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CONCEPTS

The Use of Copper() Halides as a Preparative Tool

Arno Pfitzner*2!

Dedicated to Professor Arndt Simon on the occasion of his 60th birthday

4 N

Abstract: The use of copper() halides as a preparative
tool is discussed with respect to the synthesis of adduct
compounds with new polymeric and oligomeric main
group molecules. By using this approach new polymers of
main group elements—some of which have been pre-
dicted by theoretical investigations—can be obtained in a
crystalline state and are therefore accessible for a basic
structural characterization. Thus, it becomes possible to
compare the structural data, experimental data, and
theoretical results. Mixed copper halide chalcogenides
are accessible when complex copper thiometalates and
copper halides are combined. These solid-state com-
pounds are of special interest since they provide exper-
imental access to new main group molecules. In addition,
they exhibit a high copper ion conductivity when certain
structural features are present in the compounds. A
survey is given of basic synthetic and general structural
aspects.

Keywords: chalcogens copper ion conductors
hosphorus
NG J

Introduction

The design of new copper ion-conducting materials requires
both structural and chemical prerequisites. From a chemical
viewpoint, weakly bonded and/or highly polarizable bonding
partners for the mobile ions are necessary to provide easy
jumps from one site to another. This reveals the most
important structural prerequisite, namely a large number of
positions which energetically are almost equal. In addition,
these positions have to be separated only by small energy
barriers, for example, by common faces of the coordination
polyhedra of the mobile ions. To determine the optimum
chemical composition and structural arrangements, we started
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to examine compounds that can be considered as adducts of
copper(l) halides and neutral polymers of main group
elements. These investigations were based on earlier publica-
tions describing materials that all have a common building
principle. Nevertheless, their chemical description was quite
different in the past and changed from time to time. A
comparison of compounds such as CuXTe (X=Cl, Br, I),[!
CuClSe, and CuXTe, (X=Cl, Br, I),) CuXSe, (X=Br, I),?
Cu, osP;1,,1 and CuBrS,N,Fl reveals their basic composition;
they consist of formally neutral molecules of main group
elements embedded in a copper(l) halide (the copper halide
matrix). Since some of these solids, namely CuXTe and
Cu, osP;1,, showed an enhanced ionic conductivity, 4 we
started to use the copper(1) halide matrix as a general synthetic
tool for the synthesis of a novel group of ion-conducting
materials. In the course of these investigations the copper(l)
halides turned out to be a helpful preparative tool. These
compounds are formulated herein as consisting of a copper
halide part and of a molecular or a copper thiometalate part in
order to highlight the chemical relationships between these
compounds. This approach leads to a general survey and a
basic understanding of their chemical similarities even if it
might be confusing when only one of the compounds is
discussed. The discussion here is restricted to those com-
pounds that have been crystallographically characterized.

The General Synthetic Approach

Some of the copper(1) halide chalcogen compounds reported
previously were obtained by hydrothermal reactions from
mineral acids; a survey is given in ref.[6]. All compounds
under discussion herein may also be obtained by solid-state
reactions from stoichiometric mixtures of copper halides and
the corresponding reaction partners. The advantage of the
solid-state chemical route is that the reaction products are
usually obtained as pure materials. In contrast, hydrothermal
syntheses very often result in mixtures of different com-
pounds. Thus, the determination of physical properties, for
example, ionic conductivities, becomes difficult. Commercial-
ly available copper halides CuX are purified by recrystalliza-
tion from a saturated solution of CuX in the corresponding
mineral acid. Elemental copper is freshly reduced in a
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hydrogen stream at 650 °C. The starting materials are melted
in evacuated silica ampoules and are then annealed approx-
imately 50°C below the melting point or the decomposition
temperature of the reaction product. Experimental details are
available in the relevant cited literature. Most of the
compounds that are described here can be regarded to be
thermodynamically stable. The only exception is CuBrSe,
which is metastable and needs a special preparational
procedure. The phosphorus-rich samples, in particular, have
to be heated slowly because otherwise the silica tubes
containing the reaction mixtures tend to explode, especially
when white phosphorus is used instead of red phosphorus.

Phosphorus Polymers and Phosphochalcogenides

Cu, 4sP51,™ is denoted as (Cul)gP;, throughout this article to
emphasize its adduct character. (Cul)gP;, was the first
compound of a formally neutral phosphorus polymer embed-
ded in a copper halide matrix. (Cul);P;,["! and (Cul),P,,®
could also be prepared by using copper iodide as solid solvent
for phosphorus. These compounds consist of neutral phos-
phorus strands embedded in copper iodide. Figure 1 shows the

Figure 1. The phosphorus strands found in a) (Cul)sP,,, b) (Cul);Ps,
c) (Cul),Py,, and d) Hittorf’s phosphorus. Note that all phosphorus atoms
are three-bonded in these neutral polymers.

phosphorus tubes which can be denoted as ! ([P8]P4(4)[)° in
(Cul)gPy,, L([P10]P2])? in (Cul);Py,, and ([P12(4)]P2[)° in
(Cul),P,4. The corresponding phosphorus polymers, their
stabilities, and also a rational nomenclature were subject of a
theoretical study.’! According to these calculations the
stability of .!([P10]P2[)° corresponds to that of . (]JP2[P8]-
P2[P9])°, the phosphorus strand in Hittorf’s phosphorus,[”!
see Figure 1d. The helical shape of the polymer !([P10]P2[)°
and the resulting difficulties to pack these helices effectively
can be regarded as the major reason why it has not yet been
detected as a crystalline pure allotrope of elemental phos-
phorus. By contrast, the tubes .l ([P8]P4(4)[)° and .l ([P12(4)]-
P2[)" were calculated to have a somewhat smaller stability.
Nevertheless both of them can also be obtained in copper
iodide as solid solvent. This might lead to the assumption that
the coordination of copper ions to the phosphorus strands
provides some energetical stabilization. However, a closer
inspection of the crystal structures of these compounds
(Figure 2) shows that the number of Cu—P bonds is limited
to a few phosphorus atoms per translational unit and there-
fore the stabilization effect is supposed to be only a small one.
This is impressively demonstrated by (Cul),P,, where only
five of 14 phosphorus atoms are bonded to copper. (Cul);P;,
contains two crystallograhically different phosphorus tubes
S([P10]P2[)°. One of them even has only three Cu—P bonds

1892
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Figure 2. The crystal structures of a) (Cul)sP;, (data taken from ref. [4]),
b) (Cul);Py,, and c) (Cul),P,,. The pronounced disorder of the copper
atoms in (Cul)gP}, has to be taken into account. The copper positions are
not fully occupied. A similar situation is found for (Cul),P,, in which one of
the copper positions is split into two almost equally occupied sites.

per 12 phosphorus atoms, whereas the other has five Cu—P
bonds per 12 phosphorus atoms. In case of (Cul)gP;, this
analysis is somewhat difficult since the copper atoms are
highly disordered in this compound. Thus, all phosphorus
atoms can be regarded as being bonded to copper atoms
despite the fact that only eight copper atoms are available for
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twelve phosphorus atoms. The distances d(Cu—P) of 2.3 A are
about the same or even shorter than in binary copper
phosphides, for example, in Cu,P, or in CuP,.['!

Besides the above-mentioned formally neutral polymers
also polyphosphide ions with low charges could be obtained in
a copper halide matrix. In addition to some structurally not
well defined compounds, we determined the crystal structures
and the chemical compositions of (Cul),CuPs!? and of
(CuBr),,Cu,P,.1 A comparable polyphosphide ion P;s'~ was
also observed in several alkali metal polyphoshides with the
general composition AP;;.[¥l The corresponding phosphorus
polymers are shown in Figure 3. The basic building principle

Figure 3. Polyphosphide ions a) ![P;s!7] in (Cul),CuP;s, and b) [P,*"] in
(CuBr),(,Cu,P,,. Both polymers consist of [P8] units which are separated by
norbornane analogous [P;] units. The negative charges are located on the
two-bonded P atoms.

of these polyanions, which consist of [P8] cages separated by
negatively charged norbornane-analogous |P2[P3]P2[ units,
may lead to the assumption that also a neutral polymer
consisting exclusively of [P8] cages and |P2[ bridges or a
polyanion formed by alternating]P2[ and [P3] units, that is, a
one-dimensional polymer !(Ps!~), might exist. However,
despite some experimental hints neither the neutral strand
nor the polyanion could yet be detected."”! In the case of TIP;
the polyanions (Ps!~) are two-dimensional.l'! Figure 4 shows
that the cross-section of the polyanionic tubes resembles
closely that of the neutral strands in Hittorf’s phosphorus, that is,
it looks like a pentagon. Two phosphorus tubes are interlinked
by copper atoms to form double tubes in these two copper
halide phosphorus adducts. Those phosphorus atoms which
have only two covalent bonds to other phosphorus atoms are
additionally bonded to two copper atoms (d(P—Cu) ~2.29 A).
Thus, a tetrahedral environment results for them.

Besides these neutral and low-charged phosphorus poly-
mers also neutral phosphochalcogenide molecules can be
obtained in a copper halide matrix. These molecules form
polymers in (Cul)sP,,Q and in (Cul),P, ,Q, (Q=S, Se).l'>1"]
A first example of a well-characterized oligomeric phospho-
chalcogenide cage molecule in a copper halide matrix was
recently obtained by a high-temperature reaction of catena-
(P,Se,),['®! with copper iodide. At a reaction temperature of
400°C the polymeric catena-(P,Se,), decomposed and at least
one of the four possible P,Se, cage molecules could be
isolated in a matrix of copper iodide. A so-called a-cage
(comparable to As,S,), a f-cage, and two different P,Se; cages
with an additional exo-Se atom have to be distinguished. The
resulting compound was (Cul);P,Se,.['"") Thus the 3-P,Se, cage
which has been controversially discussed during the past three
decades?*?2 was accessible for a complete structural charac-
terization. The cage molecule -P,Se, and the crystal structure
of (Cul);P,Se, are shown in Figures 5 and 6, respectively. It
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Figure 4. Crystal structures of a) (Cul),CuP;s and b) (CuBr),,Cu,P,.
Whereas the copper atoms in (Cul),CuP;5 are well ordered they are highly
disordered in (CuBr);,Cu,P,,.

becomes evident that stacks of
the neutral molecules are sur-
rounded by columns of copper
iodide and vice versa. Cul
forms an arrangement which
can be regarded as a section of
the wurtzite type in order to
satisfy the metrical necessities
of the P,Se, stacks. This mod-
ification is not yet known for (Cul),P,Se,. Ellipsoids are
pure Cul but an arrangement of  grawn at a 90% probability
copper and iodine atoms sim-  level.

Figure 5. §-P,Se, cage mole-
cules as observed in
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Figure 6. Section from the crystal structure of (Cul);P,Se,. Stacks of j3-
P,Se, are surrounded by Cul, which shows an arrangement corresponding
to the wurtzite-type structure.

ilar to that in (Cul);P,Se, was also reported for N-methylpyr-
azinium-triiodocuprate(1).”! A similar compound containing
the homologous f-P,S, cage molecule attached to a metal
halide, namely (NbCl),P,S,, was recently obtained.?*
(Cul);P,Se, can be transferred to (Cul)P,Se, by a chemical
transport reaction using elemental iodine as the transporting
agent.”! In this compound polymeric P,Se, chain molecules
are found which closely resemble the corresponding chains in
catena-(P,Se,),.'s However, the polymers have a mirror plane
perpendicular to the chain axis when they are embedded in
Cul. By contrast these polymers are chiral in the pure
phosphoselenide (Figure 7). Similar to (Cul);P,Se, only some

Figure 7. Polymeric P,Se, chain molecules as observed in a) (Cul)P,Se, and
in b) catena-(P,Se,),.l"¥! Note that the polymers attached to Cul have a
mirror plane perpendicular to the polymer axis, whereas the polymer
chains in the free compound are chiral.

of the phosphorus atoms are bonded to copper, and no
contacts are observed between copper and selenium atoms.
Figure 8 shows a section of the crystal structure of (Cul)P,Se,.

Figure 8. Section of the crystal structure of (Cul)P,Se,. The P,Se,
polymers are connected by Cul to form layers. Only weak van der Waals
bonds occur between these layers.

1894
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Heteroatomic Chalcogen Molecules

The copper halide matrix can be used to form adduct
compounds with neutral selenium or tellurium chains and
also with six-membered selenium rings (see Introduction).
The question then arose whether also neutral heteroatomic
chalcogen molecules were accessible in this type of com-
pounds. Since two crystallographically different chalcogen
positions are present in CuXQ, (X=Cl, Br, I, Q=Se, Te)
mixed heteroatomic neutral chains of the type .[[QQ’] can be
expected in this type of adducts. Thus, CuXSeTe (X =Cl, Br,
I) and CuXSTe (X =Cl, Br) exhibit almost perfectly ordered
. [SeTe] and ![STe] chain molecules, respectively.?*2"1 To
date no further examples for such ordered heteroatomic
chalcogen chain molecules exist. The bonding interaction
between the copper halides and the embedded neutral
polymers is expected to be relatively weak. However, it is
strong enough to arrange the polymers in an ordered three-
dimensional lattice. The crystal structures of isotypic CuXQ,
and CuXQQ'’ consist of layers which are formed by the chain
molecules and by the surrounding copper halide. Figure 9

Figure 9. Crystal structure of CuCISTe as a representative for the series
CuXQQ'. Note that tellurium is always located in the position which
provides a short distance to a halide ion of the adjacent layer.

shows that contacts d(X—Q) are present between a halide ion
of one layer and one chalcogen position of another layer
which are much shorter than the corresponding van der Waals
distances, for example d(Cl-Te)=3.173 A in CuCISTe. The
chalcogen atom on this position is of course positively
polarized. In case of a mixed polymer [QQ’] the heavier
chalcogen atom is located preferably on this position, whereas
the lighter one takes the other position.

The matrix character of the copper halides is impressively
demonstrated when we consider how metastable CuBrSe, is
obtained. Only one stable compound, namely (CuBr),Se,
exists in the system CuBr-Se according to phase analytical
studies.?®! Nevertheless, crystalline CuBrSe,, together with a
certain amount of amorphous Se, is obtained when a melt of
CuBr and Se is cooled from about 500 °C to room temperature
over several minutes.? Evidently, the selenium chains which
are already present in the melt readily form metastable
CuBrSe, with the available copper bromide. When this
compound is annealed at elevated temperatures it rapidly
transforms to give crystalline (CuBr),Seq, that is, the Se chains
depolymerize and Seg rings form instead.
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We also checked the possibility of obtaining heteroatomic
chalcogen rings based on (CuBr),Se, and on (Cul),Seg. These
investigations were expected to provide some insight in the
crystal chemistry of these compounds. No reasons were
known why these materials crystallize in different structure
types. Contrary to the expectation at least 50 percent of the
selenium in the rings can be replaced by tellurium, whereas
only about a maximum of 20 percent of the selenium can be
substituted by sulfur.”” These heteroatomic six-membered
chalcogen rings are structurally disordered and thus no full
crystallographic characterization is possible by X-ray diffrac-
tion methods. This behavior was not expected for the
CuXQQ'’' compounds. Both in (CuBr),Se; and in (Cul),Seq
different chalcogen positions are present. That is, two thirds of
the selenium atoms are bonded to copper, whereas one third
has only covalent bonds to further selenium atoms (Fig-
ure 10). However, only a slight preference is found for the
different crystallographic positions. That is, the positions
providing contacts to copper and those not bonded to copper
are almost equally occupied, regardless of whether sulfur or

Figure 10. Crystal structures of a) (CuBr),Se ! and b) (Cul),Se;.*? In
both compounds two-thirds of the chalcogen atoms are bonded to copper
and further chalcogen atoms, whereas one-third exhibits only covalent
bonds to further selenium atoms. The chalcogen rings in these structure
types are stacked in a different manner due to the different volume
fractions Veux/Viaa-

Chem. Eur. J. 2000, 6, No. 11
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tellurium is incorporated in the ring molecules. Nevertheless,
some insight into the crystal chemistry of these (CuX),Q,
compounds can be derived from these investigations. The
(CuBr),Se; structure typel?l transforms into the (Cul),Se
structure typel with an increasing amount of sulfur in the
rings. From combined powder and single-crystal X-ray inves-
tigations a critical composition of about 10 percent of sulfur
content in the rings can be derived for the transition point.5!
Therefore, it can be concluded that the volume fraction of the
copper halide and the chalcogen ring present, that is, Vx/
V@), determines which structure type results. Evidently, the
chemical differences between CuBr and Cul play only a minor
role in these considerations.

Composite Materials of Copper Halides and Copper
Thiometalates

The copper halide matrix cannot be only used for the
synthesis of neutral molecules but provides also access to
compounds based on complex thioanions. These compounds
are of special interest in terms of ionic conductivity since the
polarizibility of the chalcogenide ions is supposed to be much
higher than that of the neutral ligands described above. We
obtained the first example of this series during attempts to
synthesize CulSTe, a compound that is still missing from the
CuXQQ' group. Black shiny crystals of (Cul);Cu,TeS; result-
ed instead.?! A redox reaction occurred in the course of this
reaction, yielding discrete complex [TeS;]>~ ions instead of the
neutral polymers ![STe]. In the crystal structure of (Cul)s-
Cu,TeS; these thiotellurate(1v) ions are arranged in layers with
their dipoles oriented parallel. In adjacent layers they are
oriented antiparallel. These layers are separated by iodide
ions. This anionic framework provides numerous voids of
appreciable size for copper ions. A pronounced disorder of
copper results and at least eleven different positions are
partially occupied in a statistical way.

A new ordered variant of the zinc blende structure type
results when not yet known “Cu,TeS;” is combined with
CuCLP In this semiconducting material both cations and
anions are ordered in a 3:1 fashion (Figure 11). The deviations

b,
aﬁ
c

\ ® Cu
it . @TC

&b ba

Figure 11. CuClCu,TeS; shows an ordered arrangement of cations and
anions which results in a new variant of the zinc blende structure type.
Owing to an excess of two valence electrons, chlorine and tellurium are
only three-coordinate and both ions bear a lone pair of electrons.
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from the ideal zinc blende structure type are due to this
ordered distribution of the ions. Another reason which is
much more important for the distortion is the valence electron
count of this material. For a regular tetrahedral structure four
valence electrons per atom are needed. In CuClCu,TeS;
34 electrons are available for eight atoms, and therefore one
bond is broken. As a result there are lone pais of electrons
located both on chlorine and tellurium and the distance
d(Te**—Cl") is longer than the distance d(S>~—CI").
Comparing (Cul);Cu,TeS; and CuCICu,TeS; might lead to
the assumption that also a compound (CuBr),Cu,TeS; possi-
bly with x=2 might exist. However, our attempts to
synthesize a composite of CuBr and “Cu,TeS;” failed. Instead,
the unforeseen mixed-valent compound CuBrCu,,TeS, was
obtained.¥ Therein the novel radical anion [TeS,] " is found
besides [TeS,]*~ polyanions. The radical character of [TeS,]*~
was proved by X-ray crystallography and ESR spectroscopy
(Figure 12). From the ESR investigations it can be concluded

3200 3300 3400 3500 3600 [G]

Figure 12. Structure of the radical anion [TeS,]*~ along with the ESR
spectrum recorded at 3.5 K. At higher temperatures the signal cannot be
detected due to fast relaxation processes.

unambiguously that copper is exclusively present as Cu™. No
hints of hyperfine splitting, which would have indicated the
presence of Cu?* were detected in the spectrum. The
composition of CuBrCu,,TeS, immediately indicates the
mixed-valent character of this compound. Since the ESR
spectra show that copper is monovalent it can be concluded
that some portion of the [TeS,] units bears two electrons, that
is, there are also polychalcogenide ions [TeS,]*~ present
besides the radical anions [TeS,]*~. However, no ordered
distribution of the two different species and also of copper
ions in the van der Waals gap was detected by X-ray
crystallography.

The advantage of the concept becomes obvious once more
when the close relationships between (Cul);Cu,TeS; and
(Cul),Cu;SbS;P are considered. The more negative charge of
the [SbS;]*~ unit as compared to the [TeS;]>~ unit is
compensated by an additional copper ion in the copper
metalate part of this composite material. However, the total
number of copper ions is the same for both compounds and
thus, one iodide ion is missing in (Cul),Cu;SbS; in comparison
to (Cul);Cu,TeS;. At a first glance both compounds have
quite different crystal structures. Nevertheless, they both
exhibit layers 2[CusMS;L*"] consisting of [MS;]"~ units,
copper ions located in tetrahedral voids, and copper ions with
an almost planar threefold coordination (Figure 13). The
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Figure 13. Comparison of the polyanionic layers ,2[Cu;MS;L,*"| observed
in a) (Cul);Cu,TeS; and b) (Cul),Cu;SbS;. They look very similar at first
glance but the atomic arrangement differs significantly.

differences between the crystal structures result from both the
different features observed in the layers and the different way
of stacking of the layers.

Ionic Conductivity and Reactivity

A number of compounds formed by CuX and phosphorus is
available as shown above, and thus it becomes possible to
estimate the main trends concerning their ionic conductivity
and their reactivity. From impedance spectroscopic data it can
be concluded that the highest conductance is provided by
those compounds with a high copper halide content. That is,
the highest conductivities are observed for (Cul)gP,* 1730
and for (CuBr);Cu,P,,.”3% If the ratio CuX/P becomes
smaller the ionic conductivity decreases and is even negligible
in the case of (Cul),CuP,5. This material is supposed to be
mainly a semiconductor.['”? The ionic conductivity and mobi-
lity are strongly correlated with the rate and the extent of ion
exchange reactions. Thus, the ionic conductivity can be
estimated from the reactivity of the materials towards an
aqueous silver nitrate solution.”! Qualitative exchange rates
and ionic conductivity data of various compounds show a
good correlation.['”] Relatively high copper ion conductance
was found for compounds of the CuXTe type. The ionic
conductivities of these materials show a pronounced anisot-
ropy which is due to the strong anisotropy of this structure
type. Thus the conductivity parallel to the tellurium chains is
more than one order of magnitude higher than that perpen-
dicular to these chains.'"™ The reason for this anisotropy is the
existence of diffusion pathways for copper in one direction
and the separation of these pathways in the perpendicular
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direction. A low or an even negligible ionic conductivity is
found for compounds with a higher chalcogen content, that is,
for the compositions CuXQ, and (CuX),Q,. The decreasing
number of mobile atoms can be regarded as the major reason
for this finding, which is similar to that for the series
(CuX),,P,. The most interesting compounds of the series
under discussion are the composite materials consisting of
copper halides and copper thiometalates, at least when the
ionic conductivity is considered. Owing to the combination of
the highly polarizable anions I~ and S?>~ and a large number of
nearly energetically equal sites for the copper atoms, these
materials can be regarded as the best copper ion conductors
known to date.””l Figure 14 shows an Arrhenius plot of the

0
¢ (Cul);Cu,TeS; (two different measurements)
-1 ¢ (Cul),Cu;SbS;
5.2
& E,=0.20 eV
o -3
o0
<-4
E,=0.35eV
=
1.7 1.9 2.1 23 2.5 2.7 2.9 3.1 33

10«7 /K"
Figure 14. Arrhenius type representation of the specific conductivities of
(Cul);Cu,TeS, and (Cul),Cu;SbS;. The combination of a high conductivity
and a low activation energy E, provides a good characteristic especially in
the room-temperature regime.

specific ionic conductivities of (Cul);Cu,TeS, and (Cul),-
Cu;SbS;. The influence of the arrangement of vacant posi-
tions and especially of the existence or the nonexistence of
bottlenecks for the mobile copper ions, that is, octahedral
voids which have to be passed by copper, becomes evident
from the properties of the chemically closely related pair
(Cul);Cu,TeS, and (Cul),Cu;SbS;. In the case of (Cul),-
Cu;SbS; the activation energy E, is 0.35 eV which is in the
same range as in the case of Cu;SbS;.®¥ The bottlenecks for
the diffusion of copper are distorted octahedral voids Sg in
both compounds. For Cu;SbS; an activation energy of about
0.27 eV was estimated from high-temperature X-ray data for a
jump of copper through this empty octahedron. In the crystal
structure of (Cul);Cu,TeS; no octahedral voids are present to
hinder a three-dimensional diffusion of copper. In addition,
numerous closely neighbored sites providing the preferred
coordination numbers three and four are available. As a
consequence the activation energy for (Cul);Cu,TeS; is only
E,=0.2 eV, resulting in the aforementioned high conductivity.

Conclusion

The exploration of adduct compounds based on copper
halides and neutral or low-charged molecules of Group 15
and Group 16 elements has led to new insight into the
coordination chemistry of these elements. The resulting
compounds may be regarded as a combination of the copper
halide matrix and sections from new modifications of the
incorporated elements. However, attempts to separate the
matrix from the polymers has always resulted in amorphous

Chem. Eur. J. 2000, 6, No. 11
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products to date. Thus, the goal of preparing these new
modifications, especially of phosphorus, in crystalline solids
has yet to be achieved. However, this synthetic approach gives
access to polymers or cage molecules that have been
calculated to be thermodynamically stable. In the case of
the P,Se, cage molecule numerous former attempts to obtain
it as a well-defined material failed when mixtures of
phosphorus and selenium were combined at various temper-
atures. It can be concluded that the addition of copper halides
to the reaction mixtures just helps to transfer the reaction
products to a crystalline state. Adducts of other metal halides
to similar neutral molecules are limited to a few examples
such as (PdCl,)Se ! and (NbCl;),P,S,.?Y Advantages of the
copper halides over analogous systems with silver or gold
halides are certainly the relatively small ionic radius of Cu*
and also the enormous coordination flexibility of the Cu* ion.
In addition the combination of copper halides with copper
thiometalates provides access to a new class of copper ion
conductors. New compounds with the heavier chalcogens are
now the focus of our research with the aim of further
increasing their high conductivity.
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Traceless Linkers—Only Disappearing Links in Solid-Phase
Organic Synthesis?

Stefan Brise* and Stefan Dahmen!?!

-

Abstract: Traceless linkers, which enable the attachment\
of arenes and alkanes to a polymeric support, have
received increased attention in recent years. These
anchoring groups allow chemical transformations on the
polymer-bound molecules, which can be cleaved from the
resin leaving no residual functionality to bias the library.
Various approaches based on different Group 14 to
Group 16 heteroatoms have been developed in the past
and used in new syntheses of diverse compound libraries.

Keywords: combinatorial chemistry functionalized
Cesins - solid-phase synthesis - traceless linker )

Introduction

The development of high-throughput-screening processes
(HTS) and the associated demand for diverse libraries of
compounds has recently led to an expansion of new synthetic
strategies, often described as “combinatorial chemistry”.!!

Solid-phase synthesis experienced a renaissance by virtue
of its applicability to automation and efficient parallel syn-
thesis. While initially mixtures of substances were synthesized
(e.g., mix-and-split method), more recently the parallel or
tagged split-pool synthesis of single compounds has been
given a great deal of attention, owing to the advantages of its
ease of automation and unambiguous test results in HTS.

Solid-phase strategies associated with the construction of
organic molecules and their functionalization are often
limited by the nature of the anchoring group or the linker.™
Since most linkers are developed for the support of specific
functional groups (e.g., alcohols, amines, etc.) and are derived
from protecting groups attached to solid support, upon
cleavage the seceding molecules always contain a functional
group that has to be present at the beginning of the synthesis
and on which transformations cannot be carried out.

[a] Dr. S. Brise, Dipl.-Chem. S. Dahmen
RWTH Aachen, Institut fiir Organische Chemie
Professor-Pirlet-Strasse 1, 52074 Aachen (Germany)
Fax: (+49)241-8888127
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Chem. Eur. J. 2000, 6, No. 11

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

If the synthetic aim was to create a library of compounds
that do not have a suitable functional group for the
immobilization on solid support, the attached building block
has to be connected to the resin in such a manner, that after
cleavage no memory of the immobilization (traceless cleav-
age) remains on the target.?!l In theory “no memory” could be
defined in such a way that the detached target molecule
behaves as if it had no memory of the immobilization on the
solid support, but appears as if it had been synthesized in
solution by using the same reaction/reaction sequence. Thus
no influence of the linkage upon reactivity and possible
product structures should be apparent.

In our opinion, this definition of anchoring with “no
memory” is not possible, because every attachment of alkanes
uses at least one C—X bond of the molecule, which is no longer
available for chemical transformations. The immobilization of
arenes does not only block at least one C—X bond, but also
influences the chemical properties of the attached molecule
by mesomeric and inductive effects of the anchoring group.
Even the attachment by «t complexation, shown below, which
does not block the connectivities of the arene, influences its
reactivity strongly. The chemical possibilities are changed or
even restricted in such a manner that this cannot be regarded
as an immobilization with “no memory”.

Considering “traceless linking” as “leaving no functional-
ity”, would mean for arenes and alkanes that only a C—H bond
remained at the original position of attachment. The replace-
ment of the linker group by functional groups or atoms other
than hydrogen would result in a functionality. Thus, we would
like to define a “traceless linker” as a linker, which upon
cleavage leads to the formation of a C—H bond on the
seceding molecule and which enables the preparation of pure
hydrocarbons (unsubstituted alkanes, alkenes, alkynes, and
arenes). A broadening of this definition to OH or NH groups
is not useful, because otherwise every linker derived from
polymeric protecting groups would have to be regarded as a
traceless linker.

A linker system in addition provides the whole protocol for
the attachment to and cleavage from the resin. The cleavage
might be traceless or with functionalization of the linking site,
whatever is desired (Scheme 1). In the latter case, which is
also known as the multidirectional cleavage strategy,l’! the
amount of library compounds is multiplied by the number of
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[Multidirectional cleavage] ( Traceless cleavage)

Ru/=—
\ /Y — .
resin

A B C
Y=FGorRorH

Scheme 1. Multidirectional cleavage and traceless cleavage.

building blocks or functional groups that can be incorporated
in the cleavage step. Hence, an anchoring group capable of
functionalization and traceless linking is a versatile tool for
enhancing diversity in a given system.

From the point of designing a traceless linker, one has to
start from a heteroatom — carbon bond, which is labile towards
protogenolytic, hydrogenolytic, or hydridolytic cleavage
(Scheme 2). Since most heteroatom-carbon single bonds

( weak bond

H@Q; 2

X = Si, Ge, N=N, Se, 0S0,

Scheme 2. Strategy for an arene traceless linker.

resin

1

are less stable than a carbon-carbon bond [e.g., E (C—C) =
350-360 kJmol~!; E (C—N)=305-314 kJmol-!; E (C-Si)=
310 kJmol~'; E (C—Sn) =217 kJmol~'], traceless linkers can
be synthesized based on nearly all heteroatoms. However, the
enthalpies of C—X bonds are only relevant for homolytic bond
scission. Many linkers are cleaved heterolytically, and the
kinetic stability towards heterolytic bond cleavage is decisive
in these cases.

Nitrogen linker 1—the early hydrazone linker (Kamogawa):
The first traceless linker was developed by Kamogawa and co-
workers as early as 1983.14 Starting from a polymer-bound
sulfonylhydrazine, which is now commercially available,?>
formation of a sulfonylhydrazone resin 3 was achieved by
reaction with ketones or aldehydes. The cleavage step was
conducted either by reduction with borohydride or alanate to
yield the alkanes 4 or by treatment with base to give
corresponding alkenes 5 (Bamford-Stevens reaction,
Scheme 3). Although the term traceless was not used in this
early protocol and the yields are not all in cases satisfactory,

Prieevs

31%

o)
HN-N

e

4

@% ~

— 0,

polystyrene 5 77%
5

Scheme 3. The sulfonylhydrazone based traceless linker by Kamogawa:
a) NaBH,, THF, 8 h, reflux; b) NaOCH,CH,OH, HOCH,CH,OH, 2h,
reflux.
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apparently because the resin type was not fully elaborated,
this paper is clearly a pioneering work which has not very
often been cited in solid-phase organic synthesis literature.

The early thioether linker (Sucholeiki): One of the first papers
dealing with traceless linkers was published in 1994 by
Sucholeikil® and describes the use of thioethers 6, which are
attached to the resin through an aromatic core that enhances
the photolytic cleavage. Irradiation at 350 nm gives rise to the
formation of the hydrocarbon 7 (Scheme 4). Although not
fully explored and limited in the range of functionalized
arenes (phenyl instead of biphenyl results in the formation of
disulfides), this seminal paper opened a productive avenue to
a new kind of linker.

P g
DS RNG ME
a
; 4 g
MeO Sff Me

95%

polystyrene-PEG ¢ 7

Scheme 4. The photo-cleavable thioether linker by Sucholeiki: a) hv
(350 nm), MeCN.

Silicon (Ellman and Veber) and germanium (Ellman) linkers:
The first traceless linkers for arenes were described inde-
pendently by Ellman!? etal. and Veber etal. in 1995.0
Realizing, that at this time no silicon linker for arenes had
been disclosed, these groups developed a system that allows
the introduction of a proton on the binding site of the silicon
moiety by ipso substitution on the arene (Scheme 5). This
linker type was used in Ellman’s synthesis of a benzodiazepine

H
o— )0
¥—éf
S

polystyrene

a 7\
79% — Bn
7\ NH
— Bn
i /
8 NH 9

4

Scheme 5. The silicon traceless linker by Veber: a) TFA, 25°C.

library, which is a milestone in the solid-phase synthesis of
small organic molecules (Scheme 6). The synthesis of the
silicon linker involves a lithium —halogen exchange and, after
chlorosilane attachment, subsequent coupling with an aryl
halide. As the silyl arene might be cleaved in the unwanted
direction to give silylated arenes, further improvement led to
the development of a germanium linker!” 10, which gives rise
to the formation of pure material 14. In addition, cleavage of
these linkers can be accomplished by electrophiles other than
protons to yield halogenated residues 15 (Scheme 6); hence,
the linker is rendered into a multiple-cleavage linker system. !
The range of electrophiles is limited so far, since only small,
reactive electrophiles (e.g., iodine, bromine, and chlorine)
react to give the desired products.
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Mg /Me

Ge SnMej;
O S
NHMpc

polystyrene

Scheme 6. Synthesis of a benzodiazepine library with the use of a
germanium traceless linker by Ellman: a) RICOCI, [Pd,(dba);], K,COs;,
iPr,EtN, THF; b) 2-Chlorobenzo[1,2,3]dioxaborole, iPr,EtN, CH,Cl,;
¢) 1. R*CH(NHFmoc)COF, 2. piperidine, 3. AcOH, 4. base, R3X; d) TFA,
60°C, 24 h; e) Br,, CH,Cl,.

The silicon linker, which is now commercially available,!
has been improved by various other groups!'” and is also
suitable as a traceless linker for allyl silanes to give alkenes.['']

Sulfone linker (Janda): Recently, Janda et al. reported the use
of sulfones as suitable anchoring groups for alkanes in soluble
polymer chemistry.l'?l After oxidation of a sulfide to a sulfone
16, treatment of these sulfones with sodium/mercury gives rise
to the formation of the parent hydrocarbon 17 in high yields
(Scheme 7). However, aqueous work-up is necessary to
provide the pure products.

OMe
OMe
0 S}’J N 2.
MeO—PEG-O\v/ﬂ\N H O« NH
H
16 17

Scheme 7. The sulfone traceless linker for alkanes: a) 5% Na/Hg,
Na,HPO,, MeOH, —40°C —0°C, 96 %.

Selenium linker (Nicolaou, Ruhland): The selenium —carbon
bond is prone, owing to its weakness, to undergo homolytic
cleavage to give radicals. This fact was first recognized and
used for solid-phase synthesis by Heitz etal. in 1976.03%
Recently Nicolaou et al.l** and Ruhland et al.l'*! indepen-
dently developed more efficient methods for the preparation

Chem. Eur. J. 2000, 6, No. 11
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of selenium-containing supports in their development of
traceless linkers. Starting from polystyrene, various steps,
including selenation with selenium powder or MeSeSeMe,
give rise to the formation of selenium resins, which may be
alkylated to give selenoethers 20. The traceless cleavage
yielding alkanes 21 can be conducted by reduction with
tributyltinhydride, while the formation of alkenes 22 can be
observed after mild oxidation (Scheme 8). This linker holds
promise for wide applicability, since the starting materials
(alkenes, alkyl halides) are widely available, although toxicity
of reagents and starting materials have to be considered.

SelLi | OTBDPS
+ T,

18 19
OTBDPS

l a s

b 21

Se OTBDPS
g V7

polystyrene © OTBDPS

20 s

22

Scheme 8. The selenium traceless linker for alkanes and arenes: a) THEF,
23°C, 12 h; b) 2 equiv of Bu;SnH, AIBN (0.5 mol %), PhMe, reflux, 6 h,
89% (2 steps); ¢) 1 equiv of H,O, (30%), THF, 23°C, 12 h, 78 % (2 steps).

Oxygen linker (Wustrow): Electron-poor aryl sulfonates are
suitable candidates for oxidative palladium insertion. Hence,
immobilized phenol sulfonates 23 have been employed in a
palladium-catalyzed reductive cleavage that uses formic acid
to yield arenes 24 with overall traceless cleavage
(Scheme 9).1" Tt might be anticipated that this type of linker
is also suitable for functionalization (see below).

COR COR
° T : o
o L

13-85%

polystyrene
23 R =OR', NRy, Ph 24

Scheme 9. The sulfonate traceless linker for arenes: a) HCO,H, Et;N,

[Pd(OAc),], dppp, DMF, 140°C; dppp = 1,3-bis(diphenylphosphino)pro-

pane.

Phosphorous-based linker (Hughes): It is well known that the
phosphorus—carbon bond in phosphonium salts is readily
cleavable as demonstrated in their use as Wittig salts.
However, this bond can also be cleaved by the aid of a base
in absence of an aldehyde. Hence, the polymer-bound
phosphonium salt 25 gives a direct access to methylarenes
26 (Scheme 10). An interesting feature of this linker is the fact

PhPh
g} OMe a Me \WJ:::rOMe
—_—
o]

HN HN

polystyrene 0
25 26

Scheme 10. The phosphorus traceless linker for methylarenes: a) NaOMe,
MeOH, reflux.
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that carbonyl compounds can be olefinated and this leads to a
cleavage — olefination linker system.!)

Tin-based linker (Nicolaou): Tin hydride reagents are versa-
tile tools for the functionalization of alkenes and alkynes.
Based on this concept, Nicolaou and co-workers developed a
polymer-bound tin hydride 27! which reacts under hydro-
stannylation (or nucleophilic attack on the tin chloride with a
vinyl lithium) with alkynes to give alkenylstannanes 28
(Scheme 11). The latter undergo, after further transformation,
proteolytic traceless cleavage, to yield unsubstituted alkenes
30. Moreover, the stannane can be employed as a starting
material for an intramolecular Stille reaction to produce
larger ring systems (e.g., compound 29, Scheme 11).[6%]

polystyrene
27

/ J
c
o o
0 Z>""0
7z |
0 Yo ©ﬂo o)
29

30
Scheme 11. The tin traceless linker for alkenes: a) 1. 3-butynol, AIBN,
110°C; 2. glutar anhydride, DMAP; 3. DCC, DMAP, (2-iodophenyl)-
methanol; b) [Pd(PPh;),], toluene, 100°C, 51 %; c) H'.

Decarboxylation: The decarboxylation of arenes!'”! and
alkanes!'l has been used to generate the parent hydrocarbons.
Since the neighboring group effect is essential, limitation to
special substrates is required.

Nitrogen linker 2—the triazene T1 linker (Moore, Tour,
Brise): One possible method for converting functionalized
arenes into the corresponding hydrocarbons is the reduction
of diazonium compounds. As these compounds react with
amines to yield triazenes, which can be transformed back to
diazonium compounds under mildly acidic conditions, the use
of triazenes as linkers seemed to be a very promising strategy.
Inspired by the use of triazenes in the total synthesis of
vancomycin' and the pioneering work of Moore et al.? and
Tour et al.?!l in the attachment of triazenes to a solid support
and the final detachment to give iodoarenes 33 (Scheme 12),
we were interested in developing a traceless-linker system
based on triazenes.??! Starting from a secondary amine resin
36, and diazonium salts derived from readily available anilines
34, the triazene system 37 was built up in a single step
(Scheme 13). After chemical transformation, for example, the
Heck reaction and asymmetric dihydroxylation (37 —38),
cleavage can be affected by treatment with acid in the

1902
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SiMes CgH130 X
/ ®

polystyrene
'.“/\/ | | l
N¢
N 28 CO,CeH13
a
—_—
CeH130 % CGH13020 %
H SiMe;
31 X = triazenyl :32
b
X=1 :33J

Scheme 12. The triazene linker for the synthesis of iodo arenes:
a) [Pd,(dba);], Cul, PPh;, Et;N, 65°C, 12 h; b) Mel, 110°C.

oy
HoN

34 ]
lystyrene
l/A polysty 16
N@
N\‘N

OH
COQtBU
—
OH

35 (ee > 95%)

1) Heck reaction
—_—
2) AD mix
g
S
|
HO OH
37 38 CO,tBu

Scheme 13. The triazene C—H traceless linker (T1) for arenes.

presence of a reducing agent, such as THF, to give the product
35 in good yield (Scheme 13). It is distinct from the existing
alternatives by its accessibility and robustness, as well as its
ability to regenerate the resin. The broadness of applications
in a number of organic reactions can be anticipated. The T1
triazene linker system is now commercially available."!

Possibilities for T1—Heck cross-coupling and other multi-
directional cleavage reactions: Besides the possibility of
conducting traceless cleavage from solid support, a cleav-
age—cross-coupling can be achieved by using palladium
catalysis.”’! Diazonium salts are known to undergo insertion
of palladium, thus making them suitable substrates for a Heck
reaction. Starting from the triazene resin 39, an all-carbon
three-component reaction with the strained bicyclopropyli-
dene 4024 gives rise to a spirooctene resin 41. Liberation of
the diazonium salt and subsequent coupling with various
alkenes proceeded smoothly under mild thermal conditions
(12 h at 40°C in MeOH) to give the product 42 in high yield
(Scheme 14).1224%1 The use of palladium on charcoal as
catalyst allows couplings in lower purity (87%), but is
advantageous with regard to its ease of removal by filtration,
that is, the filtrate is nearly colorless. The catalyst can be used
for a subsequent hydrogenation reaction, thus allowing the
formal coupling of alkyl groups. In addition, functionalization
of triazene resins upon cleavage leads to the formation of aryl
halides (49, Nu = halogen),?"! phenols and aryl ethers (49,
Nu=OH and OR),”" azo compounds 46, biaryls 55 by a
Gomberg-Bachmann reaction, Meerwein alkylation prod-
ucts 57, or Richter products like cinnolines 48 (Scheme 15).12%]
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amines (63) gave the triazenes

N ‘ 60 and 64, respectively, which in
NmN N\\N turn were cleaved off by
polystyrene  Ns O treatment with mild acids
N O (Scheme 16). The triazenes have
b /\ been shown to be base stable
/\ 4h,40°C ‘ and were used in various types
I ‘ of transformations. The overall
CO,Me . . . .
CO,Me 595 % purity Prgcess is high-yielding anq 'ef—
39 a1 42 ficient, and even sensitive

Scheme 14. The triazene linker for the Heck cross-coupling strategy: a) [Pd(OAc),], PPh;, Et;N, DMF, 24 h,

80°C; b) cyclopentene, [Pd(OAc),], TFA, MeOH.

NH,
~
EWG SN
Y
43
Q
XN
N 57Y

ZEWG
| 56
Z z cu*
\

o T
55Y
Pd®

%

=
| Pd°, R-M
o\ He
53Y THF

Ny
Nu Z R
51 / | = Nu
O \\I 48
50 ¥ a9Y

Scheme 15. Possibilities with the T1 linker.

The T2 linker: A new linker strategy for the attachment of
primary and secondary aliphatic amines was developed based
on the established triazene concept. Starting from Merrifield
resin, an immobilized diazonium salt 58 was prepared in two
steps. Treatment with various primary (59) or secondary

2+
I
P4
m_‘\{

58 HN— 60
R2
59

1) transformation
N=£\l,,_;r R 2) cleavage

IIRZ
H 64 65

63

Scheme 16. The concept of a triazene linker for amines (T2).
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amines, such as 4-piperidone,
can successfully be attached to
a solid support.”! Moreover,
disubstituted triazenes 60 un-
dergo cleavage to yield aliphatic diazonium ions 62, which
in turn solvolyze in the presence of nucleophiles to give alkyl
halides or esters 68.17]

Nitrogen linker 3—hydrazides (Waldmann): Acyl aryl di-
azenes are known to fragment upon treatment with nucleo-
philes, a strategy that has been used for a linker for carboxylic
acid derivatives.’® Waldmann et al. recently developed a
traceless linker for arenes based on this methodology.™]
Starting from a hydrazide resin 69, which is converted into
an activated species by oxidation, detachment of the molecule
is carried out by the addition of nucleophiles (Scheme 17).
This safety-catch principle—the activated linker is generated
prior to cleavage—shows promising stability in palladium-

catalyzed reactions.
/©/ B(OH)2
MeO

H 70 H
N’ Nr;' a
H _
HsC I 93% HaC O
polystyrene OMe
69 7

Scheme 17. The hydrazide linker for arenes: a) 1. 10 equiv 70, 2 equiv
K;PO,, 0.02 equiv [Pd(PPh;),], DMF/H,0 (6/1),80°C, 24 h; 2. [Cu(OAc),],
nPrNH,, RT, 2 h.

n-Complexation strategy (Gibson and Hales): The presented
examples of traceless linkers have one common feature: An
unfunctionalized C—H bond is the result of the cleavage of a

L R R'" HX R’
N, NN x <
R R R
66 67 68
X = OH,
OCOR, Hal
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carbon —heteroatom bond that makes a functionalization at
this point of attachment impossible. Recently, Gibson, Hales,
and Peplow demonstrated that arenes could be attached to a
solid support through the use of chromium arene complexes
72 (Scheme 18).2%1 This method even allows, at least from a
theoretical point of view, complete variation of the arene
backbone; however, modification of the arene ring system
might be limited to a certain extent. It has already been shown
that various other metals or unsaturated molecules (e.g.,
alkynes with dicobalt fragments) can lead to interesting
examples.?

polystyrene

PPh,Cr(CO), X OH
P
A a
/@/\)\ W
MeO 7 MeO
LiAIH, X=0: 72 74
X=0H,H:73

Scheme 18. The m-complexation strategy for arenes: a) pyridine, 2 h,
reflux.

“Expanded valency”—the Reissert concept (Kurth): The only
example so far for an attachment of heteroarenes by an
addition/elimination strategy has been devised by Kurth
et al.’% While arenes are more or less resistant towards
addition, heteroaromatic systems such as isoquinolines 75 are
prone to the addition of nucleophiles. Subsequent addition of
electrophiles furnishes the so-called Reissert compounds 76
(Scheme 19). These are stable compounds that, for example,

polystyrene

75 R=H 76 78
b
l: R=alyl 77
Scheme 19. Reissert complex strategy: a) TMSCN, CH,Cl,, 48 h; b) LDA,
allylbromide; ¢) KOH, THF/H,0.

can be alkylated. In case of solid-phase synthesis, the electro-
phile was chosen to be a polymer-based acid chloride. The
detachment can be carried out by simple addition of
hydroxide ions. This concept, although not traceless by the
above definition, has the potential to be expanded to other
(hetero)cyclic systems.

Cleavage by metathesis (Maarseveen, Blechert, Nicolaou):
Cleavage by metathesis was used by various groups to
accomplish either detachment by cyclization (ring-closing
metathesis, RCM),?! intermolecular metathesis (cross meta-
thesis)P? or intramolecular metathesis (Scheme 20).7% One
advantage of cleavage by metathesis is the possibility to
introduce fragments with additional functionalities. The
successful examples include the total synthesis of epothilone
by this cleavage strategy.3*l
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79 80 81
RU™ Mo
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(F3C),CHO~ NIIO
OCH(CF3),

Scheme 20. Cleavage by metathesis.

Conclusion

If we try to answer the question in the title “Traceless
linkers—only disappearing links in solid-phase organic syn-
thesis?” we have to say “Yes”. A traceless linker is cleaved
leaving no functionalization at the original linking site and its
purpose is to just disappear. For multidirectional-cleavage
linker systems the answer is “No”. Linker systems allow the
introduction of certain atoms or molecule fragments and will
play an important role for the development of diverse organic
substance libraries. It is important to point out that the final
diversification is achieved in the cleavage step and not in an
additional solution-phase reaction step after the cleavage.
However, only few linkers systems that are applicable for a
wider range of substrates have been developed so far. As
these linker systems offer the widest possibilities for the final
diversification of the synthesized library, they will experience
increasing attention in the future.
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Direct Comparison of Electron Transfer Properties of Two Distinct
Semisynthetic Triads with Non-Protein Based Triad: Unambiguous

Experimental Evidences on Protein Matrix Effects

Yi-Zhen Hu,'"! Hiroshi Takashima,!*! Shinya Tsukiji,'*! Seiji Shinkai,!?!
Teruyuki Nagamune,® Shigero Oishi,*! and Itaru Hamachi*!*!

Abstract: In order to understand the
roles of protein matrix in electron trans-
fer processes (ET) within biological
systems, a heme-based donor (Zn-heme:
ZnPP)-sensitizer (Ru?*(bpy);)-acceptor
(cyclic viologen: BXV*) triad 1 was
used as a probe molecule. Two semi-
synthetic  systems, Cyt-bss,(1) and
Mb(1), in which the triad is incorporated
into cytochrome by, (Cyt-bsg,) or into
myoglobin (Mb), were constructed by

excitation of the ZnPP moiety of Cyt-
bse(1) or Mb(1) leads to a direct ET
from the triplet state of ZnPP state
(*ZnPP) to BXV** to generate a final
charge-separated (CS) state, Cyt-
bsep(Znt)-Ru**-BXV3*  or Mb(Zn*)-
Ru?*-BXV3**. On the other hand, direct
ET from the excited ZnPP moiety to the
BXV* moiety is also involved in 1in the
absence of the protein matrix, but the
excited state of ZnPP involved is not

3ZnPP, but the singlet excited state
('ZnPP) in this pathway. When the
Ru?*(bpy); moiety of Cyt-bsg,(1) or
Mb(1) is excited, a stepwise ET relay
occurs with the ion-pair, Cyt-bs,(Zn)-
Ru*-BXV3*+* or Mb(Zn)-Ru**-BXV3+*,
as an intermediate, leading to the same
final CS state as that generated in the
direct ET pathway. The lifetimes of the
corresponding final CS states were de-
termined to be 300ns for 1 in the

cofactor reconstitution. These two semi-
synthetic proteins were compared with
the triad itself (i.e., without the protein
matrix) using absorption spectroscopy,
steady state emission and excitation
studies, laser flash photolysis experi-

. system
ments, and molecular modeling. Photo-

Introduction

Effects of protein matrix on biological electron transfer pro-
cesses (ET) have been actively discussed for more than one
decade in the fields of chemistry and biology.l!! It is proposed
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absence of the protein matrix, 600-
900 ns for Cyt-bse,(1) and 1.1-18 us for
Mb(1), the values of which are greatly
affected by the protein matrix. Molec-
ular modeling study of the three systems
consistently explained the differences of
their photophysical behavior.

that, in addition to fixed donor—acceptor distances and orien-
tations,”! other factors, such as the specific structural features
in proteins and the dipole moments produced by a specific
conformation of polypeptide chains and a hydrogen-bonding
network,®l may control biological ET. Considerable efforts
gave valuable insight not only into understanding ET in
biological system, but also into designing protein-based
photoelectric devices.”! However, many key questions con-
cerning biological ET remain, for example: How does ET rate
depend on distance ? How do proteins ensure biological spe-
cificity in ET ? Rational design and syntheses of semisynthetic
systems and detailed comparison of the ET events in the
presence and in the absence of the protein matrix should help
to answer these questions. Nevertheless, such a comparison is
rather difficult. Recently, we and other groups independently
reported protein-based semisynthetic photoreaction centers
as artificial photosynthetic models.’] Covalently connected
donor —acceptor dyad or triad was successfully hybridized to a
protein matrix in these systems, rendering it possible to
compare ET events in a protein matrix with those in a
homogeneous solvent.
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In order to understand the P

role of protein matrix in ET COOH

within a biological system, we

N N *£}<J*
employed a heme-based donor /:l:?u?f [g ©
(Zn-heme,  ZnPP)-sensitizer \ o o | /N & " :

(Ru?*(bpy);)-acceptor  (cyclic ST | RV NIVE NIV SIPS
viologen, BXV#) triad 1

(ZnPP-Ru**-BXV*") as a probe
molecule  (Scheme 1). The
Ru?*(bpy);-BXV*+ subunit of
1 was recently described by
the group of Diirr as an artifi-
cial model of the photosynthet-
ic reaction center.! The
Ru**(bpy);-heme subunit of 1
was demonstrated to be hybri-
dized with apo-hemoproteins

/*COOH

(Nj\g
éu2+
b
N/\/O\/ N
# 2CIO4

S

| /ﬁ/ﬁﬁ\/ﬂ

by cofactor reconstitution.[ ®l N

The heme moiety of 1 is readily ~ N O
incorporated into the active /N\éuz-j\‘ Z
sites of two distinct hemopro- ‘ SN \‘N‘ >
teins, cytochrome bsg, (Cyt-bsg,) N Ny S0

and myoglobin (Mb), to afford
two protein-based triads (Cyt-
bse(1) and Mb(1)). This study
shows explicit experimental
evidences on how protein matrix influences ET events, by
comparing Cyt-bse,(1) and Mb(1) with the triad in the absence
of a protein matrix. It was demonstrated that the ET pathways
and the lifetimes of the photoinduced charge separated states
(CS states) are remarkably different among these three systems.

Results
Reconstitution of the cofactors with apo-hemoproteins

The reconstitution of 1 and 2 with apo-Cyt-bss, was conducted
according to the modified method reported previously for
their reconstitution with apo-Mb.l 1.5 equiv. 1(Cl)¢ or
2(Cl0,), dissolved in water or pyridine (1 in water and 2 in
pyridine) were added dropwise to an apo-Cyt-bsg, solution in
DMSO/H,0O (1:4 v/v) over an ice bath. The mixture was

Abstract in Japanese:

BFBEHRSICHI3EBAE~Y MN) v 7 XOR & 5
THREDHIC, ANLAELTZILEE - BREADOSF > B
THUERBELENSAT YRR FEZDODREZAN
LEAE (Y hyOLbS62EIATOEY) ICHEHEBRL
oo BONE¥ERMNSI 7y FEEABE~Y M) VIR
FEETHVWROEFBEFM £ EFWIE. STELFH
FETHAEL = CNO=ZDODROEZEOHE, SED
BY M)y 7R3 [3HAHR] IC&->T. EBhRESEH
REHIEULCREMET I I TLELLEFBERRICD
AELHEBESZBIENREAN, ThHEDREIA
INER AT LOBEICEIIHEARMNT7TIO-F0D
BUMEMEICRLTWVS,
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Scheme 1. Structures of the triad and the reference compounds.

incubated at 4°C for 6 h and then dialyzed against 10mm
phosphate buffer (pH 7.0). Purification of the mixture by gel
chromatography on Sephadex G-25 afforded Cyt-bsg,(1) or
Cyt-bs,(2) in about 70% yield (see Experimental Section).

Figure 1 shows the absorption spectra of 1, Cyt-bs,(1) and
Mb(1). The absorption spectrum of Cyt-bss(1) is similar to
that of Mb(1) (Figure 1), which shows a sharp Soret band at
428 nm, two Q-bands at 553 nm and 596 nm, a sharp band at
284 nm (LC of Ru**(bpy);) and a shoulder at 460 nm due to
the MLCT band of the Ru?*(bpy); unit. This spectrum is
nearly identical to the sum of the spectra of native Zn-Cyt-bsg,
(Amax =428 nm (Soret band), 553 nm and 596 nm (Q-bands))®!
and catenane 3 (A=460 nm (MLCT band) and 284 nm (LC
band)).l% Spectrophotometric titration of 1 with apo-Cyt-bse,
clearly showed 1:1 complex formation (inset of Figure 1).

15
1.0 e°°
o®
g
’a‘ [ )
1.0 g
[ )
g <os, . . . .
8 1.0 2.0
£ [apo-Cyt-sezl /[1]
8
<05k
0 l I

200 300 400 500 600 700 800
Wavelength / nm

Figure 1. Absorption spectra of Cyt-bsg,(1) (solid line), Mb(1) (dash line)
and 1 (dotted line) in 50mMm phosphate buffer (pH 7.0). Inset: spectropho-
tometric titration curve of 1 with apo-Cyt-bs, in H,O.
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Similar spectral properties and titration behavior were
obtained for Cyt-bs,(2). These data confirm the successful
reconstitution of 1 and 2 with apo-Cyt-bsg,. Stoichiometry and
binding constants of 1 with apo-Cyt-bss, and apo-Mb do not
display significant differences from each other, as well as their
absorption spectra.

Molecular modeling

The distance and orientation between the electron donor and
acceptor in a linked system are very important for ET.) In
order to establish the geometry of 1, Cyt-bs, (1), and Mb(1),
molecular mechanics and molecular dynamics calculations
were performed using the Discover module of Insight II. The
calculated structures of 1, Cyt-bs,(1) and Mb(1) in water are
shown in Figure 2. In the absence of the protein matrix, the
ZnPP (donor) and BXV** (acceptor) moieties in 1 tend to be
close each other, leading to a U-shaped conformation, with
the Ru?*(bpy); unit at the bottom and the ZnPP and BXV**
moieties lying roughly in face-to-face planes. The distance
between the Zn-center and the nearest N* of the BXV** unit
is about 9 A, which is reasonable for solvent-mediated ET
between the ZnPP and BXV*" units in the U-shaped
conformation.l]

Figure 2. Energetically minimized structures by molecular modeling of a) 1, b) Cyt-bss,(1), and ¢) Mb(1) in

water. The water molecules and hydrogens were omitted for clarification.

Chem. Eur. J. 2000, 6, No. 11
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As shown in Figure 2b and 2c, the ZnPP moiety in Cyt-
bse,(1) and Mb(1), which is incorporated into the correspond-
ing heme pocket, is separated from the Ru?*(bpy); and BXV**
moieties by the protein surface. Thus the U-shaped confor-
mation of 1 changed to more extended ones in Cyt-bse,(1) and
Mb(1), leading to the extension of the donor (ZnPP)-acceptor
(BXV*#) distance. Moreover, the Cyt-bss;, and Mb protein
matrices give rise to different effects on the conformation of 1.
In Cyt-bsg,(1), the connector unit between the ZnPP and
Ru?*(bpy); moieties is on the outside of the protein matrix
and thus is relatively flexible. Careful investigation of the
conformational change of Cyt-bss(1) showed that the BXV4*
and Ru?*(bpy); units approach the Cyt-bss, surface via
electrostatic attraction with a domain of the anionic Glu
and Asp residues located on N-terminal region of the helix
(H,N-Ala-Asp-Leu-Glu-Asp-Asn-Met-Glu-Thr-Leu-Asn-
Asp-Asn-Leu-),l'% resulting in a triangle arrangement of the
ZnPP, Ru**(bpy),;, and BXV* moieties in the energy-mini-
mized conformation of Cyt-bse,(1). On the other hand, the
ZnPP moiety of Mb(1) is deeply inserted in the Mb pocket
compared with Cyt-bsg,(1), so that the connector between the
ZnPP and Ru**(bpy); moieties is rather rigidified by the
protein matrix. In addition, the electrostatic repulsion oper-
ates between the BXV*" unit and the Mb surface, since the
proximity of the heme crevice of Mb is mainly surrounded
with positively charged amino
acid residues such as Lys, Arg,
and His.'"'l These factors cause
further extension of the do-
nor—acceptor  distance  in
Mb(1) compared with that in
Cyt-bssx(1), and result in an
almost linear arrangement of
the ZnPP, Ru**(bpy);, and
BXV* units (Figure 2c). The
distance between the Zn-center
and the nearest N* of BXV* in
Cyt-bss,(1) is estimated to be
about 16 A, whereas it is about
23 A in Mb(1). Thus, the mo-
lecular modeling study clearly
suggests that the protein matrix
has profound effects on the
donor—acceptor distance and
orientation of the triad 1, which
may strongly affect the ET rates
and ET pathways in 1, Cyt-
bse(1) and Mb(1).

Emission study

In the absence of the protein
matrix, compound 1 exhibits
very weak fluorescence with
Amax @t 596 nm and 649 nm
(shoulder), the quantum yield
of which is about ten times
lower than that of ZnPP (the
parent) and 2. As demonstrated
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by molecular modeling, compound 1 exhibits a U-shaped
conformation in water with a donor-acceptor distance of
93 A, which is quite suitable for solvent-mediated ET
between the terminal donor and acceptor. Thus, the quench-
ing of the ZnPP fluorescence in 1 is attributable to the
effective ET from the excited singlet state, 'ZnPP, to the
BXV* moiety, that is ZnPP-Ru**-BXV* — ZnPP+-Ru?*-
BXV3**. The rate constant for this ET process is calculated to
be 4.8 x 10 s7! using Equation (1), where @ and &, are the
fluorescence quantum yield of 1 and 2, respectively, and 7, is
the emission lifetime of 'ZnPP of 2 which was measured to be
1.8 ns by single photon counting.

ker= (1/7,)(Py/D — 1) (6]

However, reconstitution of 1 with apo-Cyt-bsg, and apo-Mb
resulted in great recovery of the ZnPP fluorescence (Fig-
ure 3a). Fluorescence titration of 1 with apo-Cyt-bs, and apo-
Mb (inset of Figure 3a) indicates that the fluorescence
quantum yield of 1 increases dramatically with the increase
of the amount of apo-protein and saturates at the ratio of 1:1
([1]:[apo-protein]). These results suggest that incorporation
of the heme unit of 1 into the apo-hemoprotein matrix
changes the U-shaped conformation of 1 to a more extended

a)
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g .o
L 2 °® hd
© L]
> °
. @ °
200 § o
2 = 00— s
@ - 0 1.0 2.0
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Figure 3. a) Comparison of the emission spectra of Cyt-bsg,(1), Cyt-bsg,(2),
and compound 1 without the protein matrix in 10mM phosphate buffer.
Excitation wavelength: 428 nm. Dash line: Cyt-bss,(1); solid line: Cyt-
bss(2); dotted line: compound 1 without the protein matrix. Absorbances
of the three samples at 428 nm were adjusted to the same in the
measurements. b) Excitation spectra of Cyt-bs,(1) and Cyt-bse,(2) in
10mMm phosphate buffer (pH 7.0). Solid line: Cyt-bss(1); dash line: Cyt-
bse2(2). Emission wavelength detected is 596 nm.
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one and thus prevents the quenching of ZnPP fluorescence by
BXV*, which is consistent with the molecular modeling
study. Moreover, the shapes and intensities of the emission
spectra of Cyt-bss,(1) and Mb(1) are very similar to their
control proteins, Cyt-bss,(2) and Mb(2), which indicates that
quenching of the ZnPP fluorescence in Cyt-bse,(1) and Mb(1)
is completely prevented (Figure 3a). Therefore, within Cyt-
bse:(1) and Mb(1), ET from the excited singlet state of ZnPP
to the Ru**(bpy); or BXV** site can be ruled out.

We then checked the excitation spectra of Cyt-bse(1),
Mb(1), and their references, Cyt-bs,(2) and Mb(2), at
emission wavelength of 596 nm. Figure 3b displays that the
absorption peaks of both the ZnPP and Ru**(bpy); units are
reproduced in the excitation spectrum of Cyt-bsg(2) (428 nm
and 556 nm for ZnPP and 460 nm for Ru*"(bpy);); this
indicates that the emission of Ru?*(bpy); is buried in the
1ZnPP fluorescence spectrum (Figure 3a). However, in the
case of Cyt-bss,(1), only the ZnPP absorption peaks are
reproduced in the excitation spectrum. No absorption peak
from the Ru?*(bpy); unit (460 nm) is observed, which implies
that the Ru?*(bpy); emission is completely quenched. Sim-
ilarly, the absorption peaks of both the ZnPP and Ru?*(bpy),
units are observed in the excitation spectrum of Mb(2),
whereas only the ZnPP absorption is reproduced in that of
Mb(1). Consistently, single photon counting study showed
that both emissions of Cyt-bs,,(2) and Mb(2) decay biexpo-
nentially. The first component has a lifetime of 1.8ns,
attributable to the 'ZnPP moiety, and the second one decays
completely after hundreds of ns, which is due to the emission
of the Ru**(bpy); unit. However, the emissions of Cyt-bs,(1)
and Mb(1) decay monoexponentially with the same lifetime
of 1.8 ns, due to 'ZnPP moiety. Quenching of the Ru?*(bpy);
emission strongly supports that photoinduced ET from the
excited Ru**(bpy); to BXV** takes place in Cyt-bs,(1) and
Mb(1), leading to the formation of the CS state, Cyt-bsg,(Zn)-
Ru**-BXV3** or Mb(Zn)-Ru**-BXV3**. The one-electron
oxidation potentials of ZnPP and Ru?**(bpy); are 1.06 VI2¢ 12
and 1.25 V versus NHE.[* Thus, in Cyt-bss,(1) and Mb(1), ET
from the ZnPP moiety to Ru**(bpy); to generate Cyt-
bseo(Znt)-Rut-BXV3** or Mb(Zn*)-Ru?*-BXV3* is expect-
ed thermodynamically favorable. The detailed mechanisms
were investigated next by time-resolved laser photolysis
studies.

Laser flash photolysis study

Since ET in Cyt-bsg,(1) and Mb(1) can be initiated from both
of the excited states of the ZnPP and Ru**(bpy); moieties, the
two chromophores were excited separately in the laser flash
photolysis study for better clarification of the photophysical
mechanisms. The excitation of the Ru?*(bpy); unit was
performed at 460 nm, where more than 90 % of the light is
absorbed by the Ru**(bpy); moiety (MLCT band) and less
than 10% by the ZnPP moiety in Cyt-bs,(1) and Mb(1),
whereas the ZnPP unit was excited at the Q-band of 596 nm,
where the absorption of the Ru**(bpy); unit is negligible.

Cyt-bs,(1): As shown in Figure 4a, pulsed laser excitation of a
solution of Cyt-bs,(1) (phosphate buffer, pH 6.0) at 596 nm
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Figure 4. a) Excited state difference absorption spectra observed after
laser excitation (A=2596 nm) of Cyt-bss,(1) (8 um) in buffer solution
(pH 6.0, 50mMm phosphate) at the following delay times: 30 ns and 1 us.
The sample solutions (3 mL) were degassed with five freeze-pump-thaw
cycles before the photolysis. b) Same as a)but the excitation was
performed at 460 nm.

leads to prompt appearances of absorption bands at 385 nm,
470 nm, 610 nm (shoulder), and 670 nm, accompanied by the
bleaching of Soret and Q-bands (428 nm, 553 nm, and
596 nm). According to the literature,?* 2l the absorption
band at 470 nm can be assigned to the excited triplet state,
3ZnPP, which was populated from the excited singlet state
(ZnPP) via efficient intersystem crossing. The peak at 385 nm
and the shoulder at 610 nm are characteristic of the radical
cation of bipyridinium salt (i.e., BXV3**) [l and the band
centered at 670nm is characteristic of ZnPP* 3l which
partially overlaps with the absorption of the BXV3** radical.
The appearance of BXV3** and ZnPP* clearly imply the
formation of the CS state, that is Cyt-bs;,(Zn*)-Ru>*-BXV3+*,
The absorption bands of *ZnPP, BXV3**, and ZnPP* species
generated by excitation at 596 nm decay completely within
1 us, concomitantly with the recovery of the Soret and Q-
bands of ZnPP. Laser excitation of native Zn-Cyt-bsg, or Cyt-
bs(2) under the same conditions simply produced the
absorption of their ZnPP triplet states (*Zn-Cyt-bs,, or Cyt-
bse(*Zn)-Ru?*) and any other transient absorption was not
detected.

Figure 5a shows the time course of the ZnPP state of Cyt-
bsex(1), that is Cyt-bsg,(Zn)-Ru*>*-BXV*, monitored at
475 nm by excitation at 596 nm. Analysis of this curve yielded
an exponential fit with a lifetime of 84 ns for Cyt-bs,(*Zn)-

Chem. Eur. J. 2000, 6, No. 11
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Figure 5. a) Transient kinetic trace monitored at 470 nm (?ZnPP absorp-
tion) after laser flash excitation of a degassed buffer solution (pH 6.0,
50mm phosphate) containing Cyt-bse(1) (8.0 uM) at 596 nm. b) Transient
kinetic trace monitored at 470 nm (*ZnPP absorption) after laser flash
excitation of a degassed buffer solution (pH 6.0, S0mm phosphate)
containing Cyt-bs,(2) (8.0 uM) at 596 nm.

Ru?*-BXV*. The lifetime of Cyt-bse,(*Zn)-Ru** was deter-
mined to be 3.0ms from its decay curve in Figure 5b.
Apparently, the decay of Cyt-bss,(*Zn)-Ru**-BXV** is much
faster than that of Cyt-bs,(*Zn)-Ru?*. Since either energy
transfer or ET from 3ZnPP (E°(ZnPP*/*ZnPP) = —0.64 V vs.
NHE) to Ru?*(bpy); is energetically unfavorable (E°(Ru**/
Ru*)=-1.39 V vs. NHE), the quenching of Cyt-bs,(*Zn)-
Ru?*-BXV** is reasonably attributable to the direct, long-
distance ET from 3ZnPP to BXV*, that is Cyt-bss,(*Zn)-
Ru**-BXV* — Cyt-bss,(Zn*)-Ru?>*-BXV3**. The rate con-
stant (k¢g) for this ET process is calculated to be 1.1 x 107 s~!
using Equation (2), where 7 and 7, are the lifetimes of Cyt-
bse((Zn)-Ru**-BXV*+ and Cyt-bse,(*Zn)-Ru?+.

kes=1t—1/7, 2)

The kinetic behavior of the CS state, Cyt-bsg,(Zn*)-Ru**-
BXV3**, were monitored at 670 nm. The time course gen-
erated by excitation at the Q-band (596 nm) shows that the
rise of transient absorption at 670 nm is not “instantaneous”
but instead grows in on a rather slow time scale and then
decays subsequently within 1us (Figure 6a). This Kkinetic
behavior is consistent with a typical consecutive reaction (A
— B — (), in which A would correspond to Cyt-bss,(*Zn)-
Ru**-BXV**, B, to Cyt-bs,,(Zn*)-Ru?*-BXV3** and C, to the
initial ground state Cyt-bs,(Zn)-Ru?*-BXV*. A nonlinear
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Figure 6. a) Kinetic trace monitored at 670 nm, which was produced by
laser flash photolysis of a degassed buffer solution (pH 6.0, S0mm
phosphate) containing Cyt-bs,(1) (8.0 um) at 596 nm. b) Same as a) but
the excitation wavelength used was 460 nm. The fitting curves in a) and
b) are given by the solid lines.

least-squares fit of the data

laser flash and then decays with a rate constant quite close to
that measured from Figure 6a. The rate for the formation of
the absorption at 670 nm is faster than our instrument
resolution (fwhm =5 ns, i.e., both kg and kegy >2 x 108571,
CSH: charge shift). This rate is over 20 times faster than the
decay of Cyt-bs,(*Zn)-Ru?>*-BXV** (v =84 ns), which indi-
cates that the contribution of the direct ET pathway, that is
Cyt-bse,(*Zn)-Ru**-BXV* — Cyt-bsg,(Zn*)-Ru* -BXV3++, to
the formation of the CS state is negligible in the case of
excitation at 460 nm. Therefore, it is reasonably concluded
that the CS state is generated via the stepwise ET route, that is
Cyt-bse,(Zn)-*Ru?*-BXV* — Cyt-bse,(Zn)-Ru+-BXV3+: —
Cyt-bsg,(Zn™)-Ru*-BXV3+* the rate constants of which are
both faster than 2 x 108 s~1. Analysis of the decay curve yields
an exponential fit with a lifetime of 606 ns, which leads to a
rate constant kcg for the back ET of 1.7 x 10°s~%. The rate
constant is in good agreement with the kg obtained by
excitation at 596 nm (see above).

The rate constants for the direct ET from 3ZnPP to BXV**
(kcs) and the subsequent charge recombination of the CS
state (kcg) in Cyt-bse,(1) are pH dependent in the range of
pH 4.0-6.0 (Table 1). Decrease of pH value results in gradual
decreases in kqg and kqg.

The quantum yield of Cyt-bse,(Zn")-Ru?*-BXV3** was
determined by a comparative method based on the extinction
coefficients of the triplet state of TPPIS! and Cyt-bse,(Znt)-
Ru**-BXV3** (g70nm = 17000 cm~'mM~). Since the CS state can
be formed via two different ET pathways, that is direct ET
from 3ZnPP to BXV** and stepwise ET relay initiated from
the excited state of the Ru?*(bpy); unit, the quantum yield
was measured by excitation at different wavelengths. When

Table 1. Summary of the distances®! and photophysical properties in the CS and CR process.

(solid line) yielded a rate con-
stant (kgg) of 2.3 x107s7! for
the charge separation (CS)
process,  Cyt-bse,(*Zn)-Ru*-
BXV#* — Cyt-bsg,(Zn*)-Ru?t-
BXV3t: and a rate constant

Distance [A] pH Rates of CSI! Lifetimes (rates) of CR
4.0 33x10°s7! 990 ns (1.0 x 10%s71)
Cyt-bse(1) 16.3 5.0 7.0 1055 769 ns (1.3 x 10°s71)
6.0 1.2x107s7! 606 ns (1.7 x 10°s71)
47 %1055 (70%)1 11us (92 x 10°s7) (75%)H
Mb(1) 2.9 6.0-8.0 5.0x10*st (30%) 18.4 us (5.4 x 10*s7) (25% )¢l
1 9.3 - 4.8 x10° sl 300 ns (3.3 x 100 s~1)lel

(kcr) of 2.8 x10°s™! for the
charge recombination (CR)
process,  Cyt-bsg,(Zn*)-Ru**-
BXV3** — Cyt-bse,(Zn)-Ru?*-
BXV**+, The rate constant of k¢
is in good agreement with that
obtained from the decay of
ZnPP triplet state.

When the Ru?**(bpy); moiety of Cyt-bs,(1) was selected to
excite at 460 nm, 3ZnPP, BXV3**, and ZnPP+ species were
also formed promptly, but the efficiency of the formation of
3ZnPP was much lower than that excited at 596 nm (Fig-
ure 4b). The appearance of the 3ZnPP absorption is due to the
weak light absorption by the ZnPP moiety at 460 nm, and its
decay behavior is very similar to that generated by excitation
at 596 nm (Figure 5a). However, the transient kinetics moni-
tored at 670 nm (Figure 6b) exhibits a quite different profile
from that in Figure 6a. It shows that the CS state, Cyt-
bseo(Znt)-Ru*t-BXV3** is formed “instantaneously” after the

very similar results.
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[a] These values were estimated by the distance between Zn center and the nearest N* of BXV**. [b] These
values were determined by the decay of *ZnPP for CS and ZnPP* for CR upon photoirradiation at 596 nm,
respectively. All calculated values included experimental error within +14 %. [c] Kinetic traces were analyzed by
biexponential fitting. These values represent the contribution of the corresponding kinetic components. [d] This
rate constant was estimated from the singlet (!ZnPP) ET by the emission study. [e] Excitation at 460 nm yielded

excited at 460 nm (MLCT band of Ru**(bpy),), the quantum
yield for the formation of Cyt-bse,(Zn")-Ru**-BXV3** via the
stepwise ET relay was measured to be 0.33, whereas the
quantum yield via the direct ET pathway was determined to
be 0.38 by excitation at 596 nm.

Mb(1): When Mb(1) was excited by pulsed laser flash at
460 nm or 596 nm, transient absorption spectra consisting of
absorption bands of BXV3** (385 nm and 610 nm), *ZnPP
(470 nm), and ZnPP* (670 nm) were produced promptly,
which are very similar to those shown in Figure 4. These
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changes clearly imply the appearances of the CS state,
Mb(Zn*)-Ru?-BXV3**, and the triplet state, Mb(*Zn)-Ru?*-
BXV**. Laser excitation of Zn-Mb or Mb(Zn)-Ru?* under the
same conditions simply produced the absorption of their
ZnPP triplet states (*Zn-Mb or Mb(*Zn)-Ru?*) and any other
transient absorption was not detected.

The lifetime of Mb(*Zn)-Ru?** was determined to be 3.9 ms
by monitoring the decay at 470 nm, whereas Mb(*Zn)-Ru?*-
BXV*" decays biexponentially with lifetimes of 2.1 us (70 %)
and 19.8 us (30%) (Figure 7a). Apparently, the decay of
Mb(*Zn)-Ru**-BXV* is much faster than that of Mb(*Zn)-
Ru?*, which suggests the occurrence of the direct, long-
distance ET from 3ZnPP to BXV**, that is Mb(*Zn)-Ru?*-

a
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Figure 7. Transient kinetics of Mb(1) produced by 596 nm and 460 nm laser
excitation of a degassed buffer solution (pH 7.0, S0mm phosphate)
containing Mb(1) (8.0 um). a) Kinetic trace monitored at 470 nm (*ZnPP
absorption) by excitation at 596 nm. b) Kinetic trace monitored at 670 nm
by excitation at 596 nm. c¢) Kinetic trace monitored at 670 nm by excitation
at 460 nm. The fitting curves are given by the solid lines.
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BXV# — Mb(Zn*)-Ru**-BXV3**. The rate constants for this
ET process were calculated to be 4.7 x 10° s~' and 5.0 x 10*s~!
using the lifetimes of Mb(*Zn)-Ru**-BXV** and Mb(*Zn)-
Ru?*, which are much slower than that of Cyt-bss,(1) (see
above). Similar to the case of Cyt-bss,(1), when Mb(1) was
excited at 596 nm, the transient kinetic behavior at 670 nm
(Figure 7b) exhibits a slow rising and slow decay profile,
which is consistent with a typical consecutive reaction (A — B
— C). A would correspond to Mb(*Zn)-Ru*"-BXV**, B, to
Mb(Zn*)-Ru**-BXV3**, and C, to the initial ground state
Mb(Zn)-Ru>*-BXV*+, A nonlinear least-squares fit of the
data (solid line) yielded rate constants (kcg) of 7.6 x 10° s~}
(70%) and 5.0 x 10*s™! (30%) for the process, Mb(*Zn)-
Ru?*-BXV* — Mb(Zn")-Ru>*-BXV3**, and rate constants
(kcg) of 1.1 x10°s71 (70%) and 5.0 x 10*s~! (30%) for the
process, Mb(Zn*)-Ru**-BXV3** — Mb(Zn)-Ru?"-BXV*.
The constants of kqg are in good agreement with those
obtained from the decay of Mb(*Zn)-Ru**-BXV*+,

Figure 7c shows the transient kinetics at 670 nm generated
by excitation of Mb(1) at 460 nm, which exhibits much
different kinetic behavior from that in Figure 7b. The
transient absorption was formed “instantaneously” with a
rate faster than our instrument resolution (fwhm =35 ns, i.e.,
both kg and kegy >2 x 108 s71). Since this rate is over 500
times faster than the rate of the direct ET initiated by
Mb(*Zn)-Ru**-BXV*+ (kcg=4.8 x 10°s71), it is reasonably
concluded that the CS state is generated via the stepwise ET
route, that is Mb(Zn)-*Ru’>*-BXV*" — Mb(Zn)-Ru*+-
BXV3¥** — Mb(Zn*)-Ru>*-BXV3**, the rate constants of
which are both faster than 2 x 108 s~ Analysis of the decay
curve yields a biexponential fit with lifetimes of 1.1 us (75 %)
and 18.4 us (25%), which lead to rate constants kcp for the
back ETof 9.2 x 10° s~ and 5.4 x 10* s~.. These rate constants
are consistent with the k- obtained by excitation at 596 nm.

It was found that, in contrast to the case of Cyt-bs,(1),
change of pH has no obvious effect on the direct ET from
3ZnPP to BXV**+ and the charge recombination of the CS state
in Mb(1). The quantum yield for the formation of Mb(Zn*)-
Ru?*-BXV3** via the stepwise ET pathway was determined to
be 0.08 by excitation at 460 nm, and that via the direct ET
pathway is 0.16 by excitation at 596 nm.

Compound 1 in the absence of protein matrix: As demon-
strated by the fluorescence study, rapid singlet ET from
1ZnPP to BXV* takes place in 1 in the absence of the protein
matrix (kcs=4.8 x 10° s71). Consistently, pulsed laser excita-
tion of 1 at 596 nm in the absence of the protein matrix results
in prompt appearances of the absorption bands of BXV3*
(390 nm and 610 nm) and ZnPP* (670 nm) and the bleaching
of the Soret and Q-bands, which suggests the formation of the
CS state, ZnPP*-Ru?>*-BXV3** (Figure 8a). Any transient
absorption due to the ZnPP triplet state (*ZnPP) was not
observed; this indicates that the intersystem crossing from
1ZnPP to 3ZnPP is completely inhibited in 1. The CS state,
ZnPP+-Ru?*-BXV3** is generated by the direct ET from the
excited singlet state of the ZnPP unit ('ZnPP) to the BXV**
unit, which agrees well with the emission study. Fitting the
decay curve of ZnPP+-Ru?>*-BXV** (Figure 8b) yielded a
lifetime of 300 ns, which is relatively shorter than that of
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Figure 8. a) Excited state difference absorption spectra observed after
laser excitation (1 =596 nm) of 1 in water in the abscence of the protein
matrix at delay times of 30 ns and 1 us. b) Kinetic trace monitored at
670 nm produced by laser photolysis of 1 in the abscence of the protein
matrix. The fitting curve is given by the solid line.
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Scheme 2. Photoreaction scheme of Cyt-bsg,(1) and Mb(1).
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Cyt-bsep(Zn")-Ru**-BX V3 (pH 6.0) and is much shorter
than that of Mb(Zn*)-Ru**-BXV?3**, Laser excitation of 1 at
460 nm yielded very similar results. Since both the ZnPP and
Ru?*(bpy); units of 1 exhibit strong absorption at 460 nm, the
stepwise ET pathway can not be separated from the direct ET
pathway in the case of 1 without the protein matrix. The
quantum yield of ZnPP*-Ru**-BXV3+** was measured to be
0.26 by excitation at 596 nm.

Discussion

On the basis of the fluorescence and laser flash photolysis
studies, the reaction scheme of Cyt-bse,(1) and Mb(1) can be
written as shown in Scheme 2, and the reaction scheme for 1in
the absence of a protein matrix is shown in Scheme 3.1
Scheme 2 shows that, when the Ru*(bpy); moiety of
Cyt-bss,(1) or Mb(1) is excited, a stepwise ET relay mecha-
nism occurs with the intermediate ion-pair, Cyt-bse(Zn)-
Ru*-BXV3** or Mb(Zn)-Ru**-BXV3**, as a real intermedi-
ate. On the other hand, excitation of the ZnPP moiety of Cyt-
bse(1) or Mb(1) leads to direct ET from the 3ZnPP state to
BXV**+, Both of these ET pathways finally generate the same
CS state, Cyt-bse,(Zn")-Ru*>*-BXV3+* or Mb(Zn*)-Ru?*-
BXV3*+. Direct ET from the excited ZnPP moiety to the
BXV* moiety is also involved in 1 in the absence of the
protein matrix (Scheme 3), but the excited state of ZnPP
involved in this pathway is !ZnPP, but not 3ZnPP.

The donor-acceptor distances and rate constants for the
direct ET and charge recombination in compound 1, Cyt-
bse(1), and Mb(1) are summarized in Table 1. We failed to
determine the rate constants for the stepwise ET in the
systems studied due to instrumental limitation. However,

1
(Ebwwﬁuz“-BXV“" ——( ( QZ%W*RUB-BXV‘"‘

Kcsi
2N RUB-BXV3*
L]
kcsH
CE——— Zn+
E>aRUH-BX V3
hv
(460 nm)
Kcr
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Scheme 3. Photoreaction scheme of 1 in the abscence of protein matrix.
Since we have not any direct evidence for the stepwise ET pathway
initiated from the Ru?*(bpy); excited state, it is not shown in this scheme.

Table 1 clearly shows that partial incorporation of 1 into
hemoproteins has profound effects on the direct ET from
ZnPP to BXV* and charge recombination of the CS states.
Similar observations were recently addressed by Willner and
co-workers.’" As demonstrated in the molecular modeling
study, compound 1 exhibits a thermodynamically favorable
U-shaped conformation with the terminal ZnPP and BXV**
moieties close to each other, which facilitates a solvent-
mediated ET between the two moieties.’! As a result, the
excited singlet state of the ZnPP moiety (!ZnPP) in 1 is
efficiently quenched by the rapid ET pathway of !ZnPP-Ru?*-
BXV# — ZnPP*-Ru?**-BXV3*** (ks in Scheme 3). The inter-
system crossing (kisc) from 'ZnPP to 3ZnPP in 1 is also com-
pletely prevented, since no 3ZnPP absorption was observed
upon laser excitation of 1 in the absence of protein matrix
(Figure 8a). On the other hand, molecular modeling study
clearly shows that, when the ZnPP unit of 1 is incorporated
into apo-Cyt-bsg, or apo-Mb, the U-shaped conformation of 1
is changed to a more extended one, which results in large
increase in donor —acceptor distance (Table 1). The extension
of the donor-acceptor distances in Cyt-bs,,(1) and Mb(1)
gives rise to great recovery of the 'ZnPP fluorescence and
inhibits the direct ET from 'ZnPP to BXV**; this leads to
efficient intersystem crossing from 'ZnPP to 3ZnPP. Thus,
when the ZnPP unit of Cyt-bse,(1) or Mb(1) is excited, the
direct ET pathway is regulated to proceed from *ZnPP to
BXV** with a relatively slow rate constant (see Table 1).
Since the isoelectric point of Cyt-bsg, is about pH 5.0, its
surface is negatively charged at neutral pH. More importantly,
an anionic cluster consisting of repeated Glu and Asp residues
is located on the proximity of the outside of the heme crevice.
Molecular modeling study indicates that the BXV*" and
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Ru?*(bpy); units of Cyt-bse,(1) tend to approximate to the
protein surface via electrostatic interaction with the anionic
cluster, and the flexibly connected ZnPP, Ru?**(bpy);, and
BXV*" units adopt a triangle conformation. However, in
Mb(1), the deeper insertion of the ZnPP moiety into Mb
rigidifies the connector between the ZnPP and Ru?*(bpy),
moieties by the protein matrix, which leads to large extension
of the donor—acceptor distance with respect to that of Cyt-
bse(1). In addition, since the exterior surface of the heme
crevice of Mb is positively charged at neutral pH,!'! the
donor —acceptor distance in Mb(1) might be further extended
by the electrostatic repulsion between the BXV** unit and Mb
surface. Therefore, the difference in interactions between the
protein matrices and BXV*+ in Cyt-bs,(1) and Mb(1) strongly
affects the donor—acceptor distances, orientations, and thus
the rate constants for charge separations and charge recombi-
nations. As demonstrated by the laser flash photolysis study,
at neutral pH, the rate constant for the ET from 3ZnPP to
BXV* (k¢s) in Mb(1) is about 20 times slower than that in
Cyt-bser(1) (Table 1). Moreover, the CS state of Mb(1),
Mb(Zn*)-Ru**-BXV3*+*, is about 2-30times longer-lived
than Cyt-bse,(Zn*)-Ru?*-BX V3. Thus, it is clear that, in
our systems, spatial arrangements of the donor and acceptor,
such as donor—acceptor distances and orientations, play major
roles in controlling the both processes; this suggests that these
ET proceed mainly via a through-space mechanism, althouth
a through-bond ET mechanism may also be involved.

In the pH range around the pI of Cyt-bse, (pH 4.0-6.0), the
rate constants for the direct ET (k¢s), and charge recombi-
nation (kcg) in Cyt-bsg,(1) are pH dependent. The ks and kcg
at pH 6.0 are faster than those at pH 4.0. The decreases in k¢
and kcg at pH lower than pI of Cyt-bsg, (pI 5.0) reflect that the
electrostatic interactions between the BXV*" unit and the
protein surface are lessened with the protonation of the
protein surface, and thus the donor-acceptor distance is
extended with the decrease of pH. In contrast to the case of
Cyt-bs,(1), change of pH in the range around the pI of Mb
(pH 6.0-8.0) has no obvious effect on the kg and kcg of
Mb(1), which indicates that the donor—acceptor distance in
Mb(1) can not be affected significantly in this pH range.

In summary, our study clearly demonstrated that protein
matrix plays crucial roles in biological ET, including i) iso-
lation of the redox partners in a multicomponent assembly to
prevent their stacking in the ground state, ii) fixation of the
conformation of a chromophore, depending on interactions
between the chromophore and the protein surface, iii) regu-
lation of the ET pathway among singlet ET, triplet ET, a
short-cut process and a stepwise process, and iv) control of the
lifetime of a resultant charge-separated state. We are con-
vinced that these effects are useful for advancing artificial
photoreaction systems.

Experimental Section

The syntheses of compounds 1 and 2 have been reported previously.!”)
Other chemicals were used without further purification.

Reconstitution of apo-Cyt-bs, with Zn-heme derivatives:['*l The apo-Cyt-
bss, was prepared by the similar method of Mb. The reconstitution was
conducted to the modified method reported previously by us. 1.5 equiv. of
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the cofactor dissolved in water or pyridine (1 in water, ZnPP and 2 in
pyridine) were added dropwise to an apo-Cyt-bs, solution in distilled water
and DMSO over an ice bath. The ratio of the organic solvent in the final
component was adjusted to be 20% (v/v). The mixture was incubated at
4°C for 6h and then dialyzed against distilled water three times and
phosphate buffer (pH 7.0) twice. After filtration through a cellulose
membrane (¢ =0.20 um), the clear supernatant was applied to gel
chromatography on Sephadex G-25 (eluent: 10mM phosphate buffer,
pH 7.0). The purified Cyt-bs,, solutions were concentrated by ultrafiltration
(amicon, YM 10 membrane). All of the semisynthetic Cyt-bss, proteins
were obtained in yields of the range of 55-75 %, which were determined
spectrophotometrically.

Fluorescence measurements: The fluorescence and excitation spectra were
recorded on 10~°Mm solutions with Hitachi F-4500 fluorescence photometer.
The fluorescence lifetimes were measured with a sub-nanosecond time-
correlated single photon counting system (PTI-3000, excitation at 430 nm,
and monitored at 600 nm). The sample solutions were degassed with five
freeze-pump-thaw cycles before the measurements. The experimental error
of the lifetime values was estimated to be within 10 %.

Laser photolysis experiments: The sample solutions (3 mL) degassed with
five freeze-pump-thaw cycles were subjected to pulsed laser photolysis at
20°C, using a third harmonic light (460 nm or 596 nm, fwhm =5 ns) from a
Q-switched Nd/YAG laser (Quanta-Ray DCR-11) for excitation equipped
with the optical parametric oscillator (OPO). A right-angle optical system
was employed for the excitation-analysis setup. Probe lights were detected
by a photomultiplier tube (Hamaphoto R 446) or a photodiode array
(Princeton IRY-1024 G/RB, gate width =4 ns). 100 flashes were set for
each measurement to determine the experimental error.

Determination of quantum yields: The quantum yields of the CS states
were determined by a comparative method based on the extinction
coefficients of the triplet state of meso-tetraphenyl porphyrin (790 nm) and
the CS states (670 nm).["]

Molecular modeling: Model buildings and molecular dynamics calculations
were performed with Insight II/Discover 98 packaged in the context of the
Molecular Simulations Inc. (MSI). All calculations were performed with
the extensive systematic force field (ESFF). The triad molecule 1 was first
constructed with Builder module of the Insight package. Initial calculation
was carried out in vacuo by molecular mechanics (MM), followed by
molecular dynamics (MD) minimization around 500 K. Some of the
conformations which were energetically stabilized was chosen for next
solvation analysis. The triad molecule 1 solvated on the surface of five
layers of water was used for the next MM calculations. The distance
between zinc and nitrogen of BXV*" was estimated from this final
minimized structure. Reconstruction of our semisynthetic Mb or Cyt-bsg,
was performed using Biopolymer modules based on the X-ray crystallo-
graphic data of Mb and Cyt-bss, in RSCB protein data bank (PDB),
followed by replacement of the metal center from iron to zinc and
adjustment of the coordination sphere of ZnPP. This semisynthetic protein
was treated as an assembled molecule in a waterbox, followed by MM and
MD calculations with the gradient minimization in a procedure similar to
the case of the triad 1.
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Solution- and Soluble-Polymer Supported Asymmetric Syntheses
of Six-Membered Ring Prostanoids

José A. Lopez-Pelegrin and Kim D. Janda*!?!

Abstract: An asymmetric synthesis of
prostanoids containing a six-membered
ring core structure (1la-homoprosta-
glandins), both in solution and using
non-cross-linked polystyrene (NCPS) as

ring and the cuprate 3 and triflate 4 were
used to introduce the side chains. The
chiral center of (R)-2 directed the facial
selectivity of the conjugate addition
reaction which then dictated the stereo-

chemical outcome of the subsequent o
alkylation. Attachment of a six-mem-
bered ring scaffold to NCPS facilitated
purification without compromising syn-
thetic yields, still allowed 'H-NMR anal-

a soluble support, was developed. Target
molecule 1 was generated in a conver-
gent fashion using a three-component
coupling strategy, wherein chiral enone
(R)-2 was the precursor of the central

cuprates

Introduction

Prostaglandins (PGs) are naturally occurring substances
biosynthesized in mammals from C,, polyunsaturated fatty
acids. Since the isolation and characterization of PGs over
sixty years ago,l'! extensive synthetic efforts have resulted
given their challenging architectures and potent biological
activities.’! However, the therapeutic utility of natural PGs
has been impeded principally because of chemical instability,
rapid in vivo metabolism and unavoidable side effects.’) In
order to overcome these problems, access to prostaglandin
analogues (prostanoids) with improved pharmacological
profiles are desirable and remain a focal point in organic
and medicinal chemistry.

In the past five years, combinatorial chemistry has proven
to be useful for the synthesis of libraries of organic com-
pounds.!! Significantly, the combinatorial strategy has been
largely directed at the drug-discovery process.’l In the
construction of small, organic-molecule libraries, established
chemical reactions have been adapted from solution to the
solid-phase,[®! liquid-phase!” or fluorous-phase techniques.!®
The use of soluble polymers in liquid-phase organic synthesis
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ysis of the intermediates in the synthesis,
and provided an avenue for the con-
struction of six-membered ring prosta-
noid libraries.

(LPOS) has been particularly advantageous.” LPOS has
combined the benefits of traditional homogeneous solution-
phase synthesis with the ease of purification afforded by solid-
phase methods.

Natural PGs and prostanoids were synthesized on soluble-
and solid-polymer supports in our laboratory and by other
workers that provided a foundation for the preparation of
prostanoid libraries.[”! Since molecular diversity is an impor-
tant objective in the synthesis of all chemical libraries, we
reasoned that switching the cyclopentyl core of the PGs to a
cyclohexyl ring in prostanoids (1la-homoprostaglandins)
would be another avenue toward prostanoid diversity. Sur-
prisingly, only a few examples of the synthesis of six-
membered ring prostanoids have appeared in the literature
and these have been racemic in nature.['> 1]

Recently, we screened a library of five-membered ring
prostanoids and found a lead compound with antiviral activity
against cytomegalovirus.’! This result has prompted us to
continue development of various prostanoids and prostanoid
libraries. The inclusion of a family of six-membered ring
compounds would generate an entirely new subset of libraries
for potential drug discovery. Herein, we report a methodology
for the enantioselective synthesis of six-membered ring
prostanoids as well as the adaptation of the solution proce-
dure to LPOS using a soluble-polystyrene support.

Results and Discussion

Solution-phase synthesis: The instability of E-type PGs results
from the facile S-elimination of the 11-hydroxyl group
(prostaglandin numbering) catalyzed by either acid or base.P!
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A six-membered ring analogue 1 of the PGE series in which
the hydroxyl functionality is placed in a y position relative to
the carbonyl group would circumvent this problem (Figure 1).

TO
2 R? o p——
1
= 4
o Rl
z H Cu(CN)MeLi,
OH épG —
1 (R)-2 Rl
3

Figure 1. Retrosynthetic analysis for six-membered ring prostanoids.

The structure 1 not only precludes a $-elimination decom-
position pathway, but also incorporates four contiguous
functionalized carbon centers with the same configurations
as in the natural PG framework. In this way, biological activity
might be retained together with having the benefit of
enhanced in vivo stability.

Our synthetic approach to prostanoid 1 was based on three-
component coupling methods used in PG synthesis.'l To our
knowledge, there has been no reported application of this
methodology to the synthesis of six-membered ring prosta-
noids.*l Hence, we first optimized the reaction conditions for
solution-phase syntheses before attempting polymer-support-
ed approaches. The strategy (Figure 1) was analogous to that
previously employed in our laboratory for the synthesis of
PGsl" and prostanoids.® Consequently, compound (R)-2
was obtained from 1,3-cyclohexadiene in seven steps in 19 %
overall yield and 98 % enantiomeric excess (‘H and F NMR
of the Mosher ester derivative) according to published
procedures (Scheme 1).' This route was chosen because
both enantiomers of the target compound could be obtained
from a common intermediate.[']

QAC OAc OAc
- ~_sBr A sB
OO =
Y Y Br b Br
OAc OAc OH
OAc

OTBDMS OTBDMS OTBDMS
5 (R)-2
Scheme 1. a) Pd(OAc),, LiOAc,-H,0, MnO,, p-benzoquinone, LiCl
(cat.), AcOH/pentane. b) Br,, CS,. ¢) Candida rugosa lipase. d) Zn, EtOH.

e) TBDMSCI, imidazole, CH,Cl,. f) LiOH, MeOH/H,0. g) Dess —Martin
periodinane, CH,Cl,.

In our retrosynthetic analysis of 1, it was anticipated that
the presence of the chiral center at C-4 in (R)-2 would direct
the stepwise addition of the C-3 and C-2 side chains to
generate the desired (2R,3R) configuration of the final
product. The attachment of the C-3 moiety to the enone was
achieved by 1,4-addition of cuprate 3 (Scheme 2), prepared in
situ from terminal alkynes such as 6.9 The intermediate
enolate was trapped as the silyl-enol ether 7 by quenching

1918
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ZrCICp, a Cu(Me)CNLi; b
CpoZrHCI —/ R —/ - -
THF, r.t 1 1
R R
3
OTMS fo)
——R?

X c :

. = Rl : = Rl
C:)TBDMS OTBDMS

Ta-e 9a-e

= (S)-CH(OTBDMS)(CH3)4CHs, R? = (CH2)3CO,CH3
: R = (CHy)5CHa, R? = (CHy)3CO,CH3

: Rl = (CHR)5CH3, R? = CHaPh

: R = (CHy)sCH3, R? = CH3

: R = CH,Ph, R2 = (CH,)3CO,CHg

o0 oy

HO, d TfO,

Scheme 2. a) 1) MeLi, —50°C, THF; 2) CuCN; 3) MeLi. b) 1) (R)-2a,
—78°C;2) TMSCI, Et;N. ¢) 1) MeLi, —30°C, THF; 2) 4. d) 1) (CF;S0,),0,
2,6-di-tert-butylpyridine, —30°C, CH,Cl,; 2) — 78°C, hexanes.

with chlorotrimethylsilane (Scheme 2). The compound 7 was
not purified and used immediately after workup. Importantly,
the 'TH NMR of crude 7 indicated the exclusive formation of
one diastereomer. The coupling of the C-2 chain was then
accomplished by treatment of 7 with MeLi in THF and
reaction of the metallic enolate with triflate 4 generated in situ
from the corresponding propargylic alcohol 8 (Scheme 2).
Purification of the crude reaction mixture afforded the chiral
cyclohexanone 9 containing various chains at both the C-2 and
C-3 positions (Scheme 2, Table 1). In all cases, only one

Table 1. Functionalized cyclohexanones 9 obtained by three-component-
coupling.

Compound R! R? % Yieldl

9a (S)-CH(OTBDMS)(CH,),CH; (CH,);CO,CH, 61
9b (CH,);CH, (CH,),CO,CH, 56

9¢ (CH,);CH, CH,Ph 53
9d (CH,),CH, CH, 55
9e CH,Ph (CH,),CO,CH, 49

[a] Yield from cyclohexenone (R)-2.

diastereomer of 9 could be detected. The yields were
comparable to those previously reported for cyclohex-2-
enone ring systems.!'% 7]

In order to obtain PGE-type prostanoids, the C-2 chain of 9
was further modified by reduction of the triple bond to the
Z-alkene via hydrogenation in the presence of 5% Pd/BaSO,.
Silica gel chromatography afforded 10 in excellent yields
(Scheme 3, Table 2). Notably, when R?>=CHj, extended

(e] (0] o
——=——R? . e R? b W R?
: = R! ; = R : = R!
OTBDMS OTBDMS 6H
9a-e 10a-e la-el

Scheme 3. a) H,, Pd-BaSO,, quinoline, 40°C benzene/cyclohexane. b) HF/
pyridine, CH;CN. [a] In compound 1a R!=(S)-CH(OH)(CH,),CHj;.
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Table 2. Reduction products 10 and prostanoids 1 obtained by solution-phase

synthesis.

En- R! R? 10 1

try (% yield) (% yield)
a (8)-CH(OTBDMS)(CH,),CH; (CH,);CO,CH; 93 81kl

b (CH,)sCH; (CH,);CO,CH; 89 79

c (CH,)sCH; CH,Ph 89 76

d (CH,)sCH; CH; 83 88

e CH,Ph (CH,);CO,CH; 86 85

[a] The alcohol function in the C-3 chain was also deprotected in this step.

reaction times resulted in over-reduction to the corresponding
alkane. The final step of the synthesis was the deprotection of
the alcohol group(s) (ring or ring and C-3 chain) (Scheme 3).
In previous syntheses of PGE and PGE prostanoids, this was
not trivial since mild deprotection conditions were required to
avoid racemization at C-2 as well as fS-elimination of the
hydroxyl group. Here, no problems were encountered and the
yields of various prostanoids having structure 1 were excellent
(Table 2). In the case of 1a, the alcohol on the C-3 chain was
also deprotected in the last step to furnish the six-membered
ring analogue of PGE, methyl ester. The configuration of 1a,
and by comparison the other prostanoids, was firmly estab-
lished as (2R,3R) based on NMR experiments. First, DQF-
COSY was used to assign the chemical shifts of all relevant
hydrogens of the central six-membered ring of 1a. Then, the
all-axial relationship of H-2, H-3, and H-4 on the «, §, and y
carbons of the ring, respectively, was established using
ROESY spectra (see Supporting Information).

Liquid-phase synthesis: We then investigated the adaptation
of our solution-phase methodology to soluble-polymer sup-
ported substrates. Hence, the structures described above were
synthesized using the soluble polymer as a “protecting group”
for the C-4 alcohol moiety. Based on our previous experience,
we chose non-cross-linked polystyrene (NCPS) as the poly-
mer of choice.”? NCPS is soluble in THF at low temper-
atures (—78°C), a primary requirement of the three-compo-
nent coupling strategy, while insolubility of NCPS in water
and cold MeOH provides a method for removal of inorganic
salts and/or the polymer-bound product from excess reagents
by precipitation and filtration.

The polymer was synthesized by radical copolymerization
of styrene and 4-chloromethylstyrene in a 33:1 molar ratio.
The loading level of the polymer was found to be 0.3 mmol
per g. Polymer loading was determined using the 'H-NMR
integral ratio of the chloromethylene signal to the aromatic
and aliphatic signals. To initiate the synthesis, 6-hydroxy-
methyl-3,4-dihydro-2H-pyran was attached to the polymer
that provided 11 (Scheme 4).I'8l The compound 5, obtained in
the synthesis of (R)-2 (Scheme 1), was used to introduce the
six-membered ring scaffold onto polymer 11 (Scheme 4). This
strategy was found to be more convenient than the alternative
route of deprotection of (R)-2 followed by attachment of the
alcohol to 11. Saponification of 12 was followed by oxidation
of the alcohol to form polymer-bound enone (R)-2-P. The
remainder of the polymer-supported synthesis of 1 proved
straightforward through utilization of the optimized reaction
conditions developed in the solution-phase experiments. In

Chem. Eur. J. 2000, 6, No. 11

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

Oy w L) = 4
NCPS . — NCPS@—\
o Moo o
11

O - anLé
et et el

N e

Scheme 4. a) NaH, DMF. b) 11, PPTS, CH,Cl,, 40°C. ¢) LiOH, THF/
MeOH/H,0. d) Dess —Martin periodinane, CH,Cl,.

fact, the results were reproduced closely in most cases once an
excess of the required reagent was employed together with
some minor modifications in reaction conditions (see Exper-
imental Section).

Enone (R)-2-P was treated with the corresponding cuprate
3 and quenched with chlorotrimethylsilane to afford silyl-enol
ether 14 as the only polymer-bound compound as determined
by 'H-NMR spectroscopy (Scheme 5). While removal of the
excess organometallic reagent proved to be problematic due
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Scheme 5. a) 1) 3, —78°C, THF; 2) TMSCI, Et;N. b) 1) MeLi, —30°C,
THF; 2) 4. ¢) H,, Pd/BaSO,, quinoline, 40°C benzene/cyclohexane. d) HF
(aq.), 45°C, THF. [a] In compound 1a R!=(S)-CH(OH)(CH,),CH;.

(R)-2-P

to its low solubility in cold methanol, using back-to-back
precipitation/filtration cycles produced 14 in a pure state.
Highly pure 14 was found to be critical in obtaining
reproducible results in the formation of 15. Selective reduc-
tion of the alkyne in 15 was not as facile as it was for the
solution reaction of 9. Thus, heating at 40°C with longer
reaction times (2 d) were required for completion. Finally, the
prostanoid 1 was released from the polymer support using
aqueous HF cleavage followed by silica gel chromatography
purification. Comparable yields to the solution-phase synthe-
ses were observed (Table 3)!' and the spectroscopic data for 1
obtained from the two methods were identical.
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Table 3. Comparison of the yields of six-membered ring PGE-type
prostanoids obtained from solution-phase and soluble-polymer supported
syntheses.

Compound Solution-phase yields® Liquid-phase yields!®!
la 46 40
1b 39 38
1c 36 43
1d 40 46
le 36 31

[a] Total yields from (R)-2. [b] Total yields from (R)-2-P. For the method
used to calculate these yields see ref. [9a].

Conclusion

We have presented the first general method for the asym-
metric three-component coupling synthesis of six-membered
ring prostanoids of the general structure 1. The syntheses
described have been accomplished using both solution- and
liquid-phase methodologies with similar results. This is
notable since the use of organometallic reagents often give
poor results when insoluble polymers are employed as
supports. Of further note, all chiral centers present in the
final product were efficiently generated by transmission of the
chiral information present in the enone (R)-2. The excellent
results obtained with NCPS along with the facile access to
both enantiomers of the key intermediate 2 should allow the
construction of diverse six-membered ring prostanoid libra-
ries for use in drug discovery.

Experimental Section

General: All commercially available chemicals were purchased from
Aldrich and were used without further purification. NCPS and compound
11 were prepared according to reference [9a]. Methyl 7-hydroxyhept-5-
ynoate,?’ (§)-1-octyn-3-0l?'l and Dess—Martin periodinane??! were pre-
pared following methods described in the literature. All moisture- and air-
sensitive reactions were carried out under an inert atmosphere with dry
reagents and solvents in flame-dried glassware. Methylene chloride and
tetrahydrofuran were distilled from calcium hydride and sodium, respec-
tively. Flash chromatography was carried out with Merck silica gel 60
(230-400 mesh) and analytical thin layer chromatography (TLC) was
performed on 0.25 mm silica gel coated Kieselgel 60 F,s, plates. Com-
pounds were visualized with UV light, followed by heat staining with an
aqueous cerium-molybdate solution. 'H- and 'C-NMR spectra were
recorded in CDCl; using either a Bruker AMX-400 or AMX-500
spectrometer. Chemical shifts are reported in parts per million (ppm) on
the 0 scale using residual solvent peaks as a reference. DQF-COSY and
ROESY experiments were recorded in CDCIl; using a DRX-600 spec-
trometer. Optical rotations were determined at 589 nm in a conventional
10 cm cell using a Perkin—Elmer 241 MC polarimeter.

General procedure for the preparation of silyl-enol ether 7: Alkyne 6
(1 mmol) was added dropwise into a round-bottomed flask containing a
stirred solution of Cp,ZrHCI (273 mg, 1.05 mmol) in THF (3 mL). The
flask was wrapped with aluminum foil to shield the solution from ambient
light. After 30 min the flask was cooled to —50°C and MeLi (1.43 mL, 1.4 M,
2 mmol) was slowly added to the vessel and stirred for an additional 15 min.
This mixture was transferred via cannula to another flask, also cooled to
—50°C, containing a suspension of CuCN (91 mg, 1 mmol) in THF (2 mL).
The mixture was stirred for 15 min and then treated with MeLi (0.73 mL,
1.4M, 1 mmol), stirred for an additional 15 min and cooled to —78°C. A
solution of enone (R)-2 (114 mg, 0.5 mmol) in THF (1 mL) was then added
over 30 min and the mixture was stirred for an additional 30 min. Me;SiCl
(0.32 mL, 2.5 mmol) was then added and after 15 min, this was followed by
triethylamine (0.7 mL, 5 mmol). The solution was allowed to warm to room
temperature and was then poured into a mixture of water (20 mL) and
ethyl acetate (25 mL). The aqueous layer was extracted with additional
ethyl acetate (3 x 25 mL) and the combined organic layers were washed
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with brine (25 mL) and dried over magnesium sulfate. This solution was
filtered through Celite and concentrated in vacuo. If the concentrated
solution of the crude silyl-enol ether obtained was cloudy, the washing and
filtering processes were repeated. This precaution was essential to obtain
consistent results. Complete removal of the solvents afforded silyl-enol
ether 7 as a yellow oil that was used directly in the next step without further
purification. The complete conversion of the starting material to 7 was
confirmed by 'H NMR.

General procedure for the preparation of 9: The propargyl alcohol 8
(3 mmol) was placed in a round-bottomed flask and dissolved in methylene
chloride (3 mL), cooled to —30°C and treated with trifluoromethanesul-
fonic anhydride (0.53 mL, 3.1 mmol) and 2,6-di-terz-butylpiridine (0.72 mL,
3.2 mmol). After 15 min dry hexane (15 mL) was added and the flask was
cooled to —78°C and stirred at this temperature for 30 min. A white solid
precipitated and the suspension thus obtained was filtered through a pad of
magnesium sulfate. The clear solution was concentrated until most of the
hexanes were removed while keeping the temperature below —20°C. Dry
THF (5mL) was added and the solution was stored under an inert
atmosphere at —78°C until the lithium enolate was ready. During the
concentration of the hexane solution, a stirred solution of silyl-enol ether 7
(0.5 mmol) in THF (2 mL) was cooled to —30°C and treated with MeLi
(0.53mL, 1.4m, 0.75 mmol). After 20 min the solution of the freshly
generated triflate in THF was transferred via cannula to the flask
containing the stirred enolate solution. After 30 min the reaction was
quenched with an aqueous phosphate buffer (15 mL, 0.1m, pH 7.00) and
allowed to warm to room temperature. Extraction of the aqueous layer
with ethyl acetate (3 x 25 mL) was followed by washing of the combined
organic layers with brine (25 mL). The organic layer was dried over
magnesium sulfate and filtered. Concentration in vacuo afforded an oil.
Flash chromatography (hexanes/ethyl acetate 20:1) afforded pure 9.

Compound 9a: Obtained as a colorless oil following the general procedure
in 61% yield; R; (hexanes/ethyl acetate 8:1)=0.20; 'H NMR (CDCl,,
25°C): 6=0.02 (s, 3H), 0.03 (s, 3H), 0.04 (s, 3H), 0.06 (s, 3H), 0.86 (s, 9H),
0.87 (s, 9H), 0.87 (t, *J(H,H) =7.1 Hz, 3H), 1.15-1.40 (m, 6H), 1.50 (m,
2H), 1.80 (m, 3H), 2.16 (m, 3H), 2.25-2.50 (m, 8 H), 3.65 (s, 3H), 3.83 (dt,
37 (H,H)=9.0, 4.1 Hz, 1H), 4.12 (m, 1 H), 5.30 (dd, *J(H,H) = 15.4, 8.3 Hz,
1H), 5.52 (dd, 3/(H,H) =15.4, 5.7 Hz, 1H); BC NMR (CDCl;, 25°C): 6 =
—4.6,—4.5,-44,-42,143,176,18.0,18.4,22.8,24.1,26.0, 26.4, 28.9,29.3,
32.0,32.7,32.9, 35.0, 38.2, 51.4, 52.0, 53.8, 70.6, 72.3, 77.6, 79.9, 129.2, 136.5,
170.8, 210.9; HR-MS: FAB [M+Na]*: caled for C;,H,S1,05sNa 629.4033,
found 629.4040.

Compound 9b: Obtained as a colorless oil following the general procedure
in 56% yield; R; (hexanes/ethyl acetate 8:1)=0.26; 'H NMR (CDCl;,
25°C): 0=0.03 (s, 3H), 0.04 (s, 3H), 0.85 (s, 9H), 0.86 (t, *J(H,H) = 7.2 Hz,
3H), 1.15-1.40 (m, 9H), 1.72 (m, 3H), 2.03 (m, 2H), 2.11 (m, 1H), 2.18 (m,
2H),2.20-2.55 (m, 7H), 3.65 (s, 3H), 3.78 (dt, > (H,H) =9.2, 3.7 Hz, 1 H),
5.10 (dd,*J(H,H) =15.1,8.8 Hz, 1H), 5.50 (dd, */(H,H) = 15.1, 6.6 Hz, 1 H);
BC NMR (CDCl;, 25°C): 0 =—4.6, —4.4, 14.0, 173, 18.0, 18.2, 22.6, 24.2,
25.7,28.9, 29.1, 29.7, 31.7, 32.7, 32.8, 33.5, 38.0, 51.1, 53.5, 72.3, 78.9, 79.6,
129.9,134.4,173.8,208.9; HR-MS: FAB [M+Na]: calcd for C,sH,sSi0,Na
499.3220, found 499.3226.

Compound 9c: Obtained as a colorless oil following the general procedure
in 53% yield; R; (hexanes/ethyl acetate 8:1)=0.34; '"H NMR (CDCl;,
25°C): =0.03 (s, 3H), 0.05 (s, 3H), 0.85 (t, *J(H,H) = 7.0 Hz, 3H), 0.86 (s,
9H), 1.15-1.40 (m, 6H), 1.73 (m, 1H), 1.95-2.20 (m, 4H), 2.30-2.60 (m,
7H), 3.54 (s,2H), 3.79 (dt, */ (H,H) =8.8,3.9 Hz, 1 H), 5.10 (dd, *J(H,H) =
14.9, 8.8 Hz, 1H), 5.50 (dd, *J(H,H) =14.9, 6.6 Hz, 1H), 7.15-7.40 (m, 5H,
arom.); *CNMR (CDCl;,25°C): 0 = —4.6, —4.5,14.0,17.4,18.0, 18.2,22.5,
25.1,25.7,28.9, 29.1, 31.6, 32.6, 33.5, 38.0, 51.0, 53.5, 72.2, 78.3, 80.3, 126.2,
127.8, 128.2, 129.8, 134.4, 1375, 208.8; HR-MS: FAB [M+Na]*: calcd for
C;,H,6S10,Na 489.3165, found 489.3158.

Compound 9d: Obtained as a colorless oil following the general procedure
in 55% yield; R; (hexanes/ethyl acetate 8:1)=0.22; 'H NMR (CDCl,,
25°C): 6 =0.04 (s, 3H), 0.06 (s, 3H), 0.86 (t, *J(H,H) = 6.8 Hz, 3H), 0.87 (s,
9H), 1.15-1.40 (m, 8H), 1.74 (m, 4H), 2.05 (m, 2H), 2.09 (m, 1 H), 2.20-
2.55 (m, 6H),3.79 (dt,J (H,H) =7.2,4.0 Hz, 1H), 5.12 (dd, *J(H,H) = 15.1,
89 Hz, 1H), 5.52 (dd, *J(H,H)=15.1, 6.6 Hz, 1H); *C NMR (CDCl;,
25°C): 0=—4.6, —4.4, 3.6, 14.7, 172, 22.6, 25.7, 29.0, 29.1, 31.7, 32.6, 33.6,
38.1, 51.1, 53.5, 72.4, 76.2, 83.03, 130.0, 134.3, 209.1; HR-MS: FAB
[M+Na]*: caled for C,,H,,SiO,Na 413.2852, found 413.2860.
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Compound 9e: Obtained as a colorless oil following the general procedure
in 49% yield; R; (hexanes/ethyl acetate 8:1)=0.29; 'H NMR (CDCl;,
25°C): =0.03 (s, 3H), 0.05 (s, 3H), 0.86 (s, 9H), 1.65-1.80 (m, 4H), 2.15
(m, 3H), 2.30-2.60 (m, 7H), 3.38 (d, *J (H,H) = 6.6 Hz, 2H), 3.63 (s, 3H),
3.80 (dt, 3J (H,H) =8.8, 4.0 Hz, 1H), 5.20 (dd, *J(H,H) =15.1, 8.8 Hz, 1H),
5.71 (dd, 3J(H,H)=15.1, 6.6 Hz, 1 H), 7.10-7.20 (m, 3H, arom.), 5.25-5.40
(m, 2H, arom.); ¥C NMR (CDCl;, 25°C): 6 = —4.6, —4.4,18.3, 25.1, 25.6,
26.2, 32.6, 32.9, 38.5, 38.7, 51.4, 56.8, 72.9, 78.3, 79.3, 126.9, 128.2, 129.8,
130.0, 134.6, 137.5, 174.1, 211.8; HR-MS: FAB [M+Na]*: caled for
CyH,,Si0,Na 505.2750, found 505.2752.

General procedure for the preparation of 10: A round-bottomed flask
containing a solution of 9 in a mixture of cyclohexane (2 mL) and benzene
(2mL) was treated with 5% palladium on barium sulfate (450 mg) and
quinoline (450 mL). After stirring the mixture at 40°C under hydrogen
(1 atm) for 4 h, the solids were filtered and the solvents were concentrated.
The crude oil thus obtained was purified by flash chromatography
(hexanes/ethyl acetate 20:1) to afford pure 10.

Compound 10a: Obtained as a colorless oil following the general
procedure in 93 % yield; R; (hexanes/ethyl acetate 8:1) =0.20; 'H NMR
(CDCl,, 25°C): 6 =0.01 (s, 3H), 0.03 (s, 3H), 0.05 (s, 3H), 0.06 (s, 3H), 0.85
(t,*J(H,H) =7.1 Hz, 3H), 0.87 (s, 9H), 0.88 (s, 9H), 1.15-1.35 (m, 6 H), 1.40
(m, 2H), 1.63 (m, 2H), 1.75 (m, 1H), 2.04 (m, 3H), 2.25 (m, 6 H), 2.39 (m,
1H), 2.42 (m, 1H), 3.65 (s, 3H), 3.79 (dt, 3/ (H,H) =8.8, 4.0 Hz, 1H), 4.09
(m, 1H), 5.30 (m, 2H), 5.36 (dd, */(H,H)=15.1, 8.3 Hz, 1H), 5.46 (dd,
3J(H,H)=15.1, 5.3 Hz, 1H); C NMR (CDCl;, 25°C): d =—4.6, —4.5,
—4.4,-43,14.0, 180, 18.2,22.6, 24.6, 24.7, 25.8, 25.9, 26.6, 26.7, 31.8, 32.2,
33.5, 36.6, 38.2, 51.4, 52.2, 53.2, 72.0, 72.7, 128.3, 129.7, 136.4, 174.1, 211.1;
HR-MS: FAB [M+Na]: caled for C3,Hy,S1,05Na 631.4190, found 631.4203.

Compound 10b: Obtained as a colorless oil following the general
procedure in 89 % yield; R; (hexanes/ethyl acetate 8:1) =0.26; 'H NMR
(CDCl;, 25°C): 6=0.03 (s, 3H), 0.05 (s, 3H), 0.86 (s, 9H), 0.87 (t,
3J(HH)=6.9 Hz, 3H), 1.10-1.40 (m, 9H), 1.71 (m, 3H), 1.90-2.20 (m,
5H), 2.25-2.50 (m, 7H), 3.65 (s, 3H), 3.76 (m, 1H), 5.12 (dd, */(H,H) =
15.0, 8.9 Hz, 1H), 5.25-5.55 (m, 3H); *C NMR (CDCl;, 25°C): 6 = — 4.6,
—4.3,14.3,178,18.1, 182,222, 24.2, 25.1, 28.4, 29.2, 29.7, 31.8, 32.6, 32.8,
33.6, 38.3, 51.4, 53.5, 72.5, 127.8, 128.4, 129.9, 134.9, 174.5, 210.3; HR-MS:
FAB [M+Na]*: caled for CxHs,SiO,Na 501.3376, found 501.3389.

Compound 10c¢: Obtained as a colorless oil following the general
procedure in 89% yield; R; (hexanes/ethyl acetate 8:1)=0.32; '"H NMR
(CDCl,, 25°C): 6=0.04 (s, 3H), 0.06 (s, 3H), 0.85 (t, 3/(H,H) =70 Hz,
3H),0.87 (s,9H), 1.15-1.30 (m, 6 H), 1.52 (m, 2H), 1.73 (m, 1 H), 1.90-2.50
(m, 9H), 3.39 (d, */(H,H) =6.6 Hz, 2H), 3.78 (dt, *J (H,H) =8.0, 4.8 Hz,
1H), 5.14 (dd, *J(H,H) =15.2,8.3 Hz, 1H), 5.3-5.5 (m, 3H), 7.10-7.20 (m,
3H, arom.), 7.20-7.35 (m, 2H, arom.); ®*C NMR (CDCl;, 25°C): 6 = — 4.6,
—4.5,14.6, 179, 18.1, 18.6, 23.3, 272, 27.5, 28.9, 29.4, 32.6, 32.9, 35.6, 37.8,
51.8, 56.5, 74.0, 126.7, 127.5, 128.6, 129.2, 129.7, 131.0, 131.9, 135.4, 139.5,
210.6; HR-MS: FAB [M-+H]*: caled for C;HySiO, 469.3502, found
469.3490.

Compound 10d: Obtained as a colorless oil following the general
procedure in 83% yield; R; (hexanes/ethyl acetate 8:1) =0.23; 'H NMR
(CDClL;, 25°C): 6=0.01 (s, 3H), 0.03 (s, 3H), 0.84 (s, 9H), 0.86 (t,
3J(HH) =72 Hz,3H), 1.15-1.30 (m, 7H), 1.46 (m, 1H), 1.60 (m, 2H), 1.71
(m, 1H), 2.01 (m, 2H), 2.12 (d, %/ (H,H) =8.1 Hz, 3H), 2.16 (m, 2H), 2.21
(m, 1H), 2.28 (m, 1H), 2.43 (m, 1H), 3.74 (dt, *J (H,H) =78, 3.7 Hz, 1 H),
5.08 (dd, *J(H,H) =15.0, 8.0 Hz, 1H), 5.30 (m, 2H), 5.40 (dd, */(H,H) =
15.0,6.6 Hz, 1H); *CNMR (CDCl;, 25°C): 6 = — 4.6, —4.5,14.0, 14.1, 22.6,
22.9, 257,276, 29.0, 29.2, 29.5, 31.7, 32.6, 33.5, 37.8, 51.9, 54.3, 72.4, 126.7,
128.7,130.5, 133.8, 211.7; HR-MS: FAB [M+Na]*: caled for C,,H,,SiO,Na
415.3008, found 415.3001.

Compound 10e: Obtained as a colorless oil following the general
procedure in 86 % yield; R; (hexanes/ethyl acetate 8:1)=0.31; '"H NMR
(CDCl;, 25°C): 0=0.03 (s, 3H), 0.06 (s, 3H), 0.87 (s, 9H), 1.40-1.70 (m,
5H), 1.75-2.00 (m, 2H), 2.10-2.50 (m, 7H), 3.29 (d, 3J (H,H) =6.9 Hz,
2H),3.59 (s,3H), 3.72 (dt, 3/ (H,H) = 8.6, 4.1 Hz, 1 H), 5.00-5.30 (m, 3H),
5.51 (dd, 3J(H,H) =15.0, 6.7 Hz, 1H), 7.10- 740 (m, 5H, arom.); 3*C NMR
(CDClL;, 25°C): 6 =—4.6, —4.5, 179, 24.6, 25.3, 25.6, 26.6, 33.4, 33.6, 38.0,
38.9, 51.3, 54.3, 72.2, 126.0, 128.3, 128.5, 129.4, 132.0, 132.4, 137.9, 171.9,
210.3; HR-MS: FAB [M+H]": caled for C,H,;SiO, 485.3087, found
485.3099.
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General procedure for the preparation of 1: A stirred solution of compound
10 (0.5 mmol) in acetonitrile (6 mL) was placed in a teflon tube and treated
with a 15% hydrogen fluoride/pyridine mixture (0.5 mL). The progress of
the reaction was followed by TLC and additional HF/pyridine mixture was
added if starting material was present after 6 h. When the starting material
completely disappeared, the solution was neutralized by addition of a
saturated solution of sodium hydrogencarbonate. The aqueous layer was
extracted with ethyl acetate (3 x 15 mL) and the combined organic layers
were washed with brine (20 mL) and dried over magnesium sulfate. The
crude oil obtained after solvent removal was purified by flash chromatog-
raphy (hexanes/ethyl acetate 4:1) to afford pure 1.

