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CONCEPTS

Enantioselective Enzymes for Organic Synthesis Created by Directed
Evolution

Manfred T. Reetz*!*! and Karl-Erich Jaeger!"!

4 N

Abstract: A new concept for the creation of enzymes
displaying improved enantioselectivity in a given reaction
is described; it is based on “evolution in the test tube”.
Accordingly, proper molecular biological methods for
random mutagenesis, gene expression, and high-through-
put screening systems for the rapid assay of enantiose-
lectivity are combined. Several rounds of mutagenesis
and screening are generally necessary in order to create
mutant enzymes that show high degrees of enantioselec-
tivity, as in the case of the lipase-catalyzed hydrolytic
kinetic resolution of a chiral ester in which the original
enantioselectivity of 2% ee (E =1) increases to >90% ee
(E=25).

Keywords: asymmetric catalysis - directed evolution -
enzyme catalysis - high-throughput screening - muta-

enesis
& J

Introduction

The world market for chiral fine chemicals, such as pharma-
ceuticals or plant protecting agents, is expanding rapidly.l]
Among the various ways to prepare enantiopure compounds,
the use of asymmetric catalysts constitutes the most elegant
and efficient strategy. When choosing this approach organic
chemists have two options: transition metal catalysis®? or
biocatalysis.’! The decision as to which option is best depends
on a number of factors that include the cost of catalysts,
degree of catalyst stability, activity and enantioselectivity,
type of solvent, and ease of workup.[¥! Most organic chemists
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tend to try transition metal catalysis first. If the available
transition metal catalysts fail to provide high activity and
enantioselectivity for a given transformation of interest,
A —B, a new catalyst needs to be developed. In doing so,
several aspects are crucial to success, namely intuition,
experience, knowledge of the reaction mechanism, ability to
assess steric and electronic factors in ligand tuning, and a great
deal of trial and error.?! It is therefore of no surprise that
among the 2000 chiral, chelating phosphorus-containing
ligands, that have been prepared and reported, only a handful
are really effective in enantioselective reactions.”! Moreover,
for many substrates and reaction types truly useful catalysts
are not yet available.

Among the various options in biocatalysis, enzymes are
generally chosen owing to their high activity.’) Indeed, a wide
variety of enzyme Kkits are commercially available. An
important innovation in the field was the discovery that many
enzymes perform well in organic solvents.>! Although a
trend in industry to consider biocatalysis more so than in the
past is clearly emerging,®l one of the problems with using
enzymes is the fact that they are substrate-specific. For a given
reaction of interest enantioselectivity may be unacceptably
low. In principle, a type of “ligand tuning” should be possible,
namely the exchange of a specific amino acid in the enzyme by
one of the remaining 19 natural amino acids by using site-
directed mutagenesis, a standard technique in molecular
biology.! Unfortunately, due to the complexity of enzymes,
this method has not proven to be a straightforward and
generally successful tool in the difficult endeavor of increasing
the ee value (ee = enantiomeric excess) of a given reaction in
which a prochiral substrate is transformed into a chiral
product. The same applies to the problem of increasing the
selectivity factor E in kinetic resolutions of racemic substrates.

We have recently introduced a different approach to the
development of enantioselective catalysts for use in organic
synthesis that is based on directed evolution of enzymes.!
Accordingly, the combination of proper molecular biological
methods for random mutagenesis and gene expression
coupled with high-throughput screening systems for the rapid
identification of enantioselective mutant enzymes forms the
basis of the concept. The idea is to start with a natural (wild-
type) enzyme that has an unacceptable ee or E value for a
given transformation of interest, A —B, to create a library of
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mutants from which a more enantioselective variant is
identified, and to repeat the process as often as necessary by
using, in each case, an improved mutant for the next round of
mutagenesis. Since the inferior mutants are discarded, the
evolutionary character of the overall process becomes appa-
rent. In doing so, random mutagenesis is not performed on the
enzyme itself, but on the gene (DNA segment) which encodes
the protein (Scheme 1).

Scheme 1. Strategy for directed evolution of an enantioselective enzyme.

The concept summarized in Scheme 1 breaks with the usual
forms of so-called rational or de novo design traditionally
practiced (or attempted) in the area of transition metal
catalysisi?! or biocatalysis®™? because structural and mecha-
nistic aspects are not part of the strategy! This means that the
preoccupation with steric and electronic effects, which organic
chemists have such a fondness for inspite of the necessity of
trial and error, is absent. Nevertheless, the concept we
describe here is rational. Moreover, the challenges that the
new approach entails are equally intriguing, albeit in a
completely different manner. Among the major problems to
be solved is the development of high-throughput screening
systems for enantioselectivity.

Discussion

In the late 1980s and early 1990s molecular biologists began to
develop new and practical techniques for random muta-
genesis. One of the landmarks was a report by Leung, Chen,
and Goedell, who described the technique of “error prone
polymerase chain reactions” (epPCRs), in which the condi-
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tions of the classical PCR were varied empirically (e.g., the
MgCl, concentration) so as to attain the desired mutation
rate.'”! This procedure of inducing point mutations was
followed in 1994 by Stemmer’s method of DNA shuffling!"]
and in 1998 and 1999 by Arnold’s staggered-extension
processl’? and random priming recombination method,!"’]
respectively; these are all recombinative processes that result
in a high diversity of mutant genes. Since then these and other
methods such as saturation mutagenesis (in which the
substitution or insertion of codons is performed that leads
to all possible 20 amino acids at any predetermined position in
the gene) have been applied in the quest to obtain mutant
enzymes with improved stability and activity.[''""] However,
enantioselectivity is a particularly difficult parameter to deal
with, and at the outset of our efforts it was not clear whether
the technique of directed evolution, or in vitro evolution as it
is sometimes called,''S] would work for this particular
purpose.

We decided to test our concept by applying epPCR in the
development of an enantioselective enzyme as a catalyst in
the hydrolytic kinetic resolution of the chiral ester 1.5 1]
Hydrolysis generates p-nitrophenol 3 which can be detected
by UV/Vis-spectroscopy as a function of time (Scheme 2).

[0}
R H,0
%o@mz —
— P. aeruginosa
CHs lipase
1 (R =nCgH17)

0 0
R\A)kOH + jo\o%;»m2 * |-|0-<3-No2

CH3 CH3
(8)-2 (R 3

Scheme 2. Scheme illustrating the test reaction.

Thus, we envisioned as a screening system the use of a
commercially available 96 well microtiter plate on which the
(R)- and (S)-esters 1 are allowed to react separately in each of
48 wells. Indeed, it was possible to screen 48 mutants on a
96 well microtiter plate within 6—8 minutes.’! The enzyme
that we chose for this model reaction was the bacterial lipase
from Pseudomonas aeruginosa.l') It consists of 285 amino
acids and leads to an ee value of only 2 % in slight favor of the
(S)-product 2. This corresponds to the lowest possible
selectivity factor of about E =1, which reflects the relative
reaction rates of (S)-1 and (R)-1. We also had to develop an
efficient expression system, which was accomplished by first
ligating the mutated genes into a suitable expression vector,
amplifying in E. coli, and then transforming into P. aerugino-
sa.®l This particular system ensures secretion of the mutant
enzymes into the medium so that the supernatants can be used
directly in the screening.

When performing random mutagenesis, the problem of
exploring protein sequence space needs to be considered first.
In the present case complete randomization allowing for all
possible permutations would theoretically result in 20?%
different mutant enzymes, the masses of which would greatly
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exceed the mass of the universe, even if only one molecule of
each enzyme were to be produced.['”! The other end of the
scale entails the minimum amount of structural change,
namely the substitution of just one amino acid per molecule of
enzyme. On the basis of the algorithm N =19 x 285!/[ (285 —
M)! x M!], in which M = number of amino acid substitutions
per enzyme molecule (here M =1), the library of mutants
would theoretically contain 5415 members.® ") However, due
to the degeneracy of the genetic code, inter alia, it is
impossible to generate by epPCR a library which in fact
contains all of the 5415 variants. If the mutation rate is
increased to such an extent that an average of two amino acids
are exchanged per enzyme molecule (M =2), then the
number of mutant P. aeruginosa lipases predicted by the
above algorithm increases dramatically to about 15 million,
which would be very difficult to assay even when applying the
best high-throughput screening systems currently available.

The strategy that we therefore initially used was to apply a
relatively low mutation frequency and to rely on step-wise
improvements in enantioselectivity.[> 11 When creating thou-
sands of lipase mutants (or of any other enzyme), the
challenge of deconvolution might appear to be an insur-
mountable task. However, this problem never arises because
subsequent to mutagenesis and expression, bacterial colonies
on agar plates are obtained, each originating from a single cell
(Scheme 3). This means that each bacterial colony produces
only one mutant enzyme (although some may occur more
than once on the agar plate). The bacterial colonies are then
collected either manually by using toothpicks or automatically
by a robot colony picker and are placed in the wells of
microtiter plates that contain nutrient broth. In this way the
supernatant of each well contains one mutant enzyme that is
ready to be screened as a catalyst in the model reaction.

Upon generating a library of only 1000 mutants in the first
generation, about 12 improved mutants were identified, the
best one resulting in an ee value of 31% (E=2.1) in the test
reaction. The process was repeated as outlined in Scheme 1
with formation of slightly larger libraries of mutants (2000 —
3000), an endeavor that led to an ee of 81 % in the fourth
generation; this corresponds to a selectivity factor of E=11.3
(Figure 1).1

Following these remarkable observations a larger library of
mutant enzymes was created in the fifth generation, which
led to further improvements.'? However, we decided to
develop more efficient ways to explore protein sequence
space with respect to enantioselectivity in the given test
reaction.I] The basic problem relates to the fact that upon
passing from one mutant generation to the next, many
different “pathways” in protein sequence space are possible.

colony
picking

mutagenesis expression

-

bacterial colonies
on agar plate

library of
mutant genes
in a test tube

[+
% o8 (E=113)

2%

Y

T
0 1 2 3 4 5

mutant generations

Figure 1. Increasing the ee and E values of the lipase-catalyzed hydrolysis
of the chiral ester 1.

Thus, as in natural evolution itself,'®! the analogy with a tree
having many branches is useful (Figure 2). The challenge is to
find the shortest possible route in climbing up the “ee tree” (or
“E tree”). Parenthetically, the tree also has roots (not shown
in Figure 2), symbolizing the evolution of mutants which
catalyze the formation of the product that has the opposite
absolute configuration. Although the cartoon in Figure 2
indicates considerable complexity, it also suggests that the
solution to the problem of creating and finding a highly
enantioselective catalyst for a given reaction is not unique.
This means that it should be possible to obtain a set of
different mutants, all with high degrees of enantioselectivity
for a given reaction.

We therefore developed a strategy that not only works well
in the present situation,™ 7l but which may turn out to be
useful in the case of other substrates and enzymes as well.
Accordingly, DNA sequencing was first performed on the best
members of the various mutant generations in order to define
the position and nature of amino acid substitutions respon-
sible for the increase in enantioselectivity. Typical data for the
present case are presented in Scheme 4.

At this point the actual three-dimensional structure of the
wild-type or mutant lipases was of no concern. Indeed, we did
not even consider the enzyme mechanism! Rather, a logical
way to proceed was to conclude that we had identified
sensitive positions (“hot spots”) in the protein that are
instrumental in improving the enantioselectivity. Moreover,
owing to the limitations of epPCR, it was reasonable to

screening for
enantioselectivity

visualization of
positive mutants

bacteria producing
mutant enzymes grown
in nutrient broth

Scheme 3. The experimental stages of directed evolution of enantioselective enzymes.
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ee
or

wild-type

Figure 2. An “evolutionary tree” illustrating the complexity of protein
sequence space with respect to enantioselectivity. The numbers denote
positive mutants obtained from repetitive cycles of mutagenesis and
screening in the respective generations. The arrows pointing down symbol-
ize inferior variants which of course outnumber the few positive mutants.
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Scheme 4. Data of amino acid exchanges in the best mutants of the first
four generations.

assume that the observed amino acid exchanges imply the
correct position, but not necessarily the optimal amino acid.
Thus, it seemed worthwhile to apply saturation mutagenesis!™!
at one of these “hot spots”, for example, at position 155, this
being possible in any of the mutant generations or even the
wild-type lipase. We began by applying saturation muta-
genesis on the mutant gene by encoding the best variant with
E =4.7 in the second generation in which serine (S) has been
substituted by leucine (L), that is, with O8H3. The best
mutant enzyme in this newly formed library showed a slightly
improved selectivity factor (E=35.3) (Figure 3). The new
amino acid at position 155 of this particular mutant turned out
to be phenylalanine (F). Saturation mutagenesis at posi-
tion 155 with the gene that encoded the most selective enzyme
(with V47G) in the third generation led to the identification of
an even better mutant (E =21). In this case phenylalanine was
again identified as the new amino acid at position 155. This
seemed to indicate that position 155 is indeed a sensitive spot
and that out of all the 20 natural amino acids phenylalanine
has the greatest positive influence on enantioselectivity at this
position (Figure 3). Thus, in order to minimize further

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

S155F
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mutant generations

—— ¢epPCR
mummnnne saturation mutagenesis at position 155
-------- site specific introduction of phenylalanine (F) at position 155

Figure 3. Further improvements in enantioselectivity of the lipase-cata-
lyzed model reaction of 1 (S =serine; F = phenylalanine; G = glycine; L =
leucine; V =valine). Details are outlined in ref. [17].

screening efforts, we decided to introduce phenylalanine in
the fourth generation and in the wild-type lipase by site
specific mutagenesis. Indeed, significant improvements were
observed (Figure 3). It then appeared logical to utilize any
one of these mutants as the starting point for further rounds of
epPCR. For the sake of clarity and illustration we show only
part of the data that is typical for this type of strategy, namely
the result of epPCR in the third generation leading to a
mutant with an E value of 25 (ee =90 % ).['7)

Although optimization of enantioselectivity for the model
reaction has not been finalized,'”! we conclude that the
combination of epPCR and saturation mutagenesis consti-
tutes an efficient way to explore protein sequence space with
respect to enantioselectivity. Indeed, this strategy led to the
creation of several other highly S-selective mutant lipases
(ee=90-93%; E>20),>17 all of them being the descend-
ents of the parent wild-type lipase, which has an ee of only 2 %
(E=1). An equally challenging task is to start the process
over again and to try to evolve R-selective mutants. Indeed,
preliminary efforts prove that inversion of enantioselectivity
is in fact possible, although optimization has not yet been
carried out.I Several R-selective mutants have been ob-
tained with ee values of 10-28%.

Our results clearly demonstrate that the use of directed
evolution in the creation of an enantioselective enzyme does
not result in a single unique mutant, but in an array of
structurally related mutants that have high enantioselectiv-
ities. This corresponds to the expectations indicated in the top
part of Figure2. As preliminary results demonstrate, the
combination of epPCR and DNA shuffling is likewise
successful in generating families of enantioselective en-
zymes,!l and in fact may turn out to be especially efficient.
We therefore re-emphasize our previously made suggestion
that various combinations of different types of mutagenesis
constitute practical methods of exploring protein sequence
space with respect to enantioselectivity.'’l When striving for
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industrial viability in which the optimization of several
different parameters such as enantioselectivity, activity, and
stability (e.g., with respect to temperature, pH and type of
solvent) is required, additional challenges arise. In such cases
it may be necessary to devise an evolutionary strategy in
which these parameters are not optimized simultaneously in
each generation of mutants, but alternately upon passing from
one round of mutagenesis to the next. Molecular breeding,
such as DNA family shuffling,!"” should also be tested when
attempting to maximize enantioselectivity, activity, and sta-
bility all in one system.

The screening system that we used in the model reaction is
evidently restricted to the kinetic resolution of chiral esters. In
order to be able to study other substrates and other enzymes,
we have started to develop further screening systems. One of
them makes use of black-body radiation as a function of
chirality, a process in which an appropriate IR-thermographic
camera detects differences in heat evolution in reactions of R
and S substrates.’) Another novel approach is based on the
use of isotopically labeled substrates in the form of pseudo
enantiomers or pseudo prochiral compounds.?!! Generally,
deuterium labels are employed. The course of the enzyme-
catalyzed asymmetric transformation is then detected by
electrospray ionization spectrometry (ESI-MS), a process
which enables the exact determination of enantioselectivity in
about 1000 reactions per day. Two basically different stereo-
chemical processes can be monitored by this method: kinetic
resolution of racemates and asymmetric transformation of
substrates that are prochiral due to the presence of enantio-
topic groups.?!

Finally, research in this area has another facet that is just as
important and fascinating as the practical goal of creating
enantioselective enzymes for use in organic synthesis, namely
the question of structure —enantioselectivity relationships in
the general area of enzyme catalysis. Since the X-ray
structural analysis of the lipase from P aeruginosa was
recently completed, we were put into the fortunate position
of being able to see just where in the protein the ee-improving
substitutions have occurred. It turned out that the “hot spots”
are located on the surface of the enzyme,'”! far removed from
the catalytical triad!' that consists of the residues serine,
histidine, and aspartate and is buried inside the complex
three-dimensional structure.’”) Moreover, the sensitive posi-
tions occur in loops, which are flexible regions of the amino
acid chain. We also note that among the newly introduced
amino acids glycine appears quite often. These conspicuous
observations point to an interesting aspect that was not
obvious at the outset of our studies. Since the presence of
glycine generally increases the flexibility of an enzyme, it may
be that such a conformational change, if induced at the proper
position in the amino acid chain, results in an increase in
enantioselectivity.l'”l Currently, we do not know the exact
three-dimensional structure of the mutants that have im-
proved enantioselectivity. Hopefully, X-ray analyses or per-
haps even molecular modeling and/or molecular dynamics
calculations will shed light on this intriguing question. The
stepwise “evolution” of a stereorandom enzyme towards a
truly enantioselective variant will then be visible on a
structural level.

Chem. Eur. J. 2000, 6, No. 3
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Conclusions

In summary, we have presented proof of principle with respect
to the use of directed evolution in the creation of enantiose-
lective enzymes for application in organic synthesis.[® 15-17.23]
The particular example that we have described here pertains
to the kinetic resolution of a racemic substrate. However, the
general principle is not restricted to kinetic resolution, since
reactions involving the transformation of prochiral substrates
into chiral products are just as relevant. Our approach is
independent of structural or mechanistic thinking. Owing to
the evolutionary nature of the concept, it goes far beyond
combinatorial catalysis.?*! A number of challenges remain in
this new field of endeavor; these include the development of
further high-throughput screening systems for enantioselec-
tivity! (e.g., by applying phage display),? the use of other
substrates, the study of different types of enzymes?” (e.g.,
oxidases, reductases, aldolases, etc.), the development of even
more efficient ways to explore protein sequence space (e.g.,
by the use of genetic algorithms), and the systematic creation
of enzyme libraries.’l We anticipate that it should be possible
to turn one enzyme type in another and to use the newly
evolved enzymes in enantioselective reactions, or to create
mutant enzymes by directed evolution that catalyze asym-
metric reactions not found in nature (e.g., Diels—Alder
reactions).’® The idea of applying selection instead of
screening in the creation of enantioselective enzymes also
needs to be pursued.['” Tt will be interesting to compare such
upcoming developments with the possibility of utilizing
evolutionary techniques in the fabrication of enantioselective
catalysts based on nucleic acid structures, as well as with the
perspectives that catalytic antibodies offer.” Finally, we
expect that subsequent to obtaining highly enantioselective
enzymes, studies directed towards an understanding of the
structure —stereoselectivity relationship of mutants will enrich
our knowledge of how enzymes function.
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Hollow Capsule Processing through Colloidal Templating and Self-Assembly

Frank Caruso*!2!
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Abstract: Hollow capsules of nanometer to micrometer
dimensions constitute an important class of materials that
are employed in diverse technological applications,
ranging from the delivery of encapsulated products for
cosmetic and medicinal purposes to their use as light-
weight composite materials and as fillers with low
dielectric constant in electronic components. Hollow
capsules comprising polymer, glass, metal, and ceramic
are nowadays routinely produced by using various
chemical and physicochemical methods. The current
article focuses on a recent novel and versatile technique,
based on a combination of colloidal templating and self-
assembly processes, developed for synthesizing uniform
hollow capsules of a broad range of materials. The
strategy outlined readily affords control over the size,
shape, composition, and wall thickness of the hollow
capsules.

Keywords: colloids - hollow capsules - layered com-
ounds - self-assembly - template synthesis
2 e /

Introduction

The impetus for the intense research into the production of
uniform-sized hollow capsules, typically in spherical geome-
try, emanates from their scientific and technological interest.
Hollow spheres are utilized for the encapsulation and
controlled release of various substances (e.g., drugs, cosmet-
ics, dyes, and inks) in catalysis and acoustic insulation, in the
development of piezoelectric transducers and low dielectric
constant materials, and for the manufacture of advanced
materials.[!

Lipid liposomes and vesicles are a special group of hollow
(sphere) structures; they are formed from phospholipids
through self-assembly and create closed bilayer aggregate
systems. Since the bilayer structures separate an aqueous
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interior from an aqueous exterior, water-soluble drug species
can be encapsulated within them. They are widely used as
delivery vehicles for various compounds in the pharmaceut-
ical and cosmetic industries.[?! There are, however, a number
of problems associated with their stability and permeability
for various applications, prompting the use of different
methods to effect their stabilization.F!

There are a variety of methods currently used to fabricate a
wide range of stable, hollow spheres of various compositions.
These include nozzle reactor processes, emulsion/phase
separation procedures (often combined with sol — gel process-
ing), and sacrificial core techniques.”! The nozzle and
sacrificial core approaches generally produce coarse hollow
spheres in the micrometer-to-millimeter size range, whilst
emulsion/sol—gel methods afford hollow spheres of nano-
meter-to-micrometer sizes. Using nozzle-reactor methods
(spray drying or pyrolysis), hollow polymer, oxide, metal,
and glass composite microspheres have been produced.[- 37
Bruinsma et al.’! used spray drying to prepare hollow silica
spherical particles. More recently, an aerosol-assisted self-
assembly approach was employed to produce spherical nano-
particles possessing nanometer-scale pores.[) Hollow micro-
spheres of titanium dioxide with an extremely thin shell
(50 nm) have also been prepared by spray drying of a colloidal
suspension of exfoliated titanate sheets, followed by heating.[’]

Various groups have produced hollow and porous polymer
spheres of submicrometer and micrometer size using emul-
sion polymerization or through interfacial polymerization
strategies.[’! Micron-sized, hollow monodisperse cross-linked
polymer particles were produced by suspension polymeriza-
tion of emulsion droplets with polystyrene dissolved in an
aqueous solution of poly(vinyl alcohol).[’a Latex particles
with a multihollow structure were prepared by seeded
emulsion polymerization,®! while polymer hollow spheres
were obtained by cross-linking polymerization of hydro-
phobic monomers in the interior of the surfactant bilayer of
vesicles.™ Single and mixed ceramic oxides as well as ceramic
hollow microspheres have also been processed by emulsion/
phase separation procedures;!"? for example, hollow silica
spheres with diameters of 1-100 um were prepared by
interfacial reactions conducted in oil/water emulsions.[

In the sacrificial core process, a coating is deposited on the
core by controlled surface precipitation of inorganic molec-
ular precursors from solution or by direct surface reac-
tions.'13 The core is then subsequently removed by thermal
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or chemical means, leaving behind hollow spheres.['%11.12]
Submicron- and micron-sized hollow spheres of yttrium
compounds!'®l and silica spheres,['?l and monodisperse hollow
silica nanoparticles!'!l have been generated by using this
approach.

The application and commercialization of hollow spherical
structures has, however, been limited mainly because of the
disadvantages associated with the techniques used for their
production. Relatively harsh conditions are employed in some
methods, making them unsuitable for the encapsulation of
sensitive materials, and encapsulation of materials after their
formation is often difficult. Other disadvantages are the lack
of control over size, geometry, wall thickness, and wall
uniformity of the hollow spheres produced.l" ' For example,

cies by their sequential (layer-by-layer, LbL) electrostatic
self-assembly onto colloidal templates. The notion of adsorb-
ing particles onto solid substrates in a LbL manner was
introduced by Iler in the mid 1960s.?'1 Decher and co-workers
extended Iler’s work to a combination of linear polycations
and polyanions in the early 1990s.?2 Other groups later
adapted the LbL technique to include inorganic nanoparti-
cles, biomolecules, clays, and dyes in polyelectrolyte multi-
layer assemblies.’! The above studies all focused on employ-
ing macroscopically flat (two-dimensional), charged surfaces
as the substrates for adsorption. More recently, the LbL
method was applied to colloidal particles, thus permitting the
formation of composite core-shell particles,?*2! the precur-
sors to hollow capsules (spheres).

a key parameter controlling the
performance of hollow spheres
for various technologies is the
diameter-to-wall thickness (d:t)
ratio.l'¥) It is expected that the
generation of hollow spheres
with thin walls, increased wall
thickness uniformity, and higher
d:t ratios will extend the poten-
tial uses of hollow spherical
materials.[': 7 16

An alternative, facile ap-
proach for producing hollow
spheres that has been pioneered
in our research group is that
which combines colloidal tem-
plating and self-assembly strat-
egies, followed by colloidal core
removal.l'’2"l The general con-
cept applied is to arrange a
broad range of macromolecules
into highly ordered (nanostruc-
tured) architectures by self-as-
sembly through noncovalent in-
teractions on colloidal tem-
plates, followed by removal of
the decomposable colloidal core
(Scheme 1). By using this proc-
ess, important parameters such
as size, geometry, composition,
wall thickness and uniformity,
and the diameter-to-wall thick-
ness ratio of the hollow spheres
can be readily controlled. The
procedure can also be extended
to encapsulate biologically sig-
nificant materials in the form of
biocolloids.

Concept
Our approach is based on the

principle of depositing opposite-
ly charged macromolecular spe-
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Scheme 1. Schematic diagram for hollow capsule production by exploiting colloidal templating and self-assembly
methods. Colloidal templates of different composition, size, and geometry can be employed; these range from
spherical polymer particles to nonspherical biocolloids with diameters in the submicrometer to micrometer
regime. The first step (1) involves the deposition of a charged polymer layer onto colloidal particles. The charged
polymer, which exhibits the opposite charge (depicted as positive) to the particle surface, is added to the colloidal
suspension and allowed to adsorb through electrostatic interactions. Subsequent exposure of the polymer-coated
colloids to oppositely charged polymer (step 2) or nanoparticles (step 3) results in another polymer or
nanoparticle layer being deposited. Additional layers can be deposited by repeated deposition cycles, making use
of the surface charge reversal that occurs upon adsorption of each layer, thereby producing colloidal core-
multilayer shell particles. Following the deposition of each layer, excess unadsorbed polyelectrolyte or
nanoparticles are removed by repeated centrifugation or filtration and wash cycles. Hollow capsules are produced
by the subsequent removal of the core from the composite colloids, achieved either by chemical or thermal means.
Exposure of the coated colloids to a solvent which decomposes the core results in hollow polymer (step 4) or
composite (step 6) spheres, while heat treatment (calcination, step 5) of the coated particles removes both the
colloidal core and bridging polymer, thereby producing hollow inorganic spheres.
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Figure 1. {-Potential as a function of layer number for polymer multilayers
(squares) and nanoparticle/polymer multilayers (circles) on sulfate-stabi-
lized polystyrene (PS) latices. The polymer multilayers comprise poly-
(diallyldimethylammonium chloride) (PDADMAC) and poly(styrenesul-
fonate) (PSS), while the nanoparticle/polymer layers were formed from
SiO, nanoparticles and PDADMAC. Polymer layers were directly assem-
bled onto the negatively charged PS latices (—65 mV). The negatively
charged PS latices were made positively charged (445 mV) by precoating
with a three-layer polymer film to facilitate the electrostatic deposition of
the first SiO, nanoparticle layer. The alternating values observed for both
systems indicate successful recharging of the particle surface with
deposition of each layer: Negative values are observed for PSS or SiO,
depositions, and positive values for PDADMAC adsorption.

consecutive adsorption of oppositely charged polymer or
nanoparticles (or other oppositely charged macromole-
cules?l) produce particles that exhibit alternating ¢-potentials
in sign. Such alternating values qualitatively demonstrate a
successful recharging of the particle surface, and are charac-
teristic of stepwise growth of multilayer films on colloids.?

Quantification of multilayer deposition on colloids is
obtained through single-particle light scattering measure-
ments (SPLS), a technique that enables determination of the
thickness of adsorbed layers, as well as the state and degree of
the coated colloids with respect to aggregation.?**" Regular,
stepwise growth of pure polymer multilayers as well as
nanoparticle/polymer multilayers occurs as a result of using
the LbL strategy (Figure 2). The average thickness of each
polymer layer is about 1.5 nm.?*] The thickness for each
nanoparticle (SiO,)/polymer layer is 30 -40 nm, correspond-
ing to the adsorption of approximately one monolayer of
nanoparticles with each deposition step.?*<I These data show
that the shell thickness can be controlled at the nanometer
level: to within 2 nm forthe polymer shells, and the diameter
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Figure 2. Shell thickness of PDADMAC/PSS (squares) and SiO,/PDAD-
MAC (circles) multilayers assembled on PS latices as a function of layer
number. The layers were assembled by the consecutive adsorption of
PDADMAC and PSS or SiO, and PDADMAC. The thicknesses were
determined from single-particle light scattering (SPLS) measurements. The
inset shows representative SPLS intensity distributions from which the
thicknesses were derived: from left to right, bare PS latices, and PS latices
coated with one, three, and five SiO,/PDADMAC multilayers. The
systematic shift in the intensity of the SPLS distributions with increasing
layer number is characteristic of an increase in thickness of the multilayer
shell on colloidal particles. No aggregation of the coated particles was
observed.

of the nanoparticles for the inorganic/polymer composite
shells. Furthermore, SPLS reveals that the colloidal core-
multilayer shell particles prepared in this way exist as single,
unaggregated particles in solution.

Direct visualization of the morphology of, for example,
nanoparticle (SiO,)/polymer-coated colloids, and confirma-
tion of their regular assembly is provided by electron micro-
scopy. Atomic force, scanning electron, and transmission
electron microscopy (AFM, SEM, and TEM, respectively)
reveal a homogenous nanoparticle coating and a systematic
increase in the diameter of the coated colloids. The TEM data
(Figure 3) yields an average diameter increment of about
65 nm, or a layer thickness of approximately 30 nm for each
nanoparticle/polymer layer pair.?*>¢l These values are in
agreement with the SPLS data.

The above examples highlight the versatility of the strategy
employed to fabricate composite multilayers on colloids: pure
polymer or nanocomposite inorganic—organic multilayers
can be assembled. The general nature of the approach
presented is further demonstrated by the recent fabrication
of micrometer-sized composite particles with ordered multi-
layer arrays of proteins,””] magnetic nanoparticles,”! lumi-
nescent semiconductors,* or functional metallo-supramolec-
ular coordination polyelectrolytes.’”) Furthermore, the LbL
procedure can be extended to colloidal templates with
diameters in the nanometer regime.’% Spectroscopic inves-
tigations have also been undertaken to investigate the nature
of the electrostatic interactions in the polyelectrolyte multi-
layer films assembled on colloids.?* In addition to using
polymer latex particles as the colloidal template, biocolloids
with diameters in the micrometer range can also be success-
fully templated, thereby effecting their encapsulation.B!32
The use of colloidal particles as templates for the assembly of
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Figure 3. TEM micrographs of a) uncoated PS latices and polyelectrolyte-
modified PS latices coated with b) one, c) three and d) five SiO,/
PDADMAC multilayers. The presence of SiO, nanoparticles on the surface
is evident from the increase in surface roughness. The systematic increase in
diameter of the particles with increasing layer number confirms regular,
step-wise growth of SiO,/PDADMAC multilayers on PS latices. The scale
bar corresponds to all four TEM images shown.

multilayer shells through solution self-assembly provides a
viable route to the production of tailored new materials with
unique properties for various applications.

Hollow capsule production

Scheme 1 shows that removal of the templated colloid, either
chemically or thermally, permits the formation of hollow
spheres of different composition (polymer, inorganic or
composites). The procedure makes use of the inherent
permeability of the multilayer shell: if the shell has suffi-
ciently high permeability for removal of the decomposed core
constituents, then the shell can be preserved and hollow
(porous) spheres obtained.

Polymer capsules: Figure 4 demonstrates the versatility of the
approach for producing polymer shells with regard to the size,
shell composition, colloidal template, and core removal
procedure. Figure 4a is a TEM micrograph of an air-dried
polymer capsule [Fe' metallo-supramolecular coordination
polyelectrolyte/poly(styrenesulfonate), Fe-MEPE/PSS] that
was produced by templating weakly cross-linked melamine-
formaldehyde (MF) particles of 1.7 um diameter, and sub-
sequently decomposing the core by exposure of the coated
particles to an acidic solution of pH < 1.6.5% The acid causes
decomposition of the MF particle into its constituent oligom-
ers, and the oligomers are then readily expelled from the core
by permeating the polyelectrolyte multilayer shell.'s! Re-
markably, even the deposition of only three polyelectrolyte
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Figure 4. Microscopy images of air-dried hollow polymer multilayer
capsules, obtained by coating polymer- and bio-colloids of submicrometer-
and micrometer-size, respectively, with polymer multilayers, and then
removing the templated core. a) TEM micrograph of a hollow polyelec-
trolyte shell comprising a total of five layers of an Fe' metallo-supra-
molecular coordination polyelectrolyte (Fe''-MEPE) and PSS. The layers
were formed on melamine-formaldehyde (MF) particles and the core was
subsequently decomposed by an acidic solution of pH < 1.6. b) AFM image
of a hollow polymer multilayer capsule comprising eight PSS and
poly(allylamine hydrochloride) (PAH) layers. Note the different sizes of
the hollow polymer spheres, which is determined by the size of the colloidal
template: the Fe-MEPE/PSS capsule has a diameter (long-axis) of
approximately 2 um, and the PSS/PAH shell a diameter of 20 um. The
capsules were air-dried which causes them to undergo some spreading,
explaining their larger size than the original particle template (diameters of
1.7 um and about 10 pum for the polymer- and bio-colloid templates,
respectively).

layers onto colloids results in the production of polyelectro-
lyte capsules when the core is removed.!'8! This affirms the
exceptionally strong electrostatic forces involved in the
formation of ultrathin polyelectrolyte layers assembled in a
LbL manner. Figure 4b shows a representative AFM image of
an air-dried hollow polymer multilayer capsule comprising
PSS and poly(allylamine hydrochloride) (PAH). Such
capsules were obtained after exposing PSS/PAH multilayer-
coated catalase enzyme crystals of approximately 10 um
diameter to an oxidizing solution (e.g. deproteinizer).P!l The
enzymes are decomposed by the treatment, allowing the
expulsion of their fragment constituents from the interior by
permeating the polymer capsule walls. Some residual enzyme
can still be seen inside the polymer shell.

The images in Figure 4 show that the drying process
(evaporation of the aqueous content by air-drying) induces
folds and creases in the polymer capsules, and some spreading
is noticed; the diameters of the dried polymer capsules are
larger than those of the original templates. However, hydrated
polymer capsules or those filled with resin maintain their
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original (spherical) shape, as shown by confocal microscopy
and cross-section TEM, respectively.'®! In contrast, polymer
multilayers assembled on essentially rectangular enzyme
crystals undergo a morphology change from rectangular to
spherical upon solubilization of the enzyme crystal.®!l This is
most likely due to the osmotic pressure build-up caused by
solubilization of the enzyme.

Inorganic capsules: Calcination of sulfate-stabilized PS latices
coated with nanoparticle/polymer multilayers results in the
production of hollow silica spheres.'>?% The calcination
process removes the organic matter (the colloidal core and
bridging polymer) during heating to 450°C, as confirmed by
thermogravimetric analysis. Importantly, it also causes con-
densation of the silica nanoparticles, hence providing struc-
tural integrity for the hollow spheres. Figure 5 shows TEM

S0 nnini
o

Figure 5. TEM micrographs of hollow silica spheres produced by calcining
PS latices coated with a) a single SiO,/PDADMAC layer pair, and b) three
SiO,/PDADMAC layer pairs. The hollow silica spheres retain the spherical
shape of the original PS particle templates. The high uniformity of the
capsule walls is evident. The hollow sphere wall thickness is approximately
three times greater for the spheres in image (b) compared with that for the
spheres in image (a).

micrographs of hollow silica spheres produced by calcining PS
latices coated with (a) a single SiO,/PDADMAC layer pair,
and (b) three SiO,/PDADMAC layer pairs. Comparison of
these images with those of the corresponding coated PS latices
prior to calcination (Figures 3b and 3c) reveals that the
interior of the calcined samples are less electron dense, as
expected for hollow spheres. The diameters of the hollow
silica spheres produced are 5—10 % smaller than those of the
uncalcined multilayer-coated PS latices. The difference in the
thickness of the capsule wall is also noticeable for the hollow
spheres shown. Complete, unbroken silica hollow spheres
which preserved the original shape of the template were
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obtained when the wall thickness consisted of two or more
silica layers, whereas both broken and unbroken hollow
spheres were produced when the wall comprises a single silica
layer.

TEM micrographs of ultrathin (30—50 nm) cross-sections
of the silica spheres confirm that they are hollow (Figure 6).
The inset shows an SEM micrograph of the same spheres, one

Figure 6. TEM micrographs of cross-sections of hollow silica spheres. The
inset shows an SEM micrograph of a deliberately broken silica sphere
beside an intact hollow sphere. The hollow spheres were prepared by
calcining [ (SiO/PDADMAC);]-coated PS latices.

of which was deliberately broken by crushing, and the other
which remained intact. The average thickness of the silica
shell is 100+£10 nm. Simply altering the number of nano-
particle/polymer deposition cycles can control the wall thick-
ness and outer diameter of the hollow silica spheres: the wall
thickness and outer diameter increments with each silica
nanoparticle/polymer layer deposition are 30 nm and 60 nm,
respectively. This opens the way to produce hollow capsules
with higher d:t ratios, as desired for various applications.
Although coalescence of individual silica particles occurs as a
result of calcination, coalescence between hollow spheres is
limited. The hollow silica spheres can be easily re-dispersed in
water, and individual hollow silica spheres are readily
obtained (for example, see Figures 5 and 6). Larger hollow
silica spheres, of several micrometers in diameter, were also
produced by using larger templating polymer particles.?’]
More recently we have been successful in producing hollow
magnetic spheres using this approach. The potential uses of
these hollow spheres include separations, affinity chromatog-
raphy, catalysis and delivery systems.

Composite capsules: Hollow inorganic—organic composite
spheres can be obtained by selection of a solvent that
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decomposes the templated core but leaves the polymer
bridging the nanoparticles in the shell. The choice of solvent
depends on the type of core employed; for example, acidic or
dimethyl sulfoxide solutions cause the removal of MF
polymer latex core templates, tetrahydrofuran the removal
of some polystyrene cores, and highly oxidizing solutions
decompose proteinaceous cores. Figures 7 and § illustrate two
examples of hollow composite shells produced using this
approach. In Figure 7 the nanoparticle/polymer multilayer

L LR Y Ty 1 um
i e e L e

Figure 7. TEM micrographs of a) a SiO,/PDADMAC-coated MF particle
and b) a hollow composite nanoparticle/polymer sphere (or shell) dried on
a carbon grid. The hollow composite shell was obtained after removal of
the MF core by treatment with hydrochloric acid at pH <1.6. The
“shadowing” (more electron dense) feature seen is caused by the collapse
and overlapping of the composite hollow sphere. Four additional polymer
layers were deposited as outer layers prior to acid treatment to avoid cross-
linking between coated spheres by condensation.

shell assembled onto MF particles (a) obtained upon decom-
position of the MF core by acid assumes a rather flat
confirmation on the substrate when dried (b),?! similar to
the pure polymer shells. Confocal microscopy images of the
hollow composite microspheres again show that the shells
often maintain their spherical shape in solution. Interestingly,
the oligomers produced as a result of decomposing the MF
particles are still readily expelled by permeating the nano-
particle/polymer shell. Higher magnification TEM reveals
that the shell is composed of nanoparticles embedded in the
polymer matrix.]

Figure 8 shows that nanoparticle/polymer coated biocol-
loids (gluteraldehyde-fixed echinocytes) can also be utilized
for the production of composite hollow structures. The
template in this example has a jagged and highly structured
surface. After removal of the core by exposure to deprotein-
izer, hollow composite silica/polymer capsules are obtained
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Figure 8. a) SEM micrograph of gluteraldehyde-fixed echinocytes and
b) TEM image of hollow composite nanoparticle/polymer structures. The
hollow capsules in b) were prepared by depositing three SiO,/PDADMAC
layer pairs on polyelectrolyte-modified echinocytes and then removing the
core using an oxidizing solution.

(b).¥l Unlike the polymer or nanoparticle/polymer shells
produced by removal of MF-templated cores by acid solu-
tions, these hollow structures mimic the original shape,
including the secondary structure (spikes) of the templates,
and do not significantly spread-out on the surface when dried.
This is most probably due to gelation of the silica particles as a
result of the decomposing solution (pH 11-12).F4 SEM
experiments confirmed that these structures were hollow.

Conclusions and Outlook

The coupling of colloidal-templating with self-assembly
allows the fabrication of a broad range of coated colloids
and hollow capsules of varying and defined composition in the
submicrometer to micrometer-size regime. Their geometry,
diameter, and wall thickness can be controlled with nano-
meter precision by employment of colloids of a given shape
and size, and by varying the number of coating cycles. The
uniformity in size of the hollow capsules is predetermined by
the monodispersity of the colloidal templates.

The successful production of such hollow capsules opens
many new and exciting avenues in the areas of chemistry,
biotechnology-, and materials science. They are potentially
suitable for a variety of applications including the loading of
drugs, as confined environment reactor systems, and for
targeting by utilization of the surface functionalities on the
capsule walls to attach specific receptors. Controlling the
thickness and composition of the capsule walls should allow
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selective and switchable permeation for the encapsulation and
release of various substances. The use of cross-linkable, pH-
or temperature-sensitive polymers as capsule wall constitu-
ents are attractive candidates for controlling and varying the
permeability, while the incorporation of specific reactive
groups inside the capsule walls would allow specific chemistry
to be carried out in these systems (e.g. crystallization,
polymerization). Coupling of biospecies to the surfaces of
the capsules through functional groups (e.g. utilizing silica
capsules) would provide bio-functionalized capsules.

Recent experiments demonstrate that it is possible to coat
the outer and inner surfaces of hollow polymer capsules with
phospholipid bilayers. The polymer capsules are permeable to
small low molecular weight dyes (similar to related supported
films[>**41), but not to polyelectrolytes with molecular weights
greater than 4000 or molecules larger than 5-10nm in
diameter. The phospholipid coating reduces the permeability
to small organic dyes. The precipitation of small organic dye
molecules inside polymer capsules has been achieved, as has
the solubilization of various organic solvents. Functional
biomolecules (enzymes) have also been encapsulated at a
very high loading capacity in polymer capsules;®!l these
systems are expected to be used in enzyme catalysis applica-
tions. The coating technique is currently being extended to
inorganic templates to create novel hollow capsules of
nanometer size and to emulsion-based systems.
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Bridging the Final Gap in Stereocontrolled Wittig Reactions:
Methoxymethoxy-Armed Allylic Phosphorus Ylides Affording Conjugated

Dienes with High cis Selectivity

Qian Wang, Mirella El Khoury, and Manfred Schlosser*!?!

Abstract: After treatment with an appropriate base (butyllithium or sodium amide),
2-alkenyltris(2-methoxymethoxyphenyl)phosphonium salts carrying an allyl, crotyl,
or prenyl (3-methyl-2-butenyl) side chain condense with saturated or unsaturated

aldehydes to give conjugated dienes with Z/E ratios ranging from 90:10 to >99:1 and
averaging 96:4. Owing to steric congestion, yields are only moderate (on average
41%; extremes 10-79%). The nonvolatile tris(2-methoxymethoxyphenyl)phos-

Keywords: alkenes
synthesis - 1,3-dienes -
ylides - Wittig reactions

asymmetric
phosphorus

phine oxide by-product can be readily isolated and reduced to recover the phosphane
starting material, or it may be hydrolyzed to the water-soluble tris(2-hydroxyphen-

yl)phosphine oxide.

Introduction

This report concludes our long efforts to introduce stereo-
selectivity into the Wittig procedure. At the beginning of our
systematic investigations, some 35 years ago, we were lucky
enough to discover ways to control the outcome of the
reaction between a phosphorus ylide having an alkyl side
chain (a so-called reactive ylide) and an aldehyde, thus making
either one of the two possible stereoisomers optionally
accessible. The cis selectivity achieved in media free of
lithium salts initially averaged Z/FE ratios of only 95:5,[3 but
was later improved to reach the 99:1 level in many cases.[¥) The
trans-selective olefination, *°! relying on betaine ylides as
readily epimerizing intermediates, met the mark of Z/E < 1:99
from the outset.

Prior to our work, a-methoxycarbonyl- and a-ethoxycar-
bonyl-substituted phosphorus ylides had been studied and
were found to react with aldehydes with moderate trans
selectivity (e.g., Z/E~15:85).67 As was found later, the E
isomer is formed almost exclusively (Z/E <1:99) when a-
alkyl-branched, a-acyl-substituted, and a-formylated triphen-
ylphosphonio ylides (e.g., 1-methoxycarbonylethylidenetri-
phenylphosphorane,®! acetonylidenetriphenylphosphorane,!
and formylmethylenetriphenylphosphoranel' 1) or trialkyi-
phosphonio ylides (e.g. methoxycarbonylmethylenetricyclo-

[*] Prof. Dr. M. Schlosser, Dr. Q. Wang, M. El Khoury
Institut de Chimie organique de I'Université
Batiment de chimie (BCh)

CH-1015 Lausanne-Dorigny (Switzerland)
Fax: (+41)21-692-3965
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hexylphosphoranel'?l) are employed. Ylides carrying strongly
electron-withdrawing heterofunctional substituents (in par-
ticular, acyl and alkoxycarbonyl groups) at the a-position of
the side chain are called “stabilized” since they resist hydro-
Iytic and oxidative decomposition under ordinary conditions.
All of them favor more or less the formation of E olefins. The
corresponding PO ylides (“Horner reagents”), however, can
be structurally tuned to afford predominantly either Z or E
isomers. For example, when consecutively treated with a base
and an aldehyde, diethyl (or dimethyl) methoxycarbonyl-
methyl phosphonatel’ ¥ and 1-(methoxycarbonyl)ethyl
phosphonatel® 1519 produce Z/E ratios averaging 5:95, but
the corresponding di(2,2,2-trifluoroethyl)phosphonates give
mainly the Z isomers (Z/E 87:13-98:2).15 1731 Even diethyl
and dimethyl a-ester phosphonates become cis-selective when
they are allowed to react with a-alkoxyalkanals?"?*2% or a-
(N-sulfonylamino)alkanals®l in polar protic solvents such as
methanol.?) Diphenyl or diaryl ethoxycarbonylmethyl phos-
phonates or 1-(ethoxycarbonyl)ethyl phosphonate reveal an
intrinsic tendency to afford mainly the Z-configured enesters
(ZIE 78:22-99:1) when condensed with saturated, a,S3-
unsaturated, and aromatic aldehydes.*" 32 Conversely, diiso-
propyl phosphonates carrying an a-ester side chain provide
particularly elevated E selectivities.[?3-3¢

Unlike their reactive or stabilized congeners, moderated
ylides are not a uniform class of compounds (see Table 1
below). They comprise a variety of structures such as a-halo-,
a-alkoxy- or a-aryloxy-, a-alkylthio- or a-arylthio-, a-1-
alkenyl- or a-1-alkynyl-, and a-aryl- or a-heteroaryl-substi-
tuted phosphorus ylides. It is quite difficult to achieve
stereocontrol with such reagents, and progress has indeed
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Table 1. Survey of the Z- and E-selective options offered by Wittig and Horner — Wittig reactions.

®

N
—P—CH—R
e

Type of ylide a-substituent R

cis-Selective olefination

trans-Selective olefination

reactive alkyl salt-free protocoll'-?!
moderated Cl, Br, I, OCH;

moderated 2-alkenyl

moderated (hetero)aryl

stabilized OC,H;

methoxymethoxy-armed ylides!’!
methoxymethoxy-armed ylides: present work
methoxymethoxy-armed ylides!“?)

in methanol;>- PO ylides!'¢-2% 31 3]

betaine —ylide epimerization(>3-]

no need! (see text)

alkyl P+ ylides;P ¥ PO ylides!* 411

no need! (see text)

alkyl P+ ylides;® 81 PO ylides!!>-16 3330

been slow in this area. As far as the trans selectivity is
concerned, it was not urgent to act. Stereomixtures of
stilbene-type alkenes can be easily and quantitatively con-
verted into the pure E isomers by any radical-chain-triggering
photochemical process. The treatment of S-substituted vinyl
halides with the required amount of an alkoxide allows the
selective destruction of the Z isomer (by antiperiplanar
elimination) and isolation of the unconsumed E compo-
nent.?l Using allyl-, 2-methylallyl-, crotyl- and prenyl- (3-
methyl-2-butenyl-), geranyl- and cinnamylphosphonium salts
prepared from alkyldiphenylphosphanes®! or tributylphos-
phane, it was possible to make dienes having Z/E ratios in
the range of 12:88-2:98 with respect to the newly formed
double bond. Thus, the finding of a more convenient, more
general and more selective access to (E)-dienes by Wittig—
Horner reaction with a-deprotonated allylic diphenylphos-
phine oxides*! and phosphonates!*!] was certainly welcome
but not indispensable. The situation was far more critical on
the other side. The only case of notable cis selectivity
experienced with a moderated ylide concerned the olefination
of aldehydes with triphenylphosphonio-2-(sodiooxycarbon-
yl)-2-propenidet? with reported Z/E ratios of >95:5.

As suggested by the “propeller model” mechanism(*! of the
Wittig reaction, a systematic investigation had confirmed that
ortho substituents at the “stationary” rings attached to the
phosphorus atom can considerably enhance the cis selectivity
of reactive ylides.**#] Following this lead, we developed
tris(2-methoxymethoxyphenyl)phosphonio(arylmethanides) as
tailor-made Wittig reagents for the synthesis of Z stilbenes.[*]
The Z/E ratios achieved with these “methoxymethoxy-
armed” benzylic ylides ranged from 93:7 to 96:4 in typical
cases.¥"]

Abstract in German: Behandelt man 2-Alkenyltris(2-meth-
oxymethoxyphenyl)phosphonium-Salze  (2-Alkenyl = Allyl,
Crotyl oder Prenyl) nacheinander mit einer starken Base
(Butyllithium oder Natriumamid) und einem gesdttigten oder
ungesdttigten Aldehyd, so entstehen konjugierte Diene mit
Z/E-Verhiiltnissen von 90:10 bis > 99:1 (im Durchschnitt 96:4).
Die sperrigen Aryl-Gruppen behindern die Addukt-Bildung
zwischen Aldehyd und Ylid, weshalb sich nur mdfige Aus-
beuten erzielen lassen (meist um 45 %; Extremwerte 10—79 % ).
Das als Nebenprodukt anfallende Tris(2-methoxymethoxyphe-
nyl)phosphinoxid lifit sich leicht abtrennen und sodann zum
Phosphin reduzieren oder zum wasserloslichen Tris(2-hydro-
xyphenyl)phosphinoxid hydrolysieren.

