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CONCEPTS

Metalloporphyrin Molecular Sieves

Israel Goldberg*!*l

~

Abstract: Crystal-engineering strategies have been sys-
tematically developed for the rational design by self-
assembly of diverse metalloporphyrin molecular-sieve
materials. Cooperative coordination and hydrogen bond-
ing algorithms of molecular recognition proved partic-
ularly useful for this aim. The supramolecular concepts
used in the construction of stable nanoporous solids and
some unique sieve-type structures obtained thus far are
illustrated.

Keywords: crystal engineering - molecular sieves -
nanoporous solids - porphynoids - supramolecular
\chemistry - zeolite analogues )

Introduction

The design of molecular solids with structural and functional
similarity to inorganic zeolites is an exciting challenge in
materials chemistry. Such compounds are an increasingly
important class of materials in the areas of separation,
sorption, sensing, drug delivery, and catalysis, as evidenced
by extensive investigations in recent years of porous organic
solids that intercalate, or possess channels and cages all of
which are readily accessible, to other molecular compo-
nents.: 2 Supramolecular chemistry and crystal engineering
offer an attractive strategy for the formulation of noncovalent
polymeric architectures with tunable nano-sized cavities
(pore dimensions in zeolites normally range from approx-
imately 0.4 to 1.5 nm). These methods involve the generation
of higher-order structures with controlled geometries from
molecular building blocks (“fectons”) by exploring the
relatively weak noncovalent interaction motifs that can exist
between molecules. These interactions should act in a
cooperative and convergent way in order to overcome
competing solvation forces and negative entropy effects, and
to sustain an open lattice with large void volumes. The
supramolecular interaction motifs (“synthons”) to be formed
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therefore require robust tecton units, which are capable of
constructing rigid supramolecular networks through suitably
designed molecular recognition algorithms. The highly direc-
tional and relatively strong binding nature of ligand-to-metal
coordination and hydrogen bonding constitute the most
promising methodologies for target-oriented solid-state syn-
thesis of crystalline materials.®l Recent literature manifests
the enormous progress that has been made over the past
decade in formulations of uniquely structured network and
polymeric solids.

The flat, rigid, and thermally stable metalloporphyrin
framework has turned out to be an extremely versatile and
particularly attractive building block for the designed tailor-
ing of porous solids as well as of other molecular devices.! In
the former context, earlier reports focused on expansive
clathrates and intercalates formed by the meso-tetraphenyl-
porphyrin (TPP, 1) derivative, in which the commonly open

\\‘c Cc

architecture of the lipophilic porphyrin lattice was found to
be strongly conserved by virtue of m— attraction between
the aromatic metalloporphyrin cores and molecular shape
features.’) These materials were classified as “porphyrin
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sponges”, which readily incorporate guest components of
different nature, size, and shape within the lattice pores.
Following this lead, we anticipated that the transformation
from materials with variable interporphyrin voids to materials
with fixed-size tubular cavities (“sieves™) can be achieved by
utilizing tectons with effective molecular recognition sites.
These sites should have capacity for cooperative bonding in
order to allow efficient tesselation of the tectonic units into
rigid network architectures. The availability of the porphyrin
moieties in diverse polyfunctional forms through simple
synthetic modifications facilitates such formulations. In a
typical system, the active sites for the supramolecular
interaction are symmetrically placed at the peripheral posi-
tions of the phenyl rings, and serve for lateral “programming”
of the supramolecular motif. The metal ion inserted into the
porphyrin core provides additional capacity for axial pro-
gramming.’d These features represent two of the most
plausible modes of direct self-assembly of multiporphyrin
polymers.[! In addition, metal ions with characteristic coor-
dination preferences can serve as external templates for
tesselation of network arrangements with desired geometries.

Crystal-Engineering Strategies of Metalloporphyrin
Sieves

Coordination polymers: Coordinative bonds are most signifi-
cant among the thermodynamically labile “noncovalent”
interactions, and appear to be quite effective in the organ-
ization and stabilization of polymeric porphyrin assemblies in
solution as well as in the solid state.””! The pioneering reports
relating to the deliberate assembly of porphyrins into network
solids with large channels appeared in the literature in 1994.
They were based on metallated tetrapyridylporphyrin (TPyP,
2) and tetracyanophenylporphyrin (TCNPP, 3) tectons that
contain metal-ligating functions (aromatic N: or C=N:) on the
periphery.[’¥l Robson and co-workers inserted four-coordinate
copper ions into the porphyrin core and used external
transition metal auxiliaries with tetrahedral coordination
geometry (Cu') to tesselate the Cu''TPyP units into net-
worked coordination polymers. The solid framework struc-
tures they obtained reveal very large channels running
through the crystal, the cross section of which is larger than
1 nm (Figure 1). The porphyrin lattice in these materials takes
up less than half of the crystal volume. The channel space
within it is occupied by highly disordered nitrobenzene
solvent molecules and by counter ions of the Cul-ion template.
However, it has been reported that these frameworks do not
survive solvent removal and that they deteriorate rapidly in
the open air at ambient conditions. In order to eliminate the
need of using an external metal auxiliary (along with its
counter ion), we have used the Zn'TPyP building blocks (as
opposed to Cull, the Zn" ion prefers either five- or six-
coordinate environment). This idea was stimulated also by
earlier observations by Fleischer and co-workers that Zn"T-
PyP readily self-assembles in solution into oligomeric and
polymeric moieties with the aid of direct coordination
between the pyridyl function of one unit to the metal center
of a neighboring unit.” Our efforts led to a successful
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Figure 1. Space-filling illustrations of molecular-sieve materials based on
Cul'TPyP (left) and Cu'TCNPP (right) tectons, which are tesselated by
external Cu' templates.®l The latter have a tetrahedral coordination
environment. The channel voids in these structures are about 1.0—1.2 nm
wide, and accommodate solvent molecules (e.g., nitrobenzene) and counter
ions of the Cu' auxiliaries. The frames outline the crystallographic unit cell
in the corresponding structures.

formulation of a uniquely structured and previously unknown
three-dimensional coordination polymer, through direct in-
terporphyrin interaction, with the porphyrin metal center
acting as a templating agent.’! Two, out of the four, pyridyl
rings of every porphyrin unit are involved in this coordination.
The resulting honeycomb architecture has a trigonal symme-
try and represents a molecular-sieve material with ~0.6 nm
wide channels centered around the threefold rotation axes
and accessible to other species (Figure 2). The walls of these
channels are lined by the uncoordinated pyridyl groups, with
their N-sites exposed to interaction with the adsorbed guest
species (e.g., H,O and MeOH; the small polar solvents
incorporated into this lattice can be readily exchanged in a
reversible manner by related species). More recent evalua-
tions of identical Co"TPyP and Mn'TPyP architectures have
confirmed the high thermal stability (up to 400°C) of this
material, its ability to sorb various small guest molecules (e.g.,
also EtOH, CH;COOH, N,), and its potential utility in shape-
selective catalysis.'”! Similar coordination polymers com-
posed of the Zn"TCNPP building blocks yielded much less
stable intercalation-type structures with chloroform, nitro-
benzene, or anisol guest molecules adsorbed into the lattice.['!]

The TPyP framework itself, with its symetrically disposed
ligating sites, is also an excellent building block for the
generation of heterogeneous supramolecular networks in
combination with other metalloporphyrin units. In this con-
text, we formulated a unique crystalline example of a well-
defined two-dimensional coordination polymer that incorpo-
rates two different porphyrin entities [{Mn'"(TPP)},] - (TPyP) -
(Cl10O,),." These flat polymeric networks stack one on top of
the other and dock one onto another in the crystal; their open
nature gives rise to the formation of channels that penetrate
through the stacked layers (Figure 3). The tubularly shaped
voids criss-cross the porphyrin lattice in perpendicular
directions, and the smallest cross-section distance between
their van der Waals surfaces is about 0.45 nm. They accom-
modate nitrobenzene solvent molecules, which occupy about
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Figure 2. Representation of Zn"TPyP-based honeycomb architecture,
which is tesselated by direct coordination between the metalloporphyrin
building blocks.’l Top: The basic hexagonal motif of trigonal symmetry
formed by the porphyrin units (represented as rectangles, each with four
peripheral N sites and metal ion (M) in the center). This motif extends into
a honeycomb pattern in the equatorial plane. The two-dimensional
networks thus formed stack one on top of the other, and interpenetrate
into one another, along the normal direction to yield a very stable
architecture. Bottom: Space-filling model of the entire structure viewed
down the threefold axis. The effective van der Waals diameter of the
channels which propagate through this solid is about 0.6 nm.

46 % of the crystal volume. It is remarkable that even after
most of the solvent is expelled from the crystal by heating, the
channeled porphyrin architecture in this material is preserved
up to 300°C.[2

Generation of additional heterogeneous multiporphyrin
arrays on the basis of coordination bonds of the TPyP ligand
to external heavy metal auxiliaries (e.g., Cd, Hg, Pb) has been
reported more recently.’¥] Once the metal-templated TPyP
network forms, the porphyrin cores can be further populated
to a varying extent by other metal ions. Yet, these multi-
chromophore materials consist of two-dimensional networks,
some resembling intercalates, and do not have rigidly defined
channels. Inorganic, bimetallic oxide clusters have also been
applied in the construction of microporous organic —inorganic

Chem. Eur. J. 2000, 6, No. 21
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Figure 3. Top: Schematic illustration of the heterogenous coordination
polymer constructed from TPyP and Mn"™'TPP units (the ClO,~ counter
ions are omitted for clarity). Bottom: Space-filling model of the crystalline
material, showing 0.45nm wide (at the narrowest point) channels
accessible to other species.!'”]

hybrid frameworks, with the aid of hydrothermal synthesis.!"*]
These frameworks represent tesselated TPyP networks in
which the monomeric porphyrin units are linked to each other
through bimetallic oxide chains into a single-frame three-
dimensional structure. They have sizeable pores between the
inorganic templates, and can be reversibly sorbed and
desorbed by water and alcohols (but not by hydrocarbons)
up to about 15 wt%.

Hydrogen-bonding polymers: Parallel efforts have been
devoted to the utilization of hydrogen bonds as effective
means of structural control in the design of multiporphyrin
architectures. Recent findings confirm that cooperative hy-
drogen bonding alone can provide enough mechanical
strength to sustain a large amount of empty space in organic
crystals.® Porphyrin tectons that contain multiple self-
complementary recognition sites on the molecular periphery
are particularly attractive here, as they may induce sponta-
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neous self-assembly of supramolecular aggregates which
extend in different directions. However, initial efforts with
TPP units substituted by the hydroxy sensor groups were not
particularly successful in the formation of three-dimensional
networks. Our design was based on layered supramolecular
patterns with 4-hydroxyphenyl porphyrins,'! while others
constructed columnar motifs with the aid of 3,5-dihydroxy-
phenyl derivatives.'”? In many of these structures large
solvent-filled channels or cavities (often exceeding 50% of
the crystal volume) with cross sections of about 0.6—0.7 nm
are present. Yet, these arrays were found to assemble in a
flexible manner, to yield mostly clathrates and intercalates
rather than rigid three-dimensional networks. Other note-
worthy investigations involved the tetra(4-amidophenyl)por-
phyrin (TAPP, 4), tetra(4-carboxyphenyl)porphyrin (TCPP,

N _N
HN—¢ ! J Ny NHz
N= ¢ yu
NH, H,N

5), and tetra[4-(3',5"-diaminotriazino)phenyl]porphyrin (TDTPP,
6) tecton units. The large size of the central porphyrin core in
these molecules, along with the topological constraints
associated with optimized intermolecular binding between
the self-complementary recognition groups, dictate the for-
mation of porous networks with large void volumes. Their
properties can be tuned by the nature of the functional
substituents and the shape of a template applied. Gaining
further control of the packing of such layers in the normal
direction is essential in order to construct a molecular-sieve-
type structure, rather than a common clathrate.

Formation of open two-dimensional multiporphyrin arrays
through cooperative hydrogen bonding between constituent
species could be easily achieved. The Zn"TAPP units form
networks that do not interpenetrate in the presence of
dimethylsulphoxide template, and have interporphyrin cav-

3866 ——
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ities of van der Waals dimensions of about 0.6—0.7 x 1.0 nm.[®!
The Zn"TCPP entity reveals two different modes of layered
polymeric arrangements through self-complementary hydro-
gen-bonding between the terminal carboxylic functions of
adjacent porphyrins.'®! Sodium or potassium 18-crown-6
chlorides were found to be excellent templates for the
construction of non-interpenetrating networks with 0.85 x
1.1 nm? interporphyrin voids sustained by chain-polymeric
self-assembly of the carboxylic functions. Different Zn"TCPP
arrays with even larger van der Waals cavities (approximately
1.6 nm wide), directed by cyclic dimeric (COOH), modes of
self-assembly, could be obtained from other environments.!'’]
These cavities are already larger than a single monomeric unit
of the hydrogen-bonded polymer, and in the absence of a
suitable template such networks tend to interlock into one
another in order to fill the void space. Consequently, it has
become clear that in order to prevent interpenetration it is
essential to use sizeable solubilizing and templating agents
with a low tendency to interact with the Zn"TCPP lattice. This
was realized by using tetra(aminophenyl)porphyrin. This
molecule bears four amino groups that on the one hand
represent non-complementary binding sites for self-assembly
and on the other hand are weaker proton donors than the
carboxylic function. It can therefore serve as an excellent
templating agent to nucleate the open lattice structure.

The resulting solid consists of very efficiently hydrogen-
bonded open networks of Zn"TCPP, which stack in an almost
overlapping manner along the normal direction at an average
interlayer distance of 4.68 A (Figure 4).2% Effective m—mnt
forces, a fundamental property of the porphyrin—porphyrin
interaction in these large aromatic systems,'':2!] stabilize the
stacked organization of the layers. The resulting molecular-
sieve structure occupies only 39 % of the crystal volume and
contains 1.5nm wide (at the narrowest point) channels
propagating through the crystal. In the analysed material,
the channels were partly occupied by nitrobenzene. While
these crystals deteriorate slowly when left in an open air
(loosing the solvent), they are quite stable when covered with
a very thin layer of light oil. In fact, as confirmed by
diffraction spectra, their structure and morphology remain
unchanged (apart from natural thermal expansion or con-
traction) upon heating and cooling within the range from
—160 to +80°C.>

Tesselation of porphyrin-based network motifs with even
larger void volumes, has been demonstrated in crystals by
incorporation of the diaminotriazine functions to the molec-
ular building blocks. These functions have much higher
hydrogen-bonding capacity, spatial flexibility, and more
diverse directionality features than the carboxylic group.
Indeed, the correspondingly functionalized porphyrin moiety
TDTPP (6), has been successfully applied to the construction
of a uniquely structured solid that consists of flat multi-
porphyrin networks with unprecedently large voids, 2.2 x
2.2 nm2? These assemblies mutually interpenetrate with
each other and yield a spectacular concatenated arrangement
sustained in three dimensions by cooperative hydrogen
bonding (every porphyrin unit takes part in sixteen hydrogen
bonds). The resulting architecture is quite stable below 80°C.
It represents a molecular-sieve material, with only 0.6 nm
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Figure 4. Stable molecular-sieve structure based on Zn"TCPP building
blocks.?! It consists of open, two-dimensional supramolecular arrays
sustained by multiple hydrogen bonding (top), which stack very efficiently
in an overlapping manner along the normal direction through strong wt—m
attractions (bottom). The effective van der Waals width of guest-accessible
channels in this material is about 1.5 nm.

wide channels that propagate through the crystal between the
interweaved networks, and are accessible to other molecules
(Figure 5; suitably sized guest molecules such as N,N'-
dimethyl formamide or tetrahydrofuran are incorporated
readily within this lattice). A sufficiently large template which
may prevent the interpenetration and induce the formation of
molecular sieves with >2 nm wide channels has not been
identified as yet.

Porous TCPP-based structures sustained by concerted ion-
paired coordination and hydrogen-bonding: Various modes of
coordination of carboxylic groups to metal ions have been
reported in the literature, and we thought that they could be
useful in the design of metalloporphyrin sieves as well. In this
context, we have formulated extended networks of the TCPP
tecton through multiple coordination of metal ion templates
to partly deprotonated carboxylic substituents.”*! Such tem-
plates may provide higher enthalpic driving force for the self-

Chem. Eur. J. 2000, 6, No. 21
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Figure 5. Top: Supramolecular networks of the large Zn"TDTPP building
blocks sustained by multiple hydrogen bonds. The distance between
opposite van der Waals walls of the interporphyrin void space is about
2.2 nm. Bottom: Space-filling representation of the robust crystal structure,
which consists of interwoven hydrogen-bonded networks, and is perforated
by 0.6 nm wide channels propagating through the solid.”!

assembly process by combining the soft and thermodynami-
cally reversible hydrogen-bonding interactions with stronger
ion-pairing attractions between the assembling entities. Tes-
selation of new supramolecular motifs of TCPP by ion
templates has been recently demonstrated in crystals, which
characterize a series of mononuclear (Na* or Zn?*) and
binuclear [(Na'), or (K%),] metallo-carboxylic/carboxylate
interaction synthons (Scheme 1).2% 24 The former yield either
flat or diamondoid multiporphyrin networks depending on
the coordination geometry around the metal ion templates:
square-planar (around Na‘) or tetrahedral (around Zn?*).[*!
In the solid, the flat arrays are effectively held together in an
overlapping manner by stacking ;- interactions with about
0.6 nm wide channels, which are accessible by guests, prop-
agating through the layers in the normal direction. The robust
diamondoid arrays of Zn"TCPP, templated by Zn** ions,
extend in three dimensions, and the only way to pack them in
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Scheme 1. Mononuclear (Na*, Zn?*) and binuclear [(Na*),] metallo-
carboxylic/carboxylate interaction synthons. Every carboxylic or carbox-
ylate group shown belongs to a different TCPP building block in the
assembled structure.

a condensed crystalline phase must involve interpenetration.
This assembly mechanism through ion-pairing is assisted by
additional intermolecular hydrogen bonding between the
converging Zn"TCPP units. Spacious channels run through
the crystal between the interwoven porphyrin arrays in this
material (Figure 6). They have an average diameter of
0.75 nm, account for more than 50 % of the crystal volume,
and are partially filled in a diffused manner by numerous
solvent molecules of crystallization (methanol and ethylene
glycol), which can be easily exchanged by other species of
comparable or smaller size. The geometric rigidity of this
architecture imparts to it attractive molecular-sieve features.

The high significance of cooperative hydrogen bonding and
coordination forces, acting in concert, for the formulation of
Zn"TCPP-based networks with considerable structural integ-
rity is best demonstrated by a successful formulation of a
stable metalloporphyrin zeolite analogue (Figure 7).2* This
material constitutes an open, single-framework, three-dimen-
sional polymer in which individual metalloporphyrin units are
cross-linked both axially and equatorially by ion-paring
interactions, metal —ligand coordination, and hydrogen bond-
ing. This fascinating architecture is a very unique example of a
deliberately designed solid that is fully sustained by specific
and directional intermolecular interactions and not by virtue
of van der Waals forces, as is commonly observed in molec-
ular crystals. Closely packed bilayers of the Zn"TCPP tecton
are linked together through the disodium templates and
interporphyrin hydrogen bonds. Successively displaced bilay-
ers are interlinked axially by 4,4’-bipyridyl ligands coordinat-
ing to the zinc ions. The lattice of this material is perforated by
open galleries, which extend between the bipyridyl pillars
parallel to the plane of the porphyrin bilayers, and were found
to be partly filled by diffused methanol solvent. The cross
sections between the van der Waals surfaces of these pillars
are 0.8 x 1.0 and 0.8 x 1.25 nm? The framework lattice in this
material occupies only 42% of the crystal volume. Yet, it
appears to preserve its porous structure and survive expulsion
of most of the volatile solvent upon heating of the crystals to
about 150 °C. Simple exchange experiments at room temper-
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Figure 6. Molecular-sieve structure based on anionic Zn"TCPP networks,
tesselated by Zn?* metal ion auxiliaries.”! Top: The basic aggregation motif
of the porphyrin entities around the Zn?>* templates (large open circles).
Bottom: Space-filling model of the crystal structure. The hexagonally
shaped channels, which extend between the interpenetrating diamondoid
arrays, have an average van der Waals diameter of about 0.75 nm.

ature indicate that this lattice can absorb reversibly many of
the common organic solvents.

Conclusions

The ability to generate low-density, stable crystalline solids
that consist of a single-frame, three-dimensional lattice, in
which more than 50 % of the crystal volume constitutes open
straight channels accessible to other molecules, provides a
promising perspective for new robust molecular solids and
zeolite mimics with interesting and useful properties. Some of
the materials described above represent nanoporous molec-
ular solids with ordered arrays of open channels and
unprecedented structural rigidity at high temperatures, which
are due to the cooperative effect of the supramolecular
interactions engineered into the metalloporphyrin tectons.
This stability makes reversible sorption and desorption
processes (associated with diffusion of the sorbed molecules
through the interporphyrin channels) feasible in these solids,
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Figure 7. A uniquely structured molecular-sieve material that resembles a zeolite.?* It is composed of anionic networks (bilayers) of Zn""TCPP, templated by
Na* ions and cross-linked by 4,4"-bipyridyl bridges. Left: Two perpendicular views of the crystal-engineered assembly, showing the van der Waals dimensions
of the open galleries between the bipyridyl pillars which perforate the structure. Right: A perspective space-filling illustration of the nanoporous crystalline

architecture.

as in inorganic zeolites. Other solids loose their crystallinity
upon expulsion of the intercalated guest, but they can be
readily regenerated in a microcrystalline form upon exposure
to the vapour of a suitable guest/template component. In view
of the continuously growing interest in such materials, there
can be little doubt that many new zeolite analogues will be
formulated in the near future. These remarkable achieve-
ments in nanoscale supramolecular synthesis of molecular-
sieve architectures establish a potential for the design and
development of a new generation of useful functional
materials.
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Hierarchical Self-Organization of Perylene Bisimide — Melamine Assemblies
to Fluorescent Mesoscopic Superstructures

Frank Wiirthner,*?! Christoph Thalacker,?! Armin Sautter,*! Wolfgang Schartl,"!
Wolfram Ibach,'“! and Olaf Hollricher!*!

Abstract: A series of three perylene
tetracarboxylic acid bisimide dyes
3a-c bearing phenoxy substituents at
the four bay positions of the perylene
core were synthesized and their com-
plexation behavior to complementary
ditopic dialkyl melamines 8a-c¢ was
investigated. Binding constants and
Gibbs binding energies for the hydrogen
bonds between the imide and the com-

the degree of polymerization of (3-8),
are discussed, and a general formula to
estimate the chain length of [AA -BB],
nylon-type supramolecular polymers is
derived. In addition to the formation of
a hydrogen-bonded supramolecular
chain, - interactions were observed
for perylene bisimide — melamine assem-
blies 3b-8b and 3b-8c in aliphatic
solvents. The orthogonal nature of hy-

drogen bonding and ;- interactions
leads to three-dimensional growth yield-
ing large-sized aggregates already in
dilute solution. On suitable substrates,
densely intertwined networks of nano-
to mesoscopic strands are formed which
have been investigated by electron
microscopy, confocal fluorescence mi-
croscopy and optical polarization micro-
scopy. The high fluorescence and excel-

plementary melamine moiety have been
determined in several solvents by NMR
and UV/Vis titration experiments with
monotopic model compounds 5 and 9.
The effects of the solvent polarity and
specific solvent—solute interactions on

nanostructures

istry

Introduction

In nature, complex functional units are organized hierarchi-
cally over several length scales by multiple noncovalent
interactions.!!:. As an especially intriguing example, the
structure of the light harvesting complex of purple bacteria
has recently been elucidated, in which hundreds of chloro-
phyll and carotene molecules are organized within highly
symmetric cyclic structures.’l Based on their optimized
arrangement in space these “antennae” are able to take up
a maximum of solar energy and transfer it to the reaction
center where charge separation takes place. In contrast to a
number of noncovalently assembled model systems contain-
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lent photostability of these superstruc-
tures is promising for future studies on
energy migration and artificial light
harvesting at the nano- and mesoscopic
length scale.

noncovalent

ing porphyrin and phthalocyanine dyes,”! the organization of
the chlorophyll chromophores within this light harvesting
system is only marginally based on m—m interactions, but
mainly on the interaction of the dyes with the protein matrix.
In simplified terms, these protein units play the part of a
“molecular glue” to ensure 1) the optimal positioning of the
chromophores in space and 2) the control of their interactions
for maximization of the vectorial transport of excitation
energy from the outer pigments to the central unit which
contains the reaction center of photosynthesis.

This fascinating architecture and its unique functionality
motivated us to conceive defined functional nano- and
mesoscopic structures from complementary molecular build-
ing blocks with the final goal of artificial light harvesting. In
order to ensure a most rational and variable design, one of the
building blocks should bear the functional properties, whereas
the other should provide the scaffold similar to the protein in
the light harvesting complex. A promising supramolecular
synthon for this purpose is given by the highly directional
triple hydrogen bonding of bisimides with ditopic melamines
which has been successfully used to design a number of
supramolecular assemblies.” The ditopic nature of both
binding partners should lead to an association polymer in
form of a linearly or helically grown tape structure. Additional
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Scheme 1. Formation of functional superstructures by hierarchical self-organization involving orthogonal intermolecular interactions as given with hydrogen

bonding, w—m- and alkyl chain interactions.

weaker interactions between the m surfaces of these chains
might lead to a further organization process to three-dimen-
sional structures similar to the folding of peptide chains in
proteins (Scheme 1).

Tetraphenoxy substituted perylene bisimides were chosen
as functional building blocks, which are known to exhibit
particularly promising optical properties, that is fluorescence
quantum yields of almost 100% as well as a very high

Abstract in German: Die Synthese von drei Perylentetracar-
bonsdurebisimid-Farbstoffen 3 a— ¢ mit unterschiedlichen Phe-
noxysubstituenten in den ,, Bay“-Positionen des Perylenkdrpers
und ihr Komplexierungsverhalten mit komplementiren Di-
alkylmelaminen 8 a— ¢ wird beschrieben. Mittels der monotopen
Modellverbindungen 5 und 9 wurden die Bindungskonstanten
und die Freien Enthalpien der Wasserstoffbriickenbindung
zwischen den Imidgruppen und den Melaminen in zahlreichen
Losungsmitteln mittels NMR- und UV/Vis-spektroskopischer
Titrationsexperimente bestimmt. Die dabei beobachteten spe-
zifischen und unspezifischen Wechselwirkungen zwischen den
Bindungspartnern und dem Losungsmittel und ihr Einfluf3 auf
den Polymerisationsgrad von (3-8), werden diskutiert und
eine allgemeine Formel zur Abschitzung der Linge supramo-
lekularer Polymere vom Nylon-Typ [AA—BB], wird abgeleitet.
Zusdtzlich zur Ausbildung einer mittels Wasserstoffbrii-
ckenbindungen verkniipften supramolekularen Kette konnten
fiir die Perylenbisimid — Melamin-Assoziationspolymere 3 b -
8b und 3b-8c w—m-Wechselwirkungen beobachtet werden.
Durch die orthogonale Natur von Wasserstoffbriicken- und 7t —
w-Wechselwirkungen findet ein dreidimensionaler Wachstums-
prozefl zu ausgedehnten Aggregaten bereits in verdiinnter
Losung statt. Nach Verdampfen dieser Losungen auf geeigne-
ten Oberflichen wurden dicht ineinander verwundene Netz-
werke nano- und mesoskopischer Stringe erhalten, die mit
elektronenmikroskopischen Methoden, konfokaler Fluores-
zenzmikroskopie, sowie Polarisationsmikroskopie charakteri-
siert werden konnten. Die intensive Fluoreszenz und die
Photostabilitit von 3b-8b, c-Uberstrukturen erscheinen viel-
versprechend fiir zukiinftige Experimente, mit denen gerichtete
Energietransport- und Lichtsammelprozesse auf der nano- und
mesoskopischen Lingenskala untersucht werden sollen.
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photostability.[>® In this paper we report the synthesis of
tetraphenoxy substituted perylene tetracarboxylic acid bis-
imides, superstructure formation with complementary dialkyl
melamines to give mesoscopic strands and the investigation of
their optical properties. Our studies include careful experi-
ments on hydrogen bonding and it —m interactions in various
solvents using appropriate model compounds, the dependence
of superstructure formation on the substituents at the
perylene and melamine subunits, and the characterization of
the solid complexes by optical spectroscopy, electron micros-
copy, and confocal fluorescence microscopy.

Results and Discussion

Synthesis: Perylene tetracarboxylic acid bisimides are known
as radiant colorants of outstanding lightfastness, chemical
inertness, and high fluorescence quantum yields.? However,
their use as fluorescent dyes required considerable efforts to
overcome their intrinsically low solubility. Thus, Langhals
introduced branched alkyl chains at the imide functionality,®!
whereas Seybold et al. and Miillen et al. developed methods
to introduce solubilizing substituents in the bay region of
these dyes.’l The latter approach seemed to be promising with
regard to soluble functional building blocks bearing free
imide groups for hydrogen bonding. For our studies, three
different phenols were used in order to study the influence of
sterical contributions on solubility and superstructure forma-
tion (Scheme 2).

Our synthesis started with n-butyl substituted tetracarbox-
ylic acid bisimides 1a—c¢ which were treated with potassium
hydroxide in tert-butyl alcohol®™! to give the corresponding
bisanhydrides 2a—c¢. Compounds 2a, b were treated with
ammonium acetate in refluxing propionic acid to yield the
bisimides 3a, b. Owing to the insufficient stability of bisanhy-
dride 2¢ under these conditions, bisimide 3¢ was synthesized
under milder conditions by reacting 2 ¢ with gaseous ammonia
in N-methyl-2-pyrrolidone (NMP) using zinc acetate as a
Lewis acid catalyst.

As a high purity of the compounds is crucial for our studies
on the formation of extended superstructures (vide infra), an
efficient way to purify bisimide 3a was needed, which is
almost insoluble in organic solvents. For bisimide 3b, a higher
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The ditopic melamines 8a—c
were synthesized according to
the literature,' 12 and the
monotopic melamine receptor
9 was obtained by subsequent
reaction of cyanuric chloride 7
with aqueous ammonia in ace-
tone and di(2-ethylhexyl)amine
in DMF according to Scheme 4.

o
1a: R=Ph 2a:R=Ph 3a: R=Ph
1b: R =p-tBuPh 2b: R = p-tBuPh 3b: R =p-tBuPh
1c: R =p-tOcPh 2c: R =p-tOcPh 3c: R =p-tOcPh

p-tBuPh =

Scheme 2. Synthesis and purification of the perylene bisimides 3a—c. a) KOH, tBuOH, 80°C, 10h, 95%.
b) 3a, b: Ammonium acetate (100 equiv), propionic acid, 140°C, 16 h, 60 %; 3¢: Zinc acetate, NMP, 80°C, 8 h,
40%. c) Boc,O (8 equiv), DMAP, DMF, Ar, 25°C, 5 h, 40 %. d) CF;COOH, CH,Cl,, 25°C, 4 h, 98 %.

solubility was also desirable to accomplish chromatographic
purification. Following a recent method for the purification of
lactam pigments,”! the sparingly soluble crude bisimides 3a, b
were treated with di-zert-butyldicarbonate (Boc,0)!' to yield
the highly soluble dyes 4a, b which could easily be purified by
chromatography. In addition to the increased solubility, the
tert-butoxycarbonyl group (Boc),which is widely used in many
fields of synthetic chemistry, has the advantage to be stable
under basic conditions, but can easily be removed in acidic
media or by thermal treatment without even traces of
impurities. Accordingly, the pure Boc-substituted compounds
were deprotected quantitatively with trifluoroacetic acid in
dichloromethane to give pure bisimides 3a, b (Scheme 2).

In order to study binding properties between perylene
imides and melamines, monotopic model compounds are
preferred which form defined complexes of 1:1 stoichiometry.
Thus, the unsymmetrically substituted bisimide 5 was synthe-
sized by subsequent reaction of bisanhydride 2b with 2-ethyl-
hexylamine in toluene and ammonia in propionic acid. Due to
its excellent solubility, compound 5 could easily be separated
from the symmetric by-products by column chromatography.
Another model compound, the N,N'-dialkyl substituted
bisimide 6, was included in our study to estimate the
contribution of it interactions to superstructure formation
(Scheme 3).

R = p-tBuPh 0 >N"o

H /\/j)

5 6

Scheme 3. Synthesis of model compounds for binding studies. a) 2-Ethyl-
hexylamine (1 equiv), toluene, 110°C, 20 h. b) NH; (200 equiv), propionic

acid, 140°C, 14 h, 26 %. c) 2-Ethylhexylamine (4 equiv), propionic acid,
140°C, 16 h, 83 %.
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0 /O& Imide -melamine  hydrogen
4a: R=Ph bonding: Imide - @elamme sys-
4b: R = p-tBuPh tems have been widely used in

supramolecular chemistry, and
for many different compounds
binding constants have been
determined mainly based on
NMR titration experiments.™l
Most of these studies have been
restricted to variations of the

H\N,H | R\N,R
UYLy ey
I
VRN VeV C,)\N//J\u M SN
| | | |
R R H H
8a:R=n-CiH,, 7 9: R = 2-ethylhexyl

8b: R = n-C,H,,
8c: R=n-CgH;

Scheme 4. Synthesis of the melamines 8a-c¢ and 9. a) NH;, dioxane/
ethyleneglycol dibutylether 10:1, 0-10°C, 50%. b) RNH,, dioxane,
NaHCO;, 100°C, 24h, 80-90%. c) NH;, H,O/acetone, 60°C, 4h, 91 %.
d) Di-(2-ethylhexyl)amine, DMF, NaHCO;, Ar, 140°C, 24 h, 58 %.

molecular structure of the assemblies while using the same
solvent, CDCl;. Some work has also been devoted to the
hydrogen bond breaking effect of DMSO or methanol on
hydrogen-bonded complexes in CDCl,.[¥1 However, little
attention has been paid to solvent effects on the same system.
Owing to the remarkably high solubilities of monotopic
perylene 5 and melamine 9 in all organic solvents, we were
able to determine the influence of the solvent on the binding
constant for complex 5-9 over a wide range of different
solvent polarities. Apart from its high solubility additional
advantages facilitated our studies: First, a well-defined 1:1
complex is formed when increasing amounts of melamine 9
are added to a solution of imide 5. Second, the complexation
process of perylene imide 5 can be monitored by different
spectroscopic techniques including NMR-, UV/Vis- and
fluorescence measurements, thus allowing widespread varia-
tions in the respective concentrations.

Upon complexation of perylene imide 5 by melamine 9, the
imide proton signal undergoes a significant downfield shift of
several ppm in the NMR titration experiment, which is
characteristic for hydrogen-bond formation (Figure 1).[* 1410l
In contrast, in UV/Vis titration experiments comparatively
small spectral changes are observed for the perylene chro-
mophore (Figure 2). As we will show later, these spectral
changes are mainly caused by hydrogen bonds from the
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Figure 1. 'H-NMR constant host titration data and calculated lines for the
monotopic host 5 (c=7.0 x 103 molL!) and guest 9 in different solvents.
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Figure 2. Changes in UV/Vis absorbance of monotopic perylene bisimide
5 (host) upon addition of melamine 9 (guest) in methylcyclohexane (host
concentration: ¢=2.5x 10 molL"!). The arrows indicate increasing
melamine concentration. Inset: Regression analysis at A =590 nm.

melamine NH protons to the imide oxygen atoms.'”l Even
with these small changes accurate data evaluation was
possible at several wavelengths, because melamine 9 does
not exhibit interfering absorption bands beyond 300 nm.
Similarly, fluorescence titration studies could be applied if the
excitation and the detection wavelength were varied until a
combination with a good signal-to-noise ratio was found.
However, because of the low concentrations demanded in
fluorescence spectroscopy this method is only useful for
complexes of high binding strength.

As each method has its optimal concentration, the combi-
nation of these three techniques is appropriate to determine
binding constants over a wide range, from about K=5-
5000 Lmol~! by NMR (corresponding to host concentrations
of 0.1-10~* mol L), from K=1000-50000 Lmol~! by UV/
Vis (103-10 molL™"), and for K >10000 Lmol~! by
fluorescence spectroscopy (<1073 molL™!). At the limiting
concentrations both methods should be applied as different
parts of the binding isotherm are covered by the respective
experiments and the different spectral responses may be
related to each other. The latter argument is of high
importance to make sure that the same intermolecular
contact, that is triple hydrogen bonding, takes place in all
solvents studied.

As shown in Figure 1 and Table 1, the binding constant K
and the resulting Gibbs binding energy AG? for the imide —

3874
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melamine association reveal a dramatic dependence on the
solvent. On changing from the moderately polar “standard”
solvent chloroform to less polar solvents such as benzene,
tetrachloromethane, and hexane, K increases by several
orders of magnitude. At a first glance, this result might be
rationalized by the mainly electrostatic nature of the hydro-
gen bond. Accordingly, the lowest binding constants are
observed for the most polar solvent, tetrahydrofurane, and the
highest value for the least polar solvent, n-hexane. For our
approach to build up superstructures from perylene bisimides
and melamines, the significant increase of K in the least polar
aliphatic solvents will become of fundamental importance,
because it allows stronger hydrogen bonding by simply
changing the solvent which is by far easier than extending
the binding motif to more elaborate systems such as
quadruple hydrogen bonding.['®!

However, a closer look at the solvent dependence of K
reveals that apart from solvent polarity (expressed in terms of
the permittivity e, in Table 1), specific solvent-substrate

Table 1. Solvent dependence of binding constants K and Gibbs binding
energies AGyy as determined by 'H-NMR, UV/Vis and fluorescence
titration experiments of the monotopic compounds 5 and 9.

Solvent £, K — AG% O Omax®  Method
[Lmol~!]  [kImol™]
[Dg]THF 7.58 15 6.5 10.87 1248 NMR
[Dg]dioxane  2.21 20 7.4 10.56 1197 NMR
CDCl, 4.81 240 13.6 838 1429 NMR
CD,(Cl, 8.93 270 14.0 855 1412 NMR
CsDg 227 1530 18.2 7.59 1493 NMR
CCl, 223 5080 211 820 1461 NMR
CCly 2.23 4080L! 20.6/° UV/Vis
MCH!! 224 54000 27.0Mb] UV/Vis
MCHL 224 210000 24,711 Fluores.
n-hexane 1.89 90000 28300 Fluores.

[a] As obtained from nonlinear regression analysis for the free (O, and
the bound imide protons (J,,,). [b] Average of data obtained for three
different wavelengths (0= 0.6 kJmol'). [c] Methylcyclohexane.

interactions are important. This is impressively demonstrated
by comparing the K values measured in dioxane, benzene,
tetrachloromethane, and methylcyclohexane (MCH) which
span the whole range from 20 up to 54000 L mol~! in spite of
almost identical permittivities. Indeed, for dioxane one
observes a similarly small binding constant as for the much
more dipolar solvent THF. Obviously, not the permittivity of
these solvents or the related dipole moments of the solvent
molecules are the relevant quantities but the ability of ethers
to act as hydrogen-bond acceptors, which compete for hydro-
gen bond formation with the complementary binding part-
ners. This conclusion is also supported by the small change of
the chemical shift dyy(imide) in ether solvents during the
NMR-titration experiments compared with the other solvents
(Figure 1). Also, for dichloromethane one might have ex-
pected a smaller value for K and AG than for chloroform due
to the larger dipole moment. However, similar values are
measured, which might be explained by the higher CH acidity
of chloroform which provides weak hydrogen-bonding inter-
actions to the basic oxygens of 5 and amino groups of 9.
Finally, in benzene a much smaller binding constant is
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determined than in tetrachloromethane, although both mol-
ecules have no dipole moment. However, benzene has a
rather large quadrupole moment with a positive partial charge
in the o plane and a negative partial charge in the m planes.
Again, this & basicity of the aromatic system might provide
weak hydrogen bonding to the melamine and imide NH
functionalities. Whereas all our observations are easily
explained with chemical intuition the magnitude of the effect
is hard to predict. It seems therefore of primary importance
for supramolecular chemistry to have a closer look on solvent
effects and to establish relationships for the most frequently
used intermolecular interactions.

Further experiments were carried out with ditopic perylene
bisimide 3b and ditopic melamine 8b to make sure that each
of their receptor groups is able to bind the complementary
binding partner. Figure 3 shows the results of the method of
continuous variation of the perylene/melamine concentration
in an NMR experiment for 3b-8b and 5-8b (Job’s meth-
od).l" In both cases the highest amount of complexed imide
is observed close to the theoretical value of 0.5 for 3b-8b and
0.67 for 5-8b. Similarly, the maximum of the Job plot for 3b-
9 appeared close to 0.33. These results support the expected
2:1, 1:1 (= 2:2, respectively) and 1:2 stoichiometry for the
given complexes.

_ o AA

0.8 o & a

06 A

Xcomplex 4”’ - " -

04 oo I

0.2

0.0
00 01 02 03 04 05 06 07 08 09 1.0

XPeMeneH

Figure 3. 'H-NMR Job plots for m3b-8b and a 5-8b in chloroform: mole
fraction of perylene bisimide 3b or 5 bound to melamine 8b (X ompex) as a
function of the total mole fraction of perylene 3b or § (X,ciyicne)- The dotted
lines are auxiliary.

In the next step, NMR titrations were carried out in CDCl,
on these systems using the perylene derivative as the host and
measuring the imide proton shift upon addition of increasing
amounts of one of the melamines. All these experiments gave
evidence for an essentially independent involvement of both
receptor units of the ditopic receptors 3b and 8b, respectively,
showing microscopic site binding constants of K,=
230 Lmol™' (AG°=—13.5kJmol™') between 9 and 3b, K, =
70 Lmol ! between 5 and 8b and K, =60 Lmol ! between 3b
and 8b receptor groups.'”y Accordingly, identical binding
strengths are given for ditopic perylene bisimide 3b and
monotopic perylene bisimide 5, whereas melamine monore-
ceptor 9 exhibits a four times higher binding constant than
ditopic melamine 8b. As this change of K by a factor of four is
exactly the value expected from statistical arguments
(Scheme 5),14 15 Y1 we may assume that no conformational
preferences are present in 8b and no energetically unfavor-
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Scheme 5. Conformational equilibria in melamines 8a-c¢. Because each
RHN group may adopt two different orientations, only one of four possible
structures is suited for complexation of two imides, which explains the
reduced binding constant of 8a—c compared with 9 by a statistical factor of
four.

able rotations of the secondary amino groups around the
N—Cliaine bond precede the binding event.?’]

Due to the significantly lower solubilities of the ditopic
perylene receptors 3a—c¢ compared with the monotopic
receptor 5, titration experiments involving 3a-c¢ could not
be carried out in the less polar solvents. Nevertheless, based
on identical binding strength of the imide units of perylenes §
and 3a-c and the decrease by a factor of four when changing
from melamine monoreceptor 9 to ditopic receptors 8a-c,
binding constants between 3a—c and 8a—c¢ may be calculated
assuming a linear free energy relationship to the binding event
measured for 1:1 complex 5.9 (Table 2, first column).

Supramolecular [:- AA -:-BB - ],-type polymers: In an equi-
molar solution of a ditopic imide 3 and a ditopic melamine 8,
no complexes of defined composition and size are expected,
but polydisperse assemblies (3-8),. For the given example,
each building block possesses two identical binding sites
complementary to those of the other unit. If the labels A and
B are used for the two complementary receptor functionalities
and A --- B describes a single binding event characterized by a
microscopic site binding constant K, ditopic building blocks
AA and BB are considered to associate to give a supra-
molecular polymer [-+ AA -+ BB--],. This situation compares
to some extent to nylon-type condensation polymerization
where a polymer is formed by the reaction between two
bifunctional building blocks. However, in contrast to poly-
condensation reactions, no covalent bond is formed in the
supramolecular polymer and the chain formation process is
fully reversible and highly dependent on the magnitude of the
binding constant and the concentration. If we assume
independent binding events for each interaction between
the complementary receptors A and B (that means equal
binding constants K, for each association between A and B),
the mean degree of polymerization (DP) for such a supra-
molecular polymer can be calculated for a given binding
constant and concentration. The result of such a treatment
has already been described for the simpler situation of an
[+ AA--], type supramolecular polymer with only one type of
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self-complementary receptors characterized by a binding
event A -+ A [32 18 For the case of a [+« AA -+« BB ++ ], polymer
one has additionally to take into account stoichiometry, that is
any deviation from an exact 1:1 ratio of the two building
blocks will cause a substantially diminished mean chain
length.? In order to describe this situation, we could derive
Equation (1) (see Supporting Information), where DP is the
mean chain length or degree of polymerization of the
supramolecular polymer, c¢? and c§ are the total concentra-
tions of the receptor units (i.e., ¢ =2c34 and ¢ =2¢Jg), and
K, is the microscopic site binding constant. With stringent
stoichiometry (c2 =c3), Equation (1) simplifies into Equa-
tion (2), which is the supramolecular version of the well-
known Carothers’ Equation of condensation polymer chem-
istry. Here, p denotes the probability for a receptor A or B to
be bound. It is noteworthy that this Equation is also
applicable to [+« AB-:], (perlon-type) supramolecular poly-
mers which were recently introduced by Gibson et al.[?l

number of monomers

bp= number of assemblies
_ (e’ "
0 1 0 0 1 ? 0.0 0y2 042
2¢c, 7K—+ cA+cB+K— —dc,cp |+ () —(cy)
i n
_ 1 2cl
DP=—= 2)

1- 1 1\?
b ——+ <2c2+—> —4(cy)’
K, K,

Equation (1) provides a general formula for single-chain
supramolecular polymers formed through reversible associa-
tion of AA- and BB-type ditopic receptors. Long-chain
assemblies are only predicted for an exact stoichiometry of
the two receptors A and B, whereas for unequal stoichiometry
the chain length drops rapidly to one (for a plot see
Supporting Information). Even for an exact stoichiometry
long chains of associated molecules are only obtained at high
concentrations and for high binding constants. Thus, the
binding constant has to be at least 50000 Lmol~! to afford
polymer-like properties at practical concentrations. From
Equation (1) we conclude that each order of magnitude
enhancement of the K value will allow polymeric properties to
be observed at about one order of magnitude lower concen-
tration. If we consider the challenge of designing systems
which exhibit such high association constants it is not
surprising that only a small number of supramolecular
polymers have been described until now(*® 2223 (note that
three-dimensional complexation as in host — guest chemistry is
not feasible in the given situation). From the experimental
point of view, these findings also imply very high demands on
the purity of the compounds and the exact stoichiometry of
the two components. This explains why our synthesis required
an additional purification step involving chromatography of
Boc-protected bisimides.

These theoretical considerations could now be applied to
our bisimide —melamine system 3-8 using the binding con-
stants calculated for the various solvents. As shown in Table 2,
concentrations of at least 1072 mol L~ (which corresponds to
15gL-! for 3b-8b) of an exactly stoichiometric mixture of
the ditopic receptors 3 and 8 are required to achieve a
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Table 2. Degree of polymerization (DP) for perylene—melamine com-
plexes (3-8), in dependence of the receptor concentration and the solvent
according to Equation (1) or (2).

Solvent K, [Lmol !]&l ¢ [molL-']®l % Complexation  DPLI
THF 4 2x107? 7 1.1
dioxane 5 2x107? 8 1.1
CHCl, 60 2x1072 41 1.7
CH,Cl, 70 2x1072 44 1.8
C.H, 380 2% 1072 70 33
ccl, 1270 2x1072 82 5.6
MCHWM 13500 2x1072 94 16.9
MCHUI 13500 2x1073 83 5.7
MCHU 13500 2x10 55 22
MCHWM 13500 2x10°° 18 1.2

[a] Assuming a linear free energy relationship for triple hydrogen-bond
formation between (5-9) and (3-8). [b] c=cl=c3=2x[3]=2x[8].
[c] DP =2n. [d] Methylcyclohexane.

considerable percentage of bound receptors for the majority
of solvents studied. Eventually, only for aliphatic solvents, for
example methylcyclohexane, the transition from oligomeric
to polymeric chains takes place giving a considerable degree
of polymerization.

Finally, it is important to note that this treatment describes
the growth of the polymeric chain only based on one single
binding event of high specificity, that is triple hydrogen
bonding between the individual molecules. For chloroform
and other chloroaliphatic solvents, our considerable number
of binding studies using NMR- and optical techniques provide
reasonable evidence for such a situation because here hydro-
gen bonding is the only effective interaction over the whole
concentration range from 107 to 102 mol L~ Other types of
intermolecular interactions between the given building blocks
are lower by orders of magnitude. However, additional
intermolecular interactions become important in other sol-
vents or in the solid state as will be discussed in the next part
of the paper.

n—n Aggregation and hierarchical growth in solution: The
absorption spectra of perylene bisimide dyes 3, 5, and 6 show
two distinct bands in the UV/Vis range (Figure 2). According
to Reisfeld? these absorption bands are assigned to two
different electronic transitions, the S;—S; from 480 to 600 nm
and the S;-S, from 400 to 460 nm. The S;-S, transition is of
high intensity with a transition dipole moment of 2.0 x
10-® Cm (oscillator strength f=0.3) and a polarization
directed along the long molecular axis. The vibronic states
exhibit an energy order of ~1300 cm~! which is typical for the
perylene skeletal vibrations. In contrast, the higher energy
electronic S-S, transition is not observed for perylene
bisimides without substituents in the bay region.’l Tts
transition moment is polarized perpendicularly to the S,—S,
transition and its intensity depends on the respective sub-
stituents at the central part of the chromophore. According to
ZINDO/S MO calculations, both the HOMO and the LUMO
orbital of perylene —bisimide dyes exhibit nodes at the imide
nitrogens which explains that the substituents at this atom do
not influence the optical properties of the chromophore.['”]
On the other hand, the imide oxygens exhibit a significant
amplitude for both frontier orbitals. The bathochromic shift
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and the increase of the lowest energy vibronic band upon
complexation of the imides with melamines are thus attrib-
uted to the polarization of these imide oxygen atoms by
hydrogen bonding (Figure 2).

Whereas the same minor changes in the absorption spectra
are observed in dilution studies of the 5-9 1:1 and the 9-3b -9
1:2 systems in all solvents, significant differences are revealed
in a dilution experiment of the ditopic couple 3b-8c in the
least polar aliphatic solvents, for example methylcyclohexane
(Figure 4). As for 5.9, the lowest energy transition is shifted
bathochromically (=~3 nm) due to hydrogen-bond formation
to the melamines. In addition, however, strong changes in the
intensities of the vibronic transitions of the S,—S,; as well as
the intensity of the S-S, absorption band are observed. Thus,
for the S;—S, band an additional shoulder appears at 600 nm
and the higher energy vibrational transitions gain energy at
the expense of the formerly strongest transition at 560 nm. For
the perpendicular S-S, transition we note a significant
decrease in intensity. Clearly, these changes cannot be
explained by hydrogen bonding to the peripheral imide
moieties alone, but suggest additional contributions resulting
from nt—m interactions (excitonic coupling) and/or alterations
in the intensity of the vibronic transitions due to geometrical
changes, for example aggregation-induced planarization of
the chromophores. It is known for flat perylene derivatives
having no substituents in the central part of the molecule that
aggregation of the s systems will occur at higher concen-
trations giving rise to pronounced excitonic coupling of the
optical transitions.?> 2] However, the significant twisting of
perylene bisimides 3b due to the four phenoxy substituents as
well as the bulky fert-butyl groups will counteract such =
stacking of the perylenes’ aromatic surfaces.’”) This is clearly
demonstrated by bisimide 6 which does not show any change
in the absorption spectrum over the concentration range from
10~* to 10° molL~! in methylcyclohexane. Also in dynamic
light scattering (DLS) measurements no aggregation could be
observed for 6.

Identical concentration dependent changes in the absorp-
tion spectra as for 3b-8c are also observed with melamine 8b
while the shorter chain melamine 8a could not provide the
required solubility to the complex to enter the relevant
concentration range. On the other hand, for 3¢-8b and 3¢-8¢
bearing the bulkier fert-octylphenoxy-substituents a concen-
tration of 5 x 1073 molL~! could be achieved but only the
bathochromic shifts as depicted for the monotopic model
system 5-9 (Figure 2) were observed which points to hydro-
gen bonding as the only significant interaction. It is also
remarkable that the solubilities of fert-butylphenoxy assem-
blies 3b-8b, ¢ in methylcyclohexane were higher by more
than one order of magnitude than those of tert-octylphenoxy
assemblies 3¢-8b, ¢, despite of the usually more solubilizing
tert-octyl substituents. Because of their much lower solubil-
ities, complexes containing perylene bisimide 3a could not be
studied in methylcyclohexane solution in the required range
of concentration.

From the given observations, it seems clear, that the
changes in the absorption spectra shown in Figure 4 reveal a
unique process taking place only for assemblies of tert-
butylphenoxy-substituted bisimides 3b with long-chain mel-
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amines 8b, ¢ in an aliphatic surrounding at a concentration
between 10~ and 10~ mol L. As shown in Table 2, this range
corresponds exactly to the concentration where hydrogen
bonding starts to take effect and an association process to
oligomeric species evolves. These oligomers bear extended
aromatic surfaces constrained in a rather rigid geometry due
to the triple hydrogen bonding between the building blocks.
For such a situation, numerous small mw—m interactions may
sum up to significant forces which drive the assembly in a
second dimension leading to three-dimensional growth to a
mesoscopic system. Although these secondary m—m interac-
tions are weaker than the melamine-imide hydrogen bonds,
both association processes occur simultaneously above a
critical concentration as revealed by a number of well-defined
isosbestic points at 467, 541, and 581 nm (Figure 4). This
observation indicates a cooperative process in which the
evolving hydrogen-bonded polymeric chains aggregate to an
extended three-dimensional supramolecular system of en-
hanced stability compared with a purely one-dimensional
hydrogen-bonded chain (Scheme 1).

To support this point of view additional calculations and
experiments were carried out. First, we applied our model of
independent receptor sites (see above) to gain the best
possible fit to the experimentally observed concentration
dependence of the absorption data for 3b-8¢. As shown in the
inset of Figure 4, the experimental data exhibit a more
pronounced change in absorption around the critical concen-
tration 3 x 10> molL! than the calculated line, which is a
clear sign of cooperativity. Moreover, in contradiction to the

54
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‘ Coo/ Mol L'—+ A
3 [/
e/ 10°

%0 400 500 600

Alnm
Figure 4. Concentration dependent UV/Vis absorption spectra in methyl-
cyclohexane for a stoichiometric mixture of perylene bisimide 3b and
melamine 8¢ (¢c=10° to 10~* molL~"). Arrows indicate changes upon
increasing concentration. Inset: Fraction of bound receptors according to
the experimental values at 525 nm ('¥) and a line-fitting analysis based on a
simple 1:1 model (solid line).

simple association equilibrium described by Equation (2), the
self-organization process of 3b-8c is fully completed already
at a concentration of about 3 x 10~* mol L%, which is at least
one order of magnitude lower than we expected for a simple
hydrogen-bonded system with K, =13500 Lmol~'. At least
this argument holds true for those interactions which affect
the optical transitions of the perylene chromophore which do
not change anymore at higher concentration.
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Second, temperature-dependent UV/Vis absorption studies
of a 5% 107> molL~! solution of 3b-8¢ afforded the same
spectral changes as observed in the dilution experiment
(Figure 5). This is reasonable because the association constant
decreases upon heating due to the higher contribution of
entropy to AG. When the temperature was increased beyond
40°C the perylene bisimide precipitated in form of a violet
film on the cell. This behavior is explained by the low
solubility of free 3b in methylcyclohexane which will not
persist in solution without being bound to melamines by
hydrogen bonds. Similar processes are observed in biological
systems, as for example DNA melting or protein denatura-
tion. If the extinction coefficient at a given wavelength is
plotted against temperature, a sigmoidal graph is obtained,
again indicating a cooperative process (Figure5, inset).
Because of the complicated equilibria and an even larger
number of parameters involved than for the dilution experi-
ment, we were not able to evaluate this experiment quanti-
tatively. However, from the point of inflection a melting
temperature of ~35°C is deduced for assemblies (3b-8c¢),
and a fairly good fit of the data is noted if a formula used for
DNA melting studies is applied to our data.l?® ]

14 t
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20 25 30 35 40
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Figure 5. Temperature dependence of UV/Vis absorption spectra of a 5 x
10-> mol L' solution of perylene bisimide 3b and melamine 8¢. Temper-
ature range 18.7-40.5°C, arrows indicating increasing temperature. At
higher temperatures, 3b precipitated. Inset: Change of absorption at
445 nm (m) and calculated line according to a common model used for
DNA melting studies.?*]

Finally, the molecular assemblies have been characterized
in dilute solution by dynamic light scattering (DLS)."! Here,
for a 5x 10> molL~! stoichiometric solution of perylene
bisimide 3b and melamine 8¢ in methylcyclohexane distinct
correlated scattering could be observed with an angle depen-
dence of the characteristic relaxation time that points to
particles of nonspherical shape. The time intensity correlation
functions could be analyzed with a stretched exponential
decay, with stretching parameters = 0.75-0.80, correspond-
ing to a size polydispersity of the particles larger than 50 %. In
addition, the inverse apparent hydrodynamic radius R,,,(¢)"
showed a nonlinear decrease by more than a factor of two
with decreasing scattering vector ¢ in all cases, as shown in
Figure 6.

By interpolation of the data to ¢ =0, as indicated by the
bold arrow in Figure 6, the z-average hydrodynamic radius of
the aggregates was determined to be about 200 nm. This value
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Figure 6. Inverse apparent hydrodynamic radius R,,,(q)"!, determined
from fitting the time intensity correlation functions G,(g,f) according to
Equation (4) (see Experimental Section) versus the square of the scattering
vector q.

is about two orders of magnitude larger than the average size
of the single dye and melamine components, and therefore
demonstrates the formation of extended superstructures
already in dilute solution. For comparison, the dimension of
the repeating unit of (3b-8¢) given in Scheme 1 is about
2.0 nm x 3.5 nm assuming extended Cj alkyl chains.

In a second experiment, the effect of increasing amounts of
monotopic melamine 9 on the size of (3b-8¢), assemblies has
been studied by DLS and the resulting apparent hydro-
dynamic radii determined at scattering angle 6 =50°, have
been summarized in Table 3. Notably, the size of the
aggregates does not change with the first small fraction of
added 9, but then immediately drops below the experimental
resolution of the DLS technique which means that the
particles in solution are now smaller than 1-2 nm in hydro-
dynamic radius. Here, it should be mentioned that also no
scattering particles could be observed for pure 5x
10=> mol L~! solutions of perylene bisimide 6 in methylcyclo-
hexane, emphasizing the important role of ditopic melamines
for the formation of extended supramolecular assemblies.[3!

Table 3. Apparent hydrodynamic radius R (at a scattering angle 20 =50°)
for samples containing 5 x 107> molL~! of 3b-8¢ in methylcyclohexane
and increasing amounts of melamine 9 as a chain-terminating agent.

Concentration of 9 Receptor ratio R (26=50)
[molL] for 9/8¢ [nm]

0 0 100

1x10-3 0.1 100
3x10°° 0.3 <2

1x107 1 <2
2.5x107* 2.5 <2

To explain the dependence of the particle size on the
amount of added melamine 9 we have to consider exchange
equilibria between the two melamines 8¢ and 9, respectively,
and bisimide 3b. The original solution contains 5 x
103 molL~! 3b and 8¢ which form extended assemblies of
high structural anisotropy with an averaged hydrodynamic
radius of about 200 nm. Therefore, the degree of complex-
ation for 3b and 8¢ is almost quantitative and most 3b and 8¢
molecules are assembled in these particles. However, upon

0947-6539/00/0621-3878 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 21





Self-Organization

3871-3886

addition of the monotopic compound 9, the two melamines 8¢
and 9 compete for the imide binding sites of the perylene dyes.
Our binding data suggest that 9 has a somewhat higher
binding affinity for imides than 8¢ in chloroform, but this
situation might be different in aliphatic solvents in the
presence of additional m—m interactions. Nevertheless, al-
ready a small percentage of exchanged melamines will lead to
significantly smaller hydrogen-bonded chains owing to the
chain terminating properties of the monotopic receptor 9.
Obviously the critical concentration is given at about 2 x
107> mol L~! melamine 9, where the hydrogen-bonded chain
is shortened to such an extent that the capabilities for three-
dimensional growth involving extended m surfaces are lost.
This interrelationship between particle size and w—m aggre-
gation is also confirmed by spectral changes similar to those
given in Figure 4 when 9 was titrated into a solution of 3b-8¢
in an UV/Vis experiment (see Supporting Information). From
these studies we may conclude that 9 has a similar effect on
(3b-8c), assemblies as urea has on the secondary and tertiary
structure of proteins, that is it induces denaturation.

Mesoscopic strands of 3b-8b, c in the solid state: When a 5 x
10~ mol L-! methylcyclohexane solution of equimolar com-
position in perylene 3b and melamine 8b or 8¢ is evaporated
on a formvar/carbon coated grid, a dense network of
intertwined cylindrical strands is formed (Figure 7). Visual-
ization by transmission electron microscopy (TEM) can be

Figure 7. Left: Transmission electron micrographs of mesoscopic super-
structures of 3b-8b after evaporation of a methylcyclohexane solution on
carbon/formvar-coated nickel grids (200 mesh) and staining with uranyl
acetate. The length of the scale bar is 2000 nm. The inset shows a
magnification (scale bar 250 nm). Right: Scanning electron micrograph of
3b-8b after sputtering with a 5 nm chromium layer. The length of the scale
bar is 2000 nm.

achieved by staining either with uranyl acetate or with
osmium tetroxide. As uranyl acetate is applied in an aqueous
solution, but osmium tetroxide is deposited in the gas phase,
we conclude that the formation of the mesoscopic super-
structures is not affected by the staining process, because both
procedures lead to the same result.?? After sputtering the
TEM grid with a 5 nm chromium layer, the strands can also be
investigated by scanning electron microscopy (SEM).

As seen in Figure 7, strands from about 20 nm up to 500 nm
in diameter which extend over several micrometers are
formed. Whereas our light-scattering experiments already
gave evidence for the existence of large-sized aggregates in

Chem. Eur. J. 2000, 6, No. 21

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

5% 1073 molL~! solution further assembly took place with
increasing concentration during the evaporation process
leading to a highly intertwined network of merging individual
strands. The majority of the strands exhibit diameters of
~100nm (arrow 1) which may combine to thicker units
having diameters of 250 nm (arrow 2) or even larger. At a
higher magnification (inset of Figure 7 left) numerous smaller
structures are revealed with a diameter of ~15 nm (arrow 3).
We note that this is still an order of magnitude larger than the
diameter of the constituent molecular building blocks of 3b
and 8b. A better spatial impression of these structures is
provided by SEM (Figure 7 right) which reveals a cylindrical
cross-section of the strands. However, due to the sputtering
technique with 5 nm chromium, the smaller structures are not
visible in SEM anymore. In contrast to 3b-8b, ¢, perylene —
melamine aggregates 3c-8b and 3c¢-8c which do not exhibit
n—m aggregation did not show superstructures. Based on
these results an unambiguous relationship between the
microscopically observed superstructures in TEM and SEM
and the aggregation process on the molecular level detected
by UV/Vis dilution experiments is established. Only those
assemblies 3b-8b, ¢ which exhibit the second interaction
involving the xt systems of the hydrogen-bonded chains afford
extended mesoscopic superstructures visualized by electron
microscopy.

The same superstructures also formed on glass slides which
were previously made hydrophobic by treatment with tri-
methylchlorosilane. On untreated glass surfaces, only irregu-
lar precipitates are observed, probably due to the interaction
of the polar imide and melamine functionalities with the OH
groups of the surface which compete for the hydrogen bonds.
Visualization of these structures was achieved by laser
scanning confocal microscopy (LSCM) as will be discussed
later in the context of the optical properties of the assemblies.
Thicker homogeneous films of 3b-8b or 3b-8c which were
prepared in a similar manner on silanized glass slides reveal
textures under an optical polarization microscope at crossed
polarizers. As these textures do not match textures of
common liquid crystals, we cannot attribute them to a certain
type of supramolecular ordering yet.

It is tempting to speculate on the molecular order of the
mesoscopic assemblies shown in Figure 7. Based on crystal
structures of a number of combinations of ditopic barbituric
acids and ditopic melamines Whitesides and co-workers[*!
could prove the existence of zigzag chain (“tape”) and cyclic
(“rosette”) or helical motifs and establish some general trends
which relate the preferred motif to the size of the substituents
attached to the melamine and barbituric acid building blocks.
For 3b-8b, ¢ the most likely structural motifs are zigzag
chains which are, however, not planar because of the twisting
of the perylene subunits.?’ Such chains might aggregate
through m—m interactions giving highly ordered microdo-
mains as suggested by the isosbestic points of Figure 4 and
preferred diameters and curvatures of the structures in
Figure 7. On the other hand, the disorder introduced by the
twisting of the perylene subunits will limit the dimension of
ordered domains and create linear and curved topologies and
branching of the mesoscopic strands.’¥ Thus, despite of a
number of arguments for structural order at the molecular
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level, that is isosbestic points in Figures 4 and 5, macroscopi-
cally irregular networks are formed.

Fluorescence properties: As pointed out in the introduction,
our main interest in perylene-based assemblies is driven by
the prospect of new nanoscopic functional materials derived
from building blocks which are organized in space by distinct
supramolecular interactions. Energy migration phenomena in
such assemblies might be an especially intriguing application
which could be of significance in the context of artificial light
harvesting. As a first step towards this goal we investigated
the fluorescence properties of perylene bisimides 3b and 5 in
their uncomplexed, hydrogen-bonded and aggregated states.
Both dyes exhibit fluorescence quantum yields higher than
0.90 in different solvents (Table 4). The fluorescence spectra
are mirror images relative to the Sy— S, absorption band, with
a Stokes shift of about 30—40 nm for the 0—0 transition. For

Table 4. Fluorescence quantum yields &; and peak positions A, for
perylene bisimide dyes 3b and 5 in different solvents.

MCH Dioxane Benzene CH,Cl, Isopropanol
3b & 0.93 0.95 0.93 0.98 0.86
A [nm] 592 599 604 614 613
5@ 0.94 0.95 0.93 0.93 0.87
A [nm] 593 600 604 614 615

polar solvents, the fluorescence peak position shifts to higher
wavelengths, and a larger Stokes shift is observed. Interest-
ingly, for dioxane, which is a strong hydrogen-bond acceptor
(see NMR titration experiment), the same high fluorescence
quantum yield is observed as for the non hydrogen-bonding
solvents. On the other hand, for isopropanol which can act as a
hydrogen-bond donor, slightly lower quantum yields are
given. It is likely that these differences are again caused by the
HOMO and LUMO orbitals which exhibit density at the
hydrogen bond acceptor oxygens, but nodes at the hydrogen
bond donating nitrogens.['’l Because of these nodes, hydro-
gen-bonding interactions of dioxane with the imide proton do
not affect the fluorescence properties in contrast to isopro-
panol which interacts with the carbonyl oxygens.

Similar changes in absorption and emission properties are
observed upon hydrogen bond complex formation between
the monotopic perylene dye 5§ and the monotopic melamine 9,
which was examined by titrating § with 9 in methylcyclohex-
ane (Figure 8). With increasing amounts of melamine added,
absorption and fluorescence bands shift to longer wave-
lengths. Based on selected pairs of excitation and detection
wavelengths rather strong changes in fluorescence intensity
are detected which are suited to deduce the binding constants
(vide infra). In the given experiment, however, our interest
was in the change of the fluorescence intensity which was
obtained through integration of the fluorescence spectra and
calibration against the respective fluorescence standard dye.
As can be seen from Figure 8 (triangles, solid line), the
hydrogen-bonded perylene bisimide still exhibits 90 % of the
fluorescence intensity of the free chromophore. Thus, the
fluorescence quantum yield of the hydrogen-bonded complex
5.9 is still 0.80 showing that hydrogen bonding is no major
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Figure 8. Change of the relative fluorescence intensity of perylene
bisimide 5 (¢=10"°molL™!) in methylcyclohexane in the presence of
increasing amounts of melamine 9 as obtained by integration (4, solid line)
and the intensity at a detection wavelength of 610 nm (m, dashed line) in a
fluorescence titration experiment (excitation wavelength 530 nm). The full
set of absorption and emission spectra is given in the Supporting
Information.

radiationless deactivation path for excitation energy in
hydrogen-bonded perylene bisimide —melamine assemblies.
This is a remarkable result, because there are numerous
examples where optical excitation is followed by rapid proton
migration causing efficient fluorescence quenching (“Forster
cycle”).’4

Next, we became interested in the effect of w—m aggrega-
tion upon the fluorescence properties. This was considered to
be an especially crucial point because ;t— interactions are
known to be very favorable for electron migration, which is a
highly competitive photophysical process to energy migration.
Accordingly, methylcyclohexane solutions of 3b-8c in the
concentration range of 107°~10~* molL~! were investigated
by fluorescence spectroscopy. Owing to the high optical
densities of the solutions required for substantial aggregation,
no fluorescence quantum yields could be determined for the
aggregates using the conventional optically dilute method and
a right angle setup. Instead, the front-face illumination
technique was applied on a 1 mm cell and calibration was
accomplished using methylcyclohexane solutions of the non-
aggregating perylene bisimide dye 6 (@;ycy=0.96) at the
same concentrations and under the same experimental
conditions (Figure 9d). For this compound, the emission fine
structure and peak position remain unchanged, but for the
higher concentrations, the observed fluorescence intensity
shows a nonlinear dependence on the concentration. This
deviation from linearity could be fully described by Equa-
tion (3), given in the Experimental Section.

In contrast to 6, the dependence of fluorescence position,
fine structure and intensity on concentration is more complex
for 3b-8c assemblies. As seen in Figure 9a—c, all fluores-
cence spectra of methylcyclohexane solutions of 3b-8¢ show
a close mirror image behavior to the S,—S, absorption band
similar to simple molecular perylene derivatives.l>% 24 The
more dilute solutions where only small aggregates are present,
exhibit fluorescence intensities comparable to the corre-
sponding solutions of 6. However, upon increasing the
concentration to 10~* molL-!, the intensity drops to 19% of
the value obtained for 6 (Figure 9d). At the same time the
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Figure 9. Concentration dependence of absorption and emission spectra of
equimolar complexes of perylene bisimide 3b and melamine 8¢ in
methylcyclohexane: a) 10 molL~!, b)5x 10> molL"!, ¢) 10~ molL"".
d) Fluorescence intensity of methycyclohexane solutions of 6 (m) and
3b-8c (a). For 6, the data points could be fitted according to Equation (3)
(see Experimental Section). For 3b-8 ¢, the data points are connected by an
auxiliary line. The excitation wavelength for fluorescence spectra was
530 nm.
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long-wavelength shoulder at 637 nm gains considerably in
intensity with respect to the emission maximum at 594 nm
(Figure 9¢). The observed loss in fluorescence intensity and
the changes in the spectral fine structure could be related to
light scattering (compare above) or 7t — aggregation. For 7t —
nt aggregated chromophores incorporated into extended
assemblies, fluorescence properties of solid particles (descri-
bed below) are expected and not those of small assemblies in
solution. In this context it is interesting to note the significant
increase of the second long-wavelength emission band at
637 nm compared with the shorter wavelength maximum at
594 nm with increasing concentration. Because this long-
wavelength emission band occurs at the same spectral position
as observed for thin solid films (Figure 10), it is likely that this
band is the major emission band of the aggregated dyes
whereas the maximum at shorter wavelength comes from
smaller hydrogen-bonded assemblies which exhibit higher
fluorescence quantum yields and therefore contribute to a
larger extent to the resulting fluorescence spectra in solution
than the fluorophores incorporated into the large m-aggre-
gated particles.

1.0
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[ 084 0.8
A/ 06- 06 L1
a.u. a.u

0.4 04

0.2 0.2

0.0 T T T T 0.0
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Figure 10. Absorption and emission spectra of a film of assemblies 3b-8¢c
on silanized glass.

Finally, solid state optical properties were studied for the
mesoscopic strands by absorption and fluorescence spectros-
copy and confocal fluorescence microscopy. These studies
became possible because of the excellent photostability of
these perylene —melamine superstructures which do not show
any bleaching even after multiple scans of the same area of the
sample in the confocal microscope. The sample preparation
followed the procedure used for electron microscopic studies,
that is 5 x 107> molL~! solutions of 3b.-8¢ in MCH were
slowly evaporated on a hydrophobic surface which was now a
silanized glass slide. As shown in Figure 11, a dense network
of fluorescent strands is observed which is fairly related to the
TEM and SEM micrographs. Owing to the lower resolution of
the confocal microscope of ~200 nm we cannot distinguish
between smaller and larger strands but we note some
variations in the fluorescence intensity. Figure 10 shows the
absorption and emission spectra of such a sample. Both
exhibit evidence of energetic disorder of the individual
chromophores given by an inhomogeneous line broadening
and an increased Stokes shift. The latter effect might be
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Figure 11. Confocal fluorescence micrographs of mesoscopic superstruc-
tures of 3b-8c¢ on silanized glass at different magnifications. Excitation
40 pW at 543 nm, filter RG 590, time per pixel 2 ms. Fluorescence intensity
100-1500 counts per pixel. Image size a) 50 um x 50 um, b) 10 pm x
10 pm.

1300 cls F pixel

explained by energy transfer processes between the exciton-
coupled dyes which lead to spectral relaxation to the low-
energy tail of the original dye emission spectrum.> Closer
insight into the spectral properties of the mesoscopic strands
was provided by spatially resolved fluorescence spectroscopy.
For this purpose, 128 x 128 spectra were recorded from a
20 pum x 20 um area of the sample.

As can be seen from Figure 12, lines a) and b), the emission
maximum varies from 639 nm to 651 nm when moving from

3882
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the areas with low fluorescence intensity between the strands
to the center of the strands, where the highest intensity is
detected. Also the line broadening is somewhat reduced and
the Stokes shift is increased for the supramolecular strands

1Ll A
a.u. b)

WL
A\)

a) x10

600 650 700 750 800
Alnm — .

Figure 12. Spatially resolved fluorescence spectra of the mesoscopic
superstructures of 3b-8¢ on silanized glass. From a 20 um x 20 um area
of the sample, 128 x 128 spectra were taken. For each graph, 20
representative spectra were averaged a) from the areas of low fluorescence
intensity between the strands (amorphous areas) in Figure 11, b) from the
center of the strands.

compared with 3b in different solvents and assembled states.
Notably a similar bathochromic shift of the emission maxima
has been observed for a perylene bisimide cyclophane by
Langhals and co-workers, which they attributed to excitonic
coupling in a J-type aggregate.’*! Taken together with the
evidence for excitonic interactions given by the changes in the
absorption spectra (Figures 9, 10), we conclude that the
mesoscopic strands exhibit structural and energetic disorder
somewhere in between a crystalline and an amorphous solid
state material.

Conclusion

Following examples from nature, self-organization of func-
tional building blocks to extended three-dimensional super-
structures might open a new avenue towards light harvesting
nanoscopic and mesoscopic assemblies. As a first step in this
direction we studied perylene bisimide — melamine assemblies
which self-organize hierarchically by means of orthogonal
noncovalent interactions as given with hydrogen bonding and
7t— 7 interactions as well as the important role of the solvent.
The latter was elucidated by systematic binding studies
between monotopic receptor compounds 5 and 9 in eight
solvents. These studies confirmed that high degrees of
complexation based on triple hydrogen bonding between
imides and melamines require a noncompetitive environment
as realized only in aliphatic solvents. If appropriate substitu-
ents are introduced into the supramolecular building blocks
for solubilization this approach is an elegant and easy way to
increase the binding constant by several orders of magnitude
and to enable the formation of supramolecular polymers by
triple hydrogen bonding of ditopic perylene bisimides 3 and
melamines 8.
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As our further studies have shown, strong hydrogen
bonding is necessary for the formation of a supramolecular
polymer chain but is not sufficient for the formation of
extended three-dimensional superstructures. Additional in-
termolecular interactions have to be present to accomplish
the formation of extended assemblies already in dilute
solution. The rather rigid nature of the triple hydrogen-
bonded supramolecular chain of (3-8), makes such an
interaction possible by providing an extended aromatic
surface prone to m—m stacking in aliphatic environments.
However, from the nine combinations of perylene bismides
3a-c with melamines 8a-c¢ only stoichiometric mixtures of
tert-butylphenoxy substituted perylene bisimide 3b and long-
chain melamines 8b, ¢ assembled by means of w—m contacts
affording extended three-dimensional superstructures. The
other perylene bisimides are either too insoluble (3a) or
exhibit too bulky substituents (3¢) to accomplish the de-
manded second it — 7 interaction.

The intact functionality of the perylene chromophores
within these superstructures could be demonstrated by bright
fluorescence in dilute and concentrated solutions and on
surfaces as revealed by confocal optical microscopy. We could
show that the fluorescence quantum yield remained almost
unity upon hydrogen bond formation between perylene imide
dyes 3b, S and melamines 8, 9. On the other hand, m—mx
stacking resulted in a reduced fluorescence efficiency in the
solid state environment of the mesoscopic strands as is often
observed for aggregated dyes.*l Remaining questions such as
the packing arrangement of the molecular building blocks
within these assemblies as well as studies on truly supra-
molecular functionalities, for example light harvesting and
long-range vectorial transport of excitation energy within
superstructures of nano- and mesoscopic dimensions are
topics which we will address in the future.

Experimental Section

Materials and methods: Solvents and reagents were purchased from Merck,
Darmstadt (Germany) unless stated otherwise and purified and dried
according to standard procedures.’”! N,N’-Dibutyl-1,6,7,12-tetraphenoxy-
perylene-3,4:9,10-tetracarboxylic acid bisimides (1a—c¢) and 1,6,7,12-tetra-
phenoxyperylene-3,4:9,10-tetracarboxylic acid bisanhydrides (2a—c) were
synthesized according to the literature.> °l The solvents for binding studies
and the preparation of samples for microscopy were of spectroscopic grade
and used as received (methylcyclohexane was purchased from Aldrich).
Column chromatography was performed on silica gel (Merck silica gel 60,
mesh size 0.2-0.5 mm). UV/Vis spectra were taken on a Perkin-Elmer
Lambda 40P spectrometer and fluorescence spectra were measured on a
SPEX Fluorolog 2 spectrofluorometer. NMR spectra were recorded on a
Bruker AC 200 spectrometer using TMS as internal standard.

The melamines 8a—c¢ were synthesized according to literature proce-
dures.[11 121

1,6,7,12-Tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimide (3a):
A solution of 2a (0.19 g, 0.25 mmol) in propionic acid (35 mL) was added
dropwise at 120°C to a solution of ammonium acetate (Fluka, 4.0 g) in
propionic acid (30 mL). The resulting dark suspension was stirred at 140 °C
for 16 h. After cooling to room temperature, the dark solid was collected on
a glass filter funnel and washed neutral with water to give the crude product
(0.15 g,79% ). M.p. >350°C. Purification was accomplished by conversion
to 4a (40 %) and subsequent acidic cleavage of the protecting groups by
adding a solution of trifluoroacetic acid (2.0 mL) in CH,Cl, (3.0 mL) to a
solution of 4a (47.9 mg, 0.05mmol) in CH,Cl, (15.0mL). The dark
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precipitate was separated by centrifugation to give 3a (37.0 mg, 98%);
m.p. >350°C; FAB-MS: m/z (%): 759.2 (100) [M]*; elemental analysis
caled (%) for CysH,oN,Oy (758.8): C 75.98, H 3.45, N 3.69; found C 75.47, H
3.13, N 3.39. Due to its low solubility, no NMR spectra could be recorded
for 3a.

N,N'-Di(tert-butoxycarbonyl)-1,6,7,12-tetraphenoxyperylene-3,4:9,10-tet-
racarboxylic acid bisimide (4a): A solution of di-fert-butyldicarbonate
(Boc,0) (129.8 mg, 0.52 mmol) in dry DMF (1.0 mL) was added at ambient
temperature to a suspension of crude 3a (99.8 mg, 0.13 mmol) in dry DMF
(1.0 mL). 4-Dimethylaminopyridine (DMAP) (1.6 mg, 0.013 mmol) was
added, and the reaction mixture was stirred under Ar for 4 h. The raw
product was precipitated from the resulting red solution by addition of
water (4 mL), collected on a glass filter funnel, washed with water, dried,
and purified by column chromatography on silica (CH,Cl,/n-hexane/
triethylamine 80:16:4) to yield 4a (50.3mg, 40%); m.p.80-100°C
(decomp.); 'H NMR (200 MHz, CDCl;, 25°C, TMS): 6=28.18 (s, 4H),
724 (m, 8H), 712 (m, 4H), 6.94 (m, 8H), 1.64 (s, 18 H; Bu); UV/Vis
(CH,CL,): Ay (£) =578 (44600), 539 (28100), 449 (16600), 279 (37200),
265nm (40900 mol~'dm? cm™!); fluorescence (CH,Cl,): A, =611 nm;
elemental analysis calcd (%) for CsxH,N,0y, (959.0): C 72.64, H 4.41, N
2.92; found C 72.40, H 4.64, N 2.84.

1,6,7,12-Tetra(4-tert-butylphenoxy)perylene-3,4:9,10-tetracarboxylic acid
bisimide (3b): A solution of 2b (0.25 g, 0.25 mmol) and ammonium acetate
(4.0 g) in propionic acid (30 mL) was stirred at 140°C for 16 h. After
cooling to room temperature, the resulting dark suspension was diluted
with water (60 mL). After the reaction mixture was allowed to stand for
3 h, the dark precipitate was collected on a Biichner funnel, washed neutral
with water, dried, and purified by column chromatography on silica gel
(CH,Cl,/MeOH 98:2). The product was isolated from the eluent by
precipitation with MeOH (0.15g, 60%); m.p. >350°C; 'H NMR
(200 MHz, CDCl;, 25°C, TMS): 6 =38.43 (s, 2H; NH), 821 (s, 4H), 7.24
(d, J=8.7Hz, 8H), 6.92 (d, J=8.7 Hz, 8H), 1.30 (s, 36 H; rBu); UV/Vis
(CH,CL,): A (£) =580 (40300), 540 (24700), 452 (16700), 293 (37800),
264 nm (42100 mol-'dm*cm™!); fluorescence (CHCL): A, =618 nm;
fluorescence quantum yield @;=95%; elemental analysis caled (%) for
CyHssN,O5 (983.2): C78.19,H 5.95, N 2.85; found C 77.98, H 6.03, N 2.75. If
larger amounts of pure 3b are desired, a more convenient purification
procedure is given by the conversion to Boc-protected dye 4b and
subsequent cleavage as described for 3a.

N,N'-Di(tert-butoxycarbonyl)-1,6,7,12-tetra(4-tert-butylphenoxy)perylene-
3,4:9,10-tetracarboxylic acid bisimide (4b): This compound was synthe-
sized as described above for 4a, starting from crude 3b (1474 mg,
0.15 mmol), Boc,0O (148.6 mg, 0.60 mmol), and DMAP (1.8 mg,
0.015 mmol). The product was obtained after chromatography and
precipitation with MeOH (74.6 mg, 42%). M.p. 80—100°C (decomp.);
'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =8.21 (s, 4H), 723 (d, /=
9.0 Hz, 8H), 6.82 (d,/=9.0 Hz, 8H), 1.61 (s, 18 H; tBu), 1.29 (s, 36 H; rBu);
UV/Vis (CH,CLy): Ay (8) =583 (44700), 544 (27900), 454 (18300), 288
(40300), 266 nm (45500 mol~'dm*cm™"); fluorescence (CH,CL): An.=
617 nm; elemental analysis calcd (%) for CsgH,N,O4, (1183.4): C 75.11,
H 6.30, N 2.37; found C 74.93, H 6.41, N 2.29.

1,6,7,12-Tetra(4-(1,1,3,3-tetramethylbutyl)phenoxy)perylene-3,4:9,10-tetra-
carboxylic acid bisimide (3¢): A slow stream of NH; was bubbled into a
suspension of 2¢ (0.36 g, 0.30 mmol) and Zn(OAc), (Fluka, 0.25 g) in N-
methyl-2-pyrrolidone (NMP) (50 mL) at 80°C for 8 h. After cooling to
room temperature, the reaction mixture was stirred slowly into 2m HCI
(150 mL). The precipitate was collected on a Biichner funnel, washed with
water, dried, and purified by column chromatography on silica gel (CH,CL,/
MeOH 98:2). The product was isolated from the eluent by precipitation
with MeOH (0.15 g, 40 % ); m.p. 347-350°C; '"H NMR (200 MHz, CDCl;,
25°C, TMS): 6=8.32 (s, 2H; NH), 8.11 (s, 4H), 7.33 (d, J=8.4 Hz, 8H),
6.87 (d,/=8.4Hz, 8H), 1.73 (s, 8H), 1.37 (s, 24 H), 0.78 (s, 36 H; tBu); UV/
Vis (CH,CL,): A, (€) =581 (40100), 544 (25000), 449 (17200), 290 (39300),
264 nm (44200 mol-!dm3*cm™); fluorescence (CH,ClL,): Ay, =614 nm;
elemental analysis caled (%) for CgHgN,O; (1207.6): C 79.57, H 7.51, N
2.32; found C 79.34, H 7.49, N 2.21.
N-(2-Ethylhexyl)-1,6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-tet-
racarboxylic acid bisimide (5): A solution of 2b (493 mg, 0.50 mmol) and
2-ethylhexylamine (82 uL, 0.50 mmol) in toluene (30 mL) was refluxed for
20 h. The solvent was evaporated and propionic acid (30 mL) was added to
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the residue. A slow stream of ammonia was bubbled into the reaction
mixture until its weight was increased by 1.9 g. The reaction mixture was
then refluxed for another 14 h. After cooling to room temperature, the
crude product was precipitated from the red solution by addition of water
(60 mL), washed neutral with water, and dried. Separation of 5 from the
symmetrically substituted by-products was achieved by column chroma-
tography on silica gel (CH,ClL,) to yield pure 5 (140.3 mg, 26 % ); m.p. 315—
320°C (subl.); 'TH NMR (200 MHz, CDCl;, 25°C, TMS): 6 =8.44 (s, 1H;
NH), 8.23 (s, 2H), 8.22 (s, 2H), 7.23 (d, / =8.7 Hz, 8H), 6.82 (d, /= 8.7 Hz,
8H), 4.04 (m, 2H), 1.86 (m, 1H), 1.4-1.2 (m, 8H), 1.29 (s, 36 H; rBu), 0.89
(m, 6H); UV/Vis (CH,CL): A (¢)=579 (44800), 539 (27700), 451
(17800), 288 (45400), 265nm (43000 mol-'dm*cm™); fluorescence
(CH,CL,): Ap =614 nm; elemental analysis caled (%) for C,,H7,N,Oq
(1095.4): C 78.95, H 6.81, N 2.56; found C 78.69, H 6.92, N 2.41.

N,N'-Di(2-ethylhexyl)-1,6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-
tetracarboxylic acid bisimide (6): A suspension of 2b (0.20 g, 0.2 mmol) and
2-ethylhexylamine (0.26 mL, 1.6 mmol) in propionic acid (5.0 mL) was
stirred for 10 h at 140°C. After cooling to room temperature, the red
precipitate was collected on a Biichner funnel and washed with methanol
(0.20 g, 83%); m.p. 304°C; '"H NMR (200 MHz, CDCl;, 25°C, TMS): 0 =
8.24 (s,4H), 723 (d,/ =8.9 Hz, 8H), 6.83 (d, / = 8.9 Hz, 8H), 4.04 (m, 4H),
1.87 (m,2H), 1.4-1.2 (m, 16 H), 1.29 (s, 36 H; rBu), 0.89 (m, 12H); UV/Vis
(CH,CL): Anu (8) =578 (46500), 539 (29000), 451 (17900), 287 (53300),
266 nm (42900 mol-'dm*cm™'); fluorescence (CH,Cl,): Ay, =610 nm;
elemental analysis calcd (%) for CgHgN,Og (1207.6): C 79.57, H 7.51, N
2.32; found C 79.48, H 7.50, N 2.31.

2,4-Diamino-6-di(2-ethylhexyl)amino-1,3,5-triazine (9): A suspension of
2-chloro-4,6-diamino-1,3,5-triazinel! (1.46 g, 10 mmol), di(2-ethylhexyl)-
amine (Fluka, 3.31 mL, 11 mmol) and NaHCO; (0.93 g, 11 mmol) in dry
DMF (50 mL) was stirred under Ar at 140°C for 24 h. After cooling to
room temperature, the mixture was poured into water (200 mL). The
resulting emulsion was extracted with CH,Cl, (3 x 50 mL). The combined
extracts were dried over NaCl, and concentrated to yield a yellow oil (4 g).
Column chromatography on silica gel (ethyl acetate) yielded a colorless oil
(2.9 g) which crystallized slowly at 4°C. The solid was washed with cold n-
pentane to yield colorless tiny crystals (2.02 g, 58 %). M.p. 60°C; 'H NMR
(200 MHz, CDCl;, 25°C, TMS): 6 =4.78 (s, 4H; NH), 3.41 (d, J =73 Hz,
4H), 1.75 (m, 2H), 1.4-1.1 (m, 16 H), 0.87 (m, 12H); elemental analysis
caled (%) for CgH3N; (350.6): C 65.10, H 10.93, N 23.97; found C 65.02, H
10.73, N 23.77.

NMR titration experiments: NMR titrations were performed at 7 x
103 molL-! constant perylene imide receptor concentration (7 x
10> molL! for 5, 3.5 x 103 molL~! for 3b) at a temperature of 298 K.
Aliquots of a guest solution (melamine receptor concentration 3.5 X
102 mol L, containing 7 x 10-3 mol L' host receptor concentration) were
subsequently added to a NMR tube containing an initial volume of 350 pL
host solution. After each addition, a spectrum was recorded. In all
investigated solvents, a sufficiently sharp peak was obtained for the imide
proton throughout the experiment. The association constants were
determined by nonlinear least-squares regression analysis from the change
in chemical shift of the imide proton.*!

UV/Vis titration experiments: Titrations were performed at 2.5 X
107> mol L' constant host concentration at room temperature. Two 1 cm
quartz cuvettes with 1500 pL host solution and 1500 pL pure solvent were
placed in a double beam spectrophotometer. Guest solutions of 2.5 x
10~ mol L' were prepared in host solution and in pure solvent. Aliquots
of these solutions were added to the cuvette with the host solution and in
the reference cuvette, respectively, and a spectrum was recorded after
every addition. The association constants were determined by nonlinear
least-squares regression analysis from the absorbance change at several
wavelengths.l*’]

Fluorescence measurements: Fluorescence measurements were done with
a calibrated SPEX Fluorolog 2 spectrofluorometer, and all spectra were
corrected.

The fluorescence quantum yields were determined by the optically dilute
method™* using N,N'-di(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxypery-
lene-3,4:9,10-tetracarboxylic acid bisimide as reference (Picuc,=
0.96).55% 24 The refractive indices of the solvents used in the quantum yield
calculations were obtained from the CRC handbook.*!! The given quantum
yields were averaged from values at three excitation wavelengths in the
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range from 560 — 590 nm with a standard deviation 0 =2-3 %. All solutions
were prepared from air-saturated solvents. For comparison, the reference
perylene dye was also studied after degasing (six freeze drying cycles at
ultra-high vacuum) to make sure that the influence of oxygen is indeed
negligible for the given chromophoric system.

Fluorescence titration studies: Titrations were performed at 1x
10° molL~! constant host concentration at room temperature. At the
low chromophore concentration which is demanded to rule out quenching
by reabsorption, a large excess of melamine was needed to obtain a
measurable effect. Thus a guest solution of 1 x 10~* mol L~! was prepared in
host solution and added in small aliquots to the cell with the host solution
(initial volume 1500 pL). Spectra with excitation wavelengths of 530 and
570 nm were recorded after each addition. The association constants were
determined by nonlinear least-squares regression analysis from the
fluorescence intensity change at different wavelengths as well as the
integrated fluorescence intensity.!

Fluorescence spectroscopy of concentrated solutions: Owing to the high
optical densities of the solutions required for aggregate formation, these
measurements were not performed using the conventional right angle
setup, but the front face illumination technique on a 1 mm cell. In order to
estimate the quantum yield of the assemblies 3b-8¢, a calibration curve
was established for the non-aggregating perylene bisimide dye 6 (Pycn =
0.96) in methylcyclohexane at the same concentrations and under the same
experimental conditions. For this compound, the emission fine structure
and peak position remained unchanged, but for the higher concentrations,
the observed fluorescence intensity showed a nonlinear dependence on the
concentration. This deviation from linearity could be fully described by
Equation (3), which results from the application of Beer’s law to the
excitation light in the sample.[*!

If — (15‘10(1 _ 8—2.3035(1)(71) (3)

In Equation (3), I; is the observed fluorescence intensity, @; is the
fluorescence quantum yield, 7, is the intensity of the excitation beam,
e(1) is the molar extinction coefficient of the sample at the excitation
wavelength, c is the concentration of the sample, and d is the optical path
length. The concentration-dependent fluorescence intensities for 6 could be
fitted in excellent agreement to Equation (3), which suggests again that 6
shows no aggregation, and more importantly, that reabsorption can be
neglected in this range of concentration and under these experimental
conditions. Moreover, the value of d =0.83 mm which was obtained for the
optical path length from nonlinear regression using Equation (3) is in good
agreement with the cell dimension of 1 mm and suggests that the major
contribution to the fluorescence signal originates from the bulk of the
sample and not from a thin layer at the surface. Therefore, the described
experimental setup was suitable for the investigation of methylcyclohexane
solutions of the aggregated system 3b -8 ¢, which showed more pronounced
changes in the fluorescence intensity for increasing concentrations (Fig-
ure 9d). By comparing the fluorescence intensities observed for 3b-8¢ to
those of 6 at the same concentrations, also for the former quantitative
fluorescence data could be obtained.

Preparation of perylene bisimide - melamine complexes: Equal amounts of
103 molL-! stock solutions of perylene bisimides 3b, ¢ (CHCl;) and
melamines 8b, ¢ (CHCly/methylcyclohexane 1:1) were combined in a flask,
and the solvent was evaporated under reduced pressure. The resulting
violet film was dissolved in methylcyclohexane by sonication for 2 min and
again the solvent was evaporated. This procedure was repeated at least
twice to ensure complete removal of chloroform. The dispersions obtained
were stable for at least seven days (3b-8b) and three months (3b-8c¢).

Dynamic light scattering: Dynamic light scattering (DLS) has been used to
determine the hydrodynamic radius R of 3b-8c assemblies at a concen-
tration of 5 x 107> molL~" in methylcyclohexane. The experimental setup
consisted of a Kr* laser, operating at wavelength A =647.1 nm and laser
power attenuated to 50 mW to avoid local heating of the sample by light
absorption, a homebuilt goniometer to adjust the scattering angle, and a
pinhole detector to measure the scattered intensity as a function of time.
Intensity time correlation functions have been obtained from the scattered
intensity using an ALV 3000 hardware correlator. All samples have been
purified from dust by filtration with Millipore filters, pore size 0.5 um, and
put into cylindrical Suprasil light scattering cuvettes of diameter 10 mm. It
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should be noted that at the beginning, the dye aggregates adsorbed at the
filter to give a nearly colorless filtrate. Therefore, the first 2—-3 mL of
solution were discarded before the sample used for light scattering
experiments was collected. By comparing the absorbance of the filtrate
and the initial solution, we could verify that during this procedure no
change in the concentration had occured. During the measurement, the
samples have been placed in a toluene bath of constant temperature to
avoid diffraction from the glass walls of the cuvettes, and to keep the
sample temperature constant at 7=20°C.

Intensity time correlation functions G,(g,f) have been fitted to a stretched-
exponential decay function according to Equation (4):

Gi(q.t) = (Aexp(—(r)))? “)

A is the signal amplitude, ¢ the correlation time, 7 the characteristic
relaxation time, and f the so-called stretching parameter which provides a
measure for the polydispersity of the sample. For monodisperse spherical
systems, 3 should be 1.0. For polydisperse systems, 3 is well below 1.0, that is
typically 0.7-0.9. Here, it should be noted that 8 provides a quantitative
measure for the standard deviation of the particle size distribution in case a
characteristic distribution function, for example Gaussian, is assumed. The
average relaxation time (t) is calculated according to:
gt
o6 ©)
B

where I is the Gamma function. From (z) and the scattering vector g, the
apparent translational diffusion coefficient D,,,(¢) is calculated:

Dapp(q) = (<T>q2)71 (63)
and

_4ansin (6/2)

S (©b)

with the refractive index n of the solvent, the scattering angle 6 and the
laser wavelength A. Finally, the hydrodynamic radius R,,,(q) of the
scattering particles is calculated by the Stokes— Einstein equation:

R = kT 7
app(q) —m @)

where 7 is the viscosity of the solvent. For monodisperse rigid particles,
R,,»(q) =R is independent of the scattering vector g. For polydisperse
systems, however, the signal at smaller scattering vectors is more
dominated by the particle fraction of larger size, leading to an increase of
the apparent particle size R,,,(q) with decreasing g. An additional
complication occurs in case of non-rigid flexible particles or rod-like
systems: in these cases, intramolecular structure fluctuations and/or
rotational motions of the scattering particles especially at larger ¢, that is
at shorter length scales, contribute to the correlation function and lead to a
decrease of the apparent particle size with increasing q. For these reasons,
such systems are best characterized by interpolating D,,,(q) or R,,,(q)"! to
q=0, that is infinite experimental length scale, where all scattering
particles should contribute to the signal according to their size and
concentration, and the correlation function is dominated by translational
diffusion. The resulting size R,,, (¢ =0)=R therefore corresponds to an
inverse z-average, namely:

YomME R
Y mM?

where M; is the molecular weight of scattering particles of size R;, and »;
their number density.

R ®)

Electron microscopy: For transmission electron microscopy, a drop of a 5 x
10~ molL~! solution of the perylene bisimide —melamine complexes in
methylcyclohexane was evaporated on a formvar/carbon coated nickel grid
(200 mesh). Staining was either achieved by placing the sample on a drop of
concentrated aqueous uranyl acetate solution for 15 min and subsequently
rinsing the sample with water or by exposing the specimen to a saturated
atmosphere of osmium tetroxide vapor for 2h. The specimens were
examined in a Zeiss EM 10 transmission electron microscope operating at
80 kV.
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For scanning electron microscopy, the TEM grids were sputtered with a
chromium layer (5nm) and examined in a Zeiss DSM 920 scanning
electron microscope.

Confocal fluorescence microscopy and spatially resolved fluorescence
spectroscopy: A drop of the perylene bisimide —melamine solution was
evaporated on a glass slide which was previously treated with freshly
distilled trimethylchlorosilane for 12 h and rinsed twice with methanol. The
specimens were examined with a WITec a-SNOM in the confocal
fluorescence mode. For excitation, a He/Ne laser was used (4 =543 nm,
P =40 uW). By using a RG 590 fluorescence filter, only wavelengths above
590 nm were detected. Spatially resolved fluorescence spectra were
measured with a SpectraPro-300i spectrometer (Acton Research Corp.),
which was linked to the confocal microscope by an optical fiber. A 20 um x
20 um area of the sample was scanned (128 x 128 pixel), and a spectrum
was recorded for each pixel.
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Biomimetic Synthesis of the Racemic Angucyclinones of the Aquayamycin

and WP 3688-2 Types

Karsten Krohn,* Peter Frese, and Ulrich Florke!?!

Abstract: The first synthesis of the racemic 8-deoxy WP 3688-2 angucycline
antibiotic (3), with characteristic cis-hydroxy groups at C-4a and C-12b, is reported.

Key steps involve the coupling, mediated by samarium diiodide, of the bicyclic trione
37 to the tricyclic cis-diol 39. Biomimetic aldol cyclization of the corresponding dione
41 gave a mixture of the tetracyclic cis- and trans-3,4 a-diols 42 and 43, which were
oxidized by cerium ammonium nitrate to the quinones 45 and 3. The synthetic

Keywords: aldol reactions - angucy-
clines - antibiotics - biomimetic
synthesis - enediolates - samarium

compounds 45 and 3 corresponded in configuration to the angucycline antibiotics

aquayamicin (1) and WP 3688-2 (2), respectively.

Introduction

The angucycline antibiotics exhibit a great variety of interest-
ing biological activities.>3 They may be classified into the
simpler representatives, with an aromatic ring B in the
benz[a]anthracene skeleton, and the complex and relatively
unstable® compounds with hydroaromatic rings A and B. Of
particular importance are those derivatives bearing two
hydroxy groups in a cis configuration at the ring junction
positions C-4a and C-12b, such as aquayamycin (1) and
WP 3688-2 (2).5] Remarkably, the tertiary hydroxy group at
C-12b does not originate from the polyketide chain, but

WP 3688-2 2

aquayamycin 1

[a] Prof. K. Krohn, Dipl.-Chem. P. Frese, Dr. U. Florke
Fachbereich Chemie und Chemietechnik
der Universitit Paderborn
Warburger Strasse 100, 33098 Paderborn (Germany)
Fax: (+49)5251-603245
E-mail: kk@chemie.uni-paderborn.de
[*] Part 13: see ref. [1].
Supporting information for this article (experimental details and
spectroscopic information for compounds 7-33) is available on the

WWW under http://www.wiley-vch.de/home/chemistry/ or from the
author.
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rather from atmospheric oxygen, as found by Rohr et al.[ The
C-glycosidic aquayamycin (1) is known as a potent inhibitor of
tyrosinell and dopamine hydrolases.®l In WP 3688-2 (2), the
hydroxy groups at C-3 and C-4a are assumed to be in a trans
configuration, as opposed to the more common cis arrange-
ment in aquayamycin (1) and related congeners.>3 From
comparison of optical rotation values, WP 3688-2 (2)[ is
postulated to have opposite configurations at the relevant
stereogenic centres at C-3, C-4a and C-12b, as was proven by
X-ray analysis for sakyomicin A.[%

The assembly of the SF 2315B ring system, which lacks the
hydroxy group at C-12b in 2, was achieved by Sulikowski
et al.l'll and by our group,l'> '3 using strategies based on
Diels— Alder reactions. Recently, we reported on an alter-
native approach of biomimetic type.['! However, with the
exception of model studies in which only parts of the systems
were constructed,!'> 1 no synthesis has been reported of the
entire benz[a]anthracene system, including the two hydroxy
groups at C-4a and C-12b. We now disclose the first synthesis
of racemic 8-deoxy WP 3688-2 (3) and also of 3.4a-cis
compounds related to aquayamycin (1).

Results and Discussion

The background to the biomimetic-type synthesis of these
aromatic polyketides, catalyzed by the polyketide syntheta-
se IT complex,!'”! is detailed in the preceding communica-
tion.'¥] The introduction of the additional hydroxy group at
C-12b required a modified approach, as shown in the
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retrosynthetic analysis in Scheme 1. It was envisaged that a
pinacol reaction would bring about the coupling of the
opposed electrophilic carbonyl groups in S to give the cis-diol
4. For the synthesis of 5, appropriately functionalized and

5 X=protecting, Y=activating groups 6

Scheme 1. Retrosynthetic scheme using a biomimetic strategy.

protected side chains would have to be attached to the
naphthalene core 6. The reductive conditions for the cycliza-
tion step would require hydroquinone dimethyl ethers such as
5 instead of the previously used quinones.'¥! This synthetic
scheme is appealing in its simplicity. However, during its
execution, numerous surprises and obstacles were to emerge,
revealing an interesting spectrum of reactions on the path to
these unstable target compounds.

The pinacol reaction is an efficient method for the reductive
coupling of dicarbonyl compounds.!'¥! Various metals such as
magnesium,['”l low-valent titanium,?” and several lanthanide
halides®!! have successfully been employed for this purpose.
More recently, samarium diiodide has emerged as the reagent
of choice for high-yield, stereoselective pinacol couplings, as
pioneered by Kagan et al.??l and Molander.?* 2l However,
with a very few exceptions,”?" substrates with neighboring
functional groups, as required for our purpose (see Scheme 1),
have seldom been investigated. Therefore, prior to the
conversion of the fully functionalized substrate, a number of
model compounds were prepared in order to test the scope
and limitations of the coupling reaction with a-functionalized
ketones.

Abstract in German: Die erste chemische Synthese des
racemischen Angucyclin Antibiotikums 8-Desoxy WP 3688-2
(3), das sich durch cis-stindige Hydroxygruppen an C-4a und
C-12b auszeichnet, wird vorgestellt. Eine Samariumdiiodid-
vermittelte Kupplung des bicyclischen Trions 37 bildet den
Schliisselschritt beim Aufbau des tricyclischen cis-Diols 39.
Die anschliefiende biomimetische Aldol-Cyclization des ent-
sprechenden Dions 41 lieferte ein Gemisch der tetracyclischen
cis- und trans-3,4a-Diole 42 and 43, die mit Ceriumammo-
niumnitrat zu den Chinonen 45 and 3 oxidiert wurden. Die
syntheischen Verbindungen 45 and 3 entsprechen in ihrer
Konfiguration den Angucyclin Antibiotika Aquayamicin (1)
und WP 3688-2 (2).

3888
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Preparation of starting materials: In principle, there are two
possible reaction sequences for attachment of the side chains
to give §: either the bottom side chain or the top one may be
coupled on first. A C-3 ketone was coupled at the bottom
benzylic bromide of the known dibromide 7% to yield 9, using
the acetone silyl enol ether 8 (Scheme 2) and tetrabutylam-
monium difluorotriphenylstannate ([nBu,N][Ph;SnF,])?" as

\o \o
B Y Br b
OTMS _b_
8
Br a 0\ O
7 o 9
o ~o R
Br
(I -
—_—
0o OTBDMS 0
10 1114
o o [ ] 12 | 13 | 14
(e}
- CH CHs CHs
OBn OBn R=|CHs aﬁ]/ ’KI(
15 OBn (o]

Scheme 2. Synthesis of model compounds for studying the pinacol
reaction. a) 8, [nBu,N][Ph;SnF,], TBAI, THF, —78 to 20°C, 91%;
b) TBDMSOTY, EtN, CH,Cl,, 87%; ¢) 1. nBuLi, THF, —78°C, 2.
electrophile (see text), 3. 2N HCL

the fluoride source to generate the enolate of 8. To avoid
reaction with nBuLi in the subsequent bromine-lithium
exchange, the carbonyl group was protected as the silyl enol
ether 10 (mixture of olefinic isomers). The lithium salt derived
from the bromide 10 was then treated with a number of
electrophiles in the form of acid anhydrides or chlorides
(acetic acid anhydride, 2-benzyloxypropionic acid anhydride
(15), methacrylic acid anhydride, pyruvic acid chloride) to
yield the respective tetrasubstituted naphthalenes 11-14.
For the synthesis of the ketal 20, we explored the possibility
of reversing the reaction sequence (Scheme 3). Thus, the
monobromide 16 was lithiated and then treated with 2-meth-
yl-[1,3]dioxolane-2-carboxylic acid anhydride (17) to afford

Qo == Q0
a
oL oL
16 18

©
/O

1
Scheme 3. Synthesis of the diketoketal 20. a) 1. nBuLi, THF, —78°C, 2. 17
(70%); b) NBS, CCl,, 83%; c) [nBu,N][Ph;SnF,], TBAI, THF, —78 to
20°C 8,49%.
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the acylated naphthalene 18. Radical bromination with N-
bromosuccinimide (NBS) at the aromatic methyl group
proceeded in 83 % yield without affecting the ketal group.
The bromide 19 was then coupled with the silyl ether 8, using
tetrabutylammonium difluorotriphenylstannate as the medi-
ator as described above, to yield the diketone 20. Because of
steric hindrance, the yields for the attachment of the second
side chains were relatively low (39-49 %, non-optimized) but
sufficient quantities of the model compounds 11-14 and 20
were obtained to study the crucial pinacol coupling.

Cyclization of model compounds: For testing the pinacol
coupling, the simplest model in this series was the dimethoxy-
naphthalene dione 11. The reaction was performed with
Sm,?> 24 and with activated magnesium!"! as single-electron
transfer reagents. With Sml,, the anticipated diol 21 was
obtained as a single isomer in 27% yield, while with
magnesium, 21 % of a 1:1 mixture of isomers of 21 (unknown
relative configuration) resulted (Scheme 4, path a). Some
colored by-products indicated that the dimethoxynaphthalene
core might have been attacked. However, in spite of the low
yield, the experiment demonstrated that the coupling was
possible in principle and that the study of more highly
functionalized substrates would be worthwhile.

The next target was the ketal 20. Interestingly, the reaction
with Sml, at —78°C was much cleaner and only one major
product was isolated, in 84 % yield. The spectral data soon
revealed that the dioxolane ring had been opened and that the
seven-membered cyclization product 22 had been formed, as a
single isomer of unknown relative stereochemistry. In an
investigation of pinacol coupling with sugar-derived dialde-
hydes, Hanessian et al.’! stated that “the presence of a ketal
function next to one of the reducible aldehyde groups appears
to cause side reactions.” We propose that the major side
reaction is the result of two successive electron transfer
reactions via intermediates I and II, followed by -elimination
to III and aldol reaction to 22, as outlined in Scheme 4, path b.
This mechanism is analogous to the tetrahydropyran ring-
opening reactions promoted by SmL* or the deoxygenation
of a-oxygenated esters by B-elimination.’] In NMR inves-
tigations, the seven-membered ring of 22, on heating to 100°C
in DMSO, underwent retro-aldol ring-opening to 23, further
confirming the structure of 22.

pB-Elimination and formation of a seven-membered ring,
giving 24, was also the principal outcome of the Sml,-
mediated reaction of the a-benzyloxydione 12 (Scheme 4,
path c).

How could the problem of unwanted seven-membered ring
formation be circumvented? Evidently, the efficacy of the a-
substituent as a leaving group had to be drastically reduced.
Therefore, we turned our attention to the triketone 14, hoping
that rapid twofold electron transfer might lead to a samarium
enediolate that could not undergo pS-elimination. These
considerations were encouraged by some findings of Scho-
bertP?! and of Fiirstner et al.,”’! who observed the formation
of enediolates with “activated titanocene” or in titanium-
mediated cyclizations to coumarins. Aldol reactions promoted
by samarium ion were also recently studied by Fang et al. .l
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Scheme 4. Sml,-mediated cyclization of model diones.

In the event, the Sml,-mediated reaction of the trione 14
gave a 91 % yield of a 1.7:1 diastereoisomeric mixture of the
diols 25 and 26. In principle, the samarium enediolate IV
could undergo two modes of cyclization: A or B (Scheme 4,
path d). Evidently, the formation of the desired six-membered
ring via B is entropically favored. We believe that the facile
Sml,-mediated formation of enediolates and subsequent
reactions with electrophiles will prove to be of general utility,
particularly in the construction of ketodiol functionalities.
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Encouraged by these excellent results for Sml,-mediated
cyclizations by the ionic pathway, we next examined the
matter of the optimal route to fully functionalized precursors
of the triketo structure 5. In particular, it was not known
which reaction sequence (attachment of the top or the bottom
side chain first) would give the best results. Two starting
materials—the benzylic bromides 28 and 32—were selected in
order to study the first option. They were prepared via 16, 27
and 31, in analogy to the methodology (lithiation, acylation,
followed by NBS bromination) outlined earlier in the
preparation of 11-14 (see Scheme 2). Reaction of 28 with
the silyl enol ether 29, and of acetone silyl ether 8 with 32,
resulted in the formation of the cyclization products 30 and 33,
respectively (Scheme 5). The formation of products 30 and 33
can easily be explained by Michael addition or 1,2-addition of
the enolate to the top side chain, followed by nucleophilic
substitution of the benzylic bromide. Therefore, this reaction
sequence was abandoned and we selected the naphthalene
bromide 34[ as the starting material to attach the top side
chain in the second step.

~o o S0 o
NsoqfiNsear
16 — _°.
O O_ Br
27 > 28 O

~N
E D)
_ >
(¢
! 59 o
™~ 30
~o SN0 o
segseq
E— —
O\ O\
16 31
~No o ~No o
o 8
—
e O O
O\ Br o\
32 33

Scheme 5. “Top side chain first” strategy leading to naphthocyclopentane
30 and naphthopyranone 33. a) 1. nBuLi, THF, —78°C, 2. methacrylic acid
anhydride, 57%; b) NBS, CCl, (43% of 28, 67% of 32); c) 29,
[nBu,N][Ph;SnF,], TBAI, THF, 25%:; d) 1. nBuLi, THF, —78°C, 2. pyruvyl
chloride, 21 %; ¢) 8, [nBu,N][Ph;SnF,], TBAI, THF, 12 %.

Lithiation of the silyl ether 35 and reaction with methacrylic
acid anhydride afforded the unsaturated acylation product 36
in 47 % yield, together with the debromination product of 35
(35 %). The double bond was relatively electron deficient, and
osmium tetroxide proved to react too slowly. Therefore, the
much more reactive ruthenium tetroxide in conjunction with

3890

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

sodium periodate was employed to cleave the double bond.
Fortunately, the naphthalene core was deactivated by the
acylation. Nonetheless, the reaction time had to be carefully
monitored to avoid cleavage of the naphthalene ring. In this
way, the triketone 37 could be isolated in 77% yield
(Scheme 6). The crucial Sml,-mediated cyclization gave the

. Jo

|| ~OTBDMS

o) ~o0

Scheme 6. Synthesis of the triketone 37 and its aldol cyclization.
a) TBDMSOTf, Et;N, CH,Cl,, 90%; b) 1. nBuLi, THF, —78°C, 2.
methacrylic acid anhydride, 47 %; c¢) RuO,, NalO,, 77 %, d) Sml,, THF,
18°C (83 % 38+ 39, see Table 1), e) SiO,, diluted H,SO,/CH,Cl, (80 % of
41).

stereoisomeric diols 38 and 39 in 69-83 % yield. The remote
ketal remained completely unaffected. Interestingly, a high
degree of dependence of the isomer ratio on reaction
temperature was observed, as shown in Table 1. At —100°C,
the trans-diol 38 predominated by 2:1, whereas at 18°C the
desired cis-diol 39 was favored by 9:1. The assignment of the
relative configurations of the two tertiary stereogenic centres
in the cyclization products lacking indicative protons was
difficult by NMR methods. Fortunately, the trans-diol 38
crystallized nicely and the structure was proven by X-ray
analysis (Figure 1).

Table 1. Temperature-dependent cis:trans ratio in the Sml,-mediated
cyclization of 37.

Temp. [°C] 39:38 Yield [%]
—100 1:2 72
—78 1:1.7 69
0 8:1 79
18 9:1 83

0947-6539/00/0621-3890 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 21





Racemic Angucyclinones

3887-3896

Figure 1. Crystal structure of trans-diol 38.

In chelation-controlled reactions with low-valent titanium,
McMurry, Rico, and Lectal®! observed the predominance of
cis-diols, as did Molander and Kenny®! in related Sml,-
mediated reactions. However, in the Sml,-initiated coupling
of biaryl dialdehydes, the selective formation of the trans-diol
has recently been observed.® 3" (For the effect of Lewis acids
and the nature of the substrates see reference [38].)

The acid-catalyzed cleavage on silica gel of the cis-diol 39
according to the procedure of Huet etal.*! proceeded
without decomposition, and the dione 41 was isolated in
80% yield. A totally different behaviour was observed with
the corresponding trans-diol 38, which decomposed to the
highly non-polar anthrafuran 40. How can this remarkable
difference be explained? We assume that the increase in the
electrophilicity of the dioxolane ring induced by protonation
enables the axial hydroxy group at C-1 to attack the oxonium
ion of the dioxolane ring (Scheme7, V), to form the
tetrahydrofuran VI. A series of plausible eliminations via
VII and VIII then leads to the very stable anthrafuran 40.
Only the trans-diol 38 can assume a relatively favorable
conformation, as shown in V. From an experimental view-
point, the decomposition of the trans-diol proved to be highly
advantageous. The 9:1 mixture of the diols 38 and 39 (of
similar polarities) was directly subjected to the acidic ketal
cleavage, and the highly non-polar furan 40 could then easily
be separated by flash chromatography. It is also worth noting
that, in the family of non-aromatic angucyclinones, the AB
cis-connected natural products (e.g. 1 or 2) are found
exclusively.

The next step in the synthesis was to decide whether the
oxidative cleavage of the hydroquinone dimethyl ether,
mediated by cerium(1v), had to take place at the stage of the
three- or of the four-membered ring systems. Firstly, the
readily available cis-diol 40 was treated with cerium ammo-
nium nitrate (CAN) under the usual conditions in acetonitrile
solution.*”] Only decomposition to complex mixtures was
observed using this method. Tanoue and Teradal*! recom-
mended a modified procedure, using solid CAN in CH,Cl, in
the presence of a phase transfer catalyst and traces of water.
Indeed, a clean conversion was observed under these con-
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Vil 40

Scheme 7. Mechanistic considerations relating to the acidic decomposition
of the cis-diol 38 to the anthrafurane 40.

ditions. However, the NMR spectrum of the product mixture
still showed the presence of methoxy groups, despite complete
conversion of the starting material. Careful analysis of the
NMR data revealed the presence of the quinone monoacetals
IX or X in an inseparable mixture with the quinone 4
(Scheme 8). Similar behaviour has previously only been

(0]
[T ix
Scheme 8. CAN oxidation of the hydroquinone dimethyl ether 41. a) 1.
CAN, nBu,NHSO,/CH,CI,/H,0, b) SiO,, H,SO,, 90% of 4.

observed in the conversion of hydroquinone methyl ethers
with thallium(i11) nitrate.*?! Since the reaction conditions were
free of methanol, we assume an intramolecular shift, during
the CAN oxidation, of the methoxy group in one of the
postulated cationic intermediates.!! Fortunately, the cis-diol
proved to be relatively stable to acid, and treatment of the
crude reaction mixture with sulfuric acid on silica gel®
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completely converted the quinone monoketal IX or X to the
quinone 4, which was now isolated in 90 % overall yield.
Only one step to the final targets remained now. In analogy
with previous successful cyclization experiments using related
substrates lacking the C-1 hydroxy group,l'Y the dione 4 was
treated with dilute KOH in methanol at low temperatures.
However, in complete contrast to the related experiments,['¥
only a bright yellow, fluorescent mixture of three inseparable
isomers resulted from the treatment of 4 with base! The NMR
spectra showed the absence of the hydroxy groups at C-1 and
C-2, supporting the assumption that the treatment with base
had caused proton abstraction from the acidic pseudo-
benzylic position, followed by vinylogous S-elimination of
1-OH, forming highly reactive ortho-quinonemethide inter-
mediates. Use of other bases led to the same result.
Consequently, base treatment of quinones of type 4 had to
be strictly avoided and cyclization to tetracyclic compounds
had to be undertaken at the hydroquinone dimethyl ether
stage. Thus, dione 41 was subjected to treatment with dilute
alkali in methanol and a very clean reaction to three
compounds was observed. The major compounds were the
desired tetracyclic 3,4a-cis-and 3,4 a-trans-triols 42 and 43,
which were formed in a ratio of about 1.7:1, and small amounts
of the open chain retro-aldol product 44. The mixture could
easily be separated by preparative TLC (Scheme9). A
preliminary stereochemical assignment of the 3,4a-cis- and
3,4 a-trans-triols 42 and 43 was made by comparison of the

46 urdamycin F 47
R, R'=sugars

Scheme 9. Biomimetic-type aldol cyclization of 41 and CAN oxidation to
8-deoxy angucyclines. a) 0.2N KOH/CH;OH; b) CAN, nBu,NHSO,/
CH,CL/H,O0.
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NMR spectra (in particular the chemical shift of the methyl
protons) of related previously prepared 12b-deoxy com-
pounds, the structures of which had been correlated by an
X-ray analysis.['¥

The stage was now set for the final oxidative CAN
deprotection of the tetracyclic compounds. In the oxidation
of the 3,4a-trans-diol 43, formation of small amounts of the
quinone hemiketals analogous to IX or X was again observed.
Mild acid treatment of the crude mixture cleaved the ketal
and the quinone 3 was isolated as the main product (70%). A
similar result was observed with the 3,4 a-cis-diol 42, affording
quinone 45 (36 %, ca. 15% impurity). The stereochemical
assignments of 45 and 3 were unambiguously confirmed by
comparison with the published NMR spectra of the natural
products aquayamycin (1) and WP 3688-2 (2). Finally, a very
interesting by-product, 46, was isolated from an incomplete
CAN oxidation of 3,4 a-cis-diol 42. The spectral data unam-
biguously indicated the presence of a benzylic hydroxy group.
The stereochemistry at C-6 was deduced by the close analogy
of the relevant nonaromatic part of the NMR spectra with
those of the natural product urdamycin F (47).! The small
impurity found in the cerium (1v) oxidation of 42, not
separable from 45 by TLC, most probably corresponded to
a quinone derived from the hydroquinone dimethyl ether 46,
as deduced from corresponding signals in the 'H NMR
spectrum.

Conclusion

The Sml,-mediated cyclization of ketides of type 5§ via
samarium enediolates proved to be an excellent strategy for
the stereoselective construction of the ketodiol function
present in the majority of angucycline antibiotics. The
procedure offers the option to use low cost “Mischmetall”
as coreductant™l and also, in the presence of chiral amines,
volunteers an enantioselective version.[*> %] The subsequent
aldol cyclization has to take place at the stage of the non-
acidic hydroquinone dimethyl ethers such as 41. Under
chelate-breaking methanolic alkaline conditions, both natu-
rally occurring stereoisomers 42 and 43 were formed. This
biomimetic approach enabled, for the first time, the chemical
synthesis of 8-deoxy WP 3688-2 (3) and the 8-deoxy-5,6-
dihydro analogue (45) of aquayamycin. Starting from readily
accessible materials, this approach may open the door to other
aquayamycin- and urdamycin-type angucyclines.

Experimental Section

For general methods and instrumentation see ref. [47].

General procedure I: alkylation of benzyl bromides with silyl enol ethers:
The silyl enol ether (2.2 mmol) was added at —78°C to a solution of
naphthyl bromide (1 mmol) and tetrabutylammonium iodide (TBAI,
0.3 mmol) in THF (10 mL) under argon. After this, [nBu,N][Ph;SnF,]*
(1.2 mmol) was added in one portion. The cooling bath was removed after
15 min and the mixture was stirred at 20°C for the time indicated for the
individual compounds (TLC monitoring). If the conversion was incom-
plete, another portion of [nBu,N][Ph;SnF,] (0.6 mmol) was added at
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—78°C. The solution was then filtered through a short silica gel column
(5 g, CH,Cl,) and the solvent was removed under reduced pressure.

General procedure II: formation of silyl enol ethers from ketones: A
solution of the ketone (4 mmol) in CH,Cl, (10 mL) was treated at 0°C with
triethylamine (12 mmol) and tert-butyldimethylsilyl (TBDMS) triflate
(4.6 mmol). The solution was then stirred for 1 h (TLC monitoring) under
argon. The reaction was quenched by addition of saturated aqueous
NaHCO; solution (20 mL), the phases were separated, and the aqueous
phase extracted with CH,Cl, (2 x 20 mL). The combined organic phases
were washed with brine (20 mL), dried (MgSO,), filtered and the solvent
removed under reduced pressure.