Compound 1a: Obtained as a colorless oil following the general procedure
in 81 % yield; [a]¥ = —37.3 (¢ =0.65 in MeOH); R; (hexanes/ethyl acetate
1:2)=0.28; 'TH NMR (CDCl;, 25°C): 6 =0.89 (t, *J(H,H) =70 Hz, 3H),
1.25-1.35 (m, 5H),1.43 (m, 1 H), 1.60 (m, 6 H), 2.05 (m, 4H), 2.35 (m, 6 H),
2.41 (m, 2H), 3.67 (s, 3H), 3.74 (dt, 3] (H,H) =9.2, 4.0 Hz, 1H), 4.16 (m,
1H), 5.30 (m, 1H), 5.40 (m, 1H), 5.47 (ddd, 3/(H,H) =15.2, 9.2, “J(H,H) =
1.1Hz, 1H), 5.71 (dd, */(H,H)=15.2, 6.0 Hz, 1H); *C NMR (CDCl;,
25°C): 0=13.9,225, 24.5, 24.6, 25.2, 26.5, 29.6, 31.6, 32.5, 33.1, 37.3, 38.8,
51.5, 51.6, 54.7, 70.7, 71.9, 128.4, 129.4, 129.5, 139.3, 174.5, 209.2; HR-MS:
FAB [M+Na]: calcd for C,H;,0OsNa 403.2460, found 403.2473.

Compound 1b: Obtained as a colorless oil following the general procedure
in 79 % yield; [a]¥ = —42.5 (c=0.39 in MeOH); R, (hexanes/ethyl acetate
2:1)=0.30; 'H NMR (CDCl;, 25°C): 6=0.86 (t, */(H,H) =6.8 Hz, 3H),
1.20-1.45 (m, 9H), 1.55-1.70 (m, 4H), 2.00-2.15 (m, 5H), 2.20-2.35 (m,
5H), 2.40-2.50 (m, 2H), 3.66 (s, 3H), 3.70 (m, 1H), 5.20 (dd, 3/(H.H) =
15.1, 9.4 Hz, 1H), 5.30-5.45 (m, 2H), 5.63 (dd, 3J(H,H)=15.1, 6.4 Hz,
1H); BC NMR (CDCl;, 25°C): 6 =14.0, 22.6, 24.5, 24.7, 26.7, 28.9, 29.2,
31.6, 32.3, 32.6, 33.5, 38.8, 51.4, 51.5, 55.2, 70.6, 128.2, 129.3, 129.6, 1372,
174.1,209.3; HR-MS: FAB [M+Na]*: caled for C,,H;,O,Na 387.2511, found
387.2523.

Compound 1c: Obtained as a colorless oil following the general procedure
in 76 % yield; [a]f = —28.0 (¢ =0.73 in MeOH); R; (hexanes/ethyl acetate
2:1)=0.30; '"H NMR (CDCl;, 25°C): 6 =0.87 (t, *J (H,H) =6.8 Hz, 3H),
1.20-1.40 (m, 8H), 1.69 (m, 1H), 2.00-2.15 (m, 3H), 2.25-2.50 (m, 4H),
3.40 (d,*J(H,H) =7.0 Hz, 2H), 3.64 (s, 3H), 3.70 (dt, 3/ (H,H) =9.1,4.1 Hz,
1H), 5.20 (dd, *J(H,H) =15.1,9.0 Hz, 1 H), 5.46 (m, 1 H), 5.58 (m, 1H), 5.67
(dd, *J(H,H) =15.1, 7.0 Hz, 1H), 7.10-7.20 (m, 3H, arom.), 720-7.35 (m,
2H, arom.); *C NMR (CDCl;, 25°C): 0 =14.6, 18.5, 18.6, 22.9, 25.1, 26.2,
28.3, 30.0, 31.5, 33.0, 33.5, 38.4, 51.6, 56.5, 76.2, 126.6, 127.5, 128.0, 128.2,
129.7,130.8, 135.4, 136.9, 209.3; HR-MS: FAB [M+H]": calcd for C,,H;50,
355.2637, found 355.2634.

Compound 1d: Obtained as a colorless oil following the general procedure
in 88 % yield; [a]¥ = —31.4 (c=0.60 in MeOH); R; (hexanes/ethyl acetate
2:1)=0.20; '"H NMR (CDCl;, 25°C): 6=0.86 (t, */(H,H) =7.0 Hz, 3H),
1.11 (m, 1H), 1.15-1.35 (m, 5SH), 1.42 (m, 3H), 1.53 (m, 1 H), 1.61 (m, 1 H),
2.05 (m, 5H), 2.11 (d, 3/ (H,H) =79 Hz, 3H), 2.31 (m, 1H), 2.43 (m, 2H),
3.67 (dt, 3/ (H,H) =77, 4.0 Hz, 1H), 5.17 (dd, 3/(H,H) =15.1, 8.6 Hz, 1H),
5.25-535 (m, 2H), 5.62 (dd, 3J(HH)=15.1, 7.0 Hz, 1H); ¥C NMR
(CDCl;, 25°C): 6=14.1, 22.6, 22.9, 26.2, 28.8, 29.2, 29.3, 32.2, 32.5, 38.9,
50.9, 55.5, 70.7, 129.6, 130.8, 133.6, 137.0, 210.0; HR-MS: FAB [M+H]":
caled for CgH;,0, 279.2324, found 279.2337.

Compound 1e: Obtained as a colorless oil following the general procedure
in 85 % yield; [a]f = —23.6 (¢=0.51 in MeOH); R; (hexanes/ethyl acetate
2:1)=0.30; '"H NMR (CDCl;, 25°C): 6 =1.50-1.80 (m, 4H), 1.95 (m, 3H),
2.15-2.50 (m, 8H), 3.42 (d,*J (H,H) = 6.9 Hz, 2H), 3.64 (s, 3H), 3.72 (dt, %/
(H,H)=9.3, 40Hz, 1H), 520-5.40 (m, 3H), 5.81 (dd, */(H,H)=15.0,
6.6 Hz, 1H), 7.10-7.40 (m, SH, arom.); *C NMR (CDCl;, 25°C): 6 =24.6,
26.6, 32.3, 33.4, 38.7, 39.0, 51.3, 51.4, 54.9, 70.2, 126.3, 128.0s, 128.2, 128.4,
128.6, 129.7,130.9, 135.2, 139.7, 174.0, 209.3; HR-MS: FAB [M+H]": calcd
for C,;H;,0, 371.2222, found 371.2220.

Compound 11: A solution of (2-hydroxymethyl)-3,4-dihydro-2H-pyran[*!
(1.02 g, 9 mmol) [this was prepared from (3,4-dihydro-2H-puran-2-ylmeth-
yl)-3,4-dihydro-2 H-pyran-2-carboxylate (Fluka)]'¥ in dimethylformamide
(20 mL) was treated with NaH (0.4 g, 9.9 mmol, 60 % suspension in oil) in
one portion at rt. After 2h, a solution of NCPS (10g, 3 mmol) in
dimethylformamide (50 mL) was added to the above reaction mixture. It
was then stirred at rt for 24 h and quenched by the addition of water
(2mL). Solvent was then removed and the oil thus obtained was
redissolved in CH,Cl, (100 mL) and washed with brine, dried over
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magnesium sulfate and concentrated in vacuo. The resulting product bound
polymer was purified utilizing the following standard workup procedure:
the crude product was dissolved in THF (5 mL) and slowly dripped into a
vigorously stirred solution of methanol (300 mL, —30°C). The white
precipitated polymer thus obtained was recovered by filtration and dried
under high vacuum (102 atm) at 40°C for 6 h to afford 10.2 g of polymer 11
(100% polymer recovered). 'H NMR (CDCl;, 25°C): 6 =3.5 (m, 2H), 4.1
(m, 1H), 4.5 (m, 2H), 4.8 (m, 1 H). Signals in the 1.2-2.3 and 6.2-7.3 ppm
regions overlapped with those of the polymer and hence, assignments in
these regions were not possible.

Compound 12: Compound 5 (140 mg, 0.9 mmol) and pyridinium p-
toluenesulfonate (PPTS) (40 mg, 0.15 mmol) were added to a round-
bottomed flask containing a solution of polymer 11 (1 g, 0.3 mmol) in
methylene chloride (10 mL). The reaction mixture was stirred for 16 h at
40°C. The solution was then diluted with methylene chloride (40 mL) and
washed with brine (2 x 20 mL), dried over magnesium sulfate, filtered and
concentrated in vacuo to yield a thick yellowish oil. The crude product was
purified following the standard precipitation procedure described above,
yielding 980 mg of polymer 12 (93% polymer recovered). 'H NMR
(CD(l;,25°C): 6=3.4 (m, 2H), 4.2 (m, 1H), 4.5 (m, 3H), 5.2 (m, 2H), 5.9
(m, 1H), 6.1 (m, 1H).

Compound 13: Polymer 12 (0.8 g, 0.24 mmol) was dissolved in a mixture of
THF (3 mL), methanol (3 mL), and water (0.5 mL). LiOH (2 g) was added
and the mixture was stirred for 6 h at room temperature. This was then
diluted with ethyl acetate (40 mL) and washed with brine (2 x 10 mL). The
polymer was purified following the standard precipitation method, afford-
ing 13 as a white solid (0.8 g, 100 % polymer recovered). 'H NMR (CDCl;,
25°C): 6=3.4 (m, 2H), 4.1 (m, 1 H), 4.4 (m, 3H), 5.0 (m, 1 H), 6.0 (m, 2H).

Compound (R)-2-P: A solution of polymer 12 (0.8 g, 0.24 mmol) in
methylene chloride (10 mL) was treated with Dess—Martin reagent (0.5 g,
1.2 mmol) for 4 h. The solution was then diluted with diethyl ether and
treated with aqueous NaHCO); and Na,S,0; until two layers separated. The
organic layer was separated, dried over MgSO,, filtered and concentrated
in vacuo. Standard precipitation purification afforded polymer (R)-2-P as a
white solid (0.78 g, 97 % polymer recovered). 'H NMR (CDCl;, 25°C): 6 =
3.5 (m, 2H), 4.1 (m, 1H), 4.5 (m, 3H), 5.0 (m, 1H), 5.2 (m, 1H), 5.9 (m,
1H).

Compounds 14: Silyl-enol ether 14 was obtained using the standard procedure
used to prepare compound 7. In this case 5equiv. cuprate 3, 6 equiv.
TMSCI, and 15 equiv. Et;N gave the best results. The process of filtering
through a Celite pad and precipitation was repeated until the concentrated
THF solution was completely clear. A cloudy solution did not afford the
expected product in the next step. After precipitation, polymer 14 was
obtained as a white solid (95 % polymer recovery). The 'H-NMR character-
istic signal at this step was the presence of a trimethylsilyl singlet at 6 =0.1
and a new broad signal from the two new olefinic protons at 6 =6.0.

Compounds 15: Polymer-bound product 15 was obtained with 90 %
polymer recovery following the procedure described for compound 9 using
20 equiv. triflate 4. The disappearance of the trimethylsilyl signal in the
'H NMR of the product showed the complete conversion of starting
material.

Compound 16: The selective reduction described for compound 10 was
reproduced with polymer 15 by placing the flask on a bath heated at 40°C
and extending the reaction time to 2 d. "H NMR of the product showed the
presence of two new protons in the olefinic region. Polymer 16 was
recovered as a white powder in 90 % yield.

Cleavage of compound 1 from the polymer: The prostanoid was cleaved
form the polymer support using aqueous HF (46 %). Polymer 16 (0.3 g,
0.075 mmol) was dissolved in THF (5 mL) and stirred at 45 °C. Cleavage of
1 could be monitored by TLC and required up to 8 h. The excess HF was
slowly neutralized with saturated NaHCO; and the product was extracted
with ethyl acetate (30 mL). The organic layer was washed with brine
(10 mL), dried over MgSO, and filtered. The oil obtained upon concen-
tration was redissolved in THF (0.5 mL) and slowly dripped into cold
MeOH (30 mL, — 30 °C). The white polymer that precipitated was removed by
filtration and the solution containing the cleaved prostanoid 1 was con-
centrated in vacuo. Column chromatography of the crude material afforded
compound 1 which was identical to that obtained using solution chemistry.
1a: 15 mg (52 % from 16a), 1b: 13 mg (49 % from 16b), 1¢: 15 mg (56 %
from 16¢), 1d: 13 mg (60 % from 16d), 1e: 11 mg (40 % from 16e).
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Acid - Base Control for Biocatalysis in Organic Media:
New Solid-State Proton/Cation Buffers and an Indicator

Neil Harper, Mark Dolman, Barry D. Moore,* and Peter J. Halling*!?!

Abstract: Although great care is gener-
ally taken to buffer aqueous enzyme
reactions, active control of acid-base
conditions for biocatalysis in low-water
media is rarely considered. Here we
describe a new class of solid-state acid—
base buffers suitable for use in organic
media. The buffers, composed of a
zwitterion and its sodium salt, are able
to set and maintain the ionisation state
of an enzyme by the exchange of H" and
Na' ions. Surprisingly, equilibrium is
established between the different solid
components quickly enough to provide a
practical means of controlling acid—
base conditions during biocatalysed re-

the behaviour of possible buffer pairs
and quantify their relative H"/Na™ ex-
change potential. The transesterification
activity of an immobilised protease,
subtilisin Carlsberg, was measured in
toluene in the presence of a range of
buffers. The large observed difference in
rates showed good correlation with that
expected from the measured exchange
potentials. The maximum water activi-
ties accessible without formation of
hydrates or solutions of the buffers are
reported here. The indicator was also

Keywords: buffers - enzyme cataly-
sis - protonations - solid-state chem-

used to monitor, for the first time in situ,
changes in the acid—base conditions of
an enzyme-catalysed transesterification
reaction in toluene. We found that even
very minor amounts of an acidic by-
product of hydrolysis were leading to
protonation of the enzyme, resulting in
rapid loss of activity. Addition of solid-
state buffer was able to prevent this
process, shortening reaction times and
improving yields. Solid-state buffers of-
fer a general and inexpensive way of
precisely controlling acid—base condi-
tions in organic solvents and thus also
have potential applications outside of
biocatalysis.

actions. We developed an organosoluble
chromoionophore indicator to screen

Introduction

For many enzyme reactions, it is advantageous to use organic
solvents as the reaction medium (for recent reviews, see
ref. [1]). In aqueous systems, the ionisation state of the
enzyme affects catalytic activity and stability, and is controlled
by adjusting pH. In organic solvents, control of the ionisation
state of the enzyme is also important. For example, it has been
shown that the pH at which an enzyme is washed before
drying and suspension in an organic solvent affects its activity
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in the solvent.”! A similar pH dependence to that in aqueous
solution is observed. However, in many reactions there are
changes in the acid—base conditions due to, for example,
acidic or basic reactants (e.g. ref. [3]), and so the “pH
memory” effect described above is lost. Buffers have been
added to the reaction mixture in order to maintain the
ionisation state of the enzyme and hence control its activity.
These buffers may either dissolved in the solventl*® or
present as an insoluble solid.]

In solvents of low dielectric, opposite charges interact more
strongly as there is less shielding between them. Therefore
counterions are more closely associated with their opposite
charges and their presence must be taken into consideration
in determining the ionisation state of an enzyme. Depending
on the type of ionisable group on the enzyme, the availability
of ions such as Na* or Cl™ in the system will be important, in
addition to that of H*.I®l For example, the ionisation state of
carboxyl groups will be controlled by the ratio of thermody-
namic activities of H" and Na* (written as ay./ay,.). The
relevant parameter for amino groups is the product of the
activities of H and Cl™ (ay: - aq ).

In principle, an individual solid-state buffer will set a single
value of one of the above ionisation parameters at equili-
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brium. In this paper, we describe the use of “zwitterionic
biological buffers” to control ay./ay,.. The solids added are
the zwitterion and the corresponding Na' salt, as shown in
Equation (1).

*NHR; ---SO; +Na'= NR,---SO;Na* +H" 1)

general formula for zwitterion sodium salt

In the zwitterion the charge on the protonated amine group
balances the negative charge on the deprotonated sulfonate or
carboxyl group. The Na* salt is formed by deprotonation of
the amine group in the zwitterion. This leaves a single
negative charge on the sulfonate (or carboxyl) group, which is
balanced by Na™.

The acid-base strength is therefore determined by the
amine group. Since both the zwitterion and the Na* salt are
charged and contain polar groups, they tend to be insoluble in
most organic solvents. Also, they are present as crystalline
solids, so they have a fixed thermodynamic activity whatever
their quantity. Looking at this another way, the ions are held
in regular positions in the crystals, resulting in a fixed energy
for H*/Na* exchange. The buffer pair will thus control a fixed
value of ay./ay,- at equilibrium. Such buffers could therefore
be used to control the ionisation state of carboxyl groups on
enzymes in organic solvents, as shown in Equation (2).

+NHR, - - - 805~ + Enz—COO-Na* = NR, --- SO, Na* + Enz—COOH (2)

Here, we screen potential solid buffers that can control the
ratio of the activities of H" and Na' by measuring the
response of an organosoluble indicator to this parameter in
the presence of the buffers. The indicator response was
calibrated using organosoluble buffers known to control the
activity of subtilisin Carlsberg in the appropriate range. Using
this method we identify a series of solid buffers that set ay./
ay,+ values over the whole range of enzyme activity. We also
demonstrate that the indicator can be used to monitor
changes in this parameter resulting from the production of
acid during an enzyme reaction in organic solvent.

Results and Discussion

Identifying potential solid-state acid — base buffers: The use of
solid-state acid—base buffer pairs to fix the value of ay./ay,:
within an organic reaction medium has not been reported
previously, and hence the first step was to find a method of
screening potential compounds. Besides wishing to identify
the correct range, we were concerned that factors such as slow
exchange kinetics and poor reproducibility might limit the
practical use of such buffers. As a starting point we set out to
identify a series of buffers which set values of ay./ay,. within
the normal range for enzyme activity, targeting in particular
subtilisin Carlsberg, a protease commonly used for biocatal-
ysis in low water media. As a tool for screening it was first
necessary to synthesise an organosoluble indicator which
would respond to the appropriate range of ay./ay,+ values. The
compound in Figure 1A was synthesised by coupling of a
diazonium salt with a phenolic crown ether obtained by the
published method.’! The phenolic group, present within a
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Figure 1. A. Structure of indicator. B. UV/visible spectrum of indicator in
toluene/Im PrOH. The indicator (47 um) in toluene/IMm PrOH was
equilibrated with a range of solid ay./ay,: buffers to give ionisation states
of the indicator between completely protonated (4, 370nm) and
completely deprotonated (4,,,, 470 nm). The buffers were NaHSO,/Na,SO,
(----), MOPS/Na* salt (---), TES/Na* salt (-—--), HEPES/Na* salt (----)
and glycine/Na* salt (—).

crown ether ring, will tend to ion-pair with Na+ when
deprotonated, particularly in less polar solvents. Hence the
equilibrium between the two forms of the indicator will
involve exchange of H+ and Na+, and so will respond to ay./
ay,-. In order to measure the relative concentrations of the
protonated and Na*-complexed forms, the molecule was
designed to give a chromophoric response depending on
whether the phenolic group is protonated or Na*-complexed.
Measurement of absorbance will indicate changes in ay./ay,:,
and larger differences will be observable by eye as a colour
change. Refer to Figure 1B for the UV/visible absorption
spectrum of the two forms of the indicator. In toluene/1m
PrOH 4, of the yellow protonated indicator was 370 nm
(absorbance coefficient of 2.17 x 10*M~'cm~!) and that of the
red/orange deprotonated (Na+-complexed) form was 470 nm
(absorbance coefficient of 2.89 x 10*M~'cm~!). The higher
absorbance coefficient at the longer wavelength is typical of
phenolic ionisation. (Further information regarding opera-
tional use of the indicator is given in the experimental
section.)

The indicator was tested for its suitability to screen for
buffers that would control ay./ay,. in the range of activity of
subtilisin Carlsberg. This was done by equilibration with two
organosoluble buffers used previously with this enzyme. The
buffers were triphenylacetic acid and its sodium salt and a
polybenzyl ether dendritic acid and its sodium salt.’) The
indicator was equilibrated with buffers prepared over a range
of concentration ratios of sodium salt to acid. In all cases the
same solvent mixture, toluene containing 1M propan-1-ol, was
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used, since the nature of the solvent affects the equilibrium
position of the indicator (see below).

Figure 2 shows the relationship between the ratio of
equilibrium concentration of the two forms of the indicator
and that of the two forms of the buffer. Clearly, the indicator

1.2 A

1.0

0.6 - u

0.4 -

log [INa}/[IH]

0.0 |

log [BNa)/[BH]

Figure 2. Equilibrium of indicator and known organosoluble buffers.
Equilibrium concentration ratios are shown for indicator, deprotonated
(INa) and protonated (IH) and for organic soluble buffer, sodium salt
(BNa) and acid (BH). The buffer (1 mm) was dissolved in toluene/1m PrOH
with a range of ratios of sodium salt to acid and equilibrated with the
indicator (47 um). The buffers were triphenylacetic acid/Na* salt (m) and
the dendrimer acid/Na* salt (e).

responds in the range of ay./ay, controlled by the two known
buffers: hence it is expected to be a useful tool for screening
potential solid buffers for subtilisin Carlsberg. From Figure 2
it can be seen that the indicator is more acidic than the soluble
buffers, since the ratio of concentration of deprotonated to
protonated indicator is greater than one when the buffer ratio
is equal to one. It can also be seen that of the two buffers the
triphenylacetate is slightly more acidic since the indicator
equilibrium lies further towards the protonated form.
Having established the indicator suitability, we next
screened potential solid ay./ay,: buffers. A selection of
zwitterionic biological buffers (commercially available as
both the zwitterion and sodium salt) were equilibrated with
the indicator in toluene/propan-1-ol (1m). Figure 3 shows the
indicator response as a function of the aqueous pK, values of
these buffers. Unexpectedly we found the general variation in
fraction of deprotonated indicator relative to the aqueous
buffer pK, was similar to a normal aqueous titration curve.
This was surprising because in the solid state the intrinsic
acid —base strength of the ionisable groups (given by aqueous
pK,) is not the only factor which determines the potential for
exchange of H* and Na* ions. This parameter will also depend
on the difference in lattice energies between the crystalline
solid zwitterion and its Na* salt. Indeed, given their large
magnitudes, crystal energies might be expected to dominate
exchange potentials, rendering aqueous pK, inappropriate as
a guide. The reasonable correlation with aqueous pK, seen for
many members of this buffer series indicates that here
differences in crystal energies between the H* and Na* forms
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Figure 3. Response of indicator to solid-state buffers of various aqueous
pK,. The line shown is for a simple (e.g. aqueous) titration with pK, 7.7. The
following buffer pairs were equilibrated with the indicator (47 um) in
toluene/Im PrOH (pK, values at 25°C in brackets!'!l): L-glutamic acid/
monosodium salt (4.3), PIPES/monosodium salt (6.8), MOPS/sodium salt
(7.2), TES/sodium salt (7.4), HEPES/sodium salt (7.5), HEPPSO/sodium
salt (7.8), TAPS/sodium salt (8.4), AMPSO/sodium salt (9.0), CAPSO/
sodium salt (9.6). Showing that equilibrium had been reached, it was found
(with HEPES/sodium salt as buffer) that the same fraction of deprotonated
indicator was obtained whatever form of the indicator was added initially.
The reproducibility between duplicate measurements was better than 3%,
except for PIPES (10 %).

of the buffer must be relatively small. This may in part reflect
the fact that these “biological buffers” have been designed
such that both zwitterionic and salt forms are highly soluble in
water. However, it can be seen from Figure3 that, as
anticipated, several of the buffers did behave anomalously
and gave indicator responses considerably higher or lower
than predicted from their aqueous pK,. This shows the
importance of being able to monitor ay./ay,: in the organic
solvent directly.

Further evidence of the unique nature of solid-state buffers
was obtained from experiments varying the relative amounts
of HEPES and its Na™ salt. It was found that using molar
ratios between 9:1 and 1:9 had no effect on the equilibrium
indicator response (total amount of buffers constant at
740 umol). Varying the amount of solid between 3.7 and
370 umol of each form (at 1:1 ratio of zwitterion to salt) also
had no significant effect on the position of equilibrium,
although equilibrium was attained faster when more solid was
present. These findings are exactly those expected for
equilibria involving crystalline solids. Provided there is at
least a trace of each form of the buffer, the amounts have no
influence on the equilibrium position.

Other potential solid buffers tested did not seem to buffer
in the range appropriate for subtilisin Carlsberg. Essentially
completely protonated indicator was found for tartaric acid/
mono-Na™ salt, ascorbic acid/Na* salt, NaH,PO,/Na,HPO,
and NaHSO,/Na,SO,. The indicator was almost completely
deprotonated in the cases of NaHCO,/Na,CO;, Na,HPO,/
Na;PO, and glycine/Na* salt.

Enzyme reaction in the presence of solid buffers: The range of
indicator responses in equilibrium with the above solid buffers
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(Figure 3) is wider than that obtained with the organosoluble
buffers (Figure 2). These organosoluble buffers are known to
affect substantially the catalytic activity of subtilisin Carlsberg
by controlling its ionisation state.[* ¢ Therefore an even wider
range of activity would be expected when the solid-state
buffers are used to control enzyme reactions in organic
solvent. To verify this, the solid buffers were tested in the
subtilisin-catalysed transesterification of Ac-Tyr-OEt with
PrOH in toluene at a,, 0.53.

Figure 4 shows the initial rates for the enzyme found in the
presence of the different buffer pairs. These are plotted
against the fraction of deprotonated indicator in equilibrium
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Figure 4. Graph of relative initial rate, obtained with solid buffers (@) and
the organosoluble dendrimer buffer (o), against the fraction of deproton-
ated indicator (from separate equilibrium with buffers). The dendrimer was
dissolved in toluene with a range of molar ratio of acid to sodium salt (9:1 to
1:9) and rates obtained for the transesterification of Bz-Tyr-OEt with
PrOH catalysed by immobilised subtilisin Carlsberg in toluene at a,, 0.53
(for experimental details, see ref.[6]). The rates thus obtained were
correlated with the indicator response to the buffer ratios in toluene/1m
PrOH (see Figure 2). The solid buffers listed in Figure 3 were used in the
transesterification of Ac-Tyr-OEt with PrOH in toluene at a,, 0.53. The
three unlabelled points represent L-glutamic acid/monosodium salt, control
(no added buffer) and PIPES/monosodium salt (in order of increasing
fraction of deprotonated indicator). The rates thus obtained were
correlated with the indicator response to the buffers in toluene/1m PrOH.
Reproducibility between duplicate rate measurements was better than
20% except for TAPS (25%) and MOPS (50%). The maximum rates
(100%) were 8.68 nmolh~'mg~!' catalyst in the experiments with the
dendrimer buffer, and 201 nmolh~'mg~" catalyst with the solid buffers. The
difference is largely due to the use of different substrates: an experiment
with Bz-Tyr-OEt in the presence of CAPSO/Na' salt gave a rate of
18.8 nmolh~'mg~!. The remaining twofold difference is probably due to
batch variations in the immobilised subtilisin.

with the same buffer, to give a measure of ay./ay,:. As
expected for the solid buffers, there was a large increase
(greater than 80-fold) in the reaction rate between the
minimum rate obtained with L-glutamic acid/Na® salt
(2.38 nmolh~'mg~") and the maximum with CAPSO/Na* salt
(201 nmolh~'mg"). Figure 4 also shows rates obtained with
the soluble dendrimer buffer, plotted on the same basis (i.e.
against the indicator response to the appropriate buffer ratio).
The general trend is clearly the same, as expected if both types
of buffer control ay./ay,., and the indicator and enzyme
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respond to this. There remain some slight anomalies to
explain, in particular the lower than expected rate with TAPS
and its Na* salt.

In these experiments, the solid enzyme preparation was not
preequilibrated with the solid-state buffers. Because of this, a
lag time was generally observed before the straight line
“initial” reaction rate was established. The duration of the lag
was dependent on the type and amount of buffer and varied
from 20— 180 min. This reflects both the kinetics of exchange
of H" and Na* between the crystal surfaces and their diffusion
to and from enzyme molecules located in the pores of the
support. When the same solid-state buffers were used in
acetonitrile, no lag in the initial rate was observed (Partridge
et al., unpublished), presumably as a result of improved
solvation of cations by such a polar solvent. It is interesting to
note that for the class of solid buffers that control ay. -ac-
there was also no observed lag, even in hexane.”! This
difference may be due to the fact that such buffers can
exchange HCI as a neutral molecule that is expected to be
slightly soluble in hexane. To maximise reproducibility with
solid-state buffers that control ay./ay,: in nonpolar media,
they should be preequilibrated with the insoluble biocatalyst
preparation in the organic solvent for 2—3h before the
reactants are added.

Because of the hygroscopic nature of the biological buffers,
the maximum a,, used in these studies was 0.53. As can be seen
in Table 1, above this value many of the Na* salts were found

Table 1. Water uptake by solid buffer salts over a range of a,.!

Highest a,, with Hydrates Limits on a,, for
probably only formed and saturated solutionl®!
H,O adsorption™ a, range

Na* salts!

AMPSO 0.75 no evidence 0.75-0.98
CAPSOF!  0.53 2H,0;0.65-0.85 0.85-0.98
HEPES 0.23 2H,0;0.53 0.53-0.58
HEPPSO 0.75 no clear evidence 0.85-0.98
MOPS 0.23 2H,0;0.53-0.75 0.75-0.85
PIPES 0.23 1H,0;0.53-0.75 0.85-0.98
TAPS 0.58 no evidence 0.58-0.65
K" salts

HEPES 0.58 no evidence 0.58-0.65

[a] The salts were dried (at 105°C) and then equilibrated at room
temperature over the appropriate saturated salt solution at fixed a,, (at
0.23, 0.53, 0.58, 0.65, 0.69, 0.75, 0.85 and 0.98). The water content was then
compared with that expected in the hydrate. [b] The water content is below
that found in the monohydrate. [c] At the lower a,, in the range there was
no liquid phase; at the higher a,, a solution started to form. For sodium L-
glutamate this range was 0.85-0.98 and for the TES Na salt it was 0.75—
0.85. [d] Certain zwitterions (HEPES, MOPS, PIPES and TES) adsorbed
H,O0 to less than monohydrate level at a,, 0.53. [e] Equilibration was not
carried out at a,, 0.58.

to go into solution on equilibration through the vapour phase
with appropriate aqueous saturated salt solutions. The data
also show that hydrates of some of the salts had formed at a,,
0.53. This will affect the acid—base behaviour of the buffers,
since the H,O will be involved in the ionisation equilibrium, as
shown in Equation (3), where B represents the solid buffer.
The equilibrium constant for this reaction is given by
Equation (4). It follows that changing a,, will lead to changes
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B-Na*-H,0 + H* == B*+Na*+H,0 3)

K=ay, -ay/ay- 4)

in the value of ay./ay,: set by the buffer. At fixed a,,, as used in
our reactions, the same value of ay./ay,: will be obtained each
time, but this may differ somewhat from that obtained under
anhydrous conditions.

Detection of changes in ay./ay,. during enzyme reactions: In
addition to screening for new ay./ay,. buffers, the indicator
can also detect changes in ay./ay,+ during enzyme reactions in
organic solvents. It is commonly suggested that changes in
acid—base conditions may affect enzyme activity in organic
solvents. A change in pH of an inaccessible aqueous phase
during enzyme-catalysed esterification and ester hydrolysis
was demonstrated using hydrophobic fluorescein derivatives
as indicators in pentan-3-one." Our indicator was used to
show changes in ay;./ay,: during transesterification of Ac-Tyr-
OEt with propan-1-ol catalysed by subtilisin Carlsberg in
toluene. The acid —base conditions can change owing to a side
reaction in which water competes with propanol as a
nucleophile to produce Ac-Tyr-OH.

The amount of acid produced depends on the water activity
at which the reaction takes place. The above reaction was
therefore carried out at two a,, levels, 0.53 and 0.85. In order to
ensure the indicator would all start off in the deprotonated
form, the enzyme preparation was first prewashed with
sodium phosphate of pH 9.9. This will initially leave the
enzyme in a protonation state corresponding to a pH higher
than optimum, but this is expected to change during the
reaction. Following washing and equilibration at the correct
a,, the enzyme was suspended in solvent containing the
indicator. The substrate was then added to the solvent and the
response of the indicator measured periodically. Figure 5
shows the relationship between the fraction of deprotonated
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Figure 5. Correlation between reaction progress (conversion to Ac-Tyr-
OPr (m) and Ac-Tyr-OH (e)) and response of indicator (A) during the
transesterification of Ac-Tyr-OEt with PrOH in toluene at a, 0.53,
catalysed by immobilised subtilisin Carlsberg, prewashed in sodium
phosphate buffer (pH 9.9). The response of the indicator at the start of
the reaction is that in equilibrium with the enzyme before addition of
substrate.
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indicator and the reaction progress at a, 0.53. (Controls
showed the presence of the indicator had no significant effect
on this reaction progress.) The HPLC started to detect acid
(approx. 25 um) only after 20 h. However, the fraction of
deprotonated indicator initially fell rapidly and it is deduced
that this was due to low levels of Ac-Tyr-OH being produced.
Since the reaction was not buffered the reaction rate also fell
quickly even though the conversion to product was still low.
This is because at higher ay./ay,. values the active site of
subtilisin will become protonated and the catalytic efficiency
will drop. Consistent with this interpretation, in the reaction at
a,, 0.85, both the fraction of deprotonated indicator and
reaction rate fell even more rapidly (results not shown), due
to the faster rate of formation of the acid at higher a,,. This
demonstrates the utility of the indicator: it is able to detect
practically important and previously unquantified changes in
aylay,. occurring during an unbuffered enzyme reaction in a
nonpolar organic solvent.

In order to show the benefits of buffering, the same reaction
was carried out in the presence of the solid ay./ay,- buffer,
CAPSO/Na* salt (at a,, 0.53). In this case the response of the
indicator was more or less constant during the reaction. (The
fraction of deprotonated indicator only fell from 0.90 to 0.86
over 93 h.) After 93 h, 90um Ac-Tyr-OH was detected at a
level much higher than the level of acid causing the indicator
to be predominantly protonated in the unbuffered reaction
(Figure 5). This clearly demonstrates the ability of the solid-
state buffers to maintain a constant ay./ay,. during enzyme
reactions in nonpolar solvents.

Conclusion

New solid buffers which control ay./ay,. are able to control
the ionisation state of subtilisin Carlsberg in toluene. Suitable
solid-state buffer pairs were found by equilibration with an
organosoluble indicator and comparison of their performance
with the response to known organosoluble buffers. The
enzyme reaction rate obtained in the presence of these solid
buffers correlated with the response of the indicator. The
indicator also detected changes in ay./ay,: due to acid
produced during an enzyme-catalysed reaction. These solid-
state buffers should be useful for controlling the ionisation
state of other enzymes in organic solvents. Some of the buffer
pairs tested that are more acidic or basic than required with
subtilisin Carlsberg may prove useful with other enzymes. If
these buffers are used to tune the protonation state of an
enzyme in an organic medium, it is no longer necessary to
carry out lyophilisation or immobilisation at a whole series of
different pH values to find the optimum.

Experimental Section

Materials: Most chemicals were of analytical grade and were obtained from
Aldrich or Sigma and Merck. All solvents were of HPLC grade. p-
Cyanoaniline and triphenylacetic acid were obtained from Aldrich. The
following Sigma compounds, along with their sodium salts, were used as
solid buffers: 3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxypropane-
sulfonic acid (AMPSO), 3-(cyclohexylamino)-2-hydroxy-1-propanesulfon-
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ic acid (CAPSO), N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic
acid) (HEPES), N-(2-hydroxyethyl)piperazine-N'-(2-hydroxypropanesul-
fonic acid) (HEPPSO), 3-(N-morpholino)propanesulfonic acid (MOPS),
piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES), N-tris(hydroxy-
methyl)methyl-3-aminopropanesulfonic acid (TAPS), N-tris(hydroxy-
methyl)methyl-2-aminoethanesulfonic acid (TES).

Other solid buffer compounds were L-glutamic acid (Fluka) and sodium L-
glutamate (Aldrich). Na,SO,, tartaric acid, Na,HPO,, Na;PO,-12H,0,
glycine and NaHCO; were supplied by Merck. NaHSO,, NaH,PO, and
Na,CO; were supplied by Aldrich. Sodium tartrate (monohydrate) was
supplied by Fluka and sodium glycinate (monohydrate) was supplied by
Sigma. The substrate for enzyme reactions, N-acetyl-L-tyrosine ethyl ester
(Ac-Tyr-OEt), was obtained from Sigma. The UV/visible spectra of the
indicator were recorded on a Beckman DU 7500 polydiode array UV/
visible spectrophotometer.

Synthesis of indicator: p-Cyanoaniline (0.31 g, 2.53 x 10~ mol) was dis-
solved in a solution of concentrated hydrochloric acid (0.60 mL) and water
(10 mL). The solution was cooled to 0°C, and sodium nitrite (0.17 g, 2.53 x
1073 mol) was added; the solution was stirred for one hour and added to a
solution of 2-hydroxy-1,3-xylyl-18-crown-5 (0.77 g, 2.47 x 103 mol) (com-
pound 7 from ref. [9]) in 1M sodium hydroxide solution (20 mL) at 0°C
over 15 min and stirred at this temperature for a further hour. The solution
was then extracted with dichloromethane (4 x 75 mL), and the organic
extracts were combined and evacuated to dryness. The product was then
purified on a silica column with a solvent gradient of dichloromethane
(100 %) to dichloromethane/ethanol (97 %/3 %) and evacuated to dryness
to yield an orange solid (0.81 g, 74%). 'H NMR (250 MHz, CDCL,): 6 =
3.73 (m, 16H, CH,CH,0), 4.78 (s, 4H, ArCH,0), 7.77 (AB d, 2H, J=
7.5 Hz, ArH), 7.82 (s, 2H, ArH), 792 (AB d, 2H, J 7.5 Hz, ArH), 8.71 (brs,
1H, OH); 3C NMR (62.5 MHz, CDCL): 6 =69.17, 69.44, 69.92, 70.16 (8C,
CH,CH,0), 72.66 (2C, ArCH,0), 112.97, 122.94, 125.19, 125.23, 126.81,
133.08, 145.35, 159.88 (12C, ArH), 207.48 (1C, ArCN); MS (70 eV, EI): m/z
(%)=102.0 (42) [C;H,NT], 249.1 (31) [C;sH;;N;0*], 441.2 (100) [M*].
Accurate mass found 441.18957; caled for C,3Hy,N3;O4 441.18999.

Use of indicator: Glassware containing stock solutions was washed in 1M
HClI, deionised water and acetone (in that order) in order to minimise
ionisation of the indicator. Because of the light-sensitive nature of the
indicator, all solutions were stored in the dark. (When dissolved in pentan-
3-one the indicator was particularly sensitive to effect of light: after several
weeks a decrease in absorbance was observed in normal daylight.) The
solvents were checked to ensure that there was no spectral overlap at the
wavelengths of measurement.

Absorbance measurements: In most cases a 47 um indicator solution was
used and was added in the protonated form. The absorbance coefficient of
the protonated form was obtained by equilibrating the indicator with an
equimolar mixture of Na,SO, and NaHSO, (present as solids in organic
solvent). An equimolar mixture of glycine and its sodium salt (monohy-
drate) was used to give the completely deprotonated form. In both these
cases 0.37 mmol of each component was added to indicator solution
(4 mL). The mixture was shaken at 200 min~! and samples were taken
periodically until the absorbances remained constant, that is, equilibrium
was reached. Solutions were filtered to remove suspended solid (0.2 um
PTFE, Whatman) prior to spectral measurement. It was assumed that the
indicator was present completely in one form since no shoulder peaks were
observed in the spectra. In subsequent experiments, the concentration of
the two forms was calculated from the absorbances at the two A,,,, peaks
and the absorbance coefficients, taking into account the spectral overlap. In
most experiments, samples removed for absorbance measurements were
returned immediately to the equilibration or reaction mixture.

Properties of indicator

Selectivity for cation: NaOH and KOH solutions (both 10 mm) were
prepared in deionised water, both with a pH of 12.0. Each of these solutions
(5 mL) was added to 5 mL of protonated indicator (47 um) in pentan-3-one.
The mixture was shaken (at 200 min~!) for 1 min, then the spectrum was
obtained from the organic phase. This was repeated until equilibrium was
reached.

Titration with KOEt and NaOEt: Solid KOH was added to absolute ethanol
(2 mgmL") to give KOEt. Its concentration was determined by titration
against aqueous HCI, with bromothymol blue as indicator. After appro-
priate dilution, the KOEt was added in aliquots of 0.27 equiv to the
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indicator (initially protonated) in toluene. Shaking at 200 min~! for 30 s was
sufficient to reach equilibrium, after which the spectra were obtained.
NaOEt was prepared in a similar way and was likewise added in portions of
0.27 equiv to the indicator in toluene.

Partitioning in biphasic system: The organic phase consisted of indicator
(47 um) in toluene or pentan-3-one, and the aqueous phase consisted of Na
phosphate of pH 11.3 (0.05M). Equal volumes of the two phases were
shaken together at 200 min~! for 1 min; then the spectrum of the organic
phase was obtained. This procedure was repeated until the system attained
equilibrium. The distribution coefficient was determined from the ratio of
the concentration of the deprotonated indicator in the organic phase to that
in the aqueous phase, taking into account the different absorbance
coefficients in different solvents.

Equilibration of indicator with organosoluble buffers: The buffers used
were a polybenzyl ether dendritic acid and its sodium salt (for outline of
synthesis, see ref. [6]), and triphenylacetic acid and its sodium salt. Sodium
triphenylacetate was prepared as follows: NaOH (0.33 g, 8.25 mmol) was
dissolved in absolute ethanol (70 mL), then added to triphenylacetic acid
(1.02 g, 3.54 mmol); after agitation for 15 min, the ethanol was evaporated
off and the sodium salt recrystallised from ethyl acetate. Solutions in
toluene/propanol (1m) of the buffer acid (1 mm) were mixed in different
proportions with solutions of the buffer salt (1 mm), both containing the
indicator (47 um), to give a range of molar ratios of the two forms of the
buffer in equilibrium with the indicator. Shaking at 200 min~! for 30 s was
sufficient for equilibrium to be reached, after which the spectra were
recorded.

The absorption coefficients were obtained by the usual method, but since
there was spectral overlap between the dendrimer buffer (both forms) and
indicator (at 370 nm), the absorbance of the buffer (equal for both forms)
at 370 nm was subtracted from the absorbance in the presence of the
indicator. A correction was also made for the change in buffer ratio due to
reaction with the added protonated indicator.

Equilibration of indicator with solid-state buffers: Buffer pairs made up of
0.37 mmol of each form of the buffer (as supplied) were added to 47 um
indicator (4 mL) in organic solvent. The mixtures were shaken at 200 min~!
and samples taken every 15 min until equilibrated (the response of the
indicator, determined by absorbance measurement, remained the same).
The time required varied from 10 min to 2.5 h shaking.

Further properties of indicator: Several further experiments were con-
ducted to investigate the chemical properties of the indicator relevant to its
application in enzyme reactions in organic solvents.

Selectivity for cation: When the indicator in pentan-3-one was equilibrated
with an aqueous phase containing KOH or NaOH at fixed metal ion
concentration and pH, the response was the same (fraction of deprotonated
indicator was 0.77). Therefore, under these conditions there is no selectivity
between K* and Na*. The responsiveness of the indicator to the ratio ay./
ag. as well as ay./ay,. means that it can also be used to screen buffers which
control ay./ax., for example HEPES and its K* salt. The larger ionic radius
of K* means that it could potentially complex with two indicator molecules.
However, protonated indicator was found to react with one equivalent of
sodium or potassium ethoxide, confirming that a 1:1 complex was formed in
both cases.

Partitioning behaviour: The deprotonated form was shown to partition into
the aqueous phase from the organic phase, to an extent dependent on the
solvent. When the indicator in organic solvent was equilibrated with an
aqueous phase at pH 11.3 and sodium ion concentration of 0.1m, the
distribution coefficient of the deprotonated form (concentration in organic
relative to aqueous solution) was 0.0927 in toluene and 63.4 in pentan-3-
one. When PrOH (1m) was added to toluene the value was 1.29. Thus, as
expected, increasing the polarity of the organic phase reduced the extent of
partitioning of the deprotonated indicator.

Effect of solvent and water activity on indicator (a,,): In principle, solid-state
buffers set ay./ay,- independently of the nature of solvent. This is because
the crystalline solid phases involved in the ion exchange equilibrium
remain the same whatever the external medium. Thus, if a solid buffer is
equilibrated with the indicator in different solvents, differences in response
should only reflect the effect of solvent on the ionisation and complexation
of the indicator.

Table 2 shows how the nature of the solvent affects the equilibrium position
of the indicator with HEPES/Na* salt. In a nonpolar solvent such as
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Table 2. Effect of the solvent on the position of equilibrium of the
indicator and the 4, of the deprotonated form.[?!

Solvent No PrOH added PrOH (1m) added
Depro- Amax Of Depro- Amax Of
tonated  deprotonated tonated deprotonated
fraction  indicator [nm]  fraction  indicator [nm]

toluene 0.006 484 0.78 470

tert-butyl 0.11 490 0.75 480

methyl ether

pentan-3-one  0.39 500 0.85 490

[a] The indicator was equilibrated within HEPES/Na* salt. Absorbance
coefficients were obtained for each solvent in the presence and absence of
PrOH.

toluene, the indicator was almost completely in the protonated form.
Change to more polar solvents such as tert-butyl methyl ether and pentan-
3-one, or addition of propan-1-ol (1m), shifted the equilibrium toward the
deprotonated form. From Table 2 it can also be seen that the 4,,, of the
deprotonated form is solvent-dependent, changing by as much as 30 nm
depending on the solvent (the 4, of the protonated form varied only by
6 nm). The A, of the deprotonated form increased with solvent polarity,
indicating more favourable solvation of the excited state in polar solvents.
Interestingly, addition of propan-1-ol shifted 4,,,, of the deprotonated form
in the opposite direction, and increasing water content had the same effect
(see below). A possible explanation is preferential solvation of the ground
state by hydrogen bonding.

Just as with solvent changes, the potential of the crystalline solids to
exchange ions should not be affected by water activity (provided no
hydrate is formed). Thus, for a given buffer pair, the indicator response
should reflect the effect of a,, on the indicator. To determine this, HEPES
and its K* salt were equilibrated with the indicator in pentan-3-one at a,
values of 0, 0.17, 0.33 and 0.53. Surprisingly the deprotonated fraction
remained almost constant with values of 0.71, 0.68, 0.68 and 0.71,
respectively. This was unexpected since addition of propan-1-ol (1m) to
pentan-3-one resulted in a significant change in indicator response (see
Table 2). The difference must arise because water solvates the protonated
and ion-paired forms similarly so that the equilibrium is little altered.

Enzyme reaction using solid-state buffers: Subtilisin Carlsberg catalysed
the transesterification of Ac-Tyr-OEt (10 mm) with propan-1-ol (1M) in
toluene at a,, 0.53. The enzyme was covalently immobilised! to PolyHipe
SUS500, a porous support with a polydimethylacrylamide surface layer,
rinsed in deionised water, then stored over molecular sieves. The catalyst,
solid buffer and solvent (toluene containing 1M propan-1-ol) were
separately preequilibrated at a,, 0.53 in the presence of a saturated solution
of magnesium nitrate. The buffers were equilibrated directly from the
bottle. HEPES and its Na* salt were not used in this experiment because
they could not be brought to equilibrium at a,, 0.53 in a reasonable time.

Ac-Tyr-OEt straight from the bottle was added to the equilibrated solid
buffer (100 mg of each form) along with the catalyst (10 mg) and the
solvent (5mL). The reaction vials were shaken at 600 min~!' at 20°C.
Aliquots (50 uL) were taken periodically and the solvent removed with
nitrogen. The samples were redissolved in acetonitrile/water (1:1 v/v),
filtered and analysed by HPLC with a C4 reverse-phase column (Hi-
Chrom, UK) and UV detection at 280 nm. The mobile phase composition
was 55 % water (adjusted to pH 2 by addition of orthophosphoric acid) and
45 % acetonitrile. The percentage conversion was calculated from the ratio
of the area of the propyl ester peak to the sum of areas of the ethyl and
propyl esters and Ac-Tyr-OH. A control reaction was also run in which no
buffer was added.

Detection of changes in ay./ay, - during the enzyme reaction: The reaction
was the transesterification of Ac-Tyr-OEt with propan-1-ol in toluene at a,,
0.53 and 0.85, catalysed by subtilisin Carlsberg immobilised to a polyHipe

SUS500 support (see above). The dry catalyst was washed in sodium
phosphate (20 mm) at pH 9.9 (2.5 mg catalyst per mL buffer) by shaking at
600 min~! for 10 min. The buffer was filtered off and the wet beads dried in
a vacuum desiccator.

The sodium salt of the indicator was prepared by shaking the protonated
indicator (23.5 um) with glycine and its Na* salt (0.37 mmol of each form),
followed by filtration (0.2 um, PTFE). The catalyst and organic phase
(toluene containing 1M propan-1-ol and 23.5 um sodium salt of indicator)
were then separately preequilibrated at a fixed a,, (at a,, 0.53 and 0.85 with
the appropriate saturated salt solution). When equilibrated, the catalyst
(10 mg) was added to 5 mL of organic phase (in the absence of Ac-Tyr-
OEt) and shaken at 200 min~". The spectra were obtained periodically until
equilibrium was reached. Solid Ac-Tyr-OEt was then added (to 13 mm)
straight from the bottle. (Note that the volume may have reduced due to
sampling.) The spectra were recorded during the course of the reaction.
The reaction progress was followed by sampling (50 uL) the reaction
mixture periodically. A control reaction was also run in which the indicator
was not present, but all other conditions were identical. See above for
details of analysis.

For the reaction in the presence of CAPSO/Na* salt, the above method was
followed except that the catalyst was not prewashed in phosphate buffer.
The solvent, catalyst and buffer were separately preequilibrated at a,, 0.53.
The indicator was then equilibrated with both the catalyst and buffer
suspended in the solvent, then the substrate was added.
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Difluoroboroxymolybdenum Fischer Carbene Complexes as Precursors of
Acyl Radicals: Dimerization and Trapping with Electron-Deficient Alkenes

José Barluenga,* Félix Rodriguez, and Francisco J. Fananas!?!

Abstract: Pentacarbonyl acyl molybdates 1 react with boron trifluoride to give

difluoroboroxy Fischer carbene complexes 2, which undergo loss of the metal fragment
at room temperature to form 1,2-diketones 3, 1,2-hydroxy ketones 4, or dimers §
through a dimerization or decarbonylation—dimerization process of acyl radicals.
Decomposition of 2 in the presence of electron-deficient alkenes 11 and 18 furnishes

Keywords: acyl radicals - carbene
complexes coupling reactions
molybdenum - radical reactions

the two-, three-, and four-component coupling products 12, 13, 19, 20, and 21.

Introduction

Fischer carbene complexes have found a number of highly
interesting applications as building blocks for organic syn-
thesis.'!. While the majority of work in this field has been
focused on alkoxy and aminocarbene complexes, few studies
have been devoted to the preparation and reactivity of
modified complexes with a second electron-deficient metal
attached to the carbene heteroatom.”! Up to now only
examples of titanoxy,®! zirconoxy, sililoxy,’! phosphite,
and boroxyl’l carbene complexes have been reported. Re-
cently, we have described the preparation of boroxycarbene
complexes and their transformation into oxaborolane or
oxazaborolidine derivatives by an intramolecular C-H in-
sertion process.l®¥l Séderberg et al. have found that lithium and
tetramethylammonium acyl metalates are formally acetyl
anion equivalents, adding to electron-deficient olefins in a
Michael fashion.[) Moreover, it is possible to generate acyl
iodides by oxidation of tetramethylammonium and lithium
acyl metalate complexes with iodine."”! Finally, generation of
acyl radicals from chromium carbene complexes by using
Mn! and Cu'l' salts as oxidants has been reported. In this
context, we have recently described a simple method of
forming acyl radicals from difluoroboroxy Fischer carbene
complexes under very mild reaction conditions and in the
absence of an oxidant.'¥] We further investigated the gen-
eration of acyl radicals from this type of carbene complex and
their trapping with a selection of electron-deficient olefins.
The formation of two-, three-, and four-component coupling
products are described herein in detail.

[a] Prof. J. Barluenga, Dr. F. Rodriguez, Dr. F. J. Fafianas
Instituto Universitario de Quimica Organometalica ,,Enrique Moles*,
Unidad Asociada al C.S.I.C.
Julidn Claveria, 8, Universidad de Oviedo, 33071 Oviedo (Spain)
Fax: (+34)985103450
E-mail: barluenga@sauron.quimica.uniovi.es
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Results and Discussion

The treatment of pentacarbonyl acyl molybdate intermediates
1, obtained by reaction of molybdenum hexacarbonyl and the
corresponding organolithium compound,!' with boron tri-
fluoride diethyl ether complex in diethyl ether at —60°C
readily led to difluoroboroxycarbene complexes 2. Although
complexes 2 are unstable, compound 2b could be character-
ized by C NMR spectroscopy. Upon warming to room
temperature, compounds 2a—c underwent loss of the metal
fragment affording, after hydrolysis, mixtures of 1,2-diketones
3 and 1,2-hydroxy ketones 4 (entries 1 -3, Table 1). In the case

Table 1. 1,2-Diketones 3, 1,2-hydroxy ketones 4, and dimers 5 from
pentacarbonyl acyl molybdates 1 and boron trifluoride etherate.

Product (yield (%))

Entry Starting molybdate R

1 la Bu 3a (35) 4a (30)
2 1b Ph 3b (38) 4b (25)
3 1c 2-Naph!®! 3¢ (24) 4c(22) Sc ()
4 1d (E)-PhCH=CH 5d (42)
5 le PhC=C 5e (33)

[a] Yield of isolated product based on [Mo(CO)g]. [b] 2-Naph =2-naphthyl.
[c] Bis(2-naphthyl) ketone (9 %) was also obtained.

of 2¢, small amounts of dimer 5¢ (7 %) and bis(2-naphthyl)
ketone (9 %) were also obtained (entry 3, Table 1). However,
dimers 5 were the only products observed when starting from
carbene complexes 2d, e (entries 4, 5, Table 1) (Scheme 1).
Moreover, when the decomposition of 2a— ¢ was carried out in
the presence of benzaldehyde, formation of hydroxy ketones 4
was not observed but a mixture of diketones 3 and 1,2-
diphenyl-1,2-ethanediol was obtained.

A plausible pathway explaining the formation of the
products described above is shown in Scheme 2. Keeping in
mind that theoretical calculations carried out on boroxy
Fischer carbene complexes have shown a strong interaction
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Scheme 1. Preparation of difluoroboroxymolybdenum carbene complexes
2 and their evolution to dimerization products 3, 4, or 5.
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Scheme 2. Mechanism for the formation of dimerization products 3, 4, and
5.

between the molybdenum and the boron atom,®®! which could
be responsible for the cleavage of the otherwise strong
boron —oxygen bond, we can consider an equilibrium between
the difluoroboroxy Fischer carbene complexes 2 and the
acylmolybdenum complexes 6. Homolytic scission of the
carbon —molybdenum bond in 6 leads to the acyl radicals 7
and the radical species 8.1 The acyl radical 7 can subse-
quently undergo a dimerization process to afford the 1,2-
diketones 3. The formation of 1,2-hydroxyketones 4 can be
understood by considering the reaction of 3 and the radical
species 8 by a double electron transfer with release of
“Mo(CO)s”, giving the endiol derivatives 9. Hydrolysis of 9
would then afford the 1,2-hydroxy ketones 4. This electron
transfer process is avoided in the presence of benzaldehyde,
which acts as a trapping agent for the unpaired electron of the
radical species 8, generating the corresponding radical anion,

Abstract in Spanish: Los pentacarbonil acil molibdatos 1
reaccionan con trifluoruro de boro para dar lugar a los
complejos difluoroboroxicarbeno de Fischer 2, que, a tempe-
ratura ambiente, experimentan una perdida del fragmento
metdlico, originando 1,2-dicetonas 3, 1,2-hidroxicetonas 4 o
dimeros 5 a través de un proceso de dimerizacion o descarbo-
nilacion-dimerizacion de radicales acilo. La descomposicion
de 2 en presencia de los alquenos electronicamente deficientes
11 y 18 conduce a los productos de acoplamiento de dos, tres y
cuatro componentes 12, 13, 19, 20 y 21.
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which dimerizes to give rise to 1,2-diphenyl-1,2-ethanediol
after protonation. Formation of dimers 5 can be understood as
the result of decarbonylation'! of 7 and dimerization of the
radical species 10 thus obtained.

To explore the synthetic utility of this new reaction, we have
tried to trap the acyl radicals generated in this process with
electron-poor olefins. Thus, upon warming carbene complexes
2 in the presence of an excess of alkenes 11 (2-10 equiv) from
—60°C to room temperature, the expected formal Michael
addition products 12 were isolated (Scheme 3, and Table 2).['"]

o o R!
+ R! 1. -60 to 20°C +
2 \/\Z 4’2' H,0 R z R z
11 RY R" OH
12 13

Scheme 3. Coupling reactions of difluoroboroxymolybdenum carbene
complexes 2 and electron-poor olefins 11.

Table 2. Reaction of difluoroboroxymolybdenum carbene complexes 2
and alkenes 11 to give 1,4-difunctionalized compounds 12 and hydroxy
ketone derivatives 13.

Entry Starting R Alkene R!' Z Product  Yield
carbene [%]R
1 2a Bu 11a H COMe 12a 56
2 2b Ph 11a H COMe 12b 42
3 2¢ 2-Naph 11a H COMe 12¢ 41
4 2d (E)-PhCH=CH 1la H COMe 12d 37
5 2f c-CsHy 11a H COMe 12e 52
6 2a Bu 11b H CO,Me 121/13a 31/29
7 2b Ph 11b H CO,Me 12g 33
8 2d (E)-PhCH=CH 11b H CO,Me 12h 34
9 2a Bu 11c¢ Me CO,Me 12i 40
10 2a Bu 11d Ph CO,Et 12j 37
11 2a Bu 1le H CN 12k/13b 32/32
12 2b Ph 1le H CN 121 38

[a] Yield of isolated product based on [Mo(CO);].

In addition, starting from carbene complex 2a and olefins 11b
or 11e, hydroxy ketone derivatives 13a, b were respectively
isolated together with the corresponding Michael adducts 12 f
or 12k (Scheme3 and Table 2, entries6 and 11). It is
noteworthy that these hydroxy ketone derivatives 13 are the
result of a three-component coupling reaction into which two
fragments coming from the carbene complex and one derived
from the alkene have been incorporated. In contrast with the
observations of Soderberg et al.l’l in related systems, we have
never observed the formation of products with more than one
molecule of alkene in their structure, although a large excess
of olefin is used.

A plausible mechanism accounting for the formation of
products 12 as well as hydroxy ketone derivatives 13 is
outlined in Scheme 4. Firstly, direct addition of acyl radicals 7,
generated following the pathway shown in Scheme 2, to the
alkene 11 leads to radical intermediates 14.181 Further
electron transfer from 8 to intermediates 14 induces loss of
“Mo(CO)s” and formation of boron enolates 15. Hydrolysis of
15 leads to the formal 1:1 Michael addition products 12. The
lack of formation of adducts with more than one alkene in
their structure, when a large excess of electron-deficient
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Scheme 4. Mechanism explaining the formation of products 12 and 13.

olefins is used, can be attributed to the stabilizing interaction
between the boron atom and the oxygen atom of the carbonyl
group in 15, which prevents reaction with a second molecule
of the alkene. Otherwise, formation of 13 can be understood
by considering a second electron transfer from the radical
species 8 to the boron enolates 15, which affords the radical
intermediates 16.1') These intermediates 16 can react with
another molecule of acyl radical 7 to generate products 17,
which, after hydrolysis, lead to the hydroxy ketone derivatives
13. The fact that products 13 were only observed when alkenes
11b and 11e were used can be attributed to their lower
reactivity compared with 3-buten-2-one 11a. Thus we consid-
ered that the concentration of acyl radicals 7 and species 8
would be higher when olefins 11b or 1le were used as
trapping agents, allowing 8 to interact with the boron enolates
15. In addition, the reluctance to form 13 when alkenes with
R'+H (11¢, d) are used (Table 2, entries 9, 10), as well as
when the R group of the carbene complex 2 is alkenyl or a
bulky group (Table 2, entries 7, 8, 12) could be due either to
steric hindrance or to electronic effects, which prevent the
electron transfer from 8 to the ketone carbonyl group of 15.

A completely different outcome was observed when methyl
methacrylate 18 was used as trapping agent in the decom-
position of difluoroboroxymolybdenun carbene complexes 2.
In these cases only small amounts (<10%) of the Michael
adducts analogous to 12 were obtained and the main reaction
products were a mixture of the cyclohexanone derivatives 19
and the tricyclic compounds 20 (Scheme5 and Table 3).
Surprisingly, if the reaction described above is performed in
the presence of iodide anions, the cyclopentanedicarboxylate

o—AR
1. -60 to 20°C . —|~R
2.H,0
2 MeO,C Me
MeO,C
+ 20
)\COZMe | CO\\ZMe (?COZMe
1. -60 to 20°C . .
18 1. -60 to 20°C_
2. H,0 ' * '
MeO,C7 2 Me0,C7 2
R OH R OH
21maj 21min

Scheme 5. Three- and four-component coupling reaction of difluorobor-
oxymolybdenum carbene complexes 2 and methyl methacrylate 18.

1932
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Table 3. Reaction of difluoroboroxymolybdenum carbene complexes 2
and methyl methacrylate 18 to give compounds 19, 20, and 21.

Entry Starting carbene R Todide Product Yield [% ]
1 2a Bu 19a/20a 36/30

2 2g Pr 19b/20b 40/25

3 2h n-CeH,, 19¢ 52

4 2a Bu Nall!  21a-maj/min 36/13

5 2¢g Pr Nal 21b-maj/min 35/12

6 2h n-CgH,; Nal 21c-maj/min  34/10

7 2i n-CHs Nal  21d-majimin 37/12

[a] Yield of isolated product based on [Mo(CO)g]. [b] The reaction has also
been carried out with Lil and KI and yields and diastereoisomeric ratio
were very similar.

derivatives 21 were isolated as a mixture of diastereoisomers
(Scheme 5 and Table 3). To determine the influence on other
anions in the outcome of the reaction, a set of experiments
were carried out using F~, Cl~, and Br~. In all of these cases, 19
and 20 were the only products obtained and no trace of 21 was
detected. Also, the formation of compounds 19, 20, or 21 is
only observed when the R groups in difluroboroxymolybde-
num carbene complexes 2 are primary alkyl groups. In
contrast, if the reaction is carried out with 2f (R =c-CsHy)
we have only observed the formation of the Michael adduct
methyl 4-cyclopentyl-2-methyl-4-oxo-butanoate (54 % ), anal-
ogous to 12. The structure and relative configuration of the
generated stereocenters of 19, 20, 21maj, and 21min were
unequivocally determined by two-dimensional (COSY,
HMQC, HMBC, and NOESY) NMR spectral analysis.
Importantly, compounds 19 and 20 are the products of a
four-component coupling reaction, two fragments coming
from the carbene complex 2 and the other two coming from
methyl methacrylate 18. On the other hand, cyclopentanedi-
carboxylate derivatives 21 are the products of a three-
component coupling reaction, two fragments coming from
methyl methacrylate 18 and the other one coming from the
carbene complex 2. Also remarkable is the stereoselectivity
found in the formation of 19 and 21, where only two of the
four possible diastereoisomers are obtained (20 can be
considered as a diastereoisomer of 19).

Although we have no firm evidence regarding the course of
the reaction leading to 19, 20, and 21, a tentative, plausible
mechanism is outlined in Scheme 6. All of the steps involved
in this mechanism have been reported in the literature for
related reactions. An initial addition of acyl radicals 7 to
methyl methacrylate 18 results in the formation of the tertiary
radicals 22.I'8! These radicals 22, which are more stable than
secondary radicals such as 14 (Scheme 4), collapse with a
second molecule of acyl radical 7 to form the tricarbonyl
compounds 23. Further electron transfer from 8 to the most
accessible carbonyl group of 23 produces ketyl radicals 24,['"]
which can add to another molecule of methyl methacrylate 18,
giving rise to new radical intermediates 25.2°1 A ring-closing
reaction?!! leads to cyclohexane derivatives 26, which form 27
after electron transfer from 8. Final hydrolysis of these
intermediates furnishes 19 and 20 (Scheme 6, pathway a).
Formation of 19 or 20 seems to depend on the relative
stereochemistry of the new chiral centers generated in the
reaction.
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Scheme 6. Proposed mechanism for the generation of coupling products 19, 20, and 21.

For the formation of 1,3-cyclopentanedicarboxylate deriv-
atives 21, we propose the mechanism outlined in Scheme 6,
pathway b. We first consider the formation of tertiary radicals
22 as described above, but now these intermediates 22 are
added to an additional molecule of methyl methacrylate 18 to
form new tertiary radicals 28. A ring-closing reaction®! leads
to 29, which produces 30 after electron transfer from 8. Final
hydrolysis of 30 generates the cyclopentanedicarboxylate
derivatives 21. It is reasonable to assume a tight-radical
structure for species 8 which would explain the long lifetime
that allows it to participate in the different steps of the
process.

As has been described above, the outcome of the reaction
between difluoroboroxymolybdenum carbene complexes 2
and methyl methacrylate 18 is strongly dependent on the
presence of iodide anions. The role of the iodide in these
reactions is not clear, but it is reasonable to think that it is
involved in the formation of acyl radicals 7, especially in
controlling their concentration in the reaction media. Thus, if
the concentration of 7 is high enough, the radical intermedi-
ates 22 can interact with it to produce compounds 19 and 20
(Scheme 6, pathway a). In contrast, if the concentration of
acyl radicals 7 is lower, presumably in the presence of iodide,
intermediates 22 can be added to methyl methacrylate 18,
ultimately affording the cyclopentanedicarboxylate deriva-
tives 21 (Scheme 6, pathway b). Finally, the reluctance to form
the three- and four-component coupling products when R are
secondary alkyl groups could be understood, on the basis of
the proposed mechanism, as the result of the steric hindrance
of the R group in the reaction of 22 with either 7 or 18.
Instead, electron transfer from 8, followed by hydrolysis, is
preferred and the Michael adduct is generated.

Conclusion

We have described a simple method of generating acyl
radicals from difluoroboroxy Fischer carbene complexes
under very mild reaction conditions and in the absence of
an oxidant. These acyl radicals undergo dimerization to give
1,2-diketones or dimerization followed by reduction to afford
1,2-hydroxy ketones. Additionally, the acyl radicals can be
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trapped with electron-poor olefins, leading to 1,4-addition
products or in some cases hydroxy ketones, which incorporate
two fragments from the carbene complex and one from the
alkene. Furthermore, the reaction of difluoroboroxymolyb-
denum carbene complexes with methyl methacrylate results
in the formation of three- or four-component coupling
products, depending on the reaction conditions, with a high
degree of diastereoselectivity. All of these products are highly
functionalized and are easily obtained starting from simple
and easily available reagents.

Experimental Section

General: All reactions involving organometallic species were carried out
under an atmosphere of dry N,, using oven-dried glassware and syringes.
TLC was performed on aluminum-backed plates coated with silica gel 60
with Fs, indicator (Merck). Flash column chromatography was carried out
on silica gel 60, 230—240 mesh (Sds). Melting points were obtained on a
Biichi - Tottoli apparatus with open capillary tubes and are uncorrected. 'H
(3C) NMR spectra were recorded at 200 (50), 300 (75), or 400 (100) MHz
with tetramethylsilane (6 = 0.0, '"H NMR) and CDCl; (6 =770, 3C NMR)
as internal standards. Low-resolution electron impact mass spectra (EI-
LRMS) were obtained at 70 eV on an HP 5987A instrument, and the
intensities are reported as a percentage relative to the base peak after the
corresponding m/z value. High-resolution mass spectra (HRMS) were
determined on a Finnigan MAT95 spectrometer. Elemental analyses were
performed with a Perkin Elmer elemental analyzer. All commercially
available reagents were used without further purification unless otherwise
indicated. Solvents were distilled under positive pressure of dry N, before
use: Et,0 from sodium benzophenone ketyl.

Pentacarbonyl [difluroboroxy(phenyl)methylene]molybdenum (2b): To a
well-stirred suspension of molybdenum hexacarbonyl (0.80 g, 3 mmol) in
dry diethyl ether (30 mL), an ethereal solution of phenyllithium (3 mmol)
was added at 0°C and the solution was stirred for 1 h at room temperature.
The solution was cooled to —60°C and BF;- OEt, (0.36 mL, 3 mmol) was
added. The resulting mixture was stirred under nitrogen at —60°C for
15 min and then at —30°C for 1 h. The solvent was removed under vacuum
(0.1 mmHg) at low temperature (—30°C), yielding the carbene complex
2b, as a diethyl ether complex. It was rapidly characterized without any
further purification. *C NMR (75 MHz, CDCl,): 6 =3479, 215.2, 206.3,
1574, 130.8, 1274, 124.8, 65.6, 14.5.

General procedure for the synthesis of diketones 3 and hydroxy ketones 4
or dimers 5: A solution of the pentacarbonyl acyl molybdate 1 in diethyl
ether (30 mL) was obtained by reaction of molybdenum hexacarbonyl
(0.80 g, 3 mmol) and the organolithium reagent (3 mmol) at —60°C. BF;-
OEt, (0.36 mL, 3 mmol) was slowly added and the resulting mixture was
allowed to warm up to room temperature overnight. The mixture was
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hydrolyzed with water and extracted with diethyl ether (3 x 10 mL). The
combined organic layers were dried over anhydrous Na,SO,. The solvent
was removed under vacuum and the residue was purified by flash column
chromatography (hexane:ethyl acetate) to afford products 3 and 4 or 5.
Spectral data for 3b, 4b, 5d, and Se were in complete accordance with
those of samples of commercially available products and spectral data for
3a,213¢,»1 42,2 4¢,) and 5?9 were in agreement with literature values.

General procedure for the synthesis of compounds 12 and 13: A solution of
the pentacarbonyl acyl molybdate 1 in diethyl ether (30 mL) was obtained
by reaction of molybdenum hexacarbonyl (0.80¢g, 3 mmol) and the
organolithium reagent (3 mmol) at —60°C. BF;- OEt, (0.36 mL, 3 mmol)
was slowly added. The solution was stirred at —60 °C for 15 min and then an
excess of the corresponding alkene 11 (2-10equiv) was added. The
resulting mixture was allowed to warm up to room temperature overnight.
The mixture was hydrolyzed with water and extracted with diethyl ether
(3x10mL). The combined organic layers were dried over anhydrous
Na,SO,. The solvent was removed under vacuum and the residue was
purified by flash column chromatography (hexane:ethyl acetate) to afford
products 12 and 13. Spectral data for 12a and 12b were in complete
accordance with literature values.?2]

1-(2-Naphthyl)-1,4-pentanedione (12¢): Reaction of [Mo(CO),] (0.80 g,
3 mmol) in diethyl ether (30 mL) with naphthyllithium (6 mL of a 0.5M
solution in diethyl ether, 3 mmol) was followed by addition of BF;- OEt,
(0.36 mL, 3 mmol) and 3-buten-2-one 11a (0.48 mL, 6 mmol). Work-up as
described in the general procedure above produced 12¢ (0.28 g) as a
colorless oil. R;=0.12 (hexane/ethyl acetate 5:1); 'H NMR (200 MHz,
CDCL): 6 =2.22 (s, 3H; Me), 2.88 (t, J = 6.2 Hz, 2 H; CH,CO), 3.32 (t, ] =
6.2 Hz, 2H; CH,CO), 725-8.5 (m, 7H; ArH); *C NMR (50 MHz, CDCL,):
0=207.3, 198.2, 135.2, 133.5, 132.1, 129.5, 129.2, 128.1, 1274, 126.4, 123.4,
36.7,32.1,29.7; HRMS (70 eV, EI): calcd for C;sH,,0, [M*] 226.1004, found
226.0994; elemental analysis (%) caled for C;sH,0,: C 79.62, H 6.24;
found: C 79.93, H 6.10.

(E)-7-Phenyl-6-hepten-2,5-dione (12d): Reaction of [Mo(CO),] (0.80 g,
3 mmol) in diethyl ether (30 mL) with (E)-2-phenylethenyllithium (10 mL
of a 0.3Mm solution in diethyl ether, 3 mmol) was followed by addition of
BF;- OEt, (0.36 mL, 3 mmol) and 3-buten-2-one 11a (0.48 mL, 6 mmol).
Work-up as described above yielded 12d (0.22 g) as a colorless oil. R;= 0.22
(hexane/ethyl acetate 3:1); 'H NMR (300 MHz, CDCl;): 6 =2.22 (s, 3H;
Me), 2.81 (t, J=6.4 Hz, 2H; CH,CO), 2.97 (t, J=6.4 Hz, 2H; CH,CO),
6.75 (d, J=16.3 Hz, 1H; =CHCO), 735-75 (m, 5H; ArH), 7.58 (d, /=
16.3 Hz, 1 H; =CHPh); C NMR (75 MHz, CDCl;): 6 =207.2, 198.3, 142.6,
134.2,130.3,128.7,128.1, 125.7, 36.8, 34.0, 29.8; HRMS (70 eV, EI): calcd for
C3H,,0, [M*] 202.0999, found 202.0993; elemental analysis (%) caled for
C;H,,0,: C 77.20, H 6.98; found: C 77.33, H 6.81.

1-Cyclopentyl-1,4-pentanedione (12e): Reaction of [Mo(CO), (0.80 g,
3 mmol) in diethyl ether (30 mL) with cyclopentyllithium (10 mL of a 0.3m
solution in hexane, 3 mmol) was followed by addition of BF;-OEt,
(0.36 mL, 3 mmol) and 3-buten-2-one 11a (0.48 mL, 6 mmol). Work-up
as above yielded 12e (0.26 g) as a colorless oil. R;=0.30 (hexane/ethyl
acetate 5:1); '"H NMR (200 MHz, CDCl;): 6 =1.45-1.90 (m, 8H; 4 x CH,
aliphatic ring), 2.17 (s, 3H; Me), 2.68-2.70 (m, 4H; 2 x CH,CO), 2.88
(quintuplet, /=79 Hz, 1H; CH); 3C NMR (50 MHz, CDCl;): 6 =211.7,
207.3,51.1,36.7, 35.0, 29.8, 28.7, 25.8; HRMS (70 eV, EI): calcd for C,,H;0,
[M*] 168.1150, found 168.1149; elemental analysis (%) calcd for C,;H,s0,:
C 71.39, H 9.59; found: C 71.35, H 9.66.

Methyl 4-oxooctanoate (12f) and methyl 4-butyl-4-hydroxy-5-oxonona-
noate (13a): Reaction of [Mo(CO)s] (0.80 g, 3 mmol) in diethyl ether
(30 mL) with butyllithium (1.87 mL of a 1.6 M solution in hexanes, 3 mmol)
was followed by addition of BF;-OEt, (0.36 mL, 3 mmol) and methyl
acrylate 11b (2.7 mL, 30 mmol). Work-up as above yielded 12 f (0.16 g) and
13a (0.22 g) as colorless oils.

12f: R,=0.42 (hexane/ethyl acetate 5:1); "H NMR (300 MHz, CDCl,): 6 =
0.89 (t,/=71Hz, 3H; MeC), 1.22-1.41 (m, 2H; CH,CHj;), 1.51-1.62 (m,
2H; CH,CH,Me), 2.43 (t,J =73 Hz, 2H; CH,CO), 2.56 (t,/ = 6.4 Hz, 2H;
CH,CO), 2.71 (t, J=6.4 Hz, 2H; CH,CO), 3.66 (s, 3H; MeO); *C NMR
(75 MHz, CDCL,): 6 =209.0, 173.3, 51.6, 42.3, 36.8, 27.6, 25.7, 22.2, 13.7.
LRMS (70 eV, El): m/z (%): 141 (50) [M*—31], 130 (77), 115 (100), 98
(82), 85 (90), 57 (98); HRMS (70 eV, EI): calcd for CgH;0, [M*—31]
141.0922, found 141.0915.
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13a: R,=0.36 (hexane/ethyl acetate 5:1); 'H NMR (300 MHz, CDCl;): 6 =
0.89 (t, J=6.8 Hz, 3H; MeC), 0.92 (t, J = 6.8 Hz, 3H; MeC), 1.19-148 (m,
4H; 2 x CH,), 1.50-1.78 (m, 4H; 2 x CH,), 1.97-2.17 (m, 4H; 2 x CH,),
2.30-2.55 (m, 4H; 2 x CH,), 3.68 (s, 3H; MeO), 3.97 (brs, 1H; OH);
BCNMR (75 MHz, CDCl;): 6 =213.9,173.7,80.5, 51.6, 38.3, 35.6,33.4,28.2,
25.4, 252, 22.8, 22.2, 13.8; HRMS (70 eV, EI): calcd for C,H,0, [M*]
258.1831, found 258.1831; elemental analysis (%) caled for C,;H,,0,: C
65.09, H 10.14; found: C 65.14, H 10.11.

Methyl 4-oxo-4-phenylbutanoate (12g): Reaction of [Mo(CO),] (0.80 g,
3 mmol) in diethyl ether (30 mL) with phenyllithium (6 mL of a 0.5m
solution in diethyl ether, 3 mmol) was followed by addition of BF;- OEt,
(0.36 mL, 3 mmol) and methyl acrylate 11b (2.7 mL, 30 mmol). Work-up as
above yielded 12g (0.19 g) as a colorless oil. R;= 0.20 (hexane/ethyl acetate
5:1); 'H NMR (300 MHz, CDCl,): 6 =2.75 (t,J = 6.5 Hz, 2H; CH,), 3.31 (t,
J=6.5Hz, 2H;, CH,), 470 (s, 3H; Me), 7.20-8.10 (m, 5H; ArH); HRMS
(70 eV, EI): calcd for C;;H;,05 [M*] 192.0786, found 192.0788; elemental
analysis (%) calcd for C;;H;,05: C 68.74, H 6.29; found: C 68.79, H 6.21.

Methyl (E)-6-phenyl-5-hexenoate (12h): Reaction of [Mo(CO),] (0.80 g,
3 mmol) in diethyl ether (30 mL) with (E)-2-phenylethenyllithium (10 mL
of a 0.3M solution in diethyl ether, 3 mmol) was followed by addition of
BF;- OEt, (0.36 mL, 3 mmol) and methyl acrylate 11b (2.7 mL, 30 mmol).
Work-up as above led to 12h (0.22 g) as a colorless oil. R,=0.20 (hexane/
ethyl acetate 5:1); 'H NMR (300 MHz, CDCl;): 6 =2.70 (t,/ = 6.4 Hz, 2H;
CH,), 3.02 (t,/=6.4 Hz, 2H; CH,), 3.70 (s, 3H; Me), 6.75 (d, J=16.4 Hz,
1H;=CHCO), 7.20-7.55 (m, 5H; ArH), 7.60 (d, /= 16.4 Hz, 1 H; =CHPh);
BC NMR (75 MHz, CDCLy): =197.8, 173.2, 142.8, 134.2, 130.4, 128.8,
128.2,125.6, 51.6, 35.1, 27.7; LRMS (70 eV, EI): m/z (%): 218 (8) [M ], 187
(15), 131 (100), 103 (50); HRMS (70 eV, EI): caled for C;3sH,,0; [M1]
218.0951, found 218.0943.

Methyl 3-methyl-4-oxooctanoate (12i): Reaction of [Mo(CO)4] (0.80 g,
3 mmol) in diethyl ether (30 mL) with butyllithium (1.87 mL of a 1.6m
solution in hexanes, 3 mmol) was followed by addition of BF;-OEt,
(0.36 mL, 3 mmol) and methyl crotonate 11¢ (3 mL, 30 mmol). Work-up
as above yielded 12i (0.22 g) as a colorless oil. R,=0.50 (hexane/ethyl
acetate 5:1); 'H NMR (300 MHz, CDCl;): 6=0.83 (t, /=73 Hz, 3H;
MeCH,), 1.10 (d, J=6.9 Hz, 3H; MeCH), 1.18-1.32 (m, 2H; MeCH,),
1.44-1.60 (m, 2H; MeCH,CH,), 2.23 (dd, J =16.8, 5.1 Hz, 1 H; CHHCO,),
2.37-2.45 (m, 2H; CH,CO), 2.72 (dd, J=16.8, 9.0 Hz, 1H; CHHCO,),
2.89-3.01 (m, 1H; CH), 3.59 (s, 3H; MeO); *C NMR (75 MHz, CDCL):
0=212.8, 172.6, 51.4, 41.8, 40.6, 36.5, 25.4, 22.1, 16.5, 13.6; LRMS (70 ¢V,
EI): m/z (%): 186 (2) [M*], 155 (35), 144 (45), 85 (100), 57 (98); HRMS
(70 eV, EI): caled for C;oH ;305 [M*] 186.1257, found 186.1256.

Ethyl 4-oxo-3-phenyloctanoate (12j): Reaction of [Mo(CO), (0.80 g,
3 mmol) in diethyl ether (30 mL) with butyllithium (1.87 mL of a 1.6m
solution in hexanes, 3 mmol) was followed by addition of BF;-OEt,
(0.36 mL, 3 mmol) and ethyl cynnamate 11d (2.5 mL, 15 mmol). Work-up
as above yielded 12j (0.29 g) as a colorless oil. R,=0.60 (hexane/ethyl
acetate 5:1); '"H NMR (300 MHz, CDCL;): 6 =0.80 (t, /=73 Hz, 3H; Me),
1.21 (t, /=73 Hz, 3H; Me), 1.41-1.58 (m, 4H; 2 x CH,C), 2.38-2.50 (m,
2H; CH,CO), 2.52 (dd, J=16.8, 4.7 Hz, 1 H; CHHCO,), 3.21 (dd, J =16.8,
10.1 Hz, 1H; CHHCO,), 4.09 (q,J =73 Hz,2H; CH,0), 4.17 (dd, J=10.1,
4.7, 1H; CH), 7.16-7.36 (m, 5H; ArH); *C NMR (75 MHz, CDCL): 6 =
209.0, 172.0, 137.5, 128.9, 128.1, 127.5, 60,5, 54.0, 41.1, 37.0, 25.6, 21.9, 145.0,
13.6; HRMS (70 eV, EI): calcd for C;sH,,0; [M*] 262.1569, found 262.1573;
elemental analysis (%) calcd for C;¢H,,05: C 73.25, H 8.45; found: C 73.31,
H 8.39.

4-Oxooctanenitrile (12k) and 4-butyl-4-hydroxy-5-oxononanenitrile (13b):
Reaction of [Mo(CO),] (0.80 g, 3 mmol) in diethyl ether (30 mL) with
butyllithium (1.87 mL of a 1.6 M solution in hexanes, 3 mmol) was followed
by addition of BF; - OEt, (0.36 mL, 3 mmol) and acrylonitrile 11e (1.96 mL,
30 mmol). Work-up as above yielded 12k (0.13 g) and 13b (0.21 g) as
colorless oils.

12k: R;=0.22 (hexane/ethyl acetate 5:1); '"H NMR (300 MHz, CDCl;): 6 =
0.90 (t, /=7.3 Hz, 3H; Me), 1.28 (sextuplet, /=73 Hz, 2H; CH,Me), 1.57
(quintuplet, J =7.3 Hz, 2H; CH,CH,Me), 2.44 (t,J =7.3 Hz, 2H; CH,CO),
2.57 (t,J =73 Hz, 2H; CH,CO), 2.78 (t,J = 7.3 Hz, 2 H; CH,CN); *C NMR
(75 MHz, CDCl,): 6 =206.3, 119.0, 42.0, 37.5, 25.6, 22.1, 13.6, 11.2; HRMS
(70 eV, EI): caled for CgH,;sNO (M*) 139.1000, found 139.0990.

13b: R,=0.25 (hexane/ethyl acetate 5:1); '"H NMR (300 MHz, CDCL): 6 =
0.89 (t, J=6.8 Hz, 3H; Me), 0.92 (t, J=6.8 Hz, 3H; Me), 1.19-1.78 (m,
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10H; 5x CH,), 2.02-2.22 (m, 4H; 2x CH,), 2.50 (t, /=74 Hz, 2H;
CH,CO), 4.00 (brs, 1H; OH); *CNMR (75 MHz, CDCl;): 6 =212.8,119.2,
79.9, 379, 35.7,33.9,25.3,25.0,22.8,22.1, 13.7, 11.4; LRMS (70 eV, EI): m/z
(%): 224 (4) [M* —1], 140 (100), 85 (40), 57 (52), 41 (60); HRMS (70 eV,
EI): caled for C3H,NO, [M* — 1] 224.1650, found 224.1648.

4-Oxo-4-phenylbutanenitrile (121): Reaction of [Mo(CO)s] (0.80 g,
3 mmol) in diethyl ether (30 mL) with phenyllithium (6 mL of a 0.5m
solution in diethyl ether, 3 mmol) was followed by addition of BF;- OEt,
(0.36 mL, 3 mmol) and acrylonitrile 11e (1.96 mL, 30 mmol). Work-up as
above yielded 121 (0.18 g) as a colorless oil. R;=0.20 (hexane/ethyl acetate
5:1); '"H NMR (300 MHz, CDCl,): 6 =2.77 (t, /=74 Hz, 2H; CH,CO),
3.38 (t, /=74 Hz, 2H; CH,CN), 7.00-8.20 (m, 5H; ArH); *C NMR
(75 MHz, CDCly): 6 =195.3, 135.5, 133.8, 128.8, 1279, 119.1, 34.2, 11.7;
LRMS (70 eV, EI): m/z (%): 159 (12) [M*], 105 (100), 77 (83); HRMS
(70 eV, EI): caled for C,(HoNO [M] 159.0676, found 159.0684.

Synthesis of methyl 4-cyclopentyl-2-methyl-4-oxo-butanoate: A solution of
the pentacarbonyl acyl molybdate 1 in diethyl ether (30 mL) was obtained
by reaction of molybdenum hexacarbonyl (0.80 g, 3 mmol) and cyclo-
pentyllithium (10 mL of a 0.3m solution in hexane, 3 mmol) at —60°C.
BF;- OEt, (0.36 mL, 3 mmol) was slowly added, the solution was stirred at
—60°C for 15 min, and then an excess of methyl methacrylate 18 (3 g,
30 mmol) was added. The resulting mixture was allowed to warm up to
room temperature overnight. The mixture was hydrolyzed with water and
extracted with diethyl ether (3 x 10 mL). The combined organic layers were
dried over anhydrous Na,SO,. The solvent was removed under vacuum and
the residue was purified by flash column chromatography (hexane:ethyl
acetate) to afford methyl 4-cyclopentyl-2-methyl-4-oxo-butanoate (0.32 g,
54%) as a colorless oil. R;=0.35 (hexane/ethyl acetate 5:1); 'H NMR
(300 MHz, CDCl;): 6 =1.11 (d, J=7.0 Hz, 3H; MeC), 1.40-1.85 (m, 8H;
4 x CH, aliphatic ring), 2.46 (dd, J =20.6, 8.4 Hz, 1H; CHHCO), 2.71-2.95
(m, 3H; CHHCO and 2 x CHCO), 3.60 (s, 3H; MeO); 3C NMR (75 MHz,
CDCl;): 6=210.7,176.1,51.5,51.0, 44.6, 34.3,28.4,25.7,16.8; HRMS (70 eV,
EI): caled for C,;H;3O; [M*] 198.1256, found 198.1260; elemental analysis
(%) calced for C;{H3O5: caled C 66.64, H 9.15; found C 66.69, H 9.11.

General procedure for the synthesis of compounds 19 and 20: A solution of
the pentacarbonyl acyl molybdate 1 in diethyl ether (30 mL) was obtained
by reaction of molybdenum hexacarbonyl (0.80¢g, 3 mmol) and the
organolithium reagent (3 mmol) at —60°C. BF;- OEt, was slowly added
(0.36 mL, 3 mmol), the solution was stirred at —60°C for 15 min, and then
an excess of methyl methacrylate 18 (3 g, 30 mmol) was added. The
resulting mixture was allowed to warm up to room temperature overnight.
The mixture was hydrolyzed with water and extracted with diethyl ether
(3 x10mL). The combined organic layers were dried over anhydrous
Na,SO,. The solvent was removed under vacuum and the residue was
purified by flash column chromatography (hexane:ethyl acetate) to afford
products 19 and 20.

Methyl (1R*, 3R*, 5§*)-5-butyl-5-hydroxy-1,3-dimethyl-2-o0xo-3-(1-o0xo-
pentyl)cyclohexanecarboxylate (19a) and methyl (15*, 3R*, SR*, 6R*,
9R*)-1,3-dibutyl-5-methoxy-6,9-dimethyl-2,4-dioxa-9-tricyclo[3.2.2.0*¢]no-
nanecarboxylate (20a): Reaction of [Mo(CO),] (0.80 g, 3 mmol) in diethyl
ether (30 mL) with butyllithium (1.87 mL of a 1.6M solution in hexanes,
3 mmol) was followed by addition of BF;-OEt, (0.36 mL, 3 mmol) and
methyl methacrylate 18 (3 g, 30 mmol). Work-up as above yielded 19a
(0.37 g) and 20a (0.32 g) as colorless oils.

19a: R,=0.25 (hexane/ethyl acetate 5:1); "H NMR (400 MHz, CDCl;) 6 =
0.89 (t, J=5.6 Hz, 3H; MeCH,), 0.90 (t, J=5.6 Hz, 3H; MeCH,), 1.02—
1.70 (m with 2s at 1.12 and 1.38, 16 H; 5 x CH, and 2 x MeC), 2.20 (d, /=
142 Hz, 1H; CHHCCO,), 2.38-2.50 (m, 2H; CH,CO), 2.61 (d, /=
14.2 Hz, 1H; CHHCCO,), 2.62 (d, J=19.0 Hz, 1H; CHHCCO), 3.01 (d,
J=19.0 Hz, 1H; CHHCCO), 3.71 (s, 3H; MeO), 4.08 (brs, 1H; OH);
3C NMR (100 MHz, CDCly): 6 =215.8, 211.9, 173.1, 76.9, 56.4, 55.4, 52.8,
47.7,43.0,41.3,37.8,25.7,25.2,23.0, 22.0, 19.0, 13.9, 13.6; HRMS (70 eV, EI):
caled for CgH;,05 [M*] 340.2250, found 340.2250; elemental analysis (%)
calcd for C;iH4,O5: C 67.03, H 9.47; found C 67.14, H 9.39.

20a: R,=0.55 (hexane/ethyl acetate 5:1); '"H NMR (400 MHz, CDCLy): 6 =
0.88 (t, J=5.8 Hz, 3H; MeCH,), 0.90 (t, J=5.8 Hz, 3H; MeCH,), 1.12 (s,
3H; MeCBu), 1.20-1.40 (m with s at 1.32, 13H; 5 x CH, and MeCCO,),
142 (d, J=14.6Hz, 1H; CHHCCO,Me), 158 (d, /J=99Hz, 1H;
CHHCCBu), 1.71 (d, J=9.9Hz, 1H; CHHCCBu), 1.72-1.76 (m, 2H;
CH,COO0), 3.02 (d,/=14.6 Hz, 1H; CHHCCO,Me), 3.44 (s, 3H; CO,Me),
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3.68 (s, 3H; MeO); *C NMR (100 MHz, CDCl;) 6 =175.0, 111.3, 106.9,
87.9,58.1,54.3,51.7,50.8, 42.8, 41.8, 34.5, 30.9, 26.5, 25.3,23.7,23.3,22.7,13.9,
13.8, 10.9; HRMS (70 eV, EI): calcd for C,yH3,05 [M*] 354.2406, found
354.2411; elemental analysis (% ) calcd for C,yH3,05: C 67.77, H 9.67; found:
C 67.90, H 9.59.

Methyl (1R*, 3R*, 585%)-5-hydroxy-1,3-dimethyl-2-ox0-3-(1-oxobutyl)-5-
propyl cyclohexanecarboxylate (19b) and methyl (18*, 3R*, SR*, 6R*,
9R*)-5-methoxy-6,9-dimethyl-1,3-dipropyl-2,4-dioxa-9-tricycle[ 3.2.2.03¢]-
nonanecarboxylate (20b): Reaction of [Mo(CO),] (0.80 g, 3 mmol) in
diethyl ether (30 mL) with propyllithium (10 mL of a 0.3Mm solution in
hexane, 3 mmol) was followed by addition of BF;- OEt, (0.36 mL, 3 mmol)
and methyl methacrylate 18 (3 g, 30 mmol). Work-up as above yielded 19b
(0.37 g) and 20b (0.24 g) as colorless oils.

19b: R,=0.25 (hexane/ethyl acetate 5:1); "H NMR (400 MHz, CDCL,): 6 =
0.89 (t, J=5.6 Hz, 3H; MeCH,), 0.90 (t, J=5.6 Hz, 3H; MeCH,), 1.02—
1.70 (m with 2s at 1.15 and 1.38, 12H; 3 x CH, and 2 x MeC), 2.17 (d, J =
142 Hz, 1H; CHHCCO,), 2.35-2.42 (m, 2H; CH,CO), 2.59 (d, J=
14.2 Hz, 1H; CHHCCO,), 2.60 (d, /=19.0 Hz, 1H; CHHCCO), 2.97 (d,
J=19.0 Hz, 1H; CHHCCO), 3.68 (s, 3H; MeO), 4.08 (brs, 1H; OH);
3C NMR (100 MHz, CDCl,): 6 =215.8, 211.7, 173.0, 76.5, 56.3, 55.3, 52.8,
476,45.1,41.2,40.4,21.9,18.9,17.1, 16.3, 14.4, 13.4; LRMS (70 eV, EI): m/z
(%): 312 (2) [M*], 294 (17), 241 (38), 235 (68), 223 (52), 165 (88), 129 (80),
69 (100); HRMS (70 eV, EI): caled for C;H,O5 [M*] 312.1936, found
312.1938.

20b: R;=0.55 (hexane/ethyl acetate 5:1); '"H NMR (400 MHz, CDCLy): 6 =
0.88 (t, J=5.8 Hz, 3H; MeCH,), 0.90 (t, J=5.8 Hz, 3H; MeCH,), 1.13 (s,
3H; MeCPr), 131 (s, 3H; MeCCO,), 1.32-1.55 (m with d at 142, J=
14.6 Hz, 7H; 3xCH, and CHHCCO,Me), 158 (d, J=99Hz, 1H;
CHHCCPr), 1.67-1.74 (m with d at 1.70, J=9.9 Hz, 3H; CH,COO and
CHHCCPr), 3.02 (d, J=14.6 Hz, 1H; CHHCCO,Me), 3.44 (s, 3H;
CO,Me), 3.69 (s, 3H; MeO); C NMR (100 MHz, CDCl;): 6 =175.0,
111.3, 106.8, 87.9, 58.1, 54.3, 51.7, 50.8, 42.8, 41.8, 37.1, 33.3, 23.7, 17.8, 16.5,
14.7,14.2,10.9; HRMS (70 eV, EI): caled for C gH;,05 (M*) 326.2093, found
326.2094; elemental analysis (%) caled for C;gH3,05: C 66.23, H 9.26;
found: C 66.29, H 9.19.

Methyl (1R*, 3R*, 55%*)-5-hydroxy-1,3-dimethyl-5-octyl-2-oxo-3-(1-oxobu-
tyl)cyclohexanecarboxylate (19 ¢): Reaction of [Mo(CO),] (0.80 g, 3 mmol)
in diethyl ether (30 mL) with octyllithium (10 mL of a 0.3M solution in
hexane, 3 mmol) was followed by addition of BF; - OEt, (0.36 mL, 3 mmol)
and methyl methacrylate 18 (3 g, 30 mmol). Work-up as above led to 19¢
(0.70 g) as a colorless oil. R,=0.27 (hexane/ethyl acetate 5:1); 'H NMR
(300 MHz, CDCl;): 6 =0.86 (t,J =5.6 Hz, 3H; MeCH,), 0.87 (t,/=5.6 Hz,
3H; MeCH,), 1.02-1.75 (m with 2s at 1.13 and 1.41,32H; 13 x CH, and 2 x
MeC),2.20 (d, /=142 Hz, 1H; CHHCCO,), 2.38-2.48 (m, 2H; CH,CO),
2.62 (d, J=142Hz, 1H; CHHCCO,), 2.63 (d, J=19.0Hz, 1H;
CHHCCO), 3.00 (d, J=19.0Hz, 1H; CHHCCO), 3.70 (s, 3H; MeO),
4.10 (brs, 1H; OH); *C NMR (75 MHz, CDCL,): 6 =215.8, 212.0, 173.1,
76.5, 56.5, 55.4, 52.9, 477, 43.3, 41.3, 38.2, 31.7, 31.6, 30.0, 29.4, 29.2, 29.1,
29.0,23.8,23.0,22.5,22.0, 19.0, 13.9; HRMS (70 eV, EI): calcd for C,;H 505
[M*] 452.3502, found 452.2505; elemental analysis (%) calcd for C,;H,405:
C 71.64, H 10.69; found: C 71.74, H 10.57.

General procedure for the synthesis of compounds 21: A solution of the
pentacarbonyl acyl molybdate 1 in diethyl ether (30 mL) was obtained by
reaction of [Mo(CO)s] (0.80 g, 3 mmol) and the organolithium reagent
(3 mmol) at —60°C. BF;- OEt, (0.36 mL, 3 mmol) was slowly added, the
solution was stirred at —60°C for 15 min, and then an excess of methyl
methacrylate 18 (3 g, 30 mmol) and sodium iodide®) (0.9 g, 6 mmol) was
added. The resulting mixture was allowed to warm up to room temperature
overnight. The mixture was hydrolyzed with water and extracted with
diethyl ether (3 x 10 mL). The combined organic layers were dried over
anhydrous Na,SO,. The solvent was removed under vacuum and the
residue was purified by flash column chromatography (hexane:ethyl
acetate) to afford products 21.

Dimethyl (15*, 2R*, 4R*)-4-butyl-4-hydroxy-1,3-dimethyl-1,3-cyclopenta-
nedicarboxylate (21a-maj) and dimethyl (1S*, 2R*, 45%)-4-butyl-4-hy-
droxy-1,3-dimethyl-1,3-cyclopentanedicarboxylate (21a-min): Reaction of
[Mo(CO)4] (0.80 g, 3 mmol) in diethyl ether (30 mL) with butyllithium
(1.87 mL of a 1.6 M solution in hexanes, 3 mmol) was followed by addition of
BF;- OEt, (0.36 mL, 3 mmol), methyl methacrylate 18 (3 g, 30 mmol), and
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sodium iodide (0.9 g, 6 mmol). Work-up as above yielded 21a-maj (0.30 g)
and 21a-min (0.11 g) as colorless oils.

21a-maj: R;=0.22 (hexane/ethyl acetate 5:1); 'TH NMR (300 MHz, CDCl,):
0=0.88 (t, J=6.7Hz, 3H; MeCH,), 1.22 (s, 3H; MeCCO), 1.32 (s, 3H;
MeCCH,CO), 1.18-190 (m, 6H; 3 x CH,), 1.56 (d, J=14.4Hz, 1H,;
CCHHC), 1.70 (d, J=14.3 Hz, 1H; CHHCO), 2.52 (d, /=143 Hz, 1H;
CHHCO), 3.23 (d, J=14.4 Hz, 1H; CCHHC), 3.59 (brs, 1H; OH), 3.68
and 3.71 (2s, 6H; 2 x MeO); *C NMR (75 MHz, CDCl;): 6 =179.8, 176.2,
85.3,56.9, 52.4, 51.8, 47.6, 47.0, 45.8, 34.7, 277, 26.3, 23.2, 23.0, 14.0; HRMS
(70 eV, EI): calcd for C;sHyO5 [M*] 286.1780, found 286.1784; elemental
analysis (%) caled for C;sH,O5: C 62.91, H 9.15; found: C 62.99, H 9.08.

21a-min: R;=0.37 (hexane/ethyl acetate 5:1); 'TH NMR (300 MHz, CDCl,):
0=0.88 (t, J=6.7Hz, 3H; MeCH,), 1.10 (s, 3H; MeCCO), 1.41 (s, 3H;
MeCCH,CO), 1.20-1.70 (m, 6H; 3 x CH,), 1.78 (d, /=14.6 Hz, 1H;
CHHCO), 2.32 (d, J=14.5Hz, 1H; CCHHC), 2.41 (d, J=14.5Hz, 1H;
CCHHC),2.43 (d,J=14.6 Hz, 1 H; CHHCO), 3.37 (brs, 1 H; OH), 3.67 (s,
3H; MeO), 3.69 (s, 3H; MeO); 3C NMR (75 MHz, CDCl;): 6 =179.2,
1773, 85.3, 56.1, 52.1, 51.8, 47.3, 46.4, 45.9, 35.7, 28.6, 26.2, 23.2, 20.8, 14.0;
HRMS (70 eV, EI): calcd for C;sH,05 (M*) 286.1780, found 286.1784;
elemental analysis (%) calcd for C;sH,,Os5: C 62.91, H 9.15; found: C 63.02,
H 9.06.

Dimethyl (1S*%, 2R*, 4R*)-4-hydroxy-1,3-dimethyl-4-propyl-1,3-cyclopen-
tanedicarboxylate (21b-maj) and dimethyl (15%, 2R*, 45*)-4-hydroxy-1,3-
dimethyl-4-propyl-1,3-cyclopentanedicarboxylate (21b-min): Reaction of
[Mo(CO),] (0.80 g, 3 mmol) in diethyl ether (30 mL) with propyllithium
(10 mL of a 0.3M solution in hexane, 3 mmol) was followed by addition of
BF;- OEt, (0.36 mL, 3 mmol), methyl methacrylate 18 (3 g, 30 mmol), and
sodium iodide (0.9 g, 6 mmol). Work-up as above yielded 21b-maj (0.28 g)
and 21b-min (0.10 g) as colorless oils.

21b-maj: R;=0.25 (hexane/ethyl acetate 5:1); 'H NMR (300 MHz, CDCL;):
0=091 (t, J=6.7Hz, 3H; MeCH,), 1.22 (s, 3H; MeCCO), 1.33 (s, 3H;
MeCCH,CO), 1.18-190 (m, 4H; 2 x CH,), 1.58 (d, /=144 Hz, 1H;
CCHHC), 1.71 (d, J=14.3 Hz, 1H; CHHCO), 2.51 (d, /=143 Hz, 1H;
CHHCO), 3.24 (d, J=14.4 Hz, 1 H; CCHHC), 3.68 (s, 3H, MeO), 3.70 (s,
3H, MeO), 3.79 (brs, 1H; OH); *C NMR (75 MHz, CDCl;): 6 =179.9,
176.2,85.3,56.9, 52.4, 51.8, 47.6, 47.1, 45.8, 373, 277, 23.0, 174, 14.6; HRMS
(70 eV, EX): calced for C,,H,,O5 [M*] 272.1624, found 272.1622; elemental
analysis (%) calcd for C,H,,O5: C 61.74, H 8.88; found: C 61.67, H 8.81.

21b-min: R;=0.35 (hexane/ethyl acetate 5:1); 'H NMR (400 MHz,
CDCly): 6=0.90 (t, J=6.7 Hz, 3H; MeCH,), 1.11 (s, 3H; MeCCO), 1.42
(s, 3H; MeCCH,CO), 1.20-1.72 (m, 4H; 2 x CH,), 1.77 (d, /=14.6 Hz,
1H; CHHCO), 2.32 (d, J=14.5Hz, 1H; CCHHC), 2.42 (d, J=14.5 Hz,
1H; CCHHC), 2.43 (d, J=14.6 Hz, 1H; CHHCO), 3.39 (brs, 1H; OH),
3.67 (s, 3H; MeO), 3.69 (s, 3H, MeO); C NMR (75 MHz, CDCl,): 6 =
179.2, 1773, 85.3, 56.1, 52.1, 51.8, 47.3, 46.4, 45.9, 38.4, 28.6, 20.8, 17.3, 14.6;
HRMS (70 eV, EIl): caled for C,,H,,05 [M*] 272.1624, found 272.1623;
C,H,,05: C 61.74, H 8.88; found: C 61.78, H 8.80.

Dimethyl (15*, 2R*, 4R*)-4-hydroxy-1,3-dimethyl-4-octyl-1,3-cyclopenta-
nedicarboxylate (21c-maj) and dimethyl (1S*, 2R*, 45*)-4-hydroxy-1,3-
dimethyl-4-octyl-1,3-cyclopentanedicarboxylate (21c¢-min): Reaction of
[Mo(CO)] (0.80 g, 3 mmol) in diethyl ether (30 mL) with octyllithium
(10 mL of a 0.3M solution in hexane, 3 mmol) was followed by addition of
BF;- OEt, (0.36 mL, 3 mmol), methyl methacrylate 18 (3 g, 30 mmol), and
sodium iodide (0.9 g, 6 mmol). Work-up as above yielded 21 c-maj (0.35 g)
and 21 c-min (0.10 g) as colorless oils.

21c-maj: R,=0.25 (hexane/ethyl acetate 5:1); 'H NMR (300 MHz, CDCl;):
0=0.85 (t, J=6.7Hz, 3H; MeCH,), 1.21 (s, 3H; MeCCO), 1.32 (s, 3H;
MeCCH,CO), 1.15-1.92 (m, 14H; 7 x CH,), 1.58 (d, /=144 Hz, 1H;
CCHHC), 1.70 (d, /=143 Hz, 1H; CHHCO), 2.52 (d, /=14.3 Hz, 1H;
CHHCO), 3.26 (d, J=14.4 Hz, 1H; CCHHC), 3.69 (s, 3H; MeO), 3.71 2s,
3H; MeO), 3.79 (brs, 1H; OH); *C NMR (75 MHz, CDCl;): 6 =179.9,
176.2, 85.3, 56.9, 52.4, 51.8, 47.6, 47.0, 45.8, 35.0, 31.7, 30.2, 29.5, 29.1, 27.7,
24.1,23.0,22.5,13.9; HRMS (70 eV, EI): caled for C;gH3,05 [M*] 342.2406,
found 342.2411; elemental analysis (%) caled for C,(H3,O5: C 66.64, H
10.01; found C 66.71, H 9.91.

21c-min: R,;= 0.40 (hexane/ethyl acetate 5:1); 'H NMR (300 MHz, CDCl,):
0=0.88 (t, J=6.7Hz, 3H; MeCH,), 1.11 (s, 3H; MeCCO), 1.41 (s, 3H;
MeCCH,CO), 1.15-1.70 (m, 14H; 7 x CH,), 1.78 (d, /J=14.6 Hz, 1H;
CHHCO), 2.31 (d, /J=14.5Hz, 1H; CCHHC), 2.41 (d, /J=14.5Hz, 1H;
CCHHC), 2.43 (d,J=14.6 Hz, 1H; CHHCO), 3.37 (brs, 1 H; OH), 3.67 (s,
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3H, MeO), 3.69 (s, 3H, MeO); C NMR (75 MHz, CDCL;): 6=179.2,
1773, 85.3, 56.1, 52.1, 51.8, 47.3, 46.3, 45.9, 36.1, 31.7, 30.1, 29.5, 29.1, 28.6,
24.0,22.5,20.8, 13.9; HRMS (70 eV, EI): caled for C;oH;,05 [M*] 342.2406,
found 342.2409; elemental analysis (%) calcd for C;yH3,05: C 66.64, H
10.01; found: C 66.69, H 9.94.

Dimethyl (18*, 2R*, 4R*)-4-heptyl-4-hydroxy-1,3-dimethyl-1,3-cyclopen-
tanedicarboxylate (21d-maj) and dimethyl (15%, 2R*, 45%)-4-heptyl-4-
hydroxy-1,3-dimethyl-1,3-cyclopentanedicarboxylate (21d-min): Reaction
of [Mo(CO);] (0.80 g, 3 mmol) in diethyl ether (30 mL) with heptyllithium
(10 mL of a 0.3M solution in hexane, 3 mmol) was followed by addition of
BF; - OEt, (0.36 mL, 3 mmol), methyl methacrylate 18 (3 g, 30 mmol), and
sodium iodide (0.9 g, 6 mmol). Work-up as above yielded 21d-maj (0.36 g)
and 21d-min (0.12 g) as colorless oils.

21d-maj: R;=025 (hexane/ethyl acetate 5:1); 'H NMR (300 MHz,
CDCly): 0=0.81 (t, J=6.7 Hz, 3H; MeCH,), 1.21 (s, 3H; MeCCO), 1.32
(s, 3H; MeCCH,CO), 1.15-1.92 (m, 12H; 6 x CH,), 1.55 (d, /=14.2 Hz,
1H; CCHHC), 1.68 (d, J=14.6 Hz, 1H; CHHCO), 2.50 (d, /=14.6 Hz,
1H; CHHCO),3.22 (d,J=14.2 Hz, 1H; CCHHC), 3.66 (s, 3H; MeO), 3.68
(s, 3H; MeO), 3.76 (brs, 1H; OH); ¥C NMR (75 MHz, CDCl;): 6 =179.9,
176.2, 85.3, 56.9, 52.4, 51.8, 47.6, 47.0, 45.8, 35.0, 31.7, 30.1, 29.2, 27.7, 24.1,
23.0,22.5,13.9; HRMS (70 eV, EI): caled for Ci3H3,O5 [M*] 328.2249, found
328.2239.

21d-min: R;=0.40 (hexane/ethyl acetate 5:1); 'H NMR (300 MHz,
CDCly): 6 =0.88 (t, J=6.7 Hz, 3H; MeCH,), 1.12 (s, 3H; MeCCO), 1.41
(s, 3H; MeCCH,CO), 1.08-1.70 (m, 12H; 6 x CH,), 1.78 (d, J =14.6 Hz,
1H; CHHCO), 2.31 (d, J=14.5Hz, 1H; CCHHC), 2.40 (d, J=14.5 Hz,
1H; CCHHC), 2.43 (d, J =14.6 Hz, 1H; CHHCO), 3.37 (brs, 1H; OH),
3.67 (s, 3H, MeO); 3.69 (s, 3H, MeO); *C NMR (75 MHz, CDCL,): 8 =
179.2, 177.3, 85.3, 56.1, 52.1, 51.9, 47.3, 46.4, 46.0, 36.1, 31.7, 30.1, 29.2, 28.7,
24.0,22.5,20.9, 14.0; HRMS (70 eV, EI): caled for CgH;,05 [M*] 328.2249,
found 328.2239.
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Template-Induced and Molecular Recognition Directed Hierarchical Gener-
ation of Supramolecular Assemblies from Molecular Strands
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Abstract: The linear oligo-isophthala-
mide strand 1 undergoes a conforma-
tional reorganization upon binding of a
cyanuric acid template as effector to
afford a helical disklike object possess-
ing radially disposed alkyl residues.
Solvophobic and stacking interactions,
in turn, drive a “second level” self-

the stacking of the helical disks, to yield
fibers as revealed by electron micros-
copy. These data provide insight into the
interplay of the different structural and

Keywords: fibers - helicity - hydro-
gen bonding - self-assembly - supra-
molecular chemistry

interactional features of the molecular
components towards the formation of
supramolecular fibers through sequen-
tial hierarchical self-assembly events
and suggest design strategies for the
effector-controlled generation of related
supramolecular assemblies.

assembly of the templated structure,

Introduction

Recognition processes occurring at the molecular level may
lead to changes at the level of the material, thus expressing
molecular information on the macroscopic scale. They may
operate both in the formation of supramolecular materials(!]
from their components and in the induction of novel proper-
ties through specific interactions. The generation of supra-
molecular materials offers the advantage over both stepwise
“bottom-up” strategies and “top-down” methods of fabrica-
tionP! to give access to nanosize entities of more or less well-
defined structure by recognition-controlled self-assembly
from selected components connected through specific inter-
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actions of organic or inorganic nature.’- For example, in the
specific case of H-bonded systems, the determination of
persistent structural motifsl® 7 has allowed their integration
into the design of programmed molecular components for the
self-assembly of discrete®® and polymericl’ supramolecular
liquid crystals, conductive fibers,'”! and organic solids pos-
sessing magnetic properties.'l A step beyond concerns the
investigation of sequential and hierarchical self-organization
events in which a given step sets the stage for a subsequent
one. Thus, internally enforced molecular helices!'? may self-
assemble to form extended fibers,!'* and molecular disks
resulting from the assembly of three sector molecules through
hydrogen bonding thereafter stack to yield discotic liquid
crystals.'¥l Three levels of sequential assembly may even be
distinguished in the generation of supramolecular liquid
crystalline polymers®*®! resulting from the initial formation
of a supramolecular strand, followed by the assembly of three
strands into columns which subsequently associate into fibers.
In the present work, an initial H-bond mediated recognition
event leads to the effector-induced generation of a coiled
object which, in turn, undergoes self-assembly into a columnar
entity, resulting in the formation of polymeric fibers. The
initial H-bond mediated substrate —receptor interaction may
also be viewed as the deconvolution of a virtual dynamic
libraryl™ of conformers to give a discrete supramolecular
object which promotes a subsequent or “second level” self-
assembly event.

Within the general context of programmed chemical
systems,?! this amounts to the reading of molecular informa-
tion through a specific interactional algorithm to yield a
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Figure 1. Possible rotameric forms of the molecular strand 1. The linkages between the hexagons represent the CO-NH fragments. The thick linkages
indicate those within which 180° rotation was performed around the CO —aromatic ring bond. Ten rotamers are represented corresponding to the
combinations obtained by rotations within linkages 2 to 5. The number in parentheses below each structure gives the number of different combinations
obtained by 180° rotation about linkages 1 and 6, resulting in 36 different rotamers.

defined structural output. Such was also the case in the
formation of inorganic double helices!'! and of double
subroutine architectures,'® induced by the binding of metal
ions of defined coordination geometry to suitably designed
ligands. It was furthermore shown in the case of the self-
assembly of double helicates!'”) and of a double subroutine
architecturel™® %1 that the reading of the same ligand
information with different sets of metal ions yields different
inorganic architectures as outputs.'® 17 18] This is of particular
interest, since it indicates that the information contained in a
molecular entity does not necessarily code for a single species
only, but may generate different outputs depending on how it
is read out and processed.

Abstract in French: Le brin lineaire oligo-isophthalamide 1
subit une reorganisation conformationnelle lorsqu’il lie un
deriveé de [lacide cyanurique servant d’effecteur pour la
formation d’un objet discoide presentant des groupes alkyles
disposes radialement. Des interactions solvophobes et d’empi-
lement induisent a leur tour un autoassemblage de ces disques
helicoidaux en fibres, mises en é€vidence par microscopie
électronique. Ces données permettent d’analyser les divers
facteurs structuraux et interactionnels qui conduisent a la
formation de fibres supramoleculaires par un processus
d’autoassemblage sequentiel hierarchise. Elles suggerent aussi
des strategies pour la generation controlée d’assemblees
supramoléculaires de types donnes a I'aide d’effecteurs speci-

fiques.

Chem. Eur. J. 2000, 6, No. 11

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

Results and Discussion

Design strategy: A given linear sequence of H-bond do-
nor(D)/acceptor(A) arrays may adopt different geometries
upon interaction with different complementary templates,
exemplifying that the information manifested in the arrays
may be expressed differently depending on how it is read
through a given interactional algorithm. In the case of the
conformationally dynamic receptor 1 containing a linear
sequence of four DAD H-bonding subunits, a dynamic library
of 36 different quasi-planar/conjugated rotamers is obtained,
if one considers only rotation about aryl-CO bonds (Fig-
ure 1). These 36 species have occurrences of 1 or 2 depending
on their symmetry. Their energies and therefore the popula-
tion of each conformer may differ due to long-range effects.

The outcome of a selection within this library through
binding of an effector depends on the template employed for
deconvolution. With an ADA imide template, one would
expect a linear readout of the strand to give a mixture of many
different conformers of the supramolecular entity thus
formed (Figure 2, bottom). In contrast, upon the binding of
a double-faced, Janus type, ADA/ADA cyanurate template,['”]
curvature is introduced into the backbone of the receptor 1, so
that binding of two effector units may generate three con-
formers of C, S, and helical shape (Figure 2, top). Conse-
quently, selection from the dynamic library of possible
conformational isomers of 1 occurs differentially as a function
of how the receptor is read.

A possible outcome of the interaction of strand 1 with the
monosubstituted cyanurate 4 is a helical disklike object 1:4,,
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Figure 2. Template-dependent expression of the information stored in receptor 1 as a function of the interaction/recognition algorithm of the effector. The

helical form (right) has been slightly enlarged for clarity.

in which two units of 4 bind internally to a single strand of 1 to
give a discrete coiled, closed helical entity (Figure 2, top right,
and CH, Figure 3). The S5-substitution of the isophthaloyl
moieties by a long-chain n-alkoxy group introduces radially
protruding alkyl residues. Molecular modeling calculations®!
support this assumption and show the coiling of the ligand
around the cyanurate template (Figure 4). As is also the case
for the columnar self-assembly of helicene derivatives pos-
sessing peripherally disposed alkyl groups,?!! the primary
product, (1:4,)CH, may undergo a subsequent self-assembly
process to form helical columns (1:4,), (CHC, Figure 3). This
“second level” self-assembly event is equivalent to the
generation of discotic supramolecular entities and is presum-
ably driven by Van der Waals stacking interactions, as well as
possible polar and medium (solvophobic) effects. In addition
to the above discrete coiled species (1:4,)CH, the cyanurate
template 4 could bind to receptor 1 in a frame shifted manner
in which adjacent receptors 1 share a cyanurate template,
giving either a bridged helical unit (BH, Figure 3) or two types
of non-helical bridged forms, linear (BLF) or bent (BBF,
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Figure 3); the former thereafter may assemble into a helical
supramolecular columnar entity (BHC).

Synthesis of the molecular components: For the synthesis of
the oligoisophthalamide 1, we searched for a modular and
convergent route amenable to the preparation of gram
quantities and permitting facile preparation of a variety of
structural derivatives. Thus, dimethyl 5-hydroxyisophthalate
was O-alkylated with decyl bromide to give diester 2a.
Exposure of 2a to excess 2,6-diaminopyridine monolithium
salt yields diamine 3a. Subsequent mono-acylation provides
the mono-amine mono-amide 3b, which upon treatment with
isophthaloyl chloride 2 ¢ smoothly affords the oligo-isophthal-
amide 1. Decyl cyanurate 4 was obtained by the direct
N-alkylation of cyanuric acid with decyl bromide (Scheme 1).

First level structuration, formation of helical segments: The
'"H NMR spectra of the highly soluble isophthalamide 1
feature broadened aromatic and aliphatic signals. This is likely
due to nonspecific intermolecular associations involving the
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Figure 3. Hierarchical self-assembly process enforced by effector binding
followed by aggregation into helical columns or linear “wavy” strands. The
alternative binding modes of oligoamide 1 with the cyanurate template 4
generate units of composition 1:4, which may adopt several forms: an
internally bound, closed helical form (CH), a bridged helical form (BH), or
two types of non-helical bridged forms, linear (BLF) or bent (BBF). CH
and BH may assemble into helical columns CHC and BHC, respectively.

numerous hydrogen-bond acceptors and donors and to
conformational diversity due to a variety of possible rota-
meric forms. Although significant sharpening of the spectra
takes place upon addition of 5% CD;OD which competes
with the various H-bonding sites, or upon dilution of the
sample which disfavors intermolecular association, the
'H NMR spectrum of 1 in CDCl; at 0.5mwm still displays
broad signals. (Figure 5a).

Remarkable sharpening of
the signals occurs upon incre-
mental introduction of up to OH
two equivalents of cyanurate 4
to a solution of 1 in CDCl;.
This, along with a downfield
shift of the amide-hydrogen
signals, indicates the formation
of a discrete species upon bind-
ing of 4 (Figure 5c). Apparent-
ly, specific association between
1 and cyanurate 4 resolves the
ill-defined mixture of aggre-

by 1 alone.

Adding at the same concen-
tration (0.5mwm) four equiva-
lents of the simple ADA naph-
thalimide template (Figure 2)
has very little effect on the
shape 'H NMR spectrum,
which still displays broad peaks,
even upon concentration to
10mM, intended to compensate
for the presumably much weak-  f) 2¢, NEt,, THF, 0°C.

Chem. Eur. J. 2000, 6, No. 11
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Figure 4. Computer-minimized structure of the 1:4, supermolecule. Top:
side view. Bottom: top view.
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Scheme 1. Synthesis of the oligoisophthalamide 1. a) BrC,H,;, DMF, K,CO;, room temperature; b) 2,6-
diaminopyridine, BuLi, THF, —78°C; c¢) CoH;,COCI, NEt;, THF, 0°C; d) EtOH, aq. NaOH; e) SOCl,, reflux;
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addition of 4 to 1 (0.5mm) in
CDCl, (Figure 7a). The calcu-
lated values of log Ka,=
3.9(0.2) and log Ka,=38.2(0.1)
are of the same order of mag-
nitude as those obtained for
similar systems!'”] and, in fact,
indicate a positive cooperative
effect for the binding of the
second cyanurate guest. In-
deed, when the region between
0 and 2equivalents of added
cyanurate is expanded (Fig-
ure 7b), an inflection point at
1 equivalent of added cyanu-

LINNL I B R SR B L B NN B B BN S B B BN SN DN B BN R BN B

9.6 94 9.2 9.0 8.8 8.6 8.4 8.2

Figure 5. 500 MHz 'H-NMR spectra of 1 at a concentration of 0.5mm in CDCl;. a) 0 equiv of 4; b) 1 equiv of 4;

¢) 2 equiv of 4.

er binding constant displayed by this system. These results
suggest that the imide template interacts with the molecular
strand in a different way and that whatever entity may be
formed, it is different from that obtained with cyanurate 4.

That a species 1:4, of 1:2 binding stoichiometry had indeed
formed was confirmed by applying Job’s method of contin-
uous variation to NMR results for species in rapid ex-
change.”l The chemical shifts of the amide hydrogens were
monitored, and the product of the mole fraction of 1 X(1) by
A(9), the observed chemical shifts minus the chemical shifts of
free 1, was plotted as a function of X(1) (Figure 6).

O —o— NHe
—O— NHg
—A— NHp
=
X
§ D\Dsu
O
K ~o
T T |i T T T T 1
00 01 02 03 04 05 06 0.7 0‘8 09 10

Mole fraction of 1 X(1)

Figure 6. Determination of the 1:2 binding stoichiometry by a Job plot of
the system 1:4 at constant total concentration of 2.0mm; the product of the
mole fraction of 1 X(1) by A(9), the observed chemical shifts minus the
chemical shifts of free 1, is plotted as a function of X(1). The y axes have
been normalized.

Additionally, association constants for the binding of
cyanurate were determined using the Chem-Equili pro-
gram.”’l The calculations were based on the assumption of
two solution-state equilibria [Egs. (1) and (2)].

Ka:(1) + (=14 1)

Kay: (1) + 2(4)=(1:4,) (@)

Data sets were obtained by the analysis of the 'H NMR
titration curves for the NH protons, obtained by progressive
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LI
8.0 7.8 7.6 ppm rate is observed, which also

supports a weak positive coop-
erativity. This could be due to a
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Figure 7. '"H NMR titration plot of the chemical shift values of three of the
four NH protons of 1 (¢,=0.5mm) as a function of added equivalents of
cyanurate 4. The straight lines represent the calculated fitting curves for the
experimental data point series.

preorganization of the strand by the first molecule of
cyanurate, facilitating the binding of the second one. To
further corroborate these association constants, a dilution
experiment (vide supra) was conducted in which the decreas-
ing chemical shifts of the NH proton signals were used as data
input for the Chem-Equili analysis. The calculated values,
though presenting a greater margin of error, confirm the
validity of those previously obtained: log Ka; =3.8(2.5) and
log Ka, =8.4(1.5) (Figure 8).

"H NOE experiments proved particularly diagnostic for the
characterization of the helical geometry of the 1:4, entity,
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Figure 8. Dilution study of the 1:4, supermolecule in CDCl;. The data
series represent the chemical shift variation for the NH proton NMR
signals of 1 as a function of concentration. The straight lines represent the
calculated fit of the experimental data points.

since the amide hydrogens may exhibit cross-peaks with either
the H-2 or H-4(6) protons of the isophthalic ring depending
on whether the rotameric form present corresponds to the
helical or to the “linear” geometries, respectively. It would
have been desirable to compare the NOE correlations for the
receptor 1 in the presence and absence of the cyanurate
template 4. However, due to the aforementioned nonspecific
self-aggregation of compound 1 in CDCl;, no NOE spectrum
could be measured for 1 in the absence of template and so a
suitable model system was sought. Compound 3¢, a truncated
analogue of 1, proved to be useful in this regard. The 'H NOE
spectrum of 3¢ in the absence of template 4 at 0.5mM
concentration showed two cross peaks of equal intensity for
the isophthaloyl amide protons with the H-2 and H-4(6)
protons of the isophthalic ring, indicating that there was no
preference for any of the three possible rotameric forms.
Upon introduction of one equivalent or more of 4, the amide
protons gave only one cross-peak with the H-2 proton of the
isophthaloyl moiety, thus dem-
onstrating a binding induced
shift in the rotameric equilibria
towards the curved species.
Similarly, the oligoisophthal-
amide 1 itself, upon treatment
with two equivalents of cyanu-
rate, displayed three major
cross-peaks for three of the four
amide hydrogens: NH, with
H-2 and both NHy and NH
with H-2'. Additionally, three
minor cross-peaks for three of
the four amide hydrogens, NH ,
with H-4, NHy with H-4" and
NH, with H-6" were observed.
A comparison of the relative
intensities of the NOE cross-
peaks suggests that the predom-
inant species formed in solution
by 1:4, (Figure 9) is of helical
nature. The helix is apparently
more stable than the S-shaped

Chem. Eur. J. 2000, 6, No. 11
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Figure 9. Top: possible rotameric forms of the oligo-amides 3¢ and possible NOE cross correlations. Bottom:

observed NOE correlations for 1:4,.
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and C-shaped conformers, possibly because of intramolecular
stacking interactions within the helix.

For the reasons described above, no information about the
rotameric equilibria could be obtained from the NOE
spectrum for 1 (Smwm) saturated with four equivalents of the
naphthalimide template.