Chem. Eur. J. 2000, 6, No. 3
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Results and Discussion

We have now turned to methoxymethoxy-armed allylic ylides
to access conjugated Z dienes. Tris(2-methoxymethoxyphen-
yl)phosphonio-2-propenide  [allylidenetris(2-methoxymeth-
oxyphenyl)phosphorane] was found to react with saturated
and a,f-unsaturated aliphatic and aromatic aldehydes to
afford the corresponding products (1a, 2a, 4a, 8a—10a; see
Scheme 1 and Table2) in poor yields (10-46%, on the

O/\O/
® ... Q...
R-CH=0 + P-CH-CH-CH, =~ —= R-C=C-CH=CH,
3 HH
la-10a
O/\O/
® O . H H
R-CH=0 + P-CH-C-C-CH3 —» R-C=C-C=C-CHj3
3 H HHH
1b - 10b
O/\O/
® .9
R-CH=0 + P-CH-CH-C(CHg), —= R-C=C-CH=C(CHg),
3 HH
1c - 10c

Scheme 1. Reaction of methoxymethoxy-armed ylides with aldehydes to
furnish the products 1-10.

average 27 %) but with excellent cis selectivities (Z/E ratios
around 98:2). Tris(2-methoxymethoxyphenyl)phosphonio-
2(E)-butenide  [crotylidenetris(2-methoxymethoxyphenyl)-
phosphorane] and tris(2-methoxymethoxyphenyl)phospho-
nio-3-methyl-2-butenide [prenylidenetris(2-methoxymethoxy-
phenyl)phosphorane] gave the olefins 1b—4b, 9b-10b, and
1c-10c in better yields (on average 49% and 45%,
respectively) though with somewhat lower stereoselectivity
(ZIE ratios of about 95:5; see Table 2).

Good stereoselectivity can only be achieved at very low
temperatures. The reaction between benzaldehyde and the
prenylphosphonium-derived ylide, a typical case, may exem-
plify this. The product 9¢ is formed at +25, —25, —50, —75,
and —100°C in Z/FE ratios of 59:41, 79:21, 84:16, 89:11, and
99:1, respectively.

The standard Wittig reagents provide better yields through-
out, but inferior stereoselectivities. The preparation of
(3Z,5E)-1,3,5-undecatrienet* > (4a, aldehyde R"=H,C,), a
stereoisomer of galbanum constituents*’ and of a brown
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Table 2. Reaction between three methoxymethoxy-armed phosphorus ylides [R’ =2-methoxymethoxyphenyl] of the allyl type and a variety of aldehydes at
—100°C: Z/E ratios at the newly formed double bond and, in parentheses, product yields.

—
R-CH=0 R4P—CH-CH=CH,

+ - + -
R4P—CH-CH=CH-CH, " R4P-CH—CH=C(CHS,),

H,,C,~CH=0
(H;C,),CH-CH=0

1a98:2 (12%)
2a299:1 (22%)

(H;C);C-CH=0 3all - (0%)
R"CH,~CH=CH—-CH=0 4al998:2 (10%)
H,,Cs—CH=CH—-CH=CH—-CH=0 Saledl -
H,C,—~CH=C(C;H,;)-CH=0 6alsl —
(H;C),C=CH—-CH=0 7alel —

H,CO-C4H,~CH=0 (p)
CHs~CH=0
NC-C4H,~CH=0 (p)

8a 97:3 (34%)
92a 97:3 (46%)
102 98:2 (35%)

1b 93:7 (34%)
2b 94:6 (47 %)
3Dl 100:0 (81%)
4b1 90:10 (25%)

1c 93:7 (32%)
2¢93:7 (12%)
3¢9 96: 4 (47%)
4cle196:4 (25%)

Sblel — 5¢92:8 (36%)
6blel — 6¢91:9 (22%)
Thlel — 7¢90:10 (47 %)
8blel — 8¢ 97:3 (75%)

9b 98:2 (54%)
10b 95:5 (50%)

9¢99:1 (79%)
10¢ 99:1 (71%)

[a] E—Z Isomerization of the existing double bond in the crotyl chain occurred in the course of the reaction to the extent of 0-8%. Under standard
reaction conditions, (E)-triphenylphosphonio-2-butenide (crotylidenetriphenylphosphorane)!*! gives rise to considerably more stereorandomization. [b] No
5,5-dimethyl-1,3-hexadiene (3a) was identified, but a derivative (12; see text) was isolated in 82 % yield. [c] Reaction performed at —75°C rather than
—100°C. [d] (E)-2-Octenal (R"” = C,Hy) was used as the carbonyl component to afford (3Z,5E)-1,3,5-undecatriene (see also text). [e] (E)-2-Hexenal (R” =
C,H;) was used as the carbonyl component to afford (2E,4Z,6E)-2,4,6-decatriene or (2E,4Z,6E)-2-methyl-2,4,6-decatriene. [f] When (E)-2-nonenal (R” =
CsH;;) was used as the carbonyl component, the (2Z4E,6E) and (2E4E,6F) isomers of 2-methyl-2,4,6-tredecatriene (28 %) were obtained in a ratio of

94:6. [g] The preparation was not attempted.

algae gametoattractant,’” is a typical illustration (Scheme 2).
The triphenylphosphonio-2-propenide and (E)-2-octenal gave
a 70:30 (3Z,5E) and (3E,5E) mixture in 37 % yield, whereas
the methoxymethoxy-armed ylide provided a 98:2 isomeric
ratio, although in only a 10 % yield. The steric congestion in

X
® 9
HoCy” S0 * <@> p"
3
») N
/\/\f
HoCy Z N HQCA/\/\N

(3Z,5E)-4a (3E,5E)-4a

Scheme 2. Stereoselective preparation of 1,3,5-undecatriene (4a).

the vicinity of the ylide a-carbon atom is at the origin of the
unsatisfactory degree of olefination. The methoxymethoxy-
armed ylide and the aldehyde, whatever its individual
structure, combine at —100°C or even at —75°C extremely
slowly, as witnessed by the time (about 1 h) required for the
complete decoloration of the reaction mixture. In the mean-
while, base-catalyzed self-transformations (mainly aldol con-
densation or Cannizzaro and Tishchenko redox processes)
may consume a significant amount of the carbonyl compo-
nent. Moreover, when the aldehyde does become attached to
the ylide, this may occur at the unhindered y-position rather
than at the a-position.P] Actually, this appears to be the
favored reaction mode at least of the parent ylide. When
tris(2-methoxymethoxyphenyl)phosphonio-2-propenide was
treated at —100°C with pivalaldehyde and the mixture was
gradually warmed to 25 °C where it was kept for 2 h, no trace
of the direct olefination product 3a was detected, but 86 % of
compound 12 was isolated (Scheme 3). As shown by the
incorporation of two fert-butyl groups, the formation of the
dienol 12 must have been preceded by an initial y-addition of
pivalaldehyde. Then tautomerization of the resulting ene-
phosphonio-alkoxide to a new allylic phosphorus ylide 11

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

®
R'3P-CH=CH-CH,

® €]
R'3P-CH-CH-CH,
a v
7
X AN .
?
CH-C(CHs)s

€]
R'P-CH-CH=CH,
O-CH-C(CHa)3
o
H

© o CH-C(CH;
R'sP~CH-CH=CH, R'sP-CH-CH-CH
O-CH-C(CHa)3

i lOH

i
® H CH-C(CHa)s

R3P-CH-C=C-H
O-CH-C(CHo)s

oH
y o i GH-CloHs
(H3C)3C—E|:E1—C:ﬁ—cH—C(CH3)3 ~—  RGP-CH-C=C-H

O-CH-C(CHa)s

11

(H3C)3C-CH=CH-CH=CH,

3a

12

Scheme 3. Addition at the y- rather than the a-position of the allyl group,
illustrated by the favored formation of compound 12.

occurred by intra- or intermolecular deprotonation. The new
intermediate 11 eventually reacted with a second molecule of
pivalaldehyde to afford the final product 12.

The ortho substitution of the “stationary” phenyl parts of
the ylide has once more proven an efficacious means to boost
cis selectivity. On the basis of previous work,* other
substituents such as fluoro or methyl can be expected to act
in the same way. The methoxymethoxy group offers the
advantage of facile preparation of the triarylphosphane
starting material. Moreover, the tris(2-methoxymethoxyphen-
yl)phosphine oxide by-product can be readily extracted from
the reaction mixture after acid hydrolysis to the trisphenol.
Alternatively, it may be isolated and converted back to the
phosphane by reduction with aluminum hydride.”?
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Stereocontrolled Wittig Reactions
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Experimental Section

For standard operations and abbreviations see recent publications from this
laboratory.”® Proton nuclear magnetic resonance spectra were recorded at
400 MHz, the samples having been dissolved in deuterochloroform. The
stationary phases employed for gas chromatography were silicon rubbers
(SE-30, DB-1, DB-1701, and DB-210), polyethylene glycols (C-20M, DB-
WAX, and DB-FFAP), and Apiezon-L hydrocarbon grease (AP-L).

1. Starting materials

2-Propenyltris(2-methoxymethoxyphenyl)phosphonium bromide: Allyl
bromide (3-bromopropene; 9.3 mL, 12 g, 0.11 mol) and tris(2-methoxy-
methoxyphenyl)phosphanel® %l (44 g, 0.10 mol) were dissolved in toluene
(0.80 L). After 1 h at 50°C, the fine white powder formed was collected by
filtration, washed with diethyl ether and dried; 52 g (92%); m.p. 137
139°C (decomp); 'H NMR: 6 =7.72 (tt, J =8.5, 1.5 Hz, 3H), 746 (ddd, J =
15.0, 7.9, 1.5 Hz, 3H), 7.38 (ddd, /=8.5, 5.6, 0.7 Hz, 3H), 7.25 (tdd, /=179,
2.6,0.9 Hz, 3H), 5.62 (m, 2H), 5.3 (m, 1 H), 5.22 (s, 6H), 4.36 (dd, J =16.5,
6.2 Hz, 2H), 3.14 (s, 9H); [C,;H;,04P]Br (563.42): caled C 57.56, H 5.72;
found C 57.74, H 5.74.

(E)-2-Butenyltris(2-methoxymethoxyphenyl)phosphonium bromide: Ob-
tained in the same way from (E)-2-butenyl bromide (1-bromo-2-butene;
2.6mL, 34g, 25mmol)’ and tris(2-methoxymethoxyphenyl)phos-
phanel®: 4l (11 g, 25 mmol); 13.1g (91%); m.p. 181-183°C (decomp);
'H NMR: 6 =773 (tt, J=77, 1.6 Hz, 3H), 751 (ddd, /=14.8, 7.7, 1.6 Hz,
3H),7.37(dd,/=8.1,59 Hz,3H), 726 (td, J=7.7,2.7 Hz, 3H), 6.1 (m, 1 H),
5.01 (s, 6H), 5.1 (m, 1H), 4.30 (dd, J=15.9, 7.0 Hz, 2H), 3.14 (s, 9H), 1.54
(tm, J=5.6 Hz, 3H); [C,sH3,04P]Br (577.45): caled C 58.24, H 5.93; found
C 58.23, H 5.80.

3-Methyl-2-butenyltris(2-methoxymethoxyphenyl)phosphonium bromide:
Obtained analogously from 3-methyl-2-butenyl bromide (prenyl bromide,
1-bromo-3-methyl-2-butene; 13 mL, 16 g, 0.11 mol) and tris(2-methoxy-
methoxyphenyl)phosphane;*> 41 52 ¢ (87 %); m.p. 158—160°C (decomp);
'HNMR: 6 =775 (tt,J=78,1.6 Hz,3H), 7.4 (m, 6 H), 7.30 (tdd, /=75, 3.6,
1.4 Hz, 3H), 5.16 (s, 6H), 4.8 (m, 1H), 4.06 (dd, J=16.6, 6.9 Hz, 2H), 3.15
(s, 9H), 175 (d, J=17Hz, 3H), 164 (dd, /=44, 15Hz, 3H);
[CoH3,0O6P]Br (591.47): caled C 58.89, H 6.13; found C 59.01, H 5.91.

2. cis-Selective Wittig reactions

(Z)-1,3-Decadiene (1a): At 25°C, a suspension of sodium amide (1.0 g,
25 mmol), potassium tert-butoxide (0.3 g, 2.5 mmol), and 2-propenyltris(2-
methoxymethoxyphenyl)phosphonium bromide (14.0 g, 25 mmol) in tetra-
hydrofuran (0.12 L) was stirred vigorously for 1 h. At —100°C, heptanal
(3.5mL, 2.9 g, 25 mmol) was added. After 6 h of stirring at —100°C, an
aliquot of the reaction mixture was analyzed by gas chromatography (30 m,
DB-1701, 60°C; 30 m, DB-FFAP, 60°C; decane as internal standard).
Products 1a was found to be present in 12 % yield and as a Z/E mixture in
the ratio of 98:2. The reaction mixture was poured into water (50 mL) and
extracted with hexanes (2 x 25 mL). The combined organic layers were
washed with brine (25 mL), dried, and concentrated. Upon distillation the
product was collected as a colorless liquid; b.p. 75 -76 °C/10 Torr; ng 1.4385
(ref. [55]: n® 1.4551); 'TH NMR: 6 =6.31 (dt, /=17.0, 10.2 Hz, 1 H), 6.00 (t,
J=10.7 Hz, 1H), 5.45 (dt,/=10.7, 7.1 Hz, 1 H), 5.07 (dm, /= 17.0 Hz, 1 H),
4.95 (dm,J=10.2 Hz, 1H),2.07 (q, /=71 Hz,2H), 1.3 (m, 8 H), 0.85 (t, /=
7.0 Hz, 3H).

(Z)-5-Ethyl-1,3-heptadiene (2a): At —75°C, a solution of butyllithium
(25 mmol) in hexanes (17 mL) was added to a suspension of 2-propenyl-
tris(2-methoxymethoxyphenyl)phosphonium bromide (14.0 g, 25 mmol) in
tetrahydrofuran (0.12 L). After 30 min of vigorous stirring at 0°C, a clear,
deep red solution was obtained. At —100°C, it was treated with 2-ethyl-
butyraldehyde (3.1 mL, 2.5 g, 25 mmol). After 6 h of stirring at —100°C,
gas chromatographic analysis (30 m, DB-1701, 40°C; 30 m, DB-FFAP,
35°C; nonane as internal standard) revealed the presence of 22% of 2a;
Z/E=99:1. The product was extracted as described above. Distillation
afforded a colorless liquid; b.p. 30-31°C/10 Torr; n¥ 1.4510; 'THNMR: 6 =
6.62 (dtd, J=16.7, 10.5, 1.1 Hz, 1H), 6.06 (tm, J=10.5 Hz, 1 H), 5.16 (ddt,
J=16.7, 2.1, 0.7 Hz, 1H), 5.12 (t, J=10.5Hz, 1H), 5.04 (d, J=10.5 Hz,
1H), 2.3 (m, 1H), 1.4 (m, 2H), 1.2 (m, 2H), 0.84 (t, /=73 Hz, 6H); C;H,4
(124.23): caled C 87.02, H 12.98; found C 87.12, H 12.88.

(3Z,5E)-1,3,5-Undecatriene (4a): The reaction was carried out exactly as
described in the preceding paragraph using (E)-2-octenal (3.2 g, 25 mmol)
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as the aldehyde component. According to gas chromatography (30 m, DB-
1,80°C;30 m, DB-WAX, 80°C; dodecane as internal standard), product 4a
was formed in 10 % yield and the newly formed double bond with a Z/E
ratio of 98:2. The reaction mixture was poured into water (50 mL) and
extracted with hexanes (2 x 25 mL). The combined organic layers were
washed with brine (25 mL), dried, and concentrated. Upon distillation a
light yellow liquid was isolated; b.p. 68 -70°C/3 Torr (ref. [56]: b.p. 63°C/
2.2 Torr); n¥ 1.5134 (ref. [56]: nZ 1.5122); 'H NMR: 6 =6.80 (dt, J=16.8,
10.3 Hz, 1H), 6.49 (ddm, J=14.9, 11.0 Hz, 1H), 5.97 (t, J=10.9 Hz, 1 H),
5.87 (t,J=11.0 Hz, 1 H), 5.72 (dt,J =14.9,72 Hz, 1H), 5.19 (d,J = 16.8 Hz,
1H),5.09 (d,/=10.2 Hz, 1H), 2.12 (q,/ =72 Hz,2H), 1.4 (m, 2H), 1.3 (m,
4H), 0.88 (t,/=7.1Hz, 3H).

(Z)-1-(4-Methoxyphenyl)-1,3-butadiene (8a): At 25°C, a suspension of
sodium amide (1.0 g, 25 mmol), potassium fert-butoxide (0.3 g, 2.5 mmol),
and  2-propenyltris(2-methoxymethoxyphenyl)phosphonium  bromide
(14.0 g, 25 mmol) in tetrahydrofuran (0.12 L) was stirred vigorously for
1 h. At —100°C, anisaldehyde (3.0 mL, 3.4 g, 25 mmol) was added. After
6 h of stirring at —100°C, 34 % of 8a with a Z/E composition of 97:3 was
detected by gas chromatography (3 m, 5% C-20M, 150°C; 3 m, 5% SE-30,
150°C; tetradecane as internal standard). The reaction mixture was
absorbed on silica gel (25 mL) and evaporated to dryness. The powder
was poured on top of a column filled with more silica gel (100 mL) and
eluted with hexanes. The product was crystallized as colorless needles; m.p.
32-35°C (ref. [57]: m.p. 46°C); b.p. 68 -70°C/2 Torr (ref. [57]: b.p. 124°C/
6 Torr); n 1.5963; 'H NMR: 6 =726 (symm. m, 2H), 6.9 (m, 3H), 6.39 (d,
J=11.5Hz,1H),6.18 (t,/=115Hz,1H), 5.34 (d,/ =170 Hz, 1 H), 5.19 (d,
J=10.5Hz, 1H), 3.81 (s, 3H).

(Z)-1-Phenyl-1,3-butadiene (9a): In the same way as described in the
preceding paragraph, a reaction with benzaldehyde (2.5mL, 2.7 g,
25 mmol) was performed to give 46 % of 9a in a Z/E ratio of 97:3 (by gas
chromatography: 3m, 5% C-20M, 120°C; 3m, 5% SE-30, 140°C;
dodecane as internal standard). Extraction and distillation afforded
colorless liquid; b.p. 92—-94°C/15 Torr (ref. [58]: b.p. 71°C/11 Torr); n¥
1.6088 (ref. [58]: n} 1.5822); 'H NMR: 6 =73 (m, SH), 6.88 (dtd, J=16.9,
10.2, 1.1 Hz, 1H), 6.44 (d, J=11.6 Hz, 1H), 6.25 (d, J=11.6 Hz, 1H), 5.36
(d, /=169 Hz, 1H), 5.21 (d, J=10.2 Hz, 1H).

(Z)-1-(4-Cyanophenyl)-1,3-butadiene (10a): Analogously, 4-cyanobenzal-
dehyde (3.3 g, 25 mmol) gave 46 % of 10a in a Z/E ratio of 97:3 (by gas
chromatography: 3m, 5% C-20M, 150°C; 3m, 5% SE-30, 150°C;
tetradecane as internal standard). After purification by column chroma-
tography (eluent: hexanes), the product was obtained as colorless platelets;
m.p. 67-69°C (ref. [59] m.p. 51.5-52.0°C); '"H NMR: 6 =7.6 (m, 2H), 7.4
(m,2H),6.79 (dt,/=16.9,10.2 Hz, 1H), 6.44 (d,/ =112 Hz, 1H), 6.37 (dd,
J=112,10.2 Hz, 1H), 548 (d, /=169 Hz, 1H), 5.34 (d, J=10.2 Hz, 1 H).

(2E,4Z)-2,4-Undecadiene (1b): At —75°C, a solution of butyllithium
(25 mmol) in hexanes (17 mL) was added to a suspension of (E)-2-
butenyltris(2-methoxymethoxyphenyl)phosphonium  bromide (14.4 g,
25 mmol) in tetrahydrofuran (0.12 L). After 30 min of vigorous stirring at
0°C, a clear, deep red solution was obtained. At —100°C, heptanal (3.5 mL,
2.9 g, 25 mmol) was added. After 6 h of stirring at —100°C, an aliquot of
the reaction mixture was analyzed by gas chromatography (30 m, DB-1701,
80°C; 30 m, DB-FFAP, 65°C; undecane as internal standard), which
indicated the formation of product 1b in 34 % yield and in a 93:7 Z/E ratio
(at the new double bond). The reaction mixture was poured into water
(50 mL) and extracted with hexanes (2 x 25 mL). The combined organic
layers were washed with brine (25 mL), dried, and concentrated. Upon
distillation a colorless liquid was collected; b.p. 81-82°C/10 Torr; n¥
1.4626; 'H NMR:® §=6.33 (ddm, J=15.0, 10.8 Hz, 1H), 5.95 (t, J=
10.8 Hz, 1H), 5.67 (symm. m, 1H), 5.30 (dt, J=10.8, 7.5 Hz, 1H), 2.18 (q,
J=175Hz, 2H), 1.79 (d, /=71 Hz, 3H), 1.3 (m, 8H), 0.88 (t, /=6.9 Hz,
3H).

(2E,4Z)-6-Ethyl-2,4-octadiene (2b): Analogously, 2-ethylbutyraldehyde
(3.1 mL, 2.5 g, 25 mmol) was converted into 47 % of 2b having a (4Z/4E)
ratio of 94:6 (by gas chromatography: 30 m, DB-1701, 30°C; 30 m, DB-
WAX, 25°C; decane as internal standard). Extraction and distillation
afforded a colorless liquid; b.p. 9596 °C/80 Torr; nf 1.4587; 'H NMR: 6 =
6.30 (ddm, J=14.9, 11.1 Hz, 1H), 6.02 (dd, /=11.1, 10.6 Hz, 1 H), 5.65 (dq,
J=14.9, 6.8 Hz, 1H), 4.97 (dd, / =10.6, 9.6 Hz, 1 H), 2.28 (dquint, / =9.6,
4.7Hz,1H),1.73 (dd,/=6.8,1.1 Hz, 3H), 1.4 (m, 2H), 1.2 (m, 2H), 0.84 (t,
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J=175Hz, 6H); C;oH 5 (138.25): caled C 86.88, H 13.12; found C 8718, H
12.74.

(2E,4Z)-6,6-Dimethyl-2,4-heptadiene (3b): In the same way, pivalaldehyde
(2.8 mL, 2.2 g, 25 mmol) gave 81 % of 3b having a (4Z/4E) ratio of > 99:1
(by gas chromatography: 30 m, DB-1701, 30°C; 30 m, DB-WAX, 25°C;
nonane as internal standard). Upon extraction and distillation, a colorless
liquid(®'! was isolated; b.p. 78 —81 °C/95 Torr; n¥ 1.4578; 'H NMR: 6 = 6.55
(dd, J=14.7, 119 Hz, 1H), 5.81 (t, /=119 Hz, 1H), 5.62 (dq, J=14.7,
6.6 Hz, 1H), 5.26 (d,/ =119 Hz, 1H), 1.79 (dd, /= 6.6, 1.5 Hz, 3H), 1.17 (s,
9H).

(2EAZ,6E)-2,4,6-Decatriene (4b): With (E)-2-hexenal (29mL, 2.5g,
25 mmol) as the aldehyde component, 25% of 4b having a (4Z/4F) ratio
of 90:10 was obtained (according to gas chromatography: 30 m, DB-1701,
50°C; 50 m, Megasolve, 70 °C; decane as internal standard). Extraction and
distillation afforded a light yellow liquid; b.p. 92—96°C/30 Torr (ref. [62]
b.p. 56°C/4 Torr); n® 1.5196; 'H NMR: 6 =6.5 (m, 2H), 5.8 (m, 2H), 5.7
(m, 2H), 2.1 (m, 2H), 1.80 (dd, /=70, 1.5 Hz, 2H), 1.43 (symm. m, 1H),
0.92 (t,/J=74Hz, 3H).

(1Z,3E)-1-Phenyl-1,3-pentadiene (9b): At 25°C, a suspension of sodium
amide (1.0 g, 25 mmol), potassium fert-butoxide (0.3 g, 2.5 mmol) and (E)-
2-butenyltris(2-methoxymethoxyphenyl)phosphonium bromide (14.4 g,
25 mmol) in tetrahydrofuran (0.12 L) was stirred vigorously for 1h. At
—100°C, benzaldehyde (2.5 mL, 2.7 g, 25 mmol) was added. After 6 h of
stirring at — 100°C, 54 % of 9b having a Z/E ratio of 98:2 had been formed
(as determined by gas chromatography: 3 m, 6% C-20M, 130°C; 50 m,
Megasolve, 110°C; tridecane as internal standard). The reaction mixture
was poured into water (50 mL) and extracted with hexanes (2 x 25 mL).
The combined organic layers were washed with brine (25 mL), dried and
concentrated. After extraction and distillation a colorless liquid was
collected; b.p. 104-106°C/10 Torr (ref. [2]: b.p. 106°C/11 Torr); n¥ 1.5876
(ref. [2]: ng 1.6103); '"H NMR: 6 =7.3 (m, 5H), 6.61 (dd, J=15.0, 11.2 Hz,
1H), 6.29 (d, J=11.2 Hz, 1H), 6.20 (t, /=11.2 Hz, 1 H), 5.88 (dt, J=15.0,
6.9 Hz, 1H), 1.80 (dd, J=6.9, 1.8 Hz, 3H).

(1Z,3E)-1-(4-Cyanophenyl)-1,3-pentadiene (10b): At —75°C, a solution of
butyllithium (25 mmol) in hexanes (17 mL) was added to a suspension of
2-butenyltris(2-methoxymethoxyphenyl)phosphonium bromide (14.4 g,
25 mmol) in tetrahydrofuran (0.12 L) while this was vigorously stirred.
After 30 min at 0°C, a clear, deep red solution was obtained. At —100°C,
4-cyanobenzaldehyde (3.3 g, 25 mmol) was added. After 6 h of stirring at
—100°C, the reaction mixture contained 50% of 10b having a Z/E
composition of 95:5 (gas chromatographic analysis: 30 m, DB-1701, 150°C;
30 m, DB-FFAP, 150°C; tridecane as internal standard). After extraction
(see above) and upon distillation, a light yellow liquid was isolated; b.p.
108-111°C/0.5 Torr; m.p. 25-28°C; 'H NMR: 6=760 (d, /=82 Hz,
1.9H), 755 (d, J=8.5Hz, 0.1H), 742 (d, J=85Hz, 0.1H), 7.39 (d, /=
8.2 Hz, 1.9H), 6.83 (dd, J=15.8, 10.4 Hz, 0.05H), 6.53 (ddq, J =15.0, 10.9,
1.6 Hz, 0.95H), 6.40 (d, /=15.6 Hz, 0.05H), 6.31 (t, J=11.1 Hz, 0.95H),
6.24 (d, J=112Hz, 0.95H), 6.22 (dd, J=15.6, 10.4 Hz, 0.05H), 6.0 (m,
1H), 1.86 (d, J=6.8 Hz, 0.15H), 1.82 (dd, /=6.8, 1.3 Hz, 2.85H); C,,H; )N
(169.23): caled C 85.17, H 6.55; found C 84.54, H 6.39.

(4Z)-2-Methyl-2,4-undecadiene (1c¢): At 25°C, a suspension of sodium
amide (1.0 g, 25 mmol), potassium tert-butoxide (0.3 g, 2.5 mmol) and
3-methyl-2-butenyltris(2-methoxymethoxyphenyl)phosphonium bromide
(14.8 g, 25 mmol) in tetrahydrofuran (0.12 L) was stirred vigorously for
1 h. At —100°C, heptanal (3.5 mL, 2.9 g, 25 mmol) was added. After 6 h of
stirring at —100°C, 32% of 1¢ with a Z/E ratio of 93:7 had formed
(determined by gas chromatography: 30 m, DB-1701, 110°C; 30 m, DB-
FFAP, 80°C; undecane as internal standard). Extraction and distillation
afforded a colorless liquid; b.p. 125-127°C/25 Torr; m.p. —69 to —67°C;
n® 1.4722; 'H NMR: 0 =6.21 (ddt, J =15.1,10.6, 1.4 Hz, 0.1 H), 6.16 (t,J =
10.6 Hz, 0.9H), 6.07 (d,J=10.6 Hz, 0.9H), 5.79 (d, J=10.6 Hz, 0.1 H), 5.56
(dt, J=15.1, 72 Hz, 0.1H), 5.33 (dt, /=10.6, 7.7 Hz, 0.9H), 2.16 (q, /=
7.7 Hz, 1.8H), 2.08 (q, /=72 Hz, 0.2H), 1.81 (s, 2.7H), 1.75 (s, 0.5H), 1.74
(s,2.7H), 1.3 (m, 8H), 0.9 (m, 3H); C;,H,, (166.31): calcd C 86.67, H 13.33;
found C 86.56, H 13.23.

(4Z)-6-Ethyl-2-methyl-2,4-octadiene (2¢): As described in the preceding
paragraph, a reaction was carried out with 2-ethylbutyraldehyde (3.1 mL,
2.5 g,25 mmol). According to gas chromatography (30 m, DB-1701, 120°C;
30 m, DB-FFAP, 80°C; undecane as internal standard), 12% of 2¢ was
obtained in a (4Z/4E) ratio of 93:7. Extraction and distillation provided a
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colorless liquid; b.p. 67—-69°C/10 Torr; n¥ 1.4714; 'H NMR: 6 =6.24 (t,
J=10.8 Hz, 0.9H), 6.17 (dd, /=15.2, 10.6 Hz, 0.1 H), 6.06 (d, J=10.8 Hz,
0.9H), 5.81 (d, /=10.6 Hz, 0.1H), 5.29 (dd, J=15.2, 8.9 Hz, 0.1 H), 5.02 (t,
J=10.8 Hz, 0.9H), 2.3 (m, 1 H), 1.80 (s, 2.7H), 1.76 (s, 2.7H), 1.75 (s, 0.5 H),
15 (m, 2H), 1.2 (m, 2H), 0.85 (t, / = 7.5 Hz, 6H); C,,Hy, (152.28): caled C
86.76, H 13.24; found C 86.82, H 13.08.

(4Z)-2,6,6-Trimethyl-2,4-heptadiene (3c): A solution of butyllithium
(25 mmol) in hexanes (17 mL) was added to a suspension of 3-methyl-2-
butenyltris(2-methoxymethoxyphenyl)phosphonium  bromide (14.8 g,
25 mmol) in tetrahydrofuran (0.10 L) at —75°C. After 30 min of vigorous
stirring at 0°C, a clear, deep red solution was obtained. At —75°C,
pivalaldehyde (2.8 mL, 2.2 g, 25 mmol) was added. After 6 h of stirring at
—75°C, 47% of 3¢ having a (4Z/4F) ratio 96:4 was detected by gas
chromatography (30 m, DB-1701, 40°C; 30 m, DB-FFAP, 40°C; decane as
internal standard). After extraction and distillation a colorless liquid was
collected; b.p. 75—77°C/40 Torr; ng 1.4684; '"H NMR:*l 6 =6.29 (d, J=
12.1 Hz, 1H), 5.99 (t, J=12.1 Hz, 1H), 5.29 (d, J=12.1 Hz, 1H), 1.80 (s,
3H), 1.72 (s, 3H), 1.16 (s, 9H).

(4Z,6E)-2-Methyl-2,4,6-decatriene (4¢): At 25°C, a suspension of sodium
amide (1.0 g, 25 mmol), potassium tert-butoxide (0.3 g, 2.5 mmol) and
3-methyl-2-butenyltris(2-methoxymethoxyphenyl)phosphonium bromide
(14.8 g, 25 mmol) in tetrahydrofuran (0.12 L) was stirred vigorously for
1 h. At —100°C, (E)-2-hexenal (2.9 mL, 2.5 g, 25 mmol) was added. After
6h of stirring at —100°C, the reaction mixture was found by gas
chromatographic analysis (55 m, AP-L, 135°C) to contain 25% of 4¢ in a
(4Z/AE) ratio of 96:4. After chromatographic purification (see above;
preparation of 8a), a light yellow liquid®! was isolated; b.p. 67-69°C/
10 Torr; ng 1.4714; '"H NMR: 6 =6.30 (dm, J =12.0 Hz, 1H), 6.1 (m, 1H),
6.05 (d, J=11.5Hz, 1H), 5.8 (m, 1H), 5.69 (hept, /=73 Hz, 1H), 2.11
(quint, J =8.5 Hz, 2H), 1.85 (s, 3H), 1.78 (s, 3H), 1.4 (m, 2H), 0.99 (td, /=
74,3.0 Hz, 3H).

When (E)-2-nonenal (4.1 mL, 3.5 g, 25 mmol) was used as the carbonyl
component, the (4Z,6F) and (4E,6E) isomers of 2-methyl-2,4,6-trideca-
trienel®! (28 % ) were analogously obtained in a 94:6 ratio and a total yield
of 28 % (by gas chromatography: 45 m, OV-17,165°C; 30 m, DB-1, 140°C);
'HNMR: 6 =6.3 (m, 1H), 6.1 (m, 2H), 5.80 (d, /=10.6 Hz, 1H), 5.69 (oct,
J=6.6 Hz, 1H), 2.11 (quint, J = 6.6 Hz, 2H), 1.83 (s, 3H), 1.76 (s, 3H), 1.3
(m, 8H), 0.9 (3H, m).

(4Z,6E 8E)-2-Methyl-2,4,6,8-tetradecatetraene (5c¢): In the same way,
(2EAE)-2,4-decadienal (4.4 mL, 3.8 g, 25 mmol) afforded 36% of 5c
having a (4Z/4E) ratio of 92:8 as determined by gas chromatography (45 m,
OV-17, 160°C; 30 m, DB-1, 160°C). Upon column chromatography (see
above), a light yellow liquid was obtained; m.p. —42 to —38°C; b.p. 80—
85°C/0.6 Torr; ng 1.5877; 'H NMR: 6 =6.2 (m, 5H), 5.8 (m, 1H), 5.7 (hex,
J=71Hz, 1H), 2.11 (q, /=7.6 Hz, 2H), 1.83 (s, 3H), 1.77 (s, 3H), 1.3 (m,
6H), 0.9 (m, 3H); C;sH,, (204.35): caled C 88.16, H 11.84; found C 88.14, H
11.87.

(4Z,6E)-2-Methyl-6-propyl-2,4,6-undecatriene (6c): Analogously, (E)-2-
propyl-2-heptenal (4.5 mL, 3.9 g, 25 mmol) gave 22 % of 6c¢ having a (4Z/
4F) ratio of 91:9 as determined by gas chromatography (2 m, 7% AP-L,
220°C; 3 m, 10% C-20M, 170°C). The products were purified by column
chromatography (see above; preparation of 8a) to give a colorless liquid;
m.p. —68 to —64°C; b.p. 86 —-88°C/0.6 Torr; n¥ 1.5420; 'H NMR: § = 6.33
(dd, J=15.5, 11.0 Hz, 0.1H), 6.25 (d, /J=10.4 Hz, 1.8H), 6.15 (d, /=
11.4 Hz, 0.9H), 6.00 (d, /=15.5Hz, 0.1H), 5.85 (d, /=10.9 Hz, 0.1H),
5.67 (d, J=11.1 Hz, 0.9H), 5.42 (t, /=75 Hz, 0.1H), 2.2 (m, 2H), 1.8 (m,
6H), 1.4 (m, 6H), 0.9 (m, 6H); C,;sHy (206.37): caled C 87.30, H 12.70;
found C 87.05, H 12.69.

(4Z)-2,7-Dimethyl-2,4,6-octatriene (7¢): Analogously, 3-methylcrotonal-
dehyde (2.4 mL, 2.1 g, 25 mmol) was converted into 47 % of 7¢ with a (4Z/
4E) ratio of 90:10 as found by gas chromatographic analysis (30 m, DB-
WAX, 50°C; 30 m, DB-FFAP, 60°C). Extraction and distillation afforded
product as light yellow platelets; m.p. 36-37°C; b.p. 60-65°C/10 Torr
(ref. [63]: b.p. 70-75°C/16 Torr); n¥ 1.4768 (ref. [63]: nd 1.475); '"H NMR:
0=6.29 (symm. m, 2H), 5.88 (symm. m, 2H), 1.80 (6H, s), 1.76 (6H, s).
(Z)-4-Methyl-1-(4-methoxyphenyl)-1,3-pentadiene (8c): An analogous re-
action was performed with anisaldehyde (3.0 mL, 3.4 g, 25 mmol). Accord-
ing to gas chromatography (2 m, 10% SE-30, 205°C; 3 m, 10% C-20M,
245°C), 75% of 8¢ with a Z/E ratio of 97:3 was formed. Column
chromatographic purification (see above; preparation of 8a) afforded a
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colorless liquid; m.p. —26 to —22°C; b.p. 80-83°C/0.3 Torr; n® 1.6003;
"HNMR: 6 =731 (d,/=9.0 Hz,2H), 6.90 (d, = 6.5 Hz,2H), 6.3 (m, 3H),
3.83 (s,3H), 1.84 (s, 6 H); C,3H,,O (188.27): calcd C 82.94, H 8.57; found C
82.93, H 8.63.

(Z)-4-Methyl-1-phenyl-1,3-pentadiene (9c¢): Analogously, benzaldehyde
(2.5 mL, 2.7 g, 25 mmol) gave 79% of 9¢ having a Z/E ratio of 99:1 as
determined by gas chromatography (3m, 5% AP-L, 150°C; 3m, 5%
C-20M, 130°C). After extraction and distillation, a colorless liquid was
collected; b.p. 45-48°C/2 Torr (ref. [65]: b.p. 125-130°C/11 Torr); nf
1.5963 (ref. [65]: ng 1.5985); 'TH NMR: 6 =7.3 (m, 4H), 7.2 (m, 1 H), 6.42 (t,
J=10.9 Hz,1H), 6.4 (m, 1H), 6.30 (d,/=10.9 Hz, 1 H), 1.85 (s,3H), 1.83 (s,
3H).

(Z)-1-(4-Cyanophenyl)-4-methyl-1,3-pentadiene (10c¢): In the same way,
4-cyanobenzaldehyde (3.3 g, 25 mmol) afforded 71 % of 10¢ with a Z/E
ratio of 99:1 (by gas chromatographic analysis: 2 m, 10% SE-30, 200°C;
3m, 10% C-20M, 245°C). After chromatographic purification (see above,
preparation of 8a), the product was crystallized as colorless needles; m.p.
55-57°C (decomp); '"H NMR: 6 =7.61 (dm, J=8.5 Hz, 2H), 741 (dm, J =
8.1 Hz, 2H), 6.56 (t, J=11.5Hz, 1H), 6.28 (d, /J=11.5Hz, 2H), 1.89 (s,
6H); C,sH 5N (183.25): caled C 85.21, H 7.15; found C 85.18, H 6.97.

(4E,6Z)-2,2,8,8-Tetramethyl-4,6-nonadien-3-0l (12): A solution of butyl-
lithium (25 mmol) in hexanes (17 mL) was added to a suspension of
2-propenyltris(2-methoxymethoxyphenyl)phosphonium bromide (14.0 g,
25 mmol) in tetrahydrofuran (0.10L) at —75°C while this was stirred
vigorously. After 30 min at 0°C, a clear, deep red solution was obtained. At
—75°C, pivalaldehyde (2.8 mL, 2.2 g, 25 mmol) was added. After 6 h of
stirring at — 75 °C, the reaction mixture was poured into water (50 mL) and
extracted with ether (3 x25mL). The combined organic layers were
washed with brine (25 mL), dried, and concentrated. Upon distillation, no
trace of 5,5-dimethyl-1,3-hexadiene was obtained (its boiling point was
supposed to be 106-107°C/760 Torr!®). Instead, the title product was
collected as a colorless liquid which, according to 'H and C NMR
spectroscopy as well as gas column chromatography on three columns of
different polarity (30 m, DB-1, 100°C; 30 m, DB-WAX, 100°C; 3 m, 5%
AP-L, 80°C), contained exclusively (4E,6Z) isomer (>99%); b.p. 83—
84°C/0.5 Torr; m.p. 25-27°C; ng) 1.4806; 4.0 g (82%); '"H NMR: 6 =6.69
(dd, J=15.0, 11.6 Hz, 1H), 5.82 (dd, J=12.0, 11.6 Hz, 1H), 5.62 (dd, /=
15.0,7.5 Hz, 1H), 5.38 (d,/=12.0 Hz, 1 H), 3.79 (d,/ =75 Hz, 1 H), 1.7 (br,
1H),1.16 (s, 9H), 0.91 (s, 9H); *'C NMR: 6 = 142.0, 133.6, 128.4, 126.3, 80.7,
35.1,33.8,31.4 (3C), 25.7 3C); C3H,,0 (196.33): caled C 79.53, H 12.32;
found C 79.17, H 12.15.

3. Recovery of the phosphorus component

Tris(2-methoxymethoxyphenyl)phosphine oxide: The residue obtained
after the distillation of (Z)-4-methyl-1-phenyl-1,3-pentadiene (9¢; see
Section 2) was dissolved in ethyl acetate (250 mL) and filtered through a
short column of neutral alumina (40 mL). Evaporation of the solvent and
recrystallization from diethyl ether/pentanes (1:1) afforded colorless
granular crystals; m.p. 128—-129°C; 9.3 g (81%); 'H NMR: 6 =7.62 (ddd,
J=14.7,76, 1.6 Hz, 3H), 743 (t, /=8.0 Hz, 3H), 713 (dd, /=8.3, 5.3 Hz,
3H), 701 (tdd,J=73,2.2,0.7 Hz, 3H), 4.96 (s, 6 H), 3.02 (s, 9H); *CNMR:
0=159.0 (s, 3C), 134.7 (d, /=9.6 Hz, 3C), 133.2 (s, 3C), 1215 (d, J=
110 Hz, 3C), 121.2 (d, /=129 Hz, 3C), 114.1 (d, J=6.4 Hz, 3C), 93.8 (s,
3C), 55.7 (5,3C); *'P NMR: d =25.9; C,,H,;,0,P (458.44): calcd C 62.88, H
5.94; found C 62.90, H 5.87.

Tris(2-hydroxyphenyl)phosphine oxide: Hydrochloric acid (6M, 25 mL)
was added to a solution of tris(2-methoxymethoxyphenyl)phosphine oxide
(11.5 g, 25 mmol) in tetrahydrofuran (100 mL). After 10 min of reflux, the
mixture was cooled to 25°C and the organic layer was separated. The
aqueous phase was extracted with ethyl acetate (4 x 20 mL); the combined
organic layers were dried with anhydrous sodium sulfate. Removal of the
solvents and sublimation gave the product as colorless granular crystals;
m.p. 206-208°C (ref. [67]: m.p. 214.5-216°C); 6.6 g (81 %); 'HNMR: 6 =
9.4 (br,3H), 746 (dd,J=8.2,7.1 Hz, 3H), 7.0 (m, 6 H), 6.90 (tdd, /= 7.2, 3.0,
1.0Hz, 3H); B¥C NMR: 6=162.2 (s, 3C), 1355 (s, 3C), 131.8 (d, J=
112 Hz, 3C), 119.9 (d, /=129 Hz, 3C), 1189 (d, /=6.4 Hz, 3C), 111.6
(d, =107 Hz, 3C); P NMR: 6 =52.3; CsH,50,P (326.29): calcd C 66.26,
H 4.63; found C 65.92, H 4.54.

Tris(2-methoxymethoxyphenyl)phosphane: A freshly prepared solution of
aluminum hydridel® (25 mmol) in tetrahydrofuran (50 mL) was added to a
solution of tris(2-methoxymethoxyphenyl)phosphine oxide (11.5g,
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25 mmol) in tetrahydrofuran (50 mL). The mixture was refluxed for
30 min, before cold, anhydrous methanol (1 mL) was added. The mixture
was filtered through Celite, which was then washed with hot tetrahydro-
furan (3 x 20 mL). The filtrate was concentrated. After recrystallization
from diethyl ether, the product was obtained as colorless platelets; m.p.
129-130°C (ref. [45]: m.p. 128-129°C); 10.5 g (95%); 'H NMR: 6 =730
(td, J=175, 1.8 Hz, 3H), 711 (ddd, /=75, 4.5, 1.0 Hz, 3H), 6.90 (t, J=
75 Hz, 3H), 6.79 (ddd, /=75, 4.5, 1.8 Hz, 3H), 5.11 (s, 6H), 3.23 (s, 9H).
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Assembly of Silver()) Polymers with Helical and Lamellar Structures

Maochun Hong,*!?! Weiping Su,'*! Rong Cao,**! Makoto Fujita,'*! and Jiaxi Lu'®!

Abstract: The new versatile multiden-
tate nonchelating ligand 1,2-bis[ (2-pyr-
imidinyl)-sulfanylmethyl]benzene (bpsb)
was designed and prepared for supra-
molecular syntheses. Self-assembly be-
tween silver nitrate and the bpsb ligand
resulted in the polymer [Agy(bpsb),-

dinate to four Ag atoms in four different
directions. The nitrate anions serve as a
template for the formation of the helix
and are either embedded in the interior
of the helix or located in the flank of the
helix. Self-assembly between silver per-
chlorate and the bpsb ligand under the

same conditions gave rise to the polymer
[Ag(bpsb);(ClO,),), (2) comprising a
two-dimensional lamellar network con-
taining crownlike cavities. The silver
atoms in two adjacent layers are ar-
ranged staggered in 2. The two-dimen-
sional lamellar network comprising iso-

(NO3),), (1) with a single-stranded hel-
ical chain structure. Each bpsb ligand in
1 acts as a tetradentate ligand, in which
two sulfur atoms and two nitrogen atoms
from different pyrimidine groups coor-

mers - silver

chemistry

Introduction

The self-assembly process between metal ions and ligands
may be considered as resulting from the operation of a
programmed system, in which the steric and interactive
information stored in the ligands is read by the metal ions
through the algorithm defined by their coordination geome-
try.l'l" Accordingly, the design of ligands is crucial to the
construction of specific supramolecular architectures. This
concept has been demonstrated by a great variety of structural
topologies of discrete supramolecular complexes or infinite
supramolecular arrays, such as molecular racks and grids as
well as helicates. For instance, molecular racks and grids can
be prepared by self-assembly of metal ions with linear rigid
polytopic ligands containing bi- or terpyridyl groups,? and
helicates may be obtained from the combination of metal ions
with the flexible chain of bidentate subunits such as 2,2'-
bipyridine groups connected by short covalent bridges®! or
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lated cavities of [Age(bpsb)s] is very
different from that of usual honeycomb

structures.
supramolecular

2,2":6',2 -terpyridine and its derivatives with conformational
freedom.[ In a sense, the formation of molecular racks and
grids results from the rigidity of the ligands, while that of
helicates results from the flexibility of the ligands. If achiral
ligands are used, inherently chiral helicates are generally
formed as a racemic mixture.’> > However, enantiopure
helicates can be obtained upon incorporation of a chiral
element or substituent into helicating ligands,” ® which comes
apparently from the information in the chiral group in the
ligand. For exo-bis-bidentate ligands, their combination with
metal ions that adopt tetrahedral coordination geometry can
lead to several kinds of structures, such as discrete cycles,
infinite linear chains, or helices. When bulky substituents are
introduced into exo-bis-bidentate ligands, only the helical
polymer is favored,”! indicating that the information regard-
ing steric hindrance in the ligands is exhibited by the resulting
structure which minimizes steric repulsion between bulky
groups.

The potential use of both discrete molecular cages!®! and
two- and three-dimensional synthetic receptors and extended
porous frameworksl’! largely depends on their cavity size and
type. Similarly, the information with regard to ligands controls
the cavity size and type through appropriate metal ions."% For
example, treatment of [PA(NO;),(en)] (en = ethylenediamine)
with 2,4,6-tris(4-pyridyl)-1,3,5-triazine resulted in a molecular
cage, while the similar reaction with 2,4,6-tris(3-pyridyl)-1,3,5-
triazine led to a bowllike macrotricycle.['" 101

In previous studies, we used some simple ligands, such as
pyridine-2-thiolate, pyrimidine-2-thiolate, pyridine-2-thione,
and 2-mercaptoethylamine, which contain both sulfur and
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nitrogen donors for supramolecular syntheses, and obtained
the complex polymers with linear chain or three-dimensional
(3D) network structures.'!! As little information was con-
tained in the ligands used in this earlier work, we began to
design ligands containing more information, for example,
ligands with several different donor atoms, with the aim of
obtaining polymers with novel structures. Herein, we report a
new ligand 1,2-bis[(2-pyrimidinyl)sulfanylmethyl]-benzene
(bpsb), which contains two 2-thiopyrimidine groups separated
by an o-xylyl spacer, and two polymeric silver(l) complexes,
[Agy(bpsb),(NO;),], (1) and [Agy(bpsb);(ClO,),], (2) pre-
pared from anion-controlled self-assembly reactions of a
silver salt with the ligand bpsb.

Results and Discussion

The ligand bpsb was prepared from the reaction of 1,2-
bis(bromomethyl)benzene and sodium pyrimidine-2-thiolate
in MeCN. It possesses six possible bonding sites, that is, two
sulfur and four nitrogen atoms (Scheme 1 top). Owing to the

(T CH, HyC N
\N)\S/ ' \5/4\3

\

Ag Ad Ag  ag

( \ CH, HyC N

>\ VAN /k\ J

\N\ S /S /N

Scheme 1. Top: bpsb ligand; Bottom: coordination mode of bpsb in 1.

fact that the pyrimidine group!'? behaves as an exo-bidentate
ligand, together with the o-xylyl spacer group, the N atoms of
the two 2-thiopyrimidine groups can only bond to different
metal atoms. Thioether ligands have relatively poor metal-
complexing ability and bond to relatively soft metal ions,!'!
such as Ag'l. Moreover, each sulfur atom of the thioether
group in bpsb hardly adopts a chelating coordination mode by
incorporation with adjacent nitrogen atoms because of the
instability of the four-membered chelating ring. Therefore,
the ligand bpsb is a multidentate but nonchelating ligand,
capable of bridging different metal atoms in specific direc-
tions. In other words, the ligand bpsb stores rich information,
which can be interpreted by the steric arrangement of metal
atoms bound to it.

The reaction of AgNO; with bspb was carried out in a
metal-to-ligand ratio of 2:1 in DMF/MeCN. Slow diffusion of
acetone into the reaction solution produced crystals suitable
for single-crystal X-ray diffraction. The -crystallographic
analysis of complex 1 reveals that its structure is a one-
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dimensional polymeric helix consisting of [Ag,(bpsb),(NO3),]
units (Figure 1). Each bpsb ligand in 1 acts as a tetradentate
ligand, in which two sulfur atoms and two nitrogen atoms

Cl3A) C4A)

.
C{15A)

Ci34A)

Figure 1. View of the basic tetrameric unit [Ag,(bpsb),(NO;),] in the
polymeric chain of 1.

from different pyrimidine groups coordinate to four Ag atoms
in four different directions, respectively (see Scheme 1 bottom).
Thus, the array of ligands linked by Ag atoms forms a single-
stranded helix with the period of 8.5 A (Figure 2). As shown

Figure 2. Space-filling representation of the helix in 1 with unrelated
carbon atom omitted, down the direction normal to helix.

in Figure 3, two kinds of coordination modes of the nitrate
anions are present in 1: one is embedded in the interior of the
helix, while the other is located in the flank of the helix. In this
sense, nitrate anions serve as a template for formation of the
helix." Each silver atom is tetracoordinated in a highly
distorted tetrahedral fashion (AgSNO,).

Figure 3. View of the helical chain polymer with [NO;]~ ions in 1, running
along b axis.
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Table 1 lists the bond lengths and angles of 1. The Ag—S
bond lengths range between 2.493(2) and 2.567(3) A, while
the Ag—N and Ag—O bonds range between 2.260(8) and
2.315(8) A and between 2.501(2) and 2.567(2) A, respectively.
The average S-Ag-N, S-Ag-O, N-Ag-O, and O-Ag-O bond
angles are 135.6(2), 99.5(4), 100.3(4), and 96.7(4)°, respec-
tively.

Table 1. Selected bond lengths [A] and angles [°] for 1.