General procedure III: addition of electrophiles to lithiated naphthalenes:
A solution of nBuLi in hexane (3.3 mmol) was added at —78°C to a
solution of the naphthyl bromide (3 mmol) in THF (20 mL) under argon.
After 15 min of stirring at —78°C, the electrophile (3.6 mmol) was added
(solid electrophiles in THF (2mL) solution). After a further 30 min at
—78°C, the reaction was quenched by addition of Et,O (20 mL) and
saturated NH,Cl solution (20 mL). The phases were separated, the aqueous
phase extracted with Et,O (3 x 20 mL) and the combined organic phases
washed with water (20 mL) and brine (20 mL). The solutions were dried
(MgSO,), filtered, and the solvent removed under reduced pressure.

General procedure IV: bromination of benzylic positions using NBS: A
solution of the methyl naphthalene (5mmol), NBS (5.1 mmol) and
azobisisobutyronitrile (AIBN) (20 mg) was refluxed in CCl, (20 mL) for
the times indicated. After cooling the mixture, the succinimide was filtered
off, the solvent removed under reduced pressure, and the residue purified
by column chromatography on silica gel.

General procedure V: acidic cleavage of TBDMS enol ethers: A solution of
the functionalized silyl enol ethers (crude products from electrophilic
addition) was vigorously stirred in a mixture of CH,Cl, and 2N aqueous
HCI (4:1, 125 mL, TLC monitoring) at 20°C. The phases were separated,
the organic phase was washed with aqueous NaHCO; solution (30 mL),
water (30 mL) and brine (30 mL), dried (MgSO,), filtered, and the solvent
removed under reduced pressure.

General procedure VI: coupling of diketones using samarium diiodide: A
0.1m solution of SmI, in THF was prepared according to a literature
procedure.*! This solution (10 mL, 1 mmol) was treated under argon at the
temperatures and times indicated with a solution of the diketone
(0.4 mmol) in THF (2mL) (TLC monitoring). After conversion of the
starting material, the reaction was quenched by addition of saturated
NH,CI solution (10 mL). Et,O (20 mL) was added, the phases separated,
and the aqueous phase extracted twice with Et,0 (20 mL). The combined
organic phases were washed with water (20 mL) and brine (20 mL), dried
(MgSO,), filtered, and the solvent was removed under reduced pressure.
[3-(3-Bromo-1,4-dimethoxynaphthalen-2-yl)-1-(2-methyl-[1,3]dioxolan-2-
ylmethyl)-propenyloxy]-tert-butyldimethylsilane (35): Ketone 3411 (2.55 g,
6.1 mmol) was converted to the TBDMS ether 35 as described in general
procedure II. The crude product was purified by column chromatography
on silica gel (80 g, petroleum ether/diethyl acetate (PE/EA) 9:1, 0.5%
Et;N) to afford silyl enol ether 35 (2.95 g, 90 % ) as white needles (hexane).
M.p. 91-92°C; 'H NMR (200 MHz, CDCl,): 6 =0.26 (s, 6H; Si(CHs,),),
1.05 (s, 9H; SiC(CHj;)5), 1.34 (s, 3H; dioxolane-CH3), 2.35 (s, 2H; 1-H), 3.76
(d, /=6.0 Hz, 2H; 4-H), 3.86 (s, 4H; OCH,CH,0), 3.91 (s, 3H; OCH,),
3.97 (s, 3H; OCHs;), 4.67 (t, /] =6.0 Hz, 1H; 3-H), 748 -7.54 (m, 2H; 6'-H,
7'-H), 8.04-8.10 (m, 2H; 5-H, §8-H); *C NMR (50 MHz, CDCl;): 6 =
—3.19 (q; Si(CH;),), 18.77 (s; SiC(CHs);), 24.79 (q; dioxolane-CH3), 26.35
(q; SiC(CHs;);), 27.81 (t; C-4), 46.09 (t; C-1), 61.71/62.91 (2 x q; 2 x OCHj,),
64.96 (t; OCH,CH,0), 109.70 (s; dioxolane-OCO), 110.33 (d; C-3), 117.25
(s; C-3), 122.83/123.06 (2 x d; C-5', C-8'), 126.69/126.85 (2 x d; C-¢, C-7'),
128.18/128.46/131.22 (3 x s; C-2/, C-4a’, C-8a’), 146.97 (s; C-2), 150.42/
15113 (2 x s; C-1', C-4").
1-(1,4-Dimethoxy-3-[4-(2-methyl-[1,3]dioxolan-2-yl)-3-oxobutyl]-naphtha-
len-2-yl)-2-methylpropenone (36): The TBDMS ether 35 (2.47 g, 4.6 mmol)
was treated with methacrylic acid anhydride (0.83 g, 5.4 mmol) as described
in general procedure III. The crude product was desilylated according to
general procedure V. The residue was purified by column chromatography
on silica (130 g, PE/EA 3:1) to afford a mixture of the acylation product 36
(900 mg, 47 %) and the debrominated starting material (710 mg, 45 % ). The
products were separated by preparative TLC on silica gel to yield pure 36 as
a faint yellow oil. 'H NMR (200 MHz, CDCl;): 6 = 1.42 (s, 3H; dioxolane-
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CH,), 2.08 (s, 3H; 4-H), 2.74 (s, 2H; 4"-H), 2.81 (s, 4H; 1"-H, 2"-H), 3.85 (s,
3H; OCH,), 3.92 (s, 3H; OCH,), 3.96 (s, 4H; OCH,CH,0), 5.63 (s, 1H;
3-H), 6.00 (s, 1H; 3-H), 7.45-7.60 (m, 2H; 6'-H, 7-H), 8.03-8.08 (m, 2H;
5'-H, 8-H); *C NMR (50 MHz, CDCl,): 6 = 1712 (q; C-4), 22.11 (t; C-1"),
25.02 (q; dioxolane-CHy), 45.61 (t; C-2"), 51.88 (t; C-4"), 61.44/62.69 (2 x q;
2 x OCHj;), 65.05 (t; OCH,CH,0), 108.28 (s; dioxolane-OCO), 122.89/
123.01/126.58/127.36 (4 xd; C-5', C-¢/, C-7', C-8'), 127.58/127.75/129.49/
13129 (4xs; C-2', C-3, C-4'a, C-8'a), 130.73 (t; C-3), 146.14 (s; C-2),
149.39/150.92 (2 x s; C-1', C-4), 199.51 (s; C-1), 207.08 (s; C-3"); UV
(methanol): A, (Ige) =223 nm (3.82), 264 (4.02), 328 (3.70); MS (EI,
70eV): m/z (%) 412 (32) [M]*, 268 (14) [M-—CH,—
CH;C(CH,)OCH,CH,0]*, 253 (25) [M —C;Hs— CH;C(CH,)OCH,.
CH,O0-CH;]*, 87 (100) [CH;COCH,CH,O]*, 43 (19) [CH5CO]*; IR
(KBr): 7= 3429, 2939 (CH), 2838 (CH), 1703 (C=0), 1656 (C=0), 1582,
1354, 1058 cm~'; HRMS found: 412.1867; C,;H,sO¢ caled 412.1886;
elemental analysis calcd for C,,H,3O4 (412.48) (% ): C 69.87, H 6.85; found:
C70.43, H 7.18.

1-(1,4-Dimethoxy-3-[4-(2-methyl-[1,3]dioxolan-2-yl)-3-oxobutyl]-naphtha-
len-2-yl)-propane-1,2-dione (37): A solution of the olefin 36 (1.29 g,
3.14 mmol) in a mixture of CH;CN/CCl,/H,O (10:10:15 mL) at 20°C was
treated first with NalO, (1.99 g, 9.4 mmol) and then with RuCl;-H,0O
(14 mg, 0.06 mmol). The suspension was stirred for about 30-45 min (TLC
monitoring, PE/EA 2:1). When the color changed to green-brown, an
additional quantity of NalO, (0.66 g, 3.1 mmol) was added and stirring was
continued for a further 30 min. CH,Cl, (50 mL) and H,O (50 mL) were
then added, the phases were separated and the aqueous phase extracted
with CH,Cl, (2 x 30 mL). The combined organic phases were washed with
water (30 mL) and brine (30 mL), dried (MgSO,), filtered, and the solvent
removed under reduced pressure. The residue was dissolved in Et,O
(20 mL), filtered through a batch of celite (Et,O, ca. 60 mL) and the solvent
was removed under reduced pressure. The crude product was purified by
column chromatography on silica gel (150 g, PE/EA 3:1) to afford the
triketone 37 (1.00 g, 77 %) as a yellow oil. 'H NMR (300 MHz, CDCl;): 6 =
1.43 (s, 3H; dioxolane-CHy), 2.53 (s, 3H; 3-H), 2.76 (s, 2H; 4"-H), 2.81 -
2.89 (m, 2H; 2"-H), 3.01-3.07 (m, 2H; 1”-H), 3.87 (s, 3H; OCH,), 3.91 (s,
3H; OCHs;), 3.94 (s, 4H; OCH,CH,0), 7.51-7.64 (m, 2H; 6'-H, 7-H), 8.03
(d,J=8.0H;1H; 5-H/8-H), 8.07 (d, /] =8.4 Hz, 1 H; 5-H/8-H); *C NMR
(75 MHz, CDCls): 6 =19.07 (t; C-1"), 22.40 (q; dioxolane-CHj), 22.77 (q;
C-3),43.46 (t; C-2"),49.65 (t; C-4"), 60.42/61.76 (2 x q; 2 x OCH3), 62.78 (t;
OCH,CH,0), 106.08 (s; dioxolane-OCO), 121.12/121.15/124.56/126.62
(4xd; C-5, C-6', C-7', C-8'), 124.22/124.71/127.08/129.21 (4 x s; C-2', C-3',
C-4'a, C-8'a), 149.28/152.07 (2 x s; C-1', C-4"), 194.04/196.57 (2 xs; C-1,
C-2), 204.74 (s; C-3"); UV (methanol): 4, (Ig €)=225nm (4.10), 263
(3.94), 322 (3.52); MS (EI, 70 eV): m/z (%): 414 (4) [M]*, 371 (5) [M —
CH,;CO]*, 243 (8) [M — CH,;CO-CH;COCH,CH,0-CHCO]*, 213 (4),
129 (3), 87 (100) [CH;COCH,CH,O]", 43 (29) [CH,;CO]*; IR (KBr): 7=
2939 (CH), 2885 (CH), 2845 (CH), 1716 (C=0), 1676 (C=0), 1669 (C=0),
1582, 1354, 1058, 958, 776 cm~'; HRMS found: 414.1674; C»;H,0, caled
414.1679; elemental analysis calcd for C,3H,0; (414.46) (%): C 66.64, H
6.33; found C 66.10, H 6.16.

1-[1,2-Dihydroxy-9,10-dimethoxy-2-(2-methyl-[1,3]dioxolan-2-ylmethyl)-
1,2,3,4-tetrahydroanthracen-1-yl]-ethanone cis and ftrans isomers (cis-39,
polar fraction) and (trans-38, less polar fraction): The triketone 37 was
treated with a solution of samarium diiodide as described in general
procedure VI. The crude product was separated by chromatography on
silica gel (PE/EA 3:1) to afford the pure isomers 38 and 39 (yields 69—
83 % ). For reaction temperatures, ratio of isomers and combined yields see
Table 1.

Data for the trans-diol 38: M.p. 142°C; '"H NMR (300 MHz, CDCl;): 6 =
1.40 (s,3H;3"-H), AB signal (Ad =0.34, 6, =2.20, 05 = 1.86,J, 3 = 15.3 Hz,
2H;1"-H), 2.15-2.24 (m, 1H; 3-H), 2.29 (s, 3H; 2-H), 2.37-2.44 (m, 1 H;
3'-H), 3.11-3.16 (m, 2H; 4-H), 3.75 (s, 3H; OCH,), 3.93 (s, 3H; OCH,),
4.01 (brs,4H; OCH,CH,0), 4.17 (s, 1H; OH), 5.04 (s, 1H; OH), 7.40-7.52
(m, 2H; 6-H, 7-H), 7.97 (dd, 3/ =7.4 Hz, “J=1.0 Hz, 1H; 5'-H/8'-H), 8.06
(dd, 3/ =76 Hz, *J=1.1 Hz, 1H; 5-H/8-H); C NMR (75 MHz, CDCl,):
0=18.08 (t, C-4"), 24.35 (q, C-3"), 26.26 (q, C-2), 27.01 (t, C-3"), 39.34 (t,
C-1"), 58.95/60.84 (2 xq , 2x OCHj), 61.94/62.02 (2 xt, OCH,CH,0),
72.60 (s, C-2'), 7796 (s, C-1'), 109.51 (s, C-2") 120.26/120.67 (2 x d, C-5',
C-8), 123.36/124.56 (2 x d, C-6', C-7"), 124.96/125.29/126.28/126.66 (4 xs,
C-4'a, C-8'a, C-9'a, C-10'a), 147.39/148.98 (2 x s, C-9', C-10"),208.97 (s, C-1);
UV (methanol): 4., (Ig €)=217 nm (4.31), 225 (4.02), 235 (3.90), 292
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(3.52); IR (KBr): 7 = 3443 (OH), 2932 (CH), 2838 (CH), 1690 (C=0), 1448,
1354,1273, 1058, 944, 776 cm~'; MS (EI, 70 eV): m/z (%): 416 (4) [M]*+ 373
(42) [M —CH;CO]*, 355 (31) [M—CH,CO—-H,O]*, 271 (73) [M—
CH;CO - CH;COCH,CH,O — CH;]*, 213 (9), 185 (4), 87 (100)
[CH;COCH,CH,O]*, 43 (26) [CH;CO]J]*; HRMS found: 416.1823;
C,3H,0; caled: 416.1835.

Crystallographic data for 38: C,;H,30,, colorless crystal, size 0.58 x 0.16 x
0.08 mm, M,=416.4, monoclinic, space group C2, a=27278(5), b=
5.810(2), c=15.875(2) A, f=125.45(1)°, V=2049.5(8) A3, Z=4, peuea=
1350 Mg cm =3 A(Mog,) =0.71073 A, £ =0.099 mm~', omega scan, T=
203(2)K, —1<h <33, -7<k<1,-19<1<16,2.6 <O <26°, 2807 reflec-
tions collected, LP correction, no absorption correction, 2634 unique
reflections (R;,, =0.017); structure solution by direct and conventional
Fourier methods, structure refinement based on F2 and 278 parameters, all
but hydrogen atoms refined anisotropically, H atoms located from AF maps
and refined with riding model, refinement converged at R1 (F>40(F)) =
0.054, wR2(all data) =0.107, S =1.029, max. (d/0) =0.001, min/max height
in final AF map —0.23/0.22 e A-3. Structure solution and refinement
program: SHELXTL NT V5.10.*! Crystallographic data (excluding struc-
ture factors) for the structure reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-140462. 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).

Data for the cis-diol 39 (oil): '"H NMR (300 MHz, CDCl;): 6 =1.42 (s, 3H;
3"-H), AB signal (Ad = 0.27, 0, = 2.16, 0 = 1.89, J, = 14.8 Hz, 2H; 1"-H),
2.10-2.19 (m, 1 H; 3-H), 2.44 (s, 3H; 2-H), 2.43-2.51 (m, 1 H; 3"-H), 3.07 -
322 (m, 2H; 4-H), 3.92 (s, 3H; OCHS,), 3.96 (s, 3H; OCHL), 4.05 (brs, 4H;
OCH,CH,0), 4.44 (s, 1 H; OH), 4.86 (s, 1 H; OH), 743 -7.52 (m, 2H; 6'-H,
7'-H), 799 (dd,3J =7.6 Hz,*J = 1.1 Hz, 1 H; 5-H/8'-H), 8.05 (dd, 3/ = 7.4 Hz,
4/=1.1Hz, 1H;5-H/8-H); “C NMR (75 MHz, CDCl;): 6 =20.75 (t, C-4'),
25.65 (g, C-3"), 28.41 (q, C-2), 28.69 (t, C-3), 40.30 (t, C-1"), 60.64/63.01
(2 x g, 2 x OCHj), 63.55/63.93 (2 x t, OCH,CH,0), 73.96 (s, C-2'), 82.03 (s,
C-1"),110.66 (s, C-2"), 121.87/122.48 (2 x d, C-5', C-8'), 125.00/126.19 (2 x d,
C-6', C-7'), 126.50/126.96/128.33/129.10 (4 x s, C-4'a, C-8a, C-9'a, C-10'a),
148.80/151.35 (2 x s, C-9, C-10'), 211.01 (s, C-1); UV (methanol): A,,,, (g
£)=218 nm (4.21), 247 (4.31), 262 (3.92), 338 (3.44); IR (KBr): 7 =3449
(OH), 2939 (CH), 2845 (CH), 1710 (C=0), 1663, 1589, 1454, 1360, 1045,
776, 736 cm™!; elemental analysis (% ) calcd for C,3H,40; (416.47): C 66.32,
H 6.78; found: C 66.76, H 6.87.

cis-1-(1-Acetyl-1,2-dihydroxy-9,10-dimethoxy-1,2,3,4-tetrahydroanthracen-
2-yl)propan-2-one (41): A solution of the ketal cis-39 (198 mg, 0.48 mmol)
in CH,Cl, (2 mL) was added at 20°C to a suspension of silica gel (1 g) and
15% H,SO, (0.1g) in CH,Cl, (10 mL). The suspension was stirred
vigorously for 1.5h, filtered, and the filtrate was washed with water
(20 mL), saturated aqueous NaHCO; solution (20 mL), and brine (20 mL).
The organic phase was dried (MgSO,), filtered, and the solvent was
removed under reduced pressure. The crude product was purified by
column chromatography on silica gel (25g, PE/EA 3:1) to yield the
diketone 41 (142 mg, 80 %) as faint yellow crystals. M.p. 140°C; '"H NMR
(300 MHz, CDClL;): 6 = ABMN signal (0,=3.20, dt, 2/=179 Hz, 3/ =
5.6 Hz, 4-H.; 05 =3.06, ddd, 2/ =179 Hz, °’J=4.4, 5.6 Hz, 4-H,,; oy =
2.30, ddd, 2J=13.4 Hz, 3/ =4.4, 5.6 Hz, 3-H,,; oy =1.94, dt, 2J=13.4 Hz,
3J=5.6, 5.8 Hz, 3-H,), 2.19 (s, 3H; 3-H), 2.45 (s, 3H; 2"-H), AB signal
(A6=0.54, 0,=3.03, 05 =249, J,z=16.4Hz, 2H; 1-H), 3.90 (s, 3H;
OCH,), 3.97 (s,3H; OCH;), 4.84 (s, 1H; OH), 5.36 (s, 1H; OH), 7.41-7.52
(m, 2H; 6-H, 7-H), 798 (dd, 3/ =7.6 Hz, *J =1.3 Hz, 1H; 5-H/8'-H), 8.04
(dd, 3/ =75Hz, 4/ =1.0 Hz, 1H; 5-H/8'-H); 3C NMR (75 MHz, CDCl,):
0=20.53 (t, C-4"), 28.30 (q, C-2"), 30.42 (t, C-3'), 31.82 (q, C-3), 45.63 (t,
C-1), 60.73/63.18 (2 x q, 2 x OCH3;), 74.52 (s, C-2'), 81.09 (s, C-1'), 121.95/
122.58 (2 x d, C-5, C-8'), 125.28/126.43 (2 x d, C-6', C-7), 125.21/127.08/
128.46/128.76 (4 x s, C-4'a, C-8'a, C-9'a, C-10'a), 149.07/151.33 (2 x s, C-9',
C-10"),211.28 (s, C-1"),212.67 (s, C-2); UV (methanol): 4,,,, (1g £€) =215 nm
(4.09), 255 (4.21), 270 (4.04), 340 (3.64); MS (EL 70 eV): m/z (%): 372 (14)
[M]*, 329 (100) [M — CH;CO]", 311 (53) [M — CH,CO — H,O]", 283 (35)
[M — CH,CO — H,0 — COJ*, 271 (58) [M — CH;CO — CH,COCH; — H]*,
239 (32),201 (29), 43 (47) [CH;CO]*; IR (KBr): # =3456 (OH), 2939 (CH),
2838 (CH), 1703 (C=0), 1689 (C=0), 1455, 1360, 1099, 1038, 763 cm™";
HRMS found: 372.1570: C,;H,,O4 calcd: 372.1573; elemental analysis (%)
caled for G, H,,04 (372.42): C 67.71, H 6.50; found: C 67.04, H 6.32.
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6,11-Dimethoxy-2-methyl-4,5-dihydroanthra[1,2-b]furan (40): The trans-
ketal 38 (40 mg, 0.11 mmol) was treated with sulfuric acid on silica gel as
described for 41 to afford after column chromatography on silica gel the
anthrafuran derivative 40 (20 mg, 62%) as a yellow oil. 'H NMR
(200 MHz, CDCl;): 6 =244 (s, 3H; 2-CH,), 2.68-2.75 (m, 2H; 4-H),
3.11-3.18 (m, 2H; 5-H), 3.88 (s, 3H; OCHj;), 3.99 (s, 3H; OCHs), 6.02 (s,
1H; 3-H), 743-751 (m, 2H; 8-H, 9-H), 7.99-8.15 (m, 2H; 7-H, 10-H);
BC NMR (50 MHz, CDCl,): d =14.52 (q, 2-CH,), 21.28 (t, C-5), 23.36 (t,
C-4), 61.81/62.67 (2 x q,2 x OCHj3), 10743 (d, C-3), 118.55 (s, C-3a), 122.48/
122.68/125.91/126.29 (4 xd, C-7, C-8, C-9, C-10), 123.86/125.48/128.07/
129.27 (4 x s, C-5a, C-6a, C-10a, C-11a), 144.92 (s, C-2), 146.78/149.41 (2 x
s, C-6, C-11), 153.25 (s, C-11b); UV (methanol): 4., (Ig £€) =210 nm (4.02),
252 (4.27), 272 (4.10), 341 (3.76); MS (EIL 70 eV): m/z (%): 294 (76) [M]",
279 (100) [M — CH;]*, 263 (38) [M —2 x CH,]*, 221 (15) [M —2 x CH; —
CH,CO]*, 104 (10), 77 (11), 43 (42) [CH;CO]*; IR (KBr): #=2929 (CH),
2852 (CH), 1450, 1357, 1269, 1067, 741 cm~'; HRMS found: 294.1266;
CoH 305 caled: 294.1256.

1-Acetyl-1,2-dihydroxy-2-(2-oxopropyl)-1,2,3,4-tetrahydroanthraquinione
(4): To a suspension of CAN (433 mg, 0.79 mmol) and nBu,NHSO,
(268 mg, 0.79 mmol) in dry CH,Cl, (50 mL) was added a solution of the
dimethoxynaphthalene 41 (147 mg, 0.39 mmol) in CH,Cl, (2 mL). Water
was then added dropwise over 15 min until the starting material had been
completely consumed (TLC monitoring). The suspension was filtered over
a batch of Celite (Et,0), the filtrate was washed with water (2 x 20 mL) and
brine (20 mL), the organic phase was dried (MgSO,), filtered, and the
solvent was removed under reduced pressure. The NMR spectrum of the
crude product revealed the presence of quinone hemiketals (ca. 50 %, see
below). The crude product from the CAN reaction (ca. 160 mg) was treated
with sulfuric acid on silica gel as described for 41 to yield the
tetrahydroanthraquinone 4 (121 mg, 90 %), as yellow crystals.

Data for 4: M.p. 128°C; '"H NMR (300 MHz, CDCl;): 6 =1.96-2.17 (m,
2H; 3-H), 2.23 (s, 3H; 3"-H), AB signal (Ad 5= 0.64, 0, =3.01, 65 =2.37,
Jap=15.9Hz, 2H; 1"-H), 2.57 (s, 3H; 2’-H), 2.72-2.77 (m, 2H; 4-H), 4.80/
4.93 (2 x brs, 2H; 2 x OH), 7.66-7.71 (m, 2H; 6-H, 7-H), 7.97-8.06 (m,
2H; 5-H, 8-H); *C NMR (75 MHz, CDCl,): 6 =20.22 (t, C-4), 2774 (q,
C-2'), 27.80 (t, C-3), 32.08 (q, C-3"), 45.94 (t, C-1"), 73.29 (s, C-2) 80.71 (s,
C-1),126.15/126.24 (2 x d, C-5, C-8) 133.66/133.78 (2 x d, C-6, C-7), 131.56/
131.76 (2 x s, C-8a, C-10a), 143.25/146.80 (2 x s, C-4a, C-9a), 184.11/184.82
(2 x s, C-9, C-10), 210.00 (s, C-1'), 211.76 (s, C-2"); UV (methanol): A, (g
€)=218 nm (4.02), 253 (4.19), 270 (4.10), 353 (3.82); MS (EL 70 eV): m/z
(%): 342 (1) [M]*, 314 (2) [M — COJ*, 281 (6) [M — CH,CO — H,0]*, 253
(5) [M —CO - CH;CO — H,0]*, 241 (14) [M — CH;CO — CH,COCH; —
HJ*, 43 (88) [CH,COJ*, 18 (100) [H,0]*; IR (KBr): # = 3452 (OH), 2924
(CH), 2847 (CH), 1709 (C=0), 1662 (C=0), 1590, 1357, 1290, 1083,
716 cm~!; HRMS found: 342.1107; C,oH ;3O calcd: 342.1103; elemental
analysis (% ) caled for C;oH 3Oy (342.35): C 66.65, H 5.30; found: C 66.22, H
5.17.

Data for the tetrahydroanthraquinone monoketal (IX or X): 'H NMR
(200 MHz, CDCl;): 6 =2.01-2.18 (m, 2H; 3-H), AB signal (Ad,gz=0.87,
0p=3.11, 03 =2.24, J\y=14.4 Hz, 2H; 1"-H), 2.27 (s, 3H; 3"-H), 2.55 (s,
3H; 2"-H), 2.57-2.69 (m, 2H; 4-H), 2.93 (s, 3H; OCH;), 2.95 (s, 3H;
OCHs;), 747-17.59 (m, 1H; 5-H), 7.65-777 (m, 2H; 6-H, 7-H), 8.03 (d, /=
6.7 Hz, 1H; 8-H); *C NMR (50 MHz, CDCl,;): 6 =20.52 (t, C-4), 27.32 (t,
C-3), 2822 (q, C-2), 33.06 (q, C-3"), 47.88 (t, C-1"), 51.69/51.93 (2 x q, 2
OCHs;), 73.52/82.50 (2 x s, C-1, C-2), 97.65 (s, C-9 or C-10), 126.67/126.98/
30.03/134.59 (24 d, C-5, C-8, 1, C-6, C-7), 132.73/139.04/139.94 (3 x s, C-8a,
C-9a, C-10a), 15751 (s, C-4a), 184.97 (s, C-9 or C-10), 209.48 (s, C-1),
21225 (s, C-27).

Aldol cyclization of 41: A solution of the diketone 41 (130 mg, 0.38 mmol)
in CH,Cl, (4 mL), was added dropwise at 0°C to a 0.2 M solution of KOH
(450 mg) in MeOH (40 mL) and stirred for 30 min at 0°C and for 80 min at
20°C (TLC monitoring). The reaction was quenched by addition of 2N HCI
(4 mL) and saturated NH,Cl solution (20 mL). CH,Cl, (20 mL) was added,
the phases were separated, and the aqueous phase was extracted twice with
CH,Cl, (20 mL). The combined organic phases were washed with H,O (2 x
50 mL), saturated NaHCO; solution (50 mL), and brine (50 mL), dried
(MgSO,), filtered, and the solvent removed under reduced pressure. The
crude product was purified by preparative TLC chromatography on silica
gel (2 plates, 2 mm, CH,Cl,/MeOH 97:3) to yield the diastereomeric 3,4 a-
cis-benz[a]anthracene 42 (43 mg, 33 %, less polar fraction, white solid), the
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34a-trans isomer 43 (26 mg, 20 %, polar fraction), and the open-chain
retro-aldol product 44 (13 mg, 10%).
3,4a-cis-3,4a,12b-Trihydroxy-7,12-dimethoxy-3-methyl-3,4,4a,5,6,12 b-
hexahydro-2H-benz[a]anthracen-1-one (42): '"H NMR (300 MHz, CDCl,):
0=1.19 (s, 3H; 3-CH;), ABMN signal (0,=23.34, dd, 2J=18.7 Hz, 3/ =
6.1 Hz, 6-H,: 05 =2.98, ddd, 27 =18.7 Hz, *J = 5.6, 72 Hz, 6-H,; 6,y =2.28,
ddd, 7=132Hz, *J=6.1, 72 Hz, 5-H,,; 6y =195, dd, *J=6.6 Hz, 5-H,,),
1.97 (brs, 2H; 4-H), AB signal (A0 =0.06, 0, =2.78, 2-H,,, 05 =2.72, *J =
12 Hz, J,g=12.6 Hz, 2H; 2-H), 3.15 (brs, 1H; OH), 3.80 (s, 3H; OCH,),
3.94 (s,3H; OCH,), 4.34 (s, 1H; OH), 5.12 (s, 1H; OH), 7.49-7.60 (m, 2H;
9-H, 10-H), 8.01 (d, /=8.2Hz, 1H; 8-H/11-H), 8.07 (d, J=8.6 Hz, 1H;
8-H/11-H); ®*CNMR (75 MHz, CDCl;): 6 =21.83 (t, C-6), 30.02 (q, 3-CH,),
30.49 (t, C-5), 40.93 (t, C-4), 50.39 (t, C-2), 60.74/62.61 (2 x q, 2 x OCH,),
75.12/7741/79.12 (3 x s, C-3, C-4a, C-12b), 121.92/122.56 (2 x d, C-8, C-11),
125.79/127.00 (2 x d, C-9, C-10), 123.96/127.25/127.32/128.82 (4 x s, C-6a,
C-7a, C-11a, C-12a), 150.09 (s+s, C-7, C-12), 20724 (s, C-1); UV
(methanol): A, (Ig €) =218 nm (4.12), 246 (4.08), 263 (3.88), 322 (3.72);
IR (KBr): 7=3369 (OH), 2932 (CH), 2852 (CH), 1703 (C=0), 1453, 1359,
1264, 1052, 740 cm~'; MS (EIL, 70 eV): m/z (%): 372 (100) [M]*, 344 (26)
[M—cCO]J*, 326 (17) [M —CO—-H,0]*", 293 (24) [M —CO —2H,0 —
CH;]*, 271 (54) [M —CO — CH,C(OH)(CH;)CH, — H]*, 225 (22), 213
(21), 125 (22), 57 (19), 43 (28) [CH;CO]*; HRMS found: 372.1570:
C,,H,,04 caled: 372.1573.
3,4a-trans-3,4a,12b-Trihydroxy-7,12-dimethoxy-3-methyl-3,4,4 a,5,6,12 b-
hexahydro-2H-benz[a]anthracen-1-one (43): '"H NMR (300 MHz, CDCl,):
0=1.48(s,3H;3-CHj;), 1.68 (s, 1H; OH), ABMN signal (0, =3.33,dd, %/ =
188 Hz, *J=6.2Hz, 6-H,; 05=297, ddd, /=188 Hz, *J=5.6, 71 Hz,
6-H,,; 0y =2.20, ddd, 2J=12.6 Hz, 3/ =5.6, 6.2 Hz, 5-H,,; 0x=1.93, dd,
2J=12.6 Hz, /=71 Hz, 5-H,,), AB signal (A6=0.09, 6, =2.06, 4-H,,,
0p=1.97, 4J=22, 2-H,, J,p =16.5 Hz), AB signal (A6 =0.20, 6, =2.89,
2-H,, 05 =2.69, dd, / =2.2 Hz, 2-H,, /s = 11.6 Hz), 3.79 (s, 3H; OCHj,),
3.93 (s, 3H; OCHs;), 5.04 (s, 1H; OH), 7.47-7.58 (m, 2H; 9-H, 10-H), 7.99
(d,J=79 Hz,1H;8-H/11-H), 8.06 (d,J=8.4 Hz, 1H; 8-H/11-H); *CNMR
(75 MHz, CDCl;): 6 =22.00 (t, C-6), 29.43 (q, 3-CHj;), 31.32 (t, C-5), 43.27
(t, C-4), 50.66 (t, C-2), 60.67/62.48 (2 x q, 2 x OCHj), 73.85/74.38/77.18 (3 x
s, C-3, C-4a, C-12b), 121.91/122.48 (2 x d, C-8, C-11), 125.70/126.90 (2 x d,
C-9, C-10), 124.05/127.28/127.58/128.76 (4 x s, C-6a, C-7a, C-11a, C-12a),
150.01/150.09 (2 x s, C-7, C-12), 206.39 (s, C-1); UV (methanol): 4, (lg
£) =218 nm (4.22), 248 (4.12), 266 (3.97), 324 (3.60); IR (KBr): 7=3429
(OH), 2932 (CH), 2845 (CH), 1713 (C=0), 1453, 1359, 1273, 1106, 1064,
741 cm™!; elemental analysis (%) caled for C,;H,,O4 (372.42): C 67.71, H
6.50; found for 43: C 67.54, H 6.41; found for 42: C 66.89, H 6.28.
1-[3-(5-Hydroxy-3-oxohexen-4-yl)-1,4-dimethoxynaphthalen-2-yl]-pro-
pane-1,2-dione (44): 'H NMR (200 MHz, CDCL,): enol: 6 = 2.04 (s,3H; 6"-
H), 2.55 (s, 3H; 3-H), 2.53-2.63 (m, 2H; 2"-H), 3.02-3.16 (m, 2H; 1"-H),
3.88 (s,3H; OCHs;), 3.94 (s, 3H; OCHs;), 5.53 (s, 1 H; 4"-H), 7.48-7.66 (m,
2H; 6¢-H, 7-H), 8.02-8.11 (m, 2H; 5'-H, 8-H), 15.40 (brs, 1H; OH);
'"H NMR (200 MHz, CDCL,): ketone: d =2.25 (s, 3H; 6”-H), 2.55 (s, 3H;
3-H), 2.80-2.94 (m, 2H; 2"-H), 3.02-3.16 (m, 2H; 1"-H), 3.59 (s,2H; 4"-
H), 3.88 (s, 3H; OCH,), 3.91 (s, 3H; OCH};), 7.48-7.66 (m, 2H; 6'-H, 7-H),
8.02-8.11 (m, 2H; 5'-H, 8'-H); *C NMR (50 MHz, CDCl;): enol: 6 =23.18
(t, C-17),24.70 (q, C-3), 25.11 (q, C-6"), 39.96 (t, C-2"), 62.80/64.08 (2 x q,
2 x OCH3), 100.20 (d, C-4"), 123.48 (2 d, C-5', C-8'), 126.95/129.04 (2 x d,
C-6', C-7'), 126.07/126.89/129.00/131.57 (4 x5, C-2', C-3', C-4'a, C-8a),
151.65/154.72 (2 x s, C-1', C-4), 190.86/194.14 (2 x s, C-3", C-5"), 196.51/
199.03 (2 x s, C-1, C-2); IR (KBr): 7=3405 (OH), 2940 (CH), 2841 (CH),
1719 (C=0), 1683 (C=0), 1616 (C=0), 1419, 1357, 1062, 964, 778 cm~".
3,4a,12b-Trihydroxy-3-methyl-3,4,4 a,5,6,12b-hexahydro-2H-benz[ a]an-
thracene-1,7,12-trione (3,4a-trans-3, 8-deoxy WP 3688-2): A solution of the
3,4 a-trans-triol 43 (120 mg, 0.32 mmol) in CH,Cl, (2 mL) was oxidized by
using CAN (348 mg, 0.63 mmol) and nBu,NHSO, (215 mg, 0.63 mmol) in
dry CH,Cl, (10 mL) as described for 4. The crude product contained about
20% of unidentified quinone monoacetals (NMR) that were cleaved with
sulfuric acid on silica gel as described for 41. The crude product was
purified by preparative TLC chromatography on silica gel (0.5 mm,
CH,Cl,/MeOH 97:3) to afford the quinone 3 (84 mg, 70%) as a yellow
solid. M.p. 128°C; 'H NMR (300 MHz, CDCl;):  =1.47 (s, 3H; 3-CH,),
1.91-2.09 (m, 3H; 5-H and OH), AB signal (A0 =0.11, 0, =2.14, dd, /=
1.5Hz, 4-H,; 05 =2.03, 4-H,,, %/ =14.4 Hz), AB signal (A6 =0.51, 6, =
3.03, 2-H,; 0 =2.52, 2-H,,, 2/ =12.1 Hz), 2.68 (brs, 1H; OH), 2.66-2.78

eq

(m, 1H; 6-H), 2.92-3.03 (m, 1 H; 6-H), 5.35 (brs, 1 H; OH), 7.72-7.79 (m,
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2H; 9-H, 10-H), 8.04-8.13 (m, 2H; 8-H, 11-H); “C NMR (75 MHz,
CDCly): 0 =22.51 (t, C-6), 30.32 (q, 3-CHj;), 30.37 (t, C-5), 45.02 (t, C-4),
51.16 (t, C-2), 73.11/73.79/78.62 (3 x s, C-3, C-4a, C-12b), 126.53/126.77
(2 xd, C-8, C-11), 131.72/131.92 (2 x s, C-7a, C-11a), 134.11/134.33 (2 d,
C-9, C-10), 140.81/147.58 (2 xs, C-6a, C-12a), 184.37/184.90 (2 xs, C-7,
C-12), 205.59 (s, C-1).

3,4a,12b-Trihydroxy-3-methyl-3,4,4a,5,6,12 b-hexahydro-2H-benz[ a]an-
thracene-1,7,12-trione (3,4a-cis-45): The cis-triol 42 (16 mg, 0.04 mmol)
was oxidized by using CAN (47 mg, 0.08 mmol) and nBu,NHSO, (29 mg,
0.08 mmol) in CH,Cl, (8 mL) as described above for 3, to afford the 3,4a-
cis-triol 45 (5 mg, 36 %) as a yellow solid. 'H NMR (300 MHz, CDCL): 6 =
1.30 (s, 3H; 3-CH5), AB signal (A6 =0.08, 6, =2.03, dd, */ =2.6 Hz, 4-H,;
05 =1.95, 4-H,,, 2/ =14.8 Hz), 1.95-2.04 (m, 2H; 5-H), AB signal (A0 =
0.32, 0, =2.83, dd, */=2.6 Hz, 2-H,; 3y =2.51, 2-H,,, 2/ = 12.6 Hz), 2.62 -
2.75 (m, 1H; 6-H), 2.99 (s, 1H; OH), 3.08 (ddd, 2/ =21 Hz, ’J =4.8, 1.6 Hz,
1H;6-H),4.11 (brs,1H; OH), 5.07 (s, 1H; OH), 7.73-7.80 (m, 2H; 9-H, 10-
H), 8.03-8.13 (m, 2H; 8-H, 11-H); 3C NMR (50 MHz, CDCl,): 6 =23.40
(t, C-6), 30.63 (q, 3-CHj), 30.68 (t, C-5), 41.66 (t, C-4), 51.98 (t, C-2), 75.59/
75.96/78.99 (3 xs, C-3, C-4a, C-12b), 126.96/127.34 (2 x d, C-8, C-11),
131.92/132.17 (2 x s, C-7a, C-11a), 134.78/134.80 (2 x d, C-9, C-10), 142.11/
14718 (2 x s, C-6a, C-12a), 183.53/184.94 (2 x s, C-7, C-12), 205.94 (s, C-1).
3,4a,6,12b-Tetrahydroxy-7,12-dimethoxy-3-methyl-3,4,4a,5,6,12 b-hexahy-
dro-2H-benz[ alanthracen-1-one (46): After one incomplete oxidation of 45
(16 mg, 0.04 mmol) and (nBu),NHSO, (29 mg, 0.08 mmol) by CAN (47 mg,
0.08 mmol), 2mg (14 %) of the 6-hydroxylated tetraol 46 was isolated.
"HNMR (300 MHz, CDCl;): 6 =1.19 (s, 3H; 3-CH3;), AB signal (Ad =0.34,
0a=242,4-H,,; 03 =2.08,dd, *J=2.7 Hz, 4-H,, ] = 15.7 Hz), ABX signal
(A6=0.33,0,=2.51,dd, ’J=6.4 Hz, 5-H,; 65 =2.18, 5-H,, J=14.5 Hz),
AB signal (A6=0.08, 6,=2.79, 2-H,,; 05 =2.71, dd, /=2.7 Hz, 2-H,,
2] =12.6 Hz), 3.25 (brs, 1H; OH), 3.38 (brs, 1H; OH), 3.79 (s, 3H; 12-
OCHs;), 4.00 (brs, 1H; OH), 4.08 (s, 3H; 7-OCHs;), 5.35 (s, 1H; OH), 5.42
(d, *J=6.4Hz, 1H; 6-H,,), 7.56-7.65 (m, 2H; 9-H, 10-H), 8.04-8.11 (m,
2H;8-H, 11-H); *C NMR (75 MHz, CDCl,): 6 =30.09 (q, 3-CH3), 38.15 (t,
C-5), 43.30 (t, C-4), 50.68 (t, C-2), 62.07/62.73 (2 x q, 2 x OCHj3), 63.82 (d,
C-6), 75.39/77.55/78.47 (3 x s, C-3, C-4a, C-12b), 122.12/122.83 (2 x d, C-8,
C-11), 125.79/127.03/128.65/128.96 (4 xs, C-6a, C-7a, C-11a, C-12a),
126.82/127.36 (2 x d, C-9, C-10), 149.91/151.45 (2 x s, C-7, C-12), 207.19 (s,
C-1).
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Total Synthesis of the Antitumor Antibiotic (+)-Fredericamycin A

by a Linear Approach

Yasuyuki Kita,* Kiyosei lio, Ken-ichi Kawaguchi, Nobuhisa Fukuda, Yoshifumi Takeda,
Hiroshi Ueno, Ryuichi Okunaka, Kazuhiro Higuchi, Toshiaki Tsujino,

Hiromichi Fujioka, and Shuji Akail®!

Abstract: A linear approach to the total synthesis of racemic fredericamycin A (1)

through the oxidative intramolecular [4 + 2] cycloaddition of a (phenylthio)acety-
lene —cobalt complex is described, which is applicable for the asymmetric total
synthesis of naturally occuring 1. The highlight of this work is the aromatic
Pummerer-type reaction with 1-ethoxyvinyl chloroacetate, which effects the intro-
duction of the oxygen functional group to the internal B-ring of the highly

functionalized, congested polyaromatic ABC-ring moiety.

Introduction

Asymmetric total synthesis of the antitumor antibiotic,
fredericamycin A (1), has been a challenging subject during
these two decades due to its unique structure as well as its
potent antitumor properties (Figure 1). Structurally, 1 con-
sists of two sets of peri-hydroxy tricyclic aromatic moieties

Figure 1. Fredericamycin A (1).

connected through a spiro quaternary carbon center, which is
chiral due to the presence of a single methoxy group at the
most distant position on the A-ring. Intensive efforts toward
this goal include five total syntheses of racemic 129 and the
first synthesis of optically pure 1 by separation of a fully
protected racemic 1 using a chiral HPLC column;! however,
no one has succeeded so far in its asymmetric synthesis and
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therefore also its absolute configuration remained unknown.
The majority of the reported approaches feature the con-
struction of the spiro C- or D-ring at their final stages, and the
difficult distinction of the enantioface of the highly sym-
metrical ABC-ring has been the obstacle to their application
to the asymmetric version.

We envisioned that one of the most promising way to the
asymmetric synthesis of 1 would be the preparation of an
intermediate with an optically pure quaternary carbon center
with a definite stereochemistry and the completion of the total
synthesis while retaining its chiral integrity. According to this
strategy, two approaches, that is, a convergent approach via an
intermolecular cycloaddition reaction (Scheme 1a) and a

a)

Intermolecular

[4+2] cycloaddition R
approach

=

ref. [8a]

=
Intramolecular Q
[4+2] cycloadd|t|on OMe OMe

approach y OMe

Scheme 1. Retrosyntheses of optically active fredericamycin A (1).

linear approach via an intramolecular cycloaddition reaction
(Scheme 1b), were planned. Only very recently, did we
achieved an asymmetric total synthesis of 1 via a convergent
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approach using a strong base induced intermolecular [4 + 2]
cycloaddition reaction of homophthalic anhydrides.®? The
regiochemistry of the cycloaddition reaction was controlled
by the phenylsulfinyl substituent (X =PhSO), and thereby the
absolute stereochemistry of natural 1 could be determined for
the first time.

On the other hand, the intramolecular cycloaddition
approach generally benefits from the entropy, reactivity, and
easy control of the regio- and stereochemistry compared with
the intermolecular version.'”] Particularly, this approach
should be attractive for the asymmetric total synthesis of 1,
because the chiral integrity of the key intermediate would be
easily retained. Herein, we would like to describe the total
synthesis of racemic 1 via our intramolecular cycloaddition
approach (Scheme 1b), which is believed to become an
alternative asymmetric synthesis of 1. The highlight of this
work is the development of the aromatic Pummerer-type
reaction with 1-ethoxyvinyl chloroacetate (7b).[''31 Use of
this acylating reagent was inevitable for introduction of the
oxygen functional group to the internal B-ring of the highly
functionalized, congested polyaromatic ABC-ring moiety.

Results and Discussion

Despite the above-mentioned advantages of the intramolec-
ular cycloaddition approach, no one has succeeded in the
preparation of the ABC-ring with this approach. A few
approaches have been reported;!'* 5] however, the difficulty
remains in the lack of an effective preparation method for the
highly oxygen-substituted polycyclic aromatic structures.

In order to circumvent this problem, very recently we have
presented a basic concept involving the oxidative intramo-
lecular [4 + 2] cycloaddition reaction of the (phenylthio)acet-
ylene —cobalt complex 2 to give the cycloadduct 3 and the
subsequent aromatic Pummerer-type reaction to substitute
the sulfinyl group by the oxygen functional group (3 —4)
(Scheme 2).0

tBu\ u\
o) O OH
X - %o -
AN
OC/Cgph oxidative +S O~ aromatic
02(CO)s intramolecular Ph Pummerer-
2 [4+2] 3 type

cycloaddition reaction

Scheme 2. Synthesis of the ABCD-ring model compound 4. a) 1. Me,-
SiCl,, EtN, chloranil, 100°C, 2.:Bu,Si(OTf),, Et;N, 3.mCPBA;
b) 1. (CF;CO),0, styrene, 2. Ac,0O, AcONa, pyridine.

However, a similar Pummerer-type reaction of the ABCD-
ring precursor Sa under the standard reaction conditions
(trifluoroacetic anhydride/styrene) did not give the desired
4-type product. Thus, the presence of the methoxy group at
the peri-position of the sulfinyl group of 5 resulted in its
cleavage to give the quinone sulfide 6 (71% yield) as the
single product. After intensive studies involving changing the
acylating reagents, solvents, and additives, we finally found
that the reaction of 5a with 1-ethoxyvinyl chloroacetate (7b)

3898
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(5 equiv) and a catalytic amount (ca. 0.3 equiv) of p-TsOH in
refluxing toluenel™® exclusively provided 8a (ca. 65 % yield).
The use of 7b gave the best yield of the oxygenated product 8
among the four different ethoxyvinyl esters 7a—d. Note-
worthy, a similar reaction using chloroacetic anhydride
instead of 7b proceeded tardily to give only 6 (ca. 80%
yield). Compound 8a was subjected to successive deprotec-
tion with Bu,NF, BBr;, and 80 % aqueous trifluoroacetic acid
to give the ABCD-ring 9 in 62% overall yield from Sa
(Scheme 3). The efficiency of 7b was also apparent from the
similar reaction of 5b, where 8b was isolated in 72 % yield.

tBu\Si,tBu
OH O
ol O@ CO‘
g . OMe OMe
PhS O O e O phs
Bugic B CocFs ) 6
o 00 CF3CO,
L A
O,
O PRS-O OMe Bu.g-Bu Bu B
+ N i
5aR! = OMe (0”0 o 0o
5bR'=H
3 e ~ O
< R! R!
PhS O O-Me O 0O OMe
COCH,CI !
( o 2 PhSCH,CO,Et COCHCI
Et 8aR' = OMe
f\
8bR'=
OFt (OCOCHch) c
for 8a l
OCOR2
7aR2=CH, o OoHO
7b R2 = CH,CI
7¢ R2 = CHCl, »a
7d R2=CCls OMe
OH O

Scheme 3. Aromatic Pummerer-type reaction of 5. a) (CF;CO),O0, styrene,
CHCL;, 0°C, 71%; b) 7b, cat. pTsOH, toluene, 110°C, 72% for 8b;
c) 1. BuyNF, THF/H,O, room temperature, 2. BBr;, CH,Cl,, —78 —
—45°C, 3.80% CF;CO,H, reflux, 62 % from 5a.

These contradicting effects between the acid anhydrides
and the ethoxyvinyl esters seem to be ascribed to the different
nucleophilic nature of the counteranions in the intermediates
(A and B), although we have not sufficiently clarified that yet.
In the reaction with 7b, the nucleophilic attack of the enolate
anion or the excess 7b took place at the sulfur atom of B to
give 8 along with ethyl phenylthioacetate.

With an efficient method at hand, our attention focused
next on the total synthesis of racemic 1. The key intermediate
(10) was obtained from either the known DEF-ring moiety
1107 or 14P! in 12% and 51% overall yield, respectively
(Scheme 4). In the latter route, the acetylation of 17 gave a 1:1
mixture of two diastereomers 18, which was hydrolyzed to
(£)-10. Direct introduction of acetyl group to 16 or the use of
the N,N-dimethylhydrazone instead of 17 gave low yields
of 10.

In order to introduce the (phenylthio)ethynyl group and the
A-ring acyl group into 10, this compound was first treated
with lithium (phenylthio)acetylide (1.1-1.3 equiv) in THF at
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HN CO,Me 2 N
11 12 R=H 0
b [ MeO MeO
13 R=COPh
NE= CHO
NS

OMe

MeO MeO o 10

X R
NZ f AN \
B N-N
N ¥
14 X=0 17 R
d|:15 x=<H g
CH,OH

7
> 18 R
e _H
16 x_<CHO

H
COMe

Scheme 4. Synthesis of the key intermediate 10. a) 1. Mel, Ag,0, dioxane,
2. LiAlH,, THF, 35% for two steps; b) BzCl, pyridine, CH,Cl,, 45 %;
c¢) 1. Dess —Martin periodinane, MeCN, 2. MeMgBr, THF, then MeLi, 93 %
for two steps, 3. DMSO, (COCl),, Et;N, CH,Cl,, 80 %; d) 1. (Me)Ph;P*Br-,
BuOK, THF, 83%. 2. BH;- THF, THF then H,0,, 2N NaOH, 92%;
e) Dess—Martin periodinane, CH,Cl,; f) (R)-1-amino-2-(methoxymethyl)-
pyrrolidine, CH,Cl,, 87% for two steps; g) LDA, AcCl, THF, 77%;
h) aqueous (CO,H),, Et,0, 99 %.

—78°C for a selective addition to the formyl group; however,
a retro-aldol reaction of the primary adduct 22 took place
while warming the reaction mixture and the chromatography
(silica gel) of the crude product; this results in the formation
of ketone 19 as the major product. Quenching 22 with the
A-ring acid chloride 21 (2-3 equiv) at —78 or —100°C
provided the ester 23 in poor yields. However, addition of
2 equiv LiN(TMS), to a solution of 10 (1 equiv), 20 (1 equiv),
and 21 (2equiv) in THF at —78°C followed by gradual
warming the reaction mixture to room temperature caused
the sequential lithium acetylide formation, addition of the
lithium acetylide to the formyl group of 10, and the
esterification of 22 with 21 to afford 23 (69% yield) as a
17:1 mixture of two diastereomers.

We then tried to induce the migration of the A-ring aroyl
group to the methyl ketone terminus under basic conditions.
Thus, the 17:1 diastereomeric mixture of 23 was dissolved in
toluene and treated with LiN(TMS), (3 equiv) at room
temperature. After consumption of the major isomer (for
2-3h), HMPA (3 equiv) was added, and the stirring was
continued at room temperature for another 30 min to
consume the minor isomer to provide 24 (70% yield) as a
17:1 mixture of two diastereomers. This mixture was subjected
to Dess—Martin oxidation, followed by formation of the
cobalt complex and debenzylation to provide 25.

Similarly to the preparation of 3,1l the cycloaddition of 25
in the presence of Me,SiCl, (4 equiv), Et;N (8 equiv), and
chloranil (4 equiv) proceeded in toluene at 100°C to give the
hexacyclic sulfoxide 26 (47 % overall yield from 25) after
protection of the peri-diol moiety by the silylene group and
the oxidation of the sulfenyl group. The aromatic Pummerer-
type reaction of 26 with 7b and a catalytic amount of p-TsOH
in refluxing toluene afforded 27 in 77 % yield. Demethylation
of the F-ring of 27 with Me;Sil,>> % gave the expected
pyridone 28 in 40% yield due to the cleavage of relatively
labile protective groups such as bis(zert-butyl)silylene and
chloroacetyl groups. However, the employment of rBu,-
Si(OTf),, Et;N, and Mel was found to be effective for the
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demethylation to give 28 quantitatively. Oxidation of the
methyl group of the F-ring by SeO, gave the formyl group
(—29), which was in turn subjected to the usual Wittig reaction
to give 30 (28 % yield, a 5:1 mixture of E,E- and Z,E-isomers)
with recovery of a 67 % yield of 29. Treatment of 30 with BBr;
removed all protecting groups simultaneously, and the subse-
quent auto-oxidation and separation of the minor impurity of
the diene isomer by HPLC (Jasco Megapak SIL NH2-10, 1 x
25 cm, CHCl,/hexane/acetic acid 800:200:1, 5 mLmin~! flow
rate)® afforded (£)-1 (52 % yield). The synthetic compound
was identical with an authentic sample of natural frederica-
mycin A (‘"H NMR, UV, TLC, HPLC) (Scheme 5).

=—SpPh 20
O 0OBn
(0] | o)
MeO MeO C oLi
NZ R OMe X
~ OMe 27 _ \\
—_—
10 R = CHO a - SPh
19 R=H
BnO
(o]
O
b 0 OMe
= OM
e
= AN
Ph
23 S
|
HO
o} OMe
° OMe
,\E\SPh d
—_—
Co,(CO
%/ 5 2(CO)s
25

C 26 X = S(O)Ph
27 X = OCOCH,CI

)1 -

28Y =H,
b 29v=-0
h = 30y = CH-CH=CH-Me

Scheme 5. Synthesis of racemic fredericamycin A (1). a)20, 21,
LiN(TMS),, THF, 69%; b) LiIN(TMS),, toluene then HMPA, 70%;
c) 1. Dess-Martin periodinane, CH,Cl,, 2. Co,(CO);, CH,Cl,, 84% for
two steps, 3. BCl;, CH,Cl,, 37 %; d) 1. Me,SiCl,, Et;N, chloranil, toluene,
2. Bu,Si(OTf),, Et;N, DMF, 3. nmCPBA, CH,Cl,, 47% for three steps;
e) 7b, cat. pTsOH, toluene, 77 %; f) tBu,Si(OTf),, Et;N, Mel, DMF, quant.;
2) SeO,, dioxane, 78 %; h) (MeCH=CHCH,)Ph;P*Br-, nBuLi, THF, 28 %
(85% based on consumed 29); i) 1. BBr;, CH,Cl,, 2. THF/H,O, air,
3. HPLC separation, 52 % for three steps.

Conclusion

A new, linear synthesis of the highly oxygen-substituted
polyaromatic, fredericamycin A (1) was elucidated by the
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combination of the oxidative intramolecular [4+2] cyclo-
addition of the suitably functionalized (phenylthio)acety-
lene — Co,(CO), complex 25 and the aromatic Pummerer-type
reaction of the sulfoxide 26 with 1-ethoxyvinyl chloroacetate
(7b). Application of this protocol to the optically pure
intermediate 10 would lead to the total synthesis of natural
1 and its derivatives and is now in progress in our laboratory.

Experimental Section

General techniques: Melting and boiling points are uncorrected. IR-
absorption spectra were recorded as a solution in an organic solvent or by
diffuse reflectance measurement of samples dispersed in KBr powder. 'H-
and *C-NMR spectra were measured in CDCl; with SiMe, or CHCl; as
internal standards. High-resolution mass spectra (HRMS) were recorded at
70 eV with a direct inlet system. Silica gel BW-300, Fuji Silysia Chemical,
Japan, particle size 38 —75 um, was used for flash column chromatography
and silica gel 60 F,s, glass plates, E. Merck, for preparative TLC.
Anhydrous solvents were prepared by the standard methods. Glass
reactors used for the intramolecular [4 + 2] cycloadditions were purchased
from Taiatsu Scientific Glass, Japan.

Compounds 7a,'] 7b,[2< 11,171 14,31 20,181 31,15 and crotyltriphenylphos-
phonium bromidel'”! were prepared as previously reported.

1-Ethoxyvinyl dichloroacetate (7c¢): Under a nitrogen atmosphere, a
solution of dichloroacetic acid (1.32 mL, 16 mmol) in anhydrous THF
(12 mL) was slowly added to an ice-cooled solution of ethoxyacetylene
(2.0 mL, 24 mmol) and [RuCl,(p-cymene)], (30 mg, 0.048 mmol) in anhy-
drous THF (10 mL) over a period of 15 min. After being stirred at 0°C for
2 h, the reaction mixture was concentrated in vacuo at room temperature,
and the residue was purified by distillation to give 7¢ (1.94 g, 61%) as a
yellow oil. B.p. 90-91°C/19 Torr; IR (THF): v= 1794, 1678 cm~!; 'H NMR
(270 MHz, CDClL;): 6=1.36 (t, 3H, J=70Hz), 3.86 (d, 1H, J=4.0 Hz),
3.92(q,2H,J/=70Hz),3.98 (d, 1H,J=4.0 Hz), 6.01 (s, 1H); HRMS: anal.
calcd for CsHgCl,O5: 197.9850; found 197.9865.

1-Ethoxyvinyl trichloroacetate (7d): Similar to the preparation of 7¢, 7d
(1.36 g, 73 %) was prepared from trichloroacetic acid (1.31 g, 8.0 mmol) to
yield a yellow oil. B.p. 85-86°C/17 Torr; IR (THF): v=1796, 1676 cm™;
'H NMR (300 MHz, CDCl,): 6 =1.38 (t, 3H, /=70 Hz), 3.90 (d, 1H, J=
4.5Hz), 3.96 (q, 2H, J=70Hz), 404 (d, 1H, J=4.5Hz); elemental
analysis caled for C¢H;Cl;05: C 30.87, H 3.02; found C 31.05, H 3.05.
2-Benzyloxy-4,5-dimethoxybenzoyl chloride (21): NaClO, (4.9 g, 54 mmol)
was added to a mixture of 2-benzyloxy-4,5-dimethoxybenzaldehyde (11.3 g,
42 mmol), NaH,PO, (12.5g, 104 mmol), 2-methyl-2-butene (22 mL,
0.21 mol), rBuOH (700 mL), and water (100 mL). The reaction mixture
was stirred at room temperature overnight and concentrated in vacuo to
one-forth of its volume. The residue was poured into a mixture of water and
CH,Cl,. The organic layer was separated and extracted with 10% NaOH
(2 x). The aqueous layer was acidified with 10% HCI to pH2-3 and
extracted with CH,Cl, (5x ). The combined organic layer was dried
(Na,SO,) and concentrated in vacuo. Recrystallization of the residual solid
from CICH,CH,Cl gave 2-benzyloxy-4,5-dimethoxybenzoic acid (9.8 g,
61 %) as colorless crystals. M.p. 72-74°C (CICH,CH,Cl); IR (KBr): v=
3400-2400, 1732, 1682, 1609, 1576 cm~!; 'H NMR (270 MHz, CDCl;): 6 =
3.90 (s, 3H),3.91 (s, 3H), 5.28 (s, 2H), 6.61 (s, 1H), 7.42-7.44 (m, SH), 7.63
(s, 1H), 10.76 (brs, 1H); 3C NMR (68 MHz, CDCl,): 6 =56.28, 56.31,73.2,
97.8, 109.5, 114.1, 1279, 129.1, 129.2, 134.2, 144.1, 152.6, 153.9, 165.0;
elemental analysis calcd for C;¢H;sOs: C 66.66, H 5.59; found C 66.63, H
5.60.

A mixture of the above acid (2.0 g, 6.9 mmol) and SOCI, (15 mL) was
heated under reflux for 8 h. After cooling under a nitrogen atmosphere, the
reaction mixture was concentrated in vacuo. Anhydrous toluene (5 mL)
was added, and the mixture was concentrated in vacuo and dried under
vacuum (0.1 Torr) at room temperature for 2 h to give 21 as a yellow solid.
IR (CH,CL): v=1763, 1611, 1572, 1514 cm~'; '"H NMR (270 MHz, CDCL):
0=3.89 (s, 6H), 5.18 (s, 2H), 6.51 (s, 1 H), 7.28 - 7.49 (m, 5H), 7.62 (s, 1 H);
3C NMR (68 MHz, CDCl,): 6 =56.3, 56.4, 71.4, 98.3, 112.9, 116.6, 126.8,
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1279, 128.5, 135.8, 142.5, 155.7, 155.9, 162.0. This compound was used for
the preparation of 23 and 32 without prior purification.

Sulfoxide (5a) was synthesized as shown in Scheme 6.
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Scheme 6. Synthesis of the sulfoxide 5a. a) 1.20, nBuLi, THF/HMPA,
81%, 2. pTsOH, acetone, 98 %, 3. 21, 4-(dimethylamino)pyridine, CH,Cl,,
quant.; b) 1. LIN(TMS),, THF, 88 %, 2. DMSO, DCC, pyridinium trifluoro-
acetate, benzene, 64 %; c) 1. Co,(CO)g, CH,Cl,, 82%, 2. BCl;, CH,Cl,,
73%; d) 1. Me,SiCl,, Et;N, chloranil, toluene, 2. tBu,Si(OTf),, Et;N, DMF,
57%, 3. mCPBA, CH,Cl,, 78%.

4,4-Tetramethylene-5-oxo-1-phenylthio-1-hexyn-3-yl  2-benzyloxy-4,5-di-
methoxy benzoate (32): Under a nitrogen atmosphere, nBuLi (1.6Mm
solution in hexane, 36 mL, 59 mmol) and anhydrous HMPA (10 mL,
59 mmol) were added to a solution of 20 (7.9 g, 59 mmol) in anhydrous THF
(70 mL) at —50°C. The reaction mixture was stirred at —50°C for 30 min,
to which was added a solution of 31 (9.8 g, 54 mmol) in anhydrous THF
(70 mL). The reaction mixture was stirred at —50°C for 40 min, and the
cooling bath was removed. The reaction mixture was warmed to room
temperature and then poured into saturated aqueous NH,Cl. The aqueous
layer was extracted with EtOAc and the combined organic layer was
washed with brine, dried (Na,SO,), and concentrated in vacuo. The residue
was purified by flash column chromatography (hexane/EtOAc 5:1 —3:1)
to give 5,5-ethylenedioxy-3-hydroxy-4,4-tetramethylene-1-phenylthio-1-
hexyne (13.7 g, 81%) as a pale yellow oil. IR (KBr): v=3700-3000,
1705, 1584 cm~'; "TH NMR (270 MHz, CDCl,): 6 =1.36 (s, 3H), 1.66-1.78
(m, 8H), 4.00-4.10 (m, 4H), 4.19 (d, 1H, J=2.0 Hz), 487 (d, 1H, J=
2.0 Hz), 720-7.45 (m, 5H); HRMS: anal. calcd for C;sH,,0,S: 318.1290;
found 318.1288.

A mixture of the above product (13.7 g, 43 mmol) and p-toluenesulfonic
acid-H,O (0.82 g, 4.3 mmol) in acetone (360 mL) was stirred at room
temperature for 1 h. The reaction mixture was concentrated in vacuo to a
half of its volume and poured into saturated aqueous NaHCO;. The
aqueous layer was extracted with EtOAc (3 x ), and the combined organic
layer was washed with brine, dried (Na,SO,), and concentrated in vacuo.
The residue was purified by flash column chromatography (hexane/EtOAc
3:1—1:1) to give 3-hydroxy-4,4-tetramethylene-1-phenylthio-1-hexyn-5-
one (11.6 g, 98%) as a pale yellow oil. IR (KBr): v=3700-3000, 2181,
1703, 1582 cm~!; '"H NMR (200 MHz, CDCl;): 6 =1.65-2.13 (m, 8H), 2.23
(s,3H),3.28 (d,1H,/=70Hz),4.68 (d, 1H,/=7.0 Hz), 720~ 7.43 (m, 5H);
elemental analysis caled for C;sH;3O,S: C 70.04, H 6.61, S 11.68; found C
69.76, H 6.60, S 11.57.

Under a nitrogen atmosphere, a solution of the above product (1.27 g,
4.6 mmol) and 4-(dimethylamino)pyridine (2.8 g, 23 mmol) in anhydrous
CH,Cl, (50 mL) was stirred at 0°C for 30 min, to which was added a
solution of the crude acid chloride (21) [prepared from the corresponding
carboxylic acid (2.0 g, 6.9 mmol)] in anhydrous CH,Cl, (40 mL). The
reaction mixture was stirred at room temperature for 2 h and poured into
saturated aqueous NH,Cl. The organic layer was separated, and the
aqueous layer was extracted with CH,Cl,. The combined organic layer was
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washed with brine, dried (Na,SO,), and concentrated in vacuo. The residue
was purified by flash column chromatography (hexane/EtOAc 6:1) to give
32 (2.6 g, quant.) as a brown oil. IR (KBr): v=1725, 1709, 1613, 1582 cm™;
'H NMR (500 MHz, CDCl;): 6 =1.58-1.70 (m, 4H), 1.86-1.97 (m, 3H),
2.18-2.24 (m, 1H),2.24 (s,3H), 3.82 (s, 3H), 3.86 (s, 3H), 5.15 (s, 2H), 6.16
(s, 1H), 6.49 (s, 1H), 721 (dd, 1H, J=38.0, 6.5 Hz), 727747 (m, 10H);
elemental analysis calcd for C;,H;,04S: C 70.57, H 5.92, S 5.89; found C
70.39, H 6.02, S 5.84.

1-(2-Benzyloxy-4,5-dimethoxyphenyl)-4,4-tetramethylene-7-phenylthio-6-
heptyne-1,3,5-trione (33): Under a nitrogen atmosphere, LIN(TMS), (1.0M
solution in THF, 11.3 mL, 11.3 mmol) was added to a solution of 32 (2.1 g,
3.8 mmol) in anhydrous THF (35 mL) at — 78 °C. The reaction mixture was
stirred at —78°C for 30 min, and the cooling bath was removed. The
reaction mixture was warmed to room temperature and poured into
saturated aqueous NH,CIl. The aqueous layer was extracted with EtOAc
(2x), and the combined organic layer was washed with brine, dried
(Na,S0,), and concentrated in vacuo. The residue was purified by flash
column chromatography (hexane/EtOAc 4:1) to give 1-(2-benzyloxy-4,5-
dimethoxyphenyl)-5-hydroxy-4,4-tetramethylene-7-phenylthio-6-heptyne-
1,3-dione (1.82 g, 88 %) as pale yellow crystals. M.p. 102—103 °C (hexane/
Et,0); IR (KBr): v=3600-3200, 1615, 1518 cm~!; 'H NMR (500 MHz,
CDCly): 6 =1.26-1.99 (m, 8H), 3.65 (d, 1H, J=8.5 Hz), 3.92 (s, 3H), 3.94
(s,3H),4.43 (d, 1H,J=8.5Hz), 5.02 (d, 1H,/=10.0 Hz), 5.05 (d, 1H, J =
10.0 Hz), 6.59 (s, 1H), 6.72 (s, 1H), 7.13 (t, 1H, /=75 Hz), 7.22-7.41 (m,
9H), 7.58 (s, 1 H), 16.63 (s, 1 H); elemental analysis calcd for C;,H;,04S: C
70.57, H 5.92, S 5.89; found C 70.51, H 5.96, S 5.80.

Under a nitrogen atmosphere, a solution of the above product (27 mg,
49 umol) in anhydrous benzene (2.0 mL) was cooled to 0°C, and DMSO
(42 pL, 0.59 mmol), dicyclohexylcarbodiimide (DCC) (61 mg, 0.30 mmol),
and pyridinium trifluoroacetate (9.4 mg, 50 pumol) were added successively.
The reaction mixture was stirred at room temperature for 1 h and poured
into water. The organic layer was extracted with Et,0 (2 x ), and the
combined organic layer was washed with brine, dried (Na,SO,), and
concentrated in vacuo. The residue was purified by flash column
chromatography (hexane/EtOAc 4:1) to give 33 (17.1 mg, 64 %) as yellow
crystals. M.p. 148-149°C (hexane/Et,0); IR (KBr): v=2116, 1615,
1518 em™!; 'H NMR (500 MHz, CDCl;): 6 =1.53-1.56 (m, 4H), 1.94-
1.97 (m, 2H), 2.16-2.19 (m, 2H), 3.89 (s, 3H), 3.91 (s, 3H), 5.08 (s, 2H),
6.57 (s, 1H), 6.67 (s, 1H), 7.25-741 (m, 10H), 7.52 (s, 1H), 16.23 (s, 1H);
elemental analysis calcd for C;,H;,0O4S: C 70.83, H 5.57, S 5.91; found C
70.76, H 5.53, S 5.92.

{1-(2-Hydroxy-4,5-dimethoxyphenyl)-4,4-tetramethylene-7-phenylthio-6-
heptyne-1,3,5-trione}hexacarbonyldicobalt (34): Under a nitrogen atmos-
phere, Co,(CO); (180 mg, 0.52 mmol) was added to an ice-cooled solution
of 33 (140 mg, 0.26 mmol) in anhydrous CH,Cl, (5 mL), and the flask was
covered with aluminum foil. The reaction mixture was stirred at 0°C for
30 min and then at room temperature for another 30 min. Silica gel for flash
column chromatography (2 g) was added to the reaction mixture and the
whole mixture was concentrated in vacuo. The crude product absorbed on
the silica gel was purified by flash column chromatography (hexane/EtOAc
2:1) to give {1-(2-benzyloxy-4,5-dimethoxyphenyl)-4,4-tetramethylene-7-
phenylthio-6-heptyne-1,3,5-trione}hexacarbonyldicobalt (174 mg, 82%) as
a dark-brown gum. IR (KBr): v=2099, 2062, 2037, 1576 cm~!; 'H NMR
(270 MHz, CDCl3): 6 =1.56-1.61 (m, 4H), 2.01-2.07 (m, 2H), 2.26-2.31
(m, 2H), 4.10 (s, 3H), 4.13 (s, 3H), 5.11 (s, 2H), 6.56 (s, 1 H), 6.78 (s, 1H),
7.38-17.55 (m, 11H), 16.29 (s, 1H).

Under a nitrogen atmosphere, BCl; (1.0M solution in CH,Cl,, 0.30 mL,
0.30 mmol) was added to an ice-cooled solution of the above product
(125 mg, 0.15 mmol) in CH,Cl, (4 mL). The reaction mixture was stirred at
0°C for 5 min and then at room temperature for 10 min and poured into
ice-water. The organic layer was separated, and the aqueous layer was
extracted with CH,Cl,. The combined organic layer was washed with brine,
dried (Na,SO,), and concentrated in vacuo. The residue was purified by
flash column chromatography (hexane/EtOAc 3:1) to give 34 (81 mg, 73 %)
as a dark-brown gum. IR (KBr): v=2099, 2066, 2041, 1667, 1632, 1574 cm™;
'H NMR (300 MHz, CDCl;): 6 =1.77-1.85 (m, 4H), 2.19-2.29 (m, 2H),
2.50-2.59 (m, 2H), 3.82 (s,3H), 3.90 (s, 3H), 6.20 (s, 1 H), 6.43 (s, 1 H), 6.98
(s, 1H), 7.38-7.58 (m, 5H), 12.08 (s, 1H), 15.60 (s, 1H).

4,5-[Di(tert-butyl)silylenedioxy]-7,8-dimethoxy-2,2-tetramethylene-9-
phenylsulfinyl-2,3-dihydrobenz[flindene-1,3-dione (5a): Under a nitrogen
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atmosphere, 34 (16 mg, 19 umol) and anhydrous toluene (2.0 mL) were
placed in a glass reactor, and Et;N (22 pL, 0.16 mmol), Me,SiCl, (10 pL,
77 umol), and chloranil (19 mg, 77 umol) were added successively. The
reactor was sealed and heated at 100 °C for 12 h. After cooling, the reaction
mixture was transferred to a round-bottomed flask and concentrated in
vacuo. Under a nitrogen atmosphere, the residue was dissolved in
anhydrous DMF (1.0 mL), and Et;N (0.10 mL, 0.72 mmol), and rBu,-
Si(OTf), (0.12mL, 0.34 mmol) were added. The reaction mixture was
stirred at room temperature overnight and cooled to 0°C. Saturated
aqueous NaHCO; and Et,0 were added, and the organic layer was
separated. The aqueous layer was extracted with Et,0 (5x ), and the
combined organic layer was washed with brine, dried (Na,SO,), and
concentrated in vacuo. The residue was purified twice by flash column
chromatography with different eluents (hexane/CH,Cl, 3:1—1:1 and
hexane/EtOAc 10:1) to give 4.,5-[di(tert-butyl)silylenedioxy]-7,8-dimeth-
oxy-2,2-tetramethylene-9-phenylthio-2,3-dihydrobenz[f]indene-1,3-dione
(6.5mg, 57%) as a yellow oil. IR (KBr): v=1730, 1701, 1603, 1574 cm™!;
'H NMR (300 MHz, CDCl;): 6 =1.17 (s, 18 H), 1.52—1.77 (m, 8 H), 3.95 (s,
3H), 4.00 (s, 3H), 6.93 (s, 1 H), 7.15-7.17 (m, 5H); HRMS: anal. calcd for
C33H30,SSi: 590.2158: found 590.2152.

Under a nitrogen atmosphere, mCPBA (80% purity, 43 mg, 0.20 mmol)
was added to a solution of the above product (118 mg, 0.20 mmol) in
anhydrous CH,Cl, (5 mL) at —78°C, and the reaction mixture was stirred
at —40°C for 30 min. Saturated aqueous Na,S,0; was added, and the
mixture was vigorously stirred at room temperature for 10 min. The organic
layer was separated, and the aqueous layer was extracted with CH,Cl,. The
combined organic layer was washed with saturated aqueous NaHCO;,
dried (Na,SO,), and concentrated in vacuo. The residue was purified by
flash column chromatography (hexane/EtOAc 10:1 —1:1) to give 5a
(94 mg, 78%) as a yellow oil. IR (KBr): v=1744, 1711, 1605, 1568 cm™;
'H NMR (300 MHz, CDCl,): 6 =1.16 (s, 9H), 1.17 (s, 9H), 1.86-2.05 (m,
8H),3.74 (s,3H), 4.02 (s, 3H), 6.94 (s, 1 H), 7.39-7.45 (m, 3H), 7.79 (d, 2H,
J=70Hz); HRMS: anal. calcd for C3;H;30,SSi: 606.2107; found 606.2107.

4,5-[Di(tert-butyl)silylenedioxy]-8-methoxy-2,2-tetramethylene-9-phenyl-
sulfinyl-2,3-dihydrobenz[flindene-1,3-dione (5b): Compound 5b was pre-
pared similar to the reported method® to yield a yellow oil. IR (KBr): v=
1742, 1713, 1605, 1586 cm~!; 'TH NMR (300 MHz, CDCl,): 6 =1.15 (s, 9H),
1.16 (s, 9H), 1.87-2.10 (m, 8H), 3.68 (s, 3H), 7.05 (d, 1H, J=8.5 Hz), 7.09
(d, 1H, J=8.5Hz), 742-7.50 (m, 3H), 7.72-7.74 (m, 2H); HRMS: anal.
calcd for C5,H;,0,SSi: 576.2002; found 576.1996.

4-Hydroxy-7-methoxy-2,2-tetramethylene-9-phenylthio-2,3-dihydrobenz-
[flindene-1,3,5,8-tetrone (6): Under a nitrogen atmosphere, trifluoroacetic
anhydride (32 pL, 0.23 mmol) was added to an ice-cooled solution of 5a
(14.0 mg, 23 umol) and styrene (7.9 puL, 69 pmol) in CHCl; (1.5 mL). The
reaction mixture was stirred at 0°C for 30 min and concentrated in vacuo.
The residue was purified by preparative TLC (hexane/EtOAc 1:1) to give 6
(7.1 mg, 71 %) as dark-blue crystals. M.p. 244 —246°C (hexane/EtOAc); IR
(KBr): v=1748, 1715, 1669, 1621, 1607 cm~'; '"H NMR (500 MHz, CDCl;):
0=1.43-1.76 (m, 8H), 4.00 (s, 3H), 6.24 (s, 1 H), 7.05-7.18 (m, 5H), 13.74
(s, 1H); HRMS: anal. calcd for C,,H 30,S: 434.0824; found 434.0820.

9-Chloroacetoxy-4,5-[di(zert-butyl)silylenedioxy]-7,8-dimethoxy-2,2-tetra-
methylene-2,3-dihydrobenz|flindene-1,3-dione (8a): Under a nitrogen
atmosphere, 7b (29 pL, 0.17 mmol) and anhydrous p-toluenesulfonic acid
(1.5 mg, 8.7 umol) were added to a solution of 5a (21 mg, 35 umol) in
anhydrous toluene (2.0 mL). The flask was set in an oil bath, pre-heated at
110°C, and stirred for 3.5 h. After cooling, Et;N (one drop) was added, and
the reaction mixture was concentrated in vacuo to give crude 8a. Due to
partial decomposition of 8a during flash column chromatography, the
crude product was used for the following step without prior purification.
Analytically pure 8a was obtained by flash column chromatography twice
with different eluents (hexane/EtOAc 5:1 then hexane/benzene 3:1 — 1:1)
as a yellow oil. IR (KBr): v=1790, 1732, 1707, 1605, 1582 cm~!; '"H NMR
(270 MHz, CDCl,): 6 =1.15 (s, 18 H), 1.93-2.05 (m, 8 H), 3.86 (s, 3H), 4.00
(s, 3H), 4.52 (s, 2H), 6.92 (s, 1H); HRMS: anal. calcd for C,yH;5ClO;Si:
574.1790; found 574.1790.

9-Chloroacetoxy-4,5-[di(zert-butyl)silylenedioxy]-8-methoxy-2,2-tetra-

methylene-2,3-dihydrobenz|flindene-1,3-dione (8b): Similar to the prepa-
ration of 8a, 5b (28 mg, 49 umol) was heated with 7b (40 pL, 0.24 mmol) at
110°C for 4.5 h. The product was purified by flash column chromatography
twice with different eluents (hexane/EtOAc 5:1 then benzene) to give 8b
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(19 mg, 72%) as a yellow oil. IR (KBr): v=1788, 1732, 1709, 1607 cm™;
"H NMR (CDCly): 6 = 1.14 (s, 18H), 1.93-1.96 (m, 8 H), 3.91 (s, 3H), 4.51
(s, 2H), 6.98 (d, 1H, J=8.5 Hz), 706 (d, 1 H, J=8.5 Hz); HRMS: anal.
caled for C,gH3;ClOgSi: 544.1684; found 544.1697.

4,9-Dihydroxy-7-methoxy-2,2-tetramethylene-2,3-dihydrobenz[flindene-
1,3,5,8-tetrone (9): A solution of the crude 8a obtained above in THF
(2 mL) and water (0.4 mL) was cooled to 0°C, to which was added Bu,NF
(1.0Mm solution in THF, 10 pL, 10 umol). The reaction mixture was stirred at
room temperature for 40 min and poured into brine. The aqueous layer was
extracted with CH,Cl,, and the combined organic layer was washed with
brine, dried (Na,SO,), and concentrated in vacuo. The residue was dried
under vacuum (0.1 Torr) at room temperature for 2 h and dissolved in
anhydrous CH,Cl, (2mL). Under a nitrogen atmosphere, BBr; (1.0m
solution in CH,Cl,, 0.17 mL, 0.17 mmol) was added to this solution at
—78°C, and the reaction mixture was gradually warmed, with stirring, to
—45°C over a period of 3.5 h and then poured into ice-water. The aqueous
layer was extracted with CH,Cl, (2 x ), and the combined organic layer was
washed with brine, dried (Na,SO,), and concentrated in vacuo. The residue
was heated in CF;COOH (3.0 mL) and water (0.75 mL) under reflux for
3 h, cooled, and concentrated in vacuo. The residue was purified by flash
column chromatography (CH,Cl, — CH,Cl,/EtOAc/AcOH 400:200:1) to
give 9 (73 mg, 62% from 5a, as dark red crystals. M.p. 248 -250°C (lit.>"]
m.p. 247-249°C); IR (CH,CL,): v=1750, 1715, 1692, 1611, 1563 cm™!;
'H NMR (500 MHz, CDCl;): 6 =1.96-2.17 (m, 8H), 3.99 (s, 3H), 6.28 (s,
1H), 12.50 (brs, 1H), 13.15 (s, 1H); HRMS: anal. calcd for C;sH;,0;:
342.0740; found 342.0756.

Preparation of 10 from 11:

8,8-Bis(hydroxymethyl)-1,9-dimethoxy-3-methyl-6,7-dihydro-8 H-cyclo-
pent[glisoquinoline (12): Under a nitrogen atmosphere, a mixture of 11
(5.0 mg, 15 pmol), Ag,O (27 mg, 0.12 mmol), Mel (0.20 mL, 3.2 mmol) in
anhydrous dioxane (1.0 mL) was stirred at 65°C for 3 h. The reaction
mixture was filtered through a Celite pad, and the filtrate was concentrated
in vacuo. The residue was purified by preparative TLC (hexane/EtOAc 1:1)
to give dimethyl 1,9-dimethoxy-3-methyl-6,7-dihydro-8 H-cyclopent|g]iso-
quinoline-8,8-dicarboxylate (3.1 mg) as a colorless oil. IR (KBr): v=1732,
1630, 1570 cm~'; '"H NMR (300 MHz, CDClL;):  =2.48 (s, 3H), 2.83 (t, 2H,
J=170Hz),3.03 (t,2H, J=70 Hz), 3.79 (s, 6H), 3.87 (s, 3H), 4.11 (s, 3H),
6.94 (s, 1H), 7.22 (s, 1H); HRMS: anal. calcd for C;yH,;NO,: 359.1369;
found 359.1369.

Under a nitrogen atmosphere, LiAIH, (3.0 mg, 90 umol) was added to an
ice-cooled solution of the above product (3.1 mg) in THF (1.0 mL). The
reaction mixture was stirred at 0°C for 20 min and poured into a saturated
aqueous solution of Rochelle salt. The product was extracted with EtOAc
(3 x ). The combined organic layer was washed with brine, dried (MgSO,),
and concentrated in vacuo. Purification of the residue by preparative TLC
(hexane/EtOAc 1:2) to give 12 (1.6 mg, 35 % from 11) as colorless crystals.
M.p. 139-140°C (hexane/EtOAc); IR (KBr): v=23600-3100, 1628, 1612,
1565 cm~'; 'TH NMR (300 MHz, CDCl,): 6 =2.09 (t,2H,J =70 Hz), 2.49 (s,
3H), 2.86-2.96 (m, 2H), 3.01 (t, 2H, J=7.0 Hz), 3.71-3.80 (m, 2H), 3.93
(s,3H),3.99-4.13 (m, 2H), 4.14 (s,3H), 6.94 (s, 1 H), 726 (s, 1 H) ; *CNMR
(75 MHz, CDClLy): 6=23.7, 29.8, 31.5, 53.4, 56.4, 64.1, 66.5, 110.8, 112.7,
117.8, 134.7, 142.6, 148.8, 149.7, 153.7, 158.6; elemental analysis calcd for
C;H,;NO,: C 67.31, H 6.98, N 4.62; found C 67.13, H 6.84, N 4.57.

[8-(Hydroxymethyl)-1,9-dimethoxy-3-methyl-6,7-dihydro-8 H-cyclopent-
[glisoquinolin-8-ylJmethyl benzoate (13): Under a nitrogen atmosphere,
benzoyl chloride (10 pL, 86 pmol) was added to an ice-cooled solution of 12
(23 mg, 77 pmol) and pyridine (10 uL, 0.12 mmol) in anhydrous CH,CI,
(4.0 mL). The reaction mixture was stirred at room temperature for 3 d and
poured into an aqueous NaHCOj solution. The product was extracted with
EtOAc (2 x ), and the combined organic layer was dried (Na,SO,) and
concentrated in vacuo. Purification of the residue by preparative TLC
(hexane/EtOAc 1:1) to give 13 (14 mg, 45%) as a colorless oil. IR (KBr):
¥=3600-3100, 1723, 1717, 1628, 1615, 1565 cm™!; 'H NMR (300 MHz,
CDCl,): 0 =2.07-2.33 (m, 2H), 2.50 (s, 3H), 2.94 (brs, 1H), 3.03-3.15 (m,
2H), 3.94 (s, 3H), 3.97-4.11 (m, 2H), 4.14 (s, 3H), 4.62 (d, 1H, J=
11.0 Hz), 479 (d, 1H, J=11.0 Hz), 6.96 (s, 1H), 727 (s, 1H), 741 (dd,
2H, /=80, 75Hz), 755 (t, 1H, J=75Hz), 796 (d, 2H, J=8.0 Hz);
HRMS: anal. calcd for C,,H,sNOs: 407.1732; found 407.1733.

8-Acetyl-8-formyl-1,9-dimethoxy-3-methyl-6,7-dihydro-8 H-cyclopent[g]-
isoquinoline (10): Under a nitrogen atmosphere, Dess — Martin periodinane
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(62 mg, 0.15 mmol) was added to an ice-cooled solution of 13 (49 mg,
0.12 mmol) in acetonitrile (2.0 mL). The reaction mixture was stirred at
room temperature for 5 h and poured into a saturated aqueous Na,S,0;
solution. The product was extracted with EtOAc (2 x ), and the combined
organic layer was washed with a saturated aqueous NaHCO,, dried
(Na,S0O,), and concentrated in vacuo to give (8-formyl-1,9-dimethoxy-3-
methyl-6,7-dihydro-8 H-cyclopent|gJisoquinolin-8-yl)methyl benzoate as a
colorless oil. This product was used for the next reaction without further
purification. IR (KBr): v=1727, 1628, 1568 cm~'; 'H NMR (300 MHz,
CDCl,): 6=2.23-2.32 (m, 1H),2.51 (s,3H),2.60-2.71 (m, 1 H), 3.10-3.27
(m, 2H), 3.89 (s, 3H), 4.14 (s, 3H), 4.67 (d, 1H, J=11.5 Hz), 5.15 (d, 1H,
J=11.5Hz), 6.98 (s, 1H), 7.30 (s, 1H), 7.41 (t, 2H, J=8.0 Hz), 7.55 (t, 1H,
J=8.0Hz),793 (d, 2H, J=8.0 Hz), 9.92 (s, 1 H).

Under a nitrogen atmosphere, a solution of the above crude product in
THF (3.0 mL) was cooled to — 78 °C, and MeMgBr (0.83 ™ solution in THF,
0.50 mL, 0.42 mmol) was added. The reaction mixture was stirred at — 78 °C
for 1.5h, and MeLi (1.1m solution in hexane, 0.38 mL, 0.42 mmol) was
added. The reaction mixture was stirred at —78°C for 10 min, warmed to
0°C, and stirred at 0°C for 30 min. The reaction mixture was poured into a
saturated aqueous NH,Cl and extracted with EtOAc. The organic layer was
dried (Na,SO,) and concentrated in vacuo. Purification of the residue by
flash column chromatography (hexane/EtOAc 3:1) gave 8-(1-hydroxyeth-
yl)-8-hydroxymethyl-1,9-dimethoxy-3-methyl-6,7-dihydro-8 H-cyclopent-
[glisoquinoline (a 17:3 mixture of two diastereomers, 36 mg, 93 % from 13)
as a colorless oil. IR (KBr): v=3700-3100, 1628, 1615, 1565, 1559 cm™';
'"H NMR (300 MHz, CDCl;): 6=1.02 (d, 920H, J=6.5 Hz), 1.14 (d, 51/
20H, J=6.5 Hz), 1.93-2.21 (m, 2H), 2.25-2.42 (m, 3/20H), 2.49 (s, 3H),
2.59 (dd, 17/20H, J = 8.5, 5.0 Hz), 2.83-2.87 (m, 3/20H), 3.02 (dd, 2H, J =
8.5,75Hz),3.19 (d,17/20H, J = 8.5 Hz),3.73 (dd, 17/20H, J = 11.0, 8.5 Hz),
3.90 (s, 9/20H), 3.95 (s, 51/20H), 4.02-4.22 (m, 43/20H), 4.13 (s, 3H), 6.94
(s, 1H), 7.24 (s, 1H); HRMS: anal. calcd for C;gH,;NO,: 317.1627; found
317.1620.

Under a nitrogen atmosphere, a mixture of oxalyl chloride (29 pL,
0.33mmol) and DMSO (47 uL, 0.66 mmol) in anhydrous CH,Cl,
(2.0 mL) was stirred at —78°C for 10 min, to which was added a solution
of the above product (26 mg, 82 umol) in anhydrous CH,Cl, (1.5 mL). The
reaction mixture was stirred at —78°C for 1h, and Et;N (0.14 mL,
0.98 mmol) was added. The reaction mixture was stirred at —78°C for 1 h,
gradually warmed to room temperature, and stirred at room temperature
for 30 min. The reaction mixture was poured into saturated aqueous NH,Cl
and extracted with CH,Cl,. The combined organic layer was washed with
brine, dried (Na,SO,), and concentrated in vacuo. Purification of the
residue by flash column chromatography (hexane/EtOAc 3:1) gave 10
(21 mg, 80%) as a pale yellow oil. IR (KBr): v=1728, 1705, 1628,
1611 cm™%; 'H NMR (CDCly): 6 =2.21 (s, 3H), 2.33 (ddd, 1H, J =13.0, 8.5,
5.0 Hz), 2.50 (s, 3H), 2.75 (ddd, 1H, J=13.0, 7.0, 6.0 Hz), 3.06-3.19 (m,
2H), 3.85 (s, 3H), 4.13 (s, 3H), 6.97 (s, 1H), 728 (s, 1H), 10.04 (s, 1H);
BCNMR (68 MHz, CDCLy): 6 =23.5, 26.5, 30.7, 31.3, 53.4, 63.5, 74.0, 110.8,
112.5, 117.3, 129.9, 143.2, 148.2, 149.2, 153.8, 158.5, 196.8, 206.4; HRMS
(FAB): anal. calcd for C;gH,NO,: 314.1393 [M + H]*; found 314.1396.

Preparation of 10 from 14:

8-Hydroxymethyl-1,9-dimethoxy-3-methyl-6,7-dihydro-8 H-cyclopent[g]-
isoquinoline (15): Under a nitrogen atmosphere, tBuOK (6.1 g, 53 mmol)
was added to a suspension of methyltriphenylphosphonium bromide
(18.9 g, 53 mmol) in anhydrous THF (130 mL) at room temperature, and
the reaction mixture was stirred at room temperature for 1 h. A solution of
14 (6.8 g, 26 mmol) in anhydrous THF (85 mL) was added, and the reaction
mixture was stirred at room temperature for 2 h. Water (100 mL) was
added, and the mixture was concentrated in vacuo to a half of its volume.
The product was extracted with CH,Cl, (3 x ), and the combined organic
layer was washed with brine, dried (Na,SO,), and concentrated in vacuo.
Purification of the residue by flash column chromatography (hexane/
EtOAc 20:1) gave 1,9-dimethoxy-3-methyl-8-methylene-6,7-dihydro-8H-
cyclopent[glisoquinoline (5.6 g, 83 %) as a colorless solid. M.p. 90-90.5°C
(hexane/EtOAc); IR (KBr): v=1614, 1565 cm~'; '"H NMR (CDCL): 6 =
2.48 (s, 3H), 2.83-2.85 (m, 2H), 3.01-3.04 (m, 2H), 3.87 (s, 3H), 4.14 (s,
3H), 530 (s, 1H), 6.07 (s, 1H), 6.91 (s, 1H), 722 (s, 1H); “C NMR
(75 MHz, CDCl,): 6=23.8, 29.9, 32.7, 53.7, 60.5, 109.0, 119.9, 112.7, 117.3,
130.6, 142.2, 147.4, 148.8, 151.2, 154.4, 159.9; C,;H,,NO,: anal. calcd for C
75.27, H 6.71, N 5.49; found C 74.99, H 6.85, N 5.21.
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Under a nitrogen atmosphere, BH; - THF complex (1.0M solution in THE,
50 mL, 50 mmol) was added to a solution of the above product (12.5 g,
49 mmol) in anhydrous THF (200 mL) over a period of 5 min. The reaction
mixture was stirred at room temperature for 30 min and cooled to 0°C. 2N
NaOH (100 mL) was added dropwise over a period of 20 min, and then
30% aqueous H,0, (40 mL) was added over a period of 5 min. The
reaction mixture was vigorously stirred at room temperature for 30 min and
extracted with EtOAc (3 x ). The combined organic layer was washed with
saturated aqueous Na,S,0; twice, dried (MgSO,), and concentrated in
vacuo. Recrystallization of the residual solid from hexane/EtOAc 1:1 gave
15 (7.0 g). The mother liquor was concentrated in vacuo, and the residue
was recrystallized from the same solvent system to give 15 (4.0 g). The
mother liquor was concentrated in vacuo, and purified by flash column
chromatography (hexane/EtOAc 2:1) to yield another batch of colorless
crystals (1.27 g) (total 92 % yield). M.p. 111-111.5°C (hexane/EtOAc); IR
(KBr): v=3467, 1634, 1568 cm~!'; '"H NMR (500 MHz, CDCl;): 6 =1.96—
2.04 (m, 1H), 2.25-2.33 (m, 1H), 2.48 (s, 3H), 2.85 (brs, 1H), 2.92-2.98
(m, 1H), 3.03-3.11 (m, 1H), 3.65-3.70 (m, 1H), 3.83 (brd, 2H, J=
6.5 Hz), 3.90 (s, 3H), 4.13 (s, 3H), 6.93 (s, 1H), 7.24 (s, 1H); “C NMR
(126 MHz, CDCl;): 6 =23.7, 28.8, 314, 46.1, 53.6, 62.1, 66.1, 111.2, 112.7,
117.4,134.9,142.2,148.4, 149.6, 153.2, 159.1; C,sH,(NOj;: elemental analysis
caled for C 70.31, H 7.01, N 5.12; found C 70.37, H 6.98, N 5.13.

8-Formyl-1,9-dimethoxy-3-methyl-6,7-dihydro-8 H-cyclopent[gJisoquino-
line (16): Under a nitrogen atmosphere, Dess —Martin periodinane (4.8 g,
10.7 mmol) was added to an ice-cooled solution of 15 (2.9 g, 10.7 mmol) in
CH,Cl, (120 mL). The reaction mixture was stirred at room temperature
for 30 min. Dess —Martin periodinane (1.0 g, 2.3 mmol) was added, and the
whole mixture was stirred at room temperature for 20 min and poured into
saturated aqueous Na,S,0;. The organic layer was separated, and the
aqueous layer was extracted with CH,Cl,. The combined organic layer was
washed with aqueous saturated NaHCO;, dried (Na,SO,), and concen-
trated in vacuo to give 16 (2.8 g). This product was used for the following
reaction without prior purification. Analytically pure sample was obtained
by recrystallization from hexane/EtOAc. M.p. 103-104°C; IR (KBr): v=
1725, 1634, 1568 cm~'; '"H NMR (300 MHz, CDCly): 6 =2.25-2.47 (m,
2H), 2.50 (s, 3H), 3.05-3.13 (m, 2H), 3.85 (s, 3H), 4.14 (s, 3H), 4.15-4.21
(m, 1H), 6.96 (s, 1H), 729 (s, 1H), 9.75 (d, 1H, J=3.0 Hz); *C NMR
(75 MHz, CDCl;): 6 =23.8, 26.1, 32.2, 53.7, 55.4, 61.9, 111.2, 112.8, 1174,
130.2, 142.8, 148.9, 149.0, 153.7, 159.2, 199.6; HRMS (FAB): anal. calcd for
C,H;sNO;: 272.1287 [M +H]*; found 272.1295.

Hydrazone (17): Under a nitrogen atmosphere, a solution of the above
crude 16 (2.8 g) and (R)-1-amino-2-(methoxymethyl)pyrrolidine (1.8 mL,
13 mmol) in CH,Cl, (180 mL) was stirred at room temperature for 2 h. The
reaction mixture was concentrated in vacuo, and the residue was
immediately purified by flash column chromatography (hexane/EtOAc
5:1—4:1) to give 17 (a 1:1 mixture of two diastereomers, 3.6 g, 87 %) as a
yellow oil. Due to instability of this product, it was used for the following
reaction immediately. IR (KBr): v=1630, 1615 cm~!; '"H NMR (500 MHz,
CDCL): 6 =1.77-1.97 (m, 4H), 2.22 -2.35 (m, 2H), 2.48 (s, 3H), 2.74-2.80
(m, 1H), 2.93-2.96 (m, 1H), 3.05-3.10 (m, 1H), 3.30-3.34 (m, 1H), 3.38
(s, 3H), 3.34-3.46 (m, 2H), 3.61-3.64 (m, 1H), 3.81 (s, 3/2H), 3.82 (s, 3/
2H), 4.110 (s, 3/2H), 4.112 (s, 3/2H), 4.18-4.22 (m, 1 H), 6.75 (d, 1/2H, J =
6.5 Hz), 6.79 (d, 1/2H, J=6.5 Hz), 6.92 (s, 1 H), 723 (s, 1H); HRMS: anal.
calcd for C,,HoN;05: 383.2209; found 383.2209.

Hydrazone (18): Under a nitrogen atmosphere, nBuLi (1.5M solution in
hexane, 7.3 mL, 11.2 mmol) was added to (iPr),NH (1.57 mL, 11.2 mmol) at
0°C, and the mixture was stirred at 0°C for 20 min. Anhydrous THF
(30 mL) was added, and the resulting clear solution was cooled to —78°C.
A solution of 17 (3.6 g, 9.3 mmol) in anhydrous THF (60 mL) was added to
this solution, and the reaction mixture was stirred at —78°C for 1 h. Acetyl
chloride (0.66 mL, 9.3 mmol) was added, and the reaction mixture was
stirred at —78°C for 1.5 h. Saturated aqueous NH,Cl was added, and the
product was extracted with CH,Cl, (3 x ). The combined organic layer was
washed with brine, dried (Na,SO,), and concentrated in vacuo. Purification
of the residue by flash column chromatography (hexane/EtOAc 4:1) gave
18 (a 1:1 mixture of two diastereomers, 3.1 g, 77 %) as a pale yellow oil. IR
(KBr): v=1709, 1568 cm~!; 'TH NMR (300 MHz, CDCl,): 6 =1.74-1.91 (m,
4H), 2.232 (s, 3/2H), 2.234 (s, 3/2H), 2.24-2.42 (m, 3/2H), 2.45 (s, 3H),
2.66-2.69 (m, 1/2H), 2.76-2.88 (m, 2H), 3.04-3.14 (m, 2H), 3.28 (s, 3/
2H), 3.30 (s, 3/2H), 3.30-3.38 (m, 2H), 3.47-3.50 (m, 1H), 3.78 (s, 3/2H),
3.79 (s, 3/2H), 4.12 (s, 3H), 6.945 (s, 1/2H), 6.952 (s, 1/2H), 7.01 (s, 1/2H),
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7.07 (s, 1/2H), 7.235 (s, 1/2H), 7.240 (s, 1/2H) ; HRMS (FAB): anal. calcd for
CosHoN;O,: 426.2393 [M + H]*; found 426.2392.

8-Acetyl-8-formyl-1,9-dimethoxy-3-methyl-6,7-dihydro-8 H-cyclopent[g]-
isoquinoline (10): A mixture of 18 (1.41 g, 3.4 mmol), Et,0 (60 mL), and
saturated aqueous oxalic acid (60 mL) was vigorously stirred at room
temperature for 1 h. The organic layer was separated, and the aqueous
layer was extracted with Et,0 (7 x). The combined organic layer was
successively washed with saturated aqueous NH,Cl (3 x ) and brine, dried
(Na,S0,), and concentrated in vacuo. Purification of the residue by flash
column chromatography (hexane/EtOAc 4:1) gave 10 (1.05g, 99%) as a
pale yellow oil. This product was identical with that obtained from 11.

8-Acetyl-8-[1-(2-benzyloxy-4,5-dimethoxybenzoyloxy)-3-phenylthio-2-
propyn-1-yl]-1,9-dimethoxy-3-methyl-6,7-dihydro-8 H-cyclopent[gJisoquin-
oline (23): Under a nitrogen atmosphere, LIN(TMS), (1.0M solution in
THF, 2.7 mL, 2.7 mmol) was added to a solution of 10 (0.40 g, 1.3 mmol), 20
(0.17 g, 1.3 mmol), 21 [in situ prepared from 2-benzyloxy-4,5-dimethoxy-
benzoic acid (0.90 g, 3.1 mmol)] in THF (25 mL) at —78°C. The reaction
mixture was stirred at —78°C for 2 h, gradually warmed to —20°C over a
period of 30 min, and poured into saturated aqueous NH,CIl. The organic
layer was separated, and the aqueous layer was extracted with CH,Cl,. The
combined organic layer was washed with brine, dried (Na,SO,), and
concentrated in vacuo. Purification of the residue by flash column
chromatography (hexane/EtOAc 2:1) gave 23 (0.63 g, 69 %) as a separable
mixture of two diastereomers in a ratio of 17:1.

Major diastereomer (less polar isomer); a pale yellow gum. IR (KBr): v=
1727,1715, 1628, 1613 cm™!; 'H NMR (270 MHz, CDCl;): 6 =2.19 (s, 3H),
2.45 (s,3H), 2.58 (ddd, 1H, J=14.0, 9.0, 7.0 Hz), 2.85 (ddd, 1H, J=14.0,
9.5, 5.0 Hz), 3.15 (ddd, 1H, J=14.5, 9.0, 5.0 Hz), 3.32 (ddd, 1H, J=14.5,
9.5,7.0 Hz), 3.56 (s,3H), 3.73 (s, 3H), 3.83 (s, 3H), 4.05 (s, 3H), 4.91 (ABq,
1H, J=12.5Hz), 497 (ABq, 1H, J=12.5 Hz), 6.35 (s, 1H), 6.71 (s, 1H),
6.78 (s, 1H), 6.85 (s, 1H), 7.13-7.21 (m, 2H), 7.23-7.35 (m, 7H), 7.40-7.46
(m, 2H); ¥C NMR (75 MHz, CDCLy): 6 =23.7, 26.3, 31.8, 32.2, 53.6, 55.9,
56.0, 63.2, 67.9, 68.2, 72.2, 73.0, 96.3, 100.2, 111.1, 111.3, 112.5, 113.4, 117.0,
126.2,126.4,127.1,127.8,128.5, 129.2, 131.6, 132.5, 136.8, 142.7, 143.2, 149.3,
149.7,153.2, 154.5, 154.7, 159.1, 163.7, 205.8; HRMS (FAB): anal. calcd for
C,H, NO,S: 718.2475 [M + H]*; found 718.2500.

Minor diastereomer (more polar isomer); a pale yellow gum; IR (KBr):
v=1723, 1713, 1626, 1611 cm~'; '"H NMR (270 MHz, CDCl;): 6 =2.08 (s,
3H), 2.28 (ddd, 1H, J=14.5, 8.5, 7.0 Hz), 2.49 (s, 3H), 2.65 (ddd, 1H, J =
14.5,9.0,8.0 Hz), 3.03-3.14 (m, 2H), 3.84 (s,3H), 3.88 (s, 3H), 3.96 (s, 3H),
4.11(s,3H),5.12 (ABq, 1H,/=12.0 Hz), 5.13 (ABq, 1H,/ =12.0 Hz), 6.51
(s, 1H), 6.83-6.89 (m, 2H), 6.95 (s, 1 H), 6.96-7.13 (m, 4H), 7.20-7.39 (m,
4H), 7.42-7.39 (m, 2H), 7.50 (s, 1 H); *C NMR (68 MHz, CDCl,): 6 =23.7,
26.0, 30.9, 32.0, 53.7, 56.0, 56.3, 63.5, 67.0, 68.2, 72.2, 73.6, 95.3, 99.7, 111.0,
111.4,112.7,114.8,117.3, 126.1, 126.4, 127.9, 128.0, 128.6, 128.9, 131.7, 132.1,
136.8, 143.0, 143.4, 149.4, 149.5, 153.6, 154.7, 155.0, 159.2, 164.8, 204.9;
elemental analysis calcd for C;,H3NOS: C 70.28, H 5.48, N 1.95, S 4.47;
found C 70.07, H 5.52, N 1.91, S 4.40.

8-[3-(2-Benzyloxy-4,5-dimethoxyphenyl)-1,3-dioxoprop-1-yl]-8-(1-hy-
droxy-3-phenylthio-2-propyn-1-yl)-1,9-dimethoxy-3-methyl-6,7-dihydro-
8H-cyclopent[glisoquinoline (24): Under a nitrogen atmosphere,
LiN(TMS), (1.0m solution in THF, 3.3 mL, 3.3 mmol) was added to a
solution of 23 (a 17:1 mixture of two diastereomers, 0.79 g, 1.1 mmol) in
anhydrous toluene (20 mL). The reaction mixture was stirred at room
temperature for 2.5 h, after which time the consumption of the major
isomer was confirmed by silica gel TLC analysis (CHCl;/MeOH 100:1).
Anhydrous HMPA (0.64 mL, 3.5 mmol) was added, and the reaction
mixture was stirred at room temperature for 30 min, after which time, the
consumption of the minor isomer was confirmed by TLC analysis, see
above. The reaction mixture was poured into saturated aqueous NH,Cl,
and the product was extracted with CH,Cl, (2 x ). The combined organic
layer was washed with brine, dried (Na,SO,), and concentrated in vacuo.
Purification of the residue by flash column chromatography (hexane/
EtOAc 2:1) gave 24 (0.56g, 70%) as a separable mixture of two
diastereomers in a ratio of 17:1.

Major isomer (less polar isomer); a yellow gum; IR (KBr): v=3600-3300,
1713, 1626, 1615 cm~'; '"H NMR (500 MHz, CDCl;): § =2.34-2.42 (m,
2H), 2.49 (s, 3H), 2.87-3.04 (m, 2H), 3.80 (s, 3H), 3.86 (s, 3H), 3.88 (s,
3H), 4.04 (s, 3H), 487 (ABq, 1H, J=11.5Hz), 490 (ABq, 1H, J=
11.5 Hz), 5.02 (ABq, 1H, J=9.5 Hz), 5.08 (ABq, 1H, J=9.5 Hz), 6.41 (s,
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1H), 6.66 (s, 1 H), 6.77-6.86 (m, 3H), 6.80 (s, 1 H), 6.93 (s, 1 H), 6.89-7.02
(m, 1H), 718 =724 (m, 3H), 732739 (m, 3H), 749 (s, 1 H), 16.29 (s, 1 H);
3C NMR (75 MHz, CDCl,): 6 =23.7, 30.6, 36.5, 53.6, 56.0, 56.3, 63.2, 67.8,
68.4,71.3,71.8, 98.3, 98.9, 99.6, 111.0, 111.9, 112.7, 114.9, 117.5, 125.6, 126.0,
1275,128.4,128.7,128.8, 132.1, 132.3, 136.1, 143.0, 143.4, 149.1, 150.1, 153.0,
153.8,153.9, 159.1, 178.7, 198.6; HRMS (FAB): anal. calcd for C,,H,,NO;S:
718.2474 [M + H]*; found 718.2474.

Minor isomer (more polar isomer); a yellow gum; IR (KBr): v=3600—
3300, 1713, 1626, 1611 cm~'; '"H NMR (300 MHz, CDCl,): 6 =2.33 (ddd,
1H,J=145,9.0,5.0 Hz), 2.45 (s, 3H), 2.83 (ddd, 1 H, J=16.5, 9.0, 6.0 Hz),
2.95 (ddd, 1H, J=145, 9.0, 6.0 Hz), 3.09 (ddd, 1H, ddd, J=16.5, 9.0,
5.0 Hz),3.75 (s,3H), 3.79 (s, 3H), 3.84 (s, 3H), 4.05 (s, 3H), 4.16 (d, 1H,J =
3.0 Hz), 4.76 (ABq, 1H,J=12.0 Hz), 4.80 (ABq, 1H, J=12.0 Hz), 5.96 (d,
1H, J=3.0 Hz), 6.32 (s, 1H), 6.35 (s, 1H), 6.76-6.82 (m, 2H), 6.86-6.96
(m, 3H), 6.99-7.10 (m, 3H), 712 (s, 1H), 718 -7.35 (m, 3H), 740 (s, 1H),
15.64 (s, 1H); *C NMR (75 MHz, CDCl;): 6 =23.7, 31.6, 32.6, 53.6, 55.9,
56.3, 62.7, 65.9, 66.5, 71.2, 71.6, 96.9, 98.5, 99.8, 111.4, 111.6, 112.8, 114.0,
117.0,125.6,125.9, 126.1, 127.3, 128.3, 128.8, 132.3, 134.5, 136.1, 143.1, 143.2,
148.9, 149.8, 152.8, 153.5, 154.3, 159.1, 175.1, 206.3; HRMS (FAB): anal.
caled for C,,H,yNOgS: 718.2474 [M +H]*; found 718.2468.

{8-[3-(2-Hydroxy-4,5-dimethoxyphenyl)-1,3-dioxoprop-1-yl]-8-(1-oxo0-3-
phenylthio-2-propyn-1-yl)-1,9-dimethoxy-3-methyl-6,7-dihydro-8 H-cyclo-
pent[glisoquinoline}hexacarbonyldicobalt (25): Dess— Martin periodinane
(34 mg, 80 umol) was added to a solution of 24 (a 17:1 mixture of two
diastereomers, 38 mg, 53 umol) in CH,Cl, (2.0 mL). The reaction mixture
was stirred at room temperature for 1 h and poured into saturated aqueous
Na,S,0;. The same workup as described for the preparation of 10 from 13
gave  8-[3-(2-benzyloxy-4,5-dimethoxyphenyl)-1,3-dioxoprop-1-yl]-8-(1-
oxo0-3-phenylthio-2-propyn-1-yl)-1,9-dimethoxy-3-methyl-6,7-dihydro-8 H-
cyclopent[glisoquinoline (34 mg) as a pale yellow gum. Due to its
instability, the product was used without further purification. IR (KBr):
v=2122,1732,1661, 1626, 1615 cm~'; "H NMR (300 MHz, CDCl;): 6 =2.45
(s, 3H), 2.65-2.86 (m, 2H), 2.95-3.05 (m, 2H), 3.74 (s, 3H), 3.83 (s, 3H),
3.85(s,3H), 3.92 (s,3H), 4.93 (ABq, 1H, /=125 Hz), 5.04 (ABq, 1H,J =
12.5 Hz), 6.35 (s, 1H), 6.93 (s, 1H), 6.95 (s, 1 H), 7.05-7.43 (m, 11 H), 7.48 (s,
1H), 16.31 (s, 1H); ¥C NMR (75 MHz, CDCl;): 6 =23.7, 31.5, 37.9, 53.3,
55.8,56.2, 60.4, 62.8, 71.0, 73.4, 98.4, 100.6, 101.4, 111.4, 111.7, 112.7, 114.8,
116.8,126.5,127.1, 1274, 1279, 128.6, 129.4, 129.9, 133.2, 136.3, 143.1, 143.3,
148.6, 149.1, 152.9, 153.8, 154.6, 159.1, 178.4, 183.7, 195.0; HRMS (FAB):
anal. caled for C;,H;NOgS: 716.2318 [M + H]*; found 716.2385.

Similarly to the preparation of 34, the above product (34 mg) was stirred
with Co,(CO); (37 mg, 0.12 mmol), and the product was purified by flash
column chromatography (hexane/EtOAc 3:1) to give {8-[3-(2-benzyloxy-
4,5-dimethoxyphenyl)-1,3-dioxoprop-1-yl]-8-(1-oxo-3-phenylthio-2-pro-
pyn-1-yl)-1,9-dimethoxy-3-methyl-6,7-dihydro-8 H-cyclopent[g]isoquinoli-
ne}hexacarbonyldicobalt (45 mg, 84 % from 24) as a dark green gum. IR
(KBr): v=2097, 2062, 2035, 1727, 1661, 1628, 1615cm~'; 'H NMR
(300 MHz, CDCly): 6 =2.46 (s, 3H), 2.58-2.79 (m, 2H), 2.86-2.95 (m,
2H), 3.78 (s, 3H), 3.81 (s, 3H), 3.86 (s, 3H), 3.98 (s, 3H), 4.86 (ABq, 1H,
J=12.0 Hz), 4.92 (ABq, 1H,J=12.0 Hz), 6.40 (s, 1H), 6.72 (s, 1 H), 6.91 (s,
1H), 7.12-7.56 (m, 12H), 16.29 (s, 1H).

Under an argon atmosphere, BCl; (1.0Mm in CH,Cl,, 0.010 mL, 10 umol) was
added to an ice-cooled solution of the above product (9.5 mg, 9.4 umol) in
anhydrous CH,Cl, (3.0 mL). The reaction mixture was stirred at 0°C for 1 h
and poured into ice-water. The same workup as described for the
preparation of 34 and the purification by preparative TLC (hexane/EtOAc
2:1) gave 25 (3.2 mg, 37 %) as a 3:1 mixture of keto- and enol-forms as a
dark green gum. IR (KBr): v=2099, 2064, 2039, 1717, 1628, 1615 cm™;
'"H NMR (300 MHz, CDCly):  =2.49 (s, 3H), 2.76-2.98 (m, 2H), 3.03—
3.25 (m, 2H), 3.62 (s, 3/4H), 3.78 (s, 9/4H), 3.86 (s, 3/4H), 3.89 (s, 3/4H),
3.90 (s,9/4H), 3.95 (s, 9/4H), 4.04 (s,9/4H), 4.05 (s, 3/4H), 4.27 (ABq, 3/4H,
J=16.0 Hz), 4.51 (ABq, 3/4H, J=16.0 Hz), 6.27 (s, 1/4H), 6.40 (s, 3/4H),
6.71 (s, 1/4H), 6.96 (s, 3/4H), 6.97 (s, 1/4H), 726 - 7.48 (m, 25/4H), 7.57 (s, 3/
4H), 12.02 (s, 1/4H), 12.39 (s, 1/4H), 15.60 (s, 3/4H).

8,9-[ Di(tert-butyl)silylenedioxy]-1',5,6,9'-tetramethoxy-3'-methyl-4-phen-
ylsulfinyl-6’,7"-dihydrospiro[2H-benz[flindene-2,8'-8'H-cyclopent[g]iso-
quinoline]-1,3-dione (26): Under a nitrogen atmosphere, 25 (18 mg,
19 pmol) and anhydrous toluene (2.0 mL) were placed in a glass reactor,
Et;N (22 pL, 0.16 mmol) and Me,SiCl, (10 pL, 78 pmol) were added. The
reaction mixture was stirred at room temperature for 30 min, and chloranil
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(19 mg, 77 pmol) was added. The reactor was sealed and heated at 100°C
for 10 h. After cooling, the reaction mixture was transferred to a round
bottomed flask and concentrated in vacuo. The residue was dissolved in
anhydrous DMF (1 mL), Et;N (0.20 mL, 1.4 mmol) and ¢Bu,Si(OTf),
(0.25 mL, 0.69 mmol) were added. The reaction mixture was stirred at
room temperature overnight. Similar workup as described for the
preparation of Sa followed by purification by flash column chromatog-
raphy (hexane — hexane/EtOAc 5:1) gave 8,9-[di(fert-butyl)silylenedioxy]-
1',5,6,9'"-tetramethoxy-3'-methyl-4-phenylthio-6',7'-dihydrospiro[2 H-benz-
[flindene-2,8'-8 H-cyclopent|gJisoquinoline]-1,3-dione (9.0 mg) as a yellow
gum. This product was contaminated with small amounts of hardly
separable impurities and used for the following reaction without further
purification. IR (KBr): v=1736, 1703, 1630, 1603 cm~'; 'H NMR
(500 MHz, CDCL): 6 =111 (s, 9H), 1.12 (s, 9H), 1.93-2.02 (m, 1H),
2.31-2.38 (m, 1H), 2.45 (s, 3H), 3.07-3.16 (m, 1H), 3.18-3.25 (m, 1H),
3.43 (s,3H), 3.94 (s, 3H), 4.00 (s, 3H), 4.02 (s, 3H), 6.90 (s, 1H), 6.93-6.98
(m, 1H), 6.95 (s, 1H), 7.09 (t,2H, J =75 Hz), 7.15 (d, 2H, J =75 Hz), 7.20
(s, 1H); HRMS (FAB): anal. calcd for C,;H,(NOgSSi: 764.2713 [M + H]|*;
found 764.2716.

mCPBA (80% purity, 2.8 mg, 13 umol) was added to a solution of the
above product (9.0 mg) in CH,Cl, (1.5 mL) at — 70 °C. The reaction mixture
was stirred at —70°C for 1.5 h, and gradually warmed to —50°C over a
period of 30 min. Saturated aqueous Na,S,0; was added and purified
further as described above for the preparation of 5a; compound 26 (6.9 mg,
47% from 25) was obtained as a separable 1:1 mixture of two diaster-
eomers.

Less polar isomer; a pale yellow gum; IR (KBr): v=1740, 1709, 1629,
1605 cm~'; 'TH NMR (270 MHz, CDCl;): 6 =1.16 (s, 9H), 1.18 (s, 9H),
2.32-2.60 (m, 2H), 2.46 (s, 3H), 3.22-3.43 (m, 2H), 3.52 (brs, 3H), 3.54 (s,
3H), 4.00 (s, 3H), 4.01 (s, 3H), 6.93 (s, 1 H), 6.96 (s, 1 H), 7.26 (s, 1H), 7.34 -
744 (m,3H),7.74 (d,2H,J =75 Hz); *C NMR (68 MHz, CDCl,): 6 =21.1,
21.2,23.7,25.9,26.0,32.2,35.9,53.4,56.3, 60.6, 62.8, 65.8,103.9, 111.0, 112.9,
113.5,117.0,125.5,128.3,129.0, 134.0, 139.8, 143.2, 148.6, 149.8, 151.2, 152.7,
154.6, 155.5, 158.9, 197.6.

More polar isomer; a pale yellow gum; IR (KBr): v=1742, 1709, 1630,
1605 cm~'; 'TH NMR (270 MHz, CDCly): 6 =1.15 (s, 9H), 1.17 (s, 9H), 2.43
(s,3H),2.50-2.67 (m,2H), 3.10 (s, 3H), 3.25-3.40 (m, 2H), 3.81 (brs, 3H),
3.97 (s,3H),4.05 (s,3H), 6.90 (s, 1 H), 6.99 (s, 1H), 722 (s, 1H), 7.28 (t, 1 H,
J=175Hz), 736 (d, 2H, J=75Hz), 760 (d, 2H, J=75Hz); *C NMR
(68 MHz, CDCl;): 6 =20.8, 21.4, 23.6, 26.0, 31.5, 32.3, 36.0, 53.3, 56.2, 61.1,
61.9, 65.7,103.3, 110.8, 112.8, 116.6, 116.9, 125.9, 128.0, 128.1, 128.9, 133.8,
138.5, 142.9, 144.7, 148.2, 149.8, 150.9, 152.1, 154.1, 155.0, 158.5, 197.4;
HRMS (FAB): anal. calcd for Cy;3HyNOoSSi: 780.2663 [M + H]J*; found
780.2665.

4-Chloroacetoxy-8,9-[di(zert-butyl)silylenedioxy]-1',5,6,9'-tetramethoxy-
3'-methyl-6',7'-dihydrospiro[2H-benz[flindene-2,8'-8' H-cyclopent[ g ]iso-
quinoline]-1,3-dione (27): Similarly to the preparation of 8a, 26 (46 mg,
60 umol) was heated with anhydrous p-toluenesulfonic acid (1.0 mg,
6 umol) and 7b (0.039 mL, 25 umol) in anhydrous toluene (2.0 mL) at
120°C for 20 min. Similar workup and the purification by flash column
chromatography (hexane/EtOAc 5:1) gave 27 (35mg, 77%) as a pale
yellow gum. IR (KBr): v=1792, 1736, 1707, 1630, 1605 cm~!; 'H NMR
(500 MHz, CDCl;): 6 =1.13 (s, 9H), 1.17 (s, 9H), 2.47 (s, 3H), 2.48-2.59
(m, 2H), 3.31-3.58 (m, 2H), 3.52 (brs, 3H), 3.75 (s, 3H), 4.02 (s, 3H), 4.03
(s,3H), 4.46 (ABq, 1H, J=15.5 Hz), 4.51 (ABq, 1H, J=15.5 Hz), 6.96 (s,
2H),731 (s,1H); *CNMR (68 MHz, CDCl;): 6 =21.1,21.2,23.7,26.0, 26.1,
31.6, 32.4, 40.7, 53.5, 56.5, 62.1, 62.5, 66.1, 104.3, 119.3, 111.0, 113.0, 115.0,
117.3, 1270, 127.1, 127.5, 138.9, 143.3, 148.7, 148.8, 149.7, 149.9, 151.4, 154.8,
158.8, 165.9, 198.1, 205.8; HRMS (FAB): anal. calcd for C3H,;;CINOSi:
748.2344 [M + H]*; found 748.2344.

4-Chloroacetoxy-8,9-[di(zert-butyl)silylenedioxy]-5,6,9 -trimethoxy-3'-

methyl-6',7'-dihydrospiro[2H-benz[f]indene-2,8"-8 H-cyclopent[glisoquin-
oline]-1,1'(2'H),3-trione (28): Under a nitrogen atmosphere, Et;N (51 pL,
0.37 mmol), Bu,Si(OTf), (68 uL, 0.19 mmol), and Mel (12 pL, 57 pmol)
were added successively to a solution of 27 (14 mg, 19 umol) in anhydrous
DMF (1.0 mL). The reaction mixture was stirred at room temperature for
4 h and poured into water. The product was extracted with EtOAc (2 x ),
and the combined organic layer was washed with brine, dried (Na,SO,), and
concentrated in vacuo. Purification of the residue by flash column
chromatography (hexane/EtOAc 1:2) gave 28 (14 mg, quant.) as a pale
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yellow gum. IR (KBr): v= 1790, 1736, 1707, 1646, 1619, 1605 cm~!; '"H NMR
(500 MHz, CDCLy): 6 =1.13 (s, 9H), 1.16 (s, 9H), 2.26 (s, 3H), 2.47-2.59
(m, 2H), 3.26 - 3.41 (m, 2H), 3.59 (brs, 3H), 3.89 (s, 3H), 4.01 (s, 3H), 4.46
(ABq, 1H, J=15.0 Hz), 451 (ABq, 1H, J=15.0 Hz), 6.17 (s, L H), 6.94 (s,
1H), 710 (s, 1H), 9.28 (brs, 1H); HRMS (FAB): anal. calcd for
C3Hy CINO,(Si: 734.2188 [M + H]*; found 734.2195.