Second level assembly into fiber structures: We have shown
that intermolecular H-bonding between 1 and 4 leads to
helical discrete architectures at low concentrations. Upon
increasing concentration, further aggregation may be expect-
ed for such structures containing flat aromatic units, generat-
ing eventually fibrous columnar entities as observed for other
systems reported in the literature.’!l We sought for such
stacked structures by increasing concentration and decreasing
solvent polarity. Thus, the 'H NMR signals of a solution of 1:4,
in CDCl; and especially those in the aromatic region shift
upfield when increasing concentration from 0.125 to 40mm
(up to 0.2 ppm), or upon successive addition of deuterated
cyclohexane C¢D, up to 60% to a Smm solution of 1:4,
complex in CDCIl; (up to 0.18 ppm), despite the dilution
which was previously shown to favor the opposite trend.

This suggests that further aggregation indeed takes place
under these conditions. More specifically, upfield shifts were
interpreted as the consequence of face to face stacking
interactions within oligomeric species of variable sizes. The
signals remain sharp indicating that exchange occurs rapidly
on the NMR time scale.

In an attempt to determine whether these aggregates do
correspond to incremental additions of a monomer to an
oligomer with expectably identical free energies, we per-
formed a quantitative analysis of the stepwise dilution of the
1:4, complex from 40mM down to 0.125mm. For this, we
followed several aromatic NMR signal shifts and assumed, on
the basis of the high association constants, the presence of a

H
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single (predominant) species 1:4, in solution within the whole
concentration range. All possible conformers were assumed
to aggregate with similar constants.

The chemical shift values of three aromatic protons as a
function of complex concentration were used as input for the
Chem-Equili program. All data sets fit very well a simple
dimerization event according to Equation (3), with log Ky, =
1.88(0.03), a value which is close to those reported for
comparable systems.*!

Kiim: 2(1:4) = (1:4,), 3)

Good fits are also obtained when taking into account the
formation of trimers and higher order aggregates. However,
the values for the successive association constants are given
with large error margins to indicate that the dilution data have
low information content for their determination. Most likely,
the formation of these higher order aggregates is not sufficient
within the concentration range studied to affect significantly
the shape of the dilution curve (Figure 10).

7.9

7.8

7.6

7.5

F1f

' ' 2 k)
concentration of 1:45, mM

o
=y
o
S-

Figure 10. Variation of the chemical shift of three selected aromatic proton
NMR signals of 1 on the 1:4, complex on dilution in CDCl;. The curves
represent the calculated fit for the indicated binding constant of the
dimerization.

However, it is not clear whether stacking in solution occurs
directly between the helical conformers of 1:4, observed at
low concentration, or whether it also involves S-shaped and
C-shaped conformers. Indeed, NOE experiments performed
at 5mm show the expected two cross peaks of NHy and NH¢
both with H-2’ with no traces of cross peaks of NHg with H-4
and of NH with H-6', but unlike the results obtained at lower
concentration (0.5 mM), NH, shows two cross peaks of nearly
equal intensity with H-2 and H-4, consistent with the
existence of C-shaped and S-shaped conformers, in addition
to the helical one. This could indicate that at higher concen-
tration there is an increase in the fraction of forms in which
the template is bound less strongly and/or which polyassociate
more weakly, such as the linear entity BLF (Figure 3).
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However any interpretation can only be very tentative in
view of the complexity of the process and the variety of
possible species.

Definite evidence of second level aggregation of 1:4,
complexes was obtained after noting that addition of a
hydrocarbon solvent such as cyclohexane or tetradecane to a
20-40mm chloroform solution results in a strong visco-
elasticity, consistent with the formation of long and entangled
fibers. In the same solvent conditions, 1 or 4 alone simply
precipitate. Under crossed-polarizers, the viscous solutions
did not show any particular texture. However, shearing of the
solution by simple vigorous stirring resulted in birefringence
which was interpreted as a trace of fiber alignment under
shear.

These observations prompted us to examine these viscous
solutions by electron microscopy (EM).

Electron microscopy analysis: The viscous solutions of 1:4,
were investigated by electron microscopy (EM). As the
solutions in CHCly/hexane were evaporating too quickly on
the grid, coating the whole surface with material, we used
higher boiling C,H,Cl, and mixtures of C,H,Cl, with heptane
as solvents. The dilute solution (2—10mm) of 1:4, in pure
tetrachloroethane were analyzed by spreading on a carbon
supporting film and rotary shadowing. For all concentrations
(1-10mwm), the formation of fibers was observed. The fibers
are up to 1 pm in length and 4775 A in diameter and show a
clear natural tendency to aggregate and to form larger
bundles and two-dimensional sheets with a periodicity of
113-117 A (Figure 11a). The fibers present no internal

Figure 11. a) Smm solution of 1:4, in pure CH,Cl,, observed after
adsorption on a carbon film and rotary showing. Fibers are observed with
a diameter of 47—75 A (arrows), that often assemble to form 2D sheets
(arrowheads) (bar 1000 A). b) 2mw solution of 1:4, in C,H,Cl,/heptane 1:9.
Very long entangled fibers are observed. They form larger bundles up to
several um in length (bar 1 pm).

helicity and tend to be straight with a high persistence length.
Preliminary analyses by cryo electron microscopy (data not
shown) allowed to determine more precisely the diameter of
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the fibers in the frozen-solvated state to be around 50 A. This
value is close to the calculated diameter of 43 A of the 14,
helical disklike object (Figure 3), assuming radially protrud-
ing and linearly disposed alkoxy chains. However, it does not
exclude the presence of linear forms such as BLF (Figure 3).
The structural analysis by the cryoEM technique is being
pursued.

Diluting the pure C,H,Cl, solutions with heptane (up to
90 % ) results in the formation of much longer fibers of several
microns of length (measured from 3-6 um) of a similar
diameter range as observed for the fibers obtained from the
pure C,H,Cl, solutions. The fibers are randomly disordered
and show a high degree of entanglement, which explains the
macroscopic observation of the formation of a visco-elastic
solution, as previously described (Figure 11b).

In the numerous control experiments performed on the
pure components 1 and 4 no fibers were observed under
various conditions similar to or different from those under
which they were observed for the 1:4, mixture.

One may point out that the formation of extended fibers as
described above, represents a template-induced hierarchical
self-assembly process: the binding of the two cyanurate units
leads to an entity 1:4, which sets the stage for the subsequent
polyassociation into fibers. On another line, it is worth noting
that a hierarchical self-assembly process amounts also to an IF
logic function (and a case of conditional probability), the
second stage being accessible only if the first one is realized.

Conclusion

The incorporation of specific H-bonding arrays into the
components sets the stage for the design of recognition
capable materials. The utilization of template direction in the
assembly process contributes even greater capabilities by
facilitating tandem-hierarchical self-organization events and
allowing the interactional algorithm to be read in different
ways. It has been shown that the reading of the same ligand
information through different metal ion coordination algo-
rithms generates different output species, amounting to a
multiple processing behavior.'*!8] In the present system
multiple reading takes place through different H-bonding
based interactional schemes. Receptor 1 can in principle be
read out linearly upon interaction with an imide template, or
may bind a cyanurate effector, to form a disklike object, which
itself undergoes a subsequent self-organization event: aggre-
gation to form columnar structures. Furthermore, an addi-
tional means of control is represented by the medium, that is
fiber formation depends critically on the solvent composition,
temperature and concentration. The ability to identify and
selectively orchestrate the interactional features governing
the outcome of competitive self-assembly processes makes
possible the expression of a specific member of a dynamic
structural/conformational library.'>>! The dependence on
medium effects confers adaptive character to the material.
Such features, dynamic diversity®! and adaptability!'”! open
novel perspectives to materials science.

Chem. Eur. J. 2000, 6, No. 11
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Experimental Section

General methods: THF was distilled over sodium/benzophenone. Triethyl-
amine (Lancaster, 99 %) was used as received. Flash column chromatog-
raphy was performed using silica gel (Geduran, SI 60 (40— 63 mm, Merck).
Infrared spectra were recorded as thin films on NaCl discs on a Perkin
Elmer 1600 Series FTIR. 500 MHz 'H NOESY spectra were recorded on a
Bruker ARX 500 spectrometer, 300 MHz 'H NMR and and 75 MHz
3C NMR spectra on a Bruker AM 300 spectrometer, and 200 MHz
"H NMR and 50 MHz *C NMR spectra on a Bruker SY 200 spectrometer.
The solvent signal was used as an internal reference for both 'H and
13C NMR spectra. The following notation is used for the '"H NMR spectral
splitting patterns: singlet (s), doublet (d), triplet (t), multiplet (m). EI and
FAB mass spectrometric measurements were performed by the Service de
Spectrométrie de Masse, Institut de Chimie, Université Louis Pasteur.
Melting points (m.p.) were recorded on an electrothermal Digital Melting
Point Apparatus and are uncorrected. Elemental analyses were performed
by the Service de Microanalyse, Institut de Chimie, Université Louis
Pasteur.

Electron microscopy: A 2 to 10mm solution of 1:4, (5 puL) in the different
solvents was deposited on to a 400 mesh EM grid covered with a carbon
supporting film. The solution was adsorbed (2 min) and the excess of
solution was removed with a piece of filter paper (Whatmann 2 or 5) and air
dried. The grids were then put in an Auto 306 evaporator (Edwards) and
rotary shadowed at an angle of 13° with platinum/tungsten. The grids were
then observed in a Philips CM12 electron microscope operating at 100 kV.
Dimethyl 5-decyloxy-isophthalate (2a), N,N'-bis-(6-amino-pyridin-2-yl)-5-
decyloxy-isophthalamide (3a), and N,N’-bis-(6-decanoylaminopyridin-2-
yl)-5-decyloxy-isophthalamide (3¢): known compounds prepared accord-
ing to literature procedures.?’!

5-Decyloxy-isophthalic acid (2b): 2a (5.88 g, 16.7 mmol, 100 mol %) was
dissolved in ethanol (167 mL) at 65°C and a 1M solution of NaOH in water
(2.68 g, 67 mmol, 400 mol %, in 16 mL H,0) was added. The mixture was
stirred at 65°C for 8 h, cooled to room temperature, and filtered. The
residue was washed with diethyl ether and dissolved in water. The solution
was acidified with concentrated HCI, and the precipitate was collected by
filtration and dried under high vacuum. The title compound 2b was
obtained as a white powder (5.1 g, 95%). M.p. 213-214°C. IR (thin film):
7=2922, 1709, 1595, 1411, 1272, 1047, 761, 733 cm~'; '"H NMR (200 MHz,
[Dg]DMSO): 6 =8.06 (t, J=1.4 Hz, 1H), 7.62 (d, J=1.4 Hz, 2H), 4.06 (t,
J=6.4Hz, 2H), 1.72 (m, 2H), 1.23 (m, 14H), 0.84 (t, /=6.4 Hz, 3H);
3C NMR (50 MHz, [D{]DMSO): 6 =166.3, 158.7, 132.5, 122.0, 118.9, 68.0,
31.2, 28.8, 28.6, 28.4, 25.3, 22.0, 13.8; FAB-MS: m/z: 321.3 ([M —H]",
100%); HRMS (FAB-MS) calcd. for C;sH,;O5 322.1780, found 322.1787.
N-(6-Aminopyridin-2-yl)-N'-(6-decanyolaminopyridin-2-yl)-5-decyloxy-
isophthalamide (3b): To a solution of 3a (7.80 g, 15.5 mmol, 100 mol %)
and triethylamine (0.79 g, 7.7 mmol, 50 mol %) in dry THF (40 mL) was
added dropwise a solution of decanoyl chloride (1.47 g, 7.7 mmol,
50 mol %) in THF (8 mL) at 0°C and the reaction stirred for 1 h, before
warming to room temperature. The reaction mixture was filtered,
evaporated to dryness and applied to a column (SiO,; EtOAc/hexane
1:3) to provide 3b (3.2 g, 32 % yield). Under these conditions, the amount
of undesired side product 3¢ (0.7 g, 6%) was small and the unreacted
starting material 3a (4.1 g, 53 %) was recovered. 3b: White powder. M.p.
93-94°C. IR (thin film): 7 = 3316, 2925, 2864, 1678, 1585, 1520, 1449, 1299,
1292, 1243, 1155, 1049, 881, 793, 721 cm~'; "TH NMR (300 MHz, CDCL,): 6 =
9.51 (br.s, 1H), 8.74 (br. s, 1H), 8.72 (br. s, 1 H), 7.87 (m, 3H), 7.55 (m, 4 H),
744 (t, 3/ =8.0 Hz, 1H), 6.13 (d, >/=8.0 Hz, 1H), 4.55 (br. s, 2H), 3.86 (t,
3] =6.5Hz, 2H), 2.40 (t,°] =7.5 Hz, 2H), 1.67 (m, 4H), 1.24 (m, 26 H), 0.83
(m, 6H); “C NMR (75 MHz, CDCl,): 6 =172.4, 165.0, 164.3, 159.7, 149.9,
149.6,149.2, 140.4,140.1, 135.7,135.4, 117.6, 117.3, 116.9, 109.9, 109.5, 105.0,
104.0, 68.5,37.4,31.8, 29.5, 29.3, 29.2, 29.0, 25.9, 25.3, 23.6, 22.6, 14.0; FAB-
MS: miz: 659.4 ([M+H]*, 100%); elemental analysis calc. (%) for
C3Hs,NO, (658.88): C 69.27, H 8.26; found: C 69.30, H 8.28.

N,N'-Bis-(6-{[6-(6-decanoylamino-pyridin-2-ylcarbamoyl)-4-decyloxy-ben-
zoylamino ]-pyridin-2-yl}-5-decyloxy-isophthalamide (1): The diacid 2b
(0.95 g, 2.86 mmol, 124 mol%) was suspended in SOCIl, (20 mL) and
heated to reflux for 5h after which time SOCI, was distilled off. The
remaining oily isophthaloyl chloride 2¢ was dried under high vacuum,
dissolved in dry THF (3 mL) and immediately transferred by syringe to a
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previously prepared solution of mono-amine 3b (3.0g, 4.55mmol,
200 mol %) and triethylamine (0.47 g, 4.7 mmol, 206 mol %) in dry THF
(15 mL) at 0°C. The reaction was monitored by TLC (eluent: 1% MeOH/
CH,Cl,). Compound 2¢ (112 mol %) was added at which point 3b was
completely consumed. The reaction mixture was then filtered, evaporated
to dryness, and the residue was purified by column chromatography (SiO,;
slow gradient 1% MeOH/CH,CI, to 3% MeOH/CH,Cl,). The collected
fractions were evaporated to about 20 mL, diethyl ether was added
(50 mL), the precipitate was filtered and dried under high vacuum.
Isophthalamide 1 was obtained as a slightly yellow powder (2.71 g, 74 %).
M.p. 110-111°C. IR (thin film): 7=3304, 2925, 2854, 1682, 1586, 1520,
1448, 1402, 1315, 1243, 1156, 1121, 1051, 993, 881, 797, 739, 739 cm™;
'"H NMR (500 MHz, CDCl;, 0.5mm): 6 =8.98 (br. s, 2H), 8.52 (br. m, 4H),
8.18 (br. m, 1H), 8.11 (br. m, 2H), 8.02 (br. m, 2H), 7.89 (br. m, 6 H), 7.77
(br. m, 4H), 7.66 (br. t, 3/ =8.0 Hz, 4H), 7.57 (br. m, 2H), 7.53 (br. m, 2H),
4.05 (br. t, 3/ =6.5 Hz, 2H), 3.94 (br. t, 3/ =6.3 Hz, 4H), 2.25 (br. t, 3/ =
6.5 Hz, 4H), 1.80 (br. m, 2H), 1.74 (br. m, 4H), 1.28 (m, 66 H), 0.83 (m,
15H); ®C NMR (125 MHz, CDCl;, 0.5mm): 6 =172.49, 165.09, 165.06,
159.86, 159.36, 151.77, 150.62, 150.41, 150.04, 149.97, 149.40, 147.98, 140.90,
135.29, 134.92, 118.54, 118.12, 118.01, 116.09, 112.69, 112.54, 111.75, 111.31,
68.59,37.14, 31.87, 31.85, 29.62, 29.61, 29.59, 29.55, 29.49, 29.48, 29.40, 29.33,
29.07, 26.64, 26.06, 25.93, 25.25, 22.67, 22.65, 14.18, 14.08; FAB-MS: m/z:
1604.0 ([M*], 60%); elemental analysis calcd (%) for CoH;3N;,Oy;
(1604.14): C 70.38, H 8.17; found: C 70.37, H 8.26.

1in complex 1:4,: '"H NMR (500 MHz, CDCl;, 0.5mMm): 6 =9.54 (br.s,2H),
9.38 (br. s, 2H), 9.20 (br. s, 2H), 8.68 (br. s, 2H), 8.10 (d, */ =7.8 Hz, 2H),
8.08 (d,*J=7.8 Hz,2H), 8.02 (s, 1H), 8.01 (d, >/ =8.0 Hz, 2H), 7.98 (s, 2H),
7.94 (d, 3] =8.5Hz, 2H), 7.89 (t, >/ =8.3 Hz, 2H), 7.75 (t, /] =8.2 Hz, 2H),
771 (s, 2H), 7.64 (s, 2H), 7.62 (s, 2H), 4.09 (t, 3/ = 6.7 Hz, 2H), 4.01 (t, %/ =
6.6 Hz, 4H), 2.33 (t, >/ =73 Hz, 4H), 1.83 (m, 2H), 1.78 (m, 4H), 1.68 (m,
4H), 1.27 (m, 66 H), 0.87 (m, 15H). 4 in complex 1:4,: '"H-NMR (500 MHz,
CDCl;, 0.5mMm): 0 =12.32 (br.s,4H), 3.75 (t,3/ =7.5 Hz, 4H), 1.44 (m, 4H),
1.17 (m, 14H), 0.85 (m, 6 H).

1-Decyl-[1,3,5]triazinane-2,4,6-trione 4 (decyl cyanurate): A solution of
[1,3,5]triazinane-2,4,6-trione (cyanuric acid) (5.16 g, 40 mmol, 200 mol % ),
decyl bromide (4.14 mL, 20 mmol, 100 mol%), and K,CO; (2.76 g,
20 mmol, 100 mol%) in DMSO (40 mL) was stirred at 60°C for 22 h.
The reaction mixture was partitioned between diethyl ether and saturated
NaHSO,,g). The organic phase was washed three times with brine, dried
over Na,SO,, filtered, and evaporated to approximately 50 mL. Hexane
was added dropwise with stirring, the resulting precipitate was collected by
vacuum filtration and dried under high vacuum to yield decyl cyanurate 4
as a white powder (2.9 g,27%). M.p. 181 -182°C. IR (thin film): #= 3200,
2910, 2844, 1740, 1660, 1442 cm™'; '"H NMR (200 MHz, [D,]DMSO): 6 =
9.22 (br. s, 2H), 3.61 (t, 7 =7.1 Hz, 2H), 1.49 (m, 2H), 1.23 (m, 14H), 0.84
(t,37=6.4 Hz, 3H); “C NMR (50 MHz, [D;]DMSO): 6 =149.7,148.5, 31.2,
28.8, 28.6, 272, 26.0, 22.0, 13.8. FAB-MS: m/z: 270.1 ([M+H]*, 85%);
elemental analysis calc. (%) for C;;Hy;N;O; (269.34): C 57.97, H 8,61;
found: C 57.86, H 8.46.
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A Flexible Cyclophane: Design, Synthesis, and Structure of a Multibridged
Tris-tetrathiafulvalene (TTF) Macrocycle

Kazuo Takimiya,!*! Niels Thorup,! and Jan Becher*!?!

Abstract: The tris-tetrathiafulvalene (TTF) macrocycles 3 with a large end-cavity
were effectively synthesized from the readily available tetrakis(cyanoethylthio)TTF

by means of a selective deprotection/realkylation sequence followed by an intra-
molecular coupling reaction. Crystal structure analyses revealed that the neutral
molecules include two (3a) or one chloroform molecule (3b) as solvent of
salt of 3b, obtained by electro-

crystallization inside the cavity, whereas the I;~

chemistry -

crystallization, has a molecular structure which is different from that of the neutral

molecule in that the cavity has completely collapsed.

Introduction

For more than two decades tetrathiafulvalene (TTF) and
related derivatives have been studied with the aim of
preparing organic conductors and superconductors.['! Because
of the current interest in advanced molecular materials, TTF-
based molecules have also gained significance for other
purposes:l TTF’s characteristic redox behavior, that is a
facile and reversible two-stage oxidation-reduction couple,
makes it attractive as a building block in supramolecular
chemistry. Thus the TTF building block has been incorporated
into elaborate systems in various molecular devices, such as
sensors, switches and shuttles.! In addition, owing to its good
electron-donating ability, the TTF moiety also appears to be a
prime candidate in the syntheses of macrocyclic hosts for
electron-deficient compounds. This is documented by the
versatile inclusion phenomena of bis-bis(ethylenedithiolo)
tetrathiafulvalene (bis-BEDT-TTF) (1): in its neutral state,
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the donor adopts a U-shaped conformation that
creates a cavity between the two TTF units which is
occupied by a TTF unit of the next donor, whereas in
its charge-transfer complex with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ), 1 sandwiches the
acceptor within the cavity.! The donor 1 also forms
an inclusion complex with Cg.P! Other examples of
inclusion phenomena of TTF-based macrocycles
have recently been published for crisscross TTF
phanes (2) that possess linkers longer than C;
chains.[! The neutral molecules of 2a and 2b contain
one chloroform molecule inside the cavity. In the
case of 2a the inclusion ability is maintained in the
radical cation salts which contain one ethanol
molecule within the cavity.[%]

Conventional cyclophanes constitute an important
class of synthetic host molecules;” thus, it is of
interest to develop simple routes to TTF macrocycles
that are related to the above-mentioned crisscross
TTF phanes. To enlarge the cavity surrounded by
TTF groups, we designed the multibridged tris-TTF
macrocycles 3, in which two of the three TTF groups
lie in a parallel arrangement and the third is
orthogonal to these. It appears attractive to construct
such cyclophanes with effective TTF donors, not only
for possible host-—guest interactions, but also to
obtain systems with the potential to undergo a
reversible change of structure upon oxidation/reduc-
tion.

The molecular structure of a related cage molecule
with biphenyl building blocks (4) was reported to
have a large T-shaped cavity (dimensions of the T:
height: 725 A; width at the bottom of the cavity:
3.86 A; width at the top of the cavity: 725 A).
Although 4 crystallizes with one chloroform mole-
cule as solvent of crystallization, the solvent mole-
cule lies outside the cavity.®! Cory —Pauling — Koltun
(CPK) modeling suggests that our target, tris-TTF
macrocycles (3), have rather larger cavities than
those of 2 and 4.

Herein we describe multibridged tris-TTF macro-
cycles (3), their effective syntheses from readily
available tetrakis(cyanoethylthio)TTF, and their
electrochemical behavior together with the crystal
structures of both the neutral and the oxidized states.

Results and Discussion

Synthesis: Retrosynthetically, the tris-TTF cyclo-
phane 3 can be dissected into a reasonable inter-
mediate (6) by disconnecting one central C=C bond
in the upper TTF group and two linkers between two
bottom TTF groups. This disconnection approach is
suitable for the stepwise cyanoethyl deprotection/
realkylation method™ followed by a final intramo-
lecular coupling of the resulting bis-TTF macrocycle
with two molecules of the 1,3-dithiole-2-(thi)one
intermediate (Scheme 1). The common intermediate

1948
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Scheme 1. Strategy for the synthesis of the tris-TTFs (3).
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(6) for both 3a and 3b was readily prepared by the reaction of
bis(tetraethylammonium) bis(1,3-dithiole-2-thione-4,5-di-
thiolato)zincate, (TEA),[Zn(dmit),], and 5 derived by the
selective deprotection/realkylation of tetrakis(cyanoethyl-
thio) TTF. Selective deprotection of one cyanoethyl group of
6 with CsOH-H,O (1.1 equiv) followed by alkylation with
0.5 equivalents of 1,3-diiodopropane or bis(2-iodoethyl)ether
gave 7 in moderate yields, which was subsequently depro-
tected/realkyated under high-dilution conditions to give the
bis-TTF macrocycles with two 1,3-dithiole-2-thione moieties
(8). After trans-chalcogenation of 8 into the corresponding
ketones (9) by the standard procedure (mercury acetate), the
intramolecular coupling reaction, mediated by triethylphos-
phite, gave the desired multibridged tris-TTF macrocycles 3 in
relatively high yields of 61% and 53% for 3a and 3b,
respectively. Although all the intermediates (5-9) and the
final tris-TTF (3) were obtained as a mixture of cis and trans
isomers on each TTF moiety, careful recrystallization of 3
gave reasonable amounts of pure all-cis isomers (see the
Experimental Section).

Crystal structure: Slow evaporation of a solution of 3a,b (cis/
trans) in chloroform/light petroleum gave orange platelike
crystals. Figure 1 shows the molecular structure of 3a-

Figure 1. Molecular structure of 3a (all-cis): top view (left) and side view
(right).

-3CHCI;. The molecule has an all-cis configuration, which is
the least strained structure as predicted by a CPK model. The
pair of TTF units in the parallel orientation has a double-
decker structure which sandwiches one chloroform molecule.
The third TTF unit is separated from this pair by the long and
flexible bis(ethoxy)ethyl linkers. A large cavity is thus created
by the TTF pair, the third TTF unit, and the four linkers, in
which a further chloroform molecule is encapsulated.

In the crystal packing, the parallel-oriented TTF pairs stack
to give a columnar structure along the b axis to give the
arrangement -D-D-S-D-D-S- (where D =donor=TTF and
S =solvent, Figure 2). This stacking is separated by the third
TTF unit and the bis(ethoxy)ethyl linkers. Along the direction
of the ¢ axis, wedge-shaped 3a arranges alternately in a
complementary packing to minimize the amount of space
between the 3a molecules in this direction. However, there
exists a cleft in-between, and this interstitial position is
occupied by the third chloroform molecule.

Chem. Eur. J. 2000, 6, No. 11

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

Figure 3. Molecular structure of 3b (all-cis): top view (left) and side view
(right). Only one of two crystallographically independent molecules is
presented.

The molecular structure of 3b - CHCl, is shown in Figure 3.
Although the crystal contains two crystallographically inde-
pendent molecules in the asymmetric unit, both have basically
the same molecular shape, which is an all-cis form and very
similar to that of 3a. In the molecular structure of 3b,
however, the interplanar distance between the parallel-
oriented TTF pairs is too short to bind a chloroform molecule,
and thus only one chloroform molecule is included in the
cavity formed by the TTF pair, the third TTF, and the ether
linkers.

The characteristic structural feature of these tris-TTF
macrocycles is the stacking arrangement of the parallel-
oriented TTFs and the third TTF which is separated from the
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TTF stack, to produce a cavity surrounded by three TTF
groups. This cavity is large enough to include two (3a) or one
(3b) chloroform molecule(s). In both cases the volume of the
cavity is smaller than expected, probably owing to the
flexibility of the linkers, which allows two TTFs in parallel
orientation to stack intramolecularly.

Electrochemistry: The electrochemical behavior of the TTF
macrocycles was investigated by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) (Figure 4). The redox

| (arbitrary unit)
\7
i By

E (arbitrary unit)

0 0.2 0.4 0.6 0.8 1.0 1.2

Vv

Figure 4. Top: Cyclic voltammogram (CV) for compound 3a (bold) and
compound 3b (thin). Bottom: Differential pulse voltammogram (DPV) for
compound 3a (thin) and 3b (bold).

potentials of 3a and 3b are summarized in Table 1 together
with those of bis-TTF, 8a, and 8b. Both 8a and 8b showed a
splitting of the peaks assigned to the first oxidation step of

Table 1. Oxidation potentials E [V] and number of electrons (ne) as
determined by differential pulse voltammetry.?!

Compound E'[V] E*[V]

3a +0.52 Be) +0.85 (3e)
3b +0.49 (1e), +0.57 (2e) +0.87 Be)
8a 4049 (le), +055 (Le) +0.87 2¢)
8b 40,50 (le), +0.62 (Le) +0.85 (2¢)

[a] Differential pulse voltammetry was carried out with Pt working and
counter electrodes and an Ag/AgCl reference electrode in 3 x
10~ mol dm~ dichloromethane solution containing 10! moldm™ tetrabu-
tylammonium hexafluorophosphate as the supporting electrolyte.
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each TTF moiety, which indicates the existence of an intra-
molecular interaction between two TTFs. This intramolecular
interaction appears to be affected by the length of the linkers;
8b with the shorter C; linker demonstrates a larger splitting of
the first redox wave of both TTFs. These observations are
consistent with a similar electrochemical behavior to the
related double-bridged TTF phanes.'”] In contrast, the redox
behavior of 3 is not so resolved as that of 8. In both CV and
DPV 3a shows only two redox peaks, and the first one (E =
+0.52' V) is quite broad. This might be understood by the
overlap of close peaks for the first redox processes of all the
three TTFs, suggesting weak interactions between them. On
the other hand, 3b shows three well-resolved peaks at E=
+0.49, 0,57, and +0.87 V which qualitatively correspond to a
one-, two-, and three-electron process, respectively. It is
reasonable to consider the following explanation: i) the first
peak which results from a one-electron process may be
assigned to the oxidation of one of the parallel-oriented TTFs,
ii) the resulting monocation radical is stabilized by intra-
molecular interaction between the two parallel-oriented
TTFs, and iii) the first oxidation processes of the remaining
TTFs thus overlap somewhat with the second peak. The
different electrochemical behavior observed for 3a and 3b
arises from the different linkers and corresponds qualitatively
well to the interplanar distance between the two parallel-
oriented TTFs. Notably, a small modification of the molecular
structure, such as a change in the two bottom linkers (L,),
effectively alters both the molecular structure and the
electrochemical behavior.

Electrochemical crystallization: The electrochemistry results
proved that the present tris-TTFs (3a,b) retain the facile
oxidation ability observed for simple TTF derivatives. In
order to compare the molecular structures of these TTF
macrocycles upon oxidation with those of the neutral state,
standard electrocrystallizations were examined in the pres-
ence of various tetrabutylammonium (TBA) salts as the
electrolyte: these included linear (I;~, I,Br-), tetrahedral
(ClO;7), and octahedral (PF¢") anions. However, only the
electrocrystallization of 3b with TBA - I; gave crystalline salts
as black lustrous plates.'] The room-temperature conductiv-
ity for two single crystals of the 3b-I; salt was measured by
the two-probe method, and gave a conductivity of 2.8 x
10-°Scem! and 3.1 x 107° Secm~!. Notably, even though the
identical conditions for the successful electrocrystallization of
3b-I; were applied to the electrocrystallization of 3a or 3b
with other counteranions (i.e. the same concentration and
applied current in the same solvent), no crystalline radical salt
of good quality was obtained. This implies that the crystal
packing is severely influenced by the geometry of the TTF
macrocycle as well as the size and shape of the counteranions.

An X-ray crystallographic analysis revealed the crystal
structure of 3b-I;-(1,2-dichloroethane) (Figure 5): the oxi-
dized 3b has an all-cis structure, as in the neutral state. The
molecular shape, however, is completely different from that of
the neutral molecule:[*? the neutral end-cavity that encapsu-
lates one chloroform molecule has completely collapsed,
while the molecule itself folds to effectively minimize the
volume of the cyclophane cavity (Figure 6).
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Figure 5. Dimeric pair of 3b seen in the X-ray structure of 3b-I;-(1,2-
dichloroethane), showing one of the two possible conformations of the
linkers. For the sake of clarity the ellipsoids are represented with 30 %
possibility. Intramolecular contact distances [A]: S(6)—S(23) 3.735, S(8)—
S(16) 3.520. Intermolecular contact distances S(3)-S(13) 3.379 A.

., -~

(R

Figure 6. A CPK model description of the change in the shape of the cavity
in cyclophane 3b upon oxidation.

The length of the central C=C bond in a TTF system is very
sensitive to the oxidation state of the TTE."¥l Thus, in order to
evaluate the oxidation state of each TTF group in the 3b-1;
salt, the length of their central C=C bonds are compared with
those of neutral 3b (1.325(12) - 1.366(14) A). The total charge
transfer is assumed to be close to unity for stoichiometry
reasons and judging from the bond order, it is assumed that
TTF#1, which has the longest central bond (1.395(9) A), is
cationic and carries more charge than the two remaining,
neutral TTFs with central bond lengths of 1.347(10) and
1.351(11) A. There is a face-to-edge intramolecular interac-
tion between the cationic TTF and one of the neutral TTF
moieties through short S—S contacts (3.735 and 3.520 A).

Chem. Eur. J. 2000, 6, No. 11
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Thus, it is clear that the cohesive force between the cationic
and neutral TTFs plays an important role in the stabilization
of the collapsed molecular shape and consequently the solvent
molecule that lies in the neutral cavity in 3b is expelled.
The packing diagram normal to the ab plane is shown in
Figure 7. The two L-shaped 3b molecules have a comple-
mentary arrangement through short intermolecular S-S

Figure 7. Crystal packing in 3b-I;-(1,2-dichloroethane) viewed down
[o01].

contacts (3.379 A) between the cationic and the neutral TTF
moieties. These dimers are repeated along the direction of the
a axis to create infinite donor arrays; the channels created
between these arrays are occupied by solvent molecules and I;
anions.

Conclusions

Combination of the deprotection/realkylation sequence of the
protected TTF tetrathiolate followed by an intramolecular
coupling reaction is effective for the synthesis of unprece-
dented multibridged tris-TTF macrocycles. Single-crystal
X-ray analyses of the neutral tris-TTFs have indicated that
they have large end-cavities which are able to encapsulate
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chloroform molecules. The volume of the end-cavity is
influenced by the length of the bottom linkers: with short
tri(methylene) linkers the TTF macrocycle can include only
one chloroform, whereas with bis(ethylene)ether linkers the
macrocycle cavity is large enough to include two chloroform
molecules.

In contrast to the inclusion phenomena observed in the
neutral molecules 3a and 3b, the structural analysis of the
oxidized form, 3b-I;- (1,2-dichloroethane), revealed that the
end-cavity has completely collapsed, probably driven by the
cohesive force between the cationic and the neutral TTF
moieties. Although we initially expected that 3% might
behave as a host for anionic species upon oxidation, this was
found not to be the case. The observed expulsion of solvent
molecules on oxidation can be regarded as a kind of
“stimulus-response”-type phenomenon; in other words the
inclusion ability of 3b can be controlled by the oxidation state
of the TTF building blocks. This is attributed to the long and
flexible linkers between the TTF tetrathiole moieties, which
make it possible to take arbitrary molecular shapes depending
on the circumstances, namely the crystal packing and oxida-
tion state of TTF moieties. The present synthetic pathway is
basically applicable for all types of linkers. Furthermore, on
account of the stepwise procedure, it will be easy to use two
different linkers (L, and L,) to enable a fine tuning of the
molecular structure and electrochemical properties.

Experimental Section

General: All reactions were carried out under a nitrogen atmosphere.
Solvents and reagents were purified according to standard procedures
when necessary. Silica gel “Kieselgel 60, Merck” was used as the stationary
phase for column chromatography. Melting points were determined in
open capillary tubes on a Biichi apparatus and were uncorrected. Micro-
analyses were performed at the Microanalytical Lab., University of
Copenhagen. 'H NMR were recorded on a Varian Gemini2000
(300 MHz) with tetramethylsilane as the internal reference. IR spectra
were recorded on a Perkin — Elmer 580 spectrometer either neat or in a KBr
disk. PDMS (plasma desorption mass spectra) were recorded on a Bio-Ion
20 K on the basis of 500000 fission events. Cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) were carried out with an Auto-
labPGSTAT10 potentiostat (ECO CHEMIE BV) in a single-compartment
cell with a platinum disk working electrode, a platinum wire counter-
electrode, and an Ag/AgCl electrode as the reference electrode. High-
dilution addition was performed by means of a perfuser pump (Perfuser,
Secura, Braun AG).

2,7(6)-Bis(2'-cyanoethylthio)-3,6(7)bis{2-[2-(2-iodoethoxy)ethoxy]ethyl-
thio}tetrathiafulvalene (cis/trans) (5): To a solution of 2,3,6,7-tetrakis(2'-
cyanoethylthio)tetrathiafulvalene (3.0 g, 5.5 mmol) in DMF (140 mL) was
added CsOH-H,O (1.94 g, 11.6 mmol) in methanol (20 mL) at room
temperature over a period of 45 min with stirring. The mixture was then
stirred for 1 h and 1,2-bis(2-iodoethoxy)ethane (40.74 g, 110 mmol) was
added. The mixture was stirred overnight and then concentrated under
reduced pressure. The residue was dissolved in CH,Cl, (200 mL), washed
with water (2 x 50 mL), and dried over MgSO,. The concentrated organic
phase was subjected to column chromatography (silica gel): excess 1,2-
bis(2-iodoethoxy)ethane was eluted with CH,Cl,, and the desired product
obtained as an orange solid (4.73 g, 93%) with CH,Cl,/AcOEt (10:1).
Recrystallization from acetone/methanol gave orange crystals. M.p. 93.5—
94.0°C; '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =2.74 (t, *J(H,H) =
6.9 Hz, 4H; CH,), 3.06 (t, *J(H,H) =71 Hz, 4H; CH,), 3.08 (t, */(H,H) =
6.7 Hz,4H; CH,), 3.29 (t,*/(H,H) = 6.9 Hz,4H; CH,), 3.60-3.80 (m, 16 H;
CH,); IR (KBr): #=2919 (C—H) 2874 (C—H), 2249 (CN), 1132-1108 cm™!
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(C-0-C); MS (PD): m/z: 922 [M]*; anal. calcd for C,,H;,N,0,S;1, (922.8):
C 31.24, H 3.50, N 3.04; found: C 31.34, H 3.30, N 2.95.

2,7(6)-Bis(2'-cyanoethylthio)-3,6(7)-[ 2-thioxo-1,3-dithiole-4,5-diylbisthio-
bis(ethane-1,2-diyl)dioxybis(ethane-1,2-diyl)bisthio Jtetrathiafulvalene
(cis/trans) (6): The solution of 5 (2.15 g, 2.33 mmol) and zincate (943 mg,
1.31 mmol) in acetonitrile (350 mL) was refluxed overnight. After the
mixture had cooled to room temperature, the solvent was evaporated to
give a semisolid residue, which was dissolved in CH,Cl, (250 mL). An
insoluble inorganic solid was filtered off by passing through a Celite pad.
The filtrate was washed with water (3 x 70 mL), dried over MgSO,, and
then concentrated. The residue was taken up to the top of a silica gel
column, which was eluted with CH,CL,/AcOEt (10:1) to give 6 (1.20 g,
59% ) as an orange oil. 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =2.76
(t, 37=6.9 Hz, 4H; CH,), 3.04-3.11 (m, 12H; CH,), 3.64-3.75 (m, 16H;
CH,); IR (KBr): v=2921 (C—H), 2862 (C—H), 2250 (CN), 1132-1104 (C-
0-C), 1060 cm™" (C=S); MS (PD): m/z: 865 [M]*; anal. calcd for C,;H;,N,
0,S,; (865.3): C 37.47, H 3.73, N 3.24; found: C 3757, H 3.56, N 3.29.

2,2'-Bis[7(6)-{(2"-cyanoethylthio)-3,6(7)-[ 2-thioxo-1,3-dithiole-4,5-diylbis-
thiobis(ethane-1,2-diyl)dioxybis(ethane-1,2-diyl)bisthioJtetrathiafulvalen-
2-ylethio}ethyl ether (cis/trans) (7a): To a solution of 6 (1.92 g,2.2 mmol) in
DMF (80 mL) at room temperature was added CsOH-H,O (372 mg,
2.2 mmol) in methanol (10 mL) over a period of 45 min with stirring. The
mixture was stirred for a further 1h, 1,2-bis(2-iodoethyl)ether (361 mg,
1.1 mmol) in DMF (10 mL) was added, and the mixture was stirred
overnight. The reaction mixture was concentrated in vacuo, and the residue
was taken up into CH,Cl, (200 mL), washed with water (2 x 70 mL), dried
over MgSO,. Column chromatography of the concentrated organic phase
with CH,CL,/AcOEt (8:1) as eluent, gave 3a (717 mg, 38 %) as an orange
oil. 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =2.74 and 2.76 (t, 3/ =
74 Hz,4H; CH,), 2.98-3.12 (m, 24H; CH,), 3.60-3.80 (m, 36 H; CH,); IR
(neat): 7=2921 (C-H), 2862 (C—H), 2250 (CN), 1132-1094 (C-O-C),
1067 cm™! (C=S); MS (PD): m/z: 1695 [M]*; anal. calcd for Cs,Hg,O4N,S54
(1694.7): C 36.85, H 3.81, N 1.65; found: C 37.11, H 3.67, N 1.50.

1,3-Bis[7(6)-{(2"-cyanoethylthio)-3,6(7)-[ 2-thioxo-1,3-dithiole-4,5-diylbis-
thiobis(ethane-1,2-diyl)dioxybis(ethane-1,2-diyl)bisthio]tetrathiafulvalen-
2-ylethio}propane (cis/trans) (7b): The same procedure as that used for 7a
gave 7b as an orange oil. Yield: 39%; 'H NMR (300 MHz, CDCl;, 25°C,
TMS): 6 =1.99 (m, 2H; CH,), 2.73 and 2.77 (t,3J =74 Hz,4H; CH,), 2.95 -
3.15 (m, 24H; CH,) 3.59-3.80 (m, 32H; CH,); IR (neat): 7=2919 (C—H),
2861 (C—H), 2250 (CN), 1107 (C-O-C), 1064 cm™! (C=S); MS (PD): m/z:
1665 [M]*; anal. calcd for C5;Hg,OgN,Sy (1664.6): C 36.80, H 3.75, N 1.68;
found: C 36.71, H 3.63, N 1.66.

Bis-TTF macrocycle with bis(1,3-dithiole-2-thione) (cis/trans) (8a): To a
stirred solution of 7a (700 mg, 0.41 mmol) in DMF (40 mL) was added
dropwise a solution of CsOH-H,O (144 mg, 0.86 mmol) in methanol
(10 mL) at room temperature over a period of 20 min. Stirring was
continued for a further 45 min. This solution and a solution of 1,2-bis(2-
iodoethyl)ether (134 mg, 0.41 mmol) in DMF (50 mL) at room temper-
ature were added simultaneously into DMF (50 mL) over a period of 20 h
under high-dilution conditions by means of a perfusor pump. The mixture
was stirred for an additional 3 h, and then concentrated in vacuo. The
resulting residue was taken up into dichloromethane (200 mL), washed
with water (2 x 50 mL), and dried over MgSO,. Evaporation of the solvent
and subsequent column chromatography (silica gel, CH,Cl,/AcOEt 5:1)
gave 8a (414 mg, 61 %) as an amorphous orange solid. 'H NMR (300 MHz,
CDCl;, 25°C, TMS): 0 =2.98-3.12 (m, 24H; CH,) 3.60-3.80 (m, 40H;
CH,); IR (neat): 7=2921 (C—H), 2861 (C—H), 1104 (C-O-C), 1066 cm!
(C=S); MS (PD): m/z: 1659 [M]"; anal. calcd for CssHgyO,(S, (1658.6): C
36.21, H 3.89; found: C 36.42, H 3.69.

Bis-TTF macrocycle with bis(1,3-dithiole-2-thione) (cis/trans) (8b): Yield:
52%; 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =2.00 (m, 4H; CH,),
2.70-3.15 (m, 24H; CH,) 3.59-3.81 (m, 32H; CH,); IR (KBr): v =2921,
2862 (CH), 1137-1099 (C-O-C), 1059 cm~! (C=S); MS (PD): m/z: 1598.0
[M]*; anal. caled for CsHgyOgSa4: C 36.06, H 3.78; found: C 36.38, H 3.61.

Bis-TTF macrocycle with bis(1,3-dithiol-2-one) (cis/trans) (9a): To a
solution of 8a (360 mg, 0.22 mmol) in CHCI; (30 mL) was added Hg(OAc),
(320 mg, 1.0 mmol) and then acetic acid (2 mL). The mixture was stirred for
2 h, and the white solid which had precipitated was filtered off onto a Celite
pad and washed with additional CHCl; (2 x 25 mL). The combined filtrate
was washed with saturated aqueous NaHCO; solution (2 x 30 mL) and
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water (30 mL), and then dried over MgSO,. Chromatography on a short
column (silica gel, CH,Cl,/AcOEt 5:1) gave 9a as an amorphous orange
solid. Yield: 360 mg (100 % ); "H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =
2.95-3.15 (m, 24H; CH,) 3.60-3.80 (m, 40H; CH,); IR (neat): 7 =2921
(C—H), 2861 (C—H), 1667 (C=0), 1104 cm~! (C-O-C); MS (PD): m/z: 1626
[M*]; anal. caled for C5gHgyO15S,4 (1626.5): C 36.92, H 3.97; found: C 37.00,
H 3.82.

Bis-TTF macrocycle with bis(1,3-dithiol-2-one) (cis/trans) (9b): Yield:
95%. 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =2.00 (4H, m, CH,),
2.70-3.15 (m, 24H; CH,), 3.59-3.81 (m, 32H; CH,); IR (KBr): 7=2861
(CH), 1664 (C=0), 1106 cm™! (C-O-C); MS (PD): m/z: 1566 [M]*; anal.
caled for CygHgyO40S,4 (1566.4): C 36.80, H 3.86; found: C 36.71, H 3.78.

Tris-TTF macrocycle (cis/trans) (3a): A mixture of 9a (305 mg) and
triethylphosphite (7 mL) in toluene (10 mL) was refluxed for 2 h. The
solvent and the excess phosphite was evaporated off under reduced
pressure, and the resulting residue separated by chromatography (silica gel,
CH,Cl,/AcOEt 10:1) to afford 3a as an amorphous orange solid. Yield:
185 mg (61 %); 'H NMR (300 MHz, CDCl;, 25°C, TMS): 0=2.80-3.18
(m, 24H; CH,) 3.58-3.80 (m, 40H;
CH,); IR (KBr): #=2918 (C—H), 2859
(C-H), 1104 cm™! (C-O-C); MS (PD):

exposure frames; each set with a different ¢ angle for the crystal and each
frame covering a scan of 0.3° in w. Data collection, integration of frame
data, and conversion to intensities corrected for Lorenz, polarization, and
absorption effects were performed with the programs SMART,™
SAINT,™ and SADABS.[S! Structure solution, refinement of the struc-
tures, structure analysis, and production of crystallographic illustrations
was carried out with the programs SHELXS97/') SHELXL 97,171 PLA-
TON,"®l and SHELXTL.!") In 3a and 3b-1I; H atoms were included in
calculated positions. The refinements were complicated by conformational
disorder of linker atoms and of the solvent molecules. This disorder was
modeled by placing some atoms in split positions (A and B) with isotropic
displacement parameters. The structure of 3b was refined with mostly
isotropic displacement parameters on account of the size of the structure
with two independent macromolecules. The large residual electron density
in that structure determination is probably caused by additional solvent,
which, however, could not be identified. A summary of the crystal data,
X-ray data collection parameters, and structural refinement results is given
in Table 2. The final atomic coordinates and other crystallographic data
have been deposited with CCDC.12!

Table 2. Crystal data and structure refinement parameters.

milz: 1594 [M]*; anal. caled for
C5oHgyO10S24  (1594.5): C 3766, H

3a 3b 3b-1,

4.05; found: C 37.75, H, 4.07. Recrys- chemical formula

CSI)H64OI(JSZ4 -3 CHC13 C4XH6(JOXSZ4 : CHC]z C48H61)OXSZ4 : I3 : C2H4C12

tallization of the isomeric mixture
(123 mg) from chloroform/petroleum
ether (~1:1) gave 3a (40 mg) as or-
ange prisms (all-cis isomer confirmed
by an X-ray analysis); m.p. 89-91°C;
anal. caled for CgHg040S,,Cly (3a-
3CHCl;; 1952.6, the ratio was also
confirmed by an X-ray crystal analysis):
C 32.60, H 3.46; found: C 33.33, H 3.39.

Tris-TTF macrocycle (cis/trans) (3b):
Amorphous orange solid; yield: 53 %;
'H NMR (300 MHz, CDCl;, 25°C,
TMS): 6=1.98 (m, 4H; CH,), 2.70-
3.15 (m, 24H; CH,), 3.59-3.81 (m,
32H; CH,); IR (KBr): #=2916, 2857
(CH), 1109 cm™! (C-O-C); MS (PD):
m/z: 1534 [M]*; anal. calcd for
CsHgOsS,, (1534.4): C 3757, H 3.94;
found: C 37.77, H 3.86. Orange plates
(23 mg, all-cis isomer confirmed by an
X-ray diffraction analysis) were ob-
tained by recrystallization of the mix-
ture (58 mg) from chloroform/petrole-
um ether (~1:1); m.p. 118-119°C;
'H NMR (300 MHz, CDCI3, 25°C,
TMS): 6=198 (q, /=69 Hz, 4H,
CH,), 2.83-3.17 (m, 24H; CH,),
3.60-3.78 (m, 32H; CH,); anal. calcd
for  CyHgOS,Cl;  (3b-CHCLy;
1716.9): C 35.58, H, 3.71, found: C
36.02, H 3.55.

Electrocrystallization of 3b: In an H-shaped cell with sintered glass
dividing the two compartments, 3b (5 mg) and nBu,NI; (50 mg) were
placed into the anodic compartment and the supporting electrolyte (50 mg)
was placed into the cathodic compartment. Dry dichloroethane (15 mL)
and dry ethanol (1.5 mL) were then poured into the cell, and the resulting
solution was degassed with a stream of nitrogen for 10 min. The platinum
electrodes were introduced, and a constant current of 3—5 pA was applied.
Within several days black platelike crystals grew on the surface of the
anodic electrode. They were collected by filtration and washed with
dichloromethane.

Crystal structure analyses: Suitable single crystals were mounted in a thin
protecting layer of oil on glass fibers and transferred to the cold stream of
nitrogen (Oxford Cryostream) on the diffractometer. Data was collected
on a Siemens SMART CCD diffractometer at 120 K. An almost complete
sphere of reciprocal space was covered by a combination of several sets of
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T [K] 120(2) 120(2) 120(2)

crystal system orthorhombic orthorhombic triclinic

space group Pna2, Pca2, Pl

a[A] 30.3759(7) 39.336(8) 17.3594(10)

b [A] 12.2830(4) 12.520(3) 19.6212(10)

c[A] 21.5012(5) 30.977(6) 12.5898(10)

al’] 90 90 110.878(10)

A1 90 90 105.512(10)

v [°] 90 90 95.114(10)

V[A3] 8022.3(4) 15256(5)
3778.8(4)

V4 4 8 2

Peatea [gem ™3] 1.617 1.440 1.770

Mo, radiation [A] 0.71073 0.71073 0.71073

u [mm™] 0.990 0.821 2.021

crystal size [mm] 0.28 x 0.18 x 0.06 0.40 x 0.15 x 0.10 0.35x0.23 x 0.03

transmission range 0.769-0.943 0.735-0.922 0.538-0.942

6 range for data collection [°] 1.34-23.25 1.04-26.42 1.13-26.37

no. of measured reflections 62880 156941 39656

no. of unique reflections 11527 31172 15298

completeness of unique refl. 1.000 0.998 0.990

Rin 0.0997 0.0760 0.0413

data/restraints/parameters 11527/60/856 31172/19/1513 15298/86/770

no. of refl. with I >20([) 9065 25234 10935

R (F I>20(1)) 0.0772 0.0841 0.0571

wR (F?, all) 0.2125 0.2521 0.1430

goodness-of-fit (S) 1.020 1.117 1.023

ADrmaxs Dwin [€ A7] 1.28, —0.89 4.73, —1.05 2.26, —1.64
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Functionalised Oligoenes with Unusual Topologies: Synthesis, Electro-
chemistry and Structural Studies on Redox-Active [3]- and [4]-Dendralenes

Martin R. Bryce,* Malcolm A. Coffin, Peter J. Skabara, Adrian J. Moore,
Andrei S. Batsanov, and Judith A. K. Howard'?!

Abstract: New [3]- and [4]-dendralenes
bearing electron-donor 1,3-dithiole and
ferrocene substituents have been syn-
thesised. Compounds 8, 15 and 17 have
been characterised by single-crystal
X-ray diffraction. Two of the dithiole
rings of 8 are conjugated (dihedral angle
9°), while the third dithiole ring is almost

dithiine rings comprise an extended -
conjugated system. In molecule 17 the
potential conjugation path C(6)C(3)
C(4)C(5)-CsHs is distorted by an 8° twist
around the C(3)—C(4) bond and a 7°
twist around the C(5)—C(21) bond, and
the delocalisation along the chain is
insignificant. Solution electrochemical

data demonstrate that the dendralenes
are strong m-electron donors, which give
rise to dication, radical trication or
tetracation species. Spectroelectrochem-
ical studies on compounds 7 and 10
suggest that the radical species are
situated within the linear 1,2-ethylene-
diylidene moieties and that a conforma-

orthogonal to this plane, and hence its n-
electron system is isolated. For the
dendralene precursor molecule 15, the
substituted cyclopentadienyl ring, two
C=C bonds and fused dithiole and

chemistry -

Introduction

The structural, electronic and optical properties of conjugated
organic molecules and their derived oligomers and polymers
continues to attract widespread attention.!!! Linearly conju-
gated species, for example polyacetylene,”! and polythio-
phene derivativesP! are representative, and the electronic and
spectroscopic properties of their charged states, generated by
chemical or electrochemical means, have been the subject of
extensive investigations. The importance of studying well-
defined oligomers of these and related polymeric species has
recently been emphasised by several authors;* the benefits
include precisely defined structures, ease of purification,
solubility and tractability.

Dendralenes are a class of cross-conjugated materials which
have received relatively scant attention.’] They are the
simplest one-dimensional 7 systems with non-degenerate
ground states, a topological feature which may give rise to
unusual physical properties not found in their linear counter-
parts. In particular, redox-active dendralenes which readily
give rise to open-shell species are very rare.l’! Although very

[a] Prof. M. R. Bryce, Dr. M. A. Coffin, Dr. P. J. Skabara, Dr. A. J. Moore,
Dr. A. S. Batsanov, Prof. J. A. K. Howard
Department of Chemistry
University of Durham, Durham DH1 3LE (UK)
Fax: (-+44)191-384-4737
E-mail: m.r.bryce@durham.ac.uk
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tional change may occur at the dication
redox stage. UV/Vis spectroscopic data
are consistent with poor cross-conjuga-
tion in these systems.

electro-
radicals -

few detailed electrochemical, spectroscopic or structural
studies have been reported on dendralenes, novel applications
have been envisaged for the stable cross-conjugated radicals
which they may form. For example, they have possible
applications as soliton valves and switches in molecular
electronic devices.”!

Herein we report our studies on the synthesis and character-
isation of a series of prototype redox-active [3]- and [4]-
dendralenes. The redox properties are imparted by the donor
1,3-dithiole® and ferrocenel® substituents. These molecules
enable us to study m-electron delocalisation in dendralenes.

Results and Discussion

Synthesis: Our first targets'’l were tris- and tetra-1,3-dithiole
derivatives, and their synthesis is shown in Scheme 1. The 1,3-
dithiolium cation salts 11! and 20'?! reacted with the sodium
salt of malonaldehyde, following the procedure of Gompper
et al.,['3l to yield compounds 3 and 4 (24-50% yields). Two-
fold reaction of these dialdehydes with the phosphorus-stabilised
carbanion generated from the appropriate reagents 5! and
612 proceeded cleanly to afford the [3]-dendralene systems 7
and 8 (62—67 % yields). Formylation of compound 7 was achiev-
ed by a Vilsmeier reaction to yield compound 9 (53 % yield)
which underwent a further olefination reaction using reagent
5 to provide the [4]-dendralene system 10 (57 % yield).
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further confirmed by X-ray
analysis. Functionalisation of
15, to afford aldehyde 16 in

S R 74% vyield, was readily ach-
R o . R_s  —o S RoMe. R < \\j\ ieved by the same method used
I H—sme — I >:<: _ I s” R for the transformation of 7 into
RT S - RS =0 b R7 S SG-R 9. Aldehyde 16 was then con-
SI verted into the 2:1 ferrocene:
B e X3 BFa 3 R=SMe R dithiole system 17 (72% yield)
Y 4 R=Me Rz e and the 2:1 dithiole:ferrocene
system 19 (a direct analogue of
c ‘ for R = SMe 13) (83 % yield) using reagents
SMe 12 and 18,1 respectively. Iter-
S o s SMe ative procedures then convert-
MeSe s s € d MeS_ g ;\S\SMe ed 19 into .aldehyde qerlvatlve
I S__SMe - I 20 (71% yield) and finally the
Mes” S I Mes” S S\ —SMe [4]-dendralene  structure 21
S ST “sMme ok SI (65 % yield).
MeS \ SMe
S 9
MeS

10

Scheme 1. Reagents and conditions: a) NaOCH=CH—CH=0, MeCN, 20°C; b) 5 or 6 in THF, nBuLi, —78°C;
then add 3 or 4, — 78 — 20°C; ¢) oxalyl chloride, DMF, —5°C then 20°C; then add 7; d) 5 in THF, nBuLi, —78°C,

then add 9, —78 —20°C.

We have also synthesised a complementary series of
compounds with ferrocene units replacing one or two of the
dithiole rings (Schemes 2 and 3). Reaction of dialdehyde 3
with one equivalent of the phosphonate anion derived from §
gave compound 11, in an optimised 30% yield, after

+
PhsP

SMe Fe

g8
a MeS__s s~ ~SMe
3 —T I

MeS S =0

11

Scheme 2. Reagents and conditions: a) 5 in THF, nBuLi, —78°C, then add 3, —78 —20°C; b) 12, THF, nBuLi,

—78°C; then add 11, — 78 — 20°C.

separation from compound 7 and unreacted compound 3.
Aldehyde 11 then reacted with the ylide formed by treatment
of phosphonium salt 120" with butyllithium to afford the 2:1
dithiole:ferrocene system 13 in 54 % yield (Scheme 2).

To circumvent the low-yielding mono-functionalisation of
3, we developed an alternative, more efficient route to
analogues of 13. In this series we focused on the ethyl-
enedithio-substituted 1,3-dithiole derivatives (rather than
methylsulfanyl analogues) for reasons of increased crystal-
linity. Compound 14!] reacted with the ylide derived from
Wittig reagent 12 to give diene 15 as a highly-crystalline solid
in 64% yield (Scheme 3). The 'H NMR data for 15 were
entirely consistent with the s-trans (E) structure, which was

1956 ——

é 51
1 Mes:[s >=é\s SMe
b Mes” S \
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X-ray crystal structures of com-
pounds 8,15 and 17: Com-
pounds 8, 15 and 17 were char-
acterised by  single-crystal
X-ray diffraction. The structure
of 8 (Figure 1) has previously
been reported.'’) The molecule contains three 1,3-dithiole-
methylene moieties, two of which (A and B) form a dihedral
angle of 9° and constitute a single conjugated system. The
double bonds C(1)=C(2) and C(7)=C(8) are therefore elon-
gated to 1.365(10) and 1.381(10) A, while the intervening
single bond C(1)—C(7) is short-
ened to 1.409(8) A (cf. 1.455 A
in planar 1,3-butadienes)!'®l and
has a bond order of approxi-
mately 1.4. The third 1,3-di-
thiol-2-ylidene moiety (C) is
inclined by 80° to A and by
82° to B, hence its m-electron
system is completely isolated:
the C(7)—C(13) bond remains
essentially single (1.499(12) A).

Molecule 15 (Figure 2) has
trans configuration about both
C(1)-C(2) and C(2)-C(3)

SMe

Fe

13

Figure 1. Molecular structure of 8 (30 % displacement ellipsoids).
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b
16 R = CHO
o d
S 1"
S,_ P(OMe),
(XX
s” s H
18

@

Fe

=

@oQul
Q;/?
<

21

Scheme 3. Reagents and conditions: a) 12, THF, nBuLi, 20°C; then add 14, 20°C; b) oxalyl chloride, DMF, 0°C
then 20°C; then add 15, NaOH; c¢) 12, THF, nBuLi, 20°C; then add 16, 20°C; d) 18, THF, nBuLi, —78°C; then
add 16, —78°C to 20°C; e) oxalyl chloride, DMF, 0°C then 20 °C; then add 19, NaOH;; f) 12, THF, nBuLi, 20°C;

then add 20, 20°C.

S(4)

ci6) C(8)

c(1S) )
oo %

Figure 2. Molecular structure of 15 (50% displacement ellipsoids). Bond
lengths [A]: C(1)-C(11) 1.448(6), C(1)—C(2) 1.356(6), C(2)—C(3) 1.436(6),
C(3)—C(6) 1.345(6), C(6)—S(1) 1.770(5), C(6)—S(2) 1.758(5).

bonds. The substituted cyclopentadienyl ring, two C=C bonds
and fused dithiole and dithiine rings comprise an extended -
conjugated system, which is slightly twisted about the
C(1)—C(11), C(1)=C(2) and C(2)—C(3) bonds, by 10.5(7),
4.8(4) and 5.2(4)°, respectively. The dithiine ring adopts an
envelope conformation: the C(10) atom deviates by 0.78 A
from the plane of the rest. The latter plane is inclined by 5.4°
to the planar dithiole ring. The degree of m-delocalisation can
be roughly measured by ”bond alternation” D. This value
represents the average difference between the lengths of
(formally) single and double bonds, which can vary from

Chem. Eur. J. 2000, 6, No. 11
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0.12 A in localised all-trans pol-
Fe yenes to 0 Ain fully delocalised
systems.['”] The degree of deloc-
alisation in 15 (A=0.09(1) A)
is therefore much lower than in
8 (A=0.036(12) A). Molecules
in the crystal form pseudo-dim-
ers, wherein the conjugated
parts of the molecules are in
face-to-face contact with a
mean interplanar separation of
approximately 3.5 A. Transla-
tionally related dimers then
form a double ribbon (Fig-
ure 3), where each molecule
forms two particularly short
S---S contacts (3.38 A, cf. the
standard van der Waals con-

Fe tact!'8 of 3.60 A) through di-
thiine sulfur atoms S(3) and
S(4).
19 R=H

Molecule 17 (Figure 4) has a
trans configuration about the
C(1)=C(2) and C(4)=C(5)
bonds. The fused dithiole-di-
thiine system is much more
puckered than in 15. The pla-
narity of the potential conjuga-
tion path C(6)C(3)C(4)C(5)-
C;sH; is slightly distorted, as in
15. The C(1)=C(2) bond is in-
clined by 50° to the C(3)=C(6)
bond and by 26° to the cyclo-
pentadienyl ring with atoms

20 R=CHO

Figure 3. Crystal packing of 15, showing S-+- S contacts <3.66 A.

labelled C(11---15). The ferrocenyl -ethene fragment takes
no part in the conjugation.

Electrochemical and spectroscopic studies: The redox chem-
istry of the new compounds has been studied by cyclic
voltammetry and the data are collated in Table 1, along with
data for model bis(1,3-dithiol-2-ylidene)ethane derivatives
222419 obtained under the same conditions for comparison.
The [3]-dendralenes 7 (Figure 5) and 8 display two, reversible,
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5y
) &

e S(2)

57 \
c(gg) C(30
Figure 4. Molecular structure of 17 (50% displacement ellipsoids). Bond
lengths [A, 0=0.02]: C(1)~C(11) 1.45, C(1)—C(2) 1.34, C(2)—C(3) 1.47,
C(3)—C(6) 1.35, C(6)—S(1) 1.80, C(6)—S(2) 1.76, C(3)—C(4) 1.43, C(4)—C(5)
1.33, C(5)—C(21) 1.47.

) O

Table 1. Cyclic voltammetric data.l?

Compound E\'2 [V] E,"2 V] E;'2 [V]
7 0.36 0.49 120 (q)
8 0.08 0.33 1.25 (q)

10 0.28 0.43 0.83 (2¢)

11 0.61 (ir.) 0.81 (ir.) -

13 0.35 0.48 0.66

15 0.33 0.49 -

16 038 0.86 (ir.) -

17 0.26 0.40 0.55

19 0.35 0.50 0.65

21 037 (2e) 0.61 0.76

22001 0.19 0.34 -

23 0.50 0.63 -

24 0.48 0.65 -

27 022 (2¢) - -

[a] Data were recorded using a platinum disc working electrode, platinum
gauze counter electrode, ca. 10~*M solution of compound, 0.2 M tetrabutyl-
ammonium hexafluorophosphate in dry dichloromethane under a nitrogen
or argon atmosphere at 20°C, versus silver wire quasi-reference electrode
(corrected versus ferrocene/ferrocene* as E">=+0.36 V versus Ag/AgCl)
using IR compensation, scan rate 100 mVs~'. All waves represent a
reversible, one-electron process except where indicated: 2e: a two-electron
wave; ir.: an irreversible wave; q: a quasi-reversible wave. [b] Data taken
from ref. [20b) ].

single-electron waves leading to sequential formation of the
cation radical and dication species, which corresponds to the
electrochemical behaviour of the simpler vinylogous TTF
systems 229 and 23" respectively. The third oxidation
process for 7 and 8 occurs at a
considerably more positive po-
tential (approximately 1.2 V)

which is consistent with values MeS ; ,S]:
for an isolated (non-conjugat- [ S
ed) 1,3-dithiol-2-ylidene sys- Mes” S s
tem.l?!l This last oxidation is, MeS___s QO
therefore, unambiguously as- :[S S

signed to the orthogonal 1,3-
dithiole ring of 7 and 8 (i.e.
ring C, Figure 1) and this sug-
gests a solution-state structure

similar to that in the solid state. Scheme 4.

1958
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Figure 5. Cyclic voltammograms of compounds 7, 10 and 21. (For conditions
see Table 1.)

s._R S]
RS I S ﬁs
X s ="

R S g

22 R=Me 27

23 R =SMe

24 R-R = S(CH,),S

25 R=H

26 R = CO,Me

The [4]-dendralene compound 10 exhibits quite similar £,
and E,'” values, but the third oxidation wave is negatively
shifted by approximately 500 mV, compared to analogue 7,
and represents a two-electron process (Figure 5). This coa-
lescence of the third and fourth oxidation waves of 10 and the
relatively low potential at which they occur suggests that the
dication actually exists as the bis(cation radical) represented
by structure A in Scheme 4. The intermediate A constitutes a
o-bonded pair of half-units behaving as two independent 1,2-
ethylenebis(1,3-dithiol-2-ylidene) moieties. This species pos-
sibly undergoes a structural rearrangement to B, such that the
uncharged 1,3-dithiole rings become linear in relation to one
another. Intermediate B represents a vinylogous TTF system
substituted at the central atoms by 1,3-dithiolium units. The
simultaneous two-electron oxidation of 10, corresponding to
E,,? is directly analogous to the one-step, two-electron
oxidation of 14-butenediylidene-2,2'-bis(1,3-dithiole)s. For
example, compound 27 is oxidised to the dication at
+0.22 V2 since the polyene spacer group is sufficiently long
to eliminate the Coulombic repulsion between the terminal
1,3-dithiolium rings. The potential for the simultaneous two-
electron process is positively shifted in 10** (+0.83 V)
compared to 27, which can be attributed to the strongly
electron-withdrawing nature of the dithiolium cations, togeth-

MeS SMe
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er with some degree of Coulombic repulsion in the multi-
charged systems.

Both 2:1 dithiole:ferrocene systems 13 and 19 display
essentially identical redox behaviour. The first two oxidation
processes occur at very similar potentials to 7, and are,
therefore, assigned with confidence to oxidation of the
conjugated bis(1,3-dithiol-2-ylidene)ethane framework, while
the third oxidation at 0.65-0.66 V is assigned to the ferro-
cene/ferrocenium redox couple of the pendant ferrocenyl-
ethene moiety.

A comparison of the CV data for 15 with that for 17, reveals
a negative shift of 70—90 mV in the E,'? and E,'? values for
the latter compound, consistent with increased delocalisation
(reduced coulombic repulsion) in 17. It is also notable that
these values for 17 are negatively shifted relative to those for
13 and 19 (by ca. 90 mV) which probably reflects the
increased spacer length between the redox centres in 17,
which would again decrease the Coulombic repulsion.

The redox behaviour of the 2:2 dithiole:ferrocene system 21
is significantly different from that of the tetrakis(1,3-dithiole)
system 10 already discussed. The first redox wave of 21 is a
two-electron process, while the second and third waves are
each one-electron processes (Figure 5). It appears, therefore,
that the waves corresponding to oxidation of the bis(1,3-
dithiol-2-ylidene)ethane framework of 21 to the radical cation
and dication coalesce in this molecule (cf. the model
compound 2411 for which AE=170 mV). This is possibly
due to some decrease in Coulombic repulsion arising from
delocalisation of the charges onto the ferrocenylethene
moieties. We note that similar coalescence of the two redox
waves is known to occur for systems where two dithiole rings
are separated by three double bonds.!'” 2 The third and fourth
waves seen for 21 are consistent with ferrocene/ferrocenium
redox couples, taking place separately at 0.61 and 0.76 V. Both
these values are positively shifted by 0.21 V compared to the
values for compound 17, which seemingly reflects increased
Coulombic repulsion associated with formation of the tri- and
tetra-cations of 21, as opposed to the di- and trications of 17.

A comment on the CV behaviour of aldehyde derivatives
11 and 16 is worthwhile. Irreversible oxidation waves were
recorded for these compounds (for both waves for 11)
probably as a consequence of close intramolecular O---S
contacts perturbing the m-conjugation.??

Sugimoto et al. initially established that an increase in the
number of sp? carbons in the spacer group between two 1,3-
dithiole rings leads to a red shift of the lowest energy band
(Amax 368 nm for TTF, and 404 nm and 432 nm for 25 and 27,
respectively, in chloroform).?%! Substitution of electron-with-
drawing and electron-donating groups onto the dithiole rings
leads to blue and red shifts, respectively (for example 389 nm
for 26; 415 nm for 22).%1 We observe only a small red shift of
the absorption maxima for the series 2311 (4,,,, =404 nm), 7
(Amax=408 nm) and 10 (4,,,=412nm) implying that the
additional 1,3-dithiol-2-ylidene groups do not significantly
extend the m-conjugation in the system. This is consistent with
the X-ray data for 8 and the CV data. These data are similar
for the dithiole:ferrocene derivatives. The lowest energy
absorption band is seen for compound 17 (4,,,, = 394 nm): this
is red shifted by 20 nm relative to the bands for 13 and 15

Chem. Eur. J. 2000, 6, No. 11
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(both A,,,=374 nm). Diederich and co-workers have also
shown that in dendralenic acetylene systems there is no red
shift in comparison with the corresponding linear half-units,
which is consistent with poor cross-conjugation through the
molecule.[

In spectroelectrochemical experiments in dichloromethane
on the series of compounds 23, 7 and 10 the cation radicals are
characterised by the following absorption bands: 23", A, =
580 and 750 nm; 7, 578 and 740 nm; 10**, 577 and 750 nm.
For the spectra obtained at 0.60 V, that is the spectra of the
dication species, a significant red shift was observed in the
lowest energy absorption for 72+ (500 and 645 nm) and 10**
(570 and 710 nm) relative to 23** (400 nm). We tentatively
suggest that a conformational change may occur at the
dication redox stage, with an additional dithiole ring interact-
ing with the 2,2'-(ethanediylidene)bis(1,3-dithiole) chromo-
phore.

These results provide evidence for the structures shown in
Scheme 5. The similarities in 4,,, for the cation radicals 23",
7 and 10", suggest that the soliton species in the dendralene

Scheme 5.

systems are situated within the linear 1,2-ethylenediylidene
fragments. However, in each of the dicationic intermediates
the absorption maxima represent different electronic behav-
iour: in 23?* delocalisation of the 7 electrons between the 1,3-
dithiole rings is not possible, hence there is a large shift in 4,,,,
to the blue. The lowest energy absorption maxima for 7>+ are
markedly higher than the value of 1,,,, for neutral compound 7
(408 nm). This behaviour is attributed to an intramolecular
charge transfer (ICT) process within 7>*, represented by the
push-pull sequence in Scheme 5. However, the values for 10>+
strongly suggest that the intermediate must exist as structure
C (Scheme 4) since if B predominated we would expect:
i) absorption maxima corresponding to fragments analogous
to 23** and 27, at about 400 and 432 nm, respectively; and/or
ii) an ICT band (at ca. 645 nm, similar to 7>*) arising from the
donation of m electrons from an uncharged dithiole ring to a
dithiolium cation three sp? carbon atoms away; this pathway
of m-electron movement also precludes the possibility of ICT
between the remaining two 1,3-dithiole rings. The values of
Amax are significantly higher than would be expected for these
processes, and they are not much lower than the values for the
cation radical 10" These data therefore imply that the
intermediate dication 10>* exists as the bis(cation radical) C,
rather than B as suggested in the CV study above.

To explore this matter further, SEEPR data in acetonitrile
were obtained for compounds 7 and 10. Oxidation at 0.40 V
led to a a strong EPR signal from the cation radicals, by
analogy with data reported previously for compound 23.1'°"]
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Further oxidation of 10 at 0.60 V resulted in a considerable
reduction in the intensity of the EPR signal, suggesting a
predominant ground state structure B for the dication, rather
than C. Structure C, which is implied by the UV/Vis
absorption spectra discussed above may be a low-lying
photoexcited state which is accessible under the conditions
of irradiation in the spectrometer beam.

Conclusion

These molecules are among the first redox-active dendralenes
to be characterised. Efficient routes for their synthesis have
been developed and cyclic voltammetric studies establish that
they are strong m-electron donor molecules. Cyclic voltam-
metric and UV/Vis spectroscopic data are consistent with
poor cross-conjugation in these systems, in agreement with
previous theoretical studies on dendralenes. For example,
only small red shifts are observed in the values of ,,,, for the
series 23, 7 and 10. X-ray structural data reveal that two of the
dithiole rings of 8 are conjugated, while the third dithiole ring
is almost orthogonal to this plane, and hence its m-electron
system is isolated. A comparison of the crystal structures of 15
and 17 shows a more effective conjugation of the substituted
cyclopentadienyl ring, two C=C bonds and fused dithiole and
dithiine rings, in the former compound. In molecule 17,
delocalisation along this conjugation path is reduced by
twisting of the chain. Unravelling the subtle interplay of steric
and electronic demands in the varied oxidation states of these
systems is clearly a complex issue! The study of new
analogues with a pendant electron-acceptor unit, for example
a dicyanomethylene group, is being explored.”’ To date, no
salts of dendralenes have been characterised crystallograph-
ically. It would be of considerable interest to establish the
conformational changes which accompany the redox reactions
in dendralenes of this family.

Experimental Section

General details: Elemental analyses were performed on a Carlo—Erba
Strumentazione. 'H NMR spectra were obtained on a Bruker AC 250
spectrometer operating at 250.134 MHz. 3C NMR spectra were obtained
on a Varian 400 spectrometer operating at 100.581 MHz. Mass spectra were
recorded on a VG7070E spectrometer operating at 70 eV. IR spectra were
recorded on a Perkin-—Elmer 1615 FTIR spectrometer operated from a
Grams Analyst 1600. UV spectra were obtained on a Kontron Uvicon 930
spectrophotometer using quartz cells; extinction coefficients (¢) are quoted
in M~! cm~!. Melting points were obtained on a Kofler hot-stage microscope
apparatus and are uncorrected. Cyclic voltammetric data were obtained on
a BAS 50 W electrochemical analyser under the conditions reported in
Table 1. Spectroelectrochemical measurements were made on a Perkin—
Elmer Lambda 19 spectrophotometer using a Pyrex cell, with ITO thin
layer working electrode, silver wire reference electrode and a platinum
wire counter electrode in CH,Cl,/0.1m Bu,N*ClO,~. All solutions were
purged with argon and retained under an inert atmosphere while the data
were recorded. TLC analyses were performed using Merck pre-coated
silica (0.2 mm) aluminium backed sheets. Column chromatography was
carried out using Merck silica gel (70-230 mesh). Solvents were distilled
prior to use in chromatography. All reagents were of commercial quality
and used as supplied unless otherwise stated; solvents were dried where
necessary using standard procedures.
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X-ray crystallography: X-ray diffraction experiments were carried out on a
Rigaku AFC6S 4-circle diffractometer (Moy, radiation, A=0.71073 A)
with a Cryostream (Oxford Cryosystems) open-flow N, gas cryostat, using
teXsan software.*!l The empirical (¢ scans) absorption corrections were
negligible. The structures were solved by direct methods and refined by
full-matrix least-squares against F? of all data, using SHELXTL software!*’]
(15: non-H atoms anisotropic, H atoms ”riding”; 17: Fe, S atoms
anisotropic, C isotropic, H “riding”). Crystal data and experimental details
are listed in Table 2. Crystallographic data (excluding structure factors)

Table 2. Crystal data and experimental details.

Compound 15 17
formula CgH,cFeS, CyHyeFe,S,
formula weight 416.4 626.5

T [K] 120 150
crystal system monoclinic triclinic
space group P2,/c (no. 14) P1 (no.2)
a[A] 5.985(4) 7.274(2)
b [A] 12.487(5) 10.122(3)
c[A] 22.780(9) 19.168(5)
al’] 90 77.49(2)
A1 96.57(4) 80.94(2)
v [°] 90 71.57(2)
vV [A3] 1691.3(1.4) 1301.0(6)
V4 4 2

plg cm™) 1.635 1.599
u(Mog,) [mm~'] 1.38 1.46

scan mode w 20/w
max. 26 [°] 55 50
reflections collected 4218 4817
unique reflections 3801 4415

Ry 0.044 0.073
reflections with F2>20(F?) 2235 2384
refined parameters 224 174
R[F*>20(F?)] 0.045 0.115
wR(F?) all data 0.113 0.298
residual max., min. Ap [e A’3] 0.54, —0.46 1.03, —0.95

have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publications nos. CCDC-133930 (15) and 133931 (17). Data
for 8 had been deposited earlier (ref. WAGHER). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk.

1,3-Propanedial-2-(4,5-dimethyl-1,3-dithiole-2-ylidene) (4): Compound 4
was prepared analogously to compound 3" from salt 2('?! (0.9 g, 3 mmol),
the sodium salt of malonaldehyde (0.3 g, 3.2 mmol) in acetonitrile (100 mL)
and isolated, after purification on a neutral alumina column (eluent:
dichloromethane/hexane 1:1 v/v), as a pale yellow solid (0.20 g, 34 % ). M.p.
150°C (sublimation); '"H NMR (CDCl;): 6 =9.74 (s, 2H), 2.42 (s, 6H); IR
(nujol): ¥, = 1620 cm~! (C=0); MS (EI): m/z: 200 [M*]; CgHgO,S, calcd:
C 48.0, H 4.0; found: C 47.7, H 3.9.

Propane-1,2,3-tris[4,5-bis(methylsulfanyl)-1,3-dithiol-2-ylidene] (7) and
propane-1,2-bis[4,5-bis(methylsulfanyl)-1,3-dithiol-2-ylidene]-3-al (11): To
a solution of phosphonate ester 5" (0.70 g, 2.3 mmol) in THF (50 mL) at
—78°C under nitrogen was added nBuLi (1.6M in hexane, 1 mL, 1.6 mmol).
After 1 h, compound 31 (0.30 g, 1.1 mmol) in THF (50 mL) was added and
the solution was stirred at —78°C for 2 h. The solution was then allowed to
warm to room temperature overnight, then the solvent was evaporated and
the residue extracted into dichloromethane (100 mL), which was washed
with water (2 x 100 mL) and dried (MgSO,). Evaporation of the organic
phase yielded an orange solid which was a mixture of products. Purification
was achieved on a neutral alumina column (eluent: dichloromethane/
hexane 1:2 v/v) to yield 7 as a yellow oil (0.47 g, 67 % ). 'H NMR (CDClL,):
0=>5.65(s,2H),2.35 (s, 6 H), 2.34 (s, 6 H), 2.33 (s, 6 H); MS (DCI): m/z: 621
[MH"]; CigHyS, caled: C 34.8, H 3.3; found: C 34.4, H 3.6. Continued
elution with hexane/dichloromethane (1:1 v/v) afforded 11 as a red solid
(0.15g,30%). M.p. 126-127°C; '"H NMR (CDCl;): 6 =9.42 (s, 1H), 5.98
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(s, 1H), 2.54 (s, 3H), 2.49 (s, 3H), 2.43 (s, 3H), 2.37 (s, 3H); IR (nujol):
Tmax = 1618 cm™! (C=0); MS (DCI): m/z: 443 [MH"*]; C;3H,,0S; calcd: C
35.3, H 3.2; found: C 35.2, H 3.2.

Propane-1,2,3-tris(4,5-dimethyl-1,3-dithiol-2-ylidene) (8): Compound 8
was prepared analogously to 7 from reagent 6! (0.36 g, 1.5 mmol) in
THF (50 mL), nBuLi (1.6M in hexane, 1 mL, 1.6 mmol) and compound 4
(0.15 g, 0.75 mmol) in THF (10 mL), and purified on a neutral alumina
column (eluent: hexane/dichloromethane 2:1 v/v) to yield 8 as a yellow
solid (0.20 g, 62 % ). M.p. >230°C; '"H NMR (CDCl;): 6 =5.72 (s, 2H), 1.92
(s, 6H), 1.89 (s, 12H); UV/Vis (CH,CL,): A, (€) =502 (2.8 x 10°), 404 nm
(3.1 x 10%); MS (EI): m/z: 428 [M*]; CigHySs caled: C 50.4, H 4.7; found: C
50.6, H 5.0.

Butane-1,2,3-tris[4,5-bis(methylsulfanyl)-1,3-dithiol-2-ylidene ]-4-al ):
Oxalyl chloride (0.1 mL) was added to anhydrous dimethylformamide
(DMF) (5 mL) at —5°C and the mixture stirred at room temperature for
0.5 h under nitrogen. A solution of compound 7 (200 mg, 0.32 mmol) in
anhydrous DMF (5 mL) was then added and after 3 h the solution was
hydrolysed with NaOH (5M, 2 mL), slowly turning the colour from brown
to red. Dichloromethane (50 mL) was added and the organic phase was
washed with water (3 x 100 mL), dried (MgSO,) and evaporated. The
resulting red solid was purified on a neutral alumina column (eluent:
hexane/dichloromethane 2:1 v/v) to yield 9 as a red solid (110 mg, 53 %).
M.p. 172-174°C; 'TH NMR (CDCl;): 6 =9.08 (s, 1H), 5.90 (s, 1 H), 2.55 (s,
3H),2.48 (s,3H), 2.43 (s, 3H), 2.36 (s, 3H), 2.34 (s, 3H), 2.27 (s, 3H); UV/
Vis (CH,CL): Ap (€): 408 nm (2.5 x 10*); MS (DCI): m/z 649 [MH*];
CoH, 08, caled: C 35.2, H 3.1; found: C 35.3, H 3.2.

Butane-1,2,3,4-tetrakis[4,5-bis(methylsulfanyl)-1,3-dithiol-2-ylidene] (10):
To a solution of phoshonate ester 5 (150 mg, 0.5 mmol) in dry THF (50 mL)
under nitrogen at —78°C, was added nBuLi (1.6M in hexane, 0.31 mL,
0.5 mmol). After 1 h a solution of compound 9 (260 mg, 0.4 mmol) in dry
THF (10 mL) was added and the mixture stirred at —78°C for 1 h before
being allowed to warm to room temperature overnight. The solvent was
then evaporated, water added (100 mL) and the product extracted with
dichloromethane (3 x 50 mL). Drying (MgSO,), evaporation and column
chromatography on neutral alumina (eluent: hexane/dichloromethane 2:1
v/v) yielded 10 as a yellow solid (190 mg, 57 % ). M.p. 87-92°C ; '"H NMR
(CDCL,): 6=5.68 (s, 2H), 3.47 (s, 6H), 3.45 (s, 6H), 3.43 (s, 6H), 3.40 (s,
6H); UV/Vis (CH,CL): A, (€) =502 (2.8 x 10°), 404 nm (3.1 x 10%); UV/
Vis (CH,CLy): Apay (6) =512 (8.3 x 10%), 412 nm (3.8 x 10*); MS (DCI): m/z:
827 (MH"); CyyHyS6 caled: C 34.8, H 3.2; found: C 34.9, H 3.2.

1-[3,4-Bis(4,5-dimethylsulfanyl-1,3-dithiol-2-ylidene)but-1-enyl|ferrocene

(13): To a solution of compound 12!' (600 mg, 1.02 mmol) in THF (60 mL),
was added butyllithium (1.6M in hexane, 0.7 mL, 1.12 mmol) and the ylide
left to form for 15 min. After this time compound 11 (170 mg, 0.38 mmol)
was added, and the mixture stirred at 20 °C for 16 h, then evaporated under
reduced pressure, and the residue extracted with dichloromethane. Water
was added, the organic layer separated, dried (MgSO,), and evaporated.
Purification by column chromatography, using neutral alumina with
hexane-dichloromethane (3:1 v/v) as the eluent, afforded 13 as a red solid,
which was recrystallized from dichloromethane —hexane (1.30g, 54 %
yield). M. p. 54-56°C; 'TH NMR (CDCl;): 6 =6.19 (s,2H), 5.89 (s, 1 H), 4.43
(m, 2H), 4.30 (m, 2H), 4.17 (s, 5H), and 2.46-2.38 (m, 12H); UV/Vis
(CH,CL): Ay (8) =374 (3.2 x 10%), 288 (3.9 x 10%), 261 nm (1.7 x 10*); MS
(ED): m/z: 624 ([M]); CyyHyFeSg caled: C46.2, H3.9; found: C 46.5, H4.1.

1-[3-(5,6-Dihydro-1,3-dithiolo[4,5-b][1,4]dithiin-2-ylidene)diallyl ]ferro-
cene (15): To a solution of 12 (4.00 g, 6.81 mmol) in THF (100 mL) at 20°C,
was added butyllithium (4.3 mL, 1.6 M, 6.88 mmol) and the ylide was left to
form for 15 min at 20°C. Compound 14! (1.40 g, 5.98 mmol) was then
added, and the reaction was stirred at 20 °C for 24 h. The reaction mixture
was evaporated under reduced pressure, and the residue extracted with
dichloromethane. Water was added, the organic layer separated, dried
(MgSO,), and evaporated. Purification using column chromatography on
silica gel with hexane — dichloromethane (3:1 v/v) as the eluent, afforded 15
as a dark red solid, which was recrystallised from dichloromethane —hexane
(1.60 g, 64% yield). M.p. 148-150°C; '"H NMR (CDCl;): 6 =6.53-5.66
(m, 3H), 427 (m, 2H), 4.18 (m, 2H), 4.03 (s, 5SH), and 3.22 (s, 4H);
BCNMR [(CD;),C(0)]: 6 =129.8,127.1,123.4,117.4, 111.3, 84.0, 70.0, 69.9,
675, and 30.0; UV/Vis (CH,CL): A, (€) =374 (2.0 x 10%), 288 (1.2 x 10%),
261 nm (1.5 x 10*); MS (DCI): m/z: 417 [MH"]; C;sH,¢FeS, calcd: C 51.9, H
3.9; found: C 52.3; H 3.9.
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1-[4-0x0-3-(5,6-dihydro-1,3-dithiolo[4,5-b][1,4]dithiin-2-ylidene)but-1-en-
yll-ferrocene (16): To anhydrous dimethylformamide (15mL, excess)
cooled to 0°C, oxalyl chloride (0.6 mL, 6.87 mmol) was added slowly
dropwise and the mixture stirred for 5 min at 0°C, and then warmed to
20°C, remaining so for a further 30 min. Compound 15 (1.4 g, 3.37 mmol)
was then added and the mixture stirred at 20°C for 16 h. The reaction was
quenched at 0°C with aqueous sodium hydroxide (50 mL, 1m), and then
with water (200 mL). Dichloromethane was added (75mL), and the
organic layer separated, dried (MgSO,), and evaporated under reduced
pressure. Column chromatography on silica gel, with dichloromethane as
the eluent, afforded 16 as a bright red solid, which was recrystallised from
dichloromethane —hexane (1.1 g, 74 % yield). M.p. 169-172°C; 'H NMR
(CDCl,): 6=9.63 (s, 1H), 6.70 (d, J=16.1 Hz, 1H), 6.48 (d, J=16.1 Hz,
1H), 4.44 (m, 2H), 4.30 (m, 2H), 4.14 (s, 5H), and 3.39 (s, 4H); IR (KBr):
Pmax = 1616 cm™'; MS (DCI): m/z: 445 [MH*]; C,H (FeOS, caled: C51.4,H
3.6; found: C 51.3, H 3.8.
1,1’-Bis[3-(5,6-dihydro-1,3-dithiolo[4,5-b][1,4]dithiin-2-ylidene)penta-1,4-
diene-1,5-diyl]diferrocene (17): To a suspension of 12 (1.00 g, 1.70 mmol) in
THF (60 mL), at room temperature, was added butyllithium (1.6M in
hexane, 1.1 mL, 1.76 mmol), and the reaction stirred for 15 min before 16
(500 mg, 1.13 mmol) was added and the reaction stirred for 16 h. The
reaction mixture was evaporated under reduced pressure, and extracted
into dichloromethane. Water was added, the organic layer separated, dried
(MgSO,), and evaporated. Column chromatography on silica gel with
toluene as the eluent afforded 17 as an orange solid, which was recrystal-
lised from dichloromethane-hexane (510 mg, 72% yield). M.p. 189°C
(decomp); 'H NMR (CDCl;): 6 =6.37 (s, 4H), 4.44 (m, 4H), 4.31 (m, 4H),
4.18 (s, 10H), and 3.35 (s, 4H); UV/Vis (CH,Cl,): Ao (€) =394 (2.4 x 10%),
288 (3.5 x 10%),270 nm (sh); MS (DCI): m/z: 627 [MH"]; C3H,sFe,S, calcd:
C575,H4.2; found: C 57.5; H 44.
1-[3,4-Bis(5,6-dihydro-1,3-dithiolo[4,5-b][1,4-dithiin-2-ylidene)but-1-en-
yl]-ferrocene (19): To a solution of 18! (1.00 g, 3.03 mmol) in THF
(100 mL), was added butyllithium (1.9 mL, 1.6M, 3.04 mmol) at — 78 °C, and
the reaction stirred at this temperature for 15 min. Compound 16 (1.00 g,
2.25 mmol) was then added and the reaction was warmed slowly to room
temperature with stirring for a further 16 h. The reaction mixture was
evaporated under reduced pressure, and extracted into dichloromethane.
Water was added, the organic layer separated, dried (MgSO,), and
evaporated. Column chromatography on silica gel with dichlorometh-
ane —hexane (1:1 v/v) as the eluent afforded 19 as an orange solid, which
was recrystallised from dichloromethane —hexane (1.16 g, 83 % yield). M. p.
187-189°C;'H NMR (CDCl,): 0 =6.20 (s,2H), 5.97 (s, 1H), 4.41 (m, 2H),
4.28 (m, 2H), 4.16 (s, SH), and 3.31 (m, 8H); UV/Vis (CH,Cl,): A (€)=
384 (2.2 x10%), 291 (3.7 x 10%), 219 nm (5.9 x 10*); MS (DCI): m/z: 621
[MH*]; Cy,Hy FeS; caled: C 46.4, H 3.3; found: C 46.1, H 3.2.
1-[5-Oxo0-3,4-bis(5,6-dihydro-1,3-dithiolo[4,5-b][1,4]dithiin-2-ylidene)-
pent-1-enyl]ferrocene (20): Anhydrous dimethylformamide (10 mL, ex-
cess) was cooled to 0°C, and oxalyl chloride (0.2 mL, 2.29 mmol) added
slowly dropwise. The mixture was stirred for 5Smin at 0°C, and then
warmed to 20°C and stirred for a further 30 min. After this time, 19
(500 mg, 0.81 mmol) was added and the mixture stirred at 20°C for 3 h. The
reaction was quenched at 0 °C with aqueous sodium hydroxide (50 mL, 1m),
and finally with water (200 mL). Dichloromethane was added (75 mL), and
the organic layer separated, dried (MgSO,), and evaporated under reduced
pressure. Column chromatography on silica gel with dichloromethane as
the eluent afforded 20 as an unstable red solid, which was recrystallised
from dichloromethane —hexane (370 mg, 71 % yield). M.p. 175°C (de-
comp); 'HNMR (CDCl;):  =9.14 (s, 1 H), 6.32 (m, 1 H), 6.89 (m, 1 H), 4.35
(m, 2H), 427 (m, 2H), 4.10 (s, SH), and 3.31 (m, 8H); IR (KBr): ¥, =
1610, 1410, 1261, 1103, 1024, and 802 cm~'; MS (DCI): m/z: 649 [MH*].
trans-1,1'-Bis| 3,4-bis(5,6-dihydro-1,3-dithiolo[4,5-b][ 1,4]dithiin-2-ylidene)-
hexa-1,5-diene-1,6-diyl]diferrocene (21): To a suspension of 12 (1.00 g,
1.70 mmol) in THF (60 mL), at room temperature, was added butyllithium
(1.6 M, 1.1 mL, 1.76 mmol), and the reaction stirred for 15 min. Compound
20 (300 mg, 0.46 mmol) was then added and the reaction stirred at 20 °C for
16 h. The reaction mixture was evaporated under reduced pressure and
extracted with dichloromethane. Water was added, the organic layer
separated, dried (MgSO,) and evaporated. Column chromatography on
silica gel with toluene as the eluent afforded 21 as a red solid which was
recrystallised from dichloromethane (250 mg, 65% yield). M.p. 182°C
(decomp); 'H NMR (CDCly): 6 =6.26 (d, /=152 Hz, 2H), 5.96 (d, /=
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15.5 Hz, 2H), 4.39 (m, 4H), 4.24 (m, 4H), 4.11 (s, 10H), and 331 (s, 8H); [9]
UV/Vis (CH,CL): Apa (€) =384 (74 x 10%), 290 nm (7.4 x 10*); MS (DCI):
miz: 831 [MH*]; CsHjFe,Sg caled: C 52.0, H 3.6; found: C 52.3, H 3.7. [10]
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Thermal Isomerisations, Part 301+

Gas-Phase Kinetic and Mechanistic Studies of some Interconverting
Alkylcyclopropene Pairs: Involvement of Dialkylvinylidene Intermediates
and Their Quantitative Behaviour

Wilhelm Graf von der Schulenburg,?! Henning Hopf,*!*! and Robin Walsh**!

Dedicated to Professor Wolfgang Liittke on the occasion of his 80th birthday

Abstract: The pyrolyses of two isomeric
pairs of alkylcyclopropenes, namely 1,3-
dimethyl- (15) and 1-ethyl-cyclopropene
(16), and 1,3,3-trimethyl- (5) and 1-iso-
propyl-cyclopropene (17), have been
studied in the gas phase. Complete
product analyses at various conversions
up to 95% were obtained for the
decomposition of each compound at five
temperatures over a 40°C range. The
time-evolution data showed that the
isomerisation reactions 15=16 and
5=17 were occurring. Kinetic model-
ling of each system allowed the deter-
mination of rate constants for these and
all other decomposition processes. Tests
confirmed that all reactions were uni-

molecular and homogeneous. Arrhenius
parameters are reported for overall re-
actions and individual product path-
ways. Further kinetic analysis allowed
us to extract the propensities (at 500 K)
for 1,3-C—H insertion of the dialkylvi-
nylidene intermediates involved in the
rearrangements as follows: ki ikeec:
kien=1:16.5:46.4. Additional experi-
ments with *C-labelled cyclopropenes
yielded alkyl group migration aptitudes
for the dialkylvinylidenes (from the

Keywords: cyclopropenes - isomer-
izations - kinetics - reaction mech-
anisms - vinylidenes

pattern of *C in the alkyne products)
as follows: Me:Et:iPr=1:3.1:1.5. Ex-
planations for these trends are given.
Another important finding is that of the
dramatic rate enhancements for 1,3-
diene product formation from the 1-al-
kylcyclopropenes; this can be explained
by either hyperconjugative stabilisation
of the vinylcarbene intermediates in-
volved in this pathway, or their differing
propensities to 1,2 H-shift. The observed
large variations in product distribution
amongst these four cyclopropenes is
interpreted in terms of these specific
effects on individual pathways.

Introduction

The study of thermal rearrangements of small prototype
strained-ring organic compounds has contributed both to a
theoretical understanding of unimolecular reactions,? and a
general mechanistic understanding of hydrocarbon isomer-
isation reactions.”®l Early ideas of diradicals as intermediates
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developed from studies of cyclopropane and cyclobutane
decomposition and rearrangement. When the more highly
strained cyclopropenes were first investigated by Srinivasan,’]
1,3-diradicals were naturally proposed as likely intermediates.
Thus for conversion of cyclopropene (1) to propyne (2) the
intermediacy of propene-1,3-diyl (3) formed by ring opening
of 1 was suggested. A subsequent 2,3 H-shift converts 3 into 2
as shown in Scheme 1. Our own early studies of cyclopropene

|
H NEASN

H
e e —
S
doore 8 H—C=C—CHs
1 _co 2
C“" TCHs;
4
Scheme 1.

0947-6539/00/0611-1963 $ 17.50+.50/0 1963





FULL PAPER

H. Hopf, R. Walsh, W. Graf von der Schulenburg

isomerisations®!% appeared consistent with this mechanism.
The first indication that the mechanism might not be so simple
was provided in 1989 by Yoshimine, Pacansky and Honjou,!'!]
who, on the basis of ab initio calculations, suggested that the
key intermediate was not 3 but rather propylidene (4) formed
from 1 by ring opening with synchronous 1,3 H-transfer,
followed by a 2,1 H-shift to give 2 (Scheme 1). At that time
existing experimental studies were unable to distinguish
between these alternatives. However in 1992, Walsh et al.['2!
found that alkyne formation was 18 times slower from 1,3,3-
trimethylcyclopropene (5) than from 3,3-dimethylcyclopro-
pene. They argued that this was because of the involvement of
2-methyl-2-isopropylvinylidene (6) as an intermediate (the
analogue of 4 in Scheme 1) rather than trans-4-methylpent-2-
ene-2,4-diyl (7) (the analogue of 3 in Scheme 1). The reason
why the route via 6 can cause a rate reduction is because the
second step of the isomerisation, 6 — 8, involves an alkyl
migration (methyl or isopropyl) rather than a hydrogen shift.
This will slow down the overall reaction and implies reversi-
bility of the first step, 5— 6 (Scheme 2). We have obtained

— s T~
5 V\( 8
7

Scheme 2.

further evidencel'>'¥ in favour of the involvement of vinyl-
idenes in cyclopropene isomerisations by intramolecular
trapping of the alkylvinylidene intermediate 10, which is
involved in the conversion of cyclopropene 9 to cyclopentene
11 (Scheme 3). Evidence for the reversibility of formation of

I)><
9 10 11

Scheme 3.

alkylvinylidenes was found in an elegant deuterium-labelling
experiment by Likhotvorik, Brown and Jones.['”] They studied
the exchange of label between ring and side chain in
cyclopropene 12 (Scheme 4). Although the yield of 0.5% at

D .. H
H D
12 13 14
Scheme 4.

90 % conversion was small, the evidence for the formation of
14 was unequivocal. We have found further suggestive

1964
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evidence for this process in pyrolytic kinetic studies!'*l of a
series of 1-alkyl-3,3-dimethylcyclopropenes. These investiga-
tions revealed the formation of 2-3% yields of unstable
isomers that, although not unequivocally identified, were
consistent with their being isomeric cyclopropenes.

The objective of the work undertaken here was to provide
more conclusive evidence for the reversibility of the cyclo-
propene ring-opening process and to obtain some quantitative
information about the behaviour of the alkylvinylidene
intermediates involved. To this end we have prepared four
cyclopropenes, 15—-17 and 5, which fall potentially into two
interconverting pairs involving methylethylvinylidene (18)
and methyl-isopropylvinylidene (6), respectively (Schemes 5
and 6). A further target of this study was to determine which

ol G\

15 18 16

Scheme 5.

_d i e,
- -
_d e
5 6 17
l—f
8

Scheme 6.

alkyl groups preferentially migrate in the conversion of the
dialkylvinylidenes to alkynes, namely 18 — 19 and 6 — 8, and
also their relative migration rates.

Preliminary accounts of this work have appeared.l 9 As
well as the original study of Srinivasan,” there has been a
previous kinetic study of the decomposition of 5.1

Results

Preparation of cyclopropenes: 1-Ethylcyclopropene (16) was
prepared by the method of Binger!'”! using 2-(chloromethyl)-
1-butene (20) treated with sodium amide. To prepare the 1,3-
dimethylcyclopropene (15), 1,3,3-trimethylcyclopropene (5)
and l-isopropylcyclopropene (17) three two-step syntheses
were carried out using the method of Baird.['?%] Trihaloge-
nocyclopropanes, 22, were prepared in good yields from
alkenyl halides 21 by a [1,2]-cycloaddition reaction of either
dibromocarbene or dichlorocarbene (generated from bromo-
form or chloroform) under phase-transfer catalysis conditions
with cetrimide (hexadecyltrimethylammoniumbromide) as
catalyst. To improve the transparency of the organic and
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water phases (Which thereby improves the yield), 2% ethanol
was added to the reaction suspension.?!] Further reaction of
the trihalogenocyclopropanes 22 with methyllithium at low
temperature gave 1-lithiumcyclopropenes, 23, which were
carefully quenched with water to give the cyclopropenes 5, 15
or 17 This preparation is shown in Scheme 7. All cyclo-

propenes were purified by preparative gas chromatography.
The cyclopropenes 15, 16 and 17 (the non-3,3-disubstituted
cyclopropenes) were very unstable at room temperature,
tending to oligomerise by an ene reaction to form dimers and
oligomers. Therefore, these cyclopropenes were stored below
—26°C prior to their use.

Kinetic measurements

General considerations: For reasons discussed previous-
1y, 810141 kinetic studies with cyclopropenes were carried out
using the “internal standard” method, in which the reactants
were copyrolysed with a stable, nonreacting substance in a
fixed ratio. For all the unlabelled cyclopropenes studied here
the standard was n-pentane. Gaseous mixtures that contained
1-2% of reactant and 1-2% of internal standard diluted in
N, were prepared. Pressures of about 50 Torr were used for
kinetic runs. Reaction products were analysed by gas chro-
matography. Conventional columns with a polar liquid phase
(oxydipropionitrile or cyanosilicone oil) were required to
separate the complex product mixtures formed in these
systems. To avoid the risk of condensation or adsorption
losses, all gases and gaseous mixtures were handled in heated
vacuum lines and analysed by using heated GC sampling
valves (see Experimental Section). During kinetic runs, mass
recoveries were close to 100 % and never less than 95% for
reaction systems 15 and 16, or 93 % for the reaction systems 5§
and 17. In order to minimize risks of surface reactions the
reaction vessel was conditioned with HMDS [HMDS =
1,1,1,3,3,3-hexamethyldisilazane] as previously reported.[*10 14l
A number of other checks were also carried out (see below).

The major products of the decompositions of 15, 16, 5 and
17 are dienes and alkynes, but the most significant findings of
this work are that 16 is formed from 15 and vice versa, and
that 17 is formed from 5 and vice versa; in other words 15 and

Chem. Eur. J. 2000, 6, No. 11
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16, and also 5 and 17 form interconverting pairs of cyclo-
propenes. Since, when starting from any individual cyclo-
propene, its isomer, after initial formation, is also unstable, a
complex mechanism ensues in which both cyclopropenes (of a
given isomeric pair) decompose together to give (largely) the
same array of final products. The quantitative product
distribution from each isomer of each pair is, however,
different and this has the consequence that the product
distribution from each starting cyclopropene is time depend-
ent. The detailed time-evolution of each decomposition and
the consequent inferred mechanisms are described in the next
section. Although the decomposition of 5 was studied
previously, 21 17 was not at the time detected amongst the
products.

Time dependence and overall mechanism: For each of the
compounds 15-17 and 5, a set of runs (usually six or seven)
was carried out for times corresponding to between 10 and
95 % decomposition, at each of five temperatures spanning a
40°C range. Hydrocarbons 5§ and 15 were studied between
approximately 210 and 250°C, while 16 and 17 were studied
between about 200 and 240 °C. For each isomeric pair, namely
15 and 16 or § and 17, studies were arranged at four precisely
matched temperatures in the overlap region of 210-240°C.
Initial pressures of reactant mixtures were kept at 51 +4 Torr
for 15 and 16 and 52 £ 11 Torr for 5 and 17 (corresponding to
actual reactant pressures of between 0.5 and 1.0 Torr)
although the overall pressure dependence was briefly inves-
tigated down to about 7 Torr for 15 and 16 and 10 Torr for §
and 17 (see below).

The time evolution of each cyclopropene is illustrated in
Figures 1 and 2. Similar figures were obtained at each of the
five temperatures of study for each compound. Full details of
product analytical percentages at each reaction time and
temperature are contained in references [22] and [23].
However, all the important features are visible in the given
diagrams. The formation (and intermediacy) of 15 from 16 can
clearly be seen in Figure 1 (right), with a maximum of 15 of
about 10 %. Similarly a maximum of approximately 14 % of §
from 17 can be seen in Figure 2 (right). Formation in the
reverse direction of 16 from 15 and 17 from 5 is less evidently
visible, but the analytical sensitivity is such that they are
nevertheless still clearly detected as intermediates. This is
illustrated in Figure 3 which shows the minor products formed
from 5. Although the yield of 17 reaches only 0.6 % the
presence of a maximum is clearly seen. Similarly a maximum
of about 1.2% was found for 16 formed from 15. These
maximum percentages are almost independent of temper-
ature. In view of the low yield of 17 from 5 it is not surprising
that this product was overlooked in the earlier kinetic study.['

Another noteworthy feature is the variability of alkyne
yields from one cyclopropene to another. These range from
approximately 80% of the total products from 15 through
about 30% from 16 and 20 % from 5, down to 13 % from 17.
Diene yields are similarly variable in the complementary
sense to those of the alkynes. Similar product yield variability
has been found previously in cyclopropene pyrolysis.') The
main product distribution from 5 is closely similar to that
found previously!” in our laboratory, although it differs

0947-6539/00/0611-1965 $ 17.50+.50/0 1965





FULL PAPER

H. Hopf, R. Walsh, W. Graf von der Schulenburg

t/min ——»

100
90
80
70
60
|l
c/%
40 4
30 -'

20 +

5

300 400 500
t/min ——»

100 ¢
90+ 16
80+
70+
I 60+
50+
cl!%
40t —
19
30+
N\
20+ =
A2p2s
10+
/15 TN
0 X * % x . > 26
0 10 20 30 40

t/min ——»

c/%

N

5> A
231

Figure 2. Time evolution of the decomposition of 5 at 210.6°C (left) and of 17 at 200.9°C (right).

somewhat from that reported by Srinivasan.”! It should be
added that there is no evidence of variation of product
distributions at times beyond the consumption of cyclo-
propenes in any of the systems.

From these product time-variation data, overall mechanis-
tic schemes of reaction for each of the two coupled reaction
systems 15/16 and 5/17 were proposed. These are shown in
Schemes 8 and 9. The schemes show the sources of every
product identified, as indicated in Figures 1 and 2, as well as
the minor products 4-methyl-1,2-pentadiene (28) and (Z)-1,4-
hexadiene (30) coming from 17. The origins of some products,

1966 ——
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namely (£)-31 from § and (E)- and (Z)-31 from 17, were not
evident at the outset, but Scheme 9 shows our final preferred
mechanism, after the kinetic-modelling exercise described in
the next-but-one section. Although the mechanisms are
complex, overall decays of 5 and 15-17 closely approximate
first-order behaviour (good linear fits to log[% reactant]
versus time plots). Thus ahead of the modelling exercise,
unimolecular behaviour can be anticipated.

Some additional kinetic tests: Unimolecular rate processes
show characteristic pressure dependencies® and it is impor-

0947-6539/00/0611-1966 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 11
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Figure 3. Time evolution of minor products of decomposition of 5 at
218.6°C.

Scheme 8.

tant to know for the purposes of interpretation and compar-
ison with other studies that the rate constants of these
reactions are at or near their high-pressure limits under
experimental conditions. For 15 a test was carried out at
227.5°C, for 60 min (approximate half life) at four pressures
from 53 down to 7.5 Torr. The conversions decreased slightly
with decreasing pressure which corresponded to a 6.5%
reduction in rate constant over this factor of about a sevenfold
drop in pressure. At intervening pressures the change was
even less. Very similar figures were obtained for the corre-
sponding test with 16. For 5 and 17, for pressures from 50 down
to 10 Torr, conversions were unchanged within experimental
error. Thus under operating conditions for all four of these
cyclopropenes the high-pressure criterion has been met.
Other potential problems include free-radical-chain con-
tributions and heterogeneous (surface) catalysis. To test for
free-radical-chain processes, a particular run for each com-
pound was carried out in the presence of a free-radical
inhibitor (isobutene for 15 and 16, (Z)-2-butene for 5 and 17)

Chem. Eur. J. 2000, 6, No. 11
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in about tenfold excess. In no case was there any change in
conversion or product distribution within experimental error.
Tests for heterogeneity were carried out in a special reaction
vessel packed with glass tubes (with flame polished ends).
This vessel had a surface-to-volume ratio, S/V, of ~11.1 cm™!
compared with ~1.0 cm™! for the normal (unpacked) vessel.
The vessel was conditioned with HMDS at reaction temper-
atures for several hours prior to use. Runs with 15 and 16 gave
rate constants 4 % and 12 % faster than in the unpacked vessel
at 227.5°C. For 15 this was accompanied by formation of
isoprene (33) in small yield (0.8%). Runs with 5 and 17
showed rate increases of 22 % and 2 %, respectively, relative
to the unpacked vessel at 231.1°C. In the case of 5 the rate
increase was accompanied by formation (9.7%) of 2,3-di-
methylbuta-1,3-diene (29) present at only 0.7% in the
unpacked vessel. Interestingly after further conditioning of
the packed vessel by HMDS, both the reaction rate and the
yield of 29 decreased. These findings suggest that surface
effects are negligible in the unpacked, HMDS-treated vessel
and that where they do occur, in the packed vessel, they lead
to the formation of new products, 33 or 29 through additional
pathways.

Kinetic modelling and extraction of the rate constants: In order
to obtain the desired values for the first-order rate constants
for the processes shown in Schemes 8 and 9, the differential
equations corresponding to formation of each product from
each starting cyclopropene were first set up. These coupled
differential equations were then solved by means of a
variable-step integration program, employing the Gear Algo-
rithm.?4 In practice the program required an initial set of
estimates for the rate constants of each scheme. For each
starting cyclopropene at each temperature the program then
calculated the species concentrations at specified times; these
were then compared with the observed data. After successive

0947-6539/00/0611-1967 $ 17.50+.50/0 1967





FULL PAPER

H. Hopf, R. Walsh, W. Graf von der Schulenburg

adjustments of the rate constant values, the calculations were
repeated until the best fit to experiment was obtained, as
judged by a minimum value for the sum of squares of all
deviations, Zy?. In practice, the complexity of both schemes,
with ten or more adjustable rate constants, meant that this was
a delicate operation since the data points are not all equally
sensitive to each rate constant. Therefore some constraints
were applied. At most temperatures, each scheme had to fit
two sets of data, one from each cyclopropene. After an initial
rough fit was obtained, the rate contants for decomposition of
one cyclopropene were optimised as described by fitting the
decomposition data from that cyclopropene, while the rate
constants for decomposition of its isomer were kept fixed
(e.g., starting from 15, k, — k5 were refined with k- k, fixed).
The process was then continued for the isomeric cyclopropene
by refining its decomposition rate constants with the new
values of rate constants for the original cyclopropene now
fixed (i.e., starting from 16, k;—k,, were refined, while the
new values for k,—ks were fixed). This cycle was repeated
until the best values for all rate constants were obtained. For
the temperatures for which only one set of data was available
(for 15, 248.4°C; for 16, 198.7°C; for 5, 249.6°C; for 17,
200.9°C), the optimisation process was the same except that
the rate constant set for the missing isomer (i.e., the fixed
values) were obtained by extrapolation of their Arrhenius
equations obtained from values at the other temperatures. For
Scheme 9 some further constraints were applied. Because
(Z)-2-methyl-1,3-pentadiene ((Z)-31) and 4-methyl-1,3-pen-
tadiene (32) are known to interconvert by a rapid 1,5 H-shift
process, the known rate constants for this processi®! were
taken as fixed. While direct formation of (Z)-31 from 5 and 17
could not be rigorously excluded, modelling with these
pathways included gave only small and erratic rate constants
for them. A similar argument applied to formation of (E)-31
from 17. We therefore decided to exclude them from the
optimisation process. Speed of convergence to the optimum
fit was increased by use of a program® based on algebraic
functional solutions available from Maple.?” Fuller details are
given in references [22] and [23].

Temperature dependences: The optimised rate constants for
the individual pathways of decomposition of each cyclo-
propene are listed in Tables 1 —4. Uncertainties (single stand-
ard deviation) were about 1-2% for the overall decompo-
sition where they were obtained from the linear regression
analysis. For the Gear algorithm fitting process uncertainties
are hard to specify. Since the general quality of the fits was
good, with low values of Xy?, it seems reasonable to suppose
that for the major product pathways errors were no greater

Table 2. Temperature dependence of rate constants kys—k, for decom-
position of 16 (Scheme 8).

T[°C] overall ke ky kg ko ko
[10°s71]  [10°s7!]  [10°s7']  [10°s7']  [10°s7']  [10°s7!]
198.7 3.74 0.769 0.0256 1.145 0.594 1.147
208.4 8.32 1.692 0.0624 2.57 1.35 2.52
218.5 19.12 3.85 0.168 6.04 3.27 5.82
227.5 38.61 7.59 0.324 12.29 6.74 11.69
238.6 90.96 17.35 1.09 28.99 16.3 27.09

Table 3. Temperature dependence of rate constants k,;—ks and k; for
decomposition of 5 (Scheme 9).

T [°C] overall ky; ks ki3 ks ks kyp
[10°s71] [10°s7!] [10°s7Y] [10°s7!] [10°s7!] [10°s7'] [10°s7!]
210.1 577 013 1.03 0.0099  0.031 233 1.96
218.6 11.34  0.29 217 0.0239  0.062 4.77 3.69
231.1 33.0 0.74 6.30 0.0136  0.226 12.75 10.96
239.5 58.2 1.60 11.64 0.1260  0.322 23.88 19.56
249.6 118.6 3.30 24.99 0.2400  0.660 48.82 39.78

Table 4. Temperature dependence of rate constants k;g—k,; and k,, for
decomposition of 17 (Scheme 9).

T[°C] overall kg ko ks ks, ko
[105s71]  [10°s7'] [10°s7!] [10°s7'] [10°s7!] [10°s7]
200.9 6.20 1.69 0.759 0.023 0.048 3.60
210.1 12.49 3.62 1.73 0.050 0.088 727
218.6 24.7 7.14 3.47 0.127 0.230 14.27
231.1 65.4 18.59 9.36 0.254 0.558 372
239.5 126.1 34.17 18.56 1.200 1.390 71.5

than 5% and probably less. Only for the minor pathways (the
allene forming steps 2, 7, 13, and 20 and also steps 14 and 21)
were the errors larger. The rate constants for each compound
and each pathway were fitted to the Arrhenius equation,
which yielded the parameters shown in Tables 5—8. The
quality of the data may be judged by the generally small
uncertainties in these parameters. Apart from the minor
product forming pathways mentioned above, A factors are
uncertain by less than 10°3¢ and activation energies, E,, by
less than 4-3.4 kJmol~'. The Arrhenius plots themselves are
shown in Figures 4 and 5.

Table 5. Arrhenius parameters, rate constants at 500 K and entropies of
activation for pyrolysis products of 15.

Step  Product log E, 105 ksgy ASZy,
Table 1. Temperature dependence of rate constants k,— ks for decompo- (A [s'D [kJmol'] [s71 [JK-"mol]
sition of 15 (Scheme 8).
11 - 13.36 £ 0.08 164.0+0. .1 -1

T[C]  overall k. X X ke k. overa 3.36+0.08 164.0+0.8 17 7

[10°s7!] [10°s71] [10°s7Y] [10°s7Y] [105s7!] [10°s7)] 1 ﬂ; 16  12.29+0.07 166.2+ 0.6 0.84 =223
208.4 3.82 0.180 0.0122 0.359 0.135 3.16 2 =" 24 1320+0.80 185.6+7.7  0.0648 -4.8
2185 8.68 0.430 0.0282 0.839 0.322 7.14 3 AN (E)-25 1325+0.12 1724+1.2 1.73 -3.9
227.5 17.94 0.895 0.0753 1.843 0.717 14.79 /\J
2386 4220 2.09 0.158 448 1795 3447 4 S @25 13262012 1764211 0.676 37
2484  88.01 4.37 0.443 9.65 391 70.45 5 —=— 19 13122007 162506 14.0 -6.4
1968 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0611-1968 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 11
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Table 6. Arrhenius parameters, rate constants at 500 K and entropies of
activation for pyrolysis products of 16.

Table 8. Arrhenius parameters, rate constants at S00 K and entropies of
activation for pyrolysis products of 17.

Step  Product log E, 10° ksy ASZy, Step  Product log E, 10° ksgo ASZy,
(As']) [KImol'] [s7] [JK'mol] (A s [kImol']  [s7!]  [JK'mol!]
Overall - 13.36 £0.09 160.7+0.9 37.0 -1.8 overall - 13.20+0.24 158.1+2.3 47.94 -4.8
6 P>— 15 12262006 1569:05 726 22,9 18 P< 5 12584002 157502  13.46 -16.7
7 —— 13.96 +£0.72 185.8+6. . E —
_ 26 3 0.7 85.8+68 0.352 9.7 19 'T< 8 13.20+0.12 166.3+1.2 6.82 -4.8
8 PN (E)-25 13.09+0.08 162.9+0.8 11.7 -7.0
/\J 20 :-:wf 28 148 +32 194 +22 0.267 25.0
9 O (Z)-25 13.26+0.11 167.1£1.0 6.43 -3.7
10 —=—" 19 1271£0.09 1595+09 11.1 143 21 @ (2)-30 12.99+0.99 1756493  0.441 -8.9
24 /\/]\ 32 12.81+021 156.7+2.0 27.46 -12.3

Table 7. Arrhenius parameters, rate constants at 500 K and entropies of
activation for pyrolysis products of 5.

Step  Product log E, 10° ksy ASZ,
(A[s7']) [kJmol™]  [s71] [JK'mol]
overall - 13.25+0.28 161.8+2.7 22.36 -3.9
11 QSi 17 12.65+036 171.4+34 0.55 -15.4
12 %< 8 13.35+0.18 169.6+1.7 4.30 -2.0
13 /=-% 27 106 +54 163 *52 0.033 -55.0
14 )\( 29 11.27+£1.06 164.2+10.2 0.128 -41.9
15 L ®31 12852009 1617509  9.09 115
17 /\yj\ 32 12.79+0.32 161.9+3.1 7.46 -12.8

The mechanism of alkyne formation and further kinetic
analysis: The conclusive finding of the reversible intercon-
version of both 15 and 16, and 5 and 17 offers substantive and
concrete evidence in favour of our original argument!'? for

v
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205
Figure 4. Arrhenius plots for pyrolysis products of 15 (left) and 16 (right).
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the involvement of vinylidene intermediates in alkyne for-
mation, which follow on the theoretical prediction of Yoshi-
mine et al.''l The present result follows on the isotopic-
scrambling study of Likhotvorik etal.!"’! and the earlier
intramolecular vinylidene trapping experiment in our own
laboratories.™ It also fully confirms our earlier suspicions of
cyclopropene-to-cyclopropene isomerisation.l' We are now
in a position to exploit the results beyond the qualitative
conclusion. The rate data found here permit a deeper analysis.
The rate constants of Schemes 8 and 9, specifically &y, ks, kg,
ki, and ky, ki», kig, k19, can be related to the elementary rate
constants of Schemes 5 and 6, which involve the formation
and rearrangement of the two vinylidenes, 18 and 6, them-
selves. The algebraic relationships are given in the appendix.
By use of these we have calculated absolute values of the rate
constants (k,, k, for 18 and k4, k. for 6) for formation of the
two vinylidenes from their precursor cyclopropenes, as well as
the relative rate constants for intramolecular rearrangement
(C—H insertion or alkyl migration) of each vinylidene, namely

log(k/ s'l) —

-7 ¥ + + J
195 200 205 210 215
137/ K —>
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Figure 5. Arrhenius plots for pyrolysis products of 5 (left) and 17 (right).

k_,:k_y:k_ for 18 and k_q:k_.:k_; for 6. Unfortunately it is not
possible to obtain absolute values for these latter rate
constants without an independent knowledge of the lifetimes
of 18 and 6.

The results of this analysis are shown in Tables 9 and 10, in
which the relative rate constants are expressed as percentages.

Table 9. Elementary rate constants for ring opening of cyclopropenes 15
and 16 and relative rate constants of rearrangement of vinylidene 18
(Scheme 5) as a function of temperature.

TC] 10k [s'] 10k [s"]  k: Kyt k.

198.7 235 1.98 38.82%  329%  57.89%
208.4 5.46 436 38.85%  330%  57.86%
2185 123 10.0 3839%  350%  58.11%
275 25.3 20.0 3797%  354%  58.49%
238.6 58.6 46.1 37.65%  356%  58.79%
248.4 109.5 923 3741%  3.67%  58.93%

Table 10. Elementary rate constants for ring opening of cyclopropenes 5
and 17 and relative rate constants of rearrangement of vinylidene 6
(Scheme 6) as a function of temperature.

T [°C] 10° kg [s71] 10° k. [s7!] k_g: k_.: k_;

200.9 1.54 2.55 66.42 % 3.75% 29.82%
210.1 3.30 5.57 64.93 % 3.95% 31.12%
218.6 6.93 11.08 64.48 % 4.19% 31.33%
231.1 19.55 29.04 64.01 % 3.77% 32.23%
239.5 34.67 55.28 61.81% 4.61% 33.57%
249.6 73.28 114.00 61.39% 4.51% 34.10%

Following this the rate constants k,, ky,, kq and k., were fitted to
the Arrhenius equation and the parameters obtained are
shown in Table 11. Once again these rate constants and their
associated Arrhenius parameters have the same high preci-
sion as the generic rate constants. The data for the relative
rate constants indicate only very slight variations over the
temperature range of study for both systems.

13C labelling experiments

Alkyl group migratory aptitudes in vinylidene rearrangements:
The analysis of the previous section leaves open the question

1970

logtk /sy ——»
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40+

50+

6.0+

-1.0 —t -
1.94 1.96 1.98 2.00 2.02 2.04 2.06 2.08 2.10 2.12

1037-1/K-!

Table 11. Arrhenius parameters, rate constants at 500 K and entropies of
activation for vinylidene formation from all four cyclopropenes.

Step log E, 105 kg ASZy,
(A[s™1]) [kJmol!]  [s7] [JK-'mol ]
o P 13272004 1616204 24.0 3.6
15 18
b % )J\/ 12.85+£0.05 158.6+0.5 19.1 -115
d P< )k( 1326+0.16 164.0%1.6 133 3.6

160.7+ 0.3 212 -6.4

e <5; Jk( 13.12+0.03

of which alkyl group is migrating in the vinylidene-to-alkyne
rearrangements of 18 and 6 (Schemes5 and 6). Put more
quantitatively the questions are what is the ratio of ethyl/
methyl migration in 18 —19 (step —c) and of isopropyl/
methyl migration in 6 — 8 (step —f). To probe these questions
we prepared the specifically *C-labelled cyclopropenes 15
and 5, which are expected to yield, in each case, mixtures of
two differently '3C-labelled alkynes, either 19 or 8 upon
pyrolysis, as shown in Scheme 10. The compounds 15(2-*C)
and 5(2-13C) were prepared by the same procedures['®2% as
their unlabelled counterparts apart from the use of 70 % 13C-
enriched chloroform. Two pyrolysis runs of both pure 15(2-
13C) and 5(2-°C) at a pressure of 50-70 Torr and with a
conversion of over 95% were used to obtain each product
sample for *C NMR analysis. The product distributions were
checked by GC analysis and confirmed to be the same as those
obtained already from the unlabelled molecules. Product
BC NMR spectra were recorded using the inverse-gated
decoupling method to suppress NOE effects and with a pulse
delay of 120 s to avoid any relaxation effects.?s! Tests showed
very little effect of pulse delay time at times greater than 60 s.
The 3C shifts of the expected 2- and 3-positions of the alkyne
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R
ey / 19(2_13(:)
/ )J\/
15(2-1%C) 18e%0) e ,
19(3-13C)
. — 8(2-%c)
P< > )k(
\
5(2-13C) 6(2-13C) —=
8(3-13¢)
Scheme 10.

products 19 and 8 were identified by nondecoupling experi-
ments with the pyrolysed *C samples. Their values are given
in the Experimental Section. The distribution of the label in
19(*C) and 8(**C) was determined as the average of two —four
independent runs (after correction for the only 70% “C
enrichment) and the error is quoted as a single standard
deviation from the mean. Pyrolysis of 15(2-13C) at 250°C gave
a ratio of products of [19(3-3C)]/[19(2-3C)] =3.04+0.1, while
pyrolysis of 5(2-13C) at the same temperature gave the product
ratio [8(3-13C)]/[8(2-*C)]=1.40+0.05. Further checks
showed no significant pressure or conversion dependence of
the label distribution. The lack of a conversion dependence
demonstrates that there is no tendency for the alkynes 19 or 8
to undergo any degenerate scrambling processes under
experimental conditions. A small temperature dependence
was detected with the label distribution ratio (as before) of
3.240.1 for 19(3C) and 1.60 £+ 0.05 for 8(**C) at 209 °C.

These numbers correspond to ratios of migration rates of
ethyl to methyl in 18 and isopropyl to methyl in 6
(Scheme 10). If we take the mid-range temperature as
500 K, and combine the averages of these figures with those
of Tables9 and 10, we obtain the relative rates of all the
possible intramolecular processes of vinylidenes 18 and 6.
These are shown in Table 12.