Ag(1)-0(2) 2501(14) Ag(2)-O(1) 2.505(8)
Ag(1)-S(2) 2493(2)  Ag(2)-O(4) 2.514(13)
Ag(1)~O(6A) 2479(10)  Ag(2)-S(1) 2.567(3)
Ag(1A)-N(12) 2315(8)  Ag(2)-N(36A) 2.260(8)
0(2)-Ag(1)-S(2) 127.5(4) 0(2)-Ag(1)-O(6A) 98.7(6)
O(6A)-Ag(1)-S2)  113.6(2)  N(12)-Ag(1A)-O(2A)  84.8(3)

N(12)-Ag(1A)-S(2A) 137.4(2) O(2A)-Ag(1A)-S(2A)  127.5(4)

0(1)-Ag(2)-0(4) 94.7(4) 0(1)-Ag(2)-S(1) 783(2)
O(4)-Ag(2)-S(1) 106.9(4) N(36A)-Ag2)-0(1)  1212(3)
N(36A)-Ag(2)-0(4)  112.0(4) N(36A)-Ag2)-S(1)  133.8(2)

Symmetry transformations used to generate equivalent atoms: A: x,y,z+1

Considering the influence of anions on self-assembly of
supramolecular entities, AgClO,, a silver salt with the poorly
coordinating perchlorate anion, was used instead of AgNO;.
Similar to the preparation of complex 1, the reaction of
AgClO, with the ligand bpsb in a metal-to-ligand ratio of 2:1
gave rise to the 2D lamellar polymer 2, which was confirmed
by X-ray structure analysis. As shown in Figure 4, Each silver
atom in 2 is trigonally coordinated by three nitrogen atoms
from different but symmetry-equivalent bpsb ligands that are
related by a threefold axis passing through the Ag atom.

The ligand bpsb bridges two silver atoms with two nitrogen
atoms from different pyrimidine groups. Continual symmetry
operations about threefold axes passing through two silver
atoms lead to a 2D lamellar network (Figure 5), which is made

Figure 4. View of the basic unit [Ag,(bpsb);(ClO,),] in 2.

Chem. Eur. J. 2000, 6, No. 3
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Figure 5. View of the lamellar structure of 2 with [ClO,]~ ion omitted,
running along ab plan.

up of the repeating unit [Ags(bpsb)s] with a crownlike
conformation. The [Ags(bpsb)s] unit possesses a crystallo-
graphic C; symmetry axis passing through its center; three of
the Ag atoms related by a threefold axis are located on one
plane perpendicular to the ¢ axis (three Ag atoms on one
plane, the other three Ag atoms on another plane) (Figure 6).

Z}Q@@m \/

bpsb
gsdq

t
Agl2Al
Figure 6. View of [Ags(bpsb),] nanocavity with [ClO,]~ in it.

The distance between the two triangular planes is 3.96 A, and
that between two Ag atoms on the same plane is 14.45 A; thus,
the repeating unit forms a crownlike nanocavity. The silver
atoms in two adjacent layers are arranged staggered, as shown
in Scheme 2. Such a network comprising isolated cavities of
[Ags(bpsb)s] is very different from the usual honeycomb
structure.l!% 1% Each of the [ClO,]~ ions is partly encapsu-
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QO  Agatom below layer

[ ] Ag atom up layer

Scheme 2. Silver atom arrangement in two adjacent layers.

lated inside the cavity of [Ags(bpsb)s] and weakly bound to
the Ag! center of another layer (Ag—O 2.801 A, typical for the
ion interaction between Ag' and ClO,~). To the best of our
knowledge, the structure of 2 is a unique lamellar structural
motif in supramolecular coordination chemistry. Both Ag(1)
and Ag(2) are coordinated by three nitrogen atoms from
bpsb; the coordination geometry of the Ag(1) atom is highly
distorted trigonal planar, while that of the Ag(2) atom is near
trigonal planar. Table 2 lists the bond lengths and bond angles
of 2. The Ag—N bond lengths range between 2.231(9) and
2.327(8) A. The average N-Ag-N bond angles for the Ag(1)
and Ag(2) centers are 113.2(2)° and 119.62(5)°, respectively.

Table 2. Selected bond lengths [A] and angles [] for 2.

Ag(1)-N(1) 2327(8)  Ag(1)-N(1A) 2.327(8)
Ag(1)-N(1B) 2327(8)  Ag(2)-N(4) 2.231(9)
Ag(2)-N(4C) 2231(9)  Ag(2)-N(4D) 2.231(9)
S(1)-C(4) 1.749(10)  S(1)-C(5) 1.827(11)
S(2)-C(13) 1.728(10)  S(2)-C(12) 1.833(11)
N(1)-Ag(1)-N(1A)  1132(2) N(1)-Ag(1)-N(IB)  1132(2)
N(1A)-Ag(1)-N(IB)  1132(2) N(4)-Ag(2)-N(4C)  119.62(5)
N(4)-Ag2)-N@D)  119.62(5)  N(4C)-Ag(2)-N@4D)  119.62(5)
C(#)-8(1)-C(5) 101.4(5) C(13)-8(2)-C(12) 101.5(5)

Symmetry transformations used to generate equivalent atoms:
A —y+lx—y—-1z; B: —x+y+2,—x+lz; C: —yx-y-1z;
D: —x+y+1,—x,z

Experimental Section

The IR spectra as KBr disk were recorded on a Magna 750 FT-IR
spectrophotometer. 'H NMR spectra were measured on a Varian Unit-500
spectrometer with TMS as standard. Elemental analyses were carried out
by elemental analysis group in this Institute. The chemicals in this research
work were used as purchased without further purification. White powder
sodium pyrimidine-2-thiolate was obtained through the reaction of
pyrimidine-2-thiol with sodium metal in THF.

Synthesis of the ligand bpsb: A solution of 1,2-bis(bromomethyl)benzene
(2.63 g, 10 mmol) and sodium pyrimidine-2-thiolate (2.68 g, 20 mmol) in
MeCN (50 mL) was heated to 50°C for 5 h with vigorous stirring. After
cooling the mixture, the pale yellow solution was filtered. Removal of the
solvent gave an oil, which afforded a light yellow powder (bpsb) on
recrystallization from CH,CL/Et,O/hexane (yield: 2.6 g, 80%). '"H NMR
(500 MHz, DMSO, 25°C): 0 =8.526, 7.286, 7232, 7221, 4.510; IR (KBr
pellet): 7=3091(w), 2996(w), 2939(w), 1724 (s), 1581.3(s), 1454.1(m),
1380.8(s), 1205.3(m), 771.4(m) cm~"; C;sH4N,S, (326.32): caled C 58.9, H
4.29, N 172; found C 58.6, H 421, N 17.4.

Synthesis of [Ag,(bpsb),(NO;) ], (1): A solution of the ligand bpsb (0.32 g,
1 mmol) in acetonitrile (10 mL) was added to a solution of AgNO; (0.085 g,
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0.5 mmol) in DMF (10 mL). The reaction mixture was stirred for 15 min to
give a colorless solution, which was filtered. Slow diffusion of acetone into
the resulting solution yielded colorless needlelike crystals of 1- Me,CO. IR
(KBr pellet): 7=3064 (w), 3029 (w), 2981.4 (w), 2933.2 (w), 1668.1 (m),
1564.0 (s), 1533.1 (s), 1382.7 (s), 1182.2 (m), 825 (m), 764.5 (m), 748.2 (m),
680.7 (m) cm™'; C35H3,N,013A2,S, (1390.49): caled C 30.2, H 2.45, N 12.1;
found C 29.8, H 2.36, N 12.2.

Synthesis of [Ag,(bpsb);(Cl10,),], (2): A solution of the ligand bpsb (0.32 g,
1 mmol) in acetonitrile (10 mL) was added to a solution of AgClO, (0.11 g
0.5 mmol) in DMF, and the reaction mixture was stirred for 1 h and then
filtered. Slow diffusion of acetone into the resulting solution gave colorless
block crystals of 2. IR (KBr pellet): 7 =3066.3 (w), 3029 (w), 2983 (w), 2939
(w), 1640.4 (w), 1567.8 (s), 1550.5 (s), 1380.8 (s), 1187.9 (m), 1087.7 (s), 769
(m), 622.9 (m) cm™'; C,gH,,N;,03A2,S(Cl, (1393.94): caled C 41.3, H 3.03,
N 12.1; found C 41.5, H 2.98, N 12.0.

Crystallography: A summary of the crystal data for 1 and 2 is given in
Table 3. Only special features of the analysis are noted here. The intensity
data of both 1 and 2 were collected on an Enraf-Nonius CAD4
diffractometer with graphite-monochromated Moy, (4 =0.71073 A) radi-

Table 3. Crystal data for 1 and 2.

Compound 1-Me,CO 2
formula CssHauN,03A8,S, CisHyuN1,O5A2,5,Cly
Fw 1390.49 1393.94
crystal size [mm] 0.22 x 0.28 x 0.35 0.15 % 0.20 x 0.26
crystal system orthorhombic rhombic
space group Fdd2 P3c
a[A] 29.059(6) 14.454(2)
b [A] 37.326(7) 14.454(2)
c[A] 8.606(2) 15.300(3)
U [A%] 9334.6(32) 2768.2(8)
z 8 2

Peated [g cm ] 1.981 1.672

u [mm~1] 1.907 1.004

T [K] 293 293
A(Moy,) [A] 0.71073 0.71073
reflections collected 9527 10898
unique reflections 2432 1892
observed reflections

(F=2.00(F)) 2424 1404
parameters 297 223

Son F? 1.006 1.026
R, 0.046 0.047
R 0.057 0.059

045 and —1.036 0.639 and —0.667

APrin and max [€ Af}]
[a] R=Z||F,| = |F||)/Z|F,|. [b] R, =[Ew(F3—F2)X/Z|wF,|*]" .

ation at room temperature. All of the calculations were performed by using
the SHELXTL-PL version 5.5 package on an HP 5/75 computer. The
positions of all hydrogen atoms were generated geometrically (C—H bond
fixed at 0.96 A), assigned isotropic thermal parameters, and allowed to ride
on their respective parent carbon atoms before the final cycle of least-
squares refinement. For 1-Me,CO: The coordinates of Ag and S atoms
were obtained from an E-map. Successive difference Fourier syntheses
gave all the coordinates of the non-hydrogen atoms. The structure was
refined by full-matrix least-squares minimization of Z(F,— F.)*> with
anisotropic thermal parameters for all atoms except the atoms of solvent
acetone. For 2: the coordinates of Ag, Cl, and S atoms were obtained from
an E-map. Successive difference Fourier syntheses gave all the coordinates
of the non-hydrogen atoms. The structure was refined by full-matrix least-
squares minimization of Z(F, — F,)> with anisotropic thermal parameters
for all atoms except the oxygen atoms of the perchlorate anion. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-124958 (1-Me,CO) and
CCDC-124957 (2). 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).

0947-6539/00/0603-0430 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 3





Silver(1) Polymers

427-431

Acknowledgments

This work was supported by the National Nature Science Foundation of
China and Nature Science Foundation of Fujian Province.

(1
(2]

3

[t

(4]

[5

(o]

Chem. Eur. J. 2000, 6, No. 3

J.-M. Lehn, Supramolecular Chemistry — Concepts and Perspectives,
VCH, Weinheim, 1995.

a) G. S. Hanan, C. R. Arana, J.-M. Lehn, G. Baum, D. Fenske, Chem.
Eur. J. 1996, 2, 1292; b) G. S. Hanan, C. R. Arana, J.-M. Lehn, D.
Fenske, Angew. Chem. 1995, 107, 1191; Angew. Chem. Int. Ed. Engl.
1995, 34, 1122; c) P.N. W. Baxter, J. -M. Lehn, J. Fischer, M. -T.
Youinou, Angew. Chem. 1994, 106, 2432; Angew. Chem. Int. Ed. Engl.
1994, 33,2284; d) G. S. Hanan, D. Volkmer, U. S. Schubert, J.-M. Lehn,
G. Baum, D. Fenske, Angew. Chem. 1997, 109, 1929; Angew. Chem. Int.
Ed. Engl. 1997, 36, 1842; ¢) D. M. Bassani, J.-M. Lehn, K. Fromm, D.
Fenske, Angew. Chem. 1998, 110, 2534; Angew. Chem. Int. Ed. 1998,
37,2364.

a) J-M. Lehn, A. Rigault, Angew. Chem. 1988, 100, 1121; Angew.
Chem. Int. Ed. Engl. 1988, 27, 1095; b) B. Hasenknopf, J.-M. Lehn,
B. O. Kneisel, G. Baum, D. Fenske, Angew. Chem. 1996, 108, 1987;
Angew. Chem. Int. Ed. Engl. 1996, 35, 1838; c) O.J. Gelling, F. V.
Bolhuis, B. L. Feringa. J. Chem. Soc. Chem. Commun. 1991, 917; d) R.
Ziessel, A. Harriman, J. Suffert, M.-T. Youinou, A. D. Cian, J. Fischer,
Angew. Chem. 1997, 109, 2621; Angew. Chem. Int. Ed. Engl. 1997, 36,
2509; e¢) A.F. Williams, C. Piguet, G. Bernardinelli, Angew. Chem.
1991, 703, 1530; Angew. Chem. Int. Ed. Engl. 1991, 30, 1490.

a) E. C. Constable, M. G. B. Drew, M. D. Ward, J. Chem. Soc. Chem.
Commun. 1987, 1600; b) E. C. Constable, M. D. Ward. J. Am. Chem.
Soc. 1990, 112, 1256; c) E. C. Constable, A. J. Edwards, P. R. Raithby,
J. V. Walker, Angew. Chem. 1993, 105, 1486; Angew. Chem. Int. Ed.
Engl. 1993, 32, 1465; d) E. C. Constable, A. J. Edwards, M. J. Hannon,
P. R. Raithby, J. Chem. Soc. Chem. Commun. 1994, 1991.

a) B. Kersting, M. Meyer, R. E. Powers, K. N. Raymond, J. Am. Chem.
Soc. 1996, 118, 7221; b) C. Provent, S. Hewage, G. Brand, G.
Bernardinelli, L. J. Charbonniere, A. F. Williams, Angew. Chem. 1997,
109, 1346; Angew. Chem. Int. Ed. Engl. 1997, 36, 1287; c¢) C. R. Woods,
M. Benaglia, F. Cozzi, J. S. Siegel, Angew. Chem. 1996, 108, 1977,
Angew. Chem. Int. Ed. Engl 1996, 35, 1830; d) O. Mamula,
A.von Zelewsky, G. Bernardinelli, Angew. Chem. 1998, 110, 302;
Angew. Chem. Int. Ed. 1998, 37, 289.

a) E.C. Constable, T. Kulke, M. Neuburger, M. Zehnder, Chem.
Commun. 1997,489;b) G. Baum, E. C. Constable, D. Fenske, T. Kulke,

(7]

(8]
]

(10]

(11]

(12]

(13]

(14]

Chem. Commun. 1997, 2043; ¢) G. Baum, E. C. Constable, D. Fenske,
C. E. Housecroft, T. Kulke. Chem. Commun. 1998, 2659.

C. Kaes, M. W. Hosseini, C. E. F. Rickard, B. W. Skelton, A. H. White,
Angew. Chem. 1998, 110, 970; Angew. Chem. Int. Ed. 1998, 37, 920.
M. Fujita, Chem. Soc. Rev. 1998, 27, 417.

O. M. Yaghi, H. Li, C. Davis, D. Richardson, T. L. Groy, Acc. Chem.
Res. 1998, 31, 474.

Examples for cavity-containing coordination polymer: a) G. B. Gard-
ner, D. Venkataraman, J. S. Moore, S. Lee, Nature, 1995, 374,792;b) D.
Venkataraman, G. B. Gardner, S. Lee, J. S. Moore, J. Am. Chem. Soc.
1995, 117, 11600; c) O. M. Yaghi, G. Li, H. Li, Nature, 1995, 378, 703
d) T. H. Hennigar, D. C. MacQuarrie, P. Losier, R. D. Rogers, M. J.
Zaworotko, Angew. Chem. 1997, 109, 1044; Angew. Chem. Int. Ed.
Engl. 1997,36,972; ¢) I. M. Miiller, T. Rottgers, W. S. Sheldrick, Chem.
Commun. 1998, 823; f) B. F. Abrahams, P. A. Jackson, R. Robson,
Angew. Chem. 1998, 110, 2801; Angew. Chem. Int. Ed. 1998, 37, 2656,
g) D.D.L. Goodgame, D. A. Grachvogel, D.J. Williams, Angew.
Chem. 1999, 111, 217; Angew. Chem. Int. Ed. 1999, 38, 153. Examples
for molecular cage: h) M. Fujita, D. Oguro, M. Miyazawa, H. Oka, K.
Yamaguchi, K. Ogura, Nature, 1995, 378, 468; 1) M. Fujita, S.-Y. Yu, T.
Kusukawa, H. Funaki, K. Ogura, K. Yamaguchi, Angew. Chem. 1998,
110, 2192; Angew. Chem. Int. Ed. 1998, 37, 2082; j) P.S. Stang, B.
Olenyuk, Acc. Chem. Res. 1997, 30, 502; k) R. -D. Schnebeck, E.
Freisinger, B. Lippert, Angew. Chem. 1999, 111, 235; Angew. Chem.
Int. Ed. 1999, 38, 168.

a) M. C. Hong, W. P. Su, R. Cao, W.J. Zhang, J. X. Lu, Inorg. Chem.
1999, 38, 600; b) W. P. Su, R. Cao, M. C. Hong, J. T. Chen, J. X. Lu,
Chem. Commun. 1998, 1389.

a) L. Carlucci, G. Ciani, D. M. Proserpio, A. Sironi. Inorg. Chem. 1998,
37,5941, b) S. W. Keller, Angew. Chem. 1997, 109, 295; Angew. Chem.
Int. Ed. Engl. 199736, 247; c) M.J. Begley, P. Hubberstey, C. E.
Russell, P. H. Walton, J. Chem. Soc. Dalton Trans. 1994, 2483.

a) M. J. Hannon, C. L. Painting, W. Errington. Chem. Commun. 1997,
1805; b) G.K.H. Shimizu, G.D. Enright, C.1. Ratcliffe, J. A.
Ripmeester, D. D. M. Wayner, Angew. Chem. 1998, 110, 1510; Angew.
Chem. Int. Ed. 1998, 37, 1407.

a) J. S. Fleming, K. L. V. Mann, C. -A. Carraz, E. Psillakis, J. C. Jeffery,
J. A. McCleverty, M. D. Ward, Angew. Chem. 1998, 110, 1315; Angew.
Chem. Int. Ed. 1998, 37, 1279; b) M. A. Withersby, A. J. Blake, N. R.
Champness, P. Hubberstey, W. -S. Li, M. Schroder, Angew. Chem.
1997, 109, 2421; Angew. Chem. Int. Ed. Engl. 1997, 36,2327, c) R. Vilar,
D. M. P. Mingos, A.J. P. White, D. J. Williams, Angew. Chem. 1998,
110, 1323; Angew. Chem. Int. Ed. 1998, 37, 1258.

Received: August 11, 1999 [F 1972]

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

0947-6539/00/0603-0431 $ 17.50+.50/0 — 431






FULL PAPER

Asymmetric Allyl-Metal Bonding in Substituted (7°-Allyl)palladium
Complexes: X-ray Structures of cis- and trans-4-A cetoxy-[7°-(1,2,3)-cyclo-
hexenyl]palladium Chloride Dimers

Catrin Jonasson, Mikael Kritikos, Jan-E. Bickvall,* and Kalman J. Szabo*!?!

Abstract: Enantiomerically pure cis
and trans isomers of 4-acetoxy-[n*-
(1,2,3)-cyclohexenyl]palladium chloride
dimers (cis-1 and trans-1) were prepared
from enantiomerically pure trans-1-ace-
toxy-4-chloro-2-cyclohexene. X-ray
analyses of these complexes show that
in the frans complex (trans-1) the six-
membered ring prefers a chair confor-
mation, whereas in the cis complex (cis-

conformation. According to the X-ray
structure of trans-1 the Pd—C3 bond is
shorter than the other allylic terminal
palladium —carbon bond (Pd—C1). On
the other hand, in cis-1 the Pd—C3 and

Keywords: catalysts - density func-
tional calculations palladium
substituent effects - structure eluci-
dation -

Pd—C1 bond lengths are identical within
the experimental error. The calculated
structures (B3PW91/LANL2DZ + P) of
trans-1 and cis-1 also display differences
in the allylpalladium bonding. The
asymmetric allylpalladium bonding in
trans-1is explained on the basis of 7t —o*
electronic interactions between the
4-acetoxy substituent and the allyl-
metal moiety.

1) the cyclohexenyl ring has a boat

Introduction

Catalytic transformations involving (#*-allyl)palladium inter-
mediates have been widely applied in a number of important
chemical processes including allylic substitution reactions and
the oxidation of allenes, alkenes, and conjugated dienes.[*?
Determination of the X-ray structures of various (73-allyl)-
palladium complexes have provided invaluable help for a
deeper understanding of the mechanism of these catalytic
reactions. ¥ However, structural data on the (3°-allyl)palla-
dium intermediates of the oxidative transformations is rather
scarce.P! In particular, there is a remarkable lack of available
direct experimental structural data for 4-oxy-[73-(1,2,3)-cyclo-
hexenyl]palladium complexes, which are the key intermedi-
ates in palladium-catalyzed regio- and stereoselective 1,4-
oxidation of conjugated dienes (Scheme, X = OR, OCOR').*
¢ 6.71 Theoretical studies have shown that these complexes
are characterized by unusual structural features, such as
asymmetric Pd—C bonding, which also explains the regiose-
lectivity of the nucleophilic attack on the (#’-allyl)palladium
intermediates of the catalytic reactions.® ]

Although, the relative configuration of certain 4-oxy-[r’-
(1,2,3)-cyclohexenyl]palladium complexes has been establish-

[a] Prof. Dr. Jan-E. Bickvall, Dr. K. J. Szabd, C. Jonasson, Dr. M. Kritikos
Department of Organic Chemistry, Arrhenius Laboratory
University of Stockholm
106 91 Stockholm (Sweden)
E-mail: jeb@organ.su.se, kalman@organ.su.se
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Scheme 1. General types of palladium-catalyzed processes proceeding
through 4-substituted (7°-allyl)palladium intermediates.

ed by indirect methods? ! and on the basis of NMR
measurements, - explicit structural evidence from X-ray
crystallography is highly desirable. X-ray structural data
would also be of importance for confirmation of the
previously proposed electronic effect by the 4-oxy substituent
on the bond lengths and reactivity.

In the present paper we report the X-ray crystal structure
and density functional theory (DFT) geometry for cis and
trans isomers of 4-acetoxy-[1°-(1,2,3)-cyclohexenyl]palladium
chloride dimers (see Figure 1) and discuss their structural
features and reactivity.

Results and Discussion

Experimental results: Dimeric enantiomerically pure (-
allyl)palladium complexes trans-1 and cis-1 were prepared
from (1S,4S)-trans-1-acetoxy-4-chloro-2-cyclohexene (2)['° by

0947-6539/00/0603-0432 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 3





432-436

using the stereodivergent Kurosawa method"! (Scheme 2). In
this procedure palladium(o) from Pd(dba), displaces an allylic
chloride with either retention or inversion of configuration
depending on the solvent. The chloroacetate precursor 2 was
obtained from (1R,4S)-4-acetoxy-2-cyclohexanol as described
previously.[1%

(S)

*

Aco D AcO

N, PR (5 [, )
e

(R:@* (r) Pd(dba), ACO __*Q:“”CI %
(R) Pd DMSO toluene (S)* “pg
c:i/( C|>//

2 2

cis-1 2 trans-1
Scheme 2. Stereochemistry of the oxidative addition of (15,4S)-trans-1-
acetoxy-4-chloro-2-cyclohexene to palladium as a function of the solvent

polarity.

The 'H and 'C NMR spectra of our primary target
compound trans-1 are identical to those of the key inter-
mediate of the palladium-catalyzed 1,4-chloroacetoxylation of
1,3-cyclohexadiene. 1% Reaction of this complex with LiCl, in
the presence of benzoquinone readily provides cis-1-acetoxy-
4-chloro-2-cyclohexene, which is also the product obtained
from catalytic 1,4-chloroacetoxylation of 1,3-cyclohexadiene
(Scheme 3).2) Complex cis-1 is not supposed to be formed as
an intermediate in palladium-catalyzed 1,4-oxidation reac-
tions, however, it may occur as an intermediate in allylic
substitution reactions.['” The primary purpose for the prep-
aration of cis-1is that the X-ray structure of this complex may
serve as a suitable reference for analysis of the bonding
features of 4-oxy-allylpalladium complexes.

\© LICVBQ | A0 < > cl L|CI/BQ/A<:OH@
4 [Pd]cat

Pd
C|>///
2

trans-1

AcO

Scheme 3. Formation of cis-1-acetoxy-4-chloro-2-cyclohexene by a stoi-
chiometric reaction from trans-1 and by palladium-catalyzed chloracetoxy-
lation of 1,3-cyclohexadiene.

X-ray studies of trans-1 and cis-1: The crystals of the
enantiomerically pure bis[trans- and cis-4-acetoxy-7°-(1,2,3)-
cyclohexenyl]palladium chloride dimers (1) were suitable for
X-ray analysis (Figure 1). We believe that the failure of the
previous X-ray analyses of racemic 4-substituted allylpalla-
dium complexes is due to the presence of two diastereomers in
the dimer (i.e. racemic dimer and meso dimer) causing crystal
disorder, which seriously hamper the X-ray structure deter-
mination.

Crystal data for trans-1: [C,sH,,0,CLPd,]:11% M, =562.05,
monoclinic, a =11.842(3), b=6.509(1), c=13.023(3) A, f=
109.43(3)°, U=946.7(4) A3, space group P2, (no.4), Z=2,
T=150(1) K, u(Mog,) =2.20 mm~!, absolute structure: Flack
parameter = —0.09(9), 5679 reflections measured, 3167
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Figure 1. X-ray structure of (n*-allyl)palladium complexes trans-1 and cis-1
(bond lengths in A, angles in °). 7 refers to the O-C4-C3-Pd dihedral angle.

unique (R;,=0.1090), R1=0.0459, wR2=0.0799 for 1653
observed reflections [/>2s(/)]. Crystal dimensions: 0.03 x
0.05 x 0.15 mm?. Average I/S 3.8 for all data.

Crystal data for cis-1: [C;sH,0,CLPd,]: M,=562.05, ortho-
rhombic, a = 8.3327(9), b= 10.2198(14), c=21.873(3) A, U=
1862.7(4) A%, space group P222, (no.19), Z=4, T=
150(1) K, u(Mog,)=2.23 mm™!, absolute structure: Flack
parameter = — 0.04(10), 14718 reflections measured, 3695
unique (R, =0.1913), R1=0.0468, wR2=0.0718 for 1672
observed reflections [/>2s(/)]. Crystal dimensions: 0.03 x
0.03 x 0.22 mm?. Average I/S =2.0 for all data. The data were
collected on a Stoe image-plate diffractomer, and the
structures was solved by direct methods and refined by full-
matrix least-squares on F2.110¢-1

Chlorodimers trans-1 and cis-1 have slightly distorted C,
symmetry (Figure 1). Analogous chloro-bridged dimers usu-
ally display clean C, or higher symmetries; however, in trans-1
and cis-1 the conformation of the acetate groups is different,
which leads to minor deviations in the otherwise symmetry-
equivalent geometrical parameters. The OAc group of trans-1
and cis-1 have S configuration and they occupy trans and cis
positions, respectively, to the palladium atom. This confirms
that the oxidative addition to palladium (Scheme 2) proceeds
by a cis mechanism in toluene and by a trans mechanism in
DMSO without affecting the configuration of the OAc
functionality. These stereochemical pathways were previously
established by Kurosawa and co-workers['!l in the oxidative
addition of palladium to other allylic cyclohexenyl chlorides.

The cyclohexenyl rings in the dimeric (7*-allyl)palladium
complex trans-1 possess a chair conformation rendering the
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OAc groups to an axial position. However, in cis-1 the six-
membered rings have a boat conformation and the OAc
groups are in axial position. Interestingly, alteration of the
stereochemistry in analogous [7°-(1,2,3)-cyclohexenyl]palla-
dium complexes leads to a similar change from chair to boat
conformation.d

The presence of the OAc functionality does not lead to twist
of the cyclohexenyl rings; the C1, C3, C4, and C6 carbons are
all in the same plane. The dimer trans-1 shows a bent bridge
configuration! with a bending angle [measured as Pd-(CI-Cl)-
Pd] of 148.9(2)°, where the allyl moieties are cis-oriented and
bent away from one another. This bridge bending angle is
rather usual for analogous chlorodimers.! On the other hand
cis-1 has a bent bridge configuration with a bending angle of
148.1(2)°, in which the allyl moieties are trans-oriented.
Although, the bent bridge configuration with cis-oriented
allyl moieties is rather usual for chlorodimers of allylpalla-
dium complexes, as far as we know bent bridge configuration
for trans-oriented allyl groups has not yet been reported.

Another important structural feature of trans-1 is the
asymmetric allyl —palladium bonding (Table 1). The palladi-

Table 1. Selected geometrical parameters [A] of trans-1 and cis-1.

trans-1 cis-1

C1-Pd C3-Pd A Cl'=Pd’" C3-Pd A3l
X-ray Figure 2. Calulated (B3PW91/LANL2DZ + P) structure of (3*-allyl)palla-
trans-1 2.185(9)  2.145(9) 0.040(13) 2.187(10) 2.143(9) 0.044(13)  dium complexes trans-1 and cis-1 (bond lengths in A, angles in °). 7 refers to
cis-1  2.159(10) 2.159(11) 0.000(15) 2.163(10) 2.159(11) 0.004(15)  the O-C4-C3-Pd dihedral angle.
DFT
trans-1  2.160 2.133 0.027 2.158 2.137 0.021
cis-1 - 2125 2.140 —0.015 2.127 2.139 —0.012

tional model B3PWO91. This so-called hybrid functional
includes the exact (Hartree —Fock) exchange, the gradient-

[a] Difference between C1—Pd and C3—Pd as well as between C1'—Pd’ and
C3'—Pd'.

um - carbon bond to the C3-allylic terminal position (Pd—C3
2.145(9) and Pd—C3' 2.143(9) A) is shorter than the other
terminal palladium-carbon bond (Pd—C1 2.185(9), Pd—C1’
2.187(10) A). Although, the difference in bond lengths
(0.042 A) is rather small in relation to the experimental error
of each bond!" (0.009 A) there is a significant asymmetry in
the allyl-palladium bonding (Table 1), which is also dis-
played by the calculated DFT geometrical parameters (vide
infra). In contrast to trans-1, cis-1 does not show a contracted
Pd—C3 bond compared to the Pd—C1 bond but the Pd—C3 and
Pd—C1 bond lengths are identical within the experimental
error. The different Pd—C bonding in trans-1 and cis-1 clearly
indicates the stereoelectronic nature of the interactions
between the acetate functionality and the allyl-palladium
system.

Theoretical studies: A number of theoretical studies were
published recently in which the structure and reactivity of
analogues of 1 were discussed.®® °) However, these calculations
were focused on monomeric allylpalladium chlorides in order
to reduce the computational efforts required. For the first
time, we publish here a theoretical calculation for a dimeric
chloro complex trans-1 and cis-1 (Figure 2).

Computational methods: The geometries were fully optimized
by employing a Becke-typel'?l three-parameter density func-
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corrected exchange functional of Becke and the more recent
correlation functional of Perdew and Wang.'**! All calcula-
tions were carried out using a double-{(DZ)+P basis
constructed from the LANL2DZ basis!'** by adding one
set of d-polarization functions to the heavy atoms (exponents:
C0.63, 0 1.154, C10.514) and one set of diffuse d-functions on
palladium (exponent: 0.0628). All calculations were carried
out by employing the Gaussian 94 program package.!'*]

Because of the different conformation of the acetate
groups, trans-1 possesses C; symmetry. By rotation of the
acetate groups two C, symmetrical structures could be
obtained. However, the energy of these C, symmetrical
complexes differ only by 0.3 kcalmol~! from that of trans-1,
indicating that the distortion of the acetate groups is induced
by weak nonbonding interactions. The geometry calculated
for trans-1 and cis-1 is rather similar to the analogous
monomeric structure obtained at the same level of theory.
Interestingly, the calculations for the monomeric formsl]
predicted a larger stability for the chair form than for the
boat form in trans-1, while in case of cis-1 the boat form was
predicted to be more stable than the chair form. These
conformational preferences are clearly verified by the above
X-ray studies.

The geometrical parameters calculated for trans-1 and cis-1
are in good agreement with the values obtained by the X-ray
studies (c.f. Figure 1 and 2). Except for the Pd—Cl bond
lengths in cis-1 the deviation between the measured and
calculated parameters is within 0.03 A, which is the usual
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accuracy for such DFT calculations. The calculated structure
of trans-1 also displays the asymmetrical allyl-palladium
bonding; the Pd—C3 bond (2.13 A) is shorter than the Pd—C1
bond (2.16 A). The Pd—C1 and Pd—C3 bond lengths in cis-1
are similar, with the Pd-C3 being slightly longer than the
Pd—C1 bond. On the other hand, in the experimental
structure of cis-1 the Pd—C1 and Pd—C3 bond lengths are
identical within the experimental error. The minor deviations
between the experimental and calculated Pd—C bond lengths
in cis-1 can probably be ascribed to the slight overestimation
of the nonbonding Pd—OAc repulsive interactions by the
DFT/DZ + P theoretical model. This steric interaction does
not appear in trans-1, providing a good agreement between
the geometries determined by X-ray structural analysis and
DFT calculations.

The asymmetric allyl-palladium bonding in trans-1 is
characteristic for m—o* type MO interactions that occur
between polar 4-substituents and palladium in [7*-(1,2,3)al-
lyllpalladium complexes. This electronic interaction was
reviewed in several recent publications!® ! pointing out its
importance on the structure and reactivity of the allylpalla-
dium complexes. According to these studies®™® the MO
interactions in 4-acetoxy-substituted [7°-(1,2,3)allyl]palladi-
um complexes involve transfer of the electron density from
the HOMO (d,) of the allylpalladium fragment as well as
from an orthogonal lone-pair orbital (ny) of palladium into the
unfilled 0%(C—0) MO of the C4—OAc bond. The electron-
transfer is most efficient when the OAc functionality is in
antiperiplanar conformation (z=180°, where 7 denotes the
O-C4-C3-Pd dihedral angle), while the electronic effects can
be shut-off by rotating the OAc group by 90° (7 =90°). In the
case of unhindered rotation of the OAc functionality, such as
in acyclic complexes, the antiperiplanar conformer is thermo-
dynamically more stable than the 7=90° conformer, indicat-
ing that the electronic effects involve thermodynamic stabi-
lization of the complex.

Relevance of the present X-ray studies for the chemistry of
the 4-substituted allylpalladium complexes

Structure and conformation of the complexes: Complex trans-
1 represents a particularly suitable species for investigation of
the structural consequences of the above electronic interac-
tions, since the hindered rotation due to the six-membered
ring framework locks the conformation of the 4-OAc group.
Furthermore, in the chair form the conformation of the OAc
group (= —149-154°) stereoelectronically favors the 5t —o*
type interactions.®! The present X-ray results provide for the
first time direct evidence for the presence of these type of
electronic effect in trans-1. The six-membered ring framework
also restricts the OAc conformation in cis-1, however in the cis
complex 7=—48-51°, which is less favorable for the elec-
tronic interactions. This is reflected by the palladium-carbon
bonding in cis-1. In contrast to trans-1, the Pd—C1 and Pd—C3
bond lengths in cis-1 are similar. Interestingly, in the chair
form of the cis complex, 7=—93° (calculated value from
reference [9]) and therefore in this conformation the elec-
tronic interactions between the OAc functionality and the
allylpalladium moiety are completely shut-off, which is
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probably the reason for the low thermodynamic stability of
this conformer.

Implications for the regiochemistry of the nucleophilic attack:
Since the nucleophilic attack on the allyl moiety involves
Pd—C bond breaking, the asymmetric bonding in trans-1 also
prevents the attack at the C3 terminus, for which the Pd—C
bond is relatively short and therefore strong. Accordingly, a
very high level of regioselectivity can be obtained in catalytic
transformations proceeding by nucleophilic attack on trans-
1.be.02<71 On the contrary, in cis-1 the Pd—C1 and Pd—C3
bond lengths are similar, which leads to a low level of
regiodifferentiation between the C1 and C3 termini in the
nucleophilic attack. Indeed, it was shown!'®! that the regio-
selectivity is dramatically lowered in catalytic transformations
involving nucleophilic attack on cis-1 as intermediate.

Conclusions

The X-ray structure of trans-1 displays asymmetric allyl—
palladium bonding where the Pd—C3 bond is shorter than
the the Pd—C1 bond. This asymmetry, which is also found by
the DFT calculations, can be ascribed to t—o* type electronic
interactions. This study provides the first direct evidence for
the presence of these electronic interactions in trans-1, and, in
addition, establishes the structure of the key intermediates of
the palladium-catalyzed 1,4-oxidation reaction.

Experimental Section

Preparation of bis(1S,2S,3S,45){trans-4-acetoxy-[13-(1,2,3)-cyclohexenyl]-
palladium} chloride (trans-1): (—)-trans-(15,45)-1-Acetoxy-4-chlorocyclo-
hex-2-enel'®! (0.22 g, 1.26 mmol) was added to a solution of Pd(dba),
(0.66 g 1.14 mmol) in toluene (5.7 mL) at room temperature. The resulting
dark red mixture was stirred for 18 h. After the evaporation of toluene, the
crude reaction mixture was purified by silica gel flash chromatography
(CH,Cl,/diethyl ether (97/3)), yielding trans-1 (0.31g, 96%) as a yellow
powder. Recrystallization from diethyl ether/CH,CIl, gave crystals suitable
for X-ray structural analysis. Spectral data for trans-1 were in accordance
with those reported in reference [10b]. [a]¥ =+12.1 (¢ =1.00, CHCL).
Preparation of bis(1R,2R,3R,4S)-{cis-4-acetoxy-[13-(1,2,3)-cyclohexenyl]-
palladium} chloride (cis-1): (—)-trans-(15,45)-1-Acetoxy-4-chlorocyclohex-
2-enel'® (27.5 mg, 0.16 mmol) was added to a solution of Pd(dba), (100 mg
0.17 mmol) in dry DMSO (1.0 mL) at room temperature. The resulting
dark green solution was stirred for 2 h followed by addition of water. The
aqueous phase was extracted with CH,Cl, (2 x 5mL) and the combined
organic phases were washed with water (2 x 5 mL) and dried (MgSO,). The
solvent was evaporated and the crude product was purified by silica gel
flash chromatography (CH,Cl,/deithyl ether (95/5)), yielding cis-1
(38.8 mg, 88%) as a yellow powder. Recrystallization from diethyl ether/
CH,(l, gave crystals suitable for X-ray structural analysis. Spectral data for
cis-1 were in accordance with those reported in reference [9]. [a]® =
—212.4 (¢=0.41, CHCL).
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Synthesis, Characterization, and Isomerization of an Iridabenzvalene

Robert D. Gilbertson, Timothy J. R. Weakley, and Michael M. Haley*!?!

Abstract: Metal —halogen exchange of vinylcyclopropene 4 followed by addition of

[(Me5P),Ir(CO)Cl] produced iridabenzvalene 5. The metallabenzene valence isomer
was characterized by NMR and IR spectroscopy and by X-ray crystallography.
Isomerization of complex 5 to iridabenzene derivatives 6 and 13 was accomplished by

Keywords: aromaticity - iridium -
metallacycles - strained molecules
- valence isomerization

thermolysis and by Ag™" ions, respectively. The former transformation was a clean and

quantitative process that displayed first-order kinetics.

Introduction

The valence isomers of benzene have been the subject of a
myriad of experimental and theoretical studies.l! The parent
hydrocarbons, as well as numerous derivatives of Dewar
benzene, benzvalene, prismane, and bicycloprop-2-enyl, have
been thoroughly investigated throughout the latter half of the
20th century.”l The valence isomers of some heteroaromatic
compounds are also known, although there are considerably
fewer studies of these systems. For example, the Regitz group
has utilized stable cyclobutadienes and azacyclobutadienes to
prepare valence isomers of azabenzene (pyridine) and
phosphabenzene (phosphinine).’l The valence isomers of
metallabenzenes, perhaps the rarest class of aromatic com-
pounds, are as yet unknown. Metallabenzenes, in which one of
the methine groups in benzene has been replaced with an
isoelectronic transition metal fragment,[* have been shown by
"H NMR spectroscopy and X-ray crystallography to indeed
possess aromatic properties.”! Unfortunately, detailed system-
atic studies involving these aromatic systems have been
limited by the lack of general preparative routes to the
metallacycles. Although several metallabenzenes that are
stabilized by #° coordination of the metallacyclic ring to a
second metal fragment have been reported[® only two
families of stable metallabenzenes have been prepared. In
addition to Bleeke’s iridabenzene 1 and its derivatives,fl
osmabenzene complex 2 has been reported by Roper et al.
along with several analogues.l® "l
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Recently, we reported the synthesis of iridabenzene 3 which
utilizes an intramolecular cyclopropene rearrangement.l’]
Metal —halogen exchange on cyclopropene 4 followed by
the addition of Vaska’s complex resulted in the direct
formation of 3. In an effort to expand the scope of this
chemistry, we have performed the reaction with other Vaska-
type iridium complexes that possess alkylphosphine ligands.
Herein we report the preparation and structural character-
ization of a metallabenzene valence isomer, iridabenzvalene
5, and the thermally promoted isomerization of 5 to the
corresponding iridabenzene 6. We also present the results of
the isomerization/oxidation of 5§ with Ag* ions.

Results and Discussion

Iridabenzvalene 5 was prepared from cyclopropene 4 and
[(Me;P),Ir(CO)CI] (Scheme 1). In contrast to the preparation
of 3,1 the crude mixture from the reaction showed no
evidence of metallabenzene products in the 'H NMR spec-
trum (peaks which are attributed to ring protons in irida-
benzenes are quite obvious as they generally appear at

Ph
Za 1. BuLi Ph
—78°C
—_—_—
2. [(Me3P),Ir(CO)CI] \ PMe;
PH Ph —78t00°C Ilr-CO
PMej
4 7
co PMe.
Ph | A | 3
Ph wPMeg S 5. wPMes
—_— @I“PMeg —_— O |r‘co
Z Ph Ph
5 6

Scheme 1. Synthesis of iridabenzvalene 5 and its conversion to irida-
benzene 6.
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0=7-11).57 The crude or-
ange oil was taken up in diethyl
ether, filtered, and cooled to
—35°C whereupon light yellow
crystals formed in 50 % yield.

Spectral data obtained from
the recrystallized product sug-
gested the formation of the
symmetrical structure 5. The
'H NMR spectrum had only
one resonance in the alkyl re-
gion where signals from a PMe,
ligand would be expected, a
doublet with an integral value
of 18H. Additionally, the
'H NMR spectrum showed that
both of the phenyl groups were
equivalent. Other notable fea-
tures in the 'H NMR spectrum
of 5 included a complex multip-
let at 0 =3.82 corresponding to
the bridgehead cyclopropyl
proton, and multiplets corre-
sponding to the vinylic protons
at 0 =6.55 and 7.23. The latter
multiplet was partially obscured by overlap with a resonance
from the phenyl groups. The 3'P NMR spectrum contained a
single peak at = — 54.36, while the carbonyl group of 5 had a
stretching frequency of #=1955cm™! in the IR spectrum.
These observations are all consistent with a trigonal-bipyr-
amidal arrangement of ligands around the iridium center in §
(Scheme 1). Presumably, the initial nucleophilic substitution
of the iridium center by the vinyl lithiate produces complex
7.8 Complex 5 is then formed by coordination of the 7t bond of
the cyclopropene to the iridium center. The basic structure of
5 is not unprecedented in the literature. Several r?-cyclo-
propene transition metal complexes have been prepared,’
including a series generated from 3,3-diphenylcyclopropene
and Vaska-type iridium compounds.'”! The PMe; analogue of
this series (8) was characterized by single-crystal X-ray
crystallography. Furthermore, a molybdenum complex (9)
with an intramolecular cyclopropene ligand coordinated to
the metal center in an #? fashion has been reported by Hughes
et al.l'l

178.1(9).

Ph H

Ph
Ph cl j>3=
JV—H sPMes oc P:\]/l / ©
|r‘PMe3 (0C)2 ?— (@]
CcO Cp*
8 9

The structure of 5§ was confirmed by a single-crystal X-ray
diffraction study (Figure 1). The axis of the olefinic cyclo-
propene bond in 5 lies in the equatorial plane of the complex,
which is typical of a trigonal-bipyramidal d® complex.['”l The
Ir—C1 (2.15(1) A) and Ir—C2 (2.143(8) A) bond lengths of 5
are similar to the corresponding bond lengths reported for
complex 8 (2.116(6) A, 2.118(6) A).) The length of the
C1—-C2 bond (1.45(1) A) in 5 is greater than that of a typical
cyclopropene (~1.29 A).I3! This type of bond elongation is
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Figure 1. Molecular structure of iridabenzvalene complex 5; ellipsoids drawn at the 30 % level. Selected bond
lengths [A] and angles [°]: Ir—P1 2.306(3), Ir—P2 2.318(3), Ir—C1 2.15(1), Ir—C2 2.143(8), Ir—C5 2.10(1), Ir—C6
1.87(1), C1—-C2 1.45(1), C1—-C3 1.53(1), C2—C3 1.53(1), C3—C4 1.47(1), C4—C5 1.32(1), C6—O 1.15(1); P1-Ir-P2
104.1(1), P1-Ir-C1 109.4(2), P2-Ir-C2 105.9(3), Ir-C1-C2 70.2(5), Ir-C2-C1 70.4(5), C1-C2-C3 61.9(6), C2-C1-C3
61.6(6), C1-C3-C4 116.4(8), C2-C3-C4 116.4(8), C3-C4-C5 115.5(9), Ir-C5-C4 111.4(7), C5-Ir-C6 178.9(4), Ir-C6-O

characteristic of transition metal olefin complexes that have a
significant backbonding contribution from the metal center.['”
In the case of 5?-cyclopropene transition metal complexes, the
elongation of the & bond results in an increase in the apical
angle of the three-membered ring, and hence, a reduction in
the strain of the cyclopropene ring.[- !4 The apical bond
angle in a typical cyclopropene is ~50°,[3] whereas in 5 the
C1-C3-C2 bond angle is 56.5(5)° (the corresponding angle in 8
is 56.7(4)°)." Another consequence of complexation of the
cyclopropene to the iridium center is that the phenyl
substituents of the cyclopropene are bent out of the ring
plane.l'¥ In complex 5, the C1-C2-C3 plane intersects with the
C1-C2-C7-C13 plane at an angle of 63.7°. For comparison, the
cyclopropene substituents of [(PPhs),Pt(1,2-diphenylcyclo-
propene)] and [(PPh;),Pt(3,3-diphenylcyclopropene)] are
bent away from the plane of the three-membered ring by
angles of 59.1° and 72.1°, respectively.'**] The orientation of
the cyclopropene plane in 5, with respect to the iridium center,
is significantly restrained compared to complex 8. The Ir-C1-
C2-C3 torsion angle in 5is 110.3(5)°, whereas the correspond-
ing angle in 8 is 126.3(4)°.l'% The constraint of this angle in 5 is
undoubtedly an effect of the intramolecular nature of the
cyclopropene ligand. In comparison, the corresponding angle
in benzvalene is 106°.1

When viewed in the limiting resonance form of a metal-
lacyclopropane,® 1l the structure of complex 8’ resembles that
of strained bicyclo[1.1.0]butane (10).I' By the same analogy,
complex 5 closely resembles the structure of benzvalene

Ph
Ph«-&?‘ e i
rabhes N7 i
| €3 =
co
5
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(11).1%! The structure of alkenes which are 7?-coordinated to
transition metals can vary between the limiting resonance
forms of an olefin complex and a metallacyclopropane and is
dependent on a number of factors.'?l In the olefin-type
structure, the transition metal is usually highly oxidized and
the alkene ligand is predominantly a ¢ donor. Since there is
little, if any, backbonding in this type of structure, the bond
lengths and hybridization of the alkene are very similar to the
free alkene. Variables that favor the metallacyclopropane
limiting structure include a transition metal in a low oxidation
state, electron-withdrawing substituents on the olefin, and strain
in the olefin. In a low-oxidation state, the transition metal is
more apt to facilitate backbonding and, hence, the olefins in
this type of structure are predominantly ; acceptors and
exhibit bond elongation and hybridization close to sp®. Con-
sidering all of these factors and the crystallographic data from
Figure 1, it is appropriate, at least from a structural point of
view, to refer to 5 as a metallabenzvalene since its structure is
more like that of a metallacyclopropane than an olefin complex.

In view of the structural similarities of 5 and 11, and the
propensity of 7?-cyclopropene transition metal complexes to
rearrange into metal carbenes,!'* 1 we were interested in the
reactivity of 5. In particular, we were interested in the
possibility that complex § could be induced to rearrange into
an iridabenzene complex. The analogous rearrangement of
benzvalene to benzene has been promoted thermally and can
also be catalyzed by silver ions.'”l Complex 5 is indefinitely
stable in the solid state at ambient temperature, and no
noticeable decomposition was observed after exposure of the
solid to atmospheric oxygen for a period of several days. In
refluxing benzene, however, § was converted cleanly and
quantitatively (measured by 'H NMR spectroscopy) to
iridabenzene 6. No other reaction products were observed
in the 'H, BC, or 3P NMR spectra during this reaction.
Solutions of 5§ in benzene or toluene are nearly colorless;
however, after conversion to 6 has occurred, the same
solutions take on a reddish hue, which is consistent with
iridabenzene 37 as well as other iridabenzene complexes.l!

The conversion of § into iridabenzene 6 is quite apparent in
the '"H and 3'P NMR spectra (Figure 2). During the course of
the reaction, the resonances at 6 =3.62 and 6.55 (resulting
from the cyclopropyl proton and one of the vinyl protons in 5)
disappear, while three new signals, consistent with iridaben-
zene ring protons, appear at 6 = 11.00, 8.25, and 7.91 (HS, H3,
and H4, respectively). The 3P NMR spectrum shows a new
resonance at 0 = — 39.33 which is attributed to iridabenzene 6,
while the resonance from complex 5 at 6 = — 54.36 disappears.
The rate of the isomerization was measured by NMR
spectroscopy. The concentration of 5 during the course of
the reaction was determined from the integral value of the
cyclopropyl proton. The rate constants at 331.32, 343.38, and
353.84 K were determined by plotting In[5]/[5], versus time
(Table 1). In all cases the data was linear, which indicates first-
order kinetics. The slopes of the lines were taken as the rate
constant. An Eyring plot of the data obtained from the rate
measurements was linear and gave the following activation
parameters: AH*=25.345.3 kcalmol™!, AS*=—-5.6+15eu.
The corresponding values for benzvalene (11) are 259+
0.2 kcalmol~! and 1.6 0.7 eu, respectively.['”]
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Figure 2. Time-evolved 'H NMR spectra of the thermally promoted
isomerization of 5 to 6 at 58.2°C in [Dg]toluene. The bottom spectrum was
recorded after 1 h, and the following spectra represent 3 h intervals with the
top spectrum representing a reaction time of 37 h. For clarity, the region
between 0=6.6 and 7.5, which corresponds to numerous aromatic
resonances of 5, 6, and the toluene solvent, has been omitted. The PMe,
region has also been omitted.

Table 1. Rate constants for the thermolysis of 5 in [Dg]toluene.

Temperature Rate constants [s7!]
331.32K 346+£0.12x 10°°
341.38 K 711+£022%x107°
351.84 K 3.22+£0.04x 107

Two plausible mechanistic pathways for the thermally
promoted isomerization of § are given in Scheme 2. If § is
viewed as an iridabenzvalene complex, then the simplest
mechanistic explanation is a concerted rearrangement of the
metallabicyclobutane moiety which would give iridabenzene

ph. §° PMe;
Ph 3= r«PMe; a o WPMeg
~PMes g C(o"‘co
Z Ph Ph
5 6
b ‘b
Ph
PMe3
Ph b //u,,:r.‘\PMe3
\ PMe; — <PCCO
Ilr—CO h Ph
PMejs P
7 12

Scheme 2. Two plausible mechanistic pathways for the thermally promot-
ed isomerization of 5.