4-Chloroacetoxy-8,9-[di(zert-butyl)silylenedioxy]-3'-formyl-5,6,9’-tri-
methoxy-6',7"-dihydrospiro[2H-benz[flindene-2,8'-8' H-cyclopent[g]iso-
quinoline]-1,1'(2’H),3-trione (29): Under a nitrogen atmosphere, a mixture
of 28 (14 mg, 19 pmol) and SeO, (8.3 mg, 75 umol) in anhydrous dioxane
(1.0mL) was stirred under reflux for 1h. After cooling, the reaction
mixture was filtered through a Celite pad, and the filtrate was concentrated
in vacuo. Purification of the residue by flash column chromatography
(hexane/EtOAc 1:1) gave 29 (11 mg, 78 %) as a pale yellow gum. IR (KBr):
v=1788, 1734, 1707, 1682, 1607 cm'; 'H NMR (500 MHz, CDCl;): 6 =1.13
(s,9H), 1.17 (s, 9H), 2.53-2.65 (m, 2H), 3.34-3.47 (m, 2H), 3.62 (brs, 3H),
3.89 (s,3H), 4.02 (s,3H), 4.46 (ABq, 1 H, J=15.5 Hz), 4.51 (ABq, 1H,J=
15.5 Hz), 6.96 (s, 1H), 7.03 (s, 1H), 741 (s, 1H), 8.68 (brs, 1H), 9.53 (s, 1 H);
HRMS (FAB): anal. calcd for C3H3CINO,;Si: 748.1981 [M + H]*; found
748.1962.

4-Chloroacetoxy-8,9-[di(zert-butyl)silylenedioxy]-5,6,9'-trimethoxy-3'-(1,3-
pentadienyl)-6’,7'-dihydrospiro[2H-benz|[f]lindene-2,8'-8' H-cyclopent[g]-
isoquinoline]-1,1'(2'H),3-trione (30): Under a nitrogen atmosphere, nBuLi
(1.5M solution in hexane, 0.17 mL, 0.25 mmol) was added to an ice-cooled
suspension of crotyltriphenylphosphonium bromide (0.10 g, 0.25 mmol) in
anhydrous THF (4 mL), and the reaction mixture was stirred at 0°C for 1 h.
The supernatant (0.26 mL) of this mixture was added to a solution of 29
(9.4 mg, 13 pmol) in anhydrous THF (1 mL) at —78°C. The reaction
mixture was stirred at —78°C for 30 min, warmed to room temperature,
stirred at room temperature for 2 h, and poured into a solution of saturated
aqueous NH,Cl solution. The organic layer was separated, and the aqueous
layer was extracted with CH,Cl,. The combined organic layer was washed
with brine, dried (Na,SO,), and concentrated in vacuo. Purification of the
residue by preparative TLC (hexane/EtOAc 2:3) gave 30 (a 5:1 mixture of
E,E- and E,Z-isomers, 2.8 mg, 28 %) and unreacted 29 (6.3 mg, 67 %). 30:
pale yellow gum; IR (KBr): v= 1790, 1738, 1709, 1646, 1607 cm!; '"H NMR
(500 MHz, CDCl,): 6 =1.13 (s, 9H), 1.16 (s, 9H), 1.84 (d, 5/2H, J=7.0 Hz),
1.86 (dd, 1/2H,J =70, 1.5 Hz), 2.48-2.61 (m, 2H), 3.27-3.42 (m, 2H), 3.60
(brs, 5/2H), 3.61 (brs, 1/2H), 3.85 (s, 3H), 4.02 (s, 3H), 4.46 (ABq, 1H, /=
15.5 Hz), 4.51 (ABq, 1H,J =15.5 Hz), 5.75 (dq, 1/6 H,J=10.5, 7.0 Hz), 5.93
(dq, 5/6H,J=15.0,7.0 Hz), 6.08 (d, 5/6 H, J=16.0 Hz), 6.13-6.22 (m, 1 H),
6.18 (d, 1/6 H,J =16.0 Hz), 6.29 (s, 5/6 H), 6.34 (s, 1/6 H), 6.53 (dd, 5/6 H, J =
16.0,10.5 Hz), 6.87 (dd, 1/6 H, J = 16.0, 10.5 Hz), 6.94 (s, 1 H), 7.15 (s, 5/6 H),
7.17 (s, 1/6 H), 8.33 (brs, 5/6 H), 8.46 (brs, 1/6 H); HRMS (FAB): anal. calcd
for C;,H,sCINO,Si: 786.2501 [M + H]*; found 786.2491.

(+)-Fredericamycin A (1): Under a nitrogen atmosphere, BBr; (1.0m
solution in CH,Cl,, 0.10 mL, 0.10 mmol) was added to a solution of 30
(2.4 mg, 3.0 umol) in anhydrous CH,Cl, (1.0 mL) at —78°C. The reaction
mixture was stirred at —78°C for 1h and gradually warmed to room
temperature over a period of 1 h. Water (1.0 mL) and THF (5.0 mL) were
added, and the reaction mixture was stirred in the air at room temperature
for 18 h. The product was extracted with CH,Cl, twice, and the combined
organic layer was successively washed with saturated aqueous NaHCO;
and brine, dried (Na,SO,), and concentrated in vacuo. Purification of the
residue by preparative TLC (CHClL;/MeOH/AcOH 90:10:1) gave a mixture
of 1 and its E,Z-isomer. Further purification of this mixture by HPLC
(JASCO Megapac SIL NH2-10, CHCl;/MeOH/AcOH 800:200:1) gave 1
(1.0 mg, 52%) as a red solid. This product was identical (‘H NMR, UV,
HPLC, TLC) with an authentic sample of natural fredericamycin A by
direct comparison.
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Catalytic Hydrolysis of Peptides by Cerium(v)

Tohru Takarada,'*! Morio Yashiro,” and Makoto Komiyama*!?!

Abstract: Oligopeptides are efficiently
hydrolyzed by Ce!¥ to the corresponding
amino acids under mild conditions. The
pseudo first-order rate constants for the
hydrolysis of H-Gly-Phe-OH and
H-Gly-Gly-OH at pH 7.0 and 50°C are
35x107! and 2.8x10'h7!, with
[Ce(NH,),(NOs)s]o=10mMm (the half-

was observed under the reaction con-
ditions. Catalytic turnover of the Ce!v
was also evidenced. The hydrolysis is
fast especially when the substrates have
no metal-coordinating side chains. Tri-
peptides and tetrapeptides are hydro-
lyzed at the similar rates as the dipep-
tides. In the hydrolysis of tripeptides, the

amide linkage near the N-terminus is
preferentially hydrolyzed. Neither the
N-carbobenzyloxy derivative nor the
amide of H-Gly-Phe-OH is hydrolyzed
to a measurable extent, showing that
both the terminal amino group and the
carboxylate are coordinated to the Ce'v
ion. This complexation is further con-

lives are 2.0 and 2.5 h). The catalytic
activity of the Ce!V is far greater than
those of other lanthanide ions and non-

S o drolyses -
lanthanide ions. No oxidative cleavage

Introduction

Preparation of artificial peptidases has been one of the most
attractive subjects, since they are valuable tools for future
biotechnology. However, amide bonds in proteins are ex-
tremely stable and resistant to hydrolysis. The intrinsic half-
life of the amide linkage in Gly-Gly in neutral solutions at
25°C, for example, is estimated to be 350 years.['l Remarkably
active catalysts are required to hydrolyze peptides under
physiological conditions.

To date, Cu, Zn", Ni', and Co™ complexes for the
hydrolysis of activated amides were prepared, and useful
information on the catalytic mechanisms of natural enzymes
was provided.’ The N-terminal amide bond of peptide was
selectively cleaved by Co™ complexes.[l Recently, still greater
catalytic activity and higher selectivity have been
achieved.l%] Kostic et al. reported Pd" and Pt complexes
which hydrolyze peptides and proteins site selectively.’! The
scission occurs at the carboxyl sides of Met, His, or Trp
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firmed by 'HNMR spectroscopy. The
Ce!V ion is therefore one of the most

peptides active catalysts for peptide hydrolysis.

residues, since they bind the metal complexes. A macrocyclic
Cu! complex for the hydrolysis of dipeptide and bovine serum
albumin was presented by Burstyn etal.! At pH 8.1 and
50°C, Gly-Gly (short for H-Gly-Gly-OH, unless stated
otherwise) was hydrolyzed in 15% conversion within seven
days. With Fe-EDTA, "3 Ni-(Gly-Gly-His),!'¥l or Cu!-1,10-
phenanthroline complexes!™™ bound to the target position,
proteins were cleaved site specifically. In spite of these
remarkable progresses, further increase in the catalytic
activity is desirable for versatile applications.

The present article reports that Ce! ion efficiently hydro-
lyzes oligopeptides under mild conditions.'*'®! In neutral
solutions at 50°C, the half-life of amide linkages is only a few
hours. The overwhelming advantage of this metal ion over
other metal ions is being substantiated in the following. The
catalytic turnover of the Ce! is shown. Furthermore, the
mechanism of Ce!V catalysis is proposed on the basis of kinetic
and spectroscopic evidence.

Results

Ce(NH,),(NO;)¢-induced hydrolysis of dipeptides: Figure 1
shows the HPLC spectra for the hydrolysis of Gly-Phe by
Ce(NH,),(NO;), at pH 7.0 and 50°C. The dipeptide is rapidly
cleaved, and the hydrolytic products (1:1 mixture of Gly and
Phe) are formed (Figure 1a: the products are detected by the
post-column o-phthalaldehyde method). Any by-products,
assignable to oxidative cleavage of the substrates, can not be
detected at all [this fact has been further confirmed by
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a) b)
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Figure 1. HPLC patterns for the hydrolysis of Gly-Phe by Ce(NH,),(NO;),
at pH 7.0 and 50°C for 2.0 h: a) ion-exchange mode with the detection by
the post-column o-phthalaldehyde method and b) reversed-phase mode
with a UV detector (257 nm). [Gly-Phe],= [Ce(NH,),(NO;)], =10 mm in
0.1 M HEPES buffer. In a), cyclo(-Gly-Phe-) without an amino group is not
detectable, whereas in b) Gly is not detectable at 257 nm.

'"H NMR spectroscopy (data not shown)], although the Ce'Vis
a well-known oxidation reagent. The cleavage proceeds via
the hydrolysis of the amide linkage. In the reaction mixtures,
most of the Ce!V exist as the gel of metal hydroxide.

The only by-product of the present reactions is the cyclic
dimer, which is formed by the intramolecular condensation
between the carboxylate and the amino group (Scheme 1).01%]

“SCOOH  + H,N™ "COOH

hydfo'yy’ Gly Phe
\

Hz N COOH

cycli |$\

N

Be)
/\O’

Gly-Phe

H O
cyclo(-Gly-Phe-)

Scheme 1. The hydrolysis of Gly-Phe and its cyclization to cyclo(-Gly-
Phe-).

This cyclic dimer is detected by the UV detector (Figure 1b),
since the post-column o-phthalaldehyde method is not
applicable here. However, the formation of cyclo(-Gly-Phe-)
is far slower than the hydrolysis of amide linkage (its yield is
only 0.8 mol %, when 55 mol % of Gly-Phe is cleaved). The
Ce! ion does not promote the cyclization (because in the
absence of the Ce!, cyclo(-Gly-Phe-) is formed at almost the
same rate). This is a great advantage of the Ce!V for the
peptide hydrolysis, since most of the other metal ions notably
enhance the formation of the cyclic dimers (see below).
According to control experiments, the cyclic dimers are not
hydrolyzed by Ce(NH,),(NO;); at measurable rates. Thus, the
possibility that they are the reaction intermediates for the
amide hydrolysis can be ruled out.

Chem. Eur. J. 2000, 6, No. 21
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Other Ce™ salts (Ce(NH,),(SO,),, Ce(SO,),, and
Ce(OH),) also hydrolyze the dipeptides at pH 7.0 and 50°C,
but are much less active than Ce(NH,),(NO;), (the conver-
sions at 2h are 7.1, 0.3, and 4.5 mol %, respectively). The
smaller activity of Ce(NH,),(SO,), is ascribed to the com-
petitive inhibition by SO,?~. Consistently, the catalysis by
Ce(NH,),(NOs); is notably suppressed by Na,SO,.?
Ce(SO,), and Ce(OH), are virtually insoluble in water. In
all the following sections, Ce(NH,),(NOs), is used as the Ce™
salt.

Pseudo first-order kinetics and catalytic turnover of the Ce'v:
The reaction mixtures involve significant amounts of gel of
Ce!" hydroxide. Yet, all the reactions show fair pseudo first-
order kinetics (the typical time-conversion curve is presented
in Figure 1 in the Supporting Information). Catalytic turnover
of the Ce!V is clearly shown by the following experiments: At
pH70 and 50°C, 10mm Gly-Phe is treated with a 2mm
Ce(NH,),(NO;), solution. After two days, 44 mol % of the
substrate (2.2 equivalents with respect to the Ce'V) is con-
verted to Gly and Phe.

Substrate specificity: The rate constants (in 10~! h=') for the
hydrolysis of dipeptides at pH 7.0 and 50°C are as follows:
Phe-Gly (4.1) > Ala-Phe (3.9) > Gly-Phe (3.5) > Gly-Gly
(2.8) > Gly-Ala (2.5) > Gly-Ser (2.3) > Gly-Trp (2.0) > Ser-
Gly (1.9)=Leu-Phe (1.9) > His-Phe (1.4)>Lys-Phe (1.2) >
Met-Phe (1.1) >Phe-Ser (0.9) >Phe-Phe (0.8)=Gly-Tyr
(0.8) > Gly-Asp (0.6) > Arg-Phe (0.4) > Ser-Phe (0.3). In
contrast to the efficient hydrolysis of Gly-Phe, N-(carboben-
zyloxy)-Gly-Phe (Cbz-Gly-Phe), the amide of Gly-Phe (Gly-
Phe-NH,), and the amide of Cbz-Gly-Phe (Cbz-Gly-Phe-
NH,) are not hydrolyzed by the Ce!V as can be determined
within the experimental limits (Table 1). Both the amino

Table 1. The rates of hydrolysis of dipeptide derivatives by Ce'” at pH 8.0
and 50°C.ll

Substrate Conversion [mol % |
Gly-Phe 62
Gly-Phe-NH, 0
Cbz-Gly-Phe 0
Cbz-Gly-Phe-NH, 0
Asp-Phe-NH, 40
Asp-Phe 19

[a] The reaction time =72 h. In 0.1m TRIS buffer, [peptide],=[Ce(NH,),-
(NO,)]o = 10mwm.

group at the N-terminus and the carboxylate at the C-termi-
nus are essential for the hydrolysis of this dipeptide with no
metal-coordinating side chain.

Quite interestingly, Asp-Phe-NH, is efficiently hydrolyzed
by Ce, even though the C-terminal carboxylate is protected
(Table 1). Its hydrolysis rate is even greater than that of Asp-
Phe. The carboxylate in the side chain of the Asp residue in
Asp-Phe-NH, binds the Ce!¥ in place of the carboxylate at the
C-termini of unprotected dipeptides.

Hydrolysis of oligopeptides: Oligopeptides (Gly-Gly-Gly,
Gly-Gly-Phe, Phe-Gly-Gly, and Gly-Gly-Gly-Gly) are hydro-
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lyzed by the Ce' at the similar rates (the rate constants for the
disappearance of the substrates are 2.2 x 1071, 1.9 x 1071, 1.3 x
10~',and 1.9 x 10-' h~!, respectively). In the hydrolysis of Gly-
Gly-Phe, the main products (in the early stage of the reaction)
are Gly-Phe and Gly (Gly-Gly and Phe are the minor
products). The amide linkage near the N-terminus is cleaved
preferentially (a similar selectivity is observed in the hydro-
lysis of Phe-Gly-Gly). The rate constants for the scission of
the amide linkages at the N-terminus of Gly-Gly-Phe and in
its C-terminus are 1.7 x 107! and 0.2 x 10~' h~!, respectively
(these values are determined by analyzing the time-course of
the hydrolysis, as presented in Figure 2 in the Supporting
Information).

Catalytic activities of various metal ions: The catalytic
activities of metal ions for the hydrolysis of Gly-Phe are in
the following order: Ce!V > Zr%V, Hf'V > Eu! > Gd", Tb™,
TmIII’ Yblll’ YIII > Prlll’ Smlll’ Dylll’ HOIH, ]EI-III7 LuIII > Ndlll >
Zn" > Lall, Fell, Mn">Sc!", Ni'l, Sn'! (the open bars in
Figure 2).2! The activity of Ce!V is overwhelmingly greater

none
La"
Ce"

Pr"
Nd"
Sm"
Eu"
ad"
"

Ho"
E"
Tm"
Yb"
Lu"
sc"
y"

1
mgu
Fe'
Ni"'
cu'
Zn"

o hydrolysis

m cyclization

Pd"
Snll
HN

I g

I I I ] L I I ]
10 20 30 40 50 60 70 80 90 100

o

conversion / mol%

Figure 2. Catalytic activities of metal ions for the hydrolysis of Gly-Phe at
pH 7.0 and 80°C: [Gly-Phe],=[metal salt],=10mm in 0.1m TRIS buffer.
The open bars show the yields of the hydrolysis products at the reaction
time 24 h. The activities for the formation of cyclo(-Gly-Phe-) are
presented by the closed bars. The metal chlorides were used, except for
Ce(NH,),(NO3); (see ref. [21]). Experimental error in each of the yields is
within 5%.

than those of the other metal ions. A high reaction temper-
ature (80°C) was chosen, since otherwise these metal ions
(except for the Ce!V) hardly catalyze the peptide hydrolysis at
all. The superiority of the Ce!V is still more explicit at lower
temperatures. The possibility that the formation of a gel is the
main reason for the remarkable activity of Ce!V is unlikely,
since Zr'V, Hf", Pd", and Sn' also form gels under the reaction
conditions but even though are far less active than Ce!.

3908
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More significantly, Ce™ does not catalyze the formation of
the cyclic dimers (see the closed bars in Figure 2). At the
reaction time of 24 h (92 mol % of the Gly-Phe is consumed
by then), the yield of cyclo(-Gly-Phe-) is only 3.2 mol %. This
value is almost identical with that (3.5 mol %) in the absence
of the metal ion. In contrast, Zr'V, Hf'", and Eu!,, which are
rather active in peptide hydrolysis, notably promote the
cyclization. The rates of formation of the cyclic dimers are
almost the same as (or even greater than) those of hydrolysis
of amide bond. With respect to both the activity and the
selectivity, the Ce!V ion is superb for dipeptide hydrolysis in
neutral solutions.

Kinetic study on the hydrolysis of Gly-Phe by Ce(NH,),-
(NO;)s: The rate constant (k) increases monotonously with
increasing [Ce(NH,),(NO;)], concentration, when the initial
concentration of Gly-Phe is kept constant at 10mm (Figure 3).

-1
kobs /h

08 [

04 |

0_0(-_; L Ll 1 | ! ]
0O 10 20 30 40 50 60 70

[Ce(NH ), (NO4)gly / mM

Figure 3. Plot of the rate constant for the hydrolysis of Gly-Phe versus
[Ce(NH,),(NO;)g], at pH 7.0 and 50°C in 0.1m HEPES buffer: [Gly-
Phe], =10mwm. The solid line represents the theoretical relationship, which
has been calculated by taking the formation constant of the substrate-Ce'"
complex as 2.1m~L

According to Lineweaver—Burk analysis, the formation
constant of the Ce!V-substrate complex is 2.1m .22l The pH
rate constant profile (the open circles in Figure 3, Supporting
Information) is composed of the pH-dependent region at
pH 4.5-7.0 and the pH-independent region at pH 7.0-8.5. All
the experimental points fit nicely the theoretical line, which
has been obtained under the assumption that the reaction is
governed by a species with pK, 6.2.

The activation energy, determined at 40—70°C and pH 7.0
in 0.1m HEPES buffer, is 15 kcalmol~'. By using this value,
the rate constant at pH 7.0 and 25°C is estimated to be 4.7 x
102h~! (the half-life is 15h). The acceleration by the
Ce(NH,),(NO;)s (10mm) is more than 10° fold (the rate
constant for uncatalyzed hydrolysis of Gly-Gly is 2.2 x
107 h~! at pH 6.8 and 25°C).l

Pr'-catalyzed hydrolysis of Gly-Phe (‘H NMR spectroscopy
on the complex formation and kinetic study): In order to shed
light on the reaction mechanism, the complex formation
between Gly-Phe (and also of other dipeptides) and Pr'" ion
has been analyzed by '"H NMR spectroscopy. Furthermore,
the pH dependence of the rate of Gly-Phe hydrolysis has been
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determined. Pr'!! is useful in this experiment, since it is active

in the dipeptide hydrolysis, and, in addition, provides totally
homogeneous reaction mixtures (the Ce!V system is more
complex, because of gel formation).

The pH dependence of the Pr'-induced changes in the
chemical shifts of Gly-Phe is summarized in Figure 4. At
pD 74, the protons of both the Gly and the Phe units show

a) pD 7.4 CeHy (0-14)
., CH (0.59)
047 N—cH (093)
CH,—C “e=o
/ A\ _—
HoN o 0
\Pr‘”'l
0.12
b) pD 5.7 (‘:6H5( )
CH, (0.59)
H
HaN—CHp—C~ R O
3N — 2= p—
o) 0 - 7O
Prll’l
c)pD 3.0 ?6H5 (0.04)
(|3H2 (0.16)
H
—cH C/Nfui (0.23)
HaN*—CH,— _
(0.04) !l - f=0
o) o
prI;I
d) pD 2.0 CoHg (002)
0.03) CHa (0.04)
HsN*—CH,~C-N-CH-C—OH
5 hoos]

prit

Figure 4. Pr'-induced 'H NMR shift changes of Gly-Phe in D,O. The
numbers show the chemical shifts [ppm] toward the lower magnetic field.
[Gly-Phe], = [PrCl;], =20 mm.

marked downfield shifts. With decreasing pD, the shift for the
Gly unit significantly decreases (0 =0.47 at pD 74, but 6 =
0.16 at pD 5.7). The shift for the a-proton of the Phe unit,
however, is kept almost constant in this pH region (6 =0.93 at
pD 74 and 6=0.91 at pD 5.7), and notably decreases only
when the pD is lowered to 3.0. The methylene protons and the
phenyl protons in the Phe show almost the same pH depen-
dence. Apparently, the Gly-Phe/Pr' complex involves the
coordination of both the amino group at the N-terminus and
the carboxylate at the C-terminus. The coordination of the
amino group to the Pr' is largely suppressed when it is
protonated below around pD 6. On the other hand, the
carboxylate retains its deprotonated form (and is efficiently
coordinated to the Pr'), as long as the pD is greater than
three.

The chemical shift of the methylene protons of the Gly
significantly changes when the pD decreases from 7.4 to 5.7,
since the carbonyl oxygen of the substrate is effectively
coordinated to the Pr'™ at pD 7.4 but not at pD 5.7. For a
coordination of this carbonyl residue to Pr'"!, the terminal
amino group must be in its neutral form and has to be
coordinated to the Pr'!! together with the carboxylate ion (this

Chem. Eur. J. 2000, 6, No. 21
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activated amide residue is hydrolyzed by the Pr'!!, as described
in the Discussion). If the carbonyl coordination was to be
taking place at pD 5.7, the lanthanide-induced shift should be
kept almost constant from pD 74 to 5.7 (under these
conditions, the mutual position of this methylene residue,
with respect to the Pr'!l, does not dependent very much on
whether the amino group is coordinated to the Pr'! or not).
The pH dependence of the rate for the Pr'-catalyzed
hydrolysis of Gly-Phe is depicted by the closed circles in
Supporting Information Figure 3. This profile is similar in
shape to the Ce'-catalyzed reaction (the open circles), and
shows that the catalysis is governed by a group with pK, 7.1.

The chemical shifts for Gly-Phe, Ala-Phe, and Leu-Phe are
almost identical with each other, whereas Arg-Phe shows con-
siderably smaller shifts (Table 2). The positive charge in the
Arg residue is unfavorable for the complex formation with Pr'.

Table 2. Pr'-induced 'H NMR shift changes of the a-protons in dipeptides
at pD 7.4.14

Chemical-shift change [ppm]

Dipeptide N-terminus side C-terminus side
Gly-Phe 0.47 0.93
Ala-Phe 0.40 1.01
Leu-Phe 0.39 1.11
Arg-Phe 0.26 0.58

[a] [Dipeptide], = [PrCl;],=20mm. All the shift changes are toward the
lower magnetic field.

Discussion

Substrate specificity: In Figure 5, the rate constants of
hydrolysis of dipeptides X-Phe a) and Gly-X b) are plotted
as the functions of molecular volume of the amino acid X.I
In Figure 5a, the amino acid in the C-terminal side is fixed to
Phe, and the other is varied. The rate constant decreases
monotonically with increasing molecular volume of X, as long
as the X has no metal-coordinating side chain (Gly, Ala, Leu,
and Phe: open circles). The activity of the sequential isomer
Phe-Gly also fits the straight line (closed circle). The steric
factor is dominant, when one of the components of the
dipeptides is Phe and is rather bulky. In Figure 5b, however,
one of the components is fixed to Gly. Quite interestingly, the
bulkiness of X causes no notable effect here. Although Phe is
considerably more bulky than Gly, Gly-Phe is hydrolyzed at
the comparable rate as Gly-Gly. To achieve an efficient
catalysis, at least one of the amino acids in dipeptides has to be
less bulky. When the X has a metal-coordinating side chain
(His, Lys, Met, Tyr, and Ser), however, this relationship is not
observed (open triangles in Figure 5). Some of the dipeptides
are then hydrolyzed considerably slower than the dipeptides
composed of two non-coordinating amino acids, whereas the
others are hydrolyzed with comparable rates.

Proposed mechanism of peptide hydrolysis by the Ce!V: The
mechanism of the hydrolysis of dipeptides (without a metal-
coordinating side chain) by the Ce!V is depicted schematically
in Figure 6. First, the dipeptide forms a complex with the Ce™
in the hydroxide gel. The coordinating sites are 1) the amino
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a) b) must be unprotonated and co-
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Figure 5. Dependence of the rate constant for the hydrolysis of a) X-Phe and b) Gly-X on the molecular volume
V of the amino acid X. The open circles are for the dipeptides without metal-coordinating side chains, whereas the
triangles are for the dipeptides with them. The results for the hydrolysis of Phe-Gly are also presented (the closed

circles).

group at the N-terminus, 2) the carboxylate at the C-terminus,
and 3) the carbonyl oxygen of the amide bond cleaved. The
essential roles of both the N-terminal amino group and the
C-terminal carboxylate are obvious from Table 1. Through the
assistance of the coordination of these two terminal groups,
the carbonyl group can be efficiently coordinated to the Ce'™.
The 'HNMR analysis on the complex formation between
Gly-Phe and Pr' (Figure 4) is totally consistent with these
arguments. Due to this complex formation, the electrophilic-
ity of the carbonyl carbon of the amide linkage is enhanced.
Thus, this carbon is efficiently attacked by hydroxide ion,
forming a tetrahedral intermediate.?) When the highly
unstable leaving group (R-NH") is removed from the carbon-
yl carbon, the water bound to the Ce! ion acts as an acid
catalyst and stabilizes it.*’! In the hydrolysis of tripeptides, the
terminal amino group and carboxylate are also coordinated to
the Ce!. The amide linkage near the N-terminus is preferably
hydrolyzed, because a stable five-membered ring is formed
when the corresponding carbonyl group is coordinated to the
Ce!V (together with the terminal amino group). Note that this
carbonyl-coordination requires the simultaneous coordina-
tion of the amino group (see Figure 4). If the carbonyl group
near the C-terminus is coordinated to the Ce!Y, however, a less
stable seven-membered ring must be formed.

The proposed mechanism is consistent with the pH-rate
constant profile (the open circles in Figure 3 in the Supporting
Information). A pK, 6.2 corresponds to the protonation of the
amino group at the N-terminus (for the catalysis, this group

tigated. According to potentio-
metric titration, the Ce' hy-
droxide releases three protons
up to pH 3 and shows no ion-
ization at pH4-9. All these
arguments are completely con-
sistent with the kinetic and spectroscopic results on the Pr'!-
catalyzed hydrolysis of Gly-Phe.

It is noteworthy that the deprotonation of N—H group in the
amide bond, which makes the amide insusceptible to hydro-
lysis,”! hardly takes place up to pH8 (the highest pH
investigated). The coordination of the Ce!Y ion to the nitrogen
atom is unfavorable, since this metal ion intrinsically prefers
oxygen ligands to nitrogen ligands.?®! Thus, the present amide
hydrolysis is successfully achieved at around pH 7. In the
amide hydrolysis by Cu", Ni'!, and Pd" ions, however, the
N—H deprotonation is dominant above pH 6.2 For example,
Cu'" is almost completely inactive in this pH region, although
it is somewhat active in acidic solutions.

When a metal-coordinating side chain in the substrate, if
any, is coordinated to the Ce!V, the coordination of carbonyl
residue of the substrate to the Ce'V is suppressed and/or the
structure of complex is perturbed. The magnitudes of these
factors are notably dependent on the structure of substrate.
The slow hydrolysis of Arg-Phe is ascribed to the poor binding
of this positively charged dipeptide to the Ce'V, as indicated by
the 'H NMR spectroscopy (see Table 2). In the hydrolysis of
Gly-Asp, both the C-terminal carboxylate and the carboxylate
in the side chain of Asp are coordinated to the Ce' and the
resultant decrease in the net positive charge on the Ce ion
diminishes the activation of the substrate. These arguments
are supported by the fact that Asp-Phe-NH,, in which only the
carboxylate in the side chain binds the Ce', is hydrolyzed
efficiently (Table 1).°% The hydrolysis of Ser-Phe is slower

OH R2 R2
Rl\ < /ﬁ CH/ R H?/H_CH/ H,N—CHR1—COOH
/CHfC\ \/c:o CH—C™ \ A \, \C:O +
N \(} o, - HZN/ R H\lO,H O/ H,N—CHR2-COOH
(':'lel\} ’ \\‘C’lel\/// ceV-hydroxide gel

Figure 6. Proposed mechanism for the Ce!V-catalyzed hydrolysis of the dipeptide without a metal-coordinating side chain. The hydroxide ion can be replaced
by the metal-coordinated hydroxide (see ref. [24]). For clarity, the several Ce!Y ions adjacent to the catalytic center in the gel, which assist the catalysis, are

omitted.
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than expected from the straight line in Figure 5a. Probably,
the OH group of Ser interacts with the Ce! (or with its
coordination water) and is fixed near the carbonyl residue.
Notable steric hindrance is induced around the reactive
center, since the other amino acid residue Phe is bulky. In Gly-
Ser, however, the counterpart Gly is small and thus the effect
is marginal (Figure 5b). A similar argument has been made on
the hydrolysis of dipeptides with no metal-coordinating side
chain (see above). Consequently, Ser-Gly is hydrolyzed at a
similar rate (ky,=1.9 x 10-'h~") as Gly-Ser (2.3 x 10~'h1),
whereas the hydrolysis of Phe-Ser is slow (0.9 x 10-'h™1).

Anatomy of the enormous catalytic activity of the Ce'" for
peptide hydrolysis: In Figure 7, the catalytic activities of
various metal ions for the hydrolysis of Gly-Phe are plotted as

a)
100

[ o CeV
80 -

60 |-
40 L

20 + Eu
° o (Z)Nd z M
n
o 1 L O 1 CuA c)I 1 g ]

0 2 4 6 8 Ce'10 12 14

conversion of hydrolysis / mol%

pK1

CeV

80 |
60 -

40 |

Zr
20 + ° Eu
| Mg,Cu,zn, oHf Y
Sc ° O CeM
OAH,lé‘l I I g ]
0.6 0.7 0.8 0.9 1.0 1.1 1.2 13

conversion of hydrolysis / mol%

ionic radius / A

Figure 7. Plots of the catalytic activities for Gly-Phe hydrolysis of various
metal ions against a) the pK, of the metal-bound water and b) the ionic
radius of the metal ion. The data in Figure 2 are used (some of the metal
ions are removed to avoid making the figures too complicated).

the function of either a) the pK; of the corresponding metal-
bound water®!l or b) the ionic radius of the metal ion.*?l In
both of these plots, there is no explicit correlation, and only
the Ce!V is far beyond the other lanthanide ions and non-
lanthanide ions. The superiority of this metal ion cannot be
interpreted simply in terms of these physicochemical proper-
ties. The formation constant of the Gly-Phe/Ce!V complex

Chem. Eur. J. 2000, 6, No. 21
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(2.1m71) is considerably smaller than the values of the Gly-Gly
complexes of Cu', Zn', and Ni® (400000, 1300, and
10000M1),12%1 which are much less active than is the Ce!V.

Presumably, the Ce!V withdraws electrons from the amide
linkage (and promotes the electrophilicity of the carbonyl
carbon) much more efficiently than the other metal ions. This
is mainly due to the stability of the trivalent state of Ce.[ 34
The trivalent states of Zr and Hf, as well as divalent states of
lanthanide metals, are too unstable, and thus the electron-
withdrawal by Zr', Hf"Y, and the lanthanide(ir) ions is not as
effective. This argument is also supported by the fact that the
Ce' ion is inactive in the hydrolysis of dipeptides (Figure 2).
The large coordination number of the Ce!v (usually 8)P is
favorable in the present catalysis as well. At least one of the
coordination-water molecules is oriented appropriately for
the catalysis. In the gel of Ce'¥ hydroxide, a number of metal
ions are accumulated so that their positive charges suppress
the protonation of the terminal amino group of substrate by
electrostatic repulsion. Furthermore, the transition state of
the reaction, which is negatively charged, is stabilized by the
positive charges. Finally, the cyclization of the dipeptides to
cyclic dimers is minimized, since the Ce!" ions adjacent to the
catalytic center in the gel also interact with the terminal amino
group of the dipeptides and decrease the nucleophilicity of
this amino group.

Conclusion

The Ce!V ion efficiently catalyzes the hydrolysis of oligopep-
tides under mild conditions. The half-lives of Gly-Phe, Gly-
Gly-Phe, and Gly-Gly-Gly-Gly at pH 7.0 and 50°C (with
10mm Ce(NH,),(NO;)¢) are only 2.0, 3.7, and 3.7 h, respec-
tively. The hydrolysis is fast especially when the substrates
have no metal-coordinating side chains. In the hydrolysis of
tripeptides, the amide linkage near the N-terminus is hydro-
lyzed preferentially. The Ce!V-catalyzed hydrolysis of peptides
proceeds via the coordination of the terminal amino group
and the carboxylate. The deprotonation of the amide residue
hardly takes place at physiological pH so that the amide bond
is efficiently hydrolyzed. The Ce'¥ ion is one of the most active
catalysts for peptide hydrolysis, and promising as the active
sites of artificial peptidases.

Experimental Section

Materials: Gly-Phe was obtained from Nacalai, Gly-Gly-Gly and Gly-Gly-
Gly-Gly from Tokyo Kasei, cyclo(-Gly-Phe-) from Bachem, and all other
peptides from Sigma. Ce(NH,),(NO,), and Ce(NH,),(SO,), (from Naca-
lai), Ce(SO,), (from Kojima), and Ce(OH), (from Soekawa) were used
without further purification. The lanthanide(i1r) salts (in the forms of
chloride) were obtained from Soekawa, except for LaCl; from Nacalai. All
other metal salts were purchased from Nacalai. D,O (99.9 atom % D) and
DCI (99.5 atom % D) were obtained from Aldrich. Highly purified and
deionized water was used for the kinetic studies. Throughout the present
study, a great care was taken to avoid contamination by natural enzymes;
their absence was confirmed by careful control experiments.

Kinetic analysis of peptide hydrolysis by Ce(NH,),(NO3)s: In a typical run,
Ce(NH,),(NO;); (0.05 mmol) and oligopeptide (0.05 mmol) were mixed in
0.lm HEPES pH70 buffer or 0.Im TRIS-HCl buffer (S5mL). The
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hydrolysis of oligopeptide (or its derivative) was carried out at 40—80°C.
At an appropriate interval, a 50 uL aliquot of the reaction solution was
taken out and passed through a disposable pretreatment filter (Tosoh,
W-3-2). Then, the compounds were analyzed by the HPLC using a Merck
LiChrospher RP-18(e) ODS column (the typical pattern is depicted in
Figure 1b). The eluent used for the HPLC analysis was water/acetonitrile
mixture 90:10 v/v at pH 3.5, which contained sodium pentanesulfonate
(20mMm: ion-pairing agent) and sodium acetate (20mm). The wavelengths
for UV detection were 257 nm for Phe-containing substrates, 275 nm for
Gly-Tyr, and 280 nm for Gly-Trp.

In order to detect the substrates and the products showing no UV
absorption, the post-column o-phthalaldehyde method was employed
(Figure 1a). First, the samples were eluted through a Tosoh TSK-GEL
Aminopak column, with 66.7mM citrate/sodium citrate buffer (pH 3.3)
containing n-caprylic acid (0.1 mL L") and ethanol (80 mLL™"). Then, the
compounds were treated in situ with o-phthalaldehyde (1.0 gL"!) and
2-mercaptoethanol (2mLL~") in the solution containing boric acid
(24.7 gL7"), sodium hydroxide (16 gL"), and Brij 35 (polyoxyethylene(23)
lauryl ether (30% solution), 3 mLL™"), and detected by the emitted
fluorescence; A, =345 nm, A, =455 nm.

The assignment of all HPLC peaks was achieved by co-injection with
authentic samples (when necessary, several different HPLC conditions
were used to confirm the assignment). Furthermore, the products were
analyzed by '"H NMR spectroscopy, which was totally consistent with the
HPLC analysis. All reactions obeyed pseudo first-order kinetics (see
Figure 1 in the Supporting Information). The rate constants presented in
the present paper are the averages of the results of duplicate or triplicate
runs which coincided with each other within 5%.

H NMR Spectroscopy: The 'H NMR spectra were recorded in D,O at
room temperature on a JNM-270 FT-NMR spectrometer. As the internal
standard, tert-butyl alcohol was used. The pD values were adjusted with
DCI and NaOD in D,0O. The pH-meter reading was corrected by the
equation: pD = pH-meter reading+0.41.1%
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Nanostructured Thin Films of Cg,— Aniline Dyad Clusters:
Electrodeposition, Charge Separation, and Photoelectrochemistry

Prashant V. Kamat,*?! Said Barazzouk,!®"! Surat Hotchandani,'*! and

K. George Thomas'®

Abstract: Clusters of Cy—aniline dyads
are deposited as thin films on nano-
structured SnO, electrodes under the
influence of an electric field. At low
applied DC voltage (<5 V) the clusters
in toluene/acetonitrile (1:3) mixed sol-
vent grow in size (from 160 nm to
~200 nm in diameter) while at higher
voltages (>50 V) they are deposited on
the electrode surface as thin films. The
Cg—aniline dyad cluster films when cast
on nanostructured SnO, films are pho-
toelectrochemically active and generate
photocurrent under visible light excita-

films are capable of delivering
relatively large photocurrents (upto
~0.2mAcm~2, photoconversion effi-
ciency of 3-4%) when employed as
photoanodes in photoelectrochemical
cells. Both luminescence and transient
absorption studies confirm the forma-
tion of charge transfer product (Cg,
anion) following UV/Vis excitation of

Keywords: donor—acceptor systems
- electron transfer - fullerenes
nanostructures - photoelectrochem-
istry - thin films

these films. Photo-induced charge sepa-
ration in these dyad clusters is followed
by the electron injection from Cgqy-anion
moiety into the SnO, nanocrystallites.
The oxidized counterpart is reduced by
the redox couple present in the electro-
lyte, thus regenerating the dyad clusters.
The feasibility of casting high surface
area thin fullerene films on electrode
surfaces has opened up new avenues to
utilize dyad molecules of sensitizer
bridge donor type in light energy con-
version devices, such as solar cells.

tion. These nanostructured fullerene

Introduction

Cg—bridge —donor dyads are an interesting class of com-
pounds that are capable of undergoing charge separation
following photoexcitation.'- Several research groups have
focussed their efforts towards achieving efficient charge
separation and stabilization of the electron-transfer products.
Excited-state properties of fullerene-based dyads, particularly
the photoinduced electron transfer processes, have been
extensively investigated because of their potential applica-
tions in photovoltaic and optoelectronic devices.*% A feasible
approach to utilize the photo-induced charge separation in
fullerene —donor dyad molecule would be to transfer the
electrons from the fullerene anion into a semiconductor
nanoparticle (Scheme 1) and utilize it for photocurrent
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Scheme 1. Propsed electron transfer from the fullerene anion into a
semiconductor nanoparticles SnO,.

generation. The possibility of employing fullerenes and
functionalized fullerenes for photoelectrochemical and pho-
tovoltaic cells has already been demonstrated.!-13]
Fullerenes, namely Cq, and C,, as well as water soluble
derivatives of Cy, bearing charged functional groups form
optically transparent microscopic clusters (aggregates) in
mixed solvents at room temperature.l'*'7 Clustering of full-
erene molecules is mainly associated with the strong three-
dimensional hydrophobic interactions between fullerene
units. Details on the conditions for forming fullerene clus-
ters,[14 16:18. 9] gjze distribution studies,'®! and their spectro-
scopic properties!'® ] have already been reported. Clusters of
C, have also been shown to facilitate charge transport across
a bilayer membrane.?!! We have recently reported a remark-
able property of stabilizing photogenerated charge transfer
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products in the clusters of Cg—aniline dyads.'”) Relatively
long-lived Cg, anion in these systems (lifetimes ~ 100 us) was
attributed to the electron-hopping phenomenon within the
clusters of such dyads. A major challenge for mimicking
photosynthesis is the efficient utilization of such custom-
synthesized systems of the acceptor—bridge —donor type.

Several researchers have employed different methods to
cast photoactive fullerene films, but with a limited suc-
cess.?24 Ordered surfaces of Cg have also been formed on
pyrolytic graphite (HOPG) by vapor deposition.”! A major
problem in these studies is the inability to cast relatively thick
fullerene films for absorbing the incident light efficiently.
These films absorb less than 1 % of incident light and generate
photocurrents less than 1 uAcm™2. In contrast, organic dye
sensitized photoelectrochemical cells deliver significantly
higher power conversion efficiencies (2—5%).2% Such a
competitive edge demands new methodologies to improve the
light harvesting efficiency of fullerene-based compounds in
photoelectrochemical cells. The first step in this direction
would be to increase the surface area by introducing a
nanostructured morphology for the photoactive films. Such an
approach of developing nanostructured metal oxide film has
been proved to be useful in the design of dye sensitized
photoelectrochemical cells.” 3" By making use of a similar
concept we recently adopted an electrodeposition technique
to cast relatively thick C, films from a cluster (aggregate)
solution of acetonitrile/toluene 3:1 mixture.’'! The nano-
structured Cg, cluster films cast on SnO, films were photo-
electrochemically active with a two to three orders of
enhancement in the photocurrent generation.

We have now carried out a detailed investigation of the
electrodeposition of fullerene —aniline dyad clusters, that is
(C¢—aniline),,, on nanostructured SnO, films (Scheme 2).

AMMMMIINNY

OTE/SnO, OTE/Sn0,/(Cyy-aniline)

'm

Scheme 2. Electrodeposition of (Cy —aniline),, dyad clusters on nano-
structured SnO, films.

The nanostructured SnO, film cast on an optically transparent
electrode not only serves as a template for electrodeposition,
but also, acts as an efficient electron collector from the Cg,-
radical anion. Overall, it is possible to achieve two to three
orders of magnitude enhancement in the surface area by using
nanostructured SnO, template. The results that elucidate the
photoinduced charge transfer in these cluster films cast on
nanostructured SnO, substrates and their photoelectrochem-
ical properties are described here.

Experimental Section

Material and methods: The synthesis of para-substituted fullerene —aniline
dyad and pyrrolidinofullerene (Scheme 3) has been described else-
where.l Yl These compounds are readily soluble in nonpolar solvents such
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Scheme 3. Fullerene monomers and clusters.

as toluene. In mixed solvents, however, they aggregate and form larger
clusters. Nanostructured SnO, films were cast on an optically transparent
electrode (OTE) by applying a dilute (1-2%) colloidal solution (Alfa
Chemicals) and annealing the dried film at 673 K. Details on the electrode
preparation and its properties are described elsewhere.l?l These films are
highly porous and are electrochemically active to conduct charges across
the film.

The SnO,-film electrode (OTE/SnO,) and a OTE plate were introduced in
a 1 cm path length cuvette and were connected to positive and negative
terminals of the power supply, respectively. A known amount (~2 mL) of a
Cg¢—aniline dyad cluster (0.11 mm) solution in acetonitrile/toluene 3:1 was
transferred to a cuvette in which the two electrodes (namely OTE/SnO,
and OTE) were kept at a distance of ~6 mm with Teflon spacer. A DC
voltage (5-200 V) was applied between these two electrodes with a
Fluke 415 power supply (Figure 1). The deposition of the film can be
visualized as the solution turns colorless with simultaneous brown
coloration of the SnO,/OTE electrode. (The dyad cluster coated electrode
will be referred with the notation, OTE/SnO,/(C4,—aniline),,.)

Do parwesr pupply
.
el

aTe ,r :-, P OTE

Tolkan spaces

(T
nnlusen

el Fil

Figure 1. Representation of the electrodeposition setup used in the
preparation of the dyad films electrodes.

Spectroelectrochemical experiments were performed by transferring the
cell assembly into the sample compartment of the spectrophotometer. The
electrodes were kept parallel to the probe beam. This configuration
allowed us to monitor the changes in the absorbance of cluster suspension
during the application of a DC voltage applied potential. The UV/Vis
spectra were recorded on a Shimadzu 3101 or a Cary 50 spectrophotom-
eter. The emission spectra of the cluster films (Cy—aniline dyad and the
model compound, pyrrolidinofullerene) were recorded using a SLM S1000
spectrofluorimeter in the front-face configuration. Dynamic light scattering
studies were carried out using a Coulter model N4 plus particle size
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analyzer. Transmission electron micrographs (TEM) of C, clusters were
recorded by applying a drop of the sample to carbon-coated copper grid.
Images were recorded at a magnification of 150000 times using an
Hitachi H600 transmission electron microscope.

Laser flash photolysis: Nanosecond laser flash photolysis experiments were
performed with a nitrogen laser system (337 nm, 6 ns pulse width, 2—4 mJ
per pulse). The OTE/SnO,/(C4 —aniline),, was kept in a rectangular
cuvette that had provision for flowing the nitrogen gas. A typical
experiment consisted of a series of 2-3 replicate shots per single
measurement. The average signal was processed with a Le Croy digitizer.
Details of the experimental set up can be found elsewhere.*]

Photoelectrochemical measurements: These measurements were carried
out with a standard three-compartment cell consisting of a working
electrode and Pt wire gauze counter electrode. All photoelectrochemical
measurements were carried out in 0.5m Lil and 1mwm I, in acetonitrile.
Photocurrent measurements were made with a Keithley model 617
programmable electrometer. A collimated light beam from a 150 W Xenon
lamp with a 425 nm cut-off filter was used for excitation of the Cq,—aniline
films cast on SnO, electrodes. A Bausch and Lomb high intensity grating
monochromator was introduced into the path of the excitation beam for
selecting wavelength. A Princeton Applied Research (PAR) model 173
potentiostat and Model 175 universal programmer were used for recording
1/V characteristics.

Results and Discussion

Growth of Cg,— aniline clusters in solution: The C,,—aniline
dyad is soluble in nonpolar solvents such as toluene, but
readily forms aggregate clusters in a mixture of polar and
nonpolar solvents. For example, the cluster suspension of
Cg—aniline dyad can be prepared by injecting toluene
solution of the C4 —aniline dyad into acetonitrile (acetoni-
trile/toluene 3:1 v/v). The absorption spectra of Cq —aniline
dyad formed in neat toluene and acetonitrile/toluene 3:1 are
compared in Figure 2. The dyad clusters exhibit a structureless
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Figure 2. Absorption spectra of C4 —aniline dyad (0.11mm) in a) toluene
and b) toluene/acetonitrile 1:3 v/v. Spectrum c) was recorded after the
cluster suspension was subjected to a DC electric field (5 V) for 90 s. The
insert shows the absorption growth at 450 nm during the application of an
applied DC electric field (5 V).

broad absorption in the 400-750 nm region and exhibit
higher molar extinction coefficients than the parent Cg—
aniline dyad. These optically transparent clusters are stable
at room temperature and can be reverted back to the
monomeric forms by diluting with toluene.

Upon subjecting the cluster suspension to a low electric
(DC) field (<5 V) we observe an increase in the absorption
throughout the visible region (spectrum c in Figure 2). By
maintaining the electrode parallel to the probe beam we were
able to monitor the changes in the absorption spectrum of the
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cluster suspension during the application of DC voltage. The
spectrum of the inset in Figure 2 shows the increase in
absorbance of the cluster suspension at 450 nm for a period of
1.5 min. This increase in molar absorbancy is indicative of a
growth in cluster size of the fullerene —aniline dyads. Such a
growth in cluster size arises from the charging of clusters
during the application of electric field, which is succeeded by
the association of smaller clusters to form larger ones
(Reaction (1)). To the best of our knowledge this is the first
such observation to grow fullerene clusters under the
influence of a DC electric field.

(Cg—aniline),, + (Cg—aniline), —~Y<, (Cy—aniline),., 1)

Upon examining the cluster suspension with particle size
analyzer and transmission electron microscopy, we observe an
increased average particle diameter from 160 nm to ~200 nm
(Figure 3). The particle size distribution as measured from
dynamic light scattering measurements is shown in Figure 3A.

L

Figure 3. A) Particle size distribution of Cy —aniline dyad clusters with
dynamic light scattering method: a) Before and b) after subjecting the
cluster suspension to a DC electric field (5 V) for 90 s. B) Transmission
electron micrographs of the samples in A).

The electron micrographs of the dyad clusters before and after
subjecting the suspension in acetonitrile/toluene 3:1 to 5V
DC electric field are shown in Figure 3B. The growth of
average particle diameter from 160 nm to 200 nm following
the application of a DC electric field represents an increase in
the average volume of clusters by a factor of two. There were
no noticeable electrochemical changes occurring during these
experiments since the DC current was too small.

Electrodeposition of Cg —aniline clusters as thin films: At
greater DC voltages (>20V) we observed a different
behavior of these clusters. Within a few seconds of DC
voltage application, the cluster suspension in the spectroelec-
trochemical cell turned colorless and all Cg—aniline dyad
clusters got deposited as a brown film on the positive
electrode. Figure 4A shows the absorption spectrum of nano-
structured SnO, film cast on an optically transparent elec-
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Figure 4. A) The absorption spectra of a) OTE/SnO,, b) OTE/SnO,/(Cy,—
aniline),,, and c) OTE/(Cg,—aniline),,. B) The disappearance of Cg,—ani-
line dyad clusters in 1:3 toluene/acetonitrile during the application of
electric field. The absorbance at 450 nm was monitored at different applied
potentials: a)0V, b)50V, ¢) 100V, and d) 200 V. In situ absorbance
measurements were carried out by keeping the cell assembly in the sample
compartment of the spectrophotometer. The cell configuration was such
that the probe beam was parallel to the two electrodes.

trode before and after the deposition of the Cyy—aniline dyad
clusters. The absorption features of electrodeposited cluster
film are quite broad and are similar to the ones observed in
solution (Figure 2). Such a broad spectral feature has also
been noted in pristine Cg, films which seem to arise from
intermolecular interaction between fullerene moieties.* The
broad absorption of these films in the visible and in the near
IR region makes these films an ideal candidate for solar
energy conversion applications.

The deposition rate was followed by monitoring the
absorbance of Cy,—aniline dyad cluster in the solution during
our spectroelectrochemical experiment. As the Cy, clusters
were deposited onto the electrode surface, the absorbance of
the solution decreased. The absorption of the cluster solution
at 450 nm monitored during the application of DC voltage is
shown in Figure 4B. Within a matter of few seconds entire
Cgo—aniline dyad clusters disappeared from the solution; this
indicates a faster deposition rate for these cluster films. The
deposition rate was dependent on the applied DC voltage and
increased from 0.03 s~' to 0.3 s! when the applied potential
was increased from 50 to 200 V. Although we do not expect
any major electrolysis to occur during our low current
experiments, some charging of these clusters is evident. The
fact that the deposition occurs only at the positive electrode
indicates that the fullerene clusters carry a net negative charge
during the period of electrodeposition. We can therefore
conclude that the applied electric field is responsible for
charging up the medium that surrounds the clusters with a net
negative charge followed by their deposition as thin film on
the electrode surface. If the applied DC field is not strong
enough to carry out deposition, the electrostatic effects
between the clusters dominate and further lead to aggrega-
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tion. The observed increase in the cluster size (Figure 3)
supports the aggreagtion of fullerene clusters at low DC
applied voltages.

The thickness of the Cq,—aniline dyad cluster film can be
varied either by changing the concentration of the Cg—ani-
line dyad clusters or varying the time of deposition. The
electrodeposited film was thoroughly washed with acetonitrile
following the electrodeposition experiment. Unless otherwise
specified the amount of Cy —aniline dyad deposited on the
film was 0.2 umolcm~2 (approx. 1.44 um in thickness). The
Cyo—aniline dyad cluster films were physically and chemically
stable and did not deteriorate during the electrochemical and
photoelectrochemical measurements.

The films deposited on nanostructured SnO, films were
uniform and robust compared with those deposited directly
on conducting glass plates. The SnO, films (1-2 um thick-
ness) cast on OTE electrodes are highly porous and serve as a
template for the electrodeposition of Cg —aniline dyad
clusters. We will refer these electrodes as OTE/SnO,/(Cgy—
aniline),, in our future discussions. It should be noted that
preformed clusters in solution is an essential requirement to
electrodeposit fullerene films on electrode surfaces. Attempts
to electrodeposit films directly from neat toluene solution
containing Cg, or Cy—aniline dyad solution were not success-
ful.

Emission properties: The emission from excited singlet
fullerenes, monofunctionalzed pyrrolidine derivatives (refer-
ence compound) and fullerene —aniline dyads (Scheme 2) are
useful for probing the excited state deactivation processes. At
room temperature the fullerene clusters exhibit a weak
emission band in the red region (700—-800 nm) corresponding
to 0-0 transition (S; — S;). As shown in our previous studies
the clusters of pyrrolidinofullerene exhibit an emission
maximum at 740 nm in nonpolar solvents.'”l A significant
decrease in the fluorescence yield was observed for full-
erene —aniline dyad clusters.

In the present study we compared the emission intensity of
fullerene —aniline dyad cluster films with that of a pyrroli-
dinofullerene cluster films deposited on OTE/SnO, electro-
des. While the singlet excited state of reference compound
pyrrolidino fullerene cluster is deactivated through radiative
and intersystem crossing pathways, an additional deactivation
pathway, namely intramolecular electron transfer, dominates
in the case of fullerene —aniline dyads (Reactions 2-5).

OTE/SnO,/(Cy,—aniline),, + hv — OTE/SnO,/(Cy,— aniline),,*(S;) 2)
OTE/SnO,/(Cg - aniline),,*(S;) — OTE/SnO,/(Cq - aniline),, + hv'  (3)
OTE/SnO,/(Cg - aniline),,*(S;) < OTE/SnO,/(Cg—aniline),*(T,) (4)

OTE/SnO,/(Cy—aniline),,*(S;) — OTE/SnO,/(Cs -aniline™),, )

ISC and ET refer to intersystem crossing and electron
transfer, respectively. (It should be noted that intracluster
interactions between the donor and acceptor species of
different dyad molecules could also induce charge transfer
since these dyad molecules are deposited as closely packed
clusters.)
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Figures SA and B show the emission spectra of electro-
deposited cluster films of pyrrolidinofullerene and fullerene —
aniline dyad, respectively in air and in acetonitrile. In the
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Figure 5. Emission spectra of the cluster film cast on OTE/SnO, electrode
using front face excitation geometry (excitation at A =470 nm). A) The
reference compound, (pyrrolidinofullerene) and B) Cy —aniline dyad
cluster films: a) in air, b) after contact with acetonitrile, and c¢) same film
dried by purging with nitrogen gas.

absence of any solvent both the cluster films are fluorescent
and exhibit emission maximum at 740 nm. However, when the
cluster films were brought in contact with a polar solvent,
acetonitrile, we observed a decrease in fluorescence yield.
While this decrease in fluorescence intensity is small (~30 %)
for pyrrolidinofullerene cluster films, the decrease in the
fluorescence yield of Cg,— aniline dyad film in acetonitrile was
significant (>90%). Almost all the fluorescence was
quenched as the C¢,—aniline dyad cluster film came in contact
with the polar solvent. (The small decrease in fluorescence of
pyrrolidinofullerene film in acetonitrile is likely to arise from
the changes in the refractive index of the medium, solvent
polarity effects and/or alteration in the collection intensity of
the emitting light.)

In order to ascertain the role of acetonitrile in facilitating
the deactivation of the (Cg,—aniline),, singlet excited state
through intramolecular charge transfer we dried both these
films in the sample chamber of the spectrofluorimeter by
flushing with nitrogen gas. As the solvent was evaporated off
with the flow of nitrogen gas we were able to restore most
(nearly 90%) of the original emission (spectrum c in Fig-
ure 5). Thus, it is evident that the polar solvent surrounding
the Cq—aniline dyad clusters plays an important role in
inducing intramolecular charge separation and charge stabi-
lization. Similar observations on the solvent polarity effect on
the fluorescence quenching intramolecular charge separation
and charge stabilization of C¢—donor dyads have been made
earlier with fullerene—aniline dyad molecules in various
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solvents.[* 3] The generation of charge separated radical pair
was observed only in the polar solvents. On the other hand
population of triplet excited state was observed in nonpolar
solvents. The fluorescence quenching results of Figure 5
confirm that the charge separation sensitivity of the Cg—
aniline dyad molecules are retained even when they are
deposited as cluster films.

Intramolecular charge transfer in fullerene —aniline dyad
clusters: If indeed the fluorescence quenching observed in
Figure 5B is the result of photoinduced charge transfer in
Cg—aniline dyad cluster film (Reaction 5), we should be able
to probe the formation of Cy, anion in a nanosecond laser
flash photolysis set up. A thin film of Cy—aniline dyad
clusters deposited on a transparent OTE/SnO, electrode was
inserted in a closed sample cell that had provision to purge
with nitrogen. The electrode was immersed in a pool of
deaerated acetonitrile solution and was excited with a 337 nm
laser pulse. The transient absorption spectra recorded 10 us
following 337 nm laser pulse excitation (Figure 6A) shows the
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Figure 6. A) Transient absorption spectrum recorded 10 us after 337 nm
laser pulse excitation of OTE/SnO,/(C4 —aniline),, electrode. The elec-
trode was immersed in a deaerated acetonitrile solution. B) Absorption-
time profile at 1020 nm recorded after 337 nm excitation of OTE/SnO,/
(Cgo—aniline),, electrode was immersed in a deaerated acetonitrile
solution.

characteristic Cy-anion band with a maximum at 1020 nm.
The absorption time profile (Figure 6B) recorded at a
monitoring wavelength of 1020 nm shows the contribution
of two species. The fast decay component which corresponds
to the deactivation of the triplet excited state, is followed by a
long-lived absorption that extends up to ~200 us. This long-
lived absorption corresponds to Cg-anion radical as con-
firmed from the transient spectrum recorded after the
disappearance of triplet excited state.

Our earlier cluster studies in acetonitrile/toluene medium
have elucidated the influence of solvent polarity and the role
of clusters in photoinduced charge separation and charge
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stabilization.'”] In the present study we have demonstrated
the feasibility of achieving intramolecular (as well as intra-
cluster) charge transfer in thin films of the fullerene —aniline
dyad clusters. Noteworthy, however, is that the absorption
band at 1020 nm survives for a long time and can be seen even
at a time interval of > 100 us after laser pulse excitation. The
formation of such a long-lived charge separated pair in a dyad
system is very important in designing light energy conversion
systems. To the best of our knowledge this is the first
spectroscopic demonstration of achieving long-lived charge
separation in a fullerene based donor—acceptor thin films.

Fullerene —aniline dyad films as photosensitive electrodes:
There have been few attempts earlier to cast donor—bridge —
acceptor molecules as thin films on electrode surfaces and
employ them as photosensitive electrodes.?* 3381 Often such
systems produce low photocurrent as charge recombination
process competes with the charge collection at the electrode
surface. Since cluster formation is a useful approach for
circumventing the back electron transfer process in the
donor-bridge —acceptor systems, it should be possible to
utilize fullerene-—aniline dyad cluster films for harnessing
light energy quite efficiently.

We employed OTE/SnO,/(Cg —aniline),, as a photoanode
in a photoelectrochemical cell. Figure 7A shows the photo-
current generation following the excitation of Cg—aniline
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Figure 7. A) Generation of photocurrent at OTE/SnO,/(Cg —aniline),,
electrode under visible light (4>425nm) excitation. Blank OTE/SnO,
electrodes under the same irradiation conditions yield negligible photo-
currents (Electrolyte: 0.5M Lil, 1mM I, in acetonitrile). B) Power
characteristics of the photoelectrochemical cell employing OTE/SnO,/
(Cq—aniline),, electrode (Electrolyte: 0.5m Lil, 1 mM I, in acetonitrile, 4 >
425 nm).

cluster films with visible light (1 > 425 nm). The photocurrent
generation was prompt and responded to on/off cycles of
illumination. The stability of photocurrent was dependent on
the type of redox couple employed. Under visible light
irradiation (4 > 425 nm) and with I,7/I" as a redox couple, the
photoelectrochemical cell delivered a stable photocurrent of
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~0.2 mA cm~? and an open circuit voltage of ~170 mV. The
I-/1;~ redox couple employed in the photoelectrochemical cell
ensured quick regeneration of the fullerene-—aniline dyad
clusters in the film. The power characteristics of this photo-
electrochemical cell (Figure 7B) shows a drop in photovoltage
and increase in the photocurrent as we decrease the load
resistance. The cell exhibits a fill factor of 0.32 and a net power
conversion efficiency of ~0.01 % under high intensity irradi-
ations (110 mWcm~2). At low intensity excitation (1 mWcm=2)
we observed a ten-fold higher power conversion efficiency of
0.1%.

The photocurrents observed in the present study are two to
three orders of magnitude greater than the recently reported
photoelectrochemical cells using functionalized fuller-
enes?> 24 and an order of magnitude greater than the photo-
voltaic cell designed with a Cg - oligophenylenevinylene.!
Note that the photocurrent measurements in the present
study were done with a yellow corning filter (425 nm cutoff),
which only allow for long wavelength excitations.

Under visible light illumination, the OTE/SnO,/(C4,— ani-
line),, electrode shows remarkable rectification behavior in
the potential range of —360 to 240 mV vs Ag/AgCl. The
electron flow towards the collecting electrode can be con-
trolled by the application of an electrochemical bias. Figure 8

Dark
‘0.10 mA
mV vs Ag/AgCl
+240 /«10/ 0 120 -240/ -360
LIIIuminated

Figure 8. I/V characteristics of OTE/SnO,/(C4 —aniline),, electrode in
dark and under visible light irradiation (4 > 425 nm). (CE: Pt and RE: Ag/
AgCl. Electrolyte: 0.5m Lil, 1mMm I, in acetonitrile).

shows the I/V characteristics of OTE/SnO,/(Cg - aniline),,
electrode in dark and under visible light irradiation. At
negative potentials (< —300 mV) we see a decrease in the
photocurrent as electrons accumulate within the SnO, nano-
crystallites, thus, suppressing the charge transport to the
collecting OTE surface. Since the electrode is susceptible to
direct reduction of Cg-—aniline dyad clusters at negative
potentials, the scan was initiated at —300 mV. As the applied
potential was scanned towards the positive potentials, we
observed an increase in the photocurrent generation. The
photocurrent became steady at potentials greater than
—200 mV. Increased charge separation and the facile trans-
port of charge carriers under positive bias resulted in
enhanced photocurrent generation. At potentials greater
than 0.35 mV vs Ag/AgCl, the electrochemical oxidation of
iodide interferred with the photocurrent measurements. (The
increase in the dark current can be seen in Figure 8.)

The photocurrent action spectrum of Cy, film cast on a
nanostructured SnO, electrode is shown in Figure 9. The
IPCE values were calculated by normalizing the photocurrent
values for incident light energy and intensity.’?) A broad
response in the visible with photoconversion efficiencies

0947-6539/00/0621-3919 $ 17.50+.50/0 3919





FULL PAPER

P. V. Kamat et al.

0.25

0.20

0.15r

0.10}

Absorbance
IPCE/%

0.05;

e
0'0200 450 500 550 600 650 70

Wavelength/nm

Figure 9. a) Photocurrent action spectrum and b) absorption spectrum of
OTE/SnO,/(Cy—aniline),, electrode. c¢) Photocurrent action spectrum of
blank OTE/SnO, electrode is shown for comparison. (CE: Pt; Electrolyte:
0.5M Lil, 1mMm I, in acetonitrile).

decreasing with increasing wavelengths is observed for OTE/
SnO,/(Cyy—aniline),, electrode. The overall response parallels
the broad spectral features observed in the absorption spectra,
thus confirming the excitation of Cg, film as the origin of
photocurrent generation. Interestingly, however, these elec-
trodes show significant photoresponse in the red region. A
maximum IPCE of ~4% was observed in the wavelength
region of 450 nm. Inner filter effects resulted in decreased
IPCE at wavelengths below 450 nm. Also, at wavelengths
below 400 nm, direct excitation of SnO, film would dominate
the photocurrent generation.

The photocurrent generation in these films is initiated by
the photo-induced charge separation in dyad clusters (Re-
action 5). As shown in Figure 6, the C, anion in these
fullerene cluster films survives for a long time (>200 us). The
charge separated pair in fullerene—aniline dyad cluster is
stabilized as the electrons hop away to the neighboring
fullerene moieties. A similar mechanism also occurs in the
Cgo—aniline dyad cluster films deposited on OTE/SnO,. Both
the photoinduced charge transfer within the Cy,—aniline dyad
cluster and the electron transfer from reduced fullerene
moiety (E(Ce/Cq”) = —02V vs NHE) into SnO, nano-
crystallites (E¢z (SnO,) = 0.0 V vs NHE) are thermodynami-
cally favored processes (Figure 10). While the reduced anion
moeity of the dyad cluster injects electrons into the SnO,
nanocrystallites, the oxidized aniline counterpart undergoes
charge transfer with the iodide in the electrolyte (Reactions 6
and 7).

(Cgo~ —aniline™),, + SnO, — (C¢ —aniline*),, + SnO,(e~) 6)

2(Cg—aniline™),, + 31~ — 2 (Cy—aniline) + I3~ 7)

The electrons transferred to the semiconductor nanocrys-
tallites are collected at the OTE surface and are driven to the
counter electrode through an external circuit to regenerate
the redox couple. It should be noted that when Cy—aniline
dyad films were cast on a nanostructured TiO, film, we
observed negligibly small photocurrents. Since the conduction
band of TiO, (Ecz=—0.5V vs NHE) is more negative than
the reduction potential of fullerene (Cy,), the reduced form of
the fullerene —aniline dyad is unable to transfer the electrons
to TiO, (Figure 10).

Previous attempts?> 21 to employ Cg and functionalized
fullerenes as electrode materials have failed to generate
photocurrents (<1uAcm=2) that are comparable to other
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Figure 10. Energy level diagram illustrating the mechanism of charge
transfer in a OTE/SnO,/(Cy,—aniline),, system.

organic dye based photoelectrochemical cells.? 2% 4 These
researchers have employed relatively thin fullerene films,
which exhibit poor light harvesting and charge separation
efficiencies. We are able to overcome these limitations by
using an electrodeposition approach of casting nanostruc-
tured fullerene—aniline dyad cluster films. The beneficial
aspects of increased absorption of the incident light, long-
lived charge separated pair, efficient charge transport within
the film and quick regeneration of the sensitizer achieved in
the present study demonstrate a new promise of using
functionalized fullerenes in light harvesting applications.

Conclusion

A new methodology has been developed for growing full-
erene aggregate clusters under the influence of a DC electric
field. Controlled growth of these clusters in acetonitrile/
toluene mixture can be achieved by controlling the applied
voltage. At potentials greater than 20 V, charged clusters get
deposited as thin films on the positive electrode surface. The
electrodeposited fullerene cluster films are electrochemically
and photoelectrochemically active. They are capable of
delivering relatively large photocurrents when employed as
photoanodes in photoelectrochemical cells. The improved
performance of these fullerene electrodes is attributed to the
increased molar absorptivity in the visible region, long-lived
charge separation, and production of electroactive Cg-anion
moieties that are capable of delivering charges to SnO,
nanocrystallites. The potential dependent phenomenon of
casting thin films on electrode surfaces has opened up new
avenues to utilize fullerene —bridge —donor type dyad mole-
cules in energy conversion devices.
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Free-Radical-Induced Chain Breakage and Depolymerization
of Poly(methacrylic acid): Equilibrium Polymerization in Aqueous Solution

at Room Temperature

Piotr Ulanski, " Eberhard Bothe,?! Knut Hildenbrand,*! and Clemens von Sonntag*!?!

Abstract: Hydroxyl radicals, generated
by ionizing radiation in N,O saturated
aqueous solutions, abstract H atoms
from poly(methacrylic acid) at the meth-
yl and methylene groups, and radicals 1
and 2 are formed, respectively. The
reactions of the poly(methacrylic acid)
radicals were investigated by pulse radi-
olysis (using optical and conductometric
detection), EPR, product analysis, and
kinetic simulations. The conductometric
detection allowed us to measure the rate
of chain scission and monomer release.
Under conditions in which the polymer
is largely deprotonated, the primary
radical 1 abstracts a hydrogen (k=
3.5 x 10*s7!) from the methylene group,
and this yields the more stable second-

chain scission by fS-fragmentation (k=
1.8 s71), and the terminal (end-of-chain)
radical 3 is formed. The polymer radi-
cals terminate only slowly (2k=
80 dm*mol~'s™!). This allows effective
depolymerization (depropagation) to
take place (k=0.1s7!). The yield of
monomer release is higher than the
original radical yield by up to two orders
of magnitude. Once monomer is formed,
it reacts with 3 (propagation, k=
15 dm3>mol~'s7!), and a situation close
to an equilibrium radical polymerization
is approached. From these data, the

Keywords: EPR  spectroscopy
kinetics - polymerizations - pulse
radiolysis - radical reactions

equilibrium monomer concentration is
calculated at 6.7 x10° moldm™ at
room temperature. The standard entro-
py of propagation is estimated at — 185
to —150 Jmol 'K~ Because the mono-
mer reaches concentrations in the milli-
molar range, the "OH radicals increas-
ingly react with monomers (results in
oligomerization) rather than with the
polymer. This effect is reflected by, for
example, a lowering of chain-scission
yields upon prolonged irradiation. In
acid solutions, the decay of the polymer
radicals becomes much faster (estimated
at about 10" dm*mol-'s~' at pH 3.5),
and monomer release is no longer ob-
served.

ary radical 2. This radical undergoes

Introduction

Poly(methacrylic acid), together with poly(acrylic acid),
belongs to a group of the simplest synthetic polyelectrolytes.
Basic data on their synthesis and applications!'l as well as their
properties and solution behavior have been compiled.?? 3!
Besides many similarities, there are marked differences, in
particular in the conformational transitions of these two
polyelectrolytes.”'>] While poly(acrylic acid) changes its
conformation with increasing ionization relatively smoothly
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from coil-like to rodlike, many properties of poly(methacrylic
acid) change stepwise at a degree of ionization between 0.2
and 0.3; this indicates a sharp conformational transition in this
range. The fully protonated poly(methacrylic acid) seems to
adopt a hypercoiled structure (coils of tight, compact con-
formation), in which an unfavorable contact between the
methyl groups and water is avoided,'*?! and when its
molecular weight exceeds 10* Da, it probably forms several
tightly packed clusters connected by short extended polymer
chains.['8]

At present, poly(methacrylic acid) is mainly used for
thickeners and gelling agents, ion-exchange resins, flocculat-
ing agents, binders, adhesives, and soil conditioners.! A
relatively new and potentially promising application of
synthetic polyelectrolytes is the formation of stimuli-sensitive
hydrogels. These products have the beneficial properties of
conventional hydrogels currently used in pharmacy,?'-* but
they also respond to environmental stimuli (for example, pH,
ionic strength, additives, temperature, electric field, and light),
usually by a pronounced change in their dimensions.?*3"
Because of this, they are now tested as chemical valves,
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micro-sensors, selective membranes, drug-delivery systems,
and artificial muscles (e.g. refs. [31 -36]). Ionizing radiation is
one of the basic tools for the synthesis and sterilization of
hydrogels for medical use, because of the high product purity,
easy process control, as well as the possibility to combine
synthesis and sterilization in a single step.?*%] The inves-
tigation of the underlying radiation-induced (i.e. free-radical-
induced) processes is thus of considerable interest.

Recently we reported the free-radical-induced reactions of
poly(acrylic acid) in aqueous solution,**I and also touched
on those of poly(methacrylic acid);* %! this supplemented
earlier studies*" on the latter topic. We now present a
complete account of our studies on poly(methacrylic acid).

For the present study, it is important to recall that at high
pH, where poly(methacrylic acid) chains are fully charged, the
strong repulsive electrostatic forces prevent a recombination
of polymer radicals. In this respect, the present system fulfils
one prerequisite for equilibrium radical polymerization (for a
review see ref. [51]). Furthermore, it will be shown that once
terminal radicals are produced by [-fragmentation of the
initially formed midchain radicals generated randomly along
the polymer chains, depolymerization and polymerization
occur side by side. Such a system should resemble “living
radical polymerization” (cf. refs. [S2—-54]), here however
without deactivation, that is, without a reversible transforma-
tion of the terminal radicals into a dormant form.

Under our conditions, no monomer is initially present, but
its concentration builds up rapidly upon depolymerization. In
the absence of radical termination and assuming a simple
equilibrium (P'=P'+ M), the monomer concentration will
approach a steady state.

The Dainton—Ivin equation [Eq. (a)],’%% %! is shown
below.

T,=AHJ[AS) + R x In([M].,)] @)

In this equation, T, is the ceiling temperature, AH, the
enthalpy of propagation, and AS} the entropy of propagation
in the standard state (i.e. at a monomer concentration, or
more precisely activity, of unity), R is the gas constant, and
[M]., the equilibrium monomer concentration. The ceiling
temperature, at which depolymerization and polymerization
proceed at equal rates, decreases upon lowering the monomer
concentration. Thus in very dilute solutions, the ceiling
temperature can drop even to room temperature. Similarly,
for a given temperature, lower than the ceiling temperature
for bulk monomer, an equilibrium monomer concentration
can develop, when the polymer radicals are very long-lived. In
the present paper, it will be shown that the poly(methacrylic
acid) system closely approaches these conditions.

Experimental Section

Residual monomer and solvent were removed from poly(methacrylic acid)
(Polysciences) by drying in vacuo for 2 h at 40°C, dissolving in water by
stirring overnight at R.T., and dialysis (tangential flow, Minitan, Millipore:
membrane of a nominal molecular weight cut off at 10 kDa). The
remaining monomer content was below 0.1% (w/w of dry polymer), as
estimated from the lifetime of the hydrated electron in pulse radiolysis,[*!

Chem. Eur. J. 2000, 6, No. 21
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by formaldehyde determination after ozonation (cf. ref. [57]), and by ion
chromatography. Solutions were filtered through a 5 pm-pore-size filter
(Minisart, Sartorius). All the glassware and apparatus parts used to
prepare, purify, and irradiate poly(methacrylic acid) solutions were
previously soaked overnight in aqueous EDTA solution (disodium salt,
1% 1073 moldm~3 at 50°C), in order to remove traces of transition metal
ions that may cause unwanted side reactions (cf. ref. [41]). Stock solutions
of purified poly(methacrylic acid), made up in Milli-Q filtered (Millipore)
water, were stored in the dark (note ref. [58]) and used within two weeks.
Storage within this period did not affect the molecular weight. The weight-
average molecular weight of the purified poly(methacrylic acid) was 2.8 x
10° Da, as measured by the low-angle laser light scattering (see below).

Aqueous sodium perchlorate solutions were purified from traces of
transition metal ions by shaking with Chelex-100 chelating resin (Bio-
Rad) for 4 h at R.T. and subsequent decantation. All other chemicals were
used without further purification.

The pH was adjusted with HCIO,, NaOH, or KOH as required. Prior to
irradiation, solutions were saturated for 1 h with N,O (or Ar in the EPR
experiments with photochemical generation of radicals) purified by an
Oxisorb column (Messer-Griesheim).

y-Irradiations were carried out with a panoramic *Co-y-source (Nuclear
Engineering) at a dose rate of 0.092 Gys~' or 3.7 Gys~!. For pulse radiolysis
measurements, a Van de Graaff accelerator, which generated 0.4-4 ps
pulses of 2.8 MeV electrons, equipped with optical and conductometric
detection systems was used.[ 'l After each pulse, the cell was refilled with
a fresh solution. Fricke dosimetry (cf. ref. [61]) was used for y-irradiations,
while for optical and conductometric pulse experiments thiocyanate and
dimethyl sulfoxide dosimetries!/>*! were applied.

Methacrylic acid was identified and quantified by ion chromatography
(Dionex 2010i; Ion-Pac AS9-SC column; eluent: 1 x 10~ moldm— NaH-
CO;) after ultrafiltration (Amicon TCF10 system with a Diaflo YM10
membrane) at pH 3 in order to remove polymeric material.

Post-irradiation spectral changes (4-16, Perkin-Elmer) under anoxic
conditions were followed in a gastight quartz cell equipped with a purging
device (cf. ref. [65]).

EPR spectra were recorded on a laboratory-built X-band spectrometer
with 100 kHz modulation equipped with an interface (Stelar, Mede) and a
PC. For in situ experiments, the aqueous solutions with poly(methacrylic
acid) and H,O, were purged with argon, pumped through the quartz cell of
the flow system, and irradiated in the cavity of the EPR instrument with
unfiltered focused light from an argon plasma light source (GAT,
Bremerhaven).

In the spin-trapping experiments, the samples were irradiated either with y-
rays or with unfiltered UV light from a xenon lamp (LX300UV Cermax,
ICL Technology, Sunnyvale) and transferred to the quartz cell of the EPR
instrument. The spin trap, 2-methyl-2-nitrosopropane (Sigma), was either
present during y-irradiation or added afterwards.

Weight-average molecular weights were determined by low-angle laser
light scattering (Chromatix KMX-6 equipped with He/Ne laser, 1=
633 nm, scattering angle 6-7°) in NaClO, (0.02 moldm—) at pH 10 with
freshly filtered (0.45 um; Millex HA, Millipore) solutions. The refractive
index increment (dn/dc) for poly(methacrylic acid) in this solvent was
determined with a laser differential refractometer (Chromatix KMX16,
A =633 nm) at 20°C to be 0.253 cm’®g~1.

Poly(methacrylic acid) radicals have a very long lifetime, and, to avoid their
reaction with oxygen, the irradiated samples were kept unopened overnight
in the dark prior to analysis.

Simulations were performed on a standard PC with Chemical Kinetics
Simulator software (version 1.01), developed by IBM at the Almaden
Research Center.

Results and Discussion
The free-radical generating system: In the present study,
poly(methacrylic acid) radicals were generated in dilute
aqueous solution by ionizing radiation. The proportion of

the energy of the ionizing radiation absorbed by each
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component of the system can be approximated by its weight
fraction, that is, in the case of dilute polymer solutions
(concentrations <1 gdm— were used in this work), the
absorption of ionizing radiation by the polymer itself can be
neglected. Thus, the free-radical reactions are induced by the
radicals created during the absorption of the ionizing radia-
tion by water [cf. reaction (1)]. In this context, it is important
to recall that ®Co-y-rays and high-energy electrons (e.g.
2.8 MeV electrons used in pulse radiolysis) lead to identical
free-radical yields.®) The radiation-chemical yields are ex-
pressed as G values (units: 1077 molJ~'). The radiolysis of
water yields "OH radicals, hydrated electrons, and hydrogen
atoms [reaction (1), G(‘OH)~ G(ez)=2.8 x 107" molJ~!,

H,0 ™ e -OH, H", H,0,, H,, H*, OH" 1)
radiation

G(H*)=0.6 x 107" molJ~']. The hydrated electrons can be
readily converted into further “OH by saturating the solution
with N,O [cf. reaction (2), k =9.1 x 10° moldm—3s~!].1”] Thus,

ez +N,0— ‘OH+N, + OH- 2

the N,O containing system consists of 90% *OH and only
10% H-*, and since H atoms also undergo H abstraction (see
below), albeit at a lower rate, we can add them to the OH
radical yield without inducing a major error.

The reactivity of hydrated electrons towards poly(meth-
acrylic acid) is too low (k < 4 x 10° mol dm~—3s~!)[* to compete
with reaction (2) under our experimental conditions. At
pH 8.4, when the poly(methacrylic acid) is deprotonated,
‘OH radicals react faster (1.2 x 10 dm>mol~'s~!, with respect
to monomer units) than at pH 3.1 (3.1 x 10’ dm®mol-!s~!),[*4
when poly(methacrylic acid) is protonated (reported values™”
are higher due to the lower molecular weight of the polymer
in that study). The pH effect on the rate is mainly attributed to
different conformations of the polyelectrolyte chain (and thus
to different reaction geometries). It also reflects the electro-
philic property of the *OH radical, which leads to a faster
reaction with the anions of carboxylic acids than with their
protonated forms.[** ¢l The rate of reaction of *OH radicals
with polymers is lower than that for the corresponding low
molecular-weight compounds. A detailed discussion of this
aspect can be found elsewhere.[8-7!]

In some of the EPR experiments, ‘OH radicals were also
generated by photolytic cleavage of H,O, added to the
samples.

Reaction of "OH radicals with poly(methacrylic acid): Hy-
droxyl radicals react with low molecular-weight carboxylic
acids by abstraction of carbon-bound hydrogens. In poly-
(methacrylic acid), there are two sites for OH radical attack:
methyl and methylene groups [reactions (3) and (4); forma-
tion of radicals 1 and 2].

In their reactions with carboxylic acids, “OH radicals show
little selectivity,* 72l and also in the present case both sites are
attacked to a significant extent. Judging from studies on small
carboxylic acids* 7! and poly(acrylic acid),*! there is no
evidence of a noticeable attack at the carboxylic group.

3924
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The initial absorption spectrum of radicals 1 and 2 (Fig-
ure 1) shows an increasing absorbance towards shorter wave-
lengths and a shoulder localized at 320 nm (cf. also ref. [49]).

n

—
e ]

Gxel/104Gy'cm™
o -

Gxel/10* Gy’ cm™!
N
T

N
T

250 300 350 400
Alnm

Figure 1. Pulse radiolysis of N,O saturated aqueous solution of poly(meth-
acrylic acid). Initial absorption spectra (10 us after the pulse) of polymer
radicals at pH3.5 (@) and at pH8.5 (o). Polymer concentration 1 x
1072 moldm~ and dose per pulse 7—-22 Gy. Corrections for ‘OH recombi-
nation have been made. Inset: decay of absorbance at 320 nm at pH 7.5.

The spectra observed at low and high pH are very similar. 8-
Carboxyalkyl radicals like 1 and 2 usually exhibit a featureless
spectrum with a maximum localized below 250 nm. Spectra
of simple a-carboxyalkyl radicals have a maximum at around
280-320 nm; the maximum is red-shifted by 30— 60 nm upon
deprotonation.”” Such radical structures, however, cannot be
formed in our system at this initial stage. Also the location of
the shoulder in the present case does not exhibit the typical
red shift. Therefore the shoulder in the spectrum must be a
feature of radicals1 and/or 2. Data on further spectral
changes, in particular those that accompany the chain-scission
reaction (see below), indicate that the shoulder in the initial
absorption spectrum can essentially be attributed to radical 1.

H transfer from the methylene group to the —CH; radical
(conversion of 1—2): The lifetimes of the radicals of
deprotonated poly(methacrylic acid) are very long (see
below), and therefore moderately slow reactions may precede
recombination. Within 10 ms, that is, at times when recombi-
nation is still minimal under our conditions, a change in the
absorption spectrum is observed. While the absorbance at the
low-wavelength side remains unchanged, there is a pro-
nounced decrease in absorption at around 320 nm (inset in
Figure 1). This can be attributed to an intramolecular H
transfer from a methylene group to radical 1 [reaction (5);
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ends diffuse apart, the electrostatic potential around the

ga O o oh o T ly formed chain ends is lowered, and a f i
— CHy- G~ CHy-C— CHy-C—CH,— — CHy C—CH-G—CHy-C—CH,—  Newly formed chain ends is lowered, and a few counterions
Cof Cof cof (5 Cof Cof Cof are released into the bulk solution. This leads to an increase in
1 2 conductivity (for a detailed description see ref. [80]). The

method has been successfully applied in studies on chain
scission in natural and synthetic polyelectrolytes. ! 80-53]

k=3.5x10%s7!]. This transforms the initially formed primary When an electron pulse is applied to a dilute solution of
radical 1, possibly via a six-membered transition state, into the deprotonated poly(methacrylic acid), a pronounced increase
secondary radical 2, which is of lower energy (the difference in conductivity is observed (Figure 2).

in bond dissociation energies is ca. 12kJmol™!, cf.
refs. [74, 75]). After this transformation, radical2 is the
dominating radical in our system. i
Analogous radical transfer processes are well-known from o
the free-radical chemistry of low molecular-weight species
(e.g. intermolecular hydrogen transfer from 2-propanol to the
B-hydroxypropyl radical, k~10° dm*mol~'s!)." An exam-
ple of intramolecular transfer in polymers is the poly(vinyl
alcohol) system, in which a secondary radical is transformed 2k,
into a tertiary one (k =4.6 x 10% s!).[’1 With fully protonated -
poly(acrylic acid),*!! the intramolecular conversion of the 0 bt 0 % 0.0 %
secondary radical into the tertiary one is ~150s~!, that is, (‘) ] 1‘ é :;
slower. This is understood, because the tertiary hydrogen in .
poly(vinyl alcohol) is more loosely bound than its counterpart Time /s
in poly(acrylic acid). Upon deprotonation of poly(acrylic

.....olo.o.looo.loou‘"
oo

Ak (K*/"OH)
Ax (K* / "OH)

Figure 2. Pulse radiolysis of N,O saturated aqueous solution of poly-
(methacrylic acid). Conductivity changes (expressed as the released

aCid)y the rate of H transfer drops to 0.7 s~L Under these number of K* per “OH) as a function of time. Polymer concentration 4 x
conditions, the poly(acrylic acid) assumes a less flexible 10~ moldm™’, pH 8.5, and dose per pulse 2 Gy. The slope given by the
rodlike conformation, and since the same five-membered dotted line in the inset represents the rate of monomer release (see text
transition state (not very favorable in H transfer reactions) below).
would still be possible after deprotonation, this drop in
reactivity may be taken as an indication that H transfer from This process consists of two kinetically separated parts. The
more distant sites takes place in this system and also with fast step occurs within the first few seconds, followed by a
poly(vinyl alcohol). further slow increase on the timescale of minutes (inset in
Figure 2). We attribute the fast step of conductivity increase to
Chain scission: In the absence of O,, free-radical-induced chain breakage [B-scission of radicals 2, reaction (6)].
chain scission is not typical for uncharged polymers in
solution, since the recombination of the polymer radicals is
fast, and the relatively slow scission reactions (by means of j- GHs  CHa  CHs GHs  CHa CHa
. . . —CH3-C—CH3-C-CH-C—CH— ——» —CH»-C—CH»-C-CH; + C=CH-—

fragmentation) cannot compete effectively. However, in the ('2029 o 0 (':oze (6) (I:Oze ('3029 cof
case of charged (deprotonated) poly(acrylic acid), for which
the radicals are long-lived because of the -electrostatic 2 3 4
repulsive forces, chain scission becomes a pronounced pro-
cess.!!l Also with poly(methacrylic acid) in O,-free aqueous In this reaction, two chain fragments are formed; one bears
solution a pronounced decrease in the average molecular a primary terminal radical 3, and the other carries the olefinic
weightl#6 474,500 js observed (see also our data below). element 4. As expected, the reaction is of first-order kinetics,

The kinetics of chain scission can be followed by pulse and the half-life is independent of the dose per pulse (0.02—
radiolysis. However, standard spectrophotometric detection is 5 Gy). The pH range 7-9 is most suitable for the measure-
usually of little help, because spectral changes are in general ment of counterion release without disturbance from other
not pronounced and cannot be attributed with certainty to effects (see below). There, the rate constant of chain scission is
chain breakage (cf. the transformation reactions discussed k=1.8 s7!, which is almost independent of pH (Figure 3).
above). Therefore, two alternative time-resolved detection
methods are applied, namely detection by light scattering!® 7! The scission of poly(methacrylic acid) is faster by nearly
and, for polyelectrolytes, conductometry.’®] The Ilatter two orders of magnitude than that of poly(acrylic acid) (k=
method is very sensitive, that is, very low doses per pulse 0.025 s~ ). This difference may be attributed to differences
can be applied. Conductometric detection of chain scission is in the stability of the break-initiating radicals [the tertiary
based on the fact that in solution the majority of the radicals of poly(acrylic acid) are considered to be more stable
counterions of a polyion forms a loose cloud (condensed than the secondary ones in poly(methacrylic acid)]. For
counterions), which cannot leave the potential valley of the poly(methacrylic acid), a much higher rate constant of chain
polyion, and thus these counterions do not contribute to the scission (k=14 x 10*s7!) has been reported before.*”! This
conductivity. When a chain scission occurs and the broken value was arrived at on the basis of the influence of
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Figure 3. Pulse radiolysis of N,O saturated aqueous solutions of poly-
(methacrylic acid). Rate (e, left axis) and amplitude (o, right axis) of the
fast conductivity increase as a function of pH. Polymer concentration 2.5 x
10~ moldm~* and dose per pulse 2 Gy.

benzoquinone on radiation-induced viscosity changes. Depo-
lymerization (see below) has not been taken into consider-
ation, and the high yield of monomer might have led to this
large overestimation. Our measurements were done by a
more direct method, and we believe that the earlier value has
to be revised.

The lower curve in Figure 3 illustrates the amplitude depen-
dence of the fast conductivity increase on the pH. This
dependence does not reflect changes in scission yields, but
rather the influence of pH on the efficiency of counterion
release. If the pH is lowered, the carboxylate groups become
protonated, and at an average charge spacing (>0.7 nm), that is,
before the polymer is fully protonated, counterions are no
longer condensed.® At pH>9, addition of excess base
increasingly leads to screening effects, and the efficiency of
counterion release decreases. A similar decrease (data not
shown) is observed, when equivalent amounts of neutral salt,
NaClO,, were added to solutions of fully dissociated poly-
(methacrylic acid).

At optimum conditions, on average 7-8 counterions are
released per chain break (Figure 3, lower curve). This value is
close to that reported for DNA and polynucleotides (8.5 ions
per break)®®!l and similar to that found for poly(acrylic acid)
(5.3 ions per break).l*!

Concomitantly with the fast step of conductivity increase, a
second change in the absorption spectrum is observed (Fig-
ure 4).

The absorbance at 320 nm rises again, after its decrease in
the ms range, and the original shoulder (cf. Figure 1)
reappears. Since the kinetics of this process, including the
activation parameters (E,=64kJmol~!, AH=+=62kJmol™,
AS+=—-29Tmol 'K)*! are identical to those of the
conductivity change (cf. inset in Figure 4), these spectral
changes must be due to chain scission, that is, to the
transformation of radical 2 into radical 3. This is in agreement
with our assignment of the initial shoulder at 320 nm to
radical 1, since radical 3 has a structure very similar to that of
radical 1 (both are primary -carboxyalkyl radicals).

Depolymerization: y-Irradiated deoxygenated aqueous solu-
tions of poly(methacrylic acid) bleach iodine and KMnQ,.*

This has been attributed to the formation of unsaturated
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Figure 4. Pulse radiolysis of N,O saturated aqueous solutions of poly-
(methacrylic acid) at pH 7.5. Absorbance change at 320 nm as a function of
time (for changes at shorter times see Figure 1). Inset: Arrhenius plot of the
spectral (e, cf. main graph) and conductivity (m, cf. Figure 2 main graph)
changes at pH 8.5.

structures (cf. structure 4) formed upon chain scission. In our
preliminary reports, we have shown that this effect must be
mainly due to the high amounts of monomer, that is,
methacrylic acid, that are released upon irradiation. ]
Under certain conditions, the methacrylic acid yield reaches
G =500 x 10" molJ~!, that is, the monomer yield is two
orders of magnitude higher than that of polymer radicals.
Thus in our system, an efficient depolymerization takes place
by means of a chain reaction [reaction (7)]. In contrast, no
significant depolymerization occurs with poly(acrylic acid)
under otherwise equal conditions.*!]

s s s e
—CH-C—CHpC—CH; <——= —CH,-C-CH, + C=CH,
S0P Cof (718) S0P o
Cof  COof CO5 COf
3 3
s CHs
—CHy-C—CHp=CH,—C:  a——=
cof cop (910
5

The final monomer concentration (measured after 24 h to
allow all radicals to decay, that is, the irradiated samples were
left unopened during this period) depends on pH (Figure 5),
on the radiation dose (Figure 6), on the dose rate, on the
polymer concentration (Figure 7), and on the presence of
neutral salt (inset in Figure 5).

The explanation of some of these features is straightfor-
ward. For example, the pH dependence of the monomer yield
(Figure 5) must be related to the lifetime of the radicals. This
increases (see below) from milliseconds for uncharged poly-
(methacrylic acid) radicals up to minutes for fully deproton-
ated ones [cf. also the poly(acrylic acid) system].[*!] The slow
(see below) depolymerization [reaction (7)] can only become
effective, when the competing termination of 3 and 5 is slowed
down by repulsive coulombic forces. Like protonation, the
addition of salt (cf. Figure 5, inset) reduces the radical lifetime
by charge-screening effects, which make the polymer chains
more flexible and enhance the encounter frequency of the
polymer radicals.
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Figure 5. y-Radiolysis of N,O saturated solutions of poly(methacrylic
acid). Final methacrylic acid concentration at a dose of 22.2 Gy (initiating
radical concentration=1.33 x 10> moldm~ and dose rate 0.0921 Gys™)
as a function of pH. Inset: The same as a function of the salt concentration
at pH 9.5. Polymer concentration 1 x 10~ moldm= (main graph) and 5 x
10~ moldm~ (inset). The samples were kept unopened for 24 h prior to
analysis.
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Figure 6. y-Radiolysis of N,O saturated solutions of poly(methacrylic
acid) at pH 9.6. Final methacrylic acid concentration as a function of dose.
Dose rate 0.092 Gys~! and polymer concentration 1 x 1072 moldm~3. The
samples were kept unopened for 24 h prior to analysis. The solid line has
been obtained by simulation by using the values given in Table 1. Inset:
Fraction of *OH radicals scavenged by methacrylic acid during the whole
irradiation time as calculated by simulation (see text below).
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Figure 7. y-Radiolysis of N,O saturated solutions of poly(methacrylic acid)
at pH 9.6. Final methacrylic acid concentration as a function of polymer
concentration. Dose 222 Gy (initiating radical concentration=1.33 x
10 moldm=) and dose rate 0.092 Gys™. The samples were kept
unopened for 24 h prior to analysis. The solid line has been obtained by
simulation by using the values given in Table 1.
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Formation of methacrylic acid during exposure to radiation
lowers the yields of polymer radicals, since "“OH radicals are
effectively scavenged by methacrylic acid [reaction (11), k~
2 x 10" dm?mol~'s~;®: %1 ¢f. inset in Figure 6]. This compe-

CHs CHa
*OH + CH2=(I3 — HO—CHZ—(IZ-
cop (1D 6 COP

tition is one of the reasons for the pronounced dependence of
monomer formation on the poly(methacrylic acid) concen-
tration (Figure 7; for a further contribution to this effect see
below).

Reaction (11) initiates polymerization by means of dimer,
trimer, and oligomer radical formation (for a study on the
early stages of methacrylic acid polymerization see ref. [87]).
These low molecular-weight radicals will disappear quite
rapidly by self-termination and possibly by reacting with the
long-chain terminal radicals3 and 5. These reactions are
mainly responsible for the decrease in the monomer yield at
the longer irradiation times (Figure 6).

It has to be taken into account that depolymerization is
reversible, that is, once methacrylic acid is present in the
system, polymerization takes place as well [e.g. reactions (8)
and (10)]. This aspect will be discussed in more detail below.

EPR spectra and formation of ¢-carboxyalkyl radicals 5:

Three methods have been used to generate poly(methacrylic

acid) radicals for EPR experiments.

1) y-Irradiation followed by transfer of the sample to the
EPR spectrometer.

2) y-Irradiation with concomitant or subsequent spin-trap-
ping using 2-methyl-2-nitrosopropane.

3) in situ UV irradiation in the presence of hydrogen
peroxide.

When poly(methacrylic acid) radicals were generated at
pH 3.5 by either y-rays or UV light in the absence of a spin
trap, EPR signals were too low for an assignment. At this pH,
the radicals are short-lived, and no detectable radical
concentration builds up, not even under in situ UV irradi-
ation. However in the presence of a spin trap, spectra could be
recorded (Figure 8), although the signals fade away a few

Signal intensity

L L
0.334 0.336
B,/ T
Figure 8. y-Irradiation of a N,O saturated solution of poly(methacrylic
acid) (20 x 10> moldm~) in the presence of 2-methyl-2-nitrosopropane
(4 x 107> moldm~) at pH 3.5. EPR spectrum (first derivative) of the spin
adduct. Solid line: experimental spectrum; dotted line: simulation with
parameters given in the text.
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minutes after the end of irradiation due to the low stability of
the 2-methyl-2-nitrosopropane adducts in acid solutions (cf.
ref. [88]).

In the presence of the spin trap, the spectra of y- and UV-
irradiated samples are similar. They can be interpreted as an
overlay of two spectra. A dominant structure is a triplet of
triplets (ay=1.634 mT, ay(2) =0.999 mT), that can be attrib-
uted to radical 1 and/or to the terminal radical 3. Another,
weaker signal is a triplet (ay = 1.70 mT) with no splitting by H
atoms. This is attributed to the adduct of the terminal
radical 5. The observation of the spin adduct of this radical
indicates that some of the precursor radicals, for example, 1
and 2, do not react with the spin trap efficiently (the polymer
chain is tightly coiled at this pH). If some of the radicals 3 are
scavenged with the spin trap, depolymerization and subse-
quent re-polymerization to 5 [reactions (7) and (9)] must be
reduced. This is partially counterbalanced by an increased
rate of polymerization at low pH (cf. refs. [89-91]).

At high pH, the long lifetime of the poly(methacrylic acid)
radicals allows their EPR spectra to be recorded on samples
without a spin trap, even after y-irradiation and transfer to the
EPR spectrometer (the transfer took ca. 2 min). In these
samples, and also in UV-irradiated ones, the dominating
spectrum consists of sixteen lines (Figure 9), whose coupling
constants are ay(3) =2.19 mT, ay(1) =0.66 mT, and ay(1) =
1.785 mT.

Signal intensity

| | P !
0.33 0.334 0.338

-
0.342

B,/ T

Figure 9. In situ UV irradiation of argon saturated aqueous solution of
H,0, containing poly(methacrylic acid) at pH 9.8 and 15°C. Solid line:
experimental EPR spectrum (first derivative); dotted line: spectrum
simulated with the coupling constants given in the text. The line-width
effects in the experimental spectrum are due to a slow exchange between
the two nonequivalent methylene positions.

We attribute this spectrum to the terminal radical 5; the
quartet results from the methyl S-protons and two different
doublet splittings by two nonequivalent S-protons of the
methylene group (cf. the terminal radicals of methacrylic acid
dimers and trimers).’’? When the spin trap is added after
recording these spectra, the signal is replaced (data not
shown) by a triplet (ay =1.70 mT) with relatively broad lines
(Av0.2 mT); this is expected for the spin adduct of radical 5
immobilized by repulsive electrostatic forces of the carbox-
ylate groups. These data indicate that the mechanisms, which
convert radicals 3 into radicals 5 [e.g. reactions (7) and (9)],
are quite effective, that is, equilibria (7) - (10) are mainly on
the side of 5§ under these conditions.

3928
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Generally, vinyl-type monomers polymerize by adding
preferentially at the side of unsubstituted carbons (steric
hindrance and radical stabilization are invoked as the most
important reasons, cf. refs.[92-94]). In our system, this
enriches a-carboxylalkyl radicals 5 [cf. reaction (9)] at the
expense of [-carboxylalkyl radicals3, formed by chain
scission and by monomer addition [reactions (6) and (8)].
Based on the few data available, one can expect that in a
typical radical polymerization the ratio between the head-to-
head and head-to-tail structures usually does not exceed
1:100.2 Simulations indicate that if a ratio of 1:100 is assumed
for the rate constants of addition at substituted and unsub-
stituted carbons [reactions (8) and (9)], after about two
minutes, when these addition reactions become more impor-
tant, 5 starts to dominate over 3. This explains why in the EPR
spectra radicals § dominate despite the fact that originally
only radicals3 are formed in the scission reaction [cf.
reaction (6)].

There is potentially a further process that can additionally
enhance the transformation of 3 into 5. If our starting
poly(methacrylic acid) contains about 1% head-to-head
junctions, the unzipping process, when it reaches such a
junction, will transform the terminal radical 3 into radical 5.

In the case of in situ UV irradiation, there is a given chance
that the short-chain radicals, which result from *“OH attack on
the released monomer and subsequent propagation steps, will
contribute. However, they have a structure analogous to 5,
and thus cannot be detected separately.

Lifetime of radicals: The most direct method of following the
decay of radical concentration is EPR spectroscopy. However,
the application of this technique for the present kinetic study
has some limitations. Relatively high radical concentrations
are required for obtaining good signals. Thus, kinetic experi-
ments could only be done by in situ UV irradiation of H,O,/
poly(methacrylic acid) solutions. Here, however, the initial
radical concentration is not exactly known. Therefore, the
conditions for kinetic EPR measurements differ from other
long-timescale experiments, and the experiments cannot be
compared on a quantitative basis, for example, with the
monomer-release data. Higher initial radical concentrations
imply faster bimolecular decay. Nevertheless, at an initial
radical concentration higher than typically obtained by y-
irradiation, a half-life as high as 45 s is observed for the fully
dissociated poly(methacrylic acid) at pH 9.8 (Figure 10). If
the pH is lowered to 8.0 under the same conditions, the half-
life is shortened to approximately 5 s (inset in Figure 10). At
pH 3.5, the decay of the now uncharged poly(methacrylic
acid) radicals is so fast that no ESR signal could be recorded.

The termination of charged polymer radicals may also be
followed by the decay of their UV absorbance (Figure 11). An
N,O saturated poly(methacrylic acid) solution was subjected
to y-irradiation for 15-60 s at high dose rate, and the decay of
absorption was followed spectrophotometrically. The EPR
experiments (cf. Figures 9 and 10) show that under such
conditions (high pH, many seconds after irradiation) the main
polymeric radical is 5. The UV spectrum expected for such a-
carboxyalkyl radicals is characterized by a maximum or a
shoulder at around 320 nm (for the spectra of analogous
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Figure 10. Buildup and decay of the EPR signal generated by UV
photolysis of a solution containing poly(methacrylic acid) and H,O, at
pH 9.8 (main graph) and 8.0 (inset). The illumination periods were 50 s and
15 s, respectively.
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Figure 11. y-Irradiation (15s, dose 56 Gy) of N,O saturated solution of
poly(methacrylic acid) (1 x 10-2 moldm~3) at pH 9.7. Spectra recorded 72,
127,182,238, 361, 540, 787, 1222, 1805, 2910, 3770, 6482, 12600, and 22500 s
after the end of irradiation. Main graph: from bottom to top; inset: from
top to bottom.

radicals, see ref. [72]). The short-wavelength part of the
observed spectrum (Figure 11) is dominated by the growing
absorption of the monomer released. However, the monomer
does not absorb at A >300 nm, and the decay at A =320 nm
can be attributed to the termination of the poly(methacrylic
acid) radicals 5.

At two different doses, the decay of the long-chain
radicals 5 could be reasonably modeled by assuming a
bimolecular reaction with a rate constant of 2k =80 dm?
mol~!s~! (Figure 12). This value also allowed us to simulate
the kinetics of monomer release adequately (see below).

From our pulse radiolysis data, the intermolecular bimo-
lecular decay rate constant of poly(methacrylic acid) radicals
at pH 3.5 (almost fully protonated acid) is estimated at 2k ~
107 dm*mol~!s~L Precise measurements regarding such inter-
molecular rate constants are difficult, because of the low
absorption coefficients of the radicals and the necessity of
using low doses to avoid formation of multiple radical sites at
one macromolecule (otherwise the measured decay kinetics
would be dominated by intramolecular recombination, which
can be very fast).[% %]

With uncharged alkyl-type radicals [for poly(methacrylic
acid) in the acidic range], the recombination is usually close to
diffusion-controlled. For small molecules, the rate constant of

Chem. Eur. J. 2000, 6, No. 21
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Figure 12. y-Irradiation of N,O saturated solution of poly(methacrylic
acid) (1 x 102 moldm~—) at pH 9.7. Relative changes in absorbance at
320 nm (e, right axis) after 60 s of irradiation (dose 224 Gy, main graph)
and after 15 s of irradiation (56 Gy, inset). Radical concentrations obtained
by simulation (solid line, left axis) by using the rate constants listed in
Table 1. Arrows denote the end of irradiation.

this reaction is typically in the order of 10° dm*mol~!s~!. With
polymer radicals, the rate constant of termination drops.
According to the Smoluchowski equation, this is caused by
the lower diffusion coefficient of polymers. In addition, the
termination of polymer radicals requires segmental diffusion
of the radical sites for their mutual encounter (cf.
refs. [92, 96]). Experimental data can be described by k,=
A x P;%1 where A is a constant, and P, is the number-
average degree of polymerization. Values of b=0.16—0.18
were reported for the bulk polymerization of styrene and
methyl methacrylate.®®®! Rate constants for uncharged
polymer radicals with molecular weights similar to our
poly(methacrylic acid) sample are in the order of 2k =10"-
108 dm3 mol—l S—l.[%, 100-102]

Recombination of charged radicals is slowed down by
coulombic repulsive forces. Radicals derived from simple
carboxylic acids of single, double, and triple negative charge
recombine approximately 2, 20, and over 100 times slower
than the radicals of the corresponding fully protonated
acids.*¥! This tendency continues with an increasing number
of charges on the radical-bearing molecule (e.g. by incorpo-
ration of an increasing number of ionic monomers into an
unionized polymer!%l), and the recombination of polyelec-
trolyte radicals eventually becomes very slow. For radicals of
fully dissociated poly(acrylic acid)*-#1 and poly(styrene
sulfonate),['* half-lives of many minutes to hours have been
observed in aqueous solutions at room temperature. Although
in the latter case the authors tended to attribute the very long
lifetime of the radical to the stabilizing effect of the aromatic
ring, the example of poly(acrylic acid) clearly indicates that
electrostatic forces alone are capable of exerting such a strong
retarding effect.

Especially during the long-lasting post-irradiation period,
termination will be mainly by radical §, which can combine as
well as disproportionate [reactions (12) and (13)].

Kinetics of monomer release: Two independent experimental
methods were used to follow the kinetics of depolymerization.
Since the depolymerization is slow, and the lifetime of
polymer radicals is long under our experimental conditions,
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most of the monomer is formed after irradiation. The
monomer released during irradiation is largely consumed by
reacting with *OH (cf. Figure 6).

One of the methods to determine the kinetics of the
depolymerization made use of the very rapid quenching of the
polymer radicals by cysteamine [P*+ RSH — PH + RS; for a-
and f-carboxyalkyl radicals of poly(acrylic acid)*! ka1 x
10’ dm*dm~'s~! and k=8 x 107 dm*dm~'s"!]. N,O saturated
poly(methacrylic acid) solutions were y-irradiated for 15-
60 s, and the reactions allowed to proceed for a given time.
The radicals were then quenched by the addition of deoxy-
genated cysteamine solution through a septum while stirring
vigorously. After ultrafiltration, methacrylic acid concentra-
tions were determined. The kinetics of monomer release are
shown in Figure 13 (triangles), together with the final meth-
acrylic acid concentration (broken line) obtained by keeping
the samples for 24 h without the addition of scavenger.

Another set of kinetic data for monomer release was
obtained spectrophotometrically at 225 nm, when methacrylic
acid strongly absorbs [¢(225nm)=1.2 x 10° dm*mol~'cm™;
Figures 11 and 13]. Although at this wavelength some overlay
from the absorbance of radicals [¢(225nm) <2 x 103 dm?
mol-tcm™, cf. ref. [72], where spectra of similar radicals have
been measured down to
235 nm] and other stable prod-
ucts takes place, their contribu-
tion is not great, because of

their low concentration com- short-chain (oligomer) radical.
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Figure 13. y-Irradiation of N,O saturated solution of poly(methacrylic
acid) (1 x 1072 moldm=3) at pH 9.7. Rise in monomer concentration after
1 min of irradiation (224 Gy) monitored by cysteamine addition (A, left
axis; solid line: simulation by using the rate constants listed in Table 1) and
absorbance A at 225 nm relative to its final value A, (o, right axis). The
arrow denotes the end of irradiation; the final values (experiments and
simulation) are given by the broken line.

tion or calculations based on the equilibrium data (see below)
of other methyl-substituted vinyl polymers lead to room-
temperature depropagation rate constants of a similar order
of magnitude to our value for poly(methacrylic acid). For
25°C, we calculate: kq=0.6s7! for poly(methyl methacry-
late),l100.10]1 f =12s! for poly(a-methylstyrene),l'% k,=
0.5s7! for poly(n-dodecyl methacrylate),'”l and kq=0.7 s
for poly(n-butyl methacrylate).!'07)

For the main pathway of propagation, that is, monomer
addition that leads to 5 [e.g. reaction (9)], a rate constant of
k=15dm’*mol~'s7! is found in the fitting procedure. This

Table 1. List of reactions and their rate constants used in the simulation of OH radical-induced reactions of
deprotonated poly(methacrylic acid). Second-order rate constants are given as k (not 2k). The rate constant of
reaction 1 is expressed in dm?(mol of monomer units)~!'s™!. The units for first-order reactions are s! and for
second-order reactions dm*mol~'s~!. Explanation of symbols: P =polymer chain, M = monomer, and SC'=

pared with the amount of meth-

Eq. in the text

Rate constant References

acrylic acid released. Reaction
The monomer release data 1 ‘OH+P—2
obtained by radical quenching 2 273+P
3 3-3+M
and by spectroscopy agree and 4 5.5+M
can be reasonably simulated 5 SC'—>SC+M
(solid line in Figure 13) using 6 3-5+M
the rate constants listed in Ta- 7 5-3+M
. 8§ 3+M-—5
ble'l. The rrllost valuable pieces 9 5+Mo—5
of information extracted from 13 3,pm_3
these data are the rate con- 11 5+M—3
stants of depolymerization (de- 12 SC'+M—SC
propagation) and propagation. ii ; ig - ﬁ
.Depolymerzzanon proceeds |5, +5.pP
with k=0.1s7". The same value 14 3.3_7p
is found in pulse radiolysis with 17 3+5—P
conductometric detection, 18 5+5-P
. 19 2+SC'—P
when the initial slopf% .Of t}le 20 34SC-P
slow part of conductivity in-  ,; 5,90 _p
crease is analyzed (inset in Fig- 22 SC*+SC"— oligomer
ure 2, broken line). Extrapola- 23 3—SC'+M
tions of high-temperature data 24 S5—SC'+M
25 ‘OH+M — SC*

for solution radical polymeriza-

“
(©)
™

(10)
©)

®)

(€8]

1.1 x 108 refs. [44, 45]

1.8 refs. [44, 45], and this work
0.1 this work

0.1 this work

0.1 this work

1x1073 assumed as 1% of 3-5
1x1073 assumed as 1% of 3-5
15 this work

15 this work

0.15 assumed as 1% of 8-9
0.15 assumed as 1% of 8-9
5x 107 this work

40 this work

40 this work

40 this work

40 this work

40 this work

40 this work

1-4x10* this work

1-4x10* this work

1-4x10* this work

1x10° this work

calculated for each set of irradiation conditions (see text)
calculated for each set of irradiation conditions (see text)
2.1x10" ref. [86]
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value is considerably lower than the propagation rate
constants at room temperature for uncharged methacrylic
systems (methacrylic acid in acidic solution, k=4.1x
10° dm?*mol's 1111 k =2.3 x 10> dm*mol~'s~1;l1® methacryl-
ic acid in methanol, 470 dm>*mol~'s!;["% methyl methacrylate
in water,'" k=3 x 10° dm*mol~'s~!). Therefore we conclude
that the propagation rate of charged reactants is slower by two
orders of magnitude. Here an electrostatic potential barrier
must be overcome, when a monomeric methacrylate anion
approaches a terminal radical of a strongly charged poly-
(methacrylic acid) chain. Low rate constants of propagation,
as well as relatively high (as compared with acrylic acid)
equilibrium monomer concentration allow us to explain the
failure of the first attempts''? to polymerize methacrylic acid
in alkaline aqueous solution. Polymerization under these
conditions is in fact possible, but its overall rate is lower by
more than an order of magnitude than in acidic media, in
which all species are protonated.[*-!

The rate of propagation strongly depends on the chain
length of the propagating radical. The low value given above
(15 dm*mol~'s!) only applies to long-chain radicals. For the
short-chain radicals formed by OH induced oligomerization
[reaction (11) and consecutive propagation steps], an average
value of 500 dm®mol~'s~! has been chosen for the simulation.
This is still lower than that of uncharged species of unknown
chain length (see above) and the addition of a methacrylate
ion to a monomer radical which has been estimated at 2 x
10° dm*mol~!s~L.B7 This value may be on the high side if one
considers that it is based on an assumed bimolecular
termination rate constant of 2 x 10° dm>mol~!s~!. For charged
species, termination rate constants are typically considerably
lower.[#

Equilibrium concentration of monomer: As depolymerization
and polymerization are slow processes, the equilibrium
monomer concentration cannot be fully reached during the
long lifetime of the radicals (2k=80 dm*mol-!s~!). This
concentration, however, can be calculated for the present
system from the rate constants of polymerization and
depolymerization that have been obtained by simulation
(cf. Tablel). If [M],,=kyk, we obtain [M],,=6.7x
10-* moldm. The highest monomer concentration reached
in our experiments, under competing radical termination, was
quite similar, 2 x 103 moldm3.

The value of [M],, can also be obtained by the Dainton -
Ivin equation (see Introduction), provided both the enthalpy
and entropy of propagation are known for a given monomer/
solvent pair. To our knowledge, the entropy of propagation of
methacrylate anions in water is not known. Nevertheless, a
comparison with other systems is still possible. Calculations
for methyl methacrylate in o-dichlorobenzene, based on
thermodynamic data in ref. [105] at 25°C, give [M],q=2 x
1073 moldm~3, not far from the present value.

An estimation of the standard entropy of propagation in the
current system may be obtained from our [M],, value, and the
values for the enthalpy of propagation are reported*> 14l for
methacrylic acid in aqueous solution (these data were
probably obtained under conditions, in which the monomer
was largely protonated). From the spread of literature values
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given for AH,, one arrives at a standard AS}y (for monomer
concentration of 1 moldm~3), which ranges from —185 to
—150 Jmol~' K~ These values are somewhat more negative
than —130 Jmol'K~! (approximate) typical for nonionic
acrylic polymers (cf. refs. [100, 105]). The solvation shell of a
polyelectrolyte will be ordered to a larger extent than that of a
monomeric ion. Thus, the incorporation of the latter into the
charged polymer may be connected with a greater entropy
loss than the attachment of a monomer to a noncharged chain.

A comparison of the methacrylic acid with the acrylic acid
system may be interesting. In an attempt to estimate the
equilibrium monomer concentration of the latter, we assume
AS} to be equal to the mean of our values for methacrylate
and the enthalpy of propagation equal to that known for
acrylic acid in water (AH, = —77.5 kI mol!)."3 This estimate
leads only to [M].q~ 9 x 10~° moldm. In fact, not more than
mere traces of acrylic acid were found after y-irradiation of
dissociated poly(acrylic acid)*! under conditions similar to
those in the present study. In vinyl systems, there is the general
observation that methyl substitution at the vinyl function
slows down the rate of propagation.l' 1> 116 Thus, the lower
[M]., of the acrylic acid system, as compared with the
methacrylic acid system, will certainly be partly due to a
faster rate of propagation for acrylic acid, but if the differ-
ences in the rates of chain breakagel®! are a good guide, our
data suggest that a slower depropagation will contribute to
this effect.

Changes in molecular weight: As a result of chain scission
[reaction (6)] and depolymerization [reactions (7) and (10)],
the molecular weight of poly(methacrylic acid) decreases
upon y-irradiation (inset in Figure 14); this effect has also
been reported previously.[*6 47 49. 501

- 151

E) 2001 g
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N~ £

: = 100

210}

x

g 50 100 150
‘o Dose / Gy
D 5

G]

I 1 1
50 100 150

Dose / Gy

Figure 14. y-Radiolysis of N,O saturated solutions of poly(methacrylic
acid) (1 x 10-2moldm~?) at pH 9.6 and dose rate 0.092 Gys~'. G(s) —4G(x)
(see text) as a function of dose. The samples were kept unopened for 24 h
prior to analysis. Inset: weight-average molecular weight as a function of
dose. Values (0) after correction for OH radical scavenging by monomer
formed during irradiation (cf. Figure 6, inset).

Based on the mechanism described above, one would
expect that the actual yield of chain breaks, G(s), for
deprotonated poly(methacrylic acid) should be close to the
initial yield of radicals generated in the system, that is, G(s) ~
6 x 107" molJ~. This expectation is supported by the pulse
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radiolytic conductivity data (cf. Figure 2), in which, before
radical termination, the yield of counterion release is close to
this value. Upon radical termination, however, this initially
high yield of chain breaks is counteracted by the recombina-
tion of radicals. Therefore, the final decrease in molecular
weight must be lower than calculated from the initial G(s).
Measurements of final weight-average molecular weight, M,,
after completion of all radical reactions (Figure 14), provide
only the difference in the yields of scission G(s) and
intermolecular radical recombination G(x) according to
Equation (b).l17-11]

G(s) —4G(x) =2 (M;! — My})c/Dp (b)

In the equation, M., and M, are the weight-average
molecular weights (in gmol~!) before and after irradiation
with a dose D (in Gy=Jkg™'), c¢ is the concentration of
polymer in gdm~3, and p is the solution density in kgdm=.

In a simple case, G(s) —4G(x) should remain constant
during irradiation. In our system, however, G(s)—4G(x)
decreases with dose (Figure 14). We attribute this drop mainly
to effective "OH scavenging by the released monomer (cf.
inset in Figure 6). Values corrected by allowing for this effect
are also shown in Figure 14.

The value of G(s) —4G(x) cannot exceed 0.25 x G(s), that
is, 1.5x1077molJ~!, when all of the scission-generated
terminal radicals decay by intermolecular recombination
only. However, in our system, this value may be higher,
because radicals 5 can also disproportionate. Moreover,
intense depolymerization takes place which leads to a
reduction in average molecular weight and thus to an increase
in the apparent scission yield. A rough estimation shows that
depolymerization leads to an apparent increase of G(s)—
4G(x) in the order of 35%. Thus without depolymerization,
this value is about 1.4 x 10~7 molJ-, that is, close to the above
value of 1.5 x 107" molJ~!, and it seems that disproportiona-
tion of radical 5 is not of major importance.

In this context it may be worth mentioning that as a
consequence of the high efficiency of scission, it is not possible
(in the absence of crosslinking agents) to form a wall-to-wall
hydrogel with poly(methacrylic acid) by free-radical-induced
reactions, not even in acid solution.*’!

Kinetic simulation: Kinetic simulations were carried out to
test, whether the proposed reaction mechanism can describe
our experimental results not only in a qualitative way but also
on a quantitative basis. The goal is a set of rate constants that
enables the simulation of key features, especially the long-
timescale processes such as depolymerization and radical
termination. These rate constants (partially known, assumed,
and arrived at by simulation) are compiled in Table 1. After
we demonstrated that some reactions are quite unimportant
(e.g. the self-termination of *OH and the reaction of *OH with
oligomers), these were omitted in order to reduce the
simulation time. Moreover, reaction (5) is that fast that
radical 1 cannot participate in further reactions, and it was
assumed that radicals 2 were the only midchain radicals.

The simulation disregards the molecular weight distribu-
tion, and thus is not capable of taking into account the chain
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length dependence k =f(P,) of rate constants. This effect has
been approximated by dividing the radicals into two groups,
according to their size. One comprises long-chain radicals 2, 3,
and 5. The second group consists of all monomer and oligomer
radicals (SC). This simple grouping allows us to take into
account their difference in the rate constants which is
especially important for the termination reactions.

The chain depolymerization reaction can, in principle, lead
to complete unzipping of the chain, and the resulting small
radical would have kinetic characteristics different from the
original one. To mimic this phenomenon, a first-order process
that transformed the end-chain radical into a short-chain
radical was set up (reactions23 and 24 in Table 1). The
probability of this transformation was P, times lower than the
probability of a single depolymerization event, where P, is the
number-average degree of polymerization of a chain fragment
after the initial chain scission [cf. reaction (6)]. In some cases,
on average more than one radical per polymer chain was
generated, and this causes shorter chain fragments. If one
disregards these effects, there is poor agreement between
experiment and simulation.

Only three of the total of 25rate constants used in the
simulation are known from the literature or our earlier
measurements. Since it is impossible to treat the remaining
22 values as independent, unknown variables, the following
assumptions have been made. All termination rate constants
of long-chain polymer radicals (2, 3, and 5, reactions 13-18 in
Table 1) are assumed to be equal, as are those for the various
cross-combinations between long-chain and oligomer radicals
(reactions 19-21). Equal rate constants are also assumed for
depropagation events (reactions 3—5). Depropagation that
crosses a head-to-head (or tail-to-tail) junction (reactions 6
and 7) is assumed to occur with a hundred times lower rate
constant than that of the normal depropagation. The main
propagation reactions (reactions 8 and 9) are described by
one rate constant; the less probable ones (reactions 10 and 11)
are assumed to occur one hundred times slower. In this way,
the number of adjustable variables is reduced to only six.
These were varied to obtain the best fit to all sets of
experimental data.

It was further assumed that all the oligomer radicals SC* are
a-carboxyalkyl radicals (among others, radical 6). Their
steady-state concentration is much lower than that of the
terminal polymer radicals (mainly due to the much faster
recombination of SC*), and since the f-carboxyalkyl struc-
tures are expected not to exceed 1% of the total amount of
the oligomer radicals, their concentration can be neglected.

In the ideal case, it should be possible to simulate all
experimental data with one set of rate constants. As a result of
the above simplifications, this is not quite possible in the
present case. Although all experimental data can be repro-
duced well qualitatively with one set of fixed rate constants,
good quantitative agreement can only be obtained by keeping
all the rate constants fixed, except for the cross-combination
rates between long- and short-chain radicals (reactions 19—
21). To obtain quantitative agreement under different exper-
imental conditions, these rate constants had to be varied
within a factor of four (cf. Table 1). This variation may reflect
the different sizes of the low molecular-weight radicals under
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the respective experimental conditions. If these simplifica-
tions are taken into account, the quality of simulation is
satisfactory (cf. Figures 6, 7, 12, and 13), and we take this as a
confirmation that our reaction scheme is capable of describing
the data fairly well. It is comforting that fitting became fully
inadequate, when the rate constants of major importance, for
reactions 3-5, 8, 9, and 13-18, were varied by as little as
25%.

