.10-3.80 (m, 3H; ArOCH,, sec. CH), 3.52 (brs, 2H; CH,0H), 2.35 (s,
3H; Ar—CHs;), 2.24 (s, 3H; Ar—CHj;); elemental analysis caled (%) for
C,,H,40, (378.5): C 76.17, H 6.92; found C 76.03, H 6.84.
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3-[3-Methyl-4"-(4-methylbenzyloxy)biphenyl-4-yloxy]propane-1,2-diol (1/
4): Obtained from 7m (0.64 g, 1.5 mmol). Yield: 0.11 g (19%); transi-
tions/°C: K 150 S, 156 I; 'H NMR (200 MHz, [D4]DMSO, 25°C, TMS):
0=153 (d, 3J(H,H) =8.8 Hz, 2H; Ar—H), 7.50-7.30 (m, 4H; Ar—H), 7.20
(d, *J(H,H) =79, 2H; Ar-H), 7.05 (d, */(H,H) =8.8 Hz, 2H; Ar—H), 6.97
(d, 3J(HH)=85Hz, 1H; Ar-H), 510 (s, 2H; Ar-CH,), 491 (d,
3J(H,H)=5.0Hz, 1H; sec. OH), 4.65 (t, 3J(HH)=5.7 Hz, 1H; prim.
OH), 4.10-3.80 (m, 3H; ArOCH,, sec. CH), 3.60-3.45 (m, 2H; CH,0OH),
2.32 (s,3H; Ar—CHs;), 2.23 (s, 3H; Ar—CH,); MS (ESI): m/z (%): 401.2 (18)
[M+Na]*, 7789 (100) [2M+Na]*; elemental analysis caled (%) for
C,,H0, (378.5): C 76.17, H 6.92; found C 76.16, H 6.84.
3-[2’-Methyl-4'-(3-methylbenzyloxy)biphenyl-4-yloxy |propane-1,2-diol (3/
3): Obtained from 7p (0.84 g, 2.0 mmol). Yield: 0.11 g (35 % ); transitions/
°C: K 88 (S, 55) I; 'TH NMR (200 MHz, [Dg]DMSO, 25°C, TMS): 6 =7.36—
6.87 (m, 11H; Ar—H), 5.1 (s, 1H; Ar—CH,), 4.96 (d, */(H,H) =5.0 Hz, 1 H;
sec. OH), 4.68 (t, *J(H,H)=5.6 Hz, 1H; prim. OH), 4.15-3.80 (m, 3H;
ArOCH,, sec. CH), 3.6-3.4 (m, 2H; CH,OH), 2.36 (s, 3H; Ar—CH3), 2.23
(s, 3H; Ar—CH,); MS (ESI): m/z (%): 401.1 (25) [M+Na]*, 778.9 (100)
[2M+Na]*; elemental analysis caled (%) for C,,H,,O, (378.5): C 76.17, H
6.92; found C 76.11, H 7.26.
3-[2'-Methyl-4'-(4-methylbenzyloxy)biphenyl-4-yloxy]propane-1,2-diol (3/
4): Obtained from 7n (0.64 g, 1.5 mmol). Yield: 0.21 g (36 % ); transitions/
°C: K 95 S, 104 I; 'H NMR (200 MHz, [Dg]DMSO, 25°C, TMS): 6 =736
(d, 3J(H,H) =8.0 Hz, 2H; Ar—H), 7.22 (d, /(H,H) =8.4 Hz, 4H; Ar—H),
7.09 (d, 3J(H,H)=8.4Hz, 1H; Ar—H), 7.00 (s, 1H; Ar—H), 6.94 (m, 2H;
Ar-H), 6.87 (dd, *J(H,H)=84Hz, *J 2.5, 1H; Ar—H), 508 (s, 2H;
Ar—CH,), 4.97 (brs, 1 H; sec. OH), 4.67 (brs, 1 H; prim. OH), 4.08 —3.84 (m,
3H; ArOCH,, sec. CH), 3.48 (brs, 2H; CH,0OH), 2.33 (s, 3H; Ar—CHs;),
2.21(s,3H; Ar—CHj;); MS (ESI): m/z (%): 401.1 (26) [M+Na]*, 778.9 (100]
[2M+Na]*; elemental analysis caled (%) for C,,H,cO, (378.5): C 76.17, H
6.92; found C 75.80, H 6.86.
3-[3’-Methyl-4'-(3-methylbenzyloxy)biphenyl-4-yloxy |propane-1,2-diol (4/
3): Obtained from 7f (0.4 g, 1.0 mmol). Yield: 95 mg (26 %); transitions/
°C: K, 88 K, 116 Col 151 I; '"H NMR (400 MHz, CDCl;, 25°C, TMS):: 6 =
7.46 (d, *J(H,H) =8.7 Hz, 2H; Ar—H), 7.35-710 (m, 6H; Ar—H), 6.94 (d,
3J(H,H)=8.7 Hz, 2H; Ar—H), 6.91 (d, *J(H,H) = 8.6 Hz, 1H; Ar—H), 5.06
(s, 1H; Ar—CH,), 4.10-4.00 (m, 3H; ArOCH,, sec. CH), 3.84 (dd,
2J(HH) =11.4 Hz, *J(H,H) =3.6 Hz, 1H; CH ,H,OH), 3.75 (dd, 2J(H,H) =
11.4 Hz, *J(H,H) =5.2 Hz, 1H; CH,H,OH), 2.37 (s, 3H; Ar—CH3), 2.32 (s,
3H; Ar—CHj;); EI-MS m/z, 70 EV (%): 378 (60) [M]*, 273 (100), 199 (50),
105 (95); elemental analysis calcd (% ) for C,,H,cO0,4 (378.5): C76.17, H 6.92;
found C 76.18, H 6.90.
3-[3'-Methyl-4'-(4-methylbenzyloxy)biphenyl-4-yloxy |propane-1,2-diol (4/
4): Obtained from 7g (0.7 g, 1.7 mmol). Yield: 0.36g (57 % ); transitions/ °C:
K, 97 K, 133 Col 171 1; 'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.45
(d,*J(H,H) =8.8 Hz,2H; Ar—H), 7.40-7.15 (m, 6 H; Ar—H), 6.95-6.90 (m,
3H; Ar—-H), 5.06 (s, 1H; Ar—CH,), 4.10-4.00 (m, 3H; ArOCH,, sec. CH),
3.70-3.90 (m, 2H; CH,0OH), 2.35 (s, 3H; Ar—CH3), 2.30 (s, 3H; Ar—CHs);
MS (70 eV, EI): m/z (%): 378 (30) [M]*, 273 (20), 199 (25), 105 (100);
elemental analysis calcd (%) for C,,;H,,0, (378.5) C 76.17, H 6.92; found C
76.71, H 6.86.
3-[3,3’-Dimethyl-4'-(3-methylbenzyloxy)biphenyl-4-yloxy IJpropane-1,2-di-
ol (1.4/3): Obtained from 71 (0.4 g, 1.0 mmol). Yield: 160 mg (26%);
transitions/°C: K 113 (S, 73) I; '"H NMR (200 MHz, CDCl;, 25°C, TMS):
0="740-705 (m, 8H; Ar—H), 6.90 (d, *J(H,H) =8.6 Hz, 1 H; Ar—H), 6.86
(d, 3J(H,H)=9.2 Hz, 1H; Ar—H), 5.06 (s, 1H; Ar—CH,), 4.10-4.05 (m,
3H; ArOCH,, sec. CH), 3.90-3.70 (m, 2H; CH,OH), 2.37 (s, 3H;
Ar—CHs), 2.32 (s, 3H; Ar—CHs), 2.27 (s, 3H; Ar—CHj;); MS (70 eV, EI):
miz (%): 392 (45) [M]*, 287 (58), 213 (40), 105 (100); elemental analysis
caled (%) for CysHy0, (392.5): C 76.50, H 7.19; found C 7752, H 7.18.
3-[3,3’-Dimethyl-4'-(4-methylbenzyloxy)biphenyl-4-yloxy propane-1,2-di-
ol (1.4/4): Obtained from 7h (0.8 g, 2.0 mmol). Yield: 0.42g (54%);
transitions/ °C: K 121 (S, 109 N 113) I; '"H NMR (200 MHz, CDCl;, 25°C,
TMS): 6=740-715 (m, 8H; Ar—H), 6.90 (d, 3J(H,H)=8.6 Hz, 1H;
Ar-H), 6.85 (d, ¥(HH)=9.2Hz, 1H; Ar—H), 5.05 (s, 1H; Ar—CH,),
4.10-4.05 (m, 3H; ArOCHj,, sec. CH), 3.90-3.70 (m, 2H; CH,0H), 2.35
(s, 3H; Ar—CHj,), 2.31 (s, 3H; Ar—CHs;), 2,27 (s, 3H; Ar—CH;); MS (70 eV,
EI): m/z (%): 392 (45) [M]*, 287 (58), 213 (40), 105 (100).
3-[2,3-Dimethyl-4'-(3-methylbenzyloxy)biphenyl-4-yloxy Ipropane-1,2-di-
ol (2.4/3): Obtained from 7k (0.7 g, 1.6 mmol). Yield: 180 mg (36 % ); m.p.
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95°C; 'TH NMR (200 MHz, CDCl;, 25°C, TMS): 6 =730-7.00 (m, 6H;
Ar—H), 6.89 (d, *J(H,H) =8.0 Hz, 2H; Ar—H), 6.85-6,70 (m, 3H; Ar—H),
5.06 (s, 1H; Ar—CHy,), 4.10-4.05 (m, 3H; ArOCH,, sec. CH), 3.90-3.70
(m,2H; CH,0OH), 2.38 (s, 3H; Ar—CHj;), 2.30 (s, 3H; Ar—CH3). 2.25 (s, 3H;
Ar—CHs;); MS (70 eV, EI): m/z (%): 392 (67) [M]*, 287 (100), 213 (47), 105
(98); elemental analysis calcd (%) for C,sHyO,4 (392.5) C 76.50, H 7.19;
found C 76.40, H 7.34.
3-[2,3’-Dimethyl-4'-(4-methylbenzyloxy)biphenyl-4-yloxy]propane-1,2-di-
ol (2.4/4): Obtained from 7i (0.53 g, 1.2 mmol). Yield: 030 g (66%);
transitions/ °C: K 97 (S, 93) I; '"H NMR (200 MHz, CDCl;, 25°C, TMS):
0=740-6.7 (m, 10H; Ar-H), 5.08 (s, 1H; Ar—CH,), 4.10—4.05 (m, 3H;
ArOCH,, sec. CH), 3.90-3.70 (m, 2H; CH,0OH), 2.39 (s, 3H; Ar—CHs;),
2.31 (s,3H; Ar—CH3;), 2.27 (s, 3H; Ar—CH3;); MS (70 eV, EI): m/z (%): 392
(45) [M]+, 287 (45), 213 (25), 105 (100).

Synthesis by exchange of the benzyl group
4-(4-Hydroxy-2-methylbiphenyl-4-yloxymethyl)-2,2-dimethyl-1,3-dioxo-
lane: Obtained according to the procedure for Path B by hydrogenolysis of
7c¢ (3.5 g, 8.8 mmol). Yield: 2.0 g (75%) of a colorless oil which partially
crystallizes on prolonged standing (M.p. 80°C). 'H NMR (200 MHz,
CDCl;, 25°C, TMS): 6=717-710 (m, 3H; Ar—H), 6.88-6.75 (m, 4H;
Ar—H), 5.15 (brs, 1H; OH), 4.51 (m, 1H; sec. CH), 4.23-3.89 (m, 4H;
OCH,), 2.24 (s, 1H; Ar—CH;), 1.49 (s, 3H; CH;), 1.42 (s, 3H; CHs).
3-(4-Hydroxy-2-methylbiphenyl-4-yloxy)propane-1,2-diol: Obtained from
4-(4'-hydroxy-2-methylbiphenyl-4-yloxymethyl)-2,2-dimethyl-1,3-dioxo-
lane (3.0 g, 9.6 mmol) by hydrolysis according to the general procedure for
Path A. Purified by crystallization from n-hexane/ethyl acetate 5:4
(90 mL). Yield: 1.5 (57%); transitions/°C: K 80 S, 89 I; 'H NMR
(200 MHz, [D4]DMSO, 25°C, TMS): 6 =9.40 (brs, 1H; Ar-OH), 7.12-7.04
(m, 3H; Ar—H), 6.86-6.76 (m, 4H; Ar—H), 4.9 (brs, 1H; sec. OH), 4.65
(brs, 1H; prim. OH), 4.04-3.84 (m, 3H; ArOCH,, sec. CH), 3.49-3.39 (m,
CH,OH, overlapped by H,0), 2.21 (s, 3H; Ar—CH,); elemental analysis
caled (%) for CsH3O, (274.3): C 70.06, H 6.61; found C 70.29, H 6.69.
3-[2-Methyl-4'-(2-methylbenzyloxy)biphenyl-4-yloxy]propane-1,2-diol (2/
2): Synthesized according to the general procedure for Path B from 3-(4'-
hydroxy-2-methylbiphenyl-4-yloxy)propane-1,2-diol (0.5 g, 1.8 mmol) and
2-methylbenzylbromide (0.25 mL, 1.9 mmol). Yield: 0.12 g (17%); m.p.
100°C; '"H NMR (200 MHz, [D4]DMSO, 25°C, TMS): 6=745 (m 1H;
Ar—H), 725 (m, 5H; Ar—H), 7.19 (m, 3H; Ar—H), 6.85 (m, 2H; Ar—H),
5.13 (s, 2H; Ar—CH,), 4.94 (d, *J(H,H) =4.9 Hz, 1H; sec. OH), 4.66 (t,
3J(H,H) =5.6 Hz, 1H; prim. OH), 4.10-3.75 (m, 3H; ArOCH,, sec. CH),
3.47 (dd, 3J(H,H) =5.5 Hz, 3J(H,H) =5.5 Hz, 2H; CH,0H), 2.37 (s, 3H;
Ar—CHs;), 2.23 (s, 3H; Ar—CHj;); MS (ESI): m/z (%): 401.2 (20) [M+Na]",
778.9 (100) [2M+Na]*; elemental analysis caled (%) for C,,H,c0, (378.5):
C76.17, H 6.92; found C 76.08, H 7.29.
3-[2-Methyl-4'-(3-methylbenzyloxy)biphenyl-4-yloxy |propane-1,2-diol (2/
3): Synthesized according to the general procedure for Path B from 3-(4'-
hydroxy-2-methylbiphenyl-4-yloxy)propane-1,2-diol (0.65 g, 2.37 mmol)
and 3-methylbenzylbromide (0.35 mL, 2.6 mmol). Yield: 0.28 g (31%);
transitions/°C: K 95 (Iso 70) I; 'H NMR (200 MHz, [D{]DMSO, 25°C,
TMS): 6=731-6.78 (m, 11H; Ar-H), 5.1 (s, 1H; Ar—CH,), 4.93 (d,
3J(H,H) =5.0 Hz, 1H; sec. OH), 4.66 (t, *J(H,H)=5.7, 1H; prim. OH),
4.10-3.75 (m, 3H; ArOCH,, sec. CH), 3.48 (m, 2H; CH,0H), 2.35 (s, 3H;
Ar—CHs;), 2.22 (s, 3H; Ar—CHj;); MS (ESI): m/z (%): 401.2 (24) [M+Na]",
778.9 (100) [2M+Na]*; elemental analysis caled (%) for C,,H,cO, (378.5):
C76.17, H 6.92; found C 76.16, H 6.82.
3-[2-Methyl-4'-(4-methylbenzyloxy)biphenyl-4-yloxy |propane-1,2-diol (2/
4): Synthesized according to the general procedure for Path B from 3-(4'-
hydroxy-2-methylbiphenyl-4-yloxy)propane-1,2-diol (0.27 g, 1.0 mmol) and
4-methylbenzylbromide (0.15 mL, 1.1 mmol). Yield: 0.15 g (54%); tran-
sitions/°C: K 131 (Iso 95 S, 115) I; 'TH NMR (200 MHz, [D4]DMSO, 25 °C,
TMS): 6 =7.37 (d, 2H; *J(H,H) = 8.0 Hz, Ar—H), 7.22 (d, 3J(H,H) = 8.7 Hz,
4H; Ar-H), 7.10-7.01 (m, 3H; Ar—H), 6.90-6.70 (m, 2H; Ar—H), 5.1 (s,
1H; Ar—CH,), 4.92 (d, *J(H,H) = 5.0 Hz, 1 H; sec. OH), 4.65 (t, *J(H,H) =
5.7 Hz, 1H; prim. OH), 4.10-3.84 (m, 3H; ArOCH,, sec. CH), 3.48 (dd,
3J(H,H) =5.5 Hz, *J(H,H) =5.5 Hz, 2H; CH,0OH), 2.33 (s, 3H; Ar—CHs),
2.21 (s,3H; Ar—CH,); ®*C NMR (100 MHz, CDCl;, 25°C, TMS): 6 =159.3,
158.8, 138.6, 137.6, 135.7, 135.1, 135.0, 132.1, 131.7, 130.6, 129.4, 117.8, 116.0,
113.5, 71.4, 71.0, 70.6, 64.2, 22.1, 21.9; MS (70 eV, EI): m/z (%): 378 (16)
[M]*, 279 (3), 199 (8), 105 (100).