6 directly (Path a). A concerted rearrangement of 5 would be
analogous to the thermally promoted isomerization of benz-
valene to benzene.'”! Alternatively, the isomerization of §
may proceed in a stepwise fashion (Path b). Cyclopropene
ligands in complexes prepared from Vaska-type iridium
complexes, such as 8, are relatively labile. For example, the
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cyclopropene in 8 can be exchanged quantitatively at ambient
temperatures with a deuterated version of the cyclopropene,
or with electron-deficient olefins, such as tetracyanoethylene
or dimethyl maleate.l'’] If the cyclopropene portion of 5
dissociated from the iridium center, it would produce 7
(incidentally, the same intermediate presumably formed in
the initial step in Scheme 1). Complex 7 would very likely be a
highly reactive intermediate considering that it is a coordina-
tively unsaturated, 16 e~ species. Oxidative addition of a
cyclopropene o bond in 7 to the iridium center would give the
metalla— Dewar benzene 12. A rapid valence isomerization of
12 to iridabenzene 6 should be a facile process due to the
release of strain energy.

The isomerization of 5 to a metallabenzene can also be
promoted by Ag" ions (Scheme 3). When complex 5 was
treated with two equivalents of AgBF, in acetonitrile, the
color of the solution gradually turned blue and Ag metal was

2+
pn. GO PMey ]
2 equiv AgBF 2! ANCCH
Ph ranPMeg (@A 3 _
@‘PM% CH3CN I “NCcH,  2BF4
650 Ph" PhPMes
5 13
2 Ag*
-CO
CO
PMe
P Ph—llr"“P'vIe3 O’o' ‘\\P3Me3
A" )] “YPMe; C(”wco
Iz Ph Ph
14 6
PMes |
| —.| «PMe; -Ag* 4
—_— & Ir\ _—
Ph co
Ph™ Ag

15

Scheme 3. The isomerization of 5 to a metallabenzene, which is promoted
by Ag" ions.

deposited on the walls of the flask. Filtration of the solution
and removal of the solvent gave 13 as a blue oil.l'l When
catalyzed by Ag ions, the ring opening of cyclopropenes
occurs either through initial electrophilic attack of the Ag
cation at the & bond of the cyclopropene, or by attack at one
of the cyclopropene o bonds.' The electrons of the 7t bond in
5 are coordinated to the iridium center which means that the
electrophilic attack of the Ag* ion at the & bond is unlikely.
Hence, in the case of 5, initial attack of the Ag* is most likely
to occur at one of the o bonds to give a cationic intermediate,
such as 14 (Scheme 3), which is stabilized by allylic resonance.
Attack of a transition metal at one of the cyclopropene o
bonds was proposed in the rearrangement of complex 8 to a
metallacyclobutene.'”) The subsequent rearrangement of 14
to intermediate 15 is probably driven by the relief of the strain
energy in the bicyclic system of 14. Loss of the Ag substituent
in 15 leads to the production of metallabenzene 6 and
regeneration of the Ag™ ion. The oxidation of metallabenzene
6 by two equivalents of Ag' then produces a dicationic
metallabenzene complex (13) with the loss of a CO ligand and
accounts for the deposition of Ag metal on the reaction vessel.
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A similar oxidation of metallabenzene 1 to a dicationic
complex with two equivalents of Ag"™ was first observed by
Bleeke et al.l!

Conclusions

We have prepared and characterized an iridabenzvalene
complex (5). In a similar manner to its purely hydrocarbon
analogue (11), complex 5 can be cleanly isomerized to
iridabenzene derivatives by thermolysis (6) and by a two-step
Ag-mediated rearrangement/oxidation procedure (13). The
mechanism of the reaction is currently under investigation to
discover whether the former process is a true “valence
isomerization” (Scheme 2, Path a) or if it proceeds through
an alternative route (Path b). Attempts to detect intermedi-
ates 7 and 12 and/or trap these species are in progress.

Experimental Section

General: Cyclopropene 4 and [ (PMe;),Ir(CO)Cl] were prepared according
to the literature.” 2l A solution of butyllithium (2.5M) in hexanes was
purchased from the Aldrich Chemical Company. Manipulations of organo-
metallic reagents were carried out in either an inert-atmosphere glove box
(Vac Atmosphere) or by standard Schlenk techniques. Diethyl ether,
toluene, and hexanes were distilled from sodium/benzophenone and
degassed by three freeze/pump/thaw cycles prior to use. Acetonitrile was
distilled from CaH, and degassed as above prior to use. [Dg]Acetone and
[Dg]toluene were purchased in 0.5 mL ampoules from Aldrich and used as
received. NMR spectra were recorded on a Varian Unity-INOVA 300
spectrometer at ambient temperature, unless otherwise noted. 'H, 1*C, and
3P NMR spectra were acquired at 299.95, 75.43, and 121.42 MHz,
respectively. Chemical shifts for 'H and '*C NMR spectra are reported
downfield from tetramethylsilane with the residual solvent signal as an
internal standard. The 3'P NMR spectra are referenced relative to external
H;PO,. Coupling constants are reported in Hertz. FT-IR spectra were
recorded on a Nicolet Magna 550 FT-IR spectrometer.

Iridabenzvalene 5: In an inert-atmosphere glove box, a flame-dried
Schlenk flask was charged with cyclopropene 47 (0.185 g, 0.537 mmol)
and Et,0 (5mL). The solution was cooled to —78°C under an argon
atmosphere and a solution of BuLi in hexanes (0.21 mL, 0.53 mmol, 2.5M)
was added with a syringe. The resulting solution was stirred at —78°C for
15 min, then a solution of [ (PMe;),Ir(CO)CI] (0.204 g, 0.5 mmol) in Et,0
(20 mL), precooled to —78°C, was added over a period of 5 min by means
of a double-ended needle under Ar pressure. The solution was stirred at
—78°C for 30 min, then allowed to equilibrate to ambient temperature
over a period of 1h. The color of the solution changed from yellow to
orange during this time and a white precipitate (LiCl) was formed. Ethanol
(95%, 0.10 mL) was added by syringe and the suspension was filtered
through a glass frit (medium porosity). The solvent was removed in vacuo
to give an orange oil which was taken up in Et,0 and filtered through
Celite. The ethereal solution was cooled to — 35 °C whereupon light yellow
crystals of 5 (0.047 g) formed. Two additional crops of crystals were
subsequently collected for a combined total yield of 0.148 g (50%).
'H NMR ([Dg]benzene):  =7.63 (d, /=73 Hz, 4H), 726717 (m, 5H),
7.00 (t, J=73Hz, 2H), 6.55 (H4: ddt, J(H4,HS)=8.2, J(H4,H3)=2.6,
J(H4,P) =8.8 Hz, 1H), 3.83-3.80 (H3: m, J(H3,H4)=2.6, Hz, 1H), 1.11
(P(CHa);, d, J=9.0 Hz, 18 H); BC NMR ([D4]benzene): 6 =180.48 (t, /=
6.5 Hz, CO), 146.76 (t, J=4.0 Hz), 146.52 (t, J=75Hz), 141.79 (t, J=
15.1 Hz), 128.15 (s), 124.53 (s), 70.92 (m), 60.83 (t, J=3.5 Hz), 20.49 (m,
P(CH;);) (one resonance is obscured by the solvent signals); P NMR
([Dg]benzene): 6 = —54.36; IR (KBr): #=1955 cm~! (CO); anal. calced (%)
for C,,H;IrP,0O: C 48.89, H 5.30; found: C 48.74, H 5.37.

Iridabenzene 6: Complex 5 (0.014 g, 0.023 mmol) was dissolved in
[D¢]benzene (0.75 mL) and flame-sealed in a Smm NMR tube. The
NMR tube was heated in a sand bath at 100 °C for 1 h. The solution changed
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from pale yellow to red during the isomerization. At the end of the heating
period, an analysis of the NMR spectrum of the sample showed
quantitative conversion to metallabenzene 6. The solvent was removed in
vacuo to give a deep red solid, which was taken up in Et,O. The ethereal
solution was cooled to —35°C whereupon red-orange crystals of 6 formed.
M.p. 145°C (decomp); 'H NMR ([Dg¢]benzene): 6=11.00 (H5: ddt,
J(HS5,H4) =10.1, J(H5,H3) =13, J(H5,P)=12.3 Hz, 1H), 8.25 (H3: ddt,
J(H3,H4) =8.0, J(H3,H5)=1.3, J(H3,P)=6.0 Hz, 1H), 791 (H4: ddt,
J(H4,H3) =8.0, J(H4,HS) =10.1, J(H4,P) =0.9 Hz, 1H), 7.28 (t,/ = 8.8 Hz,
4H), 712-7.00 (m, 4H), 6.90-6.79 (m, 2H), 1.03 (P(CH,);, d, J=7.2 Hz,
18H); C NMR ([D¢]benzene): 6 =191.42 (t, J=51.4 Hz, CO), 189.95 (t,
J=5.0Hz, C1), 176.04 (s, C5), 169.02 (t, J=3.1 Hz), 148.94 (t, /=4.0 Hz),
141.49 (t,J =4.5 Hz), 136.74 (t,J = 8.6 Hz), 131.92 (s), 129.06 (t,/ = 4.0 Hz),
127.50 (s), 126.59 (t, J=6.0 Hz), 126.16 (s), 124.87 (s), 123.44 (s), 21.20 (d,
J=33.6 Hz, P(CH,;);); *'P NMR ([Dg]benzene): 6 = —39.33 (s); anal. calcd
(%) for CpH;IrP,0: C 48.89, H 5.30; found: C 48.68, H 5.29.

Iridabenzene 13: In an inert-atmosphere glove box, a Schlenk flask was
charged with AgBF, (0.020 g, 0.10 mmol) and complex 5 (0.029 g,
0.049 mmol). Acetonitrile was added to the solids and the resulting
solution was stirred at room temperature for 2 h. During the reaction, the
color of the solution changed to blue and metallic silver was deposited on
the walls of the flask. The resulting suspension was filtered through a glass
frit and the solvent was removed in vacuo to give a blue oil (0.027 g, 68 %).
Repeated attempts to crystallize or precipitate the oil were only marginally
successful, hence 13 was not isolated in analytically pure form. 'H NMR
([DgJacetone): 6 =13.31 (H5: dd, J(H4,H5) =8.2, J(H5,H3) =2.1 Hz, 1 H),
8.57 (H3: apparent dq, J(H3,H4) =79, J(H3,H5) =J(H3,P) =2.1 Hz, 1H).
8.01 (H4: apparent triplet, J(H4,H3) =J(H4,H5) =8.0 Hz, 1 H), 7.34-7.29
(m, 2H), 7.11-7.05 (m, 4H), 7.00-6.95 (m, 4H), 2.86 (NCCH;, t, J(H,P) =
1.5Hz, 3H), 2.36 (NCCH;, t, J(H,P) =12 Hz, 3H), 1.60 (P(CH,;);, d, /=
9.7 Hz, 6H); *'P NMR ([Dglacetone): 6 = —24.24 (s).

Crystal structure of 5: C,,H;IrOP,, M =598.68, yellow prisms, 0.16 x
0.18 x 0.36 mm, monoclinic, space group P2/c, a=28.8486(9), b=
15192(2), ¢=18982(2) A, B=104.773(9)°, V=24674(6) A}, Z=4,
Peaca=1.587 gcm™, Moy, radiation (1=0.71073 A), =557 cm™,
F(000) =1160, T=22°C, 260,,,,=50°, 4341 independent reflections scan-
ned, 3054 reflections in refinement (/> 1.50([)), structure refinement (C
atoms anisotropic, H atoms riding) with teXsan (v. 1.7 for SGI work-
stations), 254 parameters, R=0.049, Rw=0.046. Data was obtained
on an Enraf-Nonius CAD-4 Turbo diffractometer. Crystallographic
data (excluding structure factors) for the structure reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-120562. 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).

Kinetics of the thermolysis of 5: The disappearance of 5 was monitored by
'H NMR spectroscopy by integration of the resonance corresponding to the
H3 proton. The isomerization was followed at three different temperatures
(331.32, 343.38, and 353.84 K). At each temperature the NMR spectrom-
eter probe was calibrated by means of the temperature dependence of
ethylene glycol. A plot of In[5]/[5], versus time gave a straight line for the
data at each different temperature. The first-order rate constants were
obtained from the slopes of these lines. An Eyring plot of the rate constants
yielded a straight line from which AH* and AS* were determined. Since
only one rate measurement was acquired at each temperature, error
analysis of the Eyring parameters was determined based on a least-squares
fit of the data.
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Calix[4]arene Amino Acid Derivatives. Intra- and Intermolecular
Hydrogen-Bonded Organisation in Solution and the Solid State

Leo Frkanec,!?! Aleksandar Visnjevac,! Biserka Koji¢-Prodi¢,”! and Mladen Zinic¢+1al

Abstract: Chiral calix[4]arene deriva-
tives with four O-(N-acetyl-PhgOMe),
(1), (Phg denotes R-phenylglycine), or
O-(N-acetyl-LeuOMe) (2) strands have
been synthesised. Both compounds exist
in chloroform in stable cone conforma-
tions with a noncovalently organised
cavity at the lower rim that is formed
by circular interstrand amidic hydrogen
bonds. Such organisation affects both
the selectivity and extraction/transport
properties of 1 and 2 toward metal
cations. Calix[4]arene derivatives with

1,3-OMe-2,4-(O—CH,COPhgOMe) sub-
stituents (4) at the lower rim have also
been prepared. For 3, a conformation
stabilised by a circular hydrogen-bond
arrangement is found in chloroform,
while 4 exists as a time-averaged C,
conformation with two intramolecular
NH:---OCH; hydrogen bonds. Com-
pound 5 has a unique hydrogen-bonding

Keywords: calixarenes - cations -
hydrogen bonds - noncovalent inter-
actions structure elucidation

motif in solution and in the solid state
with two three-centred NH --- O and two
OH--- O hydrogen bonds at the lower
rim. This motif keeps § in the flattened
cone conformation in chloroform. The
X-ray structure analysis of 1 revealed a
molecular structure with C, symmetry;
this structure is organised in infinite
chains by intra- and intermolecular H
bonds. The solid-state and solution
structures of the [1-Na]ClO, complex
are identical, C, symmetric cone con-
formations.

one OCH,COPhgOMe strand (3), two
OCH,COPhgOMe strands (5) and with

Introduction

In biological systems, the cooperative action of peptidic
hydrogen bonds plays a major role in organisation, assembly
and molecular recognition processes.!! The supramolecular
approach to synthetic molecules with recognition and self-
organisational properties often comprises synthetic combina-
tion of rigid molecular scaffolds that act as topological
templates with amino acids or small peptides as organisational
elements; various constrained systems such as cavitands,?
steroids,’! porphyrins, constrained peptidest! and sugarsl®
have been used. Surprisingly, calix[4]arenes,”! although they
have been very extensively studied in recent years, have only
been used infrequently as topological templates in combina-
tion with amino acids or peptides.’! Very recently, however,
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the syntheses of calix[4]arene hybrid receptors functionalised
at the upper rim with L-alanine and dipeptide units have been
reported.’) Very limited data are available in the literature
about the upper-*“! or lower rim!® ! calix[4]arene tetra-(O-
amino acid or -dipeptide) derivatives that describe their
organisation by intramolecular hydrogen bonds. For structur-
ally related cavitands®?! with strands at the lower rim that
incorporate peptidic functionalities, organisation by intra- and
interstrand hydrogen bonding was observed. However, the
calix[4]arenes with urea units at the upper rim form dimers
through intermolecular hydrogen bonds and produce a
molecular capsule.'> "I An example of the lower rim 1,3-bis-
O-(CH,CONHR)-substituted calix[4]arene revealed the
transannular amidic type of hydrogen bonding."?l All of the
above examples show that calix[4]arene derivatives with
hydrogen-bonding functionalities at the lower or upper rim
may form various types of intra- or intermolecular organisa-
tions.

The possible hydrogen-bonding motifs of calix[4]arene
derivatives with one, two or four strands at the lower rim
and with one amino acid unit each are presented in this work.
Molecular modelling studies!™® on p-tert-butyl-calix[4]arene
(1, Scheme 1) in the cone conformation with four O-
(CH,COPhgOMe) strands at the lower rim show that the
interstrand peptidic type of hydrogen bonding is likely to
occur with this type of calix[4]arene. More interestingly, if all
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the amide groups are oriented
in the same direction, the hy-
drogen bonds may form a cir-
cular arrangement and this of-
fers additional benefits of co-
operativity. Such compounds
appear to be of interest with
respect to the known metal
cation binding properties of
calix[4]arene tetra-(O-acet-
amide) derivatives.'!l In order
to investigate experimentally
the anticipated organisational
properties of such calix[4]arene
amino acid derivatives, we have
synthesised the tetrasubstituted
calix[4]arene derivatives 1 and
2. In addition, mono- (3) and
disubstituted derivatives (4 and
5) have been prepared to inves-
tigate possible hydrogen-bond-

R = CH2COCI

Abstract in Croatian: Sintetizi-
rani su derivati Kaliks[4]arena s
cetiri  O-(N-acetil-PhgOMe),
(1), (Phg oznacava R-fenilgli-
cin) ili O-(N-acetil-LeuOMe)
(2) lanca na donjem rubu Kalik-
sarenske kosarice. Ustanovlje-
no je da oba derivata tvore
stabilne stoZaste konformacije
u kloroformu s ne-kovalentno
organiziranim Suljinama na do-
njem rubu kaliksarenske kosa-
rice. gupljine nastaju tvorbom
cirkularnih medulancanih vodi-
kovih veza izmedu amidnih
skupina. Ovakva organizacija
kod 1 i 2 utjece na njihovu selektivnost u ekstrakcijama i
eksperimentima prijenosa metalnih kationa. Sintetizirani su i
derivati Kaliks{4]arena s jednim (3) i dva (5) OCH,COPhgOMe
lanca te derivat 4 s 1,3-OMe-2,4-(OCH,COPhgOMe) supsti-
tuentima na donjem rubu. Spoj 3 tvori u kloroformu stoZastu
konformaciju stabiliziranu cirkularnim vodikovim vezama
dok spoj 4 daje dvije C, simetricne konformacije u ravnoteZi
nastale tvorbom suprotno usmjerenih NH --- OCH; vodikovih
veza. Spoj 5 tvori u otopini i krutom stanju konformaciju s
jedinstvenim motivom vodikovih veza. Motiv se sastoji od
dvije trocentricne NH --- O i dvije OH --- O vodikove veze na
donjem rubu koje ukrucuju Kaliksarensku kosaricu u spljo-
stenoj stoZastoj konformaciji. Kristalografska strukturna ana-
liza spoja 1 otkriva molekulsku strukturu s C, simetrijom
organiziranu u beskonacne lance pomocu intra- i inter-mole-
kulskih vodikovih veza. Molekulske strukture kompleksa
[1, Na"]CIO, u otopini i krutom stanju su identicne i
odgovaraju C, simetricnoj stoZastoj konformaciji.

RO OR

OMe

R = CH,COCI
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Scheme 1. Reagents and conditions: i) R-PhgOMe-HCI, or (S)-LeuOMe, Et;N, CH,Cl,, RT; ii) N-(chloro-
acetyl)PhgOMe, K,CO;, KI, dry acetone, reflux.

ing motifs with OH and amidic functions at the lower rim
(Scheme 1). The acyclic model compound 6 was prepared for
comparative purposes. The solution and solid-state structures
of prepared calixarenes were studied by NMR and FTIR
spectroscopy, and X-ray structure analysis. Metal cation
extraction and transport studies were performed and the
results were compared with those for calix[4]arene tetra-(O-
acetamide) derivatives to reveal the possible dependence of
these properties on hydrogen-bonding motifs present at the
lower rim.

Results and Discussion

Synthesis: The well-established method for the synthesis of
tetra-(O-acetic ester) or -(O-acetamide) calix[4]arene deriv-
atives in the cone conformation is based on the use of NaH as
a strong base and also on the templating effect of sodium
cations.”” However, for the synthesis of 1 and 2, such a strong
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base has to be avoided owing to
facile racemisation of R-phen-
ylglycine and S-leucine in
strongly basic conditions.['s] Al-
ternatively, the synthesis was
reported of calix[4]arene tetra-
(O-acetyl) ester in a cone con-
formation by using a weaker
base, potassium carbonate, and
a large excess of ethyl bromo-
acetate in acetone.l'%® The at-
tempted one-step synthesis of 1
under the latter conditions that
starts from p-tert-butyl-calix[4]-
arene and N-(chloroacetyl)-
PhgOMe (K,CO;, KI, dry ace-
tone, reflux under nitrogen)

% TRANSMITTANCE

PhH
N ArH

3600 3400 3200 3600 3400 3200 3600 3400 3200

o o
a CHeg

S U RS G G Y. W

OCH,

yielded, even after 7 days, only
the mixture of the monosubsti-
tuted 3 (9% yield) and disub-
stituted 5 (40% yield), which
are separable by column chromatography (silica gel, 0-2%
MeOH in CH,Cl,). The stepwise route via the known
calix[4]arene tetraacetic acid and its chloride!'®) and PhgOMe
or LeuOMe hydrochlorides (Et;N, CH,Cl,) gave 1 (71%
yield) or 2 (47 % yield). Calix[4]arene 1,3-OMe derivative 4
with two 2,4-O-(CH,COPhgCOOMe) strands was prepared
from a known 1,3-dimethyl-2,4-(CH,COOQOEt) derivative and
its acid chloride!'” and coupled with PhgCOOMe. Compound
4 was produced in 78 % yield. Compound 6 was prepared from
phenol and (+)-N-(chloroacetyl)PhgOMe in 50 % yield.

7

Solution conformations of calix[4]arene derivatives 1-5:
intramolecular hydrogen bonding at the lower rim: 'H NMR
spectra of compounds 1 and 2 (CDCI;) show the pattern
characteristic of p-tert-butyl-calix[4]arene in a cone confor-
mation, except for the appearance of two close singlets (6 =
6.66 and 6.68) of approximately equal intensity for the
calix[4]arene aromatic protons (ArH) in the spectrum of 1
(Figure 1). Similar but more pronounced splitting of calixar-
ene ArH protons was observed in amino acid derivatives with
C, symmetry at the upper rim and was attributed to the
presence of chiral amino acid units.’) The NH protons of 1
(0=8.12) and 2 (0=76) are strongly shifted downfield

|Il||lllll|ll|ll|IlI||lIl|I|ll|IIlllllll[lllIIIlll[lllllIII||l|II||II|]lilllllllllllllllll

5 4 3 2 1 0 4

Figure 1. '"H NMR (CDCl;) of 1 and FTIR (inset, NH region; CHCl;) spectra of 1, 2 and 6.

relative to those of 6 (6 =7.6) and N-chloroacetyl-LeuOMe
(0 =16.94); this indicates the involvement of the first two in
hydrogen bonding (Table 1). In line with this observation, the
high NH temperature coefficient!'"® in CDCl; was determined
for 1 (AO/AT=4.9 x 103 K1; ¢;=8.1 x 10~3m), while for 6 at
the same concentration the coefficient was only AS/AT=
2.4 x 1073 K-, which is characteristic of non-hydrogen-bond-
ed NHs exposed to chloroform. It was also observed that
'"H NMR spectra of 1 and 2 were concentration independent
in the 10#-10"2M range; this points to intramolecular
hydrogen bonding in these compounds. Possible intrastrand
hydrogen bonding to ether, amide or ester carbonyl oxygens
as hydrogen-bond acceptors may be excluded as no such
hydrogen bonding was observed for 6. To identify the possible
interstrand hydrogen-bond acceptors in 1 (ether, amide or
ester carbonyl oxygens), the chemical shifts of carbonyl
resonances in the *C NMR spectra of 1 (0=171.47 and
169.65) and 6 (0 =170.98 and 167.75) were compared. The
downfield shift (Ad;4~2) of the higher field carbonyl
resonance of 1 points to its involvement in hydrogen bonding.
The assignment of carbonyl resonances in >*C NMR spectra of
1 and 6 was achieved on the basis of deuterium isotope effects
after partial NH—ND exchange. In accordance with literature
data,l'”! the larger two-bond isotope effects (75 ppb) and

Table 1. '"H NMR NH and OH chemical shifts [ppm], temperature coefficients [A6/AT x 10° K-!], chemical shift difference of diastereotopic OCH,Hg
protons [Adocranss Hz], FTIR NH and amide I bands [v, cm™!], and corresponding H-bond types for calix[4]arene derivatives 1-5 and compound 6.

Compound!® '"H NMR CDCl, FTIR H Bond Type
Oxn Adny/AT Adon Adon/AT Adochans VNH VconH

1 8.12 4.7 - - 106 3351 1675 NH --- O=CNH

2 7.60M! 4.9 - - 60 3326 1669 NH --- O=CNH

3 9.70 3.5 9.80 4.7 14 32990l 1683 NH:---OH, OH---OH; OH---OCH,
9.20 3.0
9.06 3.1

4 8.20 3.8 - - 32 3417 1683 NH---OCH;4

5 9.41 1.8 7.20 3.7 77 33160 1676 NH---OCH,, OHY); OH --- OCH,

6 7.60 2.4 - - 14 3420 1686 -

[a] Concentration 8.1 x 1073M. [b] Ony = 6.94 for N-chloroacetyl-LeuOMe in CDCl;. [c] Combined OH and NH stretching bands. [d] NH in three-centred

hydrogen bonding.
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smaller three-bond effects (19.5 ppb) identified unequivocally
the positions of amide (1 0 =169.65; 6 6 =167.75) and ester (1
0=171.47; 6 6 =170.98) resonances. This identifies the amide
carbonyls in 1 as hydrogen-bond acceptors. The FTIR data are
fully in agreement with NMR results. In the spectra of 1 and 2
(¢=3.5x1073m, CHCl;), the NH stretching bands at 3320—
3350 cm™! that correspond to hydrogen-bonded NHs are
much stronger than those of free NH at 3420 cm™!; the latter
are, however, stronger in the spectrum of 6 (Figure 1, inset).
Also, the amide I bands in the spectra of 1 and 2 appear at
lower frequencies (v =1675 and 1669 cm™!, respectively) than
that of 6 (v =1686 cm™") in agreement with their participation
in hydrogen bonding. The pronounced chemical shift differ-
ence (Adpcuans, Hz) of diastereotopic OCH,Hjg protons in
the spectra of 1 and 2 (Table 1), which is absent in flexible
derivative 6, suggests the formation of rigid conformations of
1 and 2. Thus, all the spectroscopic observations support the
conclusion that in chloroform 1 and 2 exist in cone con-
formations with C, symmetry and are organised at the lower
rim by interstrand hydrogen bonds (Figure 2). As expected for
such a case, Adocyanp IS strongly solvent dependent and
diminishes with competitive hydrogen-bond-accepting power
of solvent molecules (Adocpaps for 1in CDCl; CD;CN and
[D¢]DMSO is 94, 25 and 0 Hz, respectively; for 6 in CDCl,
14 Hz; for 2 in CDCIl; 60 Hz). Thus, in [Dg]DMSO the
organisation at the lower rim completely disappears. Both 'H
and 3C NMR spectra of 1 and 2 in CDCl; were found to be
temperature independent in the 253-313 K range. The
absence of any coalescence or even peak broadening features

N—H,
0= . 0—H
W I
A 7 =9
Ao Dk N
O N \ ! -
4 ! H 0]
y 0 .-H \N\’?
&o 7/
H—N R0
R
1,2 3
0 o)
R R
(&N\/ RO D /W
¢ A > N)> 0.
l \ H O et l ----- H
\ g I H '
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\ CHs o— —9 : |
H CH, ; : H
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/ W ’L
(6] N /
R R
0 o
4 5

Figure 2. Lower rim hydrogen-bonding motifs for calix[4]arene derivatives
1,3-5 (R=PhgOMe) and 2 (R =LeuOMe) in solution.
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indicative of a time-averaged C, conformation suggests that 1
and 2 each exist as a stable conformation in CDCl;. It should
be noted that, depending on the left or right directionality of
the NH --- O=C bonding, two cyclodiastereoisomeric??” con-
formations of 1 and 2 could be formed. However, only one
species could be observed by NMR spectroscopy during the
temperature variation, this implies the presence of only one
cyclodiastereoisomer in solution.

The 'TH NMR spectrum of 3 (CDCl;, RT; Table 1) with a
single O(CH,COPhgOMe) strand shows sharp resonances for
all protons. Diastereotopic equatorial and axial calixarene
CH, protons give altogether five doublets due to the inherent
asymmetry of 3. The analysis of COSY maps shows that two
axial protons of methylene groups attached to a strand with a
phenolic unit appear at 6 =4.30 and 4.07. These protons are
coupled with two equatorial protons at 6 =3.51 and 3.41. The
two axial and two equatorial protons of the remaining
methylenes give two proton doublets at d =4.11 and 3.41,
respectively (the latter overlap with a 1H doublet). At low
field (0 =9-10), three sharp resonances for OH protons (6 =
9.80,9.20 and 9.06) and one doublet for NH could be observed
(Table 1). In the NOESY spectrum of 3, the NOE effects
between OH at 60 =9.80 and those at d=9.20 and 9.06,
together with weak NOE interaction between NH and OH at
0 =9.02, suggest their vicinal position at the lower rim of the
calix[4]arene cone. Strong downfield shift of 3-NH (6 =9.70 in
CDCl;) along with the high NH temperature coefficient
(Table 1) suggest its participation in hydrogen bonding. In the
FTIR spectrum, no free NH stretching band above 3400 cm™!
could be observed and the position of the amide I band at
1683 cm~! suggests that the amide oxygen is not a hydrogen-
bond acceptor. The analysis of OH proton chemical shifts and
their temperature coefficients suggests that all three are
involved in intramolecular hydrogen bonding and that the OH
proton with the highest chemical shift (6 =9.80) also exhibits
the highest value for the OH temperature coefficient (Adqy/
AT=4.7x1073K™). This can be explained by its participa-
tion in hydrogen bonding with neighbouring OH and NH. The
lower rim circular hydrogen-bonding motif shown in Figure 2
can explain the summarised spectroscopic data for 3.

In the '"H NMR spectrum of 4 at room temperature, the
resonances are considerably broadened, which indicates
conformational interconversion. The chemical shift of NH
protons (6=28.20), their temperature coefficient (3.8 x
103 K-!) and the fact that the chemical shifts are not
dependent on concentration suggest their involvement in
intramolecular hydrogen bonding. Comparison of FTIR vyy
data for 4 and model compound 6 also points to participation
of 4-NHs in weak hydrogen bonding. However, the veong
(1683 cm™!) of 4 is close to that of 6 (1686 cm™!); this indicates
that the amide carbonyl oxygens of 4 are not hydrogen-bond
acceptors. Consequently, the existence of two NH--- OCHj;
intramolecular hydrogen bonds in 4 seems to be the most
likely explanation. For the calix[4]arene moiety of 4, the
pattern of 'H NMR resonances observed suggests the
formation of a C, flattened cone conformation. This is
supported by considerable upfield shifts of one tert-butyl
singlet (6 =0.82) and one ArH singlet (6 =6.42) because of
the more proximate position of two aromatic rings in such a
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flattened cone conformation. In the NOESY map, the NOE
interactions between ArH signals at 6 =7.14 and 7.16 with that
at 0 =6.42 indicate their close proximity in the cone con-
formation. These findings and the observed NH-:-- OCH;
hydrogen bonds exclude the possible 1,3-alternate cone of 4
as one of the interconverting conformations in equilibrium.
The relatively small OCH,Hg chemical shift difference
(Table 1) of 4 relative to 1 and 2 suggests their similar
chemical environment. In conclusion, the NMR and FTIR
data may be best explained by interconversion between two
C, symmetric conformations of 4 with the NH--- OCH;
hydrogen bonds in opposite directions (Figure 2).

All resonances in the "H NMR spectrum of 5 are sharp and
this indicates the presence of one stable conformation. In a
similar way to 4, the observed resonances of the calix[4]arene
moiety in the spectrum of 5 are in agreement with the
flattened cone conformation. In the NOESY spectrum, the
cross peaks for NH/OH, OH/axial methylene and more
deshielded ArH singlets/equatorial methylene protons are
observed, which shows their proximity in the flattened cone of
5. The NH resonance is strongly shifted downfield (6 =9.41);
however, its temperature coefficient is unexpectedly small
(AV/AT=1.8 x 1073 K~!; Table 1) relative to that of 4 and all
other studied calixarenes. The molecular structure of §

be observed (0 =6.79, 6.84, 7.01 and 7.07) due to conforma-
tional rigidity, which enhances the nonequivalence between
the diastereotopic pairs of calixarene ArH protons. In
conclusion, the spectroscopic data are in accord with the
hydrogen-bonding motif found in the crystal structure of 5.
This unique motif with two three-centred NH:--O and two
OH --- O hydrogen bonds strongly stabilises the C,-symmetric
flattened cone conformation of 5 in solution. This also
explains the formation of only monosubstituted 3 (9 %) and
disubstituted 5 (40%) but not the tetrasubstituted 1 in the
described synthetic procedure, that starts from p-fert-butyl-
calix[4]arene and N-(chloroacetyl)PhgOMe.

Structures and stability constants for [1-Na]SCN and [1-
K]SCN complexes in solution: '"H NMR spectra of [1-Na|SCN
in both CDCl; and CD;CN differ considerably from those of
free 1 in the same solvents. The complexation-induced shifts,
defined as Ad = dp.m — Oy [ppm], were determined for both
solvents and Na- and KSCN and are presented in Table 2. The
strongest upfield shifts were observed for NH protons; this is
apparently due to disappearance of the circular NH--- O=C
hydrogen-bond arrangement upon complexation. Forma-

Table 2. "H NMR complexation-induced shifts [Ad =0y —0; in ppm] of
(Figure 4), obtained by X-ray structural analysis (see the selected protons for complexes [1-Na]SCN and [1-K]SCN in CDCI; and

section on crystal structures), presents a hydrogen-bonding CD;CN.
motif (Figure 2) that could explain most of the spectroscopic NH
observations. It consists of two three-centred NH:--O and

Calix-ArH OCHH; Calix—CH,, Calix-CH,, OCHj

. 1-Na*/CDCl; —0.45 0.31 —-0.24 —-0.24 0.30 0.12
two OH---O hydrogen bonds. Such a hydrogen-bonding 1.Nat/CD,CN —0.52 028 ~039  —050 0.14 013
scheme with each NH involved in three-centred bonding 1-K*/CD;CN —0.68 0.26 -036  —034 0.11 0.08

might explain their high downfield shift and, at the same time,
the unexpectedly low temperature coefficient. Apparently,
the latter could be a consequence of strong three-centred
hydrogen bonding, which remains stable during the temper-
ature variation (20-50°C, CDCI;) used for determination of
the temperature coefficients. The presence of six hydrogen
bonds at the lower rim of 5§ would explain the formation of a
very stable conformation in solution. Remarkably, the tem-
perature variation from 40-120°C produced only slight
changes in the 'H NMR spectra of 5 dissolved in
CDCI,CDCl,, as well as some line broadening. Support for
the same hydrogen-bonding motif in solution as the one found
in the crystals comes also from the comparison of the
OCH,Hjg chemical shift difference for similarly substituted
5 and 4. The OCHHj chemical shift difference for 5 (77 Hz)
is more than two times larger than that for 4 (32 Hz) and this
strongly suggests a much more fixed position of OCH,Hg in §
than in 4. The fixed position in the former is made possible by
simultaneous hydrogen bonding of OH (AJ/AT for OH is
3.7x10° K-, Table1) and NH protons to the oxygen
acceptor of the OCH,Hjg group. It is worthwhile comparing
the calixarene ArH resonances in the spectra of 4 and 5, which
have a similar type of substitution but differ in conformational
stability. In the spectrum of 4, one broad (6 =6.42) and two
poorly resolved singlets (6 =7.14 and 7.16) can be observed for
the calixarene ArH protons as a consequence of time-
averaged conformational exchange. Such a process is expect-
ed to diminish the nonequivalence between the diastereotopic
ArH protons. However, in the spectrum of 5, four singlets can
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tion of [1-Na]SCN and [1-K]SCN complexes was also
studied by means of 'H NMR titrations in CD;CN, as
both inorganic salts were sufficiently soluble in this solvent.
While at a 1/NaSCN molar ratio of 0.5 the separate
resonances for the complex and free 1 are simultaneously
present, only shifts and broadening of resonances are
observed in the 1-KSCN spectrum (see Supporting Informa-
tion). This shows that 1 forms a strong kinetically stable
complex with Na* with slow exchange kinetics on an NMR
timescale. On the other hand, the complex with K* exhibits
much faster equilibrium kinetics. The stability constants for
[1-K]SCN and [1-Na]SCN complexes in the same solvent
were determined spectrophotometrically from the MSCN
induced changes in electronic absorption of calix[4]arene.['*]
The constants of 2.6 x 10°M~! and 8.2 x 10*M~! have been
obtained in this way for 1-NaSCN and 1-KSCN complexes,
respectively. Their ratio gives a Na*/K* selectivity of 30. It is
interesting to compare the complexation behaviour of 1 and
calix[4]arene tetra-[O-(N,N-diethylacetamide] derivatives!'*
with a similar type of binding site for metal cations, towards
Na* and K* in acetonitrile; however, the latter lacks NH so
that hydrogen-bonded organisation at the lower rim is not
possible. For the diethylacetamide derivatives, the log Kj
values exceed 8.5 for both Na'® and K*. Apparently, the
presence of organisation in 1 lowers the stability constants for
the same cations by at least 2—4 orders of magnitude. This
effect may be explained by the competition of the metal
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cations with NHs for amide carbonyl oxygen sites in the
complexation with 1. The Na*, which is known to fit better in
such a cavity at the lower rim, is a better competitor than K*.
This is caused by considerably weaker binding of K™ and
hence the Nat/K* selectivity is equal to 30. Competition
between metal cations and hydrogen bonding may be a useful
principle for the construction of selective cation receptors or
carriers.

Crystal structures and stereochemistry of 1, 5 and the [1-
Na]ClO, complex: The molecular structures of 1 (Figure 3)
and 5 (Figure 4) revealed the distorted cone of an approx-
imate C, symmetry (Table 3). It is characterised by a sequence

Figure 3. ORTEP drawing of 1 with thermal ellipsoids scaled at 30%
probability. Only hydrogen atoms involved in hydrogen bonds are shown.

of the torsion angle signs (+, —, +, —, +, —, +, — ). To define
the regularity of the cone, Ugozzoli and Andreetti?!! intro-
duced a pair of torsional angles, ¢ and y, about the methylene
bonds of the macrocyclic ring. These are listed in Table 3. In
the [1-Na]ClO, complex (Figure 5), the regular cone con-
formation of C, symmetry (with the crystallographic fourfold
axis) was detected. Due to the high symmetry, the cone
conformation is defined by a single pair of ¢ and y values
(Table 3). However, the terminal parts of the amino acid
subunits disobeyed the C, crystallographic symmetry and
disorder was encountered. Deformations of the cone are
connected with the tilting of the phenyl rings towards the

Figure 4. ORTEP drawing of 5 (thermal ellipsoids scaled at 30%
probability) with intramolecular hydrogen bonds; only hydrogen atoms
involved in hydrogen bonds are shown.

Figure 5. The [1-Na]ClO, complex with crystallographic fourfold symme-
try. The coordination around Na* is regular square antiprism.

main molecular plane (defined with four methylene carbon
atoms). In 1, the two almost parallel phenyl rings, (C25-C1-
C24-C23-C22-C21 and C27-C13-C12-C11-C10-C9), are al-
most perpendicular to the molecular plane [85.6(5)° and
85.7(3)°, respectively], whereas the other two (C28-C7-C6-
C5-C4-C3 and C26-C19-C18-C17-C16-C15) are tilted away
from the cavity; the angles between the main molecular plane

Table 3. Molecular conformations of 1, 5 and [1-Na]ClO, defined by ¢ and y parameters.?') Esds are given in parentheses.

¢ [°] 1 (7] ¢, [°] ¢5[°] 1 [°] ¢4 [°] 1 [°]
1 89.5(5) —60.0(6) 68.9(5) 113.1(5) 105.7(5) —52.8(6) 62.2(5) —98.4(4)
5 —76.6(6) 105.9(6) —106.0(7) 80.5(7) —78.6(7) 91.7(7) —94.7(6) 75.9(7)
[1-Na]C10, —76.1(8) 75.6(9)
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and these phenyl rings are 49.5(2)° and 36.9(2)°, respectively.
These two phenyl rings are almost perpendicular to each other
[85.4(2)°]. In 5, two of the four hydroxy groups are substituted
with amino acid chains and the orientation of the phenyl rings
towards the main plane does not show such differences as in 1;
the angles between the phenyl rings (the sequence of atoms is
the same as for 1) and the main molecular plane are 39.8(2)°,
71.3(2)°,51.2(2)° and 67.6(2)°, respectively. In [1-Na]ClO,, the
sodium ion is located on the crystallographic fourfold axis.
The coordination polyhedron around Nat is a regular square
antiprism, which is formed by four ether and four carbonyl
oxygen atoms from four amino acid subunits with Na—O bond
lengths of 2.465(9) and 2.471(5) A. The dimensions of the
calixarene baskets in 1, [1-Na]ClO, and 5 do not leave
sufficient room for a guest molecule. Around the fourfold
axes, there is a disordered methanol molecule with a Na--- O
separation distance of 4.31 A. However, the crystal lattice of §
includes disordered solvent molecules.

The crystal packing of 1 is characterised by a two-dimen-
sional hydrogen-bond network with infinite chains along a
(Figures 3 and 6, Table 4); this is achieved through the
intermolecular hydrogen bonds of N49-H---O96 and N65-
H---080. The remaining two donors, N81-H and N97-H,
participate in intramolecular, interstrand hydrogen bonds.
Two donors, N97-H and N49-H, are involved in three-centred
hydrogen bonds with somewhat different functions in the
crystal packing. N97-H forms an intrastrand hydrogen bond to
093 and an intramolecular, interstrand hydrogen bond to

s

O(80)=<Q > 97)H
Ph N @R 0(93?\CH§)£4 ® N49)H
>;Oo(% NN A QCH3
X eHs NETIH o,
3
CHa

Figure 6. Scheme of intramolecular and intermolecular hydrogen bonds in 1. Crystal packing of 1 with a two-
dimensional hydrogen-bond network. Intramolecular hydrogen bonds are between two amino acid subunits.
Intermolecular hydrogen bonds connect molecules along a into infinite chains, which are separated by the

hydrophobic regions of Ph and rBu groups.

Table 4. Hydrogen-bond geometry in 1. (Esds are given in parentheses.)

0(48
(31)H (93) CH3 ( N(9)H
0(96; ’$=O‘58
81)H (93) CH30(4 N(49
0(96);\ >S-=o 58

048. The donor N49-H participates in an intrastrand inter-
action with O58 and an intermolecular one with O96. In the
crystal lattice, the packing pattern reveals pronounced
separation of the hydrophilic regions of amino acid subunits
and hydrophobic ones with tert-butyl groups. The crystal
structure of S reveals a circular intramolecular hydrogen-bond
arrangement (Figure 4, Table 5) only. Two unsubstituted
hydroxy groups are available, both as donors and acceptors.
Both amide nitrogens, N11 and N12, are involved in the three-
centred hydrogen bonds: N11-H to intrastrand ether oxygen

Table 5. Hydrogen-bond geometry in 5. (Esds are given in parentheses.)

D-H--A[A] D-H[A] H--A[A] D-H-A[]
N12-H-- 01k 3.085(6) 0.86 223 174
N12-H - 04l 2.653(6) 0.86 2.26 108
N11-H - 02 3.062(6) 0.86 2.20 176
N11-H - O30 2.707(6) 0.86 2.36 105
02-H-- 04 2.850(5) 0.82 2.04 173
O1-H-- 03 2.769(5) 0.82 2.05 147

[a] Three-centred H bonds.

O3 and to hydroxyl O2-H and N12-H repeats the same type of
interaction to intrastrand ether oxygen O4 and to hydroxyl
O1-H. The hydroxy groups act as donors to ether oxygen
atoms (O1-H--- O3 and O2-H:--O4) to complete a circular
hydrogen-bond arrangement, which is in the form of a twisted
hexagonal ring (Figure 4). Due to the high disorder of solvent
molecules in the crystal lattices
of 5 and [1-Na]ClO,, no firm
conclusion about the details of
their interaction can be given.
In the crystal packing of [1-
Na]ClO,, the hydrogen bond
N1-H--05 (2.93(2) A) con-
nects a complex cation and a
CH3 perchlorate anion.

-,

N(97)H

“en
s Extraction and transport: The

construction principle of 1 and
2 involves cation binding func-
tionalities (four ether and four
carbonyl oxygens), which are
known to cooperatively bind
metal cations in complexes
of calix[4]arene tetra-(O-acet-
amide) derivatives.'* 22 For 1
and 2, however, organisation at
the lower rim by circular amidic
hydrogen bonds was observed

D-H--A[A] D-HI[A] H--A[A] D-H-A[] Symmetry in lipophilic solvents, when the
operations .

on A amide carbonyl oxygens act
as hydrogen-bond acceptors.
N49-H.--- 0381 2.709(6) 086 238 103 L Therefore, extraction and trans-

N49-H --- 09614 2.975(5) 0.86 2.20 149 —14x 9.2 > ;
N65-H --- 080 3.003(4) 0.86 217 164 “14x,yz Port of alkaline metal cations
N81-H - 064 3.023(4) 0.86 2.17 170 X,z by 1 and 2 are expected to be
N97-H --- 048R! 2.859(4) 0.86 2.17 137 X, )z affected by the observed orga-
Ng7-H--- 0938 2.686(4) 0.86 231 107 H) 2 nisation. The results of extrac-

[a] Three-centred H bonds.
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tion and transport studies with
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1 and 2 are compared with those of previously studied
calix[4]arene primary-['*1 and tertiary-acetamide!'*! deriva-
tives that possess closely related binding sites. The experi-
ments were performed under the same conditions as used with
tetra-(O-acetamide) derivatives? so that comparison of the
results was possible. The same experiments were performed
with compound 4 with two CH,COPhgOMe strands; this
produced a different organisation at the lower rim compared
with 1 and 2.

The results of extraction experiments (Table 6) show that 1
and 2 moderately extract Na-picrate and only weakly extract
other alkaline picrates from water to the dichloromethane
phase. The results were compared with those for calix[4]arene

Table 6. The percentages of M-picrate extraction [log K.,] and transport
rates of Na- and K-thiocyanates [pmolh~!cm~22l] for 1, 2, and 4.

% extraction [log K] transport

Li+ Na+ K+ Rb* Cst*  Na* K+

1 095 16.1; (6.6) 1.8;(5.6) 13 0.9 2.9 0.3
2 0.66 8.1; (6.2) 12;(53) 13 0.7 2.1 0.2
4 12 5.4; (6.0) 6.3;(6.1) 27 1.5 1.1 1.3

[a] Obtained by dividing the transport rates [umolh~!] by the surface area
(4.23 cm?) of the organic phase.

tetra-(O-acetamide) derivatives (% extraction: Lit <1, Na*
2.7, K* <1, Rb* 5.2 and Cs* 3.1)'4] and calix[4]arene tetra-
[O-(N,N-diethylacetamide)] derivatives (% extraction: Li*
62.5, Na* 95.5, K+ 73.7, Rb* 24.0 and Cs* 11.8).['*l This shows
that 1 and 2 are better extractants than the former and much
weaker than the latter. However, 1 and 2 exhibited higher
Nat/K* extraction selectivities (1, 8.9 and 2, 6.7) than both the
calix[4]arene primary (Na®/K*>2.7) and tertiary acetamide
derivatives (Na®/K™=1.3). The phenylglycine derivative 1
showed better extraction and higher Na*/K* selectivity than
leucine derivative 2. However, both ligands exhibited clear
Na* selectivity among the tested alkaline picrates.

Derivative 4 with two CH,COPhgOMe strands and two
OMe groups at the lower rim is a weaker and less selective
extractant than 1 and 2. In fact, 4 showed a slight preference
for K* over Na* and slightly enhanced extraction of Li*, Rb*
and Cs* relative to 1 and 2. Apparently, 4 with two
OCH,COPhgOMe strands possesses a more flexible binding
cavity than 1 and 2, which both have four identical strands at
the lower rim. Therefore, diminished Na*/K* selectivity and
somewhat better extraction of smaller Li* and larger Rb* and
Cs* cations were observed for 4.

In transport experiments (Table 6), dramatic differences
between 1 and 2 and calix[4]arene tetra-[O-(N,N-diethylacet-
amide)] derivatives were observed. For example, 1 has a
transport rate for Na*™ and reversed Na'/K™ selectivity (Na'/
K+ selectivity: 1, 9.6 and 2, 10.5) that is more than 150 times
higher than that for N,N-diethylacetamide derivatives (trans-
port rate: Na* 0.04, K+ 0.56 umolh~!'cm~2; K*/Na* selectivity
14).041 1t is well known that there is a bell-shaped dependence
of cation transport rates on K., values of calix[4]arene ester
and amide derivatives.’!l Comparison of the extraction
equilibrium constants for 1 and 2 (Table 6) with those for
N,N-diethylacetamide derivatives (log K.,: Na*® 11.2, K*
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8.8)[1 shows that the presence of the circular hydrogen-bond
arrangement strongly reduces their extraction efficacy. This
effect, as in the case of complexation in acetonitrile (preced-
ing paragraph), should be the consequence of the competition
between cation and amide NHs for amide carbonyl oxygen
sites. Consequently, K., values for 1 and 2 are considerably
lower than those for non-hydrogen-bonded diethylacetamide
derivatives in which such competition is absent. However, the
K., values determined for 1 and 2 seem to be more favourable
for efficient transport to occur; this makes both 1 and 2 much
better carriers than calixarene diethylacetamide derivatives.
In conclusion, the presence of hydrogen-bonded organisation
in 1 and 2 and the resulting competitive effects make their
properties more like those of a carrier. In contrast, the N,/NV-
diethylamide derivative, which is unable to form intramolec-
ular hydrogen bonds at the lower rim, behaves as a typical
receptor for the same cations.

Conclusion

Experimental evidence for molecular organisation in solution
and in the crystal is available for 1-5 and the [1-Na]CIO,
complex. According to the behaviour in solution, two groups
were recognised: a) 1, 2 and 3 and b) 4 and 5 (Figure 2). In
apolar solvents (CDCl;, CD;CN), 1 and 2 with four strands of
peptidic units and 3 with one such strand and three free OH
groups formed a cone conformation with a circular hydrogen-
bond arrangement at the lower rim. Spectroscopic data of 4
are in agreement with the time-averaged C, symmetric
conformation formed by two intramolecular NH--- OCHj,4
hydrogen bonds. In the crystal, four intramolecular hydrogen
bonds (two are three-centred) were found for 5. The spectro-
scopic data determined for 5 in CDClI; are in accord with the
hydrogen-bonding motif found in the crystalline state. This
motif keeps § in the flattened cone conformation in solution
and in the solid state. The organisation is so stable that it
overcomes concurrent intermolecular hydrogen-bonding mo-
tifs possible both in solution and in the solid state. In contrast,
the high C, symmetric organisation of 1 in solution is reduced
to G, in the crystal due to the occurrence of intermolecular
hydrogen bonds. In the crystal that includes a polar environ-
ment, the hydrogen-bond donor/acceptor functionalities with-
in one molecule compete with those of their neighbouring
molecules. In addition to intramolecular hydrogen bonds,
there are also intermolecular ones, which prevent the
formation of the circular hydrogen-bond arrangement found
in solution. Complexation of 1 with Na™ makes the molecule
more rigid and it keeps C, symmetry in the solid state and in
solution. In the synthesis of 1, the phenylglycine with the R-
configuration was used. Thus, the chirality of the amino acid
used dictates the orientation of the strands in the calixarene
molecule; in the structure studied, it is in a clockwise
direction. The presence of a circular hydrogen-bonding motif
in 1 and 2 with the amide oxygen sites considerably influences
their binding properties toward Na™ and K. Compared with
the calix[4]arene N,N-diethylacetamide derivatives with sim-
ilar but non-hydrogen-bonding sites, the equilibrium extrac-
tion constants for 1 and 2 are three to five orders of magnitude
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lower. This appeared to be a consequence of the competition
between cations and amide NHs for amide carbonyl oxygen
sites in 1 and 2. However, the same competing process gives a
lower but more favourable K. value for Na' transport.
Consequently, the transport rate for 1/Na™ is more than
150 times higher than that found for the non-hydrogen-
bonded N,N-diethylacetamide derivatives and the same
cation.