Conclusion

Besides providing a detailed description of the free-radical-
induced processes in deoxygenated solutions of deprotonated
poly(methacrylic acid), this study is the first example that
shows a propagation-depropagation equilibrium of a polymer
in aqueous solution [k(propagation) =15 dm*mol~'s~!, k(de-
propagation) =0.1 s7!]. The approach to the equilibrium is
observable because the polymer radicals are long-lived, and
the rate of propagation is slow.

The very slow propagation rate and the long lifetimes of the
polymer radicals are the result of the electrostatic repulsive
forces between the monomer anion and the highly negatively
charged polymer radical. The slowness of propagation ex-
plains the difficulties encountered with the polymerization of
methacrylic acid in neutral and alkaline aqueous solutions.

The effective unzipping reaction following the formation of
a radical site on poly(methacrylic acid) is probably also the
reason for its reported light-sensitivity in solution.F®!

The processes of chain breakage and subsequent monomer
release should be taken into account when designing the
formation of hydrogels and other biomaterials containing
poly(methacrylic acid) by ionizing radiation or other free-
radical generating systems.
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Metal Ligand Aromatic Cation—m Interactions in Metalloproteins:
Ligands Coordinated to Metal Interact with Aromatic Residues

Snezana D. Zari¢,**! Dragan M. Popovi¢,™ and Ernst-Walter Knapp!™!

Abstract: Cation—n interactions be-
tween aromatic residues and cationic
amino groups in side chains and have
been recognized as noncovalent bonding
interactions relevant for molecular rec-
ognition and for stabilization and defi-
nition of the native structure of proteins.
We propose a novel type of cation—mn
interaction in metalloproteins; namely
interaction between ligands coordinated
to a metal cation—which gain positive
charge from the metal—and aromatic

loproteins in the Protein Data Bank
(PDB) has revealed that there exist
quite a number of metalloproteins in
which aromatic rings of phenylalanine,
tyrosine, and tryptophan are situated
close to a metal center interacting with
coordinated ligands. Among these li-
gands are amino acids such as aspara-

Keywords: amino acids - density
functional calculations - metal com-
plexes - metalloproteins - pi inter-

gine, aspartate, glutamate, histidine, and
threonine, but also water and substrates
like ethanol. These interactions play a
role in the stability and conformation of
metalloproteins, and in some cases may
also be directly involved in the mecha-
nism of enzymatic reactions, which oc-
cur at the metal center. For the enzyme
superoxide dismutase, we used quantum
chemical computation to calculate that
Trpl63 has an interaction energy of
10.09 kcalmol~! with the ligands coordi-

groups in amino acid side chains. Inves-
tigation of crystal structures of metal-

actions

Introduction

It has recently become apparent that cation—z interactions
are important for molecular recognition and stabilization in
many biological systems. Experimental and theoretical studies
provide an understanding of the nature of the cation—mx
interaction and show that this interaction is a strong, non-
covalent one.ll Tt is mainly electrostatic in character and is
dependent upon the quadrupole moment of the aromatic
moieties. A number of studies have established that cation—
aromatic interactions play an important role in protein—li-
gand interactions.??! Statistical analyses of crystal structures of
proteins showed that the nitrogen atoms in the side chains of
arginine, lysine, asparagine, glutamine, and histidine prefer-
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nated to iron.

entially adopt positions close to the aromatic residues
phenylalanine, tyrosine, and tryptophan. 4

Recent investigations into cation - interactions in protein
structures—between the cationic side chains of lysine and
arginine and aromatic side chains—were based on energy
criteria for selecting significant pairs of side chains. In this
way, cation— 5t interactions of different molecular fragments
were put on equal footing and it was possible to analyze their
frequency of occurrence in proteins and to evaluate whether
specific cation—m interaction pairs are preferred. These
analyses showed that the tryptophan aromatic residue is the
most likely to be involved in cation—m interactions in
proteins, and that arginine is more likely than lysine to be
capable of involvement in energetically stronger cation-m
interactions. It was found that energetically significant
cation - interactions are common in proteins and that they
probably contribute to protein stability. Some of the favorable
cation—7 interaction pairs contribute at least as much to
protein stability and the structural profile of a native protein
as do more conventional interactions. Hence, it was proposed
that cation—um interactions should be considered in the same
way as hydrogen bonds, salt bridges, and hydrophobic effects
in analyses of the stability of native protein structure.[*l

There is experimental evidence for cation — interaction in
proteins in which a metal cation interacts directly with an
aromatic group. In the crystal structure of hen egg-white
lysozyme, an interaction between the sodium cation and the
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indole ring of tryptophan (residue Trp123) was observed.P!
The distance between the center of the indole ring of Trp123
and the Na* ion is 4.07 A. However, an interaction between
an aromatic m system and a metal complex as cation was
neither observed nor investigated.

Recently, however, interactions of metal complexes as
cation with it systems were investigated. In theoretical work, it
has been shown that calculated interaction energies for
cation—m systems are in agreement with experimental
data,*'8] and so it is possible to predict cation - interactions
by quantum chemical calculations. In our previous work, the
interactions of m systems with the cationic metal complex
[Co(NH;)s]** were predicted by quantum chemical calcula-
tions. The bonding energies obtained using the B3LYP
method for benzene, acetylene, and ethylene & com-
plexes are 31.34 kcalmol~ 1"} 18.30 kcalmol~!, and
17.02 kcalmol ', respectively. Since these calculations
showed strong cation-g interactions, it was proposed® 2!
that cation—m interaction may also play a role when
[Co(NH;)e]?* interacts with nucleic acids.?") Cation - inter-
actions with a cationic metal complex were observed in
analyses of crystal structures of DNA and RNA. It was
noticed that cation—m interactions between divalent cations
and the & systems of bases are important for stabilization of
unstacked conformations of DNA and RNA.?2 23]

We propose a new type of cation—m interaction, with a
metal complex as cation, in which ligands coordinated to the
metal can form contacts with m systems. Such interactions
occur in many biological molecular systems, including metal-
loproteins, where the metal center is often functionally
relevant. In a basic investigation into metalloproteins, it was
found that the first layer of a metal center involves hydro-
philic atoms of ligands—such as carbonyl oxygen atoms,
water, hydroxy groups, and sulfur—while the second layer of
atoms involves hydrophobic groups.?!l These, however, be-
long mainly to the carbon-containing side chains of amino
acids bearing the hydrophilic atoms ligated to the metal
complex. In that study no attention was paid to aromatic
groups in the second coordination shell. Aromatic groups
found close to the zinc binding site in carbonic anhydrase?> 2°!
are too distant to enter into cation - interaction with a zinc
ligand.

Herein, we present the results of an analyis of metal-
loproteins geared to search for this novel type of metal ligand
aromatic cation—nt (MLACH) interaction. For this purpose,
we screened crystal structures of metalloproteins in the
Protein Data Bank (PDB) and studied in more detail the
structures of a selection of metalloproteins in which we found
this specific cation—m interaction; between ligands coordi-
nated to a metal cation and aromatic residues. As well as this,
we used quantum-chemical calculations to compute the
energy of this type of interaction for superoxide dismutase
(SOD).7

Data Screening and Computational Methods

Crystal structures of proteins containing Ca, Co, Cr, Cu, Fe,
Mg, Mn, Ni, and Zn as cations were obtained from the PDB.

3936 ——
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The structures of these proteins were screened for cation—m
interactions between metal-coordinated ligands and aromatic
residues, using geometric criteria. (These criteria were the
same as those proposed by McFail-Isom et al.??l for screening
crystal structures of DNA for conventional cation— inter-
actions between a metal and a DNA aromatic base.) We
searched for structures in which the distance between the
metal and the center of the aromatic ring of an aromatic
amino acid was less than d,=5.5 A and where the angle 6, of
the normal of the aromatic ring plane with the distance vector
between the center of the aromatic ring and the metal was less
than 52° (for definitions of d, and 6, see Figure 1). In our
application, the distance criterion was more conservative,

normal

M

aromatic ring
Figure 1. Distances (d,, d,), and angles (6,, 6,) used to search for and to
characterize MLACH interactions. The distance d, is measured between the
positions of metal cation (M) and the center of the aromatic ring
participating in the MLACr interaction. The angle 6, is defined as the
angle of the normal of the aromatic ring plane with the distance vector d,.
The distance d,; and angle 6, with respect to the non-hydrogen ligand atom
(L) closest to the ring center is defined analogously. The search criterion for
MLACT interaction in the PDB was d, < 5.5 A, and |6, | < 52°.

since it was applied to the metal atom, even though the
cation - interactions of interest here are those between the
metal-coordinated ligand extending towards the aromatic ring
and the aromatic group. The screening was performed for the
aromatic groups in phenylalanine, tyrosine, and tryptophan.
Although the side chain of histidine, with its aromatic ring,
can also participate as an aromatic component in this type of
cation—gt interaction, we did not include it in this search.
Since histidine is very often directly coordinated to a metal,
we would have obtained a large number of structures that did
not belong to the type of cation—m interaction we were
looking for. On the other hand, if histidine were coordinated
to a metal, it could be involved in an MLACH interaction as a
ligand, with partial positive charge transferred from the metal
cation. Such histidines, however, would be found by our
selection criteria. Screening the PDB using the described
criteria provided a large number of structures in which an
aromatic ring is close to a metal. We inspected these structures
visually, and selected a number in which it was clear that an
MLACH interaction between a coordinated ligand and the
aromatic ring of phenylalanine, tyrosine, or tryptophan
existed. Data on these structures are compiled in Table 1.
The energy of the cation—m interaction in the protein SOD
(PDB code 1avm, chain A) was calculated by using the density
functional theory (DFT) with the Becke (B3) three-param-
eter exchange functional®! and the Lee - Yang-Parr (LYP)
correlation functional.” These B3LYP calculations were
carried out using the Gaussian98 program.” For the carbon,
nitrogen, and hydrogen atoms, STO-3G basis sets were
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Table 1. Metalloproteins showing metal ligand aromatic cation—x (MLACH) interactions.?]

Entry Ref. Namel® PDBcode Chain Resolu- Metal CN Chargeld Ligands!d Bond Aromatic  Distance Angle
tionl®! numberl®  residuest!  d,[A] 0,[°]
1 [54] ADH 1ladc B 270 Znt 4 0 (0) ethanol (C1) 2 Phe93 421 35.8
[55] ADH  1ldy B 2.50 Zn* 4 0 (NE2) His67 (CD2) 2 Phe93 428 352
(09) CXF378 (CT) 3 Phe93 3.46 19.6
3 [56] ADH 1laxe B 220 4 0 (NE2) His67 (CD2) 2 Tep93 (5)  3.77 215
(O) ETF404 (C2) 2 Tip93 (6)  3.65 40.9
4 [56] ADH laxg D 2.50 et 4 0 (NE2) His67 (CD2) 2 Phe93 3.94 16.6
(O) ETF404 (C2) 2 Phe93 3.94 44.6
5 [577 ADH  2ohx A 1.80 4 (NE2) His67 (CD2) 2 Phe93 44 33.6
6 [70] AO lasp A 2.59 et 4 41 (NE2) His62 (ND1) 3 Phel02 411 429
7 [63] CBP  2cbp 1.80 cuet 4 41 (ND1) His39 (CE1) 2 Phel3 412 33.5
8 [62] CheY 1chn 1.76 Mg?* 6 H,0300 1 Phel4 4.12 27.7
H,0301 1 Phel4 3.50 24.9
9  [71] DYD  Tlafr A 2.40 Fe* 4 0 (OE2) Glul43 (CG) 3 Tepl39(5,6) 3.93 26.0
10 [72] EndN  1ak0 1.80 et 4 41 (NE2) Hisl5 (CD2) 2 Tyrl6 3.69 14.1
11 [73] FBC 1hfc 1.56 Zn* 4 +1 (NE2) His168 (CE1) 2 Phel74 4.00 38.0
12 [74] GLI  2gli A 2.60 Cor 4 0 (NE2) His129 (CD2) 2 Tepl08 (5) 3.0 17.9
13 [75] HeC 1l 220 Cut 4 41 (NE2) His364 (CD2) 2 Phe360 3.50 16.9
14 [76] MMP8 1mmb 2.10 Zn?* 4 11 (NE2) His147 (CE1) 2 Phel53 3.82 349
15 [777 NPR  1lnpc 2.00 Ca?' 6  +1 (OG1) Thrl95 (CG2) 3 Tyr194 3.58 16.0
16 [78] SBA  1lsbd 2.52 Ca* 4 41 (OD1) Asn130 (CB) 3 Tipl32 (6) 337 277
17 [27] SOD  lavm A 1.55 Fe 6 ? H,01 1 Tepl63 (5) 335 16.3
(OD2) Aspl6l (CB) 3 Tipl26 (6) 375 215
18 [59] SOD  1mmm A 220 Fet 5 ? H,0207 1 Tepl69 (5)  3.12 144
(OD2) Aspl67 (CB) 3 Tepl28 (6)  3.53 16.0
19  [60] SOD  1laps A 220 Mn2G0 5 ? H,0200 1 Tepl6l (5) 3.5 25.4
(OD2) Aspl59 (CB) 3 Tepl23 (6)  3.66 15.0
20 [61] SOD  1lar A 1.90 Mn2 G0 5 ? H,01 1 Tepl63 (5)  3.29 19.7
(OD2) Aspl61 (CB) 3 Tepl26 (6) 375 217
21 [8) SOD  1mng(L) B 1.80 Mn** 6 ? H,0205 1 Tepl68 (5)  3.57 19.7
(OD2) Aspl66 (CB) 3 Tepl32 (6)  3.59 147
2 [58] SOD  1mng(U) B 1.80 Mn* S ? H,0205 1 Tepl68 (5) 3.5 26.9
(OD2) Aspl66 (CB) 3 Tepl32 (6)  3.54 15.4
23 [79] TNC 1tn4 1.90 Ca?* 6 -1 H,05 1 Tyr109 4.03 42.6

[a] Abbreviations: EndN, endonuclease; FBC, fibroplast collagenase; GLI, zinc finger protein GLI; HeC, hemocyanin; MMP-8, metalloproteinase-8; NPR,
neutral protease; SBA, soybean agglutinin; others are given in the text. [b] The resolution of the crystal structure. [c] Total charge of the first coordination
sphere. In some cases the exact value of this charge is uncertain, since the redox state of the metal is unclear, or it is not clear whether a water ligand is neutral
(HOH) or negatively charged (OH"). [d] Ligands (ETF, trifluoroethanol) taking part in metal ligand-aromatic cation —x interaction (MLACH). The atoms,
denoted in brackets are the ligand atom coordinated to metal (to the left of ligand name) and the non-hydrogen ligand atom closest to the center of the
aromatic ring (to the right of ligand name). [e] The number of bonds in the ligand (including the bond to the hydrogen atom extending towards the aromatic
ring) which are involved in the MLACH interaction. In some structures, there are two ligands interacting with the same or with two different aromatic
residues. [f] The tryptophan indole group consists of two aromatic rings: a five-membered and a six-membered ring. Both can take part in MLACn
interactions. The digit 5 or 6 given in brackets after the name of the tryptophan indicates which ring of the indole ring system is involved in the MLACx
interaction.

chosen, while LANL2DZ was used for the iron atom. In Results and Discussion

previous theoretical work on cation—m interactions, Har-

tree — Fock and MP2 methods were mainly used.l*'8 The MP2 We have found that these specific cation—m interactions—
method was used very successfully for some transition metal between a coordinated ligand and the aromatic ring of
complexes,?'~* but no good results were obtained for the first phenylalanine, tyrosine, and tryptophan—can be observed
row transition metal complexes.® " In contrast, DFT meth- in a number of crystal structures of metalloproteins. Data
ods give good results for all transition metal complexes, relating to MLACHr interactions in different crystal structures
including those of the first row.?** Accordingly, the DFT are compiled in Table 1. With less conservative search criteria,
method was used in this work, because of the presence of first- many more metalloproteins containing MLACx interactions
row transition metal complexes. It was shown that the B3LYP can be found. These data show that this type of interaction
method is suitable for characterizing cation —m interactions by exists in numerous metalloproteins, and that different metals
calculating the geometry and bonding energy of the and ligands can be involved. Table 1 lists the abbreviated
NH,—C¢H¢ complex with LANL2DZ basis sets.'”] The name of the protein and the resolution of the crystal structure,
obtained bonding energy of 16.43 kcalmol™ and geometry metal, ligand, and aromatic residue involved in the MLACn
are in good agreement with previous results, where bonding interaction, as well as the PDB code.

energies are in the range from 16.3 to 22.2 kcalmol-L[6 12-16] In all of the observed cases in which the MLACx
Recently, reliable results were also obtained for other cation — interaction was identified, the ligand participating in the
7t systems using DFT methods.'-3) interaction possesses a hydrogen atom extending towards the
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aromatic ring of the molecular group involved in the cation -
interaction. A partial positive charge on the ligand, induced
by the charge on the metal, is situated on the hydrogen atom
interacting with the aromatic ring. With the exception of the
basic blue copper protein from cucumber (CBP), the positions
of hydrogen atoms are not available from the crystal structure
in any of the protein structures listed in Table 1. Therefore, it
was not possible to ascertain the distance between aromatic
ring and interacting hydrogen atom directly. Hence, the
geometry of the special cation -t interaction is characterized
by the distance d; (between the center of the aromatic ring
and the non-hydrogen ligand atom closest to the ring center)
and the angle 6, (between the corresponding distance vector
d, and the normal of the aromatic ring plane), as explained in
Figure 1. For the protein structures with MLACz interaction
that we found, the distance d, varies between 3.09 and 4.41 A.
The angle 6, is often smaller than 30°, but can become as large
as 45°. By visualizing the corresponding protein structures, we
often observed that the ligand atom closest to the aromatic
ring was oriented so that the attached hydrogen atom would
extend towards a bond rather than towards the center of the
aromatic ring. This is particularly the case when the angle 6, is
large. Similar geometries for cation - interactions were found
by quantum chemical calculations on the [Co(NH;)s]**—ben-
zene model system.[!"]

For some metalloproteins, a number of crystal structures
that may involve more than one chain are available. For the
same protein, all crystal structures possess the same MLACx
interaction, though the redox state and the coordination
number may vary (see column 8, lower part of Table 1). In
some metalloproteins, more than one ligand coordinated to
the same metal cation interacts with the same aromatic group;
as, for instance, in alcohol dehydrogenase (ADH).>* 3556571 In
other  proteins, such as superoxide dismutase
(SOD),b8 2% 59, 60.61] different ligands (water and asparagine)
can interact with different aromatics (in SOD, two different
tryptophans). As well as the name of the ligand involved in
the MLACHr interaction, the ligand atom directly bound to the
metal (to the left of the ligand name in Table 1) and the non-
hydrogen atom closest to the aromatic ring (to the right of the
ligand name in Table 1) are also given, in brackets (column 10
in Table 1). (For water as ligand, that information is obvious
and so not given, since the oxygen atom of water is closest to
the metal and also to the aromatic ring involved in the
MLACH interaction.)

The indole group of tryptophan consists of two aromatic
rings: one five-membered and one six-membered. Both can
take part in MLACH interactions and they can even do this
simultaneously. See, for instance, the structure of A9-stearoyl-
acyl carrier protein desaturase (D9D), entry 9 in Table 1. The
aromatic ring actively participating in MLACHm interaction is
denoted with the digit 5 or 6 in brackets after the name of the
aromatic residue (see Table 1). In SOD, the water always
interacts with the five-membered ring, whereas the asparagine
interacts with the six-membered ring of another tryptophan.
In the mutant Phe93Trp of ADH, both ligands interact with
the same tryptophan residue. The histidine interacts with the
five-membered, the trifluoroethanol (ETF) with the six-
membered ring.

3938
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In SOD, the distances d; between the tryptophan—the
aromatic group involved in the MLACHm interaction—and the
oxygen atom of coordinated water range from 3.12 to 3.57 A.
This is generally shorter than the corresponding distances—
between the two water oxygen atoms and Pheld4—in the
bacterial chemotaxis protein (CheY)®, which are 3.50 and
4.12 A. Interestingly, in the mutant Phe93Trp of ADH, the
distances between tryptophan and the histidine and ETF
ligands are 3.77 and 3.65 A, respectively; shorter than in the
native protein, where Phe93 is the aromatic group involved in
cation -t interactions, with distances of 3.94 A. The shortest
distance (d; =3.09 A) occurring in Table 1 also relates to an
interaction with tryptophan. Hence, it seems that tryptophan
enters into the strongest interactions with coordinated ligands.
This is in agreement with calculated electrostatic potential
surfaces around aromatics—which are a qualitative guide to
cation—m interactions—and with analyses of protein struc-
tures that showed that tryptophan is most likely to be involved
in cation—g interactions.> 489 Calculated interaction en-
ergies of benzene and indole ring with Na* also indicated that
the indole ring interacts more strongly than benzene.P! This
agreement with previous results demonstrates that the nature
of the new type of cation—mx interaction (MLACmr), in which
ligands coordinated to a metal interact with aromatic
molecular groups, is related to other already observed and
investigated cation - interactions.

The number of bonds in the ligand (including the bond to
the hydrogen atom extending towards the aromatic ring) that
are involved in the cation — i interaction is given in column 11
of Table 1. The MLACH interaction will generally be stronger,
the fewer the ligand bonds lying between the atom coordi-
nated to metal and the interacting hydrogen atom. Water is
the ligand with the smallest number of bonds between the
atom coordinated to a metal cation and the interacting
hydrogen atom, since it involves just a single O—H bond. The
largest number of bonds that we found in a ligand is three; see
column 11 of Table 1. From the above reasoning, we expect
that MLACn interactions with water as ligand are the
strongest. As a matter of fact, almost the smallest distance
d,, at 3.12 A, was found between water and tryptophan in an
Fe** SOD.

Four selected structures involving the new type of cation —
interaction—namely blue copper protein phytocyanin (CBP,
PDB code 2cbp),[ bacterial chemotaxis protein (CheY, PDB
code 1chn),[? superoxide dismutase (SOD, PDB code 1lavm/
A),8 and alcohol dehydrogenase (ADH, PDB code ladc/
B)B*—will now be discussed in more detail. The geometry of
the MLACT interaction in these structures, with different
metals, ligands, and aromatic groups, is depicted in Figure 2.

Phytocyanin: The exact biological function of phytocyanin,
the basic blue copper protein from cucumber (CBP),[] is
unknown; however, it is considered that phytocyanin is an
electron transport protein®! or is involved in redox reac-
tions.[! In the crystal structure of phytocyanin, there are two
histidines (His39 and His84) coordinated to copper(ii), as well
as one cysteine (Cys79) and one methionine (Met98) (see
Figure 2 A). As is typical for blue copper proteins, the bond to
one ligand, Met98, is rather long (2.61 A).3] The Phel3
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Figure 2. Four examples of the new type of cation - interaction (MLACH). Ball-and-stick presentation of a
selection of four metal complexes in proteins with cation— interactions. A: blue copper protein phytocyanin
(CBP, PDB code 2cbp), B: bacterial chemotaxis protein (CheY, PDB code 1chn), C: superoxide dismutase
(SOD, PDB code lavm/A), and D: alcohol dehydrogenase (ADH, PDB code 1adc/B). All ligands (amino acids,
water, substrates, and inhibitors) coordinated to the metal center and all aromatic residues relevant for MLACn
interaction are displayed. The color is as follows: side chains of aromatic residues and ligands involved in

ure 2B); these coordinated li-
gands are characteristic for mag-
nesium.[! There are three ami-
no acids acting as ligands:
namely Asp57, Aspl3, and
Asn59, together with three wa-
ter molecules. The distance d,
from the magnesium atom to
the center of the aromatic ring of
Phel4 is 4.89 A. The aromatic
amino acid Phel4 is involved in
two cation—7 interactions with
two of the coordinated water
molecules, H,0301 and H,0300
(see Table 1). The distances be-
tween the oxygen atoms of the
coordinated water molecules
and the center of the phenyl ring
are 3.50 and 4.12 A, respectively,
and the angles 0, are 24.9 and
27.7°. In the crystal structure, the
interaction of H,0301 with the
aromatic ring of Phe14 was orig-
inally classified as a hydrogen
bond with the phenyl ring.[%
Although at greater distance
from Phel4, the other water
molecule H,0300 may also be
considered to interact with
Phel4. According to our analy-
sis, the interactions of the water
molecules with the phenylala-
nine are examples of MLACn
interaction rather than hydrogen
bonding.

1chn

AapsT

1@de

MLACH interaction in dark green, water oxygen atoms and ligand atoms in red, the metal in brown, the
hydrogen atom extending towards the aromatic ring which participates in MLACHr interaction in light green,

while for all other atoms a standard color is used. Red dashed lines represent distances between the aromatic
group and ligand atoms closest to it. Green dashed lines represent the coordination bonds of ligands with the
metal involved in MLACT interaction. Black dashed lines represent hydrogen bonds.

residue is close to the metal complex, the center of the phenyl
ring is 5.31 A away from the copper. In this high-resolution
(1.8 A) crystal structure, the positions of hydrogen atoms were
determined, allowing us to observe the distance between the
interacting hydrogen atom and the aromatic ring directly. The
cation - interaction occurs between the metal ligand His39
and the aromatic group Phel3. The distance from the
hydrogen atom of His39 to the center of the aromatic ring
of Phel3is 3.16 A, whereas the distance to the closest carbon
atom of the aromatic ring is 2.71 A. The distance between the
carbon atom of His39, the hydrogen atom of which is involved
in the interaction, and the center of the Phe13 aromatic ring is
4.12 A (Table 1).

Bacterial chemotaxis protein: Large conformational changes
in the bacterial chemotaxis protein (CheY)[? are caused by
the bonding of a magnesium cation, which is known to be
essential for the function of this protein. This structure
contains a hexacoordinate magnesium(il) cation (see Fig-

Chem. Eur. J. 2000, 6, No. 21

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

Superoxide dismutase: In Fig-
ure 2C, we show structural de-
tails of the metal complex of
SOD from Propionibacterium
shermanii (PDB code lavm/A), containing a hexacoordinate
iron(111) center, with one ligand a negatively charged azide. In
the corresponding iron(i1) SOD structure (PDB 1mmm/A),
the azide is lacking and the iron center is pentacoordinate.
There are six structures of FeSOD and MnSOD listed in
Table 1, with data for the cation — i interaction of coordinated
water with tryptophan. Two of these have a pentacoordinate
metal center (Fe>*SOD, Mn**SOD); the other four possess a
hexacoordinate metal center. Since the charge state of the
water ligand, and in some cases also the redox state of the
metal center, are uncertain, the total charge of the first
coordination sphere cannot be given for the SODs.

In the iron(in) SOD structure, with a resolution of 1.55 A,
there are two tryptophans close to the metal center.’s! Both
are involved in cation—m interactions. There are four amino
acids coordinated to the iron: three histidines (His27, His75,
His165), and one aspartate (Asp161). The other two ligands
are water and azide. The MLACx interaction with the
shortest distance is the interaction of a coordinated water

0947-6539/00/0621-3939 $ 17.50+.50/0 3939





FULL PAPER

S.D. Zari¢ et al.

with the five-membered ring of Trp163. The distance from the
center of the five-membered ring to the iron is d,=5.24 A and
the angle is 6,=27.3°. The distance from the oxygen atom of
the coordinated water to the center of the five-membered ring
is d,=3.35 A with the angle 6, =16.3°. The MLACx inter-
action in SOD may be important for the mechanism of the
enzymatic reaction, since it has been proposed that the
coordinated water is involved in a functionally relevant
proton transfer process.?”

The second interaction occurs with the six-membered ring
of Trp126. The distance of the center of the six-membered ring
to the metal ion is dy=5.42 A and the angle is 6,=51.4°.
Trp126 interacts with the CB atom of the coordinated ligand
Aspl61 (see Figure 2C). The distance between the center of
the six-membered ring to the CB atom is 3.75 A with an angle
of 21.5°. This cation— interaction is probably weaker than
the first one, since the CB atom is two bonds away from the
oxygen atom OD?2 coordinating with the iron atom.

Importantly, the two tryptophans involved in cation—mn
interactions in SOD are among the twelve residues of FeSOD
and MnSOD which are strictly conserved.l® These trypto-
phans probably play an important role in the enzymatic
reaction mechanism of SOD, and the cation— interactions
may be important for their function. Interestingly, the
tryptophan that interacts with water is destroyed by the
reaction of hydrogen peroxide with FeSOD.[”]

Density functional and electrostatic calculations on the
MnSOD active site complex showed that, for accurate
energetic calculations, it is essential to involve the second-
shell ligands not directly bound to the central metal.[] Since
the indole ring of Trp168 was not included in these compu-
tations, it would be interesting to find out how the involve-
ment of tryptophan in DFT calculations would influence the
results.

Calculated MLACHr interaction for superoxide dismutase: For
the FeSOD structure (PDB code lavm) the energy of the
cation - interaction was computed by using DFT calcula-
tions. This protein was chosen for the computation as its X-ray
structure is the one of highest resolution (1.55 A) for which we
found this new type of cation—m interaction. We expected a
strong MLACH interaction in this case, since water H,O1 as
ligand interacts with the s system of tryptophan Trp163. The
oxygen—metal distance between the coordinated water and
iron is, at 2.15 A, relatively large, and so it is assumed that
H,O rather than OH™ is present. To ascertain the cation—mx
interaction, we considered a molecular model of the FeSOD
containing the relevant molecular components coordinated to
iron(111) and Trp163 (see Figure 3). Of the iron ligands (His27,
His75, His165, azide, Asp161, and H,0), the histidines were
modeled by imidazole rings, and the aspartate as acetate. The
tryptophan was modeled as indole ring system and an
ammonia was used for the backbone of Trp163 to model the
hydrogen bond, with the oxygen atom of the aspartate
extending away from the iron. The imidazole ring of His146,
which might form a hydrogen bond with one hydrogen atom
of the water ligand, was also included. Hydrogen atoms were
added with the aid of CHARMM22.I! Subsequently, the
positions of the hydrogen atoms were optimized by energy

3940
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Figure 3. Model of active site of FeSOD (PDB lavm/A) used in DFT
calculation. The iron ligands were modeled from the side chains of the
amino acids His27, His75, His165, azide, Asp161, and H,O1 of the first
coordination shell, using PBD coordinates as explained in text. The
histidines were modeled by imidazole rings, the Asp161 was replaced by
acetate. The aromatic side chain of Trp163 was modeled as an indole ring
system, the backbone NH group of Trp163 was replaced by ammonia. The
energy of the MLACH interaction calculated as the bonding energy of the
metal complex (iron with its coordinated ligands) and the indole ring of
Trp163 was 10.09 kcal mol~.

minimization, while the coordinates of all non-hydrogen
atoms were fixed. To avoid artifacts during the optimization
procedure, the atomic partial charge of the iron was reduced
to the value +1.20 and the charge on the aspartate oxygen
atom directly bound to the iron was increased to the value
—0.36, as compared to its value in the CHARMM forcefield,
which is —0.76. The atomic charges on azide were chosen as
—0.5 for the nitrogen closest to the iron and —0.25 for the
other two. As a result of this optimization, one hydrogen atom
of the water ligand makes a hydrogen bond with the nitrogen
atom of His146 (H-N distance of 2.17 A), while the other
hydrogen atom extends towards the edge of the five-
membered ring of the indole system. The distances from this
hydrogen atom to the two nearest carbon atoms of Trp163 are
231 and 2.50 A. The quantum-chemical computation was
performed after removal of the His146. The energy of the
MLACTHT interaction, calculated as the bonding energy of the
metal complex (iron with its coordinated ligands) with the
indole ring system of tryptophan, amounted to
10.09 kcalmol~!. This interaction energy is comparable to a
strong hydrogen bond.

Alcohol dehydrogenase: The structure of horse liver alcohol
dehydrogenase (LADH) with PDB code ladc/B contains
CPAD (5-f-p-ribofuranosylpicolinamide adenine dinucleo-
tide), an isosteric analogue of nicotinamide adenine dinucleo-
tide (NAD), the cofactor in native LADH.F* CPAD exhibits
competitive inhibition of LADH with respect to NAD and
binds to LADH in a very similar way to NAD. Alcohol that
binds to the LADH - CPAD system is not oxidized, and the
LAHD - CPAD —alcohol complex is a potentially useful
model system for studying the process of alcohol binding
and dehydrogenation. In the crystal structure of the LAHD -
CPAD - alcohol complex, solved with a resolution of 2.7 A,
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zinc(1)) is tetracoordinate. Three of the ligands are amino
acids: two cysteines (Cys46 and Cys174) and one histidine
(His67). The fourth ligand is the bound ethanol (Figure 2D).
Close to the metal is the aromatic ring of Phe93. The distance
dy from the zinc atom to the center of the phenyl ring is
5.45 A, with an angle 6, of 20.5°. The Phe93 is in close contact
with the coordinated ethanol. The hydrogen atoms of ethanol
were modeled into this structure; the positions of the hydro-
gen atoms of the ethanol -CH,- group are available in the
PDB structure (the hydrogen atoms of the ethanol methyl
group are also added in the structure shown in Figure 2D).
The distance from the ethanol -CH,- group hydrogen atom
closest to the center of the phenyl ring is 3.19 A, and to the
closest carbon atom of the phenyl ring 2.64 A.

In other structures of alcohol dehydrogenases that we
found while searching for the MLACm interaction, there are
interactions between different ligands coordinated to the zinc
atom and Phe93 (Table 1). In the 20hx/A structure,’”) there is
an interaction of the coordinated His67 with Phe93. In the
ADH structures 1axg/DF and 11dy/B,5 there are interac-
tions between Phe93 and two coordinated ligands: His67 and
trifluoroethanol (ETF) or cyclohexylformamide (CXF), re-
spectively. In the ADH structure laxe/B,\® there is the
mutation Phe93Trp. Trp93 is involved in cation—z interac-
tions with the coordinated ligands His67 and ETF. The
distances associated with cation—m interactions with Trp93
are shorter, and probably stronger than the interactions with
Phe93. It was found experimentally that the mutation from
Phe93 to Trp93 increases the tunneling of hydrogen in the
hydride transfer reaction from alcohol to NAD. The
question is whether there is a connection between a stronger
cation— interaction and an increase in hydrogen tunneling.
In the ADH crystal structure (1adc/B), ethanol engages in an
MLACHT interaction with Phe93, which may be needed to
place the second hydrogen atom at the carbon C1 of ethanol
in a position suitable for hydrogen transfer to NAD®, such
that a replacement of Phe93 by Trp93 would increase the
hydrogen tunneling. As a consequence, the cation-m inter-
action of the alcohol with Phe93 may play a role in the
reaction mechanism of the enzyme ADH.

Conclusion

A novel type of interaction is proposed. In this metal ligand
aromatic cation—m interaction (MLACHr), a ligand coordi-
nated to a metal cation interacts with an aromatic component.
The metal lends positive charge to the ligand, which in turn
gains cationic character to interact strongly with aromatic
moieties. We searched systematically in the PDB, using
conservative geometric criteria, to find such interactions
between ligands coordinated to a metal and aromatic entities.
It turned out that this type of interaction is ubiquitous in
metalloproteins. Examples were found for each of the three
aromatic residues searched for: phenylalanine, tryptophan,
and tyrosine. Practically all metals commonly occurring in
enzymes can participate in such interactions. The ligands
involved in the MLACHr interaction can be amino acids and
water, as well as different substrates and inhibitors. The indole
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ring system of tryptophan possesses two aromatic entities: a
six- and a five-membered ring. Both were observed to
participate in the MLACHm interaction, and they can even do
this simultaneously. From the atomic separations, we can
conclude that, of the aromatic amino acids, tryptophan
produces the strongest MLACHr interactions, and that, among
the ligands, water produces the strongest interactions.

We found a number of typical examples of this interaction
in the PDB. Four structures in which we found the new type of
cation—gt interaction were selected in order to study it in
more detail. For the enzyme superoxide dismutase, we used
quantum-chemical computations to ascertain that Trp163 has
an interaction energy with the ligands coordinated to the iron
center of 10.09 kcalmol~.. In some cases we have indications
that this specific interaction may be relevant for enzyme
function.
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Abstract: Protein kinaseC (PKC) is
linked to the signal-induced modulation
of a wide variety of cellular processes,
such as growth, differentiation, secre-
tion, apoptosis, and tumor development.
The design and synthesis of small mol-
ecules that regulate these different cel-
lular signaling systems is at the forefront
of modern drug design. Herein we
report a) an efficient method for the
synthesis of indolactamV (6), a PKC
activator, and its N'3-des(methyl) ana-

aminomalonate derivative (10) to intro-
duce the appropriate functionality and
an enantiospecific enzymic hydrolysis as
key steps; b) the use of this method in
the first solid-phase synthesis of a tele-
ocidin library modifying the N-13, C-12
and C-7 alkyl chains, and, therefore,
producing a library of potential activa-

Keywords: alkaloids - combinatori-
al chemistry - enzyme catalysis -
lactams - protein kinaseC - signal

tors and/or inhibitors of PKC of the
general structure (32); c) the activation
of PKC by selected members of the
library using a MARCKS translocation
in vivo assay system; d) the observation
that some of these analogues are nearly
as effective as the natural PKC activa-
tors phorbol dibutyrate and (—)-indo-
lactam V (6), and e) the observation that
some of these analogues have different
potential to induce down-regulation of
members of the PKC gene family after

logues (19) using a regioselective orga-
nometallic transformation, a convenient

transduction

Introduction

The combinatorial synthesis of molecular libraries on poly-
meric supports is a powerful approach for the rapid identi-
fication of new compounds that are efficient tools for the
study of biological phenomena and new leads for the
development of new drugs.'! However, its efficiency depends
critically on the choice of the molecular scaffolds onto which
different functional groups are grafted in the process of
combinatorial synthesis. The generation of large libraries
alone is not sufficient, the underlying basic structure of the
individual library members must be biologically relevant.
Natural products with proven biological activity offer such
relevant molecular frameworks and, therefore, the develop-
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University of Mainz, Duesbergweg 6
55099 Mainz (Germany)
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chronic stimulation.

ment of methods for the combinatorial synthesis of compound
libraries embodying the molecular architecture of natural
products® must be of great relevance to combinatorial,
bioorganic, and medicinal chemistry. This calls for the
development of synthetic techniques and multistep reaction
sequences that proceed with high efficiency on a polymeric
support.

Kinase-mediated protein phosphorylation is a crucial
component of the signal transduction pathways by which
extracellular signaling molecules influence their target cells.[3
The identification of cellular signaling systems, and the design
and synthesis of small molecules that control these systems is
at the forefront of modern drug design.’> 4 However, these
transduction pathways are significantly more complex than
simple linear arrays of enzyme-catalyzed reactions that run
from the cell surface to the nucleus. Protein kinase C (PKC), a
family of at least eleven closely related serine/threonine
kinase isoenzymes, plays key roles in signal transduction
pathways that regulate numerous cellular responses including
gene expression, proliferation, differentiation, apoptosis, and
tumor development.?! PKC is expressed in all cell types,
however, the different isoforms often are distributed in a
tissue-specific manner.’l Altered PKC activity has been
implicated in many disease states, and the synthesis and study
of modulators (selective activators or inhibitors) of PKC
activity may be useful to establish the structural requirements
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1: 12-O-Tetradecanoylphorbol-13- O-acetate

4:an (S)-diacylglycerol

2: Bryostatin 1

3: Debromoaplysiatoxin

5 Teleocidin family
6 R,R"=H, Indolactam V (ILV)

Figure 1. Molecular structures of 12-O-tetradecanoylphorbol-13-O-acetate (1), bryostatin1 (2), debromoaplysiatoxin (3), an (S)-diacylglycerol (4), the
teleocidin family (5), indolactam V (6) and general structure of indolactam V analogues (I) to be built up by combinatorial synthesis.

for the activation of PKC and ultimately lead to the develop-
ment of new medicinal leads for the treatment of, for example,
cancer, asthma, rheumatoid arthritis, diabetic complications,
psoriasis, and central nervous system disorders.*>4 PKC is
believed to be activated by translocation to the membrane
and a subsequent conformational change caused by the
binding of phosphatidyl-L-serine (L-PS) or diacylglycerol
(DAG, 4), an endogenous PKC activator, to the cysteine rich
domain (CDR) in the regulatory site.’¥ The function of DAG
can be mimicked by (exogenously applied) agents like
phorbol esters (1), bryostatin (2), aplysiatoxin (3), teleocidins
(5), and their derivatives which bind to the regulatory domain
of PKC, and thus serve as potent activators of this enzyme
(Figure 1). Indeed, computer-assisted molecular-modeling
studies of these tumor promoters, while somewhat contro-
versial, have suggested a commonality of their hydrophobic
regions and certain heteroatoms.?!

In particular, (—)-indolactamV (6) the core structure of
tumor-promoting teleocidins (5),1* > has attracted substantial
interest as the key component for the investigation of the
structural requirements for the activation of PKC, and
synthesis, molecular modeling, and structure —activity rela-
tionships of indolactamV and its analogues have been
described.F!

Herein we describe an efficient method for the synthesis of
indolactam V (6), and consequently the preparation of both
enantiomeric series of N'3-des(methyl)indolactamV ana-
logues. The use of this method in the development of solid-
phase chemistry and the generation of the first combinatorial
teleocidin library are also described.l! The biological evalua-
tion of some members of this library allowed the discovery of
analogues with nearly equal potencies of PKC activation

3944
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compared with the natural products. The knowledge gained
within the indolactam V-teleocidin molecular framework
sets the stage for further advances in the field.

Results and Discussion

Design of the solid-phase strategy: As shown in Figure 1 the
indolactam core structure displays a pattern which allows the
set up of a multidimensional library, based on a natural
product derived template with unique spatial properties (see
I). For the design of the library, it had to be taken into account
that the structure of substituents at C-12 and at N-13 (see
structure IV, Figure 2 for numbering) influence the confor-
mation of the nine-membered lactam ring (twist vs. sofa) and
determine the PKC binding ability of the heterocycles (i.e. the
twist form represents the active conformation of the indolac-
tams).Pe) Furthermore substituents at C-7 mediate membrane
binding of the PKC activators, and a free OH group is
required at C-14 for biological activity.”! Therefore, indolac-
tam analogues I (Figure 2) were chosen as promising targets.
It was planned to vary substituents R'-R3 by means of
appropriate reactions preferably on a solid support, and to
link the indolactam core to the polymeric carrier by the
primary OH group. Thus, compounds I should be obtained by
cleavage from the resin II. Structure II could be tailored from
III by reductive amination followed by regioselective func-
tionalization of C-7 (e.g. iodination) and elongation in this
position (e.g. Pd mediated C-C bond formation). Finally,
disconnection of the conjugates III from the polymeric
support unravels possible precursors, N'*-des(methyl)indolac-
tam analogues IV, an appropriate linker V, and resin VL
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Figure 2. Retrosynthetic analysis of the teleocidin library (I).

Analogues IV could be built up in solution from the central
intermediate VII and different a-hydroxy acids VIII, whereas
the structure VII would be obtained from gramine by
regioselective introduction of an amino group at C-4 and
introduction of the appropriate chiral functionalized chain at
C-3.

Synthesis of enantiomerically pure L- and D-4-N-Boc-trypto-
phan derivatives: In order to construct the central enantio-
merically pure building block for the combinatorial introduc-
tion of residues R!'-R® on the solid phase, 1-4-N-Boc-
tryptophan ((+)-13) and D-4-N-Boc-N-phenylacetyltrypto-
phan methyl ester 20, were synthesized as shown in Scheme 1.
N-Triisopropylsilyl (TIPS)-protected gramine 7 was regiose-
lectively lithiated in the 4-position,’®! and an NH, group was
introduced by treatment of the aryllithium intermediate with
trimethylsilylmethyl azide.’) The intermediary aryllithium
compound is stabilized by the 3-dimethylaminomethyl sub-
stituent, and furthermore, the bulky N-protecting group
prevents deprotonation at C-2 and C-7.181 After protection of
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AIIOZC COLAIl
NHBoc COAIl NHBoc
COAIl 10 NHPhaC
NHPhac 79% P ,)

(2 steps) N D)
1. Pd[PPh3ly,
morpholine
2. dioxane, reflux,
81% (2 steps)
NHBoc
NHBoc COOH  penicillin G COOH
acylase
NHPhac
39%, 98%ee
+
12 (+)- 13

NHBoc COOR
(0]

Scheme 1. Synthesis of enantiomerically pure L-4-N-Boc-tryptophan (13)
and D-4-N-Boc-N-phenylacetyltryptophan methyl ester (20).

b-12: R=H
) CH,Ny,
20: R = Me 41%

(2 steps)

the amino group, gramine derivative 9 was elaborated to the
corresponding substituted tryptophan. To this end, the
tertiary amine was N-methylated.'’) Unexpectedly the qua-
ternization did not proceed in the nonpolar solvent benzene
and instead DMF had to be used. We assume that the NHBoc
group forms an hydrogen bond with the dimethylamino group
and prevents the methylation in benzene. TIPS-deprotection
with tetrabutylammonium fluoride (TBAF) was accompanied
by elimination of trimethylamine, and yielded an exo-
methylene imine intermediate that was attacked by phenyl-
acetamidomalonic acid bis(allyl ester) 10 in a Mannich-type
reaction.'”! The nucleophile 10 carries a phenylacetyl group
that allows enzymatic resolution of the racemate (vide infra),
and furthermore it possesses a diallyl ester function that can
easily be cleaved and decarboxylated under mild conditions.
N-Phenylacetylation of diethylamino malonate hydrochloride
in the presence of N,N-diisopropylethylamine (DIPEA),[!!a0]
and transesterification with allyl alcohol, using 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU) as a base and LiCll"“l afforded
10 in good yield (see Experimental Section).
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The resulting a-alkylated malonic acid bis ester 11 was
saponified by Pd’-mediated allyl transfer to morpholine,['?
and the malonic acid formed was decarboxylated to give
4-aminotryptophan derivative 12 in high yield. In order to
construct enantiomerically pure indolactam analogues race-
mic N-acylated amino acid 12 was subjected to enantioselec-
tive hydrolysis of the phenylacetamide with penicillinG
acylase.'’] The enzymatic hydrolysis virtually stopped at
50% conversion and from the reaction mixture the desired
L-amino acid (+)-13 was obtained in 39 % yield (maximum
yield 50 %) and with an enantiomeric excess of >98%.

In addition, the remaining D-amino acid phenylacetamide
(>98% ee) was isolated as its methyl ester 20 in 41 % yield
(two steps) (see Scheme 1). Thus, both enantiomers of 4-N-
Boc tryptophan are accessible by this method in a straight-
forward and efficient manner.

Formal synthesis of (—)-indolactamV (6): L-Amino acid (+)-
13 was converted into the selectively masked amino alcohol 16
in 65 % overall yield by: a) protection of the amino group by a
Z group by means of dibenzyl dicarbonate,[' and methylation
with diazomethane; b) Boc-deprotection with trifluoroacetic
acid (TFA) in the presence of 1,3-dimethoxybenzene,!'> which
acts as a trapping reagent for the carbocation liberated, and
¢) reduction of the methyl ester to the alcohol. 4-Aminoindole
derivative 16 has previously been prepared as an advanced
intermediate in a synthesis of (—)-indolactamV (6). The
spectral and physical data of 16 were identical with those
previously reported;['®l thus the reaction sequence depicted
on the left in Scheme 2 represents a novel formal total
synthesis of this PKC activator.

In addition, using a parallel strategy the D-amino acid
methyl ester 20 was converted into the selectively masked
amino alcohol 22 in 82 % overall yield (see Scheme 2).117)

(+)-13 20
1. CngO
2. CH2N2 TFA,
79% (2 steps) 91%
FHR CO,Me NH2 COsMe
=
| NHCbz “ | NHPhac
) )
H H
14: R = Boc TFA, 21
15: R =H 91%
LiBH,, 90% LiBH,, 90%
NH NH
: OoH 2 SOH
[ NHCbz | NHPhac
) )
H H
16 22

Scheme 2. Synthesis of the 4-aminotryptophan derivatives (16) and (22)—
a formal total synthesis of (—)-indolactamV (6).

3946 ——

Synthesis of N'-des(methyl)indolactam-V analogues 19: In
order to prepare a library of teleocidin analogues, amino
alcohol 16 was employed as the central intermediate in a
solid-phase synthesis of teleocidin analogues. The second
stereocenter characteristic of the indolactam nucleus was
introduced by alkylation of the aromatic amine with different
a-hydroxy acid ester triflates 17 in an Sy2 process.['f]
Displacement of these triflates with the aminoindole 16 was
achieved in 1,2-dichloroethane at 70°C for 18 h ((R)-17b) as
described!'® or in CH,Cl, at rt for 30 min ((R)-17a, ¢)['* to
give pseudodipeptides 18a,'*"lb, ¢ in high yields (Scheme 3,

16 22

() g
__OBn | 2,6-lutidine,
IO N TfoJ\”/OB"

CH,Cl,
o

o}
(R)-17a-c (S)-17a
Hey ? Hoy -~

2,6-lutidine,
CH,Cly, 84%

CO,Bn CO,Bn
OH S™OH
=
« || NHCbz |l NHPhac
N b
H 18a-c H 23
1. Hp, Pd/C, H* 1. KOH, 100°C
2. TBTU, HOBt 2. TBTU, HOBt
N-methyl- N-methyl- 77%
morpholine morpholine

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

H H

H I

HxN/\n/N
(0]

!
H (+)19a
a:R'=Me
b: R'=(CH,),CH
¢: R'=PhCH,
N BF.
TBTU = @: N @ Q N
N NMe HOBt = |
\ 2 N N\
NMe, OH

Scheme 3. Synthesis of N'>-des(methyl)indolactam V analogues (19).

Table 1). Subsequent hydrogenolytic removal of the Z pro-
tecting group and the benzyl ester followed by amide
formation using TBTU as a coupling reagent yielded nine-
membered lactams (—)-19a-c¢ in high yield (Scheme 3,
Table 1). The N'3-des(methyl)indolactam-V analogues, (—)-
19a,c and (—)-19b, proved to be spectroscopically identical
with the racemates!"”) and the enantiomerically pure com-
pound,”! respectively.

Using the same strategy after triflate formation of the
benzyl ester of L-lactic acid the coupling between the two
chiral compounds, (S)-17a and 22, proceeded with good yield
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Table 1. Results of the synthesis of resin-bound indole derivatives 26.12] ophilic  esterification using

16 — 18 18 — 19 19 — 25 25 - 26 Cs,CO; and catalytic amounts
R! Compd  Yield [%] Cmpd  Yield [%] Compd  Yield [%] Compd  Yield[%] of KI at 80°C in DMF afforded
CH, 18a 87 19a 87 25a 26a 31 substrate/linker/resins 26
iPr 18b 80 19b 83 25b 26b 73 (Scheme 4). Resins 26 were ob-
CHPh  18¢ 84 19¢ 7 25¢ 26¢ 77 tained typically with loading

[a] All yields were determined by gravimetry after chromatography.

affording 23. The hydrolysis of both protecting groups by
means of a refluxing ethanolic solution of KOH (1m) and
further lactam formation under the same conditions as above
yielded the indolactam (+)-19a in high yield. After many
attempts we found that acidifying the solution after the work-
up of the basic hydrolysis was important to achieve the
subsequent lactam formation in high yield. Compound (+)-
19a proved to be spectroscopically identical with its enan-
tiomer (—)-19a except for the sign of the optical rotation. This
result opens up the possibility to prepare indolactams 19 with
different substituents at C-12.

This is the first enantioselective synthesis of the N'3-
des(methyl)indolactam-V analogues (—)-19¢, (—)-19a and
(+)-19a which had been prepared as racemates by Endo
et al.l¥ Thus the solution syntheses we have developed allows
the preparation of both enantiomeric series of N'3-des(me-
thyl)indolactam-V 19 with different hydrophobic substituents
at C-12.

Loading of N'-des(methyl)indolactams-V analogues 19 onto
the solid support: Taking into account that a free OH group is
required at C-14 for biological activity,[”) we chose to attach
indolactams (—)-19a-c¢ to the solid support through this
alcohol group (Scheme 4). The use of the THP linker Merri-
field resin developed by Ellman et al.? should allow alcohol
attachment and cleavage under mild acid catalysis and linker
stability under the expected reactions. In order to avoid
possible problems in the attachment of our substrates
regioselectively through OH-14, we decided to protect N-13.
Surprisingly the reaction of (—)-19b with FmocCl and
pyridine at rt led to a single product identified as O'*-Fmoc-
19b. This fact forced us to explore the direct attachment of
unprotected indolactams 19. Although the reaction in solution
of the indolactam (—)-19a with 0.5 equivalents of 3,4-dihy-
dropyrane (DHP) in the presence of a catalytic amount of
pyridinium toluene sulfonate (PPTS) afforded only the
expected monoprotected O'"-THP derivative, the direct
attachment of indole derived alcohols 19 to a polystyrene
support equipped with a THP linker?®l unexpectedly was
inefficient, showing a maximum loading level of approxi-
mately 0.1 mmol g~!. This problem could, however, be circum-
vented by rapid acetal formation with the known prelinker
24.2%1 After this transformation, two of the four possible
diastereomers 25 (ratio ca. 2:1) were isolated. Both com-
pounds could be easily separated by chromatography, but
separation is not necessary owing to the fact that the cleavage
of both conjugates after the solid-phase sequence would
afford a single teleocidin analogue. Hydrogenolysis of the
benzyl ester and coupling of the resulting linker/substrate
conjugates to chloromethylated polystyrene beads by nucle-
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levels of approximately 0.9-
1 mmol g 'Y corresponding to
coupling yields of 73 —81 % (Ta-

ble 1).
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|
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26a-c

Scheme 4. Loading of N**-des(methyl)-indolactam V analogues (19) to the
solid support.

Solid-phase synthesis of teleocidin analogues 32: Resin-linked
indole derivatives 26 were then subjected to a four step
sequence to introduce substituents R? and R* and to cleave
the desired teleocidin analogues from the solid support
(Scheme 5). As a prelude to a library construction, and in
order to develop the required chemistry, we first targeted
compounds 32/1-5 (Table2). To this end, N-13 of the
indolactam nucleus was N-alkylated by reductive amination
with aldehydes 27 and NaHB(OAc); to yield the correspond-
ing immobilized tertiary amines 28.2% Initially in order to

Table 2. Results of the solid-phase synthesis of indolactam V analogues
32/1-5.1a

26 — 32/1-5
Compd R! R? R3 Yield [%]
32/1 CH,Ph nBu nPr 40
32/2 CH,Ph nBu Ph 50
32/3 CH; iPr nPr 43
32/4 CH; iPr Ph 47
32/5 iPr CH; nPr 20

[a] Yields were determined by gravimetry after chromatographic purifica-
tion and are based on the loading level of the corresponding resin.
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Scheme 5. Synthesis of teleocidin analogues 32/1-5 on the solid phase.

functionalize C-7, we decided to make use of a regioselective
Vilsmaier formylation. Although this transformation was
described in solution for indolactamV 6 to proceed regiose-
lectively with high yield,®! the formylation of 28/2 on solid
phase afforded the desired 7-formyl derivative in only 10 %
yield. As an alternative we planned to introduce substituents
at C-7 by Pd° catalyzed reaction. Gratifyingly, C-7 of the
aromatic nucleus was regioselectively iodinated by treatment
with iodine in pyridine/dioxane at 0°C,?*l and the resulting
aryl iodides 29 were subjected to Sonogashira coupling with
acetylenes 30 on the polymeric support®! to give immobilized
alkynes 31 (Scheme 5). Finally, the multiply substituted indole
derivatives were released from the polymeric carrier by
cleavage of the acetal linker with aqueous trifluoroacetic acid.
Under these conditions the alkynyl groups attached to C-7
were hydrated to the corresponding ketones 32. We speculate
by analogy to a transformation previously described in the
literature,?® that this unexpected hydration process is
mediated by hydrogen-bond formation to the neighboring
N-H group. By means of this four step sequence, teleocidin
analogues 32/1-5 were obtained in yields ranging from 40 %
to 50 %, that is, with high overall efficiency (average yield per
step: 80-84 %). In the case of 32/5 the iodination step was less
efficient and resulted in a lower overall yield.

The structures of these teleocidin analogues were assigned
to 32 by analysis of their spectroscopic data (‘H NMR,
HRMS, [a]p, IR),?*! and fully confirmed by comparison with
the previously synthesized compound®! in the solution phase
(32a, R'=(CH;),CH, R?=H, R3>=Et). A significant differ-
ence in the chemical shift of the indole NH-1 of these
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compounds is observed in their 'H NMR spectra in compar-
ison with N3-des(methyl)indolactams; the proton resonates
at 0=2.87-2.17 downfield in 32 compared with 19 (6=
10.87-10.67 and 8.00—8.50 in 32 and 19, respectively), due
to the influence of the carbonyl group present at C-7 in 32.
Inspection of the "H NMR spectra reveals several character-
istic signals and coupling constants (e.g. the twist conformers
are characterized by peaks at 6 = 6.18 - 6.56 (assigned to H-5),
and peaks at d =4.51-5.20 (assigned to H-12)) which indicate
that products 32 exist only as twist conformers, that is in the
biologically active conformation. Probably the introduction of
an electron-withdrawing group at C-7 increases the resonance
among the lone-pair electrons on N-13, aromatic electrons
and the substituent at C-7, fixing the molecule in the twist
conformer, in which the lone-pair electrons on N-13 are more
delocalized onto the indolic ring.[?*]

With an efficient solid-phase sequence in hand we then
constructed a library of indolactam analogues (Table 3).
Resin-bound indole derivative 26¢ served as a starting
material which was derivatized with six different aldehydes
and eight alkynes in parallel syntheses according to the
protocol described above in order to build up a library of
teleocidin-analogues (Scheme 6). The results given in Table 3
demonstrate that differently substituted aldehydes and al-
kynes with additional functional groups can be applied
successfully in the developed solid-phase sequence. In this
way an additional 27 indolactam analogues were synthesized
in overall yields ranging from 65 % to 10 % (average yield per
step 90% to 57%). Unexpectedly, 22 analogues were not
formed since the desired compounds could not be detected in
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Scheme 6. Synthesis of a teleocidin library 32/6 —31 on the solid phase.

the reaction mixtures after release from the solid support by
LC-MS (Table 4). Analysis of the mass spectra suggests that
the reductive amination was not efficient for some individual
members (e.g. for compounds 32/44 — 51 2-ethylhexanal could
present steric problems for the imine formation). The
surprising fact that the Sonogashira coupling with pyridine-
2-acetylene and propargyl alcohol was ineffective, may be
attributed to the lower reactivity of these alkynes®! and/or
instability of the individual products under the acidic cleavage
conditions.

However, numerous further aldehydes, alkynes and a-
hydroxy acids are readily available. Furthermore, the aryl
iodide intermediates may also be subjected to Pd’-mediated
Suzuki, Stille, and Heck reactions opening up the opportunity
to introduce various aryl and alkenyl groups. Thus, the
developed synthetic route should provide an efficient and
flexible access to numerous indolactam and teleocidin ana-
logues.

Biological evaluation of teleocidin analogues: In order to
investigate if the teleocidin analogues built up by the route
described above are indeed PKC activators, eleven selected
members?”) of the compound library were subjected to a cell-
based assay system. In this assay Swiss 3T3 fibroblasts are
treated with PKC modulators. Activation of PKC causes the
phosphorylation of the major PKC substrate, namely
MARCKS (myristoylated alanine-rich C kinase substrate).!
The unphosphorylated 80 kDa MARCKS protein is targeted
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to membranes by its N-terminal myristoylated domain and
the unphosphorylated phosphorylation domain in the middle
of the protein (Figure 3A). MARCKS is a specific PKC
substrate.?! After activation of PKC, MARCKS becomes
phosphorylated in the phosphorylation domain resulting in its
rapid and extensive translocation from the membrane to the
cytosol. Thus analysis of subcellular MARCKS localization
(membrane bound vs. cytosolic) allows determination of the
activation of PKC. Confluent and quiescent cultures of Swiss
3T3 cells were exposed for 30 min to a saturated concen-
tration of phorbol dibutyrate (PDB) (200nM) for maximal
activation of PKC. The cells were homogenized and the
extracts separated into cytosolic and membrane fractions.
The levels of MARCKS protein in these fractions were
determined by Western-blot analyses using an antiserum
raised against recombinant GST-MARCKS protein. This
antiserum detects a single band corresponding to
MARCKS.?®! In quiescent cells, only small amounts of
MARCKS were detectable in the cytoplasmic fraction (Fig-
ure 3B; control), while the majority of this protein was found
in association with the membrane (data not shown). This
system was then utilized to examine the potency of members
of our library of teleocidin analogues (200nMm) to activate
PKC in 3T3 fibroblasts and to promote MARCKS trans-
location. All substances tested caused a striking translocation
of MARCKS to various degrees (Figure 3B). Scanning of
autoradiographs revealed a MARCKS translocation induced
by the indolactam V-derivatives by three- to fivefold, which
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Table 3. Results of the solid-phase synthesis of a teleocidin library 32/6 -
310

Table 4. Members of the teleocidin library that were not formed (32/32-51).

26 — 32/6-31 32/32-51
Compd R! R? R3 Yield [%] Compd R! R? R3
3206 CHPh  [>$- CH,Ph 13 32132 CH,Ph D4 CH,CH,0H
327 CHPh >3- O§— 17 32033 CH,Ph Dt <\:_N>41‘{
328 CHPh  [>$- Bu 17 .
32/34 CH,Ph L O?—
QN 4 ~ ;
3219 CH,Ph  [>4- M—/‘k 52 B
S 32035 CH,Ph o~ Bu
3210 CHPh o - Ph 20 32136 CH,Ph e CH,CH,OH
2m CHPh >3- CH,N(CH,), 33 _
3212 CHPh s CH,Ph 10 32037 CH,Ph S \_/ 5
Q/ ™\ s =\ w
32013 CH,Ph : —X 30 32/38 CH,Ph CH,CH(CH;)Ph
2 /]\/\/\}( OM 2 »CH(CHs) \ ’\{
32139 CH,Ph CH,CH(CH;)Ph Ph
3214 CH,Ph . Ph 1 2 2 3
: )\/\/}‘k 32/40 CH,Ph nBu CH,CH,OH
3215 cHph s CH,N(CH,), 20 a1 CHPh . = x
32116 CH,Ph  CH,CH(CH,Ph  CH,Ph 12 \_/
32017 CH,Ph  CH,CH(CH;)Ph O§— 14 32/42 CH,Ph CH,CH,Ph 1Bu
32043 CH,Ph CH,CH,Ph CH,CH,0H
3218 CH,Ph  CH,CH(CH,Ph  Bu 15 5
32/19 CH,Ph CH,CH(CH;)Ph CH,CH,OH 17 32/44 CH,Ph /\/j CH,Ph
QN p
32120 CH,Ph  CH,CH(CH,)Ph AN 56 1o/4s CH,Ph /\/j&y1 O§—
32121 CH,Ph  CH,CH(CH,Ph  CH,N(CH;, 65 )
32122 CH,Ph  NBu CH,Ph 20 32/46 CH,Ph /\/:ﬁi Bu
32023 CH,Ph  NBu O§— 2 >
3224 CH,Ph  NBu /Bu 15 32047 CH.Ph Nj CHCH.0H
A =X <3 X
32125 CH,Ph  NBu AN 49 32/48 CH,Ph /\/j W
3212 CH,Ph  NBu Ph 40 5 QN o
32126 CH,Ph  NBu CH,N(CH;), 53 32149 CH,Ph Nj Of\_}“_}"
32027 CH,Ph  CH,CH,Ph CH,Ph 18 >
3228 CH,Ph  CH,CH,Ph O%— 16 3250 CH,Ph /vj Ph
SN o :'s
32129 CH,Ph  CH,CH,Ph O;-*\_/u——/‘k 53 32/51 CH,Ph /\/j CH,N(CH,),
()
32130 CH,Ph  CH,CH,Ph Ph 17
32131 CH,Ph  CH,CH,Ph CH,N(CH;), 51

[a] Yields were determined by analytical HPLC (4 =190 nm) and gravim-
etry after chromatographic separation.

was slightly less efficient compared with indolactamV itself
and with the phorbol ester PDB (both seven-fold) (Fig-
ure 3B). Preincubation of the Swiss 3T3 cells with 2.5 um GF
109203X, a specific PKC inhibitor,*! completely abrogated
the MARCKS translocation (data not shown). MARCKS
phosphorylation by PKC is a prerequisite for MARCKS
translocation.l?® Thus, these results demonstrate that the
indolactam-V analogues are potent PKC activators.
MARCKS is a specific PKC substrate for all conventional
and novel PKC isoforms in vitro and in fibroblasts.?’l Our
data on the differently pronounced activation of PKC in Swiss
3T3 cells by different indolactam analogues may be explained
by the varying potency of these indolactam analogues for
binding to and activating PKC in general. This possibility
might open new routes for the establishment of structure—
function relationships. Alternatively, the individual indolac-
tam analogues tested may bind the individual members of the
PKC family with different efficiency. In this context it should
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be noted that the murine Swiss 3T3 fibroblasts used in this
study express mainly the conventional PKC-isoform «, the
novel isoforms ¢ and ¢, and the atypical isoform .

To explore the effect on PKC isoforms in more detail, we
investigated the potency of indolactam and of the different
indolactam derivatives to induce PKC down-regulation.
Chronic stimulation of PKC, for example, with phorbol esters
leads to a marked decrease in the cellular content of most
PKC isoforms. This phenomenon has been termed down-
regulation and desensitizes the cell to a subsequent PKC-
mediated signal. The role and mechanism of PKC down-
regulation is not well characterized. To examine PKC down-
regulation, quiescent Swiss 3T3 cultures were treated with
compounds 32/9, 32/20, 32/25, 32/15, 32/26, 32/31, 32/4, and for
control with PDB and indolactamV (200nM each) for
48 hours. Then, cellular proteins were extracted, separated
by SDS-polyacrylamide gel electrophoresis and PKC levels
determined by Western-blot analysis as described previous-
lyPY (Figure 4). PKCa became efficiently down-regulated by
the phorbol ester PDB and only slightly by indolactam V.
Indolactam V derivatives had no significant effect on PKCa
expression. Levels of PKCO were drastically reduced in cells
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Figure 3. Activation of PKC induces translocation of MARCKS.
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Figure 4. Down-regulation of PKC isoforms. Quiescent Swiss 3T3 cultures
were treated with the indicated compounds (200nm each) for 48 h or
remained untreated (Co). Then, cells were extracted and 15 pg protein per
lane loaded on 7.5 % SDS polyacrylamide gels. The levels of PKCa, PKCJ,
PKCe and PKC¢ were determined by Western blotting as described.!]
While PDB caused down-regulation of PKCa, PKCo and PKCe, indolac-
tamV and its analogue 32/4 induced significant down-regulation only of
PKC6. The other indole derivatives caused activation of PKC (see
Figure 3B), but no down-regulation.
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treated with PDB and indolac-
tam V. Additionally, the com-
pound 32/4 also effectively in-
duced PKCo down-regulation
while 32/26 and 32/31 had minor
and all other indolactam ana-
logues tested had no effect.
PKCe was down-regulated by
PDB, but hardly by indolac-
tamV or derivatives. Interest-
L) ingly, 32/4 caused a 50 % reduc-
tion of PKCe level. Neither PDB
nor indolactamV nor deriva-
tives had any effect on PKCC,
which does not bind to phorbol
esters.’l Taken together, these
data show, that PKC can be
activated by low molecular
weight compounds like indole
alkaloids  (Figure 3) without
causing down-regulation (Fig-
ure 4). The result, that PKCa
and PKCd, but not PKCe were down-regulated by indolac-
tamV can be explained by its different affinities for these
PKCs. It was shown, that indolactam V binds with a 2.5-fold
lower affinity to PKCe compared with PKCa and PKC6.5

It is particularly noteworthy that out of the tested subset of
indolactam V analogues one compound (32/4) selectively
down-regulates only one of the four PKC isoenzymes (PKC9).
It suggests that further selective mediators of PKC activity
may be discovered by means of the combinatorial approach
described above.

Conclusion

Herein we have described an efficient synthesis of the PKC
activator indolactamV (6) which allows the preparation of
both enantiomeric series of N'*-des(methyl)indolactams-V
analogues 19 and its application to the development of the
first teleocidin combinatorial library. Some members of this
library were biologically evaluated with regards to PKC
activation and down regulation. The results were useful in
terms of new synthetic methodology developments and open
up the possibility to develop new PKC activators and/or
inhibitors. The gained knowledge within the indolactam V-
teleocidin molecular framework sets the stage for further
advances in the development of new medicinal leads.

Experimental Section

General: All melting points were determined using a Kofler hot-stage
apparatus and are uncorrected. Optical rotations were measured with a
Perkin - Elmer polarimeter 241 using a 10 cm path length cell. [a], values
are given in units of 10-degecm?g~". IR spectra were measured as KBr
pellets or liquid films. '"H and *C NMR spectra were recorded on Bruker
AC250, AM400, or DRX-500 spectrometers. The signal of the residual
protonated solvent (CDCl; or CD;0D) was taken as the reference (the
singlet at 6 =724 (CHCL;) or 3.31 (CH;OH) for 'H and the triplet centered
at 0 =77.0 (CHCL,) or the quadruplet at 49.0 (CH;0H) for '*C NMR data).
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Mass spectra were obtained by electron impact (EI): at 70 eV on a Finnigan
MAT MS70 spectrometer. Column chromatography refers to flash
chromatography and was performed on Baker silica gel (230-400 mesh
ASTM). Reaction progress was monitored by TLC using Merck silica gel
60F,s, aluminum sheets. PenicillinG acylase was obtained in immobilized
form from encapsulated Eupergit C from Boehringer Mannheim. Chloro-
methylated polystyrene beads (1.24 mmolg~!, 1% DVB, 100-200 mesh)
was purchased from Nova Biochem. All reactions were carried out under
an inert atmosphere of dry argon using oven-dried glassware and freshly
distilled and dried solvents. Unless stated otherwise, reaction mixtures were
worked up by addition of water and extraction with the appropriate solvent
(indicated). The organic extracts were washed with water and brine, and
dried using anhydrous sodium sulfate. Evaporation was performed under
reduced pressure. The ee % was determined by HPLC using a chriobiotic T
column (250 x 4.6 mm; particle size 5 micrometer; ASTEC®) and a mixture
of H;CCN/MeOH/NEt;/AcOH (545:455:4:2) as eluent at a flow rate of
1 mlmin~' or 0.4 mLmin~!, and gave the retention times at 8.56 and
9.09 min for the L and D enantiomer of 12, respectively.

3-Dimethylaminomethyl-1-triisopropylsilylindole (7):1¥! Powdered gramine
(45.28 g, 259.82 mmol) was added over 20min at 0°C to a stirred
suspension of NaH (80 % in mineral oil, 8.57 g, 285.80 mmol) (prewashed
with dry pentane) in anhydrous THF (520 mL). After 3 h at this temper-
ature, triisopropylsilyl chloride (52.60 g, 272.80 mmol) was added dropwise.
The reaction mixture was stirred overnight at 0°C, and then carefully
quenched with H,O (100 mL). The product was extracted with Et,O and
worked up to afford a residue, which was purified by distillation under
reduced pressure to give TIPS-gramine 7 (72.95 g, 84.9%) as a yellowish
oil. B.p. 150-155°C, 0.3 mbar; R;=0.3 (silica gel, EtOAc/MeOH/NHj,
10:3:0.1); "H NMR (250 MHz, CDCl;): 6 =7.70 (m, 1H), 7.50 (m, 1H), 7.20
(s,1H), 710 (m, 2H), 3.65 (s,2H), 2.30 (s, 6 H), 1.65 (sept., /= 6.5 Hz, 3H),
1.15 (d, /=6.5Hz, 18H); *C NMR (63 MHz, CDCl,): 6 =141.3, 131.3,
130.5, 121.4, 119.6, 119.1, 114.9, 113.8, 54.6, 45.2, 18.1, 12.8; MS (EI): m/z:
330 [M*] (25), 286 (100), 173 (9), 157 (17), 129 (15), 115 (47), 87 (25), 73
(33), 59 (73), 59 (73), 45 (25).

3-Dimethylaminomethyl-4-amino-1-triisopropylsilylindole ~ (8):  rBuLi
(1.5m, 19.6 mL, 29.4 mmol) was added dropwise to a stirred solution of
TIPS-gramine 7 (8.08 g, 24.45 mmol) in dry Et,O (125 mL) at —78°C. The
solution was stirred for 15 min at —78°C and then allowed to warm to 0°C,
and the vessel was immersed in an ice/water bath for 1.5 h. The mixture was
cooled to —78°C, and a solution of trimethylsilylmethyl azide (4.74 g,
3724 mmol) in dry Et,0 (14 mL) was added dropwise. After 1h at this
temperature the reaction mixture was allowed to warm to room temper-
ature, and then the reaction was quenched with saturated aqueous NH,CI
solution (75 mL). Extraction with Et,0 and work-up afforded an oily
residue, which was purified by chromatography on neutral alumina. Elution
with a mixture of hexane/EtOAc (10:1) as eluent furnished 8 as a colorless
oil (6.16 g, 73% ), which on standing solidified. R;=0.3 (neutral alumina,
hexane/EtOAc, 10:1); m.p. 96-97°C. FT-IR (neat): 7,,,, = 3415, 3281, 3164,
2941, 2866, 2824, 2775, 1619, 1585, 1560, 1491, 1460, 1438, 1373, 1315, 1284,
1245, 1130, 1073, 1035, 1018, 1001, 884, 725, 694, 659 cm~!; 'H NMR
(400 MHz, CDCl,): 6=6.92 (m, 2H), 6.75 (dd, J=8.5, 0.5 Hz, 1H), 6.23
(dd,J=73,0.5Hz, 1H),5.37 (brs,2H), 3.47 (s,2H), 2.17 (s, 6 H), 1.58 (sept,
J=175Hz, 3H), 1.05 (d, /=75 Hz, 18H); “C NMR (100 MHz, CDCl,):
0=143.5,142.6,128.3,122.8,119.8, 116.1, 104.4, 104.2, 56.7, 44.6, 18.2, 12.8;
MS (EI): m/z: 347.3 [M*+2] (6), 346 [M*+1] (25), 345 [M*] (94), 330 (37),
302 (24), 301 (11), 300 (100), 257 (12), 115 (13), 59 (27); HRMS (EI): caled
for C,0H3sN,3Si [M*]: 345.2600, found: 345.2611.

3-Dimethylaminomethyl-4-(/N-tert-butyloxycarbonyl)amino-1-triisopro-

pylsilylindole (9): A solution of 8 (5.62 g, 16.26 mmol) and di-tert-butyl
dicarbonate (3.73 g, 17.1 mmol) in THF (500 mL) was stirred overnight at
room temperature. After addition of water (150 mL), the resulting mixture
was extracted with Et,0 and work-up afforded a residue, which was
purified by chromatography on neutral alumina using hexane/EtOAc
(20:0.4) as eluent. Evaporation of the selected fractions gave pure Boc-
aminoindole 9 (6.64 g, 91.7%) as a white solid. R;=0.3 (neutral alumina,
hexane/EtOAc, 20:1); m.p. 103-104°C (hexane); FT-IR (neat): ¥, =
2946, 2868, 2824, 2780, 1719, 1626, 1586, 1561, 1490, 1464, 1419, 1290,
1249, 1157, 1017, 1003, 883, 848, 775, 761, 740, 697, 685, 666 cm~!; 'H NMR
(500 MHz, CDCl;): 6 =770 (brs, 1 H), 7.06-7.11 (m, 3H), 6.96 (s, 1 H), 3.54
(s,2H), 2.32 (s, 6H), 1.66 (sept., J=75Hz, 3H), 1.53 (s, 9H), 1.12 (d, /=
7.5 Hz, 18H); C NMR (100 MHz, CDCl,): 6 =154.3, 143.0, 133.4, 129.1,
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122.6, 121.8, 115.0, 109.8, 108.4, 79.8, 56.1, 44.1, 28.6, 18.2, 12.8; MS (EI):
m/z: 446 [M*+1] (30), 445 [M+] (94), 388 (14), 346 (27), 345 (100), 344 (16),
330 (31), 302 (21), 301 (54), 300 (84), 115 (11), 87 (15), 73 (16), 59 (28), 57
(20); HRMS (EI): caled for C,sH,3Si0,N; [M*]: 445.3124, found: 445.3135.

Bis(allyl) phenylacetamidomalonate (10): A mixture of bis(ethyl) phenyl-
acetamidomalonate (35.0 g, 119.3 mmol), LiCl (25.0 g, 588.6 mmol), dry
allyl alcohol (100 mL), and DBU (18 mL) in THF/CH,CI, (3:1) (420 mL)
was refluxed through a compensated pressure funnel with 4 A molecular
sieves under Argon overnight. The mixture was warmed to room temper-
ature and HCI (1N, 250 mL) was added followed by ethyl acetate (500 mL).
The organic layer was separated. and work-up afforded a solid, which was
purified by recrystallization from propan-2-ol to afford 10 (29.92 g, 79.0 %
yield) as white needles. R;=0.40 (silica gel, EtOAc/hexane, 1:2); m.p. 59—
60°C (propan-2-ol); IR (KBr): #,,,,= 3322, 3067, 3031, 2940, 1751, 1741,
1533, 1468, 1374, 1343, 1272, 1235, 1177, 981, 943, 727 cm™'; '"H NMR
(500 MHz, CDCly): 6 =7.34-7.38 (m, 2H), 728 -7.32 (m, 3H), 6.49 (d, J =
6.0 Hz, 1H), 5.81-5.90 (m, 2H), 5.24-5.34 (m, 4H), 5.22 (d, J=6.0 Hz,
1H), 4.60-4.72 (m, 4H), 3.64 (s, 2H); *C NMR (125 MHz, CDCl;): 6 =
170.7,165.8, 134.0, 130.8, 129.4, 129.0, 127.5, 119.2, 66.9, 56.4, 43.1; MS (EI):
m/z: 318 [M*+1] (5), 317 [M*] (31), 232 (18), 226 (15), 114 (50), 91 (100);
HRMS (EI): calcd for C;H;(NO;s [M*]: 317.1263, found: 317.1274.
Bis(allyl) [4-(N-tert-butyloxycarbonyl)amino-1H-indol-3-yl|methylphenyl-
acetamidomalonate (11): A stirred solution of 9 (6.55 g, 14.7 mmol) in
DMF (125mL) at room temperature, was treated with Mel (5.5 mL,
58.7 mmol). The mixture was stirred overnight and then evaporated under
reduced pressure. The resulting methiodide was further dried in vacuo. A
stirred suspension of the methiodide and 10 (5.12 g, 16.15 mmol) in THF
(500 mL), was treated with TBAF (1M in THF, 22.5 mL, 74.2 mmol). After
1h at room temperature, the solvent was evaporated to dryness under
reduced pressure. The residue was taken up in Et,O (800 mL) and worked
up. The remaining residue was purified by chromatography using hexanes/
EtOAc (4:3) as eluent, to afford diallyl ester 11 (6.51 g, 78.9 %) as white
solid. R;= 0.4 (silica gel, hexane/EtOAc, 2:1). M.p. 66— 67 °C (Et,0); FT-IR
(neat): 7,,,,=3373, 3290, 2979, 2943, 1761, 1701, 1650, 1621, 1518, 1496,
1454, 1419, 1367, 1282, 1248, 1201, 1163, 1088, 745cm™!; 'H NMR
(400 MHz, CDCly): 6 =825 (brs, 1H), 721-727 (m, 4H), 7.18 (s, 1H),
7.04-7.11 (m, 2H), 6.99 (m, 2H), 6.68 (s, 1 H), 6.45 (d,/=2.0 Hz, 1 H), 5.78
(m,2H),5.23 (m,4H), 4.60 (m, 4H), 3.93 (s,2H), 3.48 (s, 2H), 1.56 (s, 9H);
13C NMR (100 MHz, CDCl,): 6 =284, 29.2, 43.4, 67.0, 67.5, 79.9, 106.9,
108.4,115.9,119.2,120.9, 122.2,123.7,127.3,128.9, 129.2, 130.1, 130.9, 134.0,
1372,154.5,167.2,170.4; MS (EI): m/z: 562 [M*+1] (12), 561 [M*] (36), 461
(31), 326 (16), 317 (13), 189 (62), 171 (52), 156 (12), 145 (91), 114 (36), 91
(100), 57 (38), 41.0 (42); HRMS (EI): calcd for C;;H3sN;O, [M*]: 561.2475,
found: 561.2486

4-(N-tert-Butyloxycarbonyl)amino-N-phenylacetyltryptophan (12): A stir-
red solution of diallyl ester 11 (5.4 g, 9.62 mmol) and morpholine (15 mL,
172.2 mmol) in THF (125 mL) was degassed for 20 min with argon at room
temperature. Then tetrakis(triphenylphosphane)palladium(o) (0.50 g,
0.46 mmol) was added and stirring was continued for a further 30 min.
After addition of NaOH (150 mL, 0.15m) and Et,0 (150 mL), the aqueous
layer was extracted with Et,O. The pH was adjusted to pH = 1.6 with HCI
(1m), and the mixture extracted with CHCl; and then with AcOEt. The
organic extracts were dried over Na,SO, and concentrated under reduced
pressure. The residue was taken up in dioxane (150 mL) and refluxed for
30 min. Concentration under reduced pressure and crystallization from
diethyl ether/pentane afforded N-phenylacetyltryptophan 12 (3.42 g,
80.8%) as a white solid. R;=0.8 (silica gel, nBuOH/AcOH/H,0, 4:1:1);
m.p. 94-100°C (decomposition); FT-IR (KBr): #,,,=3305, 3064, 2978,
2931, 1705, 1665, 1515, 1496, 1454, 1414, 1368, 1351, 1246, 1163, 1080,
743 cm~'; 'TH NMR (400 MHz, CD;0D): 6 =724 (d, /=8.0 Hz, 1 H), 7.17 -
719 (m, 3H), 7.03-7.07 (m, 3H), 6.94 (s, 1 H), 6.86 (d, /=75 Hz, 1H), 4.71
(dd, 7=10.5, 4.5 Hz, 1H), 3.40-3.52 (m, 3H), 3.18 (dd, J=15.0, 10.5 Hz,
1H), 1.51 (s, 9H); *C NMR (100.5 MHz, CD;0D): 6 =175.3, 173.9, 157.8,
139.7, 136.6, 130.6, 130.0, 129.4, 127.7, 125.3, 124.7, 122.4, 118.7, 111.0, 110.7,
80.9, 55.2, 43.5, 29.1, 28.8; MS (EI): m/z: 438 [M*+1] (35), 437 [M*] (41),
383 (13), 382 (50), 364 (16), 338 (73), 246 (10), 202 (18), 189 (49), 171 (40),
157 (63), 145 (100), 91 (47); HRMS (FAB) calcd for C,,H,;N;O5 [M*]:
437.1951, found: 437.2020.

(S)-4-(N-tert-Butyloxycarbonyl)aminotryptophan (13): NaOH (0.1N) was
added to a stirred suspension of N-phenylacetyltryptophan 12 (3.5 g,
8.0 mmol) in MeOH (72 mL) and water (468 mL) to adjust the pH to 7.6.
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The volume was adjusted to 900 mL with water, penicillinG acylase
immobilized on EupergitC (2.5g) was added, and the solution was
incubated at 37°C. After 50% of conversion (see HPLC conditions in
general) the reaction was stopped by filtration. Then HCI (4N) was added
to adjust the pH to 1.5, and the reaction mixture was extracted three times
with AcOEt (300 mL). The aqueous solution was brought to pH 7.0 with
NaOH (1N) and evaporated to dryness in vacuo. Recrystallization from
MeOH/water gave L-tryptophan derivative 13 (0.997 g, 39%) as white
powder. R;=0.5 (silica gel, nBBuOH/AcOH/H,0, 4:1:1); m.p. 212-213°C
(MeOH/H,0); [a]¥ = +47.0 (c=0.17, CH;OH); FT-IR (KBr): 7,,, 3280,
2978, 1689, 1619, 1513, 1452, 1383, 1327, 1274, 1244, 1162, 1082, 993, 771,
744 cm™'; '"H NMR (400 MHz, CD;0D): 6 =7.24 (dd, J=8.0, 0.5 Hz, 1H),
718 (s, 1H), 7.07 (t, J=8.0, 1H), 6.92 (d, /=7.0 Hz, 1H), 3.83 (dd, /=8.5,
4.5Hz, 1H), 3.56 (dd, J=15.5, 4.0 Hz, 1H), 3.30 (m, 1H), 1.53 (s, 9H);
3C NMR (100.5 MHz, CD;0D): 6 =174.0, 157.8, 139.7, 130.7, 125.9, 123.9,
122.5,118.6,110.7,108.8, 81.0, 56.7, 28.7, 28.3; MS (EI): m/z 320 [M*+1] (2),
319 [M*] (18), 190 (10), 189 (73), 171 (30), 156 (14), 145 (60), 59 (26), 56
(28), 44 (100), 41 (47), 39 (19); HRMS (EI): caled for C,;H,N;0, [M]:
319.1532, found: 319.1518.

(S)-N-Benzyloxycarbonyl-4-(V-tert-butyloxycarbonyl)aminotryptophan
methyl ester (14): Dibenzyl dicarbonate (0.72 g, 2.43 mmol) in dioxane
(244 mL) was added dropwise to a stirred solution of L-tryptophan
derivative 13 (0.78 g, 2.44 mmol) in NaOH (1N, 2.44 mL) and dioxane
(244 mL). After 1h at room temperature the solvent was evaporated
under reduced pressure. The mixture was diluted with water (60 mL), the
pH was adjusted to 2 with sulfuric acid (1N), and the mixture extracted with
EtOAc. After work-up, the crude residue (1.35 g) was dissolved in MeOH
(45 mL), and CH,Cl, (135 mL) at room temperature, and diazomethane
(1M in CH,Cl,, 20 mL) was added at —78°C. The solution was stirred for
30 min at room temperature, and then degassed with argon to eliminate the
excess of diazomethane. The solvent was evaporated under reduced
pressure and the crude residue was purified by chromatography on silica
gel using hexane/AcOEt (3:2) as eluent. Evaporation of the selected
fractions gave methyl ester 14 (0.903 g, 79.1 %) as a yellowish solid. R;=0.3
(silica gel, hexane/EtOAc, 3:2); m.p. 166-167°C (acetone/hexane); [a]
—29.0 (c=1.0, MeOH); FT-IR (KBr) 7,,,,=3330, 3297, 3120, 2976, 2953,
2938, 1751, 1708, 1675, 1621, 1538, 1514, 1496, 1429, 1210, 1167, 1060,
1051 cm~'; '"H NMR (500 MHz, CDCl;): 6 =8.48 (s, 1H), 7.28—-7.35 (m,
5H), 7.19 (dd, J=6.0, 2.0 Hz, 1 H), 7.05-7.10 (m, 2H), 6.99 (s, 1 H), 6.73 (s,
1H),5.48 (d,/=175Hz,1H), 5.10 (d,/ =12.0 Hz, 1H), 5.07 (d, /= 12.0 Hz,
1H), 4.66 (dd, J=6.0,13.5 Hz, 1H), 3.67 (s, 3H), 3.38 (dd, /=15.0, 5.0 Hz,
1H), 3.28 (dd, J=15.0, 6.5 Hz, 1H), 1.55 (s, 9H); *C NMR (125 MHz,
CDCly): 0 172.6, 156.0, 154.7, 1377, 136.2, 129.9, 128.5, 128.2, 128.1, 123.7,
122.3,121.3,115.9,109.1, 108.6, 80.3, 67.0, 55.2, 52.4,29.0, 28.4; MS (EI): m/z
468 [M*+1] (8), 467 [M*] (29), 367 (18), 190 (11), 189 (97), 172 (13), 171
(64), 156 (10), 146 (11), 145 (100), 91 (42), 57 (24); HRMS (EI): calcd for
C,sHoN;O¢ [M*]: 467.2056, found: 467.2070.

(S)-N-Benzyloxycarbonyl-4-aminotryptophan ~ methyl  ester  (15):
CF;COOH (40 mL) was added to a stirred suspension of methyl ester 14
(0.80 g, 1.72 mmol) and 1,3-dimethoxybenzene (1.64 mL) at room temper-
ature. The solution was stirred for 30 min and then concentrated under
reduced pressure. The residue was taken up in KHCO; (1N, 50 mL),
extracted with AcOEt and worked up to give a residue, which was purified
by column chromatography using hexanes/EtOAc (1:1) as eluent. Evap-
oration of the selected fractions gave amino compound 15 (0.58 g, 91.4 %)
as a white foam. R;=0.25 (silica gel, EtOAc/hexanes, 1:1); [a]® +3.6 (c=
0.65, MeOH); FT-IR (KBr): 7,,,,, = 3389, 3032, 2951, 1708, 1625, 1585, 1507,
1444, 1354, 1271, 1218, 1057, 1027, 738 cm~!; 'H NMR (500 MHz, CDCl,):
0=28.14 (brs, 1H), 728 -7.35 (m, 5H), 6.97 (t,/ =8.0 Hz, 1 H), 6.82 (dd, J =
8.0, 0.5 Hz, 1H), 6.79 (d, J=2.0 Hz, 1H), 6.43 (d, J=7.5 Hz, 1H), 6.36 (d,
J=175Hz, 1H), 5.07 (d, J=12.5Hz, 1H), 5.04 (d, J=12.5 Hz, 1H), 4.61
(dd, J =13.5, 6.5 Hz, 1H), 4.00 (brs, 2H), 3.69 (s, 3H), 3.35 (d, J=5.5 Hz,
2H); BCNMR (125 MHz, CDCl,): 6 172.7,156.3, 139.8, 137.9, 136.4, 128.5,
128.0, 128.0,123.2, 122.1, 116.8, 109.7, 106.7, 103.3, 66.8, 56.3, 52.3,29.6; MS
(ED): m/z 368 [M*+1] (8), 367 [M*] (30), 146 (14), 145 (100), 91 (14), 43.0
(16); HRMS (EI): caled for C,H,N;O, [M*]: 367.1532, found: 367.1541.
Phenylmethyl  (S)-[2-(4-amino-1H-indol-3-yl)-1-(hydroxymethyl)ethyl]-
carbamate (16): LiBH, (2m in THF, 1.05mL, 2.11 mmol) was added
dropwise to a stirred solution of 15 (0.55 g, 1.48 mmol) in dry THF (9 mL)
at room temperature and under an argon atmosphere. The solution was
stirred for 1 h at room temperature and for a further 1 h at reflux. Then the
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reaction mixture was cooled to room temperature and quenched with
MeOH. The solvent was removed by evaporation under reduced pressure,
and the residue was diluted with water (40 mL). Extraction with EtOAc
and work-up afforded a residue, which was purified by column chromatog-
raphy using hexanes/EtOAc (2:3) as eluent. Evaporation of the selected
fractions furnished amino alcohol 16 (0.45 g, 89.9 %) as a white foam. R;=
0.28 (silica gel, EtOAc/hexanes, 3:2); [a]d —16.5 (¢ =0.89, ethanol) (ref.
[16] [a]® —16.3); FT-IR (KBr): #,,,, = 3390, 3034, 2928, 2873, 1700, 1624,
1584, 1507, 1454, 1348, 1264, 1058, 737, 698 cm~!; '"H NMR (500 MHz,
CDCl,): 0=792 (brs, 1H), 728 (brs, SH), 6.90 (t, /=8.0 Hz, 1H), 6.88 -
6.82 (m, 2H), 6.33 (d, J=7.5 Hz, 1H), 5.58 (brd, /=75 Hz, 1H), 5.03 (s,
2H), 3.99 (brs,3H), 3.73 (m, 1H), 3.52 (dd, J=11.5,2.5 Hz, 1H), 3.42 (dd,
J=115, 3.5Hz, 1H), 3.19 (dd, J=14.5, 5.0 Hz, 1H), 2.95 (dd, /=145,
9.5 Hz, 1H); ¥C NMR (125 MHz, CDCl,): 6 =156.5, 139.2, 137.9, 136.6,
128.5, 128.1, 128.0, 122.9, 122.6, 117.6, 111.1, 107.6, 104.2, 66.7, 62.1, 55.3,
28.2; MS (EI): m/z: 339 [M] (40), 146 (33), 145 (100), 108 (30), 107 (20), 91
(39), 79 (29), 77 (18); HRMS (EI): calcd for C,gH,N;0; [M*]: 339.1583,
found: 339.1573.

Phenylmethyl (S,5)-2-{4-[1-(Phenylmethyloxycarbonyl)ethylamino]-1H-
indol-3-yl}-1-(hydroxymethyl)ethylcarbamate (18a): A solution of (R)-2-
phenylmethyl hydroxypropanoate (53 mg, 0.30 mmol) in dry CH,CI,
(1 mL) was cooled to 0°C and trifluoromethanesulfonic acid anhydride
(0.054 mL, 0.33 mmol) was added in one portion under an argon
atmosphere. After five minutes, 2,6-lutidine (0.087 mL, 0.82 mmol) was
added in one portion, and the reaction mixture was stirred for a further five
minutes. Then a solution of amino alcohol 16 (92 mg, 0.27 mmol) in CH,Cl,
(1 mL) was added dropwise to the solution of the formed triflate (R)-17a.
The reaction mixture was stirred at room temperature for 2h and the
solution was concentrated and chromatographed using EtOAc/hexane
(1/1) as eluent affording 18a (118 mg, 87 %) as an oil. R;=0.60 (silica gel,
EtOAc/hexane, 3:2); [a]y —8.9 (¢=0.85, EtOH); FT-IR (neat): ¥,,,=
3399, 2939, 1708, 1513, 1216, 1158, 735, 698 cm™!; 'H NMR (500 MHz,
CDCl;): =824 (brs, 1H), 740-725 (m, 10H), 6.98 (t, /=8.0 Hz, 'H),
6.88 (brs, 1H), 6.85 (d, /=8.0 Hz, 1H), 6.23 (d, /=7.5 Hz, 1H), 5.72 (brd,
J=8.0Hz, 'H), 5.18 (m, 2H), 5.12 (m, 2H), 429 (q, /=70 Hz, 1H,), 3.80
(m, 1H), 3.62 (m, 1H), 3.51 (m, 1H), 3.18 (m, 2H), 1.57 (d, /=70 Hz, 3H);
BCNMR (125 MHz, CDCl,): 6 176.3, 156.3, 140.9, 137.7, 136.6, 135.4, 128.6,
128.6,128.6, 128.5,128.5, 128.3,128.3,128.2,128.1, 128.1, 123.0, 122.5, 116.6,
111.3, 103.6, 102.2, 67.1, 66.7, 62.0, 55.6, 52.6, 28.4, 18.7; MS (EI): m/z: 502
[M*+1] (5), 501 [M*] (25), 366 (4), 258 (4), 187 (5), 171 (15), 145 (7), 108
(100), 107 (65), 101 (50), 79 (80), 77 (55), 43 (100); HRMS (EI): calcd for
CyH;N;O5 [M*]: 501.2264, found: 501.2283.

Phenylmethyl (S,5)-2-{4-[1-(Phenylmethyloxycarbonyl)-2-methylpropyl-
amino ]-1H-indol-3-yl}-1-(hydroxymethyl)ethylcarbamate (18b):'®l A so-
lution of 16 (68 mg, 0.20 mmol), (R)-17b (78 mg, 0.23 mmol), and 2,6-
lutidine (0,026 mL, 0.24 mmol) in dry 12-dichloroethane (1 mL) was
heated at 70°C for 18 h. After cooling to room temperature the solution
was purified by chromatography using EtOAc/hexane (2:3) as an eluent to
afford 18b (84 mg, 80 % ) as an oil. R;=0.70 (silica gel, EtOAc/hexane, 3:2);
'H NMR (250 MHz, CDCl,): 6 799 (brs, 1H, H-1), 7.33-7.20 (m, 10H,
2Ph), 6.91 (t,J=8.0 Hz, 'H, H-6), 6.90 (brs, 1H; H-2), 6.74 (d, J=8.0 Hz,
1H; H-7), 6.15 (d, J=7.5 Hz, 1H; H-5), 5.52 (brd, J=8.0 Hz, 1 H; H-10),
5.08 (m, 2H; CH,0CO), 5.04 (m, 2H; CH,0CO’), 3.90 (d, /=8.0 Hz, 1H;
H-12),3.74 (m, 1H; H-9), 3.53 (m, 1H; H-14), 3.11 (m, 2H; H-8), 2.08 (m,
1H; H-15), 1.04 (d, J=6.5 Hz, 3H; H-16), 0.92 (d, /=6.5 Hz, 3H; H-17).

Phenylmethyl  (S,5)-2-{4-[1-(Phenylmethyloxycarbonyl)-2-phenylethyl-
amino |-1H-indol-3-yl}-1-(hydroxymethyl)ethylcarbamate (18c): Accord-
ing to the procedure described for the synthesis of 18a, phenylmethyl
(R)-2-hydroxy-3-phenylpropanoate (0.31 mg, 1.22 mmol) was allowed to
react with trifluoromethanesulfonic acid anhydride (0.22 mL, 1.35 mmol)
and 2,6-lutidine (0.39 mL, 3.67 mmol) in dry CH,Cl, (6 mL) at —78°C.
Then a solution of amino alcohol 16 (0.41 g, 1.20 mmol) in CH,Cl, (6 mL)
was added dropwise to the solution of the formed triflate (R)-17¢. The
reaction mixture was stirred at room temperature for 22 h and the solution
was concentrated and purified by chromatography using EtOAc/hexane
(3:2) as eluent to afford 18¢ (0.58 g, 84 %) as an oil. R;=0.40 (silica gel,
EtOAc/hexane, 1:1); [a]ly —24.3 (¢=0.78, EtOH); FT-IR (neat): ¥,,,,=
3399, 2923, 1707, 1513, 1215, 1158, 735, 699 cm~'; '"H NMR (500 MHz,
CDCly): 6 8.04 (brs, 1H), 7.39-7.14 (m, 15H), 6.96 (t, /=8.0 Hz, 'H), 6.93
(brs, 1H), 6.83 (d, J=8.0 Hz, 1H), 6.23 (d, /=75 Hz, 1H), 5.50 (brd, /=
8.0 Hz, 'H), 5.39 (brs, 1H), 5.13 (m, 2H), 5.06 (m, 2H), 4.51 (t, /= 6.5 Hz,
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1H),3.75 (m, 1 H), 3.59 (m, 1 H), 3.49 (m, 1 H), 3.20 (m, 2H), 3.09 (m, 2H);
13C NMR (125 MHz, CDCL): 6 174.1, 156.3, 140.9, 137.6, 136.6, 136.4, 135.1,
129.4,129.4,128.6,128.6, 128.6, 128.6, 128.6, 128.5, 128.5, 128.5, 128.5, 128.5,
128.1,128.1,1270,123.1,122.3,116.5, 111.5, 103.4, 101.7, 67.2, 66.7, 61.8, 58.1,
55.6, 38.8, 28.4; MS (FAB): m/z: 578 [M*+1] (70), 577 [M*] (40), 488 (10),
444 (50), 185 (55), 133 (30), 93 (50), 91 (100); HRMS (FAB) calced for
CusHagN,05 [M*++1]: 5782655, found: 578.2597.

(—)-NB-Desmethyl-C'>-desisopropyl-C'>-methylindolactamV  ((—)19a):
10% Palladium on carbon (18 mg) and (+)-camphorsulfonic acid ((+)-
CSA) (18 mg) were added to a solution of 18a (105 mg, 0.21 mmol) in
MeOH (3.5 mL) and the mixture was stirred under a H, atmosphere for 5 h.
The reaction mixture was filtered through Celite and the solvent removed
by evaporation to give a solid which was dissolved in DMF (5 mL). To this
stirred solution was added hydroxybenzotriazole (32 mg, 0.21 mmol), N-
methylmorpholine (0.08 mL, 0.73 mmol), and (1-benzotriazoloxy-bis-di-
methylamino) tetrafluoroborate (132 mg, 0.42 mmol), and the solution was
stirred at room temperature for 16 h. Evaporation of the solvent gave a
residue that was dissolved in EtOAc. The solution was washed with water,
saturated sodium bicarbonate, brine, and dried over Na,SO,, and
concentrated to give an oil. The desired compound was purified by
chromatography with AcOEt/MeOH as an eluent (9:1) to afford 19a
(47 mg, 87 %) as an amorphous solid R;=0.40 (silica gel, EtOAc/MeOH,
9:1); [a]y) —114 (¢=0.98, EtOH); FT-IR (neat): 7,,, =3305, 2931, 1645,
1502, 1084, 1059, 748 cm™!; '"H NMR (500 MHz, CD;OD, only twist): d =
7.03 (d, J=8.0 Hz, 'H), 6.95 (m, 2H, H-2), 6.65 (dd, /=75, 0.5 Hz, 1H),
5.25 (brs, 1H), 4.16 (q,/ =70 Hz, 1H), 3.69 (dd, /=115, 4.5 Hz, 1H), 3.59
(dd,J=11.5,70 Hz, 1H), 3.08 (dd, J=15.5, 6.0 Hz, 1H), 2.98 (dd, / = 16.0,
9.0 Hz, 1H), 1.53 (d, /=7.0 Hz, 3H); C NMR (125 MHz, CD;OD): 6
178.6, 142.7, 140.9, 124.5, 122.9, 122.8, 114.2, 112.3, 108.1, 65.9, 63.1, 55.0,
31.3,18.9; MS (EI): m/z:260 [M+1] (37),259 [M*] (75), 173 (25), 172 (70),
171 (45), 158 (20), 157 (70), 156 (25), 130 (25), 116 (35), 91 (10), 72 (100), 44
(35); HRMS (EI): calcd for C,,H,,N;0, [M*]: 259.1321, found: 259.1302.

(—)-NB-Desmethylindolactam-V (19b):I') According to the procedure
described for the synthesis of 19a, 10 % palladium on carbon (12 mg) and
(+)-CSA (12 mg) were added to a solution of 18b (83 mg, 0.156 mmol) in
MeOH (2.6 mL), and the mixture stirred under H, atmosphere for 5 h.
After filtration and evaporation, the residue was allowed to react with
hydroxybenzotriazole (24 mg,  0.156 mmol),  N-methylmorpholine
(0.058 mL, 0.54 mmol), and (1-benzotriazoloxy-bis-dimethylamino) tetra-
fluoroborate (100 mg, 0.31 mmol) in DMF (4 mL) at room temperature for
24 h. Work-up and column chromatography (EtOAc/MeOH, 9:1) afforded
19b (37 mg, 83%) as an amorphous solid. R;=0.60 (silica gel, EtOAc/
MeOH, 9:1); [a]® —70 (¢ =0.91, EtOH) (ref.”) [a]¥ —76); FT-IR (Film):
Tmax = 3305, 2958, 2928, 2872, 1650, 1501, 1350, 1258, 1049, 747 cm™!;
'"H NMR (500 MHz, CD;OD, twist:sofa, 3:1): twist conformer: 6 =7.03 (d,
J=8.0Hz, 1H; H-7), 6.96 (m, 1 H; H-2), 6.95 (t,/=8.0 Hz, 1 H; H-6), 6.67
(d,/=75Hz, 1H; H-5),5.10 (brs, 1H; H-9),3.71 (dd, /=11.0, 5.0 Hz, 1 H;
H-14),3.63 (dd, /=11.0,7.0 Hz, 1H; H'-14), 3.56 (d, J =9.5 Hz, 1 H; H-12),
3.14 (dd, J=15.5, 6.5 Hz, 1H; H-8), 2.98 (dd, /=16.5, 10.5 Hz, 1H; H'-8),
2.28 (m, 1H; H-15), 1.23 (d, /= 6.5 Hz, 3H; H-16), 1.03 (d, /= 6.5 Hz, 3H;
H-17); BC NMR (125 MHz, CD;0D): 6 =177.5, 142.2, 140.8, 124.6, 123.5,
122.9,114.9,111.9,108.2, 66.2, 55.1, 38.9, 32.6, 30.8, 20.7, 20.6; MS (EI): m/z:
288 [M*+1] (15), 287 [M*] (100), 256 (3), 213 (3), 201 (20), 200 (20), 198
(20), 171 (10), 157 (95), 149 (35), 130 (10), 73 (40), 43 (70); HRMS (EI):
caled for CH,;N;0, [M*]: 287.1634, found: 287.1645.

(—)-NB-Desmethyl-C">-desisopropyl-C'>-phenylmethylindolactam V

(19¢): According to the procedure described for the synthesis of 19a above,
10% palladium on carbon (60 mg) and (+)-CSA (60 mg) were added to a
solution of 18 ¢ (0.394 g, 0.68 mmol) in MeOH (11 mL) and the mixture was
stirred under a H, atmosphere for 5 h. After filtration and evaporation the
residue was allowed to react with hydroxybenzotriazole (90 mg,
0.68 mmol), N-methylmorpholine (0.23 mL, 2.04 mmol), and (1-benzotria-
zoloxy-bis-dimethylamino) tetrafluoroborate (0.382 mg, 1.36 mmol) in
DMF (17mL) at room temperature for 15h. Work-up and column
chromatography (EtOAc/MeOH, 25:1) afforded 19¢ (176 mg, 77%) as
an amorphous solid. R;=0.40 (silica gel, EtOAc/MeOH, 25:1); [a]®
—100.3 (¢=0.90, CHCl;); FT-IR (neat): #,,,, = 3350, 3026, 2963, 1636, 1492,
1454, 1262, 1098, 1050, 802, 749 cm~!; 'H NMR (500 MHz, CD;OD,
twist:sofa, 7:1): twist conformer: 0 =7.39-7.23 (m, 5H), 7.02 (dd, J=38.0,
1.0 Hz, 'H), 6.96 (s, 1H), 6.89 (t, /=8.0 Hz, 1H), 6.44 (dd, /=75, 0.5 Hz,
1H), 5.30 (m, 1H), 4.16 (t, /=7.5 Hz, 1H), 3.60 (dd, /=11.3, 5.0 Hz, 1H),
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3.50 (dd, J=11.3,7.0 Hz, 1H), 3.31 (dd, J=13.5, 6.5 Hz, 1H), 3.18 (dd, /=
13.5,8.0 Hz, 1H), 3.13 (dd, J=15.5,6.5 Hz, 1H), 2.97 (dd, = 15.5,11.5 Hz,
1H); “C NMR (125 MHz, CD;0D): 6 =177.9, 141.8, 140.8, 139.0, 130.5,
130.5, 129.7, 129.7, 1279, 124.7, 123.3, 122.8, 114.5, 111.9, 108.4, 69.8, 66.1,
55.1,40.4,30.9; MS (EI): m/z: 335 [M*] (100), 247 (10), 201 (10), 157 (70),
116 (20), 91 (10), 72 (40), 44 (8); HRMS (EI): caled for C,H,N;O, [M*]:
335.1634, found: 335.1646.
(R)-4-(N-tert-Butyloxycarbonyl)amino-N-phenylacetyltryptophan methyl
ester (20): The combined organic layers resulting from the work-up of the
enzymic resolution of 12 were washed with brine, and dried (Na,SO,), and
concentrated to give a residue (2.49 g) which was dissolved in CH,Cl,
(45mL) at room temperature. To this solution diazomethane (1M in
CH,Cl,, 30 mL) at —78°C was added and the solution was stirred for
30 min at room temperature, and then degassed with argon, the solvent was
evaporated under reduced pressure and the crude residue was purified by
chromatography on silica gel using hexane/AcOEt (1:1) as eluent affording
methyl ester 20 (1.42 g, 41 %, two steps) as an amorphous solid. R;=0.40
(silica gel, hexane/AcOEt, 1:1); [a] +19.7 (c=0.45, EtOH); IR (KBr):
Tmax = 3303, 3062, 2950, 1733, 1700, 1660, 1516, 1248, 1164, 745 cm™;
'H NMR (500 MHz, CDCl;): 6 =8.18 (s, 1H), 7.25 (m, 3H), 7.18 (m, 3H),
7.10 (m, 2H), 6.78 (s, 1H), 6.63 (s, 1H), 6.28 (brd, J=7.5 Hz, 1H), 4.83 (m,
1H), 3.70 (s, 3H), 3.52 (m, 2H), 3.35 (dd, J=15.0, 5.0 Hz, 1H), 3.25 (dd,
J=15.0,8.0 Hz, 1H), 1.53 (s, 9H); *C NMR (125 MHz, CDCl;): § =172.4,
171.3,155.0, 137.6, 134.6, 129.3, 129.3, 128.6, 128.6, 128.6, 127.1, 123.7, 122.1,
121.8, 116.5, 109.4, 108.8, 80.5, 53.8, 52.4, 43.3, 28.4, 28.4, 28.4, 28.0; MS
(EI): m/z 452 [M*+1] (3), 451 [M*] (10), 352 (7), 351 (30), 242 (8), 216 (12),
189 (20), 145 (100), 91 (19), 56 (20), 43 (33), 41 (39); HRMS (EI): calcd for
C,sH9N;O5 [MF]: 451.2107, found 451.2095.
(R)-4-Amino-N-phenylacetyltryptophan methyl ester (21): According to
the procedure described above for amino compound 15, to a suspension of
20 (1.14 g, 2.61 mmol) and 1,3-dimethoxybenzene (0.55 mL), was added at
room temperature CF;COOH (25mL) to provide after work-up and
column chromatography (hexanes/EtOAc, 1:1) amino alcohol 21 (0.81 g,
91 %) as a white foam. R;=0.25 (silica gel, EtOAc/hexanes, 1:1); [a]} —4.8
(¢=0.81, EtOH); IR (KBr): #,,,=3373, 3030, 2951, 1738, 1657, 1218,
737 cm~'; 'TH NMR (400 MHz, CDCl;): 6 =7.98 (brs, 1H), 749 (brd, /=
7.0 Hz, 'H), 7.30 (m, 3H), 7.15 (m, 2H), 7.01 (t, /=70 Hz, 1 H), 6.89 (d, /=
8.0 Hz, 1H), 6.77 (s, 1H), 6.37 (d, /=75 Hz, 1H), 4.72 (q, /=70 Hz, 1H),
3.88 (brs,2H), 3.72 (s, 3H), 3.53 (s, 2H), 3.31 (d, /=70 Hz, 2H); ®*C NMR
(100 MHz, CDCl;): 6 =172.6, 171.6, 139.1, 137.8, 134.7, 129.5, 129.5, 128.7,
128.7,127.0, 122.9, 122.3, 117.2, 109.7, 107.3, 103.9, 55.3, 52.2, 43.4, 28.9; MS
(EI): m/z: 352 [M*+1] (8), 351 [M*] (40), 216 (9), 157 (8), 146 (10), 145
(100), 91 (12); HRMS (EI): caled for C,H, N;O; [M*]: 351.1583, found:
351.1593.
(R)-[2-(4-Amino-1H-indol-3-yl)-1-(hydroxymethyl)ethyl]phenylacetamide
(22): According to the procedure described above for amino alcohol 16, to
a solution of methyl ester 20 (0.675 g, 1.92 mmol) in dry THF (2 mL) was
added LiBH, (2™ in THF, 1.1 mL, 2.21 mmol). The solution was stirred for
1h at room temperature and for a further 1 h at reflux to provide after
work-up and column chromatography with EtOAc as eluent amino alcohol
22 (0.558 g, 90 %) as a white foam. R;=0.3 (silica gel, EtOAc); [a]l —4.9
(¢=0.66, EtOH); IR (KBr): 7, =3372, 3061, 2935, 1645, 1507, 1038,
732 cm™'; 'TH NMR (500 MHz, CDCLy): 6 =8.39 (brs, 1H), 7.29-7.23 (m,
3H),715-7.13 (m,2H), 6.95 (t,/ =8.0 Hz, 1 H), 6.89 (brd, J=9.5 Hz), 6.83
(d, J=8.0Hz, 1H), 6.66 (d, J=2.5Hz, 1H), 6.34 (d, /=175 Hz, 1H), 423
(brs, 3H), 3.97 (m, 1H), 3.51 (dd, J=11.5, 3.5 Hz, 1H), 3.47 (s, 2H), 3.40
(dd,J=11.0,4.0 Hz, 1H), 3.11 (dd, /] =14.5, 6.0 Hz, 1 H), 2.88 (dd, / = 14.5,
9.0 Hz, 1H); *C NMR (125 MHz, CDCL): ¢ 171.8, 139.2, 1379, 134.9,
129.3,129.3, 128.8, 128.8, 127.1, 122.8, 122.6, 117.5, 110.8, 107.4, 104.1, 62.5,
54.1,43.6,27.6; MS (EI): m/z: 324 [M*+1] (12), 323 [M*] (75), 188 (40), 157
(8), 146 (18), 145 (100), 91 (20), 58 (12), 43 (38); HRMS (EI): calcd for
CoH,;N;0, [M*]: 323.1634, found: 323.1623.
(R,R)-2-{4-[1-(Phenylmethyloxycarbonyl)ethylamino]-1H-indol-3-yl}-1-
(hydroxymethyl)ethylphenylacetamide (23): According to the procedure
described for the synthesis of 18a above, phenylmethyl (S)-2-hydroxy-3-
phenylpropanoate (0.233 g, 1.27 mmol) was allowed to react with trifluoro-
methanesulfonic acid anhydride (0.232 mL, 1.39 mmol) and 2,6-lutidine
(0.41 mL, 3.81 mmol) in dry CH,Cl, (5mL) at 0°C. Then a solution of
amino alcohol 22 (0.4 g, 1.24 mmol) in CH,Cl, (5 mL) was added dropwise
to the solution of triflate (—)-17 a. The reaction mixture was stirred at room
temperature for 2 h, concentrated, and purified by chromatography using
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EtOAc as an eluent affording 23 (0.49 g, 83 %) as an amorphous solid. R;=
0.50 (silica gel, EtOAc); [a] —10.4 (¢ =1.00, EtOH); FT-IR (neat): ¥, =
3395, 3063, 3031, 2926, 1734, 1653, 1513, 1159, 730 cm™!; 'H NMR
(500 MHz, CDCl;): 6=8.21 (brs, 1H), 7.36-7.18 (m, 10H), 6.96 (t, J=
8.0 Hz, 'H), 6.85 (d,/=8.0 Hz, 1H), 6.76 (d, J=2.5 Hz, 1H), 6.43 (brd,J =
8.0 Hz, 'H), 6.22 (d, /=75 Hz, 1H), 5.15 (m, 2H), 4.26 (q, J =7.0 Hz, 1H),
4.03 (m, 1H), 3.60 (dd, J=11.0,3.0 Hz, 1H), 3.51 (s, 2H), 3.48 (dd, J = 11.0,
3.5 Hz, 1H), 3.08 (m, 2H), 1.52 (d, /=7.0 Hz, 3H); C NMR (125 MHz,
CDCly): 6 =176.0, 171.2, 140.7, 1377, 135.4, 135.0, 129.3, 129.3, 128.8, 128.8,
128.6, 128.6, 128.5,128.3,128.3, 127.1,123.0, 122.5, 116.7, 111.0, 103.8, 102.0,
671, 62.5, 54.3, 52.6, 43.8, 28.0, 18.8; MS (EI): m/z 486 [M*+1] (25), 485
[M*](100), 378 (5), 365 (8), 350 (60), 197 (20), 171 (58), 157 (20), 91 (95), 43
(22); HRMS (EI): caled for C,yH;N;O, [M*]: 485.2314, found: 485.2299.

(+)-NB-desmethyl-C-desisopropyl-C2-methylindolactam V ((+)19a): A
solution of phenylacetamide 23 (92 mg, 0.190 mmol) in EtOH/KOH (2™ in
H,0) (1:1) (12 mL) was refluxed for 17 h. After cooling to room temper-
ature the EtOH was evaporated in vacuo, and the pH of the resulting
aqueous mixture was adjusted to pH=1.5 by slow addition at 0°C of
concentrated HCIl. The mixture was diluted with H,O and washed with
AcOEt. The aqueous phase was concentrated to give a solid residue which
according to the procedure described above for the synthesis of 19a, was
allowed to react with hydroxybenzotriazole (57 mg, 0.430 mmol), N-
methylmorpholine (0.44 mL, 1.94 mmol), and (1-benzotriazoloxy-bis-di-
methylamino) tetrafluoroborate (123 mg, 0.40 mmol) in DMF (5.5 mL) at
room temperature for 22h. Work-up and column chromatography
(EtOAc/MeOH, 9:1) afforded (+)-19b (39 mg, 77%) as an amorphous
solid. [a]® +123 (¢ =0.75, ethanol).

Conjugate (25a): A solution of (—)-19a (210 mg, 0.81 mmol), 24 (195 mg,
0.89 mmol), and para-toluenesulfonic acid (PTSA) (recrystallized from
AcOEt and dried) (170 mg, 0.89 mmol) in dry CH,Cl, (10 mL) was heated at
40°C for 1 h. After cooling to room temperature the reaction mixture was
poured into AcOEt and washed with saturated aqueous NaHCOs;, and dried
over Na,SO,, and concentrated. The crude mixture was purified by chroma-
tography using EtOAc/hexane (2:3) as an eluent to afford 25a (100 mg,
25%) as a mixture of two diastereoisomers (ratio ca. 2:1) and unreacted
(—)-19a (145 mg, 69 %). 25a: FT-IR (neat): 7,,,, = 3344, 3033, 2949, 2871,
1747, 1654, 1499, 1456, 1197, 1172, 1126, 1084, 1035, 751, 698 cm~'; MS (EI):
m/z: 479 [M*+2] (20), 477 [M*] (60), 401 (20), 343 (2), 259 (25), 258 (15),
218 (40), 172 (80), 171 (45), 157 (40), 127 (70), 91 (100), 83 (40), 55 (20);
HRMS (EI): caled for C;;H;N;O5 [M*]: 4772264, found: 477.2275.

Conjugate (25b): According to the procedure described above for the
synthesis of 25a, a solution of 19b (35 mg, 0.118 mmol), 24 (31 mg,
0.142 mmol), and PTSA (36 mg, 0.142 mmol) in dry CH,Cl, (3.5 mL) was
heated under an argon atmosphere at 40°C for 1 h. After work-up and
chromatographic purification using EtOAc/hexane (3:2) as an eluent
unreacted 19b (8.4 mg, 35%) and 25b (31 mg, 50 %) was obtained as a
mixture of two diastereoisomers (ratio ca. 2:1). 25b: FT-IR (neat): 7,,,,=
3350, 3034, 2955, 2870, 1747, 1656, 1499, 1456, 1197, 1170, 1129, 1036, 750,
698 cm~!; MS (EI): m/z: 506 [M*+1] (20), 505 [M*] (100), 287 (20), 286
(15), 200 (35), 199 (20), 157 (70), 156 (10), 130 (10), 91 (65), 43 (20); HRMS
(ED): caled for C,yH3sN305 [M*]: 505.2577, found: 505.2597.

Conjugate (25¢): According to the procedure described above for the
synthesis of 25a, a solution of 19¢ (125 mg, 0.373 mmol), 24 (98 mg,
0.447 mmol), and PTSA (78 mg, 0.41 mmol) in dry CH,Cl, (13 mL) was
heated under an argon atmosphere at 40°C for 1 h. After work-up and
chromatographic purification using EtOAc/hexane (3:2) as an eluent
unreacted 19¢ (37 mg, 29%) and 25¢ (140 mg, 68 %) was obtained as a
mixture of two diastereoisomers (ratio ca. 2:1). 25¢: FT-IR (neat): ¥, =
3354, 3031, 2951, 2870, 1746, 1658, 1497, 1455, 1262, 1198, 1034, 750,
700 cm~'; MS (EI): m/z: 553 [M*] (80), 477 (3), 417 (5), 335 (35), 248 (15),
247 (20), 183 (15), 157 (100), 155 (20), 91 (80), 43 (50); HRMS (EI): calcd
for C33H;sN;O5 [M*]: 553.2577, found: 553.2560.

General procedure for solid-phase synthesis: Parallel solid-phase synthesis
was performed with a FlexChem reaction block (Robbins Scientific). For
compounds 32/1-5, reactions carried out on solid phase were monitored by
TLC and/or '"H NMR analysis of the product obtained upon acidic cleavage
from the resin and yields of the four-step solid-phase sequence refer to the
mass balance after cleavage, work up and chromatographic purification.
Compounds 32/6-31 were characterized using HPLC and flow injection
ESI-MS. Yields refer to the contents by analytical HPLC performed on a
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HP1100 instrument using a ProntoSil 120-3-C18 AQ column (250 x
2.1 mm, 3 um, Bischoff®) and a gradient from 90% aqueous media
(0.05% HCOOH) to 100% CH;CN (0.05% HCOOH) as eluent at a flow
rate of 0.3mLmin"' with UV detection at 190-400 nm range. All
compounds biologically tested were purified by flash chromatography.
All compounds were isolated in multi milligram amounts (typically 5-
20 mg).

Attachment of conjugate 25a to the Merrifield resin: 10 % palladium on
carbon (12mg) was added to a solution of conjugate 25a (84 mg,
0.176 mmol) in MeOH (6 mL), and the resulting mixture was stirred under
a H, atmosphere for 1.5 h. Then the mixture was filtered through Celite,
concentrated, and dried under high vacuum to afford a white solid. The
solid was dissolved in DMF (4 mL) and chloromethylpolystyrene resin
(1.24 mmol g~', 128 mg, 0.16 mmol), Cs,CO; (156 mg, 0.48 mmol), and KI
(13.2 mg, 0.08 mmol) were added under an argon atmosphere. The
resulting mixture was stirred gently over 28 h at 80°C. Then the suspension
was poured into a fritted funnel, washed with DMF, DMF/H,0 (1:1), DMF,
MeOH, and CH,Cl, and dried under vacuum to constant weight to furnish
resin 26a (156 mg). The IR-spectroscopic analysis of the resin shows
intensive signals at v=3431 (3N -H), 1746 (C=0, ester), 1666 cm~!' (C=0,
amide). Determination of the loading level based on recovered starting
material: the combined filtrates were concentrated and allowed to react
with benzyl bromide (excess) and CO;Cs, (excess) in DMF (2 mL) at room
temperature for 15 h to afford after work-up and column chromatography
pure 25a (8 mg, 0.017 mmol; 0.156 mmol 25a attached to 156 mg of 26a,
1 mmol g, 81 % for coupling yield). Determination of the loading level by
gravimetry: a sample of resin 26a (12 mg) was treated with CF;COOH/
H,0 (95:5) (0.5mL), and the resulting mixture was shaken at room
temperature for 0.5 h. The mixture was filtered, washed with CH,Cl,, and
concentrated. The residue was taken up in AcOEt, and the solution was
washed with saturated aqueous NaHCO,;, dried over Na,SO,, and
concentrated. The crude mixture was purified by chromatography using
EtOAc/MeOH (9:1) as eluent to afford 3 mg of pure 19a (loading level:
1 mmolg, 81 % for coupling yield).

Attach t of conjugates 25b, c to the Merrifield resin: According to the
procedure described above for the synthesis of 26 a, conjugates 25b and 25¢
afforded resins 26b and 26 ¢ with loadings levels of 0.90 and 0.95 mmol g~!
respectively.