Diene product analyses: The '*C-product NMR spectra in the
above experiments gave, in addition to the desired C
distribution in the alkyne products, the distribution for the

Table 12. Relative rate constants for all rearrangement processes of
methylethyl vinylidene (18) and methylisopropyl vinylidene (6) at 500 K.

Reactant Product
step -a -b -c (Me) -c (Et)
relative k / [%] 38.2 35 14.2 44.1
step -d -e -f (Me) -f (iPr)
relative k / [%] 63.8 4.1 12.8 19.2

Chem. Eur. J. 2000, 6, No. 11

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

other major products, which are the dienes. Pyrolysis of 15(2-
13C) at 250 °C gave the ratio [ (£)-25(3-C) /[ (E)-25(2-3C)] =
13 £2 and also [(Z)-25(3-3C) /[ (Z)-25(2-'3C)] =5 £ 1. Pyrol-
ysis of 5(2-13C) at the same temperature gave mainly 32(3-3C)
although a small amount of 32(2-'3C) was present, but could
not be quantified because of overlapping NMR peaks. For
(E)- and (Z)-31 the *C label was found almost entirely at 3-C.
These results are discussed later.

Discussion

Apart from our preliminary communications!" °l there are no
studies of the thermal decompositions of 15, 16 or 17.
Cyclopropene 5 has been previously investigated by one of
us with very similar final product distributions and Arrhenius
parameters,['?l although without the detection of 17. Likhot-
vorik, Brown and Jones!"l also studied 5 as part of their
isotopic-labelling study of cyclopropenes and found a similar
product distribution. On the substantive mechanistic question
of the involvement of vinylidenes in cyclopropene decom-
position, there can now be little room for doubt. The pattern
of interconversion of cyclopropene isomers is very hard to
explain in any other way. As to whether biradicals/vinyl
carbenes are involved in alkyne formation, this can largely be
ruled out by the *C-labelling results. Biradicals from 15 or §
would have led to alkynes 19 and 8 uniquely labelled in the
3-position and not mixtures of the 3- and 2-labelled product as
observed. This point was made previously by Likhotvorik
et al.in a 12C-labelling experiment, but the low sensitivity of
detection of >C in the product (8) meant that the ratio of 3- to
2-position labels was hard to quantify. It remains to ask
whether biradicals can be rigorously excluded from even a
minor contribution to the rate. This is more difficult to prove
(at present), but ab initio theoretical studies of the energy
surfacel't 2l suggest that the pathway via a biradical/vinyl-
carbene is too high in energy to contribute. There are several
quantitative aspects of the findings of this work which are new
and significant: the pattern of reactivity of the vinylidene
intermediates, the specific rate constants for ring opening of
cyclopropenes to vinylidenes and the pattern of substituent
effects on the differing product distributions of the four
cyclopropenes studied here. These are discussed in the
following sections.

Intramolecular reactivity of dialkylvinylidenes: The relative
rate constants and product distributions listed in Table 12
permit us to calculate three important ratios.

First the relative propensities for 1,3-C—H insertion (which
lead from vinylidenes to cyclopropenes) may be obtained. For
methylethylvinylidene (18), the proportion k_,:k_,, statisti-
cally corrected, provides the secondary/primary C—H inser-
tion ratio of 16.5. For methylisopropylvinylidene (6), the
proportion k_g:k_., again statistically corrected, gives us the
tertiary/primary C—H insertion ratio of 46.4. Assuming
primary C—H insertion can be taken as a fixed reference the
numbers may be combined and then these relative rates can
be compared with those of other carbene insertion processes
into all three types of C—H bond as shown in Table 13.
Although the other processes in Table 13 involve 1,2-C—H
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Table 13. Selectivities in various carbene C—H insertion processes.

Species Insertion kpim ke ken  T[K] Ref.

1,2 C-H 1 40 90 400-450  [30]
12 C-HR# 1 18 45 500 [14]
1,3 C-H 1 16.5 46.4 500 this work

alkyl carbenes
vinyl carbenes
vinylidenes

[a] May include stabilisation effects.

insertions and the carbenes are all different, there is a
remarkable similarity between these numbers. It demon-
strates that all these carbenes are fairly discriminating
amongst the different C—H bonds, which, after all, differ in
strength only by about 20 kJmol~! overall.B It should be
borne in mind that these numbers are, in principle, temper-
ature dependent although variations are only very slight
within the temperature range of study. Nevertheless in the
present system the slight trend (see data in Tables 9 and 10) is
towards higher selectivities at lower temperatures, as we
might expect for activated processes. At the present time
there are no absolute rates available for such processes, but
given the generally undiscriminating nature of the parent
carbene, methylene (1A, state), in its intermolecular insertion
reactionsP? combined with our current knowledge that it
reacts virtually at every collision,™ we suspect that these
carbene intramolecular processes are considerably slower. In
view of the strained nature of the transition-state structures of
these processes, this would not be too surprising. A theoretical
study of the vinylidene 1,3-C—H insertion processes?” carried
out in conjunction with the present study,? suggests energy
barriers of approximately 30— 60 kJ mol~!, with values highest
for primary and lowest for tertiary C—H insertion. Similar
values have been found in theoretical studies of 1,2-C—H
insertion reactions of dialkylcarbenes.[

Secondly the relative ratios for C—H insertion to total alkyl
migration may be obtained. For methylethylvinylidene (18),
the proportion (k_, + k_,):k_. furnishes a value of 0.71. For
methylisopropylvinylidene (6), the proportion (k_q+k_.):k_;
gives us a value of 2.12. These ratios are a measure of
“reversibility” in the cyclopropene ring-opening reactions
leading to alkynes. A low number (<« 1) means that ring
opening is rate-determining, whilst a high number (>1)
indicates that alkyl migration in the vinylidene (“step 2” of
the overall process) is rate-determining. The numbers ob-
tained indicate an in-between situation with neither stage
completely rate-controlling. Nevertheless the high value for 6
does show that the second step for the isomerisation of 5 to 8
is more nearly the bottleneck as Walsh et al.l'?l originally
suggested.

Thirdly the relative propensities for alkyl migration in the
vinylidene to alkyne rearrangement are obtained. These were
of course directly measured in this study by the '*C-labelling
measurements. The preferences for the larger alkyl group
migration (ethyl or isopropyl against methyl) are clear from
the results. If we assume that the rate of methyl migration is
not affected by the presence of the other alkyl substituent, this
establishes a non-monotonic migration order with relative
rates of Me:Et:iPr of 1:3.1:1.5. These relativities are slightly
temperature dependent in the sense of greater selectivity at
lower temperatures. This is again indicative of an activated
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process as might have been expected. The non-monotonic
reactivity order is reminiscent of the sequence Me:Et:iPr of
1:1.40:0.47 obtained by Casanova, Werner and Schuster®! in
the isoelectronic isonitrile-nitrile (RN=C — RC=N) rear-
rangement, except that the rate for the isopropyl group is
even slower than that for the methyl group. For the vinylidene
rearrangement, as for the isonitrile isomerisation, two effects
are needed to explain these sequences. A hyperconjugative
effect will lead to increasing stabilisation of the positively
charged migrating carbon atom in the transition state in the
order methyl to ethyl to isopropyl; this would mean rate
increases in this sequence. However, as the bulk of the alkyl
group increases, steric or statistical factors may lead to
congestion or restriction of the number of rotameric forms in
the transition state; this would cause rate decelerations. Thus
a combination of these effects offers a plausible explanation
of these findings. This is supported by theoretical calcula-
tions.?

Lastly it is worth pointing out that the relative rates for the
minor processes in these vinylidenes are very similar in
magnitude. Thus for methylethylvinylidene (18), k_,:k_. (Me)
is 0.25 and for methylisopropylvinylidene (6), k_.:k_; (Me) is
0.32. This provides a reassuring check that for different
vinylidenes the same type of process (primary C—H insertion
or methyl group shift) has approximately the same rate
constant.

Rate constants for cyclopropene ring opening to vinylidenes:
We have pointed out previously the rather striking decline in
the relative proportions of alkyne product with 1-alkyl
substitution.['> 1 It is now clear that part of the reason for
this is the reversibility of the cyclopropene ring opening to
vinylidenes. With the analysis of this work we can now focus
specifically on the ring-opening process. Arrhenius parame-
ters for k,, ky, ks and k. (Table 11) are reasonably self-
consistent. Activation energies are comparable and entropies
of activation are all small and negative consistent with a fairly
tight transition state; this is to be expected for a process
involving ring opening synchronous with H-migration across
the opening bond. For comparison purposes we have calcu-
lated rate constants at 500 K. These are shown in Table 14,
which also includes rate constants for some other cyclo-
propenes. For three of these (cyclopropene itself, 3-methyl-
and 3,3-dimethyl-cyclopropenes) we may reasonably presume
that ring opening is synonymous with alkyne formation,
because in these cases the alkyne-forming step from the
vinylidene intermediates involve only H-atom shifts and these
are known to be very fast.*! For 1-methylcyclopropene, we
have estimated, with the aid of our intramolecular relative
rates determined in the previous section, that ring opening
should be about 25 % faster than alkyne formation. We have
therefore increased the published rate constant® by this
amount.

The figures for relative rate constants show a pleasing self-
consistency. In the first place the variation is very small for a
process in which strong substituent effects are not anticipated.
Methyl groups at the 3-position tend to increase the rate
slightly. This is perhaps not too surprising, since it is the site of
the breaking bond and arriving H atom, and is expected to be
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Table 14. Comparison of rate constants (500 K) for formation of vinyl-
idenes from cyclopropenes.

Reaction 10* k [s7] ko ot Ref.
> — I 73200 1 )
)> — )k 1.801c 0.49 11
)>— — )J\/ 2.40 0.66 this work
4)> — \)J\ 1.91 0.52 this work
)>< — )k( 1.33 036 this work
—f — w)k 2.12 0.58 this work
1.43 n

B ||\/ 10.46%!

> — %/ 9.62/") 131 )

[a] o is path degeneracy. [b] Values assumed equal to those for alkyne
formation (see text). [c] Value increased from alkyne formation to allow for
reversibility of formation (see text).

positively charged in the transition state. Less evident is that
alkyl groups in the 1-position, which is remote from the
reaction site, tend to exert a retarding effect. The only
example that appears slightly anomalous is that of 1,3,3-
trimethylcyclopropene (5) for which the retarding effect
seems a bit large. Since 5 is the subject of the present work,
we feel it is amongst the least likely to be in error. However,
because we are discussing factors of somewhat less than two, it
is worth remembering that a factor of two corresponds in
energy terms to less than 3 kJ mol~! at 500 K. Thus very small
conformational effects in a specific case can easily account for
such anomalies.

Rate constants for diene-forming pathways: As was shown
previouslyl'* 3] there are two distinct pathways to dienes that
can be explained as arising from H-shifts in the 1,3-diradical
or vinylcarbene forms of the intermediatel! still thought to be
the species involved in their formation. Scheme 11 shows the

R .
1,4 H - shift .
P ey e ey
R
. H

R R' - R '
\“/ﬁ/ 1,2 H - shift WR
R = Me, Et, iPr

R'=H, Me

Scheme 11.

general mechanism for the formation of 1-alkyl-3-methyl-
substituted cyclopropenes. The 1,2 H-shift, proceeding from
the vinylcarbene form of the intermediate requires a 1-alkyl
substituent, while the 1,4 H-shift proceeding from the

Chem. Eur. J. 2000, 6, No. 11
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diradical form of the intermediate requires a 3-alkyl sub-
stituent. The Arrhenius parameters for these pathways
(Tables 5-8) are comparable and generally reasonable (small
negative entropies of activation are consistent with restricted
rotation in the transitions states arising from the H-atom
migration). Once again we have found that for deeper
understanding, the best approach is to compare rate constants
at 500 K. The comparison for dienes formed by the 1,2 H-shift
process is shown in Table 15, while for those formed through
the 1,4 H-shift process is shown in Table 16. In most cases

Table 15. Comparison of rate constants (500 K) for formation of 1,3-dienes
by 1,2 H-shift (vinylcarbene intermediate) from cyclopropenes.

Reaction 100k [s7] Ky o Ref.
)> — 7 1.07 1 ©)
P NN 173101 162 this work
)>~ - /\// 0.676 0.63l this work
—_— =
_)> i 1.7 164191 this work
4)> — /\// 6.43 9.021d] this work
)>< — M 7.46 6.97 this work
this work

f - 27.5 710
>> — )\/ 0.137 0.064 (o)

[a] o is path degeneracy. [b] Maximum value: assumes product comes only
by this pathway. [c] Total diene rate constant (from 15)=2.25. [d] Total
diene rate constant (from 16) =25.42.

Table 16. Comparison of rate constants (500 K) for formation of 1,3-dienes
by 1,4 H-shift (diradical intermediate) from cyclopropenes.

Reaction 104 k [s7'] ko o Ref.
P—— 11.7 1 m
> —= Y osr 0.42 7]

. Ib]
>— SoANF 173101 0.30 this work

P< - v\l/ 9.09 0.78

[a] o is path degeneracy. [b] Maximum value: assumes product comes only
by this pathway.

this work

there is no ambiguity, but for trans-1,3-pentadiene [(E)-25]
formed from 15 we cannot unambiguously assign it to either
process. The comparisons shown here are extended to
compare the data found in the present work with those from
other simple cyclopropenes. We do not, however, include the
larger 1-alkyl-3,3-dimethylcyclopropenes, which have been
discussed earlier.' An examination of the relative rate
constants in Table 15 reveals some quite striking variations.
The largest of these arises amongst the 1-alkylcyclopropenes
themselves, between 1-methyl-, 1-ethyl- (16) and 1-isopropyl-
cyclopropene (17) for which the numbers, already statistically
corrected for the number of migrating H atoms, give rate
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ratios of 1:25:77. Since these figures correspond to insertion
into primary:secondary:tertiary C—H bonds of the vinyl-
carbene form of the intermediate, they may be compared
directly with those of Table 13. They are similar to, but
actually larger than, those found earlier from analysis of 2,4-
diene formation from the 1-alkyl-3,3-dimethylcyclopro-
penes.'¥l Thus the pathways via the vinylcarbene intermedi-
ates without the added dimethyl substituents, as studied here,
those with them. What is not

clear is whether these rate

stabilisations of the vinylcar- 15(2-%C)

benes, such as by hyperconju- l

sites for H migration (or a

are even more selective than
—_—
-
effects are due to different /
gation,B4 or different propen-

*

SN

that because of the ambiguity of the mechanism of 15 — (E)-
25 the value represents an upper limit and therefore this
process appears to be a little on the slow side.

The BC-labelling pattern in the diene products: The labelling
pattern found amongst the diene products of these cyclo-
propene isomerisations provides further general support for
the overall mechanisms of their rearrangements. Schemes 12

—
B
18(*3C) 16(2-13C)

*

combination of both). It is N — — P

worth pointing out that unlike 3'4 (3_13;:) 19(2-1%C) 19(3-1%C) ’ 36(2'_13(:)

for the vinylidene pathway, we

are not yet able to separate the x

substituent effects on ring NI

opening (step 1) from those * x « _—7 BT
SN e NN AN

of rearrangement of the inter-
mediate (step 2) for the vinyl-
carbene/diradical ~ pathways.
However it is known from the
elegant racemisation experi-
ment of Bergman’s groupl®!
more than 25 years ago that
ring closure of these inter-
mediates is significantly faster
than rearrangement (and the
data cannot be explained by
the reversible involvement of
vinylidene intermediates, al-
though their involvement was unknown at that time). This
means that step2 is probably rate-determining in these
processes.

Another quite large variation involves the 1-methylcyclo-
propenes with increasing 3-methyl substitution. The sequence
1-methyl-, 1,3-dimethyl- (15) and 1,3,3-trimethyl-cyclopro-
pene (5) give ratios 1:2.2:7.0, which correspond to a remote
substituent effect on the same primary 1,2 H-atom migration
assuming all diene formation from 15 comes from this route. It
is hard to imagine a direct kinetic effect here, but it is easier to
believe that the rates are indirectly enhanced by a methyl
group stabilisation effect on the intermediate itself that assists
the cyclopropene bond-breaking process. The case of 1,2-
dimethylcyclopropene shows up another, different, remote
substituent effect in which the non-participating methyl group
exerts a strong retardation effect on diene formation. This is
similar to, but stronger than the effect found on the ring-
opening pathway to vinylidene (see previous section).

Examination of the relative rates in Table 16 shows that for
the 1,4 H-shifts, rate constant variation is much less than for
the 1,2 H-shifts. As we commented beforel'¥ there is no
obvious factor that should lead to much variation and
therefore we conclude that small strain or conformational
effects will account for the actual variation. It should be added

(E')'—35(3—13C)

(2)-35(3-13C)

Scheme 12.
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+

(2)-25(3-13C) LT
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and 13 show the detailed pathways of their formation starting
from 15(2-*C) and 5(2-C), respectively. The key point in
these mechanisms is that direct formation of dienes leads in all
cases to 3-1*C-labelled products, whereas indirect formation of
dienes [via 16(2-*C) in the case of 15(2-1*C) and 17(2-3C) in
the case of 5(2-13C)] leads to 2-3C-labelled products. Thus,
since the isomerisations 15— 16 and 5— 17 are relatively
minor pathways, the majority of the dienes formed have 3-1*C
labels. Nevertheless the observation of 2-1*C-labelled prod-
ucts in small amounts is an important added support for the
overall mechanism proposed.

The minor products: All the cyclopropenes studied here
produce allenes in minor quantities. They are formed in <1 %
amounts in all cases. The scatter in data at these low levels
means that Arrhenius parameters (Tables 5—8) have very
large uncertainties and this makes a quantitative discussion
not very useful. From our own earlier studies!®? and other
investigations in which allenes are more prominent prod-
ucts,B% 4 41 it is thought most likely that allene formation
occurs through a 1,2 H-shift (or other 1,2 group-shift) in the
vinylcarbene intermediate. Since this shift involves a more
strained transition state than the H shifts that lead to the
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Scheme 13.

conjugated dienes, this rationalizes the small yields found in
present systems.

The only other minor product detected was cis-1,4-hex-
adiene [(Z)-30] formed in the isomerisation of 17 at levels of
up to 1%. The likely formation route for this is shown in
Scheme 14; this route involves the intermediacy of cis-1-

/\)\ /\)\
17 40 41

-

42 (E and Z)

l Zonly
()

(2)-30
Scheme 14.

methyl-2-vinylcyclopropane [(Z)-42], which is known to
rearrange rapidly to (Z)-30 at the temperatures of study.> +!
The formation of (Z)-42 can be understood as a 1,3-C—H
insertion product of the vinylcarbene intermediate. A similar
vinylcyclopropane has actually been found as a major product
(26 %) in the pyrolysis of 1-fert-butyl-3,3-dimethylcyclopro-

Chem. Eur. J. 2000, 6, No. 11

pene by Streeper and Gard-
ner.* In this latter case pre-
sumably the extra methyl
groups act as an effective in-
hibitor of the secondary rear-
rangement to the cis-1,4-diene
product. The formation of vi-
nylcyclopropanes or their rear-
rangement products has not
been observed in our earlier
studies!'l and we presume that
the low levels found here reflect
the basic difficulty of the pro-
cess. We suspect that the pres-
ence of the fert-butyl group is
crucial to its observation in
higher yields, since the fert-
butyl group has no H atom
32(21%C) available for the more favour-
able 1,2 H-shift pathway char-
LT acteristic of the vinylcarbene
behaviour in the systems we
have studied here and earlier.'Y
Interestingly a similar situation
exists in the dialkylcar-
benes.* 3 Despite a search by
GC and NMR spectroscopy for
it, we could find no evidence of the trans-isomer (E)-42 nor its
higher temperature rearrangement product, 4-methylcyclo-
pentene (43). Presumably if formed, the levels were below
detection.

K

(2)-31(4-13C)

The overall product distribution pattern: The analysis up to
now has focussed on mechanisms of formation and variations
of rate of particular product types (alkynes and dienes). It is
worth re-examining the product distributions for the four
cyclopropenes studied here, in order to see the consequences
of these considerations. From the kinetic analysis at 500 K, the
initial product distributions have been calculated and are
shown in Table 17. It can be seen that alkyne yields vary from
a high of 80.9 % from 15 to a low of 14.1 % from 17. 1,3-dienes
on the other hand vary from a low of 13.9% from 15 to a high
of 76.8% from 5. These variations can now be largely
understood. 1,3-Dimethylcyclopropene (15) ring-opens to
form a vinylidene, 18, with a low degree of reversibility, that

Table 17. Comparison of patterns of product distribution for the four
cyclopropenes under investigation at 500 K.
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Reactant 10° Product [%]
ks alkyne dienes cyclo- other
propene

>— 15 173 80.9 13.9 4.9 0.4

<k_ 16 368 30.1 492 19.7 10

)>< 5 216 19.9 76.8 26 0.7

<S‘ 17 484 14.1 56.7 27.8 1.5
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leads on to alkyne. Ring opening of 15 to vinylcarbene/
diradical, produces an intermediate with no special stability or
high propensity to undergo H shifts to dienes. Thus for 15 the
alkyne yield is high and diene yields are low. 1-Isopropylcy-
clopropene (17), on the other hand, ring-opens to form a
vinylidene, 6, with a high propensity to ring-close to give an
isomer rather than shift an alkyl group to make alkyne. Ring
opening of 17 to a vinylcarbene/diradical gives an intermedi-
ate with a very high propensity to undergo a 1,2 H-shift. Thus
for 17 the alkyne yield is low, the isomer yield is substantial
and the diene yield is high. A similar explanation of the
product patterns of 16 and 5 may be given. Through these
studies we are thus beginning to understand the underlying
factors that give rise to the considerable and apparently
bewildering variation in product distribution amongst seem-
ingly similar cyclopropenes.

Experimental Section

General Remarks: IR: Nicolet DX 320 FT-IR spectrophotometer. UV:
Hewlett Packard HP8452A diode array spectrophotometer. 'H NMR and
3C NMR: Bruker AM 400, JEOL JNM EX 400, Bruker DPX 250, Bruker
AC200F; solvent CDCl; 'H NMR: 6 =0 for tetramethylsilane; 3*C NMR:
0 =77.05 for CDCl,. Substitution level of C atoms was obtained by DEPT-
135 technique. If necessary selective 'H decoupling or *C,'H-COSY were
performed to obtain the correct C—H assignment. Integration of *C NMR
signals were performed by using the inverse-gated decoupling method to
suppress NOE effects with a pulse delay of 120 s to avoid any relaxation
effects.?®! If possible, the *C,*C- and C,'H-coupling were additionally
extracted from *C-enriched compounds. MS: Finnigan MAT 8430 (EI,
70 eV); GC-MS: Carlo Erba HRGC5160, 30 m DB1 fused silica capillary
column/Finnigan MAT 4515 (EI, 40 eV). Analytical GC: DANI 86.10HT
gas chromatograph, 50 m SE-54-DF-0.35 mm fused silica capillary column;
preparative GC: Shimadzu GC-8A, 3 and 6 m packed steel columns.
Solvents were purified prior to their use.

Preparation of the compounds: The following compounds were obtained
by literature methods: 4-methyl-2-pentyne (8),* 2-(chloromethyl)-1-
butene  (20),“>41 2 3-pentadiene (24),*] 2-methyl-2,3-pentadiene
(27)4-30 and 4-methyl-1,2-pentadiene (28).14% 5

General procedure for preparation of trihalogenocyclopropanes (A):
Sodium hydroxide (4.2 equiv) in water (7-18 mL, 60°C) was added to a
rapidly stirred solution of halogenoalkene (1 equiv), chloroform or
bromoform (1.5-35 equiv), cetrimide (1 mmol) and ethanol (1 mL). The
reaction was stirred vigorously for 2 h at 50 °C and then stirred overnight at
room temperature. The reaction mixture was worked-up by diluting with
water (250 mL) and extracting with dichloromethane (3 x 100 mL). The
combined organic extracts were washed with water (2 x 50 mL), dried with
sodium sulfate and filtered, and the solvent was removed. Liquids were
obtained by fractional distillation in vacuo to give the trihalogenocyclo-
propane as a thick colorless oil; solids were obtained by Kugelrohr
distillation to give the trihalogenocyclopropane as a white crystalline solid.
General procedure for preparation of substituted cyclopropenes (B):
Methyllithium (2.8 equiv, 1.5M in diethyl ether) was carefully added to a
solution of trihalogenocyclopropane (1 equiv) in diethyl ether (2080 mL)
at —78°C over a period of 1 h. The reaction mixture was slowly warmed up
to room temperature and stirred for 0.5 h. The solvent was removed in
vacuo (0.1 mbar) at —20°C. The residue, a slightly yellow solid, was cooled
to —30°C and quenched carefully with water (10 mL). Distillation of the
reaction mixture in vacuo (20 mbar) was carried out at room temperature
and the crude product was obtained in a —80°C cooled tube. Purification
by preparative gas chromatography (ODPN, 6 m, 30°C) gave the cyclo-
propene as a colorless, volatile liquid.
1,1,2-Tribromo-(E)/(Z)-2,3-dimethylcyclopropane ((E)/(Z)-22a): General
procedure A: Sodium hydroxide (16.3 g, 406 mmol) in water (18 mL), (E)/
(Z)-21a (13.2 g, 98 mmol, E isomer: 33 %, Z isomer: 67 %), bromoform

1976 ——
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(49.4 g, 196 mmol), cetrimide (0.4 g, 1 mmol) and ethanol (1 mL) yielded
(E)(Z)-22a (19.6 g, 64 mmol, 65%). E isomer: 33%, Z isomer: 67 %
(‘'H NMR); 'H NMR (400.1 MHz, CDCl,): 6 =122 (d, 3/,,=6.6 Hz, 3H;
4-H, E isomer), 1.32 (psd, 3J,;=6.6 Hz, 3H; 4-H, Z isomer), 1.40 (m, 1H;
3-H, Z isomer), 1.87 (s, 3H; 5-H, E isomer), 1.96 (q, */5,= 6.6 Hz, 1H; 3-H,
E isomer), 2.11 (s, 3H; 5-H, Z isomer); *C NMR (100.6 MHz, CDCl;): 6 =
11.93 (q, C-4, E isomer), 16.15 (q, C-4, Z isomer), 23.98 (q, C-5, E isomer),
31.11 (q, C-5, Z isomer), 36.36 (d, C-3, Z isomer), 38.70 (d, C-3, E isomer),
42.55,42.63, 42.73, 47.66 (s, C-1, C-2, E/Z isomers); IR (film): 7 =2981 (m),
2930 (s, C—H-v), 2866 (w), 1446 (s, C-H-0), 1379 (m, C—H-0), 1245 (w),
1121 (m), 1074 (m), 987 (s), 952 (w), 825 (m), 808 (w), 791 (w), 764 (vs,
C—Br-v), 753 cm™! (s); UV (hexane): A, (Ig €)=202 nm (3.45); MS (EI,
40 eV): m/z (%): 310 (0.02) [M]* (3%'Br), 308 (0.1) [M]* (Br, 28'Br), 306
(0.1) [M]*(27Br, #Br), 304 (0.02) [M]* (3Br), 228 (45), 227 (95), 226 (50),
147 (15), 145 (17), 66 (61), 65 (100), 51 (16).

1,3-Dimethylcyclopropene (15): General procedure B: Methyllithium in
diethyl ether (140 mL, 160 mmol, 1.14 M) and (E)/(Z)-22a (17.4 g, 57 mmol)
in diethyl ether (80 mL) yielded 15 (1.47 g, 21.6 mmol, 38%). 'H NMR
(400.1 MHz, CDCl,): 6 =1.01 (psd, 3/,;=4.6 Hz, 3H; 4-H), 1.42 (qd, */;, =
4.6,3J5,=1.8 Hz, 1H; 3-H), 2.09 (d, “J5,=1.0 Hz, 3H; 5-H), 6.62 (m, 1H;
2-H); BC NMR (100.6 MHz, CDCl;): 6 =11.09 (q, C-5), 12.51 (d, C-3),
21.59 (q, C-4), 106.52 (d, C-2), 124.84 (s, C-1); IR (CCl,): v=3121 (vw),
3084 (vw), 2954 (vs, C—H-v), 2915 (vs, C—H-»), 2858 (s, C—H-v), 2713 (w),
2686 (w), 1772 (s, C=C-v), 1439 (s, C-H-0), 1372 (m, C—H-0), 1352 (s), 1087
(s), 1022 (w), 969 (s), 955 (s), 698 cm~! (vs, C—H-v); UV (hexane): Ay, =
194 nm (Due to the high volatility of 15 the extinction coefficient & could
not be determined); MS (EI, 40 eV, headspace): m/z (%): 68 (21) [M]*, 67
(100), 65 (14), 53 (75), 51 (18), 41 (57), 39 (85), 38 (15), 27 (72).
1-Bromo-2,2-dichloro-1,3,3-trimethylcyclopropane (22c¢): General proce-
dure A: Sodium hydroxide (8.2 g, 204 mmol) in water (9 mL), 21¢ (74 g,
50 mmol), chloroform (7.2 g, 60 mmol), cetrimide (0.3 g, 0.8 mmol) and
ethanol (1 mL) yielded 22¢ (6.91g, 29.8 mmol, 59.6%) as a white
crystalline solid (subl. temp.: 90°C, 0.1 mbar). 'H NMR (200 MHz, CDCL,):
0=1.33, 146 (s, 2x3H; 4-H), 1.95 (s, 3H; 5-H); *C NMR (50 MHz,
CDCl;): 6 =18.42 (q, C-5) 24.05, 24.49 (q, C-4), 33.02 (s, C-3), 50.30 (s, C-1),
73.21 (s, C-2); IR (KBr): #=3007 (s, C—H-v), 2967 (vs, C—H-v), 2934 (vs,
C—H-v), 2865 (s), 1632 (m), 1606 (m), 1459 (s, C—H-0), 1447 (s), 1439 (s),
1377 (vs), 1217 (m), 1168 (m), 1111 (m), 1087 (vs), 1071 (s), 1018 (vs), 992
(m), 933 (s), 890 (m), 867 (vs, C—Cl-v), 812 (vs, C—Cl-v), 791 (w), 709 (vs,
C—Br-v), 592 cm™! (vs, C—Br-v); UV (hexane): A, (Ig€) =192 nm (3.20);
MS (EL 40 eV): m/z (%): 219 (0.1) [M —15]* (®'Br, *Cl, ¥’Cl/"Br, 2¥Cl),
217 (0.4) [M —15]* (*'Br, 2 3*Cl/"Br, ¥Cl, *'Cl), 215 (0.02) [M — 15]* ("Br,
23Cl), 199 (2) [M —Cl]* (*Br, ¥Cl), 197 (11) [M —Cl]* ("Br, *Cl/*'Br,
3CI), 195 (9) [M —C1]* (¥Br, *Cl), 155 (10) [M — Br]* (2¥Cl), 153 (64)
[M—Br]* (Cl, Cl), 151 (100) [M —Br]* (2%Cl), 127 (3) [M —Br—
CH,]* (2¥Cl), 125 (13) [M — Br— G,H,]* (*Cl, ¥Cl), 123 (20) [M — Br —
C,H,]* (2%Cl), 117 (10) [M — Br— Cl1— H]* (**Cl), 115 (26) [M — Br— Cl —
H]* (3Cl), 79 (65), 77 (45), 53 (12), 51 (10).

1,3,3-Trimethylcyclopropene (5): General procedure B: Methyllithium in
diethyl ether (53.5 mL, 80 mmol, 1.5M) and 22¢ (6.5 g, 28 mmol) in diethyl
ether (30 mL) gave 5 (0.85 g, 10.3 mmol, 36.9%). '"H NMR (400.1 MHz,
CDCL): 0=1.09 (d, ¥/,,=0.7Hz, 6H; 4-H), 2.03 (d, “J5,=1.0Hz, 3H;
5-H), 6.74 (m, 1H; 2-H); 3*C NMR (100.6 MHz, CDCl,): 6 =10.05 (q, C-5),
17.90 (s, C-3), 27.07 (q, C-4), 112.62 (d, C-2), 131.05 (s, C-1); IR (film): 7=
3107 (vw, cyclo-C—H-v), 2961 (vs, C—H-v), 2932 (vs, C—H-v), 2918 (vs,
C—H-v), 2858 (vs, C-H-v), 2713 (w), 1762 (s, C=C-v), 1439 (vs, C-H-0),
1364 (vs, C—H-9), 1262 (m, C—H-9), 1189 (m), 1174 (m), 1118 (m), 1089 (w),
1019 (m), 936 (m), 698 cm™! (w); MS (EIL 70 eV): m/z (%): 82 (6) [M]*, 81
(8) [M —H], 67 (100) [M — CH3], 65 (15), 53 (12), 51 (10), 41 (72), 39 (53).
1,1-Dibromo-2-chloro-2-isopropylcyclopropane (22d): General procedure
A: Sodium hydroxide (16.3 g, 408 mmol) in water (18 mL), 21d (10.2 g,
98 mmol), bromoform (64.1 g, 254 mmol), cetrimide (0.4 g, 1 mmol) and
ethanol (1 mL) yielded 22d (16.4g, 59.4 mmol, 60.8%). 'H NMR
(400.1 MHz, CDClLy): 6 =1.15, 1.18 (2 x d, *Jcy, risopropy = 6.6 Hz, 2 x CHj,
4-CHs-isopropyl), 1.79, 1.93 (m, 2 x 1H; 3-H), 1.98 (sept, /i isopropylch, =
6.6 Hz, 1 H; H-isopropyl); *C NMR (100.6 MHz, CDCl,): 6 =17.89, 19.62
(2 x q, 2 x CH;-isopropyl) 33.90 (s, CBr,), 37.15 (t, C-3), 37.50 (d, CH-
isopropyl), 58.14 (s, C-2); IR (KBr): #=3078 (w, C—H-v-cyclopropane),
2972 (vs, C—H-v), 2933 (s, C—H-v), 2873 (m), 1459 (m, C—H-9), 1368 (m),
1193 (m), 1056 (m), 1010 (vs), 953 (m), 805 (s, C—Cl-v), 695 cm™! (vs, C—Br-
v); UV (hexane): ., (Ig€) =204 nm (3.39); MS (EL 40 eV): m/z (%): 278
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(0.01) [M]* (Br, *Br, ¥Cl/2"Br, *Cl), 276 (0.01) [M]* (“Br, *Br, ¥Cl/
27Br, Cl), 274 (0.003) [M]* (2™Br, ¥Cl), 243 (0.3) [M — CI]* (2%'Br), 241
(0.5) [M —CI]* (Br, *Br), 239 (0.3) [M —CI]* (2™Br), 237 (0.05) [M —
isopropyl]* (2%'Br, ¥Cl), 235 (0.7) [M — isopropyl]* (Br, ®Br, ¥Cl/2%Br,
3Cl), 233 (0.85) [M —isopropyl]* (27Br, ¥Cl/*Br, ®Br, *Cl), 231 (0.44)
[M —isopropyl]* (27Br, ¥Cl), 199 (1.3) [M — Br]* (*Br, *’Cl), 197 (2.7)
[M —Br]* (Br, ¥Cl/*'Br, *Cl), 195 (1.9) [M — Br]* (Br, ¥Cl), 118 (1.0)
[M —2Br]* (7Cl), 116 (2.7) [M —2Br]* (*Cl), 107 (1.9), 105 (1.8), 92 (31),
90 (100).

1-Isopropylcyclopropene (17): General procedure B: Methyllithium in
diethyl ether (107 mL, 160 mmol, 1.5m) and 22d (15.7 g, 56.8 mmol) in
diethyl ether (80 mL) gave 17 (1.47 g, 179 mmol, 31.5%). 'H NMR
(400.1 MHz, CDCl;): 6=0.90 (d, */5,=1.8 Hz, 2H; 3-H), 1.15 (d, 3/5,=
6.9 Hz, 6 H; 5-H), 2.73 (dsept, 3/,5=6.9, */J,,=1.24 Hz, 1H; 4-H), 6.37 (m,
1H; 2-H); *C NMR (100.6 MHz, CDCl,): 6 =4.87 (t, C-3), 20.15 (q, C-5),
26.43 (d, C-4),96.01 (d, C-2), 125.92 (s, C-1); IR (film): # =3151 (vw, cyclo-
C—H-v), 2966 (vs, C—-H-v), 2935 (m, C—H-v), 2880 (vs, C—H-v), 1774 (w,
C=C-v), 1467 (m, C—H-9), 1459 (m, C—H-9), 1382 (w), 1364 (w), 1310 (w),
1103 (w), 1023 (vs), 989 (m), 958 (w), 929 (m), 846 (w), 713 cm™! (s); UV
(hexane): A,,,, (Ig€) =192 nm (3.2); MS (EL 40 eV, headspace): m/z (%): 82
(0.5) [M]+, 81 (8) [M —H]*, 67 (82) [M — CH;]*, 65 (20), 53 (20), 41 (100),
39 (90), 27 (55).

1-Bromo-2,2-dichloro-(E)/(Z)-1,3-dimethyl-[2-*C]cyclopropane ((2-'*C)-
(E)/(Z)-22b): General procedure A: Sodium hydroxide (5.7 g, 141 mmol)
in H,O (7 mL), (E)/(Z)-21a (4.6 g, 33.9 mmol), 69 % enriched [**C]chloro-
form (5.0 g, 41.6 mmol), cetrimide (0.4 g, 1 mmol), ethanol (1 mL) and with
dibromomethane instead of dichloromethane for work up gave (2-1*C)-(E)/
(2)-22b (3.09 g, 141 mmol, 34%). 69% "C-enriched (MS analysis);
'H NMR (400.1 MHz, CDCly): =122 (d, 3J,;=6.6 Hz, 3H; 4-H, E
isomer), 1.31 (m, 3H; 4-H, Z isomer), 1.41 (m, 1 H; 3-H, Z isomer), 1.82 (s,
3H; 5-H, E/"*C isomer), 1.82 (d, 3/5,5c=5.6 Hz, 3H; 5-H, E/"*C isomer),
1.96 (m, 1H; 3-H, E isomer), 2.04 (s, 3H; 5-H, Z/"?C isomer), 2.04 (d,
3J55c=3.0 Hz, 3H; 5-H, Z/C isomer); *C NMR (100.6 MHz, CDCl;):
0=09.56 (q, C-4, E isomer), 13.66 (q, C-4, Z/">C isomer), 13.66 (qd, %/4 13c=
5.1Hz, C-4, Z/BC isomer), 21.75 (q, C-5, E isomer), 28.61 (q, C-5, Z
isomer), 35.34 (d, C-3, Z/"?C isomer), 35.34 (dd, /5 3= 14.8 Hz, C-3, Z/**C
isomer), 37.60 (d, C-3, E/"*C isomer), 37.60 (dd, 'J;,3c=14.1 Hz, C-3, E/**C
isomer), 42.35, 4740 (s, C-1, E/Z/"*C isomers), 42.35, 4740 (d, J33c=
14.5 Hz, C-1, E/Z/*C isomers), 68.34 (s, C-2); MS (EI, 70 eV): m/z (%):
221 (0.5) [M]* ("Br, 13C, 2¥CI/*'Br, C, 3Cl, ¥'Cl), 219 (0.4) [M]* ("Br, °C,
3Cl, ¥CIMBr, 1°C, 2%Cl), 218 (0.1) [M]* (“Br, °C, ¥Cl, ¥CI/*Br, C,
23Cl), 217 (0.2) [M]* (PBr, °C, 25C1), 216 (0.05) [M]* (*Br, 2C, 25Cl), 208
(0.1) [M — CH,J* (*'Br, 3C, 29Cl), 207 (0.1) [M — CH,]* (*'Br, 2C, 2°Cl),
206 (0.6) [M — CH,]* (*'Br, C, ¥Cl, YCI/®Br, 13C, 29Cl), 205 (0.4) [M —
CH;]* (*'Br, 2C, ¥Cl, ¥Cl/"Br, 2C, 2%Cl], 204 (1.4) [M — CH;]* (™Br, C,
3Cl, YCI/4Br, 3C, 2%Cl), 203 (0.7) [M — CH;]* ("Br, 2C, ¥Cl, ¥’Cl/*'Br,
12, 23Cl), 202 (0.9) [M — CH,]* ("Br, 3C, 2%5Cl), 201 (0.4) [M — CH,]*
(Br, °C, 2%Cl), 186 (1.7) [M — CI]* ("Br, C, ¥Cl), 185 (L.1) [M — CIJ"
(*'Br, 2C, ¥7Cl), 184 (7.0) [M — C1]* (Br, 1*C, ¥’Cl/*'Br, 1*C, 3Cl), 183 (3.9)
[M — ClJ* (Br, °C, CI/*'Br, °C, »Cl), 182 (5.3) [M — CI]* ("Br, BC, *Cl),
181 (3.0) [M — CI]* (®Br, 2C, %Cl), 142 (14) [M — Br]* (°C, 2¥Cl), 141 (11)
[M —Br]* ("2C, 2¥Cl), 140 (80) [M — Br]* (*3C, ¥Cl, *Cl), 139 (50) [M —
Br]* (12C, ¥Cl, *Cl), 138 (88) [M — Br|* (*C, 2%Cl), 137 (72) [M — Br]*
(2C, 2%CI), 112 (13), 111(10), 110 (19), 109 (15), 104 (10), 102 (30), 101
(16), 66 (100) [M — Br—Cl, — H,]* (°C), 65 (88) [M* — Br — Cl, — L]’
(20).

1,3-Dimethyl-[2-3C]cyclopropene ((2-*C)-15): General procedure B:
Methyllithium in diethyl ether (27 mL, 40 mmol, 1.5m) and (2-3C)-(E)/
(Z)-22b (3.09 g, 14.1 mmol) in diethyl ether (20 mL) gave crude (2-'3C)-15
(0.4 g, 5.8 mmol, 41%). 69% "“C-enriched (MS and '*C NMR analysis);
'H NMR (400.1 MHz, CDCL): 6 =1.01 (dd, ¥/,,=4.5, *J,,=0.8 Hz, 3H;
4-H, 2C isotopomer), 1.01 (ddd, 3/, 3c=4.9, 3J,;=4.5, “J,,=0.8 Hz, 3H;
4-H, BCisotopomer), 1.42 (m, 1H; 3-H), 2.09 (d, */5, = 1.1 Hz, 3H; 5-H, '>C
isotopomer), 2.09 (dd, 3J5,3c =6.1, *J5, =1.1 Hz, 3H; 5-H, '3C isotopomer),
6.62 (m, 1H; 2-H, ?C isotopomer), 6.62 (dm, 'J, 3 =220.4 Hz, 1H; 2-H,
13C isotopomer); ¥C NMR (100.6 MHz, CDCL;): 6 =11.21 (q, C-5), 12.62
(d, C-3, 12C isotopomer), 12.62 (dd, 'J53c=9.4 Hz, C-3, 1*C isotopomer),
21.70 (q, C-4), 106.63 (dd, Y =220.4 Hz, C-2), 124.50 (s, C-1); MS (EI,
40 eV, headspace): m/z (%): 69 (18) [M]+ ("*C), 68 (100) [M]* (**C) or
[M —H] (5C), 67 (45) [M —H]* (2C), 54 (48) [M — CH,]* (1C), 53 (29)
[M — CH,]* (2C), 42 (25), 41 (28), 40 (38), 39 (32).
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1-Bromo-2,2-dichloro-1,3,3-trimethyl-[2-*C]cyclopropane  ((2-*C)-22¢):
General procedure A: Sodium hydroxide (10g, 250 mmol) in H,O
(20 mL), 21¢ (6.7 g, 45mmol), 69% enriched [**C]chloroform (5.0 g,
41.6 mmol), cetrimide (0.3 g, 0.8 mmol) and ethanol (1 mL) gave (2-'*C)-
22¢ (6.19 g, 26.7 mmol, 64%). 69 % '3C-enriched (MS analysis); 'H NMR
(400.1 MHz, CDCl,): 6 =1.33 (s, 3H; 4-H, 1>)C isotopomer), 1.33 (d, 3/, j3c =
6.1 Hz, 3H; 4-H, 1*C isotopomer), 1.46 (s, 3H; 4-H, 2C isotopomer), 1.46
(d, 3J,15c=6.1Hz, 3H; 4-H, BC isotopomer), 195 (s, 3H; 5-H, 2C
isotopomer), 1.95 (d, 3J5 30 =15.8 Hz, 3H; 5-H, *C isotopomer); *C NMR
(100.6 MHz, CDCl,): 6 =18.48 (qd, %/5:3c =2.3 Hz, C-5, BC isotopomer),
18.49 (q, C-5, 2C isotopomer), 24.10 (qd, 2/,;3c=2.2Hz, C-4, 13C
isotopomer), 24.11 (q, C-4, 2C isotopomer), 24.55 (qd, %/,,3c=2.3 Hz,
C-4, BC isotopomer), 24.56 (q, C-4, 2C isotopomer), 33.11 (d, '/3,5c=
14.5 Hz, C-3, BC isotopomer), 33.13 (s, C-3, 2C isotopomer), 50.40 (d,
J313c=12.9 Hz, C-1, 3C isotopomer), 50.41 (s, C-1, 1>C isotopomer), 73.29
(s, C-2, [BC,7C1,¥Cl] isotopomer), 73.30 (s, C-2, [*C,*CL,¥Cl] isotopomer),
73.31 (s, C-2, [BC¥CL*Cl] isotopomer); UV (hexane): A, (I2€) =192 nm
(2.72); MS (EL 40 eV): miz (%): 200 (2) [M — CIJ* ("Br, °C, 'CI], 199 (1)
[M — CIJ* (*'Br, °C, YCl), 198 (7) [M — CI]* (*Br, 13C, ¥CI/*'Br, 13C, Cl),
197 (3.5) [M — CIJ* (®Br, 2C, YCI/8'Br, C, ¥Cl), 196 (6) [M — CI]* ("Br,
1BC, 3CI), 195 (2.5) [M — CIJ* (Br, °C, 3Cl), 156 (10) [M —Br]* (°C,
2%CI), 155 (7) [M — Br]* (2C, 2¥Cl), 154 (55) [M — Br]* (°C, ¥Cl, 3Cl),
153 (28) [M — Br]* (2C, ¥'CL, 3Cl), 152 (86) [M — Br]* (3C, 25Cl), 151 (37)
[M*—Br]* (2C, 23Cl), 128 (2.4) [M — Br— GH,]* (°C, 29Cl), 127 (2)
[M — Br— GH,J* (°C, 27Cl), 126 (13) [M — Br— GH,]* (°°C, Cl, CI),
125 (7.5) [M — Br — G,H,]* (2C, ¥'CL, 3Cl), 124 (21) [M — Br]* (*C, 25Cl),
123 (11) [M—-Br—GH,* (2C, 2%Cl), 118 (4) [M—Br—Cl—H]*
(PCTCl), 117 (6) [M — Br— Cl— HJ* (°C, ¥'Cl), 116 (12) [M — Br— Cl —
H]* (°C, 3Cl), 115 (4) [M — Br — Cl — H]* (12C, »Cl), 81 (21), 80 (100), 79
(48), 78 (69), 77 (43), 66 (15), 54 (19), 53 (22), 52 (15), 51 (15).
1,3,3-Trimethyl-[2-*C]cyclopropene ((2-*C)-5): General procedure B:
Methyllithium in diethyl ether (54.5 mL, 76 mmol, 1.4m) and (2-13C)-22¢
(6.19 g, 26.7mmol) in diethyl ether (30 mL) gave (2-'3C)-5 (0.68 g,
83 mmol, 31%). 69% !*C-enriched (MS and *C NMR analysis);
'H NMR (400.1 MHz, CDCl;): 6 =1.09 (s, 6 H; 4-H, 2C isotopomer), 1.09
(d, 3J,13c=4.9 Hz, 6H; 4-H, “C isotopomer), 2.03 (d, */5,=1.0 Hz, 3H;
5-H, C isotopomer), 2.03 (dd, 3J5;3c=06.0, */5,=1.0 Hz, 3H; 5-H, ®C
isotopomer), 6.74 (s, 1H; 2-H, "2C isotopomer), 6.74 (d, 'J,,3c =217 Hz,
1H; 2-H, BC isotopomer); *C NMR (100.6 MHz, CDCL,): 6 =9.98 (q, C-5,
12C isotopomer), 9.98 (qd, %J5,3c=2.9 Hz, C-5, BC isotopomer), 17.91 (d,
J313c=10.8 Hz, C-3, 13C isotopomer), 17.93 (s, C-3, 12C isotopomer), 27.05
(qd, %/413c=0.6 Hz, C-4, 13C isotopomer), 27.05 (q, C-4, 2C isotopomer),
11265 (d, Yeu=217Hz, C-2), 13101 (d, J,,c=58.6Hz, C-1, BC
isotopomer), 131.04 (s, C-1, ?C isotopomer); MS (EI, 40 eV, headspace):
miz (%): 83 (3) [M]* (*C), 82 (10) [M]* (*C) or [M — H] (*C), 81 (3) [M —
H]* (2C), 68 (100) [M — CH,]* (2C), 67 (49) [M — CH,] (2C), 65 (18), 55
(7), 54 (13), 53 (9), 52 (6), 42 (29), 41 (47).

1-Ethylcyclopropene (16): 2-(Chloromethyl)-1-butene 20 (9.18 g, 88 mmol)
was added, over a period of 1 h to a suspension of sodium amide (freshly
prepared”!, 6.0 g, 154 mmol) in dibutyl ether (20 mL) in a 100 mL three-
neck flask equipped with dropping funnel and condenser (7=40°C). The
suspension was refluxed for 2 h. The cyclopropene was removed from the
reaction vessel by a slow nitrogen stream to a wash-flask that contained
sulfuric acid (1m), then it was passed into a drying tube that contained
calcium chloride and finally to a cooled tube (methanol/nitrogen: —80°C).
The crude product was redistilled at low temperature and purified by
preparative gas chromatography (ODPN, 6 m, 30°C) to give the cyclo-
propene 16 as a very volatile liquid (0.74 g, 10.9 mmol, 12%). 'H NMR
(400.1 MHz, CDCL): 6=0.90 (d, /5, =19 Hz, 2H; 3-H), 1.16 (t, 35, =
75 Hz, 3H; 5-H), 2.49 (qd, 3/,5=17.5, %/,,=1.4 Hz, 2H; 4-H), 6.43 (m, 1 H;
2-H); 3C NMR (100.6 MHz, CDCL): 6 =5.28 (t, C-3), 11.42 (q, C-5), 20.35
(t, C-4), 9726 (d, C-2), 122.02 (s, C-1); IR (film): #=3053 cm™" (w, C—H-v),
2971 (vs), 2879 (vs, C—H-v), 1778 (s, C=C-v), 1459 (s, C—H-0), 1378 (m,
C—H-0), 1312 (m), 1027 (vs), 944 (s), 899 (m), 700 (s), 678 (s, C-H-v); UV
(hexane): A, (Ig€) =194 nm (3.42); MS (EL 40 eV, headspace): m/z (%):
68 (12) [M]*, 67 (100), 65 (15), 53 (60), 51 (15), 42 (15), 41 (47), 40 (32), 39
(75), 27 (58).

Kinetic measurements

Apparatus: The apparatus was similar to that used in earlier studies. '+ 37]
Gases were handled in conventional grease-free vacuum systems made
from pyrex and with Youngs stopcocks. To avoid mass losses during
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handling of the compounds, the whole vacuum system was wrapped with
heating tape and kept at about 50°C. The reaction vessel used for most
experiments was spherical (volume ca. 250 mL). It was placed in a stirred
salt (NaNO,/KNO; eutetic, temperature range: 150°C-550°C) thermo-
statically controlled by an AEI (GEC) RT5 controller. Temperatures were
measured with a Pt/Pt-13% Rh thermocouple calibrated against a
precalibrated Pt resistance thermometer (Tinsley, Type 5187 SA). Product
analyses were performed by gas chromatography (Perkin Elmer 8310 Gas
Chromatograph with FID detection) and electronic peak integration
(Hewlett —Packard HP 3380S). For compound 15 and 16, a 6 m 15% 5,5~
ODPN, 60/80 Chromosorb W-packed steel column operated at 40°C was
used for the quantitative analyses. The products from the pyrolyses of 5 and
17 were analyzed on a 4 m cyanosilicon-oil-packed steel column connected
toa 6 m 15% OPN, Chromosorb P-packed steel column operated at 50°C.
Pressures were measured with a conventional Hg manometer.

The reactions were studied by using n-pentane as internal standard chosen
for stability and analytical convenience. The reactant master mixture
consisted of about 2% of cyclopropene and 2 % of the standard diluted to
about 500 Torr with N, in a 500 mL reservoir. Runs were carried out by
admitting the mixture to the reaction vessel at a given pressure for a certain
time (between 2.5 min and 15 h covering a conversion between 5% and
95%). The reaction was quenched by transferring the reaction vessel
contents to a pre-evacuated sample bulb, from which samples could be
injected into the gas chromatograph. To avoid mass losses during injection,
the injector sample valve was wrapped with heating tape and kept at about
50°C. Before each run, a blank analysis was made of the unused master
mixture to check the mass balance of the reaction.

Analysis: The quantitative analyses were carried out as described before. It
was assumed that in each study all isomeric products had the same detector
response factors. Product identities were confirmed by mass spectrometry
and '"H NMR and, if possible, 3*C NMR spectroscopy on isolated samples
after pyrolysis. Additionally certain products, which were only formed in
small amounts, were identified by comparing their GC retention times with
those of authentic samples of potential pyrolysis products. Determination
of the 1*C isotopomeric distribution was carried out by *C NMR spectros-
copy and MS analysis. For this purpose two pyrolysis runs of both pure
15(2-3C) and 5(2-13C) were used for each 3C NMR product sample at a
pressure of 50—70 Torr and a conversion over 95%. Tertiary "*C signals
were identified as follows: 2-pentyne, 19: 6 =74.64(C-2), 80.68(C-3), in
agreement with ref. [22]; 4-methyl-2-pentyne, 8: 6 =74.53(C-2), 85.03(C-3),
in agreement with refs. [15, 52].

Spectroscopic data of the pyrolysis products

Pyrolysis of 15: Products identified by NMR spectroscopy and MS. 19:
published spectrum,®! (E)-25: published spectrum,* 3! (Z)-25: published
spectrum, 551 and 24: published spectrum.?? 3 5l

Pyrolysis of 16: Products identified by NMR spectroscopy and MS. 15: see
above, 19: published spectrum,*¥! (E)-25: published spectrum,i 31 (Z)-25:
published spectrum,’* 31 26: published spectrum.?> 54

Pyrolysis of 5: Products identified by NMR spectroscopy. 17: see above, 8:
published spectrum,!'>2%52571 32: published spectrum,!’> 25251 (E)-31:
published spectrum,!'> 2357 (Z)-31: published spectrum,!'> %52 571 27: pub-
lished spectrum,?> %1 29: published spectrum.?* %]

Pyrolysis of 17: Products identified by NMR spectroscopy. 5: see above, 32:
published spectrum,['> 235257 (E)-31: published spectrum,!'>2357 (Z)-31:
published spectrum.['>: 23 52,571

Pyrolysis of 15(2-*C): Products identified by NMR spectroscopy. 16(2-2C):
see above, 19(*C): published spectrum, 3 (E)-25('*C): published spec-
trum, /233 (Z)-25(**C): published spectrum,?* 3 31 24(3-13C): published
spectrum. 22 2 54, 51

Pyrolysis of 5(2-*C): Products identified by NMR spectroscopy. 17(2-3C):
see above, 8(**C): published spectrum,!'>2>32 51 32(13C): published spec-
trum,['> 232571 (E)-31(*C): published spectrum,l'> 237 (Z)-31(*C): pub-
lished spectrum,['> 2352571 27(3-13C): published spectrum.?* ]

Appendix

The elementary rate constants in Schemes5 and 6, which show the
proposed mechanisms involving the vinylidenes 18 and 6 as intermediates,
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respectively, are related to the phenomenological rate constants in
Schemes 8 and 9. The relationships obtained by stationary state treatments
of [18]?2 and [6]! are given in Equations (1) - (6) below.

ko= + ks + kskqlkyy 1)
k= kg + ko + Kroher/ s @)
k_tk_yk_o= (kefky):(Ryfks):1 3)
ko= ki +kpp + kil )
ko= kg + kyo + kiokyilky )
k_qtk_oth_e= (kyglhr):(Kyylkyp):1 (6)
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Activity Enhancement by the Support in the Hydrogenation of
C=C Bonds over Polymer-Supported Palladium Catalysts

Marco Zecca,*!2l Roman FiSera,'’! Giancarlo Palma,'*! Silvano Lora,!d!
Milan Hronec,” and Milan Kralik®!

Abstract: Four synthetic ion-exchange
resins (AH, BH, CH, DH) of different
hydrophilic/hydrophobic properties
were used as supports for heterogeneous
palladium catalysts (A, B, C, D). The
resins contained styrene (STY) and
2-(methacryloxy)ethylsulfonic acid
(MESA) as the comonomers. Either
divinylbenzene (DVB: CH, DH resins)

the third comonomer. The catalysts (Pd
0.25-0.45 % w/w) were obtained by ion-
exchanging the acidic forms of the resins
with [Pd(OAc),] and reducing palladi-
um(11) with excess sodium borohydride.
The use of NaBH, also ensured the
neutralization of the acidic sites of the
supports. No effect of the hydrophilic/
hydrophobic properties of the supports

was observed in the hydrogenation of
cyclohexene and 2-cyclohexen-1-one in
methanol, at 25°C and 0.5, 1, and
1.5 MPa, respectively. However, cata-
lysts A and B, containing amido groups
provided by either DMAA or MBAA,
proved to be more active than C and D.
The observed activity enhancement was
directly proportional to the nitrogen/

or N,N'-methylenebisacrylamide
(MBAA: AH, BH resins) were used as
the cross-linker. AH contained also
N,N-dimethylacrylamide (DMAA) as

Introduction

Polymer-based catalysts have been under investigation for at
least three decades. Academic research in this field has been
mainly focused on the polymer-bound counterpart of homo-
genous transition metal catalysts (hybrid catalysts),!'* but no
industrial accomplishment has been achieved yet. By contrast,
functionalized cross-linked polymers are currently exploited
as true heterogeneous catalysts in a number of industrial
processes. In particular, ion-exchange resins based on sulfo-
nated polystyrene are employed as acidic catalysts in the
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palladium molar ratio in the catalysts.
This finding suggests that amido groups
promote palladium through a direct
interaction with the metal surface.

synthesis of alkylmethyl ethers and of bisphenol A.* > More-
over, heterogeneous palladium catalysts supported onto ion-
exchange resins are currently applied to the chemical removal
of dioxygen from water, down to the ppb level,l’l and to the
one-pot synthesis of methylisobutylketone from acetone.P!

It is well known that the polymeric supports can affect the
progress of the catalytic process in several ways. First, the
local concentration of chemical species inside polymer-based
catalysts can be different from the phase of reactants and
products, as the consequence of kinetic, mass transport, and
thermodynamic (partition between the catalyst and the
reactants/products phases) effects. Thus, the affinity of the
reagents and/or products towards the polymeric support plays
an important role, not only in polymer-bound phase transfer
catalysis,I” but also in other cases. For instance, in the partial
hydrogenation of benzene over ruthenium catalysts supported
onto both inorganic and polymeric carriers,® *! the selectivity
depends on the hydrophilic/hydrophobic properties of the
supports. Of course, the affinity of reagents and/or products
towards the catalytic support depends on the chemical
structure of the latter and it must be emphasized that
polymeric materials can be much more easily tailored than
inorganic solids under this respect. Moreover, in the case of
polymer-supported metal catalysts, the functional groups of
polymeric support could also interact directly with the active
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component and affect the intrinsic kinetics of the reaction.
However, whereas the influence of the polymeric support on
the catalytic activity has been studied in some detail for
polymer-anchored metal complexes,'”! relatively little atten-
tion has been paid to this issue in connection with polymer-
supported metal catalysis.['!]

For a few years we have been investigating polymer-
supported metal catalysts.'?'7l Our attention was mainly
focused on the activity and stability of palladium nano-
particles dispersed inside gel-type resins. We studied the
hydrogenation of cyclohexene, [l of benzene,”l and, in greater
detail, the hydrogenation of aromatic nitrocompounds.['> 71 In
this context, particular attention was paid to the deactivation
of the catalyst. Investigation of the molecular mobility inside
swollen polymeric catalytic supports and of their morphology
at the nanometric scale provided a sound basis for the
interpretation of the behavior of polymer-based catalysts.[' 1]

Then, our interest shifted to the interactions between the
substrate, the support, and the catalytic sites. Due to our
previous experience concerning the stability of polymer-based
catalysts in the hydrogenation of cyclohexene, we decided to
study this reaction with catalysts of different hydrophilic/
hydrophobic properties. Moreover, we chose a second sub-
strate of different hydrophilic/hydrophobic features, 2-cyclo-
hexen-1-one, and also studied its hydrogenation on the same
catalysts. The hydrogenation of a double carbon-carbon
bond conjugated to a keto group is not only of academic
interest, but has also a practical relevance: For instance, the
hydrogenation of mesityl oxide (4-methyl-3-pentene-2-one) is
the second step of the industrial one-pot synthesis of
methylisobutylketone, which is carried out over polymer-
supported bifunctional palladium catalysts.

We report herein on our results on the hydrogenation of
cyclohexene and 2-cyclohexen-1-one, which was found to be
insensitive to the hydrophilic/hydrophobic properties of the
supports. However, reaction rates appeared to be enhanced
by the presence of amido groups in the polymeric carriers.

Results and Discussion

Commercially available sulfonated polystyrene/divinyl-ben-
zene ion-exchange resins were employed in our previous work
on the hydrogenation of 4-nitrotoluene.'! These materials are
usually fully sulfonated and therefore are highly hydrophilic.
At the start of this work we aimed at the preparation of
polymer-based catalysts with controlled hydrophilic/hydro-
phobic properties, as we were interested in ascertaining
whether cyclohexene and 2-cyclohexen-1-one showed differ-
ent affinities towards the supports and how the reaction was
eventually affected. Therefore, we prepared four copolymers
(AH, BH, CH, DH) of 2-(methacryloxy)ethylsulfonic acid
(MESA), which served as the source of both sulfonic groups
for ion-exchange and hydrophilic monomeric units, with
styrene (STY) which supplied the hydrophobic monomeric
units. AH contained also a substantial proportion of a third,
hydrophilic comonomer, N,N-dimethylacrylamide (DMAA).
The resins were obtained in their acidic forms. Previous
experience showed that i) cross-linked copolymers of MESA
and STY synthesized in N,N-dimethylformamide (DMF)
solution contain substantial amounts of both the solvent and
water,'¥ and ii) whereas STY copolymerizes almost quanti-
tatively, MES A does not. This also occurred in the synthesis of
AH, BH, CH, and DH, as confirmed by their elemental
analyses (C, H, N, S, Table 1). The elemental analyses,
evaluated in a similar way as in ref. [13], revealed that the
newly formed resins contained 3—-10% (w/w) of DMF and 5 -
10% (w/w) of water. The relevant data are reported in Table 1
and Table 2 and the chemical structure of the resins is
sketched in Scheme 1.

The solvent compatibility of the four resins, which depends
on their hydrophilic’/hydrophobic properties, was assessed
from the bulk expanded volumes values in several solvents,
which are reported in Figure 1. Comparable values of bulk
expanded volumes were also obtained for the catalysts after

Table 1. Compositions (weight % )4l of resins AH, BH, CH, and DH.

AH BH CH DH
caled found caled found caled found caled found

Abstract in Italian: Quattro resine per scambio ionico (AH,
BH, CH, DH), dotate di proprieta idrofiliche/fobiche diffe-
renti, furono utilizzate quali supporti per catalizzatori etero-
genei di palladio (A, B, C, D). I catalizzatori furono ottenuti
mediante immobilizzazione di palladio(n) per scambio ionico
a partire da [Pd(OAc),] e sua successiva riduzione con NaBH,
in eccesso. Fu quindi studiata la reazione di idrogenazione del
doppio legame C—C nel cicloesene, nel cicloesanone e nel
2-cicloesen-1-one, a 25°C e alla pressione di 0.5, 1.0, e 1.5 M Pa,
rispettivamente, in presenza dei catalizzatori A, B, C, D. Alcuni
dei supporti polimerici contenevano gruppi ammidici e i
catalizzatori basati su di essi risultarono piti attivi degli altri,
indipendentemente dalla pressione di idrogeno. Inoltre fu
osservato che I'aumento di attivita catalitica era direttamente
proporzionale al rapporto molare fra azoto e palladio. Cio
suggerisce un effetto di promozione diretta del catalizzatore da
parte dei gruppi ammidici eventualmente presenti nel supporto.

1 %C 5437 5487 6929 68.68 57.41 5697 72.02 72.83
2 %H 778 752 722 707 698 6.64 737 737
3 %N 546 543 161 151 053 051 058 0.58
4 %S 495 497 452 445 736 738 402 399
5 % water 10 4.8 9.8 6.0
6 % DMF 10 48 32 3.6

[a] The expected elemental weight percentages were calculated on the
assumption that the resins contained water and DMF in the proportion
reported in entries 5 and 6 and that polymerization yields were as reported
in Table 2.

Table 2. Polymerization yields (mol%) for each comonomer in the
synthesis of resins AH-DH.

AH BH CH DH
STY 90 100 100 100
MESA 85 85 80 80
DVB - - 100 100
DMAA 100 - - -
MBAA 100 100 - -

Chem. Eur. J. 2000, 6, No. 11
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Scheme 1. Chemical structures of resins AH, BH, CH, DH.
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Figure 1. Bulk expanded volumes (BEVs) of resins AH, BH, CH, and DH.

vg;

reduction with NaBH,. The data in Figure 1 indicate that
hydrophilicity increases in the following order:

BH ~2DH < CH < AH
(moderately (moderately (clearly
hydrophobic)  hydrophilic) hydrophilic)

This sequence is in agreement with the expectation that the
lower the proportion of STY in the resin, the higher its
hydrophilicity.

After the synthesis, the resins were exchanged with
palladium(1), which was subsequently reduced to the metal
with excess NaBH, in ethanol.

As shown in Figure 2, the BEV value of all investigated
resins was much higher in pure methanol than in both pure
cyclohexene and cyclohexanone, which gave generally negli-
gible swelling of the polymer network, if any. This is probably
due to the fact that whereas in methanol the —SO;H groups
are extensively dissociated, in cyclohexene or cyclohexanone
ionic pairs are strongly held together. Thus, in methanol the
electrostatic repulsion among the fixed negative ionic charges
helps swelling. However, the BEV of BH in methanol was the
highest for this resin, but it was practically negligible in water
(Figure 1). This indicates that in general the electrostatic
repulsion among fixed charges is not the only factor aiding
swelling. Thus, methanol must also be able to interact
considerably with the hydrophobic domains, different from
water. This highlights the amphiphilic nature of methanol.

Resin DH showed the same behavior upon swelling in
methanol/cyclohexene and methanol/cyclohexanone mixtures
of different compositions. In fact, the changes of BEV as a
function of the molar fraction of methanol (yoy) were
practically the same in both cases. The BEV of DH in pure
methanol was the lowest among the investigated resins and,
moreover, it was very poorly swollen by both pure cyclo-
hexene and cyclohexanone. This highlights the hydrophobic
nature of DH and the generally poor swelling power of
cyclohexene and cyclohexanone. When yoy was increased
from 0 up to about 0.25, the BEV reached practically the same
value as in pure methanol. Further increase of yoy did not
further change the BEV value. This suggests that for DH the
interaction of methanol, cyclohexene, and cyclohexanone are
relatively weak hence the resin always takes up selectively the
better swelling agent available, that is methanol.

The behavior of CH swollen with methanol/cyclohexene
mixtures was qualitatively the same. However, as BEV in pure
methanol is higher than for DH, the initial increase was
steeper for CH and furthermore the BEV increased almost
linearly. These findings point to the same direction as before:
Due to very weak interaction of cyclohexene with the resin,

This reduction procedure en- BEV BEV
sures a homogeneous metal &1(em®g™") 61(em’g™)
distribution throughout the 51
volume of the catalyst beads 44
and the removal of DMF ad-
sorbed in the support.['3] %]
In order to get insight about 21
the relative affinities of cyclo- 1] , , : .
hexene and 2-cyclohexen-1- 0 2 o lmol %) 7 100 0 25 Xoteo '_?((’mol % 100
one, we measured the bulk 7 74
expanded volumes (BEVs) of o 5:?1/39'1) 6. 22/3‘9_1)
resins AH, BH, CH, and DH
swollen with mixtures of meth- 57
anol with cyclohexene and 4
cyclohexanone, respectively, 3
at different compositions. Cy-
clohexanone was taken as a 2 2 @
mimic of the unsaturated cy- 1 T T T — 14 T . T 1
0 25 75 100 0 25 50 75 100

clic ketone and used instead.
The results are illustrated in
Figure 2.

1982

50
Xmeon (Mol %)

Figure 2. Bulk expanded volumes of catalysts A, B, C, and D in cyclohexene/methanol mixtures (squares) and
2-cyclohexanone/methanol mixtures (diamonds) versus mixtures’ composition.

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

XmeoH (Mol %)

0947-6539/00/0611-1982 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 11





Hydrogenation

1980-1986

methanol was absorbed preferentially to allow the largest
possible swelling of the polymer network.

By contrast, the behavior of CH swollen with methanol/
cyclohexanone mixtures was totally different. When oy was
progressively increased, a practically linear steady growth of
the BEV value was observed in the whole composition range
(xou=0-1). This indicates that some specific interaction
occurs between CH and cyclohexanone. Moreover, the BEV
in pure cyclohexanone (yoy = 0) was considerably higher than
in pure cyclohexene, which also suggests that the cyclic ketone
has actually a higher affinity towards CH than the cyclic alkene.

When resins AH and BH were swollen with methanol/
cyclohexene mixtures, their behavior resembled that of CH
and DH. However, the BEV did not reach the value observed
in pure methanol at y o as low as 0.25-0.30. After that point a
further linear, albeit smoother, increase of the BEV values
was recorded up to yoy = 1. This suggests that the cyclohexene
interaction with AH and BH could be slightly stronger than
with CH and DH.

On the other hand, when resins AH and BH were swollen
with methanol/cyclohexanone mixtures, their behavior was
qualitatively the same as that of CH. Also in this case the data
indicate that cyclohexanone has a higher affinity than cyclo-
hexene towards AH and BH, respectively.

Further information concerning methanol —support sub-
strate affinity was obtained from the comparison of solute
concentrations, before and after swelling, in methanol/cyclo-
hexene and methanol/cyclohexanone mixtures used to swell
the catalysts. As described in the experimental, they were
actually swollen in a known amount of “solvent” and, after
equilibration, a known amount of “solute” was added to the
suspension (in the following discussion “solvent” and “solute”
are the most and the least abundant component, respectively,
of the swelling mixture, see also Experimental Section). The
molar fraction of the “solute” before swelling was not
measured directly, but it was calculated as described in the
Experimental Section. On the other hand, molar fractions
after swelling were directly measured in the liquid phase in
equilibrium with the swollen polymer.

We carried out two sets of experiments, where methanol
played the role of either the “solute” (Table3) or the
“solvent” (Table 4).

‘When methanol was used as the “solute”, it was added to
the resins previously swollen in cyclohexene, cyclohexanone,
or 2-cyclohexen-1-one. Its addition generally brought about
an appreciable increase of the BEV of the support, as it was
expected from the BEV measurements. The molar fraction of
methanol (xoy) in the free liquid phase was always found
significantly lower after swelling than before, that is the
partition coefficient of methanol is always much greater than
one, although it was not possible to calculate its value from
our data.l'¥] This clearly indicates that, in general, methanol
was preferentially driven into the polymer network, probably
as the consequence of stronger methanol —support interaction
with respect to the “solvent”-support interaction. This finding
is completely coherent with BEV values found for the resins
in methanol, cyclohexene, and cyclohexanone.

As for the relative affinity of cyclohexene and cyclohex-
anone for the various materials, the data of Table 3 show that

Chem. Eur. J. 2000, 6, No. 11
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Table 3. Mole fractions (%, y) of methanol, beforel® and after!™ swelling of
catalysts A, B, C, and D with a 1M methanol solution in a) cyclohexene,
b) cyclohexanone, and c) 2-cyclohexen-1-one.

mass of catalyst mass of methanol  after
(dry, mg) (mg) before after
a) cyclohexene
A 107.6 34.6 9.7 33
B 100.0 321 9.4 33
C 98.3 37.8 10.9 2.8
D 102.4 35.0 10.1 2.1
b) cyclohexanone
A 118.9 312 9.1 6.3
B 109.1 36.0 10.7 7.2
C 103.0 312 9.5 6.9
D 96.2 40.8 12.1 0.7
¢) 2-cyclohexen-1-one
A 101.4 323 12.2 3.7
B 105.6 37.0 12.3 32
C 103.7 33.0 10.2 31
D 101.2 411 13.1 0.9

[a] Theoretically calculated from the employed amounts of methanol and
solvent; [b] measured in the liquid phase by GC (see also Experimental
Section).

for catalyst D the decrease in yoy for the cyclohexanone
solution was not very different from those observed for the
cyclohexene and 2-cyclohexen-1-one solutions. This indicates
that the relative affinities of cyclohexene and cyclohexanone
(and 2-cyclohexen-1-one) towards the support of catalyst D
are similar, in agreement with the BEV data discussed above.
Moreover, for each kind of solution the decrease in y oy for
catalyst D was always larger than for the other materials.
These facts are also consistent with the hypothesis that the
partition process is mainly driven by swelling in the absence of
strong interactions of methanol, cyclohexene, cyclohexanone,
and 2-cyclohexen-1-one with the support.

For all the other catalysts (A, B, C) the decrease in yqy for
the cyclohexanone solution was always smaller than in the
cyclohexene solution. This finding indicates that cyclohex-
anone competes “for the polymer” with methanol better than
cyclohexene, which is also fully coherent with the hypothesis
that cyclohexanone has a higher affinity than cyclohexene
towards the polymeric supports of catalysts A—C. The
decrease in yoy values observed for the methanol solution
in 2-cyclohexen-1-one were comparable with those found for
solutions of methanol in cyclohexene, thus indicating a
relatively poor affinity of 2-cyclohexen-1-one towards the
investigated materials. Incidentally, this finding shows that
cyclohexanone is not an appropriate mimic of 2-cyclohexen-1-
one.

The data of Table 4 were obtained when methanol was used
as the “solvent”. In this case, the molar fractions of the
“solute” (cyclohexene, cyclohexanone, and 2-cyclohexen-1-
one) in the free liquid phase in equilibrium with the swollen
resins were practically the same as before swelling. This is
again in agreement with the hypothesis that methanol
interacts much more strongly with the supports than the
cyclic alkene and ketones. In the presence of a large excess of
the alcohol, BEVs were very close or equal to those observed
in pure methanol. This was apparently the case when the
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concentration of cyclohexene was 1M (y =ca. 4 x 10~2; Fig-
ure 2), the same as in the catalytic tests discussed below. This
indicates that under these conditions the polymer chains are
fully solvated by methanol molecules. This prevents the
interaction of the “solute” with the polymeric support,
independently of its nature. Hence, it can almost freely flow
from the liquid phase to the swollen polymer and its partition
coefficient approaches unity.

An appreciable decrease, albeit not large, of the molar
fraction of both cyclohexanone and 2-cyclohexen-1-one was
observed for catalyst C (Table 4), which is based on the

Table 4. Mole fractions (%, y) of a) cyclohexene, b) cyclohexanone, and
c) 2-cyclohexen-1-one beforel® and afterl™ swelling of resin-based catalysts
A, B, C, D with a 1M solution in methanol.

mass of catalyst mass of a),b), or c), respectively 2
(dry, mg) (mg) before after
a) cyclohexene
A 984 130 5.6 5.6
B 1042 155 6.4 6.3
C  104.0 142 5.1 5.1
D  98.0 157 4.5 4.6
b) cyclohexanone
A 994 137 54 52
B 1043 135 4.9 5.0
C 1020 152 5.8 5.1
D 836 145 53 54
c) 2-cyclohexen-1-one
A 1022 149 5.6 5.5
B 1016 157 5.7 5.6
C 1018 152 5.3 4.9
D 970 145 5.2 5.1

[a] Theoretically calculated from the employed amounts of methanol and
solvent; [b] measured in the liquid phase by GC (see also Experimental
Section).

support with the highest content of sulfonic groups. This
finding suggests that the main interaction of cyclohexanone
and 2-cyclohexen-1-one with supports generally involves the
ionic sites of the latter, with effects appearing only at
relatively high content of the sulfonic groups. The particular
affinity of cyclohexanone towards resin CH, highlighted by
the relatively high BEV value of this material in the pure
ketone, also supports this idea.

The catalytic tests were carried out under kinetic regime, as
checked with catalysts particles of different sizes (0.1-
0.14 mm and 0.14-0.18 mm). Hence, mass transport phenom-
ena are not rate determining in the tests described herein.
Therefore, the effects of swelling, on which diffusion in
polymeric materials dramatically depends, can be neglected.
Under kinetic control, the concentration of the involved
species (reactants, products) is homogenous throughout the
catalyst and depends only on the respective affinities, which
depend in turn on the hydrophilic/hydrophobic properties of
the supports. Accordingly, they could be expected to affect the
concentration of reactants and products thermodynamically
rather than kinetically. In fact, if two substrates are adsorbed
to different extents, rather than at different rates, onto a
supported catalyst, different rates of the catalytic process
could be eventually observed because of their different
concentration at the active sites, even assuming that the
catalyst is equally active for both.

1984
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Our data on the partition of cyclohexene and 2-cyclohexen-
1-one demonstrate that both has similar affinities towards
each of the employed catalysts and therefore we need not
worry about this possibility. Moreover, the results described
above show that at a 1M concentration in methanol, even
substrates of different affinity are distributed to the same
extent between the liquid and swollen polymeric phase, due to
the levelling effect of very strong methanol-support inter-
actions. As for metal leaching, we did not observe loss of the
metal in any case investigated.

The initial relative hydrogenation rates at 0.5, 1.0, and
1.5 MPa for both substrates are reported in Table 5 (the values

Table 5. Initial reaction rates (mols—'kgp,~!) and relative initial reaction
rates (in brackets) with respect to the rate over the catalysts C, for
cyclohexene (ene) and 2-cyclohexen-1-one (one).

Catalyst Substrate
ene one
0.5MPa 1 MPa 1.5MPa 0.5MPa 1 MPa 1.5MPa
A 80 (2.1) 102 (2.2) 114 (2.3) 84 (2.1) 104 (2.1) 117 (2.6)
B 52 (1.4) 68 (1.5) 76(1.5) 54 (1.4) 64 (1.3) 72(14)
C 38 (1) 46 (1) 5501 40 (1) 49 1) 540
D 44 (1.2) 52(1.1) 58(1.2) 46 (1.2) 53(1.1) 57(12)

were calculated from the first derivative of the quadratic
polynomial fitting of points from 0 up to 70% of the
conversion). The data show that the hydrogenation rates of
both substrates change to a very similar extent from a catalyst
to another.

In addition, if the ratios of the initial hydrogenation rates of
2-cyclohexen-1-one and cyclohexene (Table 6) are compared
for each catalyst at different pressures, it appears that the
substrate which is hydrogenated faster depends on the
pressure of hydrogen. All these data confirm that the hydro-
philic/hydrophobic properties of the support do not play an
important role.

Table 6. Initial rate over catalysts A, B, C, and D of 2-cyclohexen-1-one
hydrogenation relative to cyclohexene.

Cat 0.5 MPa 1 MPa 1.5 MPa
A 1.05 1.02 1.03
B 1.04 0.94 0.95
C 1.05 1.07 0.98
D 1.05 1.02 0.98

Catalyst B appears to be generally a little more active than
D. The most important difference between them is the nature
of the cross-linker: Whereas D contains divinylbenzene, B
contains methylene-bis-acrylamide. Moreover, catalyst A,
which incorporates a substantial amount of N,N-dimethyla-
crylamide, is by far the most active one, hence we can argue
that increasing the amount of nitrogen in the resins enhances
the catalyst activity.

In fact, the rate enhancement can be quantitatively
correlated to the molar ratio between nitrogen and palladium
in the catalysts. The true nitrogen content, that is without the
contribution of DMF, which is removed during the reduction
of palladium(t1), can be obtained from the elemental analyses
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data of Table 1. If the initial hydrogenation rates of cyclo-
hexene and 2-cyclohexen-1-one over catalysts A, B, and C
(the latter assumed as a typical unpromoted catalyst) are
plotted as a function of the respective nitrogen/palladium
molar ratios, the curves depicted in Figure 3 are obtained.

a) b)

04, ...
Initial rate )

Tinitial rate 2
(mol-s1-kgpq'1)

(mol-s1-kgpa)

100

80

604 ]
¢ 0.5 MPa 3
40 c o 1MPa g
o 1.5MPa e 1.5MPa
203 20 40 60 80 0 20 40 60 80
N/Pd N/Pd

Figure 3. Initial hydrogenation rate of cyclohexene a) and 2-cyclohexen-1-
one b) over catalysts A, B and C versus nitrogen/palladium (N/Pd) molar
ratio in the catalysts.

Although some care is necessary in drawing conclusions
(each curve contains only three points), the results are
apparently the same at all of the investigated pressure values:
Hydrogenation rates are linearly dependent on the N/Pd ratio
in the catalysts for both substrates. The direct proportionality
of the reaction rates to N/Pd ratios indicates that nitrogen
from the amido groups of DMAA and MBAA directly
promotes the palladium catalyst. Moreover, amido groups
from DMAA and from MBAA are comparably effective in
promoting the catalysts, in that the only source of amido
groups in catalyst B is the cross-linker.

Since mechanistic details of the reaction are not known yet,
we cannot decide whether the effects of this interaction are
mainly electronic or steric. However, according to the theory
of catalysis over metals and alloys,!'”) electronic effects seem
to be dominant. We have already argued that the promoting
effect depends on a direct interaction of amido groups with
the palladium crystallites. We can further speculate that a
donor—acceptor interaction between the nitrogen atoms,
which possess free electron pairs, and palladium atoms of
the surface likely occurs. A similar “coordinative” interaction
between the surface atoms of a polymer-protected platinum
colloid and the nitrogen atoms of amido groups from the
protecting poly(N-isopropylacrylamide) matrix has been
recently proposed.'" This could build up electron density
on the metal, thus making a process like the dissociative
adsorption of dihydrogen easier (Figure 4).

Conclusion
The differences in hydrophilic/hydrophobic properties of the
resins in the investigated resin-supported palladium catalysts

did not affect the hydrogenation rate of cyclohexene and

Chem. Eur. J. 2000, 6, No. 11
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L = C(O)NMe,
Figure 4. Schematic representation of the interaction of the surface of a
palladium crystallite with the amido groups from the polymeric support.

2-cyclohexen-1-one at 0.5, 1.0, and 1.5 MPa in methanol at
25°C. On the one hand, it was observed that when the
catalysts were added to the reaction mixtures (1M solutions of
the substrates), only methanol interacted with the polymeric
chain of the resins and this quenched any substrate —support
interaction. On the other hand, we get some evidence that
anyway the substrates have similar affinities towards the
catalyst resins.

We have serendipitously found that the presence of amido
groups in the polymeric supports enhances the rate of the
chemical reaction. Under the employed conditions the rate
enhancement is proportional to the molar ratio between
nitrogen in the support and the active metal. This result
indicates that it is possible to “play” with the functional
groups of polymeric carriers of polymer-supported metal
catalysts not only to match their physico-chemical properties
to the nature of solvent, reagents, and products, but also to
change directly the intrinsic reactivity of the active metal.

Experimental Section

Materials and methods: Cyclohexene, methanol (MeOH), ethanol
(EtOH), toluene (tol), acetone (Me,CO), tetrahydrofuran (THF), diethyl
ether (Et,0), and ethyl acetate (AcOEt) were supplied from Lachema,
Brno, Czech Republic. MBAA, DMAA, and DMF were obtained from
Aldrich. Reagent-grade MESA, STY, and DVB were supplied by Strem,
Newburyport (MA), USA. 2-Cyclohexen-1-one, sodium borohydride, and
palladium(iacetate were purchased from Fluka. All the products were
employed as received, with the exception of cyclohexene and 2-cyclohexen-
1-one, which were purified prior to use by distillation. Atomic absorption
measurements for Pd determination were performed on a Carl Zeiss Jena
AAS 3 atomic absorption spectrometer.

Synthesis of polymers AH, BH, CH, DH: The polymers were prepared by
y-ray irradiation of DMF solutions of the monomers at room temperature,
as described in ref. [13]. The compositions of the polymerization mixtures
are given in Table 7.

Solvent compatibility of AH, BH, CH, DH: The solvent compatibility of
the resins was evaluated from their bulk expanded volumes (BEVs) in
different solvents as described in ref. [13].

Table 7. Composition of the monomer mixtures for the synthesis of resins
AH, BH, CH, and DH.

Resins Monomerl?!
ST MESA DMAA MBAA DVB

AH 38.0 27.8 30.3 3.9 -
BH 74.4 21.7 - 3.9 -
CH 533 41.9 - - 48
DH 74.7 20.2 - - 5.1
[a] mol%.
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Preparation of catalyst A, B, C, D: The palladium catalysts supported on
polymers were prepared starting from the acid form of the parent resins by
exchanging them with the appropriate amount of palladium(ir) acetate in
1:1 acetone/methanol. Each product was washed with methanol and
reduced prior to use with 0.066 M sodium borohydride in ethanol (10 equiv)
for 1h, then washed with methanol, and activated with hydrogen in
methanol at 25°C and 0.5 MPa for 10 min in the hydrogenation reactor.
After the activation, the catalyst was washed three times with methanol and
immediately used for the catalytic tests. The analysis for palladium was
carried out as described previously,'” and yielded the following metal
content (w/w, %): A: 0.460, B: 0.266, C: 0.362, D: 0.371

Partition measurements: Catalysts A, B, C, D were swollen with mixtures
of methanol with cyclohexene, cyclohexanone, and 2-cyclohexen-1-one,
respectively. After equilibration, the molar fraction of the most dilute
species were measured in the liquid phase. Two sets of experiments were
carried out for each catalyst, which had been swollen with:

i) solutions of methanol (“solute”) in cyclohexene, cyclohexanone, and
2-cyclohexen-1-one (“solvent”), respectively;

ii) solutions of cyclohexene, cyclohexanone, and 2-cyclohexen-1-one (“sol-
ute”), respectively, in methanol (“solvent”).

The dry catalyst (ca. 100 mg) was put into a weighed stoppered flask. After
weighing the flask with the solid within, a defined volume of “solvent” (see
above) was poured into the flask, which was stoppered and weighed again.
The amount of added “solvent” was slightly higher than the minimum
required for complete swelling. Thus, after deposition of the swollen
material only a little proportion of “solvent” was present as free liquid. The
catalysts were let to swell for 12 h. Then, the “solute” was added and the
flask was weighed again. The amount of “solute” was such to set its
concentration, with respect to the overall volume of the “solvent”, to about
1M. The exact amounts of the catalyst, “solvent”, and “solute” were
measured as the difference between consecutively measured weights. After
6 h of occasional stirring, the swollen catalyst was let to settle. Then,
samples of the liquid were taken for GC analysis after which the mole
fraction of the “solute” was determined (molar fraction after swelling). In
view of the experimental procedure, it was not possible to measure the
molar fraction of the “solute” before swelling. This was calculated from the
masses of “solvent” and “solute”.

Catalytic tests: The catalytic tests were performed in a 25 cm® glass-lined
stainless steel reactor connected with a flexible metal capillary to an
apparatus for measuring the hydrogen consumption at constant pressure
similar to that described in ref. [13]. Typically, 6 cm® of a 1M solution
cyclohexene or 2-cyclohexen-1-one in methanol were employed, with the
amount of catalyst required to get an analytical concentration of palladium
equal to 0.125 (1.5 MPa) or 0.25 (0.5 and 1 MPa) molm>. The reactor was
loaded with the freshly activated catalyst, followed by the reactants, and
hydrogen, put in a thermostated oil bath and vigorously shaken at about
12 Hz. The end of hydrogen take-up was considered as the end point of the
reaction. The reaction products in the final reaction mixture were also
analyzed by GC to confirm the total conversion of the substrate.
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Stereoselective Total Synthesis of Reveromycin B and

C19-epi-Reveromycin B

Keith E. Drouet and Emmanuel A. Theodorakis*!?!

Abstract: Our studies toward the total
synthesis of the reveromycin family of
natural products are described herein.
Our synthetic approach is efficient,
stereocontrolled, and convergent and
has resulted in the first synthesis of
reveromycin B (4) and C19-epi-revero-
mycin B (55). Key steps of this success-
ful strategy include: a modified Negishi

and a Kishi —Nozaki reaction (construc-
tion of C19-C20 bond), which were
employed in the attachment of the
target side chains. The key building
blocks for the total synthesis were thus

Keywords: natural products - rever-
omycin - synthetic methods - total

defined as vinyl iodide 6, alkyne 7, and
alkyne 8. Our synthesis illustrates the
utility of the modified Negishi coupling
for the construction of complex dienes,
confirms the proposed stereochemistry
of reveromycins and paves the way for
the preparation of designed analogues
for biological study.

. ; synthesis
coupling (construction of C7-C8 bond)

Introduction

The reveromycins constitute a novel class of polyketide-type
terrestrial metabolites of microbial origin. These natural
products share common structural features comprised of an
identical C1 - C24 backbone folded in such a way as to create
a [6,6]- or [5,6]spiroketal core, flanked by two highly
unsaturated side chains. The biological profile of these
compounds is equally intriguing and includes a potent
antiproliferative activity against certain human tumor cell
lines. It has been postulated that the antitumor activity of
these compounds stems from their interaction with the
epidermal growth factor receptor (EGFR), whose intracellu-
lar signaling is essential for cellular proliferation. The
combination of novel molecular architecture and interesting
biological profile renders the reveromycins as attractive
targets for chemical synthesis. Herein, we provide a detailed
and updated account of our synthetic studies toward rever-
omycins, which culminated in the first total synthesis of
reveromycin B (4) and C19-epi-reveromycin B (55).11

Background and biological relevance: Regulation of cellular
proliferation is controlled by a number of mitogens, including
a series of polypeptide growth factors.”?! Acting alone or

[a] Prof. Dr. E. A. Theodorakis, K. E. Drouet
University of California San Diego
Department of Chemistry & Biochemistry, Dept. 0358
9500 Gilman Drive, La Jolla, CA 92093-0358 (USA)
Fax: (+1)858-822-0386
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Q Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author.

Chem. Eur. J. 2000, 6, No. 11

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

synergistically these compounds can induce DNA synthesis
and cellular reproduction. Undoubtedly, two of the best
studied growth factors are the epidermal growth factor (EGF)
and the transforming growth factor a (TGF-a), which exert
their mode of action by binding to the extracellular part of the
epidermal growth factor receptor (EGFR).P! This binding
induces conformational changes in the intracellular portion of
EGFR, drastically affecting its tyrosine phosphorylation
activities and thereby engaging the cell into the cell cycle.[!
Interestingly, many transformed cells overexpress EGFR and
its ligands, an event known as autocrine secretion, which in
turn prompts these cells to undergo continuous mitosis. For
these reasons, the EGF receptor and its signal transduction
pathways are considered prime targets for the development of
new anticancer drugs.P!

In an effort to discover new inhibitors of the EGF/TGF-a
pathway, Osada and co-workers in Japan have isolated a new
family of natural products constituted by reveromycin A (1),
C (2), D (3), and B (4) (Figure 1).°! These compounds were
produced from the culture broth of an actinomycete strain of
the genus Streptomyces, which was collected in Gunma
Prefecture (Japan). Among all members of this family,
reveromycin A (1) was the most naturally abundant compo-
nent and consequently the one whose biological profile and
chemical structure were most thoroughly studied.!”

Biological studies revealed that reveromycins share a
potent antiproliferative profile against certain human tumor
cell lines at low micromolar concentrations.? In addition,
reveromycin A (1) was found to inhibit protein synthesis
selectively in eukaryotic cells (IC5y=40nm) and induced
morphological reversion of src-NRK cells at 1.8 ugmL~!
without any noticeable cytotoxicity. More recent in vivo
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1
CO,H

reveromycin A (1): R'=H, R%*=H
reveromycin C (2): R'=H, R?=Me
reveromycin D (3): R'=Me, R%=H

(e}
HOzC/\“/I\Q " Me Me
24 A 0 8 4
A N
Me 0z g
Me OH
Me

reveromycin B (4)

Figure 1. Structures of the reveromycin family of antibiotics.

studies in mice demonstrated that 1 exhibits strong antitumor
activity against human ovarian carcinoma BG-1 cells, which
are known to secrete large amounts of TGF-a.® The
observed antitumor effects of 1 were shown to be comparable
to that of cisplatin treatment. Interestingly, however, the
significant side effects that commonly result from cisplatin
treatment, such as severe loss of body weight, were not
observed with reveromycin A. The combination of the above
data led to the proposition that reveromycins repress cell
cycle progression at the G0-G1 checkpoint by interfering with
transduction pathways associated with the EGF receptor.t 7]
Moreover, these studies revealed the potential of these
natural products as tools for analyzing EGFR mediated
cellular proliferation.[®7]

Following the interesting biological studies on reveromycin
A (1), its chemical structure and absolute configuration were
determined through a series of NMR experiments, degrada-
tion, and chemical correlation.[®? These experiments un-
veiled a 1,7-dioxaspiro[5.5]undecane ([6,6]spiroketal) core
adorned with a hemisuccinate ester, two alkenyl carboxylic
acid side chains, and two alkyl groups. Of particular interest is
the trans-diaxial orientation of the C18 succinate and C19 side
chain which undoubtedly introduces strain on the spiroketal
ring. The extreme scarcity of natural material precluded the
independent structural elucidation of the other members of
the reveromycin family. Nonetheless, their structures were
reasonably deduced by spectroscopic comparison with that of
1 and revealed an identical C1-C24 framework.

Results and Discussion

Retrosynthetic analysis: Close inspection of the proposed
structures of reveromycin A (1) and B (4) indicated that their
otherwise identical structures are formed by a different
folding of the C1-C24 backbone. Notably, the C18 oxygen
atom that is succinylated in the structure of 1 participates in
the formation of the [5,6]spiroketal core of 4 allowing the C19
oxygen to be succinylated. This observation formed the basis
of our retrosynthetic analysis and defined alcohol 5 as a
common and potentially biosynthetically relevant synthetic
precursor of both reveromycin A and B (Figure 2). According
to this plan, compound 5 could give rise to reveromycin B (4)
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Figure 2. Retrosynthetic analy51s of reveromycin A (1) and B (4).
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after succinylation of the C19 hydroxyl group and functional
group deprotection. Alternatively, the C19 alcohol of 5 could
be recruited in a trans-spiroketalization reaction, thereby
affording the [6,6]spiroketal ring system of 1 and ultimately
leading to the synthesis of reveromycin A.['"]

We also reasoned that the last step(s) of our synthesis
should address the removal of all protecting groups, including
deprotection of the C1 and C24 carboxylic acids and the C5
allylic alcohol. Since reveromycins are reported to be sensitive
to basic treatment (facile desuccinylation), these depro-
tections needed to be performed under relatively neutral
conditions and if possible in a single step. Consideration of the
above factors led us to employ silicon-based protecting groups
for both the carboxylic acids (TMSE: Me;SiCH,CH,-)["! and
the C5 hydroxyl group (Figure 2).

Disassembly of compound § across the C7-C8 and C19-
C20 bonds revealed three key components: vinyl iodide 6,
alkyne 7, and alkyne 8 (Figure 2). In the synthetic direction, a
palladium(o) coupling method was expected to be utilized for
the union of intermediates 7 and 8. Application of a Kishi—
Nozaki coupling could then be used for the attachment of
iodide 6 onto the main fragment. The latter coupling requires
the presence of an aldehyde functionality at the C19 center,
which was masked as an acetonide unit in compound 8.[2]
Further disconnection of alkyne 8 at the C15 carbon center
unveils aldehyde 9 and iodide 10 (or iodide 11) as putative
synthetic precursors.

The above disconnections considerably reduced the level of
complexity of the reveromycin framework and redefined our
strategy as a problem in acyclic asymmetric synthesis. Our
efforts toward the realization of this plan are described below.

Synthesis of core fragment 8: The synthesis of fragments 9, 10,
and 11 are shown in Schemes 1, 2 and 3, while the assembly of
the core fragment 8 is described in Scheme 4. Our synthetic
venture towards aldehyde 9 began with conversion of L-
ascorbic acid (12) to the known aldehyde 13 (Scheme 1). This
was accomplished in 67 % overall yield using a procedure
reported in the literature.['’]
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Scheme 1. Synthesis of C15-C20 fragment 9. a) 0.1 equiv Pd/C (10%),
H,, H,0, 24 h, 55°C, 96 %; b) 1.3 equiv Et,C(OEt),, 0.1 equiv CSA, DMF,
48 h, 25°C, 82 %; ¢) 1.2 equiv KIO,, 2.0 equiv KHCO;, THF/H,0O 1:1, 2 h,
23°C, 85 % d) 1.5 equiv H,C=CHCH,CH,MgBr (2.0m in THF), THF, — 78
to 25°C, 1h, 92% (5:1 ratio at C18); e) 2.0 equiv PCC- celite, CH,Cl,,
25°C, 2 h, 93%; f) 1.5 equiv BuMgBr (2.0M in THF), THF, —78°C, 1.5 h,
95% (4:1 ratio at C18); g) 1.3 equiv TBSOTE, 1.5equiv 2,6-lutidine,
CH,Cl,, 25°C, 24 h, 99 %; h) O;, CH,Cl,, 20 min, —78°C; 2.0 equiv Ph;P,
95%.

Our plan was to convert the carbonyl center of 13 to the
desired CI18 tertiary alcohol of 9 using two sequential
organometallic additions, which were predicted to proceed
with good stereochemical control due to the chirality present
on the C19 center (a-carbon) of 13.') Recognizing that the
desired chirality of the adduct could be controlled simply by
altering the order of the carbanionic additions, we inves-
tigated the nature of the organometallic reagents simply on
the basis of overall yield. Our studies led us to use Grignard
reagents as the appropriate nucleophiles, since they gave
better results than the corresponding organolithium counter-
parts. As shown in Scheme 1, reaction of 4-butene magnesium
bromide with aldehyde 13 afforded alcohol 15 as a 5:1 mixture
of diastereomers at the C18 center in 92 % overall yield. This
mixture was subsequently oxidized with PCC to the corre-
sponding ketone 16 (93% yield). Treatment of 16 with
butylmagnesium bromide afforded a 4:1 mixture of tertiary
alcohols in 95 % combined yield. The major diastereomer of
this addition (alcohol 17) was chromatographically isolated in
76 % yield and was transformed to the desired aldehyde 9
upon silylation and ozonolysis (17 —18—9, 94% overall
yield). The stereochemical outcome of both Grignard addi-
tions was rationally explained through the intermediacy of a
five-membered chelate formed by the C19 oxygen and the
C18 carbonyl center (as shown for intermediate 14).11 Based
on this chelation-controlled model, we expected that alde-
hyde 9 had the desired stereochemistry at the C18 center.
However, additional and unambiguous confirmation of this
structure remained at large until the entire fragment 8 was
built (compound 8 was structurally confirmed using the
transformations described in Scheme 5).

The synthesis of iodide 10 commenced with propionalde-
hyde (19) as illustrated in Scheme 2. Installation of the desired
stereochemistry at the C12 and C11 centers was expected to

Chem. Eur. J. 2000, 6, No. 11
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occur via application of two enantioselective methods:
Enders’ SAMP hydrazone methodology!*®! for alkylation
to a carbonyl group and Brown’s homoallylboration.!'” To this
end, condensation of 19 with SAMP hydrazine!'¥! afforded the
corresponding hydrazone, which after deprotonation and
alkylation furnished compound 20 in 64 % overall yield. The
enantiomeric excess of this addition was found to be greater
than 95% as determined by NMR studies. Ozonolysis of 20
produced the labile aldehyde that was immediately treated
with Brown’s (+)-diisopinocampheylallylborane. Quenching
of this mixture with basic hydrogen peroxide gave rise to the
desired homoallyl alcohol 21 in 78% overall yield and
excellent enantioselectivity (ee>95%). Protection of the
resulting C11 hydroxyl group as the corresponding p-methox-
ybenzyl (PMB) ether, followed by fluoride-induced desilyla-
tion of the C14 silyl ether revealed primary alcohol 22 (81 %
yield over two steps). Alcohol 22 was converted to the desired
iodide 10 in 97 % yield upon treatment with triphenylphos-
phine, imidazole, and iodine[*! (Scheme 2).

Q a), b) .
1 ———» TBSO " _N
Me\ﬁj\ H \/h/% N
Me OMe
19 20
9.9 |
OPMB OH
9 HO i | e), f) TBSO |
10 |=< 12 - 12
_J Me Me
22 21

Scheme 2. Synthesis of iodide 10. a) 1.0 equiv SAMP (neat), 3.0 equiv 19,
80°C, 2 h, 92%; b) 1.1 equiv iPr,NH, 1.1 equiv nBuLi (1.6~ in hexanes),
THE, 0°C, 6 h; 1.1 equiv nBuLi (1.6N in hexanes), —20°C, 2 h; 2.0 equiv
TBSO(CH,),I, —100 to —20°C, 70%; c) O;, CH,Cl,, —78°C, 1h;
d) 1.5 equiv (+)-(ipc),B-CH,CH=CH, (3Mm in Et,0), Et,0, —78°C, 2 h;
8.0 equiv H,0, (30%), 13 equiv NaOH (3~), — 78 t0 25°C, 15 h, 78 % (over
two steps); e) 1.2 equiv KH, 1.5 equiv PMBCI, Et,0, 0°C, 6 h; f) 1.3 equiv
TBAF-THF (1m), THF, 25°C, 1h, 81% (over two steps); g) 2.4 equiv
imidazole, 1.2 equiv Ph;P, 1.2 equiv I,, 0°C, 1 h, 97 %.

Although the above sequence delivered the C8-Cl14
fragment of the reveromycin framework and was used in the
synthesis of the natural product!!l it suffered from the use of
two chiral auxiliaries. During our repeated efforts to produce
multigram amounts of advanced intermediates, we developed
an expeditious synthesis of fragment 11, during which only
one chiral auxiliary was employed (Scheme 3). Thus, reaction
of aldehyde 23 under Brown’s asymmetric crotylboration
protocol afforded alcohol 24 and introduced simultaneously
both C11 and C12 chiral centers (80 % yield).? ! Qur initial
attempts to benzylate the resulting C11 alcohol using p-
methoxybenzyl chloride and a base (such as NaH, or KH) met
with failure, since substantial amounts of by-products result-
ing from scrambling of the primary TBS group were observed.
To circumvent this problem we desilylated compound 24
(using TBAF - THF in 98 % yield) and treated the resulting
diol 25 with p-methoxybenzyl dimethyl acetal under acid
catalysis. This protocol furnished benzylidene acetal 26 in
98 % yield. Exposure of 26 to DIBAL-H at —78°C, followed
by warming of the solution to 25°C, resulted in a regioselec-
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tive reductive cleavage of the acetal functionality and gave
rise exclusively to primary alcohol 27 (91 % yield).?! Silyla-
tion of 27, followed by hydroboration of the terminal olefin
afforded, after quenching with hydrogen peroxide, compound
29 (82 % overall yield). Treatment of the latter substance with
triphenylphosphine, imidazole, and iodine produced the
requisite fragment 11 in 96 % yield (Scheme 3).

Q a) (FipcB oH
HJJ\/\OTBS A ox
23 Me
24: X= TBS
b) =
| OPMB MP [L25:%=
11 9 d
12 OX é— 9 0o C)
Me .
- X= Me 2¢
o 35 Jbks
OPMB

|IIO

OH 11 ! 11 i ®
12 OTBS 2 OTBS
Me

Scheme 3. Synthesis of iodide 11. a) 1.5 equiv rBuOK, 1.6 equiv trans-2-
butene, 1.5equiv nBuLi, THF, —45°C, 10 min, then 1.6 equiv (—)-
ipc,BOMe (1M in THF), 2.0 equiv BF;-Et,0, —78°C, 1.0 equiv 23, 3 h,
then 3N NaOH, 30% H,0,, 25°C, 18 h, 80%; b) 1.2 equiv TBAF - THF,
THF, 25°C, 30 min, 98%; c) 1.2 equiv PMBCH(OMe),, 0.1 equiv CSA,
CH,Cl,, 25°C, 6 h, 98 %; d) 1.5 equiv DIBAL-H (1M in CH,Cl,), CH,Cl,,
—78 to 25°C, 2 h, 91 %; e) 2.5 equiv imidazole, 1.3 equiv TBSCI, CH,Cl,,
25°C,1h,97%;f) 1.0 equiv BH; - THF, —40°C, 10 h, then 3x NaOH, 30 %
H,0,, 25°C, 30 min, 85 %; g) 2.4 equiv imidazole, 1.2 equiv Ph;P, 1.2 equiv
I,, THF, 0°C, 30 min, 96 %.

The assembly of spiroketal fragment 8 by union of frag-
ments 9 and 11 is described in Scheme 4. Treatment of iodide
11 with 2 molar equivalents of fert-butyllithium at —78°C,

c), d)

Et
f) Et%@ Br
o. G H

0. = )
R ) Br 9
3 : 9 — > | 8 I

Bu
33

Scheme 4. Synthesis of C8-C20 fragment 8. a) 1.0 equiv 11, 2.1 equiv
tBuLi, —78°C, Et,0, 0.5 h, then 1.4 equiv 9, 0.5 h, 86 % b) 1.2 equiv Dess—
Martin periodinane, CH,Cl,, 25C, 1h, 94%; c) 3.0 equiv TBAF - THF,
THEF, 50°C, 2 h; d) H,, 0.1 equiv Pd/C (10%), EtOH, 12 h, 25°C, 80 %
(over two steps); e) 1.5 equiv Dess — Martin periodinane, CH,Cl,, 0°C, 2 h,
94%; f)5.0 equiv CBry, 10 equiv HMPT, THF, —30°C, 30 min, 95 %;
g) 2.1 equiv nBuLi, THF, —78 to —20°C, 20 min; 5.0 equiv Mel, THF, — 78
t0 0°C,2h, 95%.
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followed by quenching of the carbanion with aldehyde 9
afforded a 1:1 mixture of diastereomeric alcohols at the C15
center, which upon Dess—Martin oxidation? produced
ketone 30 (810% yield, over two steps). TBAF-induced
simultaneous desilylation of the C18 and C9 hydroxyl groups,
followed by reductive deprotection of the p-methoxybenzyl
ether, resulted in the formation of spiroketal 31 as the sole
product (87 % overall yield). The C9 primary alcohol of 31
was then oxidized using Dess—Martin periodinane and the
resulting aldehyde 32 was subjected to the modified Corey—
Fuchs olefination procedure?! to produce geminal dibromide
33. Treatment of 33 with butyllithium and iodomethane
afforded alkyne 8 (three steps, 85 % starting from 30).24
Before engaging further into the total synthesis of the target
molecule, it was deemed necessary to confirm that spiroketal
fragment 8 had the desired stereochemistry. To accomplish
this objective, we sought to synthesize triacetate 34 and
contrast its data with the comparable fragment obtained by
degradation of the natural reveromycin A.¥ Conversion of
compound 31 to triacetate 34 was achieved in 74 % yield using
a sequence of steps that included: a) acetylation of the C9
hydroxyl group and b) CSA-induced deprotection of the
C19-C20 acetonide and acetylation of the resulting diol
(Scheme 5). As anticipated, compound 34 exhibited identical

OAc
r H
Bi O OH a0 BG O z OAc
Me Me

Scheme 5. Structural verification of fragment 8. a)1.5equiv Ac,O,
3.0 equiv pyridine, CH,Cl,, 25°C, 15 min; b) 0.1 equiv CSA, CH,CL/
MeOH 9:1, 25°C, 3 h; ¢) 3.0 equiv Ac,0, 6.0 equiv Et;N, CH,Cl,, 0°C, 3 h,
74% (over three steps).

spectroscopic and analytical data with the one derived from
degradation of the natural product. This observation con-
firmed unambiguously the previous prediction for the for-
mation of the CI8 stereocenter and further secured the
stereochemical assignment for five out of the seven stereo-
centers of the reveromycin framework.

Synthesis of C1-C20 fragment 35: Having completed the
synthesis of the core fragment 8 of the reveromycin skeleton,
we set out to investigate methods for constructing the critical
C7-C8bond. To achieve this goal, we envisioned to employ a
palladium(o) methodology and defined two different sets of
coupling conditions: a Stille coupling between vinyl iodide 36
and vinyl stannane 37 and/or a Negishi coupling between vinyl
zincate 38 and vinyl iodide 39 (Figure 3).! This plan offered
the advantage of convergence, since both compounds 36 and
38 were expected to be produced by simple functionalization
of fragment 8, while compounds 37 and 39 could be furnished
from fragment 40. In the retrosynthetic direction, the desired
stereochemistry at the C4 and CS5 centers of 40 was foreseen
to be introduced by implementation of Evans’ aldol proto-
col.l!
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Figure 3. Strategies for the synthesis of C1-C20 fragment 35.

The synthesis of coupling partners 37 and 39 is described in
Scheme 6 and commences with Evans coupling of aldehyde 41
with oxazolidinone 42. This reaction afforded the desired

7 5 H P
TBS—=—< Me, <
4“1 O

o O
HO (0]
me I\ A b)-d)
4 43
Me Ph
42
HU Me Me
N s W
NN A 5 OMe
CO,TMSE e),f)
TIPSO (0]
TIPSO 40 44
g)l
|
nBuzSn | Me | Me
4 1 h ¢ 1
2 = CO,TMSE —)> r CO,TMSE
OTIPS
OTIPS 37

Scheme 6. Synthesis of C1-C7 fragments 37 and 39. a) 1.0 equiv 42,
1.0 equiv Bu,BOTT, 1.2 equiv Et;N, then 1.2 equiv 41, CH,Cl,, —78 to 0°C,
5h, 80%; b) 9.0 equiv AlMe;, 9.0 equiv MeO-NHMe - HCI, THF, —30 to
0°C, 2 h; ¢) 2.0 equiv TBAF - SiO,, THF, 25°C, 3 h; d) 1.5 equiv TIPSOT,
3.0 equiv 2,6-lutidine, CH,Cl,, 25°C, 15 min, 81% (over three steps);
e) 2.5 equiv DIBAL-H (1.5M™ in toluene), THF —78°C, 0.5 h; f) 2.5 equiv
Ph;P=CH-CO,TMSE (45), CH,Cl,, 25°C, 15h, 91% (over two steps);
g) 0.02 equiv [Pd(PPh;),CL], 1.5 equiv nBu;SnH, benzene, 5°C, 10 min,
91 %; h) I,, CH,Cl,, 0°C, 5 min, 90 %.

aldol product 43 in 80 % yield as the sole diastereomer and
introduced the correct stereochemistry in the two remaining
chiral centers of the reveromycin backbone. Treatment of 43
under the Weinreb conditions (Me;Al and MeONHMe),?"!
followed by fluoride-induced desilylation of the C7 center and
silylation of the C5 propargylic alcohol furnished amide 44 in
81 % overall yield. Exposure of 44 to DIBAL-H gave rise to
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the intermediate aldehyde, which without purification was
treated with ylide 45 to afford ester 40 in 91 % combined yield.
Hydrostannylation of the terminal alkyne functionality of 40
under palladium(i) catalysis was expected to furnish the
desired trans-vinyl stannane 37.%°! Interestingly, the regio-
chemistry of this reaction was found to be dependent on the
choice of solvents: An unseparable mixture of isomeric
stannanes was obtained when THF or dichloromethane were
employed as solvents, while in benzene this addition afforded
exclusively the desired trans-adduct 37 in 91 % yield. The
putative Negishi coupling partner 39 was subsequently
obtained by treatment of stannane 37 with iodine in dichloro-
methane (90 % yield).?’]

With compounds 37 and 39 in hand, we focused our
attention on the formation of the crucial C7-C8 bond
(Scheme 7). In our initial studies we examined the potential

o Me Bu-S
o H nBUsSN Me
(o) 8
\/@ | | s N 1
B O = " CO,TMSE
Me OTIPS
36 37
| Stille coupling |

’ modified Negishi coupling ‘

Et
o>K 2 H Me ! Me
< (o) _— 8 | 5 4 = 1
RN zncl CO,TMSE
Bu" 3 +
Me OTIPS

39

38

Lo @
Scheme 7. Synthesis of C1-C20 fragment 35. a) 1.0 equiv 8, 2.0 equiv
Cp,ZrHCl, benzene, 25°C, 8h; I,-CCl, (excess), 0°C, 15 min, 53 %;
b) 1.0 equiv 36, 1.0 equiv 37, 0.05 equiv [Pd(CH;CN),Cl,], DMF/THF 1:1,
25°C, 15h, 52%; c) 1.0 equiv 8, 2.0 equiv Cp,ZrHCI, THF, 50°C, 2 h;
3.0 equiv ZnCl,, THF, 5 min, 25°C; d) 1.0 equiv 38, 1.1 equiv 39, 0.05 equiv
[Pd(PPh;),], THF, 2 h, 25°C, 84 % over two steps.

of a Stille coupling between iodide 36 and stannane 37
Compound 36 was expected to be synthesized by hydro-
zirconation of alkyne 8 and trapping of the intermediate vinyl
zirconium species with iodine.?!l Unfortunately, this reaction
was not regioselective and generated a mixture of vinyl
iodides with a combined yield of 74 %. The desired iodide 36
was produced in a 2.5:1 ratio, effectively reducing its overall
yield to 53 %. Undeterred by the low yield of 36, we decided
to attempt the Stille coupling before optimizing the above
procedure. Nonetheless, coupling of 36 with stannane 37
under Stille conditions proved quite challenging.®?) Use of
[Pd(PPhs),] as a catalyst afforded no coupled product, but
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only compounds derived from dimerization of stannane 37.
The best results were produced using [Pd(CH;CN),Cl,] as a
catalyst and afforded the desired adduct 35, albeit in low yield
(52 %).B% The by-products of this reaction were identified as
compounds arising from protodestannylation or dimerization
of stannane 37 Addition of excess iPr,NEt (to buffer any
adventitious acid)*! and of copper(i) iodide (to accelerate the
coupling)B¥ proved ineffective. We briefly examined the
effect of temperature: Although higher temperatures in-
creased the rate of coupling process they did not increase the
overall yield of 35 and cleaner conversion was observed at
25°C.

The low and often irreproducible yields of the above
coupling were attributed to a combination of steric hindrance
of trisubstituted vinyl iodide 36 and reduced electrophilicity
due to the presence of the C8 methyl group. Both factors were
held accountable for the attenuation of the rate of oxidative
addition of 36 with palladium, opening the way for formation
of by-products.

In considering this limitation we decided to alter the
nucleophilic/electrophilic role of the above partners and
evaluate the Negishi coupling (Scheme 7).5%301 We were
particularly interested in studying a recent modification of
the Negishi method, as reported by Panek and Hu.”l The
“modified” version of this coupling involves initial hydro-
zirconation of a methyl acetylene, followed by in situ trans-
metallation to the vinyl zincate (with ZnCl,) and coupling
with vinyl iodides using Pd’ to afford the conjugated dienes in
excellent yields. Much to our delight, this intricate reaction
was facile and reproducible! A typical procedure involved
treatment of alkyne 8 with two molar equivalents of Schwartz
reagent at 50 °C for two hours, followed by addition of 3 molar
equivalents of ZnCl, (ca 1m in THF). The resulting mixture
was treated with iodide 39 and catalytic amounts of
[Pd(PPh;),] to produce the desired all-trans coupled product
351in 84 % yield. The overall efficiency of the Negishi coupling
process was attributed to the good electrophilicity and steric
accessibility of vinyl iodide 39 (facile oxidative addition) and
good nucleophilicity of the vinyl zincate intermediate 38
(facile transmetallation). Moreover, the reported modifica-
tion by Panek and Hu made the above reaction easier to
perform. Our immediate success with the Negishi coupling led
us to abandon any attempts to improve upon the yield of the
Stille reaction.

Synthesis of C1-C24 fragment 5: Having completed the
synthesis of fragment 35 we set out to prepare vinyl iodide 6,
our identified partner of the Kishi—Nozaki coupling
(Scheme 8). Compound 6 was synthesized starting from

b)
H

P9
TMSEO,C N N <— TMSEOZC/\(&C)
20

6 Me 48 Me
Scheme 8. Synthesis of iodide 6. a) 1.0 equiv 46, 1.2 equiv 45, CH,Cl,,

25°C, 24h, 85%; b)2.1equiv PCC-celite, CH,Cl,, 25°C, 2h, 88%;
¢) 8.0 equiv CrCl,, 2.5 equiv CHI;, THF, 0 to 25°C, 0.5 h, 65 %.

Oy oH ) useo,c Ny oH

Me Me
46 47
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commercially available acetol 46 which upon exposure to
Wittig ylide 45 gave rise to ester 47 in 85% yield. PCC
oxidation of the allylic hydroxyl group of 47 yielded aldehyde
48, which upon treatment with CrCl, and CHI; produced
exclusively the trans-iodide 6 in 57 % overall yield.F®!

The construction of the C1 — C24 reveromycin framework is
described in Scheme 9. The required conversion of acetonide
35 to aldehyde 50 was achieved by initially transforming 35 to

[
TMSEOzc/\(\M/
Me

*@f&

6
(5:51 ratio= 1:1.2)
HO
A o~z
TMSEOZCW BX
Me Bu 0% 9 + C19 epimer
5 Me 51
5:51 ratio= 3:1 Te
( )[e) d)

TMSEO&W)\’:\

Scheme 9. Synthesis of C1-C24 fragment 5. a) 3.0 equiv PPTS, MeOH,
3h, 40°C, 75%; b) 6.0 equiv NalO,, THF/H,O 2:1, 2h, 0°C, 95%;
¢) 4.0 equiv 6, 24 equiv CrCl, (with 0.5% NiCl,), DMF, 25°C, 3 h, 65%
(1.2:1 ratio at C19); d) 1.5 equiv Dess—Martin periodinane, CH,Cl,, 2 h,
25°C,93%;e) 5.0 equiv CeCl; - 7H,0, 5.0 equiv LiBH, (2M in THF), THF/
MeOH 1:1, —78 to 25°C, 3 h, 81 %.

diol 49. Among the several deprotection methods attempted,
exposure of 28 to pyridinium p-toluenesulfonate (PPTS) in
methanol at 40°C proved to be the best and resulted in the
formation of diol 49 in 75% yield. Compound 49 was then
oxidatively cleaved with NalO, to afford aldehyde 50 (95 %
yield), thereby setting the stage for the crucial Kishi—Nozaki
coupling.! This coupling was conducted in the presence of
CrCl, and NiCl, (co-catalyst) and afforded a separable
mixture of epimeric alcohols § and 51. The structure of these
alcohols was assigned on the basis of their NOE spectra
(Figure 4). The two diastereomeric adducts 5 and 51 were

Figure 4. NOE data of the C19 proton for 5 and 51.

obtained in a ratio of 1:1.2 and in 65% combined yield.
Inexplicably, about 10-20 % of starting aldehyde 50 remained
unreacted even after further addition of reagents (catalysts
and iodide 6) and was recovered and reused after each
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coupling round. Furthermore, attempts to improve on the
selectivity of this coupling by changing the temperature, the
solvent or the composition of the catalysts proved unsuccess-
ful. Nonetheless, it is particularly noteworthy that the
intermediate organochromium nucleophile reacts selectively
with a hindered neopentylic aldehyde, such as 50, in the
presence of other potent electrophilic centers.

In an attempt to increase the amount of desired adduct 5 we
oxidized the unwanted epimer 51 to ketone 52 (93 % yield),
which upon Luche reduction!*! produced a 3:1 ratio of 5:51 in
81 % combined yield (Scheme 9).

Synthesis of reveromycin B (4) and its C19 epimer (55): The

last steps toward the synthesis of reveromycin B (4) are shown
in Scheme 10. As expected, treatment of 5 with excess succinic

i ) ril
HOZC/\)J\E:) ) H Me Me

OWO P ~_.0
TMSEO Me gi 9= " OTIPS  OTMSE

e

53 b) revero(r:)ycin B |

(o)

Hozc/\)J\o

H
A
TMSEO@WO P
Me BJ O3
. . Me
C19-epi-reveromycin B b)
(55) -~ 54

Scheme 10. Completion of the synthesis of reveromycin B (4) and C19-¢pi
reveromycin B (55). a) 10 equiv succinic anhydride, 12 equiv DMAP, 25°C,
3 h, 85 % for 53,88 % for 54;b) 10 equiv TBAF - THF, THF, 2 h, 25°C, 69 %
for 4, 61 % for 55.

anhydride and DMAP afforded the succinate ester 53 in 85 %
yield. Much to our relief TBAF-induced a smooth removal of
all protecting groups!*! and gave rise to synthetic reveromycin
B (4) (59% yield, over two steps), which exhibited identical
spectroscopic and analytical data with the natural product.
Identical reaction conditions were also applied to alcohol 51
and produced C19 epi-reveromycin B (55) via ester 54 in 54 %
overall yield (over two steps).

Attempted synthesis of reveromycin A (1): Having achieved
the synthesis of reveromycin B (4) we turned our attention to
the construction of reveromycin A (1). We envisioned that an
acid-catalyzed ftrans-spiroketalization reaction of 5 could
produce the requisite [6,6]spiroketal system of 1, as illustrated
in Figure 5. To this end, a series of reagents and conditions
were employed. PPTS had no effect, while prolonged treat-
ment with camphorsulfonic acid (CSA) in CHCI; (or CDCl;)
gave rise to the formation of multiple by-products, presum-
ably arising from elimination of the C5 silyl ether. Similar
studies were performed with the entirely deprotected C1-—
C24 reveromycin framework. Unfortunately, we were unable
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Figure 5. Attempted trans-spiroketalization strategy toward reveromycin
A (D).

to observe the formation of [6,6]spiroketal core of reveromy-
cin A under any circumstances.? It is conceivable that the
desired trans-spiroketalization could be achieved by a suitable
adjustment of protecting groups. Nonetheless, our failure to
execute the desired transformation could also be attributed to
the steric hindrance and energetic difference between the
[5,6]- and [6,6]spiroketal core, in which the CI18 tertiary
hydroxyl group and C20- C24 side chain are axially oriented.
These results parallel similar studies by McRae and Rizzaca-
sa,l”® who reported that an acid-catalyzed equilibration of the
[5,6]- to [6,6]spiroketal ring of reveromycins favors strongly
the [5,6]spiroketal ring of reveromycin B (4).

Conclusion

We have described herein a stereoselective total synthesis of
(—) reveromycin B (4) and C19-epi-reveromycin B (55).1
The successful synthetic route is highly efficient and con-
vergent (four-component assembly) with the longest sequence
numbering 21 steps (51 steps overall) and provides both
reveromycin B (3.1 % overall yield) and C19-epi-reveromycin
B (2.8 % overall yield). Highlights of our strategy include a
modified Negishi coupling and a Kishi—Nozaki coupling,
which were used for the installation of the polyene containing
side chains of reveromycins. Moreover, a number of synthetic
transformations on the spiroketal framework of reveromycins
have been delineated and an improved synthesis of fragment 8
is presented herein. Our synthetic approach is amenable to
the construction of novel and potentially bioactive analogues.
Our synthesis also confirms the proposed stereochemistry of
reveromycins.[*!

Experimental Section

General techniques: All reagents were commercially obtained (Aldrich,
Acros) at highest commercial quality and used without further purification
except where noted. Air- and moisture-sensitive liquids and solutions were
transferred via syringe or stainless steel cannula. Organic solutions were
concentrated by rotary evaporation below 45°C at about 20 mmHg. All
nonaqueous reactions were carried out using flame-dried glassware, under
an argon atmosphere in dry, freshly distilled solvents under anhydrous
conditions, unless otherwise noted. Tetrahydrofuran (THF) and diethyl
ether (Et,0) were distilled from sodium/benzophenone; dichloromethane
(CH,Cl,) and toluene from calcium hydride; and benzene from potassium.
N,N-Diisopropylethylamine, diisopropylamine, pyridine, triethylamine,
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and boron trifluoride etherate were distilled from calcium hydride prior to
use. Dimethyl sulfoxide and dimethylformamide were distilled from
calcium hydride under reduced pressure (20 mmHg) and stored over 4 A
molecular sieves. Yields refer to chromatographically and spectroscopically
('"H NMR) homogeneous materials, unless otherwise stated. Reactions
were monitored by thin-layer chromatography carried out on 0.25 mm E.
Mereck silica gel coated glass plates (60F-254) using UV light as visualizing
agent and 7 % ethanolic phosphomolybdic acid, or p-anisaldehyde solution
and heat as developing agents. E. Merck silica gel (60, particle size 0.040—
0.063 mm) was used for flash chromatography. Preparative thin-layer
chromatography separations were carried out on 0.25 or 0.50 mm E. Merck
silica gel plates (60F-254). NMR spectra were recorded on a Varian 400
and/or 500 MHz instruments and calibrated using residual undeuterated
solvent as an internal reference. The following abbreviations were used to
explain the multiplicities: s =singlet; d =doublet, t =triplet, q = quartet,
m = multiplet, br =broad. IR spectra were recorded on a Perkin - Elmer
Model 781 spectrometer. Optical rotations were recorded on a Perkin—
Elmer 241 polarimeter. High resolution mass spectra (HR-MS) were
recorded on a VG 7070 HS mass spectrometer under chemical ionization
(CI) conditions or on a VG ZAB-ZSE mass spectrometer under fast atom
bombardment (FAB) conditions. Melting points (m.p.) are uncorrected,
and were recorded on a Thomas Hoover Unimelt capillary melting point
apparatus.