In conclusion, we have presented evidence that the
calix[4]arenes substituted at the lower rim with amino acids
possess various types of intra- and intermolecular organisa-
tions in solution and in the solid state. The variety of the
hydrogen-bonding motifs that occur in the studied calix[4]-
arene derivatives may be of considerable importance for the
future design of novel calix[4]arene-based receptors, carriers
or supramolecular solid-state structures.

Experimental Section

General: Melting points were determined on the Kofler stage and were
uncorrected. '"H and *C NMR spectra were recorded with a Gemini 300
spectrometer (TMS was used as an internal standard) at 300 MHz and
75 MHz, respectively. In the description of 'H and C NMR spectra, the
calixarene aromatic protons and carbon atoms were designated as ArH and
ArC, respectively, and those of the phenylglycine phenyl group as PhH and
PhC, respectively. IR and FTIR spectra were recorded on a Perkin Elmer
P-E2000 instrument. UV/Vis measurements were made with Cary 5 and
PU 8730 UV/Vis spectrophotometers. Optical rotations were measured on
an Optical Activity AA10 automatic polarimeter at the wavelength of
589.3 nm. TLC was performed on silica gel Merck 60 F,s, plates and column
chromatography was carried out with 230—240 mesh Merck 60 silica gel.
All chemicals were of the best grade commercially available and were used
without purification. Solvents were purified according to standard proce-
dures; dry solvents were obtained according to literature methods and
stored over molecular sieves.
5,11,17,23-Tetra-tert-butyl-26,28,25,27-tetrakis-(O-methyl-R-a-phenylgly-
cylcarbonylmethoxy)calix[4]arene (1): Triethylamine (0.36 mL, 2.61 mmol)
was added to the cooled (—10°C) solution of R-phenylglycine methyl ester
hydrochloride (0.48 g, 2.24 mmol) in dry CH,Cl, (30 mL) and stirred for
30 min. Then, the acid chloride of calix[4]arene tetracetic acid (the cone
conformer)?? (0.45 g, 0.47 mmol) in dry CH,Cl, (30 mL) was added at once
with a syringe. The reaction mixture was allowed to warm up to room
temperature and was stirred for an additional 2 hours. After filtration, the
filtrate was washed with NaOH (1.0m), hydrochloric acid, brine and water.
After drying and evaporation of the solvent, the product was crystallised
from methanol, which gave 1 (0.49g, 71%). R;=0.28 (5% MeOH/
CH,Cl,); m.p. 255-256°C; [a]® =—62.0 (c=1 in CH,CL); '"H NMR
(300 MHz, CDCl;, 20°C, TMS): 6 =8.12 (d, 3/ =75 Hz, 4H; NH), 7.30-
727 (m, 20H; PhgH), 6.68 (s, 4H; ArH), 6.66 (s, 4H; ArH), 5.7 (d, 3/ =
7.5 Hz, 4H; C*H), 4.75 (AB-d, 2J=13.5 Hz, 4H; OCH,CO), 4.41 (AB-d,
2J=13.5Hz, 4H; OCH,CO), 4.46 (AB-d, 2/ =13 Hz, 4H; ArCH,Ar), 3.58
(s, 12H; OMe), 2.95 (AB-d, 2J=13 Hz, 4H; ArCH,ArH), 1.07 (s, 36 H;
CMe;); 3C NMR (75 MHz, CDCl;, 20°C): 6 =171.47 (COOMe), 169.64
(CONH), 153.16 (para-Ar—C), 145.155 (Ar—C), 136.35 (Ph—C), 132.56 and
133.11 (meta-Ar—C), 128.66 (ortho-Ph—C), 128.22 (meta-Ph—C), 127.87
(para-Ph—C), 12526 and 125.63 (ortho-Ar—C), 74.0 (OCH,CO), 55.9
(C*H), 52.4 (OMe), 33.58 (C-tert-butyl), 31.5 (ArCH,Ar), 31.12 (CH;-tert-
butyl); FTIR (¢ =5 x 10-3m, CH,Cl,): #= 3422 (w) and 3351 (s) (NH), 1744
(COOMe), 1675 (CONH, amidel), 1521 cm~' (CONH, amide II);
CysH oN,O ¢ (1469.8): caled C 7191, H 6.86, N 3.81; found C 71.89, H
6.87, N 3.81.
5,11,17,23-Tetra-tert-butyl-26,28,25,27-(O-methyl-S-a-leucil-carbonylmeth-
oxy)calix[4]arene (2): This compound was prepared as described for 1 from
the methyl ester of S-leucine hydrochloride (0.95 g, 5.23 mmol) and acid
chloride of calix[4]arene tetraacetic acid (the cone conformer)®
(1.19 mmol). Recrystallisation from methanol gave 2 (0.93 g, 56%). R;=
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0.34 (5% MeOH/CH,Cly); m.p. 322-323°C, [a]f=-32.0 (c=1 in
CH,Cl,); 'H NMR (300 MHz, CDCl;, 20°C, TMS): 6 =7.67 (brd, 4H;
NH), 6.76 (s, 8H; ArH), 4.70 (AB-d, 2/ =12.8 Hz, 4H; ArCH,Ar), 4.65—
472 (m and AB-d, 8H; OCH,COO), 4.54 (AB-d, 2/=14.0Hz, 4H;
OCH,COO0), 3.69 (s, 12H; OMe), 3.19 (AB-d, 2/ =12.8 Hz, 4H; ArCH,.
Ar), 1.59-1.61 (m, 12H; CH,CH), 1.07 (s, 36 H; rBu), 0.88 (m, 24 H; CH;);
BC NMR (75 MHz, CDCl;, 20°C): 6 =173.87 (COOMe), 170.12 (CONH),
153.11 (para-Ar—C), 14525 (Ar—C), 132.47 and 133.46 (meta-Ar—C),
125.25 and 125.64 (ortho-Ar—C), 74.07 (OCH,CO), 51.97 (OCH,), 50.30
(C*), 40.39 (Leu—C), 33.60 (C-tert-butyl), 31.75 (ArCH,Ar), 31.13 (C-tert-
butyl), 24.47 (Leu—CH), 21.40 and 22.47 (Leu—CH,); FTIR (¢ =5 x 103 in
CH,Cl,): 7=3423 (w) and 3326 (s) (NH), 1746 (COOMe), 1669 (CONH,
amide I), 1541 cm~! (CONH, amide II); CgH,(N,O,, (1389.8): caled C
69.14, H 8.41, N 4.03; found C 69.33, H 8.20, N 4.22.

5,11,17,23-Tetra-tert-butyl-25,27-dihydroxy-26,28-bis-(O-methyl-R-a-phen-

ylglyeylcarbonylmethoxy)calix[4]arene (5) and 5,11,17,23-tetra-zert-butyl-
25,27,26-trihydroxy-28-(O-methyl-R-a-phenylglycylcarbonyl-methoxy)ca-

lix[4]arene (3): A mixture of p-tert-butyl-calix[4]arene (0.5 g, 0.77 mmol),
potassium carbonate (212.5 mg, 1.54 mmol), potassium iodide (281.5 mg,
1.69 mmol) and N-chloroacetyl-PhgOMe (361.0 mg, 1.54 mmol) in dry
acetone (25 mL) was stirred and heated under reflux for 15 h. The cooled
solution was filtered through a bed of Celite and the filtrate was combined
with dichloromethane washings and evaporated to dryness. The residue was
purified by column chromatography (silica gel/5% CH;OH in CH,Cl, as
eluent). Fractions with R;=0.2-0.3 were collected to give 5 after
evaporation of the solvents. Recrystallisation from methanol gave the
diester 5 (325mg, 39.9%). R;=0.26 (2% MeOH/CH,CL,); m.p. 146-
147°C; [a]® = =29 (c=1 in CH,CL); '"H NMR (300 MHz, CDCl;, 20°C,
TMS): 6 =9.40 (d, 3/ =6.2 Hz, 2H; NH), 7.35-7.23 (m, 10H; PhH), 7.20 (s,
2H; OH), 707 (s,2H; ArH), 7.01 (s, 2H; ArH), 6.84 (s, 2H; ArH), 6.79 (s,
2H; ArH), 5.62 (d, 3/ =62 Hz, 2H; C*H), 4.44 (AB-d, 2/ =152 Hz, 2H;
ArCH,Ar), 421 (AB-d, 2J=15.5Hz, 4H; OCH,CO), 4.19 (AB-d, /=
15.5 Hz, 4H; OCH,CO), 3.77 (AB-d, 2/ =13.5 Hz, 2H; ArCH,Ar), 3.69
(s, 6H; OMe), 3.39 (AB-d, 2/ =13.4 Hz, 2H; ArCH,Ar), 3.25 (AB-d, 2/ =
13.48 Hz, 4H; ArCH,Ar), 1.28 (s, 18H; CMe;), 0.97 (s, 16H; CMe;);
BC NMR (75 MHz, CDCl;, 20°C): 6 =170.91 (COOMe), 168.63 (CONH),
149.49 and 147.97 (para-Ar—C), 149.31 and 142.50 (Ar—C), 135.29 (Ph—C),
132.31 and 131.82 (meta-Ar—C), 128.79, 128.54, 128.20, 128.00, 126.98,
126.44, 126.20, 125.92, 125.72, 125.51, 125.39, 125.16, 74.38 (OCH,CO),
57.15 (C*H), 52.42 (OMe), 33.76 and 33.64 (C-tert-butyl), 31.88 and 31.82
(ArCH,Ar), 31.41, 31.05 and 30.66 (CH;-tert-butyl); FTIR (¢ =5 x 10> M in
CH,Cl,): #=3316 (w) (OH, NH), 1743 (COOMe), 1676 (CONH, amide I),
1523 cm~!' (CONH, amide II); C4H;sN,O (1059.36): caled C 74.83, H 7.42,
N 2.64; found C 74.62, H 7.39, N 0.862.

Compound 3: Fractions with R;=0.5-0.6 were collected to give 3 (59 mg,
9%). R;=0.55 (2% MeOH/CH,CL,); m.p. 223-224°C; [a]d =—10 (c=1
in CH,Cl,); 'H NMR (300 MHz, CDCl;): 6=9.79 (s, 1H; OH), 9.70 (d,
3] =175 Hz, 1H; NH), 9.20 (s, 1H; OH), 9.06 (s, 1H; OH), 7.59-7.28 (m,
5H; PhH), 7.23-6.97 (m, 8H; ArH), 5.86 (d, 3 =7.58 Hz, 1H; C*H), 4.62
(AB-d, J =15 Hz, 2H; OCH,CO), 4.3 (AB-d, 2/ =13 Hz, 1 H; ArCH,Ar),
412 (AB-d, =13 Hz, 2H; ArCH,Ar), 4.08 (AB-d, /=13 Hz, 1H;
ArCH,Ar), 3.81 (s, 3H; OMe), 3.51 (AB-d, 2J=13.6 Hz, 1H; ArCH,Ar),
342 (AB-d, =139 Hz, 2H; ArCH,Ar), 3.41 (AB-d, /=132 Hz, 1H;
ArCH,Ar), 1.21 (s, 18H; CMe;), 1.20 (s, 9H; CMe;), 1.16 (s, 9H; CMe;);
3C NMR (75 MHz, CDCl;, 20°C): 6 =170.94 (COOMe), 167.85 (CONH),
149.14, 148.60, 148.21, 148.12, 147.07, 143.90, 143.45, 135.67, 132.72, 129.2,
128.61, 128.25, 128.16, 128.10, 127.12, 126.94, 126.80, 126.72, 125.99, 125.77,
125.70,75.17 (OCH,CO), 56.74 (C*H), 52.63 (OMe), 34.09, 33.87 and 33.72
(C-tert-butyl), 32.64, 31.92 and 31.79 (ArCH,Ar), 31.67, 31.32, 31.23 and
30.90 (CHj-tert-butyl); FTIR (¢ =35 x 10~3m in CH,Cl,): 7=3299 (w) (OH,
NH), 1748 (COOMe), 1683 (CONH, amide I), 1487 cm~' (CONH,
amide II).

5,11,17,23-Tetra-tert-butyl-25,27-di(O-methyl)-26,28-bis-(O-methyl-R-c-

phenylglycylcarbonylmethoxy)calix[4]arene (4): Triethylamine (0.178 mL,
1.27 mmol) was added to the cooled (—10°C) solution of R-phenylglycine
methyl ester hydrochloride (0.247 g, 1.15 mmol) in dry CH,Cl, (20 mL) and
stirred for 30 min. Then, the acid chloride of calix[4]arene diacetic acid['’]
(0.435 g, 0.52 mmol) in dry CH,Cl, (20 mL) was added at once and the
reaction mixture was allowed to warm up to room temperature and was
stirred for 2 hours. After filtration, the filtrate was washed with NaOH
(1.0Mm), hydrochloric acid, brine and water. After drying and evaporation of
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the solvent, the crude product was crystallised from methanol and 4 was
produced (0.423 g, 78 %). R;=0.4 (5% MeOH/CH,CL,); m.p. 240-241°C;
[a]® =—62.0 (c=1 in CHCl;); 'H NMR (300 MHz, CDCl,, 20°C, TMS):
0=8.15 (brd, 2H; NH), 7.51-7.28 (m, 10H; PhH), 716 (s, 2H; ArH), 7.14
(s,2H; ArH), 6.42 (s, 4H; ArH), 5.84 (d, *J = 5.8 Hz, 2H; C*H), 424 -4.15
(AB, 4H; ArCH,Ar and AB 4H; OCH,CO), 4.07 (s, 6H; ArOMe), 3.26—
3.14 (m-AB, 4H; ArCH,Ar), 1.35 (s, 18H; CMe;), 0.82 (s, 18H; CMe;);
3C NMR (75 MHz, CDCl;, 20°C): 6 =170.81 (COOMe), 168.62 (CONH),
15517 (para-Ar—C), 151.61, 145.85 and 145.27 (Ar—C), 136.66 (Ph—C),
135.50 and 135.37 (meta-Ar—C), 131.08, 130.95, 128.95 (ortho-Ph—C),
128.54 (meta-Ph—C), 12753 (para-Ph—C), 125.85, 125.85 and 124.79 (ortho-
Ar—C), 74.06 (OCH,CO), 60.76 (ArOMe), 55.61 (C*H), 52.50 (OMe),
34.00 and 33.42 (C-tert-butyl), 31.49 and 30.82 (CH,-tert-butyl), 31.19, 30.60
and 30.56 (ArCH,Ar); FTIR (c=5x 10-3m in CH,Cl,): 7=3690 (w) and
3417 (s) (NH), 1746 (COOMe), 1683 (CONH, amide I), 1509 cm™!
(CONH, amide II); CiHg,N,O,, (1087.42): caled C 75.11, H 7.60, N 2.58;
found C 75.11, H 7.86, N 2.69.

Methyl N-(phenoxyacetyl)-R-phenylglycine (6): This compound was
prepared from N-chloroacetyl-PhgOMe and phenol in the presence of
tBuOK in dry benzene. Yield 50%. R;=0.79 (2% MeOH/CH,Cl,); m.p.
95-96°C; 'H NMR (300 MHz, CDCl;, 20°C, TMS): =758 (d, /=
7.6 MHz, 1H; NH), 727-735 (m, 7H; ArH), 6.93-7.06 (m, 3H; ArH),
5.65 (d, 3J=175Hz, 1H; C*H), 4.53 (AB-d, 2J=4.4 Hz, 2H; OCH,CO),
3.74 (s, 3H; OMe); BC NMR (75 MHz, CDCl;, 20°C): 6=170.90 (s,
CONH), 16773 (s, COOMe), 15714 (Ph—C), 136.05 (Ph—C), 129.72
(Ph—C), 128.97 (Ph—C), 128.62 (Ph—C), 127.19 (Ph—C), 122.14 (Ph—C),
114.76 (Ph—C), 57.12 (OCH,CO), 55.75 (C*), 52.70 (OMe); FTIR (c =5 x
10-3m in CH,Cl,): 7= 3420 (NH), 1744 (COOMe), 1686 (CONH, amide I),
1517 em~' (CONH, amide I1); C;;H;NO, (299.33): caled C 68.22, H 5.72, N
4.68; found C 68.15, H 5.75, N 4.67.

Picrate extractions: Metal picrates (2.5 x 10~*M) were prepared in situ by
dissolving the metal hydroxide (0.01 mol) in picric acid (2.5 x 10~*m,
100 mL). Distilled water was used for all aqueous solutions. Solutions
(2.5 x107*Mm) of the calixarene derivatives were prepared in dichloro-
methane. Equal volumes (5mL) of the two solutions were shaken
vigorously for 30 min in a 50 mL extraction flask. The solutions were left
to stand until phase separation was complete. The concentration of picrate
ion in the organic phase was then determined spectrophotometrically as
described by Pedersen.”! Control experiments showed that no picrate
extraction occurred in the absence of a calixarene derivative.

Transport measurements: Thoman’si®! modification of the procedure
described by Lamb et al.?®l was used to measure the rates of ion transport
through a dichloromethane membrane. The membrane (CH,Cl,, 10 mL,
7 x 10~*m of the calixarene derivative) was placed in a 70 mL beaker, which
contained a magnetic stirring bar. A 20 mm diameter glass cylinder was
inserted 10 mm into the CH,Cl, solution and clamped securely into
position. The source phase (3 mL, 5 x 10-2M metal thiocyanate) was very
slowly run down the inside of the cylinder. Similarly, the receiving phase
(7mL, 0.2M Fe(NOs); in 0.2M nitric acid) was run down the outside.
The system was stirred slowly at approximately 100 rpm. Samples
were withdrawn from the receiving phase at 1h intervals and the
absorbance recorded at A, =480 nm for Fe(SCN)?>*. The & value of
4400 Lmol'cm™! was used for calculations. The experiment, when
performed in the absence of calixarene, showed no transport of metal
thiocyanate.

Preparation of complexes: The calixarene derivative 1 (100 mg) was
suspended in methanol (20-30 mL) and the mixture was heated until a
homogeneous solution was obtained. The Na-thiocyanate (3 equiv) was
added and the mixture was heated again until homogeneous and filtered.
The solution was then allowed to cool slowly to room temperature. After
several days, the crystals of the [1-Na]SCN complex were collected and
recrystallised from the same solvent. The same procedure applied for 1 and
KSCN failed to give the complex. However, the formation of the [1-K]SCN
complex in CD;CN was observed by NMR spectroscopy (see Supporting
Information).

5,11,17,23-Tetra-tert-butyl-26,28,25,27-tetrakis-(O-methyl-R-a-phenylgly-

cylcarbonylmethoxy)calix[4]arene-NaSCN complex [1-Na]SCN: 'H NMR
(300 MHz, CDCl;, 20°C, TMS): 6 =745 (brs, 4H; NH), 744-7.28 (m,
20H; Ph and ArH), 6.99 (brs, 8H; ArH), 5.62 (d, 3J=6.7 Hz, 4H; C*H),
4.49 (AB-brd, 2/ =14.0 Hz, 4H; OCH,CO), 4.30 (AB-brd, 2/ =14.0 Hz,
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4H; OCH,CO), 422 (AB-d, 2/ =105 Hz, 4H; ArCH,AT), 3.70 (s, 12H;
OMe), 2.95 (AB-d, 2/=10.5Hz, 4H; ArCH,Ar), 1.09 (s, 36H; CMe;);
3C NMR (75 MHz, CDCly, 20°C): ¢ =171.29 (COOMe), 169.55 (CONH),
150.04 (para-Ar—C), 14780 (Ar—C), 136.15 (Ph—C), 134.24 and 134.10
(meta-Ar—C), 132.37 (SCN-), 128.87 (ortho-Ph—C), 128.66 (meta-Ph—C),
127.61 (para-Ph—C), 125.72 and 125.61 (ortho-Ar—C), 74.33 (OCH,CO),
56.60 (C*H), 52.89 (OMe), 33.82 (C-tert-butyl), 29.99 (ArCH,Ar), 30.99
(CH,-tert-butyl); FTIR (c=5 x 10-M in CH,CL,): 7=3413 (w) and 3330
(s), 2050 (SCN-) (NH), 1742 (COOMe), 1697 and 1684 (CONH, amide I),
1522 cm™! (CONH, amide II).

Crystal structure determination of 1, 5 and [1-Na]ClO,: The crystallisation
of samples required great attention. Crystallisation from a hot solution of 1
in methanol resulted in well-formed but unstable crystals. It was discovered
that a few drops of THF could stabilise the crystals. Therefore, vapour
diffusion of methanol into a solution of 1 in THF at room temperature was
used and good crystals for X-ray measurements were obtained. Crystals of
5 were obtained by slow evaporation from a mixture of dichloromethane
and ethanol (1:1 vol) at 277 K. Good quality crystals of [1-Na]|ClO, grew by
using slow evaporation of a solution in ethanol. Crystals of 1, 5 and [1-
Na]ClO, were covered with protective grease and immediately inserted
into the cold N, stream of the low-temperature device on the diffractom-
eter. The crystallographic data and details of data collection and refine-
ment have been listed in Table 7.77*2l p-amino acids were used in synthesis
and during structure determination chirality was assigned accordingly.
Scattering factors used in calculations were from SHELXL97.?)l Hydrogen
atoms were calculated on stereochemical grounds and refined using the
SHELXO97 riding model. The crystal structure of 5 revealed disordered
solvent molecules (two water molecules with positional parameter=0.5
(pp); two methanol molecules with pp =0.5 and furfuraldehyde with pp =
0.25). Furfuraldehyde can be detected at a low concentration in ethanol; in
the crystallisation procedure, the less volatile furfuraldehyde increased in
concentration in the mother liquor. During purification of 5, recrystallisa-
tions in methanol were used and the procedure applied can explain the
small amount of disordered methanol in the crystal lattice. In the crystal
structure of [1-Na]ClO,, the terminal part of the amino acid subunits as
well as tert-butyl groups revealed disorder and therefore these fragments
were refined isotropically. Two crystalline water molecules, each with pp =
0.5, were found. In the space between chains, there was a disordered
methanol molecule (pp =0.25); oxygen and carbon atoms were located on
a fourfold axis that was in disagreement with the entire molecular
symmetry (CH;OH). Structure determination in orthorhombic symmetry
failed.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-113248 (1),
CCDC-113249 (5) and CCDC-113250 ([1-Na]ClO,). Copies of the data can
be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).
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A Novel Approach Towards Intermolecular Stabilization of para-Quinone
Methides. First Complexation of the Elusive, Simplest Quinone Methide,
4-Methylene-2,5-cyclohexadien-1-one

Oded Rabin, Arkadi Vigalok, and David Milstein*[?!

Abstract: A novel approach towards
the intermolecular stabilization of “sim-
ple” (i.e. methylene-unsubstituted) p-
quinone methides (QMs) by their coor-
dination to a transition-metal center is
described. 4-Bromomethyl phenols, pro-
tected by a silyl group, were employed as
the QM precursors and cis-chelating

corresponding [LPd(benzyl)Br] com-
plex (L =bisphosphine) with fluoride
results in the spontaneous rearrange-
ment of the unobserved zwitterionic Pd"
complex into the QM-Pd’ complex.
The feasibility of this approach was
demonstrated in the synthesis of the

structurally characterized Pd’ complex

of BHT-OM (4), a biologically relevant
metabolite of 2,6-di-tert-butyl-p-cresol,
and the synthesis of the complex of
4-methylene-2,5-cyclohexadien-1-one

(11), the simplest, and so far unobserved
QM molecule. These complexes exhibit
a remarkable thermal stability and do
not react with alcohol or water. In both

diphosphine Pd° complexes were chosen
as the metal precursors, since they have
strong back-bonding interactions with
the electron-poor QM moiety. Removal
of the silyl protecting-group from the

tions

Introduction

Otherwise inaccessible reactive molecules or molecular frag-
ments can often be stabilized by coordination to metal
centers!! to provide unique opportunities for their character-
ization by spectroscopic methods and the elucidation of their
structure by X-ray crystallography. Furthermore, under
appropriate conditions these species may be chemically
modified or displaced from the metal. Carbanions, carbenes,
ylides, xylylenes, cyclobutadienes, and benzyne are some
examples of elusive organic transients, the metal complexes of
which have been investigated. Surprisingly, metal complexes
of quinone methides (QMs) have so far attracted scarce
attention. Os" complexes of ortho-QMs that contained

o

R!

[a] Prof. Dr. D. Milstein, O. Rabin, A. Vigalok
Department of Organic Chemistry, The Weizmann Institute of Science
Rehovot 76100 (Israel)
Fax: (+972)8-9344142
E-mail: comilst@wiccmail.weizmann.ac.il

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

Keywords: ligand exchange reac-
- palladium
quinone methides - synthesis design

cases, the use of an appropriate incom-
ing ligand allowed the release of the
coordinated QM into the reaction media
in which it was effectively trapped by
added nucleophiles.

P ligands

stabilizing substituents on the methylene group were report-
ed.® By means of an approach often applied to the
preparation of the closely related metal — xylylene complexes,
Ir complexes of ortho-QMs, in which the metal center is
coordinated in an #* fashion to the two endo-cyclic double
bonds, were recently prepared.®! The quinonoid ring in the
resulting complexes exhibits a large distortion from planarity;
this is reflected in the reactivity of the QM moiety. We have
already reported the characterization of two Rh complexes of
simple QMs, in which the QM moiety is a part of a bis-
chelating PCP-type ligand system. In none of the reported
metal complexes could the QM species be removed from the
coordination sphere of the metal.

QMs, especially the simple ones (i.e. those which do not
have substituents on the exocyclic methylene group), are
highly reactive organic intermediates, which are often very
difficult to isolate in a pure form as they rapidly polymerize
when their dilute solutions are concentrated.F Reactions with
the medium or self-condensations to give the corresponding
phenols are evidently driven by aromatization. Despite this
instability, reactive QMs have been extensively studied on
account of their importance in many chemical and biochem-
ical processes.’! For example, the biosynthesis of the natural
polymers melanin and lignin involves para-QM intermedi-
ates.! The mechanism of action of several antitumor drugs is
believed to proceed via the formation of QMs.®l Various QMs
act as alkylating agents and form covalent bonds with
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functional groups of biopolymers.”) Elegant syntheses of
natural products that involve transient para-QM intermedi-
ates have also been developed.'’) Moreover, studies with
alkyl-substituted phenols revealed that QMs are responsible
for the toxicity of these compounds.!'] Metabolic oxidation of
these phenols results in the formation of QM derivatives
which are attacked by cellular nucleophiles. Most of the
toxicology-related studies have involved the use of 2,6-di-tert-
butyl-4-methylphenol (butylated hydroxytoluene, BHT) and
its derivatives.'l This compound is widely used as an
industrial antioxidant to prevent deterioration of food prod-
ucts, as a radical scavenger, and as an oxygen-reducing agent.
Thus, the metabolism of this compound and the toxicological
effects of its metabolites, primarily the quinone methide
derivative BHT-QM, are of great interest. Yet, the study of
the reactivity of QMs in biotic systems is seriously obstructed
by the instability of these compounds and their incompati-
bility with protic media.

We report here on a novel general approach towards the
generation, characterization, and reactivity studies of metal
complexes of QM. The complexation of simple quinone
methides and their controlled release have been accomplished
for the first time. Specifically, we report on the generation,
stabilization, and properties, including the controlled dis-
placement, of BHT-OM and the even more reactive, so far
elusive, unsubstituted QM analogue. Part of this work has
already been communicated.[?]

Results and Discussion

General considerations: Our synthetic strategy is based on the
notion that the desired product, the #> methylene-coordinat-
ed, p-quinone methide-metal complex, can be also regarded
as a zwitterionic #n'-methylene-p-phenoxy metal complex
(Figure 1). The outline of the synthesis is depicted in

quinone methide form zwitter-ionic form

Figure 1. Quinone methide form and the zwitterionic form of p-quinone
methide in the metal complex.

Scheme 1. The oxidative addition of a QM precursor A to a
metal complex would result in complex B. This complex is
then modified to generate the zwitterionic complex C, which
is expected to rearrange to the final QM metal complex D.
Since 4-(bromomethyl)phenols, the QM precursors, are
unstable and tend to eliminate HBr to form the corresponding
unstable QMs, the phenolic group was protected by a silyl
group. cis-Chelating diphosphine Pd complexes were chosen
as the metal precursors, since they are expected to have strong
backbonding interactions with the electron-poor QM moiety
in the final product D, which enhances the stability of the
complex.['4]
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Scheme 1. Synthetic strategy to produce 7? methylene-coordinated, p-
quinone methide-metal complexes.

Synthesis of the BHT-QM palladium complex: The precursor
selected for BHT-QM was the corresponding trimethylsilyl
(TMS) ether of 4-bromomethyl-2,6-di-tert-butylphenol (1,
Scheme 2). The phenolic function of the commercially

BHT-QM 1
Scheme 2. BHT-QM and its precursor 1.

available 2,6-di-tert-butyl-4-methylphenol (BHT) was silyl-
ated by refluxing with hexamethyldisilazane in DMF.IS] The
resulting silyl ether was brominated with NBS in CCl, under
intense illumination to give 1. Compound 1 is a white powder
which can be stored in the solid state at room temperature for
weeks with only slight decomposition. The benzylic CH,Br
group in 1 gives rise to a singlet at 6 =4.49 in the 'H NMR
spectrum and a singlet in the *C NMR spectrum at 6 =35.27.

Initially, we tried to oxidatively add the benzyl bromide 1 to
chelated diphosphine Pd’ complexes. Reaction of
[(dppp)Pd(dba) ]l (dba = dibenzylidene acetone; dppp=
1,3-bis(diphenylphosphino)propane)) with three equivalents
of 1 at room temperature in acetone resulted in oxidative
addition; however, the final product could not be separated
from DBA by extraction with common organic solvents. The
separation from DBA appeared to be crucial in later stages
(vide infra). The complex [(dippp)Pd(dba)] (dippp=1,3-
bis(diisopropylphosphino)propane) did not react with three
equivalents of 1 under the same conditions, probably because
of the tighter binding of DBA in this electron-rich complex.
When the mixture was heated at 90°C, the product from
the oxidative addition was obtained in low yield (=10 % ). The
major product was [ (dippp)PdBr,],l'”) as detected by *'P NMR
spectroscopy. We attributed this reactivity to electron-transfer
processes that involve the electron-rich zero-valent metal
center and the benzyl bromide. Because of these drawbacks,
we decided to apply a slightly different approach that utilized
Pd" precursors. It was demonstrated that benzyl bromide
oxidatively adds to [(tmeda)PdMe,] (TMEDA = N,N,N',N'-
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- |
[ “Pd + o-Si—
Me” | Me B

Scheme 3. Reaction of 1 with [(tmeda)PdMe,].

tetramethyl-1,2-ethanediamine) to give, after reductive elim-
ination of ethane, [(tmeda)Pd(Br)(CH,Ph)] in good yield.['"!
Exchange of tmeda by an appropriate bisphosphine was
expected to be a facile step.

Indeed, reaction of 1 with [(tmeda)PdMe,] resulted in a
mixture of the benzyl complex 2 (79%) and [(tmeda)Pd-
Me(Br)] (21 %) (Scheme 3). Complex 2 was readily extracted
with diethyl ether and was fully characterized by NMR
spectroscopy. The CH, group bound to the metal center gives
rise to a singlet at  =2.84 in the 'H NMR spectrum and to a
singlet at  =14.84 in the *C NMR spectrum. The two amine
groups of the tmeda ligand are chemically nonequivalent and
show four signals in both 'H and *C NMR spectra. The benzyl
bromide complex 2 was treated with a series of chelating
bisphosphine ligands in order to exchange the tmeda ligand.
The most efficient ligand-exchange reaction was obtained with
dppe (bis(diphenylphosphino)ethane) (Scheme 4), and the
conditions were optimized to achieve the quantitative and clean

MeMe I PhEh I
N O-Si—  THF, dppe P O-Si—
[ >Pd | — [ Pd
PN “Br -30°C P “Br
Mepe PhPh
2 3

Scheme 4. Exchange reaction of the tmeda ligand with dppe.

formation of the bisphosphine benzyl complex 3. The 3'P
NMR spectrum of 3 in C4Dy exhibits two doublets of equal
intensities at 6 =30.12 and 52.90 [J(P,P)= 40.6 Hz], corre-
sponding to the two nonequivalent phosphorus atoms of the
chelating ligand. The benzylic protons appear in the 'TH NMR
spectrum as a doublet of doublets at 6 =3.94 [J(P.H)=10.5
and 5.4 Hz] as a result of coupling to the phosphines. Good
exchange results were also obtained with dippp, dppp, and
dtbpp (1,3-bis(di-tert-butyl-phosphino)propane), but other
minor products, which appeared as singlets in the 3P NMR
spectra, were also formed. When dmpe (1,2-bis(dimethyl-
phosphino)ethane) was added to 2, no desired exchange
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product was observed. The 3P NMR spectrum showed a
singlet at 0 =—1.56 and a broad signal at 21.70. Apparently,
the small size of the phosphine ligand allows more than one
molecule to interact with the metal center.

Remarkably, when 3 was treated with one equivalent of
nBu/NF in THF, the quinone methide complex
[(dppe)Pd(BHT-QM)] (4) was obtained in 91% yield
(Scheme 5). The ammonium phenoxy intermediate formed
by the cleavage of the Si—O bond, spontaneously dispropor-
tionated to give 4 and nBu,NBr. Alternatively, when 3 was

(nBu)4N+
o o
(nBu)4N+ F Phy
3 Ph I — P

-Me3SiF 2 -(nBu)4NBr -

_P —Pd\
Pd_ j Sh
Br P 4 2

Ph2

Scheme 5. Formation of the quinone methide—metal complex 4 with
nBu,NF.

treated with one equivalent of silver trifluoromethanesulfo-
nate (triflate, AgOTf) in wet THF in the dark, complexes 5§
and 6 were formed (Scheme 6) as evidenced by *P and
'H NMR analyses. Complex 5 is completely hydrolyzed into 6
within 48 hours at room temperature. Complexes 5 and 6
possess similar NMR features (see Experimental Section),
except that the 'H NMR spectrum of 6 lacks the pattern
characteristic of the silyl protecting-group. Addition of an
equimolar amount of base (fBuOK) to a solution of 6 in THF
resulted in the clean formation of 4 (Scheme 6).

The 3P NMR spectrum of 4 in C,D¢ shows two sharp
doublets at 6 =29.07 and 3749 [J(P,P) = 14.2 Hz], indicative
of two nonequivalent phosphorus nuclei in a mutual cis
configuration. The upfield '*C chemical shift of the carbons of
the coordinated double bond and their coupling to the two
nonequivalent phosphines, 6(CH,)=51.34 [d, J(PC)=
30.8 Hz], and O(C=CH,)=82.27 [dd, J(PC)=12.5 and
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Scheme 6. Alternative formation of the quinone methide — metal complex
4 with AgOTTf and subsequent hydrolysis.

4.8 Hz], as well as the doublet of doublets that originates from
the benzylic protons in the 'H NMR spectrum at 6 =3.40
[/(PH)=72 and 3.8 Hz], indicate that coordination takes
place through the exocyclic double bond. The carbonyl carbon
is also coupled to the phosphorus atoms and appears as a
broad doublet at 6 =183.96, which is in the region observed
for other 2,5-cyclohexadienones and quinones.'” The carbon-
yl group of the QM moiety exhibits a characteristic, strong IR
absorption band at ¥ = 1598 cm™!, similar to the one reported
for PCP pincer-type QM Rh! complexes.! !

Slow diffusion of pentane into a solution of 4 in diethyl
ether resulted in orange crystals that were subjected to an
X-ray diffraction study, which has already been communicat-
ed.[¥1 A view of a molecule of 4 is shown in Figure 2.

Figure 2. Crystal structure of 4.

Chem. Eur. J. 2000, 6, No. 3
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Selected bond distances and bond angles are given in
Table 1. The Pd atom lies in a distorted trigonal-planar
environment, coordinated to the two phosphorus atoms and
the exocyclic double bond of the BHT-QM moiety. The

Table 1. Selected bond lengths [A] and bond angles [°] for the crystal
structure of 4.

Pd1-Cl 2.088(2) P2-Pd1-P3 86.73(2)
Pd1-C2 2.208(2) C1-Pd1-C2 38.97(6)
cl-c2 1.437(2) C2-C1-Pd1 75.06(10)
2-C3 1.443(3) C1-C2-Pd1 65.97(10)
C3-C4 1.362(2) C1-C2-C3 122.0(2)
C4-C5 1.474(3) C7-C2-C3 116.7(2)
C5-C6 1.474(3) C2-C3-C4 1233(2)
C6—C7 1.364(3) C3-C4-C5 118.6(2)
c2-C7 1.441(2) C3-C4-C8 122.5(2)
C5-05 1.251(2) C4-C5-C6 118.1(2)
C4—C8 1.539(3) C4-C5-05 120.9(2)

coordinated double bond is notably elongated (1.437(2) A)
relative to that of free olefins, as a result of substantial
backdonation from the metal. The quinonoid character of the
ligand is reflected in the alternation of the ring bonds,
whereby the C3—C4 and C6—C7 bond lengths of 1.362(2) A
and 1.364(3) A, respectively, are noticeably shorter than the
rest of the carbon-carbon bonds of the ring (cf. C2—C3
1.443(3) A and C4—C5 1.474(3) A). The carbonyl C5-O5
bond length of 1.251(2) A is in the range reported for other
quinonoid compounds.?” It is noteworthy that the strong
backbonding from the metal center to the QM moiety results
in the loss of planarity around C2; the C1—C2 exocyclic bond
is displaced out of the ring plane by 10.78° away from the
palladium atom. A similar observation is reported for the
structurally  relevant  [(PMe;),Pd(pentamethylfulvene)],
where the coordinated exocyclic double bond is displaced
from the plane of the fulvene ring by 10.81°.! 22

Complex 4 is a thermally stable compound and can be
stored under a dinitrogen atmosphere for months. Remark-
ably, it is also stable towards
gentle heating (55°C) in ben-
zene or even in wet MeOH,
which clearly indicates that
there is no spontaneous disso-
ciation of the QM moiety from
Pd. Free BHT-OM would have
reacted immediately with the
media were there any equilibria
present involving the [P,Pd]
fragment and the QM moiety.
Exposure of a benzene solution
of 4 to air resulted in the total
decomposition with quantita-
tive formation of dppe oxide
within 2 h. This oxidation pro-
cess is apparently catalyzed by
the metal,* since only partial
oxidation of dppe in air was
observed after heating a solu-
tion of dppe at 80°C for
8 hours. Substitution of the
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BHT-QM fragment from the metal center in 4 could not be
achieved by the use of hard donor ligands, such as acetonitrile
or pyridine; complex 4 remained unchanged. In contrast,
reaction of 4 with the electron-deficient alkene dibenzyli-
deneacetone (DBA) or with diphenylacetylene (DPA) resulted
in the clean formation of the corresponding [P,Pd(dba)] and
[P,Pd(dpa)] complexes. The unstable free BHT-QM was
detected in a C¢D reaction solution by 'H NMR spectroscopy
immediately after its release. When the same experiments
were performed in methanol as the solvent, the free QM was
trapped immediately with the formation of the 1,6-Michael-
type adduct, 2,6-di-tert-butyl-4-methoxymethylphenol, which
was detected by 'H NMR spectroscopy and GC-MS
(Scheme 7). Similarly, when CD;OD was used as the solvent,
a CD;O group was incorporated into the organic product.
Thus, the controlled release of free QM from the metal into
solution, in which it is effectively trapped by nucleophiles, was
achieved for the first time.

o OH
4 DBA MeOH
R ——— —_—
-[(dppe)Pd(dba)]
OMe
BHT-QM

Scheme 7. Release of BHT-QM which is immediately trapped by MeOH.

Synthesis of the s-QM palladium complex: Isolation of the
simplest (that is, unsubstituted) para-quinone methide (s-
QM) can be regarded as the ultimate goal for a study which
deals with stabilization of quinone methides, since it is
considered as one of the most reactive members of this family
of compounds. Indeed, this species reacts immediately upon
formation and has never been characterized.?*! We decided to
utilize the strategy outlined above to try to isolate a stable
s-QM palladium complex. As in the case of BHT-QM, the
trialkylsilyl ether of 4-(bromomethyl)phenol was chosen as
the precursor for this quinone methide. The corresponding
4-(bromomethyl)phenyl (trimethyl)silyl ether was synthe-
sized by silylation of para-cresol with Me;SiCl followed by
bromination of the product. Unfortunately, this precursor, a
transparent liquid substance, rapidly decomposed to give a
purple film. Presumably, hydrolysis by traces of moisture
results in the unstable 4-(bromomethyl)phenol, which under-
goes HBr elimination and formation of the highly reactive
s-QM. In order to increase the stability of the QM precursor,
we decided to use bulkier silyl protecting-groups.®! Reaction
of p-cresol with thexyldimethylchlorosilane (thexyl=1,1,2-
trimethylpropyl) and subsequent bromination by NBS gave
4-(bromomethyl)phenyl (thexyldimethyl)silyl ether (7)
(Scheme 8). Neat benzyl bromide 7 also showed extensive
decomposition under ambient conditions, although at a slower
rate than that of the TMS analogue. Therefore, 7 was
generated in a benzene solution (=~0.2M) and was kept at
—30°C under nitrogen. The benzene was removed under
vacuum just before 7 was used.

Reaction of [ (tmeda)PdMe,] with 7 gave the corresponding
benzyl bromide adduct 8 in 35% yield (Scheme 9). Complex
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Scheme 8. Synthesis of 4-(bromomethyl)phenyl (thexyldimethyl)silyl
ether (7).

Me |
MeN. r@o—Si« 8
“Pd '
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O*:Si«

Phpy, 9 10

| Y-
e
Br 7(p>v Br

\ (NBu)sN* F l (NBu)sN* F

?

e

11

Scheme 9. Formation of the novel Pd’ complex of s-QM (11).

8 and the corresponding diphosphine Pd-benzyl complexes
(vide infra) undergo slow decomposition at room temper-
ature, probably as a result of hydrolysis of the silyl protecting-
group. The 'H NMR spectrum of 8 in C;D, shows a singlet at
0=3.36 for the benzylic protons and two doublets for the
aromatic protons [0 =6.77 and 7.83, J(H,H) =8.5 Hz]. Treat-
ment of 8 with dppe (1 equiv) afforded the bisphosphine
palladium complex 9. As with the related complex 3, the 3'P
NMR spectrum of 9 in [D¢]benzene consists of two doublets
characteristic of nonequivalent phosphine groups coordinated
in cis positions. The 'H NMR spectrum shows a doublet of
doublets for the aromatic protons of the benzyl group, one of
which shows a small splitting as a result of coupling with 3'P.
The benzylic protons appear as a doublet of doublets at 6 =
3.93 [J(P,H) =10.6 Hz and 5.0 Hz].

Reaction of 9 with nBu,NF led to the formation of a new
bisphosphine palladium complex. The 3'P{!H} NMR spectrum
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indicates the presence of an AB spin system [0 =38.62 and
56.42, J(P,P) =24.6 Hz]. The signal of the benzylic protons is
strongly shifted upfield to 6 =1.21 and is also split by coupling
to the two nonequivalent phosphorus atoms [dd, J(P,H) =8.0
and 4.0 Hz]. No signals of the thexyldimethylsilyl group are
observed. The IR spectrum of this compound does not contain
any sharp absorption bands in the range v =1570-1670 cm™,
which indicates the absence of a carbonyl group. While the
nature of this complex is not yet clear, its spectroscopic
features show no similarities to those obtained for the
[(dppe)Pd(BHT-QM)] complex. Since the only difference
between 9 and 3 is the presence of two bulky fert-butyl groups
on the QM moiety, the difference in the products obtained
from the reactions of these complexes with nBu,NF may be
the result of the availability of the phenolate group for
coordination or for further reaction in the case of 9.

In order to avoid the formation of nonquinonoid products
by the interaction of the phenolate group with the metal
center, steric hindrance was introduced into the system by the
use of the dtbpp ligand instead of dppe. Thus, addition of
dtbpp (1 equiv) to a THF solution of 8 gave the benzyl
complex 10 in 52 % yield. The *'P{'H} NMR spectrum of 10
exhibits two doublets, corresponding to the phosphorus atoms
of dtbpp coordinated in cis positions. The benzylic protons
appear as a broad doublet at 03 =3.95 [J(P,H) =8.1 Hz] and
one of the doublets of the aromatic AB spin system is
broadened as a result of coupling to the phosphorus atoms.

Addition of nBu,NF to a THF solution of 10 results in the
removal of the silyl protecting-group and the clean formation
of the novel Pd° complex of s-QM 11 (Scheme 9). This
complex shows two doublets in the 3'P{'H} NMR spectrum for
its two nonequivalent phosphorus atoms coupled to each
other with a relatively low coupling constant of J=16.1 Hz.
Its '"H NMR spectrum exhibits, in addition to the signals from
the dtbpp ligand, a doublet of doublets at 6 =2.76, which
corresponds to the exocyclic CH, group that has shifted
upfield. A similar shift is observed for the ring protons, which
resonate at 0 =6.58 and 6.91. The latter signal is coupled to
one phosphorus atom, and appears as doublet of doublets.
The *C{'"H} NMR spectrum gives rise to a broad singlet at d =
184.36, attributed to the quinonoid carbonyl group. The
exocyclic carbon appears as a doublet at 6 =46.89 [J(P,C) =
33.3 Hz]. The IR spectrum of 11 shows a strong absorption at
7=1587 cm™! (with a shoulder at 1608 cm™') that originates
from the C=O stretching mode of the conjugated carbonyl.

Complex 11 is thermally stable in solution and in the solid
state. A sample kept under nitrogen atmosphere for two
months showed no substantial decomposition. A benzene
solution of 11 (3 mg, 1 mL) slowly reacted with ambient
dioxygen to yield the bisphosphine oxide (approximate
halflife time 2 days). Remarkably, the s-QM moiety in
complex 11 is stable towards alcohols, whereas the free
s-QM has no measurable life time in such media. Moreover,
no displacement of the s-QM from the complex was achieved
by addition of a large excess of DBA or methyl acrylate to an
ethanol solution of 11, even upon heating for 1 h at 55°C. The
observation that the s-QM could not be released from the
complex [(dtbpp)Pd(s-QM) ] under conditions which allowed
the displacement of BHT-QM from its dppe-Pd complex 4,
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can be attributed to the steric hindrance introduced by the
tert-butyl groups on the phosphorus atoms. These groups
block the approach of a new ligand to the metal, which is a
requirement for the associative ligand-substitution pathway.
When a solution of 11 in methanol was kept under a CO
atmosphere for 12 h; discoloration of the orange solution was
observed, and the 3'P{'H} NMR spectrum indicated the
complete disappearance of the s-QM complex 11. GC-MS
analysis of the mixture revealed the presence of 4-methoxy-
methyl phenol, the product from the addition of MeOH to
s-QM. When ethanol was used as the solvent, the ethoxy
analogue was detected; this indicates that the s-QM release
can be achieved by the use of an appropriate ligand and the
released QM species is effectively trapped in protic media to
give the 1,6-Michael-type addition products.

Conclusions

We have developed a general approach towards the synthesis
of simple p-quinone methide metal complexes. These highly
reactive organic transients are generated in the coordination
sphere of the metal and are stabilized by coordination of the
exocyclic double bond of the quinone methide moiety to an
electron-rich palladium(o) center. This coordination results in
a remarkable increase in stability and inertness towards
alcohol and water. Under appropriate conditions, the QM
moiety can be released and trapped. The generality and
efficiency of the method was demonstrated by the generation,
stabilization, full characterization, and controlled release of
the biologically relevant quinone methide BHT-QM and of
the simplest, and so far elusive, representative of the quinone
methide family, 4-methylene-2,5-cyclohexadien-1-one.

Experimental Section

General procedures: All operations with air- and moisture-sensitive
compounds were performed in a nitrogen-filled glovebox (Vacuum
Atmospheres with an MO-40 purifier). All solvents were of reagent grade
or better. Pentane, diethyl ether, benzene, and THF were distilled over
sodium/benzophenone ketyl. Acetone was dried by filtration through
neutral alumina. All solvents were degassed and stored under high-purity
nitrogen after distillation. All deuterated solvents (Aldrich) were stored
under high-purity nitrogen on molecular sieves (3 A). Commercially
available reagents were used as received. [(tmeda)PdMe,] was prepared
as previously reported.”?]

'H, 3P, and BC NMR spectra were recorded on a Bruker DPX250
spectrometer. 'H and "*C chemical shifts are reported in ppm downfield
from TMS and referenced to the residual solvent k; ([D]chloroform
7.24 ppm, [Dg]acetone 2.04 ppm, [D4]benzene 7.15 ppm) and all-d solvent
peaks (chloroform 77.00 ppm, acetone 29.8 ppm, benzene 128.00 ppm),
respectively. 3'P chemical shifts are reported in ppm downfield from H;PO,
and referenced to an external 85 % phosphoric acid sample. All measure-
ments were performed at 21 °C. Infrared spectra were recorded on a FT-IR
Nicolet PROTEGE 460 spectrophotometer. IR samples were prepared in
the glovebox as films on NaCl plates. The elemental analyses were
performed at the Hebrew University of Jerusalem (Israel).

Synthesis of [4-(bromomethyl)-2,6-di-tert-butylphenoxy) Jtrimethylsilane
@

Synthesis of the intermediate (2,6-di-tert-butyl-4-methylphenoxy)trimethyl-
silane: A solution containing 2,6-di-tert-butyl-4-methylphenol (5.2 g,
0.023 mol) and 1,1,1,3,3,3-hexamethyldisilazane (15 mL, 0.071 mol) in
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DMF (35 mL) was refluxed under argon atmosphere for 20 h. The solution
turned blue as the reflux started. Upon concentration by distillation under
reduced pressure, a white precipitate was formed that was collected on a
sinter, washed with DMF, and dried under vacuum to give the pure
trimethylsilyl ether of 2,6-di-tert-butyl-4-methylphenol™ (3.2 g, 47%), as
identified by 'H NMR. 'H NMR (CDClL;): 4 =0.38 (s, 9H; SiMe), 1.38 (s,
18H; tBu), 2.24 (s, 3H; CH,), 7.02 (s, 2H; Ar-H).

Synthesis of 1 from the intermediate phenyl silyl ether: N-Bromosuccin-
imide (400 mg, 2.2 mmol) and azobisisobutyronitrile (10 mg) were added to
a CCl, solution (30 mL) of the intermediate phenyl silyl ether (500 mg,
1.7 mmol). The mixture was irradiated at close range with a 100 W lamp,
which initiated the reflux. After 2030 min the mixture was cooled and the
floating imine was filtered off. The solvent was removed on a rotary
evaporator and the residue was extracted with hexane. The dilute hexane
solution (10 mL) was cooled to 4°C for 6 h and the byproducts precipitated.
From the concentrated supernatant liquid (=4 mL) 1 crystallized (310 mg,
49 %) and was isolated by decantation. '"H NMR (CDCL): 6 =0.41 (s, 9H;
SiMe;), 1.40 (s, 18 H; tBu), 4.49 (s, 2H; CH,Br), 7.26 (s,2H; Ar-H); 3C {'H}
NMR (CDCL): 6 =3.97 (SiMe;), 31.12 (1Bu), 35.13 (tBu), 35.27 (CH,Br),
126.81 (Ar-H), 129.09 (Ar-C), 141.15 (Ar-C), 153.41 (Ar-O), the assignment
was confirmed by a DEPT experiment; C;gH;BrOSi: C 58.21, H 8.41;
found C 58.30, H 8.16.