General reductive amination procedure: A solution of aldehyde 27
(5.0 equiv) in DMF (1% HOACc) (3 mL per 0.04 mmol of 27) was added
to dried resin 26 (1.0 equiv). The suspension was gently stirred for 1 h after
which NaBH(OACc); (5.0 equiv) was added. The suspension was gently
stirred for 35 h, and CH;OH was added to the resin to quench the excess of
reducing reagent and dissolve the borate salts. The suspension was filtered,
washed with DMF, DMF/H,0 (1:1), THF, and CH,Cl,, and dried to
constant weight in vacuo to afford 28.

General iodination procedure: To a suspension of resin 28 (1.0 equiv) in dry
dioxane/pyridine (1:1) (1 mL per 0.025 mmol of 28) was added doubly
sublimated iodine (3 equiv) and the reaction was gently stirred at 0°C for
1 h. The suspension was poured into a fritted funnel, and the resin was
washed with dioxane, DMF/Na,S,0; (aq.3 %) (1:1), DMF/H,O (1:1), DMF,
THF, and CH,Cl, and dried to constant weight in vacuo to afford 29.

General Sonogashira coupling procedure: To resin 29 (1.0 equiv) was
added dioxane/Et;N (2:1) (1 mL per 0.01 mmol of 29), Cul (0.4 equiv) and
alkyne 30 (8.0 equiv), and the resulting suspension was degassed for 10 min.
Bis(triphenylphosphane)palladium(ir) chloride (0.2 equiv) was added and
the reaction mixture was shaken at room temperature for 15h. The
suspension was filtered and the resin was washed with dioxane, H,O, DMF/
H,O (1:1), DMF, MeOH, and CH,Cl,, and dried to constant weight in
vacuo to afford 31.

Cleavage of polymer-bound teleocidin analogues: To resin 31 (1.0 equiv)
was added CF;COOH/H,O (95:5) (1 mL/0.01 mmol of 31) and the
resulting mixture was shaken at room temperature for 1 h. The mixture
was filtered, washed with CH,Cl, and concentrated. The residue was
diluted with AcOEt, washed with saturated aqueous NaHCO;, dried over
Na,SO,, and concentrated. For compounds 32/1,5 the crude mixture was
purified by chromatography using EtOAc/hexane mixtures as an eluent to
afford 32.
(—)-N'-Desmethyl-C"-desisopropyl-N'*-pentyl-C'>-phenylmethyl-7-phe-
nylethanoyl indolactam V (32/1): Overall yield for four steps: 40 %, based
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on 26¢ loading level: 0.95 mmolg~!; R;=0.45 (silica gel, EtOAc/hexane,
1:1); [a]® —148 (c=0.07, CHCL); FT-IR (neat): 7, = 3413, 3062, 3027,
2929, 2868, 1661, 1574, 1502, 1293, 1146, 1080, 799, 722 cm~'; 'H NMR
(250 MHz, CDCl,): 6 10.67 (s, 1H), 7.56 (d, J=9.5 Hz, 1H), 7.30-7.20 (m,
5H), 6.88 (m, 6H, H-2), 6.58 (s, 1H), 6.18 (d, /=9.5Hz, 1H), 5.13 (t, /=
7.5 Hz, 1H), 4.36 (m, 1H), 427 (d, J=14.5 Hz, 1H), 4.15 (d, J=14.5 Hz,
1H), 3.69 (m, 1H), 3.6-3.4 (m, 2H), 3.31 (dd, /=12.5, 8.0 Hz, 1H), 3.12
(m, 1H), 2.99 (brs, 2H), 2.88 (dd, /=13.5, 7.5 Hz, 1H), 1.81 (brs, 1H),
1.60-1.45 (m, 2H), 1.3-1.15 (m, 4H), 0.81 (m, 3H); HRMS (EI): calcd for
C;3Hy; N3O, [MF]: 523.2835, found: 523.2849.
(—)-NB-Desmethyl-C'>-desisopropyl-N"*-pentyl-C'?-phenylmethyl-7-pen-
tanoyl indolactam V (32/2): Overall yield for four steps: 50 %, based on 26 ¢
loading level: 0.95 mmolg~'; R,=0.50 (silica gel, EtOAc/hexane 1:1); [a]¥
—174 (¢=0.05, CHCL); FT-IR (neat): 7,,, = 3408, 3087, 3063, 3026, 2956,
2857, 1665, 1575, 1540, 1454, 1345, 1221, 1154, 1078, 798, 733, 699 cm™!;
'HNMR (500 MHz, CDCl,): 6 =10.77 (s, 1 H), 7.54 (d,J = 8.5 Hz, 1 H), 7.01
(m, 5H), 6.96 (s, 1H), 6.26 (s, 1H), 6.26 (d, J=8.5Hz, 1H), 5.20 (t, J=
8.5 Hz, 1H), 4.46 (m, 1H), 3.76 (dd, J=10.5, 4.0 Hz, 1H), 3.57 (m, 2H),
3.38 (dd, J=14.0, 8.0 Hz, 1 H), 3.19-2.90 (m, 6 H), 2.35 (t,/=7.5 Hz, 1H),
1.75 (quint., J =7.5 Hz, 2H), 1.67 (m, 2H), 1.43 (sext., /=75 Hz, 2H), 1.30
(m, 4H), 0.97 (t, J=75Hz, 3H), 0.86 (m, 3H); HRMS (EI): calcd for
C3H3oN;0; [M*]: 489.2950, found: 489.2991.
(—)-N"-Desmethyl-C"2-desisopropyl-N"-isobutyl-C'>-methyl-7-phenylme-
thylindolactam V (32/3): Overall yield for four steps: 43 %, based on 26a
loading level: 1.0 mmolg~!; R;=0.45 (silica gel, EtOAc/hexane, 3:1); [a]®
—223 (¢=0.02, CHCL;); '"H NMR (500 MHz, CDCl;): 6 =10.78 (s, 1H),
7.84 (d,J=8.5Hz, 1H), 732 (m, 5H), 6.99 (s, 1 H), 6.57 (s, 1H), 6.53 (d, J =
8.5 Hz, 1H), 492 (q, J=8.0 Hz, 1 H), 4.65 (m, 1H), 4.32 (s, 1H), 3.79 (dd,
J=11.5, 45 Hz, 1H), 3.59 (t, J=11.5Hz, 1H), 3.42 (d, J=13.5Hz, 1H),
3.10 (m, 2H), 2.59 (t, J=13.5Hz, 1H), 1.98 (m, 1H), 1.24 (d, /=75 Hz,
3H), 0.95 (d, /=8.0Hz, 3H), 0.85 (d, /=75Hz, 3H); MS (MALDI):
C3,H;3N;0; [M*]: 433.
(—)-NB-Desmethyl-C'>-desisopropyl-N-isobutyl-C'2-methyl-7-pentanoyl-
indolactamV (32/4): Overall yield for four steps: 47 %, based on 26a
loading level: 1.0 mmolg™'; R;=0.50 (silica gel, EtOAc/hexane, 3:1);
'"HNMR (250 MHz, CDCl;): 6 =10.73 (s, 1H), 7.68 (d,/ = 8.5 Hz, 1 H), 6.95
(s, 1H), 6.66 (s, 1H), 6.47 (d, J=8.0 Hz, 1H), 4.88 (q, / =8.0 Hz, 1 H), 4.62
(m, 1H), 3.73 (m, 1 H), 3.56 (m, 1H), 3.37 (m, 1 H), 3.15-2.85 (m, 6 H), 1.90
(m, 1H), 1.75 (m, 2H), 1.38 (sext., J =7.5 Hz, 2H), 1.20 (d, / =7.5 Hz, 3H),
0.91 (t,J =75 Hz,3H), 0.81 (m, 6H); MS (MALDI): C,yH3yN;0; [M*]: 399.
(—)-NB-Desmethyl-N3-ethyl-7-pentanoylindolactam V  (32/5): Overall
yield for four steps: 20 %, based on 26b loading level: 0.9 mmolg™!; R;=
0.45 (silica gel, EtOAc/hexane, 4:1); 'H NMR (500 MHz, CDCl;): 6 =10.87
(s, 1H), 7.71 (d, J=8.5 Hz, 1H), 7.00 (s, 1H), 6.83 (s, 1H), 6.56 (d, J=
8.5 Hz, 1H), 4.51 (d, J=10.5 Hz, 1H), 4.22 (m, 1H), 3.60 (m, 4H), 3.20-
3.00 (m, 2H), 2.96 (m, 2H), 2.62 (m, 1H), 1.75 (m, 2H), 1.45 (m, 2H), 1.10
(m,3H),0.93 (t,J/ =7.0 Hz,3H), 0.93 (d, J=7.5 Hz,3H), 0.59 (d,/ = 7.5 Hz,
3H); MS (MALDI): C;,HyN,0, [M*]: 433.
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Phthalocyaninodehydroannulenes

Michael J. Cook* and Martin J. Heeney!?!

Abstract: 4-Bromo- and 4,5-dibromo-
3,6-dibutoxyphthalonitrile have been
prepared and treated with 3,6-didec-
ylphthalonitrile in cross tetramerisa-
tion reactions in the presence of nickel
acetate to afford monobromo- and di-
bromo-dibutoxyhexadecylphthalocyani-
nato nickel(i) complexes. Sonogashira
and Stille coupling reactions on these
compounds displaced the bromine sub-
stituents by ethynyl groups. Oxidative
coupling of the monoethynyl derivatised
nickel phthalocyanine afforded a buta-

The corresponding coupling reaction of
the diethynylated phthalocyanine gave a
mixture of phthalocyaninodehydroan-
nulenes. Separation of the mixture yield-
ed the diphthalocyaninodehydro[12]an-
nulene as the major product. Electro-
spray mass spectrometry provides
evidence for its aggregation in solution.
The corresponding cyclic trimer, the

Keywords: annulenes - liquid crys-
tals - phthalocyanines - phthalocya-
ninoannulenes

triphthalocyaninodehydro[18]annulene,
has been identified as a minor product.
Both compounds show a large splitting
of the Q-band absorption in the visible
region spectrum. Most of the mononu-
clear phthalocyanine precursors exhibit
discotic liquid crystal behaviour. The
diphthalocyaninodehydro[12]annulene

also enters a mobile phase on heating,
but undergoes an irreversible change at
220°C. MALDI-TOF mass spectrome-
try of the product reveals that the
compound undergoes oligomerisation

diynyl-linked dinuclear phthalocyanine.

Introduction

Phthalocyanines (Pcs) are macrocyclic compounds whose 18t
electron system provides the basis for their remarkable
photophysical, optoelectronic and conductiometric proper-
ties.l'l The compounds have a characteristic bright blue-green
colour arising from an intense ;w—* transition in the visible
region, the Q-band, a property widely exploited for well over
60 years in the dye and pigment industry.?] More recently,
phthalocyanines have made an impact in “high tech” areas, as
exemplified by their use as the charge carriers in electro-
photographyl®! and as the dye component in optical data
storage systems.! Furthermore, their properties have been
identified as having potential for exploitation in a number of
other fields including gas sensing,’! photovoltaic cells,
optical limiting!”! and the photodynamic therapy of cancer.[®
The versatility of these macrocycles has led to the develop-
ment of more elaborate derivatives. In particular, attention
has been given to devising means whereby the m system is
extended or distorted. Compounds containing two Pc cores
that share a common benzene ring have been synthesised and
provide interesting, elongated planar structures.l’) The last few

[a] Prof. M. J. Cook, Dr. M. J. Heeney
School of Chemical Sciences, University of East Anglia
Norwich, NR4 7TJ (UK)
Fax: (+44)1603-592015
E-mail: m.cook@uea.ac.uk
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at this temperature.

years has also seen the successful application of palladium-
catalysed coupling reactions in phthalocyanine synthesis, and
this has provided access to alkynyl Pcsl'*!3l of which some
monoalkynyl derivatives!'® have been oxidatively coupled to
give “dinuclear” Pcs linked through an ethynyl or butadiynyl
moiety. Examples of some of these compounds and related
structures have interesting NLO effects.!

The research described herein exploits similar coupling
chemistry to synthesise yet more complex structures in which
Pc moieties are conjugated through fusion to a dehydroannu-
lene, a ring system which is currently attracting a resurgence
of interest in its own right.['> 1 The oxidative coupling step
(Scheme 1) provides a diphthalocyaninodehydro[12]annulene

>

Scheme 1. A schematic representation of the oxidative coupling of a
diethynylphthalocyanine into a dehydroannulene; » is an integer.

(n=1 in Scheme 1) as the major product. A minor product
has been identified as the corresponding triphthalocyanino-
dehydro[18]annulene (rn=2). Both compounds have been
shown to undergo oligomerisation, apparently by reaction at
the dialkynyl moiety.
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Results and Discussion
Synthesis

General considerations: The chemistry represented in
Scheme 1 requires a phthalocyanine that carries two adjacent
ethynyl groups on one of the four benzenoid rings. Hitherto,
Leznoff and co-workersl'? have reported the synthesis of an
octaalkynylphthalocyanine (with two alkynyl groups on all
four benzenoid rings) from dialkynylphthalonitrile, the latter
synthesised from the corresponding diiodophthalonitrile.
These authors commented upon the phthalocyanine’s pro-
pensity to self aggregate. In the present work, structure 1
(TMS-protected (1a, TMS = trimethylsilyl) or unprotected
(1b), Scheme 2) was designed as a key synthetic intermediate.
It has a number of substituent chains in the nonperipheral (1,
4,8, 11, 15, 18, 22, 25) sites designed both to limit aggregation
and to promote solubility in organic solvents.'”! As a model

OH OH
CN i) Br CN
—_—
CN Br CN
OH OH
5 ii) 6 \
OBu R OBu
Br CN CN CN
Br CN CN Br CN
OBu 7 R 9 OBu 8
N\ J U J
Y

3 X=Br 4
10 X = OBu
11 X = CCSiMe3

V) or vi) l

2 a R'=SiMes

1 a R'=SiMes b R=H

b R=H
Scheme 2. Synthetic pathway to the required diethynylated phthalocya-
nine intermediates 1a and 1b and the monoethynylated phthalocyanine
analogues 2a and 2b. R =decyl throughout. i) NBS, Na,S,0;. ii) DIAD,
Ph;P, BuOH. iii) K,CO;, Bul. iv) LiOBu/BuOH, (AcO),Ni.4H,0. v) For
3—1a (and 11) and 4—2a: HCC-SiMe;, [Pd(PPh;),CL], Ph;P, Cul.
vi) For 3— 1b and 4 — 2b: HCC-SnBuj;, [Pd(PPh;),].
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for the subsequent oxidative coupling reaction, we also
required the corresponding monoalkynyl phthalocyanines
2a and 2b. Access to 1 and 2 was sought from the
corresponding di- and mono-bromo analogues 3 and 4,
respectively (Scheme 2). Therefore, compounds 3 and 4
provided the first synthetic targets.

Synthesis of brominated Pcs 3 and 4: Compounds 3 and 4 are
examples of so-called 3:1 phthalocyanines, that is, derivatives
in which three of the benzenoid rings have common sub-
stituents and the fourth bears different substituents. Such
compounds can, in principle, be prepared by several meth-
ods;["* 81 here we have utilised the cross-cyclotetramerisation
approach, the reaction together of two appropriately sub-
stituted phthalonitriles. The precursors used for the synthesis
of 3 and 4 are outlined in Scheme 2. The synthetic pathway
commences with the bromination of 2,3-dicyanohydroqui-
none 5 to afford the dibrominated product 6. In our hands the
use of Guenther’s method,["” bromine in acetic acid, provided
a product which gave a low analysis for bromine. However,
bromination of 5 by using N-bromosuccinamide (NBS),?)
followed by sodium metabisulfite reduction of the 2,3-
dibromo-4,5-dicyanobenzoquinone so-formed, gave 6 in
66 % vyield. Alkylation of compound 6, unexpectedly and
fortuitously, provided access to both 7 and 8. Hence iodobu-
tane in the presence of potassium carbonate in methyl ethyl
ketone (MEK) gave a mixture of 7 (6%) and 8 (39 %). The
latter was formed exclusively (42 %) by delaying addition of
iodobutane to the basic solution. This implies that the role of
the base is to eliminate HBr from 6, presumably via its
tautomer. The resulting monobromobenzoquinone may then
be reduced back to the monobromohydroquinone, which then
undergoes conventional Williamson’s ether synthesis. Con-
ditions could not be found which favoured the formation of 7
over 8 in this type of alkylation reaction. Instead, compound 7
was obtained conveniently and in satisfactory yield (84 %)
from 6 by using Mitsunobu conditions.

Mixed cyclotetramerisation of 7 and 9 (R = C,,H,,),?! ratio
1:9, was undertaken by using lithium butoxide in butanol in
the presence of nickel acetate. Chromatographic separation
readily removed the self condensation product of 9, namely
1,4,8,11,15,18,22,25-octadecylphthalocyaninato nickel(i), as
the first fraction. The second fraction contained two compo-
nents which were separated on a second column. One proved
to be the required compound 3, identified by a cluster at
1714 D in the low-resolution FAB-mass spectrum, elemental
analysis and an 'H NMR spectrum, which were consistent
with the expected structure. The second was identified as
compound 10 on the basis of elemental analysis and the
MALDI-TOF mass spectrum. The latter gave a signal for the
molecular ion at 1707 D; FAB-MS showed a cluster corre-
sponding to [M — C,H,O]*. 3C NMR confirmed the presence
of three different butoxy groups in the molecule.

The formation of 10 was unexpected; phthalocyanines
formed from 3,6-dialkoxy-4,5-dichlorophthlonitrile show evi-
dence of ipso displacement of the alkoxy group by alkoxide
derived from the solvent, but not displacement of the
halogen.??l Attempts to convert 3 into 10 under the conditions
of the cyclotetramerisation reaction failed; this suggests that
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the butoxy group displaced the bromine atom on the
phthalonitrile 7 prior to cyclisation. Subsequent preparations
of 3 were performed by using either 0.5 equivalents of lithium
butoxide in butanol, or NH; in DMAE to suppress formation
of undesired 10. No evidence of bromide displacement was
found during the corresponding cross cyclotetramerisation of
8 and 9 to give 4 although not all components of the product
mixture were identified systematically.

Synthesis of ethynylated Pcs 1a, 1b, 2a and 2b: The
conversions of 3 and 4 into the ethynylated compounds were
investigated by using both the Sonogashira coupling meth-
0d,?! which led to the TMS-protected derivatives 1a and 2a
(TMS = trimethylsilyl), and the Stille procedure,?!! which led
directly to the unprotected compounds 1b and 2b.

Sonogashira coupling was first applied to 4 with Et;N as
solvent. The compound was treated with trimethylsilylethyne
(6 equivalents) at 80°C for 36 hours in the presence of
[Pd(PPh;),Cl,] (20mol%) and Cul (30 mol%) with addi-
tional catalyst added after 24 h. No cross coupling occurred.
However, change of solvent to THF/Et;N (5:1), an increase in
the amount of Cul (39 mol % ) and addition of PPh; satisfac-
torily converted 4 into the TMS-protected ethynyl Pc 2a. This
was obtained in 62 % yield after chromatographic purifica-
tion. The product gave a cluster corresponding to the
molecular ion at 1653 D in the FAB mass spectrum and a
'"H NMR signal at 6 =0.49 for the nine trimethylsilyl protons.
Stille coupling of 4 with tributyl(ethynyl)tin and [(Ph;P),Pd]
as catalyst, stabilised by added Ph;P and lithium chloride, was
less satisfactory, affording 2b in 48 % yield. The compound
was characterised by elemental analysis and 'H NMR spec-
troscopy.

The Sonogashira conditions used above were applied to the
conversion of 3 into 1a, but with only limited success. Despite
varying conditions, the required product la was never
obtained in a yield greater than 35% and was always
accompanied by the incompletely reacted compound 11.
Compound 1a was identified by a cluster at 1747 D in the
MALDI-TOF mass spectrum and a characteristic 18 proton
singlet in the "H NMR spectrum for the trimethylsilyl protons.
BC NMR spectroscopy provided further confirmation of the
structure. All 16 of the expected aromatic *C signals were
well resolved and the two ethynyl carbons gave signals at 6 =
104.74 and 100.97. Deprotection of 1a by using aqueous KOH
in THF/methanol medium afforded 1b in 79 % yield. This was
characterised by a cluster at 1606 D in the FAB mass
spectrum, elemental analysis and '"H and '3C NMR spectra,
which showed signals fully consistent with the structure given.

The Stille coupling procedure, used above, satisfactorily
converted 3 directly into 1b in 60 % yield. Hence, in this case
Stille coupling offered a significant improvement over the
Sonogashira method in terms of overall yield. Furthermore,
there was less difficulty in separating the fully and partially
coupled product, which required careful chromatography in
the case of the Sonogashira procedure.

In summary, the coupling methods described above pro-
vided satisfactory stocks of 2a and 1b for oxidative coupling
experiments.
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Oxidative coupling of 2a and 1b: Deprotection of 2a to give
2b and the subsequent copper-mediated coupling of 2b into
the butadiynyl-linked dinuclear phthalocyanine 12 (Scheme 3),

R R

R N‘N‘N OC4Hg

@X\
OC4H9 C4Hgo
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z
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l /]
C4H90 <~ Ns N
12X =
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C4HgO OC4Hg
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R N\—thj/N; OC4Hg  C4HeO N\Ni{\lN N

Scheme 3. Structures of compounds; R = decyl throughout. Compound 12
is obtained from 2a via 2b. Compounds 14 and 15 are recovered from the
oxidative coupling of 1b. Compound 13 is an intermediate in the
conversion of 1b into 14 and 15.

was undertaken in one pot. The preferred conditions utilised
potassium carbonate and copper(i) acetate in dry THF/
pyridine/methanol (3:1:1). Compound 12, obtained in 61 %
yield, gave a MALDI-TOF mass spectrum showing a cluster
at 3161 D and a satisfactory elemental analysis. The '"H NMR
spectrum ([D¢]benzene) was broadened at room temperature,
but aggregation was sufficiently disrupted at 50°C for the
spectrum at this temperature to show signals consistent with
the structure given. In particular the two types of butoxy
groups were apparent from the two triplets for the —CH,O
protons at d =5.03 and 4.46.

Though the synthesis of 12 was undertaken as a model study
for the main theme of the work, its isolation provided a novel
example for the limited number of butadiynyl-linked dinu-
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clear phthalocyanines currently known.[3] Tt is distinguished
from those reported previously during the development of
this class of compound by Torres’ group in so far as the
substitution pattern here ensures that the product is obtained
as a single isomer. The product also bears alkoxy groups,
substituents known to cause a bathochromic shift of the
Q-band. The Q-band is split: A,,,=702 and 752 nm. Split
Q-bands are expected for metallated macrocycles of lower
symmetry than D, /»! and are indeed observed for all of the
mononuclear precursor phthalocyanines prepared in this
study, see Table 1. However, for 12 the splitting is much
greater, compare with the precursor 2, 4,,,, =700 and 722 nm,

Table 1. UV/Vis spectroscopic data of solutions (in toluene).

2- and 3-substituents Amax [nm] (loge)

1a CCSiMes, CCSiMe, 732 (4.99), 702 (4.95)
1b CCH, CCH 729(4.99), 698 (4.88)
2a CCSiMe,, H 722 (5.09), 700 (5.02)
2b CCH, H 721 (5.07), 701 (5.01)
3 Br, Br 716 (5.10), 698 (5.03)
4 Br, H 714 (5.10), 700 sh.
10 Br, OBu 714 (5.21), 698 sh.
12 butadiynyl (dinuclear Pc) 752 (5.43), 702 (5.27)
14 dehydro[12]annulene 823 (5.32), 691 (4.93)
15 dehydro[18]annulene 780, 698l

[a] Insufficient material available for a quantitative evaluation of ¢.

Table 1. Large splittings have been reported for other
butadiynyl-linked dinuclear phthalocyanines with the notable
exception of a nickel-containing derivative.['3]

Oxidative coupling of 1b mediated by copper(l1) acetate in
THF/pyridine/methanol (4:4:1) was investigated over a vari-
ety of conditions and was monitored by visible-region
spectroscopy. Compound 1b exhibits a split Q-band absorp-
tion, A,.,=698 and 729 nm (Figure 1, top, line i). The
spectrum of the reaction mixture taken after 20 minutes at
50°C is broadened and there are prominent peaks at A, =
701 and 756 nm. These maxima are closely similar to the
Q-band absorptions of compound 12, see above, and are
consistent with the presence of the partially coupled inter-
mediate 13 (Scheme 3). Continuation of the reaction trans-
formed the spectrum and led to a new absorption at 822 nm.
The intensity of this band did not increase further after
48 hours (Figure 1, top, line ii). The same spectrum was also
obtained from the product mixture of a separate coupling
reaction of 1b (39 mg) after eight hours at 80°C. The crude
reaction products were filtered through silica (eluent: petrol/
THEF 9:1) to remove copper salts and polymeric material. The
MALDI-TOF mass spectrum showed clusters centred at
3206 D (100%), and lower intensity clusters at 4809 and
6412 D. These correspond to a cyclic dimer, trimer and
tetramer, that is, n =1, 2 and 3 in Scheme 1. Preparative size-
exclusion chromatography with Sephadex™ LH-20 did not
effect a satisfactory separation. However, a partial separation
over silica (petrol/THF 19:1) afforded a larger fraction
(9.5mg) and a smaller fraction (3.2 mg). A much smaller
third fraction was discarded.

Chem. Eur. J. 2000, 6, No. 21
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Figure 1. UV-visible spectra (toluene) measured in 1 mm pathlength cells.
Top: Line i): compound 1b; line ii): spectrum of the oxidative cross

coupling product from 1b after 48 h at 50°C. Middle: Spectrum of 14.
Bottom: Spectrum of 15.

The first fraction, 4,,,, =691 and 822 nm (Figure 1, middle),
gave a MALDI-TOF mass spectrum showing an isotopic
cluster at 3206 D which corresponds to a singly charged
molecular ion of the diphthalocyaninodehydro[12]annulene
(14, Scheme 3). Scanning to 6500 D gave no indication of
higher molecular weight species. The second fraction, A, =
698, 783, shoulder at 822 nm, gave two clusters in the
MALDI-TOF spectrum. The smaller one, about 15% of the
base peak, corresponds to 14 (accounting for the shoulder at
822 nm in the absorption spectrum). The base peak at 4809 D
corresponds to the cyclic trimerisation product 15. The
preferential formation of the dehydro[12]annulene derivative
14 over the trimerisation product 15 (Scheme 3) and other
higher molecular weight cyclisation products is in accord with
the results of oxidative couplings of other dialkyne sys-
tems.[1> 16]

A sample of 14 and the fraction that contained 15
contaminated with 14 were further examined by gel-perme-
ation chromatography (GPC). Compound 14 exhibited a
single peak, retention time 93.3 min, with M, =3430 and
M, =3373 (polystyrene equivalent molecular mass) to give a
polydispersity (M, /M,) of 1.02, which corresponds to a single
component. The mass data are in satisfactory agreement with
the expected molecular mass. The second fraction exhibited
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two peaks, retention times 90.3 min and 93.3 min, in an
approximate 8:1 ratio. The first peak corresponded to the
trimerisation product 15, with M,,=4909 and M, =4867 (M,/
M,=1.01), and was collected. The second peak corresponded
to the small amounts of 14 which had not been completely
separated from 15 by the earlier column chromatographic
purification.

Characterisation of the phthalocyaninoannulenes 14 and 15:
The high-resolution FT-ICR electrospray ionisation mass
spectrum of 14 in THF is shown in Figure 2 (top). The base

Monomer (+2)
8.0e+07 -
6.0e+07
Dimer (+3)
4.0e+07
2.0e+074
Monomer (+1)
1 Monomer (+3) Trimer (+4) Dimer (+2)
0.0e+00 - : ' : -
500 1000 1500 2000 2500 3000 m/z
3.5e+07] L602.62506 160312548
3.0e+07] 1602.12498
2.5¢+07 1603.625
1601.62373
2.0e+07 1604.12910
Loty 1604.62503
[ 1605.13158
Loes07] 160112107 ——1605.13158
; 1606.13474
5.0e+061
m/z
8.0e+07
6.0e+07+
2137.19136  2137.52198
2137.854
4.0e+07- 2136.85742 | | 4131.85480
2136.524 138.1900
2138.5257
. 2136.19719 158 86035
2135.86723 21.190;571
2135.54540
- T
0.0e+00 L= oo

2135 2037 2139
Figure 2. Top: The high-resolution FT-ICR electrospray ionisation mass
spectrum of 14 in THF over the mass range 500 to 4000D. “Monomer”
refers to unaggregated molecules, “Dimer” and “Trimer” to two and three
molecule aggregates, respectively. (+1), (+2) and (+3) refer to the number
of charges per species deduced from the peak separations, not shown,
within the individual clusters (see text). Middle: The isotopic cluster at
1601 corresponding to the [M]** species. Bottom: The isotopic cluster at
2135 corresponding to the triply charged dimeric aggregate.
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signal corresponds to the doubly charged [M]** ion at
1601.1211 (requires 1601.1235). The isotopic distribution,
Figure 2 (middle), shows a 0.5D mass difference between
each peak. Signals for the single and triple charged ions, [M]*
and [M]**, are also present, at about 3206 D (poorly resolved)
and at 10674227 ([M]** requires 1067.4157), respectively.
Further signals are also present which indicate the presence of
aggregated structures. The peak cluster at 2135 D and its mass
spacings (Figure 2, bottom) correspond to a triply charged,
two-molecule aggregate. The very low intensity peak at
approximately 2400 corresponds to a quadruply charged,
three-molecule aggregate.

The molecular weight of 15 is beyond the range of the FT-
ICR electrospray equipment used to characterise 14 and its
structure was confirmed by MALDI-TOF MS. The isotopic
cluster for 15 is shown in Figure 3 and is superimposable on
the calculated distribution for [M+H]*. This correspondence
precludes the presence of an incompletely coupled, open
chain, trinuclear phthalocyanine.

The '"H NMR spectrum of 14 (4.5 mg per 0.5 mL [Dg]ben-
zene) shows broadening of the signals for the aromatic, OCH,
and benzylic protons. Introduction of [Ds]pyridine failed to
inhibit aggregation at this concentration. At higher dilution
(ca. 0.9 mg per 0.5 mL [Dg]benzene) and at 40°C the '"H NMR
spectrum is well resolved. Apart from the expected mutiplets
for the aliphatic protons, the spectrum shows overlapping
signals for the aromatic protons, an eight-proton triplet at 6 =
4.91 for the OCH, protons, a triplet for eight benzylic protons
at 0=4.76 and a 16-proton multiplet for the remaining
benzylic protons centred at 6 =4.62. The 'H NMR spectral
data for 15 were collected under similar conditions from a
sample from column chromatography and prior to GPC
separation from small amounts of 14. The spectrum showed
signals consistent with the structure given and also revealed
that the ratio of 14:15 was about 1:8. Interestingly, this
spectrum showed clearly that the signals for the OCH,
protons of 15 (0 =5.12) are downfield of those of 14, (6 =
4.91). Matzger and Vollhardt? recently appraised '"H NMR
spectral data for dibenzodehydro[12]annulene and tribenzo-
dehydro[18]annulene and ascribed the difference in chemical
shifts of the ortho aromatic protons of these planar molecules
to the fact that the former is paratropic (anti-aromatic),
whereas the latter is diatropic (aromatic). The difference
observed in the chemical shifts of the OCH, protons in 14 and
15 can be attributed similarly.

The most striking feature of the Q-band absorptions for 14
and 15 is the splitting, which is much greater than for the
butadiynyl-linked dinuclear phthalocyanine 12. Of the two,
the splitting observed in the spectrum of 14 is the larger which
may reflect the greater strain in the system.

Mesophase behaviour: The phthalocyanine precursors to the
dinuclear and dehydroannuleno derivatives were investigated
for liquid crystallinity as a routine element of their character-
isation. Hitherto, we have described the columnar mesophase
properties of a large number of nonperipherally substituted
phthalocyanines both uniformly substituted, with either eight
alkyl?” or eight alkyloxymethyl groups,?® and 3:1 non-
uniformly substituted derivatives bearing at least six alkyl

0947-6539/00/0621-3962 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 21





Phthalocyaninoannulenes

3958-3967

4809

% 4

4796 ' 4808
4800 4809

1004

%_‘

1

mlz

y " 4816 " 4820 " 4824

\_,\/\-\/\/—\,/\/

04796 T T T T T T 48’04 T T T

4808

T 4812

4816 4820 4824 "

Figure 3. Lower plot: The MALDI-TOF spectrum of the [M + H]" species for compound 15. Upper plot: The calculated isotopic cluster for this species.

chains.””l Non-peripherally substituted octaalkoxy derivatives
do not show mesophase behaviour.??

The liquid crystal behaviour of the present 3:1 Pcs was
examined by optical polarising microscopy, and the results are
summarised in Table 2; K refers to the crystal state, D to a
mesophase (discotic) and I is the isotropic liquid. All but 1a
exhibited mesophase behaviour; this indicates that inclusion
of two alkoxy groups in the nonperipheral positions does not
inhibit liquid crystallinity. Without exception, the first meso-
phase observed upon cooling gave rise to a “fanlike”
birefringence texture, which is characteristic of a discotic
hexagonal disordered phase (D,4) in accordance with the
examples referred to above.”’-?’l The monobromo derivative,
4, exhibited a second mesophase, but only during cooling. This
phase was mobile and distorted under external pressure. It
gave rise to an indistinct texture and has not been identified.
Here we denote it as D,.

The symmetry of the molecule has a marked affect upon the
mesophase behaviour. Hence, the nona-substituted Pcs, 2a,
2b, and 4 and the deca-substituted compound 10 are of C;

Table 2. Transition temperatures measured for “mononuclear phthalocyanines”.

symmetry, whilst the remaining deca-substituted Pcs have C,,
symmetry. The C, Pcs exhibit lower K — D, transitions than
the analogous C,, Pcs. This can be attributed to the more
symmetrical Pcs forming better packed crystals. Secondly, the
C, Pcs exhibit higher clearing points (K — I or Dy —I) than
their C,, counterparts. The D,y mesophase of the C, Pcs was
much more mobile and less viscous than for the C,, Pcs. The C;
Pcs also had a tendency towards supercooling, with crystal-
lisation occurring upon standing overnight at room temper-
ature. By contrast, the C,, Pcs crystallised directly upon
cooling. The transition to the crystal was characterised by a
colour change, not a change in texture, the “fans” becoming a
lighter green. Replacement of the bromine atoms with
unprotected ethynyl groups increased clearing transitions.
The butadiynyl derivative 12 melted directly into the
isotropic liquid phase. On cooling, a texture was generated
similar to the fan texture referred to above. However, this is
assigned to a crystal phase because differential scanning
calorimetry showed single, broad endotherms for the K —1
and I — K transitions, rather than the sharp peaks associated
with mesophase transitions.
Furthermore, crystallisation oc-

Compound'?!

Transition temperatures [°C]"!

curred with some degree of

Substituents ~ K—Dyy  Dy—I K—I I—=K I-Dy Dy—D, D—K Dy—K supercooling. In contrast, a
1a 2 x CCSiMe, 69 <RT sample of the dehydro[12]an-
1b 2xCCH 83 91 88 76 nulene derivative 14 entered a
2a  CCSiMe, 46 13 12 <RT mobile phase at about 110°C; a
2b  CCH 36 131 130 <RT hase which gave rise to a
3 2xBr 7 675 57 phase g
4 Br 30 106 104 35 <RT birefringence pattern. Thus we

10 Br, OBu 65 87 84 <RT tentatively conclude that this

[a] Central ion is nickel. [b] Transition temperatures measured by polarised light microscopy on the first heating
and cooling cycle. [c] The higher temperature mesophase is assigned as Dy,. The lower temperature mesophase

D, is unknown.
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complex molecule also exhibits
mesophase behaviour. Howev-
er, further heating produced an
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irreversible change, see below, which hindered mesophase
characterisation.

Thermal polymerisation experiments: Acyclic dialkynes are
well known to polymeriseP” under thermal and photochem-
ical conditions, but much less is known about cyclic di-
alkynes.'®) A sample of the butadiynyl derivative 12 was
maintained at 220°C for two hours. After cooling, the visible
region spectrum of the material in solution and the TLC
behaviour were identical to those of the starting material.
Compounds 14 and 15, the latter contaminated with 14, were
investigated similarly. After five minutes at 220°C, 14 gave a
spectrum (toluene solution) that showed reduction in absorb-
ance of the two main components of the Q-band and growth
of a broad band between them. This change was irreversible.
Continued heating for 30 minutes gave a sample whose
spectrum showed the disappearance of the original bands
and their replacement by a featureless band envelope
extending over the region 680—-820 nm. The sample of 15
showed similar changes, but over a much longer timespan. The
heated sample of 14 gave a MALDI-TOF spectrum with a
series of broadened peaks for high molecular weight species,
the highest at approximately 19000 D. These were spaced at
multiples of the molecular weight of 14. A second series of
peaks appear at intervening molecular weights. Clearly the
material has undergone oligomerisation, but interpretation is
complex because of the possible presence of multiply charged
ions. The compound’s facility for reaction contrasts with that
of 12 and 15, and this can be attributed to the strain associated
with the inevitable distortion of the dialkyne moiety in the
dehydro[12]annulene system. Further work is required to
characterise the high molecular mass structures in more
detail.

Conclusion

The synthesis of highly substituted 3:1 phthalocyanine deriv-
atives whose substituents include one or two bromine atoms
on one of the benzenoid rings has been achieved. These
compounds have been converted into the corresponding
ethynyl and trimethylsilylethynyl derivatives by Stille and
Sonogashira coupling methods. Oxidative coupling of the
monoethynyl compound provides a butadiynyl-linked binu-
clear phthalocyanine derivative that is isomerically pure.
Under similar conditions, the diethynylphthalocyanine deriv-
ative yielded a mixture of compounds which contains a
diphthalocyaninodehydro[12]annulene as the major product.
It shows a substantial splitting of the Q-band absorption to the
extent that the lower energy component absorbs at 822 nm.
Mass spectrometry provides evidence of self aggregation in
the solution phase. On heating the compound on a hotstage to
about 110°C, it enters a liquid crystal phase. However, on
further heating to 220 °C there is an irreversible change arising
from an oligomerisation process, which presumably occurs
through the diyne unit in the annulene ring. A minor product
of the oxidative coupling of the diethynylphthalocyanine has
been identified as the cyclic trimer, a triphthalocyaninodehy-
dro[18]annulene. Compared with the diphthalocyaninodehy-
dro[12]annulene, the compound shows a less strongly split
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Q-band, and the chemical shifts of protons in proximity to the
annulene ring are deshielded. The compound also undergoes
oligomerisation, but less readily than the diphthalocyanino-
dehydro[12]annulene.

These compounds extend the range of highly elaborated
phthalocyanine derivatives available; they also add to the
type of annelated dehydroannulene compounds which are
known. In addition, the results indicate that the thermally
induced oligomerisation processes undergone by the annu-
lene moiety in this type of system provides an entry to novel
phthalocyanine-networked polymers, a topic we shall inves-
tigate in more detail in future work.

Experimental Section

IR spectra were recorded on a Perkin—Elmer 297, 298 or a FTIR 1720
spectrophotometer as either neat liquids or as nujol mulls of solids.
'"H NMR spectra were measured at 270 MHz with a JEOL EX270
spectrometer and at 300 MHz with a Varian Gemini 2000, with TMS or
the residual solvent peak as the reference. Routine mass spectra were
recorded on a Kratos model MS25 magnetic sector mass spectrometer with
electron impact ionisation. FAB-MS (LSIMS) were obtained by using
nitrobenzyl alcohol as the matrix and were measured with the EPSRC’s
VG ZAB-E low-resolution equipment at Swansea University. MALDI-
TOF mass spectra were obtained on a Kratos Kompact MALDI3
spectrometer with a dithranol matrix at the University of Manchester.
FT-ICR electrospray mass spectra were obtained of a solution of 14 in THF
with a Bruker 9.4-T FT-ICR at the University of Warwick. GPC analysis
was carried out at the University of Manchester by using a system that
incorporated a Gilson 307 pump operating at 0.3 cm*mL~! through four
Polymer Labs3u Mixed E columns in tandem followed by a GBC LC1240
differential refractometer for detection. The eluent was chloroform. UV/
visible spectra of solutions were measured using a Hitachi U-3000
spectrophotometer. Melting points and thermotropic mesophase transi-
tions were determined by using an Olympus BH-2 polarising microscope in
conjunction with a Linkam TMS 92 thermal analyser and a Linkam
THM 600 cell. Differential scanning calorimetry (DSC) was undertaken by
using a Thermal Analyst 2000 in conjunction with a DSC 10 differential
scanning calorimeter from TA Instruments. Silica gel (Merck 7734) was
used in chromatographic separations. TLC was performed using silica gel
(Merck 5554) supported on aluminium sheets. Solvents were dried, where
appropriate, over sodium or calcium hydride and distilled under an
atmosphere of dry nitrogen.

4,5-Dibromo-3,6-dihydroxyphthalonitrile (6): NBS (7 g, 38.8 mmol) was
added portionwise over 15 min to a stirred solution of 2,3-dicyanohydro-
quinone (3 g, 18.7 mmol) in tert-butyl alcohol (12 mL) at 45 °C. Stirring was
continued for 2 h and then additional NBS (7 g, 38.8 mmol) was added over
15 min. After a further 2 h, the reaction was cooled to room temperature
and poured into an aqueous solution of sodium metabisulfite (6 g in 60 mL,
excess) at 0°C with vigorous stirring. The mixture was stirred for 10 min,
the precipitate filtered and washed with cold water (30 mL). The product
was dried under vacuum at 60°C for 24 h to yield 6 as a cream powder
(394 g, 66.1%). This was used without further purification, but an
analytical sample was prepared by recrystallisation from acetone/water.
M.p. 248°C (decomp) (literature value 250°CI"); 3C NMR (270 MHz,
[DgJacetone): 0 =151.74 (C-0), 123.08 (C—Br), 113.07 (CN), 102.46 (C-
CN); IR (nujol): # =3250 (br), 2232 cm~! (m); elemental analysis calcd (%)
for CgH,0,N,Br, (317.92): C 30.22, H 0.63, N 8.81, Br 50.27; found C 30.47,
H 0.42, N 8.70, Br 50.22.

4,5-Dibromo-3,6-dibutoxyphthalonitrile (7): A mixture of compound 6
(2.50 g, 7.86 mmol), triphenylphosphine (4.95 g, 18.9 mmol), and 1-butanol
(1.5 g,20.2 mmol) was dissolved in dry THF (80 mL) and cooled to 0°C. A
solution of diisopropyl azodicarboxylate (4.35g, 21.5mmol) in THF
(30 mL) was added dropwise over 30 min. The solution was allowed to
warm to RT and stirred for an additional 10 h. The THF was removed under
reduced pressure to give a dark red oil, which was dissolved in diethyl ether
(20 mL). The solution was filtered to remove undissolved triphenylphos-
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phine oxide, concentrated and separated by column chromatography over
silica (eluent: CH,Cly/petrol 1:2). The product was recrystallised from
cyclohexane to afford compound 7 as white crystals (2.75 g, 83.6%). M.p.
72-73°C; 'H NMR (270 MHz, CDCL;): 6 =4.24 (t, J=6.4 Hz, 4H), 1.92
(quint, J=70Hz, 4H), 1.67-1.53 (m, 4H), 1.04 (t, /=73 Hz, 6H); °C
(270 MHz, CDCl,): 6 =156.37 (ArC—0), 129.61 (ArC—Br), 112.33 (CN),
109.22 (ArC-CN), 76.43, 31.95, 18.92, 13.73; MS (70 eV, EI): m/z (%): 432
(3.1), 430 (5.2), 428 (3.5) [M]*; IR (nujol): #=2230 cm~! (m); elemental
analysis calcd (%) for C¢HsN,O,Br, (430.14): C 44.68, H 4.22, N 6.51, Br
37.15; found: C 44.51, H 4.28, N 6.47, Br 37.33.

4-Bromo-3,6-dibutoxyphthalonitrile (8): A mixture of compound 6 (3 g,
9.4 mmol), finely crushed potassium carbonate (3 g, excess) and N,N,N-
tributyl-1-butananinium bromide (TBAB, 0.26 g, 0.7 mmol) was heated
under reflux in MEK (80 mL) for 12 h. The reaction was cooled and
1-iodobutane (3.70 g, 20 mmol) was added. Heating under reflux was
continued for a further 72 h. Upon cooling, the reaction was filtered and
washed with ethyl acetate. The organics were removed under reduced
pressure, and the residue dissolved in ethyl acetate (100 mL). This was
washed with 5% HCI (25 mL), saturated K,CO; (25 mL), water (25 mL)
and brine (25mL), dried (MgSO4), filtered and concentrated under
reduced pressure. The crude product was purified by column chromatog-
raphy over silica (eluent: petrol/CH,Cl, 2:1) and recrystallised from
cyclohexane to afford compound 8 (1.43 g, 43%). M.p. 102.5-104°C;
'"H NMR (270 MHz, [D4]acetone): 6 =7.88 (s, 1H), 4.30 (t,/ =6.4 Hz, 2H),
4.18 (t,J =6.4 Hz, 2H), 1.86 (m, 4 H), 1.56 (m, 4H), 1.00 (t, / =7.3 Hz, 3H),
0.99 (t, J=73Hz, 3H); 3C NMR (300 MHz, [Dg]acetone): ¢ =157.68
(ArC-0), 152.80 (ArC—-0), 124.94, 123.33 (ArC—H), 112.81 (CN), 112.69
(CN), 111.39 (ArC—CN), 103.83 (ArC—CN), 75.75, 70.40, 31.81, 30.57, 18.70,
18.66, 13.07, 12.98; MS (70 eV, EI): m/z (%): 350.1 (4.8), 352.1 (4.5) [M]*;
IR (nujol): #=2230cm™! (m); elemental analysis caled (%) for
CisHyN,O,Br; (351.24): C 54.85, H 5.47, N 8.00, Br 22.54; found C 54.71,
H 5.43, N 7.89, Br 22.67.
1,4-Dibutoxy-2,3-dibromo-8,11,15,18,22,25-hexakis(decyl) phthalocyanin-
ato nickel(@) (3): Freshly cleaned lithium (ca. 50 mg, 7.5 mmol) was added
to 3,6-didecylphthalonitrile'! (2.56 g, 6.27 mmol) and 7 (0.30 g, 0.70 mmol)
in refluxing butanol (20 mL) under argon. The reaction was heated under
reflux in the dark for 16 h, cooled, nickel acetate tetrahydrate (0.53 g,
2.1 mmol) was added and heating under reflux was continued for 2 h. After
cooling, the solvents were removed under reduced pressure, and the
residue triturated with methanol to afford a green solid. Purification by
column chromatography over silica (eluent: petrol) afforded 1,4,8,11,15,18,
22,25-octakis(decyl)phthalocyaninato nickel(tr) (0.71 g, 24 %) as the first
fraction; changing the eluent to petrol/dichloromethane (1:1) afforded a
second fraction. The latter was further purified by column chromatography
over silica (eluent: petrol/dichloromethane 19:1) to afford 3 (45.7 mg,
3.8 %) after recrystallisation from THF/methanol. M.p. 72°C (K — 1), 67°C
(I—-D), 57°C (D—K); 'H NMR (300 MHz, [D4|benzene): 6 =7.82 (s,
4H),7.81 (s, 2H),4.75 (t,/ =7.5 Hz,4H), 4.66 —4.57 (3 overlapping t, 12H),
2.34-2.17 (m, 16H), 1.92-1.11 (m, 88H), 0.95 (t, 6H, /=74 Hz), 0.87—
0.80 (m, 18 H); UV/Vis (3.68 x 10-°M in toluene): ,,,, (loge) =716 (5.10),
698 (5.03), 636 nm (4.39); MS (FAB): m/z: isotopic cluster at 1716 [M+H]*;
elemental analysis calcd (%) for C,yH,5)NgO,B1,Ni, (1715.84): C 70.04, H
8.82, N 6.53; found C 70.40, H 8.90, N 6.30.

Further elution (petrol/dichloromethane 1:1) afforded a second fraction,
and compound 10 (38.2 mg, 3.2 %) was isolated after recrystallisation from
THF/methanol. M.p. 65°C (K— D), 87°C (D —1I); '"H NMR (270 MHz,
CDCl;): 6 =778 (s, 4H), 7.72 (s, 2H), 4.59-4.43 (m, 10H), 4.30 (brt, 8H),
2.13-1.89 (m, 18H), 1.75-1.08 (m, 90H), 0.95 (t, 3H), 0.91 (t, 3H), 0.85—
0.76 (brt, 21H); *C NMR (67.5 MHz, CDCl;): 6 =151.73, 149.58, 147.39,
147.35, 14726, 14712, 146.81, 145.57, 143.49, 143.06, 139.05, 137.88, 137.70,
134.59, 134.41, 134.36, 130.66, 130.60, 130.21, 130.21, 129.69, 125.52, 117.00,
7531 (OCH,), 75.04 (OCH,), 74.54 (OCH,), 32.69, 62.62, 32.38, 32.33,
32.19,32.11, 32.01, 31.84, 31.75, 31.45, 30.59, 30.44, 30.23, 30.17, 30.03, 29.89,
29.72, 29.64, 29.60, 29.44, 29.33, 29.29, 22.63, 19.52 (OCH,CH,CH,), 19.34
(OCH,CH,CH,), 19.19 (OCH,CH,CH,), 14.10, 14.04; UV/Vis (1.92 x
107%m in toluene): A, (loge) =714 (5.21), 694 (sh), 636 nm (4.57); MS
(FAB): m/z: isotopic cluster at 1635 [M — OC,H,]*; MS (MALDI): m/z:
1707 [M —H]*; elemental analysis caled (%) for C,oH,;50NgO;BrNi; -
CH;O0H (1740.09): C 72.48, H 9.44, N 6.44; found C 72.04, H 9.12, N 6.49.
1,4-Dibutoxy-2,3-(2'-trimethylsilylethynyl)-8,11,15,18,22,25-hexakis(de-

cyl)phthalocyaninato nickel@) (1a) and compound 11: Bis(triphenylphos-
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phine)palladium(11) chloride (7 mg, 10 umol), copper(I) iodide (2.2 mg,
11.6 umol) and trimethylsilylamine (TMSA, 25 mg, 255 pmol) were added
in that order and at 10 min intervals to a stirred solution of 3 (40 mg,
23.3 umol) in dry degassed triethylamine (3.5 mL) under Ar in a dry screw-
cap pressure tube. Under a fast stream of Ar the rubber septum was
removed and the screw-cap sealed; the reaction mixture was heated and
stirred in an oil bath at 100°C for 16 h. The tube was cooled, and further
bis(triphenylphosphine)palladium(ir) chloride (4.1 mg), copper(l) iodide
(1.7 mg) and TMSA (25 mg) were added under Ar. The reaction was
heated at 100°C for a further 12 h. The mixture was cooled, filtered and
concentrated under reduced pressure. The residue was dried at 0.5 mmHg
for 12 h to remove excess TMSA and triethylamine traces, and further
purified by column chromatography over silica (eluent: petrol/dichloro-
methane 97:3). The first fraction was unreacted starting material (3.4 mg).
The second fraction contained a mixture; subsequent green fractions
containing minor amounts of material were discarded. The second fraction
was further purified by column chromatography over silica (eluent: petrol/
dichloromethane 98.5:1.5 then 97:3) to afford compound 11 (8.0 mg, 22 %)
as the first eluted component; 'H NMR (270 MHz, CDCl;): 6 =776 (brs,
4H), 7.73 (brs,2H), 4.63 (t,/ = 6.9 Hz, 2H), 4.50-4.39 (m, 6 H), 4.34-4.25
(m, 8H), 2.13-1.84 (m, 16 H), 1.62-1.03 (m, 88H), 0.96-0.91 (2 x t, 6 H),
0.78 (brt, 18H), 0.42 (s, 9H).

Further elution gave a second fraction and compound 1a (13.2 mg, 35%)
was isolated after recrystallisation from THF/methanol. M.p. 69°C;
'"H NMR (270 MHz, CDCl;): 6 =7.78 (brs, 4H), 7.75 (s, 2H), 4.60 (t, J=
72 Hz, 4H), 447 (t, J=6.9 Hz, 4H), 435-4.26 (m, 8H), 2.10-1.90 (m,
16H), 1.60-1.08 (m, 88H), 0.95 (t, J=7.4 Hz, 6H), 0.80 (t, J=6.6 Hz,
12H), 0.79 (t,J = 6.6 Hz, 6 H), 0.43 (s, 18 H); 3C NMR (67.5 MHz, CDCl;):
0=154.18 (ArCO), 147.99, 139.19, 138.13, 137.77, 134.75, 134.66, 134.43,
130.83, 130.47, 130.29, 130.19, 129.16, 128.17, 127.81, 127.47, 104.74 (C—CSi),
100.97 (C—CSi), 75.43 (OCH,), 32.66, 32.56, 32.18, 31.88, 31.50, 30.53, 29.90,
29.85,29.72, 29.67, 29.61, 29.45, 29.31, 22.64, 22.55, 19.37, 14.20, 14.07, 0.20;
UV/Vis (2.80 x 10~°M in toluene): A, (loge) =732 (4.99), 702 nm (4.95);
MS (FAB): m/z: isotopic cluster at 1747 [M+H]*; IR (KBr): 7#=2929 (s),
2861 (m), 2155 (w), 1598 (w), 1457 (w), 1200 (w), 1092 cm~! (m).
1,4-Dibutoxy-2,3-di(ethynyl)-8,11,15,18,22,25-hexakis (decyl) phthalocyani-
nato nickel@) (1b): Tetrakis(triphenylphosphine)palladium(o) (10.5 mg,
9.0 umol) was added to a solution of 3 (48.6 mg, 28.3 umol), anhydrous
lithium chloride (10 mg, 233 pmol) and triphenylphosphine (9.5 mg,
36 umol) in dry degassed toluene (6 mL) under argon. After stirring for
10 min, tributyl(ethynyl)tin (60 mg, 190 pmol) was added, and the reaction
heated at 100°C for 16 h. The reaction was cooled, and the toluene
removed under reduced pressure. The residue was triturated with acetone
to remove excess tributyl(ethynyl)tin and washed from the filter paper with
THEFE. The THF was removed under reduced pressure, and the residue was
purified by column chromatography (eluent: petrol/dichloromethane 19:1)
and recrystallised from THF-methanol to afford compound 1b (272 mg,
60%). M.p. 83°C (K— D), 91°C (D —I); '"H NMR (270 MHz, [D]ben-
zene): 0 =7.81-778 (m, 6 H), 4.83-4.76 (m, 8H), 4.61 -4.56 (m, 8H), 3.53
(s, 2H), 2.33-2.21 (m, 16H), 1.93-1.11 (m, 88H), 0.96 (t, /=74 Hz, 6H),
0.92-0.81 (m, 18H); C NMR (675 MHz, [D¢]benzene): o =154.86,
148.47, 148.40, 142.86, 139.57, 138.37, 138.01, 135.40, 135.31, 131.45, 130.93,
130.89, 130.00, 121.68, 87.63, 80.13, 75.87, 33.23, 32.93, 32.20, 31.16, 31.09,
30.57-29.6, 23.04, 23.01, 19.70, 14.33, 14.26; UV/Vis (2.51 x 10-°m in
toluene): A,,.x (loge) =729 (4.99), 698 (4.88), 666 (4.44), 628 (4.23) nm; MS
(FAB): m/z: isotopic cluster at 1606 [M+H]*; elemental analysis calcd (%)
for C,H,5,N3O,Ni, - CH;OH (1637.14): C 77.03, H 9.60, N, 6.84; found C
76.99, H 9.56, N 6.98.
1,4-Dibutoxy-2,3-di(ethynyl)-8,11,15,18,22,25-hexakis (decyl) phthalocyani-
nato nickel@) (1b) from 1a: Potassium hydroxide solution (0.1 mL of a
solution containing 1 flake in 0.5 mL of H,0) was added to a solution of 1a
(9.2 mg, 5.3 umol) in THF (5 mL) and methanol (1 mL), and the reaction
was stirred under Ar in the dark for 12 h. One drop of 5% HCI was added,
and the solvents were removed under reduced pressure. The residue was
triturated with methanol and further purified by column chromatography
over silica (eluent: petrol/dichloromethane 10:1) to afford 1b as a green
solid (6.7 mg, 79 %) identical to the sample obtained above.
1,4-Dibutoxy-2-bromo-8,11,15,18,22,25-hexakis(decyl) phthalocyaninato
nickel (@) (4): Compound 4 was prepared from a mixed cyclotetramerisation
of 8 and 9 (R =decyl) by using the method which afforded 3 above. Yield
4%. M.p. 30°C (K— D), 106°C (D —1I); '"H NMR (300 MHz, [Dg]ben-
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zene): 0 =782 (brs, 4H), 7.77 (s, 2H), 7.68 (s, 1H), 4.83-4.78 (brt, 4H),
4.66 (t, J=70Hz, 2H), 4.63-4.57 2xt, 8H), 4.22 (t, J=6.8 Hz, 2H),
2.34-2.22 (m, 14H), 2.13 (quint, J = 7.2 Hz, 2H), 1.93-1.10 (m, 88 H), 0.99
(t, J=74Hz, 3H), 0.91-0.76 (m, 21H); ¥C NMR (67.5 MHz, CDCl;) ¢
151.54, 147.74, 147.67, 147.46, 147.13, 146.70, 146.52, 143.68, 142.61, 139.03,
138.94, 137.93, 137.70, 137.66, 134.84, 134.77, 134.70, 134.65, 134.47, 134.38,
130.87, 130.28, 130.17, 130.10, 125.19, 119.52, 116.37, 75.10 (OCH,), 69.76
(OCH,), 32.74, 32.62, 32.31, 32.15, 31.86, 31.81, 31.65, 31.48, 31.16, 30.46,
30.26,29.90, 29.80, 29.71, 29.65, 29.62, 29.45, 29.36, 29.29, 29.24, 22.63, 22.57,
19.45, 19.36, 14.05; UV/Vis (3.37 x 10~°M in toluene): A, (loge)=714
(5.10), 700 (sh), 635nm (4.47); elemental analysis caled (%) for
Ci00H15:NgO,BrNi; (1635.95): C 73.42, H 9.30, N 6.85; found C 74.08, H
9.52, N 6.19.

1,4-Dibutoxy-2-(2'-trimethylsilylethynyl)-8,11,15,18,22,25-hexakis(de-

cyl)phthalocyaninato nickel() (2a): Compound 2a was prepared from 4 by
following the procedure for 1a above using dry THF/Et;N (5:1) as solvent.
Yield (62%). M.p. 46°C (K— D), 113°C (D —1); 'H NMR (270 MHz,
[Dg]toluene): 0 =781 (s, 6H), 7.65 (s, 1 H), 4.86-4.78 (brt, 6H), 4.68-4.58
(2 xt,8H),4.26 (brt,2H),2.38-2.20 (m, 16 H), 1.90—1.10 (m, 88 H), 0.99 -
0.76 (m, 24H), 0.49 (s, 9H); UV/Vis (3.44 x 10-°M in toluene): A,,,, (loge) =
722 (5.09), 700 (5.02), 640 (4.43), 346 nm (4.59); MS (FAB): m/z: isotopic
cluster at 1653 [M+H]*; elemental analysis calcd (%) for C,osH;4NzO,Si;.
Ni, (1653.25): C 76.28, H 9.75, N 6.78; found C 76.95, H 9.67, N 6.84.

1,4-Dibutoxy-2-(ethynyl)-8,11,15,18,22,25-hexakis(decyl) phthalocyaninato
nickel@) (2b): Compound 2b was prepared from 4 by following the
procedure used to prepare 1b above. Yield (48%). M.p. 36°C (K — D),
131°C (D —I); '"H NMR (270 MHz, [D¢]benzene): 6 =7.81-7.78 (m, 6 H),
775 (s,1H), 4.87-4.82 (m, 6 H), 4.66 - 4.55 (m, 8 H), 4.27 (t,/ = 7.0 Hz,2H),
3.28 (s, 1H), 2.31-2.23 (m, 16H), 1.98-1.06 (m, 88H), 0.99 (2 xt, 6H),
0.94-0.77 (m, 18H); UV/Vis (5.20 x 107°M in toluene): A, (loge) =721
(5.07), 701 (5.01), 641 (4.39), 347 nm (4.54); IR (KBr): #=3304 (m), 2965
(sh), 2927 (s), 2853 (s), 1468 (m), 1318 (m), 1187 (m), 1102 cm~' (m);
elemental analysis calcd (%) for C,4,H;5,NgO,Ni; (1518.07): C77.49, H 9.69,
N 7.09; found C 77.80, H 9.68, N 7.09.

One pot conversion of 2a, via 2b, into 1,4-bis-2[(1,4-dibutoxy-
8,11,15,18,22,25-hexakis(decyl) phthalocyaninato nickel() Jbutadiyne (12):
A solution of 2a (46 mg, 27.8 umol), anhydrous copper (1) acetate (200 mg,
1.1 mmol) and finely crushed K,CO; (210 mg, 1.5 mmol) in dry pyridine/
methanol/THF (1:1:3, 10 mL) was stirred under Ar at 55°C for 16 h. The
reaction was cooled, filtered and washed with THF until the washings were
colourless. The filtrate was concentrated under reduced pressure, and the
Pc was redissolved in THF and filtered to remove copper salts. The crude
product was concentrated and purified by column chromatography over
silica (eluent: petrol/dichloromethane/Et;N 95:5:0.1). The first fraction was
concentrated and recrystallised from THF/methanol to afford compound
12 (27 mg, 61%). M.p. 159°C; 'H NMR (270 MHz, [D¢]benzene, 50°C):
0="787-183 (m, 12H), 774 (s,2H), 5.03 (t, /= 6.9 Hz, 4H), 4.91 - 4.86 (m,
8H), 4.66-4.59 (m, 16H), 4.46 (t, /=7.1Hz, 4H), 2.46-2.22 (m, 32H),
1.97-1.04 (m, 176H), 0.89-0.80 (m, 48H); UV/Vis (4.94x10"°m in
toluene): A, (loge) =752 (5.43), 702 (5.27), 634 (4.71), 438 (4.52), 353
(4.95), 307 nm (5.06); MS(MALDI): m/z: isotopic cluster at 3161 [M + H]*;
IR (KBr): 7=2960 (sh), 2919 (s), 2848 (s), 1606 (m), 1526 (m), 1468 (m),
1181 (m), 1096 cm™! (s); elemental analysis calcd (% ) for CypHz,N,,0,4Ni,
(3160.13): C 77.54, H 9.63, N 7.09; found C 77.14, H 9.50, N 6.90.

Oxidative coupling of 1b to give 14 and 15: Copper(11) acetate (180 mg,
0.1 mmol) was added to a solution of 1b, (39.0 mg, 24.3 umol) in dry THF/
pyridine/methanol (1:1:0.25, 45 mL). The solution was stirred in the dark
under Ar for 8 h at 80 °C. The reaction was cooled, filtered and washed with
THF. The solution was concentrated under reduced pressure and filtered
through silica (eluent: petrol/THF 9:1). The solution was concentrated
under reduced pressure and further purified by column chromatography
(eluent: petrol/THF 19:1); the fractions were analysed by UV-visible
spectrometry. The first fraction was collected and recrystallised from THF-
methanol to afford the diphthalocyaninodehydro[12]annulene 14 (9.5 mg,
24%). '"H NMR (270 MHz, [D¢]benzene, 40°C): 6 =7.86-7.80 (m, 12H),
4.91 (t, 8H), 4.80-4.72 (m, 8H), 4.68-4.56 (m, 16 H), 2.35-2.18 (m, 32H),
1.95-1.12 (m, 176 H), 1.02-0.84 (m, 48H); MS (MALDI): m/z: isotopic
cluster at 3206 [M+H]"; HRMS (FT-ICR): calcd for C,ysHjzyN;sO,Ni,
1601.1235 [M]?*+; found 1601.1211; UV/Vis (2.81 x 107 M in toluene): A,y
(loge) =822 (5.32), 691 nm (4.93).
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The second fraction was collected and recrystallised once from THF-
acetone and once from THF-methanol to afford the triphthalocyaninode-
hydro[18]annulene 15 (3.2 mg, 8 % ) admixed with about 10 % (by 'H NMR)
of 14. For 15, 'H NMR (270 MHz, [Dg]benzene, 45°C): 6=7.95 (d, J =
8.1 Hz, 6H), 7.87 (d, J=8.1 Hz, 6 H), 7.85 (s, 6H), 5.12 (t, 12H), 5.00 - 4.88
(m, 12H), 4.70-4.57 (m, 24 H), 2.45-2.15 (m, 48 H), 2.02— 1.08 (m, 264 H),
1.05-0.82 (m, 72H); MS (MALDI): m/z: isotopic cluster at 4809 [M+H]*;
UV/Vis (3.22 x 107 M in toluene) A,,,, =780, 698 nm.
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Structural and Electronic Properties of the Charge-Transfer Complex
H;P --- Br, Determined by Fourier Transform Microwave Spectroscopy

E. R. Waclawik and A. C. Legon*!?!

Abstract: The ground-state rotational
spectra of six isotopomers of the sym-
metric-top complex H;P---Br, have
been measured by the technique of
pulsed-nozzle, Fourier transform micro-
wave spectroscopy. The spectroscopic

revealed that the pre-reactive complex
has an intermolecular bond of length
r(P---Br) =3.0440(4) A between the P
atom of PH; and one Br atom of Br, and
that this bond is a relatively strong one,
as measured by the intermolecular

stretching force constant k,;=9.8 Nm~.
The complex was discovered to have a
significant contribution from charge
transfer in the ground state by establish-
ing the fraction of intermolecular charge
transferred from P to Br; [6; = 0.077(23)]

constants By, D;, D, x..(Bry) and
M,,(Br,), x=i (inner) or o (outer)
bromine atom, were obtained from
analysis of the spectra. Interpretation

. . copy
of these constants with the aid of models

Introduction

Molecular complexes have played an important role in our
understanding of modern chemistry since J. D. van der Waals
first attempted to explain deviations in behaviour from the
ideal gas law by invoking attractive forces between mole-
cules.' Molecular complexes that are bound together pri-
marily by dispersion forces are only a small subset of many
types of noncovalently bonded molecule in which other forces
play a predominant role.?!

We are currently engaged in a systematic study of the
properties of pre-reactive complexes B --- XY, in which B is a
Lewis base and XY is either a homonuclear or heteronuclear
dihalogen molecule. These complexes were originally classi-
fied as charge-transfer (CT) complexes by R. S. Mulliken.!
To judge from the parallel behaviour of the angular geom-
etries of series B ---HX and B --- XY, it now seems likely that
the angular geometry of B---XY complexes, like those of
B---HX, are determined in the gas phase largely by the
electrostatic part of the interaction between the two subunits
of the complex. Methods for the prediction of the likely
angular geometries of B--- XY complexes have been sum-
marised by a set of empirical rules first proposed for
hydrogen-bonded complexes B---HX,™ later extended to
“halogen-bonded” complexes.

[a] Prof. Dr. A. C. Legon, Dr. E. R. Waclawik
Department of Chemistry, University of Exeter
Stocker Road, Exeter, EX4 4QD (UK)

Fax: (+44)1392-263434
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and the fraction of intramolecular
charge transferred from Br; to Br,

charge-trans-
[0pr=0.11(1)].

The focus of the present study is the determination of the
structural and electronic properties of the gas-phase pre-
reactive complex formed between phosphine and bromine,
H;P -+ Br,, in the ground electronic state. To this end, the
technique of molecular beam Fourier transform microwave
(FTMW) spectroscopy was employed to obtain the ground-
state rotational spectrum of the complex, but in conjunction
with a fast-mixing nozzle to preclude reaction of the two
component species prior to measurement. Changes in the
rotational constants that occur upon isotopic substitution in B
and X,, obtained from the spectral analysis, were then
interpreted to give the positions of the nuclei in the complex.’]

The strength of the intermolecular bond of the H;P--- Br,
complex was obtained from the spectral constants in the form
of the intermolecular stretching force constant k,; this value
was compared with &, in other B --- Br, systems. Comparison
of k, with other halogen bonded CT complexes B--- XY,
XY=F,, Cl,, BrCl, CIF and ICl, has revealed that the
magnitude of k, depends on the magnitudes of the electric
dipole and quadrupole moments of the dihalogen.! Thus, the
binding strength for a given B complexed to XY is observed to
follow the order F, < Cl, < Br, < CIF ~ BrCl < ICL[I

Significant charge transfer between the components B and
XY is most likely to occur when B is a good electron donor
(i.e., has a low ionization potential) and XY is a good electron
acceptor (i.e., has a strong electron affinity). Significant
intermolecular charge transfer in H;P---Br, was therefore
likely to occur, as both criteria are satisfied. A particular goal
of this investigation was to determine accurately the inter-
molecular transfer of electronic charge (i.e., d;¢) from H;P to
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Br, and to determine the intramolecular redistribution of
electronic charge (i.e., d5"e) within Br, that occurs when the
two components form the complex. Any changes in the
distribution of electrons in the component molecules alter the
electric field gradients at each nucleus. The atoms that posses
a quadrupolar nucleus (Br in H;P --- Br,) will therefore have a
different nuclear quadrupole coupling constant from the free
Br, molecule value. Changes in the Br, nuclear quadrupole
coupling constants that were extracted from the H;P--- Br,
ground-state rotational spectral data were interpreted by
using the Townes—Dailey model® ! for relating electronic
structure to observed coupling constants to obtain quantita-
tive measures of d; and 0F'. The results are compared with ¢,
and OF" of other B---Br, complexes and conclusions drawn
about the nature of the B --- Br, interaction.

Results

Spectral analysis: The pattern of the observed rotational lines
of H;P --- Br, corresponded to that of a prolate symmetric top
with the P nucleus and two Br nuclei aligned along the unique
axis (i.e., the a axis). The rotational spectrum exhibited a
complicated nuclear quadrupole hyperfine structure arising
from the presence of axial Br atoms, both of which have the
nuclear spin quantum number /=3/2. Only K=0 and K=1
transitions were detected in the free-jet expansion. This
observation implies that rotational energy transfer from the
higher energy K >1 states is efficient, whereas transfer
between K=1 and K=0 states is spin forbidden.'” The
population of higher J and K rotational states is rapidly
transferred to the K=0 and K=1 levels, from which no
further rotational energy transfer takes place.

Rotational constants were extracted from the spectra by
using an iterative, nonlinear least-squares fit of an appropriate
Hamiltonian to the observed rotational transition frequencies,
with exact diagonalisation, by using the program developed
by Pickett.l'l The complete matrix of the rotational Hamil-
tonian is given by Equation (1), in which x represents either
the inner (i) or outer (o) bromine atom. The matrix was
constructed in the coupled basis F; =J + Iy, , F=F, + I, and
diagonalised in blocks of F. Matrix elements of the Hamil-
tonian Hy are given by the familiar Equation (2). The nuclear
electric quadrupole coupling for each bromine atom was
represented by the operator defined in Equation (3), while the
operators for the magnetic spin-rotation interaction of each
bromine atom were given by Equation (4).

H = Hg +Z,Ho(Br,) + Z, Her(Bry) 6
Hy = BJ? — DyJ* — Dy J2J2 )
Ho=—Y%Qg, : VEy, 3
Hsg =15, Mg, J “4)

Observed nuclear hyperfine frequencies of the J+1«J,
K+~ K (J=5, 6) transitions of the H;P---”Br”Br, H;P:--
81Br™Br, H5P -+ ”Br®'Br and H;P -+ - 8'Br8'Br isotopomers are
presented in Table 1. The observed J+1«—J, K— K (J=6,7)
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transition frequencies of D;P---”Br”Br and D;P--- ¥ Br”Br
are presented in Table 2. The residuals Av =, — V44 from
the final cycles of the fits to experiment are also given in
Tables 1 and 2.

The fitted H;P --- Br, ground-state spectroscopic constants
are listed in Table 3 along with the standard deviation o for
each fit. The standard deviations are all smaller than the
estimated experimental accuracy of 2 kHz, confirming that
only By, Dj, Dy, Y. and My, terms were necessary to
reproduce the rotational spectrum. M,, was not determined
from the available data and was preset to zero. Our
assumptions that Hy could be truncated after quartic terms
in the angular momentum operators and that centrifugal
distortion effects upon nuclear quadrupole coupling were not
significant were thus valid.

Geometry of H;P---Br,: As mentioned in the spectral
analysis, the observed pattern of rotational lines for the
different isotopomers of H;P---Br, was characteristic of a
prolate symmetric top in which the P --- Br;Br, nuclei lie along
the a axis (i represents the inner and o represents the outer
bromine atom, respectively). Assuming the complex is formed
with a C;, geometry H;P --- Br;Br,, the moments of inertia of
the H;P --- ”Br”Br complex were modelled initially by taking
the component molecule geometries as unchanged from the
isolated monomer values. The P--- Br; bond length was then
adjusted to reproduce the experimentally observed rotational
constant B,. Substitution of the three hydrogens by deuterons
in the model predicted the B, of D;P-:-”Br”Br to within
3MHz of the observed value, which is a close match
considering that large changes in the zero-point motion
usually accompany D/H substitutions.

Alternative complex geometries, apart from not making
chemical “sense”, do not predict values of B, for isotopically
substituted species in agreement with experiment. For exam-
ple, substitution of D for H in a model in which the hydrogens
of PH; lie between the inner Br nucleus and the P nucleus
(i.e., PH;---7Br”Br) predicts a B, value for PD;---”Br”Br
that is 23 MHz greater than the experimentally observed
quantity given in Table 3.

Isotopic substitution at the bromine nuclei allowed a partial
r, structure of the complex to be established, from which an
estimate of any elongation of the r(Br—Br) bond length upon
complex formation could be made. Unfortunately, since
values for the rotational constant A, in the various H;P---
Br, isotopmers cannot be obtained from analysis of only
AK =0 transitions in a symmetric top, we were unable to
establish the positions of the hydrogen atoms in H;P --- Br, by
means of a r, structure analysis.

The r, coordinate a, of an axial atom in a prolate symmetric
top is given by Equation (5), in which Al,=1, —1I, is the
change in the moment of inertia and u,=AmM/(Am + M) is
the reduced mass for the substitution. Taking H;P --- ”Br”Br
as the parent isotopomer and by using the rotational constants
for HyP---Br”Br, H;P -+ 8'Br””Br and H;P - ”Br®'Br given
in Table 3, the r, coordinates of Br; and Br, were obtained
from Equation (5).

aj = Alju, ®)
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Table 1. Observed transition frequencies of the four isotopomers H;P - - - ”Br’’Br, H;P - - - 3'Br””Br, H;P - - - Br®'Br and H;P - - - 8'Br®'Br.

J—J' K F, F<F F H,P---BrBr H,P---$BrBr H,P---Br¥Br H,P---$Br¥'Br

Vos [MHz]  Av [kHz]® v, [MHz] Av [kHz]@ vy [MHz] Av [kHz]® v, [MHz]  Av [kHz]®

54 0 13 1611 14 7063.0222 0.6 7060.3274 —24 6993.0457 1.4 6990.1009 1.2
0 13 1411 12 7070.4749 1.4 7067.3906!"! 0.4 6999.0065 0.9 6996.3697 1.4
0 13 1211 10 7073.3107 —-0.5 7067.3906!"! 7.7 7001.1750 —-0.2 6998.8885 —-03
0 13 10~11 8 - - 7068.7113 -2.6 6999.5570 1.5 6996.8709 -3.0
0 11 149 12 7055.0825 —34 7052.8627 —-14 6986.6610 —-04 6983.4850 —-0.1
0 11 129 10 7067.0909 0.6 7064.1237 0.7 6996.7780 0 6993.6112 32
0 11 109 8 7069.1383 1.4 7065.9672 1.6 6998.6973 —-0.7 6995.2957 0.2
0 11 8«9 6 - - - - - - 6998.0875 0.5
0 9 12«7 10 7071.8889 —0.1 7070.9250 —24 7002.7869 3.6 6997.6164 0.8
0 9 107 8 7088.3487 —-0.9 7083.5988 1.6 - - 7011.4711 0.8
0 9 87 6 7074.0974 0.2 7070.6184 0.6 - - 6999.5350 —-3.7
0 9 67 4 - - 7065.3179 0.4 6999.4578 -29 6995.0670 —-02
0 7 105 8 7072.6782 1.6 7068.1515 1.2 7003.0593 -1.9 6998.2757 1.2
1 13 1611 14  7057.0580 -02 7054.8495 1.7 6987.5112 0.3 6985.0500 -0.9
1 13 1411 12 7070.2252 0.1 7067.1871 -1.9 6998.6092 13 6996.1497 —-1.1
1 13 1211 10 7072.1829 —-0.2 7067.6377 -13 6999.7927 -12 6997.8654 —-14
1 13 1011 8  7061.1526 —4.6 7059.1992 -0.1 6990.8958 -1.6 6988.6167 0.2
1 11 149 12 7060.9667 —-0.1 7058.2527 —1.4 6992.3015 -03 6988.4928 1.1
1 11 129 10 7078.9809 2 7074.9601 2.3 7007.7295M! -39 7003.5212 0.1
1 11 109 8  7078.8851 0.7 7074.8488 39 7007.7295M! 7.3 7003.4363 6.6
1 11 89 6 7070.9511 44 - - - - 6996.9735 —-2.8
1 9 127 10 7072.2704 0.6 7069.8842 —0.6 7003.4066 -58 6997.8440 -52
1 9 107 8 7093.5721 —14 7088.3114 1.7 - - - -
1 9 8«7 6 - - - - 7009.2667 1.3 7005.1469 2.1
1 9 67 4 - - 7065.7910 -1.6 7000.0500 -0.7 6995.4645 -0.7
1 7 105 8  7061.9660 -22 7058.9069 -05 6992.6607 0.9 6989.3440 -12
1 7 8«5 6 - - 7066.0515 —3.6 7010.0047 0.5 7008.6885 —-23
1 7 45 2 - - - - 7001.3514 2.4 6997.7855 54

65 0 15 1813 16 8478.9869 2.4 8475.4844 —-0.8 8394.7695 0 8390.9663 0.8
0 15 1613 14 8484.4161 1.3 8480.6833 —-04 8398.9515 —-1.1 8395.5304 1.3
0 15 1413 12 8485.9475 —-0.6 8480.7614 —-0.9 8400.3743 —-0.1 8396.8959 2.5
0 15 1213 10 8484.6471 —-0.3 8481.3384 —-04 8399.4111 —0.8 8395.7540 1.1
0 13 1611 14 8473.2618 0.4 8470.0429 1.6 8390.3324 1.6 8386.1927 0.8
0 13 14—11 12 8481.0346 —-1.5 8477.4017 0.9 8396.6593 1.8 8392.7419 1.9
0 13 12«11 10 8483.6956 1.3 8479.8234 0.5 8399.1165 -1.6 8394.9587 -39
0 13 10—11 8 8486.2143 -29 8491.0694 —-04 8402.9722 2.1 8397.0752 —-03
0 13 1411 14 8622.0086 —-14 8607.3101 —4.1 8520.2395 0.7 8510.3340 0.1
0 11 149 12 8485.5846 2.6 8482.6921 -2 8401.7866 -2 8396.5607 0.9
0 11 129 10 8494.4376 1.3 8489.6873 0.3 8409.0237 —-0.1 8404.0197 1.5
0 11 109 8 8488.9802 0.6 8484.7266 5.6 8403.8839 0.6 8399.4547 2.5
0 11 89 6 8483.4712 2.3 8479.4690 —-14 8400.0539 —22 - -
0 9 127 10 8485.7023 -7.6 8481.0041 1.5 8401.6985 1.7 8396.6593 2.7
0 9 107 8 8494.5534 0.1 - - 8407.8314 1.4 8404.0739 -1.7
0 9 87 6 8507.0776 2.9 8501.4297 0.1 8419.6841 1 8414.5477 —-0.2
0 9 67 4 8495.4034 -1.9 8490.5602 —24 8409.9919 —2.5 8404.8405 0.0
0 9 87 8 8420.6665 2.6 - - 8350.9800 3.8 - -
0 9 67 6 - - 8373.9204 -0.7 - - - -
0 13 1613 16 8712.6237 —3.8 8686.9222 —-0.1 8617.8892 —-1.5 8586.1373 -0.7
0 11 1211 12 8424.1161 1.4 8425.3574 -1.7 8343.0607 0.5 8344.7051 —3.5
0 9 8«11 8 - - 8418.5780 3.7 - - - -
1 15 18«13 16 8475.2062 -03 8472.0081 0 8391.2635 1.9 8387.7600 -1.0
1 15 1613 14 8484.1865 0.4 8480.4852 —0.1 8398.6211 0.6 8395.3194 -0.6
1 15 1413 12 8485.3714 -0.6 8480.8037 —-2.1 8399.5758 13 8396.3609 1.9
1 15 1213 10 8478.9732 -39 8475.9266 —-0.2 8394.3799 —3.5 8390.9916 —-6.0
1 13 1611 14 8476.1173 —-0.2 8472.6414 0.7 8393.0957 —-0.1 8388.6052 -1.0
1 13 1411 12 8487.6060 0.8 8483.3878 0 8402.7157 32 8398.2185 —-03
1 13 1211 10 8489.1397 2.7 8484.7707 -12 8404.1520 0.7 8399.4875 —-32
1 13 10—~11 8 8485.5051 —4.1 8488.6146 2 8402.7157™ —24 - -
1 13 1411 14 8614.1697 3.8 8600.0510 2.1 - - 8503.8250 —-0.2
1 11 14<~9 12 8485.7351 1.2 8482.1925 0 8402.1532 -29 8396.6322 2.7
1 11 129 10 8498.2073 1 8493.0910 1 8412.4772 0.8 8407.1114 1.1
1 11 109 8 8492.8739 0.4 8488.2319 2 8407.4602 0.6 8402.6385 —-2.0
1 11 8«9 6 8483.5924 0.6 8479.5337 0.8 8400.2151 0.5 8394.9891 8.4
1 9 127 10 8479.6580 —0.6 8475.7063 —1.2 8395.8687 1.1 8391.5972 —-04
1 9 107 8 8491.7544 0.5 8480.1105 —-33 8404.9030 0.5 - -
1 9 87 6 8501.1327 0.8 8496.0446 1.2 8414.1460 0 8409.6217 1.5
1 9 67 4 8486.9561 0.1 8482.8517 1.1 - - 8397.7703 —-02
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Table 1. (cont.)

J~J' K F F<F F H;P---”Br”Br H;P---$'Br”Br H,;P---”Br®Br H,P---$'Br¥'Br
Vs IMHz]  Av [kHz]®) v, [MHz]  Av[kHz]®! v, [MHz]  Av[kHz]® v, [MHz]  Av [kHz]®
65 1 9 87 8 8422.8306 0.5 - - 8351.8482 -1 8344.0371 0.0
1 9 67 6 8372.5124 —-29 8377.6057 —-14 - - - -
1 13 1613 16 8693.0383 1.3 8669.0651 0.1 8599.2424 1.5 8569.6126 -03
1 11 1211 12 8434.2989 —-0.8 8434.6998 —-0.7 8352.5106 -1.6 8353.3054 1.3

[a] Av =vgps — Veqe- [b] Overlapping lines treated as a blended line with 50 % weightings of each line in the fit.

Table 2. Observed transition frequencies of D;P -+ ”Br”Br and D;P -+ $'Br’*Br.

significant intermolecular and

JeJ K F, F<F, F D,P---BrBr D,P---$1BrBr intramolecular charge transfer
Vops [MHz] Av [kHz]®™ Vons [MHZ] Av [kHz]®! takes place in H;P -+ Br, then it

65 0 15 1813 16 7913.0675 32 7911.0356 26 is likely that r(Br—Br) will be
0 13 1611 14 7907.3677 1.0 7905.5977 1.9 greater in the complex than in
1 15 18—13 16 7909.2770 0.7 7907.5511 22 the free molecule.
1 13 16 — 11 14 7910.1638 0.5 7908.1357 —-1.5

7—6 0 17 2015 18 9233.9939 2.6 9231.4566 -0.9 . The methOd, used to estab-
0 17 1815 16 B B 0235.4310 1 lish the r,, distance between
0 17 1615 14 9238.9859/0! 8.4 9235.4944 —3.1 the H;P and Br, sub-units in
0 17 1415 12 9238.1874 ~0.6 9235.7694 0.1 H,P---Br,, and thereby r(P---
0 15 1813 16  9229.7087 -16 92273140 10 Br,), makes use of the model
0 15 16 — 13 14 9235.1098l¢! 13 9232.5079 0.1 lustrated i Fi 1 Th
0 15 1413 12 9237.6699 12 9234.8479 11 tlustrated i fgure 1. 1he
0 13 16— 11 14 _ _ 9236.6553 0.6 model takes into account the
0 11 149 12 9238.9563 —26 9235.5579 -33 contribution of the intermolec-
0 1 12<9 10 - - 9235.5342 6.0 ular bending modes to the
1 17 2015 18 9231.3834 0.5 9229.0478 -03 . P
1 17 18 —15 16 9237.7992 -2.0 9235.1871 1.1 Zer(,) pOl}’lt pHHClpal moments
1 17 1615 14 9238.5501 17 9235.3973 -36 of inertia of the complex by
1 17 14—15 12 9234.5434 —44 9232.3074 -15 describing them in terms of
1 15 1813 16 9231.1567 -04 9228.6100 —-04 two-dimensional iSOtrOpiC 0s-
1 IS5 1613 14 - - 9236.0511 39 cillations 6 and ¢ of the mono-
1 15 14 —13 12 9240.9328 2.9 - - .
1 13 1611 14 B B 92362950 19 mer components about their
1 13 1411 12 9246.7946 1.0 _ _ respective centres of mass“g],
1 11 149 12 9235.1098l¢! —-24 9232.1546 —-1.6 as defined in Figure 1. The

a] AV =V, — Veae- [b] Notincluded in the fit. [c] Overlapping lines treated as a blended line with 50 % weightings
pping ghting

of each line in the fit.

Values for the coordinates were ag,, = —0.4095 A and ap,, =
1.9082 A; the signs were chosen to make physical sense. This
gave rg(Br—Br) =2.3177 A in the complex, which is 0.0344 A
longer than the experimentally determined value for the free
ro(Br—Br) bond length supplied in Table 4.

Note that more figures are quoted than would normally be
accepted as significant when comparing r, and r, distances. If

Table 3. Ground-state spectroscopic constants of six isotopomers of H;P --- Br,.

relation between r,, and the
principal moments of inertia of
the complex 7, and the princi-
pal moments of inertia of the
monomer components I;*', I and I* is then given by
Equation (6), for which r,, is defined in Figure 1 and u=

mBrzmH3P/ (mBrz + mH_;P)-
Iy =pu(r2) + 1" (14 (cos?0)) + I (sin?0) + 141,* (1 + (cos?0)) (6)

According to arguments set out under the section on
“electronic effects”, it is shown that the Br, oscillation angle

Spectroscopic H;P---”Br”Br H,P---¥'Br”Br H,P---”Br®Br H,P---¥Br®Br D;P---Br”Br D,P---$Br”Br
constant

B, [MHz] 707.04590 (17) 706.71812 (16) 699.99395 (17) 699.64206 (15) 659.88061 (7) 659.6762 (5)
D, [kHz] 0.187 (3) 0.186 (2) 0.181 (3) 0.183 (2) 0.166] 0.166 (5)
Dy [kHz] 13.30 (5) 13.40 (5) 13.07 (5) 13.04 (5) 1575 (8) 15.87 (6)
%(Br,) [MHz] 823.5201 (98) 687.943 (14) 823.5313 (80) 687.980 (10) 824.13 (16) 688.12 (12)
%(Br,) [MHz] 719.5661 (87) 719.6295 (15) 601.1275 (83) 605.1609 (96) 716.436 (81) 716.73 (13)
M,,(Br,) [kHz] 18 (2) 13 2) 19 (2) 16 (2) 1.81 1.38
My(Br,) [kHz] 1.6 (2) 23(2) 15 (2) 20(2) 1.61 2.3

o [kHz]l 2.09 1.84 1.70 2.40 1.93 2.31

Nlel 62 65 61 63 18 22

[a] DsP---Br”Br constant D, fixed to the value obtained for D;P---8'Br”’Br. [b] Constants M,,(Br;) and M,,(Br,) fixed at the values obtained for
H;P---Br”Br in the fit. [c] Constants M,,(Br;) and M,,(Br,) fixed at the values obtained for H;P---®'Br”Br in the fit. [d] Standard deviation of fit.

[e] Number of lines included in the fit.

Chem. Eur. J. 2000, 6, No. 21
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Table 4. Spectroscopic and geometric properties of PH; and Br,.

Isotopomer B, [MHz] C, [MHz] 2(Br) [MHz] % (3'Br) [MHz] ro [A] Angle a [°]
PH; 133480.1165(17) 117489.4374(77)la - - 1.42001l 122.8624ll
PD; 69471.145(23)M1 58973.960(556)!°! - - 1.4176l 122.8514ll
“Br”Br 2456.71 2456.714 810.0(5) - 2.283261 -

B8 Br 2426.412) 2426 41e) 810.0(5)t¢! 676.7(4)M - -
SIBr®'Br 2396.11 2396.11l - 676.7(4) - -

"Br - - 769.7611 - - -

Sy - - - 643.0311 - -

[a] Ref. [12]. [b] Ref. [13]. [c] r, geometry obtained by fitting B, and C, to r,(P—H) and « and by using a least-squares fit to the I§ values. The angle « is
defined as the angle between the C; axis of Ph; and the P—H bond. [d] Ref. [14]. [e] Ref. [15]. [f] Calculated from r,= {h/(87?uB,)}"? and the appropriate B,
value. [g] Calculated from B, = {h/(8m%ur,)}"? by using the r, value of ’Br’Br, for which isotopomer B, is an order of magnitude better determined in ref. [16].
[h] Scaled from the Br”°Br values by multiplying the y,(”Br) value of "Br, by the ratio 8'Q/”Q = 0.8354 of the nuclear quadrupole moments determined in

ref. [17]. [i] Ref. [7].

Figure 1. Definition of the distance r, and the angles 6 and ¢ used in the
discussion of the geometry of H;P - Br,.

can be estimated, where f is the angle between the Br,
internuclear axis and the instantaneous a axis of the complex.
Thus we suggest the value f3,, = cos™}{cos?8)?>=5(2)°. When
averaging is taken properly into account, it can be shown that
(cos?¢p) = (cos?*$) and, therefore, ¢,, also lies in the range
5(2)°.1 Phosphine has a much smaller reduced mass for the
angular oscillation than bromine and can therefore be
expected to have a larger oscillation angle 6,, in the complex
than ¢,, for bromine. An angle of 8,, = 15°(5) was assumed in
the model, with the expectation that this range will encompass
the actual value of ,,. Fortunately, PHj is a near-spherical top
and r.,, in Equation (6) does not significantly depend upon 6,,.
The assumed error of 5° caused a change of only 0.0007 Ain
r.m and, therefore, in the calcu-
lated intermolecular bond dis-

H;P---Br, calculated by using r(Br—Br) and r’ for the
elongated Br, bond length in the complex, as established by
our partial r, structural analysis. This required use of a
predicted B.* in Equation (6), as re-evaluated by means of
the relation B, = {h/(8m?ur,)}"".

Calculation of the strength of the H;P --- Br, intermolecular
bond: As mentioned briefly in the introduction, the strength
of the intermolecular bond in the H;P:--Br, molecular
complex can be measured by the magnitude of the intermo-
lecular stretching force constant k,. The quantity &, is defined
as the restoring force per unit extension of the P---Br; bond
and can be calculated by using the expression for k; in a
symmetric-top complex given by Millen [Eq. (8)].
ko= (16m2uB3/D,)(1 — By BR* — By/BF®) ®)

This equation holds in the approximation of a quadratic
force field and of rigid, unchanged component monomer
geometries in the molecular complex.?!! Values of Dj, B,, B™?
and BB are given in Tables 3 and 4, while x4 has been defined
in connection with Equation (6). The resulting values for k, of
the six isotopomers of H;P --- Br, are identical within exper-
imental error and are listed in Table 5. Use of B.” for the Br,

Table 5. Some properties of the complex of H;P --- Br, determined by rotational spectroscopy.

tance r(P--- Br;).

- Isot - [A]® P---Br) [A]M k, [Nm~]el 511 SBrlel
Values of I, I, I."" and I” sotopomet Fen [A] i n) [A] [Nm™] »

are obtainable from Tables3  HsP:7Br’Br 42533 (7)1 3.0432 (7)1 9.78 (1) 0.080 (23) 0.111 (10)
. 42271 (7)8 2.9997 (7)td

and 4. The intermolecular bond ) g, 42393 (8 3.0434 (8)11 9.84 (1) 0077 (23) 0.107 (11)
dlstan.ce r(P--: Br;) is given by 42126 7yl 2.9997 (7)e

Equation (7), in which # and ¥*  H,P---Br¥Br 4.2681 (8)n 3.0436 (8)!1 9.87 (1) 0.077 (23) 0.107 (11)
are the distances of P and Br; 4.2416 (7)l 2.9997 (7)lel
... 8181 f]

from the centres of mass of H;p ~ HsP - "BrBr 4.2540 (7)1 3.0438 (7)1 9.70 (1) 0.077 (22) 0.100 (10)
dB tivel ; 42272 (8)¢l 2.9998 (8)ld

and b, respectively. D,P - “Br*Br 42969 (6)17 3.0298 (6)1 98300 0.079 (23) 0.111 (10)
42727 (6)¢ 2.9883 (6)ld

r(P-Br) =rey—r' = 1" (7)  D,P--$BrBr 4.2828 (6)!1 3.0299 (6)!1 9.78 (3) 0.080 (23) 0.110 (10)
42582 (7)1 2.9883 (6)

Values of r.,, and r(P---Br;)
for H;P---Br,, obtained when
the assumption of unchanged,
isolated monomer bond lengths
is made, are given in Table 5.
Values are also given in Table 5
for and r(P---Br) of

Tem

3972

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

[a] rem determined by using Equation (6). The error in r, arises from the assumed error in 6 ==+ 5°.

[b] r(P---Br;) determined by using Equation (7). The error in r,, arises from the assumed error in 6 =+5°.
[c] Determined from D; by using Equation (8). The error is that resulting from the experimental error in D).
[d] Fraction of an electron transferred from P to Br;. [e] Fraction of an electron transferred from Br; to Br,.
[£] Calculated by using the isolated Br, monomer bond length r(Br—Br) and B, constants given in Table 4.
[g] Calculated by using the complexed Br, bond length »(Br—Br) and B, constants determined by r, analysis of
H;P - Br, in section on the geometry of H;P -+ Br,. See text for discussion. [h] Calculated by using the assumed
value of Dy given in Table 3 for this isotopomer.
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molecule when lengthened in the complex leads to changes of
only 0.12 Nm~! in k,.

Electronic effects—determination of charge transfer in
H;P -+ Br,: The high precision with which the nuclear quadru-
pole coupling constants are obtained by FTMW spectroscopy
permits the determination of electronic changes that occur in
the monomer components upon formation of H;P --- Br,.

As discussed under spectral analysis, the pattern of spectral
lines revealed that the complex was a prolate symmetric rotor,
where the changes in B, of the complex upon deuteration of
H,;P showed that the nuclei were aligned in the order P---
Br;Br, along the symmetric-top axis. The bromine nuclear
quadrupole coupling constants can be interpreted by using the
Townes — Dailey model of electronic structure to obtain d; and
05", where 9; is the fraction of an electron transferred from P
to Br; and o5 is the fraction of an electron transferred from
Br; to Br,,.

In the Townes—Dailey model in its simplest form, only
valence shell p, d.... electrons centred on a particular nucleus
are assumed to contribute to the electric field gradient (efg) at
that nucleus. Filled inner shells and valence shell s electrons
are taken to retain their spherical symmetry when an atom is
incorporated into a molecule. In what follows, we shall
consider the changes in the efg’s (and hence the nuclear
quadrupole coupling constants) of the free Br, molecule when
the complex B:--Br;—Br, is formed by bringing up a Lewis
base B along the Br, intermolecular axis z. The subscripts i
and o denote the inner and outer Br nuclei, respectively.

In free Br,, according to the Townes — Dailey model, the efg
at each Br nucleus results from a deficit of a single 4p, electron
on each atom. If the efg along z in each atom is — 9*V/0z? and
the atomic nuclear quadrupole coupling constant appropriate
to each of a pair of atoms at infinite separation along z is
xa(Br) = (eQ/h)q 4, in which g, = 8?V/9z? and e is the charge
of a proton, it follows that in the free molecule Br, the two
coupling constants are given by yo(Br;) = yA(Br;) = (eQi/h)qa
and y,(Br,) = ya(Br,) = (eQ./h)g,. Note that in earlier pub-
lications (e.g., ref. [6] and papers cited therein) definitions of
the type y=—(eQ/h) &*VIdz>=—(eQ/h)q.. have been used,
which correspond to the choice of e as the charge of an electron.

If a 4p, electron were transferred from Br; to Br, in covalent
Br, to give the valence-bond structure Br;"--- Br,, the outer
atom achieves the filled shell 4p°® and, in the approximation of
the Townes — Dailey model, x(Br,) is zero since g, is zero. On
the other hand, the efg at Br; becomes g;=2¢g, and hence
x(Br) =2y, (Br).

We now assume that formation of B--- Br,—Br, leads to a
net change d; — OF" in the fractional population of 4p, electron
at Br;. This change is brought about by the intermolecular
transfer of the fraction 6; of an electron into 4p, on Br; and the
intramolecular transfer of a fraction 65" of an electron from
Br; into 4p, of Br,. It then follows that the equilibrium nuclear
quadrupole coupling constants x¢,(X) at nucleus X, where
X =Br; or Br,, are related to the free Br, values y,(X) by
Equation (9), in which 0 =0;— 05" when X =Br; and 6 =45"
when X = Br,. Values of y, and y, for the different bromine
isotopomers are given in Table 4.

L5z = Xo(X) — 0-xa(X) )

Chem. Eur. J. 2000, 6, No. 21
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The zero-point nuclear quadrupole coupling constants
Yaa(B1;) and y,.(Br,), which are given in Table 3, are to a
good approximation related to their equilibrium values
x5, (Br;) and x¢,(Br,) by Equation (10), in which P, is the
associated Legendre polynomial and § is the angle formed
between the Br, z axis and the a axis of the complex at any
instant and the average is over the zero-point motion.
Substitution of Equation (10) into Equation (9) leads to
Equation (11), in which 6 =0;— 05 when X=Br; and 0=
o8 when X =Br,.

Additionally, when the two bromine nuclei are isotopically
identical, it is readily shown that the two equations implied in
Equation (11) can be rearranged to Equation (12) and
Equation (13) as is the case for H;P---7Br””Br, H;P--
81Br¥'Br and D,P --- ”Br’°Br.

Xaa(Br) = 25 (Br)(Py(cosp)) (10)
0 = {o(X)2a(X)} = Paa(X)/ g aX) N Pa(cosp)) ! (1
0= 2{po(Br)/xa(Br)} = {[Xaa(Br:) + Yaa(Bro) g a(Br)}(Py(cosp)) ! (12)
05" = {xo(Br)/xa(BI)} — {aa(Bro) xa(Br)}(Po(cosp)) ! (13)

To obtain values for ¢; and 5* by using Equations (11), (12)
and (13) requires knowledge of the angle f3,, = cos™!{cosf3)'.
When o; was assumed equal to zero in the weakly bound
complex OC--- B, analysis of the Br nuclear quadrupole
coupling constants gave (3,,=6°. Application of a similar
analysis, with the assumption of no charge transfer, to the Br
coupling constants of H;P---Br, led to a value of §,,=10°.
This is clearly a serious overestimate for f3,,, since the strength
of the intermolecular bond in H;P---Br, is a factor of two
greater than that of OC - Br,, as evidenced by their k, values
of k,=9.8 Nm~' and k,=5.0 Nm~!, respectively. The more
strongly bound complex should undergo smaller amplitude
motions, not larger.

A better way to proceed is to assume the f,, value for
OC:---Br, of 6° is an upper limit for §,, in H;P---Br, and
assume that charge transfer occurs. Considering the relative
strengths of the OC:---Br, and H;P---Br, intermolecular
bonds, a value of 3,,=5°(2) is likely to encompass the actual
value in H;P --- Br,. Fortunately, (P,(cosp)) only varies slowly
from unity for a small angles of S, so using §,,=5°(2) in
Equations (11), (12) and (13) should lead to reasonably
accurate values of 6; and 05" in H;P -+ Br,. Our estimates of ¢,
and 05" obtained by this approach are given in Table 5, where
the quoted errors are those generated from our choice of the
range in .

Discussion

In the preceding sections we have established the structure of
H;P --- Br, to be of C;, symmetry. The nuclei P --- Br;Br, in the
complex were found to be collinear and define the C; axis. We
have shown that H;P --- Br, exhibits substantial charge trans-
fer in the ground electronic state. Significant rearrangement
of electronic charge was established following interpretation
of the bromine nuclear quadrupole coupling constants by
using the Townes—Dailey model. Intermolecular transfer of
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electronic charge from PHj; to the inner bromine nucleus of
9;=0.079 e and intramolecular transfer of electronic charge to
from the inner to the outer bromine nucleus of 65 =0.11e
were established. Associated with this rearrangement of
electronic structure was an experimentally determined
lengthening of the r(Br—Br) bond by about 0.03 A. Fortu-
nately, although changes in the PH; geometry could not be
determined by the r; method, the conclusions present here are
insensitive to any such changes.

As defined under the calculation of bond strength, the force
constant k, is the restoring force per infinitesimal displace-
ment along the dissociation coordinate; it therefore provides a
way to order B--- XY complexes according to a measure of
the strength of binding. The intramolecular electron transfer
of! from the inner-halogen nucleus to Cl in the extensively
studied B---ICl and B---BrCl series exhibited an approx-
imately linear relationship with k.1 A similar investigation of
any systematic variation of the polarisation of Br, by the
electric field, and its gradients, due to B for the B --- Br, series
of complexes is therefore of interest.

Comparison of 0" versus k, in Table 6 reveals that polar-
isation of the Br, subunit within the B---Br, complexes
increases monotonically with k,. The approximately linear
dependence of intramolecular charge transfer versus binding
strength to the Lewis base appears to be consistent for all

Table 6. Comparison of selected properties of complexes B ---Br,, B---BrCl and B --- HBr.

XY =Br, and BrCl (Table 6); it has also been observed for the
H,P---ICI complex.’! This may indicate that the electronic
structures of H;P---XY complexes, XY=Br,, BrCl and
ICl, have a non-negligible contribution from the H;P*--- XY~
form.

Now that values of o; for several B---Br, complexes are
available we may examine any trends in the intermolecular
charge transfer that occur as the Lewis base B is varied. An
exponential relationship between ¢; and the first ionisation
energy (Iy) of B has previously been identified in the B --- ICl
series and more recently within the B---BrCl complex
series.[% 21 ¢, is therefore highly correlated with the energy
required for removal of an electron from the o-type non-
bonding orbital or a m-bonding orbital of the Lewis base,
whichever is directly involved in the interaction. From the
limited information available from Table 6, J; of the B - Br,
complexes appear to demonstrate a similar correlation with
Iz. The magnitude of o; supplied in Table 6 for B---Br,,
increases in the order CO (I;=14.0139¢V)<H,0 (Iz=
12.612eV)<NH; ([5=9.869eV)<PH; ([z=10.16¢V).
Clearly the electron donating ability of B, as measured by
the ionisation energy, is greatest when the Iy is low. The
magnitude of Iy is thus a measure of the distortability, or
“softness”, of the n-pair electrons of B which significantly
influences the amount of intermolecular transfer of electronic
charge between the two com-
ponent molecules of B---Br,
complexes.

XY B r(Z- X)lal Ar [A]P ko [Nm™!] o; o) In all the series of halogen-

Br, COll 3.105 055 5.0 0 0.020 bonded complexes studied by
H,0u 2.830 0.52 9.7 0.008 0.051 FTMW spectroscopy, B:--Cl,,
PH;l! 3.044 0.81 9.8 0.077 0.106 B---BrCl,B---CIF,B---ICl and

o f f .

BrCl gg[{]] 3334 822 12; 888[1]'g1 8(1)23[; now B---Br,, the intermolecu-
H,0l 2882 0.47 125 0.009 0053  lar bond length r(Z--XY) is
PH, ! 2.869 0.98 11.5 0.100 0.128 consistently observed to be
NH,! 2.626 0.82 26.7 0.0641e] 0.136!  shorter than the sum o(Z)+

HBrt! cot 3917 0.27 3.0 - - o(X) of the van der Waals radii
H,0U 3411 - 0.06 10.0 - -
PH,U! 4057 021 50 _ B of the electron donor atom and
NH, 3.255 0.20 13.4 - _ the acceptor atom in the com-

[a] Z represents the electron donor atom in B. X represents the halogen nucleus bonded to Z in the case of XY
complexes or Br in the case of HBr. [b] Ar={0(Z) + 0(X)} — r(Z--- X). Values of the van der Waals radii 6(Z) and
o(X) are from ref. [30]. [c] Value given in ref. [5]. [d] Ref. [31]. [e] This work. [f] Calculated by using the bromine
%aa Values and an oscillation angle of 5° in ref. [32]. [g] Calculated by using the BrCl y,, values and an oscillation
angle of 6°, see ref. [23] for justification. [h] Values of 6; and 6 could not be determined for B --- HBr complexes
by the Townes — Dailey model, owing to the large oscillation angles the HBr subunit undergo in these complexes.

[i] Ref. [33]. [j] Ref. [34] and ref. [35].

complexes B --- XY this holds for both the heteronuclear and
homonuclear dihalogen XY. We note that for a given B in
Table 6, 6] does not differ significantly when XY =Br, or
BrCl. One might expect this trend if 4Y is in-part dependent
upon certain properties of the atom X directly involved in the
interaction with the Lewis base B, such as the electron affinity
or the polarisability of X.

Another notable observation which can be gained by this
examination of 8, versus k, in Table 6 is that for the case of
B =PH; 0} appears to be anomalously large. This exagger-
ated polarisation of the XY subunit by PH; is apparent for
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plex. The contraction of the
van der Waals radius upon
complex formation of Ar=
{o(Z) + o(X)} — r(Z---X) is giv-
en in Table 6 for the four Lewis
bases that have been investigat-
ed in the B---Br, series. In
previous studies, the contrac-
tions have been in part attrib-
uted to anisotropy of the van der Waals radii of the halogen,
that is, shorter along the XY internuclear z axis relative to the
corresponding radius perpendicular to z.?¥ If we compare
Ar in the B --- Br, series with Ar of the hydrogen-bonded B ---
HBr complexes in Table 6, this anisotropy of the dihalogen
van der Waals radius along the internuclear axis is readily
apparent. The B---HBr complex internuclear separation
r(Z - X) is typically within 0.2 A of the sum of the appro-
priate van der Waals radii of the monomers in Table 6, while
for the same Lewis bases B, the bromine complexes have large
Ar values.
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Comparing Ar for the two dihalogens Br, and BrCl with a
given Lewis base in Table 6, we find the magnitude of Ar is
always larger in the Br, complex relative to the BrCl complex
by about 0.1 A. This observation leads us to conclude that the
internuclear separation r(Z --- X) in the series of complexes is
additionally influenced by the magnitude of the electric dipole
moment of BrCl. Although the large Ar for H;P---Br,
observed in this study indicates a distance r(Z---X) that is
likely to be energetically unfavourable through the over-
lapping of the components van der Waals spheres in the
complex; this is compensated for by the aforementioned
anisotropy and, importantly, the electrostatic forces which
hold the complex together.

Experimental Section

The ground-state rotational spectrum of H;P --- Br, was observed by using a
pulsed-jet, cavity microwave (MW) Fourier transform (FT) spectrometer
of the Balle—Flygare design.” Phosphine (BOC Gases, 99.999 %) and
bromine (Aldrich) were combined inside the Fabry—Pérot cavity of the
spectrometer by using a fast-mixing nozzle.*”! The mixing nozzle avoided
the premature reaction of the two gases that would otherwise be expected
to occur if a free-jet expansion using components pre-mixed in a conven-
tional stagnation tank at room temperature and pressure had been
attempted. A mixture of about 1% PHj; in Ar was pulsed from a backing
pressure of 3 atm through the outer channel of the mixing nozzle by means
of a Series 9 solenoid valve (Parker Hannifin) with 0.5 mm inner diameter
aperture. Meanwhile, Br, was expanded continuously through the near-
concentric, coterminous inner glass tube of the mixing nozzle apparatus.
The Br, flow was adjusted to give a background pressure of 1 x 10~* mbar
inside the spectrometer vacuum chamber during normal operation.

On mixing, the complexes form in three-body collisions at the interface of
the expansions; collisional cooling to about 1K occurs within a few
microseconds, when collisionless flow is attained. The direction of flow of
our combined free-jet expansions was perpendicular to the direction of
MW propagation in the Fabry-Pérot cavity of the apparatus. This
perpendicular configuration also minimises Doppler doubling in contrast
to a coaxial configuration. This is a distinct advantage when measuring
complexes containing bromine, in which many overlapping lines occur in
the rotational spectrum due to a rich nuclear quadrupole structure coupled
with the overlap of the transitions of several isotopic species. Employing a
fast-mixing nozzle in this way has been observed to suppress the splitting of
rotational lines by the Doppler effect.

Following expansion, the gas ensemble was polarised and the subsequent
free induction decay detected in the usual way.*”) The natural abundance of
the two bromine nuclei of 50.5% and 49.5% led to the formation of four
possible isotopomers of the H;P---Br, complex with nearly equal
abundance. The free-jet expansion therefore consisted of about 25% of
each isotopomer. Some modifications were made to the apparatus in order
increase the signal-to-noise ratio of observed lines by a factor of about 3:1,
thus permitting the measurement of weaker H;P --- Br, nuclear quadrupole
components in the rotational spectrum. The isotopic dilution of the number
density of a given H;P---Br, isotopomer in the free-jet expansion and
consequent reduction in signal intensity was compensated for by using a JS-
02001800-22-5A Mitec amplifier with noise figure of 2.1 dB and with an
IR 02261C1A Mitec image rejection mixer employed to the mix down the
molecular emission of frequency v,, to v,,+20 MHz, as used by Grabow
et al.”s! Rotational transition linewidths of about 16 kHz were typically
observed and the accuracy of frequency measurement was estimated to be
within about 2 kHz.

Samples of PD; were synthesised under vacuum by adding a mixture of DCIl
(Aldrich, 37% by wt.) in D,0O (Aldrich, >99.92%) dropwise, to Ca;P,
(Sigma-Aldrich, 30% by wt.).””) Evolved PD; was condensed at liquid-
nitrogen temperature in a glass sample tube. We note that P,H, was also
formed by this procedure. Over a 24 hour period an amorphous, yellow

polymer formed on the wall of the glass vessel. These factors did not
significantly influence the observed intensities of D;P---Br, rotational
lines.
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Atom under Acidic and Thermal Conditions

Hiroyuki Morita,*®! Hiroyuki Kawaguchi,” Toshiaki Yoshimura,*! Eiichi Tsukurimichi,?!

Choichiro Shimasaki,'*! and Ernst Horn!¢!

Dedicated to Professor Shigeru Oae on the occasion of his 80th birthday

Abstract: 5-(N-p-Toluenesulfonyl)iminothianthrenes, whose sulfur atoms are oxi-

dized to a sulfoxide or sulfone at the 10-position, were hydrolysed readily in high yield
to N-unsubstituted-sulfilimines by using concentrated H,SO,. During hydrolysis, 10-
monoxy-5-N-unsubstituted-sulfilimines were obtained as a separable mixture of the
cis and trans isomers. The stereochemical interconversion of these compounds was

Keywords: steric hindrance - struc-
ture —activity relationships - sub-
stituent effects - sulfilimines - sulfur
- thianthrene derivatives

studied under both hydrolytic and thermal conditions and their structures were

elucidated by using X-ray crystallography.

Introduction

To date only a limited number of reports on the sulfur
chemistry of thianthrene, such as its oxidation to sulfoxides
and sulfones, and its imination to sulfilimine derivatives,!l
have appeared in the literature. Recently, Bonchio et al.,?
and Adam etalP! noted the importance of steric and
electronic effects on both the rate and the site of further
oxidation of thianthrene or the 5-oxide to their oxides under
several oxidation conditions. N-Unsubstituted-sulfilimines
are readily obtained by hydrolysis of their N-p-toluenesul-
fonyl precursors with concentrated H,SO,.[! However, this
method is not applicable to thianthrene sulfilimine precursors
because of their instability in concentrated H,SO, and the
subsequent formation of a radical cation intermediate. We
have found that 5-(N-p-toluenesulfonyl)iminothianthrenes,
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with an oxidized sulfur atom in the form of sulfoxide or
sulfone at the 10-position, were converted to N-unsubstituted-
sulfilimines in good yields by the same procedure. Thus, we
have been able to prepare several 10-monoxy- and -dioxy-5-
N-unsubstituted iminothianthrenes. The cis and trans isomers
of 10-monoxy-5-N-unsubstituted- and -5-N-substituted imi-
nothianthrenes were separated and their interconversion
studied under both hydrolytic conditions in acidic media
and thermal conditions. X-ray crystallographic analyses for
both thianthrene itself and several oxidized thianthrenes
reported by Lynthon and Cox,’! Row and Post,® and
Hosoya,[l show that thianthrene derivatives are folded along
the S—S axis, and consequently exist as “butterfly structures”,
which contain a boat-form similar to a 1,4-dithiin structure for
the center 6-membered ring of thianthrene as reported by
Lipscomb et al.l®] From these structures it is evident that a
direct interaction between the substituents on the two sulfur
atoms can occur; this could well be the cause for the
difference in reactivities on the sulfur atoms between cis
and trans isomers. The results of X-ray crystallographic
analyses of these sulfilimine derivatives are also described
here.

Results and Discussion

5-(N-p-Toluenesulfonyl)iminothianthrene 1 was readily ob-
tained by the reaction of the sodium salt of N-chloro-p-
toluenesulfonamide (chloramine T) in CH;CN. The imino-
thianthrene derivative 1 was oxidized with 3-chloroperoxy-
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benzoic acid (m-CPBA) in CH,Cl, at room temperature to
afford the corresponding 10-S-monoxy- (trans-2) and 10-
dioxy-5-(N-p-toluenesulfonyl)iminothianthrene (3) in 73 and
21% yield, respectively (Scheme 1). During the oxidation
reaction of 1, the formation of cis-10-monoxy-5-(N-p-tolu-

@EJQ @ED (ID

Ts NTS
trans-2 (73%) cis-2 (0%) 3 (21%)

Eﬁ@@@@@

NH NH
trans-5 (74%) CIS 5 (13%) 4

e AN R
CLD-CODO0

trans-7 cis-7 6

Scheme 1. a) m-CPBA, CH,CL, RT. b) 95% H,SO,, RT, then aq. KOH.
¢) TsCVEt,N, CH,CL; RT, d) 20% H,SO,, 65°C, 3 h.

enesulfonyl)iminothianthrene (cis-2) was not observed, even
by 'H NMR analysis, this is probably due to rapid oxidation to
the corresponding dioxy derivative 3. This explanation is
supported by a recent report which shows that the oxidation
of cis-thianthrene-5,10-dioxide with MoOs; was 5.6 times
faster than that of trans-thianthrene-5,10-dioxide.

Acidic hydrolysis of N—Ts to N—H in concentrated H,SO,: 10-
Dioxy-5-(N-p-toluenesulfonyl)iminothianthrene  (3) was
treated with concentrated H,SO, at room temperature to
afford N-unsubstituted-sulfilimine 4 in high yield. Similarly,
trans-10-monoxy-5-(N-p-toluenesulfonyl)iminothianthrene
(trans-2) was hydrolyzed with concentrated H,SO, to give a
mixture of the corresponding trans- and cis-N-unsubstituted-
sulfilimines (trans- and cis-5), in the respective ratio 74:13 as
determined by '"H NMR analysis. This mixture was further
separated and purified by repeated recrystallization. The
structures of trans- and cis-5 were confirmed by tosylating
them, to give the starting products trans- and cis-2, respec-
tively (Scheme 1). Compound cis-2 thus obtained, or isomer-
ized thermally from trans-2 (in toluene, 100°C, as described
later), was also hydrolyzed under the same conditions as in the
case of trans-2 described earlier (95% H,SO,), to result in
almost the same respective mixture ratio (77:15) of trans- and
cis-5 (see Scheme 2).
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O
/,O Toluene 100°C  4.5h v
L0 989
S Toluene 100°C  4.5h s
11%
NTs NTs
trans-2 cis-2

95%H,S0,

TsCl
EtzN 95% H2$O4

88% | | 74%

TsClI
95%H,S04 | | EtsN

13% 15% | | 86%

/O Toluene 100°C, 6h

L0
S Toluene 100°C, 6h

86% recovery of cis 5
NH ° Y \NH
trans-5

20%H,S0,

20%H2S04 20%H,S0,

12% 73% 10%
A o

< o-dichlorobenzene 180°C, 24h /

L0 e
/s o-dichlorobenzene 180°C, 24h s

18% N

(0] (0]
trans-7 cis-7
Scheme 2.

It has been reported that optically active sulfoxides in
H,SO, undergo oxygen exchange reactions concurrently with
racemization reactions, changing the mechanism from Al to
A2 type depending on the concentration of the acid.]
Therefore, the results shown in Scheme 2 are simply account-
ed for by the inversion of the sulfinyl group by substitution of
H,O on the hydroxysulfonium sulfur atom at the 10-position
formed by protonation in the course of hydrolysis in
concentrated H,SO,, because the cleavage of the N—Ts bond
evidently does not involve the inversion process.'’) In a
control experiment, the ratio of trans-5 and cis-5 in concen-
trated H,SO, (commercial; 95%) was observed as 6:1 by
'"H NMR analysis after 10 min of equilibration and workup.
This ratio is almost the same as that observed for the
hydrolysis of the N—Ts bond of trans-2 and cis-2 to the
corresponding N-unsubstituted-sulfilimines under the same
acidic conditions. Thianthrene derivatives are known to be in
an equilibrium state, consisting of a mixture of the so-called
“flip-flap” isomers, which are interconvertible around the S—S
axis of the dithiin framework.!'!

In Scheme 3 two possibilities of such “flip-flap” conformers
for both the protonated frans-5 and cis-S are illustrated
schematically. They consist of two trans forms that are almost
energetically the same, the axial (S—O)/equatorial (S—NH)
form (trans-5a) and the equatorial (S—O)/axial (S—NH) form
(trans-5b), and the apparently energetically different cis
forms, the diequatorial (S—O, S—NH) form (cis-5a) and the
diaxial (S—O, S—NH) form (cis-5b). Compounf cis-5a is more
stable than cis-5b due to the diaxial repulsion between the
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S—0O and S—NH groups. From a comparison of the four forms
in Scheme 3, it is evident that the trans form (trans-5b or
trans-5b) seems to be less easily attacked by H,O than the cis
form (cis-5a) because of unfavorable steric hindrance by the
peri hydrogens on the two benzene rings (frans-5a case) or the
axial S—NH group (trans-5b case), although Scheme 3 depicts
the A2 mechanism. However, the steric situation with regard
to the attacking site for H,O is predicted to be almost the
same even in the Al case. Therefore, in concentrated H,SO,
the differences in the steric environment of the four con-
formers suggest that the trans isomer is thermodynamically
more stable than the cis isomer, and that the cis isomer is more
easily attacked by H,O than the trans isomer. Hence, in the
hydrolytic conversion of both trans-2 and cis-2 to the N-
unsubstituted-sulfilimines, the more stable trans-5 is more
favorably formed than cis-5. Interestingly, this is in contrast to
the greater thermodynamic stability of cis-2, as mentioned
later (see also Scheme 2), and is the first example of a direct
comparison of the replacement ability by H,O in H,SO,
between the NH group (N-unsubstituted-sulfilimine) and
oxygen (sulfoxide) on the sulfur atom in the same molecule.
The oxygen exchange proceeds preferentially over de-imina-
tion. Nevertheless, the leaving ability of the amino group is
expected to be larger than that of the hydroxy group on a
sulfonium sulfur atom in compound §, as depicted in
Scheme 3. Actually, N-unsubstituted-sulfilimines (pk, value
of the conjugate acid for diphenyl unsubstituted-sulfilimine:
8.56121) are more basic than sulfoxides (pk, value of the
conjugate acid for diphenyl sulfoxide: —4.970%). Therefore,
the former can be a good leaving group after double
protonation in concentrated H,SO,.

All the structural data for trans-2, cis-2, 3, 4, trans-5, and cis-
5, such as '"H NMR, 3C NMR, and IR spectroscopy, mass
spectrometry, and elemental analyses, are consistent with the
expected structures. The final structure confirmations for
trans-2, cis-2, 3, and trans-5 were performed by single crystal
X-ray crystallographic analyses as shown by the ORTEP
drawings in Figure 1 -4, respectively. The structure for cis-Sb
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S(3)-N(1), 1.626(1); SG)-C(13), 1.772(1); O1)-S(1)~C(1), 107.8(1);
C(7)-S(1)-0(1), 106.5(1); C(7)-S(1)~C(1), 963(1); N(1)-S(2)~C(12),
105.7(1);  N(1)-S(2)-C(6), 1053(1); C(12)-S(2)~C(6), 99.7(1);
0(2)-S(3)-0(@3), 1170(1); O(2)-S(3)-N(1), 105.5(1); O(2)-S(3)~C(13),
1082(1); O(3)-SG3)-N(1), 111.9(1); O3)-S(3)-C(13), 107.6(1);
N(1)-S(3)-C(13), 106.1(1); S(2)-N(1)-S(3), 111.5(1).

Figure 2. An ORTEP drawing of cis-2 (50% probability ellipsoids).
Selected bond lengths [A] and angles [°]: S(1)-O(1), 1.491(1); S(1)—C(1),
1.817(1); S(1)—C(12), 1.825(1); S(2)-N(1), 1.620(1); S(2)—C(6), 1.811(1);
S(2)—-C(7), 1.811(1); S(3)—0(2), 1.459(1); S(3)—0O(3), 1.460(1); S(3)-N(1),
1.638(1); S(3)—C(13), 1.792(1); O(1)-S(1)—C(1), 108.4(1);
O(1)-S(1)—-C(12), 107.4(1); C(1)—S(1)—C(12), 93.5(1); N(1)-S(2)—C(6),
1074(1);  N(1)-S(2)-C(7), 104.0(1); C(6)-S(2)-C(7), 95.6(1);
0(2)-S(3)—0(3), 117.8(1); O(2)-S(3)—N(1), 113.3(1); O(2)—S(3)—C(13),
1073(1);  O(3)-S(3)-N(1), 106.4(1); O(3)-SB3)—C(13), 107.8(1);
N(1)-S(3)—C(13), 103.2(1); S(2)—N(1)-S(3), 114.3(1).

is unavailable because of the difficulty of obtaining suitable
single crystals. The crystal structure of the N-unsubstituted-
sulfilimine of trans-5 is the first reported example by X-ray
crystallography for these compounds, as single crystals are
usually unstable under X-ray irradiation. The stereochemistry
of the crystal structures, trans-2, cis-2, 3, and trans-5, is
consistent with that proposed in this paper.