Alcohol 15: A solution of aldehyde 13 (15.0 g, 94.9 mmol) in tetrahydro-
furan (200 mL) was cooled at —78°C and treated with a 2M solution of
4-magnesium bromobutene (71.1 mL, 142.2 mmol, prepared by adding
magnesium turnings into a solution of 4-bromo-1-butene in tetrahydrofur-
an). After stirring at —78°C for 15 min, the solution was allowed to warm
to 0°C and stirred at this temperature for 1 h. The reaction mixture was
then cooled at —78°C, quenched with aqueous saturated ammonium
chloride (50 mL) and allowed to warm to 25°C. The mixture was then
diluted with Et,O (300 mL) and the organic layer was washed with aqueous
saturated sodium chloride (3 x 200 mL), collected, dried (MgSO,), filtered,
and concentrated. The crude residue was purified by chromatography (0—
15% Et,0 in hexanes) to afford alcohol 15 (18.7 g, 87.3 mmol, 92%) as a
mixture of diastereomers (5:1 ratio at C18). 15: colorless liquid; R;=0.3
(30% Et,0 in hexanes); [a]: —45.1 (¢ = 1.0, CH,Cl,); IR (film): 7,,, = 3464,
2972, 2935, 2879, 1642, 1463, 1082, 915 cm~'; 'H NMR (500 MHz, CDCl;):
0=5.85-5.80 (m, 1H), 5.07 (dd, 1H, J=175, 1.5Hz), 498 (d, 1H, J=
10.0 Hz), 4.01-3.95 (m, 2H), 3.88-3.82 (m, 2H), 2.28-2.26 (m, 1 H), 2.17 -
2.14 (m, 1H), 1.98 (brs, 1H), 1.69-1.60 (m, 4H), 1.55-1.53 (m, 1H), 1.45-
1.43 (m, 1H), 0.93-0.86 (m, 6H); *C NMR (125 MHz, CDCl,): 6 =138.1,
115.2,112.8,78.8,70.2, 64.8, 31.7,29.9, 29.4, 29.0, 8.1, 7.9; HR-MS: calcd for
C,H,,0; [M+Cs]* 347.0621, found 347.0640.

Ketone 16: A solution of alcohol 15 (11.0 g, 51.4 mmol) in CH,Cl, (30 mL)
was transferred under argon to a stirred suspension of pyridinium
chlorochromate (22.1 g, 102.6 mmol, preabsorbed on celite) in CH,Cl,
(120 mL). After stirring for 2 h at 25°C, the mixture was diluted with
hexanes, filtered through a pad of celite, washed with Et,O (2 x 50 mL),
concentrated and subjected to flash chromatography (0-10% Et,O in
hexanes) to afford ketone 16 (10.3 g, 47.8 mmol, 93 % ). 16: colorless liquid;
R;=0.45 (20% Et,0 in hexanes); [a]%: —60.1 (c=1.8, CH,CL,); IR (film):
Tinax = 2966, 2882, 1718, 1463, 1087, 916 cm~!; 'H NMR (500 MHz, CDCl,):
0=5.82-5.78 (m, 1H), 5.04 (dd, 1H, /=170, 1.5Hz), 498 (d, 1H, J=
10.5 Hz), 4.42 (t, 1H,J=8.0 Hz), 4.19 (t, 1H, J=8.0 Hz), 3.88 (dd, 1H, J =
6.5,75Hz),2.72 (t,2H, /=75 Hz), 2.32 (q, 2H, J=8.0 Hz), 1.72-1.61 (m,
4H), 0.94-0.84 (m, 6H); *C NMR (125 MHz, CDCl;): 6 =209.8, 137.0,
115.4, 115.0, 80.6, 66.5, 37.7, 29.1, 28.4, 26.8, 8.0, 7.9; HR-MS: calcd for
C,H,0O; [M+Cs]* 345.0464, found 345.0471.

Alcohol 17: A solution of ketone 16 (10.0 g, 47.1 mmol) in tetrahydrofuran
(150 mL) was cooled at —78°C and treated with butylmagnesium chloride
(35.5 mL, 70.7 mmol, 2.0M in tetrahydrofuran). After stirring for 1.5 h at
—78°C, the reaction mixture was treated with aqueous saturated ammo-
nium chloride (50 mL), then allowed to warm to 25°C and diluted with
Et,0 (200 mL). The organic layers were washed with aqueous saturated
ammonium chloride (2 x 200 mL), collected, dried (MgSO,), filtered, and
concentrated under reduced pressure. The residue was purified by
chromatography (0-10% Et,0 in hexanes) to afford alcohol 17 (9.67 g,
35.8 mmol, 76 %), easily separated from its C18 epimer (2.41 g, 8.9 mmol,
19%). 17: colorless liquid; R;=0.45 (20% Et,0 in hexanes); [a]¥: +28.1
(c=125, CH,CL,); IR (film): 7, =3483, 2960, 2923, 2861, 1094, 835,
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780 cm~'; '"H NMR (500 MHz, CDCL,): 6 =5.84—5.76 (m, 1H), 5.04 (dd,
1H,J=170, 1.5 Hz), 4.96 (d, 1 H, J=10.0 Hz), 4.00 (t, 1H, J=6.5, 9.0 Hz),
3.92 (t, 1H, J=8.0 Hz), 3.83 (t, 1 H, J =8.0 Hz), 2.15-2.11 (m, 1 H), 2.04 -
1.98 (m, 1H), 1.89 (brs, 1H), 1.67-1.48 (m, 6H), 1.47-1.42 (m, 1 H), 1.38 -
1.26 (m, SH), 0.94-0.86 (m, 9H); *C NMR (125 MHz, CDCL,): 6 = 138.6,
114.6, 112.4, 79.9, 73.1, 64.8, 36.7, 33.3, 29.5, 29.1, 27.3, 25.7, 23.1, 14.0, 8.1,
8.0; HR-MS: calcd for C,H;3,O; [M+Cs]* 403.1247, found 403.1262.

Silyl ether 18: A solution of alcohol 17 (15.1 g, 55.8 mmol) in CH,Cl,
(60 mL) was treated at 25°C with 2,6-lutidine (9.7 mL, 83.7 mmol),
followed by tert-butyldimethylsilyl trifluoromethanesulfonate (16.6 mL,
72.5 mmol). After stirring at 25°C for 24 h, the mixture was diluted with
Et,0 (100 mL), washed with aqueous saturated sodium chloride (2 x
100 mL), dried (MgSO,), filtered, and concentrated. Flash chromatography
(0-10% Et,0 in hexanes) gave the silyl ether 18 (21.2 g, 55.2 mmol, 99 % ).
18: colorless liquid; R;=0.4 (10% Et,O in hexanes); [a]F: —474 (¢ =1.7,
CH,Cl,); IR (film): #,,,=2956, 2853, 1462, 1252, 1083, 936, 773 cm™';
'H NMR (500 MHz, CDCL;): 6 =5.88-5.78 (m, 1H), 5.02 (d, 1H, J=
170 Hz), 4.95 (d, 1H, J=10.0 Hz), 4.02 (dd, 1H, J=8.5, 2.0 Hz), 3.90 (t,
1H, J=70Hz), 3.78 (t, 1H, J=7.0 Hz), 2.10-2.00 (m, 2H), 1.70-1.59 (m,
6H), 1.42-1.40 (m, 6H), 0.91-0.87 (m, 18H), 0.10 (s, 3H), 0.09 (s, 3H);
BC NMR (125 MHz, CDCl;): 6 =139.2, 114.1, 112.7, 80.8, 77.6, 65.6, 37.0,
35.7,29.2, 282, 28.1, 25.9, 23.3, 18.6, 13.9, 83, 82, —2.1, —2.2; HR-MS:
caled for C,H,,05Si [M — CH;CH,]* 355.2668, found 355.2658.

Aldehyde 9: A solution of alkene 18 (12.0 g, 31.2 mmol) in CH,CI,
(100 mL) was cooled at —78°C and treated with ozone for 20 min. The
excess ozone was then removed under a positive flow of argon,
triphenylphosphine (16.4 g, 62.5 mmol) was added and the reaction mixture
was allowed to warm to 25°C over 1 h. The solution was concentrated and
subjected to flash chromatography (0—10% Et,O in hexanes) to afford
aldehyde 6 (11.46 g, 29.69 mmol, 95%). 6: colorless liquid; R;=0.60 (25 %
Et,0 in hexanes); [a]: —3.1 (c =1.1, CH,CL,); IR (film): 7,,, = 2956, 2858,
1728, 1462, 1252, 1082, 835, 774 cm~'; "TH NMR (500 MHz, CDCl,): 6 =9.80
(s, 1H), 405 (t, 1H, J=75Hz), 3.92 (t, 1H, J=75Hz) 3.75 (t, 1H, J=
75 Hz), 2.62-2.49 (m, 2H), 1.97-1.91 (m, 1H), 1.76-1.56 (m, SH), 1.40—
1.22 (m, 6H), 0.92-0.86 (m, 9H), 0.86 (s, 9H), 0.11 (s, 3H), 0.10 (s, 3H);
13C NMR (125 MHz, CDCly): 6 =202.5, 113.2, 80.7, 77.2, 65.7, 38.7, 35.8,
29.1, 28.5, 279, 26.0, 25.9, 23.3, 18.5, 13.9, 8.3, 8.2, —2.2, —2.3; HR-MS:
caled for C,H,,0,Si [M+Cs]* 519.1907, found 519.1929.

Hydrazone 20: A solution of diisopropylamine (10.7 g, 105.3 mmol) in
tetrahydrofuran (300 mL) at 0°C was treated with n-butyllithium (66 mL,
105.4 mmol, 1.6M in hexane) added dropwise over a period of 0.5 h. The
mixture was stirred at 0°C for 20 min and treated with a solution of the
SAMP hydrazone of propionaldehyde (19, 16.3 g, 95.8 mmol) in tetrahy-
drofuran (70 mL). The reaction was stirred at 0°C for 6 h, then cooled to
—20°C and treated again with n-butyllithium (66 mL, 105.4 mmol, 1.6M in
hexane). After stirring at —20 °C for 2 h, the reaction mixture was cooled to
—110°C (liquid nitrogen/pentane bath) and treated with a solution of
TBSOCH,CH,I (54.8 g, 191.6 mmol) in tetrahydrofuran (50 mL). The
mixture was allowed to warm slowly (over a period of 2 h) to —20°C and
the reaction was quenched with aqueous saturated ammonium chloride
(200 mL). The reaction mixture was then warmed to 25°C and the organic
layer was diluted with Et,0 (500 mL), washed with aqueous saturated
sodium chloride (3 x 200 mL), dried over MgSO,, filtered, and concen-
trated. Flash chromatography of the crude residue (0-15% Et,O in
hexanes) afforded hydrazone 20 (22.0 g, 67.1 mmol, 70%). 20: colorless
liquid; R;=0.55 (30 % Et,0 in hexanes); [a]¥: —54.9 (¢ =1.0, CH,CL,); IR
(film): 7, =2962, 2925, 2857, 1473, 1264, 1097, 836, 778 cm™!; '"H NMR
(500 MHz, CDCl;): 6 =6.50 (d, 1H,J =6.0 Hz), 3.63 (m, 2H), 3.58 (dd, 1 H,
J=9., 3.5 Hz), 3.49-3.39 (m, 1H), 3.37 (s, 3H), 3.35-3.32 (m, 1H), 2.66
(m, 1H), 2.40 (m, 1H), 1.92-1.50 (m, 7H), 1.05 (d, 3H, /=70 Hz), 0.88 (s,
9H), 0.03 (s, 6H); *C NMR (125 MHz, CDCl;): 6 =143.6, 74.7, 63.5, 61.2,
59.1,50.3,38.2,33.7,26.4,25.9,22.0,19.0, 18.2, — 5.41, — 5.43; HR-MS: calcd
for C;;H3N,O,Si [M+Cs]+ 461.1599, found 461.1617.

Alcohol 21: A solution of hydrazone 20 (22.0 g, 67.1 mmol) in CH,Cl,
(250 mL) was cooled to —78°C and treated with ozone until the starting
material was consumed (tlc tests, ca 1 h depending on the scale). The
mixture was then purged with oxygen (5 min) and argon (5 min), allowed to
warm to 25°C and concentrated. The crude aldehyde was taken immedi-
ately to the next step. A solution of (+)-methoxydiisopinocampheylborane
(31.8 g, 100.6 mmol) in Et,O (300 mL) was cooled to —78°C and treated
with allylmagnesium bromide (33 mL, 100.6 mmol, 3m in Et,0). After
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stirring for 0.5 h at —78°C, the mixture was warmed to 25 °C and stirred for
1 h. The reaction mixture was then cooled to —78°C and treated with a
solution of the crude aldehyde in Et,O (30 mL). After stirring for 2 h at
—78°C, the reaction was treated with a solution of 30 % hydrogen peroxide
(95 mL) and 3~ sodium hydroxide (432 mL) added dropwise over a period
of 0.5 h. The mixture was then allowed to warm slowly to 25 °C and stirred
at this temperature for 15h. The organic layer was diluted with Et,O
(300 mL), washed with water (3 x 300 mL), dried over MgSO,, filtered,
concentrated, and purified by chromatography (0-10% Et,0O in hexanes)
to afford alcohol 21 (13.5 g, 52.3 mmol, 78 % over two steps). 21: colorless
liquid; R;=0.4 (20% Et,0 in hexanes); [a]¥: —11.0 (c=1.1, CH,ClL,); IR
(film): 7, =3485, 2960, 2924, 2861, 1090, 837, 780 cm~'; 'H NMR
(400 MHz, CDCl;): 6=5.91-5.82 (m, 1H), 5.13-5.07 (m, 2H), 3.77-
3.71 (m, 1H), 3.67-3.61 (m, 1H), 3.47-3.43 (m, 1H), 2.66 (brs, 1H),
2.34-2.28 (m,1H),2.24-2.12 (m, 1H), 1.77-1.51 (m,3H), 0.94 (d,3H,J =
7.0 Hz), 0.90 (s, 9H), 0.07 (s, 6H); *C NMR (100 MHz, CDCl;): 6 =135.5,
117.1, 74.6, 61.1, 39.0, 36.0, 35.3, 26.0, 18.4, 16.4, —5.2; HR-MS: calcd for
C,,H;300,S1 [M+H]* 259.2093, found 259.2104.

Alcohol 22: A solution of alcohol 21 (11.9 g, 46.4 mmol) in Et,O (250 mL)
was cooled to 0°C and treated with potassium hydride (2.2 g, 55.7 mmol,
washed with Et,0) followed by 4-methoxybenzyl chloride (10.9g,
69.7 mmol). After stirring for 6 h, the reaction was cooled to —30°C and
quenched with ice/water added cautiously. The mixture was then diluted
with Et,0 (100 mL) and allowed to warm to 25°C. The organic layer was
washed with aqueous saturated sodium chloride (3 x 200 mL), collected,
dried (MgSO,), filtered through a short pad of silica, and concentrated. The
crude residue was dissolved in Et,0O (50 mL) and treated with tert-
butylammonium fluoride (56 mL, 56 mmol, 1M in THF) for 0.5 h at 25°C.
Aqueous saturated ammonium chloride (200 mL) was then added and the
organic layer was extracted with Et,0 (3 x200 mL), dried (MgSO,),
filtered, and concentrated under reduced pressure. The residue was
subjected to flash chromatography (40-60% Et,O in hexanes) to afford
alcohol 22 (9.93 g, 37.6 mmol, 81% yield over two steps). 22: colorless
liquid; R;=0.4 (70% Et,0 in hexanes); [a]F: —11.3 (¢ =1.49, CH,Cl,); IR
(film): 7, =3408, 2934, 1612, 1513, 1247, 1060, 821 cm~'; 'H NMR
(500 MHz, CDCLy): 6=1727 (d, 2H, J=8.5Hz), 6.87 (d, 2H, J=8.5 Hz),
5.88-5.80 (m,1H),5.12 (d, 1H,/=17.0 Hz), 5.07 (d, 1 H,J=10.5 Hz), 4.55
(d, 1H, J=10.5 Hz), 4.41 (d, 1H, J=11.0 Hz), 3.80 (s, 3H), 3.78—-3.60 (m,
2H), 3.30-3.28 (m, 1H), 2.35 (t, 2H, J=6.5 Hz), 1.90-1.50 (m, 4H), 0.94
(d, 3H, J=7.0 Hz); *C NMR (125 MHz, CDCl;): 6 =159.3, 135.3, 130.6,
129.5,116.8,113.8,82.5,71.4,60.4,55.2,35.2, 35.0, 32.8, 15.8; HR-MS: calcd
for C;H,,05 [M+H]" 265.1804, found 265.1816.

Todide 10: Imidazole (4.36 g, 64.12 mmol) followed by triphenylphosphine
(8.40 g, 32.06 mmol) was added to a solution of alcohol 22 (7.05g,
26.66 mmol) in THF (120 mL) and the mixture was stirred at 0°C for
10 min. The flask was then protected from the light with aluminum foil and
the mixture was treated with iodine (8.14 g, 32.06 mmol) introduced slowly
(over 5 min). After stirring at 0 to 25°C for 30 min, the reaction mixture
was diluted with Et,0 (200 mL) and washed with aqueous saturated
sodium thiosulfate (2 x 100 mL) and aqueous saturated sodium bicarbon-
ate (2 x 100 mL). The organic layer was dried (MgSO,), concentrated, and
subjected to flash chromatography (0-10% Et,0 in hexanes) to yield
iodide 10 (9.67 g, 25.85 mmol, 97 %). 10: colorless liquid; R;=0.7 (10%
Et,0 in hexanes); [a]F: —7.8 (c = 1.3, CH,Cl,); IR (film): 7,,,, = 2936, 2852,
1614, 1510, 1249, 1181, 1097, 1040, 825 cm~'; '"H NMR (500 MHz, CDCL,):
0=726 (d, 2H, J=8.0 Hz), 6.88 (d, 2H, J=8.0 Hz), 5.85-5.80 (m, 1H),
5.11 (d, 1H, J=17 Hz), 5.07 (d, 1H, /=10 Hz), 450 (d, 1H, J=10 Hz),
4.43 (d,1H,J =10 Hz),3.80 (s,3H), 3.31-3.20 (m, 2H), 3.14-3.1 (m, 1 H),
2.3-2.2(m,2H),2.1-2.0 (m, 1H), 1.9-1.8 (m, 1 H), 1.7-1.6 (m, 1 H), 0.90
(d, 3H, J=7.0 Hz); *C NMR (125 MHz, CDCl;):  =159.2, 135.5, 130.8,
129.3,116.9, 113.7, 81.7, 80.8, 71.2, 55.2, 36.7, 36.3, 35.2, 14.6; HR-MS: calcd
for Ci¢Hy;10, [M+Cs]* 506.9797, found 506.9817.

Alcohol 24: A suspension of potassium tert-butoxide (13.4 g, 119.5 mmol)
and trans-2-butene (12 mL, 127.5 mmol) in THF (50 mL), was mechanically
stirred, cooled to —45°C and treated with n-BuLi (48 mL, 119.5 mmol,
2.5M in hexanes) added over a period of 10 min. The mixture was cooled to
—78°C and treated with a solution of (—)-methoxydiisopinocampheylbor-
ane (40.3 g, 127.5 mmol) in THF (125 mL). The reaction mixture was stirred
for 30 min and treated with BF;- OEt, (19.9 mL, 159.3 mmol) followed by
addition of aldehyde 23 (15.0 g, 79.7 mmol). After 3 h, the reaction was
quenched with 3x NaOH (270 mL) and 30 % H,O, (45 mL), and stirred for
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18 h at 25°C. The mixture was diluted with Et,0 (300 mL) and water
(100 mL), and the organic layer was separated. After extraction with Et,0
(3 x 200 mL), the organic layers were combined, dried (MgSO,), filtered,
and concentrated. The residue was subjected to flash chromatography (0-
10% Et,0 in hexanes) to afford alcohol 24 (15.6 g, 63.7 mmol, 80 % ). 24:
colorless oil; R;=0.60 (25% Et,0 in hexanes); [a]F: —69 (c=1.1,
CH,CL,); IR (film): 7, = 3483, 2960, 1260, 1094, 835, 780 cm~!; 'TH NMR
(500 MHz, CDCL,): 6 =5.86-5.79 (m, 1H), 5.07 (dd, 2H, J =13.0, 1.5 Hz),
3.90-3.86 (m, 1H), 3.82-3.77 (m, 1 H), 3.70-3.66 (m, 1 H), 3.13 (brs, 1 H),
225-2.20 (m, 1H), 1.64-1.60 (m, 2H), 1.03 (d, 3H, /=70 Hz), 0.88 (s,
9H), 0.059 (s, 6H); 3C NMR (125 MHz, CDCL,): 6 =140.8, 115.1, 75.0,
62.8, 43.9, 35.4, 259, 25.8, 181, 15.6, —5.6, —5.7; HR-MS: calcd for
C3H 30,81 [M+Cs]*+ 377.0911, found 377.0918.

Diol 25: A solution of 1M TBAF - THF (70 mL, 70 mmol) was added to a
solution of alcohol 24 (14.3 g, 58.5 mmol) in THF (50 mL) at 25°C. After
stirring for 30 min, the reaction mixture was quenched with aqueous
saturated ammonium chloride (50 mL) and diluted with Et,0O (150 mL).
The organic layer was separated and the aqueous layer was extracted with
Et,0 (3x 100 mL). The organic layers were combined, dried (MgSO,),
filtered, and concentrated. The residue was subjected to flash chromatog-
raphy (50-75% Et,0 in hexanes) to afford diol 25 (745 g, 57.3 mmol,
98%). 25: colorless oil; R;=0.45 (70 % Et,0 in hexanes). [a]¥: —2.6 (c=
1.2, CH,CL); IR (film): ., =3354, 2966, 2879, 1426, 1051, 909 cm™;
'H NMR (500 MHz, CDCl;): 6=5.76-5.69 (m, 1H), 5.12 (d, 1H, J=
18.5Hz), 5.12 (d, 1H, J=10.5Hz), 3.85-3.77 (m, 2H), 3.65-3.61 (m,
1H), 2.76 (brs, 2H), 2.33-2.19 (m, 1 H), 1.72-1.69 (m, 1 H), 1.64—1.61 (m,
1H), 1.01 (d, 3H, 7.0 Hz); °C NMR (125 MHz, CDCl;): 6 =140.2, 116.5,
74.9, 61.6, 44.5, 35.1, 15.8; HR-MS: calcd for C;H,,0, [M+Cs]* 263.0045,
found 263.0069.

Acetal 26: A solution of diol 25 (7.31 g, 56.3 mmol) in CH,Cl, (60 mL) at
25°C was treated with 4-methoxybenzaldehyde dimethylacetal (12.3 g,
67.6 mmol) and CSA (1.31 g, 5.63 mmol). After stirring for 6 h, the reaction
was quenched with Et;N (5 mL) and the mixture concentrated and purified
by chromatography (0-10% Et,0 in hexanes) to afford the p-methox-
ybenzylidene acetal 26 (13.7 g, 55.2 mmol, 98 % ). 26: colorless oil; R;=0.55
(25% Et,0 in hexanes); [a]F: —25.1 (c=1.2, CH,CL); IR (film): #,,,=
3353, 2960, 1260, 1094, 835 cm~'; 'TH NMR (500 MHz, CDCl;): 6 =743 (d,
2H, J=84Hz), 6.90 (d, 2H, J=8.4 Hz), 5.92 (m, 1H), 5.46 (s, 1H), 5.1—
5.05 (m,2H), 4.28-4.24 (m, 1H), 3.96-3.90 (m, 1H), 3.80 (s, 3H), 3.75 (m,
1H), 2.44-2.30 (m, 1H), 1.89-1.81 (m, 1H), 1.46-1.41 (m, 1H), 1.10 (d,
3H,J=72Hz); BCNMR (125 MHz, CDCl;): 6 =159.5, 140.0, 131.3, 127.1,
114.7, 113.4, 100.9, 80.3, 67.0, 55.3, 42.5, 28.0, 15.2; HR-MS: calcd for
C;5H,00; [M+Cs]t 381.0464, found 381.0489.

Alcohol 27: A solution of acetal 26 (12.7 g, 51.2 mmol) in CH,Cl, (100 mL)
was treated at —78°C with DIBAL-H (77 mL of a 1wm solution in CH,Cl,,
77 mmol). After stirring for 30 min, the mixture was allowed to warm to
25°C and stirred for 1.5 h. The reaction was quenched with methanol
(10 mL), diluted with ethyl acetate (100 mL) and Rochelle salt (100 mL)
and stirred vigorously for 2 h. After extraction with ethyl acetate (3 x
100 mL), the organic layers were combined, dried (MgSO,), filtered, and
concentrated. The residue was subjected to flash chromatography (10—
25% Et,0 in hexanes) to afford alcohol 27 (11.6 g, 46.4 mmol, 91 %). 27:
colorless oil; R;=0.35 (65 % Et,0 in hexanes); [a]¥: 93.8 (c = 1.0, CH,Cl,);
IR (film): 7., = 3409, 2966, 2873, 1617, 1513, 1254, 1051, 817 cm~!; 'H NMR
(500 MHz, CDCl;): 6=1728 (d, 2H, J=8.0 Hz), 6.88 (d, 2H, J=8.0 Hz),
5.81-5.73 (m, 1H), 5.08-5.04 (m, 2H), 4.59 (d, 1H, J=11.5 Hz), 4.42 (d,
1H,J=11.0Hz), 3.79 (s, 3H), 3.71 (t, 2H, /= 5.5 Hz), 3.57-3.55 (m, 1 H),
2.63-2.61 (m, 1H), 2.26 (brs, 1H), 1.71-1.64 (m, 2H), 1.04 (d, 3H, J=
6.5 Hz); BC NMR (125 MHz, CDCl;): 6 =159.3, 140.6, 130.4, 129.5, 114.9,
113.9, 81.4, 71.2, 61.0, 55.2, 39.5, 32.1, 13.4; HR-MS: calcd for C;sH»,O;
[M+Cs]* 383.0612, found 383.0638.

Olefin 28: A solution of alcohol 27 (11.6 g, 46.4 mmol) in CH,Cl, (100 mL)
was treated at 0°C with imidazole (7.57 g, 111.3 mmol) and fert-butyldime-
thylsilylchloride (8.38 g, 55.6 mmol). After 1 h the reaction was diluted with
aqueous saturated sodium bicarbonate (50 mL) and the reaction mixture
was extracted with Et,0 (3 x50mL). The organic layer was dried
(MgSO,), filtered, concentrated, and purified by chromatography (0-5 %
Et,0 in hexanes) to afford silyl ether 28 (16.4 g, 45.0 mmol, 97 %). 28:
colorless oil; R;=0.50 (10% Et,O in hexanes); [a]¥: +278 (c¢=3.0,
CH,Cl,); IR (film): 7, =2957, 2925, 2857, 1614, 1520, 1249, 1097, 836 cm!;
"H NMR (500 MHz, CDCl;): 6 =728 (d, 2H, J=8.0 Hz), 6.88 (d,2H, J =
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8.0 Hz), 5.82-5.79 (m, 1H), 5.06 (d, 1H, J=170Hz), 5.06 (d, 1H, J=
14.0 Hz), 452 (d, 1H, J=11.0 Hz), 444 (d, 1H, J=11.0 Hz), 3.80 (s, 3H),
3.69 (t, 2H, J =70 Hz), 3.52-3.49 (m, 1H), 2.53-2.50 (m, 1H), 1.67—1.61
(m,2H), 1.04 (d, 3H,J=6.5 Hz), 0.89 (s, 9H), 0.043 (s, 3H), 0.039 (s, 3H);
13C NMR (125 MHz, CDCL): 6 =159.1, 141.0, 1312, 129.4, 114.6, 113.7,
79.0,71.5,59.9, 55.2, 40.3, 34.0, 25.9, 18.2, 14.5, — 5.4, — 5.5; HR-MS: calcd
for Cy;H;40,Si [M+Cs]* 497.1486, found 497.1501.

Alcohol 29: A solution of alkene 28 (10.27 g, 28.2 mmol) in THF (100 mL)
was cooled to —40°C and treated with BH;- THF (28 mL of 1M solution,
28 mmol). After stirring for 10 h, the reaction was cautiously quenched
with 3N NaOH (93 mL) and 30% H,O, (15 mL) and allowed to warm to
25°C. Following extraction with Et,O (3 x 100 mL) the organic layer was
dried (MgSO,), filtered, concentrated, and purified by chromatography
(15-30% Et,0 in hexanes) to afford alcohol 29 (9.16 g, 24.0 mmol, 85 %).
29: colorless oil; R;=0.45 (66 % Et,0 in hexanes); [a]F: +29.0 (c=1.2,
CH,CL,); IR (film): 7, = 3403, 2966, 2929, 2861, 1611, 1519, 1248, 1094,
835 cm™!; '"H NMR (500 MHz, CDCl,): 6 =7.26 (d,2H, J =8.0 Hz), 6.87 (d,
2H,J=8.0Hz),4.49 (d,1H,/=115Hz),4.45 (d,1H, /=115 Hz),3.79 (s,
3H),3.71-3.67 (m,3H), 3.61-3.57 (m, 1H), 3.47-3.45 (m, 1 H), 2.12-2.10
(m, 1H), 1.97-1.95 (m, 1H), 1.71-1.48 (m, 4H), 0.94 (d, 3H, /=7.0 Hz),
0.88 (s, 9H), 0.035 (s, 3H), 0.032 (s, 3H); *C NMR (125 MHz, CDCL;): 6 =
159.2, 130.8, 129.4, 113.8, 79.3, 71.5, 60.5, 59.8, 55.2, 35.5, 33.5, 32.4, 25.8,
18.1, 15.0, —5.4, —5.5; HR-MS: caled for C,;H;30,Si [M+Cs]* 515.1592,
found 515.1610.

Todide 11: A solution of alcohol 29 (4.78 g, 12.5 mmol), imidazole (2.04 g,
30.0 mmol) and triphenylphosphine (3.93 g, 15.0 mmol) in THF (50 mL)
was treated at 0°C with iodine (3.81 g, 15.0 mmol). After stirring for
30 min, the reaction was quenched with aqueous saturated sodium
thiosulfate (50 mL) and aqueous saturated sodium bicarbonate (50 mL)
and diluted with Et,O (100 mL). The organic layer was separated, and the
aqueous layer extracted with Et,O (3 x 100 mL). The organic layers were
combined, dried (MgSO,), filtered, and concentrated under reduced
pressure. The residue was subjected to flash chromatography (0-5%
Et,0 in hexanes) to afford iodide 11 (5.91 g, 12 mmol, 96 %). 11: light
yellow oil; R;=0.55 (10 % Et,0 in hexanes); [a]%: +16.1 (¢ =1.0, CH,Cl,);
IR (film): 7,,,, = 2957, 2936, 2863, 1614, 1515, 1254,1092, 836 cm~!; 'H NMR
(500 MHz, CDCly): 6 =727 (d, 2H, J=8.0 Hz), 6.88 (d, 2H, /=8.0 Hz),
4.50 (d, 1H,J=11.5 Hz), 442 (d, 1H, J=11.5 Hz), 3.80 (s, 3H), 3.69-3.66
(m, 2H), 3.47-3.45 (m, 1H), 3.28—-3.27 (m, 1H), 3.18-3.15 (m, 1 H), 1.98 -
1.86 (m, 2H), 1.71-1.55 (m, 3H), 0.91 (d, 3H, J=7.0Hz), 0.88 (s, 9H),
0.035 (s, 6H); *C NMR (125 MHz, CDCl;): 6 =159.2, 131.1, 129.4, 113.8,
78.2,71.3,59.8, 552, 36.5, 36.0, 33.3, 25.9, 18.2, 13.9, 5.5, — 5.4, —5.5; HR-
MS: caled for C,H3,10;Si [M+Cs]* 625.0609, found 625.0631.

Ketone 30: A solution of iodide 11 (3.1 g, 6.3 mmol) in Et,0 (20 mL) at
—78°C was treated with fert-butyllithium (7.8 mL of a 1.7m solution in
pentane, 13.2 mmol), added over a period of 10 min. After stirring at
—78°C for 30 min, the mixture was treated with a solution of aldehyde 9
(3.4 g, 8.8 mmol) in Et,0 (10 mL) added over a period of 10 min. After
stirring at — 78 °C for 30 min, the reaction mixture was quenched with water
(100 mL) and extracted with Et,O (2 x 100 mL). The organic layer was
dried (MgSO,), concentrated and purified by chromatography (10-30%
Et,0 in hexanes) to afford a diastereomeric mixture of alcohols at the C15
center (4.08 g, 5.4 mmol, 86%). A solution of the above mixture (4.08 g,
5.4 mmol) in CH,Cl, (20 mL) was treated with Dess—Martin periodinane
(2.8 g, 6.5 mmol) at 25°C for 1 h. The mixture was then quenched with
aqueous saturated sodium bicarbonate/sodium thiosulfate (1:1, 2 x 40 mL)
and extracted with Et,0 (3 x50mL). The organic layer was dried
(MgSO,), concentrated, and purified by chromatography (0—15% Et,0
in hexanes) to afford ketone 23 (3.82 g, 5.1 mmol, 94%). 23: colorless
liquid; R;=0.6 (30% Et,0 in hexanes); [a]3: —12.9 (¢ =1.3, CH,Cl,); IR
(film): 7, =2956, 1714, 1618, 1512, 1460, 1082 cm~'; '"H NMR (400 MHz,
CDCly): =726 (d,2H, J=8.0 Hz), 6.84 (d, 2H, J=8.0 Hz), 448 (d, 1H,
J=112Hz),4.38 (d,1H,J=11.2 Hz),4.05 (dd, 1 H,J =6.4,8.0 Hz), 3.91 (t,
1H,J=76Hz),3.80 (s,3H), 3.75 (t, 1H, /=8 Hz), 3.69 (t, 1H, /= 6.4 Hz),
3.45-3.43 (m, 1H), 2.60-2.40 (m,4H), 1.71-1.56 (m, 12H), 1.42-1.27 (m,
6H), 0.91-0.81 (m, 12H), 0.89 (s, 9H), 0.86 (s, 9H), 0.12 (s, 3H), 0.11 (s,
3H), 0.041 (s, 3H), 0.037 (s, 3H); *C NMR (100 MHz, CDCl;): 6 =210.5,
158.8, 130.9, 129.1, 113.6, 112.8, 80.7, 78.9, 71.2, 65.7, 59.9, 55.3, 41.0, 37.2,
36.0, 34.9, 33.2, 30.4, 29.3, 28.2, 27.0, 26.2, 26.1, 26.0, 25.8, 23.5, 18.8, 18.4,
14.5,14.2,8.6,85, —1.8, — 1.9, —5.0, —5.1; HR-MS: calcd for C,,H750,Si,
[M+Cs]*+ 883.4337, found 883.4360.
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Spiroketal 31: A solution of ketone 30 (2.9 g, 3.85 mmol) in THF (5 mL)
and tetra-n-butylammonium fluoride (11.6 mL of a 1.0m solution in THF,
11.6 mmol) was stirred at 50°C for 2 h. The reaction mixture was diluted
with Et,0 (100 mL) and washed with aqueous saturated ammonium
chloride (2 x 50 mL) and brine (2 x 50 mL). The organic layer was dried
and concentrated under reduced pressure. The crude lactol was redissolved
in ethanol (20 mL) and subjected to hydrogenation under 10% Pd/C
catalysis (0.29 g) at 25°C for 12 h. The reaction mixture was filtered
through a short pad of celite, concentrated, and subjected to flash
chromatography to produce spiroketal 31 (1.18 g, 3.1 mmol, 80%). 31:
colorless liquid; R;=0.2 (15% Et,0 in hexanes); [a]¥: +36.0 (¢=1.0,
CH,Cl,); IR (film): 7, =3458, 2947, 2879, 1463, 1383, 1082, 996 cm™!;
'H NMR (500 MHz, CDCl,): 6 =4.21 (t, 1H, J=75Hz), 4.0 (t, 1H, J=
7.5 Hz), 3.82-3.65 (m, 4H), 2.88 (brs, 1H), 2.12 (m, 1H), 1.95-1.79 (m,
4H), 1.71-1.44 (m, 10H), 1.41-124 (m, 6H), 0.91-0.80 (m, 12H);
13C NMR (125 MHz, CDCL): 6 =113.3, 106.1, 87.3, 80.6, 75.8, 66.2, 60.4,
38.3,35.6,35.1,34.9, 34.6, 30.1, 29.3, 29.0, 28.9, 25.8, 23.2, 17.5, 14.0, 8.1, 7.9;
HR-MS: calcd for C,,H;,O5 [M+Cs]* 517.1927, found 517.1941.

Aldehyde 32: A solution of alcohol 31 (1.18 g, 3.1 mmol) in CH,Cl, (5 mL)
was treated with Dess — Martin periodinane (1.9 g, 4.6 mmol) at 0°C for 2 h.
The mixture was then quenched with aqueous saturated sodium bicarbon-
ate/sodium thiosulfate (1:1 2 x 20 mL) and extracted with Et,0 (3 x 20 mL).
The organic layer was dried (MgSO,), concentrated and purified by chro-
matography (0-25% Et,0 in hexanes) to afford aldehyde 32 (1.1 g, 2.9 mmol,
94%). 32: colorless liquid; R;=0.45 (30% Et,0 in hexanes); [a]¥: +19.8
(¢=1.2, CH,CL,); IR (film): 7,,,, = 2962, 2925, 2878, 1731, 1465, 1087 cm™*;
'"H NMR (500 MHz, CDCl;): 6=9.82 (d, 1H, J=15Hz), 4.14 (t, 1H, J=
7.0 Hz),3.97 (t,1H,J =70 Hz),3.95-3.90 (m, 1H), 3.78 (t, 1H, /=70 Hz),
2.58-2.54 (m, 1H), 2.40-2.36 (m, 1H), 2.08-2.03 (m, 1H), 1.95-1.91 (m,
1H), 1.82-1.55 (m, 11H), 1.42-128 (m, 6H), 0.94-0.83 (m, 12H);
BC NMR (125 MHz, CDCly): 6 =203.0, 122.4, 113.0, 106.4, 80.8, 72.2, 66.1,
474,38.2,35.3,34.8,34.7,30.6,29.2, 28.9, 28.8, 25.8, 23.3, 174, 14.0, 8.3, 7.9;
HR-MS: caled for C,H;s05 [M+Cs]* 515.1772, found 515.1793.

Alkene 33: A solution of carbon tetrabromide (3.90 g, 11.7 mmol) in
tetrahydrofuran (25 mL) was cooled to —25°C and treated with HMPT
(0.96 g, 5.85 mmol). After stirring for 15 min, a solution of aldehyde 32
(0.90 g, 2.35 mmol) in tetrahydrofuran (10 mL) was added dropwise and
the mixture was stirred for 15 min. The reaction was quenched with
aqueous saturated sodium bicarbonate (20 mL), the mixture was diluted
with water (50 mL), and the organic layer was extracted with Et,O (2 x
100 mL), dried (MgSO,), filtered, and concentrated. The crude residue was
then subjected to flash chromatography to afford dibromide 33 (1.20 g,
2.23 mmol, 95%). 33: colorless liquid; R;=0.65 (15% Et,0 in hexanes);
[a]®: +18.3 (c=1.25, CH,Cl,); IR (film): 7,,,, = 2958, 2923, 2861, 1094, 835,
780 cm~'; 'TH NMR (500 MHz, CDCl;): 6 =6.56 (t, 1H, J=7.0 Hz), 4.13 (t,
1H,J=70Hz),3.95 (t, 1H,J=8.0 Hz), 3.88 (t, 1H, J=7.0 Hz), 3.49-3.46
(m, 1H), 2.38-2.33 (m, 1H), 2.23-2.17 (m, 1H), 2.02-1.92 (m, 2H), 1.83 -
1.72 (m, 2H), 1.79-1.53 (m, 7H), 1.35-1.20 (m, 8H), 0.94-0.83 (m, 12H);
3C NMR (125 MHz, CDCl,): 6 =136.0, 125.6, 113.0, 106.5, 74.3, 65.9, 38.3,
36.8,34.7,34.6, 34.1, 30.3, 29.6, 29.1, 29.0, 28.6, 25.9, 23.3, 17.5, 14.0, 8.4, 7.9;
HR-MS: calcd for C,H; NO,Si [M+Cs]* 534.1073, found 534.1099.

Alkyne 8: A solution of the dibromoalkene 33 (104 mg, 0.19 mmol) in THF
(3 mL) was cooled at —78°C and treated with n-butyllithium (254 pL of a
1.6 M solution in hexanes, 0.40 mmol). Stirring was continued for 20 min at
—78°C and for 20 min at —20°C. The reaction mixture was then cooled at
—78°C, treated with freshly distilled iodomethane (60 uL, 0.96 mmol) and
subsequently allowed to warm to 0°C where it was stirred for a period of
1 h. The solution was then quenched with water (1 mL), diluted with Et,0
(30 mL) and washed with brine (2 x 20 mL). The organic layer was dried
(MgSO,), filtered, concentrated, and purified by chromatography (0-15%
Et,0 in hexanes) to give alkyne 8 (72 mg, 18.4 umol, 95%). 8: colorless
liquid; R;=0.65 (15% Et,0 in hexanes); [a]¥: +2.14 (c=0.84, CH,CL,);
IR (film): 7, = 2957, 2931, 2878, 1463, 1087, 930 cm~'; "H NMR (500 MHz,
CDCl;): 0 =4.25(t,1H,J =75 Hz),3.98-3.95 (m, 2H), 3.47-3.42 (m, 1 H),
2.41-2.37 (m, 1H), 2.30-2.28 (m, 1H), 2.05-2.00 (m, 2H), 1.79-1.42 (m,
14H), 1.34-125 (m, 6H), 0.94-0.82 (m, 12H); *C NMR (125 MHz,
CDCly): 0=112.8, 106.7, 87.1, 81.0, 76.1, 74.4, 66.0, 38.3, 34.53, 34.5, 33.8,
31.6,29.1, 29.0, 28.6, 25.9, 23.6, 23.3, 17.5, 14.0, 8.4, 7.9, 3.5; HR-MS: calcd
for Cy,H,0O, [M]* 393.3005, found 393.3017.

Triacetate 34: A solution of alcohol 31 (102 mg, 0.26 mmol) in CH,CI,
(2 mL) was treated with pyridine (63 pL, 0.8 mmol) and acetic anhydride
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(40 pL, 0.40 mmol) at 25°C for 15 min. The reaction mixture was diluted
with Et,0 (20 mL) and washed with ammonium chloride (2 x 10 mL) and
brine (2 x 10 mL). The organic layer was dried (MgSO,), concentrated, and
the residue purified by chromatography (0-25% Et,O in hexanes). The
acetylated product was dissolved in CH,Cl,/MeOH 9:1 (6 mL) and treated
with CSA (26 pmol) at 25 °C for 3 h. The reaction was quenched with excess
triethylamine and the residue was filtered through a short pad of silica gel
and concentrated. The crude diol was redissolved in CH,Cl, (2mL) and
treated with triethylamine (160 mg, 1.6 mmol) and acetic anhydride (80 uL,
0.80 mmol) at 25°C for 3 h. The reaction mixture was diluted with Et,O
(20 mL) and washed with ammonium chloride (2 x 10 mL) and brine (2 x
10 mL). The organic layer was dried (MgSO,), concentrated, and the
residue purified by chromatography (0-25% Et,O in hexanes) to afford
triacetate 34 (86.8 mg, 0.19 mmol, 74 % over three steps). 34: colorless
liquid; R;=0.45 (30 % Et,0 in hexanes); [a]¥: +37.5 (¢ =1.0, CHCL,); IR
(film): 7., =2931, 2868, 1745, 1463, 1369, 1238, 1050, 1083, 993, 923 cm™;
'"H NMR (400 MHz, CDCl;): 6 =5.19 (dd, 1H, J=9.0, 2.5 Hz), 4.52 (dd,
1H, J=12.0, 2.0 Hz), 434-4.26 (m, 1H), 4.24 (dd, 1H, J=12.0, 8.5 Hz),
4.18-4.13 (m, 1H), 3.49 (ddd, 1H, J=10.8, 8.0, 2.8 Hz), 2.07 (s, 3H), 2.04
(s, 3H), 2.03 (s, 3H), 1.96-1.50 (m, 11 H), 1.31-1.25 (m, 6 H), 0.91 (t, 3H,
J=70Hz), 0.87 (d, 3H, J=6.5Hz); “C NMR (100 MHz, CDCL): 6 =
171.27, 171.25, 170.4, 107.0, 86.2, 73.6, 63.9, 61.7, 38.4, 34.5, 34.4, 34.2, 32.1,
31.3, 29.6, 29.0, 25.4, 23.1, 21.0, 20.9, 20.7, 17.6, 14.0; HR-MS: calcd for
Cy3H3s0q [M+Cs]* 575.1619, found 575.1632.

Oxazolidinone 43: A solution of imide 42 (1.15 g, 4.94 mmol) in CH,Cl,
(20 mL) was cooled to —78°C, treated with triethylamine (0.56 mL,
5.41 mmol) and dibutylborontriflate (4.95 mL, 4.95 mmol, 1M in CH,CL,).
The solution was stirred for 30 min at —78°C and then allowed to warm to
0°C over a period of 1 h. The mixture was recooled to —78°C, treated with
aldehyde 41 (1.00 g, 5.94 mmol) in CH,Cl, (5 mL), stirred at —78°C for
30 min, and warmed to 0°C over a 2 h period. The resulting mixture was
treated with a solution of sodium acetate (4.2 g) in MeOH (70 mL) into
which 30 % H,0, (5.6 mL) was added and stirred for 30 min from 0 to 25°C.
The reaction mixture was diluted with water (150 mL), hexane (100 mL),
and separated. The organic layer was washed with brine (25 mL), dried
(MgSO,), concentrated, and subjected to flash chromatography (10-30%
Et,0 in hexanes) to afford 43 (1.58 g, 3.95 mmol, 80 % ). 43: colorless liquid;
R;=0.45 (50% Et,0 in hexanes); [a]¥: 7.5 (c=1.0, CH,Cl,); IR (film):
Tmax = 3471, 2960, 2929, 2855, 1777, 1697, 1470, 1371, 1199 cm~!; 'H NMR
(500 MHz, CDCl,): 6 =7.42-7.34 (m, 3H), 729-7.27 (m, 2H), 5.66 (d, 1 H,
J=9.0Hz),4.78 (t, 1H,J=8.5 Hz), 4.72 (d, 1H, J= 6.0 Hz), 4.00-3.94 (m,
1H), 3.01-2.83 (m, 1H), 1.39 (d, 3H,/=9.0 Hz), 0.92 (s, 9H), 0.88 (d, 3H,
J=8.0Hz), 0.01 (s, 6H); *C NMR (125 MHz, CDCl,): 6 =174.7, 152.3,
132.8, 128.7, 128.6, 125.4, 104.3, 88.6, 79.0, 63.7, 54.8, 44.1, 26.1, 16.6, 14.5,
12.2, —4.57, —4.59; HR-MS: calcd for C,,H;NO,Si [M+Cs]* 534.1074,
found 534.1099.

Amide 44: A suspension of N,0O-dimethyl-hydroxylamine hydrochloride
(3.65 g, 37.4 mmol) in THF (6 mL) was cooled to —30°C and treated with
AlMe; (18.7 mL, 37.4 mmol, 2.0M in toluene) over a 5 min period. After the
addition was complete, the solution was warmed to 25°C and stirred for
15 min. The clear solution was cooled to —10°C, and treated with imide 43
(1.67 g, 4.16 mmol) in THF (15 mL) added dropwise. The resulting mixture
was warmed to 0°C and stirred for 2 h. The reaction mixture was poured
onto a mixture containing Rochelle salt (100 mL), aqueous saturated
sodium bicarbonate (50 mL) and ethyl acetate (150 mL) at 0°C and
alllowed to warm to 25°C under vigorous stirring. After 20 min, the
resulting mixture was partitioned, the organic layer separated and the
aqueous layer was extracted with ethyl acetate (2 x 150 mL). The organic
layers were collected, dried (MgSO,), filtered, and concentrated. The
residue was subjected to flash chromatography (15-30 % Et,0O in hexanes)
to yield the corresponding Weinreb amide (1.07 g, 3.75 mmol, 90%) as a
sticky oil. R;=0.35 (66% Et,0 in hexanes). A solution of the Weinreb
amide (995 mg, 3.67 mmol) in THF (3 mL) was treated with TBAF - SiO,
(7.3 g,7.34 mmol) at 25 °C for 3 h. The reaction mixture was filtered through
a short pad of silica, concentrated and taken on crude to the next step. A
solution of the crude alcohol and 2,6-lutidine (1.30 mL, 10.9 mmol) in
CH,CIl, (5 mL) was treated at 25°C with triisopropylsilyl trifluorometha-
nesulfonate (1.50 mL, 5.58 mmol). After 15 min, the mixture was quenched
with aqueous saturated sodium bicarbonate (10 mL) and diluted with
CH,Cl, (20 mL). The layers were separated, and the organic layer was
washed with brine (2 x 10 mL). The organic layers were combined, dried
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(MgSO,), filtered, concentrated, and subjected to flash chromatography
(10-20% Et,0 in hexanes) to give amide 44 (938 mg, 3.38 mmol, 81 %
yield over three steps). 44: colorless liquid; R;=0.3 (30% Et,O in
hexanes); [a]®: +48.0 (¢ =12, CH,CL); IR (film): ¥,,,,=2939, 2869,
1651, 1460, 1418, 1390, 1115, 1064, 994, 882 cm~'; '"H NMR (500 MHz,
CDCL,): 6=4.63 (dd, 1H, =75, 1.5 Hz), 3.70 (s, 3H), 3.16 (s, 3H), 3.16 (m,
1H), 2.36 (d, 1 H,J=2.0 Hz), 1.22 (d, 3H, J = 6.5 Hz), 1.14-1.02 (m, 21 H);
BC NMR (125 MHz, CDCly): 6 =174.7,97.2, 84.6, 73.0, 64.5, 61.4, 44.0,17.9,
13.9, 12.2; HR-MS: calcd for C;;H;;O;NSi [M+Cs]* 460.1282, found
460.1298.

Ester 40: A solution of amide 44 (1.55 g, 4.74 mmol) in THF (30 mL) was
cooled at —78°C and treated with DIBAL-H (7.9 mL of a 1.5M solution in
toluene, 11.8 mmol). After stirring for 30 min at —78°C, the reaction
mixture was quenched with methanol (3 mL), diluted with ethyl acetate
(50 mL), allowed to warm to 25°C and stirred for 30 min with a saturated
solution of Rochelle salt (100 mL). The mixture was extracted with ethyl
acetate (3x50mL) and the organic layer was dried (MgSO,) and
concentrated to produce the crude aldehyde, that was used for the next
step without any purification. A solution of the above aldehyde in CH,Cl,
(10 mL) was treated with Ph;P=CH-CO,TMSE (45) (5.07 g, 11.85 mmol)
for 15h, at 25°C. The reaction mixture was then concentrated and
subjected to flash chromatography (0-5 % Et,O in hexanes) to afford ester
40 (1.76 g, 4.31 mmol, 91 %). 40: colorless liquid; R;=0.65 (15% Et,0 in
hexanes); [a]E: +10.6 (¢ =0.5, CH,ClL,); IR (film): #,,,, = 2946, 2863, 1719,
1466, 1253, 1175, 860, 836 cm~!; '"H NMR (500 MHz, CDCl,): 6 =7.07 (dd,
1H,J=16,7.5Hz),5.86 (d, 1H,J=16.5 Hz), 446 (dd, 1H,J=5.0,2.0 Hz);
422 (t,2H, J=8.0 Hz), 2.60 (q, 1H, J=6.0 Hz), 2.40 (d, 1H, J=2.0 Hz),
1.14 (d, 3H, /J=6.5Hz), 1.07-0.99 (m, 23H), 0.026 (s, 9H); *C NMR
(125 MHz, CDCl,): 6 =166.8, 149.5, 122.3, 83.1, 73.9, 66.4, 62.3, 43.6, 17.92,
1790, 171, 14.6, 12.1, —1.6; HR-MS: calcd for C,,H,,05Si, [M+Cs]*
543.1725, found 543.1739.

Vinyl stannane 37: A solution of ester 40 (726 mg, 1.86 mmol) in benzene
(10 mL) was treated at 5°C with dichlorobistriphenylphosphinepalladiu-
m(1) (26 mg, 0.037 mmol) and tri-n-butyltin hydride (750 pL, 2.8 mmol).
After stirring at 5 °C for 10 min, the reaction mixture was concentrated and
subjected to flash chromatography (0—10% Et,O in hexanes) to afford
stannane 37 (1.14 g, 1.70 mmol, 91 %). 37: colorless liquid; R;=0.85 (10 %
Et,0 in hexanes); [a]%: +8.4 (¢ =1.0, CH,CL); IR (film): #,,,, = 2957, 2925,
2868, 1719, 1463, 1254, 1175, 867, 836 cm™'; 'H NMR (500 MHz, CDCl,):
0=707 (dd, 1H, J=16, 7.5 Hz), 6.04-6.0 (d, 1H, J=19.5 Hz), 5.85 (dd,
1H, J=19.0, 70 Hz), 5.76 (d, 1H, J=15.5Hz), 4.20 (t, 2H, /=85 Hz),
4.12-4.10 (m, 1H), 2.53 (q, 1H,J=6.5 Hz), 1.48-1.42 (m, 4H), 1.30-1.24
(m, 6H), 1.04-1.02 (m, 26H), 0.87 (t, 9H, J=7.5 Hz), 0.88-0.85 (m, 8H),
0.03 (s, 9H); *C NMR (125 MHz, CDCl,;): 6 =166.9, 151.1, 148.8, 130.0,
121.2, 80.6, 62.2, 43.3, 29.0, 21.2, 18.1, 18.0, 13.6, 12.3, 9.4, — 1.6; HR-MS:
caled for C3H;,O;S1,Sn [M+Cs]* 835.2946, found 835.2959.

Vinyl iodide 39: A solution of vinyl stannane 37 (202 mg, 0.29 mmol) in
CH,CI, (3 mL) was cooled to 0°C and titrated with a saturated solution of
iodine in CH,Cl,, until the iodine color persisted. The solution was then
stirred for 5 min and partitioned between a solution of CH,Cl, (20 mL) and
aqueous saturated sodium thiosulfate (20 mL). The organic layer was
collected, dried (MgSO,), filtered, concentrated, and purified by chroma-
tography (0-10% Et,0O in hexanes) to afford compound 39 (140 mg,
0.26 mmol, 90%). 39: colorless liquid; R;=0.65 (10% Et,O in hexanes);
[a]F: +39.6 (c =1.0, CH,CL,); IR (film): ¥,,,, = 2951, 2863, 1719, 1651, 1463,
1254, 1175, 862, 841 cm~'; 'TH NMR (500 MHz, CDCl;):  =7.01 (dd, 1H,
J=16.0, 7.0 Hz), 6.46 (dd, 1H, J=14.5, 70 Hz), 6.26 (d, 1H, J=15.0 Hz),
5.80 (d, 1H, J=15.5Hz), 4.23 (t, 2H, J=8.0 Hz), 4.17 (dd, 1H, J=5.0,
7.5 Hz), 2.53 (m, 1H), 1.04-1.03 (m, 26H), 0.03 (s, 9H); *C NMR
(125 MHz, CDClLy): 6 =166.7, 149.4, 146.3, 122.1, 78.9, 77.8, 62.4, 42.8, 18.0,
179, 172, 143, 122, —1.6. HR-MS: caled for C,H,;0;Si,I [M+Cs]*
671.0849, found 671.0859.

Vinyl iodide 36: A solution of alkyne 8 (200 mg, 0.51 mmol) in THF (2 mL)
was introduced dropwise into a stirred solution of bis(cyclopentadienyl)-
zirconium chloride hydride (263 mg, 1.02 mmol) in THF (2 mL). The
mixture was protected from the light and allowed to stir at 25 °C for 8 h. The
solution was then cooled at 0°C and treated with a saturated solution of
iodine in CCl,, added dropwise until the iodine color persisted. The
reaction mixture was then diluted with Et,0 (20 mL) and washed with
saturated aqueous sodium thiosulfate (2 x 20 mL). The organic layer was
dried (MgSO,), filtered through a short pad of celite and concentrated
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under reduced pressure. Flash chromatography (0-10% Et,O in hexanes)
gave iodide 5 (142 mg, 27.3 umol, 53 %) together with the C9 trans-iodide
(57 mg, 11 umol, 21 %), that was taken to the next step without any further
purification. 36: colorless liquid; R;=0.6 (10 % Et,O in hexanes); IR (film):
Tmax = 2925, 2863, 1463, 1379, 1186, 1087, 930 cm~!; 'H NMR (500 MHz,
CDCL): 6 =625 (t, 1H,J =70 Hz),4.05 (t, 1H,/=6.5 Hz),3.90 (t, 1 H,J =
6.5 Hz),3.62 (t, 1H,J=6.5 Hz), 3.46-3.40 (m, 1H), 2.35 (s, 3H), 2.30-2.20
(m, 2H), 2.05-1.86 (m, 6H), 1.6~ 1.4 (m, 9H), 1.31-1.24 (m, 4H), 0.92—
0.81 (m, 12H); *C NMR (125 MHz, CDCL): 6 =138.2, 1122, 106.5, 94.5,
85.6,80.1,74.7,65.5,45.8,40.2,38.6,34.4,34.1,33.8,32.3,29.7,29.0, 27.7,26.9,
235,176, 14.1, 8.3, 8.0; HR-MS: caled for C,,H,;O,1 [M — C,H,]|* 491.1658,
found 491.1675.

Ester 35: (by Stille coupling of 36 with 37): A solution of iodide 36 (150 mg,
0.29 mmol) and stannane 37 (136 mg, 0.20 mmol) in DMF/THF 1:1 (1 mL)
was added dropwise to a stirred solution of bis(acetonitrile)dichloropalla-
dium(tr) (2.5 mg, 9.6 pmol) in DMF/THF 1:1 (1 mL) at 25°C. After stirring
for 15 h the reaction mixture was diluted with aqueous saturated sodium
bicarbonate (10 mL) and extracted with Et,O (3 x 10 mL). The organic
layer was dried (MgSO,), filtered, concentrated, and purified by chroma-
tography (0-10% Et,0 in hexanes) to afford compound 35 (84 mg,
0.11 mmol, 52%).

Ester 35: (by modified Negishi coupling of 8 with 39): A solution of alkyne
8 (99 mg, 0.25 mmol) and bis(cyclopentadienyl)zirconium-chloride-hydride
(131 mg, 0.51 mmol) in tetrahydrofuran (1 mL) was stirred at 50 °C under
argon for 2 h in the dark. The resulted yellow solution was allowed to cool
to 25°C and treated with a freshly prepared solution of anhydrous zinc
chloride (104 mg, 0.76 mmol) in tetrahydrofuran (0.8 mL), added via
cannula. The reaction mixture was stirred for 5 min and subsequently
treated with a solution of vinyl iodide 39 (165 mg, 0.31 mmol) and
palladium tetrakistriphenylphosphine (15 mg, 0.012 mmol) in tetrahydro-
furan (2 mL). The reaction was stirred for 2 h, then diluted with water
(10 mL), and extracted with Et,O (3 x 30 mL). The organic layer was dried
(MgSO,), filtered, concentrated, and purified by chromatography (0-5 %
Et,0 in hexanes) to afford compound 35 (168 mg, 0.21 mmol, 84 % over
two steps). 35: colorless liquid; R;=0.45 (10% Et,O in hexanes); [a]}:
+12.1 (¢=0.93, CH,Cl,); IR (film): #,,,, =2936, 2863, 1719, 1651, 1463,
1254, 1170, 1087 cm~'; '"H NMR (500 MHz, CDCl;): 6 =7.10 (dd, 1H, J=
70, 16.0 Hz), 6.08 (d, 1H, J=16.0 Hz), 5.76 (d, 1H, J=16.0 Hz), 5.56 (t,
1H,J=75Hz), 542 (dd, 1H, /=85, 15.5, Hz), 4.23-4.14 (m, 4H), 3.93 -
3.89 (m, 2H), 3.48-3.44 (m, 1H), 2.56-2.53 (m, 1H), 2.41-2.37 (m, 1H),
2.26-2.21 (m, 1H), 1.92-1.89 (m, 1H), 1.81-1.24 (m, 21 H), 1.02-.98 (m,
21H), 0.93-0.87 (m, 14H), 0.81 (d, 3H,J=6.5 Hz), 2.23 (s, 9H); ®*C NMR
(125 MHz, CDCly): 6 =167.0, 151.2, 136.4, 134.0, 129.3, 126.9, 121.3, 112.7,
106.5, 86.9, 81.0, 77.8, 772, 75.4, 65.9, 62.2, 43.9, 38.3, 34.7, 34.2, 32.1, 31.4,
29.2,29.18,28.8,26.0,23.3,18.1,18.0,17.7,17.1,14.2, 14.1, 12.6, 12.3, 8.4, 7.9,
—1.6; HR-MS: calcd for C4Hg,O;Si, [M+Cs]* 937.4810, found 937.4835.

Allylic alcohol 47: Ph;P=CHCO,CH,CH,TMS (35) (34.1 g, 81 mmol) was
added to a solution of 1-hydroxyacetone (46) (5.0 g, 67.6 mmol) in CH,Cl,
(100 mL), and the mixture was stirred at 25°C for 24 h. The solvent was
then removed under reduced pressure and the residue subjected to flash
chromatography (15-35% Et,0 in hexanes) to afford 47 (124g,
574 mmol, 85%). 47: colorless liquid; R;=0.45 (60 % Et,0 in hexanes);
IR (film): 7,,,, = 3446, 2947, 2892, 1716, 1654, 1229, 1149, 1057, 848 cm™!;
"H NMR (500 MHz, CDCl,): 6 =5.96 (s, 1 H), 4.20 (t, 2H, J=8.0 Hz), 4.13
(s, 2H), 2.08 (s, 3H), 1.80 (brs, 1H), 1.00 (t, 2H, J=8.0 Hz), 0.12 (s, 9H);
3C NMR (125 MHz, CDCl;): 6 =167.1, 1570, 114.0, 67.1, 61.9, 173, 15.5,
—1.6; HR-MS: calcd for C,,H,,0;Si [M+Cs]*™ 349.0234, found 349.0251.

Aldehyde 48: A solution of alcohol 47 (4.1 g, 18.1 mmol) in CH,Cl, (20 mL)
was added via cannula to a stirred suspension of pyridinium chlorochro-
mate absorbed on celite (8.2 g, 38.1 mmol) in CH,Cl, (100 mL). After
stirring for 2 h at 25°C, the mixture was diluted with hexanes (50 mL),
filtered through a pad of celite and washed with Et,O (2 x 50 mL). The
solvents were removed under reduced pressure and the residue subjected
to flash chromatography (0—10 % Et,O in hexanes) to produce aldehyde 48
(3.41 g, 15.9 mmol, 88%). 48: colorless liquid; R;=0.4 (25% Et,0 in
hexanes); IR (film): 7, =2957, 2899, 1719, 1222, 1165, 1045, 846 cm™!;
'"H NMR (500 MHz, CDCl,): 6 =9.58 (s, 1H), 6.46 (s, 1H), 4.28 (t,2H, J =
8.5Hz), 4.13 (s, 2H), 2.17 (s, 3H), 1.80 (brs, 1H), 1.04 (t, 2H, J=8.5 Hz),
0.12 (s, 9H); *C NMR (125 MHz, CDCl;): 6 =194.7, 165.8, 150.3, 135.8,
63.3, 172, 10.6, —1.7; HR-MS: caled for C,H30;Si [M+Cs]* 347.0077,
found 347.0096.
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Todide 6: A solution of aldehyde 48 (2.0 g, 9.33 mmol) in tetrahydrofuran
(60 mL) was cooled to 0°C and treated with chromium(t1) chloride (9.17 g,
74.6 mmol) and iodoform (9.2 g, 23.3 mmol). After stirring for 0.5 h, the
mixture was diluted with hexanes (25 mL), filtered over celite, washed with
Et,0 (2 x 10 mL), concentrated under reduced pressure, and purified by
chromatography (0-5% Et,0 in hexanes) to yield vinyl iodide 6 (2.05 g,
6.06 mmol, 65%). 6: light yellow oil; R;=0.4 (5% Et,O in hexanes); IR
(film): 7,0 =2957, 1719, 1619, 1243, 1154, 1055, 951, 836 cm™; '"H NMR
(400 MHz, C(D¢) 6=6.75 (d, 1H, J=14.5Hz), 6.28 (d, 1H, J=14.8 Hz),
5.57 (s,1H),4.21-4.17 (m,2H), 2.01 (s,3H), 0.89 (t,2H, /= 8.5 Hz), — 0.96
(s, 9H); *CNMR (100 MHz, C;D¢)  =166.1,150.9, 148.2, 120.9, 85.0, 62.3,
179, 13.5, — 1.0; HR-MS: calcd for C;;H;410,Si [M+Cs]t 470.9251, found
470.9270.

Diol 49: A solution of ester 35 (100 mg, 0.124 mmol) in MeOH (5 mL) was
treated with pyridinium p-toluenesulfonate (94 mg, 0.374 mmol) at 40°C.
After 3h, the reaction mixture was quenched with Et;N (2 mL),
concentrated, and subjected to flash chromatography (10-25% Et,O in
hexanes) to afford diol 49 (69 mg, 0.093 mmol, 75%). 49: colorless liquid;
R;=0.3 (30% Et,0 in hexanes); [a]}¥: +7.08 (c=0.8, CH,CL,); IR (film):
Tnax = 3434, 2960, 2923, 2867, 1716, 1463, 1377, 1254, 1082, 860, 842 cm™!;
"H NMR (500 MHz, CsDg) 6 =747 (dd, 1H, J=70, 15.5 Hz), 6.36 (d, 1H,
J=16.0 Hz), 6.08 (d, 1H, J=15.5Hz), 5.88 (t, 1H, J="7.5 Hz), 5.65 (dd,
1H,J=175,15.5 Hz),4.28-4.21 (m,4H), 3.95-3.93 (m, 1H), 3.78 -3.76 (m,
1H), 3.62-3.55 (m, 1H),2.55-2.34 (m, 2H),2.25-2.20 (m, 1 H), 1.98-1.93
(m,1H),1.72 (s,3H), 1.39-1.26 (m, 16 H), 1.13-1.11 (m, 21 H), 1.02 (d, 3H,
J=70Hz), 0.91-0.88 (m, 2H), 0.85 (t, 3H, J =75 Hz), 0.64 (d, 3H, J =
7.0 Hz), 0.096 (s, 9H); *C NMR (125 MHz, CiDy) 6 =166.8, 151.1, 136.8,
134.8, 129.3, 128.3, 127.6, 122.1, 106.5, 90.1, 78.0, 77.0, 76.4, 63.6, 62.2, 44.3,
39.4, 36.4, 35.0, 34.4, 32.2, 29.2, 28.9, 25.7, 23.4, 18.3, 18.2, 17.5, 17.3, 14.8,
14.1, 12.6, —1.8; HR-MS: calcd for C,H,,0,Si, [M+Cs]* 869.4184, found
869.4199.

Aldehyde 50: A solution of the diol 49 (58.0 mg, 0.079 mmol) in THF
(2mL) and H,O (1 mL) was cooled to 0°C and treated with sodium
periodate (0.101 g, 0.474 mmol). After 10 min, the solution was warmed to
25°C and stirred for 2 h. The reaction mixture was diluted with Et,O
(20 mL) and partitioned with aqueous saturated sodium bicarbonate
(5§ mL). The organic layers were collected, washed with water (2 x 5 mL),
dried (MgSO,), and concentrated. The crude residue was subjected to flash
chromatography (0-5 % Et,0 in hexanes) to afford aldehyde 50 (52.9 mg,
0.075 mmol, 95%). 50: colorless liquid; R;=0.4 (5% Et,0 in hexanes);
[a]®: +40.3 (¢ =0.65, CH,Cl,); IR (film): 7, =2962, 2863, 1719, 1651,
1463, 1249, 1175, 1066, 862, 841 cm~'; 'TH NMR (500 MHz, CDg) 0 =9.67
(s, 1H), 748 (dd, 1H, J =175, 16.5 Hz), 6.36 (d, 1H, J=15.5 Hz), 6.09 (d,
1H, J=15.5Hz), 5.73 (t, 1H, J=6.5 Hz), 5.66 (dd, 1H, J =75, 15.5 Hz),
431 (dd, 1H, J=4.0, 8.0 Hz), 427-4.23 (m, 2H), 3.61-3.57 (m, 1H),
2.57-2.55 (m, 1H), 2.37-2.32 (m, 1H), 2.14-2.11 (m, 1H), 1.92-1.80 (m,
1H), 1.67 (s, 3H), 1.95-1.61 (m, 13H), 1.16—1.12 (m, 21 H), 1.04 (d, 3H,
J=6.5Hz),091 (t,2H, J=8.0 Hz), 0.80 (t,3H, /=7 Hz), 0.67 (d, 3H, J =
6.5 Hz), —0.10 (s, 9H); *C NMR (125 MHz, C,D;) 6 =203.4, 166.4, 150.9,
136.9, 134.3, 129.8, 127.5, 122.2, 107.2, 90.4, 78.2, 76.9, 62.0, 44.3, 38.1, 35.0,
34.5, 33.8, 31.9, 29.4, 29.3, 25.5, 23.2, 18.3, 18.2, 17.5, 17.3, 14.6, 13.9, 12.6,
12.5, —1.7; HR-MS: caled for CyH;,OsSi, [M+Cs]* 821.3973, found
821.3992.

Coupling of 6 with 50: A solution of aldehyde 50 (64 mg, 93 pmol) and vinyl
iodide 6 (123 mg, 0.363 mmol) in dry DMF (3 mL) was treated under argon
with chromium(i) chloride (274 mg, 2.2 mmol) and nickel(t) chloride
(1.4 mg, 0.01 mmol). After stirring for 2 h at 25°C, the reaction mixture was
diluted with water (10 mL) and extracted with Et,0 (3 x 10 mL). The
organic layers were combined, dried (MgSO,), filtered, concentrated, and
purified by chromatography (preparative silica gel plate, 15% Et,0O in
hexanes) to yield a 1:1.2 mixture of diastereomeric alcohols 5 and 51
(combined amount: 55.2 mg, 60 umol, 65%). The minor diastereomer 5
was shown to have the desired stereochemistry (S) at the C19 carbon center
(NOE studies). Major diastereomer 51: (R)-stereochemistry at C19,
30.1 mg, 32.7 pmol, 35 %; colorless liquid; R;=0.4 (15% Et,0 in hexanes);
[a]B: —24.5 (¢ =0.4, CH,CL,); IR (film): 7,,,, = 3843, 2953, 2867, 1722, 1463,
1260, 1162, 860, 842 cm~'; '"H NMR (500 MHz, C;D4) 6 =7.48 (dd, 1H, J =
7.0, 16.0 Hz), 6.70 (d, 1H, J=16.0 Hz), 6.35 (d, 1H, J=15.5 Hz), 6.14 (dd,
1H,J=5.5,15.5Hz), 6.10-6.04 (m, 2H), 5.89 (t,2H, J =75 Hz), 5.64 (dd,
1H, J=15, 155 Hz), 446 (d, 1H, J=6.0 Hz), 427-422 (m, 5H), 3.71-
3.67 (m, 1H), 3.61 (brs, 1H), 2.57-2.44 (m, 1H), 2.47 (s, 3H), 2.42-2.36
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(m, 1H),2.35-2.21 (m, 1 H), 2.06-1.98 (m, 1 H), 1.70 (s, 3H), 1.58 - 1.20 (m,
15H), 1.13-1.08 (m, 21 H), 1.01 (d, 3H,J =7.0 Hz), 0.10-0.92 (m, 4 H), 0.88
(t, 3H, J=6.5Hz), 0.65 (d, 3H, J=6.5Hz), —0.08 (s, 18H); *C NMR
(125 MHz, C,Dy) 0 =166.9, 166.5, 151.8, 150.9, 136.8, 135.1, 135.0, 134.8,
128.9, 127.7, 122.2, 120.2, 107.2, 91.6, 78.1, 77.3, 76.5, 62.1, 62.6, 44.2, 39.4,
37.5,35.1,34.1,32.0,29.2, 279, 27.7,25.7,23.4,18.3,18.2,17.5, 174, 173, 14.6,
14.1, 13.9, 12.6, —1.74, —1.75; HR-MS: calcd for Cs5;Hg,O4Si; [M+Cs]*
1049.5154, found 1049.5189. Minor diastereomer 5: (S§)-stereochemistry at
C19; 25.1 mg, 27.3 umol, 30%; colorless liquid; R;=0.38 (15% Et,0 in
hexanes); [a]F: —25.5 (c=0.4, CH,CL,); IR (film): 7,,,, = 3843, 2953, 2867,
1722, 1463, 1260, 1162, 860, 842 cm~!; 'H NMR (400 MHz, C,D;) 6 =745
(dd, 1H, /=72, 15.6 Hz), 6.60 (d, 1H, J=16.0 Hz), 6.34-6.25 (m, 2H),
6.08-6.03 (m, 2H), 5.86 (t, 1H, /=70 Hz), 5.65 (dd, 1H, J=8.0, 16.0 Hz),
429-425 (m,4H), 419-4.17 (m, 1H), 3.72-3.69 (m, 1H), 3.62-3.57 (m,
1H), 2.53-2.50 (m, 1H), 2.47 (s, 3H), 2.42-2.21 (m, 1H), 2.04-1.99 (m,
1H), 1.72 (s, 3H), 1.60-1.20 (m, 15H), 1.13-1.08 (m, 21H), 1.02 (d, 3H,
J=172Hz), 0.91-0.88 (m, 4H), 0.87 (t, 3H, J=6.4 Hz), 0.66 (d, 3H, /=
6.4 Hz), —0.07 (s, 18 H); *C NMR (125 MHz, C(D¢) 6 =166.9, 166.4, 151.8,
150.9, 136.7, 135.3, 135.0, 134.9, 129.0, 127.6, 122.2, 120.2, 107.2, 90.8, 78.1,
779, 774, 62.0, 61.6, 44.2, 39.5, 34.8, 34.1, 32.1, 30.1, 30.0, 29.2, 26.1, 23.4,
18.3, 18.2, 175, 174, 173, 14.4, 14.1, 13.9, 12.7, —1.7; HR-MS: calcd for
C5;Ho,OgSi; [M+Cs]* 1049.5154, found 1049.5172.

Ketone 52: A solution of alcohol 51 (14.1 mg, 15.3 umol) in CH,Cl,
(0.3mL) was treated at 25°C with Dess—Martin periodinane (9.9 mg,
23.1 umol). After stirring for 2 h, the mixture was quenched with aqueous
saturated sodium bicarbonate/sodium thiosulfate (1:1 2 x 10 mL) and
extracted with Et,O (3 x 10 mL). The organic layer was dried (MgSO,),
concentrated and purified by chromatography (0-15% Et,O in hexanes)
to afford ketone 52 (13.1 g, 14.3 pmol, 93%). 52: [a]¥: —42.1 (c=1.07,
CH,Cl,); 2957, 2863, 1719, 1599, 1468, 1254, 1228, 1160, 867, 841 cm™!;
"H NMR (400 MHz, C,D¢) 6 =7.55 (dd, 1H, 7.5, 16.5 Hz), 7.51 (dd, 1H, J =
15.5, 6.5 Hz), 726 (d, 1H, J=15.5 Hz), 6.38 (d, 1 H, /=15.5 Hz), 6.18 (s,
1H), 6.13 (d, 1H, J=15.5Hz), 5.72 (t, 1H, J=6.5 Hz), 5.67 (dd, 1H, /=
15.5, 8.0 Hz), 4.36 (dd, 1H, /=8.0, 4.5 Hz), 4.26-4.22 (m, 4H), 3.56-3.50
(m, 1H), 2.86-2.80 (m, 1H), 2.64-2.60 (m, 1H), 2.42 (d, 3H, J =1.0 Hz),
2.38-2.33 (m, 1H), 2.13-2.07 (m, 1H), 1.92-1.88 (m, 1H), 1.65 (s, 3H),
1.62-1.26 (m, 13H), 1.16-1.10 (m, 21 H), 0.94-0.89 (m, 7H), 0.80 (t, 3H,
7.0 Hz), 0.68 (d, 3H, J=6.5Hz), —0.08 (s, 9H), —0.09 (s, 9H); *C NMR
(125 MHz, CsDg) 6 =200.8, 166.4, 166.2, 150.9, 149.8, 145.2, 137.2, 133.9,
129.4, 128.3, 127.7, 1270, 126.7, 122.3, 107.1, 91.6, 78.3, 76.7, 62.2, 62.0, 53.1,
44.4, 384, 38.0, 34.3, 31.9, 30.2, 30.0, 29.4, 25.9, 23.2, 18.3, 18.2, 177, 174,
14.6, 13.9, 13.6, 12.7, — 1.7, — 1.8; HR-MS: calcd for Cs5;HgyO4Si; [M+Cs]*t
1047.4999, found 1047.4970.

Luche reduction of ketone 52: A solution of ketone 52 (17.0 mg, 18.6 umol)
and CeCl;-7H,0 (35 mg, 93 pmol) in THF/MeOH 1:1 (1.0 mL total) was
cooled at —78°C and treated with LiBH, (46 pL, 93 umol, 2™ in THF).
After stirring for 30 min, the mixture was allowed to warm to 25°C and
stirred for 3 h. The reaction mixture was diluted with aqueous saturated
ammonium chloride (5mL) and extracted with Et,0 (5x5mL). The
organic layers were combined, dried (MgSO,), filtered, and concentrated.
The residue was purified by chromatography (preparative silica gel plate,
15% Et,0 in hexanes) to afford a 3:1 mixture of diastereomeric alcohols 5
and 51 (combined amount: 13.8 mg, 15 pmol, 81 %).

Acid 53: Succinic anhydride (12 mg, 120 pmol) and N-dimethylaminopyr-
idine (17 mg, 144 umol) were added to a solution of alcohol 5 (11 mg,
12 ymol) in CH,Cl, (1 mL) and the reaction mixture was stirred 3 h at
25°C. Upon completion of the reaction, the mixture was diluted with
aqueous saturated ammonium chloride (5 mL) and extracted with CH,Cl,
(5 x5mL). The organic layers were combined, dried (MgSO,), filtered,
concentrated, and purified by chromatography on a preparative silica plate
(2% MeOH in ethyl acetate) to yield acid 53 (10.3 mg, 10 umol, 85%). 53:
colorless solid; R;=0.5 (10 % methanol in CH,CL); [a]F: —19.7 (¢ =0.12,
CH,CL); IR (film): ¥, =3409, 2960, 2923, 1716, 1648, 1470, 1248,
1156 cm~'; 'H NMR (500 MHz, C,D¢) 6 =7.60 (dd, 1H, J=6.5, 15.5 Hz),
6.78 (d, 1H, J=15.5Hz), 6.70 (d, 1H, J=16.0 Hz), 6.41 (dd, 1H, J=4.5,
16.0 Hz), 6.26 (t, 1H, J=6.5 Hz), 6.19 (d, 1H, J=16.0 Hz), 6.17 (s, 1H),
591(d,1H,/=3.5Hz),5.80 (dd, 1H, J=16.0, 8.5 Hz), 4.60-4.58 (m, 1H),
4.29-4.18 (m, 4H), 3.60-3.56 (m, 1H), 2.79-2.55 (m, SH), 2.40 (s, 3H),
2.38-2.04 (m, 3H) 1.81 (s, 3H), 1.76-1.58 (m, 6H), 1.39-1.21 (m, 8H),
1.17-1.02 (m,22H), 0.95-0.82 (m, 10H), 0.73 (d, 3H, J=7.0 Hz), — 0.80 (s,
9H), —0.10 (s, 9H); ¥C NMR (125 MHz, C(D4) 6 =171.5, 168.6, 167.0,
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154.3,151.5, 137.3, 135.5, 133.8, 131.3, 130.8, 127.5, 120.9, 120.8, 107.6, 88.0,
79.3,78.3, 78.2, 62.7, 61.6, 44.7, 39.1, 34.8, 34.6, 34.5, 32.1, 31.9, 30.0, 29.9,
29.5,25.7,23.4, 18.3, 178, 17.5, 17.3, 14.2, 13.6, 12.7, 12.4, —1.7; HR-MS:
caled for CssHosO4,Si; [M+Cs]* 1149.5315, found 1149.5342.
Reveromycin B (4): A solution of acid 53 (3.1 mg, 3 pmol) in THF (0.1 mL)
was treated with tetra-n-butylammonium fluoride (30 pL of a 1m solution
in THEF, 30 pmol) at 25°C for 2 h. The reaction mixture was then diluted
with aqueous saturated ammonium chloride (2 mL), the pH was adjusted to
3 with dilute HCI and the mixture was extracted with ethyl acetate (5 x
SmL). The organic layer was dried, concentrated, and purified by
chromatography purified by chromatography on a preparative silica gel
plate (10 % MeOH in CH,Cl,) to yield reveromycin B (4) (1.4 mg, 2.1 pmol,
69 % ). 4: white solid, R;=0.25 (15 % methanol in CH,CL,); [a]¥: —61 (c=
0.1, MeOH); IR (film): 7,,,, = 3427, 2960, 2923, 2861, 1740, 1568, 1414, 1377,
1260, 1162 cm™'; '"H NMR (400 MHz, CD;0D) 6 =6.94 (dd, 1H, J=15.6,
7.6 Hz), 6.38 (d, 1H, J=15.6 Hz), 6.25 (d, 1H, J=16.0 Hz), 6.19 (dd, 1H,
J=4.4,16.0Hz), 5.80 (d, 1H, J=15.6 Hz), 5.78 (s, 1H), 5.75 (t, 1H, /=
6.8 Hz), 5.55 (d, 1H, J=4.4 Hz), 5.50 (dd, 1H, J=15.6, 7.6 Hz), 4.11 (m,
1H), 3.39 (m, 1H), 2.65-2.45 (m, 5H), 2.25-2.15 (m, 5H), 2.01-1.30 (m,
18H), 1.01 (d, 3H, J=6.4Hz), 091 (t, 3H, J=72Hz), 0.83 (d, 3H, /=
7.2 Hz); BC NMR (125 MHz, CD;0D) 6 =177.9, 173.4, 171.7, 171.1, 152.0,
151.3, 138.6, 136.3, 135.3, 132.0, 131.0, 127.5, 123.6, 122.7, 108.7, 88.9, 80.5,
78.7, 714, 44.2, 39.7, 35.9, 35.6, 35.4, 33.0, 32.9, 31.4, 30.8, 30.3, 26.7, 24.4,
18.3,15.3,14.7, 14.1, 12.9; HR-MS: calcd for C;H;,0,, [M+Na]* 683.3407,
found 683.3388.

C19-epi-Reveromycin B (55): White solid, R;=0.20 (15% methanol in
CH,CL,); [a]g: —19 (¢ =0.1, MeOH); IR (film): 7,,,, = 3429, 2959, 2928,
2861, 1740, 1566, 1410, 1377, 1260 cm™!; 'H NMR (400 MHz, CD;0D) 6 =
6.85 (dd, 1H, J=15.6, 7.6 Hz), 6.41 (d, 1H, J=15.6 Hz), 6.30 (d, 1H, /=
16.0 Hz), 6.15 (dd, 1H, /=52, 16.0 Hz), 5.89 (s, 1H), 5.85 (d, 1H, J=
14.8 Hz),5.76 (t,1H,J=7.6 Hz), 5.56 (d, 1H,J=6.0 Hz), 5.53 (dd, 1H, J =
15.2,7.6 Hz),4.11 (m, 1 H), 3.55 (m, 1 H), 2.65-2.45 (m, 6 H), 2.25-2.15 (m,
4H), 2.01-1.30 (m, 18 H), 1.01 (d, 3H, J=6.4 Hz), 0.91 (t, 3H, /=72 Hz),
0.83 (d, 3H, J=72Hz); ¥C NMR (125 MHz, CD;0D) 6 =178.0, 173.9,
173.8,172.1,171.6, 153.2, 152.0, 138.4, 137.7, 136.9, 130.6, 130.5, 127.7, 123.3,
122.2,108.6, 88.9, 80.4, 78.1, 77.3, 44.0, 39.7, 35.6, 35.4, 35.3, 32.8, 31.5, 30.9,
30.3, 26.6, 24.7, 20.7, 18.1, 15.4, 14.2, 12.8; HR-MS: calcd for C;H;,0yy
[M+Na]* 683.3407, found 683.3395.
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A Complete Kinetic Study of GG versus AG Platination Suggests
That the Doubly A quated Derivatives of Cisplatin Are the Actual

DNA Binding Species

Franck Legendre, Véronique Bas, Jifi Kozelka,* and Jean-Claude Chottard*!*!

Abstract: The hairpin-stabilized dou-
ble-stranded oligonucleotides d(TATG G-
TATT,ATACCATA) (I) and d(TATAG-
TATT,ATACTATA) (II) were allowed
to react with the three aquated forms of
the antitumor drug cisplatin (cis-
[PtCL,(NHj;),], 1) which are likely can-
didates for DNA binding, that is, cis-
[PLCI(NH,),(H,O)]* (2), cis-[Pt(NH),-
(H,0),]** (3), and its conjugate base cis-
[Pt(OH)(NH,),(H,O)]" (4). The reac-
tion between I and [Pt(NH,);(H,O)**
(5) was also studied for comparison. All
reactions were monitored by HPLC. The
platination reactions of I and II were

(0.1m) at a starting pH close to neutral-
ity, where 3 and 4 are present in
equilibrium. In this case, a fit function
describing the pH-time curve allowed
the determination of the actual concen-
trations of 3, 4, and the dihydroxo
complex. The platination rate constants
characterizing the bimolecular reactions
between either I or II and 2, 3, and 4
were individually determined along with
the rate constants for hydrolysis of the
chloro-monoadducts and for the chela-
tion reactions of the aqua-monoadducts.
The reactivity of compounds 2-5,
which have the general formula cis-

[Pt(NH,;),(H,O)(Y) ]***, decreases in
the order 3>4>5>>2, that is, Y=
H,0>OH >NH;>>Cl", which is
the order of decreasing hydrogen-bond
donating ability of Y. Deprotonation of
3 to 4 reduces the reactivity of the
platinum complex only by a factor of
~2, and both complexes discriminate
between the different purines of I and II
in the same manner. Whereas 3 and 4
react approximately three times faster
with the GG sequence of I than with the
AG sequence of II, 2 shows a similar
reactivity towards both sequences. In
view of the well-established preferential

carried out in NaClO, (0.1m) at 293 K
and at a constant pH of 4.5+0.1 for 2, 3,
and 5. The data relative to the platina-
tion by 4 were obtained from measure-
ments in unbuffered NaClO, solutions

Keywords:
kinetics

Introduction

The antitumor drug cisplatin (cis-[PtCl,(NHj;),], 1) reacts with
cellular DNA, primarily binding to guanine bases.'"”] This
reaction is sequence-selective, and G, sequences (n>2)
represent major sites for platinum binding. Thus, administra-
tion of cisplatin to cells in culture, intact tissues, or to the
blood serum of cancer patients, leads to an over statistical
formation of intrastrand cis-Pt(NH;),>* chelates between
adjacent guanines (“GG —Pt crosslinks”), amounting to 60—
65% of all platinum bound to DNA. The second most
abundant adducts are intrastrand AGcis-Pt(NHj;), chelates
(“AG —Pt crosslinks”), which account for approximately 20 %

[a] Dr. F. Legendre, V. Bas, Dr. J. Kozelka, Prof. J.-C. Chottard
Laboratoire de Chimie et Biochimie Pharmacologiques
et Toxicologiques, Université René Descartes
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binding of cisplatin to GG sequences of
DNA in vivo and in vitro, this result
suggests that the actual DNA platina-
tion species are derived from double
hydrolysis of cisplatin.

agents

of the platinum bound, whereas, interestingly, GA crosslinks
(“GA —Pt crosslinks”) are formed only to a minor extent and
could not be quantified.l-1%

This sequence-selective cisplatin binding to DNA has
prompted a number of recent studies. Several groups includ-
ing ours have investigated the kinetics of reactions between
oligonucleotides and different cisplatin forms present in
aqueous solution, that is, cis-[PtCLL,(NH;),] (1), cis-
[PtCI(NH;),(H,0)]* (2), and cis-[Pt(NH;),(H,0),]** (3) (see
Scheme 1).11-181

The rate-determining step of the reaction between 1 and
DNA has been shown to be the hydrolysis of 1 to 2.[1%2!]

k1
’l“Hs H,0 CI

ka

+ 2+
TH3j HO oF ’TIHa ] Ka

w1

HsN—Pt—Cl HsN—Pt—OH. —pt— —_— —pt—
3 | ﬁ »3 | 2 ﬁlrhN Pt—OH; =——= H;N—Pt—OH

Cl HO CI cl HO CI OH, OH,
k.1 k.o
1 2 3 4
Scheme 1.
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%\l -+ 53 ¥p -2+ 53 fs
CI_ NHg kPtag H,O_ NH N__
G * P KPtan ’ Pt ’ ’P‘:II\I\I:3
g H,O NHs3 5 % H,O0' “NH3 / f 8
£ ) \ é NH. iy ) i E‘Ijs k3c 53
I(:)Nfg k3'(2) G— PtNH3 k3aq k3'(3) ?' NH3 ©)
thn= L4 &an i OH
573 53
(3¢l (13'aq)

Scheme 2.

Depending on the reaction conditions, 2 was found to react
with DNA bases either directly, or by means of hydrolysis to 3/
4.221 Which pathway dominates the DNA platination in vivo,
has not yet been conclusively demonstrated. We have recently
reported that the diaqua form 3 reacts with the GG and AG
sequences embedded in the identical environments of the two

Abstract in French: Les réactions entre les oligonucléotides
d(TATGGTATT,ATACCATA) (I) et d(TATAGTATT,
ATACTATA) (II), dont la double hélice est stabilisée par
formation d’une épingle a cheveusx, et les trois dérivés aqua du
cisplatine (cis-[PtCl,(NH;),], 1) suscepibles de se coor-
diner a 'ADN in vivo, cis-[PtCI(NH;),(H,0)]* (2), cis-
[Pt(NH;),(H,0),’* (3) et sa base conjuguée cis-
[Pt(OH)(NH;),(H,0)]" (4) ont été étudiées par HPLC. La
réaction entre I et [Pt(NH;);(H,O0) J** (5) a été analysée a titre
de comparaison. Les réactions de I et II avec 2, 3 et 5 ont été
réalisées en solution aqueuse 0,Im en NaClO,a 293 K et a pH
constant 4,5 +0,1. Les résultats relatifs aux platinations par 4
ont été obtenus en milieu non tamponné, NaClO, 0,1M, en
partant d’'un pH proche de la neutralité auquel 3 et 4 sont en
équilibre. Dans ces cas, une fonction dajustement décrivant la
variation du pH avec le temps a permis de déterminer les
concentrations de 3 et 4 et du complexe dihydroxo cis-
[Pt(OH),(NH;),]. Les constantes de vitesse de platination
bimoléculaire entre I ou II et 2, 3 et 4 ont été déterminées
individuellement ainsi que celles d’hydrolyse des monoadduits-
chloro et de chélation des monoadduits-aqua. La
réactivité des complexes 2-5 de formule générale cis-
[Pt(NH;),(H,O)(Y) ]*** décroit dans l'ordre 3 >4>5>>2,
soit Y=H,0>OH > NH;>> Cl, qui correspond a I'apti-
tude décroissante de Y comme donneur de liaison hydrogene.
La déprotonation de 3 en 4 réduit la réactivité du complexe
seulement d’un facteur 2 et 3 et 4 présentent les mémes
sélectivités de liaison vis-a-vis de I ou II. Alors que 3 et 4
réagissent environ trois fois plus vite avec la séquence GG de I
comparée a AG de II, le complexe 2 présente la méme
réactivité pour les deux séquences. Au regard de la liaison
préférentielle, bien établie, du cisplatine sur les séquences GG
de ’DN, in vitro comme in vivo, nos résultats suggerent que les
entités se coordinant effectivement a ’ADN soient dérivées de
la double hydrolyse du cisplatine.
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hairpin-stabilized duplexes I and II, respectively, with an
overall rate ratio of 3:1.['8! Since this ratio coincides with that
of the relative amounts of the GG —Pt and AG - Pt crosslinks

TATGGTAT "

¥ TATAGTAT "
ATACCATA _ 4

4
ATATCATA U

found after DNA treatment with cisplatin in vivo, our finding
suggested that 3 might be the cisplatin form which interacts
with DNA. However, the binding selectivities of the mono-
chloro-monoaqua form 2 and of the conjugate base of 3, cis-
[Pt(OH)(NH;),(H,O)]" (4) remained to be determined.

To evaluate the individual platination rate constants
specific for 2 and for 4, several experimental difficulties had
to be surmounted. Reactions of 2 in acidic conditions are
complicated by the hydrolysis of 2 to 3 (Scheme 2) and this
occurs in parallel with the direct reaction of 2 with the
oligonucleotide. Since 3 is considerably more reactive towards
nucleobases than 2,721 the commonly used approximation
neglecting the reaction between 3 and the oligonucleo-
tidel!2 13:16.24] yields unprecise results. Our solution to the
problem resided in separate investigations of the reaction of 3
in a series of experiments that we reported earlier!'s]
(indicated by bold arrows in Schemes 2 and 3) and allowed
the reactions of 2 (Scheme 2) and 4 (Scheme 3) to be studied
with a reduced number of variables.

The problem which has so far impeded the measurement of
the rate constants relevant to the aquahydroxo species 4 is
that the pK, defining the 3/4 equilibrium (5.37) is relatively
close to that characterizing the deprotonation of 4 (7.21%%),
therefore at no pH can 4 be the only protolytic form of the
diaqua complex of cisplatin. Moreover, maintaining a con-
stant pH between 6 and 7 is extremely difficult without using a
buffer. The reactions of 4 with I or II were, therefore, first
investigated with 3 in acidic solution (at constant pH), and
subsequently in a solution which was adjusted at the begin-
ning to neutral pH and then monitored without readjust-
ments. The pH-time curve was entered into the program
calculating the theoretical concentration curves of the various
species in the form of a fit function as described previously.!
The protolytic equilibria between 3, 4, and cis-[Pt(OH),-
(NHs;),], as well as those for the aqua-monoadducts, were
explicitly modeled, as described®! (Scheme 3).
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Scheme 3.

One specific objective of this work was to determine the
influence of the platinum ligands on the kinetics and
selectivity of DNA binding. For the sake of comparison, we
include the case of the reaction of I with [Pt(NH;);(H,O)]**
(5). A second aim was the evaluation of the influence of the
base sequence on platination, aquation of the chloro-mono-
adducts, and chelation of the aqua-monoadducts.

Results and Discussion

Stability of the hairpin structures

We have shown previously that the hairpins I and II assume
the monomolecular duplex structure under our experimental
conditions, and their melting temperatures were determined
as 55 and 46.5°C, respectively, well above the experimental
temperature of 20°C.'! Local conformational changes in-
duced by cis-Pt(NH;),(Y) moieties (Y =NHj;, Cl-) bound to
duplex oligonucleotides appear to depend on the base
sequencel?”) and were undetectable by CD in the case of
d(TTGGCCAA),™! as well as with duplex DNA.?l We can
thus assume that the monoadducts of I and II remain in the
duplex-hairpin form. The chelation of cis-Pt(NHj;),** by two
adjacent purines is known to distort the duplex structure ;! in
the case of I, the GG cis-Pt(NH;), diadduct decreases the
melting temperature in NaClO, solution (0.1m, pH=4.5+
0.1) from 55 to 43°C. No T,, measurement was carried out
for the diadduct of II; partial disruption of the duplex
structure is expected at 20 °C. Since the formation of both the
mono and diadducts (Schemes 2 and 3) is irreversible under
our experimental conditions, the duplex distorsion after the
chelation steps is not relevant to the kinetic analysis.

Methodological considerations

The main obstacle which complicates the analysis of the
reactions between the monoaqua-monochloro complex 2 and
oligonucleotides is the fact that 2 can react either directly, to
form chloro-monoadducts, or through solvolysis to 3, to yield
aqua-monoadducts (Scheme 2). In this work, we took both
pathways explicitly into account. Initially we examined the
reaction system which involved the platination of I or Il by 3
in the absence of chloride!™ (bold arrows in Scheme 2), at a
pH maintained between 4.4 and 4.6. Subsequently, the
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reactions between approximately stoichiometric amounts of
the oligonucleotides and 2 (isolated according to ref.[30])
were monitored. In these runs, we quantified the concen-
tration of the unreacted oligonucleotide, that of the final
chelate [C], and the sums of the monoadducts concentrations
[I5'] =[I5'Cl] + [I5'aq] and [I3'] =[I3'Cl] + [I3’aq] (Scheme 2).
The differential equations used for the kinetic analysis took
into account all the reactions shown in Scheme 2 except the
chloride anations characterized by the rate constants ks,, and
kya.,- The latter could be neglected, since the maximum
chloride concentration (0.1 mM) was low enough to warrant
that the values of the products ky,,[Cl7] and ks,,[Cl"] were
inferior to ks and k3. by more than one order of magnitude at
any time, for any reasonable anation rate constants ks,, and
k3P Numerical integration of the differential equations
and fits to the experimental curves (see Figure1l for an
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Figure 1. Typical experimental and calculated concentration curves for
runs of the reaction systems (I+2) (a), (I4+3/4) (b), in 0.1m NaClO, at 293 K.
Initial concentrations of oligonucleotide and platinum complex were
0.1 mm. For a) the pH was kept within the limits pH 4.5 + 0.1 by addition of
HCIOy,; for b) the initial pH of 5.6—6.8 was adjusted by addition of NaOH
and subsequently left to evolve and monitored.
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Table 1. Optimized rate constants [M~'s~!] for platination of the hairpins I and II with the platinum complexes 2-5 at 293 K in 0.1m NaClO, (standard

deviations in parentheses).

TATGGTAT "
ATACCATA 4

TATAGTAT ’\T
ATATCATA 4

-/ -/
| 1l
cis-[Pt(NH;),(H,O)(Y) >+ ks ks Kot kslks ks ks Kot kslks
2 (Y=CI)l 0.12(1) 0.28(1) 0.4 0.4 0.08(1) 0.19(2) 0.27 0.4
3 (Y=H,0) 18(2) 15(1) 33 1.2 1.53) 9(1) 10.5 0.2
4 (Y=0H")M 8.3(5) 6.3(4) 14.6 1.3 0.8(1) 4.0(2) 4.8 0.2
5 (Y=NH;)k 1.7(2) 0.8(1) 2.5 2.1

[a] pH= 4.5+0.1. [b] Initial pH between 5.6 and 6.8. The pH evolution, monitored with time, was taken into account in the optimization procedure (see

Experimental Section).

example) yielded the optimized rate constants shown in
Table 1. The previously determined rate constants for the
reactions of 3,1'®! as well as those related to the equilibrium
2 +H,0 =3+ Cl- were fixed.’” Reoptimization of these rate
constants along with the other variables did not alter any
values significantly. Chloride anation of 2 to 1 with the
chloride liberated during the reaction could be neglected,
since the value of the product of the anation rate constant (k_,
in Scheme 1, ~#4.5 x 10*M~!s7!) and the maximum chloride
concentration (10~#m) was negligible with respect to the rate
constant for hydrolysis of 2 (k, in Scheme 1, ~1.8 x 1073 s7!) at
any point of the reaction.?

The platination rate constants specific for the aquahydroxo
species 4 can be obtained from kinetic measurements at
neutral pH, where 4 is preponderant over 3. Combination of
the results from such an experiment with those of an
experiment at acidic pH enables one to determine the specific
rate constants for 3 and 4.3 The experimental difficulty
consists in maintaining a constant pH in the range between 6
and 7. Adjustments of pH by addition of diluted HCIO, by
hand or using a pH-stat did not work satisfactorily in our
hands, since even very small additions caused significant pH
jumps, or the acid had to be so diluted that the volume
increase perturbed the measurements. Unlike other au-
thors,['2 13:16.241 we refrained from using phosphate or other
buffers, since they contain potential ligands for platinum.?**l
Specifically, the frequently used phosphate buffer has been
clearly shown to perturb the kinetics of DNA platination
reactions.”> 3! In order to circumvent the problems of pH
maintenance, we adjusted the pH at the beginning of the
reaction and let it evolve without further intervention. The pH
was measured at different time intervals, and a fit function was
used to describe the pH —time curve. This function was then
inserted into the calculation of the actual concentrations.
From the H;O" concentration thus determined, the distribu-
tion of the unreacted platinum complex between 3, 4, and cis-
[Pt(OH),(NHj;),] could be determined at any time point (the
corresponding mathematical formulas are given in ref.[26]).
Similarly, the ratios between aqua and hydroxo-monoadducts
could be calculated from the H;O" concentration and the
corresponding acidity constants. The latter were constrained
to be equal for the 5" and 3’ monoadducts (the experimental
data did not allow an independent refinement of both acidity
constants) and were treated as a single variable. This variable
was refined to values between 10~% and 10-7M; the estimated
error bars were up to 80 %, which obviously reflected the fact
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that at the experimental pH, the monoadducts were largely in
the acidic aqua form and the exact K, value had only a limited
impact on the goodness-of-fit.

Platination reactions

A) Effect of complex charge: limited predictive value of
molecular electrostatic potentials calculated at N7 lone-pair
sites: Table 1 shows that all platination reactions are consid-
erably (20-150 times) slower with 2 than with 3. This could
be, at first glance, because 2 is a monocation, whereas 3 is a
dication. However, the difference of one order of magnitude
observed between the rate constants for 3 and 5, both
dicationic, indicates that the charge of the platinum com-
pound is not the sole, and probably not even the main factor
determining the reactivity. This is further confirmed by the
observation that deprotonation of 3 to 4 reduces the
platination rate constants only by a factor of ~2.

Pullman et al. used a combination of ab initio calculations
and a multipole expansion procedure to determine molecular
electrostatic potentials (MEP) around a central GC base-pair
within a mini-B-DNA helix consisting of three base pairs.13)
They quantified the contribution to the MEP at the potential
minima near the electronegative atoms. These relative con-
tributions at the potential minimum corresponding to the
central guanine N7 lone pair were —6.1 kcalmol™' for an
AGT sequence (complementary strand omitted for clarity),
—10.6 kcalmol™! for TGG, and —12.5 kcalmol~! for GGT.
The smaller negative contribution to the N7 potential of AGT
compared with TGG and GGT is in agreement with the
smaller reactivity that we found for the guanine of the AG
sequence of I compared with that determined for both GG
guanines of I. On the other hand, the MEP rating between
TGG and GGT agrees only with the GG (I) reactivities
towards 2 but not with those towards 3, 4, and 5. The fact that
replacement of the spectator ligand Y (Cl~ to OH, with the
same charge) can reverse the order of reactivities clearly
shows that electrostatic contribution is not the factor deter-
mining the kinetics of these reactions.

B) Effect of hydrogen bonding: The reactivity of the platinum
complexes towards the GG and AG purines of I and II
decreases in the order 3 >4 > 5 >> 2. This series parallels the
ability of the different ligands (Table 1) to donate hydrogen
bonds, that is high in the case of H,O and OH", considerably
less significant for NH;,7l and absent for Cl-. Hydrogen
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bonding between platinum ligands and the O6 atom of
guanine would in fact yield a plausible rationale for the
stabilization of the transition state (which is supposed to be
pentacoordinate). In the case of adenine platination, such a
hydrogen bond is not possible. Table 1 shows indeed that from
3 to 2, the rate constants for adenine platination decrease
considerably less than those for guanine platination, but the
series 3>4>>2 still holds (we have no data on adenine
platination by 5). On the one hand this could be because of a
charge effect (favoring 3), and on the other hand because of
hydrogen-bonding interactions between the platinum ligands
and electronegative groups of the nucleotides adjacent to the
adenine which is platinated.

C) Reactions with the chloroaqua species 2: direct substitu-
tion versus the solvolysis pathway: In acidic solution, 2 can
react with an oligonucleotide either directly or through
solvolysis to 3. The rate constants listed in Table 1 prove that
the solvolysis of 2 to 3 cannot be neglected. At the beginning
of the reaction between 2 and I, for instance, 2 is consumed
with a rate of (ks+k5)[I][2] =0.40 x 10~8ms~! through a direct
reaction with I and with a rate of Kpyg[2] — kpwn[3][Cl7] =
0.17 x 10-8Mms~! by hydrolysis to 3, since at =0, [I]=[2]=
10~*m and [CI"]=0. Thus, 30 % of 2 is hydrolyzed to 3. In the
course of the reaction, [I] and [2] decrease while [CI7]
increases; the balance between the two pathways then
depends on the instantaneous concentration of 3. Under our
reaction conditions, the fraction of 2 hydrolyzed increased
continuously, and the total amount of I that reacted with 3 was
~40 % . Thus, neglecting the solvolysis pathway, as practiced
in previous studies, yields erroneous rate constants.

D) GG versus AG platination: A comparison of the platina-
tion rate constants (Table 1) shows that the differentiation
between GG and AG depends on the platinum ligands.
Whereas 3 and 4 react with I approximately three times faster
than with II (compare the sums ks+ky), 2 reacts with both
oligonucleotides at comparable rates. This indicates that if 2
interacted with DNA, one should find comparable amounts of
GG and AG adducts. Moreover, since 2 reacts only twice as
slowly with the adenine as with the guanine of AG, and since
the hydrolysis of the adenine-bound monoadduct is relatively
slow (vide infra), one should find a substantial number of
monoadducts bound to adenine. Neither expectation is in
agreement with experimental observations, and casts doubt
on the hypothesis which assumes 2 is the actual species that
binds to DNA.

E) The two GpG guanines of the TGGT sequence of I react
with similar rates: From a comparison of the specific rate
constants determined for the platination of the individual
guanines of I (ks versus k;), we observe that all three
complexes 3 -5 react with both guanines of I with comparable
rates and differ at most by a factor of 2, that is, none of
them shows a pronounced preference for the platination of
the 5-G or the 3'-G. This is in contrast with the results
obtained previously for the self-complementary duplex
d(TTGGCCAA), ! where 3 showed a 12-fold preference
for the 5'-G. This difference could either reflect the influence
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of the bases flanking the GG sequence, or originate in a
particular structure of the palindromic sequence, as suggested
by an NMR investigation. A kinetic study of 3 with the
sequence TGGC embedded in a hairpin-duplex analogous to I
has revealed a similar (=10 fold) 5’ over 3’ selectivity (V. Bas,
J. Kozelka, J.-C. Chottard, ongoing work). The most signifi-
cant effect of exchanging the 3'-thymine of TGGT with a
cytosine (yielding TGGC) is an approximate fivefold rate
decrease of the 3'-platination. This may indicate that the 3'-
cytosine destabilizes the transition state for the 3'-platination.
We are currently using molecular modeling in a search for
platinum ligand — groove interactions which could effect such
a destabilization.

Hydrolysis of chloro-monoadducts

For both I and II, we observe that the hydrolysis of the chloro-
monoadduct bound to the 3'-base proceeds considerably
faster than that of the 5'-monoadduct (Table 2). In order to
appreciate the impact of the sequence environment, it is
useful to compare these rate constants with those determined
at the same temperature and ionic strength for the aquation of

Table 2. Optimized rate constants for the aquation and chelation of the
chloromonoadducts formed between the hairpins I and IT and the platinum
complex 2 at 293 K in 0.1m NaClO, (standard deviation in parentheses).

Aquation[10~°s71] Chelation [10-3s~!]l]
ks, ky, ksalky, ks kye ksolkye

=
AT ACCATA e 019 L7() 9

0.18(1) 09(2) 105

TATAGTAT "\

ATATCATA JT4 0.26(6) 0.65(4) 2.5 0.3(3) 0.08(1) 03

[a] Ref. [18].

cis-[PtCI(NH;),(dGuo)]* (1.4 x107s!) and of cis-
[PtCI(NHs;),(5-Me-dGMP) ] (0.9 x 10->s71).2l This compar-
ison reveals that whereas the hydrolysis of the 3’-chloro-
monoadducts proceeds with rates in the expected range, that
of the 5’-chloro-monoadducts is slowed down.

This result can be related to the previous finding made by
Leng’s group that monoadducts with a cis-PtCI(NH;),*
residue bound to the G* guanine of sequences d(XG*C)-
(GCY) within duplex DNA rearrange to interstrand di-
adducts with rates dependent on the nature of the XY base-
pair.?® Since chloride arrests this rearrangement, one can
conclude that the rate-determining step is the hydrolysis of
the chloro-monoadduct, and that the nature of the XY base-
pair modulates the hydrolysis rate. The monoadduct where X
was a thymine hydrolyzed with the slowest rate. Another
indication that the hydrolysis of chloro-monoadducts is
sequence-dependent emerged from the work of Berners-
Price etal., who investigated the reaction between cis-
[PtCI(NH;),(H,O)]" (2) and the duplex d(ATACATGGTA-
CATA)-d(TATGTACCATGTAT) (the platinated guanines
are printed in italics) by means of ['H,""N] NMR. They

0947-6539/00/0611-2006 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 11





Kinetic Study of GG versus AG Platination

2002-2010

observed that the peaks due to the chloro-monoadducts
decayed with the rate constants of 0.7 x 107 s~! (5’) and 4.6 x
103 s7! (3) at 25°C.l'>:17] These rate constants mainly reflect
the hydrolysis of the chloro ligands, since the chelation of the
corresponding aqua-monoadducts was observed to be one
order of magnitude faster.'”l In all the above cases of
sequence-dependent hydrolysis of chloro-monoadducts, the
more (or most) slowly hydrolyzing adduct had a thymine on
the 5'-side. Our results show that duplex DNA may slow-
down, in a sequence-dependent manner, the hydrolysis of
platinum chloro-monoadducts. More data are needed to
obtain further insight into this effect which can reach one
order of magnitude.

Chelation reactions

The chelation rate constants were measured with the re-
strained system, which involve the reactions between 3 and I
or ILI®1 As we have pointed out,'¥! in all the investigated
duplex oligonucleotides platinated on a GG-sequence, the 3'-
monoadduct was chelated ~10 times faster than the 5'-
monoadduct. Possible causes for this difference have been
discussed previously.['”] The chelation of the 3’-monoadduct of
I1 is about 10 times slower than that of the 3'-monoadduct of I,
in accordance with the lower reactivity of adenine with
respect to guanine.

Comparison with other studies

Berners-Price, Sadler et al. have used ['"H,'"’N] NMR spectro-
scopy to study the interaction between the different cisplatin
forms and double-stranded oligonucleotides in aqueous
solution.['® 17241 Comparisons between their rate constants
and ours are not straightforward, i) since they used simplified
kinetic models, and ii) because of differences in temperature,
ionic strength, and pH, and of the presence of phosphate
buffer in some experiments. For the reaction between 2 and
the duplex d(ATACATGGTACATA)-d(TATGTACCATG-
TAT) in 9mM sodium phosphate at pH 6 and 298 K, for
instance, the platination rate constants ks =0.20 4 0.01m 's™!
and ky;=0.54+£0.02m 's! were found.['® ') Whereas a com-
ment on the absolute values is difficult to make (since they
depend on experimental conditions), the ratio ky/ks 0of 2.7 is in
good agreement with the ratio of 2.3 that we have found for
the analogous reaction with I (Table 1). It has to be noted,
however, that the rate constants measured for d(ATA-
CATGGTACATA)-d(TATGTACCATGTAT) contain a con-
tribution owing to the pathway of hydrolysis of 2 to 3/4
(Scheme 2), which was not taken into account explicitly.

In a recent study, Davies et al. investigated the reactions of
the palindromic duplexes d(AATTAGTACTAATT), and
d(AATTGATATCAATT), with 1 and 3, respectively.?* For
the reaction between d(AATTAGTACTAATT), and 3, they
found a surprisingly low guanine platination rate constant
(0.419 £0.009M's! in 0.1m NaClO, at 288 K and pH 4.9),
whereas for the platination with 2 (formed through hydrolysis
of 1), an unusually high rate constant was determined (1.06 +
0.06 M7 's7! in 9mm sodium phosphate at 298 K and pH 6).
Even if one takes the different reaction conditions into
account (the higher temperature and lower ionic strength
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accelerating, the higher pH and the phosphate ions slowing
down platination with 2), the higher rate constant found for 2
contradicts common experience indicating that 3 reacts with
DNA guanines one to two orders of magnitude faster than
2.2221 Another surprising observation is that during the
reactions of d(AATTAGTACTAATT), and d(AATTGA-
TATCAATT), with cisplatin, the concentration of the latter
decayed with considerably different initial slopes (Figure 2 of
ref.?4), whereas this slope should reflect uniquely the rate of
cisplatin hydrolysis and thus be identical in the two reactions.
We therefore believe that the rate constants issued from this
work need clarification.

Conclusion

The aim of this work was to examine how platinum ligands of
the hydrolyzed derivatives of cisplatin, cis-[PtCI(NHj;),-
(H,O)]* (2), cis-[Pt(NH;),(H,0),]** (3), and cis-[Pt(OH)-
(NH;),(H,0)]* (4), control the kinetics and selectivity of
DNA platination. These three complexes of the general
formula cis-[Pt(NH;),(H,O)(Y) J*** (Y=Cl-, H,0, OH"), as
well as the triammine derivative [Pt(NH;);(H,O)]** (5; Y=
NH,;), were made to react with two oligonucleotides, I and II,
bearing the two platinum binding sites, GG and AG,
respectively, in an identical environment. This is the first
determination of site-specific platination rate constants for
2 -5, carried out under the same conditions.

The first major result emerging from this comparative study
is that whereas the aqua/hydroxo derivatives 3 and 4 show a
clear 3:1 GG over AG binding preference, only a weak
selectivity is observed with the chloro complex 2. Since it has
been established in numerous experiments that the reaction
between cisplatin and DNA yields three times more GG than
AG adducts, this result contradicts the common view!***! that
2 is the species actually reacting with DNA bases. This would
suggest that cisplatin has to undergo double hydrolysis before
reacting with DNA. On the other hand, work from several
groups did provide results interpretable as evidence for direct
interaction between 2 and DNA. For instance, Johnson et al.
determined apparent first-order rate constants for the reac-
tion between 2 and calf thymus DNA that were linearly
dependent on DNA concentration.” In other DNA platina-
tion experiments, Schaller et al.”l and Bancroft et al.?!l found
that in the presence of excess DNA, the concentration of 2
decayed faster than the corresponding uncatalyzed hydrolysis
to 3. A question that has not yet been addressed is whether the
hydrolysis of 2, when 2 is associated by electrostatic forces
with the DNA surface, proceeds with the same rate as in
monovalent electrolytes in which kinetic measurements are
mostly carried out. It has been shown that the large negative
potential of DNA repels anions and concentrates cations,*?]
including H;O* [ and also depletes Cl- from the DNA
surface and causes it to be more acidic than the bulk solution.
Such conditions push the aquation equilibria towards the
hydrolyzed forms, and the protolytic equilibria towards the
aqua species (i.e., favoring 3 over 2 and 4). In addition, the
polar DNA residues and the negative charge residing on the
phosphate groups may accelerate substitution reactions by
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means of electrostatic catalysis. This hypothesis remains to be
substantiated by more experimental data.

The second major result is that the platination rate
constants seem to be more sensitive to the hydrogen bonding
potential of the platinum complex than to its charge.
The order of platination rates within the series cis-
[Pt(NH;),(H, O)(Y) ]+ is 3>4>5>>2 (Y=H,0>
OH™ > NH; > > Cl"), which is the order of decreasing hydro-
gen-bond donor ability. This suggests that hydrogen-bonding
interactions play a major role in the transition state of the first
GN7 coordination. It is noteworthy that the exchange of the
sole Y ligand modifies the platination rate constant for a given
DNA base by a factor up to 150. On the other hand, it is
interesting to note that complexes 3 and 4, whose Y ligand is
H,0 and OH", respectively, differ only by a factor of two for
their platination rates and exhibit identical selectivities
between the purines of I and II.

According to the current model for cisplatin— DNA inter-
action in vivo, cisplatin passes through the cell membrane in
its dichloro form 1. Inside the cell, the hydrolysis to 2 occurs,
favored by the low chloride concentration in the cytoplasm;
this step has been shown by numerous authors to be rate-
determining for DNA platination. Recently, Jennerwein and
Andrews have demonstrated for 2008 human ovarian carci-
noma cells that replacement of 92% of the intracellular
chloride by nitrate does not affect the rate of platinum binding
to DNA.[I This result suggests that chloride anation of 2 back
to 1 is negligible, that is, the equilibrium between 1 and 2 has
no time to establish. This would be expected anyway since the
hydrolysis of 1 is very slow (7,,=19h at 37°C). Once
hydrolyzed to 2, the monocationic platinum complex will
probably rapidly associate with the polyanionic DNA in the
nucleus, forming an outer sphere complex. Our data are in
line with a kinetic scheme in which the second hydrolysis
takes place within this outer sphere complex, before the first
coordination of a nucleobase has occurred. In the acidic
conditions prevailing in the DNA grooves,*#! 3 would
remain largely in the diaqua form, and the site-selectivity of
nucleobase binding would thus be dictated by interactions
between its ligands and the DNA residues in the major
groove.

Certainly, more work is needed to make sure that the 3:1
GG over AG preference observed for 3 and 4, and the lack of
clear preference recorded for 2, reflect general sequence
selectivities of the hydrolyzed cisplatin forms. Another point
that has to be addressed in future work is the rate of hydrolysis
of 2 associated with double-stranded DNA.

Experimental Section

Starting materials: The oligonucleotides were synthesized as ammonium
salts; their purity was checked by capillary electrophoresis and analytical
HPLC by the group of T. Huynh Dinh (Institut Pasteur, Paris). Approx-
imate concentrations were evaluated photometrically by using an
average molar absorption coefficient &,, of 8000M~'cm™' per base.
Cisplatin was kindly provided by Johnson-Matthey. Solutions of cis-
[Pt(NH;),(H,0),]**!"+ 5 and cis-[PtCI(NH;),(H,0)]** were prepared as
previously described. Perchloric acid and all salts were purchased from
Merck.
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Kinetic analyses: i) General procedure: The reactions were performed in
NaClO, (0.1m) at 20°C, the initial concentrations were 0.12-0.15mwm for
the oligonucleotides and 0.08 - 0.10mw for the platinum complexes (a slight
oligonucleotide excess was used in order to avoid bis-platination). At this
low concentration, formation of hydroxo-bridged species is expected to be
negligible even at pH close to neutral.’®l Aliquots of the reaction mixtures
were collected at several time points, quenched by addition of saturated
KCl or KBr solutions, respectively, for reactions with II and I, and stored at
liquid-nitrogen temperature until they were analyzed by reversed-phase
HPLC." These quenching conditions have been shown to trap all the aqua
intermediates and to avoid evolution of the reaction.!'" '8 47l The reactions
with 2, 3, and 5§ were carried out at pH of 4.5 £ 0.1, adjusted by the addition
of small amounts of diluted HCIO,. For the reactions with 4, the pH of the
oligonucleotide was adjusted between 5.6 and 6.8 with diluted NaOH;; then
the solution of 3 was added and the pH of the reaction mixture measured.
The pH-time curves were determined by measuring the pH at different
time intervals. The final pH lie between 6.7 and 7.3. The pH electrode
(Metrohm 691, filled with 0.1m LiClO, as internal electrolyte) was not left
permanently immersed in the reaction vessel, in order to avoid diffusion of
the electrolyte into the vessel. A typical pH —time curve for one reaction is
presented in Figure 2.

[H,0*] x 107 /M

200 40 60 80 100 120 140
Time / min

Figure 2. pH-time curve recorded for the experiment (II+3/4) as a

function of time. (@) experimental measurements; (—) fit function

[H;0*] = a+b/(time+c)¢, with the coefficients a, b, ¢, and d optimized using

the program Kaleidagraph.

ii) Reversed-phase HPLC analysis of the reaction mixtures and identi-
fication of the products: HPLC analysis of the reaction aliquots was
performed with a Beckman 126 pump coupled to a Beckman diode array
detector 168 and a System Gold V810 integrator. The system was
connected to a Rheodyne 7725i valve. A POROS R2/H (100 x 4.6 mm
i.d., 10 um) column (PerSeptive Biosystems GmbH) was employed for the
analysis of the adducts from II, and a stainless steel column Nucleosil C8
(150 x 4.6 mm i.d., 5 um, 300 A, Colochrom, France) for the separation of
the adducts from I. Operating conditions are given in the caption of
Figure 3 and in that of Figure 3 of ref.[18]. Relative concentrations were
determined from the ratios of the peak areas. The detection wavelength of
245 nm was chosen close to the quasi-isosbestic points observed for the
reactions involving 2 and 3/4. For the reaction between I and 5, which did
not alter the absorption spectrum to a detectable extent, the detection
wavelength was that of the absorption maximum (260 nm).The identifica-
tion of the intermediate monoadducts and the final NGcis-Pt chelate was
achieved by enzymatic digestion using the VPD 3'-exonuclease which stops
at a platinated nucleoside leaving a 3'-OH free end.['* **] The monoadducts
and chelate formed upon reaction and quenched at the time of their
maximum concentrations in the reaction mixture, were collected at the
outlet of the column and digested by 20 mL of VPD without addition of
buffer at 37 °C. After lyophilization, the digested fragments were identified
by mass spectroscopy using the MALDI ionization method (Figure 4). The
MALDI spectra have been performed at University Pierre et Marie Curie
on an in-house built MALDI spectrometer with a linear time of flight
(TOF) analyzer as described previously.[*]
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a)

™ T

0 10 20

Time / min

b)

T ————
0 20 Time / min

Figure 3. Typical chromatograms of platination mixtures quenched by
halide ions. Reaction conditions: 0.1m NaClO,; pH4.5+0.1 T=273 K.
a) Reaction between I and 2 quenched at =135 min by excess KBr.
POROS R2/H column. Mobile phase, solvent A: NH,Br 1M, urea 1w,
triethylammonium acetate buffer 10~2m, pH 7, solvent B: CH;CN/H,O (50/
50). Solvent B gradient: 7-20% from 0 to 50 min; flow rate 3 mL min~;
column temperature 40°C; detection wavelength: 245 nm. b) Reaction
between I and 3/4 quenched at =30 min by excess of KBr. Nucleosil C8
300 A (150 x 4.6 mm, 5 pm) column. Mobile phase, solvent A: NH,Br 0.5M,
ammonium acetate buffer 0.04m, pH 5.0; solvent B: CH;CN. Solvent B
gradient: 7.5 % for 3 min, 7.5-10 % from 3 to 43 min; flow rate 1 mL min~;
column temperature 50°C; detection wavelength: 260 nm. 15": 5-mono-
adduct, I3: 3’-monoadduct, C: chelate.

iii) Data analysis: The rate constants were calculated by numerical
integration of the differential equations using the program ITERAT.
The reaction schemes for the platination of I and II with 2 and with 4 are
shown in Schemes 2 and 3. Both analyses started with the evaluation of the
corresponding reaction with 3, described previously.'¥l The mathematical
adaptations necessary to introduce the time-dependence of the H;O*-
concentration have been described by Weber et al.l]
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Steel-Promoted Oxidation of Olefins in Supercritical Carbon Dioxide Using

Dioxygen in the Presence of Aldehydes

Frank Loeker and Walter Leitner*!2!

Abstract: Oxidation of olefins occurs effectively in supercritical carbon dioxide as

the reaction medium with dioxygen as the primary oxidant and aldehydes as
sacrificial co-oxidants. No catalyst is required, but the reaction is promoted by the
stainless steel of the reactor walls. Depending on the substrate, vinylic oxidation or

Keywords: catalysis - epoxidation -
oxygen - supercritical carbon diox-
ide - wall effect

epoxidation can be the prevailing pathway. Epoxidation is particularly effective for
substrates with internal double bonds and for long-chain terminal olefins.

Introduction

Supercritical carbon dioxide (scCO,, T.=30.9°C, p.=
73.8 bar) has recently received considerable attention as a
reaction medium with unique properties for chemical syn-
thesis and catalysis.[" > 3! In contrast to many common organic
solvents, scCO, is not toxic, not flammable, and its use is not
associated with any immediate environmental hazards. The
high miscibility with many reaction gases makes scCO, very
attractive for processes involving gaseous reactants which
often suffer from mass transport limitations. The possibility of
tuning the density of scCO, by comparably small variations of
pressure and temperature opens an additional range of
fascinating applications in catalysis.* 5! The oxidation stability
of CO, suggests scCO, as a particularly interesting reaction
medium for the oxidation of organic substrates.?®

One of the biggest challenges in oxidation catalysis is the
selective oxidation of hydrocarbons with molecular oxygen.[’
In particular, the epoxidation of olefins is an important
process for introducing functional groups in organic synthesis.
Previous attempts to utilize dioxygen for epoxidation in
scCO, led only to moderate yields of the desired products.
Cyclohexene was oxidized with 8.9% conversion and a
selectivity for epoxycyclohexane of 34 % in scCO, using O,
in the presence of a Fe-porphyrin catalyst.®l Considerable
amounts of by-products were formed from free-radical allylic
oxidation, including cyclohex-2-enone, cyclohex-2-enol, and
their epoxidation products such as 2,3-epoxycyclohexanone.

A common way of utilizing O, in transition metal catalyzed
epoxidation chemistry is the addition of an aldehyde as

[a] Priv.-Doz. Dr. W. Leitner, Dipl.-Chem. F. Loeker
Max-Planck-Institut fiir Kohlenforschung
Kaiser-Wilhelm-Platz 1, 45470 Miilheim an der Ruhr (Germany)
Fax: (-+49)208-306-2993
E-mail: leitner@mpi-muelheim.mpg.de
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sacrificial oxygen transfer agent (Mukaiyama conditions).’]
Typically, fairly elaborate transion metal complexes are used
as homogeneous catalysts for these reactions in organic
solvents.’) There are, however, some reports on epoxidations
using oxygen and aldehydes without deliberate addition of
metal complexes. For example, cyclohexene was oxidized to
epoxycyclohexane with 71 % yield in CH,Cl, using dioxygen
under atmospheric pressure and heptanal in the presence of
iron powder and acetic acid.'” The formation of soluble iron
complexes under these conditions was suggested as a possible
explanation for this observation. Other papers describe the
epoxidation of simple olefins even in the absence of any metal
source especially if chlorinated solvents are used.['™>!!]