Synthesis of compounds 1/Ph and 2/Ph
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4-Phenyloxyphenylboronic acid (8):*!! Synthesized according to the gen-
eral procedure for compounds 6 from 4-bromodiphenyl ether (12.5g,
50 mmol). The product was filtered off with suction from n-pentane,
dissolved in ethyl acetate (40 mL), and precipitated with n-hexane (70 mL).
The product was used without further purification. Yield: 8.3 g (78 % ); m.p.
115°C; '"H NMR (200 MHz, [Ds]DMSO, 25°C, TMS): 6 =7.96 (s, 2H; OH),
778 (d, 3J(HH) =8.6, 2H; Ar—H), 74-6.7 (m, 7TH; Ar—H).
4-(3-Methyl-4'-phenyloxybiphenyl-4-ylmethyl)-2,2-dimethyl-1,3-dioxolane
(9): Synthesized according to the general procedure for the Suzuki cross-
coupling reactions from 5b (2.0 g, 6.6 mmol) and 8 (1.2 g, 6.0 mmol). The
product was obtained as a pale yellow oil, which was used without further
purification. Yield: 1.51 g (58 %).
4-(2-Methyl-4'-phenyloxybiphenyl-4-ylmethyl)-2,2-dimethyl-1,3-dioxolane
(9b): Synthesized according to the general procedure for the Suzuki cross-
coupling reactions from 5d (2.0 g, 6.6 mmol) and 8 (1.2 g, 6.0 mmol). The
product was obtained as a pale yellow oil which was used without further
purification. Yield: 1.75 g (67 %).
3-(3-Methyl-4'-phenyloxybiphenyl-4-yloxy)propane-1,2-diol (1/Ph): Syn-
thesized according to the general procedure for Path A from 9a (1,0 g,
2.6 mmol). Purified by repeated crystallization from n-hexane/ethyl acetate
10:4 (20 mL, crystallization overnight at —29°C). Yield: 91 mg (10 % ); m.p.
110°C; '"H NMR (400 MHz, [D¢]DMSO, 25°C, TMS):  =7.61 (m, 2H;
Ar-H), 743-7.36 (m, 4H; Ar—H), 714 (t, */(H,H) =7.3 Hz, 1H; Ar—H),
7.06-7.01 (m, 4H; Ar—H), 6.97 (d, */(H,H) =8.4 Hz, 1 H; Ar—H), 4.90 (d,
3J(H,H) =5.0 Hz, 1 H; sec. OH), 4.63 (t, *J(H,H) = 5.4 Hz, 1H; prim. OH),
4.03-3.77 (m, 3H; ArOCH,, sec. CH), 3.57-3.50 (m, 2H; CH,0H), 2.21
(s,3H; Ar—CH,); *C NMR (100 MHz, [Dg]DMSO, 25°C, TMS): 6 =158.4,
158.0, 157.2,137.0, 133.0, 131.6, 130.1, 129.2, 128.0, 126.4, 125.0, 120.5, 120.2,
113.2,71.5,71.1, 64.3, 17.5; MS (ESI): m/z (%): 373.1 (42) [M+Na]*, 722.8
(100) [2M+Na]*.
3-(2-Methyl-4'-phenyloxybiphenyl-4-yloxy)propane-1,2-diol (2/Ph): Syn-
thesized according to the general procedure for Path A from 9b (1.5 g,
3.8 mmol). Purified by repeated crystallization from n-hexane/ethyl acetate
1:1 (20 mL, crystallization overnight at -29°C ). Yield: 0.36 g (27 % ); m.p.
80°C; '"H NMR (200 MHz, [D¢]DMSO, 25°C, TMS): 6 =7.50-6.80 (m,
12H; Ar—H), 4.94 (d, *J(H,H) =5.1 Hz, 1H; sec. OH), 4.67 (t, *J(H.H) =
5.7 Hz, 1H; prim. OH), 4.10-3.75 (m, 3H; ArOCH,, sec. CH), 3.47 (m,
2H; CH,0OH), 2.25 (s, 3H; Ar—CH,); elemental analysis calcd (%) for
C,H,,0, (350.4): C 75.41, H 6.33; found C 75.09, H 6.41.

Synthesis of compound 2/EO

1-Bromo-2-methyl-4-(3-oxahex-5-enyloxy)benzene (10): A mixture of
4-bromo-3-methylphenol (21 g, 113 mmol), 1-(4-toluylsulfonyloxy)-3-oxa-
S-hexene (32 g, 125 mmol), and K,CO; (52 g, 377 mmol) in dry acetonitrile
(300 mL) was stirred under reflux for 6 h (TLC). After the reaction was
finished, water (200 mL) was added, and the mixture was extracted with
ether (3 x 70 mL). The combined extracts were washed with water (2 x
75 mL). After drying with Na,SO, and evaporation of the solvent, the
product was purified by distillation in vacuo. Yield: 21.8 g (72%); b.p.
122°C/0.075 Torr; '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =737 (d,
3J(HH) =8.6 Hz, 1H; Ar—H), 6.81 (d, */(H,H) =2.9 Hz, 1H; Ar—H), 6.63
(dd, 3J(H,H) =8.8 Hz, “J(H,H) =2.9 Hz, 1H; Ar—H), 6.03-5.83 (m, 1H;
CH=CH,), 5.36-525 (dd, 2J(HH)=72Hz, *(HH)=17Hz, 1H;
trans—CH=CH,), 5.24-5.17 (dd, %J(H,H)=10.3 Hz, *J(H,H)=1.7 Hz,
1H; cis—CH=CH,), 4.07 (m, 4H; ArOCH,-, OCH,~CH=CH,), 3.77 (m,
2H; ArOCH,CH,0), 2.35 (s, 3H; Ar—CH,;).
6-(4-Bromo-3-methylphenyloxy)-4-oxahexane-1,2-diol (11): Synthesized
according to the general procedure for the 3-aryloxypropane-1,2-diols
from 10 (4.1 g, 15.2 mmol). Purified by flash chromatography (silica gel,
3 x 25 cm, starting with hexane/ethyl acetate 10:6 after all apolar impurities
had been eluted, pure ethyl acetate was used. Yield: 1.4 g (38%); 'H NMR
(200 MHz, [D¢]DMSO, 25°C, TMS): 6 =744 (d, *J(H,H)=8.5Hz, 1H;
Ar—H), 6.90 (d, */(H,H) =3.0 Hz, 1H; Ar—H), 6.75 (dd, */(H,H) = 8.8 Hz,
4J(HH)=3.0 Hz, 1H; Ar-H), 4.15-3.30 (m, 11H; OCH,, OH), 2.31 (s,
3H; Ar—CHs;).
4-[4-(4-Bromo-3-methylphenyloxy)-2-oxabutyl]-2,2-dimethyl-1,3-dioxo-
lane (12): Acetalization was carried out according to the procedure for
compounds 5 from 11 (19.0 g, 62.3 mmol). The product was used without
further purification. Yield: 21 g (98%) of a pale yellow oil; 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 =736 (d, *J(H,H) = 8.7 Hz, 1 H; Ar—H),
6.78 (d, *(HH)=2.5Hz, 1H; Ar-H), 6.60 (dd, *J/(HH)=28.7 Hz,
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“J(H,H) =2.6 Hz, 1H; Ar—H), 428 (m, 2H; sec. CH), 4.10-3.50 (m, 8H;
OCH,), 2.33 (s, 3H; Ar—CH,), 1.41 (s, 3H; CH,), 1.34 (s, 3H; CHj).
4-[4-(4'-Benzyloxy-2-methylbiphenyl-4-yloxy)-2-oxabutyl]-2,2-dimethyl-
1,3-dioxolane (13): Synthesized according to the procedure for the Suzuki
cross-coupling reactions from 12 (14.0 g, 40.6 mmol) and 4-benzyloxyphe-
nylboronic acid (6a, 8.5 g, 40 mmol). Work-up procedure: The solvent was
removed in vacuo and the aqueous residue was extracted with ethyl acetate
(2 x 100 mL). The solvent was again removed under reduced pressure, the
residue taken up in CHCI; (50 mL), and filtered over silica gel with suction.
The compound was used as the crude product. Yield: 17.3 g (95%) pale
yellow oil; 'TH NMR (200 MHz, CDCl;, 25 °C, TMS): 6 =746 -7.34 (m, 5H;
Ar—H), 726-7.11 (m, 3H; Ar—H), 702 (d, 3J(H,H) =8.8 Hz, 2H; Ar—H),
6.84 (m, 2H; Ar—H), 5.11 (s, 2H; Ar—CH,), 4.32 (m, 1 H; sec. CH), 4.20-
3.55 (m, 8H; OCH,, sec. CH), 2.26 (s, 3H; Ar—CHs), 1.45 (s,3H; CH,), 1.38
(s, 3H; CH;).
6-[4'-Benzyloxy-2-methylbiphenyl-4-yloxy)-4-oxahexane-1,2-diol (2/EO):
Synthesized according to the general procedure for Path B from 13 (5.0 g
11.2 mmol). Purified by repeated crystallization from n-hexane/ethyl
acetate 7:2 (90 mL) (crystallization with vigorous stirring at —30°C after
hot filtration). Yield: 1.5g (33%); K 60 (S, 23) I; 'H NMR (200 MHz,
[Dg]DMSO, 25°C, TMS): 6 =7.55-7.30 (m, SH; Ar—H), 723 (d, *J(H,H) =
8.8 Hz, 2H; Ar—H), 7.06 (m, 3H; Ar—H), 6.84 (m, 2H; Ar—H), 5.15 (s,2H;
Ar—CH,), 4.66 (d, *J(HH)=4.9 Hz, 1H; sec. OH), 4.50 (t, *J(H,H)=
5.6 Hz, 1H; prim. OH), 4.12 (m, 2H; ArOCH,), 3.76 (m, 2H; ArOCH,.
CH,0),3.70-3.30 (m, 5H; OCH,CH(OH)CH,0H), 2.22 (s, 3H; CH;); MS
(70 eV, EL): m/z (% ): 408 (100) [M]*, 317 (82), 243 (10), 199 (90), 91 (88), 75
(10); elemental analysis calcd (%) for C,sH,3O5 (408.5): C 73.51, H 6.91;
found C 73.45, H 7.03.
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The Synthesis of (+)-Preussin and Related Pyrrolidinols by Diastereoselective
Paterno — Biichi Reactions of Chiral 2-Substituted 2,3-Dihydropyrroles

Thorsten Bach,** ! Harm Brummerhop,?! and Klaus Harms!® !

Dedicated to Professor Bernd Giese on the occasion of his 60th birthday

Abstract: The N-alkoxycarbonyl substi-
tuted 2,3-dihydropyrroles 3 and 8 are
converted to 2-benzyl-3-pyrrolidinols by
the Paterno — Biichi reaction followed by
hydrogenolysis. Since the addition of the
photoexcited benzaldehyde at the unsa-
turated heterocycle proceeds in a syn
fashion, the benzyl group at C-2 and the
hydroxy group at C-3 of the product are
cis oriented. The simple and facial
diastereoselectivities of the Paterno-—

ly and the relative configuration of the
products was elucidated. The thermody-
namically less stable endo product is
formed as a result of simple diastereo-
selection. The face differentiation in
2-substituted 2,3-dihydropyrroles is pre-
sumably due to the nonplanarity of these

Keywords: asymmetric synthesis
oxetanes - Paterno— Biichi reactions
- photochemistry - pyrrolidines

heterocycles, which forces attack of the
carbonyl group on the face with the
existing substituent. All-cis-pyrrolidi-
nols are consequently formed after hy-
drogenolysis. Following this route, a
total synthesis of the pyrrolidinol alka-
loid (+)-preussin (1) was conducted,
which yielded the target compound in a
total yield of 11% over nine steps
starting from L-pyroglutaminol (11).