All the sulfilimines, trans-2, cis-2, 3, 4, trans-5, and cis-5
have strong IR bands around 900-1000 cm~!, which were
assigned to the v (S—N) stretching vibrations. Other strong
absorption bands for trans-2, cis-2, trans-5, and cis-5 appear in
the region 1010-1080 cm~! due to v (S—O) stretches; this
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Figure 3. An ORTEP drawing of 3 (50 % probability ellipsoids). Selected
bond lengths [A] and angles [°]: S(1)—O(1), 1.437(1); S(1)~O(2), 1.430(1);
S(1)—C(1), 1.765(1); S(1)—C(7), 1.767(1); S(2)—N(1), 1.618(1); S(2)—C(6),
1.795(1); S(2)—C(12), 1.794(1); S(3)—O(3), 1.435(1); S(3)—0O(4), 1.436(1);
S(3)-N(1), 1.622(1); S(3)—-C(13), 1.771(1); O(1)-S(1)—0O(2), 119.8(1);
O(1)-S(1)—C(1), 107.4(1); O(1)—S(1)—C(7), 107.4(1); O(2)-S(1)—C(7),
100.9(1), N(1)-S(2)—C(6), 102.6(1); N(1)-S(2)—C(12), 105.0(1);
C(6)—S(2)—C(12), 98.8(1); O(3)—S(3)—0O(4), 118.4(1); O(3)—S(3)—N(1),
104.4(1); O@3)—S(3)—C(13), 107.8(1); O(4)-S(3)-N(1), 112.0(1);
O(4)—S(3)—C(13), 107.0(1); N(1)—S(3)—C(13), 106.7(1); S(2)—N(1)—S(3),
113.3(1).

suggests that the absorption band of the axial conformation is
considerably lower than that of the equatorial one, by between
60-80 cm~. This means that the NTs group of trans-2 and the
oxygen atom of trans-5 are evidently in the axial position as
seen in the X-ray structure, although this conformation may
only exist in the solid state. In trans-2, the axial S—N bond
absorption appears at 920 cm~!, lower than the equatorial
S—N bond absorption (1000 cm™) of the cis-2. Furthermore,
in trans-5 the axial S—O bond absorption appears at
1010 cm™!, which is lower than the equatorial S—O bond
absorption (1070 cm™!) of cis-5, while the other absorption
bands at the same equatorial conformation appear at the same
or almost the same wave num-
ber; namely, 1080 cm~' for
v(S—0) of trans-2 and cis-2,

T c@ cer®d
Figure 4. An ORTEP drawing of trans-5 (50 % probability ellipsoids). The
primed atoms are related to the normal labels by a crystallographic mirror
plane at y=0.25. Selected bond lengths [A] and angles [°]: S(1)-O(1),
1.512(1); S(1)—C(1), 1.794(1); S(2)-N(1), 1.580(1); S(2)—C(6), 1.812(1);
N(1)-H(1),0.941(10); O(1)—S(1)—C(1), 105.9(1); O(1)—S(1)—C(1), 97.4(1);
N(1)-S(2)—C(6), 111.0(1), C(6)—S(2)—C(6), 97.4(1).

S—NH and for S—NTs at the same equatorial position reveals
that while the S—N bond length is shorter in trans-§
(1.580(1) A) than in cis-2 (1.620(1) A) or 3 (1.618(1) A), the
v (S—N) stretching band of frans-5 (930 cm™!) is lower than
those of cis-2 (1000 cm~!) and 3 (950 cm™); this is contrary to
what was expected. The higher stretching frequency of N-
tosylsulfilimine relative to the N-unsubstituted sulfilimine
may be attributed to the coupling of the two S—N stretching
bands of both the sulfinyl and sulfonyl S—N bonds. The S—N
and S—O bond lengths at the axial position are a little longer
than those at the equatorial position; the axial S—NTs bond of
trans-2 is 0.014 A longer than that of cis-2 (equatorial), and
the S—O bond of trans-5 (axial) is longer than those of trans-2
and cis-2by 0.031 A and 0.021 A, respectively. A similar result
is observed for the IR v (§—O) stretching bands for trans- and
cis-thianthrene-5,10-dioxide (trans-7 and cis-7). Compound
cis-7 shows only one absorption band, v (S—O) 1090 cm™1,
while trans-7 has two absorption bands, v (S—O) 1025 and
1070 cm™; this suggests that the 45 cm™! lower absorption
band is due to the axial configuration on the thianthrene
sulfur atom. Similar findings have also been reported in the
literature.['¥

Acidic hydrolysis of S_NH to S—O of trans- and cis-5 in 20 %
aqueous H,SO,: The hydrolysis of alkyl aryl sulfilimines is

Table 1. Bond lengths [A] and their IR stretching frequencies [cm~!] of trans-2, cis-2, 3, trans-5, and cis-5.

and 930 and 935cm~! for trans-2 cis-2 3 trans-5 cis-5
v(S-N) of trans-§ and cis-5,  pond SN S0 SN SO SN SO, SN S0 SN SO0
respectively, as shown in Ta-  positionl®! ax eq eq eq eq eq ax (eq)®  (eq)™
ble 1. bond length [AJll  1.634 1481 1.620 1491 1.618 14376 1580 1512
. _ 1.430%!
The SN and S-O bond .4 920 1080 1000 1080 950 1160 930 1010 935 1070
lengths appear to be affected 1320le!

by both a conformational factor
and a substituent effect. Exami-

[a] Configurational position from X-ray analysis. ax =axial, eq=equatorial. [b] Configurational position

estimated. [c] Bond length from X-ray crystallography for S—N or S—O bond. [d] Axial position from X-ray

nation of the S—N bond lengths

and IR stretching band for [g]v SO,.
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analysis. [e] Equatorial position from X-ray analysis. [f] IR stretching vibration frequency for SN or S—O bond.
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known to give the corresponding sulfoxide under both acidic
and basic conditions. Stereochemical studies indicate that
hydrolysis under alkaline conditions proceeds through an
inversion mechanism on the sulfur atom, while under acidic
conditions the reactions are not stereospecific and yield the
completely racemized sulfoxides.* ] In order to study the
stereochemistry of the iminothianthrene derivatives under
similar acidic conditions, we carried out the hydrolysis
reaction of the S—NH bond of 4, trans-5, and cis-5 with
aqueous 20 % H,SO, at 65°C for three hours. The results are
illustrated in Scheme 1. The hydrolysis of 4 gave thianthrene
trioxide 6 in high yield. The hydrolysis of trans-5 under the
same conditions gave cis-7 in 73 % yield together with trans-7
in 12 % yield as a minor product. The same hydrolysis of the
cis-5 gave cis-7 in 10% yield and trans-7 in 72 % yield. The
acid hydrolysis results of both of trans-5 and cis-5 to the
corresponding disulfoxides (trans-7 and cis-7) suggest that the
hydrolysis of S—NH to S—O proceeds preferentially through
an inversion mechanism (ca. inversion %: 86 % for trans-5 to
cis-7, and 89 % for cis-5 to trans-7, respectively). These results
are in contrast to those found for the thermodynamically
equilibrated mixture of frans-5 and cis-5 formed from the
hydrolysis of trans-2 or cis-2 in concentrated H,SO,. Evi-
dently the hydrolysis of 5 to 7 (the substitution of NH group
by H,0) is faster than the oxygen exchange on the sulfur atom
of trans-5 and cis-5, contrary to the result in concentrated
H,SO, as mentioned earlier. The decrease of the stereo-
specificity on the hydrolysis in aqueous H,SO, is due mainly
to the concurrent oxygen exchange reaction of the starting §
and/or 7 initially formed. These results suggest that in a weak
acid, such as 20% H,SO,, the aminosulfonium salt would be
preferentially formed over the hydroxysulfonium salt and be
followed by substitution with H,O after further protonation of
the nitrogen atom.

Thermal cis - trans isomerization of 10-monoxy-iminothian-
threnes and thianthrene-5,10-dioxide: Another interesting
aspect of the stereochemical reaction of iminothianthrene and
sulfoxide derivatives is the thermal cis — trans interconversion.
Optically active sulfilimines are known to be substantially
thermally racemized by pyramidal inversion around 100 °C,['®]
while racemization of sulfoxides takes place at higher temper-
atures.l'”? We conducted a preliminary study on the thermal
isomerization of the iminothianthrene derivatives; trans-2 to
cis-2, and trans-5 to cis-5, and vice versa. trans-10-Monoxy-5-
(N-p-toluenesulfonyl)iminothianthrene (frans-2), when heat-
ed at 100°C for 4.5 h, was found to undergo a 87 % inversion
at the sulfur atom bearing the NTs group, affording cis-2
together with 10 % recovery of trans-2. This ratio was found to
be constant even after prolonged heating. Conversely, heating
cis-2 under the same conditions gave trans-2 in 11% yield
after equilibration. Upon heating trans-S under similar con-
ditions, cis-§ was obtained in 85 % yield after equilibration,
but trans-5 was not recovered at all. When cis-5 was heated
under the same conditions, cis-5 was recovered in 86 % yield.
However, in this reverse route trans-5 was also not detected.
In both cases, trans-5 decomposed to thianthrene monoxide
owing to the thermal de-imination reaction.l The instability
of trans-5 compared with cis-5 may be due to the trans-annular
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interaction between the oxygen and the NH group. For a
comparison with the results of thermal behavior of trans-2, cis-
2, trans-5, and cis-5, thermal isomerization of trans-7 to cis-7,
and vice versa, was studied. The thermal equilibration of
trans-7 at 180 °C was found to undergo 80 % thermal inversion
of the sulfoxide affording cis-7, and trans-7 was recovered in a
19% yield. Conversely, starting with cis-7, trans-7 was formed
in 18 % yield with a 79 % recovery of cis-7. These results, as
summarized in Scheme 2, clearly indicate that the disulfoxides
undergo thermal pyramidal inversion more slowly than the
corresponding 10-monoxy-5-iminothianthrene derivatives
trans-5 and cis-5, and that the cis-thianthrene derivatives,
that is, cis-2, cis-5, and cis-7, are thermodynamically more
stable than the trans forms. Hydrolysis of trans-2 and cis-2 to
the corresponding N-unsubstituted-sulfilimines in concentrat-
ed H,SO, is also summarized in Scheme 2, together with the
chemical conversion of trans-5 to trans-2 and cis-S to cis-2 by
N-tosylation of the corresponding N-unsubstituted-sulfili-
mines.

Conclusion

In the course of the study of thianthrene derivatives with a
regulation functionality of their “flip-flap” motion for a
development of a new class of functionalized materials, we
preliminarily investigated the cis—trans isomerization of
several 5,10-disubstituted thianthrene derivatives. The trans-
or cis-10-monoxy-5-(N-p-toluenesulfonyl)iminothianthrene
(trans-2 or cis-2) was hydrolyzed to a mixture of the trans-5
and cis-5 in concentrated H,SO,; this resulted in the
preferential formation of the cis form and almost the same
respective ratio (ca. 5:1) of a mixture of trans-5 and cis-5. In
20% aqueous H,SO, the hydrolysis reaction of trans-5 or cis-5
led to a mixture of the corresponding disulfoxides 7, indicating
that substitution of the NH group with H,O proceeds through
inversion (ca. 86 -89 % ). In both cases the mechanistic aspect
was discussed in view of the concurrent oxygen exchange
reaction in H,SO,. Another interesting stereochemical prob-
lem concerning the thermal cis—trans interconversion of 2, §
and 7 was studied. In this case the cis derivatives were
preferentially formed. The final structural confirmation of
trans-2, cis-2, 3, and trans-§ was performed by X-ray crystallo-
graphic analyses, of which compound trans-5 is a first example
among N-unsubstituted-sulfilimines. From the results of the
X-ray analysis, the relationship between the IR stretching
frequencies and the bond lengths of S—O and S—N at the
equatorial or axial conformational position was also dis-
cussed.

Experimental Section

All the melting points were uncorrected. 'H NMR (400 MHz) and ®*C NMR
(100 MHz) spectra were recorded in CDCIl; with TMS as an internal
standard. The mass spectra were recorded with an EI (Ea=70¢V)
ionization method. The Microanalytical Laboratory of the Department of
Chemical and Biochemical Engineering of Toyama University performed
the elemental analyses. All the reactions were monitored by TLC by using
Merck Silica Gel 60 F,s; TLC plates, and the products were separated by
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column chromatography using Merck Silica Gel 60 and also by preparative
layer chromatography using Merck Silica Gel 60 PF,s, with UV detection.
All the reagents were of the highest quality and were further purified by
distillation or recrystallization. Solvents were further purified by general
methods.

5-(N-p-Toluenesulfonyl)iminothianthrene (1): The preparation procedure
of N-p-toluenesulfonyliminothianthrenes is usually performed by the
reaction of sulfides with chloramine T in a protic solvent, such as acetic
acid or alcoholic solvents.'8l However, the best results were obtained using
CH;CN as a solvent, and by using chloramine T recrystallized from the
same solvent. A mixture of thianthrene (3.5 g, 16 mmol) and chloramine T
trihydrate (6.94 g, 24 mmol) in CH;CN (100 mL) was stirred amd hested to
reflux for 3.5 h. After the solvent was removed, the residue was washed
with H,O and diethyl ether to afford 5.4 g (87 % yield) of almost pure 5-(N-
p-toluenesulfonyl)iminothianthrene (1). Recrystallization from CH;CN
gave a pure compound: m.p. 174-175°C (CH;CN); lit. m.p. 168—
169°C;I%l 'TH NMR: 6 =2.40 (s, 3H), 7.28 (d, /=82 Hz, 2H), 7.45-752
(m, 4H), 7.64-7.66 (m, 2H), 7.89-792 (m, 2H), 794 (d, J=8.2 Hz, 2H);
BC NMR: 0 =21.5, 125.7, 126.3, 129.0, 129.47, 129.49, 130.2, 131.0, 134.1,
140.9, 142.2; IR (KBr): % =1305, 1140, 960 cm~".

Oxidation of 5-(N-p-toluenesulfonyl)iminothianthrene (1) with m-CPBA:
Compound 1 (3.0 g, 7.8 mmol) was dissolved in CH,Cl, (30 mL). m-CPBA
(1.77 g, 10.2 mmol) in CH,Cl, (31 mL) was added to this solution. The
solution was stirred at RT until the TLC spot of the starting sulfilimine
disappeared. The solution was washed with 3% aqueous NaOH and H,0,
and dried over anhydrous MgSO,. After the solvent was removed, the
residue was chromatographed (EtOAc/CHCl;=1:1) through a column
packed with silica gel to afford trans-10-monoxy- (trans-2,2.29 g, 73 %) and
10-dioxy-5-(N-p-toluenesulfonyl)iminothianthrene (3, 0.7 g, 21 %), which
were recrystallized from dichloromethane —hexane and acetonitrile, re-
spectively.

Compound frans-2: M.p. 210-215°C;?1 'H NMR: 6 =2.37 (s, 3H), 7.20 (d,
J=83Hz, 2H), 7.61-7.65 (m, 2H), 7.68-772 (m, 2H), 7.77 (d, J=8.3 Hz,
2H), 8.02-8.05 (m, 2H), 8.06-8.08 (m, 2H); *C NMR: 6 =21.4, 126.2,
128.3, 129.0, 129.4, 131.8, 132.4, 132.9, 140.5, 142.2, 143.8; IR (KBr): =
1290, 1140, 1080, 920 cm~'; MS (EI): m/z (%): 401 [M]*; elemental analysis
caled (%) for C;oH;sNO;S;: C 56.84, H 3.77, N 3.49; found C 56.76, H 3.75,
N 3.54.

Compound 3: M.p. 250-252°C; 'H NMR: 6 =2.44 (s, 3H), 733 (d, /=
8.3 Hz, 2H), 7.71-7.78 (m, 4H), 798 (d, /=8.3 Hz, 2H), 8.07-8.11 (m,
2H), 8.16-8.20 (m, 2H); BC NMR: 6 =21.5, 126.42, 126.45, 126.5, 129.8,
131.8, 133.5, 135.2, 139.3, 140.2, 143.0; IR (KBr): #=1320, 1160, 960 cm;
MS (EI): m/z (%): 417 [M]*; elemental analysis caled (%) for
CoHsNO,S;: C 54.66, H 3.62, N 3.35; found C 54.92, H 3.51, N 3.41.

General procedure for acidic hydrolysis of 5-(V-p-toluenesulfonyl)imino-
thianthrenes trans-2, cis-2, and 3, to their iminothianthrenes trans-5, cis-5,
and 4: 5-(N-p-Toluenesulfonyl)iminothianthrene trans-2, cis-2, or 3 (22—
2.52 mmol) was dissolved in of H,SO, (4 mL, commercial; 95%) at RT.
After 30 min., the solution was poured onto ice, made basic with aqueous
KOH, and extracted with CHCl;. The solvent was removed under reduced
pressure and the residue dissolved in 3% aqueous H,SO,, followed by
extraction with three small portions of CHCl; (5 mL) to remove undesired
neutral and acidic materials. The solution was made basic again with
aqueous KOH and extracted thoroughly with CHCl;. The CHCI; layer was
washed with H,O and dried over anhydrous MgSO,. Then the solvent was
removed to afford crude 5-iminothianthrene trans-5, cis-5, or 4. Purification
by column chromatography on silica gel (EtOAc/C¢H;,=2:1) or by
recrystallization from CH,Cl,/C4H,, yielded the pure N-unsubstituted
sulfilimine, trans-5, cis-5, or 4 as described below.

trans-10-Monoxy-5-iminothianthrene (frans-5) and cis-10-monoxy-5-imi-
nothianthrene (cis-5b): a) Starting from the trans-2 (1.01 g, 2.52 mmol), a
mixture of trans- and cis-5 (0.54 g) was obtained in 87 % yield as a colorless
crystalline material, whose trans-cis =ratio (74:13) was directly determined
by 'H NMR spectroscopy. b) Starting from the cis-2 (1.00 g, 2.49 mmol), a
mixture of trans- and cis-5 (0.57 g) was obtained in 92 % yield as a colorless
crystalline material, whose trans-cis ratio (77:15) was directly determined
by 'H NMR spectroscopy. These two routes resulted in providing almost
the same trans/cis ratio for the mixture of products trans- and cis-5. Pure
trans-5 was obtained by several recrystallizations from CH,Cl,/C,H,,. Pure
cis-5 was directly obtained by chromatography on silica gel or by the
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thermal pyramidal isomerization of trans-5 as described later in the
Experimental Section.

Compound frans-5: M.p. 252 -259°C (decomp); 'H NMR: 6 =1.66 (s, 1 H),
757-761 (m, 2H), 770774 (m, 2H), 7.94-7.96 (m, 2H), 8.33-8.35 (m,
2H); C NMR; 0 =126.5, 129.2, 130.2, 132.3, 139.3, 146.1; IR (KBr): 7=
3190, 1010, 930 cm~'; MS (EI): m/z (%): 247 [M]*; elemental analysis calcd
(%) for C,,HNOS,: C 58.27, H 3.66, N 5.66; found C 58.40, H 3.45, N 5.65.

Compound cis-5: M.p. 233-239°C (decomp); 'H NMR: 6 =1.26 (s, 1H),
7.67-773 (m, 4H), 8.02-8.06 (m, 2H), 8.14-8.19 (m, 2H); *C NMR: d =
123.4,123.9, 130.4, 130.7, 138.4, 139.4; IR (KBr): #=3200, 1070, 935 cm™;
MS (EI); m/z (%): 247 [M]*; elemental analysis calcd (%) for C;,,H)NOS,:
C 5827, H 3.66, N 5.66; found C 57.97, H 3.69, N 5.71.
10-Dioxy-5-iminothianthrene (4): Starting from 3 (0.92 g, 2.2 mmol), 4 was
obtained as colorless crystalline material (0.52 g, 90 %) after recrystalliza-
tion from CH,CL/CsH,,. M.p. 195-201°C (decomp); '"H NMR: 6 = 1.67 (s,
1H), 7.66-7.70 (m, 2H), 7.76-7.80 (m, 2H), 8.15-8.17 (m, 2H), 8.26-8.28
(m, 2H); BC NMR; 0 =126.6, 129.3, 132.3, 139.4, 130.2, 146.2; IR (KBr):
7=3225, 1310, 1160, 940 cm™'; MS (EI): m/z (%): 263 [M]*; elemental
analysis calcd (%) for C;;HoNO,S,: C 54.73, H 3.44, N 5.31; found C 54.59,
H 3.13, N 5.33.

General procedure for the tosylation of iminothianthrenes 4, trans-5, and
cis-5: Tosyl chloride (47.6 mg, 0.25 mmol) in CH,Cl, (3 mL) was added to
5-N-iminothianthrene 4, trans-5, or cis-5 (ca. 0.20 mmol) and triethylamine
(34 uL, 0.25 mmol) in CH,Cl, (6 mL) at RT. After 1h of stirring, the
reaction mixture was washed with H,O and dried over anhydrous MgSO,.
After removal of the solvent, the residue was purified by either preparative
layer chromatography (silica gel; EtOAc/CHCl; = 1:1) or column chroma-
tography on silica gel (EtOAc/CHCI; = 1:2) to afford 5-(N-p-toluenesulfo-
nyl)iminothianthrenes 3, trans-2, or cis-2, as confirmed by their m.p., and
'"H NMR and IR spectra.

10-Dioxy-5-(/N-p-toluenesulfonyl)iminothianthrene (3): Starting from 4
(50.3 mg, 0.19 mmol), 3 was obtained as colorless solid (72.9 mg, 91 %)
after preparative layer chromatography and purified by crystallization from
CH,;CN.

trans-10-Monoxy-5-(N-p-toluenesulfonyl)iminothianthrene (trans-2):
Starting from trans-5 (49.8 mg, 0.20 mmol), trans-2 was obtained as
colorless crystals (71.0 mg, 88 %) after crystallization from CH,Cl,/CsH,,.

cis-10-Monoxy-5-(N-p-toluenesulfonyl)iminothianthrene (cis-2): Starting
from cis-5 (49.9 mg, 0.20 mmol), cis-2 was obtained as fine colorless crystals
(69.4 mg, 86%) after recrystallization from a mixture of CH,Cl,/C¢H,,.
M.p. 215-221°C (thermal pyramidal inversion occurred, cis-2 to trans-
2);1%1 'H NMR: 6 =2.43 (s, 3H), 733 (d, J=8.5Hz, 2H), 7.66-7.70 (m,
2H),7.75-779 (m, 2H), 7.97 (d, J=8.5 Hz,2H), 8.02-8.04 (m, 2H), 8.06 —
8.08 (m, 2H); BC NMR: 6 =21.5, 124.3, 124.9, 126.4, 129.2, 129.7, 131.4,
131.9, 139.2, 140.4, 142.8; IR (KBr): #=1290, 1140, 1080, 1000 cm™!;
elemental analysis calcd (%) for C;,H;sNO;S;: C 56.84, H 3.77, N 3.49;
found C 56.85, H 3.73, N 3.47.

General procedure for the conversion of S—-NH to a S—O group in
S-iminothianthrenes 4, trans-5, or cis-5 under aqueous acidic conditions:
5-(N-p-Toluenesulfonyl)iminothianthrenes 4, trans-5, or cis-5 (ca.
0.20 mmol) was dissolved in 5mL of 20% aqueous H,SO,, heated to
65°C and stirred for 3 h, cooled to RT, and thoroughly extracted with
CHCl;. The CHCI; layer was washed with H,O and dried over anhydrous
MgSO,. The solvent was removed affording the corresponding thianthrene
oxides 6, trans-7, or cis-7, which were purified by either recrystallization
from CH,Cl,/CsH,, or preparative layer chromatography on silica gel
(EtOAc/CHCIl; =1:1) followed by recrystallization from EtOAc/C¢H,.

Thianthrene-5,5,10-trioxide (6): Starting from compound 4 (50.3 mg,
0.19 mmol) compound 6 was recrystallized from CH,Cl,/C¢H,, as colorless
crystals (48.2 mg, 95%). Characterization was confirmed by comparison
with the m.p., IR, and NMR data of an authentic sample prepared by a
known method!'l and also with data reported in the literature:["! m.p. 223 —
224°C;'HNMR: 0 =769-773 (m, 2H), 776 -7.80 (m, 2H), 8.13-8.17 (m,
4H); C NMR: 6 =125.0, 126.0, 130.7, 133.0, 134.1, 147.7; IR (KBr): 7=
1315, 1160, 1075 cm™".

trans-Thianthrene-5,10-dioxide (trans-7) and cis-thianthrene-5,10-dioxide
(cis-7): a) Starting from trans-5 (50.0 mg, 0.20 mmol), a mixture of trans-
and cis-thianthrene-5,10-dioxide, (trans- and cis-7) was obtained in 12 and
73 % yield, respectively, as a colorless crystalline material after separation
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of trans- and cis-7 and purification by preparative layer chromatography on
silica gel (EtOAc/CHCl; = 1:1) followed by recrystallization from EtOAc/
C¢H,. b) Starting from cis-5 (50.2 mg, 0.20 mmol), a mixture of trans- and
cis-thianthrene-5,10-dioxide (trans- and cis-7) was obtained in 72 and 10 %
yield as a colorless crystalline material, after the same separation procedure
described above. The separated products showed the same m.p., IR, and
'H NMR data as those of authentic trans- and cis-thianthrene-5,10-
dioxides.” 2!l Trans-7: m.p. 259-261°C; '"H NMR: 6 =7.64-7.69 (m, 4H),
8.08-8.13 (m, 4H); C NMR: ¢ = 1277, 131.4, 142.8; IR (KBr): #=1070,
1025 cm~. Cis-7: m.p. 289-295°C; '"H NMR: 6 =7.70-7.74 (m, 4H), 8.05 -
8.10 (m, 4H); *C NMR: 6 =123.7, 130.8, 138.3; IR (KBr): #=1090cm".

General procedure for the thermal cis - trans isomerization in monoxy-5-
imino, or -5-(IN-p-toluenesulfonyl)iminothianthrenes (trans-2, cis-2, trans-
5, or cis-5): A suspension of monoxy-5-(N-p-toluenesulfonyl)iminothian-
threne (trans- or cis-2, ca. 0.25 mmol in 20 mL of toluene), was heated to
100°C while stirring. The solution became homogeneous after ca. 20 min.
After thermal equilibration (4.5 h, monitored by TLC and HPLC in the
preliminary experiment), toluene was removed in vacuo, and the residue
was then purified by preparative layer chromatography (silica gel; EtOAc/
CHCl;=1:1). In the case of trans- and cis-5 (ca. 0.40 mmol in 20 mL
toluene), the purification was achieved as follows. After removal of the
solvent, the residue was dissolved in 3% aqueous H,SO,, followed by
extraction with CHCl; to remove the undesired neutral and acidic
materials, and then this solution was made basic with aqueous KOH and
thoroughly extracted with CHCl,, followed by the usual workup procedure.

Thermal cis-trans isomerization of frans- and cis-2: a After 4.5 h thermal
equilibration and workup of trans-2 (101 mg, 0.25 mmol in 20 mL of
toluene), an equilibrium mixture of trans-2 (10.0 mg, 10%) and cis-2
(86.4 mg, 87 % ) was obtained and the compounds were identified by IR and
'H NMR spectroscopy. b After 4.5 h equilibration and workup of cis-2
(100.2 mg, 0.25 mmol) in toluene (20 mL), an equilibrium mixture of trans-
2 (112mg, 11%) and cis-2 (872 mg, 87%) was obtained and the
compounds were identified by IR and 'H NMR spectroscopy. Both routes
resulted in almost the same trans—cis ratio for the mixture of products
trans- and cis-2.

Thermal cis— trans isomerization of trans- and cis-5: a After 6 h equilibra-
tion and workup of trans-5 (101 mg, 0.41 mmol in 40 mL of toluene), only
cis-5 (85.1 mg, 85%) was detected and no other product. The compound
was identified by IR and '"H NMR spectroscopy. b After 6 h equilibration
and workup of cis-5 (101 mg, 0.41 mmol in 40 mL of toluene), only cis-5
(87 mg, 86 %) was detected, and no other product. The cis-5 was identified
by IR and '"H NMR spectroscopy.

Thermal cis—trans isomerization of cis- and trans- thianthrene-5,10-
dioxide (trans- and cis-7): A suspension of thianthrene-5,10-dioxide (trans-
or cis-7) in o-dichlorobenzene (10 mL) was stirred and heated under reflux
at 180°C. After thermal equilibration (24 h, monitored by TLC and
HPLC), the solvent was removed by bulb to bulb distillation, and the
residue was purified by preparative layer chromatography (silica gel;
EtOAc/CHCl;=1:10). a After 24 h equilibration and workup of trans-7
(50.5 mg, 0.225 mmol) an equilibrium mixture of trans-7 (9.5 mg, 19 %) and
cis-7 (40.6 mg, 80 % ) was obtained, and the compounds were identified by
IR and '"H NMR spectroscopy. b After 24 h equilibration and workup of
cis-7 (50.4 mg, 0.225 mmol), an equilibrium mixture of trans-7 (9.1 mg,
18%) and cis-7 (39.6 mg, 79 %) was obtained, and the compounds were
identified by IR and '"H NMR spectroscopy. Both routes resulted in almost
the same trans— cis ratio for the mixture of products of trans-7 and cis-7.

X-ray crystallographic analysis of trans-2, cis-2, 3, and trans-5: Suitable
crystals were mounted on top of a glass fiber with epoxy resin, and their
respective X-ray data were collected on a Mac Science DIP2000 four-circle
diffractometer with graphite-monochromatic Moy, radiation (1 = 0.71073)
by using the w/26 scan technique. All data (26,,,, = 50°) were corrected for
Lorenz and polarisation effects, but not for crystal absorption. The
respective structures were solved by using direct methods®! and refined
on F? by full-matrix least-squares techniques for data with F2 >3.000 (F2),
and using the weighting scheme, w = (exp (10sin(0)*2?))/(c F,)*>. Non-
hydrogen atoms were modeled anisotropically with neutral atom scattering
factors.®l Hydrogen atoms were initially added at calculated positions and
allowed to refine isotropically. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
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no. CCDC-134062 - 134065, for trans-2, cis-2, 3, and trans-5. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit
@ccdc.cam.ac.uk).

Compound trans-2: C;;H,;sNO;S;; colorless prismatic crystal (0.20 x 0.33 x
0.40 mm?); triclinic; space group: P1; a=6.993(1) A, b=8.028(1) A, c=
16.622(1) A, a=100.675(4)°, B =94.844(4)°, y =88.856(4)°, V=913.11(5
VA3, Z=2, poa=129 gem™3, 4 =4.077 cm~L. The final cycle of least-
squares refinement based on 2851 unique reflections and 295 variable
parameters converged with R=0.045 and wR=0.054. The residual
electron density features in the final difference Fourier map are in the
range from 0.47 to —0.27 e A-3.

Compound cis-2: C;(H;sNOsS;; colorless prismatic crystal (0.20 x 0.20 x
0.30 mm®); triclinic; space group: P1; a=6.703(1) A, b=8212(1) A, c=
16431(1) A,  a=94.663(4)°, B=95849(4)°, y=93.794(4)°, V=
894.49(8) A3, Z=2, poea=1.37 gem=3, 4 =5235 cm~. The final cycle of
least-squares refinement based on 2769 unique reflections and 286 variable
parameters converged with R=0.040 and wR =0.047. Only the methyl
hydrogen coordinates were not refined. The residual electron density
features in the final difference Fourier map is in the range from 0.35 to
-037eA7.

Compound 3: C,H;sNO,S;; colorless crystal (0.15 x 0.20 x 0.35 mm?®);
monoclinic; space group: P2,/n; a=11.112(1) A, b=11.853(1) A, c=
14.622(1) A, f=91.029(4)°, V=913.11(5) A3, Z=4, peea=1.38 gcm=,
u=3916 cm~'. The final cycle of least-squares refinement based on
2932 unique reflections and 304 variable parameters converged with R =
0.037 and wR = 0.045, with residual electron density in the range from 0.29
to —0.33eA.

Compound trans-5: C;H,NOS,; colorless crystal (0.15 x 0.20 x 0.35 mm?®);
orthorhombic; spce group: Pemn; a=6.593(1) A, b =11.323(1) A, c=
14.040(1) A, V=9.13.11(5) A3, Z=4, peea=1.56 gem=3, u=4.550 cm™".
The final cycle of least-squares refinement based on 943 unique reflections
and 98 variable parameters converged with R =0.038 and wR = 0.043, with
residual electron density in the range from 0.76 to —0.31 e A3,
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New Thermotropic Dyes Based on Amino-Substituted Perylendicarboximides

Stefan Becker,?! Arno Bohm,”! and Klaus Miillen*!?!

Abstract: We report on an facile multi-
gram synthesis of novel thermotropic
dyes. When these dyes are heated they
undergo an irreversible change from a
photostable primary color to a photo-
stable secondary color. Our concept is

strong electron-donating primary amino
group attached to a perylenedicarbox-
imide chromophore. On heating the
alkoxycarbonylated dyes, the parent pri-
mary amino-functionalized dyes are re-
generated in almost quantitative yield

by elimination of an alkene and carbon
dioxide. This process is accompanied by
a large bathochromic shift in the ab-
sorption spectrum. Variations in the
alkoxycarbonyl substitution lead to dif-
ferent reaction temperatures for the

based on thermally initiated fragmenta-
tion to afford a chromophore with a
donor and an acceptor substituent. We
used thermally unstable alkoxycarbonyl
substituents as masking groups for the

Introduction

Thermotropic dyes find applications in the technically im-
portant field of thermographical processes. In particular, they
can be used for laser marking of polymers with an NIR laser
as a heat source for the imprinting of the laser marks.!! Until
now, no academic contribution has been published concerning
the development of laser marking systems. Nevertheless,
there is a growing industrial interest in laser-marking because
this technology eliminates costs and environmental compli-
cations associated with inks, masks and other printing or hot-
stamping expendables, which are used for printing on poly-
mers.”l

Hence, within the last few years, much effort has been made
towards new suitable materials for laser marking.> 3 In spite
of this, most of the commercially available systems for this
process show only color changes between one real color and
black or white.>3 In contrast to this, our concept of
thermotropic systems, based on the formation of a donor-
and acceptor-substituted chromophore by thermally initiated
fragmentation, may provide colors that cover the whole range
of the visible spectrum.
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color change in this class of materials.
The synthetic route used for the amino-

donor— - . s .
functionalized perylene imide dyes in-
dyes - perylenes . .
th volves the palladium-catalyzed amina-
ermotropy

tion of bromo-substituted precursors.

Our idea of designing thermotropic dyes stems from a
striking bathochromic color change that occurs if an electron-
donating group, for example amino or hydroxy, is attached to
a chromophore with an electron-withdrawing substituent.
The donor ability of the electron-donating substituent may be
drastically diminished by a masking group (MG), such as acyl.
Furthermore, if one uses masking groups that may be
thermally cleaved, a thermo-
tropic system results which ex-
hibits a bathochromic absorp-

Q= Q
[D]—-PG
Figure 1. Irreversible thermal

tion shift upon heating (Fig-
cleavage of the protecting

ure 1).
Heat-sensitive masking of
groups (PG) affords a dye with
a donor (D) group and an

NH, groups can be achieved
by  tert-butoxy-carbonylation
(Boc protection), as the Boc

groups decompose upon heat- acceptor (A) group. This pro-
ing to afford the parent amino  cess is accompanied by a color
compound along with CO, and  change.

isobutene.P! This thermal cleav-

age of Boc groups is part of

conventional protective-group chemistry and has recently
been used in pigment chemistry after Igbal and co-workers
found it to be a powerful tool for the reversible trans-
formation of insoluble organic pigments into soluble “latent
pigments”.[°]

We decided to test the usefulness of our concept for
thermotropic dyes with a perylene-3,4-dicarboximide, be-
cause these are well-known chromophores that combine high
extinction coefficients with outstanding light fastness and
thermal stability.”) Moreover, they are well established as
colorants for polymers.
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Amino-substituted perylenedicarboximides derivatives
have rarely been studied as they are difficult to synthesize.
To the best of our knowledge, only two syntheses for these
compounds have been published until now: Polborn et al.
used a conventional synthetic
route to prepare a primary
amino-substituted  perylendi-
carboximide, namely the nitra-
tion of perylene-3,4-dicarbox- O N0
imide with nitrogen dioxide
and reduction of the product
with iron powder and HCLE
This method has certain disad-
vantages: the corrosive and
very toxic nitrogen dioxide is
difficult to handle, the yield of
the recommended 9-nitro-pery-
lene is only modest, and a 1
mixture of two different nitro-
substituted isomers is obtained
by this reaction. The second
route to the amino-substituted perylenedicarboximides was
developed by Wasielewski et al. who introduced a pyrrolidi-
no-substituent into perylenedicarboximide by nucleophilic
displacement of bromine.!)

Results and Discussion

Synthesis and properties of 9-aminosubstituted perylene-3,4-
dicarboximide (2): Palladium-catalyzed N-aryl-coupling re-
actions are reliable synthetic tools, as proven by several
articles.l' Therefore, in our new synthetic approach, the
bromo precursor (1), which is readily prepared and purified
by precipitation in 90 % yield, is treated with benzophenone
imine as an ammonia equivalent and a palladium catalyst.['" 1]
The 9-(diphenylmethylenimino)-N-(2,6-diisopropylphenyl)-

Abstract in German: Wir berichten iiber eine einfache
Synthese neuer thermotroper Farbstoffe, deren Farbe beim
Erhitzen irreversibel von einer photostabilen Primdrfarbe zu
einer ebenfalls photostabilen Sekundirfarbe umschligt. Unser
Konzept basiert auf der Bildung sowohl donor- als auch
akzeptorsubstituierter Chromophore durch thermisch indu-
zierte Fragmentierung. Wir verwenden dazu thermisch insta-
bile Alkoxycarbonylsubstituenten als Maskierungsgruppen fiir
eine primdre Aminogruppe, die als kriftiger Donor an einem
Perylendicarboximidchromophor fungiert. Durch Erhitzen der
alkoxycarbonylsubstituierten Farbstoffe erhilt man die ami-
nosubstituierten Farbstoffe unter quantitativer Eliminierung
eines Alkens und von Kohlendioxid. Dieser Prozess wird von
einer deutlichen bathochromen Verschiebung im Vis-Absorp-
tionsspektrum begleitet. Variation der Alkoxycarbonylsubsti-
tuenten fiihrt zu verschiedenen Temperaturen fiir den Farb-
wechsel bei diesen Materialien. Der entscheidende Schritt in

perylene-3,4-dicarboximide (2) is obtained from 9-bromo-N-
(2,6-diisopropylphenyl)perylene-3,4-dicarboximide (1), in
95% vyield, even with a catalyst loading of BINAP-ligated
palladium as low as 0.12 mol % palladium (Scheme 1). The

5

o]

P4

]
o]
P4
(]

cat. [Pdy(dba)s], BINAP,

NaO-tBu,otoluene, OO THF, H,0, HCI OO
95 % || 100 % Il
Nﬁ/Ph NH,
Ph
2 3

Scheme 1. Synthesis of 9-amino-N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide (3).

ketimine 2 is cleaved quantitatively by hydrolysis with a
catalytic amount of HCI in wet THF to afford the corre-
sponding amino compound 9-amino-N-(2,6-diisopropylphen-
yl)perylene-3,4-dicarboximide (3).1'!]

The absorption band of the amino-substituted dye 3 is
broad and almost structureless, as is to be expected for a
charge-transfer transition (Figure 2). These properties of 3 are

analogous to these of 4-amino-substituted 1,8-naphthalimides
(see below, Figure 6).1

A}
—‘ — Absorbance \
---- Fluorescence !

£/10* I mol” cm™
Fluorescence / a. u.

500 600
Wavelength / nm

300 400

Figure 2. UV/Vis absorption spectrum of 9-amino-N-(2,6-diisopropyl-
phenyl)-perylene-3,4-dicarboximide (3) in chloroform (10-3m).

The spectra of 3 in solvents of varying polarity indicate a
positive solvatochromism of both the absorption and the

fluorescence peaks; this is characteristic for a charge-transfer
transition (Table 1).

Table 1. Absorbance and fluorescence maxima of 9-amino-N-(2,6-diiso-
propylphenyl)perylene-3,4-dicarboximide (3) in different solvents.

Solvent

Absorbance Amax [nm]

Fluorescence A, [nm]

der Synthese der aminofunktionalisierten Perylendicarbox- benzene 554 641
imidfarbstoffe ist die palladiumkatalysierte Aminierung einer Ztcli:(;ffr))fi(t)rrirlr; Zgi gg(l)
bromsubstituierten Ausgangsverbindung. methanol 605 724
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Synthesis and properties of thermotropic dyes: N,N-Di-(tert-
butoxycarbonyl)-9-amino-N-(2,6-diisopropylphenyl)perylene-
3,4-dicarboximide (4) is obtained in high yield under mild
conditions by simply stirring a solution of the amino
compound 3 in dry THF with two equivalents of a di-tert-
butyl dicarbonate at room temperature (Scheme 2). A
small amount of 4-dimethylaminopyridine is used as a catalyst

for nucleophilic acylation.

Ox N._O O _N._O

(Boc),0, DMAP, THF ‘O
- >
- ‘

AT
- CO,, - isobutene

NH, O« _N._O
o
3 4

Scheme 2. Synthesis and fragmentation of the thermotropic dye 4.

Seasse

As expected, the alkoxycarbonylation is accompanied by an
eye-catching hypsochromic shift in the absorption spectrum
from blue to orange-red. A chloroform solution of alkoxy-
carbonylated dye 4 exhibits an absorption maximum at 1=
510 nm (Figure 3).

—— Absorbance
- --- Fluorescence

&/ 10° M cm™

Fluorescence / a. u.

T T — T 7
300 400 500 600 700
Wavelength / nm

Figure 3. Absorption spectrum of 9-(di-fert-butoxycarbonyl)amino-N-
(2,6-diisopropylphenyl)perylene-3,4-dicarboximide (4).

Dye 4 undergoes a thermal elimination of the Boc protect-
ing groups at about 200°C (Figure 4). The weight loss
determined by thermogravimetry, TLC, and NMR monitoring
of the elimination process prove that the reaction is quanti-
tative, as defined by the limits of these analytical and
spectroscopic methods.

Unfortunately, for the use of this compound in polymer
laser marking, the fragmentation temperature of the Boc-
protected dye 4 is not high enough as the manufacturing of
polymers by extrusion and other technical processes is often
performed at temperatures over 200 °C. Thus the color change
would already occur during the manufacturing process. In
order to explore the evident potential of 9-(dialkoxycarbon-
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yl)amino-N-(2,6-diisopropylphenyl)perylene-3,4-dicarbox-
imides as thermotropic dyes, we searched for alternative
substitution patterns that would lead to higher temperatures
for the fragmentation reaction.

Hence, we synthesized a series of alkoxycarbonylated
derivatives (Scheme 3) that bear different alkyl substituents.
For this purpose we used other dialkoxydicarbonates instead
of di-tert-butyl-dicarbonate.

e

R=C(CHy); tert-butyl 4

O« _N__O
CH(CH3)CHCHy  sec-butyl 5
OO CH,CHo(CHs), isobutyl 6

‘ CHoCH,CH,CHy  n-buty 7
OO CH,CHs ethyl 8

Ox N.__O

Y'Y

O OJ
R” R

Scheme 3. Thermotropic dyes 4—9 which bear different alkyl substituents.

C(CH3)2,CH,CH3 tert-amyl 9

Table 2 gives the halfstep temperature, defined as the
temperature at which half of the total weight loss for the
fragmentation process occurs. The comparison between the
different substituted compounds clearly indicates that the
fragmentation temperature depends on the degree of branch-
ing of the alkyl groups. The highest fragmentation temper-
atures were measured for the isobutyl-substituted (6) and n-
butyl-substituted (7) compounds. A lower temperature was
observed for the secBu group (5), and the lowest for the tert-

Table 2. Halfstep temperature for the fragmentation process of the
thermotropic dyes 4, 5, 6, 7, 8, and 9.

No. Substituent Reaction temperature [°C]
7 n-butyl 340
6 isobutyl 355
5 sec-butyl (mixture of isomers) 289
4 tert-butyl 213
8 ethyl 340
9 tert-amyl 216

butyl group (4). Nevertheless, the length of the alkyl chain did
not significantly affect the fragmentation temperature. The
values found for the ethyl-substituted dye (8) and for the n-
butyl-substituted dye (7)are very similar. Likewise, similarity
is found for the tert-butyl and the tert-amyl-substituted
compounds.

Figure 4 illustrates the results of the TGA analysis of these
thermotropic dyes. The temperature requirements specified
above for a laser marking material are met perfectly by 6, 7,
and 8.

The parent amino-substituted dye 3 is thermally very stable
(like most perylene dyes) and further thermal treatment
(<400°C) did not lead to any decomposition process.

The UV/Vis spectra and the fluorescence spectra of the
alkoxycarbonylated dyes 4, 5, 6, 7, 8, and 9 are all very similar.
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—— 4 R = tert-butyl
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Figure 4. TGA analysis of thermotropic dyes 4-9 as a function of the
temperature (heating rate: 10°Cmin™").

Depending on the substituents, the maximum of the longest
wavelength absorption ranges from A,,,, =507 to 511 nm, the
maximum of the fluorescence from A,,,, =535 to 540 nm.

We used spin coating to prepare thin orange-red films of
polystyrene that contained 10% of the thermotropic dye 4.
Upon heating these films to 180°C, the color changed to
violet-blue (Figure 5).

—— before heating
- --- after heating

Absorbance / a. u.

300 400 500 600 700 800
Wavelength / nm

Figure 5. Spectra of polystyrene films that contain 9-(di-fert-butoxycar-
bonyl)amino-N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide (4) be-
fore and after heating (180°C, 3 min).

Associated with the change in the absorption wavelength
upon thermal cleavage of the Boc groups is a change in the
intensity and the wavelength of the fluorescence. Therefore,
9-(dialkoxycarbonyl)amino-N-(2,6-diisopropylphenyl)pery-
lene-3,4-dicarboximides can be used as a heat-sensitive
fluorescence or absorption probe. Especially when included
in a polymer film, this dye promises a high practical potential
for thermographical processes and also for applications, such
as optical data storage.

Conclusions

We have described a short and efficient method for the
synthesis of multigram quantities of 9-amino-substituted
perylene-3,4-dicarboximides and of a new class of thermo-
tropic perylenedicarboximide dyes. We are able to control the
reaction temperature for the color change of these thermo-
tropic dyes by means of suitable substituents.

Chem. Eur. J. 2000, 6, No. 21
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Investigation of masked donor-acceptor chromophores,
other than perylenedicarboximides, as thermotropic dyes are
currently in progress. By the use of different chromophores it
should be possible to design thermotropic materials which
exhibit any desired color.

Additionally, we believe that the aminoperylenedicarbox-
imide, which is now readily available in multigram quantities,
should show similar versatility
for different applications as the
well-known 4-aminonaphtha- o

lene-1,8-dicarboximides. These
dicarboximides (Figure 6) are ‘O
well-established in the litera-
ture for their versatility in a NH,
wide range of applications.
They have received considera-
ble attention on account of
their use as antitumor agents,**!
fluorescent cell markers and stains,'! laser dyes,'” dyes for
synthetic polymers,'®l solar collectors,'! fluorescent flaw
detectors,? models for PET processes,?! electroluminescent
devices,” and very recently as fluorescent pH sensors.[?’]
However, 9-amino-N-(2,6-diisopropylphenyl)perylene-3,4-
dicarboximide seems an especially promising starting material
for further synthetic dye chemistry, for example, the prepa-
ration of new azo dyes.

R
N

R = alkyl, aryl

Figure 6. 4-Aminonaphtha-
lene-1,8-dicarboximides.

Experimental Section

Materials: Tetrahydrofuran (Fluka) was distilled over sodium/benzophe-
none. Toluene (Riedel) was distilled over potassium/sodium alloy. Benzo-
phenone imine (Fluka), sodium tert-butoxide (Aldrich), di-tert-butyl
dicarbonate (Fluka), diethyl dicarbonate (Fluka), di-fert-amyl dicarbonate
(Fluka), 4-dimethylaminopyridine (Aldrich), racemic-2,2"-bis(diphenyl-
phosphino)-1,1"-binaphthyl (BINAP) (Strem), 25% aqueous ammonia
(Riedel), tris(dibenzylideneacetone)dipalladium(o) ([Pd,(dba);]) (Strem),
pyridine (Riedel), benzyltriethylammonium chloride (Aldrich), toluene-4-
sulfonyl chloride (Fluka), and chloroform (Riedel, Chromasolv) were used
as obtained from commercial sources. Diisobutyl dicarbonate and di-n-
butyl dicarbonate were prepared by reported procedures.?! All the
reported yields are isolated yields unless otherwise indicated.

Physical and analytical methods: 'H- and *C-NMR spectra were recorded
on a Bruker AMX 250, a Bruker AC300, and a Bruker AMX500 NMR
spectrometer. The residual proton resonance of the solvent or the carbon
signal of the deuterated solvent was used as the internal standard. Chemical
shifts are reported in parts per million (ppm). When peak multiplicities are
given, the following abbreviations are used: s, singlet; d, doublet; t, triplet;
q, quartet; h, heptet; dd, doublet of doublets; m, multiplet; br, broad.
Infrared spectra were obtained on a Nicolet FT-IR 320. FD mass spectra
were performed with a VG-Instruments ZAB2-SE-FDP. MALDI-TOF
mass spectra were measured with a Bruker ReflexII in a THF and dithranol
matrix (molar ratio dithranol/sample: 250:1). The mass peaks with the
lowest isotopic mass are reported. UV/Vis absorption spectra were
recorded on a Perkin—Elmer Lambda9, fluorescence spectra on a SPEX
Fluorolog2. The elemental analyses were carried out by the Microana-
lytical Laboratory of the Universitidt Mainz (Germany). Thermogravimetry
was performed on a Mettler TG 50 thermobalance.

9-(Diphenylmethylenimino)-N-(2,6-diisopropylphenyl)perylene-3,4-dicar-
boximide (2): An oven-dried 2L Schlenck flask was charged with
[Pd,(dba);] (73.0 mg, 0.24 mmol) and BINAP (149.5 mg, 0.00375 mmol)
and then purged with argon. Toluene (1.5 L), 9-bromo-N-(2,6-diisopropyl-
phenyl)perylene-3,4-dicarboximide (1, 10.0 g, 18 mmol), benzophenone
imine (6.52 g, 36 mmol), and tBuONa (3.46 g, 36 mmol) were added. The
mixture was heated to 80°C with stirring for 15h, cooled to room

0947-6539/00/0621-3987 $ 17.50+.50/0 3987





FULL PAPER

K. Miillen et al.

temperature, filtered, and the solvent removed under reduced pressure. To
obtain the ketimine in analytical purity the product was chromatographed
(silica gel, chloroform). The first colored fraction contained the desired
product as a dark violet powder (11.30 g, 95 %). M.p.=230°C; R; (CHCly/
silica gel) =0.54; UV/Vis (CHCL): Ay, (g) =535 (40480), 356 (4632),
258 nm (44100M~'em™!); fluorescence (CHCl;, excitation: 480 nm): A,y
(I,e) =540 (1), 588 nm (0.92); '"H NMR (500 MHz, C,D,Cl,, 140°C): 6 =
8.63 (d, J=8.0 Hz, 1H), 8.57 (d, /] =8.0 Hz, 1H), 8.50 (d, /=730 Hz, 1H),
8.44 (d,/=8.0 Hz, 1H), 8.26 (d, J=8.0 Hz, 1H), 8.22 (d, J=8.5 Hz, 1H),
8.20 (d,/=8.0 Hz, 1H), 7.66 (dd, 1 H), 7.59 (m,4H), 7.46 (t,/ = 8.0 Hz, 1 H),
743 (m, 6H), 732 (d, /=8.0 Hz, 2H), 6.72 (d, /=8.0 Hz, 1H), 2.81 (h,J=
6.7 Hz, 2H, 2CH (iPr)), 1.22 (d, J = 6.7 Hz, 12 H, 4CH, (iPr)); "C NMR (j-
modulated spinecho, 125 MHz, C,D,Cl,, 140°C): 6 =170.03 (C=N), 164.13
(C=0), 164.10 (C=0), 151.51 (q), 145.83 (q), 138.19 (q), 137.99 (q), 132.93
(1), 132.14 (1), 132.01 (t), 131.64 (q), 130.79 (q), 130.33 (t), 129.37 (t), 129.23
(q), 128.69 (), 128.38 (q), 128.17 (q), 127.68 (t), 126.98 (t), 126.74 (q), 125.18
(t),124.74 (1), 124.45 (q), 124.21 (1), 120.80 (q), 120.11 (t), 119.83 (q), 119.29
(t), 116.56 (t), 29.35(CH (iPr)), 24.35 (CH; (iPr)); IR (KBr): 7=2961 (m,
CHs), 2926 (w), 2866 (w), 1696 (s, C=0), 1657 (s, C=0), 1630 (m), 1592 (s),
1564 (s), 1497 (m), 1445 (m), 1407 (m), 1356 (s), 1267 (m), 1239 (m), 1187
(w), 1177 (w), 1148 (w), 1125 (w), 1063 (w), 1053 (w), 950 (m), 907 (m), 855
(m), 754 cm™! (w); MS (FD, 8 kV): m/z (%): 660.3 (100) [M]*; anal. calcd
for Cy;H36N,0,: C 85.43, H 5.49, N 4.24; found C 85.11, H 5.61, N 4.14.

9-Amino-N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide (3): Ket-
imine 2 (10.0 g, 15.1 mmol) was dissolved in THF and 2m HCI (50 mL)
was added. After 45 min of hydrogenolysis, the acid was neutralized with
25% aqueous ammonia and the THF was evaporated. Water (1 L) and
aqueous ammonia (50 mL) were added and the blue dye powder collected
by filtration. To remove inorganic impurities, the product was suspended
twice in hot aqueous ammonia (20 %, 1 L) and filtered. Benzophenone and
other organic impurities were removed by extraction of the blue powder
with petrol ether in a Soxhlett apparatus, since 3 is almost insoluble in this
solvent, to yield a dark blue powder (7.30g, 98%). M.p.=212°C; R;
(CHClyssilica gel) =0.18; UV/Vis (CHCL): A, (¢)=561 (29070), 377
(5270), 357 (5840), 277 nm (24270m~'cm!); fluorescence (CHCl;, excita-
tion: 550 nm): A, =661 nm; 'H NMR (500 MHz, (CD;),SO), 25°C): 6 =
8.75 (d, /=78 Hz, 1H), 8.59 (d, /=83 Hz, 1H), 849 (d, /=84 Hz, 1H),
8.43 (d, /=83 Hz, 1H), 838 (d, /=78 Hz, 1H), 8.36 (d, /=8.3 Hz, 1H),
8.29 (d, /=83 Hz, 1H), 7.64 (dd, 1H), 742 (t, /=78 Hz, 1H), 731 (d, /=
7.8 Hz, 2H), 7.14 (s, 2H, NH,), 6.91 (d, /=8.4 Hz, 1 H), 2.62 (h, J=6.6 Hz,
2H, 2CH (iPr)), 1.08 (d, 12H, J = 6.6 Hz, 4CH; (iPr)); H.H COSY NMR
(500 MHz, (CD3),SO, 25°C): coupling of 0 = (7.64, 8.75, 8.38), (8.59, 8.43),
(8.49, 6.91), (8.29, 8.36), (742, 7.31), (2.62, 1.08); NOE NMR (500 MHz,
(CD3),S0, 25°C) coupling of 6 = (8.75, 8.59), (8.28, 8.49); 1*C (j-modulated
spinecho NMR, 125 MHz, (CD;),SO, 25°C): 6=163.41 (C=0), 163.28
(C=0), 150.45 (q), 145.37 (q), 139.66 (q), 138.30 (q), 131.95 (t), 131.73 (q),
131.28 (1), 130.70 (q), 128.94 (t), 128.72 (t), 128.21 (q), 128.12 (q), 126.38 (1),
126.02 (t), 125.87 (q), 124.95 (t), 123.50 (t), 121.74 (q), 119.19 (t), 118.65 (q),
116.66 (t), 115.31 (q), 115.27 (q), 109.87 (t), 28.46 (CH (iPr)), 23.55 (CH,
(iPr)); IR (KBr): # =348 (m, NH,), 3237 (w, NH,), 2959 (m), 2866 (w), 1686
(s, C=0), 1641 (s), 1595 (w), 1559 (m), 1504 (m), 1455 (w), 1352 (s), 1277 (s),
1191 (w), 1174 (w), 1135 (w), 1024 (w), 909,9 (w), 803 (m), 753 (m),
739 cm~! (w); MS (FD, 8 kV): m/z (%): 496.2 (100) [M]*; anal. calcd for
C3HyN,O,: C 82.23, H 5.68, N 5.64; found C 81.89, H 5.68, N 5.54.

General procedure for the preparation of alkoxycarbonylated dyes: In a
typical procedure, dialkyl dicarbonate (8 mmol) was added to a stirred
solution of 4-dimethylaminopyridine (49 mg, 0.4 mmol), triethylamine
(408 mg, 0.8 mmol), and 9-amino-N-(2,6-diisopropylphenyl)perylene-3,4-
dicarboximide (1.00 g, 2.02 mmol) in anhydrous THF (100 mL) under
argon. The reaction mixture was stirred at 45°C for 6 h. During this time,
the color of the solution changed from dark blue to orange-red. Thereafter,
the volume of the solvent was reduced in vacuo to 20 mL. The product was
precipitated by the slow addition of methanol (50 mL). Crystallization was
completed by cooling the mixture in a refrigerator. Further purification by
column chromatography (silica, chloroform) is optional; however, it is
usually not necessary.

9-(Di-tert-butoxycarbonyl)amino-N-(2,6-diisopropylphenyl)perylene-3,4-

dicarboximide (4): According to the general procedure, the amino-
substituted dye 3 (1.00 g, 2.02 mmol), 4-dimethylaminopyridine (49 mg,
0.40 mmol), triethylamine (408 mg, 0.80 mmol), and di-tert-butyl dicarbon-
ate (1.75 g, 8.0 mmol) were allowed to react in anhydrous THF to yield an
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orange powder (1.07 g, 76%). M.p. >180°C (decomp.); R; (CHCly/silica
gel) =0.21; UV/Vis (CHCL): Ana (e)=510 (37430), 485 (37500), 356
(3910), 346 (3257), 265 nm (35600M~'cm™!); fluorescence (CHCl;, excita-
tion: 480 nm): A, = 540 nm; 'H NMR (500 MHz, C,D,Cl, 25°C): 6 =8.54
(m, 2H), 8.41 (m, 4H), 7.81 (d,J =8.5 Hz, 1 H), 7.65 (dd, 1 H), 740 (m, 2H),
724 (d, J=8.0 Hz, 2H), 2.64 (h, J=6.7 Hz, 2H, 2CH (iPr)), 1.29 (s, 18H,
6 CH; (1Bu)), 1.08 (d, /= 6.7 Hz, 12H, 4 CH; (iPr)); *C NMR (j-modulated
spinecho; 125 MHz, C,D,Cl,, 25°C): 6 =164.03 (C=0), 151,69 (C=0),
145,86 (q), 138.53 (q), 137.61 (g), 137.31 (q), 132.26 (1), 132.23 (1), 131.84 (q).
131.44 (q), 130.66 (q), 129.82 (q), 129.45 (1), 129.38 (q), 128.90 (q), 128.14
(1), 12741 (1), 127,05 (q), 125.26 (t), 124.33 (t), 124.23 (1), 123.97 (1), 121.46
(q), 121.43 (q), 121.00 (t), 121.06 (t), 83.60 (q), 29.38 (CH (iPr)), 28.13 (CH,
(tBu)), 24.33 (CH, (iPr)); IR (KBr): # = 2966 (m), 2931 (m), 2870 (w), 1788
(m), 1750(s), 1703 (s), 1665 (s), 1592 (s), 1577 (s), 1457 (m), 1359 (s), 1293
(m), 1245 (m), 1153 (m), 1115 (m), 1030 (w), 937 (W), 847 (m), 811 (m),
753 cm™! (m); MS (MALDI-TOF): m/z: 6963 [M]*; anal. caled for
CuHuN,O,: C 75.84, H 6.36, N 4.02; found: C 75.58, H 6.38, N 3.93.

Di-sec-butyl dicarbonate: Sodium hydride (60 %, 21 g, 0.55 mol) was slowly
added to a solution of racemic 2-butanol (37.06 g, 0.50 mol) in anhydrous
toluene (400 mL) cooled to 0°C, under an argon atmosphere. Then dry CO,
(26.4 g, 0.60 mol) was introduced in such a manner that the temperature of
the reaction mixture remained between 5-10°C. The suspension which
formed was heated to 15°C and benzyltriethylammonium chloride (1.59 g,
7 mmol), pyridine (1.34 g, 17 mmol), and p-toluenesulfonyl chloride (40 g,
0.21 mol) were added. After stirring for 15h at room temperature, the
reaction mixture was cooled to 5°C and aqueous sulfuric acid (5%,
180 mL) was added dropwise in such a manner that the temperature did not
exceed 10°C. The organic phase was separated, washed (5% aqueous
sodium hydrogen carbonate solution (500 mL) and twice with water
(500 mL)), and then dried over sodium sulfate. The toluene was removed
under reduced pressure and the residue was fractionated on a 15cm
Vigreux column to yield a colorless liquid (40.2 g, 74%). B.p. 63°C, 1 x
102 Torr); '"H NMR (250 MHz, CDCl;, 25°C): 6 =4.68 (m, 2H), 1.54 (m,
4H), 1.22 (d, 6H, J=6.3 Hz), 0.84 (t, 6H /=75 Hz); *C NMR (inverse
gated, 75 MHz, 100 mg sample, [Cr(acac);] (70 mg), CDCl; (1 mL), 25°C):
0=14798 (2C, C=0), 79.20 (2C, CH), 28.24 (2C, CHs;), 18.82 (2C, CH,),
9.25 (2C, CH;); IR (neat): ¥=2978 (m), 2941 (m), 2883 (w), 1819 (s,
0C=0), 1759 (s), 1458 (w), 1383 (m), 1293 (m), 1178 (s), 1126 (m), 1079 (s),
1023 (w), 992 (w), 965 (m), 871 (m), 772 (w), 655 cm~! (w); anal. calcd for
C;0H,305: C 55.03, H 8.31; found C 55.06, H 8.30.

9-(Di-sec-butoxycarbonyl)amino-N-(2,6-diisopropylphenyl)perylene-3,4-
dicarboximide (5) (mixture of stereoisomers): According to the general
procedure, the amino-substituted dye 3 (1.00 g, 2.02 mmol), 4-dimethyl-
aminopyridine (49 mg, 0.4 mmol), triethylamine (408 mg, 0.8 mmol), and
di-sec-butyl dicarbonate (1.75g, 8 mmol) were allowed to react in
anhydrous THF to yield an orange powder (1.08 g, 77%). M.p.=230°C
(decomp.); R; (CHCly/silica gel) =0.14; UV/Vis (CHCL): Ay, (¢) =509
(36780), 483 (36500), 356 (3737), 340 (3667), 265 nm (34990M'cm™t);
fluorescence (CHCl;, excitation: 480 nm): A,,,=537nm; 'H NMR
(500 MHz, C,D,Cl,, 25°C): 0=8.55 (d, /J=8.0Hz, 1H), 854 (d, /=
8.0 Hz, 1H), 8.40 (m, 4H), 7.80 (d, /=8.5 Hz, 1H), 7.64 (dd, 1H), 7.45 (d,
J=8.0Hz, 1H), 7.39 (t, J=8.0 Hz, 1H), 7.25 (d, /=8.0 Hz, 2H), 4.78 (m,
2H, 2CH secBu), 2.65 (h, J=6.7 Hz, 2H, 2CH (iPr)), 1.38 (m, 2H, CH,
secBu), 1.31 (m, 2H, CH, secBu), 1.13 (d, /= 6.1 Hz, 3H, CH; secBu), 1.09
(d,J=6.7 Hz, 12H, 4 CH; (iPr)), 1.04 (d, J = 6.1 Hz, 3H, CH; (iPr)), 0.70 (t,
J=6.7Hz, 3H, CHj; secBu), 0.52 (t, J = 6.7 Hz, 3H, CH; secBu); *C NMR
(j-modulated spinecho, 125 MHz, C,D,Cl,, 25°C): 6 =163.91 (C=0), 152.5
(C=0), 145.75 (q), 137.53 (q), 137.40 (q), 137.05 (q), 132.17 (t), 132.15 (t),
132.10 (t), 131.76 (q), 131.31 (q), 130.52 (q), 129.76 (q), 129.67 (q), 129.38
(1), 128.85 (q), 128.22 (t), 12741 (t), 126.93 (q), 124.33 (t), 124.15 (t), 123.77
(1), 121.46 (q), 121.37 (q), 121.05 (t), 120.98 (t), 76.29 (CH secBu), 76.23
(CH secBu), 29.29 (CH (iPr)), 28.65 (CH, secBu), 28.60 (CH, secBu), 24.23
(CH; (iPr)), 19.48 (CHj; secBu), 19.32 (CHj; secBu), 9.65 (CH; secBu), 9.44
(CH; secBu); IR: 7=2962 (m), 2931 (m), 2870 (w), 1780 (m), 1754 (m),
1702 (s), 1665 (s), 1593 (m), 1577 (m), 1458 (w), 1357 (s), 1291 (m), 1246
(m), 1199 (s), 1102 (m), 812 (m), 754 cm™! (w); MS (MALDI-TOF): m/z:
696.3 [M]*; anal. calcd for Cy,4HyN,Oq4: C 75.84, H 6.36, N 4.02; found C
75.49, H 6.38, N 3.96.

9-(Diisobutoxycarbonyl)amino-N-(2,6-diisopropylphenyl)perylene-3,4-di-
carboximide (6): According to the general procedure, the amino-substi-
tuted dye 3 (1.00g, 2.02mmol), 4-dimethylaminopyridine (49 mg,
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0.4 mmol), triethylamine (408 mg, 0.8 mmol), and diisobutyl dicarbonate
(1.75 g, 8 mmol) were allowed to react in anhydrous THF to yield an orange
powder (1.10 g, 78%). M.p. =215°C; R; (CHCly/silica gel) =0.18; UV/Vis
(CHCL): Ana (¢)=508 (38490), 481 (37700), 356 (3577), 340 (2855),
264 nm (37530M~'em™!); fluorescence (CHCl;, excitation: 480 nm): A, =
535 nm; 'H NMR (500 MHz, C,D,Cl,, 25°C): 6 =8.55 (d, J =8.0 Hz, 1 H),
8.42 (m, 4H), 781 (d, J=8.5Hz, 1H), 765 (dd, 1H), 748 (d, J=8.0 Hz,
1H), 739 (t, J=8.0 Hz, 1H), 725 (d, J=8.0 Hz, 2H), 3.86 (d, J=6.7 Hz,
4H, 2CH, (iBu)), 2.63 (h, 6.7 Hz, 2H, 2CH (iPr)), 1.65 (m, 2H, 2CH
(iBu)), 1.08 (d, J=6.7 Hz, 12H, 4CH, (iBu)), 0.57 (d, J=6.7 Hz, 12H,
4CH, (iPr)); C NMR (125 MHz, C,D,Cl,, 25°C): 6=163.99 (C=0),
152.73 (C=0), 145.80 (q), 13747 (q), 137.25 (q), 137.08 (q), 132.29 (1), 132.22
(1), 131.73 (q), 131.35 (q), 130.61 (q), 129.91 (q), 129.87 (q), 129.49 (t),
128.91 (q), 128.46 (1), 12743 (t), 127.05 (q), 124.97 (1), 124.49 (1), 124.26 (1),
12378 (1), 121.61 (q), 121.49 (q), 12123 (1), 121.17 (1), 73.56 (CH, (iBu)),
29.37 (CH (iPr)), 27.80 (CH (iBu)), 24.35 (CH; (iPr)), 19.0 (CH; (iBu)); IR
(KBr): 7=2962 (m), 2932 (s), 2871 (s), 1797 (m), 1757 (m), 1703 (s), 1664
(s), 1592 (s), 1578 (m), 1469 (m), 1359 (s), 1291 (m), 1245 (s), 1105 (m), 1032
(w), 810 (m), 752 cm™' (m); MS (MALDI-TOF): m/z: 696.3 [M]*; anal.
caled for C,yH,,N,0,: C75.84, H 6.36, N 4.02; found C 75.58, H 6.37, N 3.94.

9-(Di-n-butoxycarbonyl)amino-N-(2,6-diisopropylphenyl)perylene-3,4-di-
carboximide (7): According to the general procedure, the amino-substi-
tuted dye 3 (1.00g, 2.02mmol), 4-dimethylaminopyridine (49 mg,
0.4 mmol), triethylamine (408 mg, 0.8 mmol), and di-n-butyl dicarbonate
(1.75 g, 8 mmol) were allowed to react in anhydrous THF to yield an orange
powder (1.13 g, 80%). M.p.=174°C; R; (CHCly/silica gel) =0.15; UV/Vis
(CHCL): Apa, (8) =508 (37180), 481 (37700), 356 (3448), 340 (2744),
264 nm (36060M~'cm™!); fluorescence (CHCI;, excitation: 480 nm): A, =
535 nm; '"H NMR (500 MHz, C,D,Cl,, 25°C): 6 =8.54 (d, / =8.0 Hz, 1H),
8.53 (d,/=8.0Hz, 1H), 8.42 (d, /=8.0 Hz, 1H), 8.39 (m, 3H), 779 (d, /=
8.0 Hz, 1H), 7.64 (dd, 1H), 746 (d, /=8.0 Hz, 1H), 740 (t, /=79 Hz, 1H),
725 (d, J=8.0Hz, 2H), 4.10 (t, J=6.4 Hz, 4H, 2CH, (Bu)), 2.65 (h, J=
6.7 Hz,2H, 2CH (iPr)), 1.41 (m, 4H, 2CH, (Bu)), 1.09 (d,/=6.7 Hz, 12H,
4CHj; (iPr)), 1.03 (m, 4H, 2CH, (Bu)), 0.67 (t, 6H, J =73 Hz, 2CHj; (Bu));
3C NMR (j-modulated spinecho, 125 MHz, C,D,Cl,, 25°C): 6 =164.00
(C=0), 152.96 (C=0), 145.82 (q), 137.40 (q), 137.27 (q), 137.03 (q), 132.27
(t), 132.20 (t), 131.76 (q), 131.37 (q), 130.59 (q), 129.94 (q), 129.91 (q),
129.48 (t), 128.99 (q), 128.42 (t), 127.56 (t), 127.00 (q), 124.91 (t), 124.40 (1),
124.27 (1), 123.86 (t), 121.61 (q), 121.50 (q), 121.18 (t), 121.12 (t), 67.61 (CH,
(nBu)), 30.58 (CH, (nBu)), 29.39 (CH (iPr)), 24.35 (CH; (iPr)), 19.08 (CH,
(nBu)), 13.80 (CH; (nBu)); IR (KBr): #=2961 (m), 2832 (m), 2871 (w),
1795 (m), 1758 (m), 1703 (s), 1664 (s), 1592 (m), 1578 (m), 1460 (s), 1369 (s),
1292 (m), 1247 (s), 1183 (m), 816 (m), 752 cm~! (m); MS (MALDI-TOF):
mlz:696.3 [M]*; anal. calcd for C,HyyN,O4: C 75.84, H 6.36, N 4.02; found
C75.75, H 6.40, N 3.99.

9-(Diethoxycarbonyl)amino-N-(2,6-diisopropylphenyl)perylene-3,4-dicar-
boximide (8): According to the general procedure, the amino-substituted
dye 3 (1.00 g, 2.02 mmol), 4-dimethylaminopyridine (49 mg, 0.4 mmol),
triethylamine (408 mg, 0.8 mmol), and diethyl dicarbonate (1.30 g, 8 mmol)
were allowed to react in anhydrous THF to yield an orange powder (1.05 g,
81%). M.p.>277°C (decomp.); R; (CHClysilica gel)=0.16; UV/Vis
(CHCL): An (¢)=507 (37620), 481 (36780), 356 (3650), 340 (2950),
255 nm (21870m~'cm™); fluorescence (CHCL;, excitation: 480 nm): Ay, =
535 nm; 'H NMR (500 MHz, C,D,Cl,, 25°C): 6 =8.52 (d, J=8.0 Hz, 1 H)
8.51 (d, J=8.0 Hz, 1H), 8.39 (m, 3H), 8.35 (d, / =8.5 Hz, 1 H), 778 (d, /=
8.5 Hz, 1 H), 7.64 (dd, 1 H), 7.46 (d, J = 8.0 Hz, 1 H), 7.39 (t, J = 8.0 Hz, 1 H),
725 (d, J=8.0 Hz, 2H), 4.16 (q, J=6.9 Hz, 4H, 2CH, (Et)), 2.65 (h, J =
6.7 Hz, 2H, 2CH (iPr)), 1.09 (m, J not resolved because of overlap, 18H,
4CHj; (iPr), 2CH; (Et)); ®C NMR (j-modulated spinecho; 125 MHz,
C,D,Cl,, 25°C): 6=163.91 (C=0), 152.89 (C=0), 145.70 (q), 137.25 (q),
137,09 (q), 136.88 (q), 132.17 (1), 132.10 (t), 131.62 (q), 131.26 (q), 130.45 (q),
129.86 (q), 129.82 (q), 129.40 (t), 128.92 (q), 128.35 (1), 127.55 (1), 126.85 (q),
124.80 (1), 124.32 (1), 124.18 (1), 123.84 (1), 121.47 (q), 121.35 (q), 121.05 (1),
120.99 (t), 63.90 (CH, (Et)), 29.28 (CH (iPr)), 24.27 (CH, (iPr)), 14.36 (CH,
(Et)); IR (KBr): #=2963 (m), 2930 (w), 2870 (w), 1794 (w), 1759 (m), 1702
(s), 1664 (s), 1592 (s), 1578 (m), 1359 (s), 1245 (s), 1098 (m), 1035 (w), 817
(m), 753 cm™~!' (m); MS (MALDI-TOF): m/z: 640.3 [M]*; anal. calcd for
CuoHyN,O,: C 74.98, H 5.66, N 4.37; found C 74.82, H 5.64, N 4.23.

9-(Di-tert-amoxycarbonyl)amino-N-(2,6-diisopropylphenyl)perylene-3,4-
dicarboximide (9): According to the general procedure, the amino-
substituted dye 3 (1.00 g, 2.02 mmol), 4-dimethylaminopyridine (49 mg,
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0.4 mmol), triethylamine (408 mg, 0.8 mmol), and di-ter-amyl dicarbonate
(1.97 g, 8 mmol) were allowed to react in anhydrous THF to yield an orange
powder (1.08 g, 74%). M.p.>180°C (decomp.); R; (CHCly/silica gel)=
0.17; UV/Vis (CHCL): Ay (e) =511 (36680), 485 (36770), 356 (3681),
340 (3041), 265nm (34100m~'cm™'); fluorescence (CHCI;, excitation:
480 nm): A, =540 nm; '"H NMR (500 MHz, C,D,Cl,, 25°C): 6 =8.64 (m,
2H), 8.50 (m, 3H), 8.48 (d, J=8.0 Hz, 1H), 8.00 (d, J=8.5Hz, 1H), 7.72
(dd, 1H), 747 (m, 2H), 732 (d, J=8.0 Hz, 1H), 2.71 (h, J=6.7 Hz, 2H,
2CH (iPr)), 1.52 (q, J =73 Hz, 2H, CH, tert-amyl), 1.47 (q, J=7.3 Hz, 2 H,
CH, (tert-amyl)), 1.38 (s, 6H, 2CHj; (tert-amyl)), 1.32 (s, 6H, 2CH; (tert-
amyl)), 115 (d, J=6.7, 12H, 4CH, (iPr)), 0.49 (t, /=73 2, 6H, CH, (tert-
amyl)); ®C NMR (j-modulated spinecho, 125 MHz, C,D,Cl,, 25°C,): 6 =
164.03 (C=0), 151.28 (C=0), 145.86 (q), 138.56 (q), 137.66 (q), 137.34 (q),
132.26 (1), 132.24 (1), 131.86 (q), 131.43 (q), 130.70 (q), 129.75 (q), 129.46 (1),
12931 (q), 128.86 (q), 128.15 (t), 127.18 (t), 127.10 (q), 125.31 (t), 124.40 (1),
124.24 (1), 123.90 (1), 121.49 (q), 121.45 (q), 121.05 (t), 121.00 (1), 85.91 (q
(tert-amyl)), 34.13 (CH, (tert-amyl)), 29.37 (CH (iPr)), 25.58 (CH; (tert-
amyl)), 25.29 (CH; (fert-amyl)), 24.32 (CH; (iPr)), 8.10 (CHj; (tert-amyl));
IR (KBr): #=2966 (m), 2930 (w), 2870 (w), 1784 (s), 1753 (m), 1703 (s),
1687 (s), 1592 (m), 1577 (m), 1468 (w), 1358 (s), 1292 (m), 1245 (m), 1153
(m), 1112 (m), 842 (m), 812 (m), 754.5 cm~! (w); MS (MALDI-TOF): m/z:
724.4 [M]*; C4HsN,O,:. C76.22, H 6.67, N 3.86; found C 75.89, H 6.69, N
3.80.
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The First Synthesis of (—)-Asperpentyn and Efficient Syntheses of
(+)-Harveynone, (+)-Epiepoformin and (—)-Theobroxide

M. Teresa Barros,'?! Christopher D. Maycock,**! and M. Rita Ventura!®!

Abstract: A generally applicable strat-
egy for the synthesis of a range of
polyoxygenated cyclohexane natural
products has been developed. The enan-
tioselective syntheses of (—)-theobrox-
ide, a polyoxygenated cyclohexane nat-

epoxidation of an enone derived from
quinic acid. A thus derived a-iodoenone
was subjected to Stille coupling with
tetramethylstannane to afford the first
title compound. A similar strategy en-
abled a route to the complete asymmet-

ric synthesis of the acetylenic phytotoxin
(+)-harveynone. By selective reduction
of (—)-theobroxide, (+)-epiepoformin
was also prepared in enantiopure form
and similarly, stereoselective reduction
of (4)-harveynone completed the first

ural compound with potent growth in-
ducing properties in potato microtubers
has been achieved via a 1,2 O-silyl
migration  between  trans-hydroxyl
groups and a remote hydroxyl directed

C—C coupling
palladium

Introduction

(+)-Harveynone (1), (—)-asperpentyn (2), (+)-epiepoformin
(3) and (—)-theobroxide (4) belong to a family of highly
oxygenated cyclohexane-based metabolites, mainly epoxides,

o)
o
OH

1

=
o
OH
o T
OH

4

that have been isolated from bacteria, fungi, higher plants and
molluscs. These compounds have stimulated several synthetic
efforts> > 1% due to their biological activities, which range
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enantioselective synthesis of (—)-asper-
pentyn, another natural compound with
antimicrobial activity.

from antifungal to antibacterial, antitumor, phytotoxic and
enzyme inhibition.['-1%]

(+)-Harveynone (1) has been isolated from the tea gray
blight fungus Pestalotiopsis theae and shown to be a phyto-
toxin.l!' Related compound (—)-asperpentyn (2) has been
isolated from the antimicrobial extracts of Aspergillus dur-
icaulis.”! These natural compounds both contain an acetylenic
side chain, which is a characteristic feature of many members
of the polyoxygenated cyclohexane family. (+)-Epiepoformin
(3) has been isolated from the culture filtrate of an unidenti-
fied fungus of the deceased leaf of crape myrtle Lagerstroemia
indica®) and (—)-theobroxide (4) has been isolated from
Lasiodiplodia theobromae and shows exceptional activity as a
potato microtuber inducing substance.! The rarity and
diverse biological activities of these compounds has prompted
us to devise a strategy which should be generally applicable to
their synthesis, and the synthesis of derivatives, in an
enantiopure form and eventually their preparation in useful
quantities for biological testing.

(+)-Harveynone has been asymmetrically synthesised by
Johnson and co-workers?? and, in a racemic form, by Taylor
and co-workers.?’! There is also only one synthesis of
theobroxide described in the literature so far,’! and two
synthesest™ 7 of epiepoformin, one of them racemic,” the
other relied upon a retro-Diels-Alder reaction for the
liberation of the unsaturated product.’! To our knowledge,
(—)-asperpentyn has not been previously synthesised and our
synthesis confirms the structure proposed after its isolation.?!

(—)-Quinic acid (5), an abundant natural substance has,
besides a cyclohexane skeleton, a masked 1,4-oxygen func-
tionality suitable for synthesis of the necessary hydroxyl and
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carbonyl groups in these positions of the target compounds.
This characteristic 1,4-substitution is present in all com-
pounds, for which the synthesis is described herein, and in
many other members of the polyoxygenated cyclohexane
metabolite family. (—)-Quinic acid also contains hydroxyl
functions which are ideally situated for the sequential
generation of the necessary enones. Its structure can be
transformed selectively in diverse ways and has permitted its
use in many other syntheses.[® % 1l Other advantages are the
accessibility and relatively low cost of (—)-quinic acid.

Results and Discussion

Our strategy was based on two sequential S-eliminations
which allowed the formation of two enone systems, one
necessary for the introduction of the epoxide group and the
other to remain in the final structure of our target compounds.
In Scheme 1 the initial common steps for these syntheses are
depicted.

o o
L, L,
o Y ToH o Y ToTBs
)VO )VO
.

6
o 0 0 o}
L oL - oL
< NoTBS Y OH < NoTBS < NoH
OH OH oTBS

OTBS
10 11

8 9

b

(o] (o]
o)
. ~NoTBS
OAc

OTBS

12 13
Scheme 1. a) TBSCI, imidazole, DMF, 35°C, 98 %. b) 0.5N NaOH, THF,
0°C, 82% (1:1 8:9). ¢)30% H,0,, Triton B, THF, 0°C, 89%. d) Ac,0,
(iPr),NEt, DMAP, CH,Cl,, 0°C, 44 % of 12 and 42 % of 13.

Abstract in Portuguese: Uma estratégia geral para a sintese de
produtos naturais com estrutura de ciclohexano polioxigenado
foi desenvolvida. A sintese do (—)-teobroxido, um composto
natural com potentes propriedades na inducdo do crescimento
dos microtubérculos de batatas, foi efectuada via uma migra-
¢do 1,2 O-sililo entre grupos hidroxilos trans e uma epoxida-
¢do, orientada remotamente por um hidroxilo, de uma enona
derivada do dcido quinico. A a-iodoenona obtida foi subme-
tida a um acoplamento de Stille com tetrametilestanano, para
originar o produto referido. Uma estratégia similar permitiu a
sintese assimetrica completa da fitotoxina acetilenica (+)-
-harveinona. Atraves da redugdo selectiva do (—)-teobroxido, a
(+)-epiepoformina foi igualmente preparada na forma enan-
tiopura e, da mesma maneira, a reducgdo estereosselectiva da
(+)-harveynona completou a primeira sintese enantiosselectiva
da (—)-asperpentina, outro composto natural com actividade
antimicrobiana.
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B-Hydroxyketone 6 was obtained in three steps from (—)-
quinic acid (5) in excellent yields, as previously described in
the literature.®! Silylation of 6 afforded the protected com-
pound 7 in 98% yield, which upon treatment with 0.5N
NaOH® 'l furnished a mixture of two compounds later
identified as the anticipated product enone 8 and the isomeric
enone 9, in approximately 1:1 ratio. The NMR spectra of 8 and
9 were very similar as would be expected. They were
identified by treating each separately with acetic anhydride
whereupon the less polar isomer becomes aromatic to form
compound 15; this indicates that indeed f-hydroxyketone 9
was formed. The acetate 13 was obtained from the other
isomer 8 after epoxidation and elimination. The enone 9
clearly resulted from an unusual silyl migration between the
trans diequatorial hydroxyl groups which was promoted by
the alkoxide formed during elimination. Attempts to trans-
form all of compound 8 into 9 in one reaction with a base
failed,! which indicated that an equilibrium was established
between the two products. The separation of these isomers
permitted a recycling of isomer 8 with a base, and an increase
in the overall yield. Thus, treatment of isomer 8 with a
catalytic quantity of hydroxide in THF afforded again a 1:1
mixture of these isomers in quantitative yield. After one
recycle about 75 % of the required 9 could be obtained. The
formation of enone 9 in this way was not predictable but
nevertheless turned out to be a key compound.

Epoxidation of the mixture of enones 8 and 9 with 30 %
hydrogen peroxide in the presence of Triton B afforded an
inseparable mixture of only the two epoxides 10 and 11
(Scheme 1). In accordance with our previous observations!”!
the attack of the epoxidising agent upon the double bond was
directed by the free hydroxyl group in the molecule. Thus, the
hydroxyl group of enone 8, being below the plane of the
molecule, as drawn in Scheme 1, directed the peroxide to the
lower face of the enone system with subsequent formation of
the epoxide 10. A similar directing effect was observed for the
epoxidation of 9 which gave the epoxide 11, where both the
hydroxyl and the epoxide groups were cis and above the plane
of the molecule as drawn. The importance of the free hydroxyl
group in these oxidations was demonstrated by the epoxida-
tion of the acetate 14, obtained by treatment of 8 with acetic
anhydride and DMAP in pyridine at 0°C. This epoxidation,
employing the bulky rBuOOH, afforded a 1:1 mixture of the
two diastereoisomers 13 and 16 (Scheme 2). Thus the absence
of the free hydroxyl group drastically reduced the selectivity
of the epoxidation reaction.

o) o) o) OH
L OO
v ~OTBS v OH v~ ~OTBS
OH OTBS OAc OTBS
8 9 14 15
b
o) o
1, oL
< ~OTBS v~ ~OTBS
OAc OAc
13 16

Scheme 2. a) Ac,O, py, DMAP, 0°C. b) tBuOOH, Triton B, THF, 0°C.
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Elimination of water in compound 11 was carried out by
acetylation of a 1:1 mixture of 10 and 11 which led to enone 12
and the acetylated product 13 (Scheme 1). These two products
were easily separable by simple chromatography which
afforded 12 (44%) [a]§=+3315 (c=122, anhydrous
CHCl,) ;%1 ens-12: [a]F = —333.3 (c=1.32, CHCl;), and 13
(42%).

a-lodination of enone 12 afforded iodoenone 17
(Scheme 3) in excellent yields (93%), [a]E =+108.6 (c=
1.19, anhydrous CHCL,);'%! ent-17: [a]y = —109.7 (c=1.29,

o o
Loy
o | o | —

6TBS 6TBS

B

OTBS
18 1

Scheme 3. a)I,, DMAP, CCl/py 1:1, 0°C/RT, 93%. b)Bu;SnC=C-
C(CH,)CH;, Cul, AsPh;, Pd(PPh;),Cl,, THF, RT, 98%. c) HF (40% in
H,0), CH;CN, RT, 92%.

CHCl;). With the Stille cross-coupling reaction the acetylenic
side chain could be introduced in 98 % yield. Johnson®! used
a Sonogashira coupling reaction instead of the Stille method-
ology to perform the same reaction but only in 52% yield.
Desilylation of the coupled product 18 with 40% wt HF in
H,O afforded (+)-harveynone (1) in 92 % yield (42 % overall
from 6),”1 ([a]® =+206.6 (c=0.38, anhydrous MeOH);*
ent-1: [a]p = —208 (¢ =0.45, MeOH)). The spectroscopic data
for our synthetic product is in accordance with those reported
in the literature.!

In order to synthesise (—)-asperpentyn (2) we required a
selective method for the reduction of the carbonyl group of
enone 18 (Scheme 4). DIBAL-H in THF at —78°C afforded
both possible diastereoisomers with an unsatisfying dr of only
1:1. By performing the same reaction with sodium borohydride
and cerium(ii) chloride we were able to increase the diaster-
eoselectivity to 2.7:1 19:20. Deprotection of both alcohols
afforded (—)-asperpentyn (2) ([a]® = —17.1 (c= 0.28, acetone),?!

OH

N

OTBS OTBS OTBS
18 19 20

Scheme 4. a) NaBH,, CeCl;-7H,0, MeOH, —78°C, 99 % yield, dr 2.7:1
19:20. b) HF (40 % in H,0), CH;CN, RT, quantitative.
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[a]® =—20 (c=0.1, acetone)) (33 % overall from 6) and its
epimer 21. The NMR data were in accord with the literaturel®!
although both diastereoisomers had very similar spectra.
The two other target molecules were (+)-epiepoformin and
(—)-theobroxide. We have already synthesised (+)-epofor-
min® from (—)-quinic acid by a less direct route. A Stille
cross-coupling reaction was used to introduce the methyl

group into a-iodoenone 17 (Scheme 5).

OTBDMS OTBDMS
17 22 3
OTBDMS OTBDMS
26 23 24
\ b
OH OH
o@f : o@f
4 25

Scheme 5. a) Me,Sn, AsPh,, Pd,(dba),- CHCl;, Cul, THF, 80°C, 91%.
b) HF (40% in H,0), CH,CN, RT, 99%. ¢) NaBH,, CeCl, - 7H,0, MeOH,
—78°C, 92%.

There are very few examples for the introduction of alkyl
groups employing Stille cross-coupling reactions described in
the literature;? especially for a-iodocyclohexenones the
reported yields are rather low. Usually these reactions are
carried out in relatively non-volatile dipolar solvents such as
DMEF or NMP. In our case (Scheme 5), we employed THF as
the solvent. Iodoenone 17 was treated with Pd,(dba);« CHCl;,
AsPh;, Cul and Me,Sn in a sealed tube and we were able to
obtain the a-methylated enone 22 in 91% yield, [a]¥ =
+251.3 (c=1.40, anhydrous CHCl,),”! [a]¥ =+250.72 (c=
1.17, CHCl;). Work-up was, however, complicated by the
appearance of what we believe to be colloidal palladium
which contaminated the product even after chromatography.
This problem was resolved by using Et,NH, while at the same
time eliminating the use of cuprous iodide. The reaction was
accelerated by the addition of 3 equivalents of diethylamine.
Desilylation of 22 with 40% HF in H,O, furnished in
acetonitrile (+)-epiepoformin (3), [a]# =+314.5 (¢=0.49,
EtOH),P! [a]¥ = +316.4 (¢=0.37, EtOH), in 99 % yield (42 %
overall from 6) (Scheme 5). The 'H NMR spectrum was
identical to that reported in the literature.’] Reduction of the
a,f-unsaturated ketone 22 with sodium borohydride in the
presence of cerium(i) chloride afforded the two diaster-
eoisomers 23 and 24 (Scheme 5),°! which were unseparable by
standard chromatographic techniques. However, after depro-
tection with 40 % HF, (—)-theobroxide (4), [a]8 =—6.18 (c=
0.35, EtOH),P! [a]F = — 6.25 (¢ = 0.40, EtOH), and its epimer
25, [a]B=+48.57 (¢=0.35, EtOH),F! [a]¥=+4752 (c=
0.59, EtOH), were obtained in 84 % (40% overall from 6)
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and 15% yields, respectively. (+)-Iodoxone (26), [a]® =
+94.8 (c=0.61, anhydrous acetone),’ [a]p=+96.1 (c=
0.95, acetone), an analogue of the natural compound (+)-
bromoxonel'® was also obtained after cleavage of the silyl
ether of a-iodoenone 17 (47% overall yield from 6)
(Scheme 5).

Conclusion

In summary, an efficient methodology was developed to
synthesise four related natural compounds with high enantio-
purity. The use of common intermediates readily derived from
quinic acid combined with a Stille coupling reaction should
permit the synthesis of a wide range of cyclohexane based
natural products. This methodology should also be applicable
to the synthesis of more complex members of the polyoxy-
genated cyclohexane family. From compound 13, the anti-
biotic LL-C10037a and several members of the manumycin
family of antibiotics!'®] may also be accessible using a little
used aza Stille cross-coupling reaction to introduce the amide
side chain. Our studies in this promising area are currently
under way.

o [¢]

Br NHAc
o o |

OH OH
(+)-Bromoxone LL-C10037a

Experimental Section

General methods: Melting points were determined with a capillary
apparatus and are uncorrected. 'H NMR spectra were obtained at
300 MHz in CDClI; with chemical shift values (0) in ppm downfield from
tetramethylsilane, and '3C NMR spectra were obtained at 100.61 MHz in
CDCl;. DEPT was used to aid the structure elucidation and carbon
assignments but the data are not reported here. Microanalyses were
performed by the IST analytical services using a combustion apparatus. IR
(7, cm™!) measured on a FTIR spectrophotometer. Medium pressure
preparative column chromatography: silica gel Merck 60H. Preparative
TLC: silica gel Merck 60 GF,s,. Analytical TLC: Aluminum-backed silica
gel Merck 60 F,s,. Specific rotations ([a]) were measured on an automatic
polarimeter. Reagents and solvents were purified and dried according to
ref. [23]. All the reactions were carried out in an inert atmosphere (argon),
unless otherwise indicated.

(3R, 4R,5R)-5-[ (tert-Butyldimethylsilyl) oxy]-3,4-(isopropylidenedioxy)-1-
cyclohexanone (7): Imidazole (0.92g, 0.014mol) and TBSCI (1g,
6.4 mmol) were added to a solution of 6 (1g, 5.37 mmol) in DMF
(3 mL). The reaction mixture was stirred for 24 h at 35°C and, after cooling,
water was added (4 mL) and the pH adjusted to 8 if necessary. The mixture
was extracted with CH,Cl, (3 x 10 mL), the combined organic phases were
dried (MgSO,) and concentrated. The viscous residue was purified by
column chromatography (CH,Cl,) to afford ketone 7 (1.61 g, 98%) as a
colourless oil that crystallised at low temperatures. [a]¥ = +93.1 (¢ =2.60,
CH,Cl,); m.p. 37-38°C; 'H NMR (300 MHz, CDCl;, 300 K, TMS): 6 =
4.70 (dt, 3J(H,H) = 6.6 Hz, 3/(H,H) =3.0 Hz, 1 H, H-3), 4.21 (dt, 3/(H,H) =
6.9 Hz, 3J(H,H) =2.1 Hz, 1H, H-4), 4.16 (d, *J(H,H) =3.0 Hz, 1H, H-5),
276 (dd, 2J(HH)=17.7Hz, 3J(HH)=3.6Hz, 1H, H-2), 2.64 (dd,
2J(HH) =19.5 Hz, 3/(H,H) =2.1 Hz, 2H, H-2/H-6), 2.37 (dd, 2J(H,H) =
174 Hz, 3J(H,H) =3.3 Hz, 1H, H-6), 1.44 (s, 3H, CH;), 1.37 (s, 3H, CH,),
0.85 (s, 9H, SiC(CHs;);), 0.09, 0.06 (2s, 2 x 3H, 2 x SiCH;); “C NMR
(100.61 MHz, CDCl;, 300 K, TMS): 6 =207.8 (C-1), 108.7 (C(CH,),), 75.1,
72.3,68.7 (C-3, C-4, C-5),41.7,40.0 (C-2, C-6),26.1 (CH3), 25.4 (SiC(CH;);),
23.7 (CH,;), 17.6 (SiC(CH;);), —5.3 (2 x SiCH;); FT-IR (KBr): #=1722
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(C=0, sat. ketone); elemental analysis caled (%) for C;sH0,Si
(300.47351): C 59.96, H 9.39; found: C 59.83, H 8.09.

(4R,5R)-5-[ (tert-Butyldimethylsilyl) oxy]-4-hydroxy-2-cyclo-hexen-1-one
(8) and (4R,5R)-4-[ (tert-butyldimethylsilyl)oxy]-5-hydroxy-2-cyclohexen-
1-one (9): A catalytic amount of aqueous NaOH (0.5N) was added at 0°C
to a solution of 7 (1.193 g, 3.97 mmol) in THF (10 mL). The mixture was
stirred at 0°C until all starting material was consumed (if the reaction
slowed down, five more drops of aqueous 0.5N NaOH were added).
Saturated aqueous NH,Cl was added (6 mL), and the mixture was
extracted with diethyl ether (3 x 10 mL). The organic extracts were dried
(MgSO,) and concentrated. The residue obtained was purified by column
chromatography (AcOEt/hexane 1:9) 8 (0.394 g, 41%) and 9 (0.396 g,
41%), compound 8 slowly crystallised, so that compound 7 could be
recovered to some extent (0.167 g). Compound 8: [a]3 = — 145.8 (¢ =0.26,
CH,Cl,); m.p. 64—66°C; '"H NMR (300 MHz, CDCl;, 300 K, TMS): 6 =
6.89 (dd, *(HH)=102Hz, *J(HH)=18Hz, 1H, H-3), 6.00 (d,
3J(H,H) =10.2 Hz, 1H, H-2), 4.36 (m, 1H, H-4), 3.98-3.90 (m, 1H, H-5),
2.74 (dd, 2J(H,H)=16.5 Hz, *J(H,H) =4.8 Hz, 1H, H-6), 2.48-2.41 (m,
2H, H-6, OH), 0.91 (s, 9H, SiC(CH,);), 0.13, 0.12 (25,2 x 3H, 2 x SiCH,);
13C NMR (100.61 MHz, CDCl;, 300 K, TMS): 6 =197.5 (C-1), 149.9, 129.6
(C-2, C3), 739, 732 (C-4, C-5), 457 (C-6), 25.7 (SiC(CH,);), 17.8
(SiC(CH,),), —4.4, —4.7 (2 x SiCH,); FT-IR (film): v=3400 (O-H), 1675
(C=0, a,B-unsat. ketone); compound 9: [a]¥ = —128.1 (¢ =0.27, CH,CL,);
'H NMR (300 MHz, CDCl;, 300 K, TMS): 6 =6.73 (dd, *J(H,H) = 10.2 Hz,
3J(H,H) =1.8 Hz, 1H, H-3), 5.97 (dt, 3/(H,H) = 10.2 Hz, *J(H,H) =2.1 Hz,
4J(HH)=12Hz, 1H, H-2), 4.33 (dt, 3/(H,H) =78 Hz, %(H,H) =2.1 Hz,
1H, H-4),; 400-391 (m, 1H, H-5), 2.84 (ddd, %/(HH)=16.5Hz,
3J(HH)=48Hz, “(HH)=12Hz, 1H, H-6), 242 (dd, J(HH)=
16.5 Hz, 3J(H,H)=12.3 Hz, 1H, H-6), 2.35 (s, 1H, OH), 0.95 (s, 9H,
SiC(CHs);),0.18 (s, 6 H, 2 x SiCHs); *C NMR (100.61 MHz, CDCl;, 300 K,
TMS): 6 =197.2 (C-1), 151.1,129.4 (C-2, C-3),73.9, 72.7 (C-4, C-5), 43.7 (C-
6), 25.7 (SiC(CHs);), 18.0 (SiC(CHs);), —4.5, —4.6 (2 x SiCH;); FT-IR
(film): v=3417 (O—H), 1677 (C=0, a,f-unsat. ketone); HR-MS (EI*):
caled for C,H,,0,Si [M]*: 242.133823; found: 242.133134.

A catalytic amount of aqueous NaOH (0.5N) was added at 0°C to a
solution of 8 (0.039 g, 0.16 mmol) in THF (1 mL). The mixture was stirred
at 0°C for 1h. Saturated aqueous NH,Cl was added (3 mL), and the
mixture was extracted with diethyl ether (3 x 4 mL). The organic extracts
were dried (MgSO,) and concentrated. The residue obtained was purified
by preparative TLC (AcOEt/hexane 4:6) to yield 8 (0.019 g, 49%) and 9
(0.020 g, 51 %), both as colourless oils; compound 8 did crystallise after
some time.

(28,3R 4R ,5R)-5-[ (tert-Butyldimethylsilyl)oxy]-2,3-epoxy-4-hydroxy-1-cy-
clohexanone (10) and (2R,3S,4S,5R)-4-[ (tert-butyldimethylsilyl) oxy]-2,3-
epoxy-5-hydroxy-1-cyclohexanone (11): 30% H,0, (3.67 mL, 0.032 mol)
and Triton B (N-benzyltrimethylammonium hydroxide, 40 wt % solution in
methanol, 0.104 mL, 0.25 mmol) was added at 0°C to a solution of the
mixture of enones 8 and 9 (1.039 g, 4.29 mmol) in THF (5 mL). After all
starting material had been consumed, saturated aqueous NH,Cl solution
(5 mL) was added, and the mixture was extracted with diethyl ether (3 x
10 mL), the combined organic extracts were dried (MgSO,), and evapo-
rated to give a liquid residue, which was purified by column chromatog-
raphy. Elution with AcOEt/hexane 2:8 afforded the epoxides 10 and 11
(1.244 g, 89%) as a colourless oil. Compounds 10 and 11: 'H NMR
(300 MHz, CDCl;, 300 K, TMS): 6 =4.27 (dd, 3J(H,H) = 4.8 Hz, *J(H,H) =
2.1 Hz, 1H, H-4), 411-4.05 (m, 1H, H-5), 3.96 (dd, 3/(H,H)=6.0 Hz,
3J(H,H) =2.4 Hz, 1H, H-4), 3.86-3.80 (m, 1H, H-5), 3.74-3.72 (m, 1H,
H-2 or H-3),3.57-3.55 (m, 1H, H-2 or H-3), 3.41-3.37 (m, 2H, H-2, H-3),
2.81 (dd, 1H, *J(HH)=16.8 Hz, *J(HH)=4.5Hz, H-6), 2.65 (dd,
2J(H,H) =16.4 Hz, *J(H,H) =3.9 Hz, 1H, H-6), 2.26-2.16 (m, 2H, 2 x H-
6), 1.93 (brs, 1H, OH), 0.90 (s, 9H, SiC(CHs);), 0.87 (s, 9H, SiC(CHs;);),
0.17,0.15,0.10, 0.08 (4s, 4 x 3H, 4 x SiCH,;). FT-IR (film): v=23424 (O—H),
1722 (C=0, sat. ketone); HR-MS (EI+): caled for C,H,O0,Si [M]*:
258.128738; found: 258.128342.

(2R,35,45)-4-[ (tert-Butyldimethylsilyl)oxy]-2,3-epoxy-5-cyclohexen-1-one
(12) and (2S,3R,4R,5R)-4-acetyloxy-5-[ (tert-butyldimethylsilyl)oxy]-2,3-
epoxy-1-cyclohexanone (13): A catalytic amount of 4-(dimethylamino)pyr-
idine (DMAP), diisopropylethylamine (1.53 mL, 9.16 mmol) and acetic
anhydride (0.522 mL, 5.50 mmol) were added to a solution of 10 and 11
(1.184 g, 4.58 mmol) in CH,Cl, (5 mL) at 0°C. After 90 min stirring at 0°C,
all starting material had been consumed. Saturated aqueous NaHCO;
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(5 mL) was added and the aqueous phase was extracted with CH,Cl, (3 x
7 mL). After drying and concentrating the organic extracts, the residue was
purified by column chromatography (AcOEt/hexane 0.5:9.5) to afford
enone 12 (0.485 g, 44 %) and protected compound 13 (0.578 g, 42 %), both
as colourless oils. Compound 12: [a]¥ =+331.5 (c=1.22, anhydrous
CHCL),l® enr-12: [a]¥ = —333.3 (c=1.32, CHCl;); '"H NMR (300 MHz,
CDCl,;, 300 K, TMS): 6 =6.53 (ddd, 3/(H,H) =10.5 Hz, “/(H,H) =4.2 Hz,
4J(H,H) =2.4 Hz, 1 H, H-5), 5.96 (dt, 3J(H,H) = 10.5 Hz, 3/(H,H) = 1.2 Hz,
1H, H-6), 4.66 (dt, *J(H,H) =4.5 Hz, 3/(H,H) =12 Hz, 1H, H-4), 3.66—
3.64 (m, 1H, H-2 or H-3), 3.47-3.45 (m, 1H, H-2 or H-3), 0.93 (s, 9H,
SiC(CH,),), 0.19, 0.16 (25, 2 x 3H, 2 x SiCH,); 3C NMR (100.61 MHz,
CDCl;, 300 K, TMS): 0 =193.1 (C-1), 144.2, 126.2 (C-5, C-6), 63.6 (C-4),
58.3,53.2 (C-2, C-3), 25.6 (SiC(CHs;);), 18.0 (SiC(CHa),), —4.6, —4.7 (2 x
SiCH,); FT-IR (film): v=1692 (C=0, a,$-unsat. ketone); HR-MS (EI +):
calcd for C,H,0,Si [M — O]*: 224.123258; found: 224.123822; compound
13: [a]) = —106.0 (¢ =0.52, CH,Cl,); '"H NMR (300 MHz, CDCl;, 300 K,
TMS): 6 =5.05 (dd, */(H,H) = 6.3 Hz, 3/(H,H) = 1.8 Hz, 1 H, H-4), 4.20 (m,
1H, H-5), 3.72-3.70 (m, 1H, H-3), 3.37 (d, /(H,H) =3.9 Hz, 1H, H-2),
2.86 (dd, 2(HH)=171Hz, (L H)=48Hz, 1H, H-6), 227 (dd,
2J(H,H) = 16.8 Hz, %/(H,H) = 7.8 Hz, 1 H, H-6), 2.18 (s, 3H, COCH,), 0.85
(s, 9H, SiC(CH)y), 0.08, 0.06 (25, 2 x 3H, 2 x SiCH,); FT-IR (film): 7=
1747 (C=0), 1727 (C=0); HR-MS (EI+) calcd for Cy;H,,05Si [M —
CH;]*: 285.115827; found: 285.115791.

(2R,35,4S)-4-[ (tert-Butyldimethylsilyl) oxy]-2,3-epoxy-6-iodo-5-cyclohexen-
1-one (17): I, (0.390 g, 1.56 mmol) in pyridine/CCl, (1 mL:1 mL) and a
catalytic amount of DMAP were added at 0°C to a solution of enone 12
(0.150 g, 0.62 mmol) in pyridine/CCl, (1 mL:1 mL). The reaction mixture
was stirred at RT for 1 h, and then 20 % aqueous Na,S,0; solution (4 mL)
was added. The mixture was extracted with diethyl ether (3 x 10 mL), the
combined organic extracts were washed with aqueous 5% CuSO,, dried
(MgSO,) and concentrated to afford a liquid residue which was purified by
preparative TLC. Elution with AcOEt/hexane 1:9 furnished 17 (0.213 g,
93 %) as a colourless liquid. [a]F = +108.6 (¢ = 1.19, anhydrous CHCl,);!"
ent-17: [a]f =—109.7 (¢c=1.29, CHCL); 'H NMR (300 MHz, CDCl;,
300 K, TMS): 6 =729 (dd, 3J(H,H) =5.1 Hz, */(H,H) =2.4 Hz, 1H, H-5),
4.60 (ddd, *J(H,H) = 4.8 Hz, *J(H,H) = 1.2 Hz, “J(H,H) = 1.2 Hz, 1H, H-4),
3.70-3.68 (m, 1H, H-2 or H-3),3.64-3.62 (m, 1 H, H-2 or H-3),0.93 (s, 9H,
SiC(CHs);), 0.19, 0.17 (2s, 2x3H, 2x SiCH;); FT-IR (film): v=1697
(C=0, a,f-unsat. ketone); HR-MS (EI+): caled for CgH,;,O5Sil [M —
C(CHs;);]*: 308.944400; found: 308.944857.

(2R,35,4S)-4-[ (tert-Butyldimethylsilyl) oxy]-2,3-epoxy-6-(3-methylbut-3-en-
1-ynyl)-5-cyclohexen-1-one (18): Pd(PPh;),Cl, (0.0092 g, 5mol%), (3-
methylbut-3-en-1-ynyl)tributyltin (0.120 g, 0.34 mmol) and Cul (0.0049 g,
10 mol %) were added to a solution of 17 (0.096 g, 0.26 mmol) in THF
(2 mL). After the reaction mixture was stirred at RT for 3 h, 10 % aqueous
Na,SO; solution (5 mL) was added to the suspension. The mixture was
washed with 10% aqueous KF solution (4 mL) and extracted with diethyl
ether (3 x 8 mL), the combined organic layers were dried (MgSO,) and the
solvent evaporated to give a dark residue. Purification by preparative TLC
(AcOEt/hexane 1:9) afforded 18 (0.080 g, 98 %) as a colourless oil. [a]¥ =
+148.7 (c=0.15, CH,CL,); 'H NMR (300 MHz, CDCl,, 300 K, TMS): 6 =
6.85 (dd, 3J(HH)=5.1Hz, *“(HH)=2.7Hz, 1H, H-5), 544 (s, 1H,
C=CH,), 535 (t, 1H, *J(HH)=15Hz, C=CH,), 4.77 (d, 3J(HH)=
45Hz, 1H, HA4), 3.82-3.79 (m, 1H, H-3), 3.58 (dd, ¥/(H,H)=3.6 Hz,
4J(H,H) =09 Hz, 1H, H-2), 1.94 (s, 3H, CH,), 0.92 (s, 9H, SiC(CH,),),
0.19,0.16 (25,2 x 3H, 2 x SiCH;); FT-IR (film): v=1697 (C=0, a.f-unsat.
ketone); HR-MS (EI+): caled for C,;H,,05Si [M]*: 304.149473; found:
304.148946.

(2R,35,45)-2,3-Epoxy-4-hydroxy-6-(3-methylbut-3-en-1-ynyl)-5-cyclohexen-
1-one (1): (+)-Harveynone: 40 % wt HF in water (0.0072 mL, 0.19 mmol)
was added at RT to a solution of 18 (0.045 g, 0.15 mmol) in acetonitrile
(1 mL). The reaction mixture was stirred until all starting material had been
consumed. Saturated aqueous NaHCO; solution (2 mL) was added and the
mixture was extracted with CH,Cl, (3 x6 mL). The combined organic
phases were dried (MgSO,) and concentrated to yield a residue which was
purified by preparative TLC (AcOEt/hexane 3:7). (+)-Harveynone 1
(0.026 g, 92 %) was obtained as a colourless oil. [a]} = +206.6 (¢=0.38,
anhydrous MeOH);? ent-1: [a], =—208 (c=0.45, MeOH); 'H NMR
(300 MHz, CDCl;, 300 K, TMS): 6 =6.85 (dd, *J(H,H) = 5.1 Hz, “/(H,H) =
2.7Hz, 1H, H-5), 544 (s, 1H, C=CH,), 5.35 (t, 3/(H,H)=15Hz, 1H,
C=CH,), 4.77 (d,*J(H,H) = 4.5 Hz, 1H, H-4), 3.82-3.79 (m, 1 H, H-3), 3.58
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(dd, *J(H,H) =3.6 Hz, */(H,H) =0.9 Hz, 1H, H-2), 1.94 (s, 3H, CH;); FT-
IR (film): v=3469 (O—H), 1697 (C=0, a,f-unsat. ketone), 1616 (C=C);
HR-MS (EI+): caled for C,;H,;,O; [M]*: 190.062994; found: 190.063087.
(1R,2R,35,4S)-4-[ (tert-Butyldimethylsilyl) oxy]-2,3-epoxy-6-(3-methylbut-
3-en-1-ynyl)-5-cyclohexen-1-ol (19) and (1S,2R,3S,4S)-4-[ (tert-butyldime-
thylsilyl) oxy]-2,3-epoxy-6-(3-methylbut-3-en-1-ynyl)-5-cyclohexen-1-ol (20):
CeCl;+-7H,0 (0.060 g, 0.16 mmol) and NaBH, (0.025 g, 0.66 mmol) were
added at —78°C to a solution of 18 (0.050 g,0.16 mmol) in MeOH (1.5 mL).
The reaction mixture was stirred at —78°C until all the starting material
had been consumed. Saturated aqueous NH,Cl solution (2 mL) was added
and the mixture was extracted with diethyl ether (3 x 6 mL). The combined
organic phases were dried (MgSO,) and concentrated to yield a mixture of
diastereoisomers 19 and 20 (0.050 g, 99 %, dr2.7:1) as a colourless oil,
which was used in the next step without further purification. Compound 19:
'"H NMR (300 MHz, CDCl;, 300 K, TMS): 6 =5.93 (dd, *J(H,H) =5.1 Hz,
“J(HH)=15Hz, 1H, H-5), 535 (s, 1H, C=CH,), 5.30-5.29 (m, 1H,
C=CH,), 4.55 (m, 1H, H-1 or H-4), 440 (m, 1H, H-1 or H-4), 3.43 (m, 1 H,
H-2 or H-3), 3.23 (m, 1H, H-2 or H-3), 1.92 (s, 3H, CH;), 0.92 (s, 9H,
SiC(CHs);), 0.15, 0.14 (25, 2 x 3H, 2 x SiCH;). Compound 20: '"H NMR
(300 MHz, CDCl;, 300 K, TMS): 6=5.89 (m, 1H, H-5), 535 (s, 1H,
C=CH,), 5.29 (m, 1H, C=CH,), 4.50 (s, 1H, H-1, H-4), 3.58 (t, *J(HH) =
3.6 Hz, 1H, H-2 or H-3), 3.37 (m, 1H, H-2 or H-3), 1.93 (s, 3H, CHj;), 0.91
(s, 9H, SiC(CH,)s), 0.14, 0.13 (25, 2 x 3H, 2 x SiCHs).
(1R,2R,35,4S)-2,3-Epoxy-6-(3-methylbut-3-en-1-ynyl)-5-cyclohexen-1,4-
diol [(—)-asperpentyn (2)] and (1S,2R,3S,4S5)-2,3-epoxy-6-(3-methylbut-3-
en-1-ynyl)-5-cyclohexen-1,4-diol (21): 40% wt HF in water (0.008 mL,
0.20 mmol) was added at RT to a solution of 19 and 20 (0.050 g, 0.16 mmol)
in acetonitrile (1.5 mL). The reaction mixture was stirred until all starting
material had been consumed. Saturated aqueous NaHCO; solution (2 mL)
was added and the mixture was extracted with CH,Cl, (3 x 6 mL). The
combined organic phases were dried (MgSO,) and concentrated to yield a
residue which was purified by preparative TLC (AcOEt/hexane 5:5). (—)-
Asperpentyn 2 (0.023 g, 73%) was obtained as a colourless oil and its
diastereoisomer 21 (0.008 g, 27 %) was obtained as white crystals. (—)-
Asperpentyn (2): [a]¥ = —17.1 (¢ =0.28, acetone),’ [a]¥ = —20.0 (c=0.1,
acetone); 'H NMR (300 MHz, CDCl;, 300K, TMS): 6=6.08 (dd,
3J(HH)=5.1 Hz, */(H,H) =1.8 Hz, 1H, H-5), 5.36 (d, */(H,H)=0.9 Hz,
1H, C=CH,), 530 (t, *J(HH)=15Hz, 1H, C=CH,), 453 (d, 1H,
3J(HH)=5.7Hz, H-1 or H-4), 450 (s, 1H, H-1 or H-4), 341 (t,
3J(H,H)=1.5 Hz, 1H, H-2 or H-3), 3.35-3.34 (m, 1H, H-2 or H-3), 1.92
(s, 3H, CH;); BC NMR (100.61 MHz, CDCl;, 300 K, TMS): 6 =131.2 (C-
5), 126.1 (C-6 or C=CH,), 123.1 (C=CH,), 122.9 (C-6 or C=CH,), 92.2
(C=C), 86.7 (C=C), 65.5, 62.7 (C-1, C-4), 52.2, 51.4 (C-2, C-3), 23.2 (CH;);
FT-IR (film): v=3390, 3320 (O—H); HR-MS (EI +): caled for C;;H;,0,
[M — OH]*: 175.075905; found: 175.075970. Compound 21: [a]¥ = —12.7
(¢=0.41, acetone); m.p. 132-134°C; 'H NMR (300 MHz, CDCl;, 300 K,
TMS): 6 =6.05-6.02 (m, 1 H, H-5), 5.36 (d, 1 H, 3/(H,H) =0.9 Hz, C=CH,),
5.31-530 (m, 1H, C=CH,), 4.54 (d, 1H, *(H,H) =5.7 Hz, H-1 or H-4),
4.50 (m, 1H, H-1 or H-4), 3.62-3.59 (m, 1H, H-2 or H-3), 3.51-3.49 (m,
1H, H-2 or H-3), 1.92 (s, 3H, CH;); FT-IR (KBr): v=3524, 3357 (O—H);
HR-MS (EI+): caled for C;;H,0; [M]": 192.078644; found: 192.078853.
(2R,35,45)-4-[ (tert-Butyldimethylsilyl) oxy]-2,3-epoxy-6-methyl-5-cyclo-
hexen-1-one (22): AsPh; (0.0109 g, 10 mol % ), Pd,(dba), - CHCI; (0.0095 g,
5 mol % of Pd) and Cul (0.0068 g, 10 mol % ) were added to a solution of 17
(0.136 g, 0.37 mmol) in THF (2 mL). The mixture was stirred for 10 min
and then Me,Sn (0.194 g, 1.11 mmol) in THF (0.5 mL) was added. After
stirring at 80°C for 30 h, the suspension was cooled and 10% aqueous
Na,SO; solution (5 mL) was added. The mixture was washed with 10 %
aqueous KF solution (4 mL) and extracted with diethyl ether (3 x 8 mL),
the combined organic layers were dried (MgSO,) and the solvent
evaporated to give an orange residue. Purification by preparative TLC
(AcOEt/hexane 1:9) afforded 22 (0.086 g, 91 %) as a colourless oil. [a]¥ =
+251.3 (¢ =1.40, anhydrous CHCL),!'"! [a]¥ = +250.72 (¢ =1.17, CHCL,).
'H NMR (300 MHz, CDCl;, 300 K, TMS): 0 =6.30-6.27 (m, 1H, H-5),
4.64 (dd,*J(H,H) =5.7 Hz, °*J(H,H) = 1.2 Hz, 1H, H-4), 3.65-3.62 (m, 1 H,
H-3), 3.48 (dd, *J(H,H) =3.6 Hz, “J(H,H) =0.9 Hz, 1H, H-2), 1.84 (s, 3H,
CHs), 0.92 (s, 9H, SiC(CH,)s), 0.17, 0.15 (2s, 2 x 3H, 2 x SiCH;); FT-IR
(film): v=1683 (C=0, a.3-unsat. ketone); HR-MS (EI+): caled for
C,H ;051 [M — CH;]*: 239.110348; found: 239.110491.

(2R,35,45)-4-[ (tert-Butyldimethylsilyl) oxy]-2,3-epoxy-6-methyl-5-cyclo-
hexen-1-one (22): AsPh; (0.012 g, 10 mol %), Pd,(dba);- CHCI; (0.0105 g,
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5 mol % of Pd) were added to a solution of 17 (0.150 g, 0.41 mmol) in THF
(25 mL). The mixture was stirred for 10 min and then diethylamine
(0.129 mL, 1.24 mmol) and Me,Sn (0.214 g, 1.24 mmol) in THF (0.7 mL)
were added. After stirring at 80°C for 24 h, the suspension was cooled and
10% aqueous Na,SOj; solution (5 mL) was added. The mixture was washed
with 10% aqueous KF solution (5 mL) and extracted with diethyl ether
(3 x 10 mL), the combined organic layers were dried (MgSO,) and the
solvent evaporated to give an orange residue. Purification by preparative
TLC (AcOEt/hexane 1:9) afforded 22 (0.105 g, quantitative) as a colourless
oil. The sprectral data are described in the previous experiment.
(2R,38,45)-2,3-Epoxy-4-hydroxy-6-methyl-5-cyclohexen-1-one (3): (+)-epi-
epoformin: 40 % wt HF in water (0.0085 mL, 0.22 mmol) was added at RT
to a solution of 22 (0.045 g, 0.18 mmol) in acetonitrile (1 mL). The reaction
mixture was stirred until all starting material had been consumed.
Saturated aqueous NaHCO; solution (2 mL) was added and the mixture
was extracted with CH,Cl, (3 x 6 mL). The combined organic phases were
dried (MgSO,) and concentrated to yield a residue which was purified by
preparative TLC (AcOEt/hexane 3:7). (+)-Epiepoformin (0.025 g, 99 %)
was obtained as a colourless oil. [a]F = +314.5 (c=0.49, EtOH),’ [a]§ =
+316.4 (¢=0.37, EtOH); m.p. 84-85°C’l m.p. 875-88.5°C; 'H NMR
(300 MHz, CDCl;, 300 K, TMS): 6 =6.48-6.44 (m, 1H, H-5), 4.67 (d,
3J(HH) =6.0 Hz, 1H, H-4), 3.80-3.77 (m, 1H, H-3), 3.52 (dd, 3J/(H,H) =
3.6 Hz, */(H,H) =1.2 Hz, 1H, H-2), 1.86 (s, 3H, CH;); FT-IR (film): 3422
(O—H), 1673 (C=0, a,f-unsat. ketone); HR-MS (EI +): calcd for C;HzO;
[M]*: 140.047344; found: 140.047123.

(1R,2R,35,4S)-4-[ (tert-Butyldimethylsilyl) oxy]-2,3-epoxy-6-methyl-5-cy-
clohexen-1-0l (23) and (1S,2R,3S,4S)-4-[ (tert-butyldimethylsilyl)oxy]-2,3-
epoxy-6-methyl-5-cyclohexen-1-o0l (24): CeCl;-7H,0 (0.117 g, 0.32 mmol)
was added at RT to a solution of 22 (0.081 g, 0.32 mmol) in MeOH (2.5 mL)
and at —78°C was added NaBH, (0.048 g, 0.13 mmol). The reaction
mixture was stirred at —78°C until all starting material had been
consumed. Saturated aqueous NH,CI solution (2 mL) was added and the
mixture was extracted with diethyl ether (3 x 10 mL). The combined
organic phases were dried (MgSO,) and concentrated to yield a mixture of
diastereoisomers 23 and 24 (0.075 g, 92 %) as a colourless oil, which was
used in the next step without further purification.
(1R,2R,3S,45)-2,3-Epoxy-6-methyl-5-cyclohexen-1,4-diol [(—)-theobrox-
ide (4)] and (1S,2R,3S,45)-2,3-epoxy-6-methyl-5-cyclohexen-1,4-diol (25):
40% wt HF in water (0.0094 mL, 0.24 mmol) was added at RT to a solution
of 23 and 24 (0.050 g, 0.19 mmol) in acetonitrile (1.5 mL). The reaction
mixture was stirred until all starting material had been consumed.
Saturated aqueous NaHCO; solution (2 mL) was added and the mixture
was extracted with CH,Cl, (3 x 8 mL). The combined organic phases were
dried (MgSO,) and concentrated to yield a residue which was purified by
preparative TLC (AcOEt). (—)-Theobroxide 4 (0.023g, 84%) was
obtained as a a white solid; the diastereoisomer 25 (0.005 g, 15%) was
obtained as a colourless oil. (—)-Theobroxide 4: [a]% = —6.18 (¢=0.35,
EtOH),’! [a]¥ =—6.25 (c=0.40, EtOH); m.p. 98-99°C,’) m.p. 101—
102°C. '"H NMR (300 MHz, CDCl;, 300 K, TMS): 6 =5.53-5.51 (m, 1H,
H-5), 4.46 (brs, 1H, H-1 or H-4), 4.25 (s, 1H, H-1 or H-4), 3.37-3.36 (m,
1H, H-2 or H-3), 3.30 (m, 1 H, H-2 or H-3), 3.15 (brs, 2H, 2 x OH), 1.83 (s,
3H, CH;); 3C NMR (100.61 MHz, CDCl;, 300 K, TMS): 6 =135.1 (C-6),
121.5 (C-5), 66.2, 63.0 (C-1, C-4), 52.9, 51.8 (C-2, C-3), 21.1 (CH;); FT-IR
(film): v=3366 (O—H); HR-MS (EI+): caled for CH,,0; [M]":
142.062994; found: 142.062493. Compound 25: [a]¥ =+48.57 (¢=0.35,
EtOH),! [a]F = +47.52 (¢=0.59, EtOH); m.p. 94-96°C,’l m.p. 97-99°C;
'"H NMR (300 MHz, CDCl;, 300 K, TMS): 6 =5.49 (m, 1H, H-5), 4.41 (m,
1H, H-1 or H-4),4.30 (brs, 1H, H-1 or H-4), 3.56-3.54 (m, 1H, H-2 or
H-3),3.52-3.49 (m, 1H, H-2 or H-3), 2.23 (brs, 2H, 2 x OH), 1.84 (s, 3H,
CH;); HR-MS (EI+): caled for CH;O; [M]*: 142.062994; found:
142.063110.