Herein, we report that oxidation of olefins using O, in the
presence of aldehydes occurs efficiently in scCO, as the
reaction medium.['? In particular, we found that addition of a
metal catalyst was not required to achieve high reaction rates
and selectivities for the epoxidation of internal double bonds.
Extensive control experiments revealed that the presence of
stainless steel (e. g. from the autoclave walls) promoted the
epoxidation, presumably by initiating radical reaction path-
ways.

Results and Discussion

The reaction conditions for oxidation of olefins in scCO, were
optimized on the basis of the epoxidation of cis-cyclooctene
with molecular oxygen and aldehydes as sacrificial co-
oxidants (Table 1). Reactions were carried out in a 100 mL
stainless steel autoclave. Excellent results were obtained
under the reaction conditions given in Table 1, entry 1 with
nearly quantitative conversion of cis-cyclooctene and almost
complete selectivity towards epoxycyclooctane. Decreasing
the molecular ratio from cis-cyclooctene:O, to 1:1.6 (atmos-
pheric pressure of O, in the autoclave, V=100mL) or
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Table 1. Epoxidation of cis-cyclooctene in scCO, under various reaction
conditions.!?!

Entry S:A T[°C) t[h] S:0, Conv.[%]P  Sel [%]
1 1:2 55 18 1:10 >99 >99
2 1:2 55 18 1:1.6 94 >99
3 1:2 55 8 1:10 90 >99
4 1:24 55 18 1:10 100 99
5 1:1 55 18 1:10 2 >95
6 1:2 2528l 18 1:10 14 >99

[a] S = cis-cyclooctene (2.5 mmol), A =2-methyl-propionaldehyde.
[b] Conversion of cis-cyclooctene as determined by GC. The GC values
are corrected. Oxidation products have been characterized by GC/MS.
[c] Selectivity = (GC area% of epoxycyclooctane)/(GC area% of all
detected oxidation products of cis-cyclooctene). GC signals <0.2 area %
have been neglected. [d] A =2,2-dimethyl-propionaldehyde. [e] In liquid
CO,.

reducing the reaction time to

0, /scCO
H 2 scCO, H
stainless steel
H R-CHO  R-COOH H
: H 0’ f ~
PSS
cis-cyclooctene cyclohexene (R)-(+)-limonene isophorone

Scheme 1. Steel-promoted epoxidation of cyclic olefins.

ing to lower reaction temperatures. In the case of cyclohexene,
small amounts of cyclohex-2-enone (6 % ) were formed as by-
product. With (R)-(+)-limonene as the substrate, epoxides
were detected as the only oxidation products at 30-51%

Table 2. Epoxidation of various olefins with dioxygen and 2-methyl-propionaldehyde in the presence of stainless

8 h led to somewhat lower con-  Steel™
version (entries 2 and 3). The  Entry  Olefin Solvent Conv. [%]  Epoxides Sel. [%]™  Runs
molecular structure of the alde- 1 cis-cyclooctene scCO, 95-99.6 epoxycyclooctane >99 15l
hyde had little influence on the cis-cyclooctene toluene 50-84 epoxycyclooctane >99 4
epoxidation (entry 4). Two 3 cyclohexene scCO, 95 epoxycyclohexane 91 1
. 2,3-epoxycyclohexane-1-one 3
equivalents of aldehyde were
! L. R Y X 4 cyclohexene CH,CL! 93 epoxycyclohexane 95 1
S.Ufﬁment tO. achieve quantita- 5 1-octene scCO, 23-46 1,2-epoxyoctane 70-87 5
tive conversion, but only trace 34-epoxyoctane 4-8
amounts of the epoxide were 6 1-octene scCO, ! 26 1,2-epoxyoctane 94 1
formed with one equivalent of ; Lot ol 023 iv;'epoxyomne 63 a2
-octene oluene - ,2-epoxyoctane -
a.ldehyde (entry 5). The reac- 3 4-epoxyoctane 17
tion rate was much lower in 8 trans-3-hexene scCO, 96 trans-3,4-epoxyhexane >98 1
liquid CO, at lower reaction 9 trans-3-hexene toluene 69 trans-3,4-epoxyhexane >98 1
temperature (entry 6). 10 (R)-(+)-limonene  scCO, 30-51 cis-1,2-epoxide 59-60 2
Conversion and selectivity frans-1,2-epoxide 30-32
L . 8,9-epoxideslf] 9-10
for the epoxidation of various 11 (R)-(+)-limonene  toluene 83 cis-1,2-epoxide 51 1
substrates in scCO, under trans-1,2-epoxide 32
standardized reaction condi- 8,9-epoxides!’! 6
tions are listed in Table 2. The ) 1’2v8’9_‘dleP°X1desm 11
lic olefins cis-cvclooctene 12 isophorone scCO, 16 epoxyisophorone 30 1
cye y 13 isophorone toluene 4 epoxyisophorone 19 1

and cyclohexene were convert-

ed nearly quantitatively in
scCO, with very high selectiv-
ities (Scheme 1). For cis-cyclo-
octene, the epoxidation oc-
curred efficiently in six different
stainless steel autoclaves that
varied in manufacture and volume. Reaction temperatures
between 46 and 55 °C were employed, but conversion was only
slightly affected with somewhat lower conversion correspond-

isomers.

Abstract in German: Olefine konnen in iiberkritischem
Kohlendioxid oxidiert werden, wenn Sauerstoff als primdres
Oxidationsmittel und Aldehyde als Co-Oxidantien eingesetzt
werden. Die Reaktion wird in Gegenwart des Edelstahls der
Reaktorwinde initiiert und erfordert keine zusdtzlichen Kata-
lysatoren. In Abhingigkeit vom Substrat findet bevorzugt
vinylische Oxidation oder Epoxidierung statt. Die Epoxidie-
rung ist besonders effektiv bei Substraten mit interner Dop-
pelbindung und bei langkettigen endstindigen Olefinen.

2012
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[a] Reaction conditions: see Experimental Section. Analysis by GC and GC/MS. For epoxycyclooctane the GC
values are corrected, all other values are uncorrected. [b] Selectivity = (GC area % of the epoxide)/(GC area % of
all detected oxidation products of the olefin), GC signals <0.2 area % were neglected. Additional by-products for
oxidation in toluene: benzaldehyde, benzyl alcohol, benzyl hydroperoxide, benzoic acid. [c] Six different stainless
steel autoclaves were used. [d] 2,2-Dimethyl-propionaldehyde was used. [e] In absence of stainless steel. [f] Two

conversion in scCO,. Epoxidation of the cyclic double bond
was largely preferred over attack at the terminal position.
Isophorone, an olefinic cyclic ketone, was oxidized with
modest conversion and with comparably low selectivity for
the epoxide in scCO,. The main by-products were the cyclic
1,4-diketone and an acyclic carboxylic acid that was formed by
oxidative cleavage of the double bond.

With linear olefins, epoxidation was nearly quantitative in
the case of trans-3-hexene containing an internal double bond
(Scheme 2) and trans-3,4-epoxyhexane was formed as the
only stereoisomer. The terminal olefin 1-octene was epoxi-
dized with moderate rate in scCO, (Scheme 3) and the
selectivity towards the terminal epoxide was 70—87 %. Small
amounts of heptanoic acid were detected and the 3,4-epoxide
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0,/scCO,
Et stainless steel o]
/\/ ru"/
Et ) §' etY Rt
R-CHO R-COOH
Cv =96%

Scheme 2. Steel-promoted epoxidation of trans-3-hexene. Cv=conver-
sion.

0,/scCO, o
stainless steel (o] other oxidation
RV R1/<I + R1)J\ + products
R-CHO  R-COOH
R1=n-CgH13 Cv=23-46% Sel=70-94%
R1=Me Cv=73% Sel = 14% 67%

Scheme 3. Steel-promoted oxidation of terminal linear olefins. Cv=con-
version; Sel = selectivity.

was formed, presumably resulting from isomerization of the
olefin. However, a selectivity towards 1,2-epoxyoctane of up
to 94% could be achieved when 2,2-dimethyl-propionalde-
hyde was used as the co-oxidant.

Conversion of propene was high under standard reaction
conditions (Scheme 3), but vinylic oxidation was the prevail-
ing pathway leading to acetone as the major product with
49% vyield (relative to n-heptane as internal standard, see
Experimental Section). Propylene oxide was formed in 10 %
yield and other oxidation products included isopropyl alcohol
(6%), isopropyl formate (5%), acetaldehyde (2%), and
traces of acetic acid.

The aromatic olefins styrene, trams-stilbene and indene
were also treated with dioxygen under the same reaction
conditions as above (see Table 1, entry 1). Indene was the only
aromatic substrate that showed significant conversion (32 %),
leading to a mixture of oxidation products. Oxidative cleavage
of the double bond gave 2-(2-oxoethyl)-benzaldehyde as the
major component, but 1,2-indanediol and the vinylic oxida-
tion product 2-indanone were also present in appreciable
amounts (Scheme 4).

0, /scCO; (0] OH
stainless steel |
R-CHO R-COOH
Cv =32% Sel = 59% 21% 1%

Scheme 4. Steel-promoted oxidation of indene. Cv =conversion; Sel =
selectivity.

From these investigations, one can conclude that scCO, is
an interesting medium for oxidation processes utilizing
molecular oxygen in the presence of aldehydes as the co-
oxidant. In particular, the epoxidation of internal double
bonds occurs with high rates and selectivities even in the
absence of any additional catalyst. To further assess the
potential of scCO, as a solvent for this type of oxidation
reactions, we compared its performance to that with conven-
tional liquid organic solvents. In a standard glass flask, the
epoxidation of cyclohexene occurred also efficiently in

Chem. Eur. J. 2000, 6, No. 11
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CH,Cl, with 95% selectivity under atmospheric pressure of
O, and in the presence of three equivalents of 2-methyl-
propionaldehyde (Table 2, entry 4).[10]

In sharp contrast, virtually no conversion occurred when
toluene was used as a solvent for the oxidation of cyclic olefins
in standard glassware. Whereas chlorinated solvents such as
CH,Cl, are known to initiate radical oxygen transfer reac-
tions,! neither toluene nor CO, are expected to enable
similar pathways. To account for the obvious discrepancy
between the lack of oxidation in toluene and the highly
effective conversion in scCO,, we speculated that the stainless
steel of the reactor walls played a crucial role in promoting the
oxidation in the supercritical medium.l'>'¥ The results
summarized in Figure 1 strongly support this hypothesis.

100

Otoluene
80 mscCO2
80 —
70 84 85
60 73
X 50
& 40
o
o 30
g 20
© 10 3
0 t + t t 4
autoclave autoclave flask + flask + flask +
+scCO2 + toluene toluene toluene + toluene +
steel iron
shavings powder

Figure 1. Epoxidation of cis-cyclooctene in scCO, and in toluene using a
partial pressure of O, of 1 bar.

In a stainless steel autoclave, cis-cyclooctene was converted
to epoxycyclooctane with 94% conversion and >99%
selectivity after 18 h at 55°C in scCO, (d =0.75 g mL~') under
a partial pressure of O, of 1bar using two equivalents of
2-methyl-propionaldehyde. Epoxidation was also initiated in
toluene by using the same stainless steel autoclave under
otherwise identical reaction conditions, but conversion was
less efficient than in scCO,. Most significantly, only 3%
conversion occurred in toluene in the absence of steel after
18 h in a borosilicate glass flask, but O, consumption started
immediately upon addition of steel shavings and 85%
conversion of the olefin to the epoxide was detected after
further stirring for 18 h. This experiment unambiguously
demonstrates the promoting effect of steel. The surface and
composition of the steel had no significant influence on the
reaction rate. Substitution of the steel shavings with iron
powder was also possible, but resulted in slightly lower
conversion of the olefin.

As seen from Table 2, the steel-promoted epoxidation
occurred generally more efficiently in scCO, than in toluene
under otherwise identical reaction conditions. In the case of
cis-cyclooctene (entry 1/2), 1-octene (entry 5/7), and trans-3-
hexene (entry 8/9), the selectivities of the desired epoxides
were very similar in both solvents, but conversion was
significantly lower in toluene than in scCO,. Practically no
oxidation of isophorone occurred in toluene as compared to
16% conversion in scCO, (entry 12/13). (R)-(+)-limonene
was the only substrate for which conversion was higher in
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toluene than in scCO, (entry 10/11), but two isomeric
diepoxides were formed as additional products.

The higher reaction rates in scCO, than in toluene may be
partly due to the fact that scCO, and dioxygen are completely
miscible, whereas in toluene the availability of dioxygen is
limited. The higher diffusivity of scCO, compared to toluene
may also play an important role. A further benefit of CO, as
compared to toluene is the above-mentioned inertness
towards oxidation, allowing the partial pressure of O, to be
raised to several bars. Generally, in organic solvents, only low
pressures of dioxygen can be used because explosion limits
have to be considered. In the present case, significant amounts
of by-products from the oxidation of toluene as solvent (i. e.
benzaldehyde, benzyl alcohol, benzyl hydroperoxide, benzoic
acid) were observed even under atmospheric pressure of O,.

The promoting effect of steel in the epoxidation of internal
olefins can be related to the formation of acylperoxy radicals
from the reaction of the aldehyde and dioxygen. Monitoring
the epoxidation of cis-cyclooctene in scCO, by online GC/MS
reveals a significant induction period, which can be reason-
ably associated with this process (Figure 2).'1 Once the
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Figure 2. Reaction profile for a typical steel-promoted epoxidation of cis-
cyclooctene in scCO,.

acylperoxy radicals are present in sufficient concentration, the
subsequent oxidation of the olefin can occur in a non-catalytic
radical pathway (Scheme 5).

stainless
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R-C

0
C\
OH
0 o
R-C’
H

Scheme 5. Possible mechanism for the steel-promoted epoxidation of cis-
cyclooctene.

N

O-

Consistent with this picture, the amount of typical by-
products arising from direct free-radical oxidation with O, is
very small under our conditions. Furthermore, the epoxida-
tion of cis-cyclooctene continues, if a toluene solution is

2014 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

filtered from the steel shavings after initiation. However,
oxidation stops immediately if p-tert-butylcatechol is added as
aradical scavenger to either the filtrate or the steel-containing
mixture. The sequence shown in Scheme 5 is consistent with
these experimental results. However, we note that our data do
not necessarily exclude a pathway involving the formation of
soluble metal species that may contribute to the oxygen
transfer.''l For scCO,, we consider such a scenario less likely
based on the weak solvent power of this medium for metal
ions. [16]

Conclusion

In conclusion, scCO, provides an interesting reaction medium
for the oxidation of olefins using dioxygen in the presence of
aldehydes as the co-oxidant. Depending on the substrate,
either vinylic oxidation or epoxidation occurs with high rates
and selectivities. Epoxidation is particularly efficient in the
case of linear or cyclic substrates containing internal double
bonds. No additional catalyst is required to achieve high
reaction rates and selectivities. However, the epoxidation is
promoted through the presence of stainless steel from the
reactor wall, which seems to facilitate the initial formation of
acylperoxy radicals.

Experimental Section

Safety warning: The use of compressed gases and especially O, in the
presence of organic substrates requires appropriate safety precautions and
must only be carried out using suitable equipment.

All liquid starting materials and solvents were dried and distilled under
argon prior to use. Dioxygen (Messer Griesheim, 4.8) and CO, (Messer
Griesheim, 4.5) were used as received.

Oxidation of olefins in scCO,: A 100-mL stainless steel autoclave
(austenitic steel, material number 1.4571) equipped with thick-wall glass
windows, PTFE-stir bar, two thermocouples for the inner temperature and
the temperature of the electrically heated wall, pressure transducer, and
needle and ball valves was charged with the olefin (2.50 mmol) and the
aldehyde (5.00 mmol) under argon. The reactor was filled with CO, (75 g,
d=0.75gmL™") using a compressor. Dioxygen was introduced from a
pressurized vessel whereby the amount of O, (ca. 25.0 mmol) was estimated
from the pressure drop in the reservoir. The partial pressures of O, in the
mixture under reaction conditions were additionally controled by means of
a calibration curve. A colorless homogeneous supercritical phase was
formed upon heating to 55 °C under stirring (p%, ~ 190 bar). After 18 h the
reactor was vented through a cryo trap (— 78 °C, acetone/dry ice). To collect
all products, the reactor and the cryo trap were washed with an organic
solvent and the combined solutions were analyzed by GC and GC/MS. The
reaction products were additionally characterized by 'H and *C NMR
spectroscopy in the case of the substrates trans-3-hexene and indene.

Monitoring the epoxidation by online GC/MS: A typical reaction mixture
containing cis-cyclooctene as the substrate was prepared as described
above in a stainless steel autoclave (V=100mL). The reactor was
connected to a HP GC 6890 gas chromatograph including a HP MSD
5973 mass detector and a 30-m HP-5MS column using an automatic
sampling valve system described in detail elsewhere.'” GC/MS spectra
were automatically recorded at 1 h intervals.

Epoxidation of cis-cyclooctene under atmosheric pressure of O, in scCO,:

cis-Cyclooctene (2.50 mmol) and 2-methyl-propionaldehyde (5.00 mmol)

were placed in the above-described 100-mL stainless steel autoclave under

an O, atmosphere (100 mL = 1.6 equivalents). The reactor was filled with

CO, (75 g, d=0.75 gmL™") using a compressor, stirred for 18 h at 55°C
0~ 190 bar) and the contents worked-up as described above.
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Oxidation of propene in scCO,: 2-Methyl-propionaldehyde (8.20 mmol)
was placed in the 100-mL stainless steel autoclave under a propene
atmosphere (100 mL =4.10 mmol). The reactor was filled with CO, (75 g,
d=0.75 g mL') using a compressor. Then dioxygen (ca. 40.0 mmol) was
introduced from a pressurized vessel as described above. After stirring the
mixture for 18 h at 55°C (p{,, =190 bar) the reactor was vented through a
cryo trap filled with 70 mL of dry and degassed toluene at —50°C. The
reactor was washed with toluene and the combined toluene solutions were
analyzed by GC and GC/MS. The yield of oxidation products was
determined using n-heptane as an internal standard and are based on
corrected GC values for all oxidation products.

Oxidation of olefins in toluene: A 100-mL two-necked round-bottom flask
or the 100-mL stainless steel autoclave described above was charged with
dry and degassed toluene (70 mL), the olefin (2.50 mmol), and 2-methyl-
propionaldehyde (5.00 mmol) under argon. The reaction compartment was
purged with O, and a gas burette filled with dioxygen was connected. The
reaction mixture was agitated with a magnetic stir bar for 18 h at 55°C.
After cooling to ambient temperature the solution was analyzed by GC and
GC/MS.

Epoxidation of cyclohexene in CH,CL,:'™ A 50-mL two-necked pear-
shaped flask was charged with dry and degassed CH,Cl, (10 mL), cyclo-
hexene (2.00 mmol), and 2-methyl-propionaldehyde (6.00 mmol) under
argon. The reaction compartment was purged with O, and a gas burette
filled with dioxygen was connected. The reaction mixture was agitated with
a magnetic stir bar for 15 h at ambient temperature (23 -24°C). Then the
solution was analyzed by GC and GC/MS.
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Synthesis and Characterization of Tris-Methacrylated 3,4,5-Tris[ (alkoxy)ben-

zyloxy]benzoate Derivatives

Uwe Beginn,* Gabriela Zipp, and Martin Méller!?!

Abstract: The synthesis of liquid crystalline 3,4,5-tris(11-methacryloylundecyl-1-
oxybenzyloxy)benzoic acid, 2-methyl-(1,4,7,10,13-pentaoxacyclopentadecane)-3,4,5-

tris[4-(11-methacryloylundecyl-1-oxy)benzyloxy] benzoate and its 1:1 complex with
sodium triflate is described. The observed mesophases were identified, by polarized
optical microscopy and contact preparation techniques, to be of hexagonal columnar
disordered structure. The amphiphiles form lyotropic columnar phases in concen-

Keywords: amphiphiles - benzoates
- crown compounds - mesophases -
organogelators

trated methacrylate solvents, while at low solute contents supramolecular organogels

emerge.

Introduction

Although the present-day technical polymeric materials have
rather complicated microscopic superstructures, the molec-
ular-level structures remain much less complex than those of
biological functional units. Here specific transport units, such
as carrier molecules and ion pores or channels, are able to
recognize and selectively transport ions or molecules.l A
major reason for this gap in development is that the structures
of synthetic macromolecules are polydisperse and their
intermolecular interactions are also for the most part not
directed or localized.”! Yet, supramolecular chemistry that is
directed towards the formation of exactly defined assemblies
mostly works with rather small molecules. In addition, well-
defined supramolecular complexes are typically rather rigid
and have only limited abilities to undergo complex changes
depending on slight variations of the environment; this limits
their function as molecular devices, in contrast to the flexible
biomolecular assemblies. Hybrid materials composed of
supramolecular aggregates that are connected to macromo-
lecules may raise new opportunities to combine the specificity
of supramolecular recognition with the flexibility and long-
range effects of macromolecular systems.?!

We are interested in the preparation of functional mem-
branes containing self-organized transport channels based on
such supramolecular/macromolecular hybrids. Our synthetic
approach exploits the self-organization ability of wedge-

[a] Dr. U. Beginn, Dr. G. Zipp, Prof. Dr. M. Méller
Laboratory of Organic and Macromolecular Chemistry, OC-III
University of Ulm, Albert-Einstein-Allee 11
89069 Ulm (Germany)
Fax: (-+49)731-502-2883
E-mail: uwe.beginn@chemie.uni-ulm.de

2016 ——

shaped molecules, which stack to form well-defined supra-
molecular columns.* 3 Each column represents a solid
aggregate consisting of regularly arranged, densely packed
molecular units (Figure 1). The molecules bear a receptor
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Figure 1. Schematic representation of the self-assembly of wedge-shaped
amphiphiles in monomeric solvents. The self-organization into networks of
solid supramolecular cylindrical aggregates causes the gelation of the
liquid. Subsequent polymerization yields a hybrid material containing
supramolecular channels, covalently anchored to the polymeric matrix
phase (“matrix-fixed supramolecular channel”) process.

function at the tip of the wedge and have polymerizable
groups at the rim.’! As they assemble to a solid supra-
molecular column, the receptor groups stack along the
cylinder axis, thus forming a potential transport channel.
Since the polymerizable groups are located at the outer rim of
the aggregates, each cylinder is surrounded by a coat of
monomer units. If the cylinders assemble in solution, a gel is
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formed, at rather low concentrations.”l When the solvent is a
monomer, possibly mixed with a cross-linker, which can be
photopolymerized, the cylinders can be embedded and
covalently linked in a polymer matrix. Corresponding thin
films may serve as a new type of membrane containing
“matrix-fixed supramolecular channels” (Figure 1).

In a first approach, we focussed on alkali-ion-selective
membranes. Crown ether compounds such as 1,4,7,10,13-
pentaoxacyclopentadecane (“15-c-57) selectively form com-
plexes with alkali metal cations, the stability of the complex
being ruled by the radius of the cation.®! In earlier reports,
crown-ether-containing compounds such as 2-hydroxymethyl-
[1,4,7,10,13-pentaoxabenzocyclopentadecane]-3,4,5-tris[4-(n-
dodecyl-1-oxy)benzyloxy]benzoate (B) were shown to form a

hexagonal columnar mesophase,”l in which the stacked crown
ether moieties form potential ion channels parallel to the
column axis. In fact, it was reported that B exhibits ionic
conductivity in the mesophase.!’)

In an earlier report, we described derivatives of B with one
alkyloxybenzyloxy group replaced by an 11-methacryloylun-
decyl-1-oxy unit.] Here we describe the synthesis of tris-
methacrylate-functionalized B analogues. Because of the
symmetrical substitution pattern, the stability of self-assem-

Abstract in German: Die Synthese der fliissigkristallinen
Verbindungen 3,4,5-Tris(11-methacryloyl-undeceyl-1-oxyben-
zyloxy)benzoesiure, 2-Methyl-(1,4,7,10,13-pentaoxacyclopen-
tadecan)-3,4,5-tris[4-(11-methacryloyl-undecyl-1-oxy)benzyl-
oxyJbenzoats und seines 1: 1 Komplexes mit Natriumtrifluor-
sulfonat wird beschrieben. Die beobachteten Mesophasen
wurden mittels Polarisationsmikroskopie und Kontaktpripa-
raten charakterisiert. Die Amphiphile bilden sowohl in bulk,
als auch aus konzentrierten Losungen in Methacrylat-Solven-
tien hexagonal columnare Phasen aus, wihrend verdiinnte
Losungen unter Ausbildung supramolekularer Organogele
thermoreversibel gelieren.

Chem. Eur. J. 2000, 6, No. 11
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bled structures should be enhanced relative to the mono-
methacrylated B compound.* ! In addition, the increased
number of polymerizable groups should improve the con-
nectivity between the supramolecular aggregates and the
surrounding cross-linked matrix.

Results and Discussion

The synthesis of 3,4,5-tris[4’-(11-methacryloylundecyl-1-oxy)-
benzyloxy|benzoic acid (7) was carried out as depicted in
Scheme 1. Methyl-4-hydroxybenzoate (1) was alkylated with
11-bromo-1-undecene to yield methyl-4-(10-undecenyl-1-
oxy)benzoate (2).

o]
Ho()—~
OCH;

CH,=CH-~(CH,)g-Br
—_——

1

o}
CH,=CH-(CH,)q0
2 2)o ‘< >_<OCH3
2
LiAlH,

socl,

CH2=CH-(CH2)QOO—\C| - CH2=CH-(CH2)QOO—\OH
4

3

CH,=CH-~(CH,)s0 CH,-0

0
CH2=CH-(CH2kOQCH2-O 5
OC,Hs
CH2=CH-(CH2)90@CH2-O

Q

1.)9-BBN
2.)NaOH / H,0,
HO-(CH2)11OOCH2-
(o)
HO-(CH2)11OOCH2-O 6
OH
HO-(CH2)110©—CH2-
(o)
1.)
Cl
2.) pyridine
CH2=C(CH3)-COO-(CH2)11 O_QCHZ'
T
CH2=C(CH3)-COO-(CH2)11O—Q—CHZ-O
OH
CH2=C(CH3)-COO-(CH2)11OO—CHZ-O

Scheme 1. Synthesis of 3,4,5-tris(4-(11-methacryloylundecyl-1-oxy)benzy-
loxy)benzoic acid (7).

After reduction of the ester with lithium aluminum hydride,
the resulting benzyl alcohol 3 was converted to 4-(10-
undecenyl-1-oxy)benzyl chloride (4). On alkylating ethyl-
gallate with 4, ethyl-3,4,5-tris[4-(10-undecenyl-1-oxy)benzyl-
oxy|benzoate (5) was obtained. By hydroboration/oxidation
of the terminal alkene groups of 5 with 9-borabicyclo[1.3.3]-
nonane and an alkaline hydrogen peroxide solution, three
hydroxy functions were introduced in the anti-Markovnikov
position; the ester group was simultaneously saponified to
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yield 6. Finally, the tris-methacrylated acid 7 was synthesized
from 6 and methacryloyl chloride.

As shown in Scheme 2, 2-methyl-(1,4,7,10,13-pentaoxacy-
clopentadecane)-3,4,5-tris(4-(11-methacryloylundecyl-1-oxy)-
benzyloxy)benzoate (8) was obtained simply by DPTS-
catalyzed, DCC-activated reaction of 7 with (2-hydroxy-
methyl)benzo-15-crown-5.

CH2=C(CH3)-COO-(CH2)11O—©—CH
o]
cnz=0(cna)—coc»(cnz)11o—QCH oH 7
CHZ=C(CH3)-COO-(CH2)11 O-O—CHZ-O

K\
HO o
G 9

DCC/DPTS

CH2=C(CH3)—COO-(CH2)110—©—CH
CH2=C(CH3)-COO-(CH2)11O—©—CH2-
CH2=C(CH3)—COO-(CH2)11O—O—CHZ-O

® 0O
CH2=C(CH3)-COO-(CH2)11O—©—CH2- 03SCF3

CH2=C(CH3)-COO-(CH2)11 O—Q—CH IS NO—X 8
LA j a o a
cuz=0(cnaycoo-(cr|z)11o—©-cm-o Q\/o_)

Scheme 2. Synthesis of 2-methyl-(1,4,7,10,13-pentaoxacyclopentadecane)-
3,4,5-tris(4-(11-methacryloyl-undecyl-1-oxy)benzyloxy)benzoate (8) and
its 1:1 NaSO;CF; complex (8a).

Stoichiometric amounts of 8 and NaSO;CF; were mixed in
THEF, to convert the crown ether derivative 8 into the 1:1
sodium complex 8a. After slow evaporation of the solvent, the
complex was dried in vacuum until the weight remained
constant. Table 1 summarizes the phase behavior of 7 and 8 as
obtained by DSC measurements.

The pure compound 7 was a waxy white material with a
glass transition temperature at —33°C and a softening/
recrystallization transition at —6°C. On further heating, the

Table 1. Transition temperatures of compounds 7, 8 and 8a.l"!

Te m[°Cl  AHe .y [KJmol'] Ty i [°C] AHy_,[kJmol]
7 250 29.0 62.7 0.5
8 170 4.7 28.0001 0.9
8a 255 43.0 46.0 15

[a] C=crystalline phase, M =mesophase, I =isotropic phase; DSC meas-
urements, heating rate = 10 °Cmin~'—first heating only. [b] Heating rate =
5°Cmin".

2018
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compound melted at 25°C into a liquid crystalline phase
which transformed into the isotropic melt at 62.5°C (see DSC
trace of 7 in Figure 2). The highly viscous, optically aniso-

A G,

endo

25 50 75 100 125 150
Temperature / °C

50 25 0

Figure 2. Representative DSC trace of the non-methacrylated acid A and
7. Heating rate: 10 Kmin!, second heating run.

tropic phase observed by thermo-optical analysis between 23
and 62.5°C confirmed the occurrence of a mesophase. From
the broken fan-shaped texture (seen in the optical micrograph
in Figure 3) and the large melt viscosity, the presence of a
columnar mesophase was concluded.

Figure 3. Representative optical micrograph of the fan-shaped texture of
the tris-functionalized acid compound 7 at 55°C (top) and the non-
methacrylated acid A at 120°C (bottom).
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Figure 2 also shows a representative DSC trace of the non-
methacrylated 3,4,5-tris(4-dodecyl-1-oxy-benzyloxy)benzoic
acid (A). The attachment of the methacrylate groups to the
acid resulted in a decrease in the melting temperature, from
60°C to 25°C, while the isotropization temperatures reduced
from 132°C to 63°C.

According to the Arnold-Sackmann miscibility rule, two
mesogens exhibit identical mesophases if the bordering
regions of the two phases are connected by a continuous
series of (liquid) mixed crystals.l'”! The binary phase diagrams
of 7 and A were investigated by means of Kofler’s contact
preparation technique."! Small drops of the molten com-
pounds were brought in contact and were observed between
crossed polarizers. In the contact zone, the two compounds
diffused into one another, creating a region in which all
possible compositions of binary mixtures were realized. At a
given temperature, the interdiffusion area represents the
complete isothermal section of the phase diagram.

Because of their chemical similarity to the substances under
investigation, the non-methacrylated compounds A and B
were chosen as standard mesogens for the miscibility experi-
ments.

Figure 4 depicts the contact zone of 7 and A at different
temperatures. A miscibility gap would create a black border
separating the two mesogens; this phenomenon was not
observed. Instead, when the temperature was decreased from
135°C, a columnar texture formation was found that started
from pure A, gradually moved into the diffusion zone, and

Figure 4. Schematic binary phase diagram of 7 and A and the correspond-
ing polarized optical micrographs of the contact preparation.

Chem. Eur. J. 2000, 6, No. 11
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finally into the pure amphiphile 7. Even the thermodynami-
cally required two-phase region, separating the isotropic melt
from the mesophase, was distinguished (see Figure 4).

When the crown ether compound 8 was heated, two broad,
partially overlapping endothermic signals appeared in the
DSC trace (Figure 5); the two signals could be separated by a

—r

endo

Temperature / °C

Figure 5. Representative DSC trace of 8 and 8a (solid lines: first heating
run, dashed lines: first cooling run, heating rate: 10 Kmin™!).

reduction in the heating rate. Polarized optical investigations
confirmed that 8 also has a crystalline phase (m.p. 17°C) and a
mesophase (7;=28°C), see Table 1.

Since it is known that the addition of alkali metal triflate to
B destabilizes its crystalline phase and favors the hexagonal
columnar mesophase,” the sodium triflate complex of com-
pound 8 was prepared (8a).

From the DSC traces (Figure 5), compound 8 a was found to
have a recrystallization transition at 13°C. Further heating
caused the compound to melt at 25.5°C into a liquid-
crystalline phase, which transformed into an isotropic melt
at 46 °C. Thus, the addition of sodium triflate (NaSO;CF;) to 8
caused the clearing temperature to increase by 13°C above
that of uncomplexed 8.

Miscibility experiments demonstrated that 8 and 8a formed
the same type of mesophase. Compounds 8 and 8a can be
mixed in all proportions without any miscibility gap forming
in the mesophase region; the same was found to be true for 8a
and the B:NaCF;SO; complex. Since this complex exhibits a
hexagonal columnar disordered mesophase,® according to
the Arnold-Sackmann rule, both the synthesized amphi-
philes formed this mesophase (Scheme 3).

A miscible with 7 => mesophase(A) = col,y = mesophase(7)

8 miscible with 8a = mesophase(8) = mesophase(8a)

8a miscible with B = mesophase(8a) = mesophase(B) = col, 4

Scheme 3. The contact preparation techniquel'!l proves that the structure
of the thermotropic mesophase of 7, 8 and 8a is hexagonal columnar
disordered (Coly).

As the most stable thermotropic mesophase was observed
with complex 8a, this substance was chosen for the first
investigation of lyotropic mesomorphism. In previous stud-
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ies,> 12l “Lowicryl HM20”—a methacrylate mixture that
undergoes low volume shrinkage on polymerization—was found
to be a good solvent for the presented class of compounds.

Figure 6 depicts the pseudo-binary phase diagram of the
system 8a/HM20. The solid —solid transition, the melting and
the isotropisation transition of 8a were detected for mixtures

50- !
40 s
Q
®
3 304. :
© , :
] { Gel' =col_+1 ;
Q. H
£ ' m.p.
A y——r ]
2 20{ = — e eetC,
Gel'=C, +1 ¢
10 T T T 1
0 25 50 75 100
HM20 Hg,l Wi% 8a

Figure 6. Pseudo-binary phase diagram of the system 8 a/HM20, obtained
from DSC measurements. Heating rate: 10 Kmin, isotropisation temper-
ature (m), melting temperature (A), low temperature peak (®). C=crys-
talline phase, Col = columnar mesophase, L =lyotropic phase, I = isotropic
phase.

that contained as little as 10 wt % of the solute. Gelation of
the 8a/HM20 mixtures was observed when the samples, which
contained at least 10 wt % 8a, were cooled for several hours
below 15°C or annealed for 20 minutes at —18°C. The gels
were all clear and transparent. Details on the gel formation
and the gel morphologies will be reported elsewhere.[]

The presence of a mesophase was observed over the whole
concentration range. From 0 wt % to 10 wt % solvent content,
the isotropization temperatures of 8a/HM?20 decreased con-
siderably (ca. 0.6 °C/wt % ). In this region, polarized microscopy
showed the whole sample to have a uniform texture (Figure 7).
This was attributed to a lyotropic columnar mesophase. In
mixtures with larger solvent concentrations, this texture was
found in single islands, surrounded by an isotropic liquid (see
Figure 7 bottom). The fraction of the isotropic phase in-
creased with higher dilution of the mesogen. When a solvent
content of about 10 wt % was exceeded, the melting temper-
atures became constant and the isotropization temperature
varied more slowly (ca. 0.09°C/wt %) with concentration.

It was deduced that the columnar mesophase of 8a can
include up to approximately 10 wt % of the solvent. At higher
solvent content, phase separation into the lyotropic columnar
phase and an isotropic methacrylate phase occurred. Below
17°C, the mixtures are solid gels that consist of coexisting
solids and a liquid phase. Between 20 and 32 °C, the crystalline
phase melted into the mesophase and the gels decomposed
due to macroscopic phase separation.

Conclusion

The tris-methacrylated wedge-like molecules 7 and 8 and
complex 8a exhibited columnar thermotropic and lyotropic
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Figure 7. Optical micrographs of 8a/HM20 mixtures between crossed
polarizers. Top: 8a at 28 °C. Bottom: 8a/HM20 = 15 wt %/85 wt % at 21°C.

mesomorphism. We thus demonstrated the formations of
novel supramolecular tectons with a functional core envel-
oped by a coat of polymerizable groups. Methacrylation
caused the transition temperatures to decrease relative to that
of the nonfunctionalized substances. Miscibility experiments
proved that all the functionalized amphiphiles formed a
hexagonal columnar disordered (Col,,) mesophase.

In a parallel approach, Gin et al. recently reported the
synthesis and self-assembly of 3,4,5-tris(acryloylalkyloxy)ben-
zoates.['* 1]

Unusual aspects of the compounds described here are the
stacking of a receptor group in the center of the columns and
the lyotropic-ordering reported above. This class of supra-
molecular assembly can provide new opportunities for the
synthesis of supramolecular gels and the preparation of
functional membranes that contain self-organized transport
channels. The latter will be the subject of forthcoming reports.

Experimental Section

General: Infrared spectra were were run on a BRUKER IFS 113V
spectrophotometer. The samples were placed in KBr pellets for the
measurements which were performed in transmission mode. GC chromato-
grams were recorded with a Perkin — Elmer Autosystem gas chromatograph
with a 25 m Optima 5 column (95 % PDMS, 4% PDPhS, 1% PDVS, film
thickness 0.5 um, ID 0.32 mm). Helium was used as carrier gas at a flow rate
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of about 2mLmin~. '"H NMR (200 MHz) and *C NMR (50.4 MHz)
spectra were recorded at 25°C on a BRUKER AC200 spectrometer, with
tetramethylsilane as internal standard. DSC measurements were obtained
with samples of about 4—6 mg on a Perkin—Elmer DSC 7 equipped with a
TAS 7 data processor. The samples were heated by 10°Cmin~", after being
cooled from room temperature by 10°Cmin~!. Transition temperatures
were taken as the onset of the endotherm during the second heating scan.
Water, gallium, indium, cyclopentane, and cyclohexane were used as
calibration standards. A Zeiss Axioskop equipped with a Mettler Hotstage
FP 82 and a Zeiss MC 80 photoautomat was used for the thermo-optical
analyses. GC/MS analyses were performed with a Finnigan MAT SSQ 700
mass spectrometer coupled to a Varian 3400 gas chromatograph. The GC-
column (DB5 MS from J&W Scientific) had a length of 30 m, an internal
diameter of 0.25 mm, and a film thickness of 0.25 um. Helium was used as
carrier gas at a flow rate of ca. 1 mLmin~'. Abbreviations: s =singlet, d=
doublet, t =triplet, qui = quintet, m = multiplet, g, =retention time, R =
retention factor.

Materials: 9-Borabicyclo[3.3.1]nonane (0.5M in THF, Aldrich), dicyclohex-
ylcarbodiimide (99+ %, Aldrich), N,N-dimethylaminopyridine (99 %,
Aldrich), 2-methyl-1,2-diphenylethanone (photoinitiator, 99+ %, Al-
drich), lithium aluminium hydride (99 %, Fluka), methyl-4-hydroxyben-
zoate (99 + %, Aldrich), methyl-3,4,5-trihydroxybenzoate (98 % Aldrich),
methacryloyl chloride (98 % Aldrich), potassium carbonate (Merck, 99 %),
phosphorus tribromide (95%, Aldrich), pyridine (p.a. grade, Merck),
ruthenium trichloride dihydrate (90%, Aldrich), sodium hypochlorite
(10 wt % solution, Janssen Chimica), thionyl chloride (99 + %, Aldrich),
and 10-undecen-1-ol (95% Aldrich) were used as received. Acetone,
cyclohexane, dichloromethane, N,N-dimethylformamide (DMF), ethyl
acetate, hexane, hydrogen peroxide (30 wt% in water), sodium sulfate,
sodium hydrogen carbonate, sodium hydroxide, tetrahydrofuran (THF),
and 2-propanol were gifts from the “Fonds der Chemischen Industrie”. The
solvents were purified by standard procedures. 2-Methyl-[1,4,7,10,13-
pentaoxabenzocyclopentadecane] was synthesized according to a literature
method. The methacrylate resin was selected to exhibit low shrinkage upon
polymerization and consisted of 80 mol% 2-ethylhexylmethacrylate,
13 mol % n-hexylmethacrylate and 7 mol % triethylene glycol dimethacry-
late (HM20, Low GmbH).

11-Bromo-1-undecene (1): The reaction between 11-undecen-1-ol (130 mL,
0.645 mol) and phosphorus tribromide was performed in diethyl ether,
according to a literature procedure,['¥ to yield 117.62 g, 78.4%, of a clear
yellowish liquid. B.p. 68—-70°C (0.07 torr); purity >99 % according to GC
(trey =5.91 min); GC-MS: m/z: 418 [M*]; '"H NMR (CDCl;): 6 =1.31 (m,
12H; CH=CHCH,(CH,)—), 1.78 (qui, *J(H,H) = 6.9 Hz, 2H; (CH,),CH,-
CH,-), 2.03 (qui, 3J(H,H) =6.3 Hz, 2H; CH,=CHCH,—), 3.44 (t, *’J(HH) =
6.7Hz, 2H; CH,Br), 5.00 (m, 2H; CH,=CH-), 5.81 (m, %J(HH)=
10.3Hz, 3J(H* H®)=35Hz, 3J(H*H?)=169Hz, 1H; CH°H=CHY);
BC NMR (CDCly): 6=33.72 (C(C-Br)), 28.11-33.65 (C2-C9), 111.05
(C(CH,=CH-)), 138.9 (C(CH,=CH)); elemental analysis calcd (%) for
C,H,,Br: C 77.14, H 10.0; found C 77.98, H 10.16.

Methyl (10-undecenyl-1-oxy)benzoate (2): In analogy to a literature
method,['” 11-bromo-1-undecene (67.5 g, 0.289 mol), methyl 4-hydroxy-
benzoate (1) (41.9 g, 0.275 mol), potassium carbonate (114.0 g, 0.825 mol)
and acetone (600 mL) were converted into 2, which was recrystallized from
hexane. Yield: 79.5g (94.9%) white plate-like crystals; m.p. 57-59°C
(DSC measurement 10°Cmin—'); TLC (silica gel 60/CH,CL,): R;=0.8; GC
(tgey =11.15 min): purity >99.5%; '"H NMR (CDCl;): 6=1.31 (m, 12H;
CH,=CHCH,(CH,)s~), 178 (qui, *J(HLH)=68Hz, 2H; —(CH,)s
CH,CH,0-), 2.04 (qui, */(H,H)=6.2 Hz, 2H; CH,=CHCH,—), 3.88 (s,
3H; COOCHs;), 3.96 (t, */(H,H) =6.5 Hz, 2H; —CH,0Ph—), 4.96 (m, 2H;
CH,=CH-), 5.82 (m, 3/(H"H?*) =10.3 Hz, 3J(H*H) =35 Hz, *J(H" H°) =
16.9 Hz, 1H; CH’H*=CH?), 6.91 (d, *J(H,H) =8.7 Hz, 2H; H_;omaic> 07th0
to O), 727 (d, J(HH)=8.4 Hz, 2H; H,omaie» 0rtho to CH, group);
BC NMR (CDCly): 6=25.87-33.695 (C,iy), 51.66 (—COOCHs;), 68.04
(—CH,0Ph-), 113.92 (CH,=CH), 114.037 (C,omaiic> 07tho to alkoxy chain),
122.8 (Cyromatic> @ to "COOCH; group), 130.7 (Cyromatic, 0rtho to —COOCH;
group), 139.009 (CH,=CH—), 162.833 (C,omaric; @ to alkyloxy chain), 166.72
(—COOCH,)); elemental analysis calcd (% ) for C,yH,305: C 74.96, H 9.27;
found C 74.34, H 9.17.

10-Undecenyl-1-oxybenzyl alcohol (3): Under an argon atmosphere,
LiAlH, (7.75 g, 0.204 mol) was suspended in absolute THF (50 mL), with
vigorous stirring. A solution of methyl 10-undecenyl-1-oxybenzoate (35.5 g,
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0.116 mol) in absolute THF (250 mL) was dropped slowly into the refluxing
suspension, and the resulting reaction mixture was subsequently heated
overnight. At ambient temperature, the excess hydride was destroyed by
careful addition of moist THF, and the resulting slurry was acidified with
10 wt % dilute hydrochloric acid. After rotary evaporation of the THF/
water mixture, the residue was taken up in diethyl ether and, after the
solution was dried over sodium sulfate, the solvent was removed again. The
raw product was purified by crystallization from hexane. Yield: 29.8 g
(92.9%) white plate-like crystals; m.p. 49.5-50.5°C; TLC (silica gel 60,
CH,Cl,): R;=0.3, GC(fg. = 10.68 min): purity > 99.5%; GC-MS: m/z: 959
[M*] (>99%); 'H NMR (CDCL): 6=131 (m, 12H; CH,~=CH-
CH,(CH,)¢), 1.78 (qui, 3J(H,H) = 6.9 Hz, 2H; —(CH,),CH,CH,0-), 2.06
(qui, *J(H,H) = 6.1 Hz, 2H; CH~=CHCH,—), 3.96 (t,*J(H,H) =5.8 Hz, 2H;
—CH,0OPh-), 4.63 (s, 2H; —CH,0H), 4.96 (m, 2H; CH,~CH-), 5.82 (m,
1H; CH~=CH-), 6.91 (d, *J(H,H) = 7.7 Hz, 2H; Hyomasic. 0rtho to O), 727
(d,3J(H,H) = 7.6 Hz, 2H; H,;omagic, 0rtho to CH, group); C NMR (CDCl;):
0=26.07-33.84 (C,yy), 6507 (~CH,OH), 68.08 (—~CH,OPh—), 114.09
(CH,=CH-), 114.50 (C,omaic> 0rtho to alkyloxy chain), 128.65 (C,iomatics
ortho to —CH,OH group), 132.953 (C,omaic» ¢ to CH,OH group), 139.254
(CH,=CH-), 158.803 (Ciromaiic» @ to alkoxy chain); IR (KBr): 7=3324,
3220, 2936, 2920, 2850, 1643, 1613, 1583, 1512, 1475, 1470, 1424, 1395, 1367,
1337,1319, 1256, 1208, 1198, 1169, 1112, 1049, 1038, 1016, 960, 911, 849, 837,
816, 773,748, 719, 634, 590, 526, 510 cm™'; elemental analysis calcd (% ) for
CisHO,: C 78.21, H 10.21; found C 78.06, H 10.16.

10-Undecenyl-1-oxybenzyl chloride (4): At room temperature, thionyl
chloride (10.24 g, 0.86 mol) was dropped slowly into a solution of 3 (17 g,
0.615 mol) and dry DMF (5 mL) in absolute dichloromethane (200 mL).
After the reaction mixture was stirred for two hours, the liquids were
removed by vacuum distillation and the residue was dried at 20 °C/0.01 torr.
Yield: 18.1 g (100 %) pale yellow oil; TLC (silica gel 60, CH,Cl,): R;=0.9;
GC (tgey=10.5 min): purity >99.5%; 'H NMR (CDCl;): 6 =1.31 (m, 12H;
CH,=CHCH,(CH,)s—), 178 (qui, *J(H.H)=68Hz, 2H; —(CH,)-
CH,CH,0-), 2.06 (qui, */(HH)=6.1 Hz, 2H; CH,=CHCH,—), 3.96 (t,
3J(H,H) =5.6 Hz, 2H; —CH,OPh—), 4.63 (s, 2H; —CH,Cl), 4.96 (m, 2H;
CH,~CH-), 5.82 (m, 1H; CH~=CH-), 6.91 (d, *J(H,H)=78 Hz, 2H;
H.omatic» 0tho to O), 7.27 (d, 3J(H,H) = 7.7 Hz, 2H; H,romaiic, 0rtho to CH,
group); “C NMR (CDCL): 6=26.07-33.49 (Cyyy), 46.011 (—CH,CI),
67.685 (—CH,OPh—), 113.804 (CH,=CH—), 114.320 (C,omaiic> 0rtho to OCH,
group), 129.731 (C,romaiic» 0rtho to CH,OH group), 130.029 (C,romatics @ tO
CH,Cl group), 139.286 (CH,=CH-), 159.358 (C;omatic» @ to “OCH, group);
IR (KBr): 7=2926, 2854, 1640, 1612, 1584, 1514, 1467, 1391, 1302, 1247,
1175, 1110, 1028, 995, 910, 830, 733, 671, 665, 634 cm~.

3,4,5-Tris(10-undecenyl-1-oxybenzoyl)methylbenzoate (5): A well-stirred
mixture of 3,4,5-tris-hydroxyethylbenzoate (3.96 g, 20 mmol), potassium
carbonate (24 g, 180 mmol) and dry DMF (100 mL) was flushed with argon
for 30 min. After the mixture was heated to 60 °C, benzyl chloride 4 (18.2 g,
61 mmol) was slowly added and left to react for 16 h. The reaction mixture
was cooled to 20°C and poured into well-stirred ice-water (1000 mL). The
organic layer was separated and the aqueous phase was extracted with
diethyl ether (3 x200 mL). The combined organic phases were subse-
quently washed with diluted hydrochloric acid and water. The organic
phase was dried over sodium sulfate, and after rotary distillation of the
solvent, the resulting brown oil was recrystallized twice from 2-propanol.
Yield: 9.73 g (50 %) white powder; TLC: (silica gel 60, CH,Cl,: R;=0.6;
GC (tgey=9.7 min) purity >99.5%; '"H NMR (CDCl;): 6 =1.31 (m, 12H;
CH,=CHCH,(CH,)s—), 1.78 (qui, *J(HH)=6.6Hz, 2H; —(CH,)s
CH,CH,0-), 2.06 (qui, */(H,H)=6.3 Hz, 2H; CH,=CHCH,—), 3.76 (t,
3J(H,H) =6.66 Hz, 3H; —OCH,CH;), 3.95 (m, 6H; —CH,OPh—), 4.35
(quartet, 2H; ~OCH,CH3,), 5.02 (m, 12H; CH,=CH—, PhCH,0—), 5.83 (m,
1H; CH,=CH-), 6.76 (d, *J(H,H) = 8.65 Hz, 2H; H,;omatic> 0710 t0 Oipernal)s
6.91 (d, 3/(H,H) = 8.6 Hz, 4H; H,;omatic> 07tho 10 Oyiernal)s 735 (Myroaa, 8H;
H,omaiic» 0rtho to CH, group and ortho to —CO group); *C NMR (CDCL,):
0=14.319 (—COOCH,CH;), 24.309-29.464 (C,y,), 33.747 (CH,OPh-
CH,0-), 60.957 (-PhCH,OPh—), 71.026 (—~COOCH,CH;), 109.107
(Caromatic» 0rtho to —COOCH,CHj; group), 114.075 (CH,~CH-), 114.375
(Coromatic» carbon in side unit, ortho to alkyloxy chain), 125.283 (C,;omaiics @ tO
COOCG,H; group), 128.5 (Cyromaiic» €arbon in side unit, ortho to CH,OPh
group), 129.26 (C,romaiic, arbon in side unit, a to CH,OPh group), 139.254
(CH,=CH~-), 142.294 (C,romaiic» 4 and para to COOC,H; group), 152.53
(Caromatic» 3" and 5" to COOGC,Hj), 166.171 (COOC,Hs); elemental analysis
caled (%) for Ce,HgOg: C 77.62, H 9.04; found C 77.63, H 9.13.
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3,4,5-Tris(11-hydroxyundecyl-1-oxybenzyloxy)benzoic acid (6): Under an
argon atmosphere, 5 (1 g, 1 mmol) dissolved in absolute THF (5 mL), was
slowly added to a solution of 9-BBN in absolute THF (9 mL, 0.5Mm,
4.5 mmol); the mixture was kept at 66 °C for one hour. After the complete
conversion of 5§ was shown by TLC, the mixture was cooled to 20°C, and
ethanol (5 mL) was added carefully to it. Subsequently, sodium hydroxide
(10 mL, 6N) and hydrogen peroxide (20 mL, 30 % ) were slowly added, and
the solution was refluxed for another hour. During the whole operation, the
reaction apparatus was flushed with argon. The solvent was removed by
rotary evaporation, the residue was dissolved in water, and this solution was
acidified with diluted hydrochloric acid and extracted four times with
dichloromethane. After the organic phases were dried over sodium sulfate,
the solvent was evaporated, and the waxy raw material was taken up in a
small amount of THF. It was purified by precipitation from 50 mL hexane.
Yield: 0.8 g (78.4%) white powder; m.p. 70-71°C; TLC (silica gel 60,
CH,CL,): R;=0; GC (fge = 8.5 min) purity >99.5%; 'H NMR (CDCL;): 6 =
1.31 (m, 52H; CH,=CH—CH,—(CH,)s—), 1.57 (m, 6 H; (CH,);CH,CH,0-),
1.77 (m, 6H; HOCH,CH,—), 3.64 (t, 3/(H,H) = 6.6 Hz, 6H; HOCH,—), 3.97
(m, 6H; —CH,0OPh—), 4.58 (s, 1LH; —OH), 4.95 (s, 1H; “OH), 5.02 (s, 2H;
ArCH,O internal), 5.05 (s, 4H; ArCH,O external), 6.78 (d, 3/(H,H) =
8.6 Hz, 2H; H,,omaic» 0rtho t0 Oiernar)> 6.93 (d, J(HH)=8.5Hz, 4H;
Hromatics 07tho 10 O yiermar)> 723 -7.37 (m, 8 H; H,omatic» 0rtho to CH, group
and ortho to CO group); *C NMR (CDCl;): 6 =25.601-32.637 (C,yy),
36.183 (—CH,0PhCH,0—), 52.06 (PhCH,OPh—), 62.875 (HOCH,—), 67.897
(HOCH,-), 109.014 (C.omaic» ortho to COOH group), 113.941
(C(CH,=CH-)), 114.317 (C,omaiic> in side unit, ortho to alkyloxy chain),
124.846 (C,romaic, @ to COOH group), 128.984 (C,omaiic» in side unit, ortho to
CH,OPh group), 130.121 (Cjromaic> in side unit, a to CH,OPh group),
142.284 (Cyromaiic» 4’ and para to COOH group), 152.48 (C,omaiic> 3’ and 5’ to
COOC,Hj), 166.625 (COOH); elemental analysis calcd (% ) for C5;Hg,O;:
C 73.31, H 9.04; found C 76.44, H 9.41.

3,4,5-Tris(11-methacryloylundecyl-1-oxybenzyloxy)benzoic acid (7): Un-
der a nitrogen atmosphere, a solution of 6 (0.78 g, 0.78 mmol), triethyl-
amine (0.47 g, 3.4 mL), DMAP (95.34 mg, 0.78 mmol) and 2,6-di-tert-butyl-
4-methylphenol (0.86 mg, 0.007 mmol) in dichloromethane (5mL) was
cooled to 0°C. After slow addition of methacryloyl chloride (0.49 g,
4 mmol), the solution was allowed to warm to room temperature and was
stirred for 48h. On complete conversion of the acid chloride (TLC
control), the mixture was filtered and the solvent was removed by rotary
evaporation. The reaction product was refluxed with a solution of water
(10 mL) in pyridine (30 mL) for 10 min; the resultant mixture was then
cooled to 20°C and acidified with diluted hydrochloric acid. Subsequently,
the aqueous phase was extracted four times with diethyl ether, and the
combined organic layers were washed with aqueous NaHCO; solutions
(10%) and were then dried over anhydrous sodium sulfate. The diethyl
ether was removed and the remaining raw product was purified by column
chromatography (silica gel 60, cyclohexane/ethylacetate 1:1). Yield: 0.8 g
(81%) oily to waxy material; TLC (silica gel 60, cyclohexane/ethylacetate
1:1): one spot, R;=0.63; 'H NMR (CDCL): 6=131 (m, 52H;
CH,=C(CH,;)COOCH,(CH,)s-), 1.56 (m, 6H; —(CH,),CH,CH,0-), 1.78
(m, 6H; CH,=C(CH;)COOCH,CH,~), 1.96 (s, 9H; CH,=C(CH;)COO-),
3.94 (m, 2H; CH,OPh internal), 3.97 (t, 3/(H,H) =7.0 Hz, 4H; -CH,0OPh
external), 5.02 (s, 2H; —ArCH,O internal), 5.05 (s, 4H; —ArCH,O
external), 5.5 (s, CH,=C(CH;)COO internal), 6.13 (s, CH,=C(CH;)COO
external), 6.78 (d, 3J(H,H) = 8.6 Hz, 2H; H,.omaic, 07tho t0 Ojyiernal), 6-93 (d,
3J(HH)=8.5Hz, 4H; H,omaics 0rtho 10 Oeyerna)s 723-737 (m, 8H;
H,romaiic» 0rtho to CH, and ortho to CO); C NMR (CDClL,): 6 =18.31
(CH,=CCH,;), 25.95-30.287 (C,uy), 52.06 (CH,OPhCH,Oyerna), 64.80
(CH,0OPhCH,O,¢nar), 67.997 (CH,OPh,yerna), 74.64 (CH,OPhyerna), 109.153
(Caromatic» 0rtho to COOH group), 114.317 (C,omaiic> in side unit, ortho to
alkyloxy chain), 124.846 (C,omaic» @ to COOH group), 125.489 (CH,
=C(CH;) of 3,5 position), 128.984 (C,;emaiic it side unit, ortho to CH,OPh),
129.42 (CH,=C(CHs;), the 4’ position), 130.224 (C,omaic, in side unit, a to
CH,OPh), 136.514 (CCH,=C(CH,)), 142.284 (C,romuic> in 4’ and para
position to COOH group), 152.60 (C,;omaic, in 3" and 5 position to COOH
group), 166.625 (CCOOCH,), 166.71 (CCOOH); IR (KBr): 7= 2926, 2854,
1719, 1638, 1614, 1594, 1515, 1466, 1435, 1419, 1384, 1338, 1298, 1247, 1173,
1131, 1072, 1072, 939, 913, 862, 817, 764, 722, 657, 593, 514 cm™!; elemental
analysis caled (%) for C,3sH;(,0y4: C 72.85, H 8.54; found C 72.40, H 8.21.

2-Methyl-(1,4,7,10,13-pentaoxacyclopentadecane)-3,4,5-tris[4-(11-meth-
acryloyl-undecyl-1-oxy)benzyloxy]benzoate (8): Compound 8 was synthe-
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sized following the procedure described in ref. [9]. Compound 7 (1.178 g,
0.98 mmol) and 4-hydroxybenzo 15-crown-5 (0.292 g; 0.98 mmol) were
dissolved in dry dichloromethane (S5mL) in a round-bottomed flask
equipped with a magnetic stirrer. 4-Dimethylaminopyridinium toluene-p-
sulfonate (DPTS) (57.7 mg, 2 mmol, 20 mol %) and 1,3-dicyclohexylcarbo-
diimide (DCC; 222 mg, 0.11 mmol) were added to this solution. The
reaction mixture was stirred for 12 h at room temperature. Then the
reaction was filtered and the filtrate was added to methanol to precipitate
the product, which was collected by vacuum filtration and was purified by
column chromatography (silical gel 60, cyclohexane/ethyl acetate 1:1).
Yield: 1.1g (90%) yellowish oily-waxy material; TLC (silica gel 60,
cyclohexane/ethyl acetate 1:1): one spot, R;=0.87; 'H NMR (CDClL):
0 =131 (m, 52H; CH,=C(CH;3)COOCH,(CH,)s), 1.56 (m, 6 H; —(CH,),-
CH,CH,0-), 1.78 (m, 6H; CH,=C(CH;)COOCH,CH,—), 1.96 (s, 9H;
CH,=C(CH;)COO-), 3.76 (s, 8H; —OCH,CH,0-), 3.94 (m, 2H;
—CH,OPh— internal), 3.97 (t, J(H,H) =70 Hz, 4H; —CH,OPh external),
411 (m, 4H; CH,OCH,CH,0-), 4.99 (s, 2H; ~OC,H,CH,0C¢H,CO, of
4" position) 5.02 (s, 2H; —ArCH,O— internal), 5.05 (s, 4H; —ArCH,0—
external), 5.24 (s, 2H; -C,H,CO,CH,C¢H,—), 5.5 (s, CH~C(CH;)COO—
internal), 6.13 (s, CH,=C(CH;)COO- external), 6.78 (d, 3*/(H,H) = 8.6 Hz,
2H; Hgomatics 0rtho to Oipernar), 6.93 (d, 3J(HH) =8.5 Hz, 4H; H, omaic,
ortho t0 Oegyerma), 6.90-6.93 (overlapping peaks, 3H; aromatic crown
protons), 7.26 (d, 3J(H,H)=8.6 Hz, 2H; H ,,omaic, meta to O of internal
benzyl ring), 7.30 (d, 3J(H,H) =8.7 Hz, 4H; meta to O of external benzyl
ring), 738 (s, 2H; ortho to CO,); *C NMR (CDClL): 6=1831
(CCH,=CCHs;), 25.95-30.287 (C,yy1), 52.06 (CH,OPhCH,Oyerna), 64.80
(CH;OPhCH,Opyma). 67997 (CH;OPheym), 74.64  (CHOPhyyny),
109.153 (Cromatics 0rtho to COOH group), 114.317 (Cyromatic, 10 side unit,
ortho to alkyloxy chain), 124.846 (C,omuic, @ to COOH), 125.489
(CCH,=C(CHs;), 3" ,5'), 128.984 (C,omaiic» in side unit, ortho to CH,OPh),
129.42 (CCH,=C(CHs;), 4’ position), 130.224 (C,omaic, in side unit, a to
CH,OPh), 136.514 (CCH,=C(CHs)), 142.284 (C,omuic>» in 4’ and para
position to COOH), 152.60 (C,omaics in 3" and 5" position to COOH),
166.625 (CCOOCH,), 166.71 (CCOOH); IR (KBr): 7=3512, 3405, 3074,
3075, 2976, 2926, 2854, 1716, 1640, 1613, 1586, 1514, 1467, 1446, 1431, 1392,
1368, 1331, 1302, 1248, 1102, 1057, 1030, 994, 963, 910, 864, 823, 768, 723,
637,593, 518 cm™!; elemental analysis calcd (%) for CgsH;5,049: C 71.23, H
8.29; found C 70.80, H 8.01.

Preparation of the 1:1 sodium triflate complex 8a: Complex 8a was
prepared by mixing a solution of 8 (100 mg) in dry THF (5 mL) with an
appropriate volume of dry THF that contained NaSO;CF; (0.05M). After
slow evaporation of the solvent under reduced pressure at 20°C, the solid
was dried in vacuo at 40 °C until the weight remained constant.
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Fast Interconversion of C;H," Cations in the Gas Phase and in a Gaseous
Microsolvated Environment

Fulvio Cacace, Barbara Chiavarino, and M. Elisa Crestoni*!?!

Abstract: The equilibration of cyclobu-
tyl1 and 1’ and the cyclopropylmethyl
cation (2) has been studied in the gas
phase by utilizing FT-ICR mass spec-
trometry and high-pressure radiolytic
techniques. A suitable gaseous nucleo-
phile, C;X, (X=H,D), was used to
sample the equilibration of C,H," ions,

dispersed in the bulk gas or confined
within a C,;H,7/C4X¢ complex that con-
tains a molecule of solvent (H,0). The
analysis of the products shows that,
irrespective of their source and of the

Keywords: cluster chemistry - gas-
phase chemistry - ion-neutral com-

intermolecular or intracomplex nature
of the process, the C;H;" ions undergo
equilibration before they are trapped.
The equilibrium (1+41')/2 ratio is very
close to unity at 300 K, and the results
from the intracomplex trapping experi-
ment show that equilibration occurs
within a time interval <10-1s,

produced from both cyclobutanol and

. plexes
cyclopropylmethanol. These are either

Introduction

The interest in C,H," ions, whose study led J. D. Roberts to
propose the first nonclassical structure as early as in 1951, is
unabated after almost five decades of extensive investiga-
tion.”! Practically all the tools of experimental physical
organic chemistry have been utilized, including solvolytic
studies, isotope labeling and perturbation techniques, NMR
spectroscopy, mass spectrometry, matrix IR spectroscopy, and
photoelectron spectroscopy.P! The experimental studies have
been complemented by increasingly sophisticated theoretical
investigations by semiempirical and ab initio methods, aimed
at the evaluation of the structure, the relative stability, and the
barriers for the interconversion of isomeric C,H," ions, and
the methods have also been used to model the results of
temperature-dependent NMR spectroscopy.®!

Based on the evidence from the above theoretical and
experimental studies, the current consensus seems to be that
the symmetrical bicyclobutonium cations 1 and 1’ (Scheme 1)
and the bisected cyclopropylmethyl cation 2 exist as rapidly
interconverting species of nearly equal stability that are
separated by a very low barrier.l* %l The barrier probably
does not exceed a few tenths of a kcal mol~1.5
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- isomerizations - radiolysis

Scheme 1.

Yet, despite such a sustained research effort, certain
problems related to the equilibration of C,H;" cations,
recently defined as a chemical “chimera” by their first
investigator,’! deserve further investigation. In particular,
the equilibrium composition of isomers, deduced from con-
densed-phase data, may be conceivably affected by environ-
mental factors, for example, differential solvation effects and
interactions with the anion in the liquid phase, and lattice
effects in the solid state.’! Although the differential stabiliza-
tion of the cations by these environmental effects is generally
small, it can be significant in this case, because of the nearly
identical stability of the isomeric cations. Furthermore, there
is no detailed information on the rate of equilibration, except
for the inference that it is presumably fast in view of the low
barrier suggested by NMR spectroscopy and theoretical
results.> 4 This state of affairs makes gas-phase studies of
the C,H,;" system quite appealing. First, the effects of the
medium on the equilibrium composition of the isomeric
C,H," ions are greatly reduced, and in principle this makes
gas-phase studies a much more reliable means for the
investigation of intrinsic properties of the system. Second,
only in the gas phase can charged species be thought of as
essentially free; this allows a direct comparison with theoret-
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ical results. Furthermore, recent methodological develop-
ments allow the same reaction to be studied in the gas phase
either in the complete absence of solvent, or in the presence of
a controlled, small number of neutral molecules, which
provide valuable information on the role of the solvent.”
Finally, the time resolution of current experimental ap-
proaches to the study of fast gas-phase ionic reactions is far
superior than that achievable in condensed phases. Whereas
the time resolution of structurally diagnostic mass spectro-
metric techniques is of the order of 10 ps, high-pressure
techniques, that is, 8-decay and the radiolytic technique,® !
allow ionic reactions to be investigated in the time frame from
10 to 100 ns. Actually, an early S-decay study has provided the
first unambiguous evidence for the existence and the inter-
conversion of cyclobutyl and cyclopropylmethyl cations in the
gas phase; however, this does not allow the isomerization rate
to be evaluated.'”) Recently, with the use of a gaseous ion-
neutral complex (INC)'-7] as a walless reaction “ves-
sel”, 1321l the time resolution of the radiolytic technique has
been improved. This method allows the study of reactions in
the time frame of approximately 100 ps.?> 2l Here we report
the application of this improved method to the study of the
interconversion of C,H;" cations from cyclobutyl and cyclo-
propylmethyl precursors, both in the free state and in a
microsolvated environment that contains the cation, a single
molecule of the nucleophile, and a single molecule of solvent.

Methodology: Our approach to the study of gaseous carbe-
nium ions R*, which undergo fast isomerization, can be

General outline

outlined as follows. Ionization of the bulk component of the
gaseous system, M, yields a Brgnsted acid, AH*, unreactive
towards the parent molecule [see Egs. (1)-(2b)].

The gas contains low concentrations of a proelectrophile (a
species whose protonation gives the R* cation), P, and a
suitable nucleophile, Nu. Proton transfer to the proelectro-
phile from AH™ promotes the reaction sequence (1), namely a
conventional electrophilic alkylation.l® 8! Alternatively, pro-
ton transfer to the nucleophile promotes reaction se-
quence (2), another route to alkylated products.®! Since
both sequences occur concurrently, discrimination of their
products is necessary and can be achieved by utilizing
isotopically labeled reagents. The R™ ions from sequence (1)
are dispersed in the bulk gas, and their trapping by the
nucleophile, present at low concentrations, requires a rela-
tively long time. By contrast, in sequence (2) R* is generated
together with the nucleophile in the same INC 2, and the high
local concentration of both reagents drastically reduces the
lifetime and hence the time allowed for isomerization of R*
before its trapping. Deprotonation of the alkylated cations
from both sequences, and hence their conversion into neutral
products amenable to separation and characterization by GC-
MS, is ensured by a strong gaseous base, for example,
triethylamine.?! The amine is also present at low concen-
trations in the gas. An example of this application is provided
by the isomerization of protonated cyclopropane to the
isopropyl cation; the investigation is carried out in the gas
phase by utilizing c-C;Hg as a proelectrophile and an arene as
the nucleophile. The results show that in this system

-A
AH*+ P RN Nt B > Products )
-BH
+ -A + +P + +B
AH*+ Nu —=—> NH* = [NuH*,P] —> [Nu, R'] NuR* Products )
INC 1 INC 2 )
Application to C,HY (R*) Ions
A. CH, www——> C,HS (n=12)
-H
CHt + ROH 120, pr *Cels pypr +B CgDsR (a)
-C,H, -BD* ’
-CaMly D
CHE + CDy @( @( TROH,  |ceHD? , ROH]
H,D; b INC 1
-HDO/- H,0 B
INC 1 —> [CGHDs, R, HDOJ / [C4D, R, H,0] —————> CeHDsR™ / CDgR" —————>  C4HD,R + CDsR (2a)
INC 2 -BD' /- BH
B. CO + D, ~ww—> DCO*
DCO* + ROH ﬂ» R+ Cele oy i» CeHsR (1b)
DCO*+ CeHy SO0 » /@>< /@>< +ROH_ e HyD*, ROH]
H4, INC 1
-H -
INC 1 —> [CeH;D, R, H,0]/ [C4Hg, R, HDO] H,07-HDQ CgHsDR' / CgHeR* —*B—> CeHDR +CgHsR ~ (2b)
-BH'/-BD"

INC 2
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sequence (1) gives a mixture of n-propylated and isopropyl-
ated products, which point to extensive isomerization of
gaseous c-C;H," before its trapping by the nucleophile. In
contrast, sequence (2) yields exclusively n-propylated prod-
ucts, and this suggests that the extremely short lifetime of the
¢-C;H;* ion within INC2 does not allow its appreciable
isomerization.?’]

The bulk gas utilized in most of the present radiolytic
experiments is CH,, whose ionization gives two strong
Brgnsted acids, CHs" and C,Hjs*, according to well-estab-
lished processes.[®! Cyclobutanol or cyclopropylmethanol are
used as proelectrophiles, based on previous results that show
that intracomplex protonation of related alcohols, such as
2-butanol, gives the corresponding carbenium ions as the
alkylating agents.?!l Finally, fully deuterated benzene is used
as the nucleophile in order to distinguish the products from
sequence (1la), namely C¢Ds-C,H; isomers, from the prod-
ucts from sequence (2a), namely C¢HD, - C,H; isomers. The
two groups of products can be conveniently distinguished by
GC-MS methods, and their yields measured.

Confirmatory evidence is provided by mirror experiments,
whereby a deuteronating agent, the DCO™ ion obtained from
the ionization of a D,/CO mixture,? is utilized in conjunction
with isotopically rarified *C¢Hy. In these experiments, se-
quence (1b) yields C;Hs— C,H, products, whereas sequence
(2b) yields C4H,D - C,H; products.

Finally, FT-ICR mass spectrometry?®’l is used to gather
relevant thermochemical data, such as the gas-phase basicity
(GB) and the proton affinity (PA) of benzylcyclopropane, and
low-pressure kinetic data on the reaction of benzenium ions
with cyclobutanol and cyclopropylmethanol.

Experimental Section

Materials: The gases used (Ar, O,, CH,, D,, CO) were research grade
products from Matheson Gas Products or Aldrich Chemie with a stated
purity in excess of 99.95mol%. The 2C¢Hg (99.9 atom% '2C) was
purchased from Cambridge Isotope Laboratories, C¢Dg (99.96 atom % D)
and 4-phenyl-1-butene were obtained from Sigma-Aldrich, and benzylcy-
clopropane (97 %) from Lancaster Synthesis. The compound 1-methyl-
indane was prepared from the reaction of CH;Mgl with 1-indanone, and
then the alcohol was reduced with H,, at approximately 2 atm, in the
presence of Pd(C) (15%). Other C,,H,, isomers, namely cyclobutylben-
zene, 3-phenyl-1-butene, and 2-methyl-3-phenylpropene, were obtained by
treatment of the appropriate Grignard reagents with C;HsBr, and their
identity was established by GC-MS and NMR spectrometry.

Mass spectrometry: The FT-ICR mass spectra were recorded with an
Apex TM47e Bruker Spectrospin spectrometer, equipped with an external
ion source, a computer-controlled pulsed valve, and a X Mass data system.
C¢H," ions, obtained in the external source by CI(CH,) of CsHy, were
driven into the resonance cell at 298 K and thermalized by multiple
collisions with Ar admitted through the pulsed valve (up to a peak pressure
of approximately 1 x 10~° Torr). After 1.5 s pumping time, the arenium ions
were isolated by a “soft” r.f.-pulse ejection technique and allowed to react
with the C,;H,OH proelectrophile, present at stationary pressures of 107 to
1078 Torr. The progress of the reaction in the cell was monitored by
recording mass spectra at increasing reaction times. A series of thirty time
domain signals, each of 32 K data points, was accumulated to improve the
S/N ratio. The partial pressures of the individual compounds were read
from the Bayard — Alpert ionization gauge, calibrated with the known rate
coefficient of the reaction CH,"*+ CH,— CH;'+ CHs" (equal to 1.1 x
10~ cm3s~'molecule™") and corrected by means of individual response
factors based on the polarizability of each gas.”! The GB and PA of
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benzylcyclopropane were measured by the equilibrium method at 300 K. In
these experiments, the gaseous acid, C;H;", formed by CI(C;Hg) at
approximately 5 x 10~ Torr in the ion source, was driven into the cell that
contained C,HsCH,—c¢-C;H; and the reference base B (B =(CH;),0; i-
C;H,CN) at a total pressure of approximately 1 x 10~7 Torr. Protonated
CoH;3" or BH" ions were mass selected, allowed to cool down by a delay
time of 2 s, and then allowed to equilibrate. Their constant intensity ratio,
together with the measured pressure ratio of the neutrals, was used to
calculate the equilibrium constant and hence the AGY, free energy change.
Radiolysis: The gaseous samples were prepared in sealed Pyrex vessels
(135 mL) according to standard procedures with the aid of a greaseless
vacuum line. The irradiations, run to less than 1% of substrate conversion,
were performed in a 220 Gammacell (Nuclear Canada) at 25 °C with a total
dose of 2.5 x 10* Gy and at a rate of 1 x 10* Gyh~!. After the irradiation,
the vessels were cooled to 77 K, their contents dissolved in n-hexane, and
repeated freeze —thaw cycles were performed. The nature of the products,
their yields, and the extent of H(D) incorporation were determined by GC/
MS with the use of reference standards. The results were corrected for the
incomplete deuteration of C,D¢ (1%), the C contribution, and the
statistical fraction of product isotopomers from proton transfer in
Equation (2a) and deuterium transfer in Equation (2b). The following
columns were used: i) a fused silica column (50 m long, 0.20 mm i.d.)
coated with a layer of crosslinked methylsilicone phase (0.5 um, PONA
column from Hewlett Packard) operated in the temperature range from 60
t0 240°C, and ii) a fused silica column (30 m long, 0.25 mm i.d.) coated with
a layer of poly(alkylene glycol) bonded phase (0.25 pm, PAG column from
Supelco) operated in the temperature range from 40°C to 190°C. The
analyses were performed with a Hewlett Packard 5890 series II gas
chromatograph in line with a quadrupole mass spectrometer model 5989B
from Hewlett Packard.

Results

Mass spectrometry: The GB of benzylcyclopropane was
determined in this study by the evaluation of prototropic
equilibria with (CHj,),0 and i-C;H;CN as the reference bases
(B). The results of experiments, in which equilibrium was
approached from either side with C,;H;;® or BH™ ion
populations, allowed the GB;y(CsHs;CH,—c-C;H;) to be set
at 187.3 £ 2 kcalmol~!, which corresponds to a PA of approx-
imately 194 kcal mol~'. The formation of small amounts of the
dimer [BH* B], which occurs at a much lower rate than proton
transfer, does not appreciably affect the equilibrium constant
evaluation.

We exploited the unique ability of FT-ICR mass spectrom-
etry to establish parent—daughter relationships in consecutive
ion—molecule reactions. This was done to study the relative
efficiency of the competing processes that follow the forma-
tion of (arene R*) (ICN) adducts produced in sequence (2).
Benzenium ions, obtained in the external source of the ICR
mass spectrometer by CI(CH,) of benzene, were isolated and
allowed to react with a stationary concentration of the
proelectrophile, ROH (R =c¢-C,H; or ¢-C;Hs-CH,), in the
cell. Among the conceivable processes, the predominant ones
are proton transfer (3) to ROH that yields ROH," as well as
the protonation-induced dissociation (4) to give free R*. The
barely detectable formation (5) of the C,,H;;" alkylated

CeHg + ROH,* 3)
CH7" + ROH ——f——= CgHg + R* +H,0 @
——— CgHgR* + HO (5
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adduct, that has an efficiency as low as 2 % at the low pressure
(2 x 1078 Torr) of the resonance cell, increased significantly at
higher pressures of the proelectrophile, that is, when ROH
was introduced by the pulsed valve to a peak pressure of
approximately 10~ Torr. This favors collisional stabilization
of the adduct. In any case, occurrence of the alkylation
reaction was positively established by accurate mass analysis
of the C,,(H;;" product.

Radiolysis: Table 1 reports the composition of the irradiated
systems as well as the identity, the yields, and the isotopic
composition of the products of interest, namely those formed
by alkylation of benzene by the C,H;" cations.

Table 1. Gas-phase reaction of C,;H," ions with C¢D.

radiation-induced isomerization of ROH proelectrophiles
occur, that is, no detectable amounts of cyclopropylmethanol
(cyclobutanol) are formed upon irradiation of systems that
contain cyclobutanol (cyclopropylmethanol) as the proelec-
trophile. This is not the case for cyclobutyl bromide, which
undergoes appreciable radiation-induced isomerization into
cyclopropylmethyl bromide (up to 20% at the end of the
irradiation), and this, of course, prevents its use as the
proelectrophile in experiments to evaluate the extent of the
interconversion of ¢c-C,H," ions.

Direct versus intracomplex alkylation: The isotopic compo-
sition of the products (Table 1) demonstrates the simulta-
neous operation of two path-
ways: sequence (1) whose
products, denoted as FC, cor-

System Composition [Torr]?!

Products: C,H;-substituted benzenes!® ¢l
Isomeric composition [% ]

respond to C¢Ds—C,H; iso-
mers formed by a convention-

Substrate Additive(s) Bulk gas 3 4 5 6
al (Friedel — Crafts) alkylation,
CDs (4.0)  cyclobutanol (4.9) CH, (650) FEC. 26.4 51.1 15.4 7.0 and sequence (2) whose iso.
CF. 336 50.5 9.0 6.9 .
2CyH, (4.0)  cyclobutanol (5.5) D, (650) FEC. 252 46.4 20.4 7.9 meric CHD,-C,H; products
CO (20) CF. 289 44.4 23.3 34 are denoted as CF (Crafts—
CﬁDﬁ (30) cyclobutanol (65) CH4 (620) EC. 292 48.7 12.9 9.3 Friedel) to stress the inversion
NEt (1.2) CF. 363 46.8 123 43 of the conventional roles of
C¢Ds (3.8) cyclopropylmethanol (5.2) CH, (660) F.C. 25.0 50.6 15.8 8.6 .-
CE 297 478 12.0 105 the electrophilic and the nu-
CDs (35)  cyclopropylmethanol (5.8) CH, (630) F.C. 238 515 16.6 8.1 cleophilic agents. Direct infor-
NEt; (1.1) CFE 304 49.3 10.7 9.6 mation on the extent of H
CeDg (2.9)141  cyclobutanol (6.4) CH, (610) FEC. 250 37.9 20.9 16.2 incorporation on the aromatic
CF. 316 28.5 27.7 12.2

ring has been provided by the

[a] All reactions carried out at 25 °C in the presence of O, (10 Torr). [b] Standard deviation of +10 %. [c] Isotopic
composition of the products: FC = C¢Ds— C,H;; CF = C;qHD,- C,H;. [d] Reaction carried out at 160°C.

The table does not include other products, for example,
ethylbenzene formed by direct alkylation of benzene by
C,H;*, a major ion from the ionization of methane.!® Table 1
reports the relative yields of the relevant products, namely
cyclobutylbenzene 3, benzylcyclopropane 4, 1-methylin-
dane 5, and homoallylbenzene 6. Their absolute yields are
expressed by the G, \;, value (molecules formed per 100 eV);
in the absence of deliberately added bases, the cumulative
yield of products 3 to 6 amounts to approximately 1 x 1072,
The ionic origin of the products is demonstrated by control
experiments, which are performed in systems that contain
CH, as the bulk gas. These experiments show declining, and
eventually vanishing yields upon addition of increasing
amounts of strong bases such as NEt;, which efficiently
intercept the charged intermediates.?>31 Remarkably, no

WL+ gy -

iX=111¥)
Scheme 2.
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integration of the GC-MS pro-
files of both the molecular ions
and diagnostic fragments of
the alkylated products. The fraction of the CF pathway has
been found to correspond to approximately 30 % of the total
amount of the alkylation process.

Isomeric composition of the products: The paramount feature
is that sequences (1) and (2) give products of nearly the same
isomeric composition, almost unaffected by the nature of the
ROH proelectrophile (cyclobutanol or cyclopropylmethanol)
and by the presence of NEt;. Even more remarkably, a closely
similar product pattern is obtained from the mirror experi-
ments, except for an appreciable increase of the relative yield
of 1-methylindane 5. This noticeable consistency of the results
from both sets of experiments is mechanistically significant, if
one considers their difference in two important parameters:
i) the nature of the bulk gas, a CO/D, mixture instead of CH,,

CHCH,CH=0H,

(]
CH ¥
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and ii) the different isotopic composition of the reagents, and
hence the conceivably different kinetic isotope effects (KIE)
in the two sets of experiments.

An appreciable modification of the product pattern is
observed when the reaction temperature is increased from 25
to 160°C, and this causes an increase in the yields of 5 and 6 at
the expense of benzylcyclopropane 4.

Control experiments on the deuterium distribution: Several
tests were performed in order to verify the assignment of the
products to sequence (1) or (2) and to assess the role of
conceivable secondary reactions. In the first place, the
position of the H(D) isotopic label in the molecules of the
products, particularly with regard to the discrimination
between the aromatic ring and the side chain (deduced from
the EI fragmentation patterns in the GC-MS analyses), was
checked by comparison with the spectra of authentic,
specifically labeled samples. In the case of 1-methylindane §
from the alkylation of C¢Dy, a mixture of C,D,—C,H¢D and
C¢HD;-C,H(D from sequences (1) and (2), respectively, was
collected. The high (80%) D incorporation found in the
methyl group of 5, indicative of a significant D transfer from
the phenyl ring to the methyl group, is a mechanistically
informative feature. Such a label migration into the side chain
was not observed to any detectable extent in the case of
cyclobutylbenzene 3, benzylcyclopropane 4, and homoallyl-
benzene 6.

Assignment of the ionic precursors of the products: We
address first the origin of 1-methylindane § and homoallyl-
benzene 6. With regard to the latter, it is most unlikely that it
could derive from the reaction of a homoallyl cation, a species
too unstable to be present to any significant concentration in
the C,H," mixture.! A more reasonable route to 6 is a process
in which an ipso arenium ion 7, the not particularly stable,
primary intermediate from the attack of 1 and 1' on the
benzene,P!l evolves into an intermediate 8 by means of the
opening of the cyclobutyl moiety, as shown in Equation (6)
(Scheme 2). Subsequently, formation of 5 and 6 can occur by
cyclization followed at this point by deprotonation and by
direct deprotonation of 8, respectively. In order to verify such
a hypothesis, we performed control experiments whereby the
ipso-protonated arenium ion is produced by an independent
route, namely the protonation of cyclobutylbenzene by a
gaseous acid. Of course, ring protonation is not expected to be
selective, and the ipso position is certainly not favored over
other positions. However, once the “ipso” protonated are-
nium ion is formed, it can irreversibly evolve into the C¢Hs—
C,H;X" isomer. Thus, the problem is reduced to produce an
appreciable amount of the ipso ion 7, and the sizeable barriers
to 1,2-H(D) shifts in arenium ionsP? are overcome as well as
the energy barrier associated with the presumably lower PA of
the ipso position compared with those of the ortho, meta, and
para positions.['> 31 We utilized the highly exothermic proton-
ation of cyclobutylbenzene (C,Ds—C,H;) by D;* ions upon
irradiation of a 3/D, mixture (Table 1). The results show that
indeed both 1-methylindane (C¢D,-C,HyD) and homoallyl-
benzene (C¢Ds—C,H;) are formed with a radiochemical yield
(G(my=0.24 and 0.25, respectively) that accounts for the

2028
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isomeric composition reported in Table 1. This allows one to
trace the formation of § and 6 to the trapping of the
bicyclobutonium ions 1 and 1'. Furthermore, the hypothesis
based on the cyclization of the intermediate 8 was verified by
the exothermic protonation of 4-phenyl-1-butene by C,Hs*
(n=1,2) that gave 1-methylindane 5 with G, y;, = 0.2. Finally,
control experiments performed by the protonation of benzyl-
cyclopropane by C,Hs* showed no appreciable isomerization,
for example, no detectable amounts of other C¢iHs;—C,H;
isomers were formed upon irradiation of 4 diluted in CH, as
the bulk gas. In conclusion, the above results allow one to
assign products 3, 5, and 6 to the reaction promoted by the
bicyclobutonium ion 1 and 1, whereas 4 derives from the
cyclopropylmethyl cation 2. This is an important result in that
it allows one to estimate the equilibrium composition of the
C,H;" mixture in a gaseous environment at atmospheric
pressure and room temperature. From the above consider-
ations, the ratio of the sum of the yields of the alkylated
products 3, 5, and 6 from the reaction of ion 1 and 1’, and the
yield of the product 4 from the attack of ion 2 is close to unity.
Most remarkably, the same ratio characterizes both sequences
(1) and (2).

Discussion

The salient feature of the experimental picture is that nearly
the same isomeric composition of the products is obtained
with cyclobutanol or cyclopropylmethanol as the proelectro-
phile, and from both alkylation sequences (1) and (2). This
evidently requires that the C,H, group undergoes isomer-
ization at some stage of the alkylation sequence. To simplify
matters, it is appropriate to consider first the possibility of the
isomerization of the C,H, group within the arenium ion
following the primary alkylation step, for example, in
process (7) (Scheme 3). This process is ruled out by the

,BX+
3 3
(X=H,D)

Scheme 3.

results of control experiments that reveal no protonation-
induced isomerization of benzylcyclopropane to cyclobutyl-
benzene and vice versa, as shown in the summary list of
Table 2. This leaves only ROH," and R* as the species whose
isomerization can lead to a common product pattern that
contains both cyclobutyl and cyclopropylmethyl derivatives.
At this point, assessment of the roles of ROH," and R* ions, in
particular with regard to intracomplex alkyation (2), is in
order.

The nature of the electrophile: The alkylation step can be
envisaged to occur according to Equation (8).
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Table 2. Control experiments on skeletal isomerization of C,H;-substituted benzenes.

In any case, even the small

System composition [Torr]®

Products: C,H;-substituted benzenes

endothermicity of process (10)

Substrate Bulk gas 3 4 5 6 calculated for isolated species
cyclobutylbenzene (1,5) CH, (640) - [b] [b] [b] would not represent a signifi-
cyclobutylbenzene (1,8) D, (620) - (] yes yes cant thermochemical barrier
benzylcyclopropane (2,2) CH, (650) (v] - tel el for INC1 — INC2b conversion,
benzyleyclopropane (1,6) D; (600) " - v " which accounts for the occur-
homoallylbenzene (1,5) CH, (650) (o] bl yes -

rence of sequence (2) when

[a] See Table 1. [b] Below detection limit.
ROH," + C.H, — C;H,R* + H,O (8)

This reaction occurs by means of the nucleophilic displace-
ment of water by benzene in the protonated alcohol, or by the
electrophilic addition below [Eq. (9)].

R* + CyH, — C;H R+ )

The addition is promoted by the C,H," ions. Accordingly,
the complex formed in alkylation can be envisaged as a binary
cluster, INC 2a [C;Hg, ROH, "], or a ternary cluster, INC 2b
[CsHg, RT, H,O].

The role of R* is strongly supported by the following
considerations.

1) The analogy with a strictly related reaction: the intra-
complex aromatic alkylation, in which (R)(—)-sec-butyl
chloride was used as the proelectrophile, is promoted by
the s-C,Hy" cation, as shown by compelling stereochemical
evidence.P!

2) Comparison with the conventional alkylation sequence (1):
since both sequence (1) and (2) give a mixture of isomeric
products of nearly the same composition, it appears
extremely unlikely that they are promoted by different
electrophiles. ROH," ions can be ruled out as the electro-
philes involved in sequence (1), since it was found that
ROH proelectrophiles undergo no appreciable proton-
ation-induced isomerization, in contrast with the extensive
isomerization of the C,H; group in the alkylated products.
Since both sequences (1) and (2) are most likely to be
promoted by the same electrophile, the role of ROH,* can
be excluded in the intracomplex alkylation as well.

3) The low-pressure FT-ICR experiments reported in a
previous section showed that dissociative proton trans-
fer (4) is the predominant reaction channel of the ther-
malized benzenium ion towards ROH proelectrophiles. In
the case of the cyclobutyl structure for the C,H," ion, the
most recent thermochemical data allow a AHY,, change of
0.7 £2 kcalmol~! to be computed for process (4).24
Such a small endothermicity and the favorable AS® change

account for the occurrence of dissociative proton transfer (4)

under the low-pressure conditions typical of FI-ICR experi-

ments. In the case of atmospheric-pressure experiments when
the INC is collisionally stabilized, the energetics of the
process, a key step of sequence (2), are probably more
favorable. This is a result of the differential solvation effects
that stabilize INC2b with respect to INC1 [Eq. (10)].

[CeH,*, ¢-C,H,0H] (INC1) — [C¢H,, c-C,H,", H,0] (INC2b) (10)

Chem. Eur. J. 2000, 6, No. 11
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ROH proelectrophiles are uti-

lized. It should be noted, in this
connection, that the subsequent steps of sequence (2) are
energetically downhill, as in the reaction in Equation (11).

CH," + ¢-C;H;CH,OH — [C4H,-CH, — ¢-C;H,]* + H,0 (11)

The overall reaction is estimated to be exothermic by
approximately 35 kcalmol~!, based on the PA of benzylcyclo-
propane from FT-ICR measurements reported in a previous
section.

The reaction is represented as follows [Eq. (12)].

C¢H," + ¢-C,H;Br — C¢H¢ + ¢-C,H;* + HBr (12)

Significantly, the overall reaction is endothermic by 8.5 +
4 kcalmol~!, based on available thermochemical data. Such a
sizeable endothermicity is likely to represent a significant
thermochemical barrier to the following conversion [Eq. (13)].

[C,H,*, RBr] — [C¢H,, R*, HBr] (13)

This conversion accounts for the inefficiency of se-
quence (2) when cyclobutyl bromide is used as the proelec-
trophile. In the conventional alkylation (1), the electrophile is
generated by protonation of the proelectrophile by a strong
Brgnsted acid, for example, C,Hys*. This process is highly
exothermic in the case of cyclobutyl bromide and accounts for
the efficiency of the alkylation channel (1).

In summary, the occurrence of intracomplex alkylation
depends on whether formation of the R* cation is energeti-
cally allowed or only slightly endothermic, according to a
trend established for other “Crafts—Friedel” reactions.!'’]
Based on the previous considerations, the R* ions, C,H;,
can be identified as the electrophilic agents in both sequences
(1) and (2).

The equilibrium composition of C;H," isomers: The previ-
ously reported assignment of the ionic precursors allows one
to evaluate an equilibrium composition, deduced from the
ratio ([3] + [5] + [6])/4 = 1. This result is of interest, because it
refers to ions that equilibrate in gaseous systems at room
temperature, and under these conditions, the frequent colli-
sions with the bulk gas molecules allow complete thermal-
ization of the interconverting species. In both alkylation
sequences (1) and (2), the same equilibrium mixture is
observed, and the mixture points to the negligible role played,
in this case, by the single solvent molecule present in the INC
(CF reaction) with respect to the unsolvated reactants pair
(FC reaction).
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The remarkably good agreement with the solvolytic results
and also with the 1:1 ratio of the bicyclobutonium and the
bisected cyclopropylmethyl cations deduced from the recently
reported matrix-infrared spectrum®! confirms the compara-
ble stability of the C,H;" ion. This rules out significant
differential solvation effects and is consistent with the
theoretical results.

The equilibration rate of C;H;" ions: After the identification
of the R* ions, namely 1, 1’, and 2, as the species whose
interconversion yields the observed mixture of isomeric
derivatives 3 to 6, the estimation of their interconversion rate
is of interest. From the kinetic standpoint, the present gas-
phase results have significantly reduced the upper limit of the
time required for 1/1' =2 equilibration, as apparent from the
following considerations. The limit set by condensed-phase
approaches based on NMR spectrometry was <1073 s, which
corresponds to the temporal resolution of the technique
utilized. This limit is pushed down to approximately 10-% s by
the results of radiolytic experiments on conventional alkyl-
ation (1) studied in dense gases (720 Torr) in the presence of
known amounts of additives, such as strong bases, that are
known to quench the reaction. The limit is further reduced to
<107!°s by the results of the experiments on intracomplex
alkylation (2), based on the lifetime of closely similar arene/
electrophile complexes, which were recently evaluated by two
independent kinetic approaches.’> 21 Such a fast equilibration
is consistent with the results of previous theoretical studies,
that characterize the relevant portion of the C,H,™ potential
energy surface as very flat and hence devoid of appreciable
barriers to interconversion.[*!

Conclusion

The joint application of FT-ICR mass spectrometry and of
atmospheric-pressure radiolytic techniques with suitably
labeled reagents has proved particularly useful in the case of
interest. Whereas FT-ICR has allowed detection of the
charged intermediates, the rapid sampling and the positive
identification of the products typical of the radiolytic ap-
proach have allowed the equilibrium composition of the
cyclopropylmethyl/bicyclobutonium system to be evaluated in
the gas phase. Consistent with condensed-phase results and
theoretical estimates, the present study points to the remark-
ably close stability of gaseous ions 1/1' and 2 and to their very
fast (<1071°s) equilibration time, which suggests a very low
barrier to isomerization.

As a final remark, we note that this study provides the first
experimental results on the interconversion of gaseous C,;H;*
ions under conditions that allow meaningful comparison with
the theoretical predictions. Indeed, metastable ion (MI) mass
spectrometric evidence showed that in the time window
typical of this technique (approximately 1 ps) C,;H," ions from
different sources reach a common structure, or mixture of
structures.”® However, these observations concern C,H,"
cations sufficiently excited to undergo highly endothermic
unimolecular fragmentation processes. Clearly, the large
excess of internal energy of the decomposing species prevents
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generalization of MI spectrometric results, and this does not
allow the derivation of kinetic and equilibrium parameters of
thermal isomerization processes characterized by low barri-
ers, which are typical of the system of interest.
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Asymmetric Steering of the Mannich Reaction with Phthaloyl Amino Acids

Roland Miiller,®! Herbert Rottele,”! Henning Henke,'! and Herbert Waldmann®*!?!

Abstract: Mannich-type reactions are
powerful methods for the efficient syn-
thesis of f-amino carbonyl compounds
that are valuable intermediates for the
construction of natural products, S-pep-
tides, and peptidomimetics. For the effi-
cient steric steering of Mannich reac-
tions a method was developed that
consists in the treatment of imines with
N-protected amino acid chlorides to give

are subsequently attacked with silylke-
tene acetals. The reactions are run best
at room temperature and in the absence
of any Lewis acid. The highest stereo-
selectivity is observed if N,N-phthaloyl
tert-leucine is employed as chiral auxil-

Keywords: amino acids . asymmet-
ric synthesis + $-amino acids - chiral
auxiliaries - Mannich reaction

iary and if N-aryl,C-aryl Schiffs bases
are used that carry two ortho-substitu-
ents in either aromatic ring. Under these
conditions the Mannich adducts are
formed in preparatively useful yields
and with excellent stereoselectivity (di-
astereomer ratio in general >99:1). The
chiral auxiliary group is readily removed
by 1) cleavage of the phthaloyl imide via
reduction with NaBH, and acid hydro-

N-acyliminiumion intermediates that

Introduction

Numerous biologically active natural products embody the j-
aminocarbonyl substructure and biological activity often is
associated with the absolute configuration of this structural
subunit.! For instance, the tumor-suppressing drug Taxol
carries phenylisoserine as side chain, and the antitumor
activity of the natural product is correlated with the correct
absolute configuration of this f-amino acid.?*9 In addition, -
amino acids have recently gained increasing interest as
building blocks for S-peptides, a class of novel and promising
peptide analogues.?*" Furthermore, enantiomerically pure j-
aminocarbonyl compounds are valuable intermediates and
reagents for the construction of natural products and ana-
logues thereof. Due to this importance, the development of
efficient methods for the synthesis of enantiomerically pure -
aminocarbonyl compounds is of great importance to organic
synthesis.
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lysis followed by 2) Edman degradation.

A particularly efficient transformation that can be em-
ployed to achieve this goal is the Mannich reaction. Con-
sequently, the development of diastereo- and enantioselective
Mannich reactions has been the focus of numerous research
enterprises.’!l However, unlike the development of for exam-
ple asymmetric aldol reactions, these investigations have met
with only limited success. In general, in these transformations
either a chiral nucleophile or electrophile was employed to
steer the steric course of the reaction, or chirality was
introduced by activation of an imine with a chiral Lewis acid.
However, in an alternative variant of the Mannich reaction a
Schiff base is activated by treatment with an acid chloride
giving rise to an N-acyliminium intermediate which then is
attacked by the nucleophile, for example a silylketene
acetal.¥! Thus, the use of chiral acid chlorides in this trans-
formation opens up alternative opportunities for the develop-
ment of asymmetric Mannich-type reactions. We have re-
cently shown that N-acyliminium intermediates generated in
situ from N-protected amino acid chlorides and indolylethyl
imines undergo highly stereoselective Pictet—Spengler reac-
tions.’) In this paper we report in full detail on the develop-
ment of amino acid derived acid chlorides as efficient
mediators of chirality in Mannich-type processes.[]

Results

Treatment of Schiff bases with acid chlorides leads to rapid
formation of a-chloroalkylamides, from which N-acyliminium
ions are generated by means of Lewis acids.[”! Therefore, in a
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first series of experiments the influence of Lewis acids, the size
of the amino acid side chain and the protecting group on the
reaction between Schiffs base 1, acid chlorides 2, and
silylketene acetal 3 were investigated (Scheme 1, Table 1). If

Ph o

N NPG
L roy
Ph A
1 2a-d

(0]
®
@LN&NPG
: IR
Cle

: 0OSiMeg
OMe

3
S a8
NP
N NJ\/ G NJ\‘/NPG
R

SOENG ®:
|
07 “OCH; 7 % 0oMe

4a-d 5a-d

Lewis acid
CH,Cl,

rt
72h

Scheme 1. Asymmetric Mannich reactions via N-acyliminium intermedi-
ates employing different N-protected amino acids as chiral auxiliaries.

Table 1. Results of the Mannich reactions between imine 1, N-protected
amino acid chlorides 2 and silylketene acetal 3.

Enry 2 R PGl ¢[h]  Yield [%]  dr 45
1 a iPr Pht 22 170 90:10 a
2 a iPr Pht 73 1314 90:10 a
3 a iPr Pht 20 80 87:13 a
4 b tBu Pht 72 54 93:7 b
5 ¢ (CH,); V4 72 69 53:47 c
6 d iPr Fmoc 72 - - d

[a] PG =Protective group. [b] Determined by HPLC from the crude
reaction mixture. [c] 1equiv BF;-OEt, was used as Lewis acid.
[d] 0.05 equiv BF;- OEt, were used as Lewis acid.

Lewis acids such as SnCl,, TiCl,, BCl;, ZnCl,, or BF;-OEt,
were employed and N,N-phthaloyl valine chloride was used,
in the majority of the cases the desired -amino acid esters 4
and 5 could not be detected. The products were formed in 13 -
17 % with a diastereomer ratio of 90:10 only in the presence of
BF;: OEt, (Table 1, entries 1 and 2). In the absence of any
Lewis acid, however, the f-aminocarbonyl compounds 4 and 5
were obtained in 80 % yield and with a diastereomer ratio of
87:13 (Table 1, entry 3). Increasing the size of the amino acid
side chain led to a significant enhancement of the stereo-
selectivity, but also to a decrease in yield (Table 1, entries 3
and 4). The use of proline resulted in decreased stereo-
selectivity and application of a different N-protecting group
gave inferior results as well (Table 1, entries 5 and 6). Notably,
the best results were obtained by running the reaction at room
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temperature, lowering the temperature led to a decrease in
yield but not to an increase in stereoselectivity.
a-Chloroalkylamides and N-acyliminium ions are in equi-
librium with each other. The position of the equilibrium and
the reactivity of the iminium ions are strongly influenced by
the substituents of the imine.l”! Therefore, the N- and the C-
substituents of the Schiff bases were varied in a second series
of experiments. If imines 6 with two aromatic substituents
were treated with N,N-phthaloyl fert-leucine chloride (2b)
and silylketene acetals 3 or 7 the desired Mannich adducts 8
and 9 were formed in moderate to high yield and with high to
excellent diastereomer ratio in the majority of the cases
(Scheme 2, Table 2). The highest yields were recorded if the

RL A o o
A\ o J N\ 7/ R® OSiMe;
\ +cl + 2=< .
, N R® OR
R
a-l 2b 3

6 (R®=CHg) or

7 (R®=H, R* = EY)

SSEUES N
NJ\erht NJ\‘/NPht
,,,,, tBu * P tBu
R2 f R |
07 OR* X 07 0oR!

8a-0 9a-0

Scheme 2. Asymmetric steering of the Mannich reaction with N,N-
phthaloyl fert-leucine as chiral auxiliary. i) CH,Cl,, rt, 72 h; ii) 10% aq.
NaHCO;.

Table 2. Results of the Mannich reactions employing imines 6, N,N-
phthaloyl rert-leucine chloride (2b) and silylketene acetals 3 and 7.

Entry R! R? 6 Nu Yield [%] drt® 8/9
1 H 3-NO, a 3 - - a
2 H 4-C1 b 3 44 92:8 b
3 H 246-Me; ¢ 3 46 >99:1 ¢
4 H 4-NMe, d 3 81 91:9 d
5 H 4-OMe e 3 84 91:9 e
6 4-NO, H f 3 - - f
7 4-OMe H g 3 8 91:9 g
8 2-OMe-6-Me H h 3 50 >99:1 h
9 H 2-OMe i 3 91 92:8 i

10 2-OMe-6-Me  4-Cl j 3 13 >99:1 j

11 2-OMe-6-Me  2-OMe k 3 59 >99:1 k

12 2-OMe-6-Me  4-OMe 1 3 75 >99:1 1

13 2-OMe-6-Me H h 7 34 97:3 m

14 2-OMe-6-Me  4-OMe 1 7 51 >99:1 n

15 2-OMe-6-Me  2-OMe k 7 68 >99:1 o

[a] Determined by HPLC from the crude reaction mixture.

aromatic rings carried electron-donating substituents. If either
one of the aromatic ring was nitro-substitued the Mannich
products were not formed (Table 2, entries 1 and 6). If the
aromatic rings carried only one substituent either in the ortho-
or the para-position, diastereomer ratios of 91:9 — 92:8 were
determined (Table 2, entries 2, 4, 5, 7, and 9). If, however,
either one of the two aryl rings carried two ortho-substituents
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the isomer ratio was >99:1 (Table 2, entries 3, 8, 10-12, 14,
and 15; for entry 13, a somewhat lower selectivity was
determined). Treatment of N-alkyl,C-aryl imines or N-aryl,C-
alkyl imines with acid chloride 2b and silylketene acetal 3, in
general, did not lead to Mannich products 8 and 9. Only the
imine formed from benzylamine and benzaldehyde gave fj3-
amino acid esters isolated in 27 % yield with an isomer ratio of
83:17. In all other cases N-protected amino acid amides were
isolated resulting from hydrolysis of the intermediary formed
iminium ions.

The substituents at the a-position of the silylketene acetals
were varied in a third series of experiments. Replacement of
dimethyl-substituted nucleophile 3 (Scheme 2, R?*= CH,) by
methylene silylketene acetal 7 (Scheme 2, R3=H) influenced
yield and selectivity of the asymmetric transformation only to
a minor extent (Table 2, compare entries 8, 11, and 12 with
entries 13—-15). In the case of Mannich adducts 8n and 8o
only one diastereomer could be detected. In the reactions
between imine 6¢, acid chloride 2b, and silylketene acetals
10-12, four diastereomers can be formed in each case since
two new stereogenic centres are generated (Scheme 3,

OTMS

0] PhtN
6c 10

PhtN

i

+

=z
T
=
@]

Pho

o

2b
O O
—/
13 syn 13 anti
MeO OTMS
PhtN PhtN
OMe
6C 11
+ O NPh O+ NPh O
2b
M "
14 syn 14 anti
OTMS
TBSO ove PhtN
6C
* NPh O
2b
OTBS
15 syn

Scheme 3. Asymmetric Mannich reactions with a-monosubstitued silylke-
tene acetals.

Table 3). In all three cases, the face selectivity of the imine was
complete. For (E)-substitued cyclic ketene acetal 10, the two
possible syn/anti isomers 13syn and 13 anti were formed in a
ratio of 61:39. (Z)-Configured silylketene acetal 11 gave syn/
anti isomers 14syn and 14anti in a ratio of 83:17, and (Z)-
OTBS silylketene acetal 12 yielded exclusively syn isomer
15syn.

The absolute configuration of the stereogenic centre in the
benzylic position was determined by X-ray analysis. The a-C
of the tert-leucine auxiliary served as reference. Analysis of
compounds 8¢’ and 8 h!”) revealed that the stereogenic centre

2034
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Table 3. Results of the Mannich reactions employing imine 6¢, N,N-
phthaloyl rert-leucine chloride (2b) and silylketene acetals 10-12.

Entry Silylketene acetal Product Yield [%] syn/antil®
1 10 13 78 61:39
2 11 14 71 83:17
3 12 15 66 >99:1

[a] Determined by HPLC from the crude reaction mixture.

was (S)-configured. Thus, the silylketene acetal must have
attacked the Re-face of the imine double bond (see the
Discussion and Scheme 9). The configuration of the second
stereogenic centre in compounds 13, 14, and 15 was assigned
based on analysis of NOESY spectra recorded for compounds
13syn (major diastereomer) and 13 anti (minor diastereomer)
and on the assumption that these nucleophiles attack the
imines predominantly from the Re-face as well. Both diaster-
eomers showed a set of common NOE signal enhancements
between an ortho-H of the N-aryl substituent and 2-H,
between 2-H and 3-HP® as well as 2H and an ortho-CH; of the
mesityl substituent, 3-H* and $-H, and between -H and the
other ortho-CH;* (Scheme 4). However, in the major diaster-

HC H;C

16 17

Scheme 4. Determination of the relative configuration of Mannich ad-
ducts 13syn (=16) and 13anti (=17) by means of NOE measurements.

eomer 16 (=13syn) additional characteristic NOE signal
enhancements between an ortho-H of the N-aryl substituent
and 3-H* as well as 3-H® were detected. In the minor
diastereomer 17 (=213 anti) the 3-CH,-group and the ortho-
positions of the N-aryl ring are not in close poximity. The
specific pattern of NOEs can be explained by the conforma-
tions and absolute configurations of 16 for the major
diastereomer and 17 for the minor diastereomer. Thus, in
the Mannich reaction with the cyclic silylketene acetal syn
diastereomer 13syn was predominantly formed. The relative
configuration of the diastereomers 14syn/anti and 15syn were
assigned based on the assumption that for all three a-
substituted silylketene acetals similar transition states are
passed (see the Discussion and Scheme 9).

Removal of the chiral auxiliary group was achieved in a
two-step procedure. Reduction of the phthaloyl group present
in compounds 8¢, 8g, 8h and subsequent hydrolysis with
dilute HCI'! yielded N-terminally deprotected tert-leucine
amides 18a, 18 ¢, and 18/19b (synthesized as a 92:8 mixture of
diastereomers 18b and 19b; Scheme 5, Table 4). From these
amino acid amides fert-leucine was cleaved by Edman
degradation with phenylisothiocyanate and hydrolysis in
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18a,c or 18b/19b 20a,c or 20b/21b

Scheme 5. Cleavage of the phthaloyl groups from Mannich adducts 8¢, g,
h. i) 1) 5 equiv NaBH,, iPrOH/H,O 7:1, rt, 2) 18 equiv conc. HCI, 80°C;
ii) 1) 2 equiv PhNCS, 1equiv NaOH (0.2m), pyridine/H,O 1:1, rt, 3 h,
2) 20% TFA in CH,Cl,, reflux.

Table 4. Results of the removal of the chiral auxiliary groups from the
Mannich adducts.

Entry R! R? 8 Yield[%] 18 Yield[%] 19
1 H 246-Me; ¢ 88 a 59 a
2 4-OMe H g 97 b 84

3 2-OMe-6-Me H h 65 [ 45 c

20 % trifluoroacetic acid!'? to give N-aryl S-amino acid esters
20a, 20¢, and 20b/21b (Scheme 5, Table 4). All attempts to
remove the chiral auxiliary by hydrolysis under basic or acidic
conditions failed, e. g. by hydrolysis in concentrated mineral
acids, by treatment with peroxide anions"*, with KO/Bul'¥l or
by O-alkylation of the amide group with Meerwein’s salt and
subsequent aqueous hydrolysis. From compound 20¢ the
ortho-methoxy substituted N-aryl group was removed by
oxidation with cerium ammonium nitrate (CAN).'% 8-Amino
acid methyl ester hydrochloride 22 was obtained in 56 % yield
(Scheme 6).

Ny OCHe 9, ®
| Cl NHs O
WH O i, ii OCH;
Ph/%kOCHg,

20c 22

[0]%%p = +34.7
(c =0.205, 1 M HCI)

Scheme 6. Oxidative cleavage of the N-aryl substituent from $-amino acid
20¢. i) 5 equiv CAN, 0°C to 22°C; ii) Et,0, 56 % HCIL.

Discussion

The results given in Table 1 clearly demonstrate that the
Mannich reactions studied here are best carried out in the
absence of any Lewis acid. Although in the presence of BF;-
OEt, the stereoselectivity is somewhat higher, under these
conditions the yield is not in the preparatively useful range
(Table 1, compare entries 1 —3). A possible explanation is that
the a-chloroalkylamides 23 formed from the imines and the
acid chlorides may react with the Lewis acid to give imidates
24 which can not be converted to the reactive N-acyliminium
ions 25 (Scheme 7). This would explain the result recorded in
the presence of 1equiv BF;-OEt,; it does, however, not
account for the fact that in the presence of 5 mol% of this
Lewis acid the yield is even lower (Table 1, entries 1 and 2).
This low yield may be rationalised based on the assumption
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Scheme 7. Possible reaction of intermediary formed a-chloralkyl amides
with Lewis acids.

that the Lewis acid does not only activate the electrophile, but
that it also may activate the silylketene acetal. In this case a
low concentration of the Lewis acid would result in a
decreased reaction rate.

The efficiency of the stereoselection is influenced by the
size of the amino acid side chain and the nature of the
protecting group. Thus, tert-leucine gives a significantly higher
diastereomer ratio than valine. Use of the cyclic amino acid
proline which had proven to be a more advantageous auxiliary
in other asymmetric syntheses!'”) led to nearly equal amounts
of the two diastereomers. Since tert-leucine is the most bulky
of the commercially readily available amino acids it was used
in all further Mannich reactions. If the phthalide is replaced by
an urethane, the Mannich adducts are not formed at all. A
similar behavior was observed in the application on N-masked
amino acid chlorides as mediators of chirality in Pictet—
Spengler reactions with indolylethylamines.”! Therefore, we
have not investigated further N-blocking groups in the
Mannich-type transformations and used the phthaloyl pro-
tecting group in all further experiments.

The type of the substituent linked to the imine carbon and/
or nitrogen and its electronic properties determine whether
the Mannich adducts are formed or not. Thus, if either one of
the two substituents is aliphatic and the other one is aromatic,
the reaction does not proceed. Also, the desired products are
not formed, if two aromatic substituents are present and one
of them carries an electron-withdrawing nitro group. On the
contrary, the Mannich adducts are obtained in preparatively
useful yields if at least one of the two aryl substituents is
equipped with an electron-donating functional group, in
particular a methoxy function. We assume that the Mannich
reactions only proceed smoothly if the acyliminium inter-
mediates are stabilised by an electron-donating group that
partially delocalises the positive charge. Also, an aromatic
substituent next to the a-chloroamide may favor the elimi-
nation of the chloride by neighboring-group assistance.'8! This
effect should be particularly pronounced in the presence of
+ M substituents.

The efficiency of the stereoselection is decisively influenced
by the substitution pattern of the N- or C-aryl group. If either
one of the two aromatic groups is monosubstituted the isomer
ratio consistently is between 91:9 and 92:8, irrespective of the
precise nature and the position of the substituent (Table 2,
entries 2, 4, 5, 7, and 9). However, if in the imine either the
former aniline aryl group or the former aromatic aldehyde
embodies two ortho-substituents the diastereomer ratio
increases dramatically. In nearly all cases investigated with
a-disubstituted silylketene acetals 3 and 7 only one diaster-
eomer could be detected by HPLC and NMR (Table 2, entries
3, 8, and 10-15).
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This extremely high selectivity for stereogenic centre at the
benzylic carbon atom corresponding to the former imine C is
also observed if silylketene acetals are employed that carry
one substituent in the a-position. In these cases four diaste-
reomers may be formed, that is two syn- and two anti isomers.
However, in all three cases examined, only one syn- and one
anti diastereomer were detected. Thus, in these cases, too, the
imine was only attacked from one of its diastereotopic faces.
The syn/anti selectivity depends on the steric demand of the
substituent in the a-position of the nucleophile. Thus, with
increasing size of the a-substituent (from CH, via OCHj; to
OTBS) the diastereomer ratio increases (Table 3) independ-
ently whether an (E)- or an (Z)-silylketene acetal is employed.
In all cases the reaction with the silylketene acetals 10, 11, and
12 gave predominantly or exclusively syn diastereomers.

The chiral auxiliary group can be removed from the
Mannich adducts by means of a straightforward two-step
procedure. In the first step one of the carbonyl groups of the
phthalide is reduced to the alcohol, which readily hydrolyses
the remaining amide in the presence of diluted HCI. The
resulting amino acid amide is then cleaved by means of
Edman degradation. All attempts to cleave the fert-leucine
amide directly under strongly acidic or basic conditions or by
means of a supernucleophile completely failed. The amino
acid C=0 group is surrounded by bulky groups and obviously
no longer accessible for an externally approaching nucleo-
phile. However, if the nucleophile is generated intramolecu-
larly, as is the case in the Edman degradation, attack on the
tertiary amide becomes possible and the bond between the
chiral auxiliary and the p-amino acid ester is cleaved
smoothly.

The presence of an ortho-methoxy substituent in the N-aryl
group does not only guarantee high yields and excellent
stereoselectivity. It also provides an opportunity for the
removal of the aryl group. Thus, upon treatment of 20 ¢ with
cerium ammonium nitrate the N-aryl bond was cleaved
oxidatively and the desired (-amino acid ester 22 was
obtained in good yield as the corresponding hydrochloride.
The specific rotation recorded for this compound was in good
agreement with literature datal® 3 and indicated that the
(R)-enantiomer had been formed.

However, determination of the absolute configuration of
Mannich adducts 8¢ and 8h by X-ray crystallography clearly
and unambiguously had proven that the configuration of the
newly formed stereogenic centre was (S).) Since the data
reported in the literature were based on an assignment of the
absolute configuration by chemical correlation (seel*! andP™!
and the references therein) but not on X-ray analysis, we
suggest that the published assignments of the absolute
configuration of 22 should be revised.

In order to rationalise the excellent stereoselectivity
recorded for the Mannich reactions we propose that the
transformations proceed by the mechanism shown in
Scheme 8 and via the transition states shown in Schemes 9
and 10. The Schiff bases 26 react with N,N-phthaloyl fert-
leucine chloride (2b) to form (Z) - trans acyliminium salts 27.
Chloride then adds anti to the tert-butyl group of 27a to the
C=N double bond yielding a-chloromethyl amide 28a. In 27a
and 28a the Ar? group is in close proximity to the bulky amino
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Scheme 8. Proposed intermediates and (E) — (Z)-isomerisation of the C=N
bond in the Mannich reaction with N,N-phthaloyl tert-leucine chloride.

Scheme 9. Proposed tilting of aromatic rings in the N-acyliminium
intermediates due to unfavored steric interactions.

acid side chain. This unfavorable steric interaction is relieved
by rotation around the C—N single bond. Thereby, conformers
28a are converted into conformers 28b which eliminate
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chloride to yield (E)-trans iminium intermediates 29. The
silylketene acetals then attack the C=N double bond of 29
from the face opposite to the bulky amino acid side chain. This
explains the increase of the stereoselectivity with increasing
steric demand of the amino acid side chain.

The imine carbon is converted into a stereocenter with (S5)-
configuation, thus the C=N bond must have been attacked
from the Re-face. This is the case if the nucleophile
approaches intermediate 29 anti to the fert-butyl group.
Alternatively, a Re-face attack anti to the amino acid side
chain would be possible if (Z) - cis rotamer 27b would be the
decisive intermediate (Scheme 8). However, in 27b the aryl
ring Ar' is unfavorably close to the tert-butyl group of the
amino acid, and Ar? points towards the C=O group. Thus 27b
is higher in energy than 27a.

In (E)-trans conformation 29 the ortho-substituents of the
two adjacent phenyl groups can point directly towards each
other giving rise to disturbing steric interactions (Scheme 9,
A). These can be compensated by tilting one aryl group out of
the plane of the C=N bond (Scheme 9, B and C). This effect
should be particularly pronounced if either one of the two aryl
groups embodies ortho-substituents. One ortho-substituent of
the tilted ring would additionally shield the sterically less
accessible face of the C=N bond and thereby enhance the
stereodiscrimination. This proposal accounts for the observa-
tion that the stereoslectivity dramatically increases if one of
the two aryl groups of the imine is di-ortho-substituted.

In order to explain the stereoselectivity for the reactions
with the silylketene acetals carrying only one substituent at
the a-carbon, we assume that they also attack the C=N bond
at the face opposite to the amino acid side chain (Scheme 10).
In this case for (E)-silylketene acetals 10 and 12 transition
state C shown in Scheme 10 may be passed predominantly,

o o
Ar1\®)krNPht Ar1\®)H/NPht
N N
/U\HtBu /U\HtBu
7" 7
R20” ~OTMS TMSO™ “OR?
A B
o
Arl\%)kerht
JITS
L Bu
Rl
TMSOJ:ORZ
c D

Arl\N/Aux Al Aux Arl\N,Aux Al Aux

H AR — : H AR —
= “.__COOR? = COOR?
Ph?H PR Ph%H Ph™ ™
2 R! R!

0~ "OR R20” 0
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wz

Scheme 10. Proposed transition states for the reactions between the N-
acyliminium intermediates with (E)- and (Z)-silylketene acetals.
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leading to syn isomers. In A and B unfavorable interactions
between a-substituents R! and the tilted aromatic ring have to
be expected. In A substituent R is in proximity to the two aryl
groups of the imine. Transition states C leading to syn isomers
for 10 and 12 appear to determine the steric course of the
transformations. Obviously the interactions between the
bulky R! and the aryl group of the imine in transition state
A are more severe than the interactions of the OTMS group
with the tilted aromatic ring. For the same reason, the use of
the (Z)-silylketene acetal 11 leads to predominant formation
of the syn diastereomer via transition state D. Thus, the
orientation of R! and not the silyl group relative to the N-
acyliminium ion is the decisive factor.

Conclusion

We have developed a method for the steric steering of the
Mannich reaction via N-acyliminium intermediates. The best
chiral auxiliary, N,N-phthaloyl tert-leucine, is readily available
in both enantiomeric forms and the asymmetric transforma-
tions are easily carried out. In particular, a Lewis acid is not
needed and the reactions are run best at room temperature.
The Mannich adducts are obtained in acceptable to high
yields and with excellent diastereomer ratios. The chiral
auxiliary group is readily removed via a simple two-step
process. By means of this method various $-amino acids are
available that can find numerous applications, for example in
the synthesis of fB-peptides, peptidomimetics, and natural
products.

Experimental Section

General procedures: Melting points were determined in open capillaries
using a Biichi 535 apparatus and are uncorrected. 'H- and *C-NMR spectra
were recorded on a Bruker AC250, AM 400, or DRX 500 spectrometer at
room temperature. IR spectra were recorded on a Bruker IFS88
spectrometer. Mass spectra and high-resolution mass spectra (HR-MS)
were measured on a Finnigan MAT MS70 spectrometer. Elementary
analyses were performed on a Heraeus CHN-Rapid apparatus. HPLC was
performed on a Spherisorb ODS II 250/4/5 analytical column (Bischoff)
and methanol/water as eluent at a flow rate of 0.6 mLmin~! and on a
LiChrosorb RP-18 250/25/7 semipreparative column (MERCK).

Materials: Solvents were dried by standard methods and stored over
molecular sieves. Deuterochloroform was carefully degassed prior to use by
three times freezing under argon atmosphere and warming up under
reduced pressure. For column chromatography silica gel (40—60 pm,
Baker) was used. Commercial reagents were used without further
purification. Where indicated the reactions were performed under nitrogen
or argon. Several compounds were prepared according to literature
methods: N-phenyl-3-nitrobenzylidene amine (6a);?! N-phenyl-4-chloro-
benzylidene amine (6b);? N-phenyl-2,4,6-trimethylbenzylidene amine
(6¢);? N-phenyl-4-dimethylaminobenzylidene amine (6 d);*? N-phenyl-4-
methoxybenzylidene amine (6e);?"! N-(4-nitrophenyl)-benzylidene amine
(6£);21 N-(4-methoxyphenyl)-benzylidene amine (6g);?'! N-phenyl-2-
methoxybenzylidene amine (6i);**! N,N-phthaloyl valine chloride (2a);?
N,N-pthaloyl fert-leucine chloride (2b);? Z-proline chloride (2¢);)
Fmoc-valine chloride (2d);? 1-ethoxy-1-trimethylsiloxy-ethene (7);?")
3,4-dihydro-1-trimethylsiloxy-furan  (10);*! (Z)-1,2-dimethoxy-1-trime-
thylsiloxy-ethene (11);®! (E)-2-(dimethyl-tert-butyl)-siloxy-1-methoxy-1-
trimethylsiloxy-ethene (12).[]

Preparation of N-(2-methoxy-6-methylphenyl)-benzylidene amines (6h,
6j—k). General procedure: A neat mixture of 2-methoxy-6-methylaniline
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(1.38 g, 10 mmol) and the corresponding aldehyde (10 mmol) was heated at
80°C for several hours. The resulting red oil was dissolved in diethyl ether
(10 mL) and washed with acetic acid (5% aqueous). The combined organic
layers were dried over K,CO; and concentrated under reduced pressure.

N-(2-Methoxy-4-methylphenyl)-benzylidene amine (6h): The product was
obtained as a yellow solid after recrystallization from ethanol (85%
aqueous). Yield: 50 %; m.p.: 47°C; '"H NMR (400 MHz, CDCl;): 6 =8.40
(s, 1H), 7.92 (dd, /=5, 5 Hz, 2H), 747 (d, J=5Hz, 1H), 747 (dd, /=2,
5Hz, 2H), 6.99 (dd, /=8, 8 Hz, 1H), 6.84 (d, /=8 Hz, 1H), 6.82 (d, /=
8 Hz, 1H), 3.75 (s, 3H), 2.23 (s, 3H); '*C NMR (125.8 MHz, CDCL;): 6 =
163.91 (CH), 149.54 (q), 140.54 (q), 136.51 (q), 131.19 (CH), 131.12 (q),
128.62 (CH), 128.57 (CH), 124.37 (CH), 122.64 (CH), 109.52 (CH), 55.86
(CHs), 18.09 (CH;); MS (70 eV, EI): m/z (%): 225 (100), 210 (27), 194 (7),
148 (20), 104 (11), 91 (11), 77 (15); C;sH;sNO (225.29): caled C 79.97, H
6.71, N 6.22; found: C 80.00, H 6.69, N 6.11; HR-MS (70 eV, EI): m/z: caled
for [M]*: 225.1154, found: 225.1143.