Biichi reaction were studied more close-

Introduction

The regio- and stereoselective functionalization of double
bonds is a key strategy in organic synthesis.l'l In this respect,
the [242] photocycloaddition of carbonyl compounds and
alkenes, commonly called the Paterno-Biichi reaction,? 3!
allows an efficient carbohydroxylation reaction to occur at
the olefinic precursor. In particular, heteroatom-substituted
alkenes, which undergo the reaction readily and with high
regioselectivity,l can be converted effectively to oxetanes by
this means. Subsequent O—C bond cleavage generates the
carbohydroxylation products.” ° We have used this strategy
for the synthesis of various 1,2-diols and 1,2,3-triols from
acyclic silyl enol ethers.’! If cyclic unsaturated olefins are
employed as substrates, cis-substituted heterocycles with
vicinal arylmethyl and hydroxy groups should be obtained.
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The general route for unsaturated nitrogen heterocycles is
outlined in Scheme 1 (PG = protecting group).

Scheme 1. The carbohydroxylation of unsaturated nitrogen heterocycles.

From our previous experience with N-acylated enamines in
the Paterno-Biichi reaction,®! we expected the photocy-
cloaddition—hydrogenolysis sequence to proceed with ease
and we planned to use this sequence for the construction of
biologically active five- and six-membered nitrogen hetero-
cycles. Prominent examples for potentially accessible pyrro-
lidinols and piperidinols include (+)-preussin (1), an

HO,

Ph M (+)-Preussin (1)

|
Me

antifungal agent isolated from Aspergillus ochraceus and from
Preussia sp., and FR901483,'' 2l an immunosuppressant
isolated from Cladobotryum sp. No. 11231.
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Our initial efforts, which we would like to report in this
account, were directed towards the synthesis of pyrrolidinols.
The general propensity of N-protected 2,3-dihydropyrroles to
the Paterno-Biichi reaction was studied, the regio- and
stereoselectivity of the reaction was investigated for chiral
2-substituted substrates and attempts to induce the hydro-
genolytic ring opening were undertaken. The work culmi-
nated in the synthesis of enantiomerically pure (+)-preus-
sinl"® and related pyrrolidinols.

Results and Discussion

Choice of protecting group and simple diastereoselectivity:
Various N-protected 2,3-dihydropyrroles can be considered as
substrates for the Paterno-Biichi reaction. An acceptor
substituent appeared to be the best choice, as it decreases
the oxidation potential of the enamines and avoids side
reactions arising from single electron transfer. Four substrates
3a—d were prepared which bear an electron-withdrawing
group (Scheme 2, Table 1). Starting from the corresponding
N-substituted pyrrolidinone 2 these dihydropyrroles are

[> 3 steps / PhCHO, hv
0N of. ref 1181 N (MeCN)
PG PG
2 3
H HO

Hy [Pd(OH),/C]

(oS
PR SN s (MeOH) Ph N

| |

PG PG
4 5

Scheme 2. The photochemical synthesis of simple 2-benzyl-3-hydroxypyr-
rolidines 5 from dihydropyrroles 3 (cf. Table 1).

Abstract in German: Durch eine Sequenz aus Paterno — Biichi-
Reaktion und /Hydrogenolyse lassen sich die N-Alkoxycarbo-
nyl-substituierten 2,3-Dihydropyrrole 3 und 8 in 2-Benzyl-3-
pyrrolidonole iiberfiihren. Da die Addition des photoange-
regten Benzaldehyds an den ungesdttigten Heterocyclus als syn
Addition verliuft, stehen im Produkt die Benzylgruppe an C-2
und die Hydroxylgruppe an C-3 cis zueinander. Die einfache
und faciale Diastereoselektivitit der Paterno — Biichi-Reaktion
wurden genauer untersucht und die Relativkonfiguration der
Produkte einwandfrei aufgeklirt. Als Resultat der einfachen
Diastereoselektivitiit entsteht bevorzugt das thermodynamisch
ungiinstigere endo-Produkt. Die Seitendifferenzierung in chi-
ralen 2-substituierten 2,3-Dihydropyrrolen basiert vermutlich
auf der Nichtplanaritit dieser Heterocyclen, die einen Angriff
der Carbonylkomponente auf die Seite bedingen, auf der auch
der Substituent steht. Nach Hydrogenolyse entstehen deshalb
all-cis-Pyrrolidinole. Auf diesem Weg wurde eine Totalsyn-
these des Pyrrolidinol-Alkaloids (+)-Preussin (1) durchge-
fithrt, die ausgehend von L-Pyroglutaminol (11) in einer
Gesamtausbeute von 11 % iiber neun Stufen die Zielverbin-
dung liefert.

Chem. Eur. J. 2000, 6, No. 20
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Table 1. Preparation and photocycloaddition/hydrogenolysis of 2,3-dihy-
dropyrroles 3 according to Scheme 2.

Substrate PG 3 [%]@ 4 (%0 5[%]e
1 2a COOMe 42 57 96
2 2b COOEt 43 52 53
3 2¢ Bocld 53 41 56
4 2d Tslel 65 1 _lel

[a] Yield of isolated product over three steps (reduction, acetalization,
elimination). [b] Yield of the isolated major oxetane diastereoisomer.
[c] Yield of isolated pyrrolidinol 5 according to Scheme 2. [d] Boc = fert-
butyloxycarbonyl. [e] Ts = p-toluenesulfonyl. [f] The desired product was
not isolated. [g] The hydrogenolysis experiment was not conducted.

readily accessible.'*'?1 Reduction with diisobutylaluminum
hydride (DIBAL-H) or superhydride (LiBEt;H) yields the
corresponding lactamols, which can be converted into the
N,O-acetals by treatment with 2,2-dimethoxypropane. The
final elimination step was advantageously carried out with
trimethylsilyl trifluoromethanesulfonate (TMSOT() and N,N-
diisopropylethylamine as the base.'>!7] The photocycloaddi-
tion was conducted in acetonitrile as the solvent and with
benzaldehyde as the carbonyl substrate. Rayonet lamps (RPR
3000 A) were employed as the irradiation source (A=
300 nm). In general, a 1:2 aldehyde/dihydropyrrole ratio was
required to suppress intermolecular side reaction of the
aldehyde (photopinacolization). Unreacted dihydropyrrole
could be recovered by flash chromatography. The three
alkoxycarbonyl-substituted substrates 3a—c all reacted rea-
sonably well and yielded the desired oxetanes 4 (Table 1,
entries 1 —3). Substrate 3d, however, failed to undergo the
Paterno — Biichi reaction and decomposed under the irradi-
ation conditions (Table 1, entry 4). No defined decomposition
products could be isolated.

The relative configuration of the oxetanes 4a—c was
established by NOE and NOESY studies (Figure 1). All
hydrogen atoms within the oxetane ring are evidently

Ph Ph
7 © 5 7 © >
H N N
1 \ A H 1 \ N\
2.1% QQH&H COOEt g0 W Boc
3.8% 5.3% 2.7% 7.9%
4b 4c

Figure 1. Principal 'H NOE data recorded for compounds 4b and 4c.

oriented cis to each other. The relative configuration of the
oxetanes 4 is in accord with earlier findings we made in our
work on acyclic enamides.®l According to a proposal by
Griesbeck et al., the major diastereoisomer arises from a
favored intersystem crossing (ISC) transition!'¥! of the inter-
mediate biradical. This phenomenon is common to hetero-
atom-substituted alkenes which bear no additional a-sub-
stituent, whereas a-substituted alkenes show a preference for
the thermodynamically more stable product.'”] Possible
reasons for this behavior have been discussed in detail
elsewherel* ¥l although further data are required if a unified
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picture is to be obtained. Figure 1 shows typical NOE data
recorded at 233 K (500 MHz) for the major rotamers of
oxetanes 4b and 4 ¢. Additional data for these compounds and
for oxetane 4a can be found in the Experimental Section. The
subsequent hydrogenolysis of oxetanes 4a—c turned out to be
more dependent on the protecting group than we had
anticipated. Under the standard conditions which we had
previously employed for the hydrogenolysis of acid-sensititive
oxetanes,®! the N-methoxycarbonyl-substituted oxetane 4a
clearly outperfomed the other two hydrogenolysis substrates
4b and 4c¢. We ascribe the lower yields for pyrrolidinols 5b
and Sc to the higher lability of the protecting group. Even in
the case of the most stable oxetane 4a, we found it better to
use a high catalyst/substrate ratio instead of prolonged
reaction times to facilitate a complete hydrogenolysis. The
expected relative configuration of the pyrrolidinol Sa was
again confirmed by NOE studies. Product Sc¢ delivered
crystals suitable for single-crystal X-ray analysis. The crystal
structure is depicted in Figure 2.0

Figure 2. A molecule of compound 5¢ in the crystal.

As a major consequence of these preliminary studies, we
selected N-methoxycarbonyl-substituted dihydropyrroles for
our further experiments. The facial diastereoselectivity of
their Paterno - Biichi reaction was examined for substrates
which bear a stereogenic center at the C-2 carbon atom.
Benzaldehyde remained the standard aldehyde although
there are ample precedents for the employment of other
aromatic aldehydes and ketones in the Paterno-Biichi
reaction.? 21l

Facial diastereoselectivity: The 2-substituted 2,3-dihydropyr-
role 6 was employed as a substrate in thermal addition
reactions (Scheme 3). It carries the methoxycarbonyl group at

O H
CHCI,COCI, NEt;
2 hexane
5 D‘COOMG 4'( ) cl COOMe
N 63% cr 4N
COOMe COOMe
6 7

Scheme 3. Stereoselective ketene addition to dihydropyrrole 6.
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the stereogenic center and is prepared either from L-proline(??!
or from L-pyroglutamic acid.l'Y) Correia et al. showed that
ketene additions to this substrate occur with good facial
diastereoselectivity.? The ketene adds to the dihydropyrrole
from the face opposite the methoxycarbonyl group, the
cyclobutanone 7 being the major product. Heck reactions of
2-alkoxymethyl-2,3-dihydropyrroles occur at the C-5 carbon
atom and exhibit similar diastereoselectivies.?*]

In photocycloaddition reactions to N-acylated pyrroles the
mono adduct, which still contains a 2,3-dihydropyrrole sub-
structure, was reported to react further to a tricyclic product
with two oxetane rings attached to the central pyrrolidine.?’]
The second photocycloaddition occured from the more
accessible face of the concave bicyclic 2-aza-7-oxabicyclohep-
tene.

In the present study, we concentrated on 2-alkyl- and 2-aryl-
substituted 2,3-dihydropyrroles as olefin components. This
selection was based on our interest in the synthesis of
pyrrolidinols related to (+4)-preussin and possible epimers
thereof. The dihydropyrroles 8 were prepared in enantiomeri-
cally pure form starting from the corresponding enantiomeri-
cally pure N-methoxycarbonylpyrrolidinones, which were in
turn obtained from L-pyroglutamic acid according to known
procedures.['> 203 The procedure will be detailed briefly for
the 2-nonylderivative 8d in a later section. The 2-phenyl-2,3-
dihydropyrrole rac-8e was prepared by Heck reaction of
phenyl iodide and dihydropyrrole 3a employing Pd(OAc),/
P(0-Tol,); as the catalyst.!

The photocycloaddition reactions of the dihydropyrroles 8
were conducted with benzaldehyde as the carbonyl com-
pound. Disappointingly, the initial irradiation experiments

Di a R = CH3 &

5 N R b R = CyHg 5 N Ph
| c R = CH,Ph !
COOM COOMe

€ d R= Cngg
8 rac-8e

failed although they were carried out under conditions fully
identical to those successfully employed for the conversion of
dihydropyrrole 3a (room temperature, acetonitrile as the
solvent, RPR 3000 A). Rapid decomposition of the starting
materials 8 was observed and the yield of oxetane products
remained low. As we suspected that the long-wavelength
absorption of the dihydropyrroles (4,,,, = ca. 240 nm), which
partially intersects the emission band of the RPR 3000 A
lamps, was responsible for the decomposition, an irradiation
source which emits at longer wavelenghts (RPR 3500 A, 1 =
350 nm) was used. Indeed, we observed only minor dihydro-
pyrrole decomposition under these conditions and the ox-
etane yields were satisfactory. As expected, the reaction
yielded two major products 9 and 10 which could be separated
by flash chromatography. Diastereoisomer 9 prevailed in all
cases to a significant extent. The results of the study are
summarized in Scheme 4 and Table 2.

The structure elucidation of compounds 9 and 10 was, to a
great extent, performed by NMR studies. Products derived
from single diastereoisomeric products 9 confirmed the
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H H
PhCHO, hv m + 7‘\%‘
“mecn) . Ph SR P TR
COOMe COOMe
9 10

Scheme 4. Photochemical oxetane formation from 2-substituted 2,3-dihy-
dropyrroles 8 (cf. Table 2).

Table 2. Yields and facial diastereoselectivities obtained in the Paterno—
Biichi reaction of 2,3-dihydropyrroles 8 as shown in Scheme 4.

Substrate R Time [h]® dr (9/10) Yield [% ]l
1 8a CH; 6 76/24 57
2 8b C,H; 5 71/29 —ldl
3 8c CH,Ph 6 >95/5 57
4 8d CyHy 6 75125 65
5 rac-8e Ph 7 68/32 63l

[a] Irradiation time (RPR 3500 A) after which the aldehyde had completely
disappeared according to GLC. [b] Diastereomeric ratio determined by
GLC. [c] Yield of isolated oxetane products. [d] The compound was
unstable and could not be isolated. [e] Products rac-9e and rac-10e were
racemic.

assignment (vide infra). Owing to the bent structure of
compounds 9 and 10, direct NOESY contacts between H-1
and H-3 cannot be expected. However, it is possible to
observe NOESY contacts between H-5 and H-4a or H-4p4.
The protons at C-4 can in turn be related to the proton H-3. If
H-5 and H-4a are located cis to each other—as is the case for
diastereoisomer 10—a strong contact is expected. For dia-
stereoisomer 9 the contact between H-5 and H-4p is strong.
This behavior is exemplified in Figure 3, which depicts the
strong (—) and medium (----) NOESY contacts observed
for the diastereoisomers 9a and 10a (s = COOMe).

9a + =COOMe 10a

Figure 3. 'H NOESY contacts recorded for compounds 9a and 10a.

In addition, the coupling patterns for 9 and 10 are
completely different. Force-field calculations?® and the
inspection of simple molecular models reveal that the
dihedral angles between H-3 and H-4a and between H-5
and H-4a in compounds 9 are roughly 90°, resulting in two
small 3/ coupling constants. By contrast, only one small 3/
coupling is recorded for compounds 10, that is, for the
coupling between H-45 and 5. The dihedral angle between
H-4a and H-3 is much larger and the dihedral angle between
H-4$ and H-3 is much smaller than 90°; this results in larger
coupling constants (3J=ca. 7 Hz). Calculated coupling con-
stants for two model compounds 9f and 10 f (R = C,H,) are
shown in Figure 4. They compare well with the real coupling

Chem. Eur. J. 2000, 6, No. 20
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of 10f
Japs= 83Hz Jags= 5.2Hz Japz=73Hz Jags=26Hz
J40,3 =2.1Hz JAuy5 =<1Hz J4u'3 =7.5Hz \]4(}15 =6.8 Hz

Figure 4. Calculated® 'H NMR coupling constants in the bicyclic com-
pounds 9f and 10 f.

constants for compounds 9 and 10, which are given in the
experimental section.