(2R,35,45)-4-Hydroxy-2,3-epoxy-6-iodo-5-cyclohexen-1-one (26): (+)-io-
doxone: 40 % wt HF in water (0.0039 mL, 0.102 mmol) was added at RT to
a solution of 17 (0.030 g, 0.082 mmol) in acetonitrile (1 mL). The reaction
mixture was stirred until all starting material had been consumed.
Saturated aqueous NaHCO; solution (2 mL) was added and the mixture
was extracted with CH,Cl, (3 x 6 mL). The combined organic phases were
dried (MgSO,) and concentrated to yield a residue, which after purification
by preparative TLC (AcOEt/hexane 3:7) afforded (+)-iodoxone 26
(0.020 g, 99%) as a colourless oil. [a]® =+94.8 (c=0.61, anhydrous
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acetone),® [a]p =+96.1 (c=0.95, acetone); 'H NMR (300 MHz, CDCl;,
300 K, TMS): 6 =746 (dd, 3J(H,H) =5.1 Hz, “/(H,H) =2.7 Hz, 1 H, H-5),
4.64 (d,%J(H,H) =3.0 Hz, 1 H, H-4),; 3.85-3.83 (m, 1 H, H-2 or H-3), 3.67 -
3.65 (m, 1H, H-2 or H-3); FT-IR (KBr): 7= 3360 (O—H), 1678 (C=0, a.-
unsat. ketone), 1594 (C=C); HR-MS (EI+): caled for C,H;O;I [M]*:
251.928346; found: 251.928039.
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Chemistry of 2H-Azaphosphirene Complexes, Part 21+

Bond-Selective Nitrile Insertion into the 2H-Azaphosphirene Ring System as

Induced by Tetracyanoethylene

Rainer Streubel,* Hendrik Wilkens, and Peter G. Jones!?!

Dedicated to Professor Herbert W. Roesky on the occasion of his 65th birthday

Abstract: Competitive reactions of 2H-
azaphosphirene metal complexes 1la—c¢
(M =Cr, Mo, W) with 1-piperidinoni-
trile and tetracyanoethylene in toluene
have been observed at elevated temper-
atures. For the case of complex 1¢, the
A3-1,2-azaphospholene complex 2¢ (as
main product) and the 2H-1,4,2-diaza-
phosphole complex 3¢ (as by-product)

; Keywords:
were separated from the product mix-

complexes -

nitrile into the P—N bond of 2H-aza-
phosphirene metal complexes la-c¢
(M =Cr, Mo, W) has been achieved in
tetracyanoethylene
(TCNE), yielding 2H-1,4,2-diazaphos-
phole metal complexes 3a—c¢; analogous
reactions in benzo- or acetonitrile af-

the presence of

2H-azaphosphirene
cyclizations -«

forded the 2H-1,4,2-diazaphosphole
tungsten complexes 3d, e. A prelimina-
ry study with the 2H-azaphosphirene
tungsten complex 1le¢ and 1-piperidino-
nitrile as solvent has revealed that sub-
stoichiometric amounts of TCNE
(0.3 equiv) induce approximately 70 %
conversion of complex 1¢. NMR data of
the complexes 2¢ and 3a—e and the

. X-ray structure of complex 3¢ are dis-

ture;. At[ gmbl.en.t temperature and using phosphole complexes + phosphorus cussed.
1-piperidinonitrile as solvent, bond and heterocycles - tungsten
regioselective insertion of 1-piperidino-
Introduction (OC)sM \P/R . (OC)sM\ R ) (OC)sM R
& N i) a=b ) \\E’\//II) ii) a=b Ar—C Na
Tetracyanoethylene (TCNE) has found a wide variety of b—¢& =N N—1
“Ar A

applications in synthetic chemistry; for example, cycloaddi-
tion and oxidation reactions of organicl®l and organometallic
compounds,? ¥ give rise to various polynitrile derivatives. So
far, examples for the use of TCNE as cycloaddition compo-
nent and/or oxidising agent in organophosphorus chemistry
are rare.P”] Recently, we reported on the synthesis of
unsaturated five-membered N,P-heterocycle complexes by
using [3+2] cycloaddition reactions of thermally®®! and photo-
chemically generated” nitrilium phosphane ylide complexes
to alkynes®<°l and nitriles.®> %1% Such reactions formally
represent insertion reactions of a i system into the P—C bond
i) of the three-membered ring of 2H-azaphosphirene com-
plexes I (Scheme 1). We have now observed that nitriles can
be inserted selectively into the P—N bond ii) of 2H-azaphos-

[a] Priv.-Doz. Dr. R. Streubel, Dr. H. Wilkens, Prof. Dr. P. G. Jones
Institut fiir Anorganische und Analytische Chemie der Technischen
Universitidt Braunschweig
Postfach 3329
38023 Braunschweig (Germany)

Fax: (+49)531-391-5387
E-mail: r.streubel@tu-bs.de

[*] Part 20: Ref. [1].
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Scheme 1. Bond-selective insertion reactions of a=b into the 2H-azaphos-
phirene ring system (a=b denotes a m system).

phirene complexes at ambient temperature if TCNE is
present, thus representing a new access to 2H-1,4,2-diaza-
phosphole complexes. We also report a preliminary study on
sub-stoichiometric reactions of TCNE with a 2H-azaphos-
phirene tungsten complex.

Results and Discussion

The outcome of the three-component reactions of the 2H-
azaphosphirene complexes 1a, 1b'l and 1¢'2 with two
equivalents of 1-piperidinonitrile and TCNE in toluene at
75°C was surprising and depended significantly on the metal;
complexes 1a, b yielded no reaction products that could be
identified or isolated. In the case of the tungsten complex 1e¢,
the A’-1,2-azaphospholene complex 2¢, a non-identified by-
product (6=163.9;<5%) and the 2H-1,4,2-diazaphosphole
complex 3¢ (<5 %) were formed (Scheme 2); the reaction to
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W Rl W =3
1c, R22NCN (2 equiv) [ ]\P/ Wi,
ouene.75°C _ NCSCTN L Ph—CTN

N N-C,

NC NR;? NR2

[M]\ /Rl 2c 3c
R _TonE |
/ :N
Ph
la-c 1
M R
2 -
|18-C, R"NCN (neat) Ph—C[ N
N-C,
NR,2
3a-c

Scheme 2. Insertion reactions into the P—C and P—N bond of complexe
la-c under various conditions. [M]=M(CO)s; M=Cr, Mo, W; R!=
CH(SiMe3;),; NR,? = 1-piperidino.

form 2c represents the first example of a 1,3-dipolar cyclo-
addition of a nitrilium phosphane ylide complex to an alkene
derivative. Owing to this partial success and the surprising
formation of the 2H-1,4,2-diazaphosphole complex 3¢, which
was the “wrong” regioisomer, ref. [8b] we performed the same
reactions again at ambient temperature. In this case, the 2H-
1,4,2-diazaphosphole complexes 3a—c¢ were the main prod-
ucts; remarkably, A3-12-azaphospholene complexes 2a-c¢
were not formed under these conditions. Despite the mild
reaction conditions, we also observed by-product formation in
the case of complexes 1a, b, most probably deriving from
rapid subsequent transformations of the primarily formed
complexes 3a, b. In order to obtain the pure complexes 3a, b,
we had to perform the reactions of 1a, b in 1-piperidinonitrile
at ambient temperature (3a), and to stop the reaction after
1.5 h, or at 75°C (1 h) by using 0.2 equivalents of TCNE; the
reaction of complex 1b at ambient temperature with two
equivalents of TCNE was not so selective. It should be
stressed that complexes 3a—c¢ were not formed at ambient
temperature if TCNE was absent. Unfortunately, the fate of
TCNE could not be elucidated in any case and, therefore, the

Abstract in German: Die 2H-Azaphosphiren-Komplexe 1 a—c
(M =Cr, Mo, W) zeigen Konkurrenzreaktionen mit 1-Pipe-
ridinonitril und Tetracyanoethylen (TCNE) in Toluol bei
75°C, im Fall von Komplex 1c¢ konnte der A°—1,2-Azaphos-
pholen-Komplex 2 ¢ (Hauptprodukt) und der 2H-1,4,2-Diaza-
phosphol-Komplex 3¢ (Nebenprodukt) isoliert werden. Ver-
wendet man 1-Piperidinonitril als Losungsmittel und fiihrt die
Umsetzungen bei Raumtemperatur und in Gegenwart von
TCNE durch, so erreicht man eine bindungs- und regioselek-
tive Insertion von I-Piperidinonitril in die P-N Bindung der
2H-Azaphosphiren-Komplexe 1a—c (M =Cr, Mo, W) und
erhdlt so die 2H-1,4,2-Diazaphosphol-Komplexe 3 a-c; ana-
loge Reaktionen mit/in Benzo- oder Acetonitril geben die 2H-
1,4,2-Diazaphosphol-Komplexe 3d, e. Wie eine Vorstudie an
dem 2H-Azaphosphiren-Komplex 1c, gelost in 1-Piperidino-
nitril, zeigt, reichen bereits substochiometrische Mengen an
TCNE aus (z. B. 0.3 Aquivalente), um eine ca. 70 % Trans-
formation von Komplex 1 ¢ zu bewirken. Die NMR-Daten der
Komplexe 2 c und 3 a—e werden diskutiert und das Ergebnis
der Rontgenstrukturanalyse von Komplex 3 ¢ vorgestellt.
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mechanism of these insertion reactions is still unkown
(Scheme 2).

A preliminary study on the effect of the 1-piperidinonitrile
concentration on the reaction with the 2H-azaphosphirene
tungsten complex 1¢ and two equivalents of TCNE at 75°C
showed that increasing the amount of of 1-piperidinonitrile
led preferably to complex 3¢ and shorter reaction times; for
example, with four equivalents the reaction was complete in
50 minutes and gave ~10-15% 3¢ or with 150 equivalents
(neat 1-piperidinonitrile) the reaction was complete in
5 minutes. and gave =290-95% 3¢ (crude product yields). It
is remarkable that at 75°C in neat 1-piperidinonitrile, the
formation of complex 2¢ was completely suppressed and
yields of more than 90% of 3¢ were obtained, even if the
TCNE concentration was lowered from 2 to 0.3 equivalents. It
is also notable that at ambient temperature and with two
equivalents of TCNE, the reaction in neat 1-piperidinonitrile
was complete after 1.5h, whereas with 0.3 equivalents of
TCNE it stopped at 70 % turnover of complex 1¢, but could
be completed by warming to 75 °C for 2 -3 minutes. In neither
case did the exclusion of light show an influence on the
reaction courses or reaction times.

Another preliminary study showed that 2H-azaphosphirene
tungsten complex 1lc also reacted with two equivalents of
TCNE in benzo- or acetonitrile at ambient temperature to
yield regioselectively the 2H-1,4,2-diazaphosphole complexes
3d! and 3e after three days (3d) or 30 h (3e) (Scheme 3).

[W]\ /Rl 2 MIN /Rl
C’E\N R“CN, RT, TCNE Ph*(,:‘/ \“N
Ph/ N_C\Rz
1c 3d.e

Scheme 3. TCNE-induced insertion reactions of benzo- and acetonitrile
into the P-N bond of complex 1c. [W]=W(CO)s; R! = CH(SiMe;),; 3d:
R2=Ph; 3e: R2=Me.

Attempts to use ethylcyanoformate failed; we obtained only
an inseparable product mixture in this case. For the case of
benzonitrile, we repeated the reaction of complex 1e¢ with
0.3 equivalents of TCNE and observed a decreased turnover
of 1c¢; after 25 h 3d had formed in approximately 55 % yield
and no further transformation of 1¢ was observed at ambient
temperature (monitored by *'P NMR spectroscopy).

The complexes 2¢ and 3a—e were isolated by low-temper-
ature column chromatography and crystallisation. The con-
stitutions of the complexes are unambiguously established by
their NMR spectroscopic data and were confirmed by single-
crystal X-ray diffraction in the case of complex 3c. All
complexes show the structurally important resonances for the
imino-carbon atoms, which lie between 6 =162 and 173 for
the PNC carbon atoms with coupling constant magnitudes
|J('P,BC) | of about 5—7 Hz and between 6 = 190 and 200 for
the PCN carbon atoms with |J(*'P,*C) | of about 20-22 Hz.
This assignment is consistent with previous NMR measure-
ments of heterocycles having the P-N=C—E structural unit ;"]
it is noteworthy that heterocycle complexes with the
P—C=N-E unit tend to have BC resonances at lower field.
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The 3'P resonances are observed in the range of 6 =100-110
with characteristic coupling constants |J(3*W3'P) | of about
228 -240 Hz, whereby a weak electronic interaction of the C-
substituents with the & system of the five-membered ring can
be concluded from the NMR parameters. EI mass spectro-
metric experiments revealed that 2H-1,4,2-diazaphosphole
and A3-1,2-azaphospholene complexes lose carbon monoxide
and show fragmentation of exocyclic bonds of the hetero-
cycles and heterocycle fragmentations after the ionisation
process. This behavior is in accord with observations made for
2H-1,4-diazoles.[3]

The molecular structure of complex 3¢l (Figure 1)
confirms the constitution of the heterocyclic ring system and
shows C—N atom double bond lengths (N1-C7 1.298(4) and
N2-C6 1.291(4) A) similar to those in 3d®! and only slightly
different endocyclic P-N and P—C distances.

02

Ci6

Figure 1. Molecular structure of complex 3¢ (ellipsoids represent 40 %
probability level; hydrogen atoms are omitted for clarity). Selected bond
lengths [A] and angles [°]: W—C1 2.053(4), W—P 2.5278(12), P-N1 1.678(3),
P—C6 1.880(3), P—C8 1.829(3), N1-C7 1.298(4), N2—C7 1.423(4), N2—-C6
1.291(4), C7-N3 1.343(4); N1-P-W 114.61(9), C8-P-W 118.43(9), N1-P-C6
89.90(13), P-N1-C7 109.8(2), N1-C7-N2 120.8(3), C7-N2-C6 109.4(2), N2-
Co6-P 110.0(2).

In conclusion, a novel and highly efficient access to 2H-
1,4,2-diazaphosphole complexes is reported. The reactions
proceed under very mild conditions and give products with
high regioselectivities. Experiments aimed at elucidating the
mechanism of these TCNE-induced bond-selective insertion
reactions are under way. Currently, we are investigating the
applicability of this ring-expansion protocol to m systems
other than nitriles and to other three-membered heterocycle
complexes.

Experimental Section

General procedures: All reactions and manipulations were carried out
under an atmosphere of deoxygenated dry nitrogen, using standard
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Schlenk techniques with conventional glassware, and solvents were dried
according to standard procedures. NMR spectra were recorded on a Bruker
AC-200 spectrometer (200 MHz for 'H; 50.3 MHz for '*C; 81.0 MHz for
31P) using [D]chloroform and [Dg]benzene as solvent and internal standard;
shifts are given relative to external tetramethylsilane ('H, '*C) and 85%
H;PO, (*'P). Mass spectra were recorded on a Finigan Mat 8430 (70 eV);
apart from m/z values of the molecular ions, only m/z values are given that
have intensities greater than 20%. Infrared spectra were recorded on a
Biorad FT-IR 165 (selected data given). Melting points were obtained on a
Biichi 535 capillary apparatus. Elemental analyses were performed by using
a Carlo Erba analytical gas chromatograph. The xP-notation differentiates
between P- and N-coordination of the appropriate heterocycle to the metal.
{{Pentacarbonyl[2-bis(trimethylsilyl)methyl-3,4-tetracyano-5-(1-piperidi-
no)-AS-1,2-azaphospholene-«P]}tungsten(0)} (2¢): A solution of 2H-
azaphosphirene tungsten complex 1¢ (0.62 g, 1 mmol), 1-piperidinonitrile
(0.2 mL, ca. 2 mmol) and tetracyanoethylene (TCNE) (0.26 g, 2 mmol) in
toluene (3 mL) was heated at 75°C for 1.5 h with slow stirring. After
complete reaction ()P NMR control) the solution was concentrated in
vacuo (ca. 0.1 mbar) to dryness and the residue washed several times with
small amounts of n-pentane (0°C). Complex 2 ¢ was obtained after drying
in vacuo as a light-brown amorphous solid. Yield: 135 mg (18 %), m.p.
116°C (decomp). 'H NMR (CDCl,): 6 =0.39 (s, 9H; SiMe;), 0.44 (s, 9H;
SiMes), 1.76 (s br, 6H; NCH,CH,CH,), 2.23 (d, 2J(PH)=171Hz, 1H;
CH(SiMes),), 3.79 (m br, 4H; NCH,CH,CH,); *C{H} NMR (CDCL): 6 =
2.9 (d, 3J(P,C)=4.0 Hz; SiMe;), 3.5 (d, 3/(P,C) =1.8 Hz; SiMe;), 23.6 (s;
NCH,CH,CH,), 25.2 (sbr; NCH,CH,CH,), 32.6 (d, 'J(P,C)=29.0 Hz;
CH(SiMe;),), 49.4 (d, @*3J(P,C) =20.6 Hz; PCC), 50.4 (s; NCH,CH,CH,),
54.1 (d, J(P,C) =276 Hz; PCC), 1074 (s; CN), 108.5 (s; CN), 109.1 (s; CN),
111.5 (s; CN), 144.9 (d, ®™J(P,C)=10.7 Hz; PNC), 195.6 (d, 2J(P.C)=
72 Hz; cis-CO), 196.1 (d, 2J(P,C) =32.8 Hz; trans-CO); *'P{'"H} NMR
(CDCly): 0 =158.5 (s, J(P,W) =306.7 Hz); IR (KBr): 7 = 2091 (s), 1998 (s),
1954 (vs, br) cm~! (CO); 1625 (s br) (C=N) cm~!; MS (70 eV, EL; '%W); m/z
(%): 752 (10) [M]*, 640 (20) [M —4CO]*, 612 (40) [M —5CO]*, 468 (40)
[(CO),WPCH(SiMe;),]*, 402 (40) [M —W(CO)s—CN]*, 73 (100)
[SiMe;]*; elemental analysis for C,;H,0N4OsPSi,W (752.1) (%): caled: C
38.31, H 3.88, N 11.17; found: C 38.09, H 3.99, N 11.04.

General procedure for the synthesis of 2H-1,4,2-diazaphosphole complexes
3a-e: To a solution of the 2H-azaphosphirene complexes 1a—c¢ (1 mmol
each) in the appropriate nitrile (3 mL each) was added tetracyanoethylene
(0.26 g,2 mmol) (1a, ¢) or tetracyanoethylene (1b) (0.026 g, 0.2 mmol) and
the mixture was stirred at ambient temperature for 1.5 h (3a, ¢), 3d (3d),
30 h (3e) or heated at 75°C for 1 h (3b) (*'P NMR control). The brownish
solutions were concentrated in vacuo (ca. 0.1 mbar), the residues separated
by single (3¢—e) or two-fold (3a, b) low-temperature column chromatog-
raphy (SiO,; 3¢, d: —50°C, petrol ether (40/60); 3a, b, e: (SiO,; —50°C,
petrol ether (40/60)/diethyl ether 90:10), the eluates concentrated in vacuo
(ca. 0.1 mbar) and the residues crystallised from small amounts of n-
pentane at —20°C.
{Pentacarbonyl|[2-bis(trimethylsilyl)methyl-3-phenyl-5-(1-piperidino)-2H-
1,4,2-diazaphosphole-xP]chromium(0)} (3a): Yield: 125 mg (23 %) orange
crystals, m.p. 98°C (decomp); '"H NMR (CDCl;): 6 =0.10 (s, 9H; SiMe;),
0.46 (s, 9H; SiMes), 1.05 (d, 2/(P,H) =3.1 Hz, 1H; CH(SiMe;),), 1,68 (s br,
6H; NCH,CH,CH,), 3.81 (s br, 2H; NCH,CH,CH,), 4.05 (s br, 2H;
NCH,CH,CH,), 7.51 (m br, 3H; CH,ma), 8:10 (m br, 2H; CH,oma);
BC{'H} NMR (CDCL): 6=3.6 (d, 3/(P,C)=4.8Hz; SiMe;), 3.9 (d,
3J(P,C) =2.1 Hz; SiMe;), 22.1 (d, J(P,C) =2.2 Hz; CH(SiMes),), 24.7 (s;
NCH,CH,CH,), 25.6 (s br; NCH,CH,CH,), 26.8 (s br; NCH,CH,CH,), 46.6
(s br; NCH,CH,CH,), 47.3 (s br; NCH,CH,CH,), 128.6 (s; CH,;oma.), 129.6
(d, 2J(P,C) =52 Hz; Cyromar), 131.1 (d, 3J(P,C) = 1.3 Hz; CH,;mar), 132.8 (s
CH,;oma), 162.1 (s; PNC), 199.9 (d, J(P,C)=31.6 Hz; PCN), 216.8 (d,
2J(P,C) =12.4 Hz; cis-CO), 221.9 (d, 2J(P,C) =6.7 Hz; trans-CO); *'P{'H}
NMR (CDCly): 6 =143.9 (s); IR (KBr): #=2058 (s), 1977 (s), 1950 (vs),
1923 (vs) (CO); 1587 (s, sh) em~! (C=N); MS (CI, NHj3, positive-ion mode),
(*Cr): m/z (%): 486 (100) [M —CH;(N+H]*, 383 (55) [(CO)sCr-
PCH(SiMe,),+H]*, 193 (45) [(CO)sCrH]*; MS (CI, NHj;, negative-ion
mode), (**Cr): m/z (%): 382 (60) [(CO)sCrPCH(SiMe;),]", 354 (35)
[(CO),CrPCH(SiMe;),]~, 326 (30) [(CO);CrPCH(SiMe;),]~, 192 (100)
[Cr(CO)s]~; elemental analysis for C,sH3,N;0sPSi,Cr (595.7) (% ): caled: C
50.41, H 5.75, N 7.05; found: C 50.05, H 5.75, N 6.20.
{Pentacarbonyl|[2-bis(trimethylsilyl)methyl-3-phenyl-5-(1-piperidino)-2H-
1,4,2-diazaphosphole-xPlmolybdenum(0)} (3b): Yield: 120mg (19%)
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orange brown crystals, m.p. 94°C (decomp). 'H NMR (CDCl;): 6 =0.11 (s,
9H; SiMe;), 046 (s, 9H; SiMes), 092 (d, 2(PH)=2.6Hz, 1H;
CH(SiMe,),), 1.67 (s br, 6H; NCH,CH,CH,), 381 (s br, 2H;
NCH,CH,CH,), 4.04 (s br, 2 H; NCH,CH,CH,), 7.51 (m br, 3H; CH,oma0)-
812 (m br, 2H; CH,one), PC{tH} NMR (CDCL): 6=3.0 (d, /(P.C) =
1.3 Hz; SiMey), 3.7 (d, %J(P,C) = 3.0 Hz; SiMe;), 20.9 (d, J(P,C) = 12.2 Hz;
CH(SiMe;),), 24.8 (s; NCH,CH,CH,), 25.7 (s br; NCH,CH,CH,), 26.9 (s
br; NCH,CH,CH,), 46.6 (s br; NCH,CH,CH,), 47.3 (s br; NCH,CH,CH,),
128.7 (83 CHyromat ), 130.8 (d, *J(P.C) =2.2 Hz; CHyromat ), 132.8 (85 CHaromat ),
132.8 (d, 2J(P,C) =20.6 Hz; C,oma), 163.1 (s; PNC), 200.8 (d, J(P,C)=
29.3 Hz; PCN), 2059 (d, 2J(P.C) =8.5 Hz; cis-CO), 211.1 (d, Y(P.C) =
23.1 Hz; trans-CO); 3'P{'H} NMR (CDCl;): § =120.0 (s); IR (KBr): 7=
2071 (s), 1999 (s), 1989 (s), 1956 (vs), 1943 (vs) 1931 (vs), 1920 (vs, sh) (CO);
1588 (vs, sh) cm™! (C=N); MS (70 eV, EI), ("W): m/z (%): 613 (45) [M —
COJ*, 585 (100) [M —2COJ*, 557 (50) [M — 3COJ*, 447 (60) [M —3CO —
PhCN]J*, 73 (90) [SiMe;]*; elemental analysis for C,sH3N;OsPSi,Mo
(641.2) (%): caled: C 46.94, H 5.36, N 6.57; found: C 46.79, H 5.45, N 6.45.

{Pentacarbonyl[2-bis(trimethylsilyl)methyl-3-phenyl-5-(1-piperidino)-2H-
1,4,2-diazaphosphole-«P]tungsten(0)} (3c¢): Yield: 125 mg (41%) yellow
orange crystals, m.p. 111°C (decomp). '"H NMR (CDCl;): 6 =0.10 (s, 9H;
SiMe,), 0.47 (s, 9H; SiMe;), 1.06 (d, 2/(PH) =3.7 Hz, 1H; CH(SiMe;),),
1,68 (s br, 6H; NCH,CH,CH,), 3.82 (s br, 2H; NCH,CH,CH,), 4.06 (s br,
2H; NCH,CH,CH,), 7.51 (m br, 3H; CH,;omat), 8.16 (m br, 2H; CH,omat);
BC{'H} NMR (CDCl): 6=3.1 (d, 3J/(PC)=2.7Hz; SiMe;), 3.8 (d,
3J(P,C)=2.7 Hz; SiMe;), 21.6 (d, 'J(P,C) =6.4 Hz; CH(SiMe;),), 24.7 (s;
NCH,CH,CH,), 25.7 (s br; NCH,CH,CH,), 26.9 (s br; NCH,CH,CH,), 46.7
(s br; NCH,CH,CH,), 47.3 (s br; NCH,CH,CH,), 128.6 (s; CH,oma), 131.2
(d,*J(P,C) =1.9 Hz; CH,;omat), 132.6 (d, 2J(P,C) =20.8 Hz; Cyromar), 132.9 (s;
CH,1omar)> 163.4 (s; PNC), 198.1 (d, /(P,C) =6.9 Hz, 'J(C,W)=127.0 Hz,
cis-CO); 199.9 (d, J(P,C)=22.5Hz; PCN), 200.0 (d, /(P,C)=24.7 Hz;
trans-CO); 3'P{'H} NMR (CDCl;): 4 =100.1 (s, }/(P,W)=240.5 Hz); IR
(KBr): 7=2069 (s), 1990 (s), 1980 (s), 1948 (vs), 1936 (vs), 1926 (vs), 1913
(vs) (CO); 1589 (s) cm~! (C=N); MS (70 eV, EI), (**W): m/z (%): 727 (5)
[M]*, 699 (50) [M — CO]*, 671 (55) [M —2CO]*, 533 (30) [M —3CO —
CsH(N]*, 403 (45) [M — W(CO);]*, 330 (40) [M — W(CO)s — SiMe;]*, 73
(100) [SiMes]*; elemental analysis for C,sH3,N3O0sPS1,W (727.6) (% ): calcd:
C 41.26, H 4.68, N 5.78; found: C 41.27, H 4.72, N 5.80.

{Pentacarbonyl[2-bis(trimethylsilyl)methyl-3,5-diphenyl-2H-1,4,2-diaza-
phosphole-«P]tungsten(0)} (3d): For NMR, IR and MS data see reference
[8]. Yield: 435 mg (62 %) red crystals, m.p.: 92°C (decomp).

{Pentacarbonyl[2-bis(trimethylsilyl)methyl-3-phenyl-5-methyl-2H-1,4,2-
diazaphosphole-xP]tungsten(0)} (3e): Yield: 345 mg (54 %) orange crys-
tals, m.p. 62°C (decomp). '"H NMR (CDCl;): 6 = —0.09 (s, 9H; SiMe;), 0.51
(s, 9H; SiMe,), 1.05 (d, 2/(P,H) =4.6 Hz, 1H; CH(SiMe;),), 2.69 (s, 3H;
CHj), 7.53 (m br, 3H; CH ;) 8.12 (m br, 2H; CH,oma); PC{'H} NMR
(CDCL): 6=2.9 (d, ¥(P,C)=1.7 Hz; SiMe;), 3.7 (d, *J(P,C)=2.7 Hz;
SiMe,), 17.5 (d, 'J(P,C) =4.5 Hz; CH(SiMe;),), 22.3 (d, *J(P,C) =11.3 Hz;
CH,;), 128.9 (s; CH,romar), 131.1 (d, J(P,C) =1.9 Hz; CH,opat), 131.9 (d,
2J(P,C) =23.2 Hz; Cyromar)s 133:4 (s; CH,romat)» 173.3 (d, ®3J(P,C) =73 Hz;
PNC), 1971 (d, 2J(P,C)=6.5 Hz, 'J(C,W)=126.8 Hz; cis-CO), 197.9 (d,
2J(P,C) =22.5 Hz; trans-CO), 202.3 (d, J(P,C)=21.8 Hz; PCN); *P{'H}
NMR (CDCly): 6 =109.3 (s, 'J(P,W)=2282 Hz); IR (KBr): #=2071 (s),
1980 (m), 1936 (vs, sh), 1921 (vs) (CO); 1571 (w), 1561 (w) cm~! (C=N); MS
(70 eV, EI): m/z (%): 658 (10) [M]*, 602 (50) [M —2CO]J*, 533 (20) [M —
3CO —GH;N]*, 477 (50) [M —5CO—C,H;N]*, 73 (100) [SiMes]*;
elemental analysis for C,;H,;N,OsPSi,W (658.5) (%): caled: C 38.31, H
4.13,N 4.25; found: C 38.23, H 4.24, N 4.22.

X-ray structure analysis of complex 3c¢: empirical formula: C,sH;,N;O;P-
Si,W, M,=727.55; triclinic, space group PI; a=10.225(3), b=11.821(4),
c=12.906(4) A, a =88.12(3), f =84.99(2), y = 76.44(3)°; V=1510.6(8) A3;
Z =2; Peaica = 1.600 Mgm—3; 1 =0.71073 pm, T= 143 K. The crystal (0.55 x
0.40 x 0.15 mm) was mounted in inert oil. 8781 intensities were measured
(w/6-scans, 20 6-50°) using Moy, radiation on a Stoe STADI-4 diffrac-
tometer. After absorption correction (psi scans) 5329 were unique (R;,, =
0.0175) and used for all calculations (SHELXL-93) ['3l. All hydrogen atoms
(except rigid methyl groups) were refined with a riding model. Final wR(F?)
was 0.0496 with conventional R(F) 0.0214 for 340 parameters and 38
restraints; highest peak/hole 0.51/ —0.42 ¢ A3,
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Affinity and Nuclease Activity of Macrocyclic Polyamines

and Their Cu" Complexes

Dillip Kumar Chand,*! Hans-Jorg Schneider,*®! Andrea Bencini,*!*! Antonio Bianchi,™
Claudia Giorgi,™ Samuele Ciattini,’' and Barbara Valtancoli™!

Abstract: The stability constants of Cu!!
complexes that consist of either an oxa-
aza macrocycle with two triamine moi-
eties linked by dioxa chains, or two
macrocyclic ligands with a polyamine
chain which are connecting the 2 and 9
positions of phenanthroline, have been
determined by means of potentiometric
measurements. The results are com-
pared to those reported for other ligands
with a similar molecular architecture. Of
the complexes that contain phenanthro-
line in their macrocycle, the Cu'" ion of
the complex with the smallest and most
rigid macrocycle (L3) has an unsaturat-

[CuL5](ClO,), complex. The affinity of
the ligands and the complexes towards
nucleic acids was studied by measuring
the changes in the melting temperature,
which showed that the affinity of the
macrocyclic ligands towards double-
stranded DNA or RNA is generally
smaller than that of their linear ana-
logues that bear a similar charge, with a
strong preference for polyA —polyU, a
model for RNA. However, the com-
plexes of two of the changed macro-
cyclic ligands which contain a phenan-
throline unit (L4, L5) showed a distinct-
ly larger increase in their melting

temperature AT, with DNA (polydA -
polydT), which is reversed again in favor
of RNA upon metallation to the dinu-
clear copper complex with LS. Experi-
ments with supercoiled plasmid DNA
showed a particularly effective cleavage
with a mononuclear Cu" complex that
contains a phenanthroline unit (L6).
Related ligands showed less activity
towards DNA, but not so towards the
biocidic  bis(p-nitrophenyl)phosphate
(BNPP). In both cases (with DNA and
BNPP) the activity seemed to increase
with decrease of coordinative saturation
of the Cu''ion, with the exception of one

ed coordination sphere, while in the
complex with the largest macrocycle
(L5) the Cu'' ion is coordinatively al-
most saturated. These results are corro-

gands -
borated by the crystal structure of the

Introduction

Macrocyclic polyamines can effectively complex many tran-
sition metal ions which might then alter their binding proper-
ties to nucleic acids and thus be useful as a spectroscopic
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particular ligand (L6). Experiments with
radical scavengers in the DNA experi-
ments showed some decrease in cleav-
age, which indicates the participation of
redox processes.

DNA cleavage

probe and could also act as chemical nucleases. The nuclease
activity of the 1,10-phenanthroline(OP)-copper ion complex
was discovered by Sigman et al. in 1979.11 In this system, a ten-
fold excess of OP was used in order to obtain the 2:1 ligand/
metal ion chelate which is necessary in the course of the DNA
cleavage.[-? The reaction proceeds in the presence of a thiol
and H,0, as a co-reactant. Generation of the copper-oxo
species and binding to the minor groove of DNA initiated the
cleavage, which occurs in an oxidative manner. The attack is
initiated at the C1 hydrogen of a deoxyribose moiety.’l A
related ligand, in which two OP units are covalently attached
by a carbon chain (to avoid the use of excess ligand) was
probed for nuclease activity,[¥ whereby mercaptopropionic
acid was added as a reducing agent. In general, an excess of
external reducing agent was used® in the study of various
copper-mediated DNA cleavage reactions. Recently, the
Tambjamine E — Cu'' complex was reported to cleave DNA
also in the absence of any external reducing agent.[!

0947-6539/00/0621-4001 $ 17.50+.50/0 4001
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Earlier studies have shown that the hydrolytic activity of
many metal complexes can also be significantly modified by the
use of suitable ligands, particularly those that contain positively
charged nitrogen centers and/or intercalators.l”) Several ligands
used in the present study also allow the introduction of more
than one metal ions, which can significantly enhance the
activity of nucleases.[®! A particularly intriguing aspect for the
use of macrocyclic polyamines is the possibility of investigat-
ing the change in the coordination sphere of the metal ion,
which is also known to alter catalytic properties in enzymes. In
particular, the activity of metallo-enzymes in catalytic proc-
esses is often related to unsaturated coordination environ-
ments of the metal cations, namely to the presence of free
coordination sites for substrate binding and activation.”!

Furthermore, macrocyclic polyamines themselves are of
interest with respect to their interactions with nucleic acids,
which may differ significantly from those of acyclic amines.!'%)
Some azoniacyclophanes show, for example, selective desta-
bilization of RNA.I'I Similar effects might be expected with
macrocyclic amines described previously!'? if their size is large
enough to lead to binding modes other than those of the more
flexible open-chain amines. Herein we report on the affinity
of six macrocyclic ligands and their copper complexes towards
double-stranded nucleic acids, and on the nuclease activity of
new Cul! complexes in the absence of H,0O, and of any
reducing agent. The macrocyclic ligands L1-L6 (), the
syntheses of which have been reported previously,'? were of
particular interest, as they allow either simultaneous inter-

Abstract in German: Die Stabilititskonstanten von Cu'-
Komplexen mit Liganden zum einen aus zwei mit Dioxaketten
verkniipften Triamineinheiten, sowie mit Polyaminketten ver-
bunden in der 2,9-Position eines Phenanthrolinrings wurden
durch potentiometrische Messungen bestimmt und mit anderen
dhnlicher Struktur verglichen. Bei den Phenanthrolinkomple-
xen zeigt der kleinste und besonders starre Markrocyclus L3
das Cu-Atom in einer ungesidttigten Koordinationssphere, im
Gegensatz zum entsprechenden grossten Komplex mit L5. Dies
wird durch eine Rontgenstrukturanalyse mit [CuL5](ClO,),
erhdrtet. Schmelzpunkt-Untersuchungen zeigen im Vergleich
zu offenkettigen Aminen generell eine geringere Affinitit der
Makrocyclen zu doppelstringigen Nukleinsduren, mit einer
ausgeprigten Priferenz fiir polyA—polyU als RNA Modell.
Makrocyclen mit Phenanthrolineinheiten (L4, L5) fiihren
jedoch zu einer bedeutend grosseren Schmelzpunkterhohung
AT,, bei DNA (polydA —polydT), welche sich bei L5 durch
Metallierung mit Cu' in Richtung einer RNA-Stabilisierung
umkehren lisst. Experimente mit superspiralisierter plasmidi-
schen DNA zeigen eine besonders effektive Spaltung mit dem
mononuklearen phenanthrolinhaltigen Komplex L6 - CuCl,.
Ahnliche Komplexe besitzen eine geringere Aktivitit gegen
DNA, nicht aber gegen das biozide Bis(p-nitrophenyl)phos-
phat (BNPP). Sowohl mit DNA wie mit BNPP scheint die
Spaltung mit einer abnehmenden koordinativen Sdttigung der
Cu'ions anzusteigen, mit Ausnahme eines Liganden (L6). Der
Zusatz von von Radikalfingern fiihrt bei den DNA zu
abnehmenden Spaltungensraten, was auf die Beteiligung von
Redoxprozessen hinweist.

4002

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

. o,

N N

G40
L) L
HN Ng [HN Ng

S
N H\%'—/N

1,
2,
3

9
HN \_>H

ZT

q
U

rrro
ahw

n
n
n

calation (L3-L6), or multisite binding of metal ions (L1, L2,
and L5), and thus represent a step towards multinuclear chem-
ical nucleases. The distinct geometry of these ligands could also
have a significant influence on their binding properties to DNA
and RNA-type double strands; these features were studied by
thermal melting experiments (see Table 3).

Results and Discussion

Crystal structure of [CuL5](Cl0,),: The molecular structure
consists of complexed cations [CuL5]** and perchlorate
anions. The asymmetric unit contains two independent
molecules. The ORTEP!! drawings of the [CuL5]** cations
in the two molecules (herein indicated A and B) are shown in
Figure 1. Table 1 gives selected bond distances and angles for
the coordination sphere of Cu'l. The Cu' ions in A and B
display slightly different coordination geometries. In both
cases the coordination environments can best be described as
distorted octahedral. In complex A, the metal is hexacoordi-
nated by the phenanthroline nitrogens N1 and N2 and by the
amine groups N3, N4, N5, and N6; N1, N4, N5, and N6 define
the basal plane and N2 and N3 the apical positions of the
distorted octahedron. The Cu—N2 and Cu—N3 bonds form
dihedral angles of 16.1(2)° or 13.5(2)°, respectively, with the
normal to the basal plane. The metal ion lies 0.845 A above
the basal plane, shifted toward N2. One of the benzylic amine
groups (N7) does not bind to the metal.

In complex B the basal plane of the octahedron is defined
by the N8, N11, N12, and N13 donors (max. deviation
0.234(8) A for N12) while N9 and N10 occupy the apical
positions. The Cu—N9 and Cu-N10 bonds form dihedral
angles of 21.3° and 16.9° with the normal to the basal plane.
The metal lies 0.164 A out of this plane, shifted toward N9. As
in molecule A, a benzylic nitrogen donor (N14) is not
involved in coordination to the metal. In both molecules the

0947-6539/00/0621-4002 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 21
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Figure 1. ORTEP drawings of the [CuL5]** cations in the two independent
molecules A a) and B b).

ligand assumes a screw conformation, “wrapping” around the
metal ion so that it is embedded inside the macrocyclic cavity.

Coordination of Cu" in aqueous solutions: A previous
investigation!'?”] on the coordination of Cu" to ligand L1 in
aqueous solutions showed that this ligand behaves as a ditopic
receptor for metal cations, with two almost independent
binding sites for metals. In its binuclear Cu"' complexes, each
metal is coordinated by a triamine unit, while the ether
oxygens are less involved in metal coordination. We have now
extended this study to L2, which shows a molecular architec-
ture similar to L1, and displays two triamine moieties
separated by two diether chains. Potentiometric measure-
ments (0.1M, NMe,Cl, 298.1 K) have shown that, in a similar
manner to L1, L2 can form both mono- and binuclear species
in aqueous solution and that the stability constants of its Cu'!
complexes!' are similar to those found for the corresponding
L1 complexes (log K=15.36 and 16.1 for the equilibrium
Cu** + L — [CuL]* for L=L1 and L2, respectively; log K =
27.88 and 27.5 for the equilibrium 2 Cu?** + L — [Cu,L]** for
L =L1 and L2, respectively). Furthermore, the binuclear Cu!!
complexes display similar UV/Vis spectral features in aque-
ous solutions (a broad band with 4,,=705nm (e=
139 M~ 'ecm™!) and 698 nm (¢=148 M~'cm™!) for [Cu,L1]**
and [Cu,L2]*, respectively). These data suggest that, as
previously found for L1,l'?3 in both the mono- and binuclear
complexes with L2 each metal ion is located within a triamine
moiety. Both mono- and binuclear complexes are very stable
and, as a matter of fact, with a 1:2 ligand/metal molar ratio, all
the Cu' is complexed at slight acidic pH.

The stability constants of the Cu! complexes of ligands L3 -
L6 are given in Table 2. The equilibrium data in Table 2
clearly show that all ligands form stable 1:1 complexes with

Chem. Eur. J. 2000, 6, No. 21
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Table 1. Selected bond lengths [A] and angles [°] for [CuL5](ClO,),.

molecule A

Cul—-N1 2.035(6)
Cul—-N2 2.459(6)
Cul—-N3 2.432(6)
Cul-N4 2.060(5)
Cul—-N5 2.003(6)
Cul—-N6 2.045(6)
N5-Cul-N6 82.9(3)
N4-Cul-N6 166.7(3)
N4-Cul-N5 84.5(3)
N3-Cul-N6 97.6(3)
N3-Cul-N5 97.9(3)
N3-Cul-N4 80.0(2)
N2-Cul-N6 93.2(2)
N2-Cul-N5 110.3(2)
N2-Cul-N4 95.0(2)
N2-Cul-N3 150.8(2)
N1-Cul-N6 100.6(3)
N1-Cul-N5 174.0(2)
N1-Cul-N4 91.7(2)
N1-Cul-N3 76.9(3)
molecule B

Cu2—N8 2.123(5)
Cu2—N9 2.340(5)
Cu2—-N10 2.578(7)
Cu2—N11 2.053(5)
Cu2—N12 1.970(7)
Cu2—N13 2.051(5)
N12-Cu2-N13 83.8(3)
N11-Cu2-N13 168.1(2)
N11-Cu2-N12 84.3(3)
N10-Cu2-N13 101.6(2)
N10-Cu2-N12 90.0(3)
N10-Cu2-N11 77.6(2)
N9-Cu2-N13 93.0(2)
N9-Cu2-N12 123.0(3)
N9-Cu2-N11 94.1(2)
N9-Cu2-N10 145.3(2)
N8-Cu2-N13 97.2(2)
N8-Cu2-N12 161.9(3)
N8-Cu2-N11 93.8(2)
N8-Cu2-N10 72.0(2)
N8-Cu2-N9 75.1(2)

Table 2. Stability constants for Cu'' complexation with ligands L3-L6.

Reaction log K

L3 L4l L5 L6
Cu** + L — [CuL]** 16.17(3) 17.53 1791 13.90(3)
[CuL]** + H* — [CuHL]** 49933) 594 663 9.03(3)
[CuHLP* + H* — [CuH,L]* 453 5.98(3)
[CuH,L]* + H* — [CuH,L]** 5.46(3)

[CuL]* + OH- — [CuL(OH)]* 4003) 350 334

[CuL(OH)]* + OH — [CuL(OH),]  2.39(6)
[CuL]* + Cu?* — [Cu,L]** 737
[Cu,L]*" + OH" — [Cu,L(OH)** 6.38

[a] Reaction conditions: 0.1m, NMe,Cl, 298.1 K. [b] From ref. [29].
[c] From ref. [12d].

Cu'l. Actually, the Cu' ion is completely complexed even in
acidic aqueous solutions, as shown in Figure 2 for the L3 and
L6 ligands. Interestingly, all [CuL]** complexes show a
marked tendency to protonate; protonated complexed species
become predominant in neutral or slightly acidic solutions

0947-6539/00/0621-4003 $ 17.50+.50/0 4003
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Cul(OH),

CuL(OH)*

Figure 2. Distribution diagrams for the systems a) L3/Cu'' and b) L6/Cu"
([L3] = [L6] = [Cu"] = 1 x 10~*m, NMe,Cl = 0.1, 298.1 K).

(Figure 2). High values of protonation constants for metal
complexes usually indicate that some nitrogen donors are not
bound, or weakly bound, to the metal. On the other hand, the
rigidity of the phenanthroline unit does not allow the
simultaneous binding of metal to the aromatic nitrogens and
to the adjacent benzylic amine groups. It can be suggested,
therefore, that at least one of the benzylic nitrogens is not
coordinated to the metal. This is in agreement with the crystal
structure of the [CuL5]** complex (Figure 1): the phenanthro-
line donors (N1 and N2 in complex a) and one of the benzylic
nitrogens (N3) are coordinated to the Cu' ion, while the
benzylic N7 donor is not involved in binding to the metal. The
presence of an uncoordinated benzylic nitrogen seems to be a
peculiar structural characteristic of the present [CuL]**
complexes.

A most interesting finding is the increase of the complex
stability in the order L6 < L3 < L4 < L5 (Table 2). The much
lower stability of the [CuL6]** complex can be simply
attributed to the replacement of the ethylenic chains that
link the amine groups by propylenic chains. The increased
N-Cu-N bond angle, as a result of the larger bite of the
propylenic chain, reduces the stability of the complex.
Actually, open-chain or macrocyclic tetraamines with propy-
lenic chains which link the nitrogen donors form less stable
Cu" complexes than the corresponding ligands with ethylenic
chains (e.g. log K=20.32 for the formation of the Cu'!
complex with 1,4,7,10-tetraazadecane,l'” while log K =16.36
in the case of the Cu complex with 1,5,9,13-tetraazatride-
cane).l'! For the Cu' complexes with the phenanthroline-
containing macrocycles L3-LS, the observed increase in
stability from [CuL3]** to [CuL5]** may be ascribed to the
increased number of nitrogen donors available for metal
coordination, that is, to the increase in the coordination
number of the metal. This suggestion is supported by the UV/
Vis spectra of these complexes, which show a blue shift of the
d-d band from [CuL3]** to [CuL5]*" ([CuL3]**: Anuw=

4004
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687 nm, e¢=84.1m lcm™; [CuL4]**: A,,=670nm, &=
52 M~ tem™!; [CuL5]?*: Ay =637 nm, e =60 M~cm ™).

A previous study on the binding features of L3 towards
Zn""l72] and Pb'"(' indicated that the rigidity of the macro-
cyclic framework, because of the short polyamine chain which
connects the 2 and 9 positions of the rigid phenanthroline
moiety, does not allow the ligand to change conformation
upon coordination to a metal. In particular, in the Zn!
complex with L3, the metal is coordinated to the phenanthro-
line donors and to the central nitrogen of the aliphatic chain.
The benzylic nitrogens are only weakly involved in coordina-
tion to the metal (at ~2.5 A). As a consequence, the metal ion
shows a rather unsaturated coordination sphere and free
binding sites are available at the Zn" ion. A similar
unsaturated coordination environment can also be proposed
for the Cu" complex with L3. Ligands L4 and L5 are more
flexible and contain a larger number of donors. It is expected,
therefore, that in [CuL4]** and [CuL5]** the metal presents a
more coordinately saturated coordination sphere than in
[CuL3]?*. This hypothesis is confirmed, once again, by the
crystal structure of the [CuL5]** complex (Figure 1), which
shows the six-fold coordination of the metal to the ligand
donor.

Ligand LS gives also rise to binuclear complexes in aqueous
solution and binuclear species are largely prevalent in
solutions with 1:2 ligand to metal molar ratios. The seven
nitrogen donors of the macrocycle cannot fill the coordination
sphere of both metals, which therefore leads to low coordi-
nation numbers for each of the Cu" ions in this complex. The
remarkable red shift of the d—d band observed in the UV/Vis
spectrum of [Cu,L5]* (Apex =729 nm, e =121 M 'ecm™!) with
respect to the mononuclear complex [CuL5]**, supports this
hypothesis. Therefore, this complex is a promising receptor
for substrate molecules through a bridging coordination to the
two metal centers. Indeed, this complex shows a high value of
the equilibrium constant for the binding of the OH™ anion,
one of the simplest examples of anionic substrates (logK =
6.38, Table 2). Such a strong binding of the hydroxide ion is
usually indicative of a bridging coordination of this group to
two metal ions.['%]

DNA affinity tests from melting temperature experiments:
The interaction of the ligands and the Cu™ complexes with
double stranded nucleic acids polyA —polyU (corresponding
to RNA) and polydA-polydT (a model for DNA) are
characterized by quite variable differences in the values of
their melting temperatures (AT,,; Tables 3 and 4). All ligands
as well as their copper complexes showed stabilization of the
double-stranded nucleic acids as can been seen from the
considerable increase of the melting temperature in each case.
A large stabilization effect, which shows a preference for
RNA, is observed for L1 and L2, sometimes with a biphasic
transition which is possibly caused by the presence of a
different stoichiometry of the ligand/nucleic acid complex. We
also observe that the macrocycles L1 and L2 are less efficient
in increasing AT, as compared to acyclic amines which bear
approximately the same number of positive charges. Similar
behavior has been observed with other macrocyclic poly-
amines that contain benzene rings in the macrocycle.l's! The
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Table 3. Ligand interaction with polyA —polyU and polydA - polydT.[

Ligand % AT, [°C] polyA-polyU AT, [°C] polydA —polydT
L1l 0.1 28.8 11.1
0.2 16.6/42.1 22.0
0.3 14.1/44.6 broad
L2 0.1 27.0 10.7
0.2 16.6/39.0 16.6
0.3 13.4/41.0 29.1
L3 0.1 5.6 6.5
0.2 7.5 10.5
0.3 9.0 12.1
L4 0.1 12.6 13.2
0.2 13.1 18.3
0.3 12.5 22.7
L5 0.1 124 14.6
0.2 13.2 20.4
0.3 13.9 271
L6 0.1 26.3 14.8
0.2 32.1 26.6
0.3 —2.9/35.9 broad

[a] Reaction conditions: 0.01m MES buffer; pH 6.25; I=0.01m; error in
AT, =+0.5°C. [b]r=Molar ratio of ligand/nucleic acid phosphate.
[c] Protonated species [calculated from the values of the protonation
constants reported in refs. [12a, b] (for L1 and L2) and refs. [17b, 12¢] (for
L3-L6): L1: [H,L1]* =90%, [H,L1P*=10%, L2: [H,L2]**=90%,
[HL2]* =10%, L3: [H,L3P* >95%, L4: [HL4P* =60%, [H,L4]*=
40%, L5: [H,LS]**=85%, [HL5]*=15%, L6: [H,L6P*=60%,
[HL6]H =40%.

Table 4. Interaction of Cu'' complexes with polyA —polyU and polydA —
polydT.l2!

Cu'" complex riv] AT, [°C] AT, [°C]
in polyA —polyU in polydA —polydT

L1-2CuClLl! 0.1 252 12.0

0.2 344 17.9/26.7

0.3 9.0/34.5 37.2/42.4
L2-2CuCl, 0.1 20.5 11.9

0.2 26.4 282

0.3 5.3/34.0 34.7/42.2
L3-CuCl, 0.1 4.9 3.8

0.2 6.8 7.0

0.3 8.1 8.9
L4-CuCl, 0.1 6.7 7.0

0.2 10.1 12.4

0.3 14.6 16.7
L5-CuCl, 0.1 10.2 9.0

0.2 12.6 17.3

0.3 14.4 18.2
L5-2CuCl, 0.1 25.6 14.7

0.2 38.6 21.0

0.3 412 281
L6-CuCl, 0.1 19.6 16.2

0.2 broad 255

0.3 broad broad

[a] and [b] See footnotes of Table 3. [c] Complexed species in solution at
pH 6.25 (calculated from the values of the stability constants given in
Table 2 for ligands L3-L6 and from refs. [12b, 14] for L1 and L2).
L1: [Cu,L1]* =100%, L2: [Cu,L2]* =100%, L3: [CuL3]** =100%, L4:
[CuL4P* =65%, [CuHLAP* =35%; L5: [CuL5P* =30%, [CuHLS[* =
70% (L5:Cu?* in 1:1 molar ratio), [Cu,L5]*" >90%, (L5:Cu?* in 1:2 molar
ratio); L6: [CuHL6]** =60 %, [CuH,L6]*" =35 % [CuH;L6]*" =5%.

more rigid macrocycles will have less tendency than linear
chains with more flexible amines to form a maximum number
of contact ion pairs with the groove phosphates. With certain
azoniacyclophanes we did indeed observe an unusually large

Chem. Eur. J. 2000, 6, No. 21

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

AT, value only in the case of close geometric matching
between the cationic and anionic groups.!'!]

The phenanthroline-containing ligand L3 shows more
affinity towards both DNA and RNA than the linear amine
counterpart (diethylenetriamine),!'®! which suggests that the
phenanthroline moiety is indeed intercalating. Interestingly,
L3 shows discrimination behavior: it does not show a
preference for RNA, which is in contrast to the difference
observed with the other ligands. Similarly, both L4 and LS
have more affinity towards DNA; however the affinity for
RNA is lower than the affinity of their linear amine counter-
parts!'®l (triethylenetetramine and tetraethylenepentaamine,
respectively). Both the ligands L4 and LS5 also show discrim-
ination behavior similar to that exhibited by L3. L6 leads to a
smaller affinity towards RNA than the linear amine analogue
(tripropylenetetraamine),!'¥! while the binding to DNA is
comparable to the linear amine; however, in contrast to L3 -
LS, it is not stronger than towards RNA. Thus, the phenan-
throline-based macrocycles investigated in this work are
promising ligands for double-stranded DNA.

The average number of positive charges carried by the free
ligand and of the corresponding Cu' complexes is similar (see
footnotes of Tables3 and 4), except in the case of the
binuclear complex of LS. The ternary/quaternary complexes
between of ligand, metal ion and double-stranded nucleic
acids were studied to unveil a possible change of affinity in
spite of their similar charges. The AT, values of all Cu!!
complexes (Table 4) show that the affinity of the free ligand
and the metallated ligands are not dramatically different.
However, the binuclear Cu" complex of L5 exhibits a
markedly higher affinity towards RNA, unlike the mononu-
clear complex of the same ligand.

Nuclease activity: The ability of the Cu' complexes of the
ligands to cleave supercoiled plasmid DNA is summarized in
Table 5 and the cleavage pattern is shown in Figure 3. As
discussed above, all ligands form very stable complexes with
the Cu'! ion and there is no free copper ion under the
conditions employed. Very slow cleavage was observed with
the Cu! complex of L1. Unfortunately, for the Cu!! complexes
with L2, no data could be obtained as the bands of DNA did
not move in the gel even after treatment with an ion-exchange
resin which has been successfully used with other polyamine

Table 5. Cleavage of pBR322plasmid DNA .2 ]

Cu'! complex RFI[%] RFII[%] RFIII[%]
L1-2CuCl, 88 12 0
L2.2Cu(Cl, [c]

L3-CuCl, 16 76 8
L4-CuCl, 25 75 0
L5-CuCl, 53 46 0
L5-2CuCl, 0 87 13
L6-CuCl, smearing

[a] Reaction conditions: [metal complex]=1x10m; [DNA]=1.9 x
10->™ (base pair); 0.01m EPPS buffer; pH 7.0; 37°C; incubation time 2 h.
[b] Corrected for the decreased stainability of RFI by a factor of 1.22;
corrected for the impurity of RFII in starting material and background
noise; double runs, the calculation error is +2.5%. [c] No bands could be
located.
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Figure 3. Gel electrophoresis of the cleavage of pBR322plasmid DNA
with the relevant RF bands (for conditions see footnote of Table 5). Lane 1:
control DNA, lane 2: L6-CuCl,, lane 3: L5-2 CuCl,, lane 4: L5.CuCl,,
lane 5: L4-CuCl,, lane 6: L3-CuCl,, lane 7: L2-2CuCl,, lane 8: L1-
2 CuCl,.

ligands."¥ The results obtained with the Cu" complexes of L3,
L4, LS5, and L6 are more promising. These ligands contain one
phenanthroline unit (OP) and a polyamine chain of different
nature. The linear form, the RFIII band, which is the result of
more than one cleavage, was observed with L3 CuCl, along
with the RFI and RFII bands. However, in the case of L4-
CuCl, and L5-CuCl,, only RFI and RFII were seen.
Interestingly, for L5-2 CuCl,, the RFI form was completely
cleaved and only RFII and RFIII bands were observed.
Smearing in the gels was observed in the case of L6-CuCl,,
which indicates multifragmented product.

Because of the high activity of the complexes, which contain
the phenanthroline unit, these systems were investigated
further in order to clarify the cleavage mechanism (Table 6).

Table 6. Cleavage of pPBR322plasmid DNA.[* !

Relative quantities [% ] of RFI, RFII, and RFIII, with
addition of:

Cu" complex

1M DMSO 1M tBuOH 0.1m NaN;, 0.1m EDTA
L3.CuCl, 33,67,0 35, 65,0 51,49,0 73,27,0
L4-.CuCl, 35, 65,0 34, 66, 0 16, 84,0 69, 31,0
L5.CuCl, 60, 40, 0 59, 41,0 72,18,0 69, 31,0
L5.2CuCl, 0, 100, 0 0, 100, 0 41,59,0 68, 32,0
L6-CuCl, smearing smearing 0, 100, 0 51,49,0

[a] See footnotes of Table 5. [b] Complexed species in solution at pH 7
(calculated from the values of the stability constants given in Table 2 for
ligands L3-L6 and from refs. [12b, 14] for L1 and L2): L1: [Cu,L1]* >
95%, L2: [Cu,L2]*" >95 %, L3: [CuL3]** =100 %, L4: [CuL4]** =90%,
[CuHL4]* =10%; L5: [CuL5]** =70%, [CuHL5]**=30% (L5:Cu?* in
1:1 molar ratio), [Cu,L5]*=75%, [Cu,L5S(OH)]**=25% (L5:Cu** in
1:2 molar ratio); L6: [CuHL6]** =90 %, [CuH,L6]* =10 %.

Metal-complexing agents, such as EDTA, inhibit the nuclease
activity to a large extent, which indicates the essential role of
the metal ion. Also, the smearing which was observed in L6+
CuCl, was not observed if EDTA was added during incuba-
tion. Quenchers of hydroxyl radicals,” such as DMSO and
tBuOH, were less effective as inhibitors compared with the
singlet-oxygen quencher? NaN; (except in L4+ CuCl,). These
findings suggest that there should be no or only a small
contribution from hydroxyl radicals; however, participation
singlet oxygen in redox processes cannot be ruled out.

4006 ——
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Hydrolysis of BNPP (bis(p-nitrophenyl)phosphate): All hy-
drolysis reactions of BNPP with the Cu!! complexes showed
pseudo-first order behavior; the rate constants are presented
in Table 7. The binuclear complexes of L1 and L2, namely L1-
2CuCl, and L2-2CuCl, showed less efficiency and only

Table 7. Cleavage of BNPP.?

Cu! complex Kgps X 100571 kel
L1-2CuCl, 2.3[b] 0.82 x 10°
L2.2CuCl, 4.0 1.42 x 10°
L3-CuCl, 50 17.8 x 10°
L4-CuCl, 35l 125 x 10°
L5-CuCl, 6.2d 2.21 x 10°
L5-2Cu(Cl, 140 50.0 x 10°
L6-CuCl, 611 21.78 x 10°

[a] Reaction conditions: [metal complex]=1x10-*m; [BNPP]=3.76 x
10-3m; 0.01m EPPS buffer; pH 7.0; 75°C. k= keo/ko, Where ko= kgny/
[metal complex] and k,=2.6 x 10-8s~! (ref. [7e]). [b] Calculated for the
first 10% release of p-nitrophenolate. [c] Calculated from 200 min
onwards. [d] Calculated from 300 min onwards. [e] Calculated from
300 min onwards (biphasic curve).

~10% of the p-nitrophenolate was released before satura-
tion. In contrast, the Cu™ complexes of the phenanthroline-
based macrocycles exhibited higher activity with complete
hydrolysis of BNPP. The relative efficiencies of the mono-
nuclear complexes were in the order L6 - CuCl, > L3 CuCl, >
L4-CuCl, > LS - CuCl,, and the highest activity was shown by
the binuclear complex L5 - CuCl,.l¢

In order to explain the cleavage results, the following
arguments may be plausible: When the mononuclear Cu"
complexes of L3 to L4 to LS are compared, the bound metal
ion becomes more and more coordinatively saturated. The
data of BNPP hydrolysis and DNA cleavage suggest that
coordinative unsaturation around the complexed Cu! ion
favors its activity. Most interesting is the remarkable activity
observed with the binuclear Cu'" complex of L5. The presence
of a hydroxide anion bound to a metal (=25% of the total
complex at 298 K) even at neutral pH conditions could be
responsible for the high activity. Alternatively, the remarkable
efficiency of the Cul! complex of L6 can be explained by the
fact that this system exists completely in its protonated form
under neutral pH conditions. Such species could favor a salt
bridge with the phosphate anion moiety and activate'! the
leaving group or stabilize the transition state. Also, the larger
number of charges can lead to a higher concentration of the
substrate —catalyst complex, which would lead to a corre-
spondingly more favorable Michaelis—Menton K, value.
Intercalation of the phenanthroline units in L3 to L6 in
double-stranded DNA or stacking with the phenyl groups in
BNPP is also expected to enhance the activity by improved
binding to the substrates.

Experimental Section

PolyA —polyU, polydA -polydT, BNPP, MES, and EPPS were obtained
from Sigma while pBR322plasmid DNA was acquired from Pharmacia.

The synthesis of the ligands and their protonation behavior has already
been reported;!'? the copper(ir) complexes were obtained by the addition of
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the appropriate amount of a standardized solution of CuCl, to a solution of
ligand and buffer. The pH was adjusted with a Knick digital pH-meter 646.
Crystals of [CuL5](ClO,), suitable for X-ray analysis were obtained by slow
evaporation of an aqueous solution which contained L5 and Cu(ClO,), in
an equimolecular ratio. UV/Vis spectra were recorded on a Shimadzu UV-
2101PC spectrophotometer.

X-ray structure analysis: Analysis of a prismatic, blue, single crystal of
[CuL5](Cl10,), was carried out at 298 K with a Siemens P4 automatic four-
circle X-ray diffractometer, equipped with a rotating anode and graphite-
monochromated Cuy, radiation (A=1.5418 A). Cell parameters were
determined by least-squares refinement of diffractometer setting angles
for 25 carefully centered reflections (6 range 12-23°). The intensity of
three standard reflections were monitored during data collection to check
the stability of the diffractometer and of the crystal; no loss of intensity was
observed. A summary of the crystallographic data is given in Table 8. A
total of 6604 reflections (6,,,=55") were collected. Intensity data were
corrected for Lorentz and polarization effects and an absorption correction
was applied, once the structure was solved, by the DIFABS??? method (¢

Table 8. Crystal data and structure refinement for [CuL5](ClO,),.

empirical formula C,,H,4Cl,CuN;O4
M, 1301.88

T [K] 298

radiation 1.54178 A

crystal system monoclinic

space group P2,/n

a[A] 14.668(2)

b [A] 18.834(3)

c[A] 19.975(4)

A1 100.490(1)
V[A] 5426(2)

V4 4

Peatca [gem ] 1.594

absorption coefficient [mm~!] 3.478

F(000) 2672

crystal size [mm] 0.3x0.25x%x0.1
0[°] 3.25-55.00

index ranges —1<h<15, —-1<k<20,-21<I<21
reflections collected 8091

independent reflections
refinement method full-matrix least-squares on F?
data/restraints/parameters 6604/0/721

goodness-of-fit on F? 1.021

final R indices [ >20(])] R11=0.0869, wR = 0.2463
R indices (all data) R1(1=0.0921, wRP) = 0.2528
largest diff. peak and hole [e A=3] 0.943 and —0.550

6604 [R(int) = 0.0493]

[a] R=2|F,| — | F.|/E| F, | [b] wR® = [Sw(F3 — F2/SwF3]'2,

and u corrections, max. = 1.240197, min. =0.790898; 6 correction: max. =
1.149838, min. = 0.474041). The structure was solved by the direct method
of the SIR97? program. The refinement was performed by means of the
full-matrix least-square method of the SHELXL 934 program, which uses
the analytical approximation for the atomic scattering factors and
anomalous dispersion correction for all atoms from a reference.”’! All
the non-hydrogen atoms were anisotropically refined while the hydrogen
atoms were introduced in calculated position, and their coordinates refined
in agreement with those of the atoms to which they are linked. The
temperature factors of the hydrogen atoms were isotropically refined.
Some degree of disorder was found for the perchlorate anions which gave
rise to high thermal parameters for the oxygen atoms. A slight disorder also
affected the carbon atoms of the phenanthroline unit in molecule A. The
final agreement factors for 721 refined parameters were R1=0.0869 (for
6604 reflections with > 20(/)) and wR?=0.2528 (for all data).

Crystallographic data (excluding structure factors) for the structure
[CuL5](ClO,), reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-141349. Copies of the data can be obtained free of charge on
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application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(444)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). See also Supporting
Information.

Potentiometric measurements: Equilibrium constants for Cu!' complex-
ation with L2, L3, and L6 were determined by pH-metric measurements at
298.1 K, with the equipment®! and procedure!®! which have already been
described. The titrations were performed in the pH range 2.5-10.5 with
CO,-free aqueous solutions containing the ligand and/or the metal ion with
concentrations of 1x 1073 to 2 x 1073 moldm™—. At least three titration
experiments (~ 100 data points each) were performed for each system. The
ionic strength was 0.1 moldm= NMe,Cl (pK,=13.83 at 298.1 K). The
computer program HYPERQUADP" was used to calculate both proto-
nation and stability constants from e.m.f. data.

Thermal melting curves: Thermal melting curves were obtained with a
Caryl Bio UV/Vis spectrophotometer connected to a temperature
controller and interfaced to a PC. The melting curves were recorded as
described in the literature®® at different compound-to-nucleic acid
phosphate ratios (r) by following the absorption change at A =260 nm as
a function of temperature with a heating rate of 0.5°Cmin~". 7}, values
were determined from the maximum of the first derivative or tangentially
from the graphs at the midpoint of the transition curves. AT, values were
calculated by subtracting 7, of the free nucleic acid from T7,, of the
complex.

DNA cleavage experiments: Samples were incubated at 37°C for 2 h in
10 pL samples, as described previously.™ The reactions were quenched by
the addition of 2uL of a loading buffer that contained saccharose
(40 wt. %), TRIS (0.89Mm), boric acid (0.89m), EDTA (1.0m), and a little
bromophenol blue. The macrocyclic polyamines inhibited the migration of
DNA in the electrophoresis gel; this was overcome by the use of ion-
exchange resin as previously reported./’d Electrophoresis was conducted on
0.9% agarose in a horizontal gel apparatus at 70 V for 2 h. The electro-
phoresis buffer contained TRIS (0.89 M), boric acid (0.89m), EDTA (2 mm),
and ethidiumbromide (0.5 ugmL™!). Quantification after electrophoresis
was performed with an “Eagle Eyell” densitometry system using the
“Zero-Dscan” software from Scanlytics.

BNPP cleavage experiments: The rate of p-nitrophenolate release was
monitored’® at 2 =400 nm (¢ =6430 M 'cm') with a Cary1 Bio UV/Vis
spectrophotometer at 75°C. The required amount of BNPP solution was
added to 1 mL of the reaction solution in a quartz semi-microcuvettes of
1 cm path length. The reaction was monitored for a period of 1000 min.
First-order rate constants were calculated from treatment of the data that
used a first-order rate law.
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Solvation of Radical Cations in Water—Reactive or Unreactive Solvation?

Matthias Mohr,'*! Dominik Marx,!”! Michele Parrinello,'*! and Hendrik Zipse*!?!

Abstract: The solvation and reaction of
ethylene radical cation in aqueous sol-
ution has been studied with Car-Parri-
nello molecular dynamics simulations.
All ab initio simulations were performed
using a system of 56 water and one
ethylene molecule. Using a favorable
symmetrically solvated radical cation as
the starting point of the simulation a fast
addition of water (within 90 fs) to the
radical cation is observed. The primary
addition product is rapidly deprotonated

radical. A second simulation was initi-
ated through vertical ionization of neu-
tral hydrated ethylene, representing a
significantly less favorable situation for
the addition process. No addition of
water can be observed in this second
simulation over a time span of 1.7 ps.
Taken together the two simulations are

Keywords: density functional calcu-
lations - molecular dynamics - rad-
ical ions - solvent effects - water

indicative of a rearrangement of the
solvent shell which represents the major
part of the overall reaction barrier.
Under these circumstances, the reaction
rate of an otherwise spontaneous reac-
tion is limited by the intrinsic solvent
relaxation time. This interpretation of
the reactivity of hydrated radical cations
reconciles previously conflicting exper-
imental condensed phase and theoret-
ical gas phase studies.

(within 100 fs) to yield the ethanol-2-yl

Introduction

How do radical cations interact with the surrounding solvent ?
This question is essential to the solution chemistry of radical
cations including systems of biological!!l as well as syntheticl?!
relevance. We have recently studied the interaction of water
molecules with simple alkene radical cations such as those of
ethylene (1) and trans-2-butene at several different levels of
theory.l 4l For these small radical cations, two limiting casesl*
can be envisioned for solute —solvent interactions: “unreac-
tive solvation” without covalent bond formation (as in 2) and
“reactive solvation” with covalent bond formation between
solute and solvent (as in 3).
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All theoretical studies of the interaction of water with small
alkene radical cations®“ predict barrier-free reaction be-
tween solvent and solute and thus favor reactive solvation as
the most realistic scenario. The same result has been obtained
in theoretical studies of the reaction of small alkene radical
cations with acetonitrile,*! one of the most commonly used
solvents in preparative radical cation chemistry. These results
are at variance with the experimental observation that radical
cations react with alkenes much faster than with typical
solvents such as acetonitrile or methanol.[% 7 This experimen-
tal finding is also in line with the fact that the synthetically
used radical cation mediated [2 4 2] cycloaddition of alkenes
proceeds without incorporation of nucleophilic solvent mol-
ecules in most cases.®1% The qualitative discrepancy between
computational results and experimental observation might be
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due to the neglect of bulk solvation effects in previous
theoretical studies. It is clear from earlier studies that solvent
effects will have a significant influence on the energetic
difference between 2 and 3. More importantly additional
solvent molecules will be actively involved in reaction steps
leading from 3 to other reactive intermediates such as
complex 4, the ethanol-2-yl radical (5) in various states of
solvation, and ultimately to closed shell reaction products. In
order to clarify this point we have now performed solution
simulations of ethylene radical cation (1) in aqueous solution.
As radical cation 1 appears to be highly reactive towards
single water molecules, a realistic description of 1 in bulk
water necessitates a quantum mechanical description of the
electronic structure of both solvent and solute. The method of
choice for such a case is the Car—Parrinello method,! 3!
which is known to provide a very good description of liquid
water['?l as well as solvation effects of cations in water!"* and
of chemical reactions.'"3 The results obtained in such a
simulation will, of course, depend considerably on the initial
conditions. We have therefore chosen two very different
starting configurations for our simulations. The first simula-
tion A was initiated from symmetric structure 2, which
according to gas phase calculations at the UMP2/6-31G(d)
level of theory?! is a transition state for water exchange. An
earlier study using a combination of ab initio electronic
structure calculations and empirical Monte Carlo solution
simulations found that 3 was better solvated than 2 by 5-
8 kcalmol.Pl The structure of 2 is reminiscent of the
solvation of symmetric carbocationic intermediates in polar
solution.[] Tf symmetric solvation (as in 2) is less favorable
than reactive solvation (as in 3) even in solution a rapid
addition of one of the water molecules in 2 to the hydrocarbon
substrate would be expected. A second simulation B has been
initiated from neutral ethylene equilibrated in water and then
vertically (that is, without prior relaxation of structural param-
eters) ionized during the course of the simulation. The initial
solvent structure around the alkene radical cation is therefore
that of neutral ethylene. In contrast to simulation A the water
addition process will likely be more difficult under these
conditions as substantial relaxation of the first solvation shell
will be required before a success-

stant number of particles, constant pressure, constant temper-
ature). The structure of the solutes (2 or ethylene) was held
rigid during the equilibration runs. Cutoff distances for
electrostatic interactions were set to 6.0 A for substrate—
solvent as well as solvent—solvent interactions. Simulations
were continued until a permanent change in volume was no
longer observed and the solute—solvent radial distribution
functions (rdf) had converged to a constant picture.

All Car-Parrinello molecular dynamics (CPMD) simula-
tions were performed with the CPMD program!'’l using a spin
polarized semilocal BLYP functional®! and a cubic box under
periodic boundary conditions. The wavefunction was expand-
ed at the I-point in a plane wave basis set with a kinetic
energy cutoff of 70 Ry, while the 1s electrons of the non-
hydrogen atoms were represented by norm-conserving pseu-
dopotentials of the Troullier—Martins type.'”) The timestep
for the numerical integration of the equations of motion
according to the velocity Verlet algorithm was set to 0.12 fs.
The treatment of the nuclei was purely classical and can
therefore not account for quantum mechanical effects.
Simulations on positively charged species were performed
with the corresponding negative charge distributed uniformly
in the cubic cell.?’]

Results
Simulation A: Starting from structure 2

The starting point for simulation A was obtained by surround-
ing rigid structure 2 randomly with 54 water molecules in a
cubic box. This system was then equilibrated using repeated
batches of 3 x 10°MC steps until both the rdfs for the
substrate and the volume of the system had converged to
constant values. As it was not clear at the outset of this study
whether simulations in such a small solvent box would give
meaningful results in terms of solvent structure, a larger cubic
box containing 2 and 263 TIP4P water molecules was treated
in the same way. The H(substrate 2)-O(TIP4P) radial
distribution function gy is most descriptive of the solvation
shell around substrate 2 and is depicted for both systems in
Figure 1. It can readily be seen that the first and also the
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Computational methods 25r
All simulations were performed sol
under periodic boundary condi-

tions. “Pre-equilibration” of the

systems was achieved through 1.5
Monte Carlo (MC) simulations

using classical potentials.'l The 10k
TIP4P model was used for water.

Standard all-atom Lennard- osl
Jones parameters were used for ’
ethylenel'¥! while the parameters

for 2 were those developed in our 0.0
earlier study.’! MC simulations 1

were performed at 25°C and
1 atm in the NPT ensemble (con-
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Figure 1. Radical distribution function gy, for the H(substrate 2)—O(water) distance in a cubic box of 54 (filled
circles) or 263 (empty circles) TIP4P water molecules obtained after MC equilibration.
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second solvation shell up to 3 A away from the water moieties
contained in 2 are described in a similar manner in both
systems. It is only beyond a distance of 3 A that small
deviations occur. The solvation shell is dominated by one
prominent peak at 1.8 A reflecting the strong hydrogen bonds
formed by the water molecules held rigid in 2 to the closest
solvating water molecules. The system finally chosen as the
starting point for the CPMD run had an edge length of 11.2 A.
Neglecting the ethylene moiety, this corresponds to a water
density of 1.19 gcm 3.

Upon initiation of the CPMD simulation, structure 2 is
converted to 3 within 90 fs. The addition process can be
monitored by the time evolution of the distance between the
ethylene carbon atoms and the closest water molecule (Fig-
ure 2). Starting from a value of 2.27 A (as in 2) the carbon
oxygen bond length reached a minimum value of 1.4 A after

complete within 90 fs. This rapid addition process indicates
that charge localized species 3 is better solvated than 2, in
which the positive charge is formally delocalized over two
carbon atoms. The lifetime of adduct 3 is also rather limited in
aqueous solution due to rapid deprotonation (within 100 fs)
and formation of 4. Complex 4 donates a proton to one of the
adjacent water molecules after another 450 fs to yield ethanol
radical § surrounded by neutral water molecules. While no
further reaction can be observed for radical 5 in our
simulation, this latter species will have a short lifetime under
most experimental conditions.

The rapid addition of one of the water molecules in 2 is only
possible if no major rearrangement of the solvent structure is
required for this step. This implies that the higher reactivity of
one of the equidistant water molecules in 2 over the second
one is likely to be a consequence of the solvent structure at the

initiation point of the CPMD
simulation. This is illustrated in
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Figure 5a, which shows struc-
ture 2 together with the six
closest solvating water mole-
cules at the starting point of
the CPMD simulation. The two
equidistant water molecules a

1.35

and b in 2 are both surrounded
by three solvating water mole-
cules such that two of these act
as hydrogen bond acceptors
. and the third as a hydrogen

7 bond donor. The hydrogen
bond distances are, however,
considerably different for a
and b. Both hydrogen bonds
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Figure 2. Time evolution of the C—O (filled circles) and C—C (filled squares) distances during simulation A.

90 fs. The vibrational amplitude of the newly formed C—O bond
becomes even smaller over the following 500 fs and remains
constant thereafter. Formation of the new C—O bond is
accompanied by elongation of the former ethylene C—C bond.
Starting from an initial value of 1.41 A the addition of water
leads to an average value of 1.48 A within 300 fs (Figure 2).

Unlike in the gas phase, adduct 3 does not represent a stable
species in aqueous solution as rapid deprotonation occurs to
give structure 4. The deprotonation process can easily be
detected in a plot of the H-O bond distance of adduct 3 as a
function of time (Figure 3), which shows a sudden increase
after 190 fs, indicating proton transfer from the reacting water
molecule to an adjacent solvating water molecule. After this
proton transfer step has occurred, the H-O stretching
vibrations are overlaid by a large amplitude vibration
between the ethanol-2-yl radical (5) and the hydronium ion
contained in 4. Complex 4 exists for approximately 450 fs. At
this point, a second proton transfer occurs from the former
hydronium ion to an adjacent water molecule. The overall
sequence of events is summarized in Figure 4.

The lifetime of symmetrically solvated radical cation 2 in
aqueous solution is very short and the addition of water is
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donated by a are shorter than
those donated by b (1.65/1.91 A
vs 1.70/1.97 A) and the same
can be observed for hydrogen

time [fs|
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Figure 3. Time evolution of the H—O distance ry;o during deprotonation of
the previously formed adduct 3 in simulation A.

bonds accepted by a and b (1.79 vs 2.33 A); the largest
distance in b is actually beyond the limit of what one might
accept for a proper hydrogen bond. The less favorable
solvation of b is a consequence of the orientation of two of
the solvating water molecules which precludes the formation
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Figure 4. Main stages of reaction of radical cation 2 in aqueous solution.
See Figure 2 and Figure 3 for time evolution of distances rcq, rcc, and rog.
Covalent and hydrogen bonds are shown by solid and dashed lines.
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the simulation, the compactness of the first solvation sphere of
the more reactive water molecule persists until the proton
transfer step occurs at 190 fs. We can therefore conclude that
both the higher reactivity of water a as compared to water b as
well as the selectivity observed in the subsequent proton
transfer steps are a consequence of the solvent structure
around the respective water molecules.

Simulation B: Starting from neutral ethylene

The starting point for simulation B was obtained by surround-
ing neutral ethylene with 56 water molecules in a cubic box.
Preequilibration of this system was achieved in the same way
as in simulation A and required three sets of 3 x 10° MC steps.
The system finally chosen as the starting point of the CPMD
simulation had an edge length of 12.6 A. This choice leads to a
significantly larger volume of the simulation box due to
hydrophobic solvation and consequently to a smaller density
of water molecules as com-
pared to simulation A. Besides
the unfavorable structure of the
first solvation shell for the ad-

191" @_@ ﬁ %_{-67 S178 dition reaction, this lower den-
& d 156 d 50 sity represents a second factor
227 12.96 12.39 e e
Ll %_@ ! Y & limiting the chances of a suc-
. a7 N2 136 cessful addition event. A first
227

Figure 5. a) Rigid structure 2 together with the six closest solvating water molecules at the starting point of
simulation A. The two equidistant water molecules contained in 2 are labeled as a and b. b) Snapshot of ethylene
with eight closest water molecules obtained at the end of the CPMD simulation of neutral ethylene with 56 water
molecules before the vertical ionization event. c) Snapshot of ethylene with the eight closest water molecules at
the point of closest carbon—oxygen distance as observed in simulation B. All distances are given in A.

of strong hydrogen bonds. Formation of stronger hydrogen
bonds will polarize water a probably in such a way that it
becomes the more potent nucleophile and thus more reactive.
The solvent structure at the starting point of the CPMD
simulation also has a pronounced effect on the proton transfer
steps observed after formation of the initial addition product
3. Of the two water molecules directly hydrogen bonded to
water molecule a (Figure 5a) it is the more distant water
molecule ¢ (H-O distance 1.91 A) that ends up abstracting a
proton and not the closer solvating water molecule d (H-O
distance 1.65 A)! This counterintuitive reactivity appears to
be due to differences in the first solvation shell between the
more and the less reactive water molecules: within a cutoff
value for the O—O distance of 3.25 A, the more reactive water
molecule ¢ is surrounded by overall five other water
molecules, while the less reactive one d is surrounded by
only three water molecules.?l Thus, the proton is transferred
to an “undercoordinated water molecule” in accordance with
the findings in ab initio simulations of proton transfer.['3* 22 23]
Moreover, the first solvation shell ¢ is significantly more
compact as compared to its less reactive competitor d. While
the numbers of nearest neighbors change at around 80 fs in

4012
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CPMD run of 100 fs was per-
formed on the neutral system to
allow for further relaxation,
now using a quantum mechan-
ical description of the electron-
ic subsystem. The MC as well as
the CPMD simulations of the
neutral system agree in that the
solvent structure around neu-
tral ethylene is very different
from that of the corresponding
radical cation. In addition it is more or less in line with
expectations for a hydrophobic hydrocarbon. A typical snap-
shot from these simulations is shown in Figure Sb, which has
been obtained after 100 fs of CPMD simulation and repre-
sents, after ionization, the starting point of the cationic part of
simulation B. There is significant free space above and below
the ethylene & system and the closest water oxygen atom is
located 2.96 A away from the ethylene carbon atoms, in
significant contrast to a distance of only 2.27 A in simulation
A. A somewhat smaller distance of 2.26 A can be noted
between the ethylene hydrogen atoms and the closest water
oxygen atom. At the point of ionization the ethylene moiety
itself is caught in a maximum of the C—C bond stretching
vibration and the C—C bond length of 1.37 A is thus
significantly longer than the distance in isolated ethylene of
133 A (BLYP value obtained by CPMD). As our primary
interest here lies in the addition of water to the ethylene
framework after ionization, the distance between the closest
water oxygen atom and one of the two ethylene carbon atoms
has been depicted in Figure 6 together with the time depend-
ence of the ethylene C—C bond distance. It must be
emphasized that the distance r-o does not always refer to
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Hartree —Fock exchange. Ac-
- cording to the analysis of
Yang?! the amount of self-in-
teraction is largest for systems

1.30

1.20

3.3

that contain singly and doubly
occupied orbitals of compara-
i ble energy. In such a case de-
localization of electron spin
density will be predicted to be

3.0
rcolAl
27

2.4

artificially stable. In order to
trace our observations back to
this effect we calculated the
ionization energies of the spe-
cies shown in Figure 7. Besides
ethylene (1) and a single water

Figure 6. Time evolution of C—O (open circles) and C—C (open squares) distances during simulation B. The

vertical line at O fs marks the ionization event.

the same water molecule, but rather to the water molecule
closest to the ethylene carbon atoms at a given time step of the
simulation. The zero point in time corresponds to the point of
ionization and previous parts of the trajectory correspond to
the CPMD simulation performed on the neutral system. In
contrast to simulation A, no addition of water to ethylene
occurs in simulation B after ionization within a simulation
time of 1.7 ps. Inspection of the variation of the C—O bond
distance between the water oxygen and the ethylene carbon
atoms in Figure 6 shows that the solvent has never approach-
ed the ethylene carbon atoms closer than 2.4 A, the closest
approach occurring after about 1.3 ps. This point is structur-
ally quite similar to the starting point of simulation A (at
2.27 A), but C—O bond formation does not occur in case B. A
snapshot of this point of simulation B is given in Figure Sc.
The attacking water molecule appears to be part of a water
trimer forming two hydrogen bonds to its nearest neighbors.
Even more surprisingly, the length of the ethylene C—C bond
appears to be barely influenced by either the ionization
process or the approach of solvent molecules (upper panel in
Figure 6). During the course of the cationic simulation of run
B, the C—C bond distance oscillates between 1.30 and 1.40 A
with an average of 1.355 A. This value is practically identical
to that of the preceding neutral simulation (1.352 A), and the
average of the first 750 fs of the cation part of the simulation is
practically identical to that of the second half (1.353 A vs
1.357 A). These structural data imply that only little of the
positive charge and thus of the unpaired spin density is
actually located on the ethylene substrate but that most of it
must be delocalized over the surrounding solvent.

These results are possibly due to deficits of the semilocal
BLYP functional. The artificial stabilization of spin-delocal-
ized states has been noted several times before, especially for
radical cations of symmetric species.** 2 Tt has been suggest-
ed by Yang?l that these problems arise through self-
interaction errors®?” inherent in pure generalized gradient
approximation (GGA) methods and that significant improve-
ments can be realized upon admixture of some fraction of

Chem. Eur. J. 2000, 6, No. 21
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molecule (6) we investigated
the water dimer 7 and trimer
8. Structure 9 represents an
assembly of four water mole-
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Figure 7. Cumulative Mulliken partial charges of the structures 2, and 7-9
obtained after vertical ionisation of the neutral species. Upper values have
been calculated at the BHLYP/6—31 + G(d,p)-level, lower values at the
BLYP/6-31+ G(d,p)-level of theory. Water molecule X of structure 9

represents the water molecule of simulation B, at which the largest spin
density is located.

cules taken from CPMD simulation B at the point of
ionization. The central water molecule X of structure 9
corresponds to that water molecule in simulation B, which
shows the largest amount of spin density in the system.
Structure 9 was not optimized on the corresponding level of
theory in order to investigate the behavior of water assemblies
present in simulation B. In all other cases, the systems were
first optimized in the neutral state and then vertically ionized
to the corresponding radical cations. Table 1 shows a summary
of the vertical ionization energies calculated in this manner at
the BLYP/6-31+ G(d,p) and BHLYP/6-31+ G(d,p) levels
of theory.?® The difference between the ionization energies of
ethylene (1) and water (6) on the BLYP/6-31 + G(d,p) level
of theory of 51.9 kcalmol~! appears to be large enough to
prevent the BLYP functional from predicting artificially
stable electron densities in the sense of Yang’s explanation.
Addition of a second water molecule as in water dimer 7
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Table 1. Summary of the ionization energies of structures 1, 2, 6-9
calculated at the BHLYP/6-31 + G(d,p) and BLYP/6-31 + G(d,p) levels
of theory. All values are given in kcalmol~.

BHLYP/6-31+G(d,p) BLYP/6-31+G(d,p) Exptll
CH, (1) 235.8 240.0 2422
H,0 (6) 286.2 291.9 291.0
(H,0), (7) 2635 268.7 258.5
(H,0); (8) 2467 230.8 -
complex2  170.9 168.8 -
(H,0), (9) 2418 2112 -

[a] Experimental data taken from ref. [29].

reduces the ionization energy by 23.7 kcalmol~! compared to
6, and addition of a third water molecule leads to another drop
of 379 kcalmol~!, now 9.2 kcalmol~! below the ionization
energy of ethylene! An even lower value can be calculated for
water tetramer 9 with an ionization energy of 211.2 kcalmol~.
How reliable are these theoretical results? Experimental
values are available for systems 1, 6, and 7%/ In all three cases
the BLYP predictions are fairly close and the largest deviation
occurs for water dimer 7. In this case the BLYP value is too
high by approximately 10 kcal mol~!, certainly not indicative
of the problems noted for the larger systems. Inspection of the
BHLYP values for these smaller systems also shows that
admixture of Hartree — Fock exchange contributions does not
lead to systematic improvement for these three systems.
However, BHLYP predicts the ionization energies for the
water clusters 8 and 9 to be higher than for ethylene, while the
reverse order is predicted by BLYP. The difference between
the ionization energies of ethylene and water tetramer 9 does
become quite small, however, even at the BHLYP level of
theory. Overall Mulliken charges calculated for the water and
ethylene fragments of structures 2 and 7-9 (Figure 7) support
the notion of artificial stabilization of delocalized states at the
BLYP level of theory. In water dimer 7 the difference between
BLYP and BHLYP partial charges amounts to 0.03 e, whereas
for water trimer 8 a much larger difference can be observed:
While the central water molecule in 8 carries a positive partial
charge of +0.92 e at the BHLYP level of theory, a much
smaller value of +0.47 e is found at the BLYP level. For
structure 9 a similar result is observed in that the central water
molecule X carries a charge of
+0.62e at the BHLYP level 16
and of +0.28 e with BLYP lev-
el. Inspection of the lowest
lying electronic states of ion-
ized cluster 8 in C,, geometry 15F
reveals that the changes in spin
and charge density are due to
selective stabilization of delo-
calized states at the BLYP level 14
of theory. The BHLYP func-
tional predicts the 2B, state to
be more stable than the 2A,
state, while the reverse order
is predicted using the BLYP

rec A1

Simulation A

ergies as well as charge and spin density distributions of the
semilocal BLYP functional are in line with Yang’s explanation
of artificial stabilization through electron delocalization. This
results in a much lower ionization energy predicted by the
BLYP as compared to the hybrid BHLYP functional. Con-
sidering this conclusion it is not obvious why simulation A
worked well. To address this question we calculated the
ionization energy of structure 2. As reported in Table 1 the
BLYP ionization energy is lower by 71.2 kcalmol~! compared
with the non-complexed ethylene (1). Although this value
most likely also suffers from the described self-interaction
errors of the BLYP functional, it nevertheless favors the
localization of charge on the ethylene moiety. These results
suggest that the problem of artificially delocalized electron
densities decreases for short C—O distances. This point can
readily be verified in our case by performing single point
energy calculations on the subsystems shown in Figure 5b
(i.e., at ionization in run B) and 5c (i.e., at closest ethylene —
water approach in run B) using the standard 6-31+ G(d,p)
basis set and the BLYP, B3LYP, and BHLYP density func-
tionals as well as the Hartree — Fock method as implemented
in Gaussian 94.2% The cumulative Mulliken charges calcu-
lated for the C,H, subunit of the supermolecule in 5b, which
bears an overall unit positive charge, is +0.24, +0.36, +-0.74,
and +0.86 at the BLYP, B3ALYP, BHLYP, and HF level of
theory, respectively. The same trend is found using CHELPG
charges.?!l For the structure depicted in 5¢ the localization of
the charge at the ethylene subunit is more pronounced. The
Mulliken charges found here amount to + 0.31, 4+ 0.51, 4 0.69,
+0.79 given in the same order as above. The differences
observed between the structures in 5b and 5c indicate that
charge localization at the ethylene moiety occurs at least to
some extent as soon as water molecules approach close
enough to one of the ethylene carbon atoms in an orientation
that is favorable for the addition process.

Despite these technical difficulties, simulations A and B can
still be considered to describe two different, but equally
relevant parts of the solution chemistry of alkene radical
cations in water. This can be seen by inspecting the “trace” of
both simulations as given in Figure 8 in a coordinate system
spanned by the C—C and C—O distances. The conformational

functional P 15
In summary, we can conclude
that differential ionization en-

4014
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Figure 8. Comparison of simulation A (squares) and B (circles) in the rq¢ vs r¢o coordinate sytem.
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space explored in simulation B is located in the lower right
quarter of Figure 8. The trajectory of closest approach carries
the system almost, but not quite, to the starting point of
simulation A, which covers the conformational space in the
upper left portion of Figure 8. The transition region for the
water addition reaction in aqueous solution will likely be
located in the small separating region between simulations A
and B at C—O bond distances around 2.3-2.4 A.

This finding can be used in order to unify previous
experimental and theoretical conclusions as outlined in the
introduction. A hydrophobic closed shell molecule such as
neutral ethylene acquires a solvent shell characterized
through a minimum of solute-solvent and a maximum of
solvent —solvent interactions in water (or other protic media).
Upon ionization the reorganization of the solvent shell and in
particular the creation of a sterically favorable configuration
for nucleophilic attack requires time. The associated time
scale is set by the intrinsic solvent dynamics close to the solute.
Thus, the reaction cannot occur instantaneously but is
“hindered” due to solvation. However, once a favorable
situation for the addition is established due to solvent
fluctuations, the reaction occurs readily without further
barrier. This latter step of the full reaction is well known
from previous theoretical and experimental gas phase studies.

Conclusion

The solvation and subsequent addition and deprotonation
reaction of the ethylene radical cation in water was inves-
tigated using Car—Parrinello molecular dynamics. Based on
two qualitatively different starting configurations, one repre-
senting favorable and the other unfavorable initial conditions
for an addition to occur, it is found that the reaction occurs
readily after a suitable solvent reorganization has taken place.
This is in line with both experimental solution phase and
theoretical gas phase studies, thus reconciling conflicting
results. In contrast to the gas phase situation it is found that
the primary addition process is followed by a rapid depro-
tonation step in aqueous solution via a fast proton transfer to
a neighboring water molecule which is “undercoordinated”.
In fact the lifetime of the initially formed distonic radical
cation appears to be less than 100 fs. The processes of
addition, bond formation, and subsequent deprotonation are
thus tightly coupled in aqueous solution.
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An Original Traceless Linker Strategy for Solid-Phase Synthesis

of N,N',N"-Substituted Guanidines

Laurent Gomez,®! Francoise Gellibert,!' Alain Wagner,*!*! and Charles Mioskowski*!?!

Abstract: An original sequence for solution- and solid-phase synthesis of N,N',N"-
trisubstituted guanidines is described. The sequence involves as key intermediate a

bis-electrophilic chlorothioformamidine that is stable, easy to prepare and also easy
to handle. Supported chlorothioformamidine, prepared in two steps from Merrifield
resin, undergoes smooth nucleophilic addition of a primary amine to afford the
corresponding supported isothiourea. The guanidine is obtained in satisfactory yield

Keywords: combinatorial chemistry
- guanidines - nucleophilic substitu-
tions - solid-phase synthesis - trace-
less linkers

and good purity through a functionalizing-release process by heating the supported
isothiourea in the presence of a primary amine in toluene at 100 °C. Compatibility of

this sequence with several functional groups is demonstrated.

Introduction

Guanidines are found in most living organisms. They are the
core features of many biologically active molecules. For
instance among amino acids, arginine plays a key role in many
peptides for receptor binding and enzymatic activity.'! Com-
plex molecules that incorporate single or multiple guanidines
units have been isolated from microorganisms and several
synthetic guanidine-containing drugs are known as HIV
protease inhibitors, NMDA receptor antagonists or DNA
binding agents.”) Moreover synthetic guanidines found wide
applications in the engineering of advanced synthetic molec-
ular recognition devices, sensors, organic materials, and
phase-transfer catalysts.!

This polyvalence might be partly explained by the wide
range of biophysical properties that guanidines can display.
For instance, pK, values of guanidines range from 14 for alkyl-
to 7 for benzoyl-substituted guanidines. Similarly, the hydro-
gen bonding pattern and metal ion coordination properties of
to guanidines are modulated by the nature and the degree of
substitution. In addition remarkable stability is conferred to
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the guanidinium skeleton by the so-called Y aromaticity, that
is resonance through three canonical forms.“!

As a consequence, guanidine synthesis has been intensively
investigated for many years both in solution-phase chemistry
and more recently in solid-phase synthesis. In solution-phase
chemistry, five major routes for the synthesis of polysubsti-
tuted guanidines can be distinguished and classified according
to the precursor involved® (Scheme 1).

H\N RS\N
N
| | 4 E 1. .C*
1 _H A 1 R R .
R\N)\l}l R\N N \'}l
R H R2 R R?
B D
C
X Cl
4
Rl\N)J\N,R Rl\ Rl\N/)\CI
h I N=C=N
RZ R R3
X=0,S

Scheme 1. Methods for the preparation of guanidines from different
precursor.

Substituted guanidines are prepared by reaction of alkyl or
aryl guanidines with various electrophiles under basic con-
ditions (path A). This approach leads to mixtures of products
except for sterically hindered electrophiles which react with
free guanidines to give monosubstituted adducts. All other
methods involve an electrophilic precursor of the guanidine
moiety, which reacts with a nucleophilic primary or secondary
amine. The electrophilic precursor can be generated from
various functions. Thiouroniums for instance (path B, X =S),
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are prepared by alkylation of thiourea with reagents, such as
trialkyl oxonium salts or alkyl halides. Treatment of thiourea
with chlorinating agents, for example phosphoryl chloride,
affords chlorouronium salts which are reactive guanidine
precursors. Similarly electrophilic imino N? centers are
generated from ureas (path B, X=0), by treatment with
strong alkylating or chlorinating agents. Carbodiimides
(path C), obtained by dehydration or desulfurization of ureas
or thioureas, react smoothly with an amine to yield tri-
substituted guanidines. Bis-electrophilic precursors which
react successively with two mono- or di-substituted amines
to give N,N'-polysubstituted guanidines were also reported.
For example carbonimidic dichloride is prepared by chlori-
nation of isothiocyanate (path D). N,N-Disubstituted guani-
dine can be obtained by reaction of an amine group with a
guanylating agent, for example cyanamide (path E), N,N'-di-
(tert-butoxycarbonyl)thiourea or N,N'-bis-Boc-1-guanylpyra-
zole.

Several approaches for solid-phase synthesis of guanidines
have already been reported in the literature. Early approaches
were often based on synthetic schemes derived from solution-
phase chemistry, that is the reaction of a resin-bound carbodi-
imide with an amine in solution. These approaches do not fully
benefit from the use of the solid support. The linkage between
the resin and the guanidine precursor through an ester or
amide functionality leave a carboxylic acid residue on the
cleaved product. More recent work focussed on the develop-
ment of traceless linkers for guanidine solid-phase synthesis.”]
For instance N,N'-bis-(fert-butoxycarbonyl)thio-pseudourea
was used as a masked guanidine scaffold which after
derivatization could be cleaved from the resin upon treatment
with a primary amine.[¥! However, only mono- or bis-N,N-
substituted guanidines were prepared through this process.

Results and Discussion

Herein we describe an original sequence for solution- and
solid-phase synthesis of N,N',N"-trisubstituted guanidines in
good yield under mild conditions. The sequence involves as
key intermediate a bis-electrophilic chlorothioformamidine B
(Scheme 2). Compared with the above mentioned bis-electro-
philic guanidine precursor such as carbonimidic dichloride
(path D), chlorothioformamidine is more stable and both easy
to prepare, and to handle.

Bn Bn_

N

s s
a) b)
RI—NH, ——> Rl\Nks 7 . Rl\N/)\d
H A B

R Bn,
NH d) 2
1 R
Rl\ )\\ ,RZ - R \N)%N’
N N H
H c

Scheme 2. Synthesis of guanidines through two consecutive nucleophilic
additions of amines on the bis-electrophilic isothiourea intermediate
generated from a dithiocarbamate precursor. a) BnCl, CS,, THF, rt, 12 h.
b) COCl,, toluene, 60°C, 12 h. ¢) R?NH,, toluene, 60°C, 12 h. d) R’NH,,
toluene, 100°C, 60 h.
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A preliminary study was conducted in solution to determine
the scope and limitation of this synthetic scheme. Dithiocar-
bamate A is obtained by reaction of an amine with carbon
disulfide in the presence of benzyl chloride. This reaction was
extensively studied and is described to work with many alkyl
halides.’’ However, benzyl chloride was chosen for this study
because it mimics the Merrifield resin. The dithiocarbamate is
quantitatively converted into the corresponding chlorothio-
formamidine B by treatment at 60°C with phosgene in
toluene for 12 h. In the presence of an amine this intermediate
undergoes nucleophilic addition at 60 °C to afford isothiourea
C. No double addition was observed at this stage. The second
addition which leads to the urea formation could be effected
by heating the isothiourea at 100°C in the presence of an
excess of a third amine. For this last reaction different solvents
were evaluated. After 6 h reaction, conversion reached 80 %
in DMSO and 50 % in toluene, while in acetonitrile or dioxane
conversion was only around 20 % . NMR analysis of the crude
mixture from reaction mixture carried out in DMSO showed
the presence of unidentified side products. Since purity of the
crude is a crucial issue with regard to the use of this sequence
for SPS, toluene appeared as the most suitable solvent. We
then carried out a series of experiments in which we tested all
possible combinations of primary and secondary amines in
each step.

Two major limitations were found: for tri-substituted
isothuourea the nucleophilic substitution of the thioalkyl
residue did not proceed and secondary amines did not react
with N,N'-bis-substituted isothiourea. In both cases the
isothioureas were recovered without degradation after 12 h
at 100°C in the presence of an excess of amine. An increase in
temperature to 140°C did also not bring the reaction to
proceed. Thus, it appeared that the nucleophilic substitution
of thioalkyl residue is highly sensitive to steric hindrance.
Hence, only primary amines can be used in this sequence.
Nevertheless the procedure and the diversity of available
primary amines led us to develop a SPS strategy based on the
described pathway (Scheme 3).

NN
R3- “Rl
Q—" 1

R2

Scheme 3. Traceless linker strategy for solid-phase synthesis of N,N',N"-
substituted guanidines. a) Merrifield resin, CS,, THF, RT, 12 h. b) COCl,,
toluene, 60°C, 12 h. ¢) R?NH,, toluene, 60°C, 12 h. d) R°NH,, toluene,
100°C, 60 h.

In a previous paper we showed that the use of chlorome-
thylpolystyrene (Merrifield resin) instead of benzyl chloride
in the first step resulted in the quantitative formation of resin-
bound dithiocarbonate.l'”! The treatment of this supported
dithiocarbamate with an excess of oxalyl chloride at 60°C for
12 h gives the expected resin-bound chlorothioformimidate.
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Noteworthy, a prolonged reaction time led to a decreased
yield of the final guanidine. This is presumably due to partial
cleavage of the benzylic resin-dithiocarbonate bond as
evidenced by the weaker intensity of the chlorothioformimi-
date IR signal. After washing, an excess of primary amine is
added to a suspension of resin-bound chlorothioformimidate
in toluene. The mixture is shaken at 60°C for 12 h to give the
supported isothiourea after thorough washing of the resin.
The thermolytic cleavage is then performed by heating a
suspension of resin in the presence of an excess of primary
amine in toluene at 100°C for 60 h.

After the reaction mixture was concentrated in vacuo, 'H-
NMR analysis of the residue showed that only the desired
guanidine along with the excess of amine used in the cleavage
step were present in the crude cleavage mixture. Guanidines
are polar, basic, and hydrophilic compounds, which are known
to be difficult to purify. Since tedious purification is not
compatible with high-throughput process, guanidines purifi-
cation were carried out simply by diluting the concentrated
crude reaction mixtures in methylene chloride and precip-
itation by addition of ether. Using this procedure the purity of
the final compounds is found to be over 90 % by HPLC and
'"H-NMR analysis. The yields indicated in Scheme 4 are given
for the product recovered by precipitation and calculated
from the theoretical initial loading of the starting Merrifield
resin (1.2 mequiv per g). It is noteworthy that if the
purification are performed by preparative TLC the isolated
yield are increased by more than 20%.

After each SPS step, resins were analyzed by single bead IR
microscopy and “C-NMR sprectroscopy. All intermediates
showed characteristic IR signals that allowed the monitoring
of the successive transformations. In particular, the NH
signals were characteristic for dithiocarbamates at around
3350, 3255 cm! and 1375, 1325 cm ™, for the isothioureas at
3420 cm~! while chlorothioformamidines, which did not show
any NH signal, showed a characteristic band at around
1645 cm~!. Other signals at 1090 cm~! and 1615 cm~! were also

2
N\/R 3 ;
RX 3

\N/I\N/R

characteristic of the dithiocarbamate and isothiourea fonc-
tions, respectively.

Our procedure allows traceless synthesis of guanidine by
three successive reactions of primary amine. To illustrate the
compatibility of the reaction conditions with various func-
tional groups, some representative amines were tested.

As was anticipated, the reaction sequence is compatible
with a wide variety of structures and functional groups. In the
first step, only nonfunctionalized alkyl-, aryl-, and allylamines
were involved to avoid possible side reactions with oxalyl
chloride in the activation step. In the later steps more complex
amines bearing various functionalities were used (see
Scheme 4), that is ether 6, 10, and 11, thioether 7, carbamate
11, and 12, amides 6, tertiary amine 2, phosphinate 7 and the
aromatic heterocycle 10. In all cases the desired polyfunc-
tional tri-substituted guanidines were obtained with satisfac-
tory yields and good purities. Interestingly, the use of aqueous
ammonia in the second step allows the preparation of N,N'-
disubtituted guanidines such as 14.

Additional diversity can be introduced on the guanidine
scaffold by derivatization of a suitably functionalized isothiourea
intermediate. For instance, the aryl bromide substituted iso-
thiourea intermediate 9 would be an ideal substrate for prepa-
ration through palladium coupling reactions of biphenyl-con-
taining guanidine libraries and N-Boc substituted isothiourea
12 would allow after deprotection, introduction of an
additional diversity by amide, carbamate, or sulfonamide
formation.

In summary, we reported an original and efficient synthetic
protocol for the synthesis of N,N',N" trisubstituted guanidines.
The reported reaction sequence is well adapted for SPS since
it allows in a four-step process the addition of three primary
amines under reaction conditions compatible with a wide
variety of functional groups. Moreover since the reaction
conditions are suitable for automation and high-throughput
synthesis, it appears possible to prepare large libraries of
guanidines by this traceless linker strategy.

Q o

HN HN AN
AT A O NW SNy oy )
No. (Yield) 3 (66 %) 5 (25 %)
1(52 %) 2 (44 %) 4 (36 %)
QO S\/ j/ /©/Br
NH HN = HN
H HN o :
YN/)\N/\/NW/ N/)\NNB\—O/\ N/)\NA@/ A N)\N/\/\O/
~ l = H o \‘/\ H SN H 2 l = H
o 6 (33 %) 8 (47 %) 9 (28 %)

?o

J/N\”/O\’<

H
C
HN NH2
AN

\N 11 (36%

10 (50 %)

N
g/NN

12 (42 %)

7< @ ©/\ 14(28%)

13 (47 %)

Scheme 4. Representative guanidines prepared by solid-phase synthesis strategy reported in this paper.
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Experimental Section

General: All chemicals were obtained from commercial suppliers. The
Merrifield resin (200-400 mesh) was purchased from Novabiochem.
Filtration devices equipped with 5um pore size PTFE membrane were
purchased from Whatman. Solvents for reactions were distilled prior to use.
Analytical grade solvents were used for both reactions and resin washing.
One-bead IR analysis was carried out using a Perkin—Elmer 2000 FT
spectrometer coupled to a Perkin—Elmer Autoimage microscope. NMR
analyses were performed on Bruker 300- and 200-Avance DPX spectrom-
eter.

Typical procedures for SPS—Preparation of supported dithiocarbamate:
Carbon disulfide (0.12 mL, 2 mmol), N-ethyldiisopropylamine (0.21 mL,
1.24 mmol), and amine (1.86 mmol) were added successively at RT to a
suspension of Merrifield resin (1 g, 1.24 mmol) in THF (10 mL). The
mixture was shaken for 12 h at room temperature. The excess reagents
were removed by washing the resin four times alternately with THF
(15mL), CH,Cl, (15mL), and MeOH (15mL). After drying under
vacuum, IR analysis of the resin showed the characteristic bands of the
solid-phase supported dithiocarbamate at around 3350 (NH), 3255 (NH),
1375, 1325, 1090, and 1060 cm~".

Activation step: An excess of phosgene (3.7 mmol) was added to a
suspension of the polymer-bound dithiocarbamate (1 g) in toluene (10 mL)
at room temperature. The mixture was heated at 60 °C for 12 h to promote
chlorothioformimidate formation. The resin was then filtered and washed
four times with toluene (15 mL) and CH,Cl, (15 mL). After drying under
vacuum, IR analysis of the resin showed the characteristic signal of the
supported chlorothioformimidate at 1645 cm™".

Formation of supported isothiourea: The chlorothioformimidate resin
recovered from the previous step was then treated with an excess of
primary amine (3.7 mmol) in toluene (8 mL) for 12 h at 60 °C. The resulting
resin was then filtered off and washed four times alternately with CH,Cl,
(15 mL) and MeOH (15 mL). After drying under vacuum, IR analysis of
the resin showed the characteristic bands of the solid-phase supported
isothiourea at 1615 cm~".

Thermolytic cleavage: An excess of primary amine (3.7 mmol) was added
to the polymer-bound isothiourea (recovered from the previous step) in
toluene (10 mL). The mixture was heated at 100°C for 60 h. The resin was
then filtered off and washed four times alternately with CH,Cl, (15 mL)
and MeOH (15 mL). The filtrate was concentrated under vacuum to afford
the crude mixture containing the guanidine and excess of amine. The crude
was then dissolved in a minimum amount of CH,Cl, (1 mL). Dropwise
addition of ether (15 mL) resulted in precipitation of the guanidine, which
was recovered by filtration. 'H-NMR and HPLC/mass spectroscopy
analysis were performed for each compound.

Analytical data

N-Phenyl,NV'-isobutyl, N'-benzyl-guanidine (1): 'H NMR (300 MHz,
CDClLy): 0=0.78 (d, 3/ =6.8 Hz, 6H), 1.77 (tseptet, 3] =6.8 Hz, 6.4 Hz,
1H), 2.98 (d, %/ =6.4 Hz, 2H), 4.44 (s, 2H), 701 -7.28 (m, 10H); MS (IC/
NH,") m/z: 282 [M — H]".

N-Cyclopropyl,N'-(4-methoxybenzyl),N"'-(2-pyrrolidin-1-yl-ethyl)-guani-
dine (2): '"H NMR (300 MHz, CDCl;):  =0.50-0.61 (m, 2H), 0.76-0.81
(m, 2H), 1.30-1.59 (m, 4H), 2.27-2.61 (m, 7H), 3.22-3.31 (m, 2H), 3.69
(s,3H),4.48 (s,2H), 6.74 (d, 3] =8.3 Hz, 2H), 728 (d,*/ =8.3 Hz, 2H); MS
(IC/NH,") m/z: 317 [M —H]".

N-Benzyl,N'-cyclohexyl,N"-hexyl-guanidine (3): 'H NMR (300 MHz,
CDClL): 6=0.81 (t, 3/=6.7 Hz, 3H), 1.09-1.84 (m, 18H), 3.34 (td, %/ =
6.0 Hz, 6.4 Hz, 2H), 3.69-3.82 (m, 1H), 4.56 (d, °J =5.7 Hz, 2H), 6.20 (d,
3J=79 Hz, 1H), 7.18-740 (m, 5H), 858 (t, 3/=5.7Hz, 1H); MS (IC/
NH,") m/z: 316 [M — H]".

N-BenzyL,N'-cyclohexyl,N"-cyclopropyl-guanidine (4): '"H NMR (300 MHz,
CDCl;): 6=0.51-0.89 (m, 4H), 1.09-1.56 (m, 8H), 1.84-1.87 (m, 2H),
2.52-2.61 (m, 1H), 3.84-3.96 (m, 1H), 4.66 (s, 2H), 6.06 (brs, 1H), 7.21—
744 (m, 5SH), 8.52 (brs, 1H); MS (IC/NH,") m/z: 272 [M — H]".
N-AllyL,N"-benzyl,N"-phenyl-guanidine (5): '"H NMR (300 MHz, CDCl,):
0=3.60 (t, 3/ =3.7 Hz, 1H), 3.80 (dd, 3/ =3.7 Hz, 8.0 Hz, 2H), 4.38 (brs,
1H), 4.42 (s, 2H), 5.06-5.15 (m, 2H), 5.60-5.80 (m, 1H), 7.00-7.26 (m,
10H); MS (IC/NH,*) m/z: 266 [M — H]*.
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N-{2-[N'-(4-Methoxy-benzyl),N"-(tetrahydrofuran-2-yl-methyl)-guanidi-
noJ-ethyl}-acetamide (6): '"H NMR (200 MHz, CDCl;): 6 =1.59-1.98 (m,
4H), 2.00 (s, 3H), 3.17-3.25 (m, 1H), 3.46-3.74 (m, 7H), 3.80 (s, 3H),
3.89-3.98 (m, 1H), 4.39 (s, 2H), 6.87 (d, %/ =8.5Hz, 2H), 725 (d, %/
=8.5Hz, 2H), 9.07 (brs, 1H); MS (IC/NH,*) m/z: 349 [M — H]*.
N-{2-[N'-(2-Ethylsulfanyl-ethyl),N"-isobutyl-guanidino ]-ethyl]}-phosphonic
acid diethyl ester (7): 'H NMR (200 MHz, CDCL): 6 =1.02 (t, 3/ =6.6 Hz,
6H), 1.28 (t, /=73 Hz, 3H), 1.36 (t, 3/ =6.8 Hz, 6 H), 2.01 (tseptet, /=
6.6 Hz, 6.9 Hz, 1H), 2.17 (td, /= 6.8 Hz, 14 Hz, 2H), 2.61 (q, /=73 Hz,
2H), 2.86 (t,°J =6.1 Hz, 2H), 3.10 (dd, °J =5.3 Hz, 6.9 Hz, 2H), 3.52-3.82
(m, 4H), 4.13 (qd, 3/=6.8 Hz, 14 Hz, 4H), 7.70 (brs, 0.5H), 7.92 (brs,
0.5H), 8.32 (brs, 1H); MS (IC/NH,*") m/z: 368 [M —H]*.
N-Benzyl,N'-butyl,N"-isobutyl-guanidine (8): 'H NMR (300 MHz, CDCl;):
0=0.78 (d, ’J=6.6 Hz, 6H), 0.79 (t, /= 6.8 Hz, 3H), 1.20 (tq, °’J = 6.8 Hz,
72 Hz, 2H), 1.45 (tt, %/ =6.8 Hz, 7.2 Hz, 2H), 1.80 (tseptet, %/ =6.6 Hz,
72 Hz,1H), 3.08 (d,*/ =72 Hz; 2H), 2.27 (t,°] = 6.8 Hz, 2H), 4.52 (s, 2H),
720-7.36 (m, 5H); MS (IC/NH,*) m/z: 262 [M —H]*.
N-(4-Bromo-phenyl),N'-(3-methoxypropyl),N"'-(1-(+)-phenyl-ethyl)-gua-
nidine (9): '"H NMR (200 MHz, CDCl;): 6 =1.57 (d, %/ =6.8 Hz, 3H), 1.70
(tt,%J=5.3Hz, 5.1 Hz, 2H), 3.14 (s, 3H), 3.28 (t, 3/ =5.1 Hz, 2H), 3.34 (t,
3J=53Hz, 2H), 472 (m, 1H), 6.93 (d, /=8.6 Hz, 2H), 7.30-7;33 (m,
5H), 743 (d, 3] =8.6 Hz, 2H); MS (IC/NH,*) m/z: 390 [M — H]*.
N-Cyclopropyl,N'-pyridyl-3-methyl, N’-(tetrahydrofuran-2-yl-methyl)-gua-
nidine (10): 'H NMR (200 MHz, CDCl;): 6 =0.52-0.64 (m, 2H), 0.85—
0.91 (m, 2H), 1.61-1.95 (m, 4H), 2.63-2.75 (m, 1H), 3.20-3.31 (m, 1H),
3.53-3.70 (m, 3H), 3.90-3.94 (m, 1H), 4.81 (s, 2H), 7.23 (m, 1 H), 7.91 (m,
1H), 8.46 (m, 1H), 8.68 (s, 1H); MS (IC/NH,*) m/z: 275 [M — H]".
{2-[N'-(3-Methoxypropyl),N"-(1-(+)-phenyl-ethyl)guanidino]-ethyl}-car-
bamic acid fert-butyl ester (11, 12): 'H NMR (200 MHz, CDCl;): 6 = 1.46 (s,
9H), 1.63 (d, *J=6.0 Hz, 3H), 1.71-1.95 (m, 2H), 3.17 (s, 3H), 3.17-3.59
(m, 8H), 4.78 (d, 3/ =6.0 Hz, 1H), 6.02 (brs, 1H), 7.30-7.40 (m, 5H); MS
(IC/NH,*) mlz: 379 [M —H]*.
Benzyl-(1,4,5,6-tetrahydro-pyrimidin-2-yl)-amine (13): 'H NMR (300 MHz,
CDCl;): 6 =1.68 (quint, J =5.6 Hz, 2H), 3.10 (t, °J =5.6 Hz, 4H), 4.37 (s,
2H),7.17-728 (m,5H), 7.73 (brs, 1 H), 8.06 (brs, 1H); MS (IC/NH,*) m/z:
190 [M —H]*.

N-Benzyl,N'-cyclopropyl-guanidine (14): 'H NMR (300 MHz, CDCl;): 6 =
0.60-0.64 (m, 2H), 0.71-0.77 (m, 2H), 2.41-2.56 (m, 1H), 4.49 (d, 3/ =
5.7 Hz, 2H), 4.90 (brs, 1H), 5.33 (brs, 1H), 7.30-7.35 (m, 5H); MS (IC/
NH,") m/z: 190 [M —H]*.
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Torquoselectivity in the Cationic Cyclopentannelation

of (2Z)-Hexa-2,4,5-trienal Acetals

Beatriz Iglesias,?! Angel R. de Lera,*!*! Jesiis Rodriguez-Otero,™ and Susana Lopez!*!

Abstract: Inter- and intramolecular
trapping experiments and density func-
tional theory ab initio calculations for
model systems are consistent with the

—30°C. B3LYP/6-31G**//HF/6-31G**
calculations for models 36, 38 and 40
predict that the two alternative conro-
tations at the cyclization termini are

—60°C, in consonance with the exper-
imental observation that divinylallene
1la rearranges exclusively to E-4a at
temperatures below —30°C. At higher

acid-catalyzed rearrangement of 2-[(12)-
hexa-1,3,4-trienyl]dioxolanes 1 to tetra-
hydroalkylidenecyclopenta-1,4-dioxins

4; this involves the electrocyclic ring
closure of substituted hydroxypenta-
dienyl carbocations. The reaction, which
may be considered a variant of the
Nazarov cyclization, occurs much more
readily than the standard Nazarov cy-

associated with activation energies dif-
fering by 0.55, 0.56 and 1.60 kcal mol 1,
respectively, in favour of the R-outwards
rotation. This last value corresponds to
an E-41/Z-41 product ratio of >99:1 at

Keywords: ab initio calculations-
acetals - cyclizations - hexa-2.4,5-
trienal acetals - selectivity

temperatures the torquoselectivity of
the reaction 1a — 4a is masked by sub-
sequent isomerization to the Z isomer,
the greater stability of which is attribut-
able to steric interaction between the
substituent at the exocyclic double bond
and the bulky neighbouring fBu group in
the E isomer.

clization, proceeding rapidly even at

Introduction

We recently reported that treatment of 2-[(1Z)-hexa-1,3,4-
trienyl]dioxolanes 1 with p-toluenesulfonic acid (p-TsOH) at
room temperature affords tetrahydroalkylidenecyclopenta-
1,4-dioxins 4 (Scheme 1).[1 If this process proceeds by the
generation of the charged ring 3 via carbocation 2, followed by
trapping of the resident hydroxyl, then as the electrocyclic
annelation of a (substituted) hydroxypentadienyl carbocation
it may be regarded as a variant of the Nazarov cyclization, the
standard version of which is currently understood to be the
acid-catalysed 4m-e~ electrocyclic ring closure of divinyl
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Scheme 1. Ring closure reactions.

ketones 5 to cyclopentenones 8 via 3-hydroxypentadienyl
and hydroxycyclopentenyl cations (6 and 7, respectively;
Scheme 1).121

The variant 1 — 2 — 3 — 4 (in which the charge is developed
at the 1-position of a 2,4-pentadiene system instead of the
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3-position of a 14-system, and the uncharged cyclization
terminus forms part of an allene system*~!) has a precedentl®!
in the Lewis acid induced cyclization of alcohols 9 to
4-hydroxy-5-methylenecyclopentenones 11 via the (2Z)-4-
methoxyhexa-2,4,5-trienals 10 (Scheme 1).['1 However, being
substituted at both termini, the conrotatory thermal cycliza-
tion of vinylallenes 1 can give rise to either Z or E isomers
with respect to the exocyclic double bond of 4, depending on
whether the substituent R rotates inwards or outwards
(Scheme 2). This therefore gives rise to the possibility of

Bu
Bu Bu
=z
HO . HO
R}‘, " g K;‘ 2
R (¢}

° R outward R R inward

Z-3a

Bu o) Bu o)
D i= )
o S
R

E-4a Z-4a
Scheme 2. Reaction scheme for the formation of Z- and E-4, depending on
whether the substituent R rotates inwards or outwards.

torquoselectivity,’® °I that is, diastereoselectivity that arises as
a result of a preference for one or the other rotation mode. Of
further synthetic interest, not explored in this work, is the fact
that a selective mode of rotation in these systems would
transfer the configuration of their axial chirality into a certain

Abstract in Spanish: Los experimentos de atrapado inter- e
intramolecular y los cdlculos ab initio DFT realizados con
sistemas modelo concuerdan con un mecanismo de reordena-
miento por catdlisis dcida para la transformacion de los
2-[(1Z)-hexa-1,3,4-trienil]dioxolanos 1 en las tetrahidroalqui-
lidenciclopenta-1,4-dioxinas 4, a traves de la electrociclacion de
carbocationes hidroxipentadienilicos sustituidos intermedios.
Esta reaccion puede, por tanto, ser considerada como una
variante de la ciclacion de Nazarov, aunque transcurre a mayor
velocidad que ésta iltima, incluso a —30°C. Los cdlculos
B3LYP/6-31G**//HF/6-31G** realizados sobre los sistemas
modelo 36, 38 y 40 predicen que los dos posibles modos de
conrotacion alternativos estdn asociados a valores de energias
de activacion que difieren en 0.55, 0.56 y 1.60 kcalmol™,
respectivamente, a favor del modo de rotacion R-hacia afuera.
Este ultimo valor corresponde a una relacion de productos
E-41/Z-41 de >99:1 a —60°C, lo que corrobora la observa-
cion experimental de que el divinilaleno 1a se transforma
unicamente en E-4a a temperaturas inferiores a —30°C. A
temperaturas mds elevadas la torqueselectividad de la reaccion
1a— 4 aseve enmascarada por la posterior isomerizacion del
producto al isomero Z, cuya mayor estabilidad se atribuye a la
interaccion esterica entre el sustituyente sobre el doble enlace
exociclico y el voluminoso grupo tBu vecino en el isomero E.
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double bond configuration in a stereoconvergent way. By the
same token, the use of enantiomerically pure allenes should
result in the transfer of the allene axis chirality to the two
newly generated stereocenters at the angular carbons of the
dioxolane/cyclopentene ring during the torquoselective, elec-
trocyclic ring closure. As a result, enantiomeric cyclized
products 4a should be obtained from the enantiomers of the
starting (2Z)-hexa-2,4,5-trienal acetals 2a.