N-(2-Methoxy-6-methylphenyl)-4'-chlorobenzylidene amine (6j): The
product was obtained as an orange oil after removing the unreacted
starting materials by Kugelrohr distillation. Although the 'H NMR still
showed some traces of the unreacted amine, the product was used for the
next reaction without further purification (73%). 'H NMR (400 MHz,
CDCl;): 6 =8.42 (s, 1H), 7.89 (d, /=9 Hz,2H), 747 (d, /=9 Hz, 2H), 7.04
(dd,J=8,8 Hz, 1H), 6.88 (d, /=8 Hz, 1H), 6.86 (d, /=8 Hz, 1H), 3.78 (s,
3H), 2.26 (s, 3H); C NMR (100.4 MHz, CDCl;): 6 =162.44 (CH), 149.52
(q), 140.04 (q), 137.19 (q), 135.07 (q), 131.43 (q), 129.73 (CH), 128.94 (CH),
124.69 (CH), 122.72 (CH), 109.55 (CH), 55.86 (CH;),18.15 (CH;); MS
(70 eV, EX): m/z (%): 259 (36), 244 (9), 209 (3), 137 (94), 122 (100); HR-MS
(70 eV, El): m/z: caled for [M]*: 259.0764, found: 259.0747.

N-(2-Methoxy-4-methylphenyl)-2’-methoxybenzylidene amine (6k): The
product was obtained as a yellow solid after recrystallization from ethanol
(85% aqueous). Yield 83 %; m.p.: 86°C; 'H NMR (500 MHz, CDCl;): 6 =
8.79 (s, 1H), 8.25 (dd, J=2, 7 Hz, 1H), 741 (ddd, /=2, 7, 7 Hz, 1 H), 7.04
(dd,J=7,7Hz, 1H), 6.96 (dd, J=8, 8 Hz, 1H), 6.91 (d,/=8 Hz, 1H), 6.82
(d, /=8 Hz, 1H), 6.79 (d, /=8 Hz, 1H), 3.83 (s, 3H), 3.73 (s, 3H), 2.20 (s,
3H); BC NMR (125.8 MHz, CDCl,): 6 =160.01 (CH), 159.39 (q), 149.65
(q), 141.57 (q), 132.46 (CH), 130.64 (q), 127.25 (CH), 124.93 (q), 124.03
(CH), 122.57 (CH), 120.76 (CH), 111.08 (CH), 109.46 (CH), 55.87 (CH,),
55.49 (CH,), 18.10 (CH;); MS (70 eV, EI): m/z (%): 255 (79), 240 (4), 225
(18), 148 (5), 137 (100), 122 (49); C,H,;NO, (255.32): caled C 75.27, H 6.71,
N 5.49; found: C 75.17, H 6.68, N 5.45; HR-MS (70 eV, EI): m/z: calcd for
[M]*: 255.1259; found: 255.1247.

N-(2-Methoxy-4-methylphenyl)-4'-methoxybenzylidene amine (61): The
product was obtained as a red oil after removing the unreacted starting
materials by Kugelrohr distillation (53%). '"H NMR (500 MHz, CDCL,):
0=38.30(s,1H), 786 (d, /=9 Hz,2H), 6.97 (d,/=9 Hz,2H), 6.97 (dd, J =
8,8 Hz,1H),6.83 (d,/=8 Hz,1H),6.79 (d,/ =8 Hz, 1 H), 3.85 (s, 3H), 3.73
(s, 3H), 2.21 (s, 3H); “C NMR (125.8 MHz, CDCl;): 6 =163.06 (CH),
162.12 (q), 149.69 (q), 140.97 (q), 130.98 (q), 130.19 (CH), 129.50 (q), 124.04
(CH), 122.60 (CH), 114.00 (CH), 109.48 (CH), 55.82 (CHj;), 55.35 (CHs),
18.08 (CH;); MS (70 eV, EI): m/z (%): 255 (52), 240 (10), 136 (70), 135
(100), 122 (60); C;cH;NO, (255.32): caled C 75.27, H 6.71, N 5.49; found: C
75.48, H 6.79, N 5.45; HR-MS (70 eV, EI): m/z: calcd for [M]*: 255.1259,
found: 255.1248.

Amidoalkylation of 1-methoxy-2-methyl-1-trimethylsiloxypropene (3)
with N-phenylbenzylideneamine (1) and the amino acid chlorides 2a—d.
General procedure: Acid chloride 2 (1.5 mmol) in dry CH,Cl, (3 mL) was
added under argon at 0°C to a solution of the Schiff base 1 (181 mg,
1 mmol) in dry CH,Cl, (3 mL). The mixture was kept at 0 °C for 10 min and
then warmed to room temperature over 30 min. After cooling the solution
to 0°C, silylketene acetal 3 (261 mg, 1.5 mmol) was added over 5 min. The
solution was kept at room temperature for an additional 72 h. After
addition of CH,Cl, (10 mL), the mixture was washed with 10% aq.
NaHCO; (10 mL) and brine (10 mL), and dried over Na,SO,. After
evaporation to dryness, the residue was purified by chromatography on
silica gel.

Methyl 2,2-dimethyl-(S)-3-phenyl-3-[ N-phenyl-N-((S)-N',N'-phthaloylval-
yl) ]-amino-propionate (4a): The products were obtained from N,N-
phthaloyl valine chloride (2a, 265 mg, 1 mmol) after chromatography with
hexane/acetone 9:1 as a colorless oil (80%) in a 87:13 mixture of
diastereomers. TLC: R;=0.14 (hexane/acetone 9:1); HPLC: z =8228"
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(methanol/H,0O 62:38); 'H NMR (250 MHz, CDCl,): 6 = 7.64 (s, 4H), 7.36 -
744 (m, 2H), 711-726 (m, 6H), 6.57 (dd, /=8, 7 Hz, 1H), 6.19 (s, 1 H),
5.80 (d,J =8 Hz, 1H),4.38 (d,/ =10 Hz, 1 H), 3.63 (s, 3H), 2.85 (dqq, /=7,
7,10 Hz, 1H), 1.35 (s, 3H), 1.22 (s, 3H), 1.11 (d, /=7 Hz, 3H), 0.71 (d, J =
7 Hz, 3H); MS (70 eV, EI): m/z (%): 512 (2), 481 (2), 411 (35), 282 (4), 230
(14),202 (100); C3;H3,N,O5 (512.60): caled C 72.64, H 6.29, N 5.47; found: C
72.56, H 6.29, N 5.50; HR-MS (70 eV, EI): m/z: calcd for [M]*: 512.2311,
found: 512.2322.

Methyl 2,2-dimethyl-(S)-3-phenyl-3-[ N-phenyl-N-((S)-N',N'-phthaloylval-
yl) ]-amino-propionate (5a): Characteristic analytical data for the minor
product. HPLC: t; =92'25" (methanol/H,0 62:38); 'H NMR (250 MHz,
CDCl;): 6 =5.88(s, 1H), 4.24 (d, /=10 Hz, 1H), 3.61 (s, 3H).

Methyl 2,2-dimethyl-(S)-3-phenyl-3-[ N-phenyl-N-((S)-N'.N'-phthaloyl-
tert-leucyl) ]-amino-propionate (4b): The products were obtained from
N,N-phthaloyl-tert-leucylchloride 2b (209 mg, 0.75 mmol), N-phenylben-
zylidene amine 1 (91 mg, 0.5 mmol) and silylketene acetal 3 (131 mg,
0.75 mmol) in CH,Cl, (4 mL) after chromatography with hexane/acetone
3:1 as a colorless oil (54 %) in a 93:7 mixture of diastereomers. TLC: R;=
0.20 (hexane/acetone 8:1); HPLC: tz=13'32" (methanol/H,O 80:20);
'"H NMR (400 MHz, CDCL,): 6 =7.62 (m, 4H), 7.51 (d, /=8 Hz, 1H), 7.40
(dd,/=8,8 Hz,1H),7.14-719 (m,5H), 7.09 (d,/ =7 Hz, 1H), 6.36 (s, L H),
6.31 (dd,J=8,8 Hz, 1H), 5.43 (d, /=8 Hz, 1 H), 4.48 (s, 1 H), 3.63 (s, 3H),
1.34 (s, 3H), 1.22 (s, 3H), 1.12 (s, 9H); 3*C NMR (100.6 MHz, CDCL): 6 =
176.86 (q), 167.08 (q), 166.73 (q), 139.01 (q), 137.45 (q), 133.72 (CH), 131.47
(CH), 131.43 (CH), 131.26 (CH), 130.31 (CH), 129.22 (CH), 128.02 (CH),
127.69 (CH), 127.60 (CH), 127.48 (CH), 122.94 (CH), 65.35 (CH), 58.02
(CH), 51.96 (CHs), 47.58 (q), 37.15 (q), 27.70 (CH;), 24.74 (CHs;), 24.28
(CHs;); MS (70 eV, EI): m/z (%): 526 (3), 425 (46), 282 (8), 244 (33), 216
(100); C5,H34N,05 (526.63): caled C 72.98, H 6.51, N 5.32; found: C 72.80, H
6.80, N 5.28; HR-MS (70 eV, EI): m/z: calcd for [M]*: 526.2468, found:
526.2485.

Methyl  2,2-dimethyl-(R)-3-phenyl-3-[ N-phenyl-N-((S)-N'.N'-phthaloyl-
tert-leucyl) ]-amino-propionate (5b): Characteristic analytic data for the
minor product. HPLC: #z=14'49" (methanol/H,O 80:20); 'H NMR
(400 MHz, CDCl;): 6 =4.30 (s, 1H), 3.65 (s, 3H), 1.07 (s, 9H).

Methyl 3-[N-(S)-benzyloxycarbonyl-prolyl-N-phenyl]-amino-2,2-dimeth-
yI-(S)-3-phenyl-propionate (4c¢) and methyl 3-[N-(S)-benzyloxycarbonyl-
prolyl-N-phenyl]-amino-2,2-dimethyl-(R)-3-phenyl-propionate (5c): The
products were obtained from N-benzyloxycarbonyl-prolylchloride (2c,
348 mg, 1.3 mmol) after chromatography with hexane/acetone 12:1 as a
colorless 0il (69 %) in a 53:47 mixture of diastereomers. The 'H- and BC-
NMR spectra showed not only the two diastereomers but also rotamers.
The assignment of the signal groups was made by analysis of the 'H/'H- and
'H/BC-COSY spectra. TLC: R;=0.16 (hexane/acetone 8:1); HPLC: 1z =
23'51" major product 4¢ and 22'16” minor product 5¢ (methanol/H,0O
75:25); '"H NMR (500 MHz, CDCly): 6 ={7.44, 7.61 (d, 3] =8 Hz; o-phenyl-
H)}, 6.96-7.39 (m; arom. CH), 6.98 (d, *J =7 Hz; o-phenyl-H), 6.77 (d,3] =
7 Hz; o-phenyl-H), 6.70 (ddd, *J=1Hz, 3J,=3],=8 Hz; m-phenyl-H),
{5.85, 6.50, 6.54 (d, 3/=8Hz; o-phenyl-H)}, {5.72, 6.06, 6.13 (s, 1H;
PhCHN)}, {5.07, 5.15 (d, 2J =5 Hz, 1 H; CH,-benzyl)}, {4.76, 4.94, 5.04, 5.32
(d, 27 =12 Hz, 1H, CHy-benzyl)}, {3.79, 3.98, 4.01, 4.15 (ddd, 3J,=4 Hz,
3J,=8Hz, 1H; aH)}, 3.62-3.70 (m, 1H; 5H-proline), {3.54, 3.57, 3.65 (s,
3H; OCH,)}, 3.42-3.51 (m, 1H; 5H-proline), 1.95-2.05 (m, 1H; 4H-
proline), 1.81-1.87 (m, 1H; 3H-proline), 1.70-1.76 (m, 1H; 3H-proline),
1.62-1.69 (m, 1H; 4H-proline), {1.17,1.20, 1.25, 1.30, 1.31, 1.35, 1.38 (s, 6 H;
(CH;),0O)}; C NMR (125.8 MHz, CDCly): 6 ={176.67, 176.89, 176.93,
17703 (q; CO,CHy)}, {173.54, 173.71 (q; C(O)-proline)}, {154.00, 154.08,
154.52, 154.59 (q; C(O)-2)}, {128.64, 128.88, 130.49, 130.71, 131.03, 131.24,
131.41, 131.82, 132.45 (CH; arom. CH)}, {127.56, 136.10, 136.41, 136.68,
136.85, 136.95, 137.60, 137.67, 139.76, 140.62, 140.71, 140.90 (q; arom. C)},
{127.54, 127.66, 127.70, 127.75, 127.80, 127.89, 127.93, 128.18, 128.22, 128.33,
128.38, 128.47, 128.81, 129.12, 130.25, 130.63, 130.98, 132.38 (CH; arom.
CH)}, {67.36, 68.98 (CH; PhCHN)}, {57.58, 57.63, 58.12, 58.28 (CH; aC)},
{65.64, 66.68, 66.90, 67.09, 67.20 (CH,; CH,Ph)}, {51.76, 51.88, 51.96 (CHs;
OCH,)}, {47.51, 47.62, 4779, 47.83 (q; (CHs),C)}, {46.95, 47.01, 47.46, 47.55
(CH,; 5C-proline)}, {30.38, 31.00,31.42 (CH,; 3C-proline)}, {23.24, 23.30,
2422, 29.93 (CH,; 4C-proline)}, {22.94, 23.56, 24.29, 24.77, 24.86, 24.93,
25.06, 25.13, 25.36 (CHs; (CH;),C)}; MS (70 eV, El): m/z (%): 514 (3), 413
(22), 232 (9), 204 (22), 91 (100); HR-MS (70eV, EI): m/z: caled for
(C31H34N,O5): 514.2468, found: 514.2485.
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2032-2043

Mannich reaction of N,N-phthaloyl-tert-leucylchloride (2b), the Schiff
bases 6a—1 and 1-methoxy-2-methyl-1-trimethylsiloxy propene (3). Gen-
eral procedure: Acid chloride 2b (336 mg, 1.2 mmol) in dry CH,Cl, (3 mL)
was added under argon at 0°C to a solution of N-aryl-arylidene amine 6
(1 mmol) in dry CH,Cl, (3 mL). The mixture was kept at 0°C for 10 min
and then warmed to room temperature over 30 min. After cooling the
solution to 0°C silylketene acetal 3 (261 mg, 1.5 mmol) was added over
5 min. The solution was kept at room temperature for an additional 72 h.
After addition of CH,Cl, (10 mL), the mixture was washed with 10% aq.
NaHCO; (10 mL) and brine (10 mL), and dried over Na,SO,. After
evaporation to dryness, the residue was purified by chromatography on
silica gel.

Methyl  (S)-3-(4-chlorophenyl)-3-[ N-phenyl-N-((S)-N',N'-phthaloyl-zert-
leucyl) ]-amino-2,2-dimethyl-propionate (8b): The products were obtained
from acid chloride 2b (168 mg, 0.6 mmol), N-(4-chlorophenyl)-benzylidene
amine (6b, 108 mg, 0.5 mmol) and silylketene acetal 3 (131 mg, 0.75 mmol)
in CH,Cl, (4 mL) after chromatography with hexane/ethyl acetate 3:1 as a
colorless oil (44%) in a 92:8 mixture of diastereomers. TLC: R;=0.25
(hexane/acetone 6:1); HPLC: #; = 13'55” (methanol/H,O 80:20); 'H NMR
(500 MHz, CDCLy): 0 =7.63 (m, 4H), 744 (ddd, /=2, 8, 8 Hz, 1H), 740
(ddd,J=2,8,8 Hz, 1H), 7.12 (m, 5H), 6.38 (ddd, /=2, 8,8 Hz, 1 H), 6.31 (s,
1H), 5.51 (d, /=8 Hz, 1H), 4.45 (s, 1H), 3.61 (s, 3H), 1.30 (s, 3H), 1.21 (s,
3H), 1.10 (s, 9H); *C NMR (125.8 MHz, CDCl;): 6 =176.63 (q), 167.18 (q),
166.80 (q), 138.86 (q), 136.09 (q), 133.88 (CH), 133.66 (q), 132.63 (CH),
131.43 (q), 131.35 (CH), 130.12 (CH), 129.49 (CH), 128.28 (CH), 127.88
(CH), 127.78 (CH), 123.08 (CH), 64.73 (CH), 58.00 (CH), 52.09 (CH3), 47.50
(q), 37.23 (q), 27.70 (CH3), 24.61 (CHj3), 24.49 (CH;); MS (70 eV, EI): m/z
(%): 560 (3), 459 (8), 316 (6), 244 (25), 216 (100); C3,H;;CIN,O5 (561.07):
calced C 68.50, H 5.93, N 4.99; found: C 68.64, H 6.17, N 4.67; HR-MS (70 eV,
EI): m/z: caled for [M]*: 560.2078, found: 560.2095.

Methyl (R)-3-(4-chlorophenyl)-3-[ N-phenyl-N-((S)-N',N'-phthaloyl-tert-
leucyl) ]-amino-2,2-dimethyl-propionate (9b): Characteristic analytic data
for the minor product. HPLC: t, = 14'41” (methanol/H,O 80:20); 'H NMR
(500 MHz, CDCl;): 0 =769 (m, 4H), 4.30 (s, 1 H), 3.65 (s, 3H), 1.06 (s, 9H).
Methyl 2,2-dimethyl-(S)-3-(2,4,6-trimethylphenyl)-3-[ N-phenyl-N-(($)-
N'.N'-phthaloyl-tert-leucyl) ]-amino-propionate (8c): The product was
obtained from acid chloride 2b (210 mg, 0.75 mmol), N-phenyl-2.4,6-
trimethylbenzylidene amine (6¢, 112 mg, 0.5 mg) and silylketene acetal 3
(131 mg, 0.75 mmol) in CH,Cl, (3 mL) after chromatography with hexane/
acetone 15:1 as a colorless solid (46%). M.p.:237°C; TLC: R;=0.30
(hexane/acetone 6:1); HPLC: 1z =24'45" (methanol/H,0O 80:20); [a]¥ =
—86.8 (c=0.5in CHCL;); 'H NMR (500 MHz, CDCl;): 6 =7.63 (s,4H), 7.20
(ddd, /=2, 8, 8 Hz, 1H), 7.04 (dd, /=8, 8 Hz, 1H), 6.99 (dd, /=8, 8 Hz,
1H), 6.69 (s, 1H), 6.40 (ddd, J=2, 8, 8 Hz, 1H), 6.59 (s, 1H), 6.19 (d, /=
8 Hz, 1H), 6.20 (s, 1H), 4.43 (s, 1H), 3.84 (s, 3H), 2.16 (s, 3H), 2.12 (s, 3H),
1.77 (s, 3H), 1.54 (s, 3H), 1.12 (s, 3H), 1.09 (s, 9H); *C NMR (125.8 MHz,
CDCl;): 6 =178.08 (q), 166.70 (q), 165.73 (q), 140.81 (q), 139.91 (q), 139.15
(q), 136.71 (q), 133.63 (CH), 131.02 (q), 130.36 (q), 130.34 (CH), 130.31
(CH), 129.93 (CH), 129.27 (CH), 129.14 (CH), 128.10 (CH), 127.54 (CH),
123.01 (CH), 66.68 (CH), 58.57 (CH), 52.17 (CH;), 48.53 (q), 37.32 (q), 27.85
(CHs), 23.71 (CH;), 22.11 (CHj;), 21.89 (CHj;), 20.67 (CH;); MS (70 eV, EI):
mlz (%): 568 (1), 537 (1), 467 (45), 324 (3), 244 (27), 216 (100); C;5H,N,O5
(568.71): caled C 73.92, H 7.09, N 4.93; found: C 73.99, H 7.18, N 4.83; HR-
MS (70 eV, EI): m/z: caled for [M]*: 568.2937, found: 568.2960.

Methyl 2,2-dimethyl-(S)-3-[4'-(N,N-dimethylaminophenyl) ]-3-[ V-phenyl-
N-((S)-N',N’-phthaloyl-tert-leucyl) ]-amino-propionate (8d): The products
were obtained from of N-phenyl-4-dimethylaminobenzylidene amine (6d,
224 mg, 1 mmol) after chromatography with hexane/ethyl acetate 3:1 as a
yellow oil (91%) as a 91:9 mixture of diastereomers. To determine the
optical rotation, an analytical sample was obtained after separation by
HPLC. The major product 8d was obtained as a pure diastereomer. TLC:
R;=0.18 (hexane/acetone 6:1); HPLC: t; =192" (methanol/H,O 75:25);
[a]# =—206.1 (c=0.5 in CHCl;); 'H NMR (400 MHz, CDCL,): 6 =761 (s,
4H), 756 (d, J=8 Hz, 1H), 740 (ddd, /=1, 8, 8 Hz, 1H), 7.08 (dd, /=7,
7Hz,1H), 6.90 (d, /=9 Hz,2H), 6.46 (d, /=9 Hz, 2H), 6.35 (ddd, /=1, 7,
8 Hz, 1H), 6.24 (s, 1H), 5.50 (d, /=8 Hz, 1H), 4.46 (s, 1H), 3.64 (s, 3H),
2.88 (s, 6H), 1.30 (s, 3H), 1.19 (s, 3H), 1.10 (s, 9H); *C NMR (100.6 MHz,
CDCL): 6=17712 (q), 166.77 (q), 149.63 (q), 139.02 (q), 133.64 (CH),
132.21 (CH), 131.55 (CH), 130.99 (CH), 129.02 (CH), 127.81 (CH), 127.29
(CH), 124.66 (q), 122.97 (CH), 111.25 (CH), 64.87 (CH), 57.98 (CH), 51.91
(CHs), 47.95 (q), 40.27 (CHs;), 37.14 (q), 27.73 (CH,), 24.87 (CH;), 23.92
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(CH,); MS (70 eV, EI): miz (%): 569 (3), 468 (68), 225 (25), 234 (17), 216
(100); C3,H3oN;05 (569.70): caled C 71.68, H 6.90, N 7.38; found: C 71.63, H
6.91, N 7.28; HR-MS (70 eV, EI): m/z: caled for [M]*: 569.2890, found:
569.2878.

Methyl 2,2-dimethyl-(R)-3-[4"-(NV,N-dimethylaminophenyl]-3-[ N-phenyl-
N-((S)-N',N'-phthaloyl-tert-leucyl) ]-amino-propionate (9d): Characteristic
analytic data for the minor product. HPLC: #z =21'6" (methanol/H,O
75:25); '"H NMR (400 MHz, CDCl;): 6 =7.71 (s, 4H), 4.26 (s, 1 H), 3.63 (s,
3H), 2.92 (s, 6H), 1.08 (s, 9H).

Methyl 2,2-dimethyl-(S)-3-(4'-methoxyphenyl)-3-[ N-phenyl-N-((S)-NV ,N'-
phthaloyl-zert-leucyl) |-amino-propionate (8e): The products were ob-
tained from acid chloride 2b (169 mg, 0.6 mmol), N-(4-methoxyphenyl)-
benzylidene amine (6, 105 mg, 0.5 mmol) and silylketene acetal 3 (131 mg,
0.75 mmol) in CH,Cl, (4 mL) after chromatography with hexane/ethyl
acetate 3:1 as a colorless oil (84%) in a 92:8 mixture of diastereomers.
TLC: R;=0.18 (hexane/acetone 6:1); HPLC: t =1724" (methanol/H,O
75:25); 'H NMR (400 MHz, CDClL,): 6 =7.53-7.62 (m, 4H), 7.51 (d, /=
9 Hz, 1H), 739 (ddd, /=1, 8, 8 Hz, 1H), 7.08 (dd, /=8, 8 Hz, 1 H), 7.02 (d,
J=9Hz,2H),6.65 (dd,J=9,9 Hz,2H), 6.32 (ddd, /=1, 8,8 Hz, 1H), 6.31
(s, 1H),5.43 (d, /=9 Hz, 1H), 4.44 (s, 1H), 3.73 (s, 3H), 3,62 (s, 3H), 1.30
(s, 3H), 1.19 (s, 3H), 1.09 (s, 9H); C NMR (100.6 MHz, CDClL;): 6 =
176.94 (q), 166.94 (q), 166.75 (q), 158.84 (q), 138.87 (q), 133.73 (CH), 132.51
(CH), 131.46 (CH), 130.59 (CH), 129.41 (q), 129.20 (CH), 127.99 (CH),
12743 (CH), 122.99 (CH), 112.85 (CH), 64.59 (CH), 57.97 (CH), 55.04
(CHj;), 51.98 (CH;), 47.76 (q), 37.15 (q), 27.69 (CH;), 24.71 (CH,), 24.16
(CHs;); MS (70 eV, EI): m/z (%): 556 (4), 455 (19), 336 (6), 244 (15), 216
(100); C33H36N,Og (556.66): caled C 71.20, H 6.52, N 5.03; found: C 71.15, H
6.61, N 4.84; HR-MS (70 eV, EI): m/z: calcd for [M]*: 556.2573, found:
556.2593.

Methyl 2,2-dimethyl-(R)-3-(4-methoxyphenyl)-3-[ N-phenyl-N-((S)-NV ,N'-
phthaloyl-zert-leucyl) ]-amino-propionate (9 e): Characteristic analytic data
for the minor product. HPLC: #z = 18'34” (methanol/H,0 75:25); '"H NMR
(400 MHz, CDCl3): 6 =7.69 (m, 4 H), 5.68 (s, 1 H), 4.26 (s, 1H), 3.77 (s, 3H),
3,63 (s, 3H), 1.04 (s, 9H).

Methyl 2,2-dimethyl-(S)-3-phenyl-3-[ N-(4'-methoxy-phenyl-N-((S)-NV ,N'-
phthaloyl-zert-leucyl) ]-amino-propionate (8¢g): The products were ob-
tained from acid chloride 2b (230 mg, 0.82 mmol), N-(4-methoxyphenyl)-
benzylidene amine (6g, 158 mg, 0.75 mmol) and silylketene acetal 3
(195 mg, 1.12 mmol) in CH,Cl, (4 mL) after chromatography with hexane/
acetone 10:1 as a colorless oil (82 % ) in a 91:9 mixture of diastereomers. To
determine the optical rotation, an analytical sample was obtained after
separation by HPLC. The major product 8g was obtained as a pure
diastereomer. TLC: R;=0.23 (hexane/acetone 3:1); HPLC: 1, =17'43"
(methanol/H,0 75:25); [a]f=-640 (c=0.5, CHClL); 'H NMR
(400 MHz, CDCL;): 6=17.61 (s, 4H), 743 (dd, J=3, 9 Hz, 1H), 7.16-7.19
(m, 5H), 6.88 (dd, J=3,9 Hz, 1H), 6.35 (s, 1 H), 5.78 (dd, J =3, 9 Hz, 1 H),
5.27 (dd, J=3, 9 Hz, 1H), 4.45 (s, 1H), 3.68 (s, 3H), 3.64 (s, 3H), 1.33 (s,
3H), 1.20 (s, 3H), 1.10 (s, 9H); *C NMR (100.6 MHz, CDCl;): 6 =176.94
(q), 167.36 (q), 166.75 (q), 158.91 (q), 137.32 (q), 133.68 (CH), 132.43 (CH),
131.59 (CH), 131.48 (q), 131.36 (CH), 127.66 (CH), 127.59 (CH), 122.91
(CH), 113.90 (CH), 113.02 (CH), 64.87 (CH), 5795 (CH), 55.31 (CH,),
52.02 (CHs), 47.57 (q), 37.14 (q), 27.70 (CH;), 24.79 (CH;), 24.06 (CH;); MS
(70 eV, EI): m/z (%): 556 (5), 455 (40), 312 (4), 244 (26), 216 (100);
C33H36N, 04 (556.66): caled C 71.20, H 6.52, N 5.03; found: C 71.06, H 6.69,
N 5.01; HR-MS (70 eV, EI): m/z: caled for [M]*: 556.2573, found: 556.2556.

Methyl 2,2-dimethyl-(R)-3-phenyl-3-[ N-(4-methoxyphenyl)-N-((S)-NV ,N'-
phthaloyl-tert-leucyl) ]-amino-propionate (9 g): Characteristic analytic data
for the minor product. HPLC: t; =19'57" (methanol/H,O 75:25); 'H NMR
(400 MHz, CDClL;): 6 =7.61 (s,4H), 741 (dd, J=3,9 Hz, 1 H), 427 (s, 1H),
3.71 (s, 3H), 3.65 (s, 3H), 1.05 (s, 9H).

Methyl 2,2-dimethyl-(S)-3-phenyl-3-[ N-(2'-methoxy-6'-methylphenyl)-N-
((S)-N'.N’-phthaloyl-tert-leucyl) ]-amino-propionate (8h): The product
was obtained from acid chloride 2b (838 mg, 3 mmol), N-(2-methoxy-6-
methylphenyl)-benzylidene amine (6h, 451 mg, 2 mmol) and silylketene
acetal 3 (523 mg, 3 mmol) in CH,Cl, (12 mL) after chromatography with
hexane/acetone 10:1 as a colorless solid (50%). M.p.: 197°C; TLC: R;=
0.22 (hexane/acetone 6:1); HPLC: fz=17'52" (methanol/H,O 80:20);
[a]g ==79.9 (¢=0.5 in CHCL); '"H NMR (400 MHz, CDCl;): 6 =773 (d,
J=7Hz,1H),761(dd,/=7,7Hz,2H), 749 (d,/=7 Hz, 1H), 7.06 (dd, / =
8,8 Hz, 2H), 6.96 (dd, /=8, 8 Hz, 2H), 6.85 (s, 2H), 6.83 (s, 1H), 6.37 (s,

0947-6539/00/0611-2039 $ 17.50+.50/0 2039





FULL PAPER

H. Waldmann et al.

1H), 6.05 (d, /=8 Hz, 1H), 4.33 (s, 1H), 3.92 (s, 3H), 3.59 (s, 3H), 1.54 (s,
3H), 1.16 (s, 3H), 1.09 (s, 9H), 0.65 (s, 3H); *C NMR (100.6 MHz, CDCl;)
0=17725 (q), 167.68 (q), 166.32 (q), 155.91 (q), 140.92 (q), 136.12 (q),
133.59 (CH), 132.32 (q), 131.95 (CH), 130.74 (q), 129.19 (CH), 12747 (CH),
12735 (q), 127.01 (CH), 123.02 (CH), 122.78 (CH), 122.41 (CH), 109.59
(CH), 66.76 (CH), 58.50 (CH), 54.74 (CH3), 51.78 (CH3), 49.91 (q), 37.40
(q),27.93 (CH;), 24.39 (CH;), 22.33 (CH,), 17.55 (CH,); MS (70 eV, EI): m/z
(%): 570 (0.4), 539 (1), 469 (38), 326 (4), 244 (11), 226 (37), 216 (100);
C3H3sN,O4 (570.68): caled C 71.56, H 6.71, N 4.91; found: C 71.56, H 6.75,
N 4.82; HR-MS (70 eV, EI): m/z: caled for [M]*: 570.2730, found: 570.2753.
Methyl 2,2-dimethyl-(S)-3-(2’-methoxyphenyl)-3-[ N-phenyl-N-((S)-NV' ,N'-
phthaloyl-zert-leucyl) ]-amino-propionate (8i): The products were obtained
after chromatography with hexane/acetone 12:1 as a colorless oil (91 %) in
a 92:8 mixture of diastereomers. To determine the optical rotation, an
analytical sample was obtained after separation by HPLC. The major
product 8i was obtained as a pure diastereomer. TLC: R;=0.16 (hexane/
acetone 6:1); HPLC: tr=19'43" (methanol/H,O 77:23); [a]® = —122.0
(¢=0.5 in CHCl;); 'TH NMR (500 MHz, CDCl;): 6 =7.63 (br, 4H), 7.45 (d,
J=8Hz, 1H), 735 (ddd, /=1, 8, 8 Hz, 1H), 7.14 (ddd, /=1, 8, 8 Hz, 1 H),
7.06 (dd, J=8, 8 Hz, 1H), 6.81 (ddd, /=1, 8, 8 Hz, 1H), 6.79 (d, /=8 Hz,
1H), 6.58 (dd, /=38, 8 Hz, 1 H), 6.57 (s, 1H), 6.35 (ddd, /=1, 8, 8 Hz, 1 H),
5.68 (d, /=8 Hz, 1H), 4.42 (s, 1H), 3.77 (s, 3H), 3.67 (s, 3H), 1.35 (s, 3H),
1.29 (s, 3H), 1.10 (s, 9H); *C NMR (125.6 MHz, CDCl;): 6 =177.27 (q),
166.75 (q), 166.58 (q), 158.20 (q), 139.82 (q), 133.68 (CH), 132.03 (CH),
131.62 (q), 131.19 (CH), 130.81 (CH), 129.05 (CH), 128.84 (CH), 127.76
(CH), 127.46 (CH), 125.87 (CH), 122.95 (CH), 119.14 (CH), 110.86 (CH),
58.35 (CH), 56.02 (CH,), 51.88 (CH3), 47.87 (q), 37.24 (q), 27.81 (CH3), 25.13
(CH3;), 24.56 (CH;); MS (70 eV, EI): m/z (%): 556 (1), 525 (2), 455 (46), 312
(5), 244 (20), 216 (100); C33H3N,O4 (556.66): caled C 71.20, H 6.52, N 5.03;
found: C 71.17, H 6.49, N 4.89; HR-MS (70 eV, EI): m/z: calcd for [M]*:
556.2573, found: 556.2590.

Methyl 2,2-dimethyl-(R)-3-(2’-methoxyphenyl)-3-[ N-phenyl-N-((S)-N'.N'-
phthaloyl-tert-leucyl) ]-amino-propionate (9i): Characteristic analytic data
for the minor product. HPLC: t; = 173" (methanol/H,O 77:23); 'H NMR
(500 MHz, CDCl;): 6 =7.69 (br,4H), 6.20 (s, 1H), 4.33 (s, 1H), 3.72 (s, 3H),
3.54 (s, 3H), 1.09 (s, 9H).

Methyl (S)-3-(4'-chlorophenyl)-3-[ N-(2"-methoxy-6'-methylphenyl)-N-
((S)-N',N’-phthaloyl-tert-leucyl) ]-amino-2,2-dimethyl-propionate 8j):
The product was obtained from N-(2-methoxy-6-methylphenyl)-4'-chlor-
obenzylidene amine (6j, 260 mg, 1 mmol) after chromatography with
hexane/ethyl acetate 3:1 as a colorless solid (26%). TLC: R;=0.22
(hexane/ethyl acetate 3:1); HPLC: fz=14'46" (methanol/H,0 82:18);
[a]% =—879 (¢=0.5 in CHCL); '"H NMR (500 MHz, CDCl;): 6 =7.77 (d,
J=17Hz, 1H), 767 (ddd, J=1, 7,7 Hz, 1H), 7.63 (ddd, /=1, 7, 7 Hz, 1H),
752(d,J=7Hz,1H),7.09 (dd,J=8,8 Hz, 1 H), 6.98 (d,/ =8 Hz, 2H), 6.88
(d, J=8Hz, 2H), 6.84 (d, /=8 Hz, 1H), 6.19 (s, 1H), 6.15 (d, /=8 Hz,
1H),4.34 (s,1H),3.87 (s,3H),3.61 (s,3H), 1.52 (s, 3H), 1.23 (s,3H), 1.11 (s,
9H), 0.81 (s,3H); *CNMR (125.8 MHz, CDCl,): 6 =176.87 (q), 167.87 (q),
167.44 (q), 166.18 (q), 155.69 (q), 140.13 (q), 134.89 (q), 133.94 (CH), 133.63
(CH), 133.41 (q), 133.18 (CH), 132.17 (q), 130.62 (q), 129.29 (CH), 127.27
(q), 127.04 (CH), 122.95 (CH), 122.76 (CH), 122.54 (CH), 109.69 (CH),
66.65 (CHj;), 58.36 (CHs;), 54.64 (CH), 51.75 (CH), 49.63 (q), 37.28 (q), 27.83
(CHs), 24.67 (CHj;), 22.32 (CH;), 17.70 (CH;); MS (70 eV, EI): m/z (%): 604
(1), 573 (2), 545 (1), 503 (43), 360 (6), 244 (25), 216 (100); C;,H;;N,O4
(604.13): caled C 67.49, H 6.16, N, 4.63; found: C 67.22, H 6.29, N 4.85; HR-
MS (70 eV, EI): m/z: caled for [M]*: 604.2340, found: 604.2356.

Methyl 2,2-dimethyl-(S)-3-(2"-methoxyphenyl)-3-[ N-(2"-methoxy-6-meth-
ylphenyl)-N-((S)-N',N'-phthaloyl-fert-leucyl) ]-amino-propionate (8k):
The product was obtained from N-(2-methoxy-6-methylphenyl)-2'-me-
thoxybenzylidene amine (6k, 255 mg, 1 mmol) after chromatography with
hexane/ethyl acetate 3:1 as a colorless solid (59%). TLC: R;=0.16
(hexane/ethyl acetate 3:1); HPLC: #;=19'40" (methanol/H,O 77:23);
[a]# =—103.4 (¢c=0.5 in CHCL;); 'H NMR (500 MHz, CDCl;): d =7.77 (d,
J=17Hz, 1H), 7.65 (ddd, J=1, 7, 7 Hz, 1H), 761 (ddd, J=1, 7, 7 Hz, 1 H),
750 (d, J=7Hz, 1H), 703 (ddd, /=1, 8, 8 Hz, 1H), 6.99 (dd, /=8, 8 Hz,
1H), 6.84 (d, /=8 Hz, 1H), 6.73 (d, /=8 Hz, 1H), 6.63 (d, / =8 Hz, 1H),
6.59 (s, 1H), 6.52 (dd, J=8,8 Hz, 1H), 6.07 (d, /=8 Hz, 1 H), 4.34 (s, 1 H),
3.81 (s,3H),3.66 (s,3H),3.65 (s,3H), 1.47 (s, 3H), 1.21 (s, 3H), 1.11 (5, 9H),
0.96 (s, 3H); ®C NMR (125.8 MHz, CDCL): 6 =177.33 (q), 167.75 (q),
167.34 (q), 166.30 (q), 157.95 (q), 155.69 (q), 140.05 (CH), 133.77 (CH),
133.46 (CH), 132.71 (CH), 132.30 (q), 130.85 (q), 128.61 (CH), 128.28 (CH),
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128.06 (q), 125.25 (q), 122.87 (CH), 122.67 (CH), 122.27 (CH), 118.66 (CH),
110.11 (CH), 109.29 (CH), 58.60 (CH), 58.45 (CH), 55.87 (CHj), 54.57
(CH,), 51.63 (CHs), 48.75 (q), 37.26 (q), 27.92 (CH,), 24.05 (CH,), 28.85
(CHj;), 17.26 (CH;); MS (70 eV, EI): m/z (% ): 600 (1), 569 (3), 499 (100), 356
(4), 256 (64), 216 (81); C35H4N,O, (600.71 ): caled C 69.98, H 6.71, N 4.66;
found: C 70.11, H 6.68, N 4.67; HR-MS (70 eV, EI): m/z: calcd for [M]*:
600.2836, found: 600.2856.

Methyl 2,2-dimethyl-(S)-3-(4-methoxyphenyl)-3-[ N-(2’-methoxy-6'-meth-
ylphenyl)-N-((S)-NV' ,N'-phthaloyl-zert-leucyl) ]-amino-propionate (81): The
product was obtained from N-(2-methoxy-6-methylphenyl)-4’-methoxy-
benzylidene amine (61, 257 mg, 1 mmol) after chromatography with
hexane/ethyl acetate 3:1 as a colorless solid (75%). TLC: R;=0.09
(hexane/ethyl acetate 3:1); HPLC: 1 =24'32" (methanol/H,075:25);
[a]g =—98.5 (¢=0.5 in CHCL); '"H NMR (500 MHz, CDCl;): 6 =774
(d, J=7Hz, 1H), 765 (ddd, /=1, 7, 7 Hz, 1H), 7.61 (ddd, J=1, 7, 7Hz,
1H), 751 (d, /=7 Hz, 1H), 7.08 (dd, /=8, 8 Hz, 1H), 6.86 (d, /=8 Hz,
1H), 6.71-6.75 (br, 2H), 6.50 (d, /=8 Hz, 2H), 6.44 (s, 1H), 6.08 (d, J=
8 Hz, 1H), 4.34 (s, 1H), 3.95 (s, 3H), 3.67 (s, 3H), 3.60 (s, 3H), 1.54 (s, 3H),
1.16 (s, 3H), 1.11 (s, 9H), 0.65 (s, 3H); *C NMR (125.8 MHz, CDCl;): 6 =
17721 (q), 167.47 (q), 166.27 (q), 158.74 (q), 155.87 (q), 141.07 (q), 133.85
(CH), 133.53 (CH), 132.29 (q), 130.68 (q), 129.12 (CH), 128.29 (q), 127.11
(q), 122.95 (CH), 122.71 (CH), 122.36 (CH), 112.27 (CH), 109.50 (CH),
65.52 (CH), 58.41 (CH), 54.92 (CH,), 54.69 (CH3;), 51.69 (CH,), 50.14 (q),
3732 (q), 27.86 (CH3;), 24.40 (CH3), 21.34 (CH3), 17.57 (CH;); MS (70 eV,
EI): m/z (%): 600 (2), 569 (2), 499 (63), 380 (16), 256 (33), 221 (28), 216
(100); C35H4,N,O, (600.71 ): caled C 69.98, H 6.71, N 4.66; found: C 69.86,
H 6.72, N 4.83; HR-MS (70 eV, EI): m/z: caled for [M]*: 600.2836, found:
600.2823.

Mannich reaction of N,N-phthaloyl-tert-leucylchloride (2b), the Schiff
bases 6 h,1k and 1-ethoxy-1-trimethylsiloxy-ethene (7). General procedure:
Acid chloride 2b (168 mg, 0.6 mmol) was added in dry CH,Cl, (3 mL) to a
solution of of the Schiff base (0.5 mmol) in dry CH,Cl, (2 mL) under argon
at 0°C. The mixture was stirred for 10 min and then allowed to warm to
room temperature over 30 min. After cooling the solution to 0°C,
silylketene acetal 7 (120 mg, 0.75 mmol) was added over 5 min. The
solution was then stirred at room temperature for 72 h. After addition of
CH,Cl, (10 mL), the mixture was washed with 10% aq. NaHCOj; (10 mL)
and brine (10 mL) and dried over Na,SO,. After evaporation to dryness,
the residue was purified by chromatography on silica gel with hexane/ethyl
acetate 3:1.

Ethyl (R)-3-[N-(2’-methoxy-6"-methylphenyl)-N-((S)-NV' ,N'-phthaloyl-tert-
leucyl) ]-amino-3-phenyl-propionate 8m. The product was obtained from
N-(2-methoxy-6-methylpheny)-benzylidene amine (6h, 113 mg, 0.5 mmol)
as a 96:4 mixture of diastereomers (34%). To determine the optical
rotation, an analytical sample was obtained after separation by HPLC. The
major product 8m was obtained as a pure diastereomer (colorless oil).
TLC: R;=0.19 (hexane/ethyl acetate 3:1); HPLC: tz=16"55" (minor)
18'21" (major) (methanol/water 75:25); [a] = —90.0 (¢=0.5 in CHCL;);
"H NMR (400 MHz, CDCL;): 6 =7.80 (d,J =7 Hz, 1H), 7.66 (dd,J =7,7 Hz,
1H), 7.64 (dd, /=7, 7Hz, 1H), 7.55 (d, /=7 Hz, 1H), 7.06-712 (m, 6 H),
6.79 (d, J=8 Hz, 1H), 6.26 (d, /=8 Hz, 1H), 5.62 (dd, /=5, 9 Hz, 1H),
4.17 (s,1H),3.92 (q,/ =7 Hz,2H), 3.68 (s,3H), 3.30 (dd, / = 16, 5 Hz, 1 H),
3.28 (dd,/=16,9 Hz, 1H), 1.08 (s, 9H), 1.03 (t,/ =7 Hz,3H), 0.91 (s, 3H);
BC NMR (100.6 MHz, CDCl;): 6 =171.24 (q); 168.33 (q), 167.74 (q), 166.53
(q), 155.45 (q), 138.99 (q), 13791 (q), 133.99 (CH), 133.72 (CH), 132.23 (q),
130.87 (q), 129.90 (CH), 128.99 (CH), 127.58 (CH), 127.53 (CH), 127.29 (q),
123.09 (CH), 122.91 (CH), 122.78 (CH), 109.43 (CH), 60.29 (CH), 60.18
(CH,), 58.14 (CH), 55.11 (CHs;), 32.00 (CH,), 37.02 (q), 27.69 (CH3), 17.01
(CH3;), 13.97 (CH;), MS (70 eV, EI): m/z (%): 556 (6), 452 (1), 396 (2), 312
(2), 216 (100); HR-MS (70 eV, EI): m/z: calcd for (C;3;H3eN,Oy): 556.2573,
found: 556.2608.

Ethyl  (5)-3-(4-methoxyphenyl)-3-[ N-(2'-methoxy-6"-methylphenyl)-/V-
((S)-N'.N’-phthaloyl-tert-leucyl) ]-amino-propionate (8n): The product
was obtained from N-(2-methoxy-6-methylphenyl)-4’-methoxybenzylidene
amine (61, 128 mg, 0.5 mmol). Colorless solid (68 % ); m.p.: 192°C; TLC:
R;=0.11 (hexane/acetone 6:1); HPLC: tr =20'25" (methanol/H,O 70:30);
[a] =—102.6 (¢c=0.5 in CHCL;); 'H NMR (500 MHz, CDCl;): 6 =7.81 (d,
J=7Hz, 1H), 768 (dd, /=77 Hz, 1H), 7.64 (dd, J =7, 7 Hz, 1H), 7.56 (d,
J=7Hz,1H), 709 (dd,/=8,8 Hz, 1 H), 6.96 (dd, J=7,2 Hz, 2H), 6.81 (d,
J=8Hz, 1H), 6.60 (dd, /=7, 2 Hz, 2H), 6.26 (d, /=8 Hz, 1H), 5.66 (dd,
J=11,4Hz, 1H), 4.18 (s, 1H), 3.95 (dq, / =30, 7 Hz, 1H), 3.93 (dq, J/ =30,

0947-6539/00/0611-2040 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 11





Mannich Reaction

2032-2043

7 Hz, 1H), 3.74 (s, 3H), 3.69 (s, 3H), 3.31 (dd, /=16, 4 Hz, 1H), 3.19 (dd,
J=16 Hz, 11 Hz, 1H), 1.09 (s, 9H), 1.06 (ddd, /=12, 7, 7 Hz, 3H), 0.91 (s,
3H); *C NMR (125.8 MHz, CDCLy): 6 =171.27 (q), 168.21 (q), 167.74 (q),
166.56 (q), 158.97 (q), 155.52 (q), 139.23 (q), 133.98 (CH), 133.70 (CH),
132.30 (q), 131.09 (CH), 130.92 (q), 130.09 (q), 128.98 (CH), 127.12 (q),
123.11 (CH), 122.93 (CH), 122.81 (CH), 112.85 (CH), 109.40 (CH), 60.18
(CH,), 59.52 (CH), 58.18 (CH), 55.18 (CHj;), 55.08 (CH,), 38.23 (CH,),
37.06 (q), 27.73 (CHs), 17.15 (CH;), 14.04 (CH;); MS (70 eV, El): m/z (%):
586 (86), 541 (14), 380 (74), 324 (35), 216 (80), 207 (100); C;,H3N,0O;
(586.68): caled C 69.61, H 6.53, N 4.77; found: C 69.64, H 6.49, N 4.85; HR-
MS (70 eV, EI): m/z: caled for [M]*: 586.2679, found: 586.2700.

Ethyl  (R)-3-(2’-methoxyphenyl)-3-[ V-(2’-methoxy-6'-methylphenyl)-N-
((S)-N',N'-phthaloyl-tert-leucyl) ]-amino-propionate (80): The product
was obtained from N-(2-methoxy-6-methylphenyl)-2’-methoxybenzylidene
amine (6k, 128 mg, 0.5 mmol). Colorless solid (51%); m.p.: 172°C; TLC:
R;=0.12 (hexane/ethyl acetate 3:1); HPLC: t;=20'0" (methanol/H,0
70:30); [a]® = —136.1 (¢c=0.5 in CHCl;); '"H NMR (400 MHz, CDCl;): 6 =
781 (d,J=7Hz, 1H), 7.68 (ddd,/=1,7,7 Hz, 1 H), 7.64 (ddd, J=1,7,7 Hz,
1H), 757 (d,J=7 Hz, 1H), 7.06 (dd, /=8, 8 Hz, 1H), 7.06 (dd, /=8, 8 Hz,
1H), 6.98 (d,/=8,8 Hz, 1H), 6.79 (d, /=8 Hz, 1H), 6.64 (d, /=8 Hz, 1 H),
6.62 (dd, /=38, 8 Hz, 1H), 6.32 (dd, /=4, 11 Hz, 1H), 6.23 (d, /=8 Hz,
1H), 4.18 (s, 1H), 3.93 (dq, /=31, 7 Hz, 1H), 3.90 (dq, /=31, 7 Hz, 1H),
3.75(s,3H),3.55 (s,3H), 3.35 (dd, J = 16,4 Hz, 1 H), 3.25 (dd, /=16, 11 Hz,
1H), 1.09 (s, 9H), 1.01 (dd, J=7, 7Hz, 3H), 0.87 (s, 3H):C NMR
(100.6 MHz, CDCl;): 6 =171.39 (q), 168.30 (q), 16747 (q), 166.60 (q),
158.28 (q), 155.67 (q), 139.34 (q), 133.91 (CH), 133.62 (CH), 132.33 (q),
131.00 (q), 130.25 (CH), 128.65 (CH), 128.58 (CH), 127.44 (q), 125.97 (q),
122.94 (CH), 122.88 (CH), 122.51 (CH), 119.56 (CH), 109.75 (CH), 108.87
(CH), 59.94 (CH,), 58.03 (CH), 55.19 (CH3), 55.06 (CH3;), 52.05 (CH), 37.10
(q), 37.01 (CH,), 27.75 (CH3),16.56 (CHj3), 13.93 (CH;); MS (70 eV, EI): m/z
(%): 586 (99), 541 (16), 380 (80), 324 (41), 216 (100), 207 (19); C3,H3xN,O,
(586.68): caled C 69.61, H 6.53, N 4.77; found: C 69.39, H 6.61, N 4.67; HR-
MS (70 eV, EI): m/z: caled for [M]*: 586.2679, found: 586.2664.

Mannich reaction with N,N-phthaloyl-fert-leucylchloride (2b), N-phenyl-
2,4,6-trimethylbenzylidene amine (6¢), and the silylketene acetals 10, 11
and 12. General procedure: Acid chloride 2b (168 mg, 0.6 mmol) in dry
CH,Cl, (3 mL) was added under argon at 0°C to a solution of of Schiff base
6¢ (112 mg, 0.5 mmol) in dry CH,Cl, (2 mL). The mixture was kept at 0°C
for 10 min and then warmed to room temperature over 1 h. After cooling
the solution to 0°C the silylketene acetal (0.75 mmol) was added over
5 min. The solution was then stirred at room temperature for 72 h. After
addition of CH,Cl, (10 mL), the mixture was washed with 10% aq.
NaHCO; (10mL) and brine (10 mL) and dried over Na,SO,. After
evaporation to dryness, the residue was purified by chromatography on
silica gel.

(R)-2-{(R)-[N-Phenyl-N-((S)-N'.N'-phthaloyl-ftert-leucyl) ]-amino-(2',4',6'-
trimethylphenyl)-methyl}-butano-4-lactone (13syn): The product was ob-
tained from Schiff base 6¢ (223 mg, 1 mmol), acid chloride 2b (308 mg,
1.1 mmol) and 2-trimethylsiloxydihydrofuran (10, 237 mg, 0.75 mmol) after
chromatography with hexane/acetone 12:1). Colorless solid (47 %);
m.p.: 186°C; TLC: R;=0.06 (hexane/acetone 6:1); HPLC:  =1522"
(methanol/H,O 72:28); [a]=-829 (c¢=0.5 in CHCL); 'H NMR
(400 MHz, CDCl;): 0 =763 (br, 4H), 742 (ddd, /=8, 8, 1 Hz, 1H), 7.23
(d,/=8Hz,1H), 715 (dd,/=8,8 Hz, 1H), 6.81 (s, 1H), 6.65 (d, / =10 Hz,
1H), 6.39 (ddd, /=8, 8,1 Hz, 1H), 6.38 (s, 1 H), 4.45 (d, /=8 Hz, 1H), 4.58
(ddd, /=16, 8, 6 Hz, 1H), 4.46 (s, 1 H), 4.30 (ddd, /=16, 8, 6 Hz, 1H), 3.46
(ddd, /=10, 16,8 Hz, 1 H), 2.60-2.70 (m, 1H), 2.53-2.59 (m, 1H), 2.50 (s,
3H),2.12 (s,3H), 1.27 (s, 3H), 1.11 (s, 9H); *C NMR (100.6 MHz, CDCL):
0=175.85 (q), 166.49 (q), 139.52 (q), 138.94 (q), 137.30 (q), 137.21 (q),
133.93 (CH), 130.67 (CH), 130.45 (CH), 130.13 (q), 129.77 (CH), 129.35
(CH), 128.62 (CH), 128.55 (CH), 123.16 (CH), 66.09 (CH,), 57.80 (CH),
55.66 (CH), 41.95 (CH), 37.13 (q), 27.78 (CH,), 27.67 (CHs), 21.62 (CH,),
21.28 (CH;), 20.76 (CH,); MS (70 eV, EI): m/z (%): 552 (18), 496 (6), 336
(20), 308 (27), 280 (14), 216 (100); C3,H34N,05 (552.67): caled C 73.89, H
6.57, N 5.07; found: C 73.60, H 6.40, N 4.93; HR-MS (70 eV, EI): m/z: caled
for [M]*: 552.2624, found: 552.2607.

(5)-2-{(R)-[ N-Phenyl-N-((S)-N',.N'-phthaloyl-fert-leucyl) ]-amino-(2',4',6'-
trimethylphenyl)-methyl}-butano-4-lactone  (13anti): colorless solid
(28%); m.p.: 174°C; TLC: R;=0.11 (hexane/acetone 6:1); HPLC: tz=
20'44" (methanol/H,O 72:28); [a]§ = —77.4 (c=0.5 in CHCL); '"H NMR

Chem. Eur. J. 2000, 6, No. 11

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

(400 MHz, CDCL,): 6 =8.11 (d, 7 =8 Hz, 1 H), 762 (br, 4H), 747 (ddd, ] =
8,8,1Hz, 1H), 713 (dd, J=8, 8 Hz, 1 H), 6.92 (s, 1H), 6.81 (d, /=12 Hz,
1H), 6.40 (s, 1 H), 6.35 (ddd, J =8, 8,1 Hz, 1 H), 5.42 (d, J =8 Hz, 1 H), 4.50
(ddd, J=10,9,7 Hz, 1H), 459 (s, 1 H), 4.32 (ddd, J = 10, 9, 3 Hz, 1 H), 3.30
(ddd,J =12,9,3 Hz, 1H),2.59 (s, 3H), 2.30 (ddd, J =9, 10, 13 Hz, 1 H), 2.17
(s,3H), 1.70 (ddd, J =3, 7,13 Hz, 1 H), 1.12 (s, 12 H); ®C NMR (100.6 MHz,
CDCL,): 8 =17727 (q), 166.30 (q), 140.82 (q), 138.26 (q), 137.57 (g), 137.50
(q), 133.69 (CH), 130.94 (CH), 130.42 (CH), 130.25 (CH), 130.18 (CH),
130.08 (CH), 129.60 (q), 128.30 (CH), 128.13 (CH), 123.00 (CH), 66.34
(CH,), 5749 (CH), 54.50 (CH), 39.34 (CH), 37.25 (q), 27.80 (CH,), 27.37
(CH,), 21.68 (CH,), 20.67 (CH,); MS (70 eV, EI): m/z (%): 552 (22), 496 (6),
336 (20), 308 (30), 280 (15), 216 (100); HR-MS (70 eV, EI): m/z: caled for
[M]*: 552.2624, found: 552.2626.

Methyl (5)-3-[ N-phenyl-N-((S)-N',N'-phthaloyl-tert-leucyl) ]-amino-3-
(2,4,6-trimethylphenyl)-(R)-2-methoxy-propionate (14syn): The product
was obtained from the same reaction mixture as 14anti after additional
chromatography with hexane/dichloromethane 1:6. Colorless solid (70 %);
m.p.: 235°C; TLC: R;=0.29 (hexane/ethyl acetate 3:1); HPLC: fp = 18'58"
(methanol/H,O 75:25); [a]# = —98 (¢ =0.5, CHCl;); '"H NMR (500 MHz,
CDCl): 6="17.86 (d, J=8 Hz, 1H), 7.61 (br, 4H), 745 (ddd, /=2, 8, 8 Hz,
1H), 712 (dd, /=8, 8 Hz, 1H), 6.85 (s, 1 H), 6.67 (d,/ =11 Hz, 1 H), 6.37 (s,
1H), 6.32 (ddd,J =2, 8,8 Hz, 1 H), 5.37 (d,/=8 Hz, 1H), 4.46 (s, 1 H), 4.36
(d,J=11Hz, 1H), 3.93 (s,3H), 3.24 (s, 3H), 2.51 (s,3H), 2.15 (s, 3H), 1.13
(s,3H), 1.09 (s, 9H); *C NMR (125.8 MHz, CDCl;): 6 =172.58 (q), 166.13
(q), 140.51 (q), 139.14 (q), 137.77 (q), 137.06 (q), 133.71 (CH), 130.49 (CH),
130.46 (CH), 130.19 (CH), 129.88 (CH), 129.86 (CH), 129.28 (q), 128.30
(CH), 128.00 (CH), 123.06 (q), 79.52 (CH), 57.83 (CHj;), 57.58 (CH), 56.62
(CH), 52.54 (CH,), 37.23 (q), 27.90 (CH;), 21.43 (CHj;), 20.75 (CHj;), 19.84
(CH;); MS (70 eV, EI): m/z (%): 570 (0.1), 539 (0.4), 511 (1), 467 (48), 244
(23), 216 (100); C34H3sN,O4 (570.682): caled C 71.56, H 6.71, N 4.91; found:
C71.18, H 6.67, N 4.73; HR-MS (70 eV, EI): m/z: caled for [M]*: 570.2730,
found: 570.2755.

Methyl (S)-3-[N-phenyl-N-((S)-N',N'-phthaloyl-fert-leucyl) ]-amino-3-
(2,4,6-trimethylphenyl)-(S)-2-methoxy-propionate (14anti): The product
was obtained from (Z)-1,2-dimethoxy-1-trimethyl siloxy-ethene 11
(132 mg, 0.75 mmol) after chromatography with hexane/ethyl acetate 4:1.
Colorless 0il (7%); TLC: R;=0.23 (hexane/ethyl acetate 3:1); HPLC: 1y =
182" (methanol/H,0O 75:25); [a]¥ =-21 (¢=0.5 in CHCl;); '"H NMR
(500 MHz, CDCl3): 6 =7.62 (s, 4H), 7.45 (ddd, /=1, 8, 8 Hz, 1H), 729 (d,
J=8Hz, 1H), 716 (dd, /=8, 8 Hz, 1H), 6.84 (d, /=10 Hz, 1H), 6.81 (s,
1H), 6.46 (ddd,J=1, 8,8 Hz, 1H), 6.38 (s, 1 H), 5.64 (d, /=8 Hz, 1H), 4.47
(d,J=10Hz, 1H), 4.46 (s, 1H), 3.54 (s, 3H), 3.52 (s, 3H), 2.51 (s, 3H), 2.13
(s, 3H), 1.23 (s, 3H), 1.12 (s, 9H); *C NMR (125.8 MHz, CDCl;): 6 =
170.66 (q), 166.84 (q), 165.61 (q), 140.70 (q), 138.64 (q), 138.35 (q), 137.24
(q), 133.67 (CH), 131.52 (q), 130.63 (CH), 130.49 (CH), 130.07 (CH), 129.86
(CH), 129.62 (CH), 129.12 (q), 128.60 (CH), 128.35 (CH), 123.07 (CH),
80.99 (CH), 57.99 (CH), 57.85 (CH,), 51.86 (CHj), 37.11 (q), 27.60 (CHj;),
21.79 (CH3), 20.77 (CH3); MS (70 eV, EI): m/z (%): 570 (0.1), 539 (0.5), 511
(1), 467 (48), 244 (21), 216 (100); HR-MS (70 eV, EI): m/z: calcd for [M]*:
570.2730, found: 570.2748.

Methyl (S)-3-[ N-phenyl-N-((S)-N',N'-phthaloyl-tert-leucyl) ]-amino-3-
(2,4,6-trimethylphenyl)-(R)-2-(fert-butyl-dimethyl)-siloxy-propionate
(15syn): The product was obtained from (E)-1-(dimethyl-tert butylsiloxy)-
2-methoxy, 2-trimethylsiloxy-ethene 12 (207 mg, 0.75 mmol) after chroma-
tography with hexane/ethyl acetate 10:1. Colorless solid (66%);
m.p.: 197°C; TLC: R;=0.17 (hexane/ethyl acetate 10:1); HPLC: tz=
11'13"” (methanol/H,0 75:25); [a]# = —91.8 (¢=0.5 in CHCL;); 'H NMR
(500 MHz, CDCl,): 6 =7.62 (s, 4H), 7.34 (d, /=8 Hz, 1H), 7.29 (ddd, J =1,
8,8 Hz, 1H), 7.07 (dd,J=7,7 Hz, 1H), 6.67 (s, 1 H), 6.49 (s, 1 H), 6.44 (ddd,
J=1,8,8 Hz, 1H), 6.08 (d, /=10 Hz, 1H), 6.00 (d, /=8 Hz, 1H), 5.12 (d,
J=10Hz, 1H), 4.37 (s, 1H), 3.88 (s, 3H), 2.16 (s, 3H), 2.13 (s, 3H), 1.64 (s,
3H), 1.07 (s, 9H), 0.55 (s, 9H), —0.06 (s, 3H), —0.31 (s, 3H); *C NMR
(125.8 MHz, CDCL): 6 =172.54 (q), 166.72 (q), 165.87 (q), 140.41 (q),
139.52 (q), 138.15 (q), 136.74 (q), 133.68 (CH), 131.54 (q), 130.23 (CH),
130.19 (CH), 130.06 (q), 129.82 (CH), 129.61 (CH), 129.09 (CH), 128.29
(CH), 128.01 (CH), 123.05 (q), 72.31 (CH), 61.67 (CH), 57.94 (CH), 51.90
(CH,), 37.14 (q), 27.86 (CH,), 25.31 (CHs;), 21.25 (CHj), 20.69 (CH,), 20.36
(CH,), 17.87 (q), —4.79 (CH;), —5.19 (CH;); MS (70 eV, EI): m/z (%): 670
(0.3), 613 (16), 585 (5), 467 (78), 244 (28), 216 (100) ; C30H5)N,O4Si (670.92):
caled C 69.82, H7.51, N 4.18; found: C 69.83, H 7.42, N 4.05; HR-MS (70 eV,
EI): m/z: caled for [M]*: 670.3438, found: 670.3422.
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Modified procedure for the cleavage of the N,N-phthaloyl group. General
procedure: NaBH, (4 mg, 0.1 mmol) was added to a solution of of methyl-
(8)-3-aryl-3-[ N-aryl-N-((S)-N',N'-phthaloyl-tert-leucyl) |-amino-2,2-di-
methyl-propionate (0.09 mmol) in isopropanol/water 7:1 (1.6 mL). The
reaction mixture was stirred at room temperature until a TLC showed the
consumption of the starting material. By addition of concentrated HCI
(aqueous, 0.36 mmol, 30 uL) the pH of the solution was adjusted to pH 1.
After stirring at 80°C until a TLC showed the consumption of the
intermediate product, the solution was neutralised with aq. NaHCO; and
extracted with CH,Cl, (5 mL). The combined organic layers were dried
over Na,SO, and the solvent removed in vacuo. The residue was added
onto a plug of silica gel, washed with hexane/acetate 3:1 and eluted with
pure ethyl acetate.

Methyl 2,2-dimethyl-(S)-3-(2',4,6’-trimethylphenyl)-3-[ N-phenyl-N-((S)-
tert-leucyl) ]-amino-propionate (18a): The product was obtained from of
methyl  2,2-dimethyl-(S)-3-(2',4',6'-trimethylphenyl)-3-[ N-phenyl-N-((S)-
N',N'-phthaloyl-tert-leucyl) ]-amino-propionate (8¢, 60 mg, 0.11 mmol) in
isopropanol/water 7:1 (12mL) as a colorless oil (88%); TLC: R;=0.08
(hexane/ethyl acetate 4:1); [a]¥=—38 (¢c=131 in CHCL); 'H NMR
(500 MHz, CDCl,): 0 =746 (d,J=8 Hz, 1H), 7.34 (ddd, J=1,7,7 Hz, 1H),
723 (dd,J=7,7Hz,1H), 708 (ddd, /=1, 8,8 Hz, 1H), 6.63 (s, 1 H), 6.81 (s,
1H), 6.57 (d, /=8 Hz, 1H), 5.63 (s, 1 H), 3.75 (s, 3H), 2.74 (s, 1 H), 2.28 (s,
3H), 2.12 (s, 3H), 1.80 (s, 3H), 1.56 (s, 3H), 1.50 (br, 2 H), 1.16 (s, 3H), 0.87
(s, 9H); ®C NMR (125.8 MHz, CDCL): 6 =177.62 (q), 175.35 (q), 144.09
(q), 139.16 (q), 139.08 (q), 136.72 (q), 130.79 (CH), 130.41 (q), 130.30 (CH),
129.69 (CH), 129.02 (CH), 128.93 (CH), 128.30 (CH), 127.80 (CH), 69.19
(CH), 59.89 (CH), 51.87 (CH,), 49.23 (q), 34.28 (q), 29.20 (CHs,), 27.72
(CH,), 23.62 (CH,), 22.17 (CHy), 21.66 (CH,), 20.68 (CHs); MS (70 eV, EI):
miz (%): 438 (0.2), 407 (1), 338 (7), 264 (7), 147 (6), 86 (100); HR-MS
(70 eV, EI): m/z: calcd for (C,;H3sN,05): 438.2882, found: 438.2898.

Methyl  2,2-dimethyl-(S)-3-[ N-(4'-methoxyphenyl)-N-((S)-tert-leucyl) ]-

ino-3-phenyl-propionate (18b) and methyl 2,2-dimethyl-(R)-3-[N-(4'-
methoxyphenyl)-N-((S)-tert-leucyl) |-amino-3-phenyl-propionate  (18b):
The product was obtained from of a 92:8 mixture (11 mg, 0.02 mmol) of
the diastereomers methyl 2,2-dimethyl-(S)-3-[N-(4’-methoxyphenyl)-N-
((S)-N',N'-phthaloyl-tert-leucyl) ]-amino-3-phenyl-propionate  (8g) and
methyl 2,2-dimethyl-(R)-3-[ N-(4"-methoxyphenyl)-N-((S)-N',N'-phthaloyl-
tert-leucyl) [-amino-3-phenyl-propionate (9g) as a colorless oil (97%) as a
92:8 mixture of the diastereomers 18b and 19b. TLC: R;=0.17 (hexane/
acetone 2:1); 'H NMR (400 MHz, CDCl,): 6 =7.28 (dd, /=3, 9 Hz, 1H),
711 (m, 2H), 6.88 (dd, /=3, 9 Hz, 1H), 6.63 (dd, /=3, 9 Hz, 1 H), 6.38 (dd,
J=3,9Hz,1H),3.79 (s,3H), 6.15 (s, 1 H), 3.64 (s, 3H), 2.74 (s, 1 H), 1.27 (s,
3H), 1.21 (s, 3H), 0.88 (s, 9H); *C NMR (100.6 MHz, CDCL;): 6 =177.02
(q), 176.74 (q), 159.08 (q), 136.84 (q), 133.53 (q), 132.48 (CH), 132.31 (CH),
131.41 (CH), 127.73 (CH), 12759 (CH), 113.32 (CH), 66.06 (CH), 58.99
(CH), 55.35 (CHs;), 51.99 (CH,), 47.45 (q), 34.73 (q), 26.45 (CH,), 26.14
(CHj;), 23.27 (CH;); MS (70 eV, EI): m/z (%): 426 (1), 395 (2), 369 (2), 341
(23), 212 (36), 86 (100); C,sH;3,N,O, (426.55): caled C 70.40, H 8.03, N 6.57;
found: C 70.32, H 7.86, N 6.53; HR-MS (70 eV, EI): m/z: calcd for [M]*":
426.2519, found: 426.2527. Characteristic data of the minor diastereomer
19b: '"H NMR (400 MHz, CDCl,): 6 =3.78 (s, 3H), 3.61 (s, 3H), 2.89 (s,
1H), 0.77 (s, 9H).

Methyl 2,2-dimethyl-(S)-3-[ V-(2’-methoxy-6"-methylphenyl)-N-((S)-tert-
leucyl) ]-amino-3-phenyl-propionate (18 ¢): The product was obtained from
of methyl 2.2-dimethyl-(5)-3-[N-(2'-methoxy-6'-methylphenyl)-N-((S)-
N',N'-phthaloyl-tert-leucyl) |-amino-3-phenyl-propionate ~ (8h, 174 mg,
0.31 mmol) in isopropanol/water 7:1 (25 mL) after column chromatography
with hexane/ethyl acetate 3:1 as a colorless oil (65%). TLC: R;=0.11
(hexane/ethyl acetate 3:1); [a]Z =478 (¢=0.55, CHCL); 'H NMR
(500 MHz, CDCL): 6=7.17 (dd, /=8, 8 Hz, 1H), 715 (dd, /=7, 7 Hz,
1H), 7.05 (dd, J=7, 7Hz, 2H), 6.99 (d, /=7 Hz, 2H), 6.75 (d, J=8 Hz,
1H), 6.56 (d, /=8 Hz, 1H), 6.54 (s, 1 H), 3.82 (s, 3H), 3.64 (s, 3H), 2.63 (s,
1H), 147 (s, 3H), 1.38 (s, 3H), 1.07 (s, 3H), 0.93 (s, 9H); *C NMR
(125.8 MHz, CDCl;): 6=177.58 (q), 17748 (q), 156.30 (q), 140.92 (q),
135.94 (q), 131.74 (CH), 129.18 (CH), 128.77 (q), 127.54 (CH), 127.21 (CH),
122.92 (CH), 108.33 (CH), 65.84 (CH), 60.10 (CH), 54.15 (CH,), 51.86
(CHs), 48.78 (q), 34.67 (q), 26.55 (CH,), 24.56 (CH;), 22.80 (CHs), 18.35
(CHs;); MS (70 eV, EI): m/z (%): 440 (1), 409 (1), 383 (3), 308 (3), 254 (3),
226 (22), 86 (100); HR-MS (70 eV, EI): m/z: calcd for (C,sH3N,O,):
440.2675, found: 440.2689.
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Modified procedure for carrying out the Edman degradation. General
procedure: Phenylisothiocyanate (25 mg, 0.183 mmol) was added to a
solution of one of the above mentioned amines (0.091 mmol) in water/
pyridine 1:1 (5 mL). To this solution was slowly added 1 equivalent of
aqueous NaOH (0.2M, 0.9 mL) at room temperature. After stirring for 3 h,
the reaction mixture was extracted with toluene and the organic solvent
removed in vacuum. The residue was dissolved in a mixture of CH,Cl,
(5 mL) and TFA (1 mL) and refluxed until a TLC: of the reaction mixture
showed the disappearance of the starting material. After neutralisation
with aq. NaHCO; and extraction with CH,Cl, (10 mL) the combined
organic layers were dried over Na,SO,. After filtration the solution was
evaporated to dryness and the amine was obtained by column chromatog-
raphy on silica gel.

Methyl 2,2-dimethyl-(S)-3-phenyl-amino-3-(2',4',6'-trimethylphenyl)-pro-
pionate (20a): The product was obtained after hydrolysis of methyl 2,2-
dimethyl-(S)-3-[ N-(tert-leucyl)-N-phenyl]-amino-3-(2',4',6'-trimethylphen-
yl)-propionate (18a, 66 mg, 0.151 mmol) in a mixture of CH,Cl, (8 mL) and
TFA (2.3 mL). Column chromatography with hexane/actone 40:1 afforded
the product as a yellow oil (59%). TLC: R;=0.51 (hexane/acetone 4:1);
[a]f =—-69.4 (c=1.13 in CHCl;); 'H NMR (500 MHz, CDCl,):  =7.04
(ddd,J=2,7,7Hz,2H), 6.85 (s, 1H), 6.68 (s, 1H), 6.58 (ddd, J=1,7,7 Hz,
1H), 6.40 (dd,J=1,9 Hz,2H), 5.03 (s, 1 H), 4.61 (br, 1H), 3.68 (s, 3H), 2.56
(s, 3H), 2.29 (s, 3H), 2.21 (s, 3H), 1.33 (s, 3H), 1.23 (s, 3H); C NMR
(125.8 MHz, CDCl,): 6 =177.58 (q), 147.16 (q), 137.90 (q), 137.05 (q), 136.19
(q), 132.04 (CH), 131.23 (q), 129.89 (CH), 129.10 (CH), 116.80 (CH), 112.37
(CH), 60.61 (CH3;), 52.33 (CH), 48.55 (q), 25.61 (CH3), 22.33 (CH,), 22.08
(CHs), 21.46 (CH3), 20.62 (CH;); IR (KBr, drift): 7= 3408, 2955, 1719, 1518,
1499, 1432, 1389, 1367, 1273, 1254, 1074, 852, 751, 723 cm~!, MS (70 eV, EI):
miz (%): 325 (3), 224 (100), 104 (7); C;;H;NO, (325.45): caled C 77.50, H
8.36, N 4.30; found: C 77.37, H 8.18, N 4.25; HR-MS (70 eV, EI): m/z: calcd
for [M]*: 325.2042, found: 325.2032.

Methyl  2,2-dimethyl-3-(4'-methoxyphenyl)-amino-3-phenyl-propionate
(20b): The product was obtained from methyl 2,2-dimethyl-3-[N-(tert-
leucyl)-N-(4'-methoxyphenyl) ]-amino-3-phenyl-propionate (18b, 39 mg,
0.091 mmol) as a pale yellow oil after column chromatography with
hexane/acetone 30:1 and gave correct analytical data according to the
literature.’” Yield 84 %; TLC: R;=0.36 (hexane/acetone 3:1); '"H NMR
(250 MHz, CDClL;): 6=1727 (s, 5SH), 6.62 (d, /=9 Hz, 2H), 6.43 (d, /=
9 Hz, 2H), 4.44 (s, 1H), 3.66 (s, 3H), 2.18 (s, 1 H), 1.25 (s, 3H),1.16 (s, 3H);
IR (KBr, drift): #=23368, 3070, 3028, 2834, 1733, 1715, 1617, 1514, 1391,
1035, 824, 806, 764 cm~'; MS (70 eV, EI): m/z (%): 313 (8), 212 (100), 196
(3), 168 (3); HR-MS (70 eV, EI): m/z: caled for (C,yH,3NO;):313.1678,
found: 313.1689.

Methyl 2,2-dimethyl-(S)-3-(2’-methoxy-6"-methylphenyl)-amino-3-phenyl-
propionate (20¢): The product was obtained after hydrolysis of methyl 2,2-
dimethyl-(S)-3-[ N-(tert-leucyl)-N-(2'-methoxy-6"-methylphenyl) |-amino-3-
phenyl-propionate (18¢, 66 mg, 0.150 mmol) in a mixture of CH,CI,
(7.8 mL) and TFA (1.6 mL). Column chromatography with hexane/ethyl
acetate 25:1 gave the product as a colorless oil (45%). TLC: R;=0.13
(hexane/ethyl acetate 25:1); [a]# = —46.3 (¢ =1.045 in CHCl;); '"H NMR
(500 MHz, CDCl;): 6 =7.11-719 (m, 5H), 6.61 (dd, /=7, 7 Hz, 1H), 6.56
(dd, J=2,7Hz,2H), 5.02 (s, 1H), 4.84 (s, 1H), 3.81 (s, 3H), 3.65 (s, 3H),
2.25 (s, 3H), 1.22 (s, 3H), 1.20 (s, 3H); *C NMR (125.8 MHz, CDCl,): 6 =
17727 (q), 149.93 (q), 139.76 (q), 135.40 (q), 128.34 (CH), 127.55 (q), 127.44
(CH), 126.99 (CH), 123.89 (CH), 119.84 (CH), 108.35 (CH), 66.28 (CH),
55.71 (q), 51.78 (CHs;), 47.42 (CH3;), 24.68 (CH3), 19.95 (CH;), 19.48 (CHs;);
IR (KBr, drift): 7 = 3387, 3067, 3027, 2950, 2838, 1734, 1608, 1587, 1506, 1467,
1429, 1388, 1377, 764, 704 cm~!, MS (70 eV, EI): m/z (%): 237 (6), 226 (100),
210 (5); C,0HysNOj5 (327.42): caled C 73.37, H 7.70, N 4.28, found: C 73.36, H
7.60, N 4.25; HR-MS (70 eV, EI): m/z: caled for [M]*: 327.1834, found:
327.1849.

Methyl ($)-3-amino-2,2-dimethyl-3-propionate hydrochloride (22): A sol-
ution of cerium ammonium nitrate (CAN) (163 mg, 0.3 mmol) in water
(0.95 mL) was added to a solution of 33 mg methyl 2,2-dimethyl-(S)-3-(2'-
methoxy-6'-methylphenyl)-amino-3-phenyl-propionate ~ (20¢, 33 mg,
0.1 mmol) in acetonitrile (2 mL) at 0°C. After vigorous stirring for 1 h, a
solution of CAN (109 mg, 0.2 mmol) in water (0.3 mL) was added and the
mixture was stirred for an additional hour at room temperature. The
mixture was then diluted with water (8 mL) and extracted with diethyl
ether (5 mL). The aqueous layer was set to pH 8 to 9 and extracted a second
time with ether (5 mL). After drying the combined organic layers over
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Na,SO, and addition of a saturated solution of HCI in ether (2 mL), the
solvent was removed in vacuo. Colorless solid (56%); [a]¥ =+34.7 (c=
0.21 in 1M HCI) {Lit.: [a]¥ =—32.8 (c=1.1, IN HCI) (S)-compound,? [6
[a]® = +34.6 (c=0.17, Im HCI) (R)-compound®™}; "H NMR (250 MHz,
CDCly): 0 =741-750 (m, 3H; oH, pH), 7.34-7.60 (m, 2H; mH), 4.54 (s,
1H; PhCHN), 3.76 (s, 3H; OCHS), 1.28 (s, 3H; CH,), 1.24 (s, 3H; CH,); MS [7
(70 eV, EI): m/z (%): 206 (0.02), 176 (0.06), 146 (0.31), 132 (0.75), 106 (100);
HR-MS (70 eV, EI): m/z: caled for [M — H,Cl]*: 206.1181, found: 206.1200.

—

—
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Carbon Networks Based on Dehydrobenzoannulenes: Part 21+

Synthesis of Expanded Graphdiyne Substructures

W. Brad Wan, Stephen C. Brand, Joshua J. Pak, and Michael M. Haley*!?!

Abstract: Graphdiyne (1) is a member
of a novel family of interesting and
potentially important allotropes of car-
bon. Reported herein are the synthesis
and spectroscopic characterization of
model substructures 2—6. The macro-

. cycles
cycles were prepared by the intramolec-

Introduction

As we begin the new millennium and the Electronics Age is
just reaching adolescence, there exists an ever-growing
demand for the next generation of electronic devices. Con-
ventional electronic materials have been pushed nearly to the
limits, and industry is turning more and more towards the
development of novel organic materials with interesting
electrical, optical, and structural properties.!l Organic mate-
rials are particularly attractive as they offer adaptability with
respect to the design and tailoring of materials with speci-
alized properties for specific applications (i.e., liquid crystals,
optical switches, conductors, insulators, etc.). Likely candi-
dates for these purposes include conjugated polymers, per-
fluorinated polymers, carbon-rich molecules, and all-carbon
networks.?

In 1968, a group of theoreticians led by Alexandru Balaban
published an article in which they put forth a variety of
imaginative, nonnatural, two- and three-dimensional carbon
allotropes, many of which comprised sp? and/or sp* carbon
scaffolding.”! The extended sm-conjugation of such networks
creates a foundation for a wealth of interesting technologi-
cally important attributes. In addition to the aforementioned
materials applications, other desirable qualities that might be
expected of these networks include nonlinear optical (NLO)

[a] Prof. M. M. Haley, W. B. Wan, S. C. Brand, J. J. Pak
Department of Chemistry
University of Oregon
Eugene, OR 97403-1253 (USA)
Fax: (+1) 541-346-0487
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[*] Part 1: ref. [7].
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ular cyclization of suitable a,w-polyynes.
Key to the success of this approach was

Keywords: alkynes-annulenes-aro-
maticity - carbon allotropes: macro-

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

the development of an in situ protiode-
silylation/alkynylation reaction utilizing
reactive phenylbutadiyne synthons. This
new method has allowed for the prepa-
ration of the largest, most complete
substructures of the graphdiyne network
to date (3-6).

behavior, hardness, chemical inertness, and thermal resist-
ance.?!

Building upon Balaban’s work, others have proposed a
wide array of nonnatural networks—some practical, most
impractical.®l Despite predictions of numerous favorable
attributes, the majority of the proposed allotropes have not
been seriously investigated other than from a theoretical
standpoint (calculated physical properties, crystal packing,
energies of formation, etc.).>¥l Many of these systems are
considered to be unsuitable synthetic targets as monomeric
precursors do not exist or are too reactive to be isolated.
Furthermore, several of the proposed allotropes incorporate
strained rings within the matrix, which markedly increases the
overall energy. Such networks are susceptible to graphitiza-
tion, the facile rearrangement into a more thermodynamically
stable state, most likely graphite.

One of the more “synthetically approachable” allotropes is
graphdiyne (1), a planar network comprised entirely of
benzene rings and alkyne units.’] With a heat of formation

0947-6539/00/0611-2044 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 11





2044-2052

of 18.3 kcal per g-atom C, allotrope 1 is the most stable carbon
network containing diacetylenic linkages.?! Virtually strain
free, graphdiyne is not expected to readily rearrange to
graphite, while at the same time retaining relatively high-
temperature stability and mechanical properties similar to
graphite. The extended m-conjugation of 1 should also give
rise to the aforementioned materials properties (NLO activ-
ity, conductivity or superconductivity, enhanced redox activ-
ity). The large holes in the planar sheets of graphdiyne (ca.
2.5 A) also afford a method of dopant storage that is not
available to graphite, namely intrasheet intercalation. None of
these properties have been confirmed, however, as a viable
synthetic route for the formation of 1 is beyond the limits of
current methodology.

An alternative strategy to investigate the potential proper-
ties of graphdiyne is the preparation and study of model “oligo-
mers” such as substructures 2—6.!'Y1 By monitoring a variety of
physical properties as a function of oligomer size, extrapola-
tion towards the behavior of network 1 may be possible. The
smallest macrocyclic substructure of network 1, dodecadehy-
drotribenzo[18]annulene (2), has been pursued as a synthetic
target since the late 1950s,1°! yet only recently was the isolation
and characterization of the parent hydrocarbon reported.’]
Throughout the literature, the most prevalent method for the
preparation of derivatives of 2 has been copper-mediated
cyclotrimerization of an appropriate o-diethynylbenzene.®l A
representative example of this method is the formation of
perethynylated derivative 8b (Scheme 1).1

While simple in execution, the unavoidable pitfall of this
synthetic approach is the formation of other cyclooligomeric
products. In this case, cyclooligomerization of 7 under Hay
coupling conditions gave predominantly dimer 8a (25%
yield) and an inseparable mixture of trimer 8b and tetramer
8¢ (13% combined yield); thus, the chemical and physical
properties of expanded graphdiyne subunit 8b are as yet
unknown. Despite possible synthetic and purification short

Chem. Eur. J. 2000, 6, No. 11
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tBu
I
tBu H cucl
\\ Z TMLIJEDA
= N acetone
tBu i || = H O,
tBu n
7 8a (n=0) 25%
8b (n=1)
8c (n=2)}13%
Scheme 1.

comings,the vast majority of related compounds found in the
literature have been prepared by this method. Efforts to
manipulate the relative ratio of dimer, trimer, and tetramer by
varying the reaction conditions (i.e., concentration, temper-
ature, catalyst, solvent)!'”] have met with limited success as a
mixture of products is almost always recovered. Owing to
their similarity in composition, structure, and solubility, it is
often difficult (or impossible) to isolate a specific macrocycle
from the product mixture. Surprisingly, the cyclooligomeriza-
tion approach purportedly failed to provide the parent
macrocycle 2.1% 19 Tt is also noteworthy that derivatives of 2
prepared by this route are restricted to uniform D, substi-
tution patterns. Thus, this synthetic method is not applicable
or conducive towards the preparation of larger, more complex
graphdiyne substructures.

To avoid the aforementioned problems, we developed an
improved, more efficient synthesis of [18]annulenes which
incorporates an intramolecular cyclization of an a,w-polyyne
performed under pseudo high-dilution conditions to complete
the macrocycle.> 1 Unlike the “nonspecific” synthesis dis-
cussed above, our method insures the generation of the
desired macrocycle exclusively in moderate to good overall
yield. Although the preparation of the appropriate macro-
cycle precursor necessitates the manipulation of highly
reactive phenylbutadiyne moieties,!'?l we described recently
a convenient and efficient method of cross-coupling function-
alized phenylbutadiyne moieties with iodoarenes.''] Utilizing
this new strategy, we report herein the synthesis and
characterization of models 2—6, the most complete substruc-
tures of graphdiyne reported to date, as well as the first
examples of macrobicyclic and macrotricyclic mimics of
nonnatural carbon networks.!'’]

Syntheses

Slow addition of triyne 10!'] to a dilute suspension of 1,2-
diiodobenzene and cross-coupling catalysts, in the presence of
aqueous KOH, gave hexayne 9in 71 % yield (Scheme 2). This
modification of typical Sonogashira conditions generated the
reactive phenylbutadiyne species in situ by selective removal
of the smaller, more labile trimethylsilyl protecting group. In
this manner the concentration of the butadiyne intermediate
remained low, and cross-coupling to the substrate occurred
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SiM93
I

I o

SiiPr 71% 35%
& 3

10

Scheme 2. Reagents: a) 1,2-diiodobenzene, [PdCL,(PPh;),], Cul, Et;N,
THF, aqg KOH; b) Bu,NF, EtOH, THF; ¢) CuCl, Cu(OAc), - H,O, pyridine.

with minimal self-polymerization. The in situ protiodesilyla-
tion/alkynylation sequence has proven to be quite versatile
and has led to the preparation of a large family of dehydro-
benzoannulenes.[' ¥ Desilylation of 9 with Bu,NF followed
by intramolecular cyclization with CuCl and Cu(OAc), in
pyridine furnished 2 as the sole product in modest yield
(35%). We attributed the low yield to the solubility of the
parent [18]annulene, which was very poor in common organic
solvents.

The poor solubility of 2 provided an important clue as to
why its isolation was elusive prior to our work. We noted that
dichloromethane was superior to diethyl ether, the solvent
most commonly used during reaction work-up of Cu-medi-
ated alkyne couplings. Indeed, repetition of the cyclooligo-
merization experiment with 1,2-diethynylbenzene (Scheme 3)

P CuCl o
7 Cu(OACc)y*H,0 OOO "
N pyridine = o=
n
11 (58%) 2 (n=1)

12 (n=2) }20%

Scheme 3.

followed by careful work-up and chromatography provided
dimer 11 (58%) and an inseparable 3:2 mixture of 2:12
(20%). The "H NMR spectrum of the two-component mixture
was identical to an overlay of the individual spectra obtained
for 2 and 12,'! which were synthesized independently by our
intramolecular strategy. Therefore, it is likely 2 was generated
in the previous studies and then was discarded as an insoluble
by-product!

The problems in manipulating 2 indicated that the larger
structures (3-6) would require the incorporation of pendant
alkyl chains in order to enhance solubility. Subsequently, all
phenylbutadiyne building blocks incorporate decyl chains.
Fortunately though, the symmetry of macrocycles 3-6
required the construction of only two basic components,
triyne 13 and tetrayne 14, and their preparation is shown in
Scheme 4.

Treatment of 4-decylaniline (15) with one equivalent of
BnEt;N* ICl,~ gave iodoaniline 16 as tan needles in 96 %
yield.[] Conversion of the amino group to a diethyltriazene
moiety resulted in the formation of triazene 17 in 96 %
yield.['l Palladium-catalyzed alkynylation of 17 with (triiso-

2046 ——
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NH, NH, N3Etp
a X | b X | c
> —_— —_—
Dec Dec Dec
15 16 X=H 17 X=H
20 X=I 21 X=I
SiMea
Ifl
NaEto s | i I i
X 3 ;/ SiiPrgy § X@/SIIPF(; . « 2 SiiPrg
— —_—
Dec Dec Dec
18 X=H 19 X=H 13 X=H

22 X=C=CSiiPr3 23 X=C=CSiPr3 14 X=C=CSiiPr3

Scheme 4. Reagents: a) (BnNEt;)-ICl,, CH,Cl,, CaCO;, MeOH; b) 1.
NaNO,, HCl, H,0, CH,CN, THF, Et,0: 2. Et,NH, K,CO,, H,0, CH:CN;
¢) iPr,SiIC=CH, [PdCL(PPh,),], Cul, EtN; d) Mel, 120°C;
e) Me;SiC=CC=CH, [PdCl,(PPhs),], Cul, Et;N.

propylsilyl)acetylene afforded 18, which was followed by
conversion of the triazene functionality into an iodide upon
treatment with iodomethane at 120°C.'! Cross-coupling of
the resultant iodoarene (19) with excess (trimethylsilyl)buta-
diynel'l produced triyne 13 in 89% yield. Tetrayne 14 is
structurally similar, and was assembled in approximately 60 %
overall yield following virtually the same pathway, using
instead two equivalents of the appropriate reagents in steps a
and c (Scheme 4).

With the necessary precursors in hand, substructures 3-6
were constructed readily. The first and least complex graph-
diyne substructure synthesized was bis-annulene 3, dubbed
the “bow tie” (Scheme 5).

Dec

| | a . .
» iPr3Si
| :(:[ | 60% IPT3S|

SiiPI’3 69%

24 Dec 25 Dec

Scheme 5. Reagents: a) 13, [PdCL,(PPh;),], Cul, Et;N, THF, aqg KOH;
b) Bu,NF, EtOH, THF; ¢) CuCl, Cu(OAc),-H,O, pyridine.

Sonogashira cross-coupling of 1,2,4,5-tetraiodobenzenel!s!
(24) with excess triyne 13 by the in situ protiodesilylation/
alkynylation sequence gave the tetra-coupled product 25 in
60 % yield. Subsequent removal of the four triisopropylsilyl
groups with Bu,NF followed by double intramolecular
oxidative coupling with CuCl and Cu(OAc), led to the
formation of bow tie 3 in 69 % yield.'")

Bis-annulene 4, the angular analogue of 3, was prepared by
a similar synthetic route (Scheme 6). Cross-coupling of four
equivalents of triyne 13 with 1,2,3 4-tetraiodobenzenel's 2]
(26) using our “in situ” method gave dodecayne 27 in 58 %
yield. Desilylation and intramolecular oxidative cyclization
furnished “boomerang” 4 in 30 % yield. We attribute the low
yield of 4 (relative to the synthesis of 3) to a competitive
cyclization pathway in which the terminal acetylenic appen-
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b,c
—_—
30%

SiiPrs
SiiPrs

a ) 7
|_©_| _Z . iPr3Si
58%

26 27

Scheme 6. Reagents: a) 13, [PdCL,(PPh;),], Cul, Et;N, THF, aqg KOH;
b) Bu,NF, EtOH, THF; c¢) CuCl, Cu(OAc),-H,O, pyridine.

dages at the 2- and 3-positions intramolecularly couple first.
Subsequent Cu-mediated oligomerization/polymerization of
the free alkynes in the resulting intermediate (at the 1- and
4-positions) would produce insoluble and/or intractable spe-
cies.

During the synthesis of boomerang 4, we established that
the first two equivalents of coupling partner (triyne 13) add
preferentially to the more accessible 1- and 4-positions of 26.
This reactivity is consistent with results published by Voll-
hardt et al. in regards to an analogous system.?] Accordingly,
we were able to take advantage of this regioselectivity for the
preparation of the “half wheel” (5), as outlined in Scheme 7.

siipr; %9
SiiPr3 650

Dec

26
Scheme 7. Reagents: a) 13, [PdClL,(PPh;),], Cul, Et:;N, THF, ag KOH;
b) 14, [PdCl,(PPh;),], Cul, Et;N, THF, aqg KOH; c) Bu,NF, EtOH, THF;
d) CuCl, Cu(OAc),-H,0, pyridine.

29

Alkynylation of 26 at the 1- and 4-positions with two
equivalents of triyne 13 using the in situ protiodesilylation/
alkynylation sequence at room temperature produced the
desired para-substituted diiodohexayne 28 in 66 % yield.
Cross-coupling of tetrayne 14 at the two remaining iodines in
28 furnished tetradecayne 29 in 52 % yield. Removal of the
triisopropylsilyl groups and oxidative intramolecular coupling
gave half wheel 5 in 65 % yield.

Both bow tie 3 and boomerang 4 can be envisioned as two
[18]annulenes that are fused in an end-to-end fashion at a
common benzene ring. The “diamond” substructure (6)
represents a laterally fused bis-annulene, or rather two
[18]annulenes with an entire side in common. Half wheel 5
also represents a laterally fused tris-annulene in which three
[18]annulenes share a common diphenylbutadiyne side

Chem. Eur. J. 2000, 6, No. 11
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among any two of the macrocycles; moreover, the central
benzene is common for all three cycles. Although more
involved than the previous syntheses, diamond 6 was prepared
readily from existing precursors (Scheme 8).

NgEtz
| | a c
—_— —_—
78% 38%
Dec
Dec
21 b 30 X:N3Et2
47% L 31 X=|
Dec de

Scheme 8. . Reagents: a) 13, [PdCL,(PPhs),], Cul, Et;N, THF, aq KOH;
b) Mel, 120°C; c) 14, [PdCl,(PPhs),], Cul, Et;N, THF, ag KOH; d) Bu,NF,
EtOH, THF; e) CuCl, Cu(OAc), - H,O, pyridine.

Two equivalents of triyne 13 were cross-coupled to inter-
mediate 21 to give triazene 30 as a dark brown oil in 78 %
yield. Treatment with iodomethane at 120°C afforded iodo-
hexayne 31 in 47 % yield. Tetrayne 14 was cross-coupled with
31 by the in situ protiodesilation/alkynylation protocol to
produce polyyne 32 as a dark oil in 38 % yield. Desilylation
with Bu,NF followed by copper-mediated cyclization furnish-
ed diamond 6 in 88 % yield.

Discussion

All of the macrocycles were isolated as bright yellow, micro-
crystalline solids. Even with four appended decyl moieties, the
product solubility of annulenes 3—6 decreased appreciably
with increasing molecule size. Most notably, completion of the
third macrocyclic ring going from 4 to 5 resulted in a marked
drop in product solubility.

All annulenic structures and intermediates were identified
unequivocally and characterized spectroscopically. Particu-
larly instructive to the present study were the 'H NMR and
UV/Vis spectra of 2—6. Each of the graphdiyne subunits
possesses (4n+2) m-electron circuits, which suggests that the
macrocycles might be able to sustain an induced ring current
and thus exhibit a degree of aromatic character. Consistent
with our previous studies of dehydrobenzo[l8]annulene
derivatives,['*> 4 the benzene resonances of expanded macro-
cycles 3—6 showed small but distinct downfield shifts (Ad =
0.15-0.30 ppm) relative to their acyclic precursors, indicating
the presence of a weak diatropic ring current in the 18-
membered ring. For example, the two proton resonance on
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the central benzene of 27 appeared as a singlet at § =7.40, yet
moved to =768 in 4. Comparison of this same arene
resonance of 4 with that in 5 revealed a slight downfield shift
of the protons (Ad =0.06 ppm) and thus illustrates enhanced
delocalization due to completion of the third macrocyclic unit.
Whether this is due to the presence of “superdelocaliza-
tion ! in tris-macrocycle 5 is subject for further study.

The predicted materials properties, particularly the NLO
and electrical properties, presumably arise from the extended,
two-dimensional m-conjugation of the network or network
fragment. The extent of delocalization is manifested by a
bathochromic shift in the UV absorption spectra, the magni-
tude of which should be a function of substructure size and
conjugation length. The electronic absorption spectra of 2—6
are shown in Figure 1. Comparison of four diagnostic peaks is
presented in Table 1.
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Figure 1. Electronic absorption spectra of macrocycles 2—6.

Table 1. Selected peaks (nm) from the electronic absorption spectra of
2-6.

Compound Peak 1 Peak 2 Peak 3 Peak 4
2 309 330 359 369
3 357 376 413 431
4 354 366 404 420
5 360 366 411 426
6 325 347 390 410

The absorption spectrum of 2 (Figure 1) exhibits the
characteristic pattern associated with the dodecadehy-
dro[18]annulene core. Throughout the series of macrocycles,
the same general trend in diagnostic peak intensities (2 — 1 —
3,4) is maintained. The absorption bands at longer wave-
lengths (peaks 3 and 4) are attributed to the interaction of the
L,-state of the benzene nucleus with the diyne chromo-
phore.?l Diamond 6, the next smallest in the series after 2,
comprises multiple 1,4-diphenylbutadiyne chromophores. The
peak at 347 nm for 6 is comparable to that of parent 2
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(330 nm); however, the intensity is approximately double due
to the increase in sm-conjugation density. Fusion of the two
[18]annulenes leads to an appreciable bathochromic shift (ca.
40 nm) of the low-energy bands.

The remaining substructures also incorporate 1,4-diphenyl-
butadiyne chromophores, accompanied by one or more
elongated chromophores, that is, para-bis(phenylbutadiynyl)-
benzene units. Thus, macrocycles 4 and 5 (both containing a
single long chromophore) exhibit a maximum absorption at
366 nm, which is a bathochromic shift of about 35 nm with
respect to 2. More importantly, the effect of completing the
third macrocycle can be observed in the low-energy region.
Boomerang 4 produces moderately strong absorptions at
404 nm and 420 nm, whereas the analogous bands in half
wheel 5 appeared at 411 nm and 426 nm, respectively. Bow tie
3, the structural isomer of 4, shows the greatest bathochromic
shifts of the series, primarily because 3 now possesses two long
chromophores as opposed to only one such unit in 4 or 5. The
result is a maximum absorption at 376 nm (a shift of ca. 45 nm
from 2), and low-energy absorptions at 413 and 431 nm. The
above results indicate that the electronic absorption behavior
of the graphdiyne subunits is a function of effective conjuga-
tion length, and not of macrocycle size or molecular weight.

Both as solids and in solution, macrocycles 2—6 proved
quite robust, remaining spectroscopically unchanged over a
period of several months. Decomposition could be induced
thermally in the solid state around 200°C. Differential
scanning calorimetry (DSC) analysis showed this to be an
exothermic process, occurring over a narrow 10—-15°C range.
Attempts to examine the thermoproducts from the DSC
experiments were hampered due to complete insolubility of
the shiny, black materials in common organic solvents. Some
clue as to the type of polymerization might be given by
analysis of the solid state packing of 2—6. Unfortunately,
efforts to grow X-ray quality crystals of the macrocycles have
been unsuccessful. Therefore, the structures of the thermo-
products as well as the nature of thermal transformation
remain uncertain. In-depth studies are required to determine
whether the graphdiyne subunits undergo topochemical solid-
state polymerization to form polydiacetylenes; these studies
are currently underway.

Conclusion

Our in situ protiodesilylation/alkynylation protocol in con-
junction with the intramolecular cyclization strategy has
permitted the preparation and characterization of novel
substructures 2—6, the most complete “oligomers” of the
graphdiyne network synthesized to date. While the electronic
absorption properties of 2—6 suggest a strong dependence on
the effective conjugation length of the subunits, the prepara-
tion and study of even larger, more complex subunits such as
“radiation symbol” 33 and “full wheel” 34 will corroborate
this hypothesis and hopefully permit extrapolation to 1. Their
syntheses, as well as NLO studies of all graphdiyne sub-
structures, are in progress.
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Experimental Section

General: 'H and C NMR spectra were recorded using a Varian Unity
Inova 300 (‘H: 299.95 MHz, BC: 75.43 MHz) spectrometer and were
obtained in CDCIl; unless otherwise noted. Chemical shifts () are
expressed in ppm downfield from tetramethylsilane using the residual
non-deuterated solvent as internal standard (CDCl; 6(*H) 7.26, 6(**C) 77.0;
CD,Cl, 6(*H) 5.32, (©*C) 54.0; [Dg] THF 6(*H) 3.58, (**C) 67.57). Coupling
constants are expressed in Hz. Melting points are uncorrected. Dichloro-
methane, triethylamine (TEA), and pyridine were distilled from calcium
hydride under an atmosphere of nitrogen prior to use. Tetrahydrofuran and
diethyl ether were distilled from sodium and benzophenone under an
atmosphere of nitrogen prior to use. All other chemicals were of reagent
quality and used as obtained from manufacturers. Reactions were carried
out in an inert atmosphere (dry nitrogen or argon) when necessary. Column
chromatography was performed on Whatman reagent grade silica gel
(230-400 mesh). Preparative radial thin-layer chromatography was
performed on a Chromatotron using silica gel (60 PF,s,) plates (1-
4 mm). Pre-coated silica gel plates (EM Separations Technology, 60
PF,s4, 200 x 50 x 0.20 mm) were used for analytical thin-layer chromatog-
raphy. Solvent mixtures for elution are v:v ratios.

General acetylene coupling procedure A: A suspension consisting of
iodoarene (1 equiv), PdClL,(PPh;), (0.03 equiv), and Cul (0.06 equiv) in
TEA (25mL per mmol) was degassed with bubbling nitrogen, or by
method of freeze-pump-thaw. The terminal acetylene (1.5 equiv per iodine)
was added in three portions in 1 h intervals with stirring at 60°C under
nitrogen. The reaction was monitored by TLC. Upon completion, the
reaction mixture was concentrated in vacuo, suspended in CH,Cl,, and
filtered through a bed of silica gel. The filtrate was concentrated, and the
crude product was purified by column chromatography or by Chromato-
tron.

General in situ desilylation —alkynylation procedure B: An iodoarene
(1 equiv) was dissolved in THF/TEA (1:5, v:v, 25 mL per mmol). To this
was added PdCl,(PPh;), (0.03 equiv), Cul (0.06 equiv), and aqueous KOH
(1M, 10 equiv). The reaction mixture was degassed by bubbling nitrogen, or
by method of freeze-pump-thaw. In a separate vessel, the (trimethylsilyl)-
butadiyne coupling partner (1.2 equiv per coupling) was dissolved in a
small volume of TEA and was degassed. The acetylene solution was added
by syringe pump over 12—-24 h to the iodoarene solution under nitrogen
atmosphere at 60°C. The reaction was monitored by TLC. Upon
completion, the mixture was concentrated in vacuo, suspended in CH,Cl,,
and filtered through a bed of silica gel. The filtrate was concentrated, and
the crude product was purified by column chromatography or by
Chromatotron.

General triazene conversion (to an iodoarene) procedure C: A mixture of
aryl diethyltriazene (1 equiv) and freshly distilled iodomethane (5 equiv)
was stirred in a sealed pressure reactor at 120°C for 6-24 h. The reaction
mixture was cooled, diluted with hexanes, filtered, and concentrated in
vacuo. The crude product was then purified (as necessary) by flash
chromatography or by Chromatotron.

General macrocyclization procedure D: To the silyl-protected oligo(ace-
tylenic) substrate dissolved in THF (ca. 25 mL per mmol) was added EtOH
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(10-20 drops) and Bu,NF solution (1M in THF, 2.1 equiv) with stirring at
room temperature. The reaction was monitored by TLC. Upon completion,
the mixture was diluted with Et,0 (ca. 25 mL per mmol of substrate),
washed three times with water, twice with brine, and dried over MgSO,.
After filtration through a short pad of silica gel and removal of the solvent,
the resulting product was dissolved in a small volume of pyridine and was
used immediately in the next step. The deprotected acetylene was added by
syringe pump to a suspension of CuCl and Cu(OAc),-H,0 (20 equiv of
each per coupling) in pyridine (ca. 250 mL per mmol of a,w-polyyne) at
60 °C. The addition was done over 16—20 h. The reaction was monitored by
TLC. Upon completion, the mixture was concentrated in vacuo and
extracted with CH,Cl,. The organic layer was subsequently washed with
dilute HCI solution and several times with water. The organic layer was
dried over MgSO,, filtered, evaporated, and purified by column chroma-
tography or by Chromatotron.

1-(Trimethylsilyl)-1,3-butadiyne: Prepared in 8§—10g amounts by the
method of Brandsma.!'"”l Warning: the procedure involves use of butadiyne
gas, which is highly explosive. It is important not to store the diethyl ether
solution of dissolved gas overnight, but rather to continue until the
distillation of pure (trimethylsilyl)butadiyne is complete. 'H NMR: 0 =
021 (s, 9H), 2.11 (s, 1 H).

Hexayne 9: Triyne 101 (1.65g, 4.36 mmol) was treated with 12-
diiodobenzene (480 mg, 1.45 mmol) as described in general in situ coupling
procedure B. Chromatography on silica gel (5:1 hexanes:CH,Cl,) gave
polyyne 9 (705 mg, 71% yield) as a orange gum. 'H NMR: d =1.16 (s,
42H),725-738 (m, 6H), 7.47-7.57 (m, 6 H); ®*C NMR (CD,Cl,): 6 =11.95,
19.10, 78.12, 78.68, 80.95, 82.39, 96.87, 105.11, 125.06, 125.62, 127.81, 128.72,
129.60 (2), 132.90, 133.41, 134.04; UV/Vis (CH,CL,): 4., (¢) =221 (30100),
238 (25800), 267 (15400), 316 (9800), 337 (8600), 361 (6300) nm; IR
(CH,Cl,): 7 =2210, 2159 cm~'; MS (70 eV, EI): m/z (%): 686 ([M*],13), 643
(11), 601 (20), 559 (18), 517 (12); C4sHs,Si, (687.11): caled: C 83.90, H 7.92;
found: C 83.50, H 7.71.

Dodecadehydrotribenzo[18]annulene (2): Polyyne 9 (400 mg, 0.58 mmol)
was deprotected as described in general procedure D. Cyclization was
performed using CuCl (175 mg, 20 equiv) and Cu(OAc),-H,O (320 mg,
20 equiv) in pyridine. Purification by column chromatography on silica gel
(CH,Cl,) followed by recrystallization in hot CH,Cl, furnished a bright
yellow microcrystalline solid (76 mg, 35% yield). Once purified, the
product exhibited poor solubility. M.p. 210°C (decomp); 'H NMR: 6 =7.42
(AA'm, 6H), 768 (BB'm, 6H); *C NMR: 6 =77.21, 80.73, 125.29, 128.81,
132.72; UV/Vis (CH,CL): A, (€) 226 (13400), 280 (18900), 309 (42500),
330 (69400), 359 (19000), 369 (21100) nm; IR (CH,CL): 7=3054,
2207 cm™'; MS (70 eV, EI): m/z (%): 372 ([M*], 100), 371 (8), 370 (26),
368 (11), 91 (24); C5Hy, (372.42): caled: C 96.75, H 3.25; found: C 96.55, H
3.15.

Cyclooligomerization of 1,2-diethynylbenzene: 12-Diethynylbenzene
(126 mg, 1.0 mmol) was added to a suspension of CuCl (297 mg, 30 mmol)
and Cu(OAc),-H,0 (600 mg, 30 mmol) in pyridine (100 mL) at 60°C.
After stirring for 12 h, the mixture was concentrated in vacuo and extracted
with CH,Cl,. The organic layer was subsequently washed with dilute HCI
solution and four times with water. The organic layer was dried over
MgSO,, filtered, evaporated, and purified by Chromatotron (2 mm plate,
9:1 hexanes:CH,Cl,) to give dimer 11 (71 mg, 58 %) and a 3:2 mixture of
trimer 2 and tetramer 12 (25 mg, 20%). The NMR spectral data of each
compound were identical to those reported in the literature (11,191 12011)
or to the sample prepared above (2).

4-Decyl-2-iodoaniline (16): 4-Decylaniline (2.5 g, 10.7 mmol) was dissolved
in CH,Cl, (200mL) and MeOH (75mL). To this was added BnEt;N*
ICl, 11 (4.34 ¢, 11.1 mmol) and CaCOj (3.44 g, 34.4 mmol). The suspension
was stirred at room temperature for 3 h. The mixture was filtered through a
bed of celite and was concentrated in vacuo to approximately 1/3 volume.
The reaction mixture was washed with 5% NaHSO; solution, saturated
NaHCO; solution, water, and brine. The organic layer was dried over
MgSO,, filtered, and concentrated to give an orange solid. The residue was
recrystallized from EtOH/H,O to afford 16 (3.70 g, 96 % yield) as light
brown needles. M.p. 44-46°C. '"H NMR: 6 =0.88 (t,/=6.6 Hz, 3H), 1.26
(m, 14H), 1.50-1.57 (m, 2H) 2.45 (t,J=7.7 Hz, 2H), 3.95 (br s, 2H), 6.67
(d, J=82Hz, 1H), 6.95 (dd, /=82, 2.1 Hz, 1H), 746 (d, J=2.1 Hz);
BC NMR: 6 =14.12, 22.68, 29.17, 29.32, 29.48, 29.57, 29.60, 31.64, 31.89,
34.48, 84.37,114.64, 129.39, 134.87, 138.41, 144.41; IR (KBr): 7= 3407, 3311,
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3204, 1619, 1498, 1466 cm™!; CisHyIN (359.29): caled: C 53.49, H 729, N
3.90; found: C 54.18, H 7.40, N 3.83.

N,N-Diethyl-N'-(4-decyl-2-iodophenyl)triazene (17): Iodoaniline 16 (2.0 g,
5.6 mmol) was dissolved in Et,0 (20 mL), THF (15 mL), and CH;CN
(2.5 mL). A solution of HCI (4.1 mL concentrated HCl in 5.5 mL H,O) was
added dropwise, then the reaction mixture was cooled in a salted ice bath.
A solution of NaNO, (1.31 g, 19 mmol) dissolved in H,O (7 mL) and
CH;CN (2.5 mL) was added dropwise, and the reaction was allowed to stir
for 30 min at —5 to 0°C. The reaction mixture was poured into a chilled
solution of K,CO; (3.69 g, 28 mmol) and Et,NH (13 mL, 72 mmol) in H,O
(25 mL) and CH;CN (55 mL). After stirring for 30 min, the mixture was
extracted twice with Et,0. The combined diethyl ether layers were washed
twice with brine, dried over MgSO,, filtered, and concentrated. Purification
of the crude material by column chromatography on silica gel (20:1
hexanes:CH,Cl,) gave 17 (2.37 g, 96 % yield) as a yellow oil. 'H NMR: 6 =
0.90 (br t, 3H), 1.25-1.36 (m, 20H), 1.52-1.60 (m, 2H), 2.53 (t,J=7.5 Hz,
2H),3.78 (q,/ =72 Hz,4H), 709 (dd, /=82, 1.8 Hz, 1H), 728, (d, /] =8.2,
1H),7.68 (d,/=1.8 Hz, 1H); BCNMR: 6 = 14.11, 22.65, 29.14, 29.30, 29.45,
29.58 (2), 31.39, 31.87, 34.87, 42.04, 49.05, 96.52, 117.02, 128.80, 138.60,
141.50, 148.21; IR (neat): v=1592, 1549, 1465 cm™!; CyH;,IN; (443.41):
caled: C 54.17, H 7.73, N 9.48; found: C 54.48, H 7.66, N 9.28.

N,N-Diethyl-N'-[4-decyl-2-(triisopropylsilylethynyl)phenyl]triazene (18):
Todotriazene 17 (2.12 g, 4.8 mmol) was treated with (triisopropylsilyl)ace-
tylene (1.6 mL, 7.14 mmol) according to general alkynylation procedure A.
The reaction mixture was purified by column chromatography (20:1
hexanes:CH,Cl,) to afford 18 (2.28 g, 96 % yield) as an orange oil. 'H NMR:
0=0.89 (br t,3H), 1.15 (s, 21 H), 1.24-1.38 (m, 20H), 1.56-1.66 (m, 2H),
2.55(t,J=76Hz,2H),3.79 (q,J =72 Hz,4H), 7.06 (dd,J =82,/ =2.1 Hz,
1H), 729 (d, 2.1 Hz, 1H), 7.35 (d, J=8.2 Hz, 1H); *C NMR: 6 =11.41,
14.12, 18.67,22.61, 29.69, 29.25, 29.34, 29.52, 29.34, 31.48, 31.91, 35.23, 41.85,
48.95,93.28,105.86,116.49, 118.14, 129.19, 133.51, 139.21, 150.46. IR (neat):
7=2148, 1599, 1465 cm™'; C;;HssN;Si (497.87): caled: C 74.78, H 11.13, N
8.44; found: C 74.91, H 11.04, N 7.93.

4-Decyl-1-iodo-2-[ (triisopropylsilyl)ethynyl]benzene (19): Triazene 18
(2.0 g, 4.0 mmol) was treated with iodomethane (25 mL) as described in
general procedure C to give 19 (2.06 g, 98 % yield) as a pale yellow oil, with
no need for further purification. 'HNMR: 6 =0.89 (br t,3H), 1.18 (5,21 H),
1.25-1.36 (m, 14H), 1.52-1.60 (m, 2H), 2.51 (t, /=75 Hz, 2H), 6.82 (dd,
J=82, 21Hz, 1H), 732 (d, J=2.1Hz, 1H), 771 (d, J=82Hz, 1H);
BC NMR: 6 =11.35, 14.14, 18.74, 22.71, 29.22, 29.34, 29.46, 29.58, 29.61,
31.21, 31.91, 35.23, 94.59, 97.08, 10823, 129.76, 129.95, 133.25, 138.41,
142.75; IR (neat): 7= 2152, 1459 cm~'. C,;H,5Sil (524.64): caled: C 61.81, H
8.65; found: C 61.72, H 8.54.

4-Decyl-2-[ (triisopropylsilyl)ethynyl]-1-[4-(trimethylsilyl)-1,3-butadiynyl]-
benzene (13): Iodoarene 19 (2.0 g, 3.8 mmol) was treated with (trimethyl-
silyl)butadiyne (700 mg, 5.7 mmol) according to general alkynylation
procedure A. Purification by column chromatography on silica gel
(hexanes) furnished 13 (1.76 g, 89% yield) as a dark orange syrup.
'H NMR: 6=0.24 (s, 9H), 0.89 (br t, 3H), 1.19 (s, 21 H), 1.25-1.36 (m,
14H), 1.52-1.60 (m, 2H), 2.57 (t, /=7.5 Hz, 2H), 705 (dd, /=8.1, 1.5 Hz,
1H),7.28 (d,J=1.5Hz,1H), 736 (d,/ =8.1 Hz, 1H); *CNMR: 6 = — 0.40,
11.33,14.13, 18.71, 22.69, 29.25, 29.33, 29.45, 29.56, 29.60, 31.0, 31.91, 35.76,
75.54,71.31, 88.26, 90.86, 95.40, 104.72, 121.73,127.44, 128.32, 132.14, 132.56,
144.24; IR (neat): 7 = 2206, 2152, 2103, 1599, 1464 cm™'; C3,Hs,Si, (518.96):
caled: C 78.69, H 10.49; found: C 78.17 H 10.33.

4-Decyl-2,6-diiodoaniline (20): 4-Decylaniline (3.75 g, 16.1 mmol) was
dissolved in CH,Cl, (200 mL) and MeOH (75 mL). To this was added
BnE;N* ICL, %1 (13.1 g, 33.6 mmol) and CaCO; (5.15 g, 51.4 mmol). The
suspension was stirred at 50°C overnight. Upon completion, the mixture
was filtered through a bed of celite and was concentrated in vacuo to
approximately 1/3 volume. The reaction mixture washed with 5% NaHSO;
solution, saturated NaHCO; solution, water, and brine. The organic layer
was dried over MgSQO,, filtered, and concentrated to yield an off-white
solid. The residue was recrystallized from EtOH/H,O to give 20 (7.80 g,
81 % yield) as light brown needles. M.p. 87-88°C. "H NMR: 6 =0.88 (br t,
3H), 1.25-1.36 (m, 14H), 1.52-1.60 (m, 2H), 2.40 (t, / =7.8 Hz, 2H), 4.46
(br s, 2H), 745 (s, 2H); C NMR: 6 =14.13, 22.69, 29.10, 29.32, 29.42,
29.54,29.60, 31.49, 31.89, 33.92, 81.54, 136.30, 139.15, 143.87; IR (KBr): 7=
3410, 3327, 1608, 1466 cm™!; C;sHys,N (485.19): caled: C 39.61, H 5.19, N
2.89; found: C 39.74, H 5.14, N 2.68.
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N,N-Diethyl-N'-(4-decyl-2,6-diiodophenyl)triazene (21): Diiodoaniline 20
(980 mg, 2.0 mmol) was dissolved in Et,0O (7 mL), THF (6 mL), and
CH;CN (1 mL). A solution of HCI (1.5 mL concentrated HCl in 2 mL H,0)
was added dropwise, and the reaction mixture was cooled in a salted ice
bath. A solution of NaNO, (477 mg, 6.9 mmol) dissolved in H,O (2.5 mL)
and CH;CN (1 mL) was added dropwise, and the reaction was allowed to
stir for 30 min at —5 to 0°C. The reaction mixture was poured into a chilled
solution of K,CO; (1.34 g, 10.1 mmol) and Et,NH (8.4 mL, 46.4 mmol) in
H,O0 (10 mL) and CH;CN (20 mL). After stirring for 30 min, the reaction
mixture was extracted twice with Et,0. The combined ether layers were
washed twice with brine, dried over MgSO,, filtered, and concentrated. The
crude product was purified by column chromatography on silica gel (50:1
hexanes:EtOAc) to give 21 (1.03 g, 89% yield) as a dark brown gum.
'"HNMR:  =0.89 (br t, 3H), 1.22-1.40 (m, 20H), 1.52-1.60 (m, 2H), 2.47
(t, /=78 Hz, 4H), 3.79 (q, /=7.0 Hz, 6H), 7.64 (s, 2H); 3C NMR: 6 =
14.06, 22.63,29.02, 29.30, 29.34, 29.48, 29.60, 31.18, 31.85, 34.15, 41.61, 49.05,
90.85, 139.24, 142.79, 149.86; IR (neat): 7=3462, 3366, 1578, 1522,
1466 cm~.

N,N-Diethyl-N'-[2,6-bis{(triisopropylsilyl)ethynyl}-4-decylphenyl]triazene
(22): Diiodotriazene 21 (1.0 g, 1.75 mmol) was treated with (triisopropyl-
silyl)acetylene (1.2 mL, 5.25 mmol) according to general alkynylation
procedure A. The reaction mixture was purified by column chromatog-
raphy (50:1 hexanes:EtOAc) to afford 22 (1.14 g, 96 % yield) as an orange
syrup. 'H NMR: 6 =0.89 (br t, 3H), 1.09 (s, 42H), 1.22-1.40 (m, 20H),
1.52-1.60 (m, 2H), 2.50 (t, /=77 Hz, 2H), 3.75 (q, /=71 Hz, 4H), 7.23 (s,
2H); 3C NMR: 6 =11.35, 14.13, 18.70, 22.71, 29.24, 29.36, 29.49, 29.64 (2),
31.39,31.92, 34.98, 40.75, 48.61, 93.00, 105.18, 116.65, 134.11, 138.71, 153.12;
IR (neat): 7=2143, 1587, 1567, 1485 cm™.

1,3-Bis| (triisopropylsilyl)ethynyl]-5-decyl-2-iodobenzene (23): Triazene 22
(1.14 g, 1.7 mmol) was treated with iodomethane (25 mL) as described in
general procedure C to give 23 (1.08 g, 92 % yield) as a pale yellow oil, with
no need for further purification. 'H NMR: d =0.89 (br t,3H), 1.18 (s, 42H),
1.22-1.36 (m, 14H), 1.52-1.60 (m, 2H), 2.50 (t, J=7.8 Hz, 2H), 722 (s,
2H); BC NMR: 0=11.37, 14.13, 18.74, 22.72, 29.29, 29.34, 29.45, 29.60,
29.62, 31.13, 31.92, 35.04, 94.89, 103.77, 108.51, 131.00, 132.58, 142.55; IR
(neat): 7=2150, 1554, 1460 cm™!; Cs3HgsSi,I (705.00): caled: C 64.74, H
9.29; found: C 64.39, H 8.95.

1,3-Bis| (triisopropylsilyl) ethynyl]-5-decyl-2-[4-(trimethylsilyl)-1,3-buta-
diynyl]benzene (14): Iodoarene 23 (1.08 g, 1.5 mmol) was treated with
(trimethylsilyl)butadiyne (280 mg, 2.3 mmol) according to general alkyn-
ylation procedure A. Purification by column chromatography on silica gel
(hexanes) furnished 14 (1.04 g, 95% yield) as a dark orange syrup.
'H NMR: 6=0.21 (s, 9H), 0.88 (br t, 3H), 1.16 (s, 42H), 1.23-1.30 (m,
14H), 1.50-1.60 (m, 2H), 2.52 (t, /=70 Hz, 2H), 721 (s, 2H); *C NMR:
0=-0.42,11.31, 14.13, 18.70, 22.66, 29.31, 29.42, 29.54, 29.60, 30.98, 31.60,
31.89, 36.56, 74.22, 81.41, 88.51, 91.76, 95.75, 104.35, 124.79, 127.58, 131.83,
143.58; IR (neat): 7 =2206, 2152, 2103, 1586, 1546, 1463 cm .

Dodecayne 25: 12.4.5-Tetraiodobenzene (24, 50 mg, 0.086 mmol) was
treated with triyne 13 (270 mg, 0.52 mmol) using general in situ coupling
procedure B. Purification by column chromatography (50:1 hexanes:
EtOAc) gave 25 (98 mg, 60 % yield) as a dark orange gum. 'H NMR: ¢ =
0.89 (t,J=72Hz, 12H), 1.17 (s, 84 H), 1.24-1.35 (m, 56 H), 1.52-1.64 (m,
8H), 2.58 (t, J=75Hz, 8H), 709 (dd, /=8.1, 1.6 Hz, 4H), 731 (d, /=
1.6 Hz, 4H), 745 (d, J=8.1 Hz, 4H), 7.59 (s, 2H); ¥*C NMR (CD,Cl,): 6 =
11.92,14.47,19.08, 23.28, 29.79, 29.91, 30.02, 30.14, 30.18, 31.62, 32.49, 36.29,
77.17,79.19, 81.50, 84.38, 96.38, 105.24, 121.91, 126.01, 127.69, 129.16, 132.87,
133.43, 138.11, 145.67; UV (CH,CL,): Ay, (€) =280 (79360), 357 (90720),
402 nm (71050); IR (neat): #=2211, 2153, 1597, 1465 cm~'; MS (121 mV,
FAB positive ions): m/z (%): 1857.3 ([M* + 2H], 100), 1856.3 (98), 1855.3
(58), 1814.3 (34); C,30H 5,81, (1857.18): caled: C 84.07, H 9.88; found: C
83.80, H 9.75.

Bow tie 3: Dodecayne 25 (98 mg, 0.053 mmol) was deprotected as
described in procedure D. Cyclization was performed by using CuCl
(200 mg, 40 equiv) and Cu(OAc),-H,O (350 mg, 40 equiv) in pyridine.
After work-up, the reaction mixture was concentrated to give a yellow
solid. Trituration with Et,O afforded 3 (45 mg, 69 % yield) as an amorphous
yellow solid. M.p. 220°C (decomp). 'H NMR: d =0.89 (t,/ =72 Hz, 12H),
1.24-1.35 (m, 56 H), 1.58-1.69 (m, 8H), 2.65 (t, /=73 Hz, 8H), 7.24 (dd,
J=179,12Hz,4H),749 (d,/=12Hz,4H), 760 (d,/ =79 Hz, 4H), 7.88 (s,
2H); BC NMR: 0 =14.13, 22.69, 29.20, 29.33, 29.44, 29.53, 29.60, 30.94,
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31.89, 35.82, 77.20, 77.87, 79.19, 80.82, 81.05, 82.73, 122.22, 125.15, 125.33,
129.36, 132.60, 132.80, 136.26, 144.74; UV (CH,Cl,): 4. (¢) =307 (20700),
357 (35400), 375 (48600), 413 (22800), 430 (18000), 369 nm (21100); IR
(KBr): 7=2198, 1620, 1598, 1446 cm™!; MS (MALDI): Cy,Hys (1227.78):
miz: 122775 [M*].

Dodecayne 27: 1,23 4-Tetraiodobenzene (26, 77 mg, 0.133 mmol) was
treated with triyne 13 (413 mg, 0.8 mmol) using general in situ coupling
procedure B. Purification by Chromatotron (2 mm plate, 50:1 hexa-
nes:CH,Cl,) gave 27 (140 mg, 58 % yield) as a dark orange gum. '"H NMR
(CD,CL): 0=0.91 (br t, 12H), 1.11 (s, 42H), 1.16 (s, 42H), 1.23-1.34 (m,
56H), 1.53-1.64 (m, 8H), 2.57 (br t, 8H), 7.04 (br d, /= 8.1 Hz,2H) 7.07 (br
d, J=8.1Hz, 2H), 728 (br s, 2H), 7.30 (br s, 2H), 7.40 (s, 2H), 743 (d, /=
8.1 Hz, 2H), 745 (d, J=8.1 Hz, 2H); 3C NMR (CD,Cl,): 6 =11.33, 14.13,
18.73,22.71,29.25, 29.33, 29.46, 29.58, 29.61, 31.08, 31.90, 35.78, 77.08, 77.28,
77.68, 79.23, 81.17, 83.56, 83.68, 84.05, 95.68, 95.83, 104.60, 104.72, 121.84,
121.99, 126.41, 127.02, 12718, 128.20, 128.32, 129.07, 132.23 (2), 132.55,
132.79, 133.14, 144.22, 144.43; UV (CH,Cl,): A, (€) =351 nm (79780); IR
(neat): 7 =2210, 2157, 1607, 1460 cm~"; C,3,H,3,Si, (1857.18): caled C 84.07,
H 9.88; found C 84.05, H 9.31.