Synthesis of 2: A cold (—30°C) solution of 1 (57 mg, 0.154 mmol) in
acetone (2 mL) was added to a cold solution of [(tmeda)PdMe,] (36 mg,
0.143 mmol) in acetone (2 mL). After standing for 15 min at —30°C, the
solvent was evaporated in vacuo, the residue was washed with pentane
(4 mL), and 2 was extracted with diethyl ether (10 mL). Evaporation of the
solvent gave pure 2 (67 mg, 79 % ). 'H NMR ([Dg]acetone): 6 =0.37 (s, 9H;
SiMe;), 1.39 (s, 18 H; rBu), 2.43 (s, 6 H; NMe,), 2.49 (s, 6 H; NMe,), 2.50 (t,
J(H,H)=55Hz, 2H; NCH,CH,N), 2.79 (t, JHH)=55Hz 2H;
NCH,CH,N), 2.84 (s, 2H; CH,Pd), 7.55 (s, 2H; Ar-H), the '"H NMR of
this complex in CDCl; is similar to the spectrum reported for [(tmeda)-
(PhCH,)PdBr];l'8! BC{'H} NMR ([Dg]acetone): 0 =3.70 (SiMe;), 14.84
(CH,Pd), 32.00 (tBu), 35.49 (1Bu), 48.65 (NMe,), 49.66 (NMe,), 57.82
(NCH,CH,N), 63.79 (NCH,CH,N), 127.87 (Ar-H), 140.11 (Ar-C), 140.32
(Ar-C), 149.72 (Ar-O), the assignment was confirmed by a DEPT
experiment.

Synthesis of 3: A solution of bis(diphenylphosphino)ethane (dppe; 35 mg,
0.088 mmol) in THF (1 mL) was added to a solution of 2 (52 mg,
0.088 mmol) in THF (2mL) at —30°C. After 30 min the solvent was
removed in vacuo and the residue was washed with pentane (4 mL).
Extraction of the residue with diethyl ether (7 mL) and evaporation of the
solvent gave pure 3 (70 mg, 91%). 3'P{!H} NMR (C¢Dy): 6 =30.12 (d,
J(PP) =40.6 Hz), 52.90 (d, J(PP) =40.6 Hz); '"H NMR (C¢Dy): 6 =0.40 (s,
9H; SiMes), 1.45 (s, 18 H; tBu), 1.50 (m overlapping with signal of rtBu, 2H;
PCH,CH,P), 1.91 (dtd, J(P,H) =27.0 Hz, J(H,H) =8.4 Hz, J(PH) =5.2 Hz,
2H; PCH,CH,P), 3.94 (dd, J(PH)=10.5Hz and 5.4 Hz, 2H; CH,Pd),
6.97-7.10 (m, 12H; dppe), 7.31-740 (m, 4H; dppe), 7.75 (d, J(PH) =
1.9 Hz, 2H; Ar-H), 7.91-799 (m, 4H; dppe).

Synthesis of 4 by the treatment of 3 with TBAF: Tetra-n-butylammonium
fluoride trihydrate (TBAF, 1 equiv, 25 mg, 0.080 mmol) was added to a
solution of 3 (70 mg, 0.080 mmol) in THF (2 mL). The mixture was kept at
room temperature for 15 min, then the solvent was removed in vacuo. The
residue was washed with pentane (4 mL) and 4 was extracted with diethyl
ether (7 mL). Evaporation of the solvent gave pure 4 (53 mg, 91 % ). *'P{'H}
NMR (C¢Dy): 6=29.07 (d, J(PP)=14.2 Hz), 3749 (d, J(PP)=14.2 Hz);
"H NMR (C4Dg): 6 =1.61 (s, 18 H; rBu), 1.83 (m, 2H; PCH,CH,P), 1.91 (m,
2H; PCH,CH,P), 3.40 (dd, J(P,H) = 7.1 Hz and 3.8 Hz, 2H; exocyclic CH,),
6.93-7.55 (22H; Ar-H and QM-ring C-H); *C{'"H} NMR (C¢Dy): 6 =25.53
(dd, J(P,C)=26.1, 16.3 Hz; PCH,CH,P), 26.60 (dd, J(P,C) =26.5, 16.8 Hz;
PCH,CH,P), 51.34 (d, 30.7 Hz, exocyclic CH,), 82.28 (dd, J(P.C)=12.5,
4.8 Hz, C=CH,), 125-142 (Ar and QM ring), 183.96 (brd, J(P,C) =3.7 Hz;
C=0); the assignment was confirmed by a DEPT and a C-H correlation
experiment; IR(neat): 7=1598 cm~! (s); C,H,OP,Pd: C 68.10, H 6.41;
found C 68.55, H 7.05.

Synthesis of 4 by the treatment of 3 with AgOTf: Silver triflate (3 mg,
0.012 mmol) was added to a solution of 3 (10 mg, 0.011 mmol) in THF
(2 mL) in the dark. The solid was filtered off and the solvent was removed
in vacuo. The residue was washed with pentane (4 mL) and extracted with
benzene (6 mL). 3'P and 'H NMR analysis of the benzene extract showed
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two sets of signals corresponding to the triflate complex with the TMS
protecting-group on the benzylic group (5) and the triflate complex with an
unprotected phenol (6). The benzene solution was kept at room temper-
ature and complete conversion of 5 to 6 was observed within 48 h (4 mg,
~50% ). Addition of equimolar fBuOK to a THF solution of 6 resulted in
the clean formation of 4, as observed by *'P and 'H NMR spectroscopy.
Compound 5: 3'P{'"H} NMR (C¢Dg): 6 =42.66 (d, J(P,P) =40.4 Hz), 52.95
(d, J(PP)=40.4 Hz); '"H NMR (C¢Dg): 6=0.25 (s, 9H; SiMe;), 1.25 (s,
18H; rBu), 2.04 (m, 2H; PCH,CH,P), 2.25 (m, 2H; PCH,CH,P), 3.34 (m,
2H; CH,Pd), 6.93 (d, J(PH)=5.2Hz, 2H; Ar-H), 7.08-774 (m, dppe).
Compound 6: 3'P{'"H} NMR (C¢Dg): 6 =40.19 (d, J(P,P) =40.0 Hz), 52.75
(d, J(PP) =40.0 Hz); '"H NMR (C,Dy): 6 =1.18 (s, 18H; /Bu), 1.93 (m, 2 H;
PCH,CH,P), 2.16 (m, 2H; PCH,CH,P), 3.34 (d, J(PH)=9.3 Hz, 2H;
CH,Pd), 6.85 (d, J(PH)=4.5Hz, 2H; Ar-H), 7.04-7.10 (m, 4H; dppe),
721-730 (m, 12H; dppe), 7.53 (dd, J(P,H) = 12.4 Hz, J(H,H) = 8.1 Hz, 4H;
dppe).

X-ray crystal structure determination of 4: Orange crystals of 4, suitable for
a single crystal X-ray diffraction study, were obtained by slow diffusion
at room temperature of pentane into a diethyl ether/pentane solution
(=3:1v/Iv) of 4.

Crystal data: C;H,,OP,Pd, orange prisms, 0.3 x 0.3 x 0.3 mm?, monoclinic,
P2(1)/n  (No.14), a=9.553(2), b=28.122(6), c=13.7743) A, B=
107.52(3)°, from 25 reflections, T=110 K, V' =23528.7(13) A3, Z=4 Fw=
72312, Pegea = 14361 gem =3, u=0.648 mm~1.

Data collection and treatment: Rigaku AFC5R four-circle diffractometer,
Moy, graphite monochromator (1 =0.71073 A), 14156 reflections collect-
ed, 1.45<60<2750° —12<h<7,0<k<36, —17<I<17, w-scan method,
scan width =1.4°, scan speed 12°min~!, typical half-height peak width=
0.25°, 3 standards were collected 72 times each, with a 4% change in
intensity, 8109 independent reflections (R;, = 0.0560).

Solution and refinement: Structure solved by direct methods (SHELXS-
96). Full-matrix least-squares refinement based on F? (SHELXS-93).
Idealized hydrogens were placed and refined in a riding mode, 412 param-
eters with 0 restraints, final R, =0.0290 (based on F?) for data with I > 201,
and R; =0.0336 for all data based on all 8104 reflections, goodness-of-fit on
F2=1.061, largest electron density = 0.972 ¢ A-3. Full details are described
in the Supporting Information provided with ref. [13].

Displacement and trapping of BHT-QM: A solution of dibenzylideneacet-
one (DBA) (3 mg, 0.013 mmol) in C¢D4 (1 mL) was added to a solution of
4 (7 mg, 0.010 mmol) in CDy (1 mL) at room temperature. Based on
3P{'H} NMR integration, ~90% conversion of 4 to the known!'
[(dppe)Pd(DBA)] was observed within 10 min. Concomitant formation
of free BHT-QM was detected by 'H NMR spectroscopy. Excess MeOH
(ca. 2mL) was added and the volatiles were removed in vacuo. Extraction
with pentane (4 mL) gave 2,6-di-tert-butyl-4-methoxymethylphenol, which
was identified by means of GC-MS analysis and '"H NMR spectroscopy.
Yields are quantitative based on 'H NMR integration.

BHT-OM: 'H NMR (C¢Dy): 0 =1.37 (s, 18 H; rBu), 5.20 (s, 2H; CH,), 6.77
(s, 2H; C-H).I>l

2,6-Di-tert-butyl-4-methoxymethylphenol: 'H NMR (C¢Dy): 6=137 (s,
18H;Bu), 3.21 (s,3H; OMe), 4.33 (s, 2H; CH,0), 4.94 (s, 1 H; OH), 7.31 (s,
2H; Ar-H); GC-MS (EI): m/z: 250 [M]*, 235 [M — CH;]*, 219 [M—
OCH,]* .27 23]

Reaction of 4 with air: A solution of 4 (=5 mg) in C;D4 (1 mL) was exposed
to air for 2 h at room temperature. 'H and *'P{'H} NMR revealed the
quantitative formation of bis(diphenylphosphinoxide)ethane (dppe-oxide).
Dppe-oxide: 3'P{'H} NMR (C,Dy): 6 =31.17 (s); '"H NMR (C¢Dy): 6 =2.69
(d, 4H; J(PH) =2.5 Hz, PCH,CH,P), 6.97 (m, 12H), 7.71 (m, 8H).*’]
Synthesis of 7: Thexyldimethylchlorosilane (6 mL, 30 mmol) was added to
a solution of p-cresol (2.5 g, 23 mmol) and imidazole (3.9 g, 57 mmol) in
DMF (10 mL). The solution was stirred at room temperature for 15 h.
Hexane (20 mL) was added to create a two-phase system. The hexane
phase was washed with water (10 mL) and dried with Na,SO,. The hexane
was removed on a rotary evaporator at 30°C to give the pure phenyl silyl
ether (5.66 g, 98 %). 'H NMR (CDCl,): 6 =0.21 (s, 6 H; SiMe,), 0.95 (s, 6 H;
CMe,), 0.95 (d, J(H,H)=6.8 Hz, 6H; (CH;),CH), 1.74 (sept, J(HH)=
6.8 Hz, 1H; (CH;),CH), 2.28 (s, 3H; Ar-CHj;), 6.72 (d, J(H.H) =8.4 Hz,
2H; Ar-H), 702 (d, J(H,H)=8.4Hz, 2H; Ar-H); C;sH,0Si: C 71.94,
H 10.46; found C 70.80, H 10.25.
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N-Bromosuccinimide (370 mg, 2.0 mmol) and azobisisobutyronitrile
(10 mg) were added to a solution of the phenyl silyl ether (410 mg,
1.6 mmol) in benzene (30 mL). The mixture was irradiated under a nitrogen
atmosphere at close range with a 100 W lamp, which initiated reflux. After
20 min the mixture was cooled, the solvent was evaporated with a rotor
evapotator at 30°C until ~7 mL remained, and the floating imine was
filtered off. Based on integration of the 'H NMR signals (with a program to
suppress the benzene signal), the reaction mixture was found to contain
75 % benzyl bromide 7 and 25 % of the unreacted material. Upon removal
of the solvent and exposure to air, liquid 7 hydrolized rapidly to result in a
purple film. Therefore, the benzene solution of the benzyl bromide 7
(~0.2m) was degassed and introduced into the glovebox. Aliquots of this
solution were concentrated under vacuum and dissolved in acetone
immediately before use. '"H NMR (CDCL): 6 =0.22 (s, 6H; SiMe,), 0.93
(d, JHH)=69Hz, 6H; (CH;),CH), 0.94 (s, 6H; CMe,), 1.72 (sept,
J(HH)=69 Hz, 1H; (CH,),CH), 448 (s, 2H; Ar-CH,-Br), 6.77 (d,
JHH)=8.6Hz, 2H; Ar-H), 725 (d, J(H,H)=8.6Hz, 2H; Ar-H).
BC{'H} NMR (CDCl,): 6 = —2.44 (SiMe,), 18.54 (Me,CH), 20.11 (Me,C),
25.04 (Me,C), 34.02 (CH,Br), 34.11 (Me,CH), 115.65 (Ar-C), 120.36 (Ar-
H), 130.37 (Ar-H), 155.74 (Ar-O); the assignment was confirmed by DEPT
and C-H correlation experiments.

Synthesis of 8: A cold solution (—30°C) of 7 (1.5 mL, ~0.3 mmol) in
acetone (1 mL) was added to a cold solution of [(tmeda)PdMe,] (47 mg,
0.186 mmol) in acetone (1 mL). After standing for 15 min at —30°C, the
solvent was evaporated in vacuo, the residue was washed with pentane
(4 mL) and extracted with diethyl ether (7 mL). Evaporation of the ether
gave 8 (36 mg, 35%). Extraction of the residue with benzene (4 mL)
afforded 10 mg of the known® [(tmeda)Pd(CH;)Br] complex (17%).
'H NMR (C¢Dg): =0.18 (s, 6H; SiMe,), 0.95 (s, 6H; CMe,), 0.97 (d,
J(H,H) = 6.8 Hz, 6H; (CH,),CH), 1.42 (m, 2H; NCH,CH,N), 1.51 (m, 2H;
NCH,CH,N), 1.73 (sept, J(H,H) = 6.8 Hz, 1H; (CH,),CH), 1.79 (s, 6H;
NMe,), 2.24 (s, 6H; NMe,), 3.36 (s, 2H; CH,Pd), 6.77 (d, J(H,H) =8.5 Hz,
2H; Ar-H), 7.83 (d, J(H,H) =8.5 Hz, 2H; Ar-H); BC{'"H} NMR (C,Dq):
d=—230 (SiMe,), 14.87 (CH,Pd), 18.81 (Me,CH), 20.42 (Me,C), 25.27
(Me,C), 34.53 (Me,CH), 48.53 (br, NMe,), 49.29 (br, NMe,), 56.94 (br,
NCH,CH,N), 62.70 (br, NCH,CH,N), 120.16 (Ar-H), 130.94 (Ar-H), 141.32
(Ar-C), 15221 (Ar-O); The assignment was confirmed by a DEPT
experiment.

Synthesis of 9: A cold (—30°C) solution of dppe (7 mg, 0.018 mmol) in
THF (1 mL) was added to a cold solution of 8 (10 mg, 0.018 mmol) in THF
(1 mL). After standing at —30°C for 15 min, the solvent was removed
under vacuum. The residue was washed with pentane (4 mL), and extracted
into diethyl ether (12 mL) with the assistance of mechanical shaking.
Removal of the solvent in vacuo gave 9 (13 mg, 86%). *'P{'H} NMR
(C¢Dg): 6 =32.21 (d, J(PP) =40.2 Hz), 54.63 (d, J(P,P) =40.2 Hz); 'HNMR
(C¢Dg): 0=0.13 (s, 6H; SiMe,), 0.95 (s, 6H; CMe,), 0.97 (d, J(H.H) =
6.9 Hz, 6H; (CH;),CH), 1.52 (m, 2H; PCH,CH,P), 1.70 (sept, J(H,H) =
6.9 Hz, 1H; (CH;),CH), 1.87 (m, 2H; PCH,CH,P), 3.93 (dd, J(P,H) = 10.6,
5.0 Hz, 2H; CH,Pd), 6.56 (d, J(H,H) =8.4 Hz, 2H; Ar-H), 6.96-7.03 (m,
12H; dppe), 7.38 (dd, J(H,H) = 8.4 Hz, weakly coupled to *P, 2H; Ar-H),
7.27-1736 (m, 4H; dppe), 7.86-7.94 (m, 4H; dppe).

Reaction of 9 with nBu,NF: A cold (—30°C) solution of 9 (13 mg,
0.016 mmol) in THF (2mL) and a cold solution of TBAF (5 mg,
0.016 mmol) in THF (1 mL) were mixed and kept at —30°C for 25 min.
The solvent was evaporated under vacuum and the residue was extracted
with diethyl ether (8 mL). The solution was analyzed by means of 3'P{'H},
'H, and 'H{*'P} NMR spectroscopy, which revealed that it contained 43 %
[(dppe),Pd] and 57 % of a new complex, the characteristic NMR signals of
which are: *'P{'H} NMR (CyDg): 6 =38.62 (d, J(P,P) =24.6 Hz), 56.42 (d,
J(PP)=24.6 Hz); '"H NMR (C¢Dy):  =1.21 (dd, J(P.H) =8.0, 4.0 Hz, 2H;
benzylic position), 1.69 (m, 2H; PCH,CH,P), 1.87 (m, 2H; PCH,CH,P).

Synthesis of 10: A cold (— 30 °C) solution of 8 (36 mg, 0.065 mmol) in THF
(1 mL) was mixed with a cold solution of bis(di-tert-butylphosphino)pro-
pane (dtbpp) (24 mg, 0.066 mmol) in THF (1 mL), and was kept for 20 min
at —30°C. The solution was dried under vacuum, washed with diethyl ether
(4 mL), and extracted with benzene (6 mL). Removal of the solvent gave 10
(26 mg, 52%). 3'P{'H} NMR (C4Dy): 6 =30.30 (d, J(P,P) =49.4 Hz), 49.55
(d, J(P,P)=49.4 Hz); '"H NMR (C4Dy): d =0.21 (s, 6 H; SiMe,), 0.95 (s, 6 H;
CMe,), 0.96 (d, J(H,H) = 6.9 Hz, 6H; (CH;),CH), 1.18 (d, J(P.H) = 12.6 Hz,
18H; rBu), 120 (d, J(P.H)=13.0 Hz, 18H; rBu), 1.70 (sept, J(H.H)=
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6.9 Hz, 1H; (CH;),CH), 3.95 (brd, J(P,H) =8.1 Hz, 2H; CH,Pd), 6.81 (d,
J(H,H) =86 Hz, 2H; Ar-H), 781 (brd, J(H,H) =8.2 Hz, 2H; Ar-H).
Synthesis of 11: A cold (—30°C) solution of nBu,NF-3H,0O (7 mg,
0.022 mmol) in THF (1 mL) was added to a cold solution of 10 (17 mg,
0.022 mmol) in THF (1 mL). The mixture was kept for at —30°C 15 min.
The solution was evaporate under vacuum and washed with pentane
(4 mL). Extraction of the residue with diethyl ether (7 mL) and removal of
the solvent afforded spectroscopically pure 11 (12 mg, 100%). *'P{'H}
NMR (THF):  =38.63 (d, J(PP)=16.1 Hz), 52.29 (d, J(PP)=16.1 Hz);
'H NMR (C4Dy): 6 =0.85 (d, J(PH) =12.7 Hz, 18 H; rBu), 0.92 (d, J(P.H) =
12.6 Hz, 18 H; tBu), 1.50 (m, coupled to 3'P, 4H; dtbpp), 2.76 (dd, J(P,H) =
6.0, 4.0 Hz, 2H; exocyclic CH,), 6.58 (d, J(H,H) =9.2 Hz, 2H; QM ring),
6.91 (dd, J(PH) =2.5 Hz, J(H,H) =9.2 Hz, 2H; QM ring); *C{'H} NMR
(C¢Dg): 6=21.57 (dd, J(P,C)=9.5, 1.5 Hz; PCH,CH,CH,P), 21.79 (dd,
J(P,C)=8.6, 3.3 Hz; PCH,CH,CH,P), 23.70 (dd, J(P,C)=5.2 Hz, 4.4 Hz;
PCH,CH,CH,P), 29.73 (d, J(P,C) =7.6 Hz, tBu), 29.98 (d, J(P,C) = 6.2 Hz;
Bu), 35.68 (d, J(P,C) =6.7 Hz, tBu), 36.29 (dd, J(P,C) =70, 1.5 Hz; /Bu),
46.89 (d, 33.3 Hz, exocyclic CH,), 125.10 (s, QM ring), 143.50 (s, QM ring),
184.36 (s, C=0); the assignment was confirmed by a DEPT and a C-H
correlation experiment; IR(film): 7= 1587 (s), 1608 cm~! (m).

Acknowledgments

This work was supported by the U.S.—Israel Binational Science Foundation,
Jerusalem (Israel) and by the MINERVA Foundation, Munich (Germany).
We thank Dr L. J. W. Shimon for performing the X-ray structural study.
D.M. is the holder of the Israel Matz professorial chair of organic chemistry.

[1] The Chemistry of the Metal— Carbon Bond: The Structure, Prepara-
tion, Thermochemistry and Characterization of Organometallic Com-
pounds, Vol. 1 (Eds.: F. R. Hartley, S. Patai) Wiley, NY, 1982.

[2] M. E. Kopach, W. D. Harman, J. Am. Chem. Soc. 1994, 116, 6581.

[3] H. Amouri, Y. Besace, J. Le Bras, J. Vaissermann, J. Am. Chem. Soc.
1998, 120, 6171.

[4] a) A. Vigalok, D. Milstein, J. Am. Chem. Soc. 1997, 119, 7873; b) A.
Vigalok, L. J. W. Shimon, D. Milstein, J. Am. Chem. Soc. 1998, 120,
477.

[5] For reviews, see: a) A. A. Volod’kin, V. V. Ershov, Russ. Chem. Rev.
1988, 57, 336; b) H.-U. Wagner, R. Gompper, in The Chemistry of
Quinonoid Compounds, Vol. 1 (Ed.: S. Patai), Wiley, NY, 1974,
p. 1145; ¢) A. B. Turner, Quart. Rev. 1964, 18, 347. See also: d) L. J.
Filar, S. Winstein, Tetrahedron Lett. 1960, 25, 9; e) L. K. Dyall, S.
Winstein, J. Am. Chem. Soc. 1972, 94, 2196.

[6] For areview, see: D. C. Thompson, J. A. Thompson, M. Sugumaran, P.
Moldeus, Chem.-Biol. Interact. 1993, 86, 129.

[7] S. M. Shevchenko, A. G. Apushkinskii, Russ. Chem. Rev. 1992, 61, 105.

[8] H. W. Moore, R. Czerniak, Med. Res. Rev. 1981, 1, 249.

[9] a) M. G. Peter, Angew. Chem. 1989, 101, 572; Angew. Chem. Int. Ed.
Engl. 1989, 28, 555; b) T. Li, Q. Zeng, S. E. Rokita, Bioconjugate
Chem. 1994, 5, 497.

[10] a) A.A.L. Gunatilaka, in Progress in the Chemistry of Organic
Natural Products, Vol. 67, Springer, Wien, NY, 1996, p. 1; b) G. Prota,
in Progress in the Chemistry of Organic Natural Products, Vol. 64,
Springer, Wien, NY, 1995, p. 93; ¢) D. A. Bolon, J. Org. Chem. 1970,
35,3666; d) S. R. Angle, M. S. Louie, Tetrahedron Lett. 1993, 34, 4751;
e) J. P. Marino, S. L. Dax, J. Org. Chem. 1984, 49, 3671.
[11] a) T. E. Gram, Pharmacol. Rev. 1988, 49, 297; b) D. C. Thompson, Y.-
N. Cha, M. A. Trush, J. Biol. Chem. 1989, 264,3957; c) K. Z. Guyton, P.
Bhan, P. Kuppusamy, J. L. Zweier, M. A. Trush, T. W. Kensler, Proc.
Natl. Acad. Sci. USA 1991, 88, 946; d) J. L. Bolton, S. B. Turnipseed,
J. A. Thompson, Chem.-Biol. Interact. 1997, 107, 185.
a) J. L. Bolton, J. C. Y. Le Blanc, K. W. M. Siu, Biol. Mass Spec. 1993,
22, 666; b) K. Z. Guyton, P. M. Dolan, T. W. Kensler, Carcinogenesis
1994, 15, 817; ¢) K. Yamamoto, S. Kato, K. Tajima, T. Mizutani, Biol.
Pharm. Bull. 1997, 20, 571; d) P. G. McCracken, J. L. Bolton, G. R. J.
Thatcher, J. Org. Chem. 1997, 62, 1820; ¢) M. Reed, D. C. Thompson,
Chem. Res. Toxicol. 1997, 10, 1109; f) M. A. Lewis, D. G. Yoerg, J. L.

[12

0947-6539/00/0603-0461 $ 17.50+.50/0 — 461





FULL PAPER

D. Milstein et al.

Bolton, J. A. Thompson, Chem. Res. Toxicol. 1996, 9, 1368; g) G.
Hocman, Int. J. Biochem. 1988, 20, 639.

[13] O. Rabin, A. Vigalok, D. Milstein, J. Am. Chem. Soc. 1998, 120, 7119.

[14] a) S.D.Ittel, J. A. Ibers, Adv. Organomet. Chem. 1976, 14,33;b) J. H.
Nelson, H. B. Jonassen, Coord. Chem. Rev. 1971, 6, 27; c) I. Silvestre,
T. A. Albright, . Am. Chem. Soc. 1985, 107, 6829.

[15] S. Friedman, M. L. Kaufman, I. Wender, J. Org. Chem. 1962, 27, 664.

[16] W. A. Herrmann, W. R. Thiel, C. BroBmer, K. Ofele, T. Priermeier, J.
Organomet. Chem. 1993, 461, 51.

[17] M. Portnoy, F. Frolow, D. Milstein, Organometallics 1991, 10, 3960.

[18] W. de Graaf, J. Boersma, G. van Koten, Organometallics 1990, 9, 1479.

[19] C.J. Pouchert, J. Behnke, The Aldrich Library of °C and '"H FT NMR
Spectra Vol. 1, 1st ed., Aldrich, 1993.

[20] D. Rabinovich, M. J. Schmidt, J. Chem. Soc. B 1967, 127.

[21] H. Werner, G. T. Crisp, P. W. Jolly, H.-J. Kraus, C. Kruger, Organo-
metallics 1983, 2, 1369.

[22] For other examples of structurally characterized [P,Pd(olefin)]
complexes, see: a) M. Kranenburg, J. G. P. Delis, P. C.J. Kamer,
P. W.N. M. van Leeuwen, K. Vrieze, N. Veldman, A.L. Spek, K.
Goubitz, J. Fraanje, J. Chem. Soc. Dalton Trans. 1997, 1839; b) V. V.
Bashilov, P. V. Petrovskii, V. 1. Sokolov, S. V. Lindeman, I. A. Guzey,

Y. T. Struchkov, Organometallics 1993, 12, 991; c) R. Benn, P. Betz, R.
Goddard, P. W. Jolly, N. Kokel, C. Kruger, 1. Topalovic, Z. Natur-
forsch. Teil B 1991, 46, 1395, and ref. [16].

[23] G. Wilke, H. Schott, P. Heimbach, Angew. Chem. 1967, 79, 62; Angew.
Chem. Int. Ed. Engl. 1967, 6, 92.

[24] For transient generation of simple QMs under laser flash photolysis
conditions see: a) L. Diao, C. Yang, P. Wan, J. Am. Chem. Soc. 1995,
117,5369; b) P. Wan, B. Barker, L. Diao, M. Fischer, Y. Shi, C. Yang,
Can. J. Chem. 1996, 74, 465.

[25] a) H. Wetter, K. Oertle, Tetrahedron Lett. 1985, 26, 5515; b) T. W.;
Greene, P. G. M. Wuts, Protective Groups in Organic Synthesis, 2nd
ed., Wiley, NY, 1991.

[26] W. de Graaf, J. Boersma, W. J. J. Smeets, A. L. Spek, G. van Koten,
Organometallics 1989, 8, 2907.

[27] S. Satish, P. A. Ganeshpure, Proc. Indian Acad. Sci. Chem. Sci. 1986,
96, 59.

[28] R.S. Macomber, J. Org. Chem. 1982, 47, 2481.

[29] A.M. Aguilar, J. Beisler, J. Org. Chem. 1964, 29, 1660.

Received: July 22, 1999 [F1931]

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

0947-6539/00/0603-0462 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 3






FULL PAPER

Protease Catalysis Mediated by a Substrate Mimetic: A Novel Enzymatic
Approach to the Synthesis of Carboxylic Acid Amides**

Robert Giinther!® and Frank Bordusa*!® "]

Abstract: We present a protease-based
method for the coupling of non-coded
and non-amino-acid-derived amines
with carboxy components. The key fea-
ture of this approach is the combination
of the substrate-mimetic strategy with
the ability of the cysteine protease

residues. This employed S-amino acid
and simple carboxylic acid moieties as
acyl donors, and several amino acid and
peptide units as acyl acceptors. The
study was completed by the use of non-
amino-acid-derived acyl acceptors com-
prising simple amines, amino alcohols,

and diamines. The results indicate that
the approach presented is a useful
strategy for the synthesis of peptide
isosteres, peptide analogues, and organic
amides. These last open a new range of
synthetic applications of proteases com-
pletely beyond peptide synthesis, ach-

clostripain to accept a wide spectrum
of amines. Firstly, we tested the use of
the 4-guanidinophenyl ester leaving
group to mediate acceptance of non-
coded and non-amino-acid-derived acyl

Introduction

Since proteases catalyze in vitro not only the hydrolysis of
peptides but also the reverse process, these enzymes can be
used as biocatalysts for peptide bond formation.!'*] Owing to
the high degree of stereo- and regiospecificity of such
reactions, enzymatic peptide coupling offers advantages over
chemical methods; for example, there is no need for side-
chain protection, stereochemistry is controlled during syn-
thesis, and therefore, no racemization occurs. However,
despite these undisputed advantages, the high substrate
specificity of proteases seriously limits the choice of amino

[a] Dr. F. Bordusa
Max Planck Society
Research Unit “Enzymology of Protein Folding”
Weinbergweg 22, D-06120 Halle/Saale (Germany)
Fax: (+49)341-973-6998
E-mail: bordusa@uni-leipzig.de

Dipl.-Chem. R. Giinther

Department of Biochemistry

Faculty of Biosciences, Pharmacy and Psychology

University of Leipzig, Talstrasse 33

D-04103 Leipzig (Germany)

Abbreviations used in this paper: Bz: benzoyl; DCC: N,N'-dicyclo-
hexylcarbodiimide; DMAP: 4-dimethylaminopyridine; DMF: N,N-
dimethylformamide; DTT: pL-dithiothreitol; Fmoc: fluoren-9-ylme-
thoxycarbonyl; HEPES: N-[2-hydroxyethyl]-piperazine-N'-[2-etha-
nesulfonic acid]; OGp: 4-guanidinophenyl ester; Pbu: 4-phenylbuty-
ric acid; Tos: p-toluenesulfonic acid; Z: benzyloxycarbonyl. Enzyme:
clostripain (EC 3.4.22.8).
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ieving efficient and selective acylations
of non-amino-acid-derived amines un-
der extraordinarily mild reaction condi-
tions.

acid residues between which a peptide bond can be synthe-
sized. Most importantly, the high primary specificity towards
the acyl donor usually prevents the coupling of non-coded or
unnatural carboxy components.™ 3 In contrast, the secondary
specificity toward the acyl acceptor is frequently more
relaxed, allowing the coupling of a wider spectrum of
unnatural amino moieties.[*”] Nevertheless, the product yields
usually drop with increasing degree of modification of both
the amino acid side chain and the backbone structure,
particularly in the P; position (nomenclature according to
ref. [10]). Therefore, only the coupling of acyl acceptors
closely related to preferred amino acid residues is of practical
relevance.[''~'71 The enzymatic synthesis of peptide isosteres or
analogues, however, requires strategies which allow the
coupling of a broader variety of modified amino acid
derivatives and also non-amino-acid-derived units. In this
context, the use of esterases and particularly of lipases seems
to be of higher synthetic utility.l's21 Due to the broader
substrate specificities of these enzymes, there is greater
structural diversity among the amines and esters undergoing
the esterase- and lipase-catalyzed aminolysis reaction. How-
ever, this synthetic activity needs the presence of anhydrous
solvents, as reactivity in aqueous media is frequently lower.
Furthermore, the organic solvent itself considerably affects
the activity of these enzymes, as well as the yield and regio-
and stereospecificity of such reactions.?? Thus, a very careful
and often time-consuming optimization of reaction conditions
is required; this prevents the use of esterases and lipases from
being easily and universally applicable.
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In this paper an alternative protease-mediated approach to
the coupling of non-coded and non-amino-acid-derived amines
with esters is reported. The key feature of this method is the
combination of the substrate-mimetic strategy®2’! with the
use of clostripain, which possesses a broad tolerance toward
amines. The approach takes advantage of the characteristic of
substrate mimetics to direct the enzyme to recognize an
alternative site on the acyl donor, specifically, to the
4-guanidinophenyl ester leaving group, mediating the accept-
ance of originally poorly reactive acyl moieties (Figure 1).
The synthetic utility of this approach was investigated
by enzymatic coupling of esters derived from [-amino
acids and simple carboxylic acids. As acyl acceptors a wide
range of amines comprising amino acid amides, peptides,
simple amines, diamines, and various amino alcohols were
used.

cleavage site

common acyl donor A specitic moiety
' white: acyl moiety

substrate mimetic black: leaving group

Figure 1. Schematic structure of common acyl-donor components versus
reversed-type substrate mimetics.

Results and Discussion

Initially, the general ability of the 4-guanidinophenyl ester
functionality to mediate the acceptance of non-coded and
non-amino-acid-derived acyl components by clostripain was
probed by model acyl-transfer experiments (Scheme 1). For

Abstract in German: Dieser Beitrag stellt ein Verfahren zur
Protease-katalysierten Verkniipfung nichtcodierter und Nicht-
aminosdure-artiger Amine als auch Carboxylkomponenten
vor. Das wesentliche Merkmal dieses Ansatzes liegt in der
Kombination der Substratmimetika-Strategie unter Verwen-
dung der Cysteinprotease Clostripain, die ein breites Spektrum
verschiedenster Amine akzeptiert. Zundchst wurde die Eig-
nung der 4-Guanidinophenylester-Abgangsgruppe als ,, Ver-
mittler” fiir die Akzeptanz nichtnatiirlicher Acylkomponenten
durch die Protease untersucht. Hierzu wurden 3-Aminosdiure-
und einfache Carbonsdure-Derivate als Carboxylkomponen-
ten und ausgewdhlte Aminosdure- und Peptid-Derivate als
Acylacceptoren eingesetzt. Komplettiert wurde die Studie
durch Einsatz Nichtaminosdure-artiger Aminokomponenten
wie einfache Amine, Aminoalkohole und Diamine. Die er-
haltenen Ergebnisse belegen die Eignung des vorgestellten
Ansatzes sowohl fiir die Synthese von Peptid-Isosteren und
-Analoga als auch organischer Amide. Letzteres erdffnet ein
vollig neues Anwendungsgebiet von Proteasen aufierhalb der
»klassischen® Peptidsynthese zur effizienten und gleichzeitig
selektiven Acylierung Nichtaminosdure-artiger Amine unter
sehr milden Reaktionsbedingungen.
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K
EH + AcX T [E.ACX—%5— AcE — 5 EH + AcOH
HX
HN ks
K HN
H0
Ac-E.HN —“—— EH + Ac-N

Scheme 1. Kinetic model for protease-catalyzed acyl transfer reaction.
EH, free enzyme; Ac—X, acyl donor; HX, leaving group; Ac—E, acyl
enzyme complex; Ac—OH, hydrolysis product; HN, acyl acceptor; Ac—N,
aminolysis product.

this purpose reactions were performed using the acyl donors
Pbu-OGp (1) and Bz--Ala-OGp (2), with several amino acid
and peptide units as amino components. To control for

o}
//NHZ"
N
NH
1 2
o} 0
/\)]\ /'NHZ
NH OAO—NHJ{
NH
2

2
0 +
NHz
NH2
3

spontaneous hydrolysis and aminolysis of the acyl-donor
esters, parallel reactions without enzyme were analyzed. On
the basis of these experiments nonenzymatic aminolysis could
be ruled out and the extent of spontaneous hydrolysis was
found to be less than 5%. The results observed for the
enzyme-catalyzed reactions are summarized in Table 1, and
Figure 2 illustrates typical time courses of these acyl transfer
reactions. Generally the data show that productive binding
and acylation of the enzyme, finally resulting in proteolyti-
cally stable amide products, occurs with the non-coded but
naturally occurring $-Ala derivative as well as the non-amino-
acid-derived 4-phenylbutyric acid ester. On analysis of the
efficiency of catalysis, in all cases product yields within a range
of 83 to 98% were reached, usually higher than 90%.
Interestingly, comparison of the two acyl donors reveals
differences in yields of only 7% at most. Thus, the efficiency
of yield-determining deacylation of the acyl enzyme inter-
mediate by the various amino components appears to be
practically unaffected by the disparate nonspecific acyl
residues. In the same way no differences were evident from
data for analogous esters derived from coded amino acids,!
indicating that clostripain generally does not discriminate
between different acyl residues within the coupling reactions.
This behavior also holds for coupling of proline amide (4, 11)
and proline-containing peptides (5, 6, 12, 13) as amino
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Table 1. Clostripain-catalyzed coupling of Bz-f-Ala-OGp and Pbu-OGp with selected amino acid amids and

counterparts.?’3%  Moreover,

peptides.! by the use of a wide range of
Acyl donor Acyl acceptor Product Yield [%]  non-coded acyl acceptors we
Pbu-OGp H-Leu-NH, 1) Pbu-Leu-NH, (15) 98 found that, surprisingly, clostri-
Pbu-OGp H-Lys-NH,"! (2) Pbu-Lys-NH, (16) 96 pain even tolerates amino com-
Pbu-OGp H-Glu-NH,! () Pbu-Glu-NH, 17 87 ponents considerably different
Pbu-OGp H-Pro-NH, “ Pbu-Pro-NH, (1s) 83 from coded amino acids, such as
Pbu-OGp H-Ala-Pro-OH (5) Pbu-Ala-Pro-OH 19) 93 . . . .
Pbu-OGp H-AAP-OH 6) Pbu-AAP-OH (20) 86 simple aliphatic, aromatic, or
Pbu-OGp H-AFAAG-OHMI 7 Pbu-AFAAG-OH (21) 9” substituted amines including
Bz-3-Ala-OGp H-Leu-NH, (8) Bz-B-Ala-Leu-NH, (22) 98 unnatural amino acids, amino
Bz-$-Ala-OGp H-Lys-NH,"! 9) Bz-f-Ala-Lys-NH, (23) 93 alcohols, and diamines.?! This
Bz f-Ala-OGp H-Glu-NH," (10) Bz-f-Ala-Glu-NH, (24) 89 o Ficit rat
Bz-f-Ala-OGp H-Pro-NH, an) Bz-B-Ala-Pro-NH, (25) 90 unmique - specilicity  separates
Bz-f-Ala-OGp H-Ala-Pro-OH (12) Bz-f-Ala-Ala-Pro-OH (26) 91 clostripain from most other
Bz--Ala-OGp H-AAP-OH (13) Bz-$-Ala-AAP-OH (27) 85 known proteases, although only
Bz—/j’—Ala—OGp H—AFAAG—OHM (14) Bz—[j’—Ala—AFAAG—OH (28) 93 a httle is known about the

[a] Conditions: 0.2m HEPES buffer (pH 8.0), 0.1m NaCl, 0.01m CaCl,, 5% DMEF, 25°C, [acyl donor|=2mM,
[acyl acceptor] =25mm. [b] [H-Lys-NH,] =15mwm. [c] [H-Glu-NH,] =50 mwm. [d] [H-AFAAG-OH] =4mwm.

a) b)

100 & 100 &

1 000
80 80

60

60

40
C

0 20 |
X1%
-O0—O—m0O— 0—0—0
A A0
24 48 72 0o 1 2
t/h =

Figure 2. Course of the clostripain-catalyzed coupling of Bz-3-Ala-OGp and Pbu-OGp with H-Ala-Phe-Ala-
Ala-Gly-OH. a) Bz-3-Ala-OGp; b) Pbu-OGp. A Bz-$-Ala-OGp/Pbu-OGp; o Bz-$-Ala-Ala-Phe-Ala-Ala-Gly-
OH/Pbu-Ala-Phe-Ala-Ala-Gly-OH; o Bz-f-Ala-OH/Pbu-OH. Conditions: 0.2m HEPES buffer (pH 8.0), 0.1m
NacCl, 0.01m CaCl,, 5% DMEF, 25°C, [acyl donor] =2mM, [acyl acceptor] =4 mm.

components. These are considerably more demanding than
those of other amino acids because of the nonflexible and
bulky nature of this secondary imino acid. Remarkably, a
reduction in the excess of acyl acceptor, studied for reactions
with the pentapeptide (7, 14), also does not decrease the
efficiency of coupling reactions with both esters. This atypical
behavior indicates that achievement of satisfactory yields
does not need a large excess of either reactant. This
demonstrates the synthetic utility of clostripain for the
coupling of more valuable carboxy and amino components
too. Furthermore, in contrast to other biocatalytic and
chemical methods, the synthetic utility was generally not
constrained by the presence of additional unprotected func-
tionalities, such as the e-amino function of H-Lys-NH, or the
y-carboxylic acid group of H-Glu-NH,. In both cases the
expected amide products exclusively (16, 17, and 23, 24) were
formed, reflecting the high regiospecificity of the enzyme. In
summary, the results of these model reactions show that
non-coded and non-amino-acid-derived 4-guanidinophenyl
esters are equally good substrates for clostripain-catalyzed
acylations of amino acid and peptide derivatives.

Apart from the highly restricted primary specificity, clos-
tripain possesses a broad tolerance toward the acyl acceptor.
Besides the acceptance of practically all coded amino acids,
this also includes the recognition of some D-configured

Chem. Eur. J. 2000, 6, No. 3
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structural basis of this remark-
able behavior. From the syn-
thetic point of view, this broad
specificity combined with the
substrate-mimetic strategy
might open an entirely new
field of application of this pro-
tease, that of the synthesis of
organic amides completely out-
side of peptide synthesis. To
investigate whether this ap-
proach can be used in such a

O—{—a

4 5 o4 48 72 manner, enzymatic reactions
were  performed  between
4-guanidinophenyl esters of

benzoic acid (Bz-OGp, 3) or
4-phenylbutyric acid (Pbu-OGp)
and a number of non-amino-
acid-derived amino compo-
nents. The product yields of the appropriate reactions are
listed in Table 2. Generally, the results convincingly show that
clostripain is capable of catalyzing the coupling of both non-
amino-acid-derived carboxy and amino components as indi-
cated from the individual experiments. As found for reactions
using coded amino-acid-derived acyl acceptors, the enzymatic
acylation of unnatural amines also seems to be practically
unaffected by the disparate acyl residues. As for the efficiency
of catalysis, most enzymatic reactions lead to product yields
higher than 70%. Accordingly, only small amounts of
hydrolysis products (Bz-OH and Pbu-OH) were formed.
These results are all the more impressive since only traces
(0.22 to 3.7 % depending on the respective pK value) of the
amino components are unprotonated under the pH conditions
used and, therefore, can serve as deacylating components.
Unlike most chemical methods, in this case an increase of the
pH value to deprotonate completely the amino group of the
nucleophilic component is restricted by the limited intrinsic
stability of enzyme and acyl donor ester. Figure 3 shows the
dependence of the product yield on the concentration of
pentylamine, which possesses the highest pK value (10.65) of
all amines used. The plots for both acyl donor esters illustrate
that even an initial nucleophile concentration of 4 mm, which
corresponds to a concentration of unprotonated pentylamine
of only 0.009mM, already leads to product yields of approx-
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Table 2. Clostripain-catalyzed coupling of non-amino-acid-derived carboxy and amino

components.?!

component seem to constrain this high synthetic
utility. Only for the acylation of 2-aminoethanol (32,

Acyl donor Acyl acceptor Product Yield 41) were slightly lower rates observed, whereas
[%] reactions with 3-amino-1,2-propanediol (35, 44) as
Pbu-OGp N~ 29 pruNHT~ @7 81 well as 1,3-diaminopentane (36, 45) resulted in even
higher product yields than found for the corre-
Pbu-OGp  H,N">" G0 PouNH """ “48) 80 sponding unsubstituted amines (29, 30 and 38, 39).
Pbu-OGp  HINTN"N"N G1) phuNHT N @9) 53 Apart.from this hlgh efflclen.cy, clo§tr1paln catalyzes
acylations of substituted amines with a remarkably
Pbu-0Gp  p,N~OH (32 phungOH (50) 65 high degree of regiospecificity. As indicated by the
lack of acceptance of 1-pentanol (37, 46), for the

Pbu-OGp H,N">"OH (33) PbuNH"OH Gy 78 . P pentz ( 4)
amino alcohols no competitive formation of O-
Pbu-OGp HN">">""OH (34) PbuNH >">"CH (52) 70 acylated products could be detected. In the same
P0G H,N OH (35 PhuNH oH 3 0 way, the ac.ylatlon of ethanol, l-pro.pan.ol, and
P H H 1-octanol failed (data not shown), indicating that
NH; NH, clostripain generally does not tolerate alcohols as
Pbu-0Gp 1 (36) Pbu-NH/\)\/ &9 % deacylating components. Interestingly, the asym-
Pbu-OGp  HO ™"~ 3D Pbu O (55) ns. metric 1,3-diaminopentane (36, 45) was acylated by
B2OGp  H N~ 38) BN~ 6 8 the. gnzymelexcluswely ‘on the ammp group at
position 1, with no acylation of the amino group at
Bz-OGp N~ (39 poNET~T 57 76 position 3. This finding indicates that clostripain
accepts amines containing a neighboring branch less

- NN - NN NN b . .
BzOGp  HN @0 BrNH (58) 56 well than comparable nonbranched derivatives.
Bz-OGp HN~-OH @) N ~OH (59) 57 Because of this distinct discrimination, clostripain
should be a useful tool for selective acylations
BzOGp  y.N"~~"0H (42)  BNH""OH (60) 84 forming isomerically pure products, without great
Bz0Gp  pny~~~op @) BaNpT~"~"on 6D 70 efperlmental efforts to protect additional function-
alities.

BzOGp  mH,N OH “9 BTNHYOH (62) 82 In general, despite the serious limitations found
}I&Hz I{E}Hz for the classical approach of using proteases for
Bz-0Gp H N/\)\/ “5) BZ‘NH/\)\/ (63) 94 selective C—N bond formation, the results demon-
B20Gp H; e~ W6) B~ 6 ns. strate that the strategy of substrate mimetics enables

[a] Conditions: 0.2m HEPES buffer (pH 8.0), 0.1m NaCl, 0.01m CaCl,, 5% DMEF, 25°C,

[acyl donor] =2mwm, [acyl acceptor] =12mM. n.s.: no synthesis.

100

80

40

X1% g

0 4 8 12 16
Pentylamine /mm —>

20

Figure 3. Influence of the pentylamine concentration on the product yield
x of the clostripain-catalyzed coupling of Y-OGp with pentylamine. 0 Y=
Bz; oY =Pbu. Conditions: 0.2M HEPES buffer (pH 8.0), 0.1m NaCl, 0.01m
CaCl,, 5% DMEF, 25°C, [acyl donor] =2mM; reaction time: about 15 min.

imately 50%. The data found for higher pentylamine
concentrations reveal that an increase in the nucleophile
excess results in nearly complete conversion of the acyl donor
esters to the appropriate amides. Accordingly, from the
synthetic point of view, the approach presented achieves
highly efficient amide bond formation combined with extra-
ordinarily mild reaction conditions. Moreover, neither addi-
tional hydroxy nor additional amine groups within the amino
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clostripain to accept both non-coded and non-amino-
acid-derived acyl components. On the basis of this
strategy and the broad S’ subsite specificity of this
enzyme, clostripain can be used as a suitable
biocatalyst for the synthesis of peptide isosteres and ana-
logues. Since organic amides can also be synthesized, the
approach presented could even open up a new field of
synthetic applications of proteases completely outside peptide
synthesis. This offers efficient and selective organic amide
bond formation under extraordinarily mild reaction condi-
tions.

Experimental Section

Materials: Clostripain (EC3.4.22.8) was a gift from Fluka Chemie
(Switzerland) and had a specific activity of 100 Umg! (1 U =amount of
enzyme that hydrolyzes 1 pmolmin~! N*-Bz-L-arginine ethyl ester at pH 7.1
and 25 °C). Before use, the enzyme was activated for 2—3 h in the presence
of 1.0mm CacCl, containing 2.5mm DTT. Amino acids, peptides, 4-amino-
phenol, DCC, DMAP, benzyl chloroformate (Z chloride), S-methyliso-
thiourea, and Tos were purchased from commercial suppliers. All reagents
were of the highest available commercial purity. Solvents were purified and
dried by the usual methods. Mass spectra were recorded using thermospray
ionization with a Hewlett Packard 5989 A instrument.

Chemical syntheses: 4-Guanidinophenyl esters were prepared by conden-
sation of the appropriate carboxylic component and 4-[N',N"-bis(Z)gua-
nidino]phenol following the procedure described by Sekizaki et al.’!]
Because of the more advantageous preparation and higher reactivity
N,N'-bis(Z)-S-methylisothiourea was used for the amidination of 4-amino-
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phenol to synthesize 4-[N’,N’-bis(Z)guanidino]phenol®? instead of
1-[N,N'-bis(Z)amidino]pyrazole. A final catalytic hydrogenation of the
bis(Z)-protected esters results in the 4-N',N"-deprotected 4-guanidino-
phenyl esters. The reaction yields were between 75 and 85 %. Bz-$-Ala-OH
was synthesized from the N*-unprotected derivative by benzoylation using
benzoyl chloride. The pentapeptide H-Ala-Phe-Ala-Ala-Gly-OH was
prepared with a semiautomatic batch peptide synthesizer using p-alkoxy-
benzylalcohol resin, synthesized according to Wang!®! and standard Fmoc
chemistry. The peptide was precipitated with dry diethyl ether. The identity
and purity of all final products were checked by analytical HPLC at a
wavelength of 220 nm, NMR, thermospray mass spectroscopy, and
elemental analysis. In all cases, satisfactory elemental analysis data were
found (£0.4 % for C, H, N).

Enzymatic syntheses: Enzymatic reactions were performed in 0.2M
HEPES buffer, pH 8.0 containing 0.Im NaCl, 0.0lm CaCl,, and 5%
DMF at 25 °C. Stock solutions of acyl donor esters (4 mMm) were prepared in
distilled water containing 10 % DMF. Amino components were dissolved in
0.4M HEPES buffer, pH 8.0, 0.2m NaCl, and 0.01m CaCl,. To neutralize
hydrochlorides or hydrobromides, appropriate equivalents of NaOH were
added to the stock solutions of the amino components. If not otherwise
stated, the final acyl donor concentration was 2mM, and the final
nucleophile concentration was 25mwm for amino acid and peptide deriva-
tives and 12mw in the case of the non-amino-acid-derived counterparts.
The concentration of the amino-acid-derived acyl acceptors was calculated
as free, Na-unprotonated nucleophile concentration [HN], according to the
formalism of Henderson-Hasselbalch, [HN], = [N]y/(1+10PK-?H) 34 The
pK values of the non-amino-acid-derived acyl acceptors were not
considered in this manner. After thermal equilibration of assay mixtures
the reactions were started by addition of the enzyme to give an active
enzyme concentration of 1.6 x 107°M. Reaction times of 5-20 min led to
complete ester consumption. For the HPLC analysis aliquots were with-
drawn and diluted with a quenching solution of 50 % aqueous methanol
containing 1% trifluoroacetic acid. For each acyl donor and acyl acceptor,
an experiment without enzyme was carried out to determine the extent of
spontaneous ester hydrolysis, which was always less than 5%. On the basis
of the same control experiments, nonenzymatic aminolysis of the acyl
donor esters was investigated and could be ruled out. The values reported
are the average of at least three independent experiments. The identity of
the formed peptide and amide products was established by thermospray
and MALDI-ToF mass spectroscopy, respectively. NMR measurements
were used for the examination of the enzymatically formed amide bonds.