The data prove clearly that the attack of the photoexcited
carbonyl compound that finally leads to oxetane formation
occurs on the 2,3-dihydropyrroles 8 predominantly from the
diastereotopic face to which the side chain R points. This
facial diastereoselectivity is opposite to the selectivity ob-
served in the thermal [2+2]-cycloaddition (Scheme 3) and in
the Heck reaction (vide supra).

Discussion of the facial diastereoselectivity: Our initial
hypothesis concerning the facial diastereoselectivity was
quickly disproved. We speculated that the hydrophobic side
chain R assists the entering photoexcited aromatic aldehyde
during its attack on the carbon atom C-4 in the dihydropyr-
roles 8. The polar solvent acetonitrile should favor this
interaction. Since the diastereoselectivity of the photocy-
cloaddition remained unchanged (e.g. 9d/10d =75/25) when
the reaction was carried out in benzene as the solvent, this
idea had to be discarded. The effect of the temperature on the
facial diastereoselectivity was marginal and gave no hint of
the face-discriminating reaction step.3 Although the kinetics
of the reaction were never followed quantitatively, there was
no apparent difference between the reaction velocity in the
reaction of the unsubstituted dihydropyrrole 3a and the
substituted dihydropyrroles 8. In addition, the simple diaste-
reoselectivity remained constant, favoring the thermodynami-
cally less stable endo products in which the five-membered
ring and the phenyl group are attached to the oxetane in a cis
fashion. Under the reasonable assumption that the oxetane
formation occurs stepwise, that is, by initial formation of the
O—C bond and subsequent formation of the C—C bond after
ISC, there is no evidence that the latter step influences the
facial diastereoselectivity. If it did, it could only occur by a
competition between C—C bond formation and ring cleavage.
As a consequence, the reaction would slow down and, even
more importantly, the simple diastereoselectivity should also
change, favoring the more stable exo product. On the basis of
these considerations, it seems that the C—C bond-forming step
is unlikely to be selectivity-determining. The O—C bond-
forming step appears to determine the stereoselectivity and
the question arises: Why does the photoexcited benzaldehyde
attack the carbon atom C-4 of the dihydropyrroles 8
preferentially from the Si face ? The explanation we currently
favor aims at the different environment at the neighboring
carbon atom C-3. We assume the dihydropyrroles 8 to be not
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fully planar during the approach of the photoexcited carbonyl
compound. Owing to 1,3-allylic strain* *! the substituent at
C-2 prefers a pseudoaxial position; this leads to a discrim-
ination between the protons at C-3 as schematically drawn in
Figure 5. If this is correct, the O—C bond formation should
occur preferentially antiperiplanar to the bond between C-3
and Hg, avoiding torsional strain and yielding directly a
staggered product.

O—-C-bond formation

4 R /
e =
N R Me0oC— N/ ~{Ha
COOMe j H Mo
8

Figure 5. Possible explanation for the facial diastereoselection in the
Paterno — Biichi reaction of dihydropyrroles 8.

In this respect the explanation resembles a recent sugges-
tion put forward by Woerpel et al. to account for the facial
diastereoselectivity in nucleophilic displacement reactions via
five-membered oxocarbenium ions.’% It is also in line with the
stereochemical results observed in nucleophilic addition
reactions to N-acyliminium ions.’”) The discrepancy between
the selectivities achieved in the photochemical addition to
chiral 2,3-dihydropyrroles and the selectivities recorded in
thermal reactions which occur at C-5 or simultanously at C-5
and C-4 is also readily explained. The reaction at C-5 requires
an attack from the face opposite the substituent R to avoid
steric interactions in the transition state.

It must be noted, however, that we have no evidence for the
nonplanarity of the dihydropyrroles 8 in the ground state.
Crystal structure data of these compounds are not available
but a related structure was shown by X-ray analysis to contain
a nonplanar dihydropyrrole moiety.*® Our attempts to obtain
information about their conformation by NMR have been
unsuccessful so far. The spectra were not well resolved
because of the restricted rotation around the carbamate bond.
Therefore, the question of the possible reasons for the
observed facial diastereoselectivity cannot be conclusively
answered yet.

Synthesis of (+)-preussin and related pyrrolidinols: We were
pleased to note that the hydrogenolyses of the photochemi-
cally prepared oxetanes 9 and 10 proceeded smoothly. This
reaction paved the way to a short synthesis of (+)-preussin
(1), the individual steps of which are detailed in Scheme 5.
The scheme exemplifies the previously mentioned approach
to 2,3-dihydropyrroles. The reaction sequence commenced
with the tosylation of L-pyroglutaminol (11). Nucleophilic
substitution of tosylate 12 with a higher-order cuprate yielded
pyrrolidinone 13, which was N-acylated with methyl chloro-
formate. N-Methoxycarbonylpyrrolidinone 14 was reduced
with superhydride to the lactamol 15, which was converted to
the N,O-acetal 16 by treatment with 2,2-dimethoxypropane in
the presence of camphorsulfonic acid (CSA). A final elimi-
nation gave the desired dihydropyrrole 8d, the photocycload-
dition of which has already been desribed. The major
diastereoisomer 9d of the Paterno-Biichi reaction was
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TsClI LioCu(CgH17)2CN
OD\/OH (pyridine) OIN>\/OTS (THF)
N 54% N 82%
1 12
BuLi, CICOOMe LiBEtsH
[X (THF) A (THF)
0 H CoHyo " 07N CoHyo 829
97% COOMe °
13 14
Me,C(OMe), [CSA]
(CHxCl,)
HO™ °N CoHyg MeO™ "N CgH1g
COOMe 91% COOMe
15 16
TMSOTH, N(i Pr)oEt PhCHO, hv Hp [PA(OH),/C]
(CHCl) (MeCN) (MeOH)
9d
89% 53% 81%
HO, LiAIH4 HOQ,
Ph Ph
N CoH1g 91% N CoHyg
COOMe Me
17 1

Scheme 5. The total synthesis of (+)-preussin (1).

isolated in 53 % yield. Its hydrogenolysis was conducted in the
presence of Pearlman’s catalyst and yielded the known (+)-
preussin precursor 17. The reduction of this compound to (+)-
preussin (1) has already been described!® and was success-
fully conducted in 91% yield. The optical rotation ([a]¥ =
+22.1 in CHCl,, ¢ =1) of synthetic preussin and its analytical
data were in accord with the literature data.’! Moreover, we
carried out NOESY experiments which confirmed the all-cis
configuration, for example by showing a contact between H-2
and H-5, and which supported our assignment of the major
oxetane diastereoisomer 9d.

The total yield of (4)-preussin starting from commercially
available L-pyroglutaminol was 11 % over nine steps. Because
of the biological potential of (+)-preussinl’! the synthesis of
analogs is certainly a topic of current interest. The hydro-
genolysis of further oxetane substrates could be readily
conducted and we obtained, for example, the pyrrolidinols
18 (89 % yield from 9a) and 19 (88 % yield from 10d) by this
means.

HO HO,
Ph
Ph \J—Nx ~ Q\CQHIQ
COOMe COOMe
18 19

The hydrogenolysis of compounds rac-9 e and rac-10 e could
not be performed selectively. Both benzylic C—heteroatom
bonds were cleaved and an open-chain amino alcohol was
isolated in low yield. This was the only case, however, for
which difficulties in the hydrogenolysis step were encoun-
tered.
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In some instances it proved advantageous to use the
hydrogenolysis product further in the LiAlH, reduction step
without prior purification. As an example a reaction which led
to the pyrrolidinol 20 is depicted in Scheme 6.

1. Hy [Pd(OH),/C] (MeOH) HO 3
2. LiAlH, (THF
Ll 2

72% |

Scheme 6. Preparation of the preussin analogue 20.

The solid pyrrolidinol 20 gave crystals suitable for single-
crystal X-ray analysis.’?”) The crystal structure so obtained
(Figure 6) showed nicely the all-cis arrangement of the three
substituents at C-2, C-3, and C-5. As the configuration at these
stereogenic centers does not change in the hydrogenolysis
step, this provides conclusive evidence for the relative
configuration of oxetane 9ec.

Figure 6. A molecule of compound 20 in the crystal.

Additional experiments: It may seem at first sight as if the
successful photocycloaddition of dihydropyrroles such as 3
and 8 to benzaldehyde is straightforward, given the previous
experiments conducted with terminal acyclic N-acyl and N-
alkoxycarbonyl enamines.’! Despite the apparent similarity
which was alluded to in the introduction, this conclusion is not
fully correct. It is important to note that the 2,3-dihydropyr-
roles bear a substituent at the S-position of the N-alkoxycar-
bonylenamine moiety. Hydrogen abstraction at this site
should be facile in particular since the substituent is embed-
ded in a cyclic array. Cyclopentene, for example, is a rather
problematic substrate in the Paterno-Biichi reaction and
suffers severe photoreduction.) In this respect, the 2,3-
dihydropyrroles are apparently more closely related to 2,3-
dihydrofurans, which undergo the photocycloaddition
smoothly and with high simple diastereoselectivity.*: 42 If
this analogy is true, the six-membered tetrahydropyridines
should react more sluggishly than do the six-membered
dihydropyrans.*l Indeed, the substrate 21 gave only poor
yields of photocycloadduct 22 (Scheme 7) under a variety of
conditions.

Although the hydrogenolysis of product 22 to piperidinols
23 was a clean process, the photocycloaddition/hydrogenolysis
approach is clearly not suited for the conversion of N-
alkoxycarbonyl-substituted tetrahydropyridines to piperidi-
nols. Because of the biological significance of 3-piperidinols
(vide infra), different photochemical approaches to these
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3838-3848
PhCHO, hv Hp [PAOHRC]  Ho
@ (MeCN) )Oij (MeOH) ﬁ
N 17% P N 88% g N
CoOMe COOMe CcOoOMe
21 22 23

Scheme 7. Attempted carbohydroxylation of the tetrahydropyridine 21.

compounds are still being pursued in our laboratories. Further
results along these lines will be reported in due course.

Experimental Section

General: For general remarks, see ref.[8f]. The 2,3-dihydropyrroles 3a-d,
8a-c, and rac-8e were prepared according to reported procedures.!'> 3 4
NOESY contacts are reported as weak ('), medium ("), or strong ().

General irradiation procedure: Irradiation experiments were performed in
a quartz tube. The aldehyde (1.0 equiv) and the 2,3-dihydropyrrole
(1.5 equiv) were dissolved in acetonitrile (Merck p.a.) under Ar. This
mixture was irradiated for the indicated period of time (4=350 nm:
Rayonet RPR 3500 A; 1 =350 nm: Rayonet RPR 3000 A). The course of
the reaction was monitored by TLC and GLC. Upon complete conversion
of the aldehyde, the solvent was evaporated in vacuo. The diastereose-
lectivity (dr) was determined by GLC analysis of the crude product. The
desired oxetanes were separated in the course of the subsequent flash
chromatography and were obtained as colorless oils. The compounds
decomposed rapidly upon standing at 0°C. Relative configurations were
determined by 'H NMR spectroscopy (NOE or NOESY experiments).
(1RS,5SR,7RS)-N-Methoxycarbonyl-7-phenyl-6-oxa-2-azabicyclo[3.2.0]-
heptane (4a): According to the general irradiation procedure, benzalde-
hyde (159 mg, 152 pL, 1.50 mmol) and 2,3-dihydropyrrole 3al'> 4 (318 mg,
2.50 mmol) were irradiated in acetonitrile (15 mL) at A =300 nm for 4.5 h.
The solvent was removed in vacuo and the residue was purified by flash
chromatography (pentane/tert-butyl methyl ether (P/TBME) =280:20). A
total of 199 mg (57 %) oxetane 4a was obtained as a colorless oil: R;=0.16
(PIMTBE =40/60); '"H NMR (major rotamer, 500 MHz): 6 =1.81 (dddd,
%J(H,H) =14.3 Hz, *J(H,H) =10.7 Hz, *J(H,H) = 9.2 Hz, 3J(H,H) = 4.3 Hz,
1H; CHHCH,N), 2.22 (dd, ?/(H,H)=143 Hz, 3J(H.H)=6.8 Hz, 1H;
CHHCH,N), 3.30 (ddd, */(H,H) =3/(H,H)=10.9 Hz, */(H,H) =6.8 Hz,
1H; CHHN), 3.35 (s, 3H; OCH,), 3.84 (dd, 2J(HH) =3/(H,H) =9.8 Hz,
1H; CHHN), 4.86 (dd, 3J(H,H) =3/(H,H) = 4.6 Hz, 1 H; CHN), 5.52 (dd,
3J(H,H) =%/ (H,H) =4.4 Hz, 1H; OCH), 5.84 (d, */(H,H)=4.7 Hz, 1H;
CHPh), 7.19-739 (m, 5H; Ph); 'TH NMR (minor rotamer, 500 MHz): d =
179 (dddd, 2/(HH)=143Hz, (HH)=109Hz, (HH)=9.0Hz,
3J(HH)=45Hz, 1H; CHHCH,N), 217 (dd, %(HH)=143Hz,
3J(HH)=6.7Hz, 1H; CHHCH,N), 3.44 (s, 3H; OCHj;), 3.53 (ddd,
2J(H,H) =3/(H,H) =10.8 Hz, 3/(H,H)=6.9 Hz, 1H; CHHN), 3.73 (dd,
2J(H,H) =3/(H,H) =9.7 Hz, 1H; CHHN), 5.08 (dd, 3/(H,H) =3/(H,H) =
4.9 Hz, 1H; CHN), 5.50 (dd, 3/(H,H) =3J(H,H) =4.7 Hz, 1 H; OCH), 5.91
(d,*J(H,H) =5.1 Hz, 1 H; CHPh), 7.20-7.38 (m, 5H; Ph); *C NMR (major
rotamer, 75.5 MHz): 6 =31.3 (CH,CH,N), 46.9 (CH,N), 51.9 (OCH,), 61.0
(CHN), 83.9 (OCH), 84.2 (CHPh), 125.3 (C,,), 127.8 (2C, C,,), 128.0 (2C,
C,,), 137.0 (C,,), 154.8 (COOCH;); *C NMR (minor rotamer, 75.5 MHz):
0 =32.3 (CH,CH,N), 46.1 (CH,N), 52.3 (OCH3,), 60.8 (CHN), 83.0 (OCH),
84.3 (CHPh), 125.1 (C,,), 1273 (2C, C,,), 128.0 (2C, C,,), 1374 (C,,), 154.4
(COOCH;); NOE (600 MHz): H (5.84): H (5.52) [0.6 %], H (4.86) [2.9%];
H (5.52): H (5.84) [0.7%], H (4.86) [2.2%]; H (4.86): H (5.84) [32%], H
(5.52) [1.9%]; IR (film): #=3040 cm~' (w), 3010 (w), 2930 (s), 2870 (m,
C—H), 1680 (vs, C=0), 1440 (s), 1380 (s), 1320 (m), 1220 (m), 1190 (s), 1100
(s), 1030 (m, C—H), 980 (s, C-O—C), 905 (m), 760 (s), 745 (m), 695 (s, C—H);
MS (70 eV, EI), m/z (%): 216 (4) [M — Me]*, 127 (100) [M — PhCHO]*, 112
(54) [M — PhCHO — Me]*, 105 (16) [PhCO]", 82 (28) [CsHN]*, 41 (24)
[C,H;N]*; elemental analysis caled (%) for C,;H;sNO; (233.26): C 66.94, H
6.48, N 6.00; found C 66.78, H 6.68, N 5.77.
(1RS,5SR,7RS)-2-Ethoxycarbonyl-7-phenyl-6-oxa-2-azabicyclo[3.2.0]hep-
tane (4b): According to the general irradiation procedure, benzaldehyde
(212mg, 202 pL, 2.00 mmol) and dihydropyrrole 3b!'>#1 (565 mg,