Boomerang 4: Dodecayne 27 (140 mg, 0.075 mmol) was deprotected as
described in procedure D. Cyclization was performed using CuCl (300 mg,
40 equiv) and Cu(OAc),-H,0 (545 mg, 40 equiv) in pyridine. Purification
by column chromatography on silica gel (9:1 hexanes:CH,Cl,) afforded 4
(28 mg, 30% yield) as an amorphous yellow solid. M.p. 192°C (decomp).
"H NMR (CD,Cl,): 6 =0.89 (br t, 12H), 1.20-1.40 (m, 56 H), 1.60—1.68 (m
8H),2.66 (q,J=6.5 Hz, 8H), 727 (dd, /= 8.0, 1.2 Hz, 2H), 7.34 (dd, J = 8.0,
12 Hz, 2H), 7.54 (d, /=12 Hz, 2H), 7.56 (d, /=12 Hz, 2H), 762 (d, /=
8.0 Hz, 2H), 7.68 (s, 2H), 7.78 (d, /= 8.0 Hz, 2H); *C NMR (CD,Cl,): 6 =
14.46, 23.27, 29.76, 29.91, 30.00, 30.12, 30.18, 31.54, 32.49, 36.33, 77.49, 77.60,
77.98, 78.05, 78.88, 80.16, 81.27, 81.43, 81.47, 83.24, 83.46, 83.95, 122.50 (2),
125.59 (2), 126.44, 128.61, 130.20 (2), 132.95, 133.15, 133.31, 133.40, 133.67,
145.87, 145.91; UV (CH,Cly): A, (8) =297 (60780), 354 (109820), 370
(119760), 404 (85370), 421 nm (65970); IR (KBr): #=2197, 1593,
1456 cm~'; MS (MALDI): Co,Hyg (1227.78): m/z: 1227.62 [M*].

Diiodohexayne 28: 1,23 4-Tetraiodobenzene (26, 250 mg, 0.43 mmol) was
treated with triyne 13 (468 mg, 0.9 mmol, 2.1 equiv) using general in situ
coupling procedure B, performed at room temperature. Purification by
Chromatotron (2 mm plate, 50:1 hexanes:CH,Cl,) furnished para-coupled
product 28 (345 mg, 66 % yield) as an amorphous yellow solid. M.p. 105 -
107°C. '"H NMR: 6 =0.88 (br t, 6H), 1.17 (s, 42H), 1.25-1.35 (m, 28H),
1.50-1.60 (m,4H),2.59 (brt,4H), 7.10 (dd,/=8.1,1.5 Hz,2H), 7.32 (d,/ =
1.5 Hz, 2H), 740 (s, 2H), 744 (d, J=8.1 Hz, 2H); C NMR: 6 =11.35,
14.16, 18.82,22.71, 29.29, 29.34, 29.46, 29.58, 29.62, 31.05, 31.92, 35.81, 76.43,
80.10, 84.34, 84.48, 95.74, 104.74, 115.50, 121.55, 127.16, 128.44, 130.52,
132.18, 132.34, 132.82, 144.68; IR (KBr): #=2210, 2157, 1554, 1460 cm™;
CsHg,SioI, (1219.45): caled: C 66.98, H 7.60; found: C 66.82, H 7.46.

Tetradecayne 29: Diiodohexayne 28 (100 mg, 0.082 mmol) was coupled
with tetrayne 14 (233 mg, 0.32 mmol, 4 equiv) using general in situ coupling
procedure B. Purification by Chromatotron (2 mm plate, 50:1 hexanes:
EtOAc) gave polyyne 29 (95 mg, 52% yield) as an orange gum. 'H NMR:
0=0.89 (brt, 12H), 1.08 (s, 84H), 1.14 (s, 42H), 1.23-1.38 (m, 56 H), 1.53 -
1.64 (m, 8H),2.25-2.61 (m, 8H), 7.06 (dd, / = 8.4, 1.5 Hz, 2H), 7.22 (s, 4H),
729 (d,J=1.5Hz, 2H), 7.39 (s, 2H), 742 (d, /= 8.4 Hz, 2H); *C NMR:»
0=11.31, 14.13, 18.73, 29.24, 29.28, 29.34, 29.46, 29.61, 31.05, 31.61, 31.91,
35.54,35.78,77.25,78.27,79.28, 81.18, 81.23, 82.61, 83.56, 83.64, 95.58, 96.08,
104.19, 104.76, 121.92, 124.46, 126.69, 127.17, 127.73, 128.25, 128.69, 132.10,
132.22, 132.56, 132.64, 143.47, 144.30; UV (CH,CL): 4 (¢) =335 (130250),
357nm (185280); IR (neat): #=2210, 2157, 1587, 1547, 1467 cm™!;
Ci5,HySi4 (2217.90): caled: C 82.31, H 10.09; found: C 82.54, H 9.80.

Half wheel 5: Dodecayne 29 (85 mg, 0.038 mmol) was deprotected as
described in general procedure D. Cyclization was performed with 60 equiv
each of CuCl and Cu(OAc), - H,O. Purification by passing through a short
plug of silica gel (CH,CL,) followed by evaporation and trituration with
Et,0 afforded 5 (31 mg, 65% yield) as a yellow solid. M.p. 218°C
(decomp). '"H NMR (1:1 CS,/CD,CL): 6=0.91 (m, 12H), 1.26-1.42 (m,
56H), 1.64-1.74 (m, 8H), 2.63-2.74 (m, 8H), 7.55 (d, /=12 Hz, 2H), 7.61
(dd, /=78, 12 Hz, 2H), 7.62 (s, 2H), 7.63 (d, /=78 Hz, 2H), 7.74 (s, 2H);
BC NMRP ([Dg]THF): 6 =14.62, 23.76, 26.55, 30.42, 30.45, 30.49, 30.62,
30.72,30.78, 30.89, 32.01, 32.14, 35.27, 36.51, 36.70, 78.19, 78.47, 78.99, 79.24,
80.46, 80.51, 80.90, 81.32, 81.89, 81.91, 82.10, 82.49, 83.66, 83.94, 123.17,
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125.98, 126.07, 126.17, 126.55, 126.71, 126.87, 129.30, 130.93, 133.48, 133.94,
134.12, 134.60, 146.13, 146.41; UV (CH,CL): A, (€) =322 (91850), 360
(115950), 366 (117570), 411 (66600), 426 nm (57370); IR (KBr): ¥ =2200,
1584, 1544, 1464 cm™'; MS (MALDI): CogHyg (1273.81): m/z: 1273.47 [M*].
Hexayne 30: Triazene 21 (130 mg, 0.23 mmol) was treated with triyne 13
(265 mg, 0.51 mmol) according to general in situ coupling procedure B.
Purification by column chromatography (50:1 hexanes:EtOAc) provided
hexayne 30 (217 mg, 78 % yield) as a dark yellow gum. 'H NMR: 6 =0.89
(brt,9H), 1.17 (s, 42H), 1.25-1.30 (m, 48 H), 1.56-1.62 (m, 6 H), 2.57 (t,
J=75Hz, 6H), 3.82 (q, /=70 Hz, 4H), 7.07 (dd, /=75 Hz, 1.5 Hz, 2H),
729 (brs,4H), 738 (d,/ =78 Hz,2H); P*C NMR:> § =11.32, 14.11, 18.71,
22.67,29.02,29.25,29.31, 29.36, 29.43, 29.51, 29.55, 29.58, 29.67, 29.71, 30.99,
31.09, 31.89, 31.92, 34.84, 35.72, 42.01, 49.15, 76.92, 77.74, 80.41, 81.26, 95.24,
104.97, 115.04, 122.48, 126.87, 128.31, 132.26, 132.53, 134.99, 138.57, 143.83,
154.54; IR (neat): 7=2209, 2152, 1465 cm™".

Iodohexayne 31: Hexayne 30 (148 mg, 0.12 mmol) was treated with
iodomethane as described in general procedure C. Purification by column
chromatography (20:1 hexanes:EtOAc) gave iodohexayne 31 (69 mg, 47 %
yield) as an orange syrup. 'H NMR: 6 =0.88 (br t, 9H), 1.19 (s, 42H), 1.25—
1.32 (m, 42H), 1.52-1.65 (m, 6H), 2.58 (t, /=75 Hz, 6H), 709 (dd, /=
8.1 Hz,1.5Hz,2H),727 (s,2H), 731 (d,/=15Hz,2H), 744 (d,J=8.1 Hz,
2H); BC NMR: 221 § =11.34, 14.13, 18.80, 22.69, 29.02, 29.26, 29.32, 29.36,
29.43,29.55,29.59, 29.67, 31.05, 31.93, 35.77, 76.73, 77.80, 82.32, 83.28, 95.59,
103.13, 104.81, 121.11, 127.11, 128.40, 130.05, 132.30, 132.70, 134.01, 142.94,
144.42; IR (neat): v =2216, 2153, 1598, 1464 cm~".

Decayne 32: lodohexayne 31 (47 mg, 0.038 mmol) was treated with
tetrayne 14 (35 mg, 0.05 mmol) as described in general procedure B.
Purification by preparative TLC (hexanes) afforded 32 (25 mg, 38 % yield)
as a dark orange gum. 'H NMR: 6 =0.89 (br t, 12H), 1.11 (s, 42H), 1.14 (s,
42H),1.25-1.32 (m, 56 H), 1.55-1.68 (m, 8 H), 2.50-2.64 (m, 8 H), 7.05 (dd,
J=8.1Hz, 1.5 Hz, 2H), 723 (s, 2H), 7.28 (d, /= 1.5 Hz, 2H), 7.30 (s, 2H),
741 (d, J=1.5 Hz, 2H); BC NMR: %1 § =11.31, 14.13, 18.72, 22.69, 29.10,
29.23,29.31,29.36, 29.44, 29.56, 29.59, 29.67, 29.70, 30.63, 31.06, 31.88, 31.93,
35.36,35.53,35.75,77.32,78.66, 79.10, 79.64, 81.43, 81.73, 82.13, 82.21, 95.43,
96.02, 104.27, 104.81, 122.07, 124.80, 125.02, 126.36, 127.12, 127.56, 128.26,
132.05, 132.18, 132.72, 133.81, 143.33, 143.27, 144.11; UV (CH,Cl,): A,
(8) =291 (57710), 340 (56230), 364 nm (35840); IR (neat): 7=12212, 2154,
1598, 1546, 1463, cm ..

Diamond 6: Decayne 32 (25 mg, 0.014 mmol) was cyclized using procedure
D with 40 equiv each of CuCl and Cu(OAc),-H,0. After work-up, the
reaction mixture was dried over MgSO,, and filtered though a bed of celite.
Removal of the solvent resulted in the precipitation of the product as a
yellow powder. The product was purified by preparative TLC (9:1
hexanes:CH,Cl,) to give 6 as a yellow solid (14 mg, 88% yield). M.p.
165°C (decomp). '"H NMR (CD,CL,): 6 =0.89 (br t, 12H), 1.21-1.39 (m,
56H), 1.58-1.70 (m, 8H), 2.62-2.72 (m, 8H), 729 (dd, /=79 Hz, 1.5 Hz,
2H), 7.54 (d, J=1.5 Hz, 2H), 7.58 (s, 2H), 7.60 (s, 2H), 7.62 (d, /=79 Hz,
2H); “C NMR®! (CD,CL): 6 =14.46, 23.26, 29.68, 29.75, 29.90, 29.94,
29.99,30.11, 30.12, 30.16, 30.23, 31.38, 31.54, 32.50, 32.47, 36.12, 36.29, 77.56,
77.73,78.44,78.55, 80.58, 80.68, 80.97, 81.08, 81.79 (3C), 81.90, 122.67, 125.30,
125.74, 125.90, 125.94, 126.02, 130.28, 133.38 (3C), 133.66, 133.80, 145.04,
145.61; UV (CH,CL): A, () =302 (84900), 328 (124510), 349 (178080),
362 (87310), 378 (64070), 390 (41970), 410 nm (21370); IR (KBr): 7=
2216, 2193, 1583, 1539, 1465, 1423 cm~!. MS (MALDI) CgH,, (1103.65):
m/z: 1103.78 [M*].
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(E)-1-Alkyl-4-[2-(alkylsulfonyl)-1-ethenyl |pyridinium Salts: Reaction with
Thiol Groups Giving Rise to Chromophoric (E)-1-Alkyl-4-[2-(alkylsulfanyl)-
1-ethenyl]pyridinium Salts

Michel Holler, Hong Sig Sin, Antony James, Alain Burger, Denis Tritsch, and

Jean-Francois Biellmann*!?!

Abstract: (E)-1-Alkyl-4-[2-(alkylsul-

fonyl)-1-ethenyl]pyridinium salts were
synthesized in two steps. These sulfones
were stable at pH 7.3 and underwent a
nucleophilic vinylic substitution (SyV)
with mercaptans, including thiouracile,
to give the corresponding 4-(thiovinyl)-
pyridinium salts. The X-ray diffraction
structure of (E)-1-methyl-4-[2-(ethylsul-

iodide, prepared from the corresponding
thioether by reaction with methyl iodide
in diethyl ether, underwent isomeriza-
tion to the E isomer in a first-order
reaction in deuterated [D¢]DMSO with
an activation energy of 14 kcalmol~!. At
pH 7, the (E)-1-methyl-4-[2-(methylsul-
fonyl)-1-ethenyl]pyridinium iodide (19)
reacted specifically with thiols. The

reaction of this sulfone with glutathione
in a TES buffer at pH 7 was a second-
order reaction (k=4100 m~'s~! at 30°C)
and gave the corresponding substitution
product with an intense long wavelength
absorption band (A,,=360nm, &=
27500 Mm—'cm™!). The modification of
different enzymes of known structure
with 19 showed the high selectivity of

fanyl)-1-ethenyl]pyridinium iodide indi-
cated conjugation of the sulfur with the
pyridinium ring. (Z)-1-Methyl-4-[2-
(methylsulfanyl)-1-ethenyl]pyridinium

Introduction

In a previous publication we have shown that the labeling
agent N-4'-chlorobenzyl-4-chloroacetylpyridinium chloride
gave rise to a chromophoric enol 1 on reaction with a thiol
group.lI The solvent dependence of the absorption maximum
wavelength of the thioether 1 showed a near-linear relation-
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this reagent towards thiol groups and its
usefulness in the quantitative determi-
nation of free thiol groups in proteins.

ship to the polarity index of Snyder.?! This negative solvato-
chromic compound gave information on the polarity of the
environment of reactive cysteines in proteins.?! In solution,
this enol was in equilibrium with the corresponding ketone
and the hydrate/hemiketal, depending on the solvent, and this
was reflected in the variation of the molecular extinction
coefficient at the maximum wavelength. Thus, quantitative
information on the modified thiol groups in the proteins could
not be obtained with this labeling agent. On the basis of our
acquired experience in this field, we undertook to prepare
new reagents that gave thiovinylpyridinium salts 2 after
reaction with thiol groups. The pyridinium salts 2 have a
structure similar to that of the enolic thioether 1, especially
the conjugation of the thioether with the pyridinium ring, but
the thiovinylic part is devoid of the hydroxyl group, which
gives rise to the keto-enol equilibrium. The synthesis of (E)-1-
methyl-4-[2-(methylsulfonyl)-1-ethenyl]pyridinium  iodide
(19) and its reaction with thiols has previously been pub-
lished.™ In this paper, we report the extended study of these
reagents, their reactivity with nucleophiles, the physical
properties of the products, and the application of these
compounds as labeling reagents of free cysteine residues in
proteins.
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Results and Discussion

Synthesis of thiovinylic pyridinium salts: The C-2, C-3 and C-4
isomers of the thiovinylpyridinium salts (9-15) were pre-
pared in order to study the influence of the substituent
position on their spectroscopic properties. The thiovinyl
pyridines 3-8 were synthesized from the corresponding
pyridinecarboxaldehydes by a Wittig reaction with the
phosphorane derived from (methylthiomethyl)triphenylphos-
phonium chloride (Scheme 1).) The vinylic thioethers were

4

3 (\/ CHO Ph3P+CHZSCHaCI (\/\,,:SCHs RX
2 N) n- BuLl CHCN
or Ether
Ether

3 c2(H
4 C-2(2); (3/4: 3/7) (78%)
5 C-3(E) (41%)
6 C-3(2 (27%)
7 C-4(E) (67%)
8 C-4(2) (7%)

Scheme 1. Synthesis of 1-alkyl-4-(2-(alkylsulfanyl)-1-ethenyl)pyridinium salts (9-15).

isolated by chromatography on silica gel, which was pre-
treated with triethylamine in order to avoid their isomer-
ization. The C-3 and C-4 products (5-8) were isolated as pure
E and Z isomers,[®l whereas the separation of the E and Z
isomers 3 and 4 was not successful.

The reaction of thiovinyl pyridines 3-8 with an excess of
alkyl halide in acetonitrile furnished the corresponding
pyridinium salts 9 to 14 in yields ranging from 67 to 99 %.[!
Treatment of the isomers § and 6 with methyl iodide in
acetonitrile at 20°C gave the corresponding (E) or (Z)-
pyridinium salts 10 and 11 and under these conditions no Z to
E isomerization was detected. However, the reaction of the E
and Z mixture of the C-2 isomers (3 and 4) with methyl iodide
under the same conditions, afforded pyridinium salt 9 as a
pure E isomer. [somerization was also observed on treating
isomer 8 with methyl iodide in acetonitrile; only the (E)-
pyridinium salt 12 was isolated. Indeed, the charge delocal-
ization in the pyridinium salts, in which the thiovinyl group is
at C-2 or C-4, favored the Z to E isomerization of the double
bond and gave the more stable E isomer as shown below. The
(Z)-pyridinium salt 15 could be prepared by performing the
alkylation reaction of isomer 8 with methyl iodide in diethyl
ether. Under these conditions, the (Z)-pyridinium salt 15 had
a very low solubility, and the precipitate was obtained in 47 %
yield after 24 hours. In the solid state, the isomerization was
not detected under normal storage conditions. The kinetics of
the Z to E isomerization (15 to 12) was determined (see
physical properties).

The pyridinium salts with a thiovinyl chain at C-2 and C-4 of
the pyridinium ring showed an absorption band around
360 nm. Among these compounds, the E C-4 compounds
displayed the highest molecular extinction (see physical
properties). Therefore, we planned the synthesis of reagents

2054
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that could give rise to products structurally related to (E)-4-
thiovinylpyridinium salts.

Synthesis of a thiol reagent: Chromophores that have a
similar structure to 2, the trans-f-phenylthio-p-nitrostyrene,
trans-f-phenylthio- and trans-3-p-toluylthio-styrenes have
previously been synthesized by a nucleophilic vinylic sub-
stitution (SyV) of the corresponding chlorides or sulfones
with thiols.’? The SV reaction®® between a system activated
by a strongly withdrawing group and a good nucleophile was
proposed to occur by an addi-
tion —elimination route, similar
to aromatic nucleophilic substi-
tution (SyAr). Based on the
substantial literature on SyAr,
the synthesis of vinylic pyridi-

9 C-2 (E) R=Me X-= I (67%)
10 C-3 (E) R=Me X-= |- (80%)
11 C-3 (2) R=Me X-= |- (89%)
12 C-4 (E) R=Me X-= I- (99%)
13 C-4 (E) R=Et X-= Br- (85%)
14 C-4 (E) R=pCIBz X-= CI- (87%)
15 C-4 (2) R=Me X-= |- (43%)

nium salts with a leaving group
at the 2'-position of the vinylic
side chain was then considered.
Indeed, it is well known that the
pyridinium ring is a strong acti-
vating group in SyAr reac-
tions.[ 1 Therefore, it was an-
ticipated that an addition —eli-

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

mination reaction with a thiol
would afford the desired thio-
vinylpyridinium salt 2 (Scheme 2). The sulfonyl group at-
tracted our attention as a leaving group because it is also a
good activating group.’'!

R
P
N LG N

N+ N* N+ .

| ) I X
B X" R X" R

2
Scheme 2. Addition —elimination reaction between a thiolate anion and a
vinylic pyridinium salt with a leaving group (LG).

We prepared the sulfones 16 to 18 by a Wittig reaction of
isonicotinaldehyde with methyl- or p-toluene-sulfonylmeth-
ylenetriphenylphosphorane (Scheme 3).0> 314-[2-(Methylsul-
fonyl)-1-ethenyl]pyridine was isolated by chromatography as
a mixture of E and Z isomers 16 and 17 in a 1:1 ratio.'¥l This
mixture turned black on storage, even at —20°C. In contrast,
the mixture of these sulfones with triphenylphosphane oxide
was stable on storage. A molecular complex of the sulfones 16
and 17 with triphenylphosphane oxide in the solid state might
account for the relative stability of the sulfones.['") Sulfone 18
was obtained as a single E isomer.

Reaction of the mixture of these sulfones and triphenyl-
phosphane oxide with excess methyl iodide furnished the N-
alkyl pyridinium salts 19 and 20 (Scheme 3). The triphenyl-
phosphane oxide remained in solution, whereas the pyridi-
nium salt precipitated. These pyridinium salts 19 and 20 were
isolated as single E isomers.['4]
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O,R O.R
HO 7 Z
l N PhsP=CHSO,R | N CHgl l N
—_— _—
H,Cl HsCN 7.
N CH,Cl, N CH4C N
CH,
16 (E) R=Me 19 (E) R=Me (88%)
17 (2) R=Me 20 (E) R=pTol (76%)
(16/17:1/1)
18 (E) R=pTol

Scheme 3. Synthesis of (E)-1-alkyl-4-(2-(alkylsulfonyl)-1-ethenyl)pyridi-
nium salts (19 and 20). The yield was calculated from the 4-pyridine
carboxaldehyde.

Reaction with thiols and phenylselenol: The S\V reaction of
sulfone 19 was studied with different thiols. As expected, the
stoichiometric reaction of sulfone 19 with thiols in the
presence of one equivalent of sodium carbonate or bicarbon-
ate gave the corresponding substitution products 21 to 25
(Scheme 4).0 The reaction progress was monitored by

05CHs R
Z 7
A RSH N

_—

» CHaOH L)
N1 Na,CO, N
CHg or NaHCO; CH,
19 21 R=Et (89%)

22 R=Ph (77%)

23 R=p-MeOPh (70%)
24 R=Thiouracile (59%)
25 R=SAc (41%)

Scheme 4. Synthesis of (FE)-1-alkyl-4-(2-(alkylsulfanyl)-1-ethenyl)pyridi-
nium salts (21-25).

UV/Vis spectroscopy. The products were isolated after
crystallization as single pure E isomers and no trace of the
Z isomer could be detected by 'H NMR spectroscopy in the
reaction medium. The modest yields for the salts 24 and 25
arose from their instability and difficult purification. Reagent
20 gave the same substitution products.

The reaction with thiouracile gave compound 24 with a long
wavelength absorption band at 374 nm in methanol (Table 1).
This result is of interest for the study of ~RNA that contains
thiolated bases.'®) The chemoselectivity of the reaction with
thiouracile (S-alkylation versus O- or N-alkylation) was
determined by UV/Vis spectroscopy. The (methoxyvinyl)pyr-
idinium compound was prepared and obtained as a mixture of

E and Z isomers 26 and 27 in a

[13 4:1 ratio with an absorption

CH, N band centered at 320 nm in

~ e acetonitrilel'”.  (Imidazoylvi-

N N nyl)pyridinium compound 28,

| | prepared by reaction of imida-
N N+ - . .

Sy CpHeSOs zole with reagent 19, gave rise

26 (6) 28 to an absorption band centered

27 (2 at 328nm in methanol. The

Chem. Eur. J. 2000, 6, No. 11
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Table 1. Spectroscopic properties of the (thiovinyl)pyridinium compounds
and the (selenovinyl)pyridinium compound 33 in methanol.

S
e

Amas €

[nm] [M~tem™]
9 (C-2; E) (R=Me, X~ =I, R"=SMe) 356 23800
10 (C-3; E) (R=Me, X~ =1, R"=SMe) 308 17400
11 (C-3; Z) (R=Me, X =1, R'=SMe) 312 10200
12 (C4; E) (R=Me, X~ =1, R"=SMe) 362 34100
13 (C-4; E) (R=Et, X~ =Br-, R'=SMe) 364 34600
14 (C-4; E) (R=pClBz, X~ =Cl-, R’ = SMe) 370 34400
15 (C4; Z) (R=Me, X~ =1, R"=SMe) 368 22500
21(C4; E) (R=Me, X~ =1-, R'=SEt) 366 34000
22 (C-4; E) (R=Me, X~ =1-, R'=SPh) 364 27500
23 (C-4; E) (R=Me, X~ =17, R"=S-pMeOPh) 366 26100
24 (C-4; E) (R=Me, X~ =1, R"=SUracyl) 374 25200
25 (C-4; E) (R=Me, X~ =1-, R"=SAc) 33260 24400
33 (C4; E) (R=Me, X~ =1, R"=SePh) 374 22900

[a] In acetonitrile.

thioethers have absorption bands at around 370 nm, except
for the thioacetyl compound 25 (Table 1, see below and
discussion under physical properties). The spectral properties
of the reaction product with thiouracile confirmed that the
reaction occured on the sulfur atom.

The reaction of sulfone 19 with thioacetic acid gave the
expected substitution product 25. During the isolation,
compound 25 was converted into thioether 29 in 72 % yield.
The following mechanism for this conversion was proposed
(Scheme 5): thioacetate 25 was hydrolyzed to thiol 30, which

COCH;
7
| N 20 / \
N - base - SN+ 1T
CHg CH3 CHS CHy
25 30 29

Scheme 5. Synthesis of thioether 29.

reacted with thioacetate 25 to give thioether 29, the thioacetyl
group being the nucleofugal group. The ease of hydrolysis of
thioacetate 25 is reminiscent of the hydrolysis of p-nitro-
thiophenolacetate.

When the reaction was carried out in the presence of excess
thiol, for example, ethanethiol, a mixture of two compounds was
obtained. In addition to compound 21, a by-product corre-
sponding to the addition of two molecules of ethanethiol was
observed by UV and NMR

spectroscopy, and mass spec- /} ct
trometry, but could not be iso- < SEt
lated. The ethylenethioketal 31 N N
was prepared and characterized l |

N+ |- N*y
as a model compound of the dn CHy

3

bis-addition product. Reaction a1 a2

of sulfone 19 with 12-ethane
dithiol furnished the thioketal
31 in 84% yield. As expected, compound 31 showed no
absorption band at around 360 nm. Thus it was proposed that
the by-product had structure 32.
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There is a class of enzymes that contains essential seleno-
cysteines for their selectivity.'¥! Labeling of these selenols
with sulfone 19 would be an attractive target. Therefore, we
studied the reaction of this reagent with sodium phenyl-
selenoatel and obtained the (selenovinyl)pyridinium com-
pound 33 after crystallization (Scheme 6).2%]

02CH3 Se :

P
(PhSe),, NaBH,
,},f |- CHyCH,OH ﬁ': -
CHs CHg
19 33

Scheme 6. Synthesis of compound 33.

Physical properties: The UV/Vis spectra of the thiovinylic
pyridinium salts were determined in methanol (Table 1). The
C-2 and C-4 isomers (9 and 12 to 15) had a wavelength
absorption band centered at around 360 nm. By contrast, the
C-3 isomers 10 and 11 gave rise to an absorption band at
around 310 nm, the charge delocalization by resonance from
the pyridinium to the sulfur being impossible. The stereo-
chemistry of the double bond had a slight effect on the
position of the absorption band: a weak shift to longer
wavelength was observed for the Z isomer relative to the E
isomer (Table 1 : 10 and 11, 12 and 15). Furthermore, the
molecular absorption coefficient of the E isomers 12, 13, and
14 was higher than that of the Z isomer 15. Among the
different position isomers prepared and studied, the E isomers
(12, 13, and 14) had the highest molecular extinction
coefficient and absorbed at around 360 nm; at this wavelength
proteins are transparent. These observations justified our
choice of the application of 4-(sulfonylvinyl)pyridinium salts
to detect free thiol functions.

In methanol, the nature of the counteranion had no
influence on the intensity of the absorption band (compare
the data of compounds 12 and 13). However, the substituent
at the nitrogen of the pyridinium ring had an influence on the
position of the absorption band. A difference of 8 nm was
observed between the absorption bands of salts 12 and 14,
with a methyl group and a p-chlorobenzyl group as nitrogen
substituents, respectively. We have already shown that the
absorption maximum wavelength of thioenol 1 depends on
the nature of the solvent.'! The spectroscopic properties of
thioether 12 were studied in different solvents (Table 2).
Thioether 12 was dissolved in methanol and an aliquot of this
solution was added to different solvents (5 x 10>-10-5m).
The absorption wavelength of the salt 12 showed a slight
solvent dependence. A shift of 10 nm to a shorter wavelength
was observed on going from propanol and butanol to water.
Thus the thioether is a negative solvatochrome.?!l A larger
shift (26 nm) for the thioenol 1 was observed for the same
solvent change.['l The molar absorption coefficient of salt 12
was significantly lower in water than in the other solvents.
Identical results were obtained with the bromide 13, in
agreement with the fact that the counteranion had no

2056 ——
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Table 2. Spectroscopic properties of (E)-1-methyl-4-[2-(methylsulfanyl)-1-
ethenyl]pyridinium iodide (12) in the indicated solvents.

Amax [nM] e[Mem™!] Polarity index?

water 358 29600 9.0
methanol 362 34100 6.6
ethanol 364 34700 52
propanol 368 34600 41
butanol 368 35000 39
influence on the spectral prop- o e o1l
erties in these solvents. No oo e S
spectral changes were detected - ELE
over a period of 24 hours. |

The thioacetyl group acted as Bl
an electron-withdrawing sub- ﬁ":.‘h
stituent, which gave rise to a “rd
lower maximum absorption falt f']}‘};; 3
wavelength for compound 2S. J
As selenium is a less electro- EE'EL,. |+
negative atom than sulfur, the '.ﬂ—‘Tu'_
absorption band of compound |f"
33 was expected and found to o7

be centered at a higher wave-
length than that of the corre-
sponding thioether (compare
22 and 33).

The crystal structure of thio-
ether 21 was determined by
X-ray diffraction. The most
representative data are shown
in Figure 1 and in Table 3. In
the crystal of compound 2172
the conjugation of the sulfur
with the pyridinium ring was
reflected in some shorter bond
lengths and in the torsion angles. The C8—C9 bond length
(1.341(7) A) was close to that of a double bond (1.337 A);
however, the C4—C8 bond length (1.434(7) A) was smaller
than that of a single bond (1.544 A). The C9-S10 bond length
(1.721(5) A) was shorter than that of a single bond as
measured for dimethyl sulfide (1.81 A)2 but was closer to
the value of the C—S bond length of thiophene (1.70 A).4
The thiovinyl part was almost planar (torsion angle: 7.14 +
1.32°) and almost coplanar with the pyridinium ring (9.12 +
0.85°).

The structure of the thioether 21 agreed with the general
features found in push-pull ethylenes, where the donor and

Figure 1. ORTEP plot of (E)-
1-methyl-4-[2-(ethylsulfanyl)-
1-ethenyl]pyridinium  iodide
(21). Ellipsoids represent 50 %
of the electronic density. Hy-
drogen atoms are omitted. The
torsion angle between planes 1
and 3 is 9.12+0.85° and be-
tween planes 2 and 3 is 7.14 £
1.32° (the planes are defined as:
plane 1 : N1-C2-C3-C4-C5-C6;
plane 2: C3-C4-C8-C9 and
plane 3: C8-C9-S10).

Table 3. Bond lengths [A] and bond angles [°] for (E)-1-methyl-4-[2-
(ethylsulfanyl)-1-ethenyl]pyridinium iodide (21).2

C3-C4 1.399 (6) C3-C4-C5 1157 (4)
C4-C8 1.434 (7) C4-C8-C9 1249 (5)
C5-C4 1.405 (7) C3-C4-C8 124.5 (4)
C8-C9 1.341 (7) C5-C4-C8 119.8 (4)
C9-S10 1.721 (5) C8-C9-S10 1284 (4)
S10-C11 1.806 (5) €9-810-C11 104.3 (2)

[a] The numbers in parentheses are the standard deviations in the least
significant digits.
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acceptor groups are coplanar.?>2 For compound 21, the
donor is the sulfur of the thioether and the acceptor is the
pyridinium ring. The central double-bond length in the
majority of coplanar push—pull ethylenes has a value in the
range of 1.33 to 1.40 A and was found to be 1.341 A for the
thioether 21. The C—S and C—C bonds were shorter than the
single bonds and again this seems to be a general feature
found in the push-pull ethylenes.?”)

When we tried to recrystallize compound 15, a mixture of E
and Z isomers was obtained, and with longer times only the £
isomer was found. It was evident that Z to E isomerization
had occurred. The isomerization seemed to be complete, since
at longer reaction times no Z isomer was detected. The
kinetics of this isomerization were determined at several
temperatures (300, 310, and 320 K) by 'H NMR spectroscopy
in [D¢]DMSO by following the decrease or increase of the
intensity of the signals assigned to the vinylic protons next to
the sulfur (0 =751 in the Z isomer and 6 =823 in the E
isomer). At 300K the reaction was performed at two
concentrations (13 and 26 mMm) and the reaction rate was
found to be the same. A first-order reaction was determined.
The kinetics were then studied at 310 K and 320K at a
concentration of 13mwm. The first-order rate constants were
found to be 0.800 x 10~3 s~! for 13mwm and 0.785 x 10~* s~! for
26mM at 300K, 1.8 x 103s! at 310K and 3.6 x 103s7! at
320 K (square of correlation factors ranging from 0.979 to
0.998). The activation parameters were calculated from the
Eyring equation® and were found to be AH*=+14 kcal
mol~! (59 kJmol™') and AS*=-26eu (—108 Jmol'K").
From these data, the half-life at 300 K was about 800 s. This
is one of the lowest isomerization barriers ever determined.!
The electron transfer from the electron-donating to the
electron-withdrawing group lowers the isomerization barrier
relative to 2-butene. Steric strain in the ground state of the Z
isomer as another factor that contributes to the low-energy
barrier is unlikely. The semiempirical calculation (PM3)B
yielded a structure which clearly showed that the thiovinyl
group was coplanar with the pyridinium ring.

The determination of the isomerization Kkinetics was
possible because in the reaction mixture the (Z)-pyridinium
salt had a very low solubility and precipitated before the
isomerization took place. Due to the crystal strain, the
isomerization was not possible in the crystalline state, hence
the Z isomer could be stored as a solid for an extended period
of time.

Stability, selectivity, and kinetics of (sulfonylvinyl)pyridinium
salts: The stability of sulfone 20 in 10mm N-ethylmorpholine/
HCl buffer at pH 7.3 was determined at 20°C. The formation
of sulfinic acid was monitored with a pHstat by the addition of
sodium hydroxide (0.IN). After 60 minutes, the amount of
remaining reagent was determined by addition of ten equiva-
lents of propanethiol and titration of the released acid. The
stability of sulfone 20 under these conditions was high. The
extent of hydrolysis was below detection limits for 60 minutes,
whereas the reaction with propanethiol was fast. Sulfone 20
was found to be quite stable and easy to handle without any
particular precaution other than avoiding any contact with the
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© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

skin, since the toxicity of these products have not been
assessed.

The reaction selectivity of sulfone 20 (6 mm) was deter-
mined in 10mm N-ethylmorpholine/HCI buffer pH 7.3 with
different amino acids (0.12mwm) bearing a nucleophilic group
on the side chain: N-acetyl cysteine, -lysine, -histidine,
-methionine, -aspartic acid, and -tyrosine. After eight minutes,
the reaction with the thiol group of N-acetyl cysteine was
complete, while with the other nucleophiles, no reaction was
observed during one hour. These results clearly showed that
reagent 20 was selective towards thiol groups at pH 7.3.

The kinetics of the sulfones 19 and 20 were studied with
glutathione in a 25mwm TES buffer at pH 7. The reaction of
these reagents with glutathione gave rise to an absorption
band centered at 360 nm.?!l A molar extinction coefficient of
27500 m~'cm~! was determined for the band at 360 nm, after
titration with 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB).[*2l
This value was comparable to the one determined for 12 in
water and was used for further studies. The reaction rate of
sulfones 19 and 20 with glutathione confirmed a second-order
reaction. The rate constants for both reagents were similar:
4100 m~'s7! at 30°C and pH 7. These reagents were about
20 times more reactive than the N-4'-chlorobenzyl-4-chloro-
acetylpyridinium chloride: 235 m~!s~1Pl

The rates of the reaction of sulfone 19 with glutathione was
determined at 30°C over a pH range from 4 to 8 (rate
constants in Table4). The pH dependence of the rate

Table 4. pH dependence of the experimental second-order rate constant
(keyp) for the reaction between glutathione and reagent 19 at 30°C.

pH keyp [Lmol~'s™]
4 3
5 32
6 420
7 4100
7.5 11900
7.8 25200
8 38000

indicated that the reaction proceeded by way of the thiolate
anion and that the reaction with neutral thiol was not
detected. In a study of the reaction of thiols and chloroacet-
amide, Lindley has shown that the reaction proceeded via the
thiolate anion.” The rate constant at a given pH is given by
Equation (1), in which k., is the experimental second-order
rate constant, Kygy is the dissociation constant of the thiol,
and kgg is the second-order rate constant of the thiolate
anion.
1 [H'] 1
=" ®

kcxp B KRSH kRS’ kRS’

By applying this equation to our experimental data, we
obtained a straight line by plotting 1/k,, versus [H]. A
second-order rate constant for the thiolate anion of 1.1 x
10° m~!'s~! was calculated assuming that the pK, of glutathione
was 8.56.133: 34,

Thiol titration in enzymes: Our results have shown that
4-(sulfonylvinyl)pyridinium salts are good labeling reagents
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for thiol groups. We therefore decided to extend our studies to
different proteins of known structure.

Thiols of fructose-1,6-bisphosphate aldolase from rabbit
muscle, acylase from pig kidney, apo-glyceraldehyde dehy-
drogenase from sturgeon muscle, or from Bacillus stearother-
mophilus were titrated with reagent 19 in a 20mwm TES buffer
at pH 7. The reaction was followed by UV/Vis spectroscopy.
After modification, each protein showed a single absorption
band centered at 360 nm. Using a molar absorption coef-
ficient of 27500 Mm~'cm~!, the number of modified cysteines
was evaluated. The obtained results were compared with
those obtained with DTNB[® on the same proteins. A total
agreement between the two sets of results demonstrated the
usefulness of our compound as a titrating agent (Table 5). This

Table 5. Cysteine residue titration of proteins against reagent 19 and 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB)P2l.

Number of titrated cysteine
residues per enzyme subunit

19 DTNB
Aldolasel® 5.7 5.7
Acylase 42 43
GPDH from sturgeon musclel®! 2.5 2.5
GPDH from Bacillus stearothermophilus® 0.9 0.9

[a] Denaturated in a 8M urea solution. [b] Denaturated in a 2% SDS
solution.

result clearly showed the high selectivity of reagent 19
towards thiol groups in proteins under these reaction con-
ditions. In addition, this new method has the advantage of
being more sensitive, since the reaction product with DTNB
displays a lower absorption coefficient (e =13600 M~! cm!).*

Mass measurements performed on denaturated GPDH
from Bacillus stearothermophilus after reaction with a 30-fold
excess of reagent 19 yielded a mass of 36050 Da (Figure 2a),
which is 120 Da higher than the mass of native GPDH
(35930 Da) (Figure 2b). This mass difference corresponded to

[M+43H]43* Measured mass : 36050 + 4 Da
100]
o
0 m/z
700 900 1100
100 [M+44H]44+ Measured mass : 35930 + 5 Da
%
) Ww\l\.«ﬁm »
700 900 1100

Figure 2. a) Denaturated apo-glyceraldehyde-3-phosphate dehydrogenase
(GPDH) of Bacillus stearothermophilus was alkylated with 30 equivalents
of reagent 19. After dialysis against water, the mass of the covalent complex
was measured to be 120 Da higher than that of GPDH. b) For comparison,
the mass spectrum of GPDH before alkylation with reagent 19 is presented.
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the incorporation of one thiovinyl pyridinium moiety per
mole of GPDH. The results of mass spectrometry and UV/Vis
spectroscopy agree with those expected for the labeling of a
thiol in the enzyme.

This result demonstrates the high specificity of our alkylat-
ing reagent for the cysteine residue, since despite the large
excess of 19, only a single molecule is covalently attached.

Conclusion

The 4-(sulfonylvinyl)pyridinium salts 19 and 20 were water-
soluble, stable, and specifically underwent a nucleophilic
vinylic substitution reaction with thiol groups at pH 7. The
reaction of these reagents with glutathione at pH 7 was a fast
second-order rate reaction (k=4100 m~'s~!) and gave rise to a
product with an intense and stable long-wavelength absorp-
tion band (A,,,=360nm, ¢=27500M~'cm~!) in a region
where proteins are transparent. Furthermore, a rate enhance-
ment of about 8000 was found when reagents 19 or 20 were
used instead of iodoacetamide for the labeling of gluta-
thionel®]. The very fast reaction at neutral or slightly basic pH
is of importance when low concentrations of proteins must be
analyzed. We took advantage of these properties for the
quantitative determination of thiol groups in proteins. In
addition, relative to other classical labeling reagents such as
4-dimethylaminoazobenzene-4'-iodoacetamide,! reagent 19
presents an additional advantage since a large red shift is
observed between the reagent and the labeled protein. These
properties make these reagents attractive as labeling agents in
the field of protein chemistry and make them useful for the
quantitative determination of thiol groups in proteins. By
contrast to the chromophore produced during the titration
with 2,2'-dithiobis(5-nitrobenzoate),?? the chromophoric vi-
nyl pyridinium group is covalently bonded to the cysteine.
This point is of particular interest, because the stable
chromophoric label can potentially be used to identify the
modified cysteine residues in sequencing studies of pro-
teins.?® 31 The fact that both substituents at nitrogen and at
the sulfonyl group in the 4-(sulfonylvinyl)pyridinium salts
may be varied without impairing the reactivity of the reagent
core should make these reagents adaptable to various reaction
conditions. For instance, introduction of lipophilic substitu-
ents at the terminal positions might provide a new reagent
useful for the study of thiol groups present in proteins inserted
in membranes.

Experimental Section

General: Anhydrous solvents (diethyl ether and dichloromethane) were
heated at reflux for at least 4 h over calcium hydride prior to distillation
under argon before use. The melting points were recorded with a Reichert
hot stage microscope and were not corrected. Thin-layer chromatography
(TLC) was performed on silica analytical plates (Merck, Kieselgel 60 F,s,)
and revealed by UV or iodine. The UV/visible absorption spectra were
recorded with a Hewlett—Packard 8451A spectrophotometer. Elemental
analyses were performed by the Strasbourg division of the CNRS analytical
service. The IR spectra were recorded on a Bruker FT-IR spectropho-
tometer. The '"H NMR (200 MHz) and the 3C NMR (50 MHz) spectra
were recorded on a Bruker spectrometer WP-200SY. The chemical shifts
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() are reported in parts per million (ppm) relative to tetramethylsilane.
The letters s, d, q, and m denote the multiplicity of the signals: singlet,
doublet, quartet and multiplet, respectively. The coupling constants (/) are
reported in Hertz (Hz). The mass spectra were recorded on a LKB 9000S
apparatus by electronic impact (EI, 70 eV), on a VG, model ZAB-HF,
spectrophotometer SEI by fast atom bombardment (FAB) or on a Bio-Q
quadrupole mass spectrometer (Fison) by electrospray mass analysis
(ESMS). N-Acetylated amino acids (cysteine, lysine, histidine, methionine,
aspartic acid, and tyrosine) were purchased from Sigma (St Louis, MO,
USA). The stability and specificity studies were performed with a pHstat
(Metrohm 655 Dosimat/614 Impulsomat/625 Dosigraph/610 pH Meter).
TES was purchased from Sigma, and 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB) and glutathione were supplied by Boehringer - Mannheim. All the
chemicals were of analytical grade and used without further purification.
Apo-glyceraldehyde-3-phosphate dehydrogenase from sturgeon muscle
was prepared according to the described procedure® *I. Fructose-1,6-
bisphosphate aldolase from rabbit muscle and acylase from pig kidney were
purchased from Sigma. The concentrations of the enzymatic solutions were
calculated from the absorbance at 280 nm by using the following absorption
coefficients: 0.91 mLmg 'cm™! for aldolase™!, 0.895 mL mg"cm™! for apo-
glyceraldehyde-3-phosphate dehydrogenase from sturgeon musclel*],
1 mLmg'cm™" for apo-glyceraldehyde-3-phosphate dehydrogenase from
Bacillus stearothermophilus, and 13500 m—'cm~! for acylase!*!l. The en-
zyme molar concentrations are reported relative to the subunit. The thiol
content of glutathione, acylase, aldolase, and GPDH was determined in the
native or the denaturated state with 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB)P21,

(E)-2-[2-(Methylsulfanyl)-1-ethenyl]pyridine (3) and (Z)-2-[2-(methylsul-
fanyl)-1-ethenyl]pyridine (4): A solution of n-butyllithium (4 mmol) in
hexane (2.7 mL) was added to a solution of (thiomethylmethyl)triphenyl-
phosphonium chloride (1.43 g, 4 mmol) in anhydrous diethyl ether (23 mL)
at 0°C under argon. Picolinaldehyde (0.38 mL, 4 mmol) was added. The
temperature was raised to 20°C, and after 30 min the solvents were
removed under reduced pressure. The residue was purified by column
chromatography (eluted with a mixture of diethyl ether/hexane 1:3) on
silica gel pre-treated with a solution of triethylamine (1%) in hexane to
afford a mixture of isomers 3 and 4 (0.51 g, 78%), in a 3:7 ratio, as a
colorless oil. 'H NMR (200 MHz, CDCl,)*: § =2.40 (s, 3H; E form), 2.41
(s,3H; Z form), 6.35 (d,/ =15 Hz, 1 H; E form), 6.48 (d,/=10.5Hz,1H; Z
form), 6.55 (d, J=10.5 Hz, 1H; Z form), 7.46 (d, J=15 Hz, 1H; E form),
714 (m, 2H; E and Z form), 7.60 (m, 4 H; E and Z form), 8.49 (d,/=4.5 Hz,
1H; E form), 8.66 (d, / =4.5 Hz, 1H; Z form); IR (CHCL,): 7 = 1426, 1594,
2928, 2998 cm~'; UV/Vis (CHCL): A, (¢)=284 (11300), 316 nm
(14500 m~'em™1); MS (70 eV, EI): m/z (%): 136 (100) [M — CH;]*, 151
(11) [M]*; elemental analysis calcd (%) for CgHoNS (151.2): C 63.54, H
6.00; found C 63.55, H 5.72.

(E)-3-[2-(Methylsulfanyl)-1-ethenyl]pyridine (5) and (Z)-3-[2-(methylsul-
fanyl)-1-ethenyl]pyridine (6): The same procedure as described for
compounds 3 and 4 starting with nicotinaldehyde (0.38 mL, 4 mmol) was
followed. The residue was purified by column chromatography (eluted with
a mixture of diethyl ether/hexane 1:4 ) on silica gel pre-treated with a
solution of triethylamine (1 %) in hexane to afford compound 5 (245 mg,
41%) and compound 6 (175 mg, 27 %) as yellow oils.

Compound 5: 'H NMR (200 MHz, CDCl;): 6 =2.41 (s, 3H), 6.25 (d, J=
15.5 Hz, 1H), 6.90 (d, J =15.5 Hz, 1H), 722 (dd, /=8, 4.5 Hz, 1 H), 7.60 (d,
J=8Hz, 1H), 841 (d, J=4.5 Hz, 1H), 8.53 (s, 1H); IR (CHCl,): #= 1410,
1596, 2929, 2960cm~'; UV/Vis (CHCL): A, (¢)=288nm
(12900 M 'emY); MS (70 eV, EI): miz (%): 136 (85) [M — CH,]*, 151
(100) [M]*; elemental analysis calced (%) for CgHoNS (151.2): C 63.54, H
6.00; found C 63.65, H 6.30.

Compound 6: 'H NMR (200 MHz, CDCl;): 6 =2.44 (s, 3H), 6.39 (s, 2H),
728 (dd, J = 4.5, 8 Hz, 1H), 787 (d,J = 8 Hz, 1 H), 8.43 (d, J = 4.5 Hz, 1 H),
8.64 (s, 1H); IR (CHCL): 7= 1410, 1596, 2931, 2970 cm'; UV/Vis (CHCL):
Amax (8) =288 nm (12900 Mm~'ecm~t); MS (70 eV, EI): m/z (%): 136 (85)
[M — CH;]*, 151 (100) [M]*; elemental analysis caled (%) for CgHoNS
(151.2): C 63.54, H 6.00; found C 63.63, H 6.24.

(E)-4-[2-(Methylsulfanyl)-1-ethenyl]pyridine (7) and (Z)-4-[2-(methylsul-
fanyl)-1-ethenyl]pyridine (8): The same procedure as described for
compounds 3 and 4 was followed starting with isonicotinaldehyde (1.9 mL,
20 mmol). The residue was purified by column chromatography (eluted
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with a mixture of diethyl ether/hexane 1:1) on silica gel pre-treated with a
solution of triethylamine (1% ) in hexane to afford compound 7 (2 g, 67 %)
as a white powder and compound 8 (380 mg, 7% ) as a white powder.

Compound 7: M.p. 32°C; '"H NMR (200 MHz, CDCl;): d =2.40 (s, 3H),
6.15 (d, J=15.5Hz; 1H), 7.10 (d, J=15.5 Hz, 1H), 712 (m, 2H), 8.47 (m,
2H); IR (CHCLy): 7=1410, 1596, 2931, 2970 cm~'; UV/Vis (CHCL): A«
(¢)=306 nm (20900 M~'cm~'); MS (70 eV, EI): m/z (%): 136 (85) [M —
CH;]*, 151 (100) [M]*; elemental analysis calcd (%) for CgHoNS (151.2): C
63.54, H 6.00, N 9.26; found C 63.58, H 6.13, N 9.44.

Compound 8: M.p. 40°C; 'H NMR (200 MHz, CDCl;): 6 =2.46 (s, 3H),
6.31(d,J=11Hz, 1H), 6.51 (d, /=11 Hz, 1H), 7.32 (m, 2H), 8.56 (m, 2H);
UV/Vis (CHCL): Apa (6) =310 nm (16200 m~'cm™'); elemental analysis
caled (%) for CgHoNS (151.2): C 63.54, H 6.00, N 9.26; found C 63.42, H
6.05, N 9.49.

(E)-1-Methyl-2-[2-(methylsulfanyl)-1-ethenyl|pyridinium  iodide  (9):
Methyl iodide (1.7 mL, 27 mmol) was added to a solution of a mixture of
isomers 3 and 4 (410 mg, 2.73 mmol) in a 3:7 ratio in acetonitrile (6 mL)
under argon. After 20 h at 20°C, diethyl ether (20 mL) was added. The
precipitate was filtered and washed with diethyl ether (100 mL). The
product was crystallized in DMSO by slow diffusion of ethyl acetate.
Compound 9 (535 mg, 67 %) was obtained as yellow crystals. M.p. 186—
187°C;'HNMR (200 MHz, [D¢]DMSO): 6 =2.58 (s, 3H), 4.25 (s, 3H), 6.59
(d,J=15Hz, 1H), 775 (t, /=7 Hz, 1H), 8.29 (d, /=15 Hz, 1 H), 8.33 (m;
2H),8.77 (d,J =7 Hz, 1 H); *C NMR (50 MHz, [Dg]DMSO): 6 = 14.4, 457,
112, 123.6, 123.9, 143.6, 145, 1472, 151.2; IR (KBr): 7 = 1456, 1566, 2978,
3063 cm™!; UV/Vis (CH;0H): A, (¢) =222 (16400), 296 (4500), 356 nm
(23800 m~'cm™'); MS (FAB): m/z (%): 166 (100) [M]*, 459 (5) [2M+1]*;
elemental analysis calced (%) for CoH ,INS (293.1): C 36.87, H 4.13, N 4.78;
found C 37.07, H 4.01, N 4.60.

(E)-1-Methyl-3-[2-(methylsulfanyl)-1-ethenyl]pyridinium  iodide (10):
Methyl iodide (0.84 mL, 13.5 mmol) was added to a solution of compound
5 (200 mg, 1.35 mmol) in acetonitrile (3 mL) under argon. After 3h at
20°C, diethyl ether (3 mL) was added. The product was filtered and washed
with diethyl ether (15 mL). Compound 10 (316 mg, 80 % ) was obtained as a
yellow powder. M.p. 156-157°C; 'H NMR (200 MHz, [Ds]DMSO): 6 =
2.54 (s, 3H), 4.30 (s, 3H), 6.45 (d, J=15.5Hz, 1H), 773, (d, J=15.5 Hz,
1H), 8.03, (dd, /=8, 6 Hz, 1H), 8.54 (d, /=8 Hz, 1H), 8.73 (d, /=6 Hz,
1H), 9.04 (s, 1H); IR (KBr): 7=1571, 1624 cm~'; UV/Vis (CH;OH): 4,,,
(¢) =222 (18300), 308 nm (17400 m~'cm~'); MS (FAB): m/z (%): 166 (100)
[M]*,459 (7) [2M+1]*; elemental analysis calcd (%) for CoH ,INS (293.1):
C 36.87, H 4.13, N 4.78; found C 36.68, H 4.20, N 4.58.
(Z)-1-Methyl-3-[2-(methylsulfanyl)-1-ethenyl|pyridinium iodide (11):
Methyl iodide (0.14 mL, 2.2 mmol) was addded to a solution of compound
6 (33 mg, 0.22 mmol) in acetonitrile (0.5 mL) under argon. After 3 h at
20°C, diethyl ether (1 mL) was added. The product was filtered and washed
with diethyl ether (3 mL). Compound 11 (57 mg, 89 % ) was obtained as a
yellow powder. M.p. 169-175°C; '"H NMR (200 MHz, [Ds]DMSO): 6 =
2.56 (s,3H),4.34 (s,3H), 6.59 (d, /=11 Hz, 1H), 713, (d, /=11 Hz, 1H),
8.13,(dd, J=8, 6 Hz, 1H), 8.56 (d, /=8 Hz, 1H), 8.79 (d, /=6 Hz, 1H),
8.98 (s, 1H); IR (KBr): #=3055cm™'; UV/Vis (CH;0H): 1, (¢) =220
(18900), 256 (5900), 312 nm (10200 m~'cm'); MS (FAB): m/z (%): 166
(100) [M]*; elemental analysis calcd (%) for CoH,INS (293.1): C 36.87, H
4.13, N 4.78; found C 37.16, H 4.16, N 4.56.
(E)-1-Methyl-4-[2-(methylsulfanyl)-1-ethenyl]pyridinium  Iodide (12):
Methyl iodide (0.62 mL, 10 mmol) was added to a solution of compound
7 (150 mg, 1 mmol) in acetonitrile (2 mL) under argon. After 3 h, diethyl
ether (20 mL) was added. The product was filtered and washed with diethyl
ether (60 mL). Compound 12 (290 mg, 99 %) was obtained as a yellow
powder. M.p. 222-224°C; 'H NMR (200 MHz, [D¢]DMSO): 6 =2.51 (s,
3H), 4.17 (s, 3H), 6.58 (d, /=15.5 Hz, 1H), 7.97 (d, /=7 Hz, 2H), 8.27 (d,
J=15.5Hz, 1H), 8.73 (d, /=7 Hz, 2H); ¥C NMR (50 MHz, [D{]DMSO):
0=14.1, 46.5, 118.1, 121.7, 144.5, 144.7, 151.1; IR (KBr): 7=1456, 1566,
2978, 3063 cm~'; UV/Vis (CH;0H): A (¢)=222 (25800), 362 nm
(34100 Mmtcm™t); MS (FAB): m/z (%): 166 (100) [M]*; elemental analysis
caled (%) for CoH,INS (293.1): C 36.87, H 4.13, N 4.78; found C 36.60, H
3.90, N 4.60.

(E)-1-Ethyl-4-[2-(methylsulfanyl)-1-ethenyl]pyridinium bromide (13):
Ethyl bromide (6.4 mL, 86 mmol) was added to a solution of compound
7 (650 mg, 4.3 mmol) in acetonitrile (2 mL) under argon. After 24 h the
precipitate was filtered and washed with diethyl ether (30 mL). Compound
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13 (950 mg, 85 %) was obtained as a green powder. M.p. 198°C; '"H NMR
(200 MHz, [Dg]DMSO): 6 =1.50 (t, J=7.5 Hz, 3H), 2.52 (s, 3H), 4.46 (q,
J=175Hz, 2H), 6.60 (d, J=15.5 Hz, 1H), 8.00 (d, J=7 Hz, 2H), 8.31 (d,
J=15.5Hz, 1H), 8.85 (d, /=7 Hz, 2H); IR (KBr): #=1582, 1640 cm™;
UV/Vis (CH;0H): A, (¢)=364nm (34600 m~'cm™'); MS (FAB): mi/z
(%): 180 (100) [M]*; elemental analysis caled (%) for C,,H;,BrNS (260.2):
C 46.16, H 5.42, N 5.38; found C 46.36, H 5.30, N 5.17.
(E)-1-(4-Chlorobenzyl)-4-[2-(methylsulfanyl)-1-ethenyl]pyridinium chlor-
ide (14): 4-Chlorobenzyl chloride (1.6 mL, 8.6 mmol) was added to a
solution of compound 7 (650 mg, 4.3 mmol) in acetonitrile (2 mL) under
argon. After 24 h at 20°C, the green precipitate was filtered and washed
with diethyl ether (60 mL). Compound 14 (1.17 g, 87 %) was obtained as a
green powder. M.p. 209-210°C; 'H NMR (200 MHz, CD;0OD): 6 =2.54 (s,
3H), 5.63 (s,2H), 6.55 (d, J=15.5 Hz, 1H), 7.46 (s, 4H), 790 (d, /=7 Hz,
2H), 8.20 (d, J=15.5Hz, 1H), 8.69 (d, /=7 Hz, 2H); UV/Vis (CH;0H):
Amax (€) =224 (14700), 248 (7000), 370 nm (34400 Mm—'cm™'); elemental
analysis calcd (%) for C;sH;sCLLNS-0.25H,0 (316.8): C 56.87, H 4.93, N
4.42.; found C 56.89, H 5.07, N 4.26.
(Z)-1-Methyl-4-[2-(methylsulfanyl)-1-ethenyl]pyridinium iodide (15):
Methyl iodide (1.25 mL, 20 mmol) was added to a solution of compound
8 (150 mg, 1 mmol) in anhydrous diethyl ether (5 mL) under argon. After
24 h, the precipitate was filtered and washed with diethyl ether (60 mL).
Compound 15 (137 mg, 43 % ) was obtained as a yellow powder. M.p. 162 —
163°C; 'H NMR (200 MHz, ([D4]DMSO): 6 =2.65 (s, 3H), 4.24 (s, 3H),
6.69 (d,J=11Hz, 1H), 754 (d, /=11 Hz, 1H), 797 (d, /=7 Hz, 2H), 8.83
(d, J=7Hz, 2H); UV/Vis (CH;OH): A,. (¢)=222 (20000); 368 nm
(22500 m~tem™'); MS (FAB): m/z (%): 166 (100) [M]*; elemental analysis
caled (%) for CoH,,INS (293.1): C 36.87, H 4.13, N 4.78.; found C 36.85, H
4.11, N 4.65.

Influence of the solvent polarity on the absorption spectrum of 4-(thio-
vinyl)pyridinium compound (12): Compound 12 (4.55 mg, 1.55 x 10~> mol)
was dissolved in methanol (3 mL). An aliquot of this solution (5 pL) was
added to different solvents (995 pL). The absorption spectra were recorded
between 300 and 500 nm. The influence of the small volume of methanol on
the absorption spectrum in the different solvents was checked and was
found to be negligible.

Determination of the Z to E isomerization rate of 1-methyl-4-[2-
(methylsulfanyl)-1-ethenyl]pyridinium iodide (15 to 12): Compound 15
(3.8 mg) was dissolved in [Dg]DMSO (0.5 mL and 1 mL). The isomer-
ization was monitored by 'H NMR (400 MHz) at 300K for both
concentrations, at 310 K and 320 K: acquisition time was 3.735 s, relaxation
delay was fixed to get a total time between two pulses of 4 s., 16 scans were
taken and the reaction time scale was set up at the first pulse.
(E)-4-[2-(Methylsulfonyl)-1-ethenyl]pyridine (16) and (Z)-4-[2-(methyl-
sulfonyl)-1-ethenyl]pyridine (17): Isonicotinaldehyde (2 mL, 20 mmol) was
added to a solution of methylsulfonylmethylenetriphenylphosphorane
(725 g, 20 mmol) in anhydrous dichloromethane (70 mL) under argon, at
20°C. The mixture was heated at reflux and after 4 h the solvent was
removed under reduced pressure. The residue was filtered over silica gel
(eluted with diethyl ether) to afford a mixture of compounds 16 and 17, in a
1:1 ratio, mixed with triphenylphosphane oxide, as a white solid.[*
Compound 16: 'H NMR (200 MHz, (CDCl; ): 6 =3.06 (s, 3H), 7.11 (d, J =
15 Hz, 1H), 748 (m, 2H), 7.58 (d, /=15 Hz, 1H), 8.71 (m, 2H).
Compound 17: '"H NMR (200 MHz, (CDCl; ): 6 =2.92 (s, 3H), 6.66 (d, J =
12 Hz, 1H), 7.11 (d, /=12 Hz, 1H), 7.38 (m, 2H), 8.67 (m, 2H).
(E)-4-[2-(Tolylsulfonyl)-1-ethenyl]pyridine ~ (18): Isonicotinaldehyde
(0.4 mL, 426 mmol) was added to a solution of tolylsulfonyl-methylene-
triphenylphosphorane (1.84 g, 4.26 mmol) in anhydrous dichloromethane
(16 mL) under argon. The mixture was heated at reflux and after 24 h the
solvent was removed under reduced pressure. The residue was filtered over
silica gel (eluted with 1:1 hexane/ether to 100 % diethyl ether). Compound
18 was isolated as a mixture with triphenylphosphane oxide. 'H NMR
(200 MHz, CDCL;): 6=2.45 (s, 3H), 703 (d, /=15.5Hz, 1H), 750 (m,
20H), 7.84 (m, 2H), 8.67 (m, 2H); MS (70 eV, EI): m/z (%): 259 (14) [M]",
277 (100) [PPh;O].
(E)-1-Methyl-4-[2-(methylsulfonyl)-1-ethenyl|pyridinium iodide (19):
Methyl iodide (12.5 mL, 0.2 mol) was added to a solution of the mixture
of compounds 16 and 17 and triphenylphosphane oxide in acetonitrile
(30 mL) prepared as described above. After 3 h at 20°C, diethyl ether was
added (100 mL). The precipitate was filtered and washed with diethyl ether
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(300 mL). Compound 19 (5.72 g) was obtained as a yellow powder in 88 %
yield in two steps from isonicotinaldehyde (20 mmol). M.p. 192-193°C
(decomp); '"H NMR (200 MHz, CD;0D): 6 =3.15 (s, 3H), 4.42 (s, 3H), 7.75
(d,J=15.5Hz, 1H), 795 (d, J=15.5 Hz, 1H), 8.31 (d, /=6.5 Hz, 2H) 8.95
(d, J=6.5Hz, 2H); 3C NMR (50 MHz, [D{]DMSO): 6 =42.2, 47.8, 126.0,
135.2, 138.4, 146.0, 147.7; IR (KBr): 7=1129, 1294, 1635, 1569 cm~'; UV/
Vis (CH;0H): A, (8) =220 (18200), 266 nm (21800 m~!cm~!); MS (FAB):
miz (%): 198 (100) [M]*, 523 (60) [2 M+1]*; elemental analysis calcd (%)
for CoH,INO,S (325.2): C 33.24, H 3.72, N 4.31; found C 33.47, H3.72, N
4.26.

(E)-1-Methyl-4-[2-(tolylsulfonyl)-1-ethenyl]pyridinium iodide (20): Meth-
yl iodide (2.4 mL, 38 mol) was added to a solution of compound 18 and
triphenylphosphine oxide in acetonitrile (16 mL) prepared as described
above . After 3 h, the precipitate was filtered and washed with diethyl ether
(200 mL). Compound 20 (2.27 g) was obtained as an orange powder in 76 %
yield in two steps from isonicotinaldehyde (4.26 mmol). M.p. 166 -168°C
(decomp); '"H NMR (200 MHz, CD;0D): 6 =2.46 (s, 3H), 4.38 (s, 3H), 7.49
(d, J=8Hz, 2H), 7.80 (d, J=15.5 Hz, 1H), 7.88 (d, /=8 Hz, 2H), 794 (d,
J=155Hz, 1H), 827 (d, J=6.5Hz, 2H), 890 (d, J=6.5Hz, 2H);
13C NMR (50 MHz, [D¢]DMSO): 6 =21.1, 47.8, 126.2, 127.7, 130.3, 135.2,
135.9, 138.4, 145.2, 145.9, 147.6; IR (KBr): 7=1145, 1304, 1641 cm™%;
UV/Vis (CH;0H): A, (g)=208 (25400); 222 (31100); 288 nm
(23100 Mmtcm™t); MS (FAB): m/z (%): 274 (100) [M]*; elemental analysis
caled (%) for C;sHsINO,S (401.3): C 44.90, H 4.02, N 3.49; found C 44.89,
H 3.94, N 3.45.

(E)-1-Methyl-4-[2-(ethylsulfanyl)-1-ethenyl]pyridinium iodide (21): Eth-
anethiol (0.08 mL, 1.1 mmol) and sodium carbonate (105 mg, 1 mmol) were
added to a suspension of compound 19 (325 mg, 1 mmol) in methanol
(35 mL) under argon. The reaction was monitored by absorption spectros-
copy. After 15 min the mixture was filtered and the solvent was removed
under reduced pressure. The green residue was dissolved in water (10 mL).
Extraction with dichloromethane (160 mL) was performed. The organic
layer was dried over magnesium sulfate, filtered, and then concentrated to
a volume of 10 mL by a partial removal of the solvent under reduced
pressure. The formed crystals were filtered and washed with diethyl ether.
Compound 21 (274 mg, 89 %) was obtained as yellow crystals. M.p. 160—
162°C; 'TH NMR (200 MHz, [Dg]DMSO): 6 =1.34 (t, J=7.5 Hz, 3H), 3.03
(q,/=75Hz,2H), 4.17 (s,3H), 6.67 (d, /=155 Hz, 1H), 7.97 (d, /=7 Hz,
2H), 8.23 (d, J=15.5Hz, 1H) 8.72 (d, /=7 Hz, 2H); IR (KBr): 7 =1640,
2961, 3020cm~'; UV/Vis (CH;OH): A, (g)=222 (18300), 366 nm
(34000 m~'ecm'); MS (FAB): m/z (%): 180 (100) [M]*, 487 (40) [2 M+1]*;
elemental analysis caled (% ) for C,oH,,INS (307.2): C 39.10, H 4.59 N 4.56;
found C 39.39, H 4.35, N 4.50.
(E)-1-Methyl-4-[2-(phenylsulfanyl)-1-ethenyl]pyridinium iodide (22):
Thiophenol (0.11 mL, 1.1 mmol) and sodium carbonate (60 mg, 0.55 mmol)
were added to a suspension of compound 19 (325 mg, 1 mmol) in methanol
(35 mL) under argon. The reaction was monitored by UV/Vis spectroscopy.
After 10 min, the mixture was filtered and the solvent was removed. The
green residue was dissolved in water (10 mL), and the mixture was
extracted with dichloromethane (160 mL). The organic layer was dried
over magnesium sulfate, filtered, and then the solvent was removed under
reduced pressure. The product was purified by crystallization in acetoni-
trile. Compound 22 (274 mg, 77 %) was obtained as yellow crystals. M.p.
166-168°C; '"H NMR (200 MHz, CD;CN): 6 =4.14 (s, 3H), 6.53 (d, J=
15.5Hz, 1H), 7.54 (m, 5H), 775 (d, /=7 Hz,2H), 8.03 (d /=15.5 Hz, 1 H),
8.39 (d, J=7Hz, 2H); *C NMR (50 MHz, [D{]DMSO): 6 =46.7, 121.2,
122.6, 128.8, 129.8, 130.6, 131.2, 142.3, 144.7, 150.7; IR (KBr): 7 =1580,
1636, 3032 cm™'; UV/Vis (CH;OH): 4, (¢) =220 (20300), 254 (9700),
364 nm (27500 m~'cm'); MS (FAB): m/z (%): 288 (100) [M]*, 150 (5)
[M — Phenyl]*; elemental analysis caled (% ) for C,H ,INS (355.2): C 47.33,
H 3.97, N 3.94; found C 47.21, H 3.88, N 3.80.
(E)-1-Methyl-4-[2-(4-methoxyphenylsulfanyl)-1-ethenyl]pyridinium  io-
dide (23): p-Methoxythiophenol (0.07 mL, 0.55 mmol) and sodium carbon-
ate (60 mg, 0.55 mmol) were added to a suspension of compound 19
(160 mg, 0.5 mmol) in methanol (20 mL) under argon . The reaction was
monitored by absorption spectroscopy. After 5 min the reaction mixture
was filtered, and the solvent was removed under reduced pressure. The
residue was dissolved in water (20 mL) and extracted with dichloro-
methane (400 mL). The organic layer was dried over magnesium sulfate,
and the solvent removed under reduced pressure. The product was purified
by crystallization in a mixture of methanol/acetonitrile/diethyl ether.
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Compound 23 (134 mg, 70 %) was obtained as yellow crystals. M.p. 230—
231°C; 'H NMR (200 MHz, [D4]DMSO): 6 =3.65 (s, 3H), 4.16 (s, 3H), 6.44
(d,/=15.5Hz,1H), 710 (m, 2H), 7.53 (m, 2H), 7.99 (d, /=7 Hz, 2H), 8.27
(d,J=15.5Hz, 1H), 8.84 (d,/ =7 Hz,2H); IR (KBr): 7 = 1250, 1579, 1640,
2929, 2977, 3014 cm~!; UV/Vis (CH;0H): 4, (¢) =226 (23200), 366 nm
(26100 m~tem™'); MS (FAB): m/z (%): 258 (100) [M]*; elemental analysis
caled (%) for C;sH (INOS (385.3): C46.76, H 4.19, N 3.64; found C 46.50, H
4.25,N 341.

(E)-1-Methyl-4-[2-S-(thiouracyl)-1-ethenyl]pyridinium iodide (24): Thio-
uracile (65 mg, 0.5 mmol) and sodium carbonate (55 mg, 0.5 mmol) were
added to a suspension of compound 19 (165 mg, 0.5 mmol) in methanol
(20 mL) under argon. The reaction was monitored by UV/Vis spectroscopy
. After 1 h, the reaction mixture was filtered, and the solvent was removed
under reduced pressure. The product was purified by crystallization in a
mixture of water/acetone. Compound 24 (78 mg, 59 %) was obtained as
green crystals. M.p. 167-170°C; '"H NMR (200 MHz, [D,]DMSO): 6 =4.19
(s, 3H), 5.62 (d, J=6Hz, 1H), 6.93 (d, J=16 Hz, 1H), 7.52 (d, J=6 Hz,
1H), 797 (d, J=6.5Hz, 2H), 8.72 (d, J=6.5 Hz, 2H), 8.88 (d, /=16 Hz,
1H); UV/Vis (CH;0H): A, (¢)=224 (14400), 276 (7100), 374 nm
(25200 m~'em'); MS (FAB): m/z (%): 246 (100) [M]*; elemental analysis
caled (%) for C,H;;N;0S8, H,O (263.3): C 54.74, H 4.98, N 15.96; found C
54.10, H 5.00, N 15.89.

(E)-1-Methyl-4-[2-S-(thioacetyl)-1-ethenyl]pyridinium iodide (25): Thio-
acetic acid (0.07 mL, 1 mmol) and sodium bicarbonate (85 mg, 1 mmol)
were added to a suspension of compound 19 (325 mg ; 1 mmol) in methanol
(35 mL) under argon. The reaction was monitored by UV/Vis spectroscopy.
After 5 min the reaction was filtered, and the solvent was removed. The
residue was dissolved in water (10 mL) and extracted with dichloro-
methane (160 mL). The organic layer was dried over magnesium sulfate,
filtered, and then the mixture was concentrated to a volume of 3—4 mL by a
partial removal of the solvent under reduced pressure. The formed
precipitate was filtered and washed with diethyl ether (20 mL). Compound
25 (135 mg, 41 %) was obtained as a yellow powder. '"H NMR (200 MHz,
CD;CN): 6 =2.50 (s, 3H), 4.20 (s, 3H), 6.68 (d, J=16.5Hz, 1H), 7.92 (d,
J=6.5Hz, 2H), 8.13 (d, /J=16.5Hz, 1H), 848 (d, J=6.5Hz, 2H); IR
(KBr): 7=1586, 1633, 1708, 3023 cm~'; UV/Vis (CH;CN): 4, (¢) =222
(6800), 332 nm (24400 M~'cm™!); MS (FAB): m/z (%): 136 (10) [M —
methyl]*, 152 (23) [M — acetyl]*, 194 (100) [M]*; elemental analysis calcd
(%) for C,,H,,INOS (321.2): C 37.40, H 3.76, N 4.36; found C 37.12, H 3.67,
N 4.40.

(E)1-Methyl-4-[2-(methoxy)-1-ethenyl]pyridinium iodide (26) and (Z)1-
methyl-4-[2-(methoxy)-1-ethenyl]pyridinium iodide (27): A solution of
phenyllithium (5 mmol) in hexane (2.7 mL) was added slowly to a solution
of (methoxymethyl)-triphenylphosphonium chloride (1.7 g, 5 mmol) in a
mixture of cyclohexane and diethyl ether (2.5mL) at 0°C under argon.
Isonicotinaldehyde (0.48 mL, 5 mmol) was added. After 1 h, the solvents
were removed under reduced pressure. The residue was partially purified
by column chromatography on silica gel (eluted with diethyl ether) to
afford a mixture of E and Z isomers of 4-[2-(methoxy)-1-ethenyl]pyridine
(0.28 g) in a 6:4 ratio. Methyl iodide (0.14 mL, 2.2 mmol) was added to a
solution of these two compounds (30 mg, 0.22 mmol) in acetonitrile
(0.5mL) under argon. After 3 h, diethyl ether (S5mL) was added to
precipitate the pyridinium salt. The product was filtered and washed with
diethyl ether (30 mL). Compounds 26 and 27 (57 mg, 38 % ) were obtained
in a 8:2 ratio, as orange powders.[*?!

Compound 26: '"H NMR (200 MHz, CD;CN) : 6 =3.86 (s,3H), 4.09 (s, 3H),
6.04 (d,/=13 Hz, 1H), 7.68 (d, /=7 Hz, 2H), 7.85 (d, /=13 Hz, 1H), 8.26
(d, J=7Hz, 2H).

Compound 27: '"H NMR (200 MHz, CD;CN) : 6 =4.01 (s,3H), 4.13 (s, 3H),
5.54(d,J =7 Hz, 1H), 6.94 (d,J =7 Hz, 2H), 796 (d,J =7 Hz, 1 H), 8.34 (d,
J=7Hz, 2H); MS (FAB): m/z (%): 150 (100) [M]*; elemental analysis
caled (%) for CoH,INO (277.1): C 39.01, H 4.36, N 5.05; found C 38.88, H
4.09, N 4.90.

(E)-1-Methyl-4-[2-(imidazolyl)-1-ethenyl]pyridinium methylsulfinate (28):
Imidazole (340 mg, 5 mmol) was added to a suspension of sulfone 19 (165 mg,
0.5 mmol) in methanol (10 mL). After 4 h the solvent was removed under
reduced pressure. The residue was washed with ethyl acetate (100 mL). The
product was purified by crystallization in a mixture methanol/acetone.
Compound 28 (35 mg, 25%) was obtained as colorless crystals which
tended to decompose. M.p. 184-187°C; '"H NMR (200 MHz, CD;0D):
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8=2.66 (s, 3H), 4.32 (s, 3H); 718 (s, 1 H), 721 (d, J = 14.5 Hz, 1 H), 7.75 (1,
J=15Hz, 1H), 8.10 (d, J=7 Hz, 2H), 8.15 (s, 1H), 8.44 (d, J=14.5 Hz,
1H), 8.74 (d, J =7 Hz, 2H); UV/Vis (CH,OH): 4, (¢) =208 (8700); 226
(7900); 328 nm (26200 M~ cm~'); MS (FAB): m/z (%): 186 (100) [M]*, 467
(5) [2M+CH;SO;]"; elemental analysis caled (%) for C;,H;sNO;S (281.3):
C 51.23, H 5.37, N 14.94; found C 50.86, H 5.44, N 14.39.

1,1-Thiobis-2-(1-methyl-pyridinium-4-yl)ethenyl iodide (29): Thioacetic
acid (0.07 mL, 1 mmol) and sodium bicarbonate (84 mg, 1 mmol) were
added to a suspension of sulfone 19 (325 mg, 1 mmol) in methanol (20 mL)
under argon. After 15 min, the mixture was filtered, and the solvent was
removed under reduced pressure. The residue was dissolved in water
(10 mL). The formed crystals were dried under vacuum. Compound 29
(377 mg, 72%) was obtained as brown crystals. M.p. 290°C (decomp);
"H NMR (200 MHz, [D¢]DMSO): 6 =4.25 (s, 6H), 7.17 (d, / =16 Hz, 2H),
8.09 (d, /=6.5Hz, 4H), 8.47 (d, /=16 Hz, 2H), 8.88 (d, /=6.5 Hz, 4H);
UV/Vis (CH;0H): A, (g)=222 (31200), 340 (10300), 398 nm
(46000 m~'cm™"); MS (FAB): m/z (%): 397 (70) [M+1]*; elemental
analysis calced (%) for C;sH3sLN,S (524.2): C 36.66, H 3.46, N 5.34; found
C 36.60, H 3.58, N 5.39.

(E)-1-Methyl-4-[2,2-(ethylenedisulfanyl)-1-ethyl]pyridinium iodide (31):
1,2-Ethanedithiol (0.85 mL, 10 mmol) was added to a solution of sulfone
19 (325mg, 1 mmol) in methanol (8 mL) under argon. After 20 h the
solvent and excess of reagent were removed under reduced pressure, and
the residual oil was washed with diethyl ether (10 mL). The product was
purified by crystallization in acetonitrile at 0°C. Compound 31 (285 mg,
81%) was obtained as yellow crystals. M.p. 193-195°C; 'H NMR
(200 MHz, CD;CN): 6 =3.24 (s, 4H), 3.36 (d, /=7 Hz, 1H), 4.25 (s, 3H),
4.85(t,/J=7Hz,1H),790 (d,/ =6 Hz,2H), 8.54 (d, /=6 Hz,2H); UV/Vis
(CH;0H): A (€) =222 (20700), 258 (3300), 370 nm (320 Mm~'cm™!); MS
(FAB): m/z (%): 152 (15) [M —S(CH,),]*, 212 (100) [M]*", 551 (100)
[2M+1]*; elemental analysis calcd (%) for C,,H,INS, (339.3): C 35.40, H
4.16, N 4.13; found C 35.45, H 4.20, N 4.13.

(E)-1-Methyl-4-[2-(phenylseleno)-1-ethenyl]pyridinium iodide (33): A
solution of sodium borohydride (40 mg, 1 mmol) in anhydrous ethanol
(2.5mL) was added dropwise to a suspension of diphenyldiselenide
(155 mg, 0.5 mmol) in anhydrous ethanol (1.5 mL) under argon at 0°C.
Right after the addition the color of the medium turned from colorless to
yellow. Acetone (0.22 mL) and then sulfone 19 (325 mg, 1 mmol) were
added to the mixture. The solvent was removed under reduced pressure,
and the residue was washed with dichloromethane (80 mL). The residue
was dissolved in a mixture of methanol/ethanol (4 mL), diethyl ether was
added and the brown unsoluble material was disregarded. More diethyl
ether was added and the precipitate was filtered. Compound 33 (80 mg,
20% ) was obtained as a brown powder. M.p. 145°C; 'H NMR (200 MHz,
[Dg]DMSO): 6 =4.19 (s,3H), 6.93 (d, /=16 Hz, 1 H), 7.48 (m, 3H), 7.68 (m,
2H), 8.05 (d, J=6.5Hz, 2H), 8.67 (d, /=16 Hz, 1H), 8.78 (d, J=6.5 Hz,
2H); IR (KBr): #=1582, 1637,3022 cm™!; UV/Vis (CH;0H): 1,,,x (¢) =220
(19600); 374 nm (22900 M~*cm™t); MS (FAB): m/z (%): 276 (100) [M]*;
elemental analysis caled (%) for C,,H,,INSe (402.1): C 41.81, H 3.51, N
3.48; found C 41.89, H 3.35, N 3.38.

Stability study of reagent 20: Compound 20 (8.5 mg, 0.02 mmol) was
dissolved in a 10mm ethylmorpholine buffer pH 7.3 (20 mL) at room
temperature. The appearance of sulfinic acid was followed with a pHstat by
addition of 0.1N sodium hydroxide solution to maintain the pH at 7.3. After
60 min 10 equivalents of propanethiol (0.019 mL, 0.2 mmol) were added to
the mixture and the final release of sulfinic acid was determined.

Specificity of the alkylation of several amino acids by reagent 20: The N-
acetylated amino acid (0.12 mmol) (cysteine, lysine, histidine, methionine,
aspartic acid, or tyrosine) was dissolved in a 10M ethylmorpholine buffer
pH 73 (20 mL). The pH of the solution was adjusted to 7.3 before
compound 20 (23 mg, 0.06 mmol) was added. The release of sulfinic acid
was recorded with the pHstat as described above. After 150 min,
20 equivalents of propanethiol (0.05 mL, 1.2 mmol) were added to the
mixture and the final release of sulfinic acid was determined.

Determination of the alkylation rate of reduced glutathione reagent 19:
The alkylation was performed in a 25 mM buffer (citrate at pH 4, pH 5, or
pH 6, TES at pH 7, pH 7.5, or pH 7.8, N-ethyl morpholine at pH 8) at 30°C.
The concentration of reduced glutathione and reagent 19 was 6.2 x 10~ m.
The evolution of the absorption band at 360 nm was followed by UV/Vis
spectroscopy as a function of time.
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General procedure for protein denaturation: The enzymes were denatured
by adding urea (8 M final concentration) or sodium docecyl sulfate (SDS)
(2% ftinal concentration).

General procedure for the cysteine titration of the enzymes with reagent
19: The alkylation was performed in a 20mm TES buffer pH 7, at 30°C. The
enzyme (107°-5x10-3M) was modified with reagent 19 (30 equiv per
subunit). The reaction was followed by UV/Vis spectroscopy at 360 nm .

Electrospray mass analysis (ESMS) of native and modified GPDH isolated
from Bacillus stearothermophilus: GPDH from Bacillus stearothermophi-
lus modified with reagent 19 in denaturating conditions (2% SDS) was
dialyzed against water to eliminate excess reagent and SDS. The ESMS
spectrum of the modified and native enzyme was obtained by using
aqueous 50 % (by vol.) acetonitrile that contained 1% formic acid.

Crystallographic data: Crystallographic data (excluding structure factors)
for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-136480. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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8-Phenyl-10,10a-dihydropyrido[1,2-a]azepines by 1,7-Electrocyclization of
Conjugated Pyridinium Ylides—Rationalization of the Periselectivity

Karsten Marx and Wolfgang Eberbach*!?!

Abstract: Base treatment of the pyridinium bromides 1la—e gives rise to the
formation of the dihydropyridoazepines 14a—e as the only monomolecular products.

The reaction takes place by initial deprotonation to the ylides 12, which undergo 8n-
electrocyclization affording the seven-membered-ring systems; no products of a
dipolar 6m-cyclization were detected. On the basis of quantum mechanical

Keywords: azepines - cyclizations -
heterocycles - pericyclic reactions -
periselectivity

calculations a rationalization of the periselectivity of the electrocyclization process

is given.

Introduction

In the last four decades the use of 1,3-dipoles has made
available a multitude of mono- and polycyclic hetero systems.
Besides the extremely powerful dipolar cycloaddition meth-
odology® that has been applied to almost every kind of dipole
species, dipolar cyclizations have become increasingly impor-
tant as a synthetic alternative, especially when performed on
67 sytems which give rise to the formation of five-membered
heterocycles.”! In addition 8m-ring-closing reactions that
afford seven-membered rings are now well documented.!

For the synthesis of azepine derivatives, the ring closure of
butadienyl-substituted azomethine ylides would be appropri-
ate. Until now only a few examples of this type have been
described,”) and some of the dipoles have only been
postulated as intermediates in multistep rearrangements.[®”!
However, a special kind of this type of dipole has been found
particularly valuable, namely the corresponding a-pyridinium
ylides, which can be easily generated by base treatment of the
corresponding pyridinium salts.!

Recently we have disclosed initial results regarding the 1,7-
electrocyclization of pyridinium ylides of type 2 with differ-
ently substituted pentadienyl units leading to 8-methyl-
10,10a-dihydropyrido[1,2-a]azepines (4).'1 As clearly shown
by the stereochemistry of the respective stereogenic centers,

[a] Prof. Dr. W. Eberbach, Dr. K. Marx
Institut fiir Organische Chemie und Biochemie
der Universitét Freiburg i.Br., Albertstr. 21
79104 Freiburg (Germany)
Fax: (+49)761-203-6085
E-mail: eberbach@organik.chemie.uni-freiburg.de

[*] For Part 3, see reference [1].
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the 8n-ring-closing reaction of the extended dipoles takes place
by a conrotatory process, in accordance with orbital symmetry
considerations.’] Furthermore, the electrocyclization reac-
tions are not only stereoselective but also periselective, that is,
there were no indications of the competitive formation of
products resulting from a 67 process (see Scheme 1).

Scheme 1. Reaction scheme for the formation of 4 by an 8n-ring-closing
reaction.

It was the aim of this work to i) investigate new cyclization
reactions of some phenylbutadienyl pyridinium ylides bearing
substituents at the heterocyclic ring (see compound 12 later),
and ii) perform calculations regarding the competition
between 67- and 8m-cyclization processes.
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Results and Discussion!”]

For the preparation of the ylide precursors, various commer-
cially available pyridine derivatives were quarternized with
1-bromo-3-phenylpentadiene (9), which was obtained from
the known iodopropene 5! by a sequence of reactions. These
included coupling with trimethylsilylacetylenel'” under Sono-
gashira conditions (— 6),[3] hydrodesilylation with potassium
carbonate in methanol, hydrogenation of 7 with activated zinc
according to the procedure of Boland et al.,['¥ and finally
bromination of the pentadienol 8 to give 9 (Scheme 2).

R =TMS 8 9
5 ii)’: 6 ( )
7 R=H)

Scheme 2. i) TMS—=, PdCl,(PPh;),, NEt;, Cul, 84 %; ii) K,CO;, MeOH,
61%; iii) Zn (Cu, Ag), MeOH/H,0, rfx, 50 %; iv) PBr;, —78°C, 61 %.

Unfortunately, the final step was unavoidably accompanied
by partial isomerization of the internal C=C bond. Among the
various bromination reagents, tribromophoshpane gave the
best results for the required (E)-9 with an average E/Z ratio of
5:1 with 75% overall yield. (It must be mentioned that the
designation E is related to the trans configuration of the
CH,Br group with respect to the phenyl group; consequently,
it is syn-arranged to the terminal alkene function). Very pure
tribromophosphane must be used and the reaction must be
performed below —65°C to obtain this mixture. Due to the
instability of the bromo compound, the mixture for the alkyla-
tion step was used immediately after flash chromatography.

Treatment of the pyridine derivatives 10a—e with the 5:1
mixture of (E/Z)-9 at room temperature resulted in the
formation of the pyridinium salts 11a—e (Scheme 3) as

Rl
Rl R2 R3
2 3 S
R X R NE Br
+ 9 E—— R! =
N
RIT N R! y
1 SN
R Ph
10 11
ja b ¢ d e
R'|H D H H H
R’|H D C(CHy); CH; H
R’|H D H H  CHy

Scheme 3. Reaction scheme for the formation of 11.

viscous yellow or brown oils (81-97 % ). As expected, an E/Z
ratio of 5:1 was obtained. As Z derivatives do not undergo
electrocyclizations, or any other detectable monomolecular
reactions under the reaction conditions, only the E structures
are shown in the reaction schemes. The yields of the
subsequently described cyclization reactions are therefore
based on the amount of E starting material.
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On addition of one equivalent of potassium terz-butoxide to
the suspension of the pyridinium salts 11a-e in boiling THF/
CH;CN (ca. 5:1) the solution immediately became dark red,
an indication of the in situ formation of the corresponding
immonium ylides 12 (Scheme 4). After heating under reflux

11

tBuOK
THF / CH;CN (5:1)

13 (not observed) 12 14

Scheme 4. Reaction scheme for the formation of 14.

for 2—4h, chromatographic purification afforded the dihy-
dropyridoazepines 14a—e as viscous oils, the yields ranging
from 71 to 86 %. The bicyclic aza compounds 14 are relatively
unstable and tend to undergo decomposition reactions during
the workup procedure and on longer standing. Therefore, as
shown by '"H NMR analysis of the raw mixtures, the actual
amount of cyclization products is even higher than indicated.

The structural assignments of the pyridoazepines 14 are in
full agreement with the spectroscopic data collected for the
analogous compounds described previously.'! As in the case
of the 8-methyl derivative of 14 (R'-R*=H, Me instead of
Ph), the compounds 14a-e have some conformational
mobility (Figure 1). On the basis of the optimized structures,

10a-H
10a-H
Oa. c9
10-H
C-1 N
10"-H
10a-H
10"-H
10-H
C-1 N
C-9

CH,

B
Figure 1. Low-energy conformations of the dihydropyridoazepine system.

the relevant dihedral angles were measured and used to
calculate the coupling constants between the protons 10a-H/
10'-H, 10a-H/10"-H, 9-H/10’-H, and 9-H/10"-H, respectively.
From a comparison of the calculated values with the
experimental ones, a predominance of conformation A is
clearly indicated (see Table 1).
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Table 1. Dihedral angles [°] and coupling constants [Hz] of the conformations A and B of 14a,c—e (theoretical

results by PM3 calculations).

The transition structures 16 and
18 were calculated by using the

calculated dihedral angles [°] and coupling constants [Hz]

LST (linear synchronous trans-

10a-H/10"-H 10a-H/10"-H 9-H/0-H 9-H/10"-H it) protocol (see Table3 and
14a A Bearca 89.4 —154.5 0.94 —114.8 Figure 2).0]
Jeatea 0.3 7.5 8.2 14 A direct comparison of the
B f’ca‘w —62.3 330 1228 72 activation parameters AG* of
e 1.6 2.8 25 8.1 o
Exp. Voo, B 48 .1 43 the 1,7- and 1,5-cyclization re-
14¢ A Beatea 893 _154.6 12 1145 actions (see Table 3) reveals
3] cated 0.3 7.5 82 1.4 that the 8m process is favored
B Peatea —628 52.6 1225 6.8 by approximately 20 kcal mol—!
Voo L35 29 23 8.1 when compared with the 67-
Exp. 3 oo - 57 9.1 41 ' ; )
14d A beatea 89.4 —154.4 12 ~1146 ring-closing reaction.
eaiea 0.3 7.4 8.2 1.4 A schematic representation
B Peatea - 627 52.6 122.6 6.9 of the two competing pathways
Teaea L5 29 25 8.1 is given in Figure 2.
Exp. Yon o >0 2 43 Until now only very few re-
14e A Beatea 90.8 ~ 1532 55 ~110.1
3 cated 0.3 73 8.1 0.8 sults of estimations of dipolar
B Pealea —65.7 49.5 118.9 34 cyclizations have been publish-
earea 12 33 1.9 82 ed. The only calculations on the
Exp. obs - 5.8 9.0 3.5 . .
8m-ring-closing process of con-
In addition, geometric optimization at the PM3 levell N
revealed two local energy minima (see A and B) with that ‘ Nt
for structure A being about 3-4 kcalmol~! more stable Z . cono
[AAHY = AH}(A) — AH}(B)=—3.89 (14a), —3.96 (14c), L\ / — —
—3.86 (14d), and —2.83 kcalmol~' (14e)].
On the basis of careful analytical investigations of the crude 15" R
materials, the annulated dihydroazepine derivatives 14,
formed by 1,7-dipolar electrocyclization, were the only u
monomolecular reaction products after base treatment of
11. In particular, there was no indication of competing 1,5- | A R = CH,, Ph
cyclization reactions of the ylide intermediates 12, which P S
would be expected to lead to indolizines of type 13 -
(Scheme 4). Evidently, either the latter reaction mode does 15 \
not take place, or there is an equilibrium between 12 and 13.
As there are no indications of the reversibility of the 8- u
cyclization process, the pyridoazepines 14 would be the only |
reaction products in either case. N R =
There are other examples of related extended dipoles that @ I disrot
also show a high preference for the eight-electron process - ~ ~
which leads to seven-membered-ring products. A common 15" 18 19

qualitative explanation of this observation refers to the
particular helical geometry of such delocalized systems, which
are perfectly arranged for a conrotatory bonding of the &
termini.l> 4% %1 In order to gain a better insight into the
preference for the higher order pathway, quantum mechanical
calculations (PM3) were performed on both reaction path-
ways (Scheme 5, R = CH; or Ph).

Firstly, a comparison of the relative stability of the two
cyclization products (see Figure 1) indicated that system 17 is
more stable than 19 by approximately 10 kcal mol~! (Table 2).

When estimating the activation parameters, the most stable
conformation of the ylide intermediate 15 was used as a
reference structure, because only small amounts of energy
should be required to produce the conformations 15’ and 15”;
in other words, these small energy changes are regarded as an
incremental part of the activation energy for each pathway.

Chem. Eur. J. 2000, 6, No. 11
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Scheme 5. 67- and 8n-cyclization pathways of the conjugated pyridinium
ylides 15.

Table 2. Relative energies of the cyclization products 17 and 19.

R AHY(1T) — AH°(19)  AS°(17)— AS°(19)  AG°(17) — AG°(19)
[kcalmol '] [calmol ' K] [kcalmol ']

CH; —-9.20 —0.41 —9.08

C¢H; —12.60 —2.50 —11.31

jugated azomethine ylide systems have been performed by
Noguchi et al. [l who, on the basis of the results with N-allyl
compounds of type 20, were able to discard the direct
transformation to 21 by an ene reaction in favor of a two-
step sequence that included a hydrogen shift followed by a 1,7-
dipolar electrocyclization (see Scheme 6).
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Table 3. Activation parameters of the 1,5- and 1,7-cyclization processes.
R 15—-17 15—-19

AH* AS* AG* AH* AG* AS* AAG*
CH; 19.28 —-584 2102 3922 —-532 4081 —-19.79
CHs 1796  —10.88 2120 3881 —6.92 40.87 —19.67

AAGH 18

16

‘-

AG* (8m) AG*(6m)

Figure 2. Transition state structures and energy values of the 6x- and 8-
dipolar cyclization processes of 15.

HX R!
—X
—_—
\ ene-reaction e /

III/\/\RI N

2 | 2
R R

20 21

R
22
Scheme 6. Reaction pathway for the formation of 21.

Conclusion

The results of the electrocyclization reactions of the con-
jugated pyridinium ylides 12a—e strengthen earlier observa-
tions with related systems; again only the products of a 1,7-
ring-closing reaction are observed, namely the pyridoazepine
derivatives 14a—e. There was no indication of a competing
1,5-cyclization reaction mode, which would lead to com-
pounds of type 13. An explanation of this preference between
two, a priori, possible processes, which has been generally
attributed to favorable stereoelectronic factors and especially
to the helical geometry of such delocalized systems being
particularly adopted for a conrotatory 8m-cyclization,* 16 18]
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comes from theoretical considerations. As a result of our
calculations we conclude that the eight-electron 1,7-electro-
cyclization is clearly favored over the six-electron process by
both thermodynamic and kinetic factors. The significant
differences of these values (AAG° ~ 10 kcalmol~' and AAG*
~20 kcalmol™') provide a good rationale for the high
periselectivity experimentally observed in the cyclization
behavior of butadienyl pyridinium ylides.

Experimental Section

General: IR: Perkin—Elmer 257 Infracord; '"H NMR: Bruker WM 250
(250 MHz) and WM400 (400 MHz); C NMR: Bruker WM400
(100 MHz), CDCI; as solvent and TMS as internal standard, signals
marked by an asterisk are not clearly separated; MS: Finnigan MAT 44 S
(70 eV) with Datasystem MAT SS200; elemental analyses: Perkin— Elmer
Elemental Analyzer 240; flash chromatography was performed on SiO,
(Silica 32-36, ICN Biomedicals) or Al,O; (Alumina N, Biomedicals);
TLC: SiO, 60 F-254, 0.2 mm (Merck), AlL,O; 60F-254, neutral type E,
0.2 mm (Merck).

(Z)-3-Phenyl-5-(trimethylsilyl)-pent-2-en-4-in-1-0l (6): Bis(triphenylphos-
phane)palladium(t) chloride (048 g, 0.65mmol) and Cul (41 mg,
0.026 mmol) were added to a stirred solution of 5I'!] (6.720 g, 25.84 mmol)
and trimethylsilyl ethyne (3.81 g, 38.76 mmol) in dry NEt; (130 mL) at
room temperature under argon. After stirring for 2 h the mixture was
filtered through a small Al,O; column (neutral, activity III) and the
solution was concentrated in vacuo. The dark brown, viscous residue was
purified by flash chromatography (SiO,, cyclohexane/ethyl acetate 7:1) and
gave 4.99 g (84 % ) of 6 as brown-yellow liquid. R;=0.65 (cyclohexane/ethyl
acetate 1:1); IR (CCl,): #=3614 (br, OH), 2959 (br), 2148, 1496, 1451, 1377
(br), 1252, 1018, 862, 694 cm~'; 'TH NMR (250 MHz): 6 =7.64—-7.56 (m, 2H;
o-phenyl), 7.40-724 (m, 3H; p-phenyl, m-phenyl), 6.57 (t, 3J,, =6.4 Hz,
1H;2-H), 4.58 (d, */,,=6.4 Hz, 2H; 1-H), 1.84 (brs, 1H; OH), 0.26 (s, 9H;
Si(CHj;);); *CNMR: 6 =137.0 (C-2), 136.6 (C-3), 128.5 (C-1'), 128.3 (C-3"),
126.2 (C-4), 125.0 (C-2'), 102.7 (C-5), 101.0 (C-4), 62.1 (C-1), 0.02
(Si(CH;)5); MS (70 eV, EI): m/z (%): 230 (15) [M]*, 229 (7), 216 (7), 215
(27) [M — CH;]*, 198 (5), 197 (13), 185 (10), 157 (9), 155 (7), 141 (91), 140
(21),131 (6), 128 (9), 115 (15), 105 (80), 104 (6), 99 (12), 77 (35), 74 (13), 73
(100) [C3H,Si]*, 51 (17).

(Z)-3-Phenylpent-2-en-4-in-1-ol  (7): Potassium carbonate (294 mg,
2.13 mmol) was added to the solution of 6 (4.90 g, 21.3 mmol) in methanol
(220 mL) at room temperature. After stirring for 50 min, the mixture was
concentrated to about 10 mL and then diluted with diethyl ether (100 mL).
The solution was washed three times with saturated sodium chloride
solution, dried (MgSO,), and concentrated in vacuo. Flash chromatography
of the residue (SiO,, cyclohexane/ethyl acetate 7:1) gave 2.05 g (61 %) of 7
as a yellow liquid. R;=0.61 (cyclohexane/ethyl acetate 1:1); IR (CCl,): 7=
3605 (br, OH), 3205, 3060 (br), 2095 (C4C), 1660, 1485, 1448, 1238, 1037,
695,649 cm~!; 'H NMR (250 MHz): 6 =7.65-7.58 (m, 2H; 0-Ph), 7.40-7.27
(m, 3H; p-Ph, m-Ph), 6.63 (t,%/,; =6.4 Hz, 1 H; 2-H), 4.59 (d, 3], = 6.4 Hz,
2H;1-H), 3.41 (s, 1H; 5-H), 1.85 (brs, 1H; OH); BC NMR: 6 =137.3 (C-2),
128.6 (C-3), 128.4 (C-1'), 126.2 (C-3'), 125.6 (C-4'), 124.0 (C-2'), 84.8 (C-4),
79.8 (C-5), 61.9 (C-1); MS (70 eV, CI, iso-butane): m/z (%): 197 (9), 175
(19), 173 (6), 161 (5), 159 (10), 158 (5) [M]*, 157 (28), 147 (9), 146 (9), 145
(64), 141 (100) [M — OH]*, 140 (8), 137 (8), 131 (24), 117 (13).
(2E)-3-Phenyl-2,4-pentadien-1-0l (8): Compound 7 (2.00 g, 12.64 mmol)
was added to a suspension of activated zinc (freshly prepared from 10 g of
Zn powder) in methanol/water (1:1, 50 mL), and the mixture was heated to
reflux under argon until completion of the reaction ("H NMR, ca. 18 h).
After filtration over Celite the residue was washed with methanol (50 mL)
and diethyl ether (50 mL). The organic solvents were then removed in
vacuo, and the aqueous solution was extracted with diethyl ether (4 x
50 mL). The combined organic phase was dried (MgSO,) and concentrated.
Purification of the residue by flash chromatography (SiO,, cyclohexane/
ethyl acetate 5:1) gave 997 mg (6.32 mmol, 50%) of 8 as a yellow viscous
liquid. R;=0.44 (cyclohexane/ethyl acetate 1:1); IR (CCl,): #=3625 (br,
OH), 3055 (br), 1676 (br), 1493, 1445, 1373 (br), 1264, 1030 (br), 942,
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700 cm~!; 'H NMR (250 MHz): 6 =739-726 (m, 5H; Ph-H), 6.78 (dd,
a5y =107 Hz, y5pms =174 Hz, 1H; 4-H), 5.79 (t, 3,, =6.7 Hz, 1H;
2-H), 5.36 (d, s = 10.7 Hz, 1H; 5-H,y), 5.14 (d, Vsygus = 174 Hz, 1H;
5-H,ns), 446 (d, 3J,,=6.7 Hz, 2H; 1-H), 1.50 (brs, 1H; OH); HRMS calcd
for C;;H;,0: 160.0888; found 160.0886.

5-Bromo-3-phenyl-1,3-pentadiene (9): A solution of phosphorus tribro-
mide (1.86 g, 6.87 mmol) in dry diethyl ether (6 mL, 7'< — 60 °C) was added
dropwise to a stirred solution of 8 (2.20 g, 13.74 mmol) under N, at —78°C.
Stirring was continued until complete conversion (TLC, ca. 3 h). The
mixture was warmed to —10°C, hydrolyzed with ice/water (30 mL), and
extracted with diethyl ether. After washing with saturated aqueous sodium
bicarbonate (4 x 20 mL) and sodium chloride solutions (3 x 20 mL), the
combined organic phases were dried (MgSO,) and concentrated. Purifica-
tion of the residue by flash chromatography (AlOs;, neutral, activity II;
cyclohexane/ethyl acetate 7:1) gave 1.87 g (61 %) of 9 as a yellow, slightly
lachrymatory liquid, which on standing underwent polymerization. Ac-
cording to the '"H NMR analysis, a mixture of (E)- and (Z)-9 was obtained
in a 5:1 ratio (this varied from 2:1 to 10:1 for different runs). IR (CCl,) of
the isomeric mixture: ¥ =3060 (br), 1495, 1445, 1200, 985, 928, 700 cm~.
Due to instability, the bromide was used without further purification for the
alkylation reactions.

General procedure for the quarternization of the N-heteroaromatic
compounds 11: A solution (ca. 1 molL") of the pyridines 10a—e and
1 equivalent of 9 (isomer mixture) in acetonitrile was stirred at room
temperature for the given period. After addition of diethyl ether,
precipitation of a viscous oil or a solid takes place. Isolation was
accomplished either by filtration and washing of the amorphic/solid residue
with diethyl ether (in case of solids) or by a repeated solvation —separation
procedure (in case of oils) with acetonitrile and diethyl ether as dissolving
and separating agents, respectively. The pyridinium salts 11 obtained by this
method were characterized by 'H NMR analysis and used directly for the
cyclization reactions.

1-(3-Phenyl-2,4-pentadienyl)pyridinium bromide (11a): By using the
general procedure, the reaction of 9 (444 mg, 1.99 mmol, E/Z=5:1) and
pyridine 10a (157 mg, 1.99 mmol) in 4 mL of acetonitrile afforded after 2 d
520 mg (1.72 mmol, 86 %) of 1-(3-phenyl-2,4-pentadienyl)pyridinium bro-
mide (11a) (E/Z=5:1) as a brown oil. '"H NMR (250 MHz, [D,]DMSO)
(2)-11a: 6=8.92 (m, °J,5;=5.5 Hz, 2H; 2-H), 8.65 (m, 1H; 4-H), 8.20 (m,
2H; 3-H), 7.5-721 (m, 5H; Ph-H), 6.71 (dd, %/ 5.,=10.7 Hz, 3J; 540 =
174 Hz, 1H; 4-H), 6.16 (t, 3/, =71 Hz, 1H; 2"-H), 530 (d, /s 4=
10.7 Hz, 1H; 5-H,), 5.18 (d, 3/;, =71 Hz, 2H; 1'-H), 4.81 (d, ¥/5,4ua =
174 Hz, 1H; 5'-H,,,,,); (E)-11a:  =9.16 (m, */,5=>5.5 Hz, 2H; 2-H), 8.65
(m,, 1H; 4-H), 820 (m,, 2H; 3-H), 7.54-721 (m, 5H; Ph-H), 715 (dd,
3y 5as=10.7 Hz, 3] 5100 = 174 Hz, 1H; 4-H), 5.95 (t,%], , =71 Hz, 1H; 2'-
H), 5.66 (d, 3], =71Hz,2H; 1'-H), 5.57 (d, */5.,4=10.7 Hz, 1 H; 5-H,),
5.22 (d, ¥syumsy =174 Hz, 1H; 5-H,,,,,).

2,3,4,5,6-Pentadeutero-1-(3-phenyl-2,4-pentadienyl) pyridinium bromide
(11b): Following the general procedure, 9 (441 mg, 1.98 mmol, E/Z =17:1)
was treated with pentadeuteropyridine (10b) (166 mg, 1.98 mmol). After
2d 493 mg (81 %) of 11b (E/Z=7:1) was isolated as a hygroscopic and
sticky beige wax. 'H NMR (250 MHz, [D¢]DMSO) (Z)-11b: 6 =75-722
(m, 5H; Ph-H), 6.71 (dd, 3y 5, =10.8 Hz, 3], 5,70n,=17.1 Hz, 1H; 4'-H),
6.16 (t,%/,,=6.9 Hz, 1H; 2'-H), 5.30 (d, *J5,4+=10.8 Hz, 1H; 5-H,), 5.19
(d, 3y, =6.9 Hz, 2H; 1'-H), 4.81 (d, /544 =171 Hz, 1H; 5-H,,,,); (E)-
11b: 6=754-722 (m, 5H; Ph-H), 716 (dd, *J; 5. =11.0 Hz, 3J} 5700 =
173 Hz, 1H; 4-H), 595 (t, 3, =70Hz, 1H; 2-H), 5.67 (d, %/, =
73 Hz, 2H; 1-H), 5.57 (d, *J5.4=11.0 Hz, 1H; 5'-H,;), 5.22 (d, Y54
=173 Hz, 1H; 5-H,,,)-

4-tert-Butyl-1-(3-phenyl-2,4-pentadienyl)pyridinium bromide (11c): By
using the general procedure, the reaction of 9 (284 mg, 1.27 mmol, E/Z =
2:1) and 4-tert-butyl pyridine (10¢) (172 mg, 1.27 mmol) gave after 2 d
371 mg (82%) of 11l¢ (E/Z=2:1) as a yellow hygroscopic solid which
deliquesces within a few minutes to a yellow oil. 'H NMR (250 MHz) (Z)-
11c: 6=9.12 (pd, */,5=70 Hz, 2H; 2-H), 7.93 (pd, */;, =70 Hz, 2H; 3-H),
745-713 (m, 5H; Ph-H), 6.62 (dd, 3J; 5.5 = 11.0 Hz, 3] 5y4n, =173 Hz, 1H;
4-H), 6.16 (t, °J,, =7.6 Hz, 1H; 2'-H), 5.46 (d, °J,, =76 Hz, 2H; 1'-H),
5.32 (d, 544 =11.0Hz, 1H; 5-H,), 4.92 (d, 3Js,ume =173 Hz, 1H; 5'-
H,us), 1.38 (s, 9H; C(CH,)s); (E)-11¢: 6 =9.48 (pd, */,5="7.2 Hz, 2H; 2/6-
H), 8.00 (m, 3J5,=7.2 Hz, 2H; 3/5-H), 745-7.13 (m, 5H; Ph-H), 7.20 (dd,
s =113 Hz, ]y 500, = 18.0 Hz, 1H; 4-H), 5.99 (d, *J,, =7.6 Hz, 2H;
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'-H), 5.84 (t, 3T, =76 Hz, 1H; 2-H), 5.60 (d, Jseu =113 Hz, 1H; 5~
H,,), 5.30 (d, *Jsypanse = 18.0 Hz, 1H; 5-H,,,,), 1.38 (s, 9H; C(CH;);).

4-Methyl-1-(3-phenyl-2,4-pentadienyl)pyridinium bromide (11d): By using
the general procedure, the reaction of 9 (597 mg, 2.68 mmol, E/Z =4:1) and
y-picoline (10d) (250 mg, 2.68 mmol) gave after 2d 818 mg (97 %) of 11d
(E/Z=4:1) as a yellow, very viscous oil. 'H NMR (250 MHz) (Z)-11d: 6 =
8.97 (pd, 3J,3=6.7 Hz, 2H; 2/6-H), 7.78 (pd, *J;, = 6.7 Hz, 2H; 3/5-H), 7.4 -
713 (m, 5H; Ph-H), 6.62 (dd, *J, 5.4=10.7 Hz, 34 54,y = 172 Hz, 1H; 4'-
H), 6.15 (t, */, =74 Hz, 1H; 2’-H), 5.44 (d, 3/, , =74 Hz, 2H; 1'-H), 5.33
(d, 3544 =10.7 Hz, 1H; 5-H,), 4.92 (d, 5-Hyunp *J5iranse =172 Hz, 1H),
2.29 (s,3H; CHj;), (E)-11d: 6 =9.29 (pd, 3/, = 6.6 Hz,2H; 2/6-H), 7.83 (pd,
3J;,=6.6 Hz, 2H; 3/5-H), 7.75-726 (m, 5H; Ph-H), 714 (dd, /5. =
11.0 Hz, 3/ 54 =170 Hz, 1H; 4-H), 5.96 (d, 3J,, =74 Hz, 2H; 1"-H),
5.82 (t,3%Jy =74 Hz, 1H; 2-H), 5.61 (d, *J5.,,=11.0 Hz, 1H; 5-H,;), 5.32
(d, Jsyyanse =17.0 Hz, 1H; 5'-H,,,,s), 2.29 (s, 3H; CHs).

2-Methyl-1-(3-phenyl-2,4-pentadienyl)pyridinium bromide (11e): By using
the general procedure, 9 (597 mg, 2.68 mmol, E/Z=3:1) and a-picoline
(10e) (250 mg, 2.68 mmol) afforded after 2d 720 mg (85 %) of 11e (E/Z=
3:1) as a yellow viscous oil. 'H NMR (250 MHz) (Z)-11e: 6 =9.44 (m,
3Js5="06.0 Hz, 1H; 6-H), 8.41-8.29 (m, 1H; 4-H), 7.80-7.78 (m, 2H; 3-H,
5-H), 7.4-7.24 (m, 5H; Ph-H), 6.56 (dd, 3/, 5.;,=11.0 Hz, */; 5., = 17.1 Hz,
1H; 4-H), 5.96 (t, %/, =6.9 Hz, 1H; 2"-H), 545 (d, */,,, =69 Hz, 2H; 1"-
H),5.23 (d, ¥/5.4 =11.0 Hz, 1H; 5-H,), 4.94 (d, *J54nse =171 Hz, 1H; 5'-
H,..s), 2.60 (s, 3H; CH;); (E)-11e: 0 =9.66 (m, *J35=6.0 Hz, 1H; 6-H),
8.4-8.29 (m,1H;4-H), 7.80-7.78 (m,2H; 3-H, 5-H), 7.47-7.24 (m, 5H; Ph-
H), 707 (dd, *Jy 54 =11.1 Hz, 3] 54,y =171 Hz, 1H; 4-H), 5.94 (d, 3], » =
7.0 Hz,2H; 1'-H), 5.60 (t, */,.;, = 7.0 Hz, 1H; 2"-H), 5.61 (d, */5,;,4 = 11.1 Hz,
1H; 5-H,), 5.34 (d, *syumsy =171 Hz, 1H; 5'-H,,,,), 3.02 (s, 3H; CHj;).

General procedure for the transformation of the pyridinium salts 11a-e
into the dihydropyridoazepines 14a—e: Dry THF (20 mL) was added to a
solution of the pyridinium bromides 11 (1.5-2.5 mmol) in acetonitrile (3 -
5 mL and, if necessary, 1 mL of dry ethanol). The resulting suspension was
heated to reflux under argon and then treated (maintaining reflux) with
1.1 equivalents of potassium fert-butoxide. On addition of the base the
color of the reaction mixture spontaneously changed to dark brown-violet.
Refluxing was continued until completion of the reaction (TLC, 2—4 h).
After cooling to room temperature, diethyl ether (50 mL) was added and
the mixture was filtered and then washed with saturated aqueous sodium
chloride solution (4 x 20 mL). The combined organic fractions were dried
(MgSO,), concentrated in vacuo, and then purified by flash chromatog-
raphy. The stated yields of compounds 14 are related to the respective
pentadienyl pyridinium salts with E configuration of the double bond at 2'-
C. The dihydropyridoazepines 14 were relatively unstable compounds that
tended to undergo decomposition reactions during workup and on longer
standing; therefore, as shown by the 'H NMR analysis of the raw mixtures,
the amount of 14 formed during the deprotonation—-cyclization process
was usually higher than indicated.

8-Phenyl-10,10a-dihydropyrido[1,2-a]azepine (14a): By using the general
procedure for the cyclization of pyridinium bromides, the reaction of 11a
(336 mg, 1.11 mmol, E/Z =5:1) gave, after flash chromatography of the raw
material (SiO,, cyclohexane/ethyl acetate 2:1), 153 mg of 14a (75%) as a
dark red oil. R;=0.69 (cyclohexane/ethyl acetate 1:1); IR (CCl,): 7 =3050
(br) , 1630 (br), 1595 (C=C), 1573, 1490, 1259, 755, 700 cm~'; 'H NMR
(400 MHz): 6 =739 (m., 2H; 0-Ph), 7.31 (m., 2H; m-Ph), 727-721 (m,
1H; p-Ph), 6.44 (d,°/,;=9.6 Hz, 1H; 6-H), 6.27 (d, */,5 =74 Hz, 1H; 4-H),
6.03 (dd, 3Jy,9 =9.1 Hz, 3]y, =4.3 Hz, 1H; 9-H), 591 (dd, 3/,5=5.9 Hz,
3,1 =9.6 Hz, 1H; 2-H), 5.51 (dd, %/,,=9.6 Hz, 3/ ;,,=4.2 Hz, 1H; 1-H),
5.31(d, 3/;=9.6 Hz, 1H; 7-H), 4.87 (m,, 1-H, 3-H), 3.78 (m,, 1 H; 10a-H),
2.80 (dd, 3J, 10 =16.6 Hz, 3]}y =9.1 Hz, 1H; 10’-H), 2.27 (ddd, *J,y ;¢ =
16.6 Hz, 3Jy 10, =4.8 Hz, 3],y y=4.3 Hz, 1H; 10"-H); ¥C NMR: 6 =144.5
(C-8), 138.7 (C-1"), 133.9 (C-9), 131.3 (C-4), 128.2 (C-6), 128.1 (C-4), 127.0
(C-2'), 126.7 (C-3'), 121. 9 (C-1), 120.4 (C-2), 103.6 (C-7), 96.5 (C-3), 59.7
(C-10a), 44.4 (C-10); MS (70 eV, EI): m/z (%): 222 (8), 221 (47) [M]*, 143
(12), 142 (100) [M —N]* 141 (62), 115 (20), 110 (10), 80 (54) [CsH¢N]*;
HRMS calcd for C,¢H;sN: 221.1204; found 221.1197.
1,2,3,4,10a-Pentadeutero-8-phenyl-10,10a-dihydropyrido[1,2-a]azepine
(14b): By using the general procedure, the reaction of 11b (428 mg,
1.39 mmol, E/Z =7:1) gave, after flash chromatography of the raw material
(SiO,, cyclohexane/ethyl acetate 2:1), 285 mg of the 14b (86 %) as a red-
orange, very viscous liquid. R;=0.68 (cyclohexane/ethyl acetate 1:1); IR
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(CCly): #=3050 (br), 1630 (br) (C=C), 1595 (br) (C=C), 1573, 1490, 1259,
755, 700 cm~!; '"H NMR (400 MHz): 6 =739 (m., 2H; 0-Ph-H), 7.30 (m,,
2H; m-Ph), 727-721 (m, 1 H; p-Ph), 6.44 (d, 3/5;=9.6 Hz, 1 H; 6-H), 6.04
(dd, 3Jy,0=9.1 Hz, 3Jy,0,=4.0 Hz, 1H; 9-H), 5.31 (d, *J;,=9.6 Hz, 1H;
7-H), 2.79 (dd, 3,54 =16.6 Hz, 3/,,=9.1 Hz, 1H; 10-H), 2.25 (dd,
31910 =16.6 Hz, 3,4.y=4.0 Hz, 1H; 10"-H); 3C NMR: 6 =144.6 (C-8),
138.7 (C-1),133.9 (C-9), 128.2 (C-6), 128.1 (C-4'), 127.0 (C-2'), 126.7 (C-3'),
103.6 (C-7), 44.3 (C-10); MS (70 eV, EI): m/z (%): 222 (8), 221 (47) [M]*,
142 (100) [M — CsHsN]*, 141 (62), 115 (20), 110 (10), 80 (54) [CsH¢N]*;
HRMS caled for C;gH;sN: 226.1534; found 221.1534.
2-tert-Butyl-8-phenyl-10,10a-dihydropyrido[1,2-a]azepine (14c¢): Follow-
ing the general procedure, the reaction of 11¢ (349 mg, 0.97 mmol,
E/Z=2:1) gave, after flash chromatography of the raw material (SiO,,
cyclohexane/ethyl acetate 3:1), 140 mg of 14¢ (78 %) as a brown wax. R;=
0.72 (cyclohexane/ethyl acetate 1:1); IR (CCl,): 7#=2965 cm™' (br), 1660,
1630 (C=C), 1575 (br), 1273, 1090, 868, 697; 'H NMR (400 MHz): 6 =7.40
(m, 3/,3,=8.0 Hz, 2H; 2'-H), 7.31 (m, 3J;, = 8.0 Hz, 3/;,=8.0 Hz, 2H; 3"-
H), 7.24 (pd, 3/, 5 = 8.0 Hz, 1 H; 4-H), 6.43 (d, *J; =9.5 Hz, 1 H; 6-H), 6.27
(d, 3,3="77Hz, 1H; 4-H), 6.00 (dd, 3Jy,y=9.0 Hz, %/, =4.1 Hz, 1H;
9-H), 5.26 (d, 3J,10.=4.5Hz, °J,3=2.0Hz, 1H; 1-H and d, 3J;,=9.5 Hz,
1H; 7-H), 4.96 (dd, 3/;,=77Hz, °J;,=2.0Hz, 1-H, 3-H), 3.77 (dd,
Jioaso =5.7Hz, 3]y, =4.5Hz, 1H; 10a-H), 2.78 (dd, /s, =16.4 Hz,
309=9.1Hz, 1H; 10-H), 2.23 (ddd, 3/,y.;¢ =16.4 Hz, /,.10,=5.7 Hz,
3J109=4.1Hz, 1H; 10"-H), 1.10 (s, 9H; C(CH,);); *C NMR: 6 =144.6 (C-
8), 140.7 (C-2), 138.7 (C-1"), 133.8 (C-1), 103.0 (C-7), 97.0 (C-3), 59.8 (C-
10a), 44.5 (C-10), 33.6 (C(CH;);), 29.0 (C(CH;)5); MS (70 eV, EI): m/z (%):
277 (8) [M]*, 143 (12), 142 (90) [M — (tBu-CsH,N)]*, 141 (47), 136 (100)
[(CH;);C—CsH,NH]*, 121 (18), 115 (17), 106 (5), 92 (8), 91 (5), 77 (7)
[CeHs]*, 65 (5), 57 (7) [CH,]*; HRMS caled for C,H,;N: 277.1830; found
277.1830.

2-Methyl-8-phenyl-10,10a-dihydropyrido[1,2-a]azepine (14d): By using
the general procedure, the reaction of 11d (740 mg, 2.34 mmol, E/Z=
4:1) gave, after flash chromatography of the raw material (SiO,, cyclo-
hexane/ethyl acetate 3:1), 322 mg of 14d (73 %) as a dark red oil. R;=0.70
(cyclohexane/ethyl acetate 1:1); IR (CCl,): 7=3020, 2913 (br), 1667, 1630,
1520, 1488, 1440, 1259, 1157, 863, 695 cm!; 'H NMR (250 MHz): 6 =7.44 -
719 (m, 5H; Ph-H), 6.44 (d, 3J,;=9.7 Hz, 1H; 6-H), 6.25 (d, 3J,5="75 Hz,
1H; 4-H), 6.00 (dd, 3/,,y =9.2 Hz, 3/, =4.3 Hz, 1 H; 9-H), 5.28 (d, /7=
9.7Hz, 1H; 7-H), 523 (m,, 3J,,,=4.3 Hz, 3J,;3=1.5Hz, 1H; 1-H), 4.76
(m,, 3J34=75Hz, 3J5;,=15Hz, 1H; 3-H), 3.75 (brps, *Jyp10=>5.0 Hz,
3J10a1 =4.3 Hz, 1H; 10a-H), 2.78 (dd, 3/,.1¢- =16.5 Hz, 3J,;,=9.2 Hz, 1H;
10-H), 2.24 (ddd, 3,y ,9 =16.5Hz, /1y 10,=5.0 Hz, 3J,py=4.3 Hz, 1H;
10”-H), 1.78 (ps, 3H; CH,); *C NMR (100.6 MHz): 6 =144.6 (C-8), 138.6
(C-2), 133.8 (C-1), 131.0 (C-6), 128.4 (C-4), 128.2(C-2"), 127.7 (C-3'), 127.0
(C-4'),126.6 (C-9), 117.3 (C-1), 103.3 (C-7), 100.0 (C-3), 59.8 (C-10a), 44.4
(C-10), 21.0 (CH3;); MS (70 eV, EI): m/z (%): 235 (22) [M]*, 143 (10), 142
(78) [M — (H;C—CsHsN)|*, 141 (59), 118 (6), 115 (33), 94 (100)
[H;C-CsHsNH]*", 89 (5), 77 (6) [C¢Hs]t; HRMS caled for Cj;H;N:
235.1361; found 235.1361.
4-Methyl-8-phenyl-10,10a-dihydropyrido[1,2-a]azepine (14 ¢): By using the
general procedure, the reaction of 11e (720 mg, 2.23 mmol, E/Z=3:1)
gave, after flash chromatography of the raw material (SiO,, cyclohexane/
ethyl acetate 3:1), 268 mg of 14e (71%) as a dark red oil. R;=0.70
(cyclohexane/ethyl acetate 1:1); IR (CCl,): 7= 3020, 2895 (br), 1625, 1560,
1415, 1315, 700 cm~'; '"H NMR (400 MHz): 6 =7.43-7.37 (m, 2H; o-Ph),
735-728 (m, 2H; m-Ph), 7.27-7.21 (m, 1H; p-Ph), 6.72 (d, 3/5;=9.1 Hz,
1H; 6-H), 6.19 (dd, 3Jy,y =9.0 Hz, 3J,,,,=3.5 Hz, 1H; 9-H), 5.93 (dd,
3,,=9.7Hz, 3J,;=59Hz, 1H; 2-H), 5.57 (dd, 3J,,=9.7Hz, 3] ;0,=
5.1Hz, 1H; 1-H), 5.48 (d, 3/,4=9.1 Hz, 1H; 7-H), 4.92 (d, */;,=5.9 Hz,
1H;3-H), 3.46 (t, /19,10 =5.8 Hz, 3], =5.1 Hz, br., 1H; 10a-H), 2.71 (dd,
a0 =175Hz, 3J,y9=9.0 Hz, 1H; 10"-H), 2.16 (ddd, *J,y., =175 Hz,
3100100 = 5.8 Hz, 3,49 =3.5 Hz, 1H; 10”-H), 2.02 (m, 3H; CH;); *C NMR:
0 =145.4(C-8), 138.1 (C-4),136.5 (C-1"), 130.5 (C-6), 130.3 (C-2), 128.2 (C-
2), 1271 (C-3), 126.9 (C-4'), 126.5 (C-9), 120.7 (C-1), 105.9 (C-7), 972 (C-

3),59.2 (C-10a), 43.8 (C-10), 20.8 (CH;); MS (70 eV, EI): m/z (% ):235 (26)
[M]*, 143 (13), 142 (100) [M — (H,C—CsH,N) |+, 141 (66), 139 (5), 128 (12),
118 (14), 116 (5), 115 (34), 102 (5), 95 (7), 94 (65) [H,C—CsH,NH]*, 93 (7),
89 (6), 77 (8) [CsHs]"; HRMS calcd for C;;H;N: 235.1361; found 235.1361.
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