HPLC analyses: Samples were analyzed by analytical reversed-phase
HPLC with a SpectraSystem P2000 (ThermoSeparationProducts) on C18-
polymer-coated columns [Vydac 218 TP54, 5 um, 300 A, 25 x 0.4 cm, The
Separations Group, and Grom Capcell, 5 pm, 300 A, 25 x 0.4 cm, Shiseido]
and a C4 reversed-phase column [Vydac 214 TP, 10 pm, 300 A,25% 0.4 cm,
The Separations Group]. Columns were thermostated at 25°C and eluted
with various mixtures of water/acetonitrile containing 0.1 % trifluoroacetic
acid under gradient conditions. Detection was at 254 nm monitoring the
aromatic chromophores within the acyl donors. Thus, the yields could be
determined from the peak areas of the hydrolysis and aminolysis products,
whereby Tos served as an internal standard. In the case of H-AFAAG-OH,
which contains an additional chromophoric amino acid residue, the yields
were checked from the lack of hydrolysis products by at least five
independent experiments.
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Experimental and Theoretical Investigations on the Synthesis, Structure,
Reactivity, and Bonding of the Stannylene-Iron Complex
Bis{{bis(2-zert-butyl-4,5,6-trimethyl-phenyl)}Sn}Fe(75-toluene) (Sn-Fe-Sn)

Jorg J. Schneider,**! Norbert Czap,®! Dieter Blaser,?! Roland Boese,!*! Jiirgen Ensling,"!
Philipp Giitlich,®! and Christoph Janiak!*!

Abstract: The m-(arene)bis(stannylene)
complex  bis{{bis(2-tert-butyl-4,5,6-tri-
methylphenyl)}Sn}Fe(7%-toluene)  (Sn-
Fe-Sn, 15) is accessible in high yields
by a metal-atom-mediated synthesis be-
tween iron atoms, toluene, and the
stannylene  [{bis(2-tert-butyl-4,5,6-tri-
methylphenyl)}Sn] (3). Complex 15 has
a half-sandwich structure with short Fe —
Sn bonds (2.432(1) A) and a trigonal-
planar coordination at both the Fe and
Sn atoms. The distance between the two
Sn centers is 3.56 A. Complex 15 is

displays a m-arene lability, so far rarely
observed for (arene)iron complexes;
this leads to an irreversible substitution
of the arene and formation of fivefold-
coordinated zerovalent iron complexes.
The m-arene lability of the title com-
pound is a result of the Fe —Sn bonding
situation, which can be interpreted, on
the basis of an extended Hiickel molec-

half-sandwich
metal —metal

Keywords: arenes
complexes iron

ular orbital calculation, as being solely a
donation of the 50 lone-pair of Sn into
empty or half-filled acceptor d orbitals
on Fe. As the calculations reveal, there is
little backbonding from the iron to the
tin, and the strong o donation leads to an
increased occupation of the m-antibond-
ing orbitals of the #%arene, which are
mainly responsible for the experimen-
tally observed arene lability. Fe and Sn
Mossbauer spectra support the polar
character of Sn*t —Fe®~ with strong o
donation from tin to iron, but signifi-

3 - interactions - stannylenes - ) :
stable under ambient conditions and cantly low iron-to-tin & backdonation.
Introduction
(H3C)3Si Si(CHz)s (H3C)sSi Si(CHs)s
Stannylenes or stannanediyls, :SnR,, are unique ligands with (HsC)asi—\_ /\Si(CH3)3 (H3C)3Si—léi\ /é{—Si(CHa)s \§
respect to their ability to stabilize low-valent transition metal o (HaC)sSi 57 Si(CHa)s 0
centers. In addition to Lappert’s stannylene 1,1'* there are a 10l 110 4t
number of other SnR, systems that bear different R ligands
(compounds 2-8). Their ability to bond to transition metal
centers is often ambivalent: they can act as donors (through S gy, CFs FiC e CF3
their filled 5o orbital) or as acceptors (through their empty Sp (HsC)sSi- 'si\ Q @\ e Q
orbitals) towards a transition metal center. We have found (H3C)3Si‘ >N CR G ST CRs
that the creation of subvalent tin centers at Co- or Fe-ligand u g
fragments in combination with an additional labile ethene 4 >
ligand, as found in 9-12, leads to an enhanced reactivity.? P
In 9-12, the stannylenes SnR, are more strongly bound than (HsC)sSi Si(CHz)a $ s 8
the ethene ligands, since the loss of ethene occurs quite easily (ch)ssi,ﬂ\j\sn N=si(CHa)s —N< IN— o0
Sn
[a] Priv.-Doz. Dr. J. J. Schneider, Dr. N. Czap, D. Bliser, Prof. R. Boese h o
Institut fiir Anorganische Chemie der Universitit GH-Essen 610! 711K glid]

Universititsstrasse 5—7, 45117 Essen (Germany)
Fax: (+49)201-184-4195
E-mail: joerg.schneider@uni-essen.de
[b] Dr.J. Ensling, Prof. P. Giitlich
Institut fiir Anorganische und Analytische Chemie
der Universitdt Mainz, Staudingerweg 9, 55099-Mainz (Germany)
[c] Prof. C. Janiak
Institut fiir Anorganische und Analytische Chemie
der Universitit Freiburg, Albertstrasse 21, 79104-Freiburg (Germany)
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in these complexes, to give highly reactive [ (L)Fe(Co)(SnR,)]
fragments (L =Cp or arene), which are amenable to further
reactions. This fact might point towards a strong Co(Fe)—Sn o
bond, probably strengthened by significant Co(Fe)-rt back-
donation into empty Sp-m orbitals on tin in these complexes.
Such bonding is presumably present in the Ni- and
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Pd(ethene)(stannylene) complexes 13 and 14. Their short
Ni(Pd)-Sn distances were interpreted with respect to the
formation of a Ni(Pd)=Sn bond.? 3l However, the widespread
argumentation that significantly shortened bonds are the
ultimate diagnostic criteria for a bond order > 1 for & multiple
bonds has been questioned, especially with respect to metal —
metal bonds of heavier elements.!

In light of the recent discussion of polar effects in
heterobimetallic metal bondsl® and in an attempt to learn
how a homoleptic stannylene substitution at an iron(o) center
affects m-arene reactivity, we synthesized the title compound
15 and report herein on our experimental studies (synthesis,
reactivity, structure, Mdossbauer studies) and semiempirical
extended Hiickel molecular orbital calculations.

Results and Discussion

Very recently we reported on the
synthesis, structure, and reactivity of
the stannylene ethene iron complex
12.1%°1 This compound appeared to us
to be a promising starting compound
in order to generate 15 by simple
elimination of ethene (Scheme 1). We
have observed a similar reaction for
the isolectronic Co-stannylene com-
plex 10, which looses ethene upon
heating to give trinuclear bis{{bis(2-
tert-butyl-4,5,6-trimethyl-phenyl)}-
Sn}Co(1°-Me;sCp) (16).1%

Featoms + toluene

-196 °C

Synthesis of 15: Solutions of 12 in
diethyl ether did indeed loose ethene
when warmed from —10°C to room
temperature. The loss of ethene was

Chem. Eur. J. 2000, 6, No. 3
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accompanied by a characteristic color change from purple to
brown. However, apart from the elimination of ethene, we did
not observe any clear indication of the formation of 15.
Therefore, we turned our attention to the metal-vapor
synthesis technique. This technique is known to be able to
generate chemically labile 14 e [(#°-toluene)Fe] fragments
under very mild conditions from the bis(arene)iron sandwich
[ (7°-toluene)Fe(n*-toluene)] (17).1 However, 17 can decom-
pose autocatalytically above — 50 °C with liberation of toluene
and decomposition into finely divided particles of elemental
iron, the surfaces of which are often covered by traces of
hydrocarbons. This material is known to be reactive in a
number of catalytic transformations.®l Nevertheless, careful
preparation and isolation techniques allow the storage and
handling of arene solutions of 17 without significant decom-
position, that is, by the use of standard Schlenk techniques
below —50°C. Thus, these solutions are valuable, highly
reactive sources of 14 e [(#°toluene)Fe)] fragments. This
indicates that 17 can be used as the ultimate candidate for our
further preparative studies.*

Complex 17 was treated with Weidenbruch’s tertraaryldi-
stannene (3), between —78°C and 20°C to give the title
compound 15 in 65 % yield. Complex 15 was formed by the
substitution of one toluene ligand from 17, which is known to
be the sole primary product from our two-step reaction
sequence (Scheme 2, step 1).

One arene ligand in 17 is weakly coordinated and can easily
be substituted by the 2e stannylene donor 3 (Scheme 2,
step 2). Complex 15 is thermally robust, but highly air-
sensitive in solution. The '"H NMR of 15 is complex. Due to
the asymmetric substitution pattern on each of the four
phenyl rings, the local symmetry at the central iron atom is
low (C;). Therfore three sets of arene signals arise: two signals
from four o-bonded aryls on tin and one for the 7°bonded
toluene ligand. The '""Sn NMR spectrum shows a single high-
field signal shifted by 457 ppm from 6 =1130 (3, 298 K)I to
0 =673 (298 K). This is out of the range typically observed for
SnR, centers with twofold coordination and is shifted towards
the region for three-coordinate tin; this is in accord with an
association process.’)

<O -
/Fe\\

_@"Sr{ge\sﬁ‘"? N\

15

Scheme 1. Attempt to synthesize the bis(stannylene) complex 15 from complex 12.

@ ‘
é . Fe
§ in toluene oy o
‘ +18n - ‘@"Sn/ s ?

/Fi 186 °C

— -20°C

17 3 15

Scheme 2. Synthesis of 15 via the bis(arene)iron sandwich complex [(7°-toluene)Fe(5*-toluene)] (17).
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Molecular structure of 15:1° Figures1 and 2 show the
molecular structure of 15 in the solid state. Complex 15
displays a typical half-sandwich structure with trigonal-planar
coordination at the iron atom as well as at both tin centers.
The Fe—Sn bond lengths (2.433(1) A) are comparable with

Figure 1. Crystal structure of 15 in the solid state as a stick-and-ball
representation (hydrogen atoms have been omitted for clarity). Selected
bond lengths [pm] and angles [°]: Fel-Snl 243.2(1), Fel-Sn2 243.4(1),
Sn-Sn 356, Snl-Fel-Sn2 94.0(1), C1-Sn1-C14 104.4(2), C27-Sn2-C40
114.2(2).

Figure 2. Structure of 15 viewed from above the 7°-toluene ligand to show
the two pairs of aryl ligands and their exo and endo arrangements.

those of the isoelectronic mixed (ethene)(stannylene)-
(toluene)iron complex 12, which contains one SnR, ligand
(Fe—Sn 2.4362(10) A).?*) Evidently, there is no additional
steric impact imposed on the
molecule by the introduction of
the second bulky SnR, frag-
ment in 15. The ethene and
the SnR, ligand seem compara-
ble in their bonding towards the
{(n°-toluene)iron} fragment; at
least a difference is not reflect-
ed in the Fe—Sn bond length.
The n’-bonded toluene ligand is
planar and shows no out-of-
plane bending of the outermost

-
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ring carbon atoms such as that found in related Co and Ni
complexes of the type [ (57°-arene)M(L,) ] (M = Co, Ni).l'!l| The
distances between Fe and the ring carbon atoms lie between
2.08 and 2.10 A and are in good agreement with those of
related (n°-toluene)iron half-sandwich complexes, such as
[ (y°-toluene)Fe(n*-ethene)] (2.08—2.15 A),12! [(5-toluene)-
Fe(i>bipyridine),] (2.08—2.15 A),3 and [(y°-toluene)Fe(n?-
diazadiene),] (2.081-2.101 A).' The four aryl ligands,
grouped into two pairs, are oriented nearly orthogonally to
each other; this results in an in-plane (endo) or out-of-plane
(exo) orientation of each pair (Figure 2).

Reactivity studies of 15: Regarding the reactivity of 15,
several scenarios are possible. On one the hand, the Fe—Sn
bonds may be susceptible towards bond cleavage, which
would result in the generation of a 14 e (3°toluene) iron
fragment or a 16 e [(n°-toluene)(SnR,)] fragment if only one
SnR, ligand is cleaved off. On the other hand, the toluene
ligand may be labile and thus can be substituted by various
ligands. The latter reactivity pattern is especially interesting,
since it would open up three coordination sites on the iron
that might allow access to an enhanced reactivity at the iron
center.

Reaction of 15 with H,O, PEt;, and CO (1 atm) reveal that
the Fe—Sn bond is stable and not prone towards attack by
these molecules. However, CO attacks the Fe —arene bonds
and is able to replace toluene smoothly; even at room
temperature the reaction occurs within minutes, as indicated
by a color change from brown to intense red. The main
product of the reaction is the bis(stannylene) compound
[(CO);Fe{SnR,},] (18) (Scheme 3).1**] The synthesis of 18 is
accompanied by the formation of [(CO),Fe—SnR,] (19).
This indicates that cleavage of the Fe—Sn bond does occur
to some extent upon treatment of 15 with CO gas. The
bis(stannylene) complex 18 is prone towards the loss of a
stannylene ligand in benzene solution. NMR monitoring
of a benzene solution of 18 indicated the formation of 19 over
the course of several days, even when the sample is stored at
T<0°C.

In agreement with a local D3, symmetry, a strong v-o band
is found at 1879 cm~! for 18, whereas the monostannylene
complex 19 is characterized by a three-band pattern accord-
ing to a local C, symmetry (vco=2029(s), 1968(m),
1910(vs) cm™'). The structures are thus in accordance with those
expected for complexes of composition ML; and ML;.['"]

Stoichiometric amounts of CO were used in an attempt to
replace the arene ligand selectively. This did not result in the

co CcO

| R | R R |
Fe 1atm CO ",
el et —— Sn—Fe—Sn + Sn—Fe—CO +toluene
toluene / \ \ / \

R oc o R R o Yo

18 (75 %) 19 (25 %)

I
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Scheme 3. Replacement of the labile toluene ligand by CO.
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formation of pure 18. Formation of 18 is still accompanied by
moderate amounts of the monostannylene complex 19.

The observed lability of the 7°-coordinated arene ligand in
the bis(stannylene) complex 15 is one out of only three rare
cases reported so far in which arene lability has been observed
in organoiron chemistry.[* 1]

Theoretical investigations of 15: In order to gain insight into
the nature of the electronic as well as the steric situation
present in this of trinuclear half-sandwich complex, we
conducted a semiempirical extended Hiickel molecular orbi-
tal (EHMO) study. The aim of this study was twofold. Firstly,
we hoped to obtain information as to what extent the
significant iron—metal d backbonding into the 5p-m orbitals
on tin is responsible for the evidently short Fe—Sn bond
distances. Secondly, in spite of the recently questioned
validityl®! of various EHMO studies,[’! we were interested in
obtaining reliable and still interpretable (by well-established
chemical paradigms), semiqualitative information on the
bond polarity of the unbridged Fe—Sn bonds in 15. To
strengthen our conclusions regarding the latter point, we have
provided support for our calculations by “Fe and !"“Sn
Mossbauer studies, which provide information about the
valence state (oxidation and spin state) as well as the
coordination environment (see below).

For our theoretical studies we used the geometrical
parameters obtained from the X-ray crystal structure analysis
as a point of reference and discuss model systems on which the
theoretical work was performed.

From an EHMO study on the model complexes [(#°-
CsHg)Fe(SnMe,),] and [(#5-CsHy)Fe(SnPh,),], the following
electronic situation in 15 emerged. When the toluene ligand is
replaced by benzene and the substituted aryl ligands of 15 are
replaced either by Me (CHj;) or phenyl (C4Hs), the overall
electronic situation does not change to a significant extent, in
particular the Fe —Sn and the [ (7°-C4H;)Fe] bonding situation.
The role of the substituted aryl ligands on Sn in 15 is merely
steric. The main Fe — Sn interaction is of o type (see Figure 3).
Double bonding contributions are negligible.

S
I

94

_104

Figure 3. Schematic interaction diagram between the fragment orbitals of
[(7>-CsHg)Fe] and (SnR,), (R=Me, Ph). The Fe-Sn interaction is
invariant towards a change in R as well as towards rotation around the
Fe—Sn bond. From the degenerate [(C¢Hg)Fe] antibonding mt set of the
[ (75-C¢Hg)Fe] fragment, only the relevant orbital is drawn.
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The Fe—Sn and the (%°-Cg¢Hy)-Fe interactions do not
change as the SnR, group rotates around the Fe—Sn bond.
The corresponding orbital energies and reduced overlap
populations (as a measure of bond strength) remain essen-
tially invariant: Fe—Sn 0.66, Fe—C,.,. 0.070-0.079. (The
slight deviation in the latter is the result of the low sym-
metry of the system and therefore varies somewhat from
one carbon atom to the next.) The experimentally ob-
served rotation/distortion is solely the result of the steric
repulsion of the aryl rings on tin. This could be demon-
strated with an induced rotation on the model system
[(17°-CsHe)Fe(SnPhy),].

The Fe—Sn bond can be interpreted as a donation of the Sn
Ss lone-pair electrons into empty or half-filled acceptor d
orbitals on iron. There is little iron-to-tin backbonding. The
electron donation leads to an increased occupation of [(#-
C¢H¢)Fe] m-antibonding orbitals. The reduced overlap pop-
ulation of the Fe — C,,.,. bond (as a measure of bond strength)
drops from 0.103 in the [(%°-C¢H)Fe] fragment to 0.070-
0.079 in the model complexes [(7%-CsHg)Fe(SnMe,),] and
[ (#°-C¢H)Fe(SnPh,),]. Consequently, the arene ligand will be
bound more weakly to the iron center. This theoretical finding
is nicely reflected in the observed m-arene exchange lability
described above. Figure 3 shows a schematic interaction
diagram to illustrate the Fe—Sn and [(n°-C4Hg)Fe] bonding
situation in 15. The HOMO is mainly Fe-based in character.
The metal —metal bonds display strong polar contributions.
The metal charges in the individual fragments are Fe —0.48 in
[(75-C4Hg)Fe] and Sn +0.7 in SnR,. Upon interaction of the
fragments they change to Fe —1.64 and Sn + 1.4 (it should be
emphasized here, that the trend is important, not the actual
numerical values). Experimentally a Sn®* —Fe®~ polarization
has been substantiated in a rather general way for a series of
organotin transition metal complexes by means of Mdssbauer
spectroscopy.['”]

5Fe and '“Sn Mossbauer studies of 15:'! Complex 15
contains two active Mdéssbauer nuclei, so that this technique
can provide valuable information about valence state and
geometry in coordination compounds. Fe and '""Sn Mdss-
bauer spectra of 15 were recorded at 80 K on crystalline samples
of 15 (Figures 4 and 5, respectively) resulting in two sym-
metrically split doublets for the iron and the tin nuclei with

relative transmission
o
©
o
T

0.92

-5 -4 -3 -2 -1 0 1 2 3 4 5
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Figure 4. ¥Fe Mossbauer spectrum of 15 at 100 K.

0947-6539/00/0603-0471 $ 17.50+.50/0 — 471





FULL PAPER

J. J. Schneider et al.

1.00

0.98

0.96

0.94

Q
©
0

relative transmission

©
©
S

velocity/mm s-!

Figure 5. '"Sn Mossbauer spectrum of 15 at 100 K.

characteristic Mossbauer parameters: >Fe (relative to a-
iron): 0;5=0.53 mms~!, AE;=1.04 mms~!; Sn (relative to
CaSnQO;): 0;s=2.11 mms~!, AE;=3.04 mms~'. In addition to
these major doublets, both spectra display one additional
symmetrically split doublet as a minor component with the
following Mgssbauer parameters: ’Fe (relative to a-iron):
Os=123mms™, AE,=242mms™!, 31% intensity; !"°Sn
(relative to CaSnOj): 0;3=0.90 mms~!, AE,=1.74 mms~},
23% intensity. The origin of these signals is not yet clear;
however, they most probably result from impurities intro-
duced by the decomposition of the very air-sensitive 15 during
our sample preparation procedure. The major, symmetrically
split Sn doublet (Figure 5) is in agreement with two
equivalent tin centers in the solid state.

Regarding the 'Fe parameters for 15, the values are in good
agreement with a pseudotrigonal coordination on the iron(in)
center, assuming that one coordination site on the iron is
occupied by the 7°-bonded toluene and the other two by SnR,
ligands. MOssbauer parameters comparable with those of 15
are found for the 7°-#n* benzene sandwich complexes [(7°-
C¢H¢)Fe(n*-CcH,)] and [(n°-CsHg)Fe(n*-C¢Hg)], which dis-
play a rather similar coordination of the iron center, assuming
that one coordination site on iron is occupied by the #°-
bonded benzene and the remaining two by the #’-ene
coordination (0;3=0.64 mms~!, AE,=1.04 mms~' and d;s=
0.49 mms~!, AE;=0.92 mms~")."]

The complex [(7°toluene)Fe(H,)(SiCl;),],/! which has a
half-sandwich structure as in 15 and iron in the formal
oxidation state +4, has a considerably smaller O =
0.25mms~!, but a rather similar AE;=0.91 mms!
(298 K).I"l With respect to Sn', the observed parameters for
15 show a slight, although significant, deviation from the
values of Lappert’s distannene (1), (0;3=2.16 mms~!, AE, =
2.31 mms™),? which may serve as a “point of reference” for
the discussion, since there are, as yet, no Mdssbauer param-
eters available for Weidenbruch’s distannene (3),. This seems
warranted, since both stannylenes are strictly monomeric in
solution and X-ray crystallography shows both compounds to
have a related dimeric structure with a bent double bond.[" 1t
is evident that (1), and 15 have drastically lowered O, values
compared with those from pure inorganic or even organo-
metallic systems that contain Sn" and have typical values of
O0is=3-4 mms~'. Examples for the latter are halogenostan-
nates(i?! or sandwich complexes [(#>-RCp),Sn"] (R = alk-
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y1).2%-221 Tn these compounds the 5s orbital on tin, which
contains the lone pair, retains its high o-s character compared
with (1), and 15. Thus, the relatively large differences in the
O values for (1), and 15 relative to these compounds are
indicative of a certain amount of p character in the Sn—-Sn (1),
and Sn-Fe-Sn (15) bonding; this is induced by rehybridization
of the 5s lone pair on Sn. In this process s electron density is
lost, both in donation to the transition metal as well as by
rehybridization.”> > The quadrupole splitting for 15 is in
agreement with that which would be expected for a trigonal
configuration on tin. Work in other systems shows that
trigonal three-center coordination as in 15 gives similar AE,
values.®) Most convincing here is a comparison with the
Mossbauer parameters for [R,Sn-M(CO);] (R = CH(SiMe;),,
M =Cr, Mo)? which are in the same range and for which a
trigonal-planar coordination at tin has also been derived from
crystallographic work.[']

With regard to the result of our theoretical study and the
question of bond polarity, it should be recalled that the Fe —Sn
bond has polar character Sn®* —Fe®~ with strong tin-to-iron o
donation, but it has significantly low m-bonding interaction.
The experimental quadrupole splitting AE, =3.05 mms~! for
15 is in good agreement with the theoretical results, since
significant dst—pm backbonding from Fe to Sn would need a
population of the 5 orbitals on tin perpendicular to the two
{(SiMe,),HC},}Sn - Fe planes. This would result in a signifi-
cant reduction of AE,, which is, however, not observed. A
similar argumentation holds true for the above-mentioned
complexes [R,SnM(CO);] (R=CH(SiMes),, M =Cr, Mo)
with large AE, values similar to those measured for 15.29 Tt is
interesting to note that a related bond polarity (Si —Mo) has
been substantiated in molybdocene and tungstenocene de-
rivatives of divalent SiR, silicon species recently described by
Jutzi and co-workers.[*’!

Conclusions

In this contribution we have described the reactivity of the
divalent tin species [{(2-fert-butyl-4,5,6-trimethyl-phen-
yD},Sn] 2 towards toluene-solvated iron atoms, [(#-tolu-
ene),Fe]. Complex 2 is highly reactive towards these solutions
which can be accounted for by i) its high donor capability and
ii) the ready accessibility of reactive subvalent 14 e fragments
[(#°-toluene)Fe] generated from toluene solutions, which
contain [(n-toluene),Fe] as the sole product. The title com-
pound represents the first structurally characterized bis(stan-
nylene) compound with two threefold-coordinated tin atoms.
The Fe-Sn bonds in 15 are found to be short. They were
characterized on the basis of EHMO calculations as highly
polar with no significant p backbonding donation from iron to
tin. Thus, the Fe — Sn interaction can be described as a “dative”
coordination from the two tin atoms to the iron atom.

Experimental Section

General: The metal-atom reaction was conducted in home-built, all-glass,
static metal —vapor reactors (6 L) based on the design published by
Klabunde.?! Elemental iron was 99% pure. The metal was evaporated
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from resistively-heated alumina crucibles (Mathis Comp., USA). In
metal —vapor reactions, ~20% of the metal is typically lost because of
the deposition of metal vapor outside of the reaction zone of the metal/
toluene cocondensate. This was accounted for by determining the yields.
With the excepttion of the metal—vapor synthesis, all reactions were
carried out under an atmosphere of dry nitrogen gas with standard Schlenk
techniques. Microanalyses were performed by the microanalytical labo-
ratory of the Chemistry Department of the University/ GH-Essen. All
solvents were dried appropriately and were stored under nitrogen. The
NMR spectra were recorded on a Bruker AC300 spectrometer (300 MHz
for 'H, 75 MHz for *C) and referenced against the remaining protons of
the deuterated solvent used. NMR samples were prepared by vacuum
transfer of predried degassed solvents onto the appropriate amount of solid
sample, followed by flame sealing of the NMR tube. MS spectra were
recorded on a MAT 8200 instrument under standard conditions (EIL, 70 eV)
and the fractional sublimation technique for the compound inlet.

Theoretical studies: Qualitative MO computations were performed within
the extended Hiickel formalism®” with weighted H;’s?! with the CACAO
program (Version4.0).?”l Geometrical parameters were taken from the
X-ray structural work of 12. The atomic parameters were used as supplied
by the CACAO program, in particular Fe (H;; [eV], {) 4s: —9.17, 1.9; 4p:
—5.37,1.9; 3d: —12.7, 5.35, 1.80 (double ¢ expansion of the d orbitals with
the coefficients 0.5366 and 0.6678); Sn (H; [eV], §) 4s: —16.16, 2.12; 4p:
—8.32,1.82.

Synthesis of [ (5°toluene)Fe-{Sn-(tert-butyl-4,5,6-trimethylphenyl),},]
(15): Iron vapor (1.21 g, 21.5 mmol) was codeposited with excess toluene
(150 g) at —196°C and 1072 Pa over a period of 2 h. The reaction mixture
was filtered at —78°C through a pad of alumina (5cm) to remove
unreacted iron metal. A solution of [Sn(fert-butyl-4,5,6-trimethylphenyl),]
(3,) (2.5g, 53 mmol) in ether (20 mL) was added at —78°C, and the
resulting solution was warmed to room temperature under stirring for 12 h.
All volatiles were removed in vacuo (1072 Pa), and the brown solid residue
was dissolved in diethyl ether. The resulting deep brown solution was
filtered through a medium porosity glass frit, concentrated, and cooled to
—30°C to give 15 (2.28 g, 1.97 mmol, 65 %, based on added distannane
(3),). '"H NMR (300 MHz, CsDy, 27°C): 6 =7.29, 6.98 (2s, 4H, =CH), 5.32,
5.10,5.16,4.84 (2t,2H, m-H; m, 1 H, p-H; m, 2H, 0-H), 3.47,3.35,2.21, 2.19,
2.12,2.07 (6s,36 H, CH;-aryl), 1.43 (s, 3H, CH;-toluene), 1.36, 0.85 (2s, 36 H,
Bu); *C NMR (75 MHz, C,Dg, 27°C): 6 =164.3, 161.1, 151.9, 151.8, 141.9,
141.4, 135.7, 135.3, 133.8, 133.5 (C-aryl), 126.7, 125.1 (CH-aryl), 94.6, 83.4,
81.6, 81.4, 81.0, 80.0 (C-toluene), 37.3, 36.6 (C(CH,);), 33.1, 32.1 (C(CHs,)5),
25.3, 25.1, 21.5, 21.4, 16.4, 16.1 (CHj-aryl), 21.6 (CHj-toluene); '*Sn{'H}
NMR (300.1 MHz, C¢Dy, 27°C) 6 =673; IR (KBr) #=1392(s), 1383(s),
1375(s, all CH;), 1278(m, tBu), 808(w), 775(w) cm™! (both 7°-toluene); MS
(EIL 70 eV): decomposition; CsoHg,FeSn, (1160.84) found C 65.38, H 8.00,
Fe 4.89; calcd 65.17, H 8.10, Fe 4.83; cyclovoltammetry in (CH,CL,): — 1.3 V;
completely irreversible reduction.

Synthesis of [{(2-tert-butyl-4,5,6-trimethylphenyl)},Sn},Fe(CO);} (18), and
[ (2-tert-butyl-4,5,6-trimethylphenyl)},Sn-Fe(CO);} (19): Complex 15
(0.65 g, 0.55 mmol) was dissolved in toluene (20 mL). After three freeze
and thaw cycles, CO gas was added at —78°C and the pressure of the
solution was maintained at ~1 bar for 12 h. All volatiles were removed in
vacuo and the solid residue dissolved in diethyl ether and cooled to —30°C
to give a 2:1 mixture (according to NMR spectroscopy) of 18 and 19.
Compound 18: "H NMR (300 MHz, C;Dy, 27°C): 6 =718 (s, 1H, =CH),
3.11 (s, 3H, CHj), 2.06 (s, 3H, CH3;), 1.98 (s, 3H, CHj;), 1.31 (s, 9H, Bu);
BBCNMR (75 MHz, C¢Dy, 27°C): 6 =219.1 (CO), 159.8, 152.6, 140.7, 136.8,
134.4, 1275 (all aryl-C), 37.1 (C(CH;)3), 33.2 (C(CHs;)5), 26.7,21.3, 16.0 (all
CH,); "“Sn{'H} NMR (300.1 MHz, C;Dg, 27°C) 6 =1055.

Compound 19: "H NMR (300 MHz, C;Dy, 27°C): 6 =714 (s, 1H, =CH),
3.08 (s, 3H, CHj), 2.16 (s, 3H, CHj;), 1.83 (s, 3H, CHj;), 1.41 (s, 9H, Bu);
3C NMR (75 MHz, C¢Dy, 27°C): 6 =228 (CO), 162.5, 152.1, 142.0, 136.2,
134.3, 127.2 (all aryl-C), 37.5(C(CHs;);), 34.4 (C(CHs;);), 27, 21.1, 15.7 (all
CH,); "“Sn{'H} NMR (300.1 MHz, C;Dg, 27°C) 6 =1059.
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Reaction of HO" with Guanine Derivatives in Aqueous Solution: Formation of
Two Different Redox-Active OH-Adduct Radicals and Their Unimolecular
Transformation Reactions. Properties of G(-H)"

Luis P. Candeias and Steen Steenken!?!

Abstract: The reaction of *OH with 2'-
deoxyguanosine yields two transient
species, both identified as OH adducts
(G*-OH), with strongly different reac-
tivity towards O,, or other oxidants, or
to reductants. One of these, identified as
the OH adduct at the C-8 position (yield
17 % relative to *OH), reacts with oxy-
gen with k=4 x10°m~!s7!; in the ab-

duct and its ring-opened successor are
one-electron reductants towards, for ex-
ample, methylviologen or [Fe(CN)J*~.
The second adduct, identified as the OH
adduct at the 4-position (yield of 60—
70% relative to ‘OH), has oxidizing
properties (towards N,N,N',N'-tetra-
methyl-p-phenylenediamine, prometha-
zine, or [Fe(CN)4]*-). This OH adduct

undergoes a slower transformation re-
action (k=6 x 10°*s7! in neutral, unbuf-
fered solution) to produce the even
more strongly oxidizing (deprotonated,
depending on pH) 2'-deoxyguanosine
radical cation, and it practically does
not react with oxygen (k<10°M~'s7!).
The (deprotonated) radical cation, in

sence of oxygen it undergoes a rapid
ring-opening reaction (k=2 x 10°s™! at
pH 4-9), visible as an increase of ab-
sorbance at 300—-310 nm. This OH ad-

Introduction

Hydroxyl radical (HO") oxidation or modification of nucleic
acids has been and still is the subject of very active research.
As a physiological and endogenous oxidant, this radical is
central to many health/disease phenomena and, of course, it is
of great interest in radiological or toxicological situations. The
most sensitive target for HO" is the nuclear material of the
cell. Numerous pathways for hydroxyl radical oxidation of
DNA exist.'# In general, the nucleobases are more reactive
than the sugar-phosphate moiety by a factor of 5-10,5! and
each purine or pyrimidine forms a characteristic series of
modified derivatives.*®] Many of the products of these
pathways, for example, 2,6-diamino-4-hydroxy-5-formamido-
pyrimidine and 8-oxoguanine, have become diagnostic for the
intermediacy of HO".B'!l However, in order to quantify their
significance, it is necessary to not only understand the initial
reactions of HO" with the nucleic acid bases, but also the rapid
follow-up reactions of the radicals produced on their way to
the final, non-radical product(s), which are usually deleterious

[a] S. Steenken L. P. Candeias!*]
Max-Planck-Institut fiir Strahlenchemie
45413 Miilheim (Germany)
Fax: (+49)208-304-3951
E-mail: steenken@mpi-muelheim.mpg.de
[*] Present address: Interfaculty Reactor Institute
Dept. Radiation Chemistry, TU Delft, 2629 JB Delft (Netherlands)

Chem. Eur. J. 2000, 6, No. 3

Keywords: DNA oxidation - elec-
tron transfer - kinetics -

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

dilute aqueous solution, does not give
rise to 8-oxoguanosine as a product.
However, it is able to react with ribose

radicals with k<4 x 10°m~ s

to the functioning of DNA. Concerning oxidative damage,
guanine (G) is the most sensitive of the DNA bases.['>"l The
simplest conceivable oxidation reaction is an electron trans-
fer, which would give rise to the radical cation of G, that is,
G**. There is evidence that among the various oxidizing
agents that may lead to G+, HO" is in fact involved. However,
the evidence is also that HO" leads to other products as
well.23 1L 131220 A more thorough understanding of the
pattern of reaction of HO" with G is therefore necessary, and
an attempt at this is described in the following.

Results and Discussion

Formation and transformation reactions of the OH adducts:
The hydroxyl radical reacts with guanine and its derivatives in
neutral aqueous solution with diffusion-limited rates (=5 x
10°m~1s71).l As an example, in Figure 1 are shown the time-
resolved absorption spectra measured on reaction of the
hydroxyl radical with 1 mm 2'-deoxyguanosine (=dGuo) in an
N,O-saturated, unbuffered solution at pH 7.6. The spectra
observed are characterized by absorptions in the wavelength
range ~280 nm to ~ 750 nm; the rapid increase of absorbance
(see insets), which was complete in <1 ps after the 300 ns
pulse, is due to formation of the “OH adduct(s)” (see later).
Subsequent to the formation of the OH adduct(s) the
spectrum changed: there was a build-up of absorbance in
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Figure 1. Transient absorption spectra observed on reaction of the
hydroxyl radical with 2’-deoxyguanosine (1mwm), by pulse radiolysis in
N,O-saturated, unbuffered solution at pH 7.6. The spectra were recorded at
the times after the pulse indicated in the figure. The inserts show the
absorbance changes at the wavelengths indicated.

3

the 300-310 nm range and at ~400 nm, but a decay at
~620 nm (see insets to Figure 1). These processes follow first-
order kinetics with rates independent of the concentration of
the parent compound (but dependent on pH, temperature,
and phosphate and oxygen concentration, see Figure 2). In
unbuffered solution at pH 7.6 the rate constants of these
transformations are 2.7 x 10°s™! for the build-up at 305 nm,
and 5 x 10° s~! for both the build-up at 400 nm and the decay
at 620 nm. With the other guanine derivatives (guanosine,
guanosine-5'-phosphate, 2'-deoxyguanosine-5'-phosphate,
1-methylguanosine and 9-methylguanine) similar spectral
transformations were observed.

k/10° M s

3 4 56 7.8 910
pH

Figure 2. pH dependence of the rate constants of the transformation

reactions of OH adducts of 2’-deoxyguanosine (build-up at 305 nm and

decay at 620 nm, as indicated) observed by pulse radiolysis of N,O-

saturated, unbuffered, aqueous solutions.

The two different rates (2.7 x 10° and 5 x 10° s~!) measured
for the different spectral changes suggest that (at least) two
different OH adducts are formed that undergo different
transformation reactions.

The rates of the spectral transformations were found to be
pH dependent. For example, for dGuo, the (first-order) rate

of build-up at 305 nm, which was invariant with pH between 4
and 9, decreased at pH < 4, whereas at pH > 9 it increased. In
comparison, the decay rates at 620 nm and the build-up at
400 nm were invariant with pH in the range 6-8.5 (k~6 x
103 s71). In neutral, unbuffered solution these processes were
slow, but higher concentrations of H* and OH™~ accelerated
the reaction (Figure 2).

Also phosphate accelerated the build-up at 400 nm and the
decay at 620 nm, and in a similar manner. At pH 7, the rate of
these processes increased linearly with increasing phosphate
concentration (up to S5mm); the slope of this dependence
yielded the rate constant for phosphate “catalysis” at pH 7,
k=6.7x10"m's"!. The phosphate effect was found to be
pH dependent: in the pH range 5-9, for which the H/OH~
catalysis is negligible, the rate measured in the presence of
1mmMm phosphate decreased with increasing pH following a
sigmoidal curve with an inflection point at pH 6.9, which is
that of the H,PO,/HPO,?>~ equilibrium. This result indicates
that H,PO," is a more efficient catalyst of the reaction than its
conjugate base HPO,~; their catalytic rate constants are 1.8 x
103m~'s™! and 3.5 x 107M~'s7!, respectively. In comparison
with the spectral changes at 400 and 620 nm, the rate of build-
up at 305 nm at pH 7 was not affected by phosphate up to a
concentration of 20 mm. This again shows the different nature
of the radicals responsible.

In summary, the species formed by reaction of *OH with
dGuo and derivatives each undergo a first-order transforma-
tion reaction that have different rates and which are addi-
tionally distinguishable by the effect that pH and phosphate
have on their rates. One reaction, visible as an increase of
absorbance at ~305 nm is accelerated by OH™, inhibited by
H*, and unaffected by phosphate at pH 7. A second trans-
formation, visible as a decay at ~620 nm and a build-up at
~400 nm, is enhanced by H", OH~, and phosphate.

In order to further characterize these reactions, the effect of
temperature on their rates in neutral, unbuffered solution was
investigated. Both processes followed good Arrhenius behav-
ior in the temperature range 0 to 60°C. As with the pH or
phosphate effect, the increase at 400 nm and the decay at
620 nm exhibited identical behavior, which was different from
that of the build-up at 300—-310 nm. The activation parame-
ters were measured for the different processes and are given
in Table 1. As evident, their different rates at room temper-
ature are due mainly to the difference in activation entropy of
the processes.

The rates of the transformation reactions of the OH adducts
of dGuo, which both have low activation enthalpy and
negative activation entropy (Table 1), were also determined
in unbuffered D,0. The build-up at 300—-310 nm shows the
isotope effect kypo/kpro =2.5, which is essentially due to an
increase in activation enthalpy (which overrides the effect of

Table 1. Activation parameters and isotope effects on the transformation reactions of the HO-Adducts of 2'-deoxyguanosine in unbuffered, neutral solution.

AH* AS* kol kiolkpao AHF 0/ AH 50 AS 0/ AST o0
[kJmol~1] [Jmol'K-1] [s71]

build-up 310 nm 18.5 —-77 2.7 x10° 2.5 0.8 1.2

decay 620 nm 17.3 —115 5x 103 0.75 1.3 0.9

[a] At 20°C.
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the increasing activation entropy in this direction) on
changing the solvent from H,O to D,O. In contrast, the decay
at 620 nm exhibits kypo/kp,o =0.75, which essentially results
from a lower activation enthalpy in D,O, relative to H,O.
Taking all these observations together, it is thus clear that in
the reaction of OH" with dGuo two different radicals are
produced.

An additional confirmation for this is the effect of oxygen.
This was investigated taking solutions of dGuo saturated with
a 4:1 (v:v) mixture of N,O (to scavenge e,,) and O, (to react
with radicals). Under these conditions, the initial spectrum of
the OH adducts was the same as in oxygen-free solution.
Furthermore, the decay of absorbance at 620 nm and the
build-up at 400 nm were not affected by the presence of
oxygen. In an experiment with guanosine in unbuffered,
neutral solution, the concentration of oxygen was taken to
saturation (~1.4mMm). The decay at 620 nm could still be
observed and had the same rate (6 x 10° s!) as in oxygen free
solution. From these results it is evident that the precursor
species of this transformation does not react rapidly with
oxygen (k<10°M~!'s7'). This in agreement with earlier
observations.! 221

In contrast, the increase of absorbance in the range 300—
310 nm was quenched by oxygen (Figure 3) and, as a result,
the amplitude of the absorbance at 300 nm, after the
completion of the transformation reaction (=20 ps after the
pulse), decreased with increasing oxygen concentration.

A(300 nm)

time (4 ps / division)
Figure 3. Transient absorption at 300 nm observed on reaction of *OH with

2'-deoxyguanosine in solution saturated with a) N,O, or b) with a N,O:0,
gas mixture (4:1 v:v).

These results can be explained (see Scheme 1) by the
competition between the transformation reaction (build-up at
300-310 nm) of the OH adduct (G'8-OH, see later) and its
reaction with oxygen. From the rate of reaction measured in
the absence of oxygen (k=2 x 10° s7!) and the dependence of
the absorbance at 300 nm on the oxygen concentration, the
rate of reaction of G'8-OH with oxygen can be estimated as k
~4 x 10°m~'s7, that is, diffusion controlled.

+ Oszs 10%m s

3 . decay 620 nm o+ *
G 4-OH k =6x10%" G /G (H)
G OH
L~ Gson MERISIM. pApy
+ Ozlk= 4x10°m7's™
Scheme 1.
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The second adduct, which undergoes a slower transforma-
tion reaction (k=6 x 10*s™!) in neutral, unbuffered solution,
is identified in terms of the adduct with the OH at the
4-position and is termed G"4-OH. It is oxidizing in nature (see
later), and does not react rapidly with oxygen, as shown
above.

Redox titration!"® of the OH adducts

Oxidizing radicals

Reaction with reductants: It has been previously
shown[?!- 2221 that the addition of hydroxyl radicals to some
heterocyclic compounds generates isomeric radicals that can
be distinguished on the basis of their redox properties. Along
these lines, in order to test for the formation of oxidizing
radicals, we have now investigated the reaction of the OH
adducts of dGuo and derivatives with the reductants pro-
methazine (PZ') and N,N,N',N'-tetramethyl-p-phenylenedi-
amine (TMPD). Upon oxidation, both these compounds give
rise to persistent radicals with strong absorbance bands in the
visible region. For example, the promethazine radical dication
(PZ***) has a reduction potential E(PZ*/PZ*)=092V
versus a standard hydrogen electrode (SHE), which is
pH independent in the range pH 0—9; it absorbs in the visible
with A, =510 nm and ¢ =7980M'cm~..

Pulse radiolysis experiments were performed with N,O-
saturated solutions of guanosine, 2’-deoxyguanosine, or
9-methylguanine (2—-5mM in each case) in Smm phosphate
at pH7 and which contained promethazine in variable
concentration up to 0.5mm. Under these conditions, on the
basis of the rate constants,! it is the guanine derivatives that
capture most of the "OH formed by irradiation, yielding the
respective OH adducts (Scheme 1). However, the experimen-
tal result is that it is PZ?* that is formed, as shown by an
increase of absorbance at 510 nm with rate proportional to the
PZ* concentration (Figure 4). This is due to the HO adducts
of the guanine derivatives G'4-OH (see later) oxidizing PZ~*
to yield PZ2*; the rate constant of this reaction, determined
from the dependence of the observed rate of PZ** formation
on [PZ*]is 2 x 10°m~'s! for all the guanine derivatives used
in these experiments.

100 1100
750 eld {075
-— f
o ~
® 50f 1050 =
—-
t‘ Ks )
o~ o,
25 b {025 -

%0 01 o0z 03 04 05

[PZ1/ mm
Figure 4. Observed rate (solid symbols) and yield (relative to the total
yield of radicals, open symbols) of formation of promethazine radical di-
cation (monitored at 510 nm) formed on reaction of promethazine (PZ")
with the species resulting from reaction of the hydroxyl radical with 2'-
deoxyguanosine (2mm) in N,O-saturated, phosphate buffer (5.7mm) at
pH7.
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The bimolecular rate constant did not change when the
observed rate was lower or higher than the transformation
reactions (see later) of the oxidizing G*-OH radicals, G4°-OH.
This means that promethazine reacts with the precursors G4--
OH and products (G**/G(-H)" see Scheme 1 and later) of this
reaction with equal rates. The yield of PZ** was determined
from the absorbance at 510 nm after completion of its build-
up. The results show that despite the rapid reaction of the
radicals from guanine and derivatives with PZ*, the yield of
PZ** accounts for only ~65% of the total yield of radicals
(Figure 4). Thus, the yield of oxidizing radical, G'4-OH, is
~65% of the OH adducts formed whilst the remaining
~35% are not oxidizing.

Similar results were obtained with TMPD. The respective
radical cation (TMPD"*) has the (low) reduction potential
E(TMPD""/TMPD) =0.27 V versus SHE, independent of the
pH in the range 8 —14,*”l and absorption in the visible region,
Amax =365 nm £ =12,500M'cm L1l The radicals formed on
reaction of "OH with guanosine, 2'-deoxyguanosine, or
9-methylguanosine at pH 8 reacted with TMPD with rate
constants ~2 x 10°mM~!s7! to yield TMPD"* in ~65% yield,
that is, the same number as in the case with PZ*. Thus, from
the experiments with TMPD or PZ", it is clear that the
reaction of "OH with these guanine derivatives yields ~65 %
oxidizing radicals (identified in terms of G*4-OH), a number
similar to that (70 % ) from the conductance experiments (see
later), which measured the yield of radical cation.?®!

Also the weaker (relative to TMPD) and, therefore,
presumably more selective reductants hexacyanoferrate(ir)
(E([Fe™(CN)¢]*~/[Fe™(CN)x]*") =0.36 V vs. SHE) and hexa-
chloroiridate(in) (E([Ir"VClg]*/[Ir'™Cls*~) =0.86 V vs. SHE)
were treated with the radicals generated on reaction of "OH
with dGuo. In the absence of reductants in N,O-saturated
solution, buffered at pH7 by 2mm phosphate, the trans-
formation reaction seen as a decay at 620 nm had the rate
constant 1.5 x10°s~' (Figure 5a). When up to 0.lmm
K [Fe(CN),] was added to the solution, this reaction was

08¢
c

%, 06F

k-]

E o4 -

S £

e ] a

g o2} ©

é:‘g 0.2‘ S b
t‘ime(Bpslld'lv)

09 0.1 0.2 03
[Fe(CN)* 1/ mm

Figure 5. Transient absorbance at 620 nm measured on reaction of
hydroxyl radicals with 2’-deoxyguanosine (1 mm) in N,O-saturated phos-
phate buffer (2mm) at pH 7, a) in the absence and b) in the presence of
hexacyanoferrate(tr) 13 pM. c) Observed rate of decay at 620 nm as a
function of the hexacyanoferrate(i) concentration.

still visible, but a second, slower component appeared that
brought the absorbance back down to the pre-pulse value
(Figure 5b). The rate of this second component increased with
increasing concentration of [Fe(CN)¢]*~. At 420 nm, where

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

([Fe™(CN)4]*~) absorbs, a build-up of absorbance was ob-
served (not shown) that had the same rate as the slow
component of the decay at 620 nm. From this it is concluded
that the reaction leads to the formation of [Fe'(CN),]*-, that
is, that a radical able to oxidize [Fe''(CN)¢]*~ is present. For
concentrations of [Fe(CN)g]*~ > 0.1 mm the decay at 620 nm
became mono-exponential, with the rate still dependent on
the concentration of [Fe(CN)¢]*~. However, the slopes of the
straight lines describing the observed rate of decay at 620 nm
as a function of concentration [Fe(CN)y]*~ were different
(Figure 5¢) for [Fe(CN)g]*~ concentrations <0.1mMm (slow
component, k,([Fe(CN)q]*")=3.2 x 10°m~'s7!), and for con-
centrations [Fe(CN)¢]*~>0.1mM (k,([Fe(CN)¢]*)=1.8 x
109m1s7).

This “biphasic” behavior was more evident with the still
weaker reductant [Ir'™Cl]*~. In this case, the transformation
reaction of the HO adducts of dGuo was monitored at 650 nm
(Figure 6a), where neither [Ir''Cl¢]*~ nor [Ir'VCI¢]*~ absorb.
For concentrations of reductant < 0.6 mm, the decay at 650 nm
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Figure 6. Transient absorbance measured on reaction of hydroxyl radicals
with 2'-deoxyguanosine (same conditions as in Figure 5a), a) without
hexachloroiridate(i) at 650 nm and b) with hexachloroiridate(i) at
650 nm and c) at 490 nm. d) Observed rate of decay at 650 nm as a
function of the concentration of hexachloroiridate(iir).

showed two components (Figure 6a): the fast component was
unaffected by [IrClg]*-, but the slow component, which
brought the absorbance back to zero (Figure 6b), had a rate
dependent on the concentration of [IrCl]*~ (Figure 6d). At
490 nm, where the iridium!V complex absorbs, an increase of
absorbance was observed (Figure 6c); this had the same rate
as the slow component of the decay at 650 nm. The concen-
tration of hexachloroiridate(iir) was further increased up to
2.3mM and the absorbance at 650 nm immediately after the
pulse became smaller; this can be attributed to the competi-
tion®! between dGuo and hexachloroiridate(i) for the
hydroxyl radicals. At concentrations >1.5mwm the rate of
decay at 650 nm became mono-exponential and the rate did
not increase with further increase of the concentration of
hexachloroiridate (i) (Figure 6d).

The biphasic behavior of the reaction between the dGuo
radicals and [Fe(CN)g]*~ or [IrCl¢]*~ can be explained by
competition between the unimolecular transformation reac-
tion G'4-OH—G'*/G(-H), seen as a decay of ab-
sorbance at 620 nm, and the bimolecular reaction of G*4-
OH or G**/G(-H)" with the reductants (Scheme 2).
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aoH R~ oy
ko(PZ)=2x10° Mg (in 2 mM phosphate)  |k,(PZ") =2 x 10° m's™
ky(TMPD) =2 x 10% '™ k(TMPD) =2 x10° m's™
ko([Fe(CN)]g* ) =1.8x10° M 's™ ky([Fe(CN)g]* )} =3.2x10°m™ s
k(rC*) <108 m's™ k(e )y =3.3x 108 M’ s

Scheme 2.