0947-6539/00/0620-3843 $ 17.50+.50/0 3843





FULL PAPER

T. Bach et al.

4.00 mmol) were irradiated in acetonitrile (20 mL) at 2 =300 nm for 3.5 h.
The solvent was removed in vacuo and the residue was purified by flash
chromatography (P/TBME =80:20). A total of 155 mg (52%) of oxetane
4b was obtained as a colorless oil: R;=0.37 (P/TBME =40:60); 'H NMR
(major rotamer, 400 MHz): 6 =1.09 (t, *J(H,H)=7.1 Hz, 3H; CH,CH,),
1.82 (dddd, 2/(HH)=154Hz, 3(HH)=109Hz, 3(HH)=92Hz,
3J(HH)=43Hz, 1H; CHHCH,N), 222 (ddd, *J(HH)=3%(HH)=
154 Hz, (HH)=68Hz, 1H; CHHCH,N), 3.56 (ddd, »(HH)=
3J(H,H)=10.9 Hz, 3/(H,H)=6.8 Hz, 1H; CHHN), 3.85-3.97 (m, 1H;
CHHN), 3.87 (q, *(H,H)=7.1Hz, 2H; CH,CH,), 4.90 (dd, 3J(H,H) =
3J(H,H) =4.6 Hz, 1H; CHN), 5.54 (dd, 3/(H,H) =3/(H,H) =4.5 Hz, 1H;
CHO), 5.87 (d, *(H,H)=4.7 Hz, 1H; CHPh), 722-736 (m, SH; Ph);
'"H NMR (minor rotamer, 400 MHz): 6 =1.03 (t, 3J(H,H)=7.1 Hz, 3H;
CH,CH,), 1.21-1.43 (m, 2H; CH,CH,N), 3.34 (ddd, 2/(H,H) =3/(H,H) =
10.9 Hz, 3J(H,H) = 6.7 Hz, 1 H; CHHN), 3.68—3.80 (m, 1 H; CHHN), 3.78
(q, (H,H) =71 Hz, 2H; CH,CH,), 5.09 (dd, *J(H,H) = /(H,H) = 4.8 Hz,
1H; CHN), 5.52 (dd, 3J(H,H) =%/(H,H)=4.5 Hz, 1H; CHO), 5.93 (d,
3J(HH) =5.0 Hz, 1H; CHPh), 7.22-7.36 (m, SH; Ph); *C NMR (major
rotamer, 50 MHz): § = 14.3 (CH,CH,), 31.1 (CH,CH,N), 46.7 (CH,CH,N),
60.7 (CH,CHy), 60.8 (CHN), 83.9 (OCH), 84.2 (CHC,,), 125.3 (C,,), 1272
(2C, C,), 1279 (2C, C,), 1370 (C,), 153.9 (NCOO); *C NMR (minor
rotamer, 50 MHz): 6 = 13.9 (CH,CH,), 32.1 (CH,CH,N), 46.0 (CH,CH,N),
60.5 (CH,CHL,), 60.9 (CHN), 82.9 (OCH), 84.3 (CHC,,), 1253 (C,,), 126.1
(2C, C,), 1277 (2C, Cy), 1373 (C,), 1542 (NCOO); NOE (500 MHz): H
(5.87): H (4.90) [2.1%], H (5.54) [3.8%]; H (5.54): H (1.82) [3.4%], H
(222) [0.5%]; H (4.90): H (5.54) [5.3%], H (5.87) [8.4%]; IR (film): 7=
2980 cm~' (m), 2895 (w, C—H), 1700 (vs, C=0), 1470 (s), 1385 (m), 1330 (m,
C-H), 1110 (m, C—H), 990 (w, C—O—C), 970 (m), 770 (w), 750 (w), 700 (m,
C—H); MS (70 eV, EI), m/z (%): 247 (0.3) [M]*, 202 (0.9) [M — OE{]*+, 174
(2) [M — COOEL]*, 141 (100) [M — PhCHO]*, 105 (16) [PhCO]", 68 (66)
[C.HNJ*, 29 (61) [CHs]*; HRMS caled (u) for C,H,,NO, (247.29):
247.1208; found 247.1211.

(1RS,5SR,7RS)-2-tert-Butoxycarbonyl-7-phenyl-6-oxa-2-azabicyclo[ 3.2.0]-
heptane (4¢): According to the general irradiation procedure benzalde-
hyde (159 mg, 152 uL, 1.50 mmol) and dihydropyrrole 3¢/’ %1 (634 mg,
3.75 mmol) were irradiated in acetonitrile (15 mL) for 4 h. The mixture was
removed in vacuo and the residue was purified by flash chromatography
(P/TBME =80:20). A total of 168 mg (41 %) of oxetane 4¢ was obtained as
a colorless oil: R;=0.36 (P/TBME =40:60); '"H NMR (major rotamer,
500 MHz): 6 =1.14 (s, 9H; C(CH,);), 1.43-1.56 (m, 1 H; CHHCH,N), 2.22
(dd, 2J(H,H) =142 Hz, *J(H,H)=6.1 Hz, 1H; CHHCH,N), 3.59 (ddd,
2J(H,H) =3J(H,H) =10.9 Hz, 3/(H,H) =70 Hz, 1H; CHHN), 3.86-3.93
(m, 1H; CHHN), 4.79 (dd, *J(H,H) =*J(H,H) =4.4 Hz, 1H; CHN), 5.52
(dd, 3J(H,H) =%/(H,H) =4.1 Hz, 1H; CHO), 5.83 (d, *J(H,H)=4.3 Hz,
1H; CHPh), 7.24-7.37 (m, 5H; Ph); '"H NMR (minor rotamer, 500 MHz):
0=116 (s, 9H; C(CH;);), 1.73-1.86 (m, 1H; CHHCH,N), 2.16 (dd,
2J(H,H) = 14.2 Hz, ¥J(H,H) = 6.1 Hz, 1 H; CHHCH,N), 3.29-3.37 (m, 1 H;
CHHN), 3.64-3.68 (m, 1H; CHHN), 4.95 (dd, *J(HH) =3/(HH) =
47Hz, 1H; CHN), 549 (dd, 3(H,H) =3%/(HH)=4.3 Hz, 1H; CHO),
5.90 (d, 3J(H,H) =4.9 Hz, 1H; CHPh), 724-737 (m, SH; Ph); *C NMR
(major rotamer, 125 MHz): 6 =278 (CH,CH,N), 28.2 (C(CH;);), 30.8
(CH,CH,N), 61.0 (CHN), 79.5 (C(CH,);), 84.0 (OCH), 84.3 (CHPh), 125.7
(Cy), 1269 (2C, C,,), 128.0 (2C, C,,), 136.8 (C,,), 153.2 (NCOO); BC NMR
(minor rotamer, 125 MHz): 6 =26.9 (CH,CH,N), 28.0 (C(CH.);), 319
(CH,CH,N), 60.0 (CHN), 79.3 (C(CH,);), 83.1 (OCH), 84.4 (CHPh),
125.10 (C,), 126.8 (2C, C,), 1278 (2C, C,,), 1370 (C,,), C signal for
NCOO was not obtained; NOE (500 MHz): H (5.83): H (7.31) [73%], H
(5.52) [2.7%],H (4.79) [9.8%]; H (5.52): H (5.83) [3.3%], H (4.79) [19%];
IR (film): #=3090 cm~" (w), 3065 (w), 3030 (m), 2970 (s), 2890 (s, C—H),
1695 (vs, C=0), 1480 (s), 1455 (s), 1390 (m), 1370 (m), 1170 (s), 1115 (s,
C—-H), 990 (m), 970 (m, C—O—C), 770 (m), 750 (m), 700 (m, C—H); MS
(70 eV, EI), m/z (%): 169 (9) [M — PhCHO]", 113 (85) [CsH,NO,]*, 69 (48)
[C{H;NT*, 57 (100) [C(CHa)5]*, 41 (30) [C,H5N]+; HRMS caled (u) for
C,sH,1NO; (275.34): 275.1521; found 275.1526.

N-Methoxycarbonyl-3-methyl-6-oxa-7-phenyl-2-azabicyclo[3.2.0heptane:
According to the general irradiation procedure benzaldehyde (318 mg,
304 pL, 3.00 mmol) and 2,3-dihydropyrrole 8al'>2%3 (635 mg, 4.5 mmol)
were irradiated in acetonitrile (30 mL) at 4 =350 nm for 6 h. GLC analysis
of the crude product mixture showed a diastereomeric ratio dr=76/24.
After removal of the solvent in vacuo, flash chromatography (P/TBME =
80:20) yielded two separated diastereoisomers as colorless oils.
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(1R,3R,5S,7R) isomer (9a) (major product): Yield: 275 mg (37%): R;=
0.11 (P/TBME=40:60); [a]§=—-419 (c=115; CHCL); 'H NMR
(400 MHz, [D,JDMSO, 373 K): 6 =1.07 (d, 3/(H,H) =6.5 Hz, 3H; CH,),
1.79 (dd, Y(H,H)=14.7 Hz, 3/(HH)=2.3 Hz, 1H; CHH), 2.18 (ddd,
2J(H,H) = 14.7 Hz, ¥J(H,H) = 9.4 Hz, *J(H,H) = 5.4 Hz, 1 H; CHH), 3.47 (s,
3H; OCH,), 4.04—4.14 (m, 1H; CHCHS,), 4.99 (dd, 3J(H,H) =3/(H,H) =
4.6 Hz, 1H; CHN), 5.41 (dd, */(H,H) =3J(H,H) =5.1 Hz, 1H; CHO), 5.84
(d, 3J(HH)=4,7Hz, 1H; CHPh), 722-732 (m, 5H; Ph); NOESY
(400 MHz, [D,JDMSO, 373 K): H (1.07)-H (1.79)"; H (1.07)-H (4.1)";
H (1.79)-H (2.18)"; H (1.79)-H (4.1)’; H (2.18)-H (4.1)"; H (2.18)-H
(5.41)"; H (4.99)-H (5.41)"; H (4.99)-H (5.84)""; H (5.41)-H (5.84)"; IR
(film): #=2960 cm~! (m, C—H), 1715 (s) 1700 (sh, C=0), 1450 (s), 1385 (m);
MS (EL 70 eV, EI), m/z (%): 248 (0.6) [M+H]*, 247 (0.3) [M]*, 141 (93)
[M — PhCHO]", 126 (100) [C4H(NO,]*, 105 (37) [PhCO]*; HRMS calcd
(u) C4H;NO; (247.29): 247.1208; found 247.1215. (1S,3R,5R,7S) isomer
(10a) (minor product): Yield 148 mg (20 %): R;=0.17 (P/TBME =40:60);
[a]y =—32.5 (c=1.1; CHCl;); 'H NMR (400 MHz, [D¢]DMSO, 373 K):
0=128 (d, 3J(H,H)=6.0 Hz, 3H; CHj;), 1.65 (ddd, 2J(H,H)=14.6 Hz,
3J(HH)=83Hz, J(HH)=5.1Hz, 1H; CHH), 248 (dd, Y(HH)=
14.6 Hz, 3J(H,H) =72 Hz, 1H; CHH), 3.09 (s, 3H; OCHj,), 4.08-4.14 (m,
1H; CHCH,;), 4.88 (dd, 3J(H,H) =3/(H,H) =4.7 Hz, 1H; CHN), 5.35 (dd,
3J(HH) =3J/(H,H)=4.9 Hz, 1H; CHO), 5.74 (d, 3J(H,H)=4,7Hz, 1H;
CHPh), 7.24-7.36 (m, 5H; Ph); NOESY (400 MHz, [D,]DMSO, 373 K): H
(1.28)-H (1.65)"; H (1.28)-H (2.48); H (1.28)-H (4.1)"; H (1.65)-H
(2.48)""; H (1.65)-H (4.88)"; H (2.48)-H (4.1)"; H (4.88)-H (5.35)"; H
(4.88)-H (5.74)""; H (5.35)-H (5.74)"; IR (film): 7#=3075 cm™~! (w), 3020
(w), 2960 (m, C—H), 1700 (vs, C=0), 1450 (s), 1385 (s), 1320 (m), 1200 (m,
C—H), 990 (w, C—O—C), 770 (m), 735 (m), 700 (s, C—H); MS (70 eV, EI),
mlz (%): 246 (4) [M —H]*, 140 (100) [M —H—PhCHO]J*, 126 (16)
[CeH(NO,]*, 105 (31) [PhCO], 28 (76) [CO]*.