In our earlier work!l we observed very little torquoselec-
tivity in the cyclization of 1a, obtaining a 60:40 mixture of the
1'E and 1'Z isomers of 4a. This was surprising in view of the
total torquoselectivity of the related electrocyclic closure of
vinylallenes to alkylidenecyclobutenes,['”) and it prompted us
to further investigate the process. In this article we describe in
full our work with vinylallenes 1, including density functional
theory (DFT) ab initio calculations for the analysis of the
torquoselectivity of the electrocyclization process and the results
of attempts to broaden the synthetic utility of the reaction by
intermolecular trapping of the intermediate cation.

Results and Discussion

Preparation of vinylallene acetals 1: A versatile approach to
the required vinylallenes that is based on the displacement of
propargyl benzoates by cuprates has been described else-
where.l'%] Tt proceeds uneventfully provided care is taken to
prevent propargyl and allenyl derivatives from encountering
acidic conditions during work-up and purification. With these
precautions, the protected enynal 13[''? was deprotonated
with nBuLi and then coupled to aldehydes 12a - ¢[''® to afford
propargyl alcohols 14a—c¢ (Scheme 3). Benzoates 15a—c¢ were
prepared by quenching the alkoxide derivatives of 14a—c
with benzoyl chloride, and were then treated with the cuprate
obtained upon treatment of /BuLi (2 mol equiv) with CuCN.
This afforded the tert-butyl-substituted vinylallenes 1a—c in
good overall yields, presumably through a regioselective Sy2’
displacement reaction.

i
A —_— =z
R-CHO + Z o R~ o
O
12 / OH /
13 14
ii
Bu
= A
R ] iii R F

O OBz O\ ’O

Co

1 15

NN Me

a b c
Scheme 3. i) nBuLi, THF, —78°C, 1 h; 25°C, 1 h; ii) nBuLi, BzCl, THF,
—78°C to 25°C in 2 h; iii) rBuLi, CuCN, Et,0, —78°C, 1 h; 0°C, 1 h.
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Cyclization of vinylallene acetals 1: When acetals 1a—c were
cyclized under deprotection/activation conditions,?) which
involved a variety of Brgnsted or Lewis acids in solution or
linked to insoluble polymers (Scheme 4), best yields were

tBu
~ .
R~" | acid
o
Lo
1 zZ4 E-4
R=

Scheme 4. Reaction scheme for the cyclization of acetals 1a—c¢ under
deprotection/activation conditions.

obtained using the Brgnsted acid p-TsOH,!"* the hard Lewis
acid FeCl; - SiO,," LiBF, (thought to act by generation of the
Lewis acid B(OH); and the nucleophile F~)['*l and the soft
Lewis acids LiClO, (in ether)!'® and PdClL(CH;CN),"!
(Table 1).I'1 The Z and E products of these reactions were
separated chromatographically and identified by 'H and

Table 1. Cationic cyclopentannelation of 1a—ec.

Acetal Acid® Product Z/E ratiol! Z/E ratiol? Yield [% ]9l

1a p-TsOHM 4a 42:58 >99:1 99
FeCl;- SiO,M >99:1 96
LiBF,»! 66:34 66:34 99
LiClO,!10] >99:1 92
PdCL,(CH;CN),I"! >99:1 99

1b p-TsOHMI 4b 35:65 25:75 99
FeCl, - SiO ! 48:52 80:20 99
LiBF,! 43:57 45:55 96
LiClO,[10] NR
PACL(CH,CN),!!" 80:20  >99:1 97

1c p-TsOH!! 4c 35:65 25:75 50
FeCl, - SiO ! 42:58 50:50 85
LiBF, 42:58 34:66 55
LiClO 0] 36:64 32:68 65
PACL,(CH;CN),I!" 45:55 50:50 39

[a] Reaction conditions: p-TsOH, 0.1 mol equiv, acetone/H,O; FeCl;-
SiO,, 1.3 mol equiv, CHCl;; LiBF,, 1.0 mol equiv, CH;CN (2% H,0);
LiClO,, 1.5 mol equiv, Et,0; PdCl,(CH;CN),, 0.2 mol equiv, acetone/H,O.
All reactions proceeded for 30 min at 25°C except where otherwise stated.
All experiments were performed in triplicate. [b] Isomer ratio determined
by weighing the purified products. [c] Isomer ratio after 46 h at 25°C,
determined by integration of the "H NMR spectra. [d] Purified products.
[e] NR, no reaction.

BC NMR spectroscopy. Initial elucidation of the structures
of Z- and E-4a—c (obtained by using p-TsOH for depro-
tection/activation) was based on the replacement of the acetal
and vicinal vinyl proton signals (which for 1a lie at 6 =5.41
and 5.31, respectively) by signals in the region 6 =4.0—-4.5
region suggestive of a tetrahydro-1,4-dioxin,["” on the appear-
ance of ’C NMR signals for ring-fusing tertiary carbons in the
region 6 =72.0—80.01'*I and on the difference, between one
product and the other, in the chemical shift of one of these
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signals (0 =74.5 and 78.7 for 4a, 6 =72.1 and 77.9 for 4b, and
0=71.9 and 78.5 for 4c¢). This difference in chemical shift was
interpreted as being due to the shielding of C4a by the allyl
substituent through steric compression in the Z isomer but not
in the E isomer (y-effect).?l The y-effect was also assumed to
be responsible for the signal of the exocyclic allyl methyl
group which lies at higher field in the spectrum of Z-4 ¢ than in
that of E-4¢, at 6 =13.4 versus 0 = 17.7. The structures were
further confirmed by the results of NOE experiments;
enhancement of absorption by the exocyclic vinyl proton
upon saturation of the ‘Bu substituent was observed in the
products tentatively identified as Z isomers but not in the £
isomers.

With p-TsOH as deprotection/activation agent, the product
of reaction of 1a for 30 min at 25°C (hereinafter, “standard
conditions”) was an almost quantitative yield of a 42:58
mixture of the Z and E isomers (Table 1). The contrast
between this ratio and the much greater torquoselectivity of
the analogous processes for four-membered rings,'”! and the
finding that LiBF,, FeCl;- SiO,, LiClO, and PdCl,(CH;CN),
all favoured the Z rather than the E isomer under standard
conditions (the latter three affording the Z isomer almost
exclusively; see Table 1), suggested that the true torquose-
lectivity of the cyclization process might be being masked by
subsequent isomerization. To investigate this possibility 1a
was treated with p-TsOH in [Dg]acetone/D,0 at —60°C, and
'H NMR spectra were run every 20 min as the temperature
was increased stepwise to 0°C in 10 °C intervals, and finally to
25°C. Between —60°C and —40°C there was a significant
build-up of E-4a, and no significant amount of the Z isomer
had appeared even when all 1a had been consumed (after
20 min at —30°C). At room temperature, however, Z-4a was
formed at the expense of the E isomer, Z/E ratios of 55:45,
66:34, 75:25, 91:9 and 99:1 being estimated from the spectra
run after 65, 113, 161, 257 and 400 h respectively. It was
concluded that the Z isomer is thermodynamically more
stable than the E isomer, and that under the standard reaction
conditions the initial cyclization product £-4a had undergone
partial isomerization to the more stable form. Furthermore,
the involvement of the acid in the isomerization process was
shown by the results of separate experiments carried out at
25°C with pure E-4a; this substrate was recovered unaltered
after 48 h when stirred in acetone/water, but was cleanly
converted to the Z isomer in 46 h when p-TsOH was added to
the reaction medium. At the same temperature, stirring in
hexane with a catalytic amount of iodine also brought about
total isomerization (within 30 min), as it does with other
polyenes,?!l whilst stirring in hexane for 2 h permited recovery
of unaltered E-4a. Finally, it was found that the extent of
isomerization might be limited by the nature of the acid;
whereas the 66:34 Z/E ratio obtained with LiBF, in CH;CN/
water under standard conditions was unchanged after stirring
for 46 h (Table 1), total isomerization was achieved by stirring
for a further 15 h after addition of a catalytic amount (0.2 mol
equivalents) of the soft Lewis acid Pd!.

The results obtained with the simpler divinylallene 1b were
more complex. Firstly, there was no reaction with LiClO,, a
fact that seems unlikely to be totally due to the attenuation of
the Lewis acidity of Li* by complexation with the solvent and
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the counterion.?? Secondly, prolonged exposure to the acid
increased the Z/E ratio as expected when Pd" and FeCl; - SiO,
were used (to >99:1 and 80:20, respectively), but prolonged
exposure to p-TsOH or LiBF, did not significantly alter the
Z/E ratio. Furthermore, treatment of pure E-4b with p-TsOH
in acetone/water for 48 h at 25°C gave a 25:75 Z/E ratio
(together with unidentified minor products). When 1b was
stirred at — 60 °C in [Dg]acetone/D,O with a catalytic amount
of p-TsOH, the Z/E ratio obtained after 30 min was 35:65
(effectively the same as that obtained under the standard
conditions); this suggests incomplete torquoselectivity. Upon
progressively raising the temperature, compound 1b was
consumed before —30°C was reached; at —30°C signals
attributed to the deprotected aldehyde were detected, but at
no temperature did they ever account for more than 15% of
the product mixture. In summary, the cyclization of 1b to 4b
appeared to be incompletely torquoselective, and subsequent
equilibration appeared to depend on the nature of the acid
present in the medium.

The results obtained with 1¢ were inconclusive because the
yield of 4¢ was always significantly less than 100 % due to its
volatility (Table 1). The Z/E ratio was slightly less than unity
for all the reagents used under standard conditions, and was
essentially unaltered by prolonged exposure to the reagent up
to 46 h (Table 1). Pure E-4¢ and pure Z-d4¢ were both
unaffected by 48 h treatment with p-TsOH in acetone/water
at 25°C. As in the case of 1b, treatment of 1¢ with p-TsOH in
[Dg¢]acetone/D,0 at low temperature (—80°C) rapidly gave a
35:65 Z/E mixture of 4¢ (within 15 min); at —40°C all 1¢ had
been consumed, but the 35:65 Z/E ratio remained essentially
unaltered even after 46 h at 25°C.

Reaction of (2E)-divinylallene 19: As expected, the 2Z
geometry of the starting vinylallenes is essential for cycliza-
tion to proceed: when the 2F isomer 19 was prepared as
shown in Scheme 5 and then subjected to the standard
conditions listed in Table 1, the octa-2,4,5,7-tetraenal 20!
was obtained cleanly in quantitative yield in all cases.

Cyclization of (2Z)-octa-2,4,5,7-tetraenal dimethyl acetal 24:
To investigate whether an analogue of cation 3 could be
trapped by an external nucleophile (which would provide
both support for the assumed
mechanism and broaden the
synthetic potential of the reac-
tion), we prepared the dimethyl
acetal 24, by using the same
steps as for the dioxolane ana-
logue (Scheme 6). Compound
24 was chosen because cleavage
of one of the MeO-C1 bonds
during generation of the carbo-
cation under acidic conditions
would eliminate both competi-
tion from a resident nucleo-
phile and the need for addition
of a nucleophilic reagent to the
medium, since the methanol
formed would itself act as an
external nucleophile.

tBu OH

29
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Scheme 5. i) nBuLi, THF, —78°C, 1 h; 25°C, 1 h; ii) nBuLi, BzCl, THF,
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Scheme 6. i) nBuLi, THF, —78°C, 1 h; 25°C, 1 h; ii) nBuLi, BzCl, THF,
—78°C to 25°C in 2 h; iii) rfBuLi, CuCN, Et,0, —78°C, 1 h; 0°C, 1 h.
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It was envisaged that the methanol produced as described
above would trap cation 27 to afford compound 31, an
analogue of 4a (Scheme 7). In the event, however, treatment
of 24 under the conditions listed in Table 2 led to complex
mixtures from which compounds 29, 30 and 31 were isolated
in yields listed in Table 2.2

Identification of 31 followed from the correspondence
between its 'H NMR signals and those of 4a, and the trans
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Scheme 7. Reaction scheme for the formation of compounds 28— 31.
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Table 2. Cyclization of dimethyl acetal 24.
29 [%] 30 [%] 31 [%]

p-TsOH (0.1 equiv), acetone, 51 27 -
H,0 (32 equiv), 25°C, 30 min

LiBF, (1.0 equiv) -
4% H,0 in CH;CN, 25°C, 1 h

FeCl; - SiO, (2.0 equiv) - - 31
0% MeOH in CHCl;, 25°C, 2 h

PdCl,(CH;CN), (0.2 equiv) - - 40
10% MeOH in acetone, 25°C, 2 h

Reaction conditions

arrangement of the methoxy groups was deduced from the
negligible coupling constant between H4 and HS5 of the
alkylidenecyclopentene ring (cf. 4.2 Hz for 4a); this corre-
sponded to the same O-C-C-O angle as predicted by MMX
calculations,?* 109.5° (36.1° for the cis isomer). The structure
of 30 was determined by analogous reasoning, together with
an NOE experiment that confirmed the position of the
methoxy group and the geometry of the side chain relative to
the exocyclic double bond. Identification of 29 was based on
its '"H NMR spectrum [which shows signals for the exocyclic
methylene at 6 =5.00 and 5.09, and additional doublets for the
double bond of the cyclopentene ring at 6 =6.32 and 6.87 (J =
6.0 Hz)], on the 3C NMR signal for a bis-allyl tertiary alcohol
at 0=385.5 and on a NOE experiment that confirmed the
geometry at the exocyclic double bond and the connectivity
shown in Scheme 7.

The production of compound 30 when water is present in
the medium is attributable to direct competition between
MeOH and water for the electron-deficient positions of cation
27. Under the same conditions, compound 29 could arise
through attack by water at the fBu terminus of the allyl
system, followed by elimination of MeOH from the resulting
alcohol, 28 (Scheme 7). However, attempts to increase yields
of 29 and 30 by increasing the water content of the medium
were unsuccessful.?!

Ab initio calculations: We sought the origin of the facility and
torquoselectivity of the above reactions by using Gaussian 94
programs® to perform density functional calculations of the
cyclization of successively more complete models of cation 2,
all with the charge at one cyclization terminus and an allene at
the other (Scheme 8). The geometries, energies and normal-
mode vibrational frequencies of the starting cations, the £ and
Z products and the corresponding transition structures were
computed by using the hybrid density functional method
Becke3LYP.- Entropies and free energies of reaction were
calculated by using the Gaussian 94 vibrational analysis
program (vibrational frequencies were scaled by a factor of
0.9181 for thermochemical analysis?®!l). The density functional
method was chosen in view of the previous successful
application of density functional theory (DFT)?! to the
description of the transition structures of other pericyclic
reactions,? and of previous DFT ab initio calculations for the
Nazarov cyclizations of cation 6 (Scheme 1), of the dication
analogue with a diprotonated oxygen and of 1-phenyl-2-
propen-1-ones.]
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Scheme 8. Models for cation 2 used in DFT calculations.

We began by investigating the cyclization of the s-cis-2,3,5-
heptatrienyl cation 34 so as to allow comparison with
resultsP for cyclization of 32, an unsubstituted pentadienyl
cation with the charge on the central carbon. The s-cis
conformer of 34 was chosen as the starting structure because,
although the most stable conformer of 32 is the w-shaped 32w
rather than the u-shaped 32w, it is the u-shaped series that
are the direct substrates for cyclization. After optimizing the
geometry of 34, we searched for the transition structures
E-35TS and Z-35TS that led to the ethylidenecyclopentenyl
cations E-35 and Z-35. Table3 lists the corresponding
energies, the distance between the cyclization termini in each
structure, the energies of activation required to attain each
transition structure and the absolute value of the difference
between these energies of activation, together with analogous
data for the other cyclizations investigated in this work and for
the transition states reported for the electrocyclizations of
32u to 333 and of 6 to 7.7% 34 The results for the process
34 — 35 agree with the latter in predicting a rather early
transition state; E-35TS and Z-35TS show only 42 % of the
total shortening of the distance between the termini. More-
over, both the kinetic and the thermodynamic selectivities of
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Table 3. Total energies and distances between cyclization termini of
vinylallenium cations 34, 36, 38 and 40, their cyclization products E-35/
Z-35, E-37/7-37, E-39/Z-39 and E-41/Z-41, and the transition structures of
the alternative conrotatory processes, with the corresponding activaction
energies and the absolute difference | AEa | between these last. Non-allenyl

systems (33TS and 7TS) are also included for comparison.

Structure Computational Total Energies rc Ea |AEa|
Levell [a.u.] [A] [kcalmol-'] [kcalmol!]

331 A 2.31 5.0

IS A 2.11 18.89

34 A —271.80721  3.06

E-35TS A —271.80141  2.40 3.64 0.49

Z-35TS A —271.80220 241 3.15

E-35 A —271.87294  1.51

Z-35 A —271.87106  1.51

36 A —347.04837  3.20

E-3TTS A —347.03583  2.14 7.86 0.55

Z-37TS A —347.03495 215 8.41

E-37 A —347.06692  1.53

z-37 A —347.06925  1.53

38 B —543.65490  3.03

E-39TS B —543.64964  2.08 2.42 0.56

Z-39TS B —543.64870  2.09 2.98

E-39 B —543.67061  1.53

Z-39 B —543.67969  1.52

40 B —621.05920  3.04

E-41T1TS B —621.05558  2.07 2.12 1.60

Z41TS B —621.05298  2.10 3.72

E-41 B —621.07334  1.54

z-41 B —621.08699  1.52

[a] A, B3LYP/6-31G*; B, BALYP/6—31G**.

34 — 35 are of the same sign as those observed experimentally
for 1— 4, the R-inward rotation having a higher activation
energy but leading to a more stable product than the
R-outward rotation. The activation energies for 34— 35
(3.15 kcalmol~! 34 — Z-35 and 3.64 kcalmol ! for 34 — E-35)
are similar to that reported for 32u— 33 (5.0 kcalmol ')
and, as for 32u— 33, they are much lower than values
calculated for the standard Nazarov cyclization 6—7
(18.89 kcalmol ™! according to DFT/6-31G*B3 calculations
and 15.9 kcalmol™! according to MP2/6-31G*).[34 3]

The large energy of activation of 6 — 7 relative to 32u— 33
is attributed to stabilization of the cationic centre of 6 by the
electron-donating hydroxyl oxygen.** To investigate the
effect of the analogous oxygen in vinylallenes 2, we performed
calculations for the process 36 — 37 after optimizing the
starting structure (the conformation with the O—H bond anti
to the forming C—C bond, denoted in Scheme 8 as 36 H-anti,
which was 0.51 kcal mol~! more stable than the conformation
with O—H syn to the forming bond). As expected, the
activation energies were higher than for 34 — 35 (Table 3), but
they were still about 10 kcalmol' less than for 6 — 7,3
possibly because the linear allene carbon of the vinylallenes
offers less steric hindrance to bond formation than the sp?
terminal carbons of 6. Also, in keeping with the stabilization
of the starting cation, the transition state was attained later
than for 34 — 35, when bond formation was already about
62% complete (cf. re=2.14A; 211 A for 7-TS at the
B3LYP/6-31G* level).

In the electrocyclization of (2E)-vinylallenes to alkylidene-
cyclobutenes,'” R-inward rotation is favoured when, as in
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vinylallenes 1, R is subject to steric interaction with a tert-
butyl group adjacent to the cyclization terminus (Scheme 9;
the experimental Z-43a/E-43a ratio is 17:83 when R'=
CH,OH and <1:99 when R’'=CHO). Calculations for the
cyclization of 38, which likewise bears a fert-butyl group in this

R' = CH,OH or CHO

Scheme 9. Reaction scheme for the cyclization of 42.

position (and also an adjacent methyl, making it identical to
2 c except for the smaller substituent at the charged terminus)
showed stabilization of the product of R-inward rotation
relative to the R-outward product, Z-39 being 5.7 kcalmol~!
more stable than E-39, whereas Z-37 is only 1.5 kcalmol~!
more stable than E-37. Thus the presence of the tert-butyl and
methyl groups affords the R-inward product a thermody-
namic advantage. It also lowers the activation energies of both
conrotations relative to the process 36 — 37, possibly because
steric interaction between the fert-butyl and the neighbouring
methyl forces the cyclization termini closer together (3.03 A
in 38 versus 3.20 A in 36). However, in the case of process
38 —39 the barrier to R-inward rotation at 25°C is
0.56 kcalmol~! higher than the barrier to R-outward rotation;
this corresponds to a Z/E ratio of 28:72, which is close to the
ratio of 35:65 observed experimentally for cyclization of 1¢ to
4 c. Changing the temperature had little effect, and in any case
had very similar effects on the R-inward and R-outward
processes (Table 4 lists ZPVE values and thermal energies at
25°C and —60°C, and Table 5 contains enthalpies of reaction
and energies of activation at 25°C, —60°C and 0 K).

Table 4. Relative energies, ZPVE and thermal energies for vinylalleny-
lium cations 38 and 40, their alternative cyclization products E-39/Z-39 and
E-41/Z-41, and the transition structures of the corresponding conrotatory
processes.!

Structure EDI ZPEl Ey (25°C) Ey, (—60°C)t
38 0.00 173.25 10.73 6.07
E-39TS 3.30 173.01 9.50 5.61
Z-39TS 3.89 173.00 9.48 5.59
E-39 —9.86 174.88 9.35 5.50
Z-39 —15.56 174.95 9.41 5.56
40 0.00 193.85 12.07 6.80
E-41TS 2.27 193.74 11.44 6.35
Z-41TS 3.90 193.79 11.35 6.27
E-41 —8.87 195.36 11.42 6.32
Z-41 —17.44 196.02 11.24 6.20

[a] Computed at the B3LYP/6-31G**//HF/6-31G** level. [b] Relative
energies in kcalmol™'. [c] In kcalmol~!, from HF/6-31G** vibrational
frequencies scaled by a factor of 0.9181.
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Table 5. Enthalpies of reaction and activation energies [kcalmol™'] for
cyclization of vinylallenylium cations 38 and 40 to the alkylidenecyclopen-
tenium cations E-39/Z-39 and E-41/Z-41, at 298, 213 and 0 K.

298 K 213K 0K
AAH (E-39) —9.61 —8.80 -823
AAH (Z-39) —15.18 —1437 —13.86
E, (E-39TS)l 242 3.02 3.06
E, (Z-39TS)l 298 3.58 3.64
AAH (E-41) —8.01 —7.84 ~1736
AAH (Z-41) ~16.10 ~15.87 1527
E, (E-41TS)l 212 2.14 2.16
E, (Z-41TS)¥ 372 3.74 3.84

(a] E,=AH*+RT.

Assuming that the relative stabilities of Z and E isomers are
maintained following entrapment of the cation, the finding
that Z-39 is appreciably more stable than £-39 is formally in
keeping with the experimental observation that the R-inward
product Z-4a is more stable
than E-4a. Where the R-inward
rotation is thermodynamically
favoured but kinetically disad-
vantaged, as in 38—39 and
1a — 4a, the causes responsible
for relative destabilization of
the R-inward transition state
must disappear between transi-
tion state and product. Inspec-
tion of structures 1 to 4 there-
fore suggests that steric hin-
drance between R and the
substituent at the other cycliza-
tion terminus may be relevant.
The latter appears likely to be
initially better placed for hin-
drance of an R-inward rotation
than the fert-butyl for hin-
drance of an R-outward rota-
tion. However, in the products
in which these two substituents
are located on either side of the
alkylidene, their relative effects
depend only on their relative
bulks and orientations.

To investigate this hypothe-
sis, we carried out calculations
for the cyclization of 40, in
which R is larger than in 38
and contains the methyl-substi-
tuted vinyl group present in 1a.
With this R, the thermodynam-
ic advantage of the R-inward
product increased to
8.6 kcalmol~! and the kinetic
disadvantage to 1.60 kcalmol~!
(Table 3). This is equivalent to
Z/E ratios of about 1:99 at 25°C
and about 2:998 at —60°C,
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which is in keeping with the experimental results for 1a—
4a. Examination of the transition structures for the R-inward
rotation (Figure 1) shows that steric interaction between the
methyl group of the propenyl substituent and the hydrogen
atom of the carbinol twists the exocyclic diene about the
C1'—C2’ hinge to form a C5-C1’-C2’-C3’" dihedral angle of
165°, thereby reducing stabilization by conjugation. In con-
trast, an angle of 180°, which ensures full conjugation of the
exocyclic diene (and eventually extended conjugation to
include the carbenium ion) is maintained throughout the
R-outward rotation from 40 to E-41TS. The fact that the
reactions of 1b and 1¢ are less torquoselective than that of 1a,
giving Z/E ratios of about 35:65 at —60°C, may be attributed
to the weaker steric interactions of their smaller R groups.

It is interesting to note that in the electrocyclic ring closure
of divinylallene 42 (Scheme 9), the fact that torquoselectivity
is greater when R"=CHO than when R’'=CH,OH is also
attributable to the influence of an exocyclic & system, though
in a different way. Whereas for 40 — 41 (and presumably for

Z-41TS

Figure 1. Main geometric features of 41TS computed at the B3LYP/6-31G** level. Bond lengths and angles are
given in A and degrees, respectively. The lower representation (corresponding to a 30° rotation of the upper
figures) highlights the steric interactions thought to be responsible for the diminished conjugation of the exocyclic
diene in Z-41TS relative to E-41TS.
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1a— 4a) the R-inward rotation is disfavoured by entailing a
weakening of the existing exocyclic conjugation and of the
nascent extended m; system embracing the ring and the R
group, in the case of 42 — 43 the R-inward rotation, which has
an earlier transition state, is favoured by reluctance to
relinquish the existing extended conjugation between the
2,4-diene and the carbonyl. This difference apart, the findings
reported in ref. [10] and those presented here jointly highlight
the importance of stereoelectronic effects in electrocyclic
reactions.

Conclusions

The rearrangement of 2-[(1Z)-hexa-1,3,4-trienyl]dioxolanes
to tetrahydroalkylidenecyclopenta-1,4-dioxins under acidic
conditions occurs with great facility. It seems likely to proceed
through the mechanism advanced in Scheme 1, in which the
1-oxypentadienyl carbocation 2 rearranges to a conjugated
ion 3, which is then trapped by the resident hydroxyl. This last
step is presumably facilitated by delocalization of the positive
charge of 3, which must be enhanced by the exocyclic
extension of its i system and must counteract the stabilization
of localized charge by the C1 oxygen in 2. As the electrocyclic
annelation of a (substituted) hydroxypentadienyl carbocation,
this mechanism may be looked on as a variant of the Nazarov
cyclization. It is supported by the intermolecular trapping
processes inferred in experiments with analogue 24 and also
by the finding that the reaction proceeds at considerable rates
at temperatures below —30°C. This is consistent with the
substantial decrease in the energy of activation expected for
molecular rearrangementst®”) that proceed through the medi-
ation of charged atoms. Ab initio calculations support the
experimental findings by predicting low activation energies
for the rearrangement of model systems (the 1-hydroxyhepta-
2,4,5-trienyl cations 34, 36 and 38, and the 1-hydroxyocta-
2,4,5,7-tetraenyl cation 40). Moreover the theoretically pre-
dicted stereoselectivity is also consistent with the experimen-
tal findings; DFT calculations at the B3LYP/6-31G**//HF/6-
31G** level suggest that the torquoselectivity of the reaction,
which with 1ais 100 % in favour of the R-outward rotation at
temperatures impeding acid-induced equilibration, is attrib-
utable to steric hindrance between R and the C1 substituent
and that the R-inward reaction products (the Z-tetrahydroal-
kylidenecyclopenta-1,4-dioxins) are considerably more stable
than the R-outward isomers. This post-transition reversal of
relative stabilities is attributed to strong steric interactions
between the R group and the neighbouring tert-butyl group,
which under acid conditions leads to equilibration between
the Z and E isomers of products 4. The extent of this £ — Z
transition appears to depend on both the bulk of R and the
acid present in the medium.

Experimental Section

General: Solvents were dried according to published methods and distilled
before use. HPLC grade solvents were used for the HPLC purification. All
other reagents were commercial compounds of the highest purity available.
Analytical thin-layer chromatography (TLC) was performed with Merck
silica gel (60 F-254) plates (0.25 mm) precoated with a fluorescent
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indicator. Column chromatography was performed with Merck silica
gel 60 (particle size 0.040-0.063 um). Proton ('H) and carbon (**C)
magnetic resonance spectra (NMR) were recorded on Bruker WM 250
[250 MHz (63 MHz for C)], Bruker AMX300 [300 MHz (75 MHz for
13C)] and Bruker AMX400 [400 MHz (100 MHz for *C)] Fourier trans-
form spectrometers, and chemical shifts are expressed in parts per million
(0) relative to tetramethylsilane (TMS, 6 =0), benzene (C4Hy, 6 =7.20 for
'H) or chloroform (CHCl;, 6 =7.24 for 'H and ¢ = 77.00 for '*C) as internal
reference. *C multiplicities (s =singlet, d =doublet, t=triplet, q = quar-
tet) were assigned with the aid of the DEPT pulse sequence. Infrared
spectra (IR) were obtained on a MIDAC Prospect Model FT-IR
spectrophotometer. UV/Vis spectra were recorded on an HPS5S989A
spectrophotometer with MeOH as solvent. Low-resolution mass spectra
were taken on an HP59970 instrument operating at 70 eV. High-resolution
mass spectra were taken on a VG Autospec M instrument.
(2E,7Z)-8-{[1,3]-Dioxolan-2-yl}-3,7-dimethyl-1-(2,6,6-trimethylcyclohex-1-
en-1-yl)octa-2,7-dien-5-yn-4-ol (14 a)

General procedure for the preparation of propargyl alcohols: n-Butyllithi-
um (5.7 mL, 2.77M in hexanes, 15.79 mmol) was added dropwise, at —78°C,
to a solution of alkyne 13 (2.0 g, 14.48 mmol) in THF (49 mL), and the
mixture was stirred for 40 min. A solution of aldehyde 12a (2.71 g,
13.16 mmol) in THF (53 mL) was then added through a cannula. After
stirring at —78°C for 1 h and at 25°C for an additional 1 h a saturated
aqueous NH,Cl solution (50 mL) was added and the mixture was stirred for
5 min. It was then extracted with Et,O (3 x 100 mL). The combined organic
layers were washed with brine (3 x200 mL), dried over Na,SO, and
evaporated. Chromatography (SiO,, 65:33:2 hexane/EtOAc/Et;N) of the
residue afforded compound 14a (3.96g, 90%). 'H NMR (300 MHz,
CDCl;): 6=0.96 (s, 3H; C6"-CHj;), 0.97 (s, 3H; C6”-CHy;), 1.53 (s, 3H; C2"-
CH;),1.4-1.6 (m,4H;2H4",2H5"),1.81 (d,/=0.8 Hz, 3H; CH;), 1.93 (m,
SH;2H3", CH;),2.00 (s, 1H; OH), 2.75 (d, /=6.5 Hz, 2H; 2H1), 3.8-4.0
(m,4H;2H4',2HS"), 4.87 (s, 1H; H4), 5.44 (t,J=6.5 Hz, 1 H; H2), 5.64 (s,
2H; H8, H2); BC NMR (63 MHz, CDCl;): 6 =12.2 (q), 19.5 (t), 19.7 (q),
23.4 (q), 271 (1), 282 (q, 2 x ), 32.9 (1), 34.9 (s, C6"), 39.7 (), 65.0 (t,2 x ),
68.5 (d, C4), 82.8 (s), 94.3 (s), 101.5 (d, C2'), 125.2 (s), 128.3 (s), 129.6 (d),
132.5 (d), 134.1 (s), 135.9 (s); IR (NaCl): # =3600-3100 (br, O—H), 2914 (s,
C—H), 2218 (w, C=C), 1643 (s), 1451 (s), 1388 (s), 1150 (s), 1068 (s),
952 cm™! (s); UV/Vis (MeOH): 4,,,,c =228 nm; MS: m/z (%): 344 (3) [M]*,
326 (15), 204 (36), 203 (84), 166 (50), 135 (52), 123 (100), 122 (35), 121 (60),
107 (44), 95 (41), 93 (54), 91 (56), 79 (41), 77 (31); HRMS for C,H;,05:
calcd 344.2351; found 344.2355.

(4Z)-5-{[1,3]-Dioxolan-2-yl}-4-methyl-1-[ (1LE)-1-methyl-3-(2,6,6-trimethyl-
cyclohex-1-en-1-yl)prop-1-en-1-yl]pent-4-en-2-ynyl benzoate (15a)
General procedure for the preparation of propargyl benzoates: A cooled
(—78°C) solution of propargyl alcohol 14a (3.78 g, 10.98 mmol) in THF
(100 mL) was treated with n-butyllithium (75mL, 1.6M in hexanes,
12.08 mmol). The solution was stirred at this temperature for 30 min and
at 0°C for an additional 5 min before cooling down to —78°C, at which
temperature benzoyl chloride (1.5 mL, 12.08 mmol) was added dropwise.
The reaction mixture was slowly warmed up to 25°C for 2 h, a saturated
aqueous NH,Cl solution (10 mL) was added and the resulting mixture was
extracted with Et,0 (3 x25mL). The combined organic extracts were
washed with saturated aqueous NaHCOj; solution (2 x 50 mL) and brine
(2 x 50 mL), dried over Na,SO, and concentrated in vacuo. The residue was
purified by chromatography on silica gel (83:15:2 hexane/EtOAc/Et;N) to
afford a yellow oil identified as compound 15a (4.69 g, 95%). 'H NMR
(300 MHz, CDCl;): 6=0.96 (s, 3H; C6"'-CH,), 0.97 (s, 3H; C6"”-CH,),
1.4-1.6 (m,4H;2H4",2H5"), 153 (s, 3H; C2""-CH,), 1.91 (m, 8 H; 2H3"",
C1"-CH;, C4-CH;),2.78 (d,J =6.5 Hz,2H;2H3"),3.8-4.1 (dm, 4H;2H4',
2HYS'), 5.6-5.7 (m, 3H; H5, H2', H2"), 6.15 (s, 1H; H1), 7.4-7.5 (m, 2H;
2 x ArH), 7.5-7.6 (m, 1H; ArH), 8.0-8.1 (m, 2H; 2 x ArH); “C NMR
(63 MHz, CDCl;): 6 =12.6 (q), 19.5 (t), 19.7 (q), 23.3 (q), 272 (t), 28.2 (q,
2x),32.9 (t), 34.9 (s), 39.7 (1), 65.0 (t, 2 x ), 70.4 (d, C1), 83.7 (s), 91.1 (s),
1015 (d, C2'), 125.0 (s), 128.4 (d, 2 x ), 128.7 (s), 129.0 (s), 129.8 (d, 2 x ),
130.3 (s), 132.6 (d), 133.1 (d), 133.2 (d), 135.6 (s), 165.4 (s, C=0); IR (NaCl):
7=2960 (s, C-H), 2935 (s, C-H), 2867 (s, C-H), 2224 (w, C=C), 1722 (s,
C=0), 1646 (w), 1452 (m), 1260 (s), 1151 (m), 1088 (s), 940 (m), 706 cm~!
(s); UV/Vis (MeOH): A, =230 nm; MS: m/z (%): 448 (0.2) [M]*, 375 (1),
343 (5), 311 (5), 207 (4), 149 (57), 137 (8), 122 (13), 119 (7), 106 (9), 105
(100), 95 (10), 91 (13), 77 (24), 73 (14); HRMS for C,H;:O,: calcd
448.2614; found 448.2617.
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2-[(1Z,6E)-3-tert-Butyl-2,6-dimethyl-8-(2,6,6-trimethylcyclohex-1-en-1-
yl)octa-1,3,4,6-tetraen-1-yl]-[1,3]-dioxolane (1a)

General procedure for the preparation of vinylallenes: fers-Butyllithium
(5.65mL, 1.5M in pentane, 8.48 mmol) was added dropwise to a cooled
(—78°C), stirred suspension of CuCN (0.38 g, 4.24 mmol) in Et,O (40 mL).
The mixture was stirred at —78°C for 5 min and at 0°C for an additional
15 min, before cooling down again to —78°C. The solution of propargyl
benzoate 15a (1.0 g, 2.23 mmol) in Et,O (20 mL) was then added through a
cannula, and the resulting mixture was stirred at —78°C for 1 h, and at 0°C
for an additional 1 h. Water (10 mL) was added and the heterogeneous
mixture was filtered and extracted with Et,O (3 x 25 mL). The combined
organic extracts were washed with water (3 x 50 mL), dried over Na,SO,
and evaporated. The product was purified by chromatography on silica gel
(90:8:2 hexane/EtOAc/Et;N) to afford a colourless oil identified as
compound 1a (0.58 g, 70% yield). 'H NMR (250 MHz, CDCl;): 6 =0.95
(s,3H; C6"-CHj), 0.96 (s, 3H; C6"-CHj;), 1.11 (s, 9H; Bu), 1.4-1.6 (m, 4H;
2H4",2H5"),1.53 (s, 3H; C2"-CH;), 1.71 (d,/ = 0.9 Hz, 3H; C6'-CH3;), 1.92
(t, J=6.6 Hz, 2H; 2H3"), 1.96 (d, /=13 Hz, 3H; C2'-CH;), 2.78 (d, J =
6.3 Hz, 2H; 2HY'), 3.7-4.0 (dm, 4H; 2H4, 2HS), 5.20 (t, J=6.3 Hz, 1H;
H7'),5.31 (dq, J=8.1, 1.3 Hz, 1H; H1"), 5.41 (d, J=8.1 Hz, 1 H; H2), 5.85
(s, 1H; H5'); C NMR (63 MHz, CDCL): 6 =13.6 (q), 19.5 (t), 19.7 (q),
26.0 (q), 27.7 (), 28.2 (q), 28.3 (q), 30.3 (q, 3 x , rBu), 32.9 (t), 34.2 (s), 34.9
(s), 39.8 (), 65.0 (t, 2 x ), 100.3 (d), 101.8 (d), 115.3 (s), 124.5 (d), 128.0 (s),
128.7 (s), 130.0 (d), 136.4 (s), 141.5 (s), 200.4 (s); IR (NaCl): 7 =2965 (s,
C—H), 2948 (s, C—H), 2869 (s, C—H), 1940 (w, C=C=C), 1655 (m), 1455 (m),
1380 (m), 1131 (s), 1054 (s), 950 cm~! (m); UV/Vis (MeOH): 4,,.,x =234 nm;
MS: m/z (%): 384 (20) [M]*, 369 (7), 327 (20), 279 (12), 248 (23), 247 (75),
191 (100), 187 (21), 177 (24), 175 (29), 161 (36), 147 (34), 119 (36), 107 (26),
105 (41), 95 (28), 91 (47), 81 (24), 79 (28), 77 (23), 73 (62), 57 (47); HRMS
for CysH,O,: caled 384.3028; found 384.3027.
(2E,7Z)-8-{[1,3]-Dioxolan-2-yl}-7-methylocta-2,7-dien-5-yn-4-ol (14b):
Following the general procedure for the preparation of propargyl alcohols,
the reaction of alkyne 13 (1.0 g, 724 mmol) and crotonaldehyde 12b
(0.56 g, 796 mmol) afforded compound 14b (1.42g, 95% yield) as a
colourless oil after purification by chromatography (SiO,, 75:22:3 hexane/
EtOAC/Et;N). 'H NMR (250 MHz, CDCly): 6=1.73 (d, J=6.4 Hz, 3H;
3H1), 1.91 (s, 3H; C7-CH,), 2.20 (brs, 1H; OH), 3.9-4.0 (m, 4H; 2H4/,
2HS'),4.95(d,J=5.6 Hz, 1H; H4),5.63 (dd,/=13.2,5.6 Hz, 1 H; H3), 5.65
(s, 2H; H8, H2'), 5.89 (dq, /=132, 6.4 Hz, 1H; H2); C NMR (75 MHz,
CDCly): 6 =175 (q), 23.5 (q), 63.2 (d, C4), 65.1 (t, 2 x ), 83.1 (5), 94.2 (s),
101.4 (d, C2), 125.1 (s, C7), 128.9 (d), 130.0 (d), 132.6 (d); IR (NaCl): 7=
3600-3100 (br, O—H), 3034 (w, C—H), 2981 (w, C—H), 2892 (m, C—H), 2219
(w, C=C), 1448 (s), 1395 (s), 1326 (m), 1152 (m), 1063 (m), 1028 (m),
962 cm~! (s); MS: m/z (%): 208 (83) [M]*, 193 (58), 167 (27), 151 (22), 137
(43), 135 (38), 123 (27), 121 (71), 109 (45), 107 (38), 95 (50), 93 (77), 91
(100), 87 (23), 79 (54), 77 (80), 73 (35), 69 (47), 65 (39); HRMS for
C,H,05: calcd 208.1099; found 208.1100.
(4Z)-5-{[1,3]-Dioxolan-2-yl}-4-methyl-1-[ (1LE)-prop-1-en-1-yl]pent-4-en-2-
ynyl benzoate (15b): Following the general procedure for the preparation
of propargyl benzoates, alcohol 14b was transformed into benzoate 15b in
90% yield, after purification by chromatography on silica gel (90:7:3
hexane/EtOAc/Et;N). '"H NMR (300 MHz, CDCl;): 6 =1.78 (dd, J=6.5,
0.9 Hz, 3H; 3H3"), 1.94 (d, /=11 Hz, 3H; C4-CH;), 3.8-4.0 (dm, 4H;
2H4',2H5"),5.6-5.7 (m,3H; H5, H2', H1"), 6.08 (dq, J=13.5, 6.5 Hz, 1 H;
H2"),6.23 (d,/=6.5Hz, 1H; H1), 74-75 (m, 2H; 2 x ArH), 7.5-7.6 (m,
1H; ArH), 8.0-8.1 (m, 2H; 2 x ArH); *C NMR (75 MHz, CDCl;): 0 =
176 (q), 23.3 (q), 65.1 (t,2 x ), 65.2 (d, C1), 84.0 (s), 90.7 (s), 101.4 (d, C2'),
124.8 (s), 126.1 (d), 128.3 (d, 2 x ), 129.8 (d, 2 x ), 130.0 (s), 131.8 (d), 133.1
(d), 133.3 (d), 165.3 (s, C=0); IR (NaCl): 7 = 3038 (m, C—H), 2959 (s, C-H),
2887 (s, C—H), 2228 (w, C=C), 1723 (s, C=0), 1599 (m), 1448 (s), 1391 (m),
1314 (s), 1262 (s), 1153 (m), 1100 (m), 1066 (m), 923 (s), 714 cm™! (s); MS:
mlz (%): 312 (0.02) [M]*, 239 (5), 207 (10), 149 (10), 147 (6), 117 (6), 106
(9), 105 (100), 91 (14), 79 (5), 78 (6), 77 (31), 73 (6), 65 (4), 51 (9); HRMS
for C,oH,,0,: caled 312.1362; found 312.1361.
2-[(1Z,6E)-3-tert-Butyl-2-methylocta-1,3,4,6-tetraen-1-yl]-[1,3]-dioxolane
(1b): Following the general procedure for the preparation of vinylallenes,
starting with propargyl benzoate 15b, vinylallene 1b was prepared in 65 %
yield, after purification by chromatography on silica gel (90:7:3 hexane/
EtOAC/Et;N). 'H NMR (250 MHz, CDCL): 6 =1.11 (s, 9H; Bu), 1.73 (d,
J=13Hz,3H; 3HS'), 1.95 (d, /=6.4 Hz, 3H; C2'-CHj;), 3.8-4.0 (m, 4H;
2H4,2HS),5.31 (dq,/=8.0,1.3 Hz, 1H; H1'), 5.38 (d,/ =8.0 Hz, 1 H; H2),
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5.6-5.8 (m, 3H; H5', H6', H7'); *C NMR (63 MHz, CDCL): 6 =18.5 (q),
25.8 (q), 30.3 (q, 3 x, tBu), 34.1 (s), 64.9 (t, 2 x ), 94.4 (d), 101.7 (d), 114.5
(s), 124.8 (d), 126.9 (d), 127.1 (d), 141.2 (s), 202.3 (s, C4’); IR (NaCl): 7=
2961 (s, C—H), 2881 (s, C—H), 1935 (m, C=C=C), 1455 (s), 1371 (s), 1140
(m), 1064 (m), 954 (s), 838 cm~! (m); MS: m/z (%): 248 (11) [M]*+, 233 (15),
192 (33), 191 (59), 147 (25), 133 (26), 119 (26), 105 (46), 91 (38), 77 (32), 73
(100), 58 (41), 57 (45); HRMS for C;¢H,,0O,: calcd 248.1776; found
248.1777.

(5Z)-6-{[1,3]-Dioxolan-2-yl}-5-methylhex-5-en-3-yn-2-0l (14¢): Following
the general procedure for the preparation of propargyl alcohols, the
reaction of alkyne 13 (1.0 g, 724 mmol) and acetaldehyde 12¢ (0.35 g,
7.96 mmol) afforded compound 14¢ (1.17 g, 90 % yield) as a colourless oil,
after purification by chromatography on silica gel (75:22:3 hexane/EtOAc/
Et;N). 'H NMR (250 MHz, CDCL;): 6 =1.47 (d, J=6.6 Hz, 3H; 3H1), 1.63
(brs, 1H; OH), 1.90 (s, 3H; C5-CH;), 3.8-4.0 (m, 4H; 2H4', 2HY'), 4.66
(m, 1H; H2), 5.65 (s, 2H; H6, H2'); *C NMR (75 MHz, CDCl;): 6 =23.5
(q),24.2(q),58.6 (d,C2),65.1 (t,2 x ), 81.2(s), 96.7 (s), 101.4 (d, C2'), 125.1
(s, C5),132.3 (d, C6); IR (NaCl): #=3600-3100 (br, O—H), 2985 (s, C—H),
2890 (s, C-H), 2221 (w, C=C), 1643 (s), 1450 (m), 1392 (m), 1329 (s), 1290
(m), 1151 (m), 1067 (m), 948 (s), 870 cm~" (m); MS: m/z (%): 182 (46) [M]*,
167 (79), 136 (17), 125 (15), 121 (14), 111 (23), 109 (41), 95 (100), 93 (35), 91
(25), 79 (33), 77 (47), 73 (38); HRMS for C,(H,,0;: calcd 182.0943; found
182.0944.

(4Z)-5-{[1,3]-Dioxolan-2-yl}-1,4-dimethylpent-4-en-2-yn-1-yl benzoate
(15¢): Following the general procedure for the preparation of propargyl
benzoates, alcohol 14¢ was transformed into benzoate 15¢ in 90 % yield,
after purification by chromatography on silica gel (90:7:3 hexane/EtOAc/
Et;N). 'H NMR (300 MHz, CDCl,): 6 =1.64 (d, /=6.6 Hz, 3H; C1-CH,),
1.92 (d, J=1.0 Hz, 3H; C4-CHs;), 3.8-4.0 (dm, 4H; 2H4’, 2H5'), 5.65 (m,
2H; H5,H2),5.85(q,/=6.6 Hz, 1H; H1), 74-75 (m, 2H; 2 x ArH), 7.5-
7.6 (m, 1H; ArH), 8.0-8.1 (m, 2H; 2 x ArH); 3C NMR (75 MHz, CDCl,):
0=21.5(q), 23.3 (q), 61.3 (d, C1), 65.1 (t,2 x ), 82.2 (s), 93.0 (s), 101.4 (d,
C2'), 124.8 (s), 128.3 (d, 2 x ), 129.8 (d, 2 x ), 130.0 (s), 133.1 (d), 165.5 (s,
C=0); IR (NaCl): 7= 3070 (w, C—H), 2992 (m, C—H), 2956 (m, C—H), 2891
(m, C—H), 2226 (w, C=C), 1726 (s, C=0), 1451 (m), 1391 (m), 1318 (s), 1266
(s), 1104 (m), 1063 (m), 950 (m), 715 cm~! (s); MS: m/z (%): 286 (1) [M]*,
181 (9), 165 (8), 164 (12), 149 (5), 106 (9), 105 (100), 93 (7), 91 (13), 79 (5),
78 (5), 77 (33), 73 (5), 65 (5), 51 (9); HRMS for C;H 30,: caled 286.1205;
found 286.1205.

2-[(1Z)-3-tert-Butyl-2-methylhexa-1,3,4-trien-1-yl]-[1,3]-dioxolane  (1c¢):
Following the general procedure for the preparation of vinylallenes,
starting with propargyl benzoate 15¢, vinylallene 1¢ was prepared in 67 %
yield, after purification by chromatography on silica gel (90:7:3 hexane/
EtOAC/Et;N). 'H NMR (250 MHz, CDCLy): 0 =1.09 (s, 9H; tBu), 1.64 (d,
J=6.9 Hz, 3H; 3H6'), 1.95 (s, 3H; C2'-CH,), 3.8-4.0 (m, 4H; 2H4, 2H5),
5.07 (q, J=69 Hz, 1H; H5'), 5.30 (d, /=8.0Hz, 1H; H2), 5.39 (d, /=
8.0 Hz, 1H; H1'); BC NMR (75 MHz, CDCL): 6 =14.5 (q), 25.9 (q), 30.4
(q, 3 x, tBu), 33.7 (s), 64.9 (t, 2 x ), 85.8 (d, C2), 101.7 (d, C1"), 111.8 (s),
124.4 (d, C5'), 142.1 (s), 200.8 (s, C4'); IR (NaCl): 7 =2961 (s, C—H), 2884 (s,
C—H), 1953 (w, C=C=C), 1660 (m), 1459 (m), 1391 (m), 1370 (m), 1135 (s),
1063 (s), 949 (s), 772 cm™! (m); MS: m/z (%): 222 (20) [M]*, 207 (21), 165
(34), 163 (13), 147 (16), 135 (28), 121 (22), 105 (17), 91 (22), 79 (14), 77 (20),
73 (42), 58 (100), 57 (33), 55 (15); HRMS for C;,H,,0,: caled 222.1620;
found 222.1618.

(5Z)- and (5E)-6-tert-Butyl-7-methyl-5-[ (2E)-2-methyl-4-(2,6,6-trimethyl-
cyclohex-1-en-1-yl)but-2-enyliden]-5H-2,3,4a,7a-tetrahydrocyclopenta-
1,4-dioxin (Z-4a and E-4a)

General procedure for the deprotection/activation of acetals: Water
(30 uL, 1.56 mmol) and p-toluenesulfonic acid (5 mg, 0.03 mmol) were
added to a solution of acetal 1a (0.10 g, 0.26 mmol) in acetone (11.5 mL,
0.16 mol). The reaction mixture was stirred at 25 °C for 30 min, a saturated
aqueous NaHCO; solution (10 mL) was added and the mixture was
extracted with CHCl; (3 x 20 mL). The combined organic extracts were
washed with water (3 x25mL), dried over MgSO, and evaporated.
Purification by chromatography (SiO,, 90:8:2 hexane/EtOAc/Et;N) yield-
ed compound 4a (99 mg, 99 %) in a 42:58 Z/E ratio.

Data for isomer Z-4a: '"H NMR (250 MHz, CDCl;): 6 =0.99 (s, 3H; C6"-
CH3;), 1.00 (s, 3H; C6"-CHj;), 1.33 (s, 9H; rBu), 1.4-1.6 (m, 4H; 2H4",
2H5"), 1.58 (s, 3H; C2"-CH,), 1.84 (d, J=0.9 Hz, 3H; CH;), 1.91 (t, /=
6.0 Hz, 2H; 2H3"), 1.96 (d, J=1.2 Hz, 3H; CH;), 2.79 (d, J=6.2 Hz, 2H;
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2H4'), 3.4-3.6 (dm, 4H; 2H2, 2H3), 4.17 (brd, 1 H; Hda or H7a), 4.48 (d,
J=42Hz, 1H; H7a or H4a), 557 (t, J=6.2 Hz, 1H; H3), 6.11 (s, 1H;
HI); ®C NMR (63 MHz, CDCL,): 6 =13.4 (q), 16.7 (q), 19.6 (t), 19.7 (q),
278 (1), 283 (q, 2 x ), 30.8 (q, 3 x, Bu), 32.9 (1), 34.5 (s), 34.9 (s), 39.8 (1),
61.4 (1), 63.8 (1), 74.5 (d), 79.7 (d), 127.8 (s), 129.2 (d), 131.0 (s), 131.6 (d),
135.8 (s), 136.6 (s), 140.0 (s), 146.4 (s); IR (NaCl): »=2961 (s, C—H), 2925
(s, C—H), 2865 (s, C—H), 1676 (m), 1605 (m), 1461 (s), 1368 (m), 1279 (m),
1131 (s), 1063 (m), 898 cm™! (s); UV/Vis (MeOH): 4., =280 nm; MS: m/z
(%): 384 (100) [M]*, 369 (19), 265 (19), 248 (18), 247 (83), 203 (23), 191
(55), 175 (37), 119 (27), 105 (28), 95 (16), 93 (24), 91 (34), 81 (17),79 (23), 77
(16), 57 (23), 55 (18); HRMS for C,H,,0,: caled 384.3028; found 384.3022.

Data for isomer E-4a: 'H NMR (250 MHz, CDCl;): 6 =0.95 (s, 3H; C6"-
CHs;), 0.96 (s, 3H; C6”-CH;), 1.21 (s, 9H; 1Bu), 1.4-1.6 (m, 4H; 2H4",
2H5"),1.52 (s,3H; C2"-CHj;), 1.58 (s, 3H; C2'-CH;), 1.89 (t,/ = 6.2 Hz, 2 H;
2H3"), 1.97 (s, 3H; C7-CH;), 2.74 (d, J= 6.7 Hz, 2H; 2H4'), 3.5-3.7 (dm,
4H;2H2, 2H3), 4.0-4.1 (m, 2H; H4a, H7a), 5.16 (tq, /=6.7, 1.5 Hz, 1H;
H3'), 5.65 (s, 1H; H1'); ®*C RMN (63 MHz, CDCl;):  =13.9 (q), 16.8 (q),
19.5 (1), 19.9 (q), 27.6 (1), 28.3 (q), 28.4 (q), 29.9 (q, 3 x, tBu), 31.5 (s), 32.9
(1), 34.8 (s), 39.8 (), 62.0 (), 62.1 (t), 78.7 (d), 79.4 (d), 125.2 (d), 128.0 (s),
129.5 (d), 133.2 (s), 135.8 (s), 137.3 (s), 138.5 (s), 149.9 (s); IR (NaCl): 7=
2956 (s, C—H), 2914 (s, C—H), 2862 (s, C—H), 1638 (m), 1455 (s), 1277 (m),
1133 (s), 1090 (m), 899 cm™! (s); UV/Vis (MeOH): 4,,,,x =264 nm; MS: m/z
(%): 384 (93) [M]*, 369 (22), 265 (23), 248 (21), 247 (100), 203 (28), 197
(23), 192 (20), 191 (71), 187 (32), 175 (50), 147 (27), 133 (26), 129 (21), 119
(34), 105 (35), 91 (45), 79 (31), 57 (39), 55 (34); HRMS for CysH,,0,: caled
384.3028; found 384.3023.

(52)- and (5E)-5-[ (2E)-But-2-enyliden]-6-tert-butyl-7-methyl-SH-
2,3,4a,7a-tetrahydrocyclopenta-1,4-dioxin (Z-4b and E-4b): Following the
general procedure for the deprotection/activation of acetals, treatment of
acetal 1b (60 mg, 0.24 mmol) in acetone (10.5 mL, 0.14 mol) with water
(26 uL, 1.44 mmol) and p-toluenesulfonic acid (5 mg, 0.02 mmol), afforded
compound 4b (99 % yield) as a mixture of isomers in a 35:65 Z/E ratio.

Data for isomer Z-4b: '"H NMR (300 MHz, CDCL,): 6 =1.33 (s, 9H; 1Bu),
1.81 (d,J = 6.9 Hz, 3H; 3H4'), 2.00 (s, 3H; C7-CH,), 3.5-3.7 (m, 4 H; 2 H2,
2H3),4.15 (d,/ =4.6 Hz, 1 H; H4a or H7a), 4.62 (d,J =4.6 Hz, 1 H; H7a or
Hda), 5.74 (dq, J = 14.5, 6.9 Hz, 1H; H3), 6.31 (d, J=11.0 Hz, 1 H; HI'),
6.41 (ddq, J = 14.5,11.0, 1.6 Hz, 1 H; H2'); 3C NMR (75 MHz, CDCLy): 6 =
13.8 (q), 185 (q), 30.8 (q, 3 x , Bu), 34.8 (s, fBu), 61.6 (1), 63.4 (1), 72.1 (d),
79.1 (d), 124.5 (d), 128.8 (d), 130.1 (d), 137.1 (s), 140.8 (s), 145.5 (s); IR
(NaCl): 7=2954 (s, C—H), 2913 (s, C—H), 2857 (s, C—H), 1595 (w), 1449
(m), 1365 (m), 1278 (m), 1128 (s), 1061 (m), 965 (m), 891 cm~! (m); MS: m/z
(%): 248 (22) [M]*, 233 (12), 219 (6), 205 (7), 191 (20), 167 (20), 149 (100),
133 (19), 123 (20), 121 (18), 119 (26), 111 (26), 109 (24), 105 (49), 97 (40), 95
(34), 91 (33), 85 (35), 83 (39), 77 (29), 69 (54); HRMS for CyHy,0,: caled
248.1776; found 248.1776.

Data for isomer E-4b: '"H NMR (300 MHz, CDCl;): 6 =1.34 (s, 9H; rBu),
1.81 (d,J=6.9 Hz, 3H;3H4'), 1.99 (s, 3H; C7-CH;),3.5-3.7 (m, 4H; 2H2,
2H3),3.99 (d,J =4.5 Hz, 1H; H4a or H7a), 4.13 (d,/ =4.5 Hz, 1H; H7a or
H4a), 5.70 (dq, J=14.6, 6.9 Hz, 1H; H3'), 5.89 (d, J=11.4 Hz, 1H; HY'),
6.44 (ddq,J=14.6,11.4,1.6 Hz, 1H; H2'); ®*C NMR (75 MHz, CDCL,): 6 =
15.5 (q), 18.4 (q), 30.6 (q, 3 x , tBu), 33.7 (s, rBu), 61.8 (t), 62.2 (t), 77.9 (d),
78.8 (d), 119.8 (d), 130.1 (d), 130.4 (d), 137.8 (s), 138.3 (s), 149.4 (s); IR
(NaCl): 7 =2954 (s, C—H), 2909 (s, C-H), 2860 (s, C—H), 1599 (w), 1446 (s),
1339 (m), 1276 (m), 1132 (s), 1088 (m), 973 (m), 893 cm~' (m); MS: m/z
(%): 248 (13) [M]*, 233 (7), 223 (7), 205 (7), 191 (8), 177 (5), 150 (10), 149
(100), 147 (7), 133 (9), 119 (8), 105 (14), 91 (11), 77 (10); HRMS for
C;6H,,0,: caled 248.1777; found 248.1776.

(5Z)- and (5E)-6-tert-Butyl-5-ethenyliden-7-methyl-5 H-2,3,4 a,7 a-tetrahy-
drocyclopenta-1,4-dioxin (Z-4¢ and E-4c¢): Following the general proce-
dure for the deprotection/activation of acetals, treatment of acetal 1c¢
(60 mg, 0.27 mmol) in acetone (12mL, 0.16 mol) with water (29 uL,
1.62 mmol) and p-toluenesulfonic acid (5 mg, 0.03 mmol), afforded com-
pound 4¢ (50% yield) as a mixture of isomers in a 35:65 Z/E ratio.

Data for isomer Z-4¢: '"H NMR (300 MHz, CDCL): 6 =1.31 (s, 9H; rBu),
1.85 (d,/=7.0 Hz,3H; 3H2'), 1.96 (s, 3H; C7-CHj;), 3.5-3.7 (m, 4H; 2H2,
2H3),4.13 (d,J =4.2 Hz, 1H; H4a or H7a), 4.53 (d,/=4.2 Hz, 1H; H7a or
Hd4a), 5.76 (q, J=7.0 Hz, 1H; H1"); ®C NMR (75 MHz, CDCL): 6 =13.4
(q), 14.8 (), 30.8 (q, 3 x , tBu), 34.8 (s, 1Bu), 61.5 (t), 63.5 (t), 71.9 (d), 79.1
(d), 119.5 (d, C1’), 135.1 (s), 142.3 (s), 145.2 (s); IR (NaCl): 7#=3063 (w,
C—H), 2956 (s, C—H), 2909 (s, C—H), 2862 (s, C—H), 1603 (w), 1451 (m),
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1367 (m), 1340 (m), 1279 (m), 1134 (s), 1103 (m), 1063 (m), 958 (m), 893 (s),
837 (m), 776 cm~! (m); MS: m/z (%): 222 [M]*, 83), 207 (64), 193 (19), 166
(22), 163 (37), 151 (25), 149 (100), 147 (53), 135 (57), 121 (44), 119 (28), 113
(37), 107 (36), 105 (43), 93 (29), 91 (57), 79 (31), 77 (41); HRMS for
C,H,,0,: caled 222.1620; found 222.1618.

Data for isomer E-4¢: 'H NMR (300 MHz, CDCl;): 6 =1.30 (s, 9H; Bu),
1.86 (d,/=7.6 Hz,3H;3H2'), 1.95 (s, 3H; C7-CH;), 3.4-3.7 (m, 4H; 2H2,
2H3),3.96 (d,/=4.4 Hz, 1H; H4a or H7a), 4.05 (d,/=4.4 Hz, 1H; H7a or
H4a), 534 (q, J=7.6 Hz, 1H; H1"); 3C NMR (75 MHz, CDCl;): 6=15.2
(), 177 (q), 30.6 (q, 3 x , tBu), 33.6 (s, 1Bu), 61.9 (t), 62.0 (t), 78.5 (d), 78.7
(d), 114.7 (d, C1'), 137.1 (s), 140.0 (s), 149.0 (s); IR (NaCl): 7=2954 (s,
C—H), 2906 (s, C—H), 2859 (s, C-H), 1651 (w), 1598 (w), 1446 (s), 1366 (m),
1337 (m), 1276 (s), 1198 (m), 1134 (s), 1078 (s), 890 (s), 811 cm~! (m); MS:
miz (%): 222 (24) [M], 207 (21), 163 (11), 149 (100), 147 (16), 135 (18), 121
(15), 119 (10), 113 (10), 105 (16), 91 (21), 77 (18); HRMS for C;;H,0,:
calcd 222.1620; found 222.1619.
(2E,7E)-8-{[1,3]-Dioxolan-2-yl}-3,7-dimethyl-1-(2,6,6-trimethylcyclohex-1-
en-1-yl)octa-2,7-dien-5-yn-4-o0l (17): Following the general procedure for
the preparation of propargyl alcohols, the reaction of alkyne 16 (1.0 g,
7.24 mmol) and aldehyde 12a (1.36 g, 6.59 mmol) afforded 2.17 g (95%
yield) of compound 17 as a colourless oil, after purification by chromatog-
raphy on silica gel (85:10:5 hexane/EtOAC/Et;N). '"H NMR (300 MHz,
CDCl;): 6=0.93 (s,3H; C6"-CHj;), 0.94 (s, 3H; C6”-CH3;), 1.50 (s, 3H; C2"-
CH;), 1.4-1.6 (m, 4H;2H4",2H5"), 1.75 (s, 3H; CH;), 1.87 (s, 3H; CHs),
1.88 (t,/=6.2Hz,2H;2H3"),2.71 (d,/=6.4 Hz,2H; 2H1), 3.8-4.0 (dm,
4H;2H4', 2HS'), 478 (s, 1H; H4), 5.39 (tq, /=6.4, 1.0 Hz, 1H; H2), 5.49
(d, J=69Hz, 1H; H2), 5.72 (dq, /=69, 1.4 Hz, 1H; H8); *C NMR
(75 MHz, CDCl;): 6 =12.0 (q), 17.7 (q), 19.4 (t), 19.5 (q), 26.9 (t), 28.1 (q,
2x),32.8(t),34.7 (s), 39.6 (), 64.8 (t,2 x ), 68.1 (d, C4), 86.8 (s), 88.7 (s),
99.4 (d), 124.6 (s), 128.1 (s), 129.0 (d), 132.3 (d), 132.6 (s), 135.8 (s); IR
(NaCl): 7=3600-3100 (br, O—H), 2953 (s, C—H), 2923 (s, C-H), 2863 (s,
C—H), 2212 (w, C=C), 1641 (m), 1460 (m), 1380 (m), 1221 (w), 1148 (m),
1071 (m), 936 cm™! (s); MS: m/z (%): 344 (3) [M]*, 326 (2), 287 (3), 271
(19), 203 (27), 177 (27), 149 (23), 135 (51), 123 (86), 93 (79), 91 (100), 79
(71), 77 (71), 73 (90), 55 (56); HRMS for C,,H3,05: caled 344.2351; found
344.2350.

(4F)-5-{[1,3]-Dioxolan-2-yl}-4-methyl-1-[ (1E)-1-methyl-3-(2,6,6-trimethyl-
cyclohex-1-en-1-yl)prop-1-en-1-yl|pent-4-en-2-ynyl benzoate (18): Follow-
ing the general procedure for the preparation of propargyl benzoates,
alcohol 17 was transformed into benzoate 18 in 93% yield, after
purification by chromatography on silica gel (90:5:5 hexane/EtOAc/
Et;N). 'TH NMR (250 MHz, CDCl;): 6 =0.95 (s, 3H; C6"-CHj), 0.96 (s,
3H;C6"-CH;), 1.53 (s,3H; C2""-CH;), 1.4-1.6 (m,4H;2H4"",2H5""), 1.87
(s,3H; C1"-CH;), 1.91 (d, J=1.4 Hz, 3H; C4-CH,), 1.94 (t, /=70 Hz, 2H;
2H3"),2.77 (d,J=6.4 Hz, 2H; 2H3"), 3.8-4.0 (m, 4H; 2H4', 2H5'), 5.53
(d,/=70Hz,1H;H2),5.60 (tq,/ =6.4,1.3 Hz, 1H; H2"), 5.80 (dq, J/ = 7.0,
1.4 Hz, 1H; HS), 6.11 (s, 1H; H1), 74-75 (m, 2H; 2 x ArH), 7.5-7.6 (m,
1H; ArH), 8.0-8.1 (m, 2H; 2 x ArH); *C NMR (63 MHz, CDCL,): 6 =
12.6 (q), 17.7 (q), 19.4 (t), 19.6 (q), 272 (t), 28.2 (q, 2 x ), 32.9 (t), 34.8 (s),
39.7 (t), 64.9 (t, 2 x ), 70.3 (d), 85.3 (s), 87.7 (s), 99.5 (d), 124.3 (s), 128.3 (d,
2x),128.6 (s), 129.1 (s), 129.8 (d, 2 x ), 130.3 (s), 132.4 (d), 133.0 (d), 133.2
(d), 135.6 (s), 165.3 (s, C=0); IR (NaCl): 7#=2928 (s, C-H), 2867 (s, C—H),
2220 (w, C=C), 1724 (s, C=0), 1641 (m), 1597 (m), 1460 (m), 1079 (s), 1028
(8), 927 (s), 712 cm™" (s); MS: m/z (%): 448 (1) [M]*, 375 (2), 343 (2), 311
(5), 149 (34), 119 (6), 105 (100), 95 (11), 81 (11), 77 (18), 73 (44); HRMS for
CyH;,0,: caled 448.2614; found 448.2616.

2-[ (1E,6E)-3-tert-Butyl-2,6-dimethyl-8-(2,6,6-trimethylcyclohex-1-en-1-
yDocta-1,3,4,6-tetraen-1-yl]-[1,3]-dioxolane (19): Following the general
procedure for the preparation of vinylallenes, starting with propargyl
benzoate 18, vinylallene 19 was prepared in 64 % yield, after purification by
chromatography on silica gel (95:5 hexane/Et;N). 'H NMR (300 MHz,
CDCLy): 6=0.97 (s, 6H; C6"-2CH;), 1.13 (s, 9H; tBu), 1.4-1.6 (m, 4H;
2H4",2H5"),1.54 (s,3H; C2"-CH,), 1.70 (d, /= 1.0 Hz, 3H; C6'-CHj), 1.92
(d, J=13Hz, 3H; C2'-CH,), 1.92 (t, J=6.4 Hz, 2H; 2H3"), 2.79 (d, /=
6.7Hz, 2H; 2HY'), 3.8-4.0 (dm, 4H; 2H4, 2HS), 5.18 (tq, J=6.7, 1.0 Hz,
1H;H7'),5.42 (dq, /=6.9, 1.3 Hz, 1H; H1'), 5.50 (d, /= 6.9 Hz, 1H; H2),
5.87 (s, 1H; H5'); BC NMR (75 MHz, CDCLy): 6 =13.7 (q), 19.4 (q), 19.6
(t), 19.8 (q), 27.8 (t), 28.3 (q), 30.2 (q, 3 x , Bu), 32.9 (t), 34.4 (s), 34.9 (s),
39.8 (), 64.8 (t,2 x ), 100.4 (d), 100.9 (d), 119.6 (s), 124.6 (d), 127.9 (s), 128.7
(s), 129.7 (d), 136.4 (s), 139.9 (s), 201.8 (s, C4); IR (NaCl): 7=2924 (s,
C—H), 2857 (s, C—H), 1931 (m, C=C=C), 1656 (s), 1463 (s), 1381 (s), 1144
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(m), 1064 (m), 939 (m), 866 (m), 732 cm™! (s); MS: m/z (%): 384 (2) [M]*,
327 (3), 247 (8), 233 (2), 191 (16), 147 (6), 119 (10), 105 (70), 93 (9), 91 (9),
81 (11), 73 (100); HRMS for C,sH,O,: calcd 384.3028; found 384.3026.

(2E,7E)-4-tert-Butyl-3,7-dimethyl-9-(2,6,6-trimethylcyclohex-1-en-1-yl)no-
na-2,4,5,7-tetraenal (20): Following the general procedure for the depro-
tection/activation of acetals, treatment of acetal 19 (60 mg, 0.16 mmol) in
acetone (6.9 mL, 93.6 mmol) with water (17 uL, 0.94 mmol) and p-
toluenesulfonic acid (2 mg, 0.02 mmol), afforded aldehyde 20 (50 mg
94 % ).[l()h]

(2Z)-3-Methylpent-2-en-4-ynal dimethyl acetal (21): A solution of (2Z)-3-
methylpent-2-en-4-ynal (0.95 g, 10.10 mmol) in dry methanol (19 mL) was
treated with hydrogen chloride (10.10 mL, 1.0m in Et,0, 10.10 mmol). The
reaction mixture was stirred at 25°C for 15 min and then MeOH (19 mL)
was added. After stirring for an additional 20 min a new portion of MeOH
(24 mL) was added and the final mixture was stirred for 10 min. It was then
poured over a saturated aqueous NaHCOj solution and the aqueous layer
was extracted with Et,O (3 x 100 mL). The combined organic layers were
washed with aqueous NaHCO; (2 x 200 mL), water (200 mL) and brine
(200 mL), dried (Na,SO,) and evaporated. Purification by chromatography
on silica gel (elution gradient: from 1:1 CH,Cl,/hexane to 100 % CH,Cl,)
afforded compound 21 (1.24 g, 88 %), which was used in the next step
without further purification. 'H NMR (400 MHz, CDClLy): 6 =194 (d, J =
1.1 Hz, 3H; C3-CH,), 3.19 (s, 1 H; HS), 3.38 (s, 6 H; 2 x OCH;), 5.17 (d, /=
7.5 Hz, 1H; H1), 5.79 (dq, /=75, 1.1 Hz, 1H; H2); 3C NMR (100 MHz,
CDCl;): 6=23.1 (q), 53.4 (q, 2 x ), 81.4 (d, C5), 82.4 (s, C4), 101.9 (d, C1),
122.2 (s, C3), 134.6 (d, C2); IR (NaCl): 7=3288 (m, C=C—H), 2932 (m,
C-H), 2830 (m, C—H), 1449 (m), 1378 (m), 1130 (s), 1074 (s), 1054 (s),
956 cm™! (m); MS: m/z (%): 140 (12) [M]*, 132 (6), 125 (15), 110 (6), 109
(100), 94 (21), 77 (13), 75 (12), 70 (5), 66 (6), 65 (8); HRMS for CgH,,0,:
calcd 140.0837; found 140.0836.

(2Z,7E)-3,7-Dimethyl-9-(2,6,6-trimethylcyclohex-1-en-1-yl)nona-2,7-dien-
4-yn-6-ol-1-al dimethyl acetal (22): Following the general procedure for the
preparation of propargyl alcohols, the reaction of alkyne 21 (0.28 g,
1.98 mmol) and aldehyde 12a (0.37 g, 1.80 mmol) afforded, in order of
elution, unreacted starting aldehyde 12a (0.14 g, 61 % conversion) and
compound 22 (0.35 g, 92% yield), after purification by chromatography
(SiO,, elution gradient: from 93:5:2 hexane/EtOAC/Et;N to 78:20:2
hexane/EtOAc/Et;N). 'H NMR (400 MHz, CDCL): 6=0.97 (s, 3H; C6'-
CH,), 0.98 (s, 3H; C6'-CH;), 1.4-1.6 (m, 4H;2H4',2HY5'), 1.55 (s, 3H; C2'-
CH,), 1.83 (s, 3H; CH;), 1.92 (m, 5H; 2H3', CH;), 2.76 (d, /=6.4 Hz, 2H;;
2H9), 3.36 (s, 6H; C1-20Me), 4.90 (s, 1H; H6), 5.10 (d, J=75Hz, 1H;
H1), 546 (t, J=6.4Hz, 1H; HS8), 571 (dq, /=75, 1.4Hz, 1H; H2);
13C NMR (100 MHz, CDCL,): 6 =12.2 (q), 19.4 (1), 19.6 (q), 23.2 (q), 27.0
(1),282(q,2 x),32.8(t),34.8 (s, C6'),39.6 (1), 53.2 (q, 2x), 68.3 (d, C6), 83.2
(s), 94.2 (s), 101.9 (d, C1), 122.8 (s), 128.1 (s), 129.2 (d), 132.4 (s), 132.8 (d),
135.8 (s); IR (NaCl): #=3600-3100 (br, O—H), 2927 (s, C—H), 2865 (m,
C—H), 1449 (m), 1380 (m), 1192 (m), 1133 (s), 1054 (s), 947 (m), 755 cm™!
(wW); MS: m/z (%): 315 (57) [M — OCH;]*, 314 (100) [M — CH;0H]*, 191
(42), 177 (89), 165 (95), 150 (70), 137 (66), 136 (93), 123 (94), 121 (83), 107
(55), 105 (46), 95 (75), 93 (52), 91 (59), 81 (67), 79 (45), 69 (54); HRMS
([M — CH;OH]") for C,;H3,0,: calcd 314.2246; found 314.2255.

(4Z)-6,6-Dimethoxy-4-methyl-1-[ (1LE)-1-methyl-3-(2,6,6-trimethylcyclo-
hex-1-en-1-yl)prop-1-en-1-yl]hex-4-en-2-ynyl benzoate (23): According to
the general procedure for the preparation of propargyl benzoates,
propargyl alcohol 22 (0.14 g, 0.40 mmol) was transformed into benzoate
23 (0.18 g,99 % yield), after chromatography (SiO,, 90:8:2 hexane/EtOAc/
Et;N). '"H NMR (400 MHz, CDCl;): 6 =0.98 (s, 6H; C6”-2CHj;), 1.4-1.6
(m, 4H;2H4", 2HS"), 1.55 (s, 3H; C2"-CH,), 1.9 (m, 8H; 2H3", C1’-CH,,
C4-CH;),2.80 (d,/=6.4 Hz,2H;2H3'),3.32 (s, 3H; C6-OMe), 3.35 (s, 3H;
C6-OMe), 5.09 (d, /=76 Hz, 1H; H6), 5.64 (t, J=6.4 Hz, 1H; H2'), 5.72
(dq, /=76, 1.4 Hz, 1 H; HS), 6.15 (s, 1H; H1), 744 (m, 2H; 2 x ArH), 7.56
(m, 1H; ArH), 8.05 (m, 2H; 2 x ArH); C NMR (100 MHz, CDCL): 6 =
12.6 (q), 19.4 (t), 19.6 (q), 23.0 (q), 272 (t), 28.2 (q, 2 x ), 32.8 (t), 34.8 (s,
C6"), 39.6 (t), 53.7 (q, 2 x ), 70.3 (d, C1), 84.1 (s), 90.5 (s), 102.4 (d, C6),
122.4 (s), 128.3 (d, 2 x ), 128.5 (s), 128.8 (s), 129.6 (d, 2 x ), 130.1 (s), 132.5
(d), 133.0 (d), 133.7 (d), 135.4 (s), 165.2 (s, C=0); IR (NaCl): 7=2928 (s,
C-H), 1724 (s, C=0), 1452 (m), 1257 (s), 1095 (s), 1069 (s), 952 (m),
711 cm™' (m); MS: m/z (%): 450 (0.9) [M]*, 418 (4) [M — CH;0H]", 313
(10), 178 (7), 177 (26), 137 (8), 106 (7), 105 (100), 95 (8), 77 (13), 75 (10);
HRMS for C,yH330,: caled 450.2770; found 450.2771.
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(2Z,7E)-4-tert-Butyl-3,7-dimethyl-9-(2,6,6-trimethylcyclohex-1-en-1-yl)no-
na-2,4,5,7-tetraenal dimethyl acetal (24): Following the general procedure
for the preparation of vinylallenes, propargyl benzoate 23 (50 mg,
0.11 mmol) was transformed into vinylallene 24 (42 mg, 98 % yield), after
chromatography (SiO,, 94:4:2 hexane/EtOAc/Et;N). 'H NMR (400 MHz,
CDCl;): 0 =0.97 (s, 3H; C6'-CH3), 0.98 (s, 3H; C6'-CHj;), 1.12 (s, 9H; rBu),
1.4-1.6 (m, 4H; 2H4', 2H5), 1.54 (s, 3H; C2-CH,), 1.73 (s, 3H; C7-CH,),
1.93 (t,J=6.1 Hz,2H; 2H3), 1.97 (d,J = 1.2 Hz, 3H; C3-CH,), 2.80 (d,/ =
6.5 Hz, 2H; 2H9), 3.31 (s, 3H; C1-OMe), 3.34 (s, 3H; C1-OMe), 4.88 (d,
J=8.0Hz, 1H; H1), 5.20 (t,J=6.5 Hz, 1H; H8), 5.42 (dq, /=8.0, 1.2 Hz,
1H; H2), 5.82 (s, 1H; H6); 3C NMR (100 MHz, CDCl,): 6 =13.8 (q), 19.5
(1), 19.7 (q), 26.1 (q), 277 (1), 28.3 (q, 2 x ), 30.3 (q, 3 x , Bu), 32.8 (1), 34.4
(s), 34.9 (s), 39.8 (1), 53.0 (q, OMe), 53.1 (q, OMe), 100.1 (d), 101.9 (d),
115.6 (s), 124.5 (d), 1279 (s), 128.5 (s), 129.9 (d), 136.3 (s), 138.6 (s), 200.1 (s,
C5); IR (NaCl): #=2962 (s, C-H), 2866 (s, C—H), 2828 (s, C-H), 1933 (w,
C=C=C), 1463 (s), 1361 (m), 1127 (s), 1078 (s), 1055 (s), 946 cm~! (m); MS:
miz (%): 386 (12) [M]*, 371 (31), 355 (11), 329 (68), 249 (43), 217 (22), 193
(52), 119 (24), 95 (27), 91 (25), 81 (26), 75 (100), 69 (21); HRMS for
C,eH,,0,: caled 386.3185; found 386.3182.

(SE)-1-tert-Butyl-2-methyliden-5-[ (2E)-2-methyl-4-(2,6,6-trimethylcyclo-

hex-1-en-1-yl)but-2-enyliden]cyclopent-3-en-1-0l (29) and (4Z)-3-tert-bu-
tyl-5-methoxy-2-methyl-4-[ (2E)-2-methyl-4-(2,6,6-trimethylcyclohex-1-en-
1-yl)but-2-enyliden]cyclopent-2-en-1-ol (30): Following the general proce-
dure for the deprotection/activation of acetals, treatment of divinylalleny-
lacetal 24 (65 mg, 0.17 mmol) in acetone (7.4 mL, 0.10 mol) with H,O
(0.1 mL, 5.5mmol) and p-toluenesulfonic acid monohydrate (3.2 mg,
0.02 mmol), afforded, after purification by chromatography on silica gel
(elution gradient: from 98:2 hexane/EtOAc to 80:20 hexane/EtOAc),
compound 29 (29 mg, 51 % yield) and compound 30 (17 mg, 27 % yield).

Data for compound 29: '"H NMR (400 MHz, CDCl;): 6 =0.92 (s, 9H; /Bu),
0.97 (s, 3H; C6"-CHj;), 0.99 (s, 3H; C6"-CH;), 1.4-1.6 (m, 4H; 2H4",
2HS"), 1.55 (s, 3H; C2"-CHs;), 1.9 (m, 2H; 2H3"), 1.94 (d, J=1.0 Hz, 3H;
C2'-CHs;), 2.83 (d, J=6.5 Hz, 2H; 2H4'), 5.00 (s, 1H; H1"), 5.09 (s, 1H;
H1"), 540 (t, J=6.5Hz, 1H; H3'), 5.92 (s, 1H; H1"), 6.32 (d, J=6.0 Hz,
1H; H3), 6.87 (d, J=6.0 Hz, 1H; H4); 'H NMR (400 MHz, CD;COCD:):
0=0.90 (s, 9H; rBu), 0.99 (s, 3H; C6"-CHj), 1.00 (s, 3H; C6"-CHj;), 1.4~ 1.6
(m,4H;2H4",2H5"),1.56 (s,3H; C2"-H;), 1.9 (m, 2H;2H3"), 1.94 (d, /=
1.0 Hz, 3H; C2'-CHj;), 2.88 (d, /=6.5Hz, 2H; 2H4'), 4.95 (d, J=0.9 Hz,
1H; H1"), 5.07 (s, 1H; H1"), 536 (t, /=6.5 Hz, 1H; H3'), 5.90 (s, 1H;
H1"),6.36 (d,/=6.0 Hz, 1 H; H3 or H4), 6.89 (d,/=6.0 Hz, 1 H; H4 or H3);
'H NMR (400 MHz, C¢Dy): 6 =0.90 (s, 6H; C6”-2CHj), 0.95 (s, 9H; rBu),
1.2-1.5 (m, 4H; 2H4", 2H5"), 1.40 (s, 3H; C2"-CHj;), 1.70 (s, 3H; C2'-
CH,;), 1.8 (m,2H;2H3"),2.73 (d,2H;2H4'),4.81 (s, 1H; H1""), 4.88 (s, 1 H;
H1"), 5.49 (t, 1H; H3'), 6.0 (m, 2H; H1’, H3 or H4), 6.70 (d, 1H; H4 or
H3); ¥C NMR (100 MHz, CDCL): 6=16.9 (q), 19.9 (t), 20.2 (q), 25.4 (q,
3 x,1Bu), 27.2 (t), 28.1 (q, 2 x ), 33.3 (), 35.4 (s), 37.8 (s), 40.1 (1), 85.5 (s,
C1),106.9 (t, C1"),127.6 (d, C1'), 128.5 (s), 132.4 (s), 134.1 (d, C4), 135.4 (d,
2 %), 136.6 (s), 144.9 (s), 156.6 (s); *C NMR (100 MHz, CD;COCD;): 6 =
16.2 (q), 19.5 (q), 19.7 (1), 25.0 (q, 3 x , rBu), 27.8 (t), 28.1 (g, 2 x ), 33.9 (1),
35.1 (s), 374 (s), 40.0 (t), 84.6 (s, C1), 106.2 (t, C1""), 127.1 (d), 128.1 (s),
132.7 (s), 133.8 (d), 133.9 (d), 135.7 (d), 136.7 (s), 145.6 (s), 157.0 (s);
BC NMR (100 MHz, C¢Dg): 6 =16.7 (q), 20.0 (t), 25.4 (q, 3%, Bu), 28.2 (1),
28.6 (q), 33.2 (t), 35.3 (s), 37.7 (s), 40.1 (t), 85.4 (s, C1), 106.8 (t, C1""), 127.6
(d), 128.0 (s), 132.9 (s), 133.9 (d), 135.0 (d), 135.5 (d), 136.6 (s), 145.4 (s),
156.7 (s); IR (NaCl): 7#=3600-3100 (br, O—H), 2958 (s, C-H), 1697 (m),
1464 (m), 1362 (m), 1216 (m), 1071 (w), 1013 (w), 758 cm™" (s); MS: m/z
(%): 340 (26) [M]*, 283 (55), 203 (21), 159 (100), 147 (33), 137 (75), 123
(33),109 (23), 95 (47),91 (28), 81 (33), 79 (21), 69 (44); HRMS for C,,H;0O:
calcd 340.2766; found 340.2754.

Data for compound 30: 'H NMR (400 MHz, CDCl;): 6 =1.00 (s, 6H; C6"-
2CHs;), 1.34 (s, 9H; Bu), 1.4-1.6 (m, 4H; 2H4", 2H5"), 1.58 (s, 3H; C2"-
CH,), 1.89 (s, 3H; C2'-CHj;), 1.9 (m, 2H; 2H3"), 2.05 (s, 3H; C2-CHj;), 2.8
(m, 2H; 2H4'), 3.36 (s, 3H; C5-OMe), 4.07 (s, 1 H; HS), 4.18 (s, 1 H; H1),
545 (t, J=6.4Hz, 1H; H3'), 6.31 (s, 1H; H1'); BC NMR (100 MHz,
CDCly): 6 =14.5 (q), 14.8 (q), 18.3 (t), 18.7 (q), 26.7 (1), 27.1 (q, 2 x ), 29.8
(q, 3 x, Bu), 31.6 (), 33.2 (s), 33.7 (s), 38.4 (t), 53.8 (q), 81.0 (d), 83.3 (d),
126.7 (s), 130.2 (d), 130.3 (s), 131.8 (d), 135.2 (s), 135.8 (s), 139.1 (s), 146.1
(s); IR (NaCl): #=3600-3100 (br, O—H), 2928 (s, C—H), 2868 (m, C—H),
1697 (m), 1460 (m), 1363 (m), 1085 (m), 757 cm™! (s); MS: m/z (%): 372
(66) [M]*, 340 (39), 235 (44), 219 (61), 203 (66), 179 (61), 162 (54), 147 (45),
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137 (69), 123 (72), 121 (62), 119 (56), 109 (56), 107 (69), 105 (61), 95 (100),
93 (64); HRMS for C,sH,,O,: caled 372.3028; found 372.3022.

2-[(2E)-4-[ (1Z)-2-tert-Butyl-4,5-dimethoxy-3-methylcyclopent-2-enyli-
dene]-3-methylbut-2-en-1-yl]-1,3,3-trimethylcyclohex-1-ene (31): A solu-
tion of lithium tetrafluoroborate (19 mg, 0.20 mmol) in 4% aqueous
CH;CN (0.2 mL) was added to divinylallenylacetal 24 (77 mg, 0.20 mmol).
A second portion of solvent 4% aq. CH;CN (0.2 mL) was added and the
reaction mixture was stirred at 25 °C for 1 h. It was then diluted with EtOAc
(0.5 mL) and washed with a saturated aqueous NaHCO; solution (1 mL),
dried over Na,SO, and evaporated. Purification by chromatography on
silica gel (elution gradient: from 98:2 hexane/EtOAc to 85:15 hexane/
EtOAc) afforded compound 31 (16 mg, 21% yield) and compound 30
(10 mg, 13% yield). Data for compound 31: '"H NMR (400 MHz, CDCL,):
6=1.00 (s, 3H; C3-CH,), 1.01 (s, 3H; C3-CH3), 1.35 (s, 9H; rBu), 1.4-1.6
(m, 4H; 2H4, 2HS5), 1.59 (s, 3H; C1-CHs;), 1.87 (s, 3H; C3'-CHj;), 1.93 (t,
J=6.3Hz, 2H; 2H6), 2.00 (s, 3H; C3"-CH;), 2.7-2.9 (m, 2H; 2H1"), 3.32
(s,3H; OMe), 3.37 (s,3H; OMe), 3.77 (s, 1 H; H4"” or H5"),4.08 (s, 1 H; H5"
or H4"), 546 (t, J=6.3Hz, 1H; H2'), 6.26 (s, 1H; H4'); ¥C NMR
(100 MHz, CDCL,): 6 =15.9 (q), 16.5 (q), 19.6 (t), 19.9 (q), 27.9 (), 28.5 (q,
2x),30.9(q, 3 x, Bu), 32.9 (1), 34.4 (s), 35.0 (s), 39.7 (1), 54.4 (q), 56.3 (q),
80.0 (d), 90.3 (d), 127.8 (s), 130.7 (d), 131.5 (s), 132.0 (d), 135.3 (s), 136.7 (s),
141.4 (s), 148.2 (s); IR (NaCl): 7 =2928 (s, C—H), 2826 (m, C—H), 1703 (w),
1458 (m), 1362 (m), 1089 (s), 757 cm~! (s); MS: m/z (%): 387 (25) [M+1]*,
386 (86) [M]*, 371 (37), 354 (23), 249 (56), 218 (21), 217 (100), 193 (36), 161
(34), 137 (26), 95 (20), 75 (23); HRMS for C,H,,0,: calcd 386.3185; found
386.3186.

2-[(2E)-4-[ (1Z)-2-tert-Butyl-4,5-dimethoxy-3-methylcyclopent-2-enyli-
dene]-3-methylbut-2-en-1-yl]-1,3,3-trimethylcyclohex-1-ene  (31): Dry
CHCl; (0.5 mL) followed by MeOH (11.5 pL, 0.30 mmol) were added to
a mixture of divinylallenylacetal 24 (11 mg, 0.03 mmol) and FeCl;- SiO,
(9.5 mg, 0.04 mmol). The final mixture was stirred at 25 °C for 45 min. The
solvent was evaporated and the residue chromatographed (SiO,, 97:3
hexane/EtOAc) to afford compound 31 (3.4 mg, 31 % yield).

2-[(2E)-4-[ (1Z)-2-tert-Butyl-4,5-dimethoxy-3-methylcyclopent-2-enyli-
dene]-3-methylbut-2-en-1-yl]-1,3,3-trimethylcyclohex-1-ene (31): MeOH
(7 pL, 0.17 mmol) was added to the solution of divinylallenylacetal 24
(6.4 mg, 0.02mmol) in acetone (0.3 mL), followed by Pd! chloride
bis(acetonitrile) (1 mg, 0.003 mmol) and the mixture was stirred at 25°C
for 20 min. The solvent was evaporated and the residue purified by
chromatography on silica gel (97:3 hexane/EtOAc) to afford compound 31
(2.6 mg, 40% yield).
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Cyclodextrin Dimers as Receptor Molecules for Steroid Sensors
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Abstract: The dansyl-modified dimer 9
complexes strongly with the steroidal
bile salts. Relative to native -cyclodex-
trin, the binding of cholate (1a) and
deoxycholate (1b) salts is especially
enhanced. These steroids bind exclu-
sively in a 1:1 fashion. For other bile

second. The difference is attributed to
the absence of a 12-hydroxy group in the
second group of steroids. Comparison
with a dimer that lacks the dansyl moiety
(6) shows that this group especially
hinders the cooperative binding of 1a
and 1b. The smaller interference in the

binding of the other steroids indicates
that self-inclusion of the dansyl moiety
hardly occurs. This weak self-inclusion is
supported by fluorescence studies. The
dansyl fluorescence of dimer 9 is less
blue-shifted than that of other known
dansyl-appended cyclodextrin deriva-

salts (1c—1e) both 1:1 and 1:2 com-
plexes were observed with stabilities
similar to those of native $-cyclodextrin.
This indicates that only one cavity is
used, with a small contribution from the

SEensors -

Introduction

Host—guest complexation is an important principle in the
development of sensor devices for the detection of ions and
neutral molecules. Ions can be detected selectively and
sensitively by using receptor molecules in ion selective
electrodes or field-effect transistors.'*] Recognition and
signal transduction are much more difficult for organic
species. The detection of organic species is usually based on
spectroscopic or mass sensitive methods.

A well-known class of host compounds for organic mole-
cules is the naturally occurring cyclodextrins, cyclic oligosac-
charides that consist of six, seven (8-cyclodextrin, Figure 1),
or eight glucose moieties.[*3 These water-soluble molecules,

oH

(‘;.:-

¥
| .:‘- ;:. wiale ——
;=
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Figure 1. Structure of S-cyclodextrin.
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tives; this is indicative of a more polar
micro-environment. Addition of guests
causes a change in fluorescence inten-
sity.

cyclodex-

which are shaped like a truncated cone, possess a hydrophobic
cavity that enables the complexation of organic guests in
aqueous solution. The possibility of using cyclodextrins for
sensor purposes, by appending a fluorescent receptor mole-
cule, has been studied by Ueno!® and others.I # In this type of
system, the generation of a signal is based on the competition
for the cyclodextrin cavity between the covalently attached
fluorophore and an added guest. In the absence of a guest, the
fluorophore partially resides inside the cavity. Addition of a
guest leads to decomplexation of the detector moiety and to a
concomitant decrease in fluorescence quantum yield.’l The
selectivity of the sensing molecules resembles that found for
native B-cyclodextrin. The sensitivity of this system is limited
by the competition between complexation of the guest and
self-inclusion of the fluorophore in the cyclodextrin cavity.
This usually results in decreased binding constants for binding
to the receptor compared with binding to S-cyclodextrin.

We want to increase the selectivity of cyclodextrin-based
sensing molecules toward larger guest molecules. This can be
achieved by extending the hydrophobic cavity.l'” In a previous
paper, we reported on the use of fluorophore-appended
cyclodextrin-calix[4]arene couples as sensing molecules with
an enlarged cavity.''!' Their sensing behavior, however,
depended heavily on the aggregation state of the hosts and
the host — guest complexes.'”) Ueno and co-workers have used
biomolecules as large caps for cyclodextrin-based sensing
molecules. Thus, cyclodextrin derivatives with monensin
moieties,’] or biotin-modified cyclodextrins that interact
with avidin,[' were investigated as receptors with an enlarged
hydrophobic cavity.
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Another way to create a larger cavity is to couple two
cyclodextrins to give dimers.'>"'”) Covalently coupled cyclo-
dextrins form very strong complexes with appropriate
guests.'821 Hitherto there has only been one example of a
fluorophore-modified cyclodextrin dimer.?"! In this dimer the
cyclodextrins are connected by their small, primary sides.

In this paper, we report the synthesis, steroid complexation,
and sensing properties of a fluorescent -cyclodextrin dimer
in which the cyclodextrins are connected through their
secondary sides. This molecule has enhanced water solubility
compared with the previously reported S-cyclodextrin-calix-
arene couples; this prevents aggregation phenomena from
having an influence on the sensing behavior of the host
molecules. Cooperation between the two cavities should be
more likely when they are connected on the secondary side
rather than on the primary side.[*!

Results and Discussion

A class of steroids whose interaction with S-cyclodextrin and
derivatives has been well studied is that of the bile acids
(Figure 2).2>281 They are surfactant-like molecules that play a
role in the metabolism and excretion of cholesterol in
mammals.?’]

They have a characteristic structure, with a side chain at
C17, methyl groups at C10, C13, and C20, and a carboxylic
acid at C23 of the steroid skeleton. They differ in the number
and position of hydroxy groups at C3, C7, and C12. The
thermodynamics/®! and kinetics®! of the inclusion of some
bile acid salts into native S-cyclodextrin have been studied by
NMR spectroscopy. The thermodynamics of inclusion®” and
the effect of the presence of cyclodextrins on the thermody-
namics of micelle formation?” have been studied by micro-
calorimetry. The complex ge-
ometry of S-cyclodextrin with
1d,?? 1a, and 1b?®! was studied
by ROESY measurements. The
aliphatic side chain of the ste-
roid is shown to enter the cyclo-
dextrin from the secondary
side. Additional interactions of
the two steroid rings closest to
the side chain with the interior
of the cyclodextrin were ob-
served. This leaves part of the
steroid skeleton available for
interaction with a second cyclo-
dextrin. Tato and co-workers?®l
also studied the formation of
complexes between f-cyclodex-
trin dimers connected at the
primary side and 1a and 1b. For
1b, the formation of an oligo-
meric structure is proposed.

Synthesis: Our strategy for the
preparation of cyclodextrin

dimers connected through their
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Steroid R!' R? R?
la  Cholate OH H OH
1b  Deoxycholate H H OH
1c  Chenodeoxycholate OH H H
1d  Ursodeoxycholate H OH H
le Lithocholate H H H

Figure 2. Structures of bile salts.

secondary sides involved the use of B-cyclodextrin that is
protected at the primary side with fert-butyldimethylsilyl
(TBDMS) groups. The dipropylamino-S-cyclodextrin dimer 6
was obtained by deprotonating an excess of heptakis(6-O-
TBDMS)-fS-cyclodextrin 4 with lithium hydride and subse-
quent reaction with N-benzylbis(3-bromopropyl)amine 3
(Scheme 1). This procedure is known to yield cyclodextrin
derivatives modified at the C2 position,® % because the C2
hydroxy group is more acidic than the C3 hydroxy group.B!
The relative simplicity of the 'H and *C spectra confirms the
C, symmetry of the dimer and, thus, the twofold C2
substitution.

Because 4 and the N-benzyldipropylamino S-cyclodextrin
dimer co-eluted during the chromatographic purification, the
benzyl group was directly removed by catalytic reduction, to
give the pure TBDMS-protected dimer 5. This was depro-
tected by using tetrabutylammonium fluoride in THF to give
the desired product 6.

The spacer 8 for the fluorescent dimer 9 (Scheme 2) was
synthesized by treating bis(3-hydroxypropyl)amine 7 first
with one equivalent of dansyl chloride and subsequently with

|9 ()

I-""-J-’

Bro, e Moo, B

Scheme 1. Synthesis of dimer 6. i) HBr. ii) LiH, 3. iii) Pd/C, NH,HCOO. iv) Tetrabutylammonium fluoride.
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Scheme 2. Synthesis of dimer 9. i) DansCl, TEA.
iii) LiH, 8. iv) Tetrabutylammonium fluoride.

ii) TsCl, pyridine.

two equivalents of tosyl chlo-

Table 1. Thermodynamic parameters (298 K) for the interaction between
f-cyclodextrin and bile salts.

Steroid K [M7!]  AG [kcalmol™!] AH [kcalmol™!] TAS [kcalmol~!]
1a 41x10° —49 —6.0 -11
1b 3.6x10° —438 -7.0 —-22
1c 1.8x10° —-7.1 —-74 -03
1d 78 x10° —8.0 -92 -12
le 1.9%x10° -85 -9.7 -12

Complexation of bile acid salts in cyclodextrin dimer 6: The
complex formation of this dimer was studied by titration of a
steroid solution against a solution of dimer 6 in water. The
titration data for 1a and 1b followed a 1:1 binding model
(Figure 3a). However, the binding of chenodeoxycholate (1¢),
ursodeoxycholate (1d), and lithocholate (1e) to the dimer
could only be fitted to a sequential 1:2 binding model
(Figure 3b).

. . . a t/mn —» b t/mn —
ride. The cyclodextrin dimer ! 0 30 60 90 120 150 180 210 ! 0 20 40 60 80 100 120
was obtained by treatment of ——— T ——
8 with deprotonated TBDMS- 004 | 0.04 1
pB-cyclodextrin 4 followed by
deprotection with tetrabutyl- T T'0‘2' |
ammonium fluoride in THF. 5 05 | % 044 )
All compounds were satisfac- 3 K
torily characterized by NMR 2 * 06 ]
spectroscopy and FAB-MS. B N —

04 [ I 0 4
Complexation of bile acid salts 2] ] el
in pB-cyclodextrin: The com- T 4] 1 T 21 ]
plexation and sensing behavior - s
of 9, as studied by fluorescence g ] _g * i
spectroscopy, appeared to be § 81 1 ki 5. |
complicated  (see  below). -104 ]
Therefore, we employed the 01 2 3 4 5 6 0 1 2 3 4 5 6

more universal technique of
microcalorimetry to study the
binding stoichiometry and
thermodynamics. These data
were compared with data for
6 in order to elucidate the underlying binding mechanism and
the role of the fluorophore. The contribution of a single cavity
to the binding thermodynamics of the steroids was assessed by
comparison with data for native -cyclodextrin.

Dilution experiments of the bile salts proved that the
titrations with S-cyclodextrin, 6, and 9 were performed below
the critical micelle concentration (cmc) of the bile salts. The
titrations of steroids with S-cyclodextrin showed enthalpo-
grams typical of 1:1 complex formation. The thermodynamic
data are listed in Table 1.

Cholate (1a) and deoxycholate (1b) have far lower stability
constants than the other steroids. Although there is little
agreement in the literature on the exact values for the
association constants of bile salts in S-cyclodextrin, this trend
usually holds.?*2>2% 281 Tt is thought that the hydroxy group at
the C12 carbon atom of 1a and 1b (Figure 2) prevents deep
inclusion of the steroid in the cyclodextrin cavity.[*”]

4036 ——

Molar Ratio —»

Figure 3. Calorimetric titration of the binding of a) 1a and b) 1b to dimer 6. Upper halves: raw data for
sequential 7 puL injections of guest (4.0 x 10~*™) into host (1.4 x 10~ M). Lower halves: the integrated heat pulse
data corrected for dilution controls (squares) and fit (solid line) to the appropriate binding model.
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From Table 2 it can be seen that the formation of 1:1 or 1:2
complexes coincides with the presence or absence of the C12
hydroxy group. Compounds 1a and 1b, which have this group,
are both bound by the dimers in a 1:1 fashion. The complex
stabilities were increased by a factor of 70 and 700,
respectively, relative to binding in native S-cyclodextrin
(Table 1).

These two steroids can only be partially included in a
cyclodextrin cavity, because the C12 hydroxy group prevents
deeper protrusion through the cavity.”! Consequently, a
large part of the hydrophobic skeleton is still available
for complexation by a second cavity. A large fraction of
the increase in binding strength relative to that of native
p-cyclodextrin is accounted for by a more favorable entropy
component. The loss of conformational flexibility for the
cyclodextrin dimer, when both cavities cooperate in the
binding of a single guest, is apparently compensated for
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Table 2. Thermodynamic parameters (298 K) for the interaction between dimer 6 and bile salts.
Steroid K, AG AH TAS K, AG AH TAS
[M71] [kcal mol™!] [kcalmol™!] [kecal mol ] [M] [kecal mol ] [kcalmol™!] [kcal mol ]
1la 2.8 x10° —-74 -53 2.1 - - - -
1b 2.4 x10° —-8.7 —-94 -0.6 - - - -
1c 52 x10° -9.1 -6.0 3.0 1.4 x10° —-7.0 —-72 —-0.2
1d 3.6 x 10° -89 —-11.7 —-2.7 1.0 x 10° —6.8 -84 -1.6
le 8.9 x 10° -94 —-94 0.0 1.4 x10° —-83 -9.0 -0.6

by the release of a large amount of water from the cavity to
the bulk.?

In the case of the other steroids, deep inclusion into a single
p-cyclodextrin unit is possible, leaving the other cavity
available for the complexation of a second guest molecule.
“Sequential binding” describes the binding behavior accu-
rately, as apparently, the two binding sites in the dimer do not
behave as identical, independent binding sites. The binding of
a steroid in one cavity influences the binding in the other. The
increase of K, relative to that found for native f-cyclodextrin
indicates a small contribution of the second $-cyclodextrin in
the binding of the first steroid molecule. The second steroid
has to compete with the first; this leads to the large difference
between K, and K, observed for 1¢ and 1d. The difference
between K, and K, for 1cis caused by a large positive AS upon
binding of the first steroid. This suggests that this steroid
causes efficient dehydration of both cavities (like 1a). The AH
value is not as favorable for 1c¢ as it is for 1d and 1e; this
indicates that the fit in the cavity is less tight for 1¢ than it is
for these last two steroids.’? In contrast, 1d shows a stronger
and better fit in the dimer than in $-cyclodextrin, as shown by
a more favorable enthalpy, and a concomitant greater rigidity,
as shown by the decrease in entropy.

Lithocholate 1e exhibits almost independent binding of a
second steroid; this is reflected in the small difference
between K; and K,. Moreover, the thermodynamic parame-
ters for both binding events are almost identical to those for
the binding to native -cyclodextrin.

Complexation of bile acid salts in dimer 9: Titrations with 9 as
the host, performed under the same conditions as for 6,
revealed a decrease in binding strength of roughly an order of
magnitude for 1a and 1b bound to 9 when compared with
their binding to 6 (Table 3).

This decrease is mainly caused by an unfavorable change in
the binding entropy relative to that found with 6. The binding
enthalpy remains almost unchanged.

For the other steroids, the magnitudes of K, and K, are less
affected by the presence of the dansyl group in between the
two cavities. However, distinct but opposite changes in

binding enthalpy and entropy were observed in nearly all
cases.

The small effect of the presence of the dansyl group on K,
for 1¢, 1d, and 1e indicates that the fluorophore does not
penetrate deeply into one of the cavities. If it were deep
inside, one would expect a reduction of K, due to competition
between the steroid and the dansyl moiety for the second
cavity.

The larger effect of the dansyl moiety on the association
constants for 1a and 1b, for which the cooperation of both
cavities is necessary in order to obtain strong binding,
indicates that the fluorophore hinders this cooperation. This
notion is in agreement with the mainly entropic nature of the
decrease in complex stability for these steroids.

The disturbance of the cooperation in the case of the other
steroids is less pronounced, as these steroids are strongly
bound in one cavity, and the second cavity offers only a
moderate improvement of the binding strength. If a dansyl
group is added to this system, the binding strengths of these
steroids are still enhanced compared with those with native -
cyclodextrin. The changes in binding entropy and enthalpy
indicate that the interactions responsible for the increase in
binding strength, relative to that found for native S-cyclo-
dextrin, are not the same as those in dimer 6. Hydrophobic
interactions between the steroid and the fluorophore may
play a role.

The calorimetric studies showed that cyclodextrin cavities
connected at the secondary side can cooperate in the binding
of bile salts. Thus, they differ from previously reported dimers
that were connected through the primary side of the cyclo-
dextrins.?! 281 These did not show the formation of strong 1:1
complexes with 1a and 1b, which is in accordance with the
different binding behavior suggested here.

Steady state fluorescence measurements with dimer 9: The
sensing properties of dimer 9 were studied using fluorescence
spectroscopy. The maximum emission wavelength for an
aqueous solution of 9 is at 540 nm. The blue-shift relative to
N,N-dimethyl dansylamide, which was reported to have an
emission maximum at 572 nm,['!l indicates that the dansyl

Table 3. Thermodynamic parameters (298 K) for the interaction between dimer 9 and bile salts.

Steroid K, AG AH TAS K, AG AH TAS
M1] [kcalmol '] [kcalmol '] [kcalmol '] [M1] [kcalmol '] [kcalmol '] [kcalmol ']

1a 3.6 x 104 —6.2 -51 1.1 - - - -
1b 1.9 x 10° -72 -89 -1.7 - - - -
1c 2.2 %106 -86 -80 0.7 1.8 x 10° -71 -9.1 -1.9
1d 3.1 x 106 —-88 -10.8 -1.9 2.0 x 10° -72 —86 —14
le 1.6 x 10° —84 —11.7 -32 7.6 x 10° -8.0 —11.1 -31
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group in the dimer is located in a less polar environment than
water. Previously reported dansyl-modified S-cyclodextrin
derivatives show larger blue-shifts, down to 520 nm.[®! This is
further evidence for the weak inclusion of the dansyl moiety
of 9 by the cyclodextrin derivatives cavities.

When well-known guests for S-cyclodextrin, such as ada-
mantanecarboxylate, adamantanamine, and 4-tert-butylben-
zoate were added to an aqueous solution of 9, negligible
changes in fluorescence intensity were observed. In contrast,
addition of the bile salts led to a fluorescence response. In
Figure 4a, fluorescence titration curves for the addition of 1a,
1b, 1¢, and 1d to 9 are shown.

0 2 4 6 8
equiv steroid —>

b) 1.4

12 f
7

1.0 §

0.8 1 1 1 1 1 1
01 2 3 45 6 7 8
equiv steroid —

Figure 4. Normalized fluorescence intensity changes of 9 (1.5 um) at
540 nm as a function of the concentration of bile salts a): 1a (¢), 1b (0), 1¢
(2), and 1d (o), b): 1e (m).

To our surprise, some guest molecules caused an increase in
fluorescence intensity. For sensor molecules based on a single
dansyl-modified S-cyclodextrin cavity, the addition of guests
was always found to lead to a decrease in fluorescence
intensity. The different sensing behavior of the dimer
probably reflects the shallow inclusion of the dansyl moiety.
Interaction of the fluorophore with the hydrophobic steroid
skeleton may also improve the shielding from the surrounding
water, thereby increasing the fluorescence intensity. The
interaction of the hydroxy groups in the steroid may play a
role in the quenching.

An interesting observation is that an increase in fluores-
cence intensity coincides with a positive entropic contribution
to the binding strength. Possibly, efficient cavity dehydration
(positive entropy) destroys a solvent shell in the vicinity of the
complex® and this could lead to a more hydrophobic
environment for the fluorophore.

The cooperatively bound 1b is detected by 9 with com-
parable selectivity to 1d. In contrast, both monomeric (-
cyclodextrin receptors!™® *31 and the dimer, which is con-
nected through the primary side®') and lacks the possibility of
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cooperative binding of bile salts, show a strong preference for
1d.

The data from these titrations were fitted to a 1:1 binding
model. Independent Job’s plot analyses confirmed the pres-
ence of 1:1 complexes for 1b and 1c. It is remarkable that the
titrations with 1¢ and 1d could be well fitted to a 1:1 binding
model, as the binding constants obtained by calorimetry imply
the presence of a substantial amount of 1:2 complex at the
concentrations used. Apparently, inclusion of a second steroid
does not lead to an additional change in fluorescence
intensity. The calculated values for the association constants
are shown in Table 4. They are similar to the K; values found
by calorimetric titrations.

Table 4. 1:1 binding constants and sensitivities ([9]=1.3um, [Guest]=
6.5um) for the interaction between dimer 9 and bile salts, as obtained by
fluorescence spectroscopy.

Steroid K, [Mm1] K, [m1] I,
1a 12 x10° - 1.03
1b 5.8 x10° - 0.91
1c 6.5 x 10° - 1.22
1d 2.5 x10° - 0.89
le 6.2 x 10° 1.0 x 10° 1.11

Only in the titration of 1le with 9 is the presence of
complexes of higher stoichiometry shown by fluorescence.
With up to one equivalent of guest the fluorescence intensity
decreases, after one equivalent, it starts to increase again
(Figure 4b). The data from this titration could be fitted to a 1:2
binding model (Table 4) and the K values obtained are similar
to those found by calorimetry.

Conclusion

The cyclodextrin dimers 6 and 9 are very efficient hosts for the
complexation of steroids. The stoichiometry of a given
steroid —cyclodextrin-dimer complex depends on the complex
geometry of that steroid with native p-cyclodextrin. The
fluorescence response of dimer 9 on a given steroid is
markedly different from that of monomeric sensing mole-
cules. The fluorescence intensity may increase or decrease
upon addition of a guest, depending on very subtle variations
in complex geometry. Thus, cyclodextrin dimers are interest-
ing hosts for the creation of sensing molecules. In fact, the
looser fit of the reporter dansyl group and the effect of the
guest structure on the fluorescence intensity observed here,
may lead to sensing molecules with little competition from the
reporter and to more guest-sensitive reporters. In addition,
optimization of this receptor molecule type may lead to
sensors with “on” rather than “off” signaling.

Experimental Section

Materials and methods: 5-Cyclodextrin was kindly donated by Wacker-
Chemie, Miinchen. All chemicals were used as received, unless otherwise
stated. Solvents were purified according to standard laboratory methods.[*
Solvents for fluorescence spectroscopy were of analytical grade. Thin-layer
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chromatography was performed on aluminum sheets precoated with silica
gel 60 F254 (Merck). The cyclodextrin spots were visualized by dipping the
sheets in 5 % sulfuric acid in ethanol followed by heating. Chromatographic
separations were performed on silica gel 60 (Merck, 0.040-0.063 mm,
230-240 mesh). N-benzylbis(3-hydroxypropyl)amine 2, bis(3-hydroxy-
propyl)amine (7),*] and TBDMS protected f-cyclodextrin (4)1 were
prepared according to literature procedures.

Melting points are uncorrected. Mass spectra were recorded with a
Finnigan MAT 90 spectrometer with m-nitrobenzyl alcohol/o-nitrophenyl-
octyl ether as a matrix. NMR spectra were recorded at 25 °C using a Bruker
AC250 and a Varian Inova 300 spectrometer. 'H NMR chemical shifts (250
or 300 MHz) are given relative to residual CHCl; (6 =7.25), or HDO (6 =
4.65). *C chemical shifts (63 or 75 MHz) are given relative to CDCl;.
Calorimetric titrations were performed at 25°C by using a Microcal VP-
ITC titration microcalorimeter. Sample solutions were prepared with
NaOH (1 mw) in pure water (Millipore Q2). Titrations were performed by
adding aliquots of a guest solution to the host solution. The titrations were
analyzed with a least-squares-curve fitting procedure. Control experiments
involved addition of guest to NaOH (1 mm) solution and addition of NaOH
(1mm) to a host solution. Fluorescence measurements were performed on
an Edinburgh SF900 spectrometer. Sample solutions were prepared with a
phosphate buffer (pH 7, /=0.02) in pure water (Millipore Q2). Fluores-
cence titrations were performed by adding aliquots of guest in host solution
to the pure host solution and vice versa. After each addition the
fluorescence spectrum was recorded.

N-Benzylbis(3-bromopropyl)amine (3): N-benzylbis(3-hydroxy)propyl-
amine (2, 0.35 g, 1.6 mmol) was heated under reflux in concentrated HBr
(6 mL) for 36 h. The solution was neutralized with NaOH (1mw), after
which CH,Cl, was added. The organic layer was washed with water and
brine, and dried over MgSO, to obtain 3 as a yellowish oil in 91 % yield.
'H NMR (CDCl,): 6 =7.37-7.27 (m, 5H), 3.58 (s, 2H), 3.47 (t, /= 6.5 Hz,
4H), 2.60 (t, J=6.6 Hz, 4H), 2.08-1.99 (m, 4H); *C NMR (CDCL): d =
139.3, 128.7, 128.3, 127.0, 58.8, 52.0, 31.8, 30.5; MS (FAB): m/z calcd for
[MH]* 348.0; found 348.1.

TBDMS-protected dipropylaminocyclodextrin dimer 5: LiH (30 mg,
3.7 mmol) was added to a solution of dried (100°C, 0.1 mbar, 5h) 4
(6.0 g,3.1 mmol) in dry THF (50 mL). The mixture was stirred for one hour
at room temperature and then for one week under reflux. During the first
three days, 2 (0.53 g, 1.5 mmol) was added in portions. The solvent was
removed in vacuo, and chloroform was added. The solution was washed
with water (2 x ) and brine, and dried over MgSO,. After removal of the
solvent, the crude product was purified by column chromatography (ethyl
acetate/ethanol/water 100:2:1), after which a mixture of 4 and benzyl
protected cyclodextrin dimer was obtained. A solution of this mixture
(1.0 g) and ammoniumformate (2.0 g) in EtOH (150 mL) was heated under
reflux for 2h in the presence of a catalytic amount of 10% Pd/C. The
catalyst was removed by filtration through Celite, and the solvent was
removed in vacuo. The product was purified by repeated column
chromatography (ethyl acetate/ethanol/water 10:2:1, CH,Cl/MeOH
85:15) to obtain 5 as a white powder in 5% yield (two steps). 'H NMR
(CDCL,/CD;0D): 6 =4.88-4.85 (m, 14H), 4.27-3.35 (m, 92H), 2.01 - 1.88
(m, 4H), 1.05-0.84 (m, 126H), 0.04-0.00 (m, 84H); *C NMR (CDCly/
CD;OD): 6=102.5-101.3, 82.1-79.8, 73.6-72.2, 61.9-61.5, 26.0, 25.9,
25.8, 18.5, 183, 18.2, 1.0, —5.0, —5.1, —5.2, —5.3, —5.4; MS (FAB): m/z
calcd for [M+Na]* 3986; found 3988.6.

Dipropylaminocyclodextrin dimer 6: TBDMS-protected dimer 5 (123 mg,
0.031 mmol) was dissolved in THF (10 mL). After addition of a solution of
tetrabutylammonium fluoride in THF (1m, 1mL), the solution was
refluxed overnight. The solvent was removed in vacuo, and the residue
dissolved in water. After washing with hexane(3 x ), ions were removed
over amberlite ion-exchange resin. After freeze-drying, the dimer was
obtained as a white powder in 50 % yield. 'H NMR (D,0): 6 =5.11-5.10
(m, 2H), 4.97-4.96 (m, 12H), 3.98-3.37 (m, 88H), 3.14-3.08 (m, 4H),
1.93-1.85 (m, 4H); *C NMR (D,0): 6 =104.8-102.0, 84.0-82.8, 75.6—
75.4,74.5-74.0, 71.7, 62.8, 48.1, 28.9; MS (FAB): m/z calcd for [M+Na]*
2388.8; found 2388.9.

N,N-bis(3-hydropropyl)dansylamide 10: Dansyl chloride (1.0 g, 3.7 mmol)
was added to a solution of dipropanolamine (0.60 g, 4.5 mmol) and
triethylamine (1.5 g, 15 mmol) in CH,Cl, (20 mL). The solution was stirred
at room temperature for 1 h. The organic layer was washed with a saturated
aqueous solution of NH,Cl, water, and brine, and dried over MgSO,. After
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evaporation of the solvent, 10 was obtained as a greenish oil in 96 % yield.
'H NMR (CDClL;): 6=8.53 (d, J=8.7 Hz, 1H), 8.29 (d, J=8.4Hz, 1H),
8.09 (d,J=72Hz, 1H), 758 -7.48 (m, 2H), 7.18 (d, /=78 Hz, 1 H), 3.62 (t,
4H), 3.45 (t, 4H), 288 (s, 6H), 1.79-1.71 (m, 4H); *C NMR (CDCL): 6 =
151.7, 134.9, 130.3, 130.0, 129.9, 128.8, 128.2, 123.1, 119.2, 115.2, 59.1, 45.3,
44.9, 31.2; MS (FAB): m/z calcd for [M+H]* 367.2, found 367.1.

N,N-bis(3-tosyloxypropyl)dansylamide 8: A solution of tosyl chloride
(4.0 g, 21 mmol) in pyridine (20 mL) was added to a solution of 10 (1.3 g,
3.5mmol) in pyridine (20 mL) at 0°C. The solution was stirred at this
temperature for 3 h. The mixture was shaken for 5 min with ice water and
then acidified (pH2) by using concentrated HCl. The product was
extracted with ethyl acetate. The organic layer was washed with water,
NaOH (1m), water, and brine, and dried over MgSO,. After evaporation of
the solvent, the crude product was purified by column chromatography
(ethyl acetate/hexanes 1:1) to give 9 as a greenish oil in 67 % yield. 'H NMR
(CDCl;): 6=8.55 (d, J=8.4Hz, 1H), 8.18 (d, /=9 Hz, 1H), 8.10 (d, /=
72 Hz,1H),7.73 (d,J=8.1 Hz, 4H), 7.53-7.47 (m, 2H), 7.34 (d, / = 8.4 Hz,
4H),719 (d,/=7.5Hz,1H),3.93 (t,/ =6 Hz,4H), 3.26 (t,/ =72 Hz, 4H),
2.89 (s, 6 H),2.45 (s, 6 H), 1.87-1.78 (m, 4H); *C NMR (CDCl;): 6 =151.9,
145.0, 134.2, 132.7, 130.7, 129.9, 128.3, 127.9, 123.1, 119.0, 115.3, 67.6, 45.4,
44.8,44.5,28.1,21.6; MS (FAB): m/z calcd for [M+H]* 674.2; found 674. 2.

TBDMS-protected fluorescent cyclodextrin dimer 11: LiH (3 mg,
0.37 mmol) was added to a solution of dried (100°C, 0.1 mbar, 5 h)
TBDMS-protected f-cyclodextrin 4 (0.50 g, 0.26 mmol) in THF (50 mL).
The mixture was stirred for 1 h at room temperature and then for 2 h under
reflux. A solution of 8 (68 mg, 0.10 mmol) in THF (5 mL) was added and
heating under reflux was continued for 5 days. The solvent was removed in
vacuo and chloroform was added. The solution was washed with HCI (1m),
water, and brine, and dried over MgSO,. After removal of the solvent and
purification by column chromatography (ethyl acetate/ethanol/water
100:2:1) the product was obtained as a light green powder in 22 % yield.
'HNMR (CDCly/CD;0D): 6 =8.51 (d, /=8.4 Hz, 1H), 8.24 (d,/ =8.4 Hz,
1H), 8.13 (d, J=7.5 Hz, 1H), 7.55-745 (m, 2H) 715 (d, /=78 Hz, 1H),
4.93-4.88 (m, 14H), 4.18-3.03 (m, 92H), 2.86 (s, 6 H), 2.23-2.17 (m, 4H),
0.90-0.83 (m, 126 H), 0.07-0.00 (m, 84H); *C NMR (CDCl,/CD;0D):
0=151.7, 135.4, 130.1, 130.0, 129.4, 1279, 123.0, 119.7, 115.1, 102.4, 102.1,
101.9, 101.5, 99.1, 83.1, 82.0, 81.9, 81.8, 81.7, 80.9, 80.8, 79.5, 77.2, 73.6, 73.3,
73.2,73.1, 725, 72.2, 72.0, 70.8, 62.5, 61.6, 61.1, 45.4, 43.9, 29.7, 28.1, 25.9,
25.7,18.4, 18.3, 18.1, 1.0, —5.3, —5.3; MS (FAB): m/z calcd for [M+Na]*
4219.1; found 4221.6.

Fluorescent cyclodextrin dimer 9: TBDMS protected dimer 11 (140 mg,
0.034 mmol) was dissolved in THF (10 mL). After addition of a solution of
tetrabutylammonium fluoride in THF (1m, 1mL), the solution was
refluxed overnight. The solvent was removed in vacuo, and the residue
dissolved in water. After washing with hexane (3 x ), salts were removed
over amberlite ion-exchange resin. After freeze-drying, the dimer was
obtained as a yellowish powder in 76 % yield. 'H NMR (D,0): 6 =8.52 (d,
J=78 Hz, 1H), 8.21-8.17 (m, 2H), 7.70-7.65 (m, 2H) 7.23 (d, /=75 Hz,
1H), 5.01-4.91 (m, 14H), 3.96-3.27 (m, 92H), 2.79 (s, 6 H), 1.88 - 1.65 (m,
4H); C NMR (D,0): 6 =153.9, 135.6, 133.0, 132.4, 131.8, 129.9, 104.4,
84.4-83.6, 75.6-71.7, 62.7, 48.0, 30.6; MS (FAB): m/z caled for [M+H]*
2599.9; found 2600.8.
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