(1R,3R,5S,7R)-N-Methoxycarbonyl-3-benzyl-6-oxa-7-phenyl-2-azabicyclo-
[3.2.0]heptane (9¢): According to the general irradiation procedure
benzaldehyde (159 mg, 152 uL, 1.5 mmol) and 2,3-dihydropyrrole 8¢l'!
(543 mg, 2.50 mmol) were irradiated in acetonitrile (15 mL) for 6 h at
A=350 nm. GLC analysis of the crude product mixture showed a single
diastereomer (dr>95/5). After removal of the solvent in vacuo, flash
chromatography (P/TBME = 90:10) yielded 277 mg (57 %) of the oxetane
9¢ as a colorless oil: R;=0.16 (P/TBME =40:60); [a]¥ = —3.60 (c=1.7 in
CHCl,); 'H NMR (400 MHz, [D,]DMSO, 373 K): 6 =1.93-1.96 (m, 1H;
OCHCHH), 2.67-2.75 (m, 3H; CHHCHCH,Ph), 3.47 (s, 3H; OCH,),
4.20-4.26 (m, 1H; CHCH,Ph), 5.07 (dd, *J(H,H) =3/(H,H) =4.4 Hz, 1H;
OCHCHN), 5.43-5.46 (m, 1H; CHO), 5.93 (d, 3J(HH)=4,5Hz, 1H;
OCHPh), 7.16~738 (m, 10H; 2 Ph); NOESY (400 MHz, [D4DMSO,
373K):H (1.9)-H (2.7)"; H (1.9)-H (4.2)"; H (1.9)-H (5.4)"; H (2.7)-H
(42)"; H(27)-H (72)"; H (4.2)-H (7.2)""; H (5.07)-H (5.4)"; H (5.07) -
H (5.93)"; H (5.4)-H (5.93)""; H (5.93) - H (7.2)"; IR (film): # =3060 cm !
(w), 3030 (m), 2970 (m), 2955 (s, C—H);1700 (vs, C=0), 1450 (vs), 1385 (s),
1335 (s), 1200 (s), 1120 (m), 1080 (m, C—H), 985 (m, C—O—C); MS (70 eV,
EI), m/z (%): 323 (0.9) [M]*, 292 (0.8) [M —OCH,]*", 217 (26) [M —
PhCHOJ", 126 (100) [CsH(NO,]*, 107 (48) [C;H,0O]*, 91 (74) [C;H,]";
HRMS calcd (u) for C,)H,;NOj; (323.39): 323.1521; found 323.1511.

N-Methoxycarbonyl-3-nonyl-6-oxa-7-phenyl-2-azabicyclo[3.2.0]heptane:

According to the general irradiation procedure benzaldehyde (106 mg,
101 pL, 1.00 mmol) and 2,3-dihydropyrrole 8d (633 mg, 2.50 mmol) were
irradiated in acetonitrile (15 mL) at A =350 nm. After 4 h benzaldehyde
(53 mg, 51 pL, 0.5 mmol) was added to the reaction mixture and the
mixture was further irradiated for another 2 h. GLC analysis of the crude
product mixture showed a diastereomeric ratio dr = 75/25. After removal of
the solvent in vacuo, flash chromatography (P/TBME = 90:10) yielded two
separate diastereoisomers as colorless oils. (1R,3R,5S,7R) isomer (9d)
(major product): Yield: 286 mg (53%): R;=0.10 (P/TBME =80:20);
[a]s =—10.7 (¢c=2.1; CHCL); '"H NMR (400 MHz, [Ds]DMSO, 373 K):
0=0.88 (t, *J(H,H) =70 Hz, 3H; CH,CH;), 1.08-1.32 (m, 16 H; (CH,)y),
1.84 (dd, 2J(H,H)=14.7Hz, *J(H.H)=19Hz, 1H, CHH), 2.08 (ddd,
%J(H,H) =14.7 Hz, *J(H,H) =9.1 Hz, *J(H,H) =5.2 Hz, 1 H; CHH), 3.51 (s,
3H; OCHj;), 3.93-3.99 (m, 1H; NCHCH,), 5.02 (dd, *J(H,H) =3%/(H,H) =
49 Hz, 1H; CHCHN), 5.43 (dd, *J(H,H) =3/(H,H) =4.9 Hz, 1H; CHO),
5.85 (d, 3J(H,H)=4,8 Hz, 1H; CHPh), 7.19-729 (m, 5H; Ph); NOESY
(400 MHz, [D¢]DMSO, 373 K): H (1.84)—H (2.08)"; H (1.84)-H (3.9); H
(1.84)-H (5.43)"; H (2.08)-H (3.9)"; H (2.08)-H (5.43)""; H (5.02)-H
(5.43)"; H (5.02)—H (5.85)""; H (5.43)-H (5.85)""; H (5.85)-H (7.2)"; IR
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(film): ¥ =2955 cm~! (m), 2925 (s), 2855 (m, C—H), 1725 (vs, C=0), 1450
(s), 1385 (m), 1275 (s), 1110 (m, C—H), 990 (w, C-O—C); MS (70 eV, EI),
mlz (%): 359 (0.3) [M]*, 253 (23) [M — PhCHO]*, 126 (100) [C,H(NO,]*;
HRMS caled (u) for C,H3zNO; (359.50): 359.2460; found 359.2458.
(18,3R,5R,7S) isomer (10d) (minor product): Yield: 65 mg (12%): R;=
0.17 (P/TBME=80:20); [a]§=-183 (c=2.0; CHCl); 'H NMR
(400 MHz, [DgDMSO, 373K): 6=087 (t, J(HH)=69Hz, 3H;
CH,CH,), 1.16-139 (m, 16H; (CH,)s), 1.78 (ddd, 2/(H,H)=14.6 Hz,
3J(HH)=6.2 Hz, 3(H,H)=22Hz, 1H; CHH), 249 (ddd, 2/(H,H)=
14.6 Hz, 3J(H,H) =3/(H,H) =72 Hz, 1H, CHH), 3.64 (s, 3H; OCH,),
4.03-4.09 (m, 1H; NCHCH,), 4.83 (dd, *J(H,H) =/(H,H) =4.5 Hz, 1 H;
CHCHN), 534 (dd, %J(HH) =%(HH)=5.0Hz, 1H; CHO), 5.70 (d,
3J(H,H) =4.7 Hz, 1 H; CHPh), 726~7.35 (m, 5H; Ph); NOESY (400 MHz,
[Dg]JDMSO, 373 K): H (1.78) — H (2.49)"; H (1.78)— H (5.34)"; H (2.49) - H
(4.0)"; H (2.49)—H (534); H (4.0)-H (72)"; H (4.83)-H (5.34)"; H
(4.83)-H (5.70)""; H (5.34)-H (5.70)’; H (5.70)-H (72)"; IR (film): 7=
2955 cm™" (m), 2925 (s), 2855 (m, C—H), 1710 (vs, C=0), 1445 (s), 1375 (m,
C—H), 990 (w, C-0—C); MS (70 eV, EI), m/z (% ): 253 (18) [M — PhCHO]*,
126 (100) [CsH,NO,]*, 67 (9) [C,H,N]*.

N-Methoxycarbonyl-3,7-diphenyl-6-oxa-2-azabicyclo[3.2.0]heptane:  Ac-
cording to the general irradiation procedure benzaldehyde (159 mg,
152 uL, 1.50 mmol) and dihydropyrrole rac-8eP'! (508 mg, 2.50 mmol)
were irradiated in acetonitrile (15 mL) at =350 nm for 7 h. GLC analysis
of the crude product mixture showed a diastereomeric ratio dr=68/32.
After removal of the solvent in vacuo, flash chromatography (P/TBME =
85:15) yielded two separated diastereoisomers as colorless oils.
(1SR,3SR,5RS,7SR) isomer (rac-9e) (major product): Yield: 172 mg
(37%): R;=0.14 (P/TBME =40:60); '"H NMR (500 MHz, [Ds]DMSO,
373 K): =229 (d, 2J(H,H)=14.9 Hz, 1H; CHH), 2.66 (ddd, */(H,H) =
149 Hz, *J(HH)=9.6 Hz, *J(H,H)=5.5Hz, 1H; CHH), 3.11 (s, 3H;
OCHj), 5.13 (d, 3/(H,H) =4.0 Hz, 1H; CH,CHN), 5.16 (ddd, *J(HH) =
5.8 Hz, 3/(H,H) =3J(H,H) =4.6 Hz, 1H; CHCHN), 547 (dd, */(HH) =
*J(H,H)=5.4Hz, 1H; CHO), 5.88 (d, *J(H,H)=5.2 Hz, 1H; OCHPh),
7.10-7.55 (m, 10H; 2 Ph); NOESY (500 MHz, [D¢]DMSO, 373 K): H
(2.29)-H (2.66)""; H (2.29)-H (5.13)'; H (2.29)-H (5.47)"; H (2.66)-H
(5.13)"; H (2.66)-H (5.47)""; H (5.16)-H (5.47)"; H (5.16)-H (5.88)""; H
(5.47)—-H (5.88); IR (film): # =3080 cm~' (w), 3045 (w), 2980 (m), 2975 (m,
C—H), 1715 (vs), 1695 (sh, C=0), 1450 (s), 1380 (m), 765 (w), 700 (m, C—H);
MS (EI, 70 eV, EI), m/z (%): 309 (0.6) [M]*, 203 (100) [M — PhCHO]", 144
(48) [M — PhCHO — COOCH,)]*, 105 (62) [PhCO]*, 77 (46) [CsHs]*, 28
(77) [COJ*; HRMS caled (u) for C;oH;oNO; (309.36): 309.1365; found
309.1361. (1SR,3RS,5RS,7SR) isomer (rac-10e) (minor product): Yield:
121 mg (26 %): R;=0.32; '"H NMR (400 MHz, [D,]DMSO, 373 K): 6 = 1.92
(ddd, 2/(H,H) = 14.9 Hz, */(H,H) = 8.0 Hz, *J(H,H) =5.5 Hz, 1H; CHH),
2.78 (dd, *J(H,H) =149 Hz, 3J(H,H) =78 Hz, 1H, CHH), 2.93 (s, 3H;
OCH;), 5.08-5.15 (m, 2H; CHNCH), 5.47 (dd, *J(HH) =3/(HH) =
4.9 Hz, 1H; CHO), 5.83 (d, J(H,H) =4,6 Hz, 1H; CHPh), 7.07-740 (m,
10H; 2 Ph); NOESY (400 MHz, [D,]DMSO, 373 K): H (1.92) -H (2.78)"";
H (1.92)-H (5.47)"; H (2.78)-H (5.47)"; H (2.78)-H (5.1)"; H (5.83)-H
(5.1)"; IR (film): #=3065 cm™! (w), 3030 (m), 2955 (m), 2900 (m, C—H),
1700 (s, C=0), 1450 (s), 1380 (s), 1350 (m), 1325 (m), 1200 (s), 1125 (m,
C-H), 985 (m, C—O—C), 765 (s), 755 (s), 700 (s, C-H); MS (70 eV, EI), m/z
(%): 309 (0.7) [M]*, 203 (100) [M — PhCHO]", 144 (58) [M — PhCHO —
COOCH;]*, 128 (61) [CH,NO,]*, 107 (77) [C,H,0O]", 91 (23) [C;H,]*, 79
(55) [CsH5]"; HRMS caled (u) for C,oH;(NO; (309.36): 309.1365; found
309.1361.

(1SR,6RS,8SR)-N-Methoxycarbonyl-8-phenyl-7-oxa-2-azabicyclo[4.2.0]-

octane (22): According to the general irradiation procedure benzaldehyde
(250 mg, 0.24 mL, 2.40 mmol) and trihydropyridine 21 (550 mg, 3.90 mmol)
were irradiated in acetonitrile (25 mL) at A=300nm for 3.5h. GLC
analysis of the crude product showed a mixture of simple diastereomers
(dr="75/25). After removal of the solvent in vacuo, flash chromatography
(P/TBME = 85:15) yielded 100 mg (17 %) of compound 22 as a colorless
oil: R;=0.24 (P/TBME =40:60); '"H NMR (500 MHz): 6 =1.40-2.25 (m,
4H;NCH,CH,CH,),2.80-3.77 (m, 2H; NCH,), 3.35 [3.55] (s, 3H; OCHs),
4.79 [5.11] (dd, 3J(H,H) =°J(H,H) =6.8 Hz, 1H; NCH), 5.28 [5.39] (dd,
1H; *J(H,H) =3%/(H,H) =3.6 Hz, CH,CHO), 5.88 [5.99] (d, *J(H.H)=
6.4 Hz, 1H; CHPh), 723-8.08 (m, 5H; Ph); “C NMR (125 MHz): 6 =
18.6 (NCH,CH,), 26.8 (CHCH,), 41.7 [41.9] (NCH,), 53.6 (NCH), 66.0
(OCHj;), 75.2 (CH,CHO), 83.1 [83.2] (PhCH), 125.0 [126.1] (C,,), 127.7
[1283] (2 C, C,), 129.5 [129.7] (2C, C,,), 136.8 [137.5] (C,,), 156.0 [156.7]
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(COO); NOESY (500 MHz): H (4.8)-H (5.3)"; H (4.8)-H (5.9)"; H
(5.3)-H (5.9); IR (film): #=3435 cm™! (m), 3060 (w), 3030 (w), 2955 (m),
2875 (m, C—H), 1705 (s, C=0), 1495 (s, C—H); MS (70 eV, EI), m/z (% ): 247
(0.2) [M]*, 141 (100) [M —PhCHO]*, 126 (56) [CsH;(NO,]*, 105 (40)
[PhCO]*, 77 (28) [CeHs]"; HRMS caled (u) for C,H;NO; (247.30):
247.1208; found 247.1212.

(2SR,3SR)-N-Methoxycarbonyl-2-benzyl-3-pyrrolidinol (5a): Typical hy-
drogenolysis procedure: Pd(OH),/C (20 % [w/w], 204 mg, 0.30 mmol) was
added to a solution of oxetane 4a (233 mg, 1.00 mmol) in methanol
(30mL), and the mixture was stirred vigorously under atmospheric
hydrogen pressure for 2 h. The course of the reaction was monitored by
TLC. Upon complete conversion, the catalyst was removed by filtration
and the solvent was evaporated in vacuo. Flash chromatography
(P/TBME =80:20) yielded 220 mg (94%) of the pyrrolidinol 5a as a
colorless oil: R;=0.14 (P/TBME=40:60); 'H NMR (400 MHz,
[Dg]DMSO, 373K): 0=1.67 (dddd, %/(HH)=123Hz, /(HH)=
3J(HH) =3/(H,H)=7.5Hz, 1H; CHHCHOH), 1.89 (dddd, /(H.H)=
12.3 Hz, 3/(H,H) = 8.0 Hz, *J(H,H) = 3/(H,H) = 6.1 Hz, | H; CHHCHOH),
2.86 (dd, 2/(H,H) =13.4 Hz, 3/(H,H)=4.8 Hz, 1H; CHHPh), 2.99 (dd,
2J(H,H) =13.4 Hz, 3J(H,H) =7.4 Hz, 1H; CHHPh), 3.27 (ddd, 2/(H,H) =
10.7 Hz, 3/(H,H) = 8.1 Hz, %(H,H) = 5.9 Hz, 1 H; CHHPh), 1H; CHHN),
3.35 (ddd, %J(H,H)=10.7 Hz, 3/(H,H)=8.0 Hz, 3/(H,H)=69Hz, 1H;
CHHN), 3.48 (s, 3H; OCH,), 3.90 (ddd, *J(HH) =%/(H.H) =3/(HH) =
6.2 Hz, 1 H; CHCH,Ph), 4.17 (ddd, 3/(H,H) =3/(H,H) =*/(H,H) = 6.4 Hz,
1H; CHOH), 7.10-7.28 (m, 5H; Ph); ¥C NMR (100 MHz, [D4]DMSO,
373 K): 6=30.8 (CH,CHOH), 33.3 (CH,Ph), 42.9 (CH,N), 50.9 (OCHs),
61.4 (CHCH,Ph), 69.5 (CHOH), 124.9 (C,,), 1271 (2C, C,,), 1289 (2C, C,,),
139.4 (C,,), 154.5 (NCOO); NOE (400 MHz, [D¢]DMSO, 373 K): H (4.17):
H (3.90) [7.3 %], H (3.90): H (4.17) [7.1 %]; IR (film): 7 =3400 cm~! (vs, b,
OH), 3030 (w), 3005 (m), 2940 (s), 2860 (sh, C—H), 1690 (vs, C=0), 1590
(m), 1440 (s), 1380 (s), 1330 (s), 1260 (s), 1190 (s), 1110 (s, C-H); MS (70 eV,
EI), m/z (%): 235 (7) [M]*+, 234 (41) [M — H]", 144 (54) [M — C;H,]*, 128
(100) [M — C;H,0O]*, 91 (35) [C;H;]*; elemental analysis calcd (%) for
C;3H;NO; (235.28): C 66.36, H 7.28, N 5.95; found C 66.21, H 7.55, N 5.93.

(2SR,3SR)-N-Ethoxycarbonyl-2-benzyl-3-pyrrolidinol (5b): According to
the typical hydrogenolysis procedure oxetane 4b (126 mg, 0.51 mmol) was
cleaved hydrogenolytically in 3 h. Flash chromatography (P/TBME =
90:10) yielded 67.4 mg (53 %) pyrrolidinol 5b as a colorless oil: R;=0.11
(P/TBME = 60:40); 'H NMR (200 MHz, CDCL): 6 =125 (t, 3/(H,H) =
7.0 Hz, 3H; CH,CH;), 1.38-1.93 (m, 2H; CH,CHOH), 2.85-2.96 (m, 2H;
CH,Ph), 3.24-3.51 (m, 2H; CH,N), 3.98-4.17 (m, 1H; CHCH,Ph), 4.01
(q,%*/(H,H) =70 Hz, 2H; CH,CHj;), 4.47-4.51 (m, 1H; CHOH), 7.08-7.19
(m, 5H; Ph); BC NMR (50 MHz, CDCl;): 6=14.7 (CH,CHj;), 26.9
(CH,CHOH), 28.6 (CH,Ph), 474 (CH,N), 60.0 (CHCH,Ph), 619
(CH,CH,), 79.1 (CHOH), 126.0 (C,), 128.3 (2C, C,), 129.5 (2C, C,),
139.4 (C,,), *C signal for NCOO was not obtained; IR (film): 7=3425 cm™!
(s, b, OH), 3065 (w), 3030 (w), 2980 (s), 2885 (sh, C—H), 1700, 1675 (s,
C=0), 1425 (s), 1380 (s), 1335 (s), 1115 (s, C—H), 775 (m), 750 (m), 705 (m,
C—H); MS (70 eV, EI), m/z (%): 249 (0.2) [M]*, 158 (15) [M — C;H;]*, 142
(100) [M —-CH,O]", 98 (19) [CH,N]", 70 (53) [C,HgN]*, 69 (11)
[C,H;N]*, 29 (25) [CHO]*; HRMS caled (u) for C,,H;(NO; (249.31):
249.1365; found 249.1367.

(2SR, 3SR)-N-tert-Butoxycarbonyl-2-benzyl-3-pyrrolidinol (5c¢): Accord-
ing to the typical hydrogenolysis procedure, oxetane 4c¢ (71.0mg,
0.26 mmol) was cleaved hydrogenolytically in 4 h. Flash chromatography
(P/TBME =90:10) yielded 40.3 mg (56 % ) pyrrolidinol 5 ¢ as a colorless oil.
A crystalline sample for X-ray crystal structure analysis could be obtained
by crystallization of 5¢ from pentane at —18°C: R;=0.29 (P/TBME =
60:40); 'H NMR (300 MHz, CDCl;): 6 =1.35 (s, 9H; C(CHj);), 1.61-1.80
(m, 2H; CH,CHOH), 2.87-2.90 (m, 2H; CH,Ph), 3.27-3.38 (m, 1H;
CHHN), 3.64-3.69 (m, 1H; CHHN), 3.96 (ddd, J(H.H) =3/(H,H) =
3J(HH)=63Hz, 1H; CHCH,Ph), 420 (ddd, 3/(HH)=3/(HH)=
3J(HH)=59Hz, 1H; CHOH), 711-722 (m, 5H; Ph); C NMR
(75.5 MHz, CDClL;): 6 =28.4 (C(CHs);), 31.7 (CH,CHOH), 34.8 (CH,Ph),
49.4 (CH,N), 59.9 (CHCH,Ph), 71.7 (C(CHs)s), 79.4 (CHOH), 126.0 (C,,),
128.3 (2C, C,), 129.5 (2C, C,)), 139.4 (C,,), 154.8 (NCOO); IR (film): 7=
3420 cm™! (s, b, OH), 3030 (w), 3060 (w), 3085 (w), 2975 (m), 2895 (w;
C—H), 1670 (s, C=0), 1410 (s), 1455 (m), 1170 (s), 1115 (m), 735 (m), 770
(m), 700 (m, C—H); MS (70 eV, EI), m/z (%): 277 (0.3) [M]*, 186 (15) [M —
C;H;]*, 130 (34) [CoHgN]T, 113 (9) [CH,,NO]*, 91 (15) [C;H]*, 86 (67)
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[C,H,O,]*, 57 (97) [C;H,N]T; HRMS caled (u) for C¢H,sNO; (277.36):
277.1678; found 277.1683.

(R)-5-Nonyl-2-pyrrolidinone (13): A suspension of CuCN (1.97g,
22.0 mmol) in THF (45 mL) was cooled to —78°C. A 0.61M solution of
n-octyllithium in n-hexane (72.0 mL, 44.0 mmol) was added. Subsequent
warming to 0°C for 5 min led to a dark, clear solution, which was recooled
to —78°C, after which a solution of tosylate 12 (2.37 g, 8.88 mmol) in
THF (30 mL) was added dropwise. The mixture was warmed to room
temperature, stirred for 20 h, and subsequently quenched with a saturated
aqueous NH,CI solution (40 mL). After extraction with dichloromethane
(3 x 80 mL) the organic layers were collected, washed with brine, and dried
over MgSO,. After removal of the solvent, the residue was purified by flash
chromatography (TBME/EtOAc=50:50). A quantity of 1.53 g (82%) of
compound 13 was obtained as a white solid: R;=0.22 (EtOAc); [a]} =
+9.40 (¢c=1.3 in EtOH); m.p. 61-63°C; '"H NMR (400 MHz): 6 =0.78 (t,
3J(HH) =6.9 Hz, 3H; CH;), 1.16-1.20 (m, 14H; (CH,),), 1.36-1.63 (m,
3H; CHHCHNCH,), 2.13-225 (m, 3H; COCH,CHH), 3.50 (ddd,
3J(HH) =3J/(H,H) =3/(H,H) =6.5 Hz, 1H; CHN), 6.10 (brs, 1H; NH);
3C NMR (100 MHz): 6 =14.1 (CHj;), 22.6 (CH,), 25.9 (CH,), 27.3 (CH,),
29.3 (CH,), 29.5 (3C, (CH,);), 30.1 (CH,), 31.8 (CH,CH,CO), 36.7
(CH,CON), 54.5 (CHN), 178.2 (CON); IR (KBr): #=3180cm™' (m,
NH), 2920 (vs), 2855 (s, C—H), 1715 (vs), 1655 (s, C=0); MS (70 eV, EI):
miz (%): 211 (6) [M]*, 85 (5) [CsH)N]*, 84 (100) [CsH,(N]*; elemental
analysis caled (%) for C;3H,sNO (211.34): C 73.88, H 11.92, N 6.63; found C
73.97, H 11.70, N 6.47.

(R)-N-Methoxycarbonyl-5-nonyl-2-pyrrolidinone (14): A solution of n-
butyllithium in n-hexane (5.60 mL, 1.50M, 8.40 mmol) was added dropwise
to a cooled solution of pyrrolidinone 13 (1.70 g, 8.04 mmol) in THF (30 mL)
at —78°C. The mixture was stirred for 1 h at this temperature, then methyl
chloroformate (0.80 mL, 10.3 mmol) was added and the reaction mixture
was allowed to warm slowly to room temperature. After 3h it was
quenched with saturated aqueous NH,Cl solution (25 mL). The aqueous
phase was extracted with TBME (3 x 30 mL), then the combined organic
layers were dried with MgSO, and concentrated in vacuo. The raw product
was purified by flash chromatography (TBME). A total of 2.10 g (97 %) of
pyrrolidinone 14 was obtained as a colorless oil: R;=0.46 (TBME); [a]¥ =
—85.43 (c=14 in CHCL); '"H NMR (400 MHz): 6 =0.86 (d, *J(H,H) =
71Hz, 3H; CH;), 1.17-129 (m, 14H; (CH,);), 1.41-1.85 (m, 3H;
CHHCHNCH,), 2.04-2.18 (m, 1H; COCH,CHH), 2.43 (ddd, */(H.H) =
178, 3J(HH)=9.5Hz, *J(HH)=2.7Hz, 1H; COCHH), 2.60 (ddd,
2J(H,H) =178, 3J(H,H)=9.3 Hz, *J(H,H)=9.0 Hz, 1H; COCHH), 3.84
(s, 3H; OCHj,), 4.16 (dddd, */(H,H) =3/(H,H) = 8.8 Hz, *J(H,H) =3.2 Hz,
3J(H,H) =1.7 Hz, 1 H; CHN); *C NMR (75.5 MHz): 6 =13.7 (CH;), 23.3
(CH,), 25.1 (CH,), 28.9 (CH,), 29.0 (CH,), 29.1 (CH,), 31.0 (2 C, (CH,),),
31.5 (CH,CHN), 33.1 (CH,), 33.3 (CH,CON), 52.9 (OCHj,), 57.8 (CHN),
151.8 (COOCH;), 173.4 (CON); IR (film): #=2955cm™"! (s), 2925 (vs),
2855 (s, C—H), 1790 (s), 1755 (s), 1720 (vs, C=0), 1300 (m, C—H); MS
(70 eV, EI), m/z (%): 269 (5) [M]*, 142 (100) [M — (CH,)sCH,]*, 98 (53)
[CsHgNO]*, 41 (30) [C,H;N]*; elemental analysis caled (% ) for CsH,;NO;
(269.38): C 66.88, H 10.10, N 5.20; found C 66.60, H 10.34, N 5.49.

(R)-N-Methoxycarbonyl-2-nonyl-2,3-dihydropyrrole (8d): General proce-
dure A: A 1.0m solution of LiEt;BH in THF (4.20 mL, 4.20 mmol) was
added dropwise to a cooled solution of 2-pyrrolidinone 14 (1.05g,
3.90 mmol) in CH,Cl, (40 mL) at —78°C. The reaction mixture was
allowed to reach 0°C and it was subsequently stirred for 4h at this
temperature. A 1M NaOH solution (6.00 mL, 6.00 mmol) and a 35% H,0,
solution (3.0 mL) were added successively. The organic layer was separated
and filtered through a Celite pad. The solution thus obtained was cooled to
0°C. 2,2-Dimethoxypropane (2.55 g, 3.00 mL, 24.6 mmol) and camphor-
sulfonic acid (CSA) (75.0 mg, 0.30 mmol) were added. After 30 min a
saturated aqueous NaHCO; solution (20 mL) was added. The aqueous
layer was extracted with CH,Cl, (3 x 20 mL). The combined organic layers
were filtered through a Celite pad and concentrated in vacuo. The
diastereomeric mixture of 2-methoxypyrrolidines was dissolved in CH,Cl,
(20mL) and cooled to 0°C. Diisopropylethylamine (0.68 g, 0.90 mL,
5.16 mmol) and TMSOTf (1.11g, 090 mL, 4.80 mmol) were added
successively. After 30 min the reaction was stopped by adding pentane
(40 mL). The reaction mixture was filtered and concentrated under
reduced pressure. The crude product was purified by flash chromatography
(PE/TBME =90/10). A total of 602 mg (61 %) of dihydropyrrole 8d was
obtained as a colorless oil: R;=0.55 (P/TBME =80:20); [a]¥ = —245.7
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(c=2.0in CHCL,); '"H NMR (300 MHz): 6 = 0.84 (d, *J(H,H) = 6.6 Hz, 3H;
CH,), 1.24-1.26 (m, 14H; (CH,),), 147-1.84 (m, 2H; NCHCH,(CH,),),
221-227 (m, 1H; CHHCHN), 2.74-2.80 (m, 1H; CHHCHN), 3.69 (s,
3H; OCH,), 3.96-4.06 (m, 1 H; CH,CHN), 4.86-4.94 (m, 1 H; CHCHN)),
8.36-6.48 (m, 1H; CHCHN); C NMR (75.5 MHz): 6 = 14.0 (CH,), 22.6
(CH,), 24.4 (CH,), 29.3 (CH,), 29.5 (5C, (CH,)s), 31.8 (CHCH,CHN), 52.2
(OCH,), 575 (CH,CHN), 1071 (CHCHN), 1288 (CHCHN), 182.9
(COOCH;); IR (film): #=2955 cm™! (s), 2925 (vs), 2855 (s, C—H), 1750
(w), 1715 (s), 1620 (m, C=0), 1450 (s), 1395 (s), 1345 (sh), 1265 (m), 1135 (s,
C—H); MS (70 eV, EI), m/z (%): 253 (9) [M]*, 126 (100) [CoH ;]*, 67 (11)
[C,HsN]*, 41 (9) [CH;N]*; HRMS caled (u) for C;sH,;NO, (253.38):
253.2042; found 253.2038.

(28,35,5R)-N-Methoxycarbonyl-2-benzyl-5-nonyl-3-pyrrolidinol (17): Ac-
cording to the typical hydrogenolysis procedure, oxetane 9d (420 mg,
1.17 mmol) was cleaved hydrogenolytical in 3 h. Flash chromatography
(P/TBME = 60:40) yielded 343 mg (81 %) pyrrolidinol 17 as a colorless oil.
The analytical data were in accordance with those reported in the
literature:'% R, =0.17 (P/EtOAc=3:1); [a]y = —69.5 (c=2.5 in CHCl;);
'"H NMR (300 MHz): 6 =0.82 (t, 3/J(H,H) =6.9 Hz, 3H; CH,CH;), 1.17-
1.39 (m, 16 H; [CH,]), 1.54-1.68 (m, 1 H; CHHCHOH), 1.97 (bs, 1 H; OH),
2.17 (m, 1H; CHHCHOH), 2.89-2.94 (m, 2H; CH,Ph), 3.48 (s, 3H;
OCH,), 3.67-3.74 (m, 1H; NCHCH,), 4.10 (ddd, *J(H,H) =3/(H,H) =
3J(HH)=6.8 Hz, 1H; NCHCHOH), 4.23 (ddd, */(H,H) =3/(HH) =
3J(HH)=6.6 Hz, 1H; CHOH), 709-723 (m, 5H; Ph); C NMR
(75.5 MHz): 6 =14.0 (CH,CHs;), 22.6 (CH,), 26.4 (CH,), 29.3 (CH,), 29.5
(CH,), 29.5 (CH,), 29.6 (CH,), 31.9 (CH,Ph), 36.0 (CH,), 36.4 (CH,), 37.5
(CH,CHOH), 52.0 (OCH;), 56.8 (CHOH), 629 (NCHCH,), 714
(CHCH,Ph), 126.0 (C,), 1283 (2C, C,), 1294 (2C, C,), 139.4 (C,),
156.0 (NCOO).

(28,35,5R)-N-Methyl-2-benzyl-5-nonyl-3-pyrrolidinol [(+)-preussin] (1):
A solution of pyrrolidinol 17 (147 mg, 407 mmol) in THF (4 mL) was
added dropwise to a stirred solution of lithium aluminum hydride (75.9 mg,
2.00 mmol) in THF (10 mL). The reaction mixture was refluxed for 2 h,
cooled to 0°C, and quenched by addition of saturated aqueous NH,Cl
solution (5mL). The aqueous phase was extracted with TBME (3 x
10 mL), then the combined organic layers were dried with MgSO, and
concentrated in vacuo. The crude product was purified by flash chroma-
tography (CH,Cl,/methanol =9:1) to give 117 mg (91%) of (+)-preussin
(1) as a pale yellow oil: R;=0.44 (EtOAc); [a]y =+22.1 (¢=1.0 in
CHCl;); '"H NMR (500 MHz): 0.88 (t, /(H,H) =6.9 Hz, 3H; CH,CH,),
1.19-1.34 (m, 16H; (CH,)), 1.42 (ddd, /(H,H)=13.9 Hz, 3/(H,H) =
6.4 Hz, >J(HH) =12 Hz, 1H; CHHCHOH), 1.73 (s, 1H; OH), 2.10-2.13
(m, 1H; NCHCH,), 221 (ddd, 2/(HH)=13.9Hz, 3(HH)=9.1 Hz,
3J(HH)=6.6Hz, 1H; CHHCHOH), 227 (ddd, */(H,H)=10.2 Hz,
3J(H,H) =3/(H,H)=4.3 Hz, 1H; CHCH,Ph ), 2.34 (s, 3H; CHj,), 2.84
(dd, 2/(HH)=133Hz, 3(HH)=43Hz, 1H; CHHPh), 291 (dd,
2J(H,H) =13.3 Hz, 3/(H,H) =102 Hz, 1H; CHHPh), 3.83-3.87 (m, 1H;
CHOH), 7.16-7.31 (m, 5H; Ph); “C NMR (125.5 MHz): 14.1 (CH,CH,),
22.6 (CH,), 26.3 (CH,), 29.3 (CH,), 29.5 (CH,), 29.6 (CH,), 29.8 (CH,), 31.9
(CH,Ph), 33.5 (CH,), 34.8 (CH,), 38.6 (NCH,), 39.4 (CH,CHOH), 65.9
(NCHCH,), 70.3 (CHOH), 73.7 (CHCH,Ph), 126.0 (C,,), 128.3 (2C, C,,),
129.3 (2C, C,,), 1394 (C,); IR (film): #=3430 cm™! (s, b, OH), 3065 (w),
3030 (w), 2960 (m), 2925 (s), 2855 (s), 2790 (m, C—H), 1495 (w), 1455 (s,
C—H); MS (70 eV, EI); m/z (%): 317 (0.1) [M]*, 316 (0.7) [M —H]*, 227
(15) [M —"BCCH,]*, 226 (100) [M—CH;]*; HRMS caled (u) for
C,H;sNO (317.51): 317.2719, found 317.2711.

(28,35,5R)-N-Methoxycarbonyl-2-benzyl-5-methyl-3-pyrrolidinol (18):
The reaction was carried out as described for the typical hydrogenolysis
procedure, starting from oxetane 9a on a 0.16-mmol scale. The crude
product was purified by flash chromatography (P/TBME = 80/20). A total
of 36 mg (89 %) of pyrrolidinol 18 was obtained as a colorless oil: R;=0.42
(TBME); [a] =—48.1 (¢=2.1 in CHCL;); '"H NMR (400 MHz): 6 =1.34
(t, 3/(H,H)=6.3 Hz, 3H; CH;), 1.60-1.69 (m, 1H; CHHCHOH), 2.24 -
230 (m, 1H; CHHCHOH), 2.94-3.01 (m, 2H; CH,Ph), 3.55 (s, 3H;
OCH,), 3.87 (m, 1H; CHCH,), 4.14 (dd, 3J(H,H)=13.7 Hz, 3/(H,H) =
6.8 Hz, 1H; CHCH,Ph), 4.28 (dd, */(H,H) =13.7 Hz, 3J(H,H) =6.7 Hz,
1H; CHOH), 715-7.31 (m, 5H; Ph); ®*C NMR (100 MHz): 6 =22.2 (CHj;),
359 (CH,Ph), 39.5 (CH,CHOH), 52.0 (OCH;), 52.4 (CHCH,), 63.1
(CHCH,Ph), 71.3 (CHOH), 126.1 (C,,), 128.3 (2C, C,,), 129.7 (2C, C,),
139.4 (C,,), 156.1 (COOCH,); IR (film): #=3435 cm™! (s, OH), 3060 (m),
3030 (m, C,—H), 2930 (s, C—H), 1675 (vs, C=0), 1455 (m), 1130 (m, C—H);
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MS (70 eV, EI), m/z (%): 249 (0.4) [M]*, 158 (100) [M — CH,Ph]*, 91 (6)
[CH, ", 42 (17) [CH,N]"; HRMS caled (u) for C,HoNO; (249.31):
249.1365; found: 249.1371.
(2R,3R,5R)-N-Methoxycarbonyl-2-benzyl-5-nonyl-3-pyrrolidinol (19): Ac-
cording to the typical hydrogenolysis procedure, oxetane 10d (25.1 mg,
0.07 mmol) was cleaved hydrogenolytical in 3 h. Flash chromatography
(P/TBME = 60:40) yielded 22.3 mg (88 %) pyrrolidinol 19 as a colorless oil:
R;=0.33 (P/EtOAc=3:1); [a]§ =+13.7 (c=1.9 in CHCL); 'H NMR
(300 MHz): 6=0.88 (t, *J(H,H)=6.8 Hz, 3H; CH,CH;), 1.18-1.36 (m,
16H; (CH,)s), 1.57 (s, 1H; OH), 1.76-1.91 (m, 2H; CH,CHOH), 2.89-3.04
(m, 2H; CH,Ph), 3.67-3.78 (m, 1H; NCHCH,), 3.68 (s, 3H; OCHs;), 4.15
(ddd, *J(HH) =3%(HH) =°J/(H.H)=6.1 Hz, 1H; NCHCHOH), 4.46
(ddd, *J(H,H) =10.3 Hz, *J(H,H) =3/(H,H) =6.9 Hz, 1H; CHOH), 7.15-
729 (m, 5H; Ph); *C NMR (75.5 MHz): 6 =14.1 (CH,CHj;), 22.6 (CH,),
26.3 (CH,), 29.3 (CH,), 29.4 (CH,), 29.5 (CH,), 29.6 (CH,), 31.9 (CH,Ph),
35.7 (CH,), 36.2 (CH,), 37.5 (CH,CHOH), 52.0 (OCH3), 55.5 (CHOH), 61.7
(NCHCH,), 70.8 (CHCH,Ph), 126.1 (C,,), 128.3 (2C, C,,), 129.7 (2C, C,)),
139.9 (C,), 155.1 (NCOO); IR (film): #=3420 cm~! (s, OH), 3060 (m),
2955 (m, C,,—H), 2925 (s, C—H), 1655 (vs, C=0), 1450 (m), 1190 (m), 1120
(w), 1075 (m, C—H); MS (70 eV, EI); m/z (%): 270 (100) [M — C;H,]*, 254
(21) [C,,H3sNO,] T, 128 (73) [CH,NO, ]+, 41 (20) [C,H;3N], 28 (29) [COJ*;
HRMS caled (u) for C;sH,0NO; ([M-C;H;]*): 270.2069, found 270.2064.
(28,38,5R)-N-Methyl-2,5-dibenzyl-3-pyrrolidinol (20): The reaction was
carried out as described in typical hydrogenolysis procedure starting from
oxetane 9¢ on a 0.53-mmol scale. The crude product was dissolved in THF
(25 mL) and lithium aluminum hydride (95.0 mg, 2.50 mmol) was added at
0°C. The reaction mixture was refluxed for 3 h and quenched at 0°C by
addition of saturated aqueous NH,Cl solution (10 mL). TBME (50 mL)
was added and the layers were separated. The aqueous phase was extracted
with TBME (3 x20 mL); the combined organic layers were dried with
MgSO, and concentrated in vacuo. The crude product was purified by flash
chromatography (hexane/EtOAc=3:1). A total of 107 mg (72%) of
pyrrolidinol 20 was obtained as a colorless solid: R;=0.32 (EtOAc);
[a]f =+423.6 (c=1.0 in CHCl;); m.p. 79°C; '"H NMR (300 MHz): 6 =1.50
(ddd, 2J(HH)=144Hz, °J(HH)=6.0Hz, °*(HH)=12Hz, 1H;
CHHCHOH), 1.64 (brs, 1H; OH), 2.33 (ddd, 2/(H,H)=14.4 Hz,
3J(HH)=93Hz, °J(HH)=64Hz, 1H; CHHCHOH), 233 (dt,
3J(H,H) =3.6 Hz, *J(H,H) =75 Hz, 1H; CHCHOH), 2.44 (s, 3H; CH,),
2.48-2.56 (m, 1H; NCHCH,), 2.64 (dd, 2J(H,H)=13.2 Hz, 3J(H,H) =
8.5Hz, 1H; CHHPh), 2.84 (d, 3J(H,H)=75Hz, 2H; CH,CHCHOH),
3.00 (dd, */(H,H)=13.2 Hz, *J(H,H) =3.7 Hz, 1H; CHHPh), 3.69-3.71
(m,1H; CHOH), 7.18-7.29 (m, 10H; 2Ph); B*C NMR (75.5 MHz): 6 =33.8
(CH,Ph), 38.1 (CH,Ph), 38.6 (CH,), 40.8 (CH,CHOH), 66.4 (CH,CHN),
70.3 (CHOH), 73.3 (CHOHCHN), 126.0 (C,,), 126.1 (C,,), 1282 (2C, C,,),
128.3 (2C, C,,), 129.2 (2C, C,)), 129.6 (2C, C,,), 139.0 (C,,), 139.4 (C,,); IR
(KBr): #=3465 cm™! (vs, OH), 3025 (m), 3030 (m, C,—H), 2975 (m), 2920
(m), 2780 (m, C—H), 1495 (m), 1450 (m), 1030 (m), 935 (m), 755 (m), 700 (s,
C—H); MS (70 eV, EI), m/z (%): 280 (0.6) [M —H]*, 190 (100) [M —
CH;]*, 174 (27) [C,,HsN]*, 91 (35) [C;H;]*; HRMS caled (u) for
C,yH,,NO ([M* —H]): 280.1701; found: 280.1707.
N-Methoxycarbonyl-4,5,6-trihydropyridine (21): The reaction was carried
out folowing general procedure A starting from N-methoxycarbonyl-2-
piperidinone!* on a 20-mmol scale. After work-up, the residue was purified
by flash chromatography (P/TBME =90:10). A total of 1.78 g (63 %) of
trihydropyridine 21 was obtained as a colorless oil. The analytical data were
in accordance with those reported in the literature:* R;=0.62 (TBME);
'H NMR (300 MHz): 6 =1.72-2.05 (m, 4H; NCH,CH,CH,), 3.48-3.61
(m, 2H; NCH,), 3.71 (s, 3H; OCH;), 4.77-4.98 (m, 1H; NCHCH), 6.69
[6.83] (d, 1H; 3J(H,H)=8.3 Hz; NCH); *C NMR (75.5 MHz): 6 =214
[21.2] (NCH,CH,), 21.6 (NCHCHCH,), 42.3 [42.1] (NCH,), 52.8 (OCHs),
106.2 [106.4] (NCHCH), 125.3 [124.9] (NCHCH), '*C signal for NCOO was
not obtained.

(2SR,3SR)-N-Methoxycarbonyl-2-benzyl-3-piperidinol (23): According to
the typical hydrogenolysis procedure oxetane 21 (65.0 mg, 0.19 mmol) was
cleaved hydrogenolytically in 2h. Flash chromatography (P/TBME =
80:20) yielded 49.0 mg (88 %) piperidinol 23 as a colorless oil: R;=0.13
(P/TBME =40:60); 'H NMR (300 MHz, CDCl;): 6 =122-191 (m, 4H;
NCH,CH,CH,), 279 (d, *(HH)=112Hz, 1H; CHHPh), 2.83 (d,
JJ(HLH)=112Hz, 1H; CHHPh), 293 (ddd, 2J(H,H)=13.9 Hz,
3J(HH) =3J/(H,H) =29 Hz, 1H; NCHH), 3.03 (dd, %/(H,H)=13.9 Hz,
2J(H,H)=3.8 Hz, 1H; NCHH), 3.33 (s, 3H; OCH,), 3.82-3.92 (m, 1H;
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NCH), 3.92-4.04 (m, 1H; CHOH), 4.60 (s, 1 H; OH), 7.13-7.29 (m, 5H;
Ph); BC NMR (75.5MHz, CDCL): 6=242 (NCH,CH,), 278
(CH,CHOH), 29.5 (CH,Ph), 378 (CHN), 41.5 (NCH,), 52.2 (OCH,), 69.2
(CHOH), 126.0 (C,,), 1282 (2C, C,,), 129.1 (2C, C,,), 138.9 (C,,), 1562
(NCOO); IR (film): ¥ =3430 cm~' (s, b, OH), 3085 (w), 3065 (w), 3030 (W),
2955 (m), 2935 (s), 2870 (s, C-H), 1680 (s, C=0), 1455 (s, C-H); MS (EI),
miz (%): 249 (0.7) [M]*, 158 (100) [M — C;H,]*, 142 (24) [M — C;H,0]*,
126 (88) [M —PhCHO — CH;]*, 91 (19) [C;H;]*; HRMS caled (u) for
C,H;sNO; (249.31): 249.1365; found 249.1361.
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