For explanation of Scheme 2, at low concentrations of
hexacyanoferrate(i) or hexachloroiridate(i1n), the (unimolec-
ular) transformation reaction is faster than the (second-order)
reaction of G'4-OH with the reductant. In contrast, at higher
concentrations of hexacyanoferrate(i) or hexachloroirid-
ate(trn) (>0.1mm or >1mwm, respectively), it is the trans-
formation reaction that becomes rate limiting: In the case of
IrClg*-, the observed rate of reaction is found not to increase
further. In contrast, with the stronger reductant hexacyano-
ferrate(11), the observed rate does increase further with
increasing concentration, albeit with a slope lower than at
lower concentrations of Fe(CN)42~ (see Figure 5). This means
that Fe(CN)*-, a stronger reductant than IrCl?-, is able to
reduce both G'4-OH and its transformation product G** (or
G(-H)", depending on pH), although the former with a lower
rate, whereas the weaker reductant IrClg>~ is able to react only
with the stronger oxidant G** or G(-H)'. The organic
reductants promethazine and TMPD are not selective and
react with G'4-OH and G** with indistinguishable rates."!

Thus, as a preliminary conclusion, from the experiments
with PZ* and TMPD it is evident that ~65 % of the radicals
formed on reaction of *OH with the guanine derivatives have
oxidizing properties (identified as G'4-OH, see Scheme 3
later). Furthermore, on the basis of the results obtained with
Fe(CN)¢* and IrClg-, the transformation reaction of the OH
adducts detected as a decay of absorbance at 620 nm is
assigned to the conversion of the oxidizing G'4-OH to the
(more strongly) oxidizing radical G**/G(-H)*. The guanine
radical cation and its conjugate base are in fact strong
oxidants as shown by their reduction potentials, for example,
E;(G(-H)" H*/G)=1.29 VI,

The reactivity of dGuo(-H)* with O, was studied by
observing its effect on the decay of dGuo(-H)" in a solution
containing 1.5mM deoxyguano-

tion of *OH with di-tert-butylsulfoxide,*!! was tested. Also in
this case the reactivity found is large, ~10°mM~!s~%

Conductance changes involving the oxidizing radicals: We
have previously used conductance detection to study the
reaction of the sulfate (SO, ) or dibromine (Br,*~) radicals
with guanosine, dGuo, and 1-methylguanosine.?? It was found
that these reactions lead to the formation of the radical
cations, G'*. Furthermore, the radical cations were found to
deprotonate to yield the neutral radical G(-H)*, with pK,=
3.9 for (2'-deoxy)guanosine and pK,=4.7 for 1-methylgua-
nosine. Now, in order to see if OH" is also able to produce
radical cations, conductance detection was again applied. It
was previously shownl®! that the reaction of "‘OH with
guanosine does not lead to changes in conductance in neutral
solution, but in acid solution a decrease of conductance is
observed that follows a pK curve with inflection point at
pH=3.9. The decrease is due to replacement of the mobile
H* by the less-conducting radical cation of guanosine. We
have confirmed these results and, in addition for the first time,
quantified at pH 3 the yield of decrease of conductance. On
the basis of the results obtained with guanosine, 2'-deoxy-
guanosine, and 1-methylguanosine, H* is consumed (= the
radical cation produced) with a yield of 70 % relative to the
‘OH radicals generated by the radiation pulse, a value
essentially the same as that of the oxidizing radicals (see
previous section).B

Identification of G'4-OH: In the case of adenine derivatives it
has been demonstrated? 3536 that the adducts at the
4-position have oxidizing properties. By analogy and since
the OH adduct at the 4-position of guanine derivatives, G*4-
OH, should have considerable unpaired spin density at the
electrophilic oxygen at C6, as shown below, we identify the
oxidizing OH adduct as G'4-OH. As argued above, this
adduct undergoes water elimination to yield G**/G(-H)*
(Scheme 3).

The assignment of water elimination from an OH adduct is
consistent with the acid—base catalysis observed for this
reaction. The rate enhancement by HT is due to protonation

sine and 0.Im KBr at pH7 0
From the minimal effect seen, N
. . -OH—, HN™
k(dGuo(-H)*+ O,) is calculat- | \>
ed to be <10°mM~'s~1. However, HNT SN N
when the conditions were chos- R
en such that the radical O, o o G
was additionally produced, . N N
HN HN

there was a faster cliecay of )\ \> - /k \> S el e pkess
dGuo(-H)*. From this effect N ST HNT SN N ) pr=9.
the rate constant for the reac- OH \R OH R
tion dGUO(-H)'-i-Oz'_, which G*4—OH O'
could proceed by addition, is N

: -H>0 NZ
estimated to be 3x > | \>
10°m~'s~'. In an analogous HNT SN \
experiment the reactivity of R = (2-deoxy)ribose R
dGuo(-H)* with the radical G(-H)*

Me;C*, produced by the reac-  Scheme 3.
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of the (potential) OH™ leaving group giving rise to the much
better leaving group H,O. Bases can also catalyze these
reactions, as deprotonation at another position assists the
OH- elimination.’”? Also the inverse isotope effect observed
for this reaction is consistent with an acid —base equilibrium
preceding the rate-determining step [Eq. (1)].

G*-OH + H,0 (D,0) == G-OH," (G*-OHD*) + OH(OD") 1)

D,0, which is a stronger acid than H,O, shifts the
equilibrium [Eq. (1)] to the right increasing the observed rate
of water elimination.

Reducing radicals

Reaction with oxidants: Radicals formed on reaction of ‘OH
with the guanine derivatives were treated with the oxidants
hexacyanoferrate(it) or  N,N'-dimethyl-4,4'-bipyridinium
(methylviologen, MV?%). A solution of guanosine in N,O-
saturated, neutral solution containing hexacyanoferrate(iir)
may serve as an example. The absorbance at 420 nm was
found to decay with a rate proportional to the concentration
of hexacyanoferrate(iir) added, yielding the second-order rate
constant k=1.7 x 10°m~!s! for this process. The decrease of
absorbance at 420 nm is indicative of the depletion of
hexacyanoferrate(ir); it suggests that Fe(CN)¢~ reacted with
a transient species formed on reaction of “OH with guanosine,
probably being reduced to Fe(CN)4*, which does not absorb
at 420 nm. Since the yield of this reaction could not be
determined accurately from the change of absorbance, as the
extinction coefficient of Fe(CN)¢*~ (€40 0m = 1020M1cm™) is
of the same order as that of the guanosine radicals (cf.
Figure 1), conductometric detection (AC) was used. The
experiments were performed at pH 5, which is above both the
pK, of the guanosine radical cation (pK,=3.9),’” and the pK
for the protonation of Fe(CN)s*~ (pK =4.2).1 For calibra-
tion, the results were compared with those obtained on
radiolysis of similar solutions containing isopropanol (25 mm)
instead of guanosine. Under these conditions, there is an
increase of conductance, which is attributed to the reduction
of Fe(CN)¢*~ by radicals from isopropanol with formation of
H' [Eq. (2)].

“C(CH5),OH + Fe(CN)¢~ — (CH,),C=0 + Fe(CN)¢~ + H* @)

Also in the guanosine solutions an increase of the
conductance of the solution was observed; this consisted of
a fast component, within the dead-time of the conductance
detection (2-3 ps), and a slower, exponential component.
The rate of the latter was proportional to the concentration of
hexacyanoferrate(i11), with a second-order rate constant k=
1.5 x 10°m~'s~! (Figure 7). This number is similar to the 1.7 x
10°m~1s~! measured optically (see above). Also the yield of
H* was dependent on the concentration of hexacyanoferra-
te(trn) (Figure 7). When the concentration was increased up to
0.21 mwm, the yield of H* was found to tend to a constant value
of ~35 % of the total yield of radicals, divided into ~15% in
the slow component, and the remaining ~20% in the fast
component.

The second oxidant used was methylviologen (MV?).
Reduction of MV?* [E(MV*/MV*)=—-0.45V vs. SHE]

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

IS
(=]
T

o 1015
jeld °
viel 5
30-
+ 5 g.*‘
T {010 &
-]
© 20} P )
) s )
® o,
= {005 =
0 0.00

0 5 100 150 200
[K;Fe(CN)g] / um

Figure 7. Rates of increase of conductance (solid symbols) and yields of H*

relative to the total yield of radicals (open symbols), measured on reaction

of hexacyanoferrate(tr) with the guanosine radicals formed by reaction
with "OH in N,O-saturated, unbuffered solution at pH 5.

generates the long-lived radical cation MV"* with an intense
absorption in the visible region (A,,=605nm, &=
14500m~tcm™!). Pulse radiolysis experiments were performed
with N,O-saturated, neutral solutions of guanosine (1mm)
containing MV?* (up to 3mm). A build-up of absorbance at
605 nm was observed, which was larger than in the solutions
that did not contain MV?*. This build-up exhibited a fast
(kops >10%s7") and a slow component. This suggests that at
least two different species reactive towards MV are formed
on reaction of "OH with guanosine (see later). The rate of the
slow component increased linearly with the concentration of
methylviologen (Figure 8); from the slope of the linear
dependence, the rate constant is k=14 x 103m~'s~. How-
ever, the extrapolation to zero concentration yielded the
intercept k=2 x 103s~". The yield of the slow component
tended to a value of ~13 % of the total yield of radicals.

508
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Figure 8. Rates of formation (solid symbols) and yields of methylviologen
radical cation (relative to the total yield of radicals, open symbols),
monitored by the increase of absorbance at 605 nm on reaction of
methylviologen with the guanosine radicals formed by reaction with *OH
in N,O-saturated phosphate buffer (1 mm) at pH 5.

The yield of the fast component increased with increasing
methylviologen concentration, up to 3mm. From a plot of the
reciprocal yield of the fast component against the reciprocal
of the methylviologen concentration, we estimate the yield of
the fast component as ~17 % of the total yield of radicals.

The observations with the oxidants [Fe(CNg) >~ and MV?*
can be explained by the competition between reactions with
these oxidants of a reducing radical and the unimolecular
rearrangement of the radical. The reducing radical is identi-
fied in terms of the OH adduct at the 8-position, G8-OH, in
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analogy to reactions of adenine and derivatives?> 3336 in
which it was found that the HO adduct at the 8-position reacts
with oxidants, including oxygen, in competition with the
scission of the C8—N9 bond, which leads to opening of the
imidazole ring. Applied to the guanine system, a similar
scheme ressults (Scheme 4), with the fast transformation
reaction of the OH adduct (build-up of absorbance at 300 -
310 nm) being assigned to the ring-opening reaction. On the
basis of the reactivity with methylviologen and hexacyano-
ferrate (1), it can be concluded that at least two species with
reducing properties are formed on reaction of the hydroxyl
radical with guanosine, in yields ~13-15% and 17-20%,
respectively.

o OH

0
N—'<
HN)ﬁjN OH HN =
ALK T ’
> A H x>
H,N N N H,NT TN
CHy

NCH;,

G—8—0H
Scheme 4.

In order to obtain information on the nature of the two
types of reducing radicals, experiments were performed with
9-methylguanine as a model for (deoxy)guanosine. The
radicals formed on reaction of 9-methylguanine with "OH
also reacted with methylviologen and hexacyanoferrate(ii).
However, the build-up of absorbance at 605nm in the
presence of methylviologen, as well as the increase of
conductance in the presence of hexacyanoferrate(ir) at
pH 5, exhibited only one fast component; the slow component
observed with guanosine was missing. From this it may be
concluded that the slow component, with a yield of 13 %, is
due to the reaction of methylviologen or hexacyanoferrate(iir)
with radicals produced by H abstraction from the (deoxy)-
ribose moiety, whereas the fast component, with a yield of
17 %, is due to G*8-OH.

Product analysis: To complement the results obtained with
pulse radiolysis, experiments were performed with 9-methyl-
guanine (9-MeG) as a model with the aim of quantifying the
depletion of the parent compound and the yield of the product
oxygenated at the 8-position (8-hydroxy-9-methylguanine
8-HO-9-MeG, or more correctly 8-o0xo-7,8-dihydro-9-methyl-
guanine). Solutions of 9-MeG in N,O-saturated phosphate
buffer (1mm) at pH 7 were irradiated with doses up to 60 Gy,
and the concentration of parent compound was determined by
HPLC with optical and electrochemical detection. The
concentration of 9-MeG decreased linearly with increasing
absorbed dose; the depletion of parent compound relative to
the total hydroxyl radical formed was, however, only 15%.
Similar experiments were carried out in the presence of
hexacyanoferrate(irr) (0.1mm) or oxygen (0.27mwm). The
depletion of substrate was increased to 18 % by oxygen and
to 30% by hexacyanoferrate(ii) (all figures relative to the
total "OH generated).

Under the conditions of these experiments, the hydroxyl
radical generated by the radiation reacts quantitatively with
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9-MeG. In spite of this, the depletion of 9-MeG is incomplete.
This indicates the operation of efficient repair processes by
which radicals are converted back to the parent compound.

Also the yield of 8-HO-9-MeG™ formed on reaction of
‘OH with 9-methylguanine was measured. It was found to
depend on the pH and the presence of additives. For example,
at pH 4, the yield of 8-HO-9-MeG was 8 %; increasing the
concentration of hexacyanoferrate(inn) increased the yield
until for concentrations of oxidant >0.2mw the yield became
constant at ~20%. Also at pH 7, hexacyanoferrate(in)
increased the yield of 8-HO-9-MeG, but only at small
concentration (<10 pm); further increase of the concentra-
tion of oxidant decreased the yield of the 8-oxygenated
product (Figure 9a). Control experiments showed that the
decrease of yield is not due to decomposition of the 8-HO-9-
MeG by hexacyanoferrate(11r).

o
o

yield 8-HO-9-MeG
/umol J~!
= o
o

ol
ol

%90 01 02 03 04 05 3 4 5 6 7
[Fe(CN) T mm pH

Figure 9. Yields of 8-oxo-78-dehydro-9-methylguanine (8-hydroxy-9-
methylguanine 8-HO-9-MeG) formed on reaction of hydroxyl radical with
9-methylguanine (100 pum) in N,O-saturated phosphate buffer (1 mm). a) In
the presence of different concentrations of hexacyanoferrate(un) at pH 4
and 7, as indicated. b) At different pH in the absence (open squares) and in
the presence (solid circles) of hexacyanoferrate(trr) 50 pum.

The formation of the product oxygenated at the 8-position
and the increase of its yield in the presence of oxidants can be
rationalized by the addition of *OH to the 8-position, followed
by oxidation of the adduct in competition with the opening of
the imidazole ring, followed by reactions of the ring-opened
radicals. However, this simple scheme does not explain the
experimental observations fully. Firstly, the concentration of
oxidant required to reach the maximum yield of 8-HO-9-MeG
(at pH 7) is surprisingly low: on the basis of the rate of the
transformation reaction of the reducing radical (assigned to
the ring-opening reaction, k =2.7 x 10° s7!), the concentration
of oxidant required to reach the maximum concentration of
8-HO-9-MeG would have to be of the order ~1mwm, even if
the reaction of G'8-OH with the oxidant was limited by
diffusion. Secondly, a decrease of the yield of 8-HO-9-MeG
with increasing oxidant concentration is not consistent with a
simple competition between ring-opening and oxidation of
G-8-OH.

The experimental observations can, however, be explained
by a mechanism involving a reversible ring-opening reaction
(Scheme 5, step a). According to this hypothesis, low concen-
trations of oxidant increase the yield of the 8-oxygenated
product by competing with the bimolecular decay of radicals
(step b). As the concentration of oxidant is increased, the
oxidation of the ring-opened radical (step c) starts to domi-
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nate preventing the ring-reclosure and this leads to a
decreased yield of the product oxygenated at the 8-position.

Also the pH dependence of the yield of 8-HO-9-MeG
(Figure 9b) is rather complex. In the absence of oxidant, the
yield is at a maximum at neutral pH, but decreases rapidly at
either higher or lower pH. In contrast, in the presence of
oxidant, the yield of 8-HO-9-MeG is approximately constant
between pH 3 and 7, but decreases in alkaline solution. These
observations can, in principle, be understood in terms of
acid —base catalysis on the ring-opening reaction of 8-HO-9-
MeG-.

An alternative mechanism for the formation of products
oxygenated at the 8-position would be the hydroxylation at C8
of the guanine radical cation, or its conjugate base, by water
addition followed by deprotonation of the H,O adduct. This
reaction would give rise to the 8-HO-G -type radical whose
oxidation would yield the 8-HO-G derivative. In order to
investigate this possibility, a solution of guanosine (1 mm) and
potassium bromide (0.1m) in N,O-saturated phosphate buffer
(1mm) at pH 7 was y-irradiated with a dose of 400 Gy. Under
these conditions, the dibromide radical is formed, and reacts
rapidly with guanosine by electron transfer to yield exclu-
sively the deprotonated guanosine radical cation, G(-H)".[*?
We have now found that under these conditions no 8-hy-
droxyguanosine (8-HO-Guo) is formed. Also at pH 3, at
which the oxidation of guanosine by dibromide radical yields
the radical cation G+, no formation of 8-HO-Guo could be
detected. Equally, in the presence of hexacyanoferrate(ii) (to
oxidize the hypothetical 8-OH adduct formed by water
addition to the radical cation) at either pH3 or pH7 no
8-HO-Guo was formed. Similar experiments were performed
with guanosine solutions containing thallium() (1 mm) instead
of bromide. Irradiation of these solutions generates TI", which
oxidizes guanosine to the radical cation G** or its conjugate
base G(-H)*.*!l Again, no 8-HO-Guo could be detected. The
conclusion is thus that the rate of the hypothetical water
addition to G** or G(-H)* is much smaller than the bimolec-
ular decay of these radicals. Under the y-radiolysis conditions
used, the lifetime of these is 1-10 s.*2l Another possibility is
that 8-HO-G is formed from the radical cation by reaction
with O,. To test this idea, the radical cation was produced at
pH 3 or 7 by reaction with TI" or Br,"~ as described above, but
in the presence of 1mm O,. Again, no 8-OH-G was found.

Scheme 5.
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These results show that in
dilute aqueous solution hydra-
tion of the (deprotonated) rad-
ical cation, if it occurs, is either
very slow (k < 0.1 s7!) or it does
not lead to 8-OH-G".[*]

Q OH

/N{

NCH,

*Ox| ¢ However, 8-OH-G is clearly
formed on reaction of G with
the hydroxyl radical. Also,

other 8-OH-G has been found as a
products product of the 193 nm photol-

ysis of Guo.* The fact that

8-OH-G is not produced from

G*/G(-H)*, as pointed out

above, means that its formation

by the 193 nm light is not by a
photoionization pathway. This indicates that the photolysis-
induced strand breakage reported for DNAM-%] is not
necessarily related to photoionization of the nucleic acid
bases (and thus to the formation of G*f/G(-H)). It may,
instead, be due to a so-far unidentified non-ionic photo-
chemical reaction.

Reaction of guanosine radicals with ribose: As shown above,
more than half of the radicals generated on reaction of the
guanine derivatives with the hydroxyl radical undergo water
elimination to yield, depending on pH, the radical cation or its
conjugate base, G(-H)* (Scheme 3). The same radical is
formed when ionization of DNA generates a positive charge,
which is able to migrate over a considerable distancel* to
become trapped probably at guanine,'>' % more specifi-
cally, at a GG doublet or GGG triplet.’'~* It is of interest to
investigate whether this radical can lead to strand breaks, the
lethal type of DNA damage. To intitiate a strand break,
“radical transfer” from the base to a deoxyribose moiety is
necessary. In order to test whether this type of reaction is at all
possible, the guanosine radical G(-H)® was generated by
reaction of Br,”~ with guanosine at pH 7. The absorbance
of Br,”~ at 360 nm was monitored. A fast build-up of
absorbance was observed, fol-
lowed by an exponential decay.
This is due to the formation of
Br,” and its decay by reac-
tion with guanosine leading to
G(-H)". After this reaction, the -
absorbance, now solely due to
G(-H)", decayed very slowly
(on the timescale of millisec- L—M
onds, see Figure 10a). Addition

of D-ribose up to 50mm led to -

an acceleration of the decay of timm
G(-H)" (Figure 10b).

From the dependence of this
effect on the ribose concentra-
tion an estimate was made on
the rate of reaction between
G(-H)* and ribose: k<4 x
10°m~1s~L¢ If this reaction,
which can reasonably only be

S

A(360 nm)
o

Figure 10. Transient absorp-
tion at 360 nm observed on
pulse radiolysis of guanosine
solutions (1mm) in N,O-satu-
rated phosphate buffer (1 mm)
at pH 7 containing 0.1M potas-
sium bromide, a) in the absence
and b) in the presence of S0 mm
D-ribose.
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an H abstraction from ribose, takes place (in unimolecular
fashion) in the DNA polymer, a ribose-centered radical
(which could be the C4'-radical) will be formed that will
leadP” % to a strand break. Strand breaks have in fact been
explained™! as originating from G*/G(-H)".

Conclusions

The reaction of *OH with dGuo yields two transient species,
identified as the OH adducts at the 4- and 8-position, G'4-OH
and G'8-OH, with yields of 65-70% and 17 %, respective-
1y.5° They have strongly different reactivity towards O,, other
oxidants, or to reductants. G*8-OH reacts with oxygen with a
diffusion-controlled rate; in the absence of oxygen it under-
goes a rapid ring-opening reaction (k=2 x 10° s~' at pH 4-9)
that is visible as an increase of absorbance at 300-310 nm.
G'8-OH is a one-electron reductant towards, for example,
methylviologen or [Fe(CN)¢]*~. In contrast, G*4-OH has
oxidizing properties (towards N,N,N',N'-tetramethyl-p-phen-
ylenediamine, promethazine, or [Fe''(CN)¢]*"). G'4-OH un-
dergoes a slower transformation reaction (k=6 x 10°s~! in
neutral, unbuffered solution) to produce the more strongly
oxidizing (deprotonated, depending on pH) dGuo radical
cation, and it practically does not react with oxygen (k<
10°m~'s7!). The (deprotonated) radical cation, in dilute
aqueous solution, oxygenated or not, does not give rise to
8-OH-Guo. However, it is able to react with ribose (k <4 x
103m~'s71). The (deprotonated) radical cation, G(-H)", reacts
with O, or with fert-butyl radicals with high rates.

Experimental Section

All chemicals were of the highest quality commercially available. The pulse
radiolysis experiments were performed as previously described.”* ! For
product analysis, the samples were exposed to the y-radiation from a ®¥Co
source; the dose rate was typically about 0.4 Gys~' and the total dose was
such that <40% of the starting material was converted. The products of
irradiation were separated and quantified by HPLC, with Nucleosil-Cg
columns. The mobile phase was an aqueous solution of KH,PO, (2mm),
NaClO, (20mm), and methanol (4 %) at pH 4. The flow-rate was such that
complete elution was achieved in about 15 min. Simultaneous electro-
chemical (E=+0.7 V vs. Ag/AgCl) and UV (41 =254 or 293 nm) detection
was performed. Resorcinol was used as internal standard and as calibration
of the electrochemical detection.
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Electron Transfer in DNA from Guanine and 8-Oxoguanine to a Radical
Cation of the Carbohydrate Backbone

Eric Meggers, Adrian Dussy, Thomas Schiifer, and Bernd Giese*!*!

Abstract: Photolysis of a 4'-pivaloyl-
substituted nucleotide in single- and
double-stranded DNA (1) generated an
enol ether radical cation 4 that was
reduced to enol ether 17 by electron
transfer from the nearest guanoside (G).
Variation of the nucleotide sequence
demonstrated a strong distance depend-

f=1.0+0.1 A~'. When 8-oxoguanosine
(G°*) was used as the electron donor,
the rate of the electron transfer in-
creased by a factor of 4 but the distance

Keywords: DNA oxidation - DNA
radicals - electron transfer - oxo-
guanine - radical ions

dependence of the transfer remained
unchanged within experimental error. In
single strands, the number of intervening
A, T, and C nucleotides had a much
smaller effect; the rate remained nearly
constant for two, three, or four interven-
ing nucleotides. This is explained by the
flexibility of the single-stranded oligo-

ence of this electron-transfer rate with

Introduction

Studies of electron transfer (ET) through DNA over the past
few years have given contradictory results and started a
controversy.ll Depending upon the experimental probe,
either a minute or a substantial influence of distance on the
rate of ET through DNA double strands was observed.?? !
Recently we suggested a hopping mechanism for long-range
charge transport in DNA which could help to understand the
apparent discrepancy between long-range and strongly dis-
tance-dependent charge transfer in DNA.M According to our
hopping mechanism, charge is transported over long distances
by several consecutive tunneling steps.

Here we describe an assay that enables the investigation of
single ET tunneling processes. In the course of the sponta-
neous strand scission induced by 4-DNA radicals 2, a radical
cation 4 is generated as a reactive intermediate.””] Recently,
we have shown that this radical cation can be reduced by
adjacent guanosides but not by the three other natural
nucleosides.®l On the basis of the analysis of products, the
rates of this charge transfer (CT) step could be determined.
We now present a complete and quantitative investigation of
the anaerobic C-4' radical-induced DNA strand cleavage with
a focus on the formation and reaction of the intermediate
radical cation 4.

[a] Prof. Dr. B. Giese, Dr. E. Meggers, Dr. A. Dussy, Dr. T. Schifer
Department of Chemistry, University of Basel
St. Johanns-Ring 19, CH-4056 Basel (Switzerland)
Fax: (+41)61-267-1105
E-mail: giese@ubaclu.unibas.ch
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nucleotides.

Results and Discussion

4'-DNA radical generation: The precursor of 4-DNA radical
2 is a DNA that contains a 4’-pivaloyl-modified strand 1 and
its complementary strand.”’ The modified oligonucleotides
were synthesized by solid-phase phosphoramidite chemistry.
The modified DNA was photolyzed with a 500 W Hg lamp in
combination with a cut-off filter (320 nm). The products were
isolated by HPLC and analyzed by MALDI-ToF MS; they
were quantified by dividing the peak areas by their calculated
extinction coefficients and external calibration. Yields always
refer to the conversion of the modified starting material 1.
In order to determine the efficiency of 4-DNA radical
formation, we irradiated ketone 1 in the presence of an excess
of glutathione diethyl ester (GSH) as H donor under
anaerobic conditions." At GSH concentrations of 2 mM no
cleavage products were observed and the H-trapped epimers
3a+ 3b were formed as the primary products (Scheme 1).
Products 3a + 3b were isolated by HPLC and identified by
MALDI-ToF MS and, for one sequence, by enzymatic
digestion. Digestion of 3b showed that not only the natural
nucleosides but also a-L-threo-thymidine were formed. Prod-
ucts 3a+3b were formed in 87-92% yield (Table 1). Thus,

{ { {
®O o T ®O 0 T ®O o T H o T
Bu hv <N Hetransfer §
—co” - T®o
© op -mBuw oP o) o®
1 § 2§ 3a% 3b§

Scheme 1. Generation and trapping of 4'-DNA radical 2.
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Table 1. Irradiation of 4'-pivaloyl-modified double strands with an excess
of glutathione diethyl ester.l?!

Entry Oligonucleotides! 3a+3b [%]¢ 3a:3b
1 C,T,T*T, (1a) 89 11.4:1
2 TC,TT*T, (1) 87 9.7:1
3 TG;TT*T, (1¢) 92 9.4:1
4 T,GT*GT;s (1d) 90 5.1:1

[a] Reactions were performed in 20 mMm phosphate, pH 7.0 with 100 mm
NaCl at 20°C. [b] Oligonucleotide sequences are written in the 5’ —3'
direction; T* represents the 4'-pivaloyl-modified thymidine as in 1. Only
the modified strand of each double strand is given in the table. [c] Yields
were obtained by HPLC and refer to the conversion of the modified
oligonucleotide.

the Norrish I cleavage of ketone 1 is a very efficient way to
generate 4-DNA radicals 2. The ratio 3a/3b is 5:1 to 11:1 in
favor of the natural epimer 3a. This regioselectivity of the H
abstraction is due to a template effect that we have described
previously.['%]

Radical-induced fragmentation: In the absence of radical
traps, the 4-DNA radical 2 is expected to undergo mainly
spontaneous heterolytic cleavage of the C—O bond between
C-3' and the phosphate group; this leads to radical cation 4
and 5-phosphate 5 (Scheme 2).

5'-clnavaga f -Iﬁ F
o)
I |'_.‘ w : ] I
i

=
A-cleavags

Scheme 2. Competition between heterolytic cleavage of the primary and
secondary C—O bonds of 4-DNA radical 2.

DMTrO. DMTrO.

11
1
9:R= K/\002H

[10: R= ?K/I(H

i !
T T ®O T ®
Buj};koj . Bumjgoj . Bu)gﬁ hv
% oH o} e} : %3.
OR OH
o

This phosphate heterolysis was originally proposed by
von Sonntag and Schulte-Frohlinde!® and could be confirmed
in several model studies by our group.’! Recently, we have
determined cleavage rates of the secondary C—O bond, 2 —
4-+5.% In order to test whether the cleavage of the primary 5'-
C—O bond 2 — 6+7 can compete to some extent with the
cleavage of the secondary 3’-C—O bond, we synthesized an
oligonucleotide 11 where the 4'-pivaloyl-modified thymidine
is located at the 3'-end (Scheme 3). In this strand the 4'-DNA
radical 12 can only undergo cleavage of the 5'-C—O bond and
the cleavage rate for 12 — 6413 was measured in pseudo-first-
order kinetic experiments by the photolysis of a single-
stranded oligonucleotide 11 in the presence of different GSH
concentrations. Radical precursor 11 could be synthesized by
fixing the monomer 8 on a polystyrene solid by means of 9
(9—10) and synthesizing the polymer 11 by standard
phosphoramidite chemistry.[' 1]

The plot shown in Figure 1 resulted from the photolysis of
single-strand 11 in the presence of an at least tenfold excess of
GSH. With a H-donor rate coefficient of ky=1.0 x 10’M~'s™!
for GSH,[" a cleavage rate coefficient of k., =70s"! was

| oo
¥
< 04 -
i
+ i
3
- 02 4
.
@ =
0.0 ———————————
0 2104 4104 6104 8104
[GSHI /Mt —

Figure 1. Ratio of the elimination product 6 to the H-abstraction products
14a+14b of radical 12 as a function of the glutathione diester (GSH)
concentration in buffered water solution (pH =7.0) at 20°C.

determined at pH 7.0. The cleavage rate coefficient of the
secondary C—O bond in the reaction 2 — 4+15 is about 10 s~!
for single strands at pH 7.0. Thus, the primary C—O bond in
the reaction 2 — 647 is cleaved about fifteen times more
slowly than the secondary C—O bond. This slower scission of

: e o

5'-cleavage ®O' + +0

OH

o 6 13

¥l
OH $

®o H T

12 o T % fo)

GSH H + ®O
OH OH
14a 14b

Scheme 3. Competition system for measuring the heterolytic cleavage of the primary C—O bond in 4-DNA radical 12.
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the stronger, primary C-O bond is expected and is in
accordance with model studies.”® Thus, 4-DNA radicals
induce mainly the cleavage of the secondary C—O bond (2 —
4+5).

Water addition to the intermediate radical cation: In model
studies we have shown that a radical cation of structure 4 can
follow several reaction pathways (Scheme 4).1 Tt can be
trapped by nucleophiles like H,O, generating new radicals 12
and 15, or it can undergo an electron-transfer reaction that
leads to enol ether 17.

®o o ; ool
* Ho0 . — (PO +
—_H*
OH OH
12 6 13
®o oT ®o T ®o
G +H0 o +[H] )\_/CHO
: —H* HO; (_\/ T o
4 15 16
®o
ET o]
\

Scheme 4. Reactions of radical cation 4 with H,O and with an electron
donor.

With DNA molecules that contain only AT base pairs®! or
with 1e where the first G is more than three base pairs away
(Table 2, entry 1) no electron transfer could be observed.
Irradiation of the pivaloyl-modified DNA 1e formed the 5'-
phosphate 5 in 75 % yield. The 5'-phosphate 5 is the result of
Norrish cleavage (1 — 2) and subsequent fragmentation (2 —
4+5). As demonstrated in the trapping experiments (2 —
3a+3b; see Table 1) the Norrish cleavage (1 — 2) occurred in

different double strands (1a—d) in about 90 % yield. Because,
starting from 1le, the overall yield of § is 75%, the DNA
radical 2 underwent the fragmentation reaction in about 85 %
yield leading to 5 and the radical cation 4 in equal amounts.
From the overall yield of the 5'-phosphate 5 (75%) one can
conclude that radical cation 4 should have been generated
also in 75 % yield. This fits well with the observed 77 % yield
for the products 6+16, which are formed by H,O addition to
radical cation 4. The ratio 6/16 of 2.2 demonstrates that the
regioselectivity for the H,O addition to the oligomeric radical
cation 4 is similar to that of MeOH reactions with monomeric
nucleotide radical cations.[]

The identities of the 3’- and 5'-phosphorylated fragments 5§
and 6 were confirmed by their MALDI-ToF mass spectra.
Upon treatment with alkaline phosphatase they showed a
mass shift of m/z =80 in the MALDI-ToF MS, which is in
agreement with the cleavage of a terminal phosphate group.
In addition, for one sequence these enzymatically dephos-
phorylated fragments were compared with independently
synthesized oligonucleotides by their HPLC retention times.
Ketoaldehyde 16 was identified by MALDI-ToF MS after
reduction to the diol with NaBH,.

Electron transfer from guanine bases to the intermediate
radical cation: DNA double strands with guanosine (G) in the
vicinity of the radical cation 4 gave enol ether 17 as one of the
reaction products (Scheme 4). It was identified by MALDI-
ToF MS and, for one sequence, by enzymatic digestion that
led to 20 as one of the monomers. Independent synthesis of
nucleoside 20 was performed by phenylselenation of 18,
reduction of the aldehyde, and reductive elimination
(Scheme 5).

Because enol ether 17, the one-electron reduction product
of radical cation 4, was formed only if a guanosine residue was
close to the modified thymidine in the oligonucleotide

(0] HO

N T
Phse | T oT
PhSeCl NaBH, 1
NEts | (60%)
OAC (87%) O oAc
18 19 20

Scheme 5. Synthesis of enol ether 20.

Table 2. Distance dependence of product formation and the electron-transfer rates in double and single strands.l?!

Entry Oligonucleotidel® 17 [% ]l 6 [%]led 16 [% ]l 5 [%]led Ar [A]e kgr [106 57110
1 TGCTAGCATT*TATCAGAGC (1e) —(4) 53 (34) 24 (5) 75 (82) - —(6)

2 TGCATCTGTTT*TATCAGAGC (1f) <02 (6) 54 (37) 23 (3) 76 (93) 141 <02 (7)

3 TGCTAGCATTT*TTGCAGAGC (1g) 0.3 (4) 52 (35) 20 (4) 71 (86) 132 03 (5)

4 TGCATCATGTT*TATCAGAGC (1h) 0.9 (14) 50 (30) 23 (5) 69 (82) 1.1 12 (20)

5 TGCTAGCACTT*TATCAGAGC (1i)k! 1.6 (6) 47 (34) 2 (7) 67 (77) 10.1 23 (8)

6 TGCTAGCATTT*TGTCAGAGC (1j) 22 (15) 49 (30) 23 (6) 71 (85) 9.7 3.1 (21)

7 TGCTAGCTACT*TATCAGAGC (1K)l 10 (5) 48 (34) 18 (7) 74 (79) 9.5 15 (7)

8 TGCATCATTGT*TATCAGAGC (11) 35 (19) 35 (27) 11 (6) 76 (75) 73 76 (88)

9 TGCATCTGTTT*GTACAGAGC (1m) 55 (47) 31 (19) 8(2) 90 (92) 7.0 141 (104)

[a] Reactions were performed in 20 mwm citrate, pH 5.0, with 100 mm NaCl at 20 °C; under these conditions the melting points (7},) of the double strands are
between 55 and 60 °C. [b] Oligonucleotide sequences are written in the 5’ —3’ direction; T* represents the 4'-pivaloyl-modified thymidine as in 1. Only the
modified strand is shown in the table. [c] Yields were obtained by HPLC and refer to the conversion of the modified oligonucleotide. [d] Results are given
for double strands and single strands (in brackets). [e] Distance between radical cation 4 and the closest guanine base. [f] The electron-transfer rates were
calculated from product yields as described in the text. [g] The nearest G is in the complementary strand of the double strands.
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(Table 2), we concluded that G is the electron donor. Actually,
guanine has the lowest oxidation potential of the four
bases.'* 51 Enol ether 17 could be detected if a G was
separated from the enol ether radical cation 4 by no more than
two intervening AT base pairs (Table2, entry 3). This
corresponds to a distance of 13.2 A for the charge transfer.1®]
At a distance between G and the enol ether radical cation 4 of
14.1 A, the yield of the enol ether was so low that 17 could
hardly be detected by this assay (Table 2, entry 2). The yield of
17 increased with decreasing distance between the radical
cation 4 and the nearest G, and reached 35 or 55% when G
was the direct neighbor of 4 (Table 2, entries 8 and 9).

The charge transfer 4 — 17 competes with the H,O reaction
that leads to 3'-phosphate 6 and ketoaldehyde 16. The data in
Table 2 demonstrate that the combined yields of the reaction
products 6+16 + 17 of radical cation 4 were, within an error of
+2 %, nearly identical to the yield of 5'-phosphate 5. Because
5’-phosphate § and radical cation 4 are formed in the same
reaction step, it follows that the double-stranded radical
cation 4 yielded the products 6 +16 + 17 quantitatively.

Electron-transfer rates: The competition between water
addition 4 — 6+16 and electron transfer 4 — 17 (Scheme 6)
could be used to determine relative rates for the electron
transfer from guanine bases to the intermediate radical cation
4 by means of the competitive reaction kinetic procedure. This

:

s o
- ;\_/
- CHO
o) +
% k0 ® o
6 16
®o
(o)
+ _
4 %
®o
(o)
| ET \
Ket
17

Scheme 6. Competition between H,O addition and electron transfer (ET)
to radical cation 4.

method can be applied if the competing reactions are first- or
pseudo-first-order and the rate-determining steps are irrever-
sible. In this case, the relative reaction rates can be deduced
from the ratio of the reaction products. The intramolecular
charge-transfer reaction 4 — 17 is first-order and the trapping
reaction 4+H,0 — 6+16 is pseudo-first-order in water as
solvent. Therefore, the ratio of the products of these compet-
ing reactions is proportional to the ratio of the rate coefficient
kgrand the rate ry,0 = ko [H,O]. If one assumes that the rate
of the trapping reaction of radical cation 4 with H,O does not
depend upon the sequence of the strands 1e—m, then the
ratio kcr/fy,o is equal to the relative rate ke, of charge
transfer 4 — 17 [Eq. (1)].

kerre=kcr/r,0=17/(6 +16) @)

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

To obtain absolute rate constants for the charge transfer
between radical cation 4 and guanine bases (4 — 17), we
determined the rate of water addition to radical cation 4 (4 —
6+16) by pseudo-first-order competition kinetic experiments.
The modified oligonucleotide T,C;T*T, was irradiated in the
presence of different concentrations of b,L-selenomethionine,
D,L-methionine, and KI. These electron donors (Q) quenched
radical cation 4 by ET to yield enol ether 17 In Figure 2 the
ratio (5 —17)/17 is plotted against the reciprocal concentra-
tion of electron donors.'”! For all three electron donors a

methionine
selenomethionine

[
[=]
L

GATNT —
8

Kl

-y
[=}
L

0 100 200 300 400
[Qri/mt  ——s
Figure 2. Influence of the concentration of different electron donors Q on

the formation of products 17 and 5 from enol ether radical cation 4 in
buffered (pH = 5.0) H,O solution at 20°C.

linear correlation was observed. The smallest slope for KI
demonstrates that this is the fastest of the ET quenchers
tested. If we assume that the ET between KI and radical
cation 4 is nearly diffusion-controlled (ca. 5 x 10° s~ 1)[!8] we
can assign a value for the rate of water addition at radical
cation 4 of ry,0 = ky,o[H,0]=1.1 x 10* s~'. With this value
the ET rate from an adjacent guanine base to radical cation 4
can be estimated to be about 1.4 x 10%s~! at a distance of
7 A-\. This rate is in accord with electron-transfer rates over
7 A measured by Tanaka, who used a photoexcited acridinium
salt as oxidant.el Measurements of electron-transfer rate by
fluorescence quenching often yield more than one rate for the
electron transfer through DNA. This is interpreted as a result
of the reactions of different conformations or, alternatively, as
competing side reactions that have nothing to do with the
electron transfer through DNA. In the Tanaka experiments,
the fastest reaction makes up 90% of the overall process.P]
Our study with added electron donors shows that we can
exclude side reactions that do not occur from G (see Figure 2).
Because our method does not tell whether the overall product
formation comes from very different DNA conformations,
our rate data should be considered as averaged rate data. But
we believe that our assay is more uniform than most of those
other systems where the electron acceptor is tethered by a
linker to the DNA.

ET in double strands: The data for the ET rates in double
strands 1 f-m are shown in Table 2. They demonstrate that a
decrease of the distance from 13.2 to 7.0 A increases the rate
of the charge transfer by a factor of 470. A plot of these data
following Equation (2)"! gives a 8 value of 1.0£0.1 A-!
(Figure 3).

kcrge 0 €A ()
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Figure 3. Distance influence of the electron-transfer rate from G to the
enol ether radical cation 4. The orientation of G with respect to the radical
cation is shown in L. The plot for the distance dependence on the rate is
given in IL

This 8 value is typical for electron tunneling by a single-step
superexchange mechanism.? 8 The distance dependence is,
for example, similar to ET reactions in proteins;?"! it can
therefore be concluded that the single-step hole transfer from
the radical cation of the sugar—phosphate backbone to G in
DNA double strands does not benefit from base-stacking
effects.

In order to address the influence of the driving force on the
distance dependence of the ET step, we exchanged guanine
for 8-oxoguanine (G°*) whose oxidation potential is about
0.5 eV lower than that of G.' Studies have demonstrated that
8-oxoguanine forms a Watson—Crick base pair with the
opposite cytosine with only subtle structural perturbations in
comparison with GC.’2l The data in Table 3 show that the
experiments with G°°-containing oligonucleotides are less
accurate than those with G-containing oligonucleotides
(Table 2). The yield of 5-phosphate 5 and the sum of the
yields of the radical cation products 6 + 16 + 17 are identical
only to within +10 %. This might be a result of the lability of
the G°*° nucleotide during photolysis and/or the workup
procedure.

The yields of enol ether 17 decreased from 71 % to 0.6 %
when the distance Ar for the ET step increased from 7.0 to
13.2 A (Table 3, entries 1 and 8). From these yields ET rates

were calculated and plotted against the distances of the ET
steps according to Equation (2).) A linear dependence of
Inkgrupon the distance Ar of the ETreaction (Figure 4) with a
slope of #=0.9+0.2 A~! was observed.

electron donor
e =guanine
& = 8-oxoguanine

Ar /A —

Figure 4. Distance dependence of electron-transfer rate from guanine and
8-oxoguanine to the enol ether radical cation.

In Figure 4, the corresponding data points for guanine as
electron donor are shown for comparison. The line shift is the
result of higher absolute ET rates (by a factor of 4 +1) for
8-oxoguanine as base compared to guanine. But, within
experimental error, the distance dependence has not changed.

In order to learn whether the exchange of the pyrimidine
base thymine for the purine base adenine as medium between
the enol ether radical cation and the electron donor influences
the rate, we measured the ET rates of strands 1q, 1s, and 1u.
Comparison of the ET rates in the double strands 1p/1q, 1¥/
1s, and 1t/1u of Table 3 shows that a change from T to A has
only a small influence on the ET rate.

ET in single strands: The data in brackets in Table 2 are the
results for the experiments with single strands. They show that
the electron-transfer rates in single strands decrease to a much
smaller extent than those for double strands when the number
of nucleotides between the radical cation site and the nearest
G increases. Thus, on addition of one or two T nucleotides
between the enol ether radical cation 4 and G, the relative
charge-transfer rate decreases only slightly from 104 x 10°
through 21 x 10° to 5 x 10 (Table 2, entries 9, 6, 3) or from
88 x 10° through 20 x 10 to 7 x 10° (Table 2, entries 8, 4,2). A
further increase of one or two intervening A, T, or C bases has
no decreasing effect on the electron-transfer rate (Table 2,
entries 1, 5, 7). Obviously, single strands are so flexible that

Table 3. Distance dependence of the product formation and the electron-transfer rates in double strands with 8-oxoguanine as electron donor.!

Entry Oligonucleotidel® 17 [% ] 6 %]t 16 [% ]« 5[%]t Ar [A]d kgr [100 571
1 TGCATCTGTTT*G**TACAGAGC (1n) 71 16 4 70 7.0 355

2 TGCATCATTG**T*TATCAGAGC (10) 41 18 3 88 73 195

3 TGCTAGCATTT*TG*TCAGAGC (1p) 10 41 23 60 9.7 16

4 TGCTAGCATTT*AG*TCAGAGC (1q) 14 33 13 68 9.7 29

5 TGCATCATG*TT*TATCAGAGC (1r) 23 33 17 77 11.1 4.6

6 TGCATCATG*AT*TATCAGAGC (1s) 1.4 26 12 61 11.1 3.7

7 TGCTAGCATTT*TTG*°CAGAGC (1t) 0.6 44 19 51 13.2 0.95

8 TGCTAGCATTT*AAG*CAGAGC (1u) 0.7 41 18 60 13.2 12

9 TGCATCTG*TTT*TATCAGAGC (1v) - 38 16 74 14.1 -

[a] Reactions were performed in 20 mM phosphate, pH 7.0 with 100 mm NaCl at 20°C; under these conditions the melting points (7,) are between 55 and
60°C. [b] Oligonucleotide sequences are written in the 5’ —3’ direction; T* represents the 4’-pivaloyl-modified thymidine as in 1. Only the modified strand
is shown in the table. [c] Yields were obtained by HPLC and refer to the conversion of the modified oligonucleotide. [d] Distance of the modified
oligonucleotides in the 5" —3’ direction; T* represents the 4'-acylated thymine as in 1; hybridization to the double strands was performed between radical
cation 4 and the 8-oxoguanine base. [e] The electron-transfer rates were calculated from product yields as described in the text.
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conformations can be adopted in which the distance between
G and the radical cation are short enough for a fast charge-
transfer step, even if they are separated by several A, T, or C
bases.

Conclusion

The rate of the single electron tunneling step from the nearest
guanine base to the deoxyribose radical cation 4 exhibits a
strong distance dependence in double strands. Although the
rate depends upon the oxidation potential of the electron
donor (G°° versus G), the distance dependence remains
unchanged within experimental error. In single strands the
number of intervening A, T, and C nucleotides has a much
smaller effect on the rate of the tunneling step. Interestingly,
the rate remains nearly constant if the electron donor G is
separated from the enol ether radical cation by two, three, or
four nucleotides.

Experimental Section

Materials: All reagents were commercially available and used without
further purification. Chemicals for DNA synthesis were purchased from
MWG Biotech and Glen Research. Sodium citrate (20 mm, pH 4.0, 5.0, 5.5,
and 6.0) and sodium phosphate buffer solutions (20 mm, pH 7.0 and 8.5) for
photolysis were obtained from Fluka (quality: for HPCE). Triethylammo-
nium acetate (1M, TEAA) was purchased from Fluka and used for reverse-
phase HPLC. Enzymes: snake venom phosphodiesterase (SVP,2 mgmL")
was purchased from Boehringer Mannheim, calf intestinal alkaline
phosphatase (AP, 1000 UmL') from Promega and Nuclease P1
(1 mgmL~") from Pharmacia. The photolyses were performed in poly-
(methyl methacrylate) cuvettes from Semadeni.

Instruments: NMR spectra: Varian Gemini 300 spectrometer ('H at
300 MHz, *C at 75.5 MHz). MS: VG 70-250 for FAB with 3-nitrobenzyl
alcohol as matrix; Vestec Benchtop II for MALDI-ToF MS (laser
wavelength 337 nm, acceleration voltage 25 kV, negative ion mode) with
2,4-dihydroxyacetophenone as matrix. UV/Vis spectrometer: Perkin Elmer
Lambda II UV/Vis spectrophotometer for determining optical densities
(OD) with a temperature controller for melting profiles. Extinction
coefficients were calculated by the direct neighbor method.?” HPLC:
Kontron Instruments with UV detection at 260 nm and Waters Alliance
with a photodiode array. HPLC columns: anion-exchange column from
Macherey Nagel (ET 125/4 Nucleogen 60-7 DEAE, 125 x 4 mm), reverse-
phase columns from Merck (LiChrospher 100 RP-18e, 5 um, 250 x 4 mm)
and Waters (Symmetry C18, 3.5 um, 100 x 4.6 mm). DNA synthesizer:
Expedite 8909 synthesizer from Perseptive Biosystems applying standard
phosphoramidite chemistry. Photolysis: Osram 500 W mercury arc high-
pressure lamp in combination with a 320 nm cut-off filter.

General procedure for the solid-phase synthesis of the 4'-pivaloyl-modified
oligonucleotides: The synthesis of oligonucleotides was carried out on a
DNA synthesizer in 0.2 or 1 umol scales (500 A controlled pore glass
support). The standard method for 2-cyanoethylphosphoramidites was
used, with the exception that the coupling of the modified nucleotide was
extended to 15 min. With this modification there is no noticeable difference
between the efficiency of coupling for this amidite and commercially
available ones. Workup used standard procedures. The purity of all
oligonucleotides was controlled by anion-exchange chromatography,
reverse-phase chromatography, and MALDI-ToF MS.

General procedure for irradiation and subsequent HPLC analysis: Double-
stranded oligonucleotides were prepared by hybridizing 1-2 nmol 4'-
pivaloyl-modified strands with 1.2 equiv of the corresponding complemen-
tary strands in 100—-200 pL of phosphate- or citrate-buffered solution. The
samples were annealed by heating at 70 °C for 1 min and slowly cooling to
room temperature. The solutions were purged with argon for 30 min and

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

irradiated in the absence of O, under an argon atmosphere at 15°C with an
Osram high-pressure mercury arc lamp (500 W, 320 nm cut-off filter).
Single-stranded probes were irradiated for 3-4 min, double-stranded
probes for 2—-3 min so that the conversion was about 60-70%. The
irradiation mixtures were analyzed without workup directly by analytical
HPLC (Waters Alliance HPLC) with UV detection at 260 nm. The peak
areas were divided by the calculated extinction coefficients® of the
corresponding oligonucleotides and quantified with external calibration.

Identification of irradiation products: All fragments were isolated by
HPLC and lyophilized. The masses were determined by MALDI-ToF MS
and were in each case in agreement with the proposed structure.
Representative for all oligonucleotide irradiations, the products 5, 6, and
17 from the irradiation of T,G;T*G;T, were analyzed, as was ketoaldehyde
16 from the irradiation of modified oligonucleotide 1e as described below.

Identification of 5'-phosphate 5 and 3'-phosphate 6: A buffered solution
(300 puL, 20 mm sodium citrate, pH 5.0, 100 mm NaCl) containing 2 nmol
T,G;T*G;T¢ was degassed with argon for 30 min and irradiated under an
argon atmosphere for 3 min with 4 > 320 nm. The solution was incubated
with calf intestinal alkaline phosphatase (1 pL of the stock solution) and
incubated for 1h at 37°C; a 10 uL portion was desalted with filter
membranes and subjected to MALDI-ToF MS. The spectra of 5'- and 3'-
phosphates 5 and 6 show a mass shift compared with the MALDI-ToF MS
before digestion. This shift of A=—80 m/z is indicative of a terminal
phosphate group. Additionally, in ion-exchange HPLC of the incubated
solution (Macherey Nagel Nucleogen 60-7 DEAE, 125 x 4 mm, eluent A:
20 mm phosphate, pH 7.0, 20% acetonitrile, eluent B: A+1m KClI;
gradient: 15% to 30 % B in 25 min, then to 100 % over 25 min), two peaks
shifted to lower retention times which are identical with the retention times
of independently synthesized oligonucleotides T,G; and G;T.

Identification of enol ether 17: A buffered solution (300 pL, 20 mm sodium
citrate, pH 5.0, 100 mMm NaCl) containing 3 nmol T,G;T*G;T was degassed
with argon for 30 min and irradiated under an argon atmosphere for 3 min
with A >320 nm. The solution was injected onto a reverse-phase HPLC
column (Waters Symmetry C18, 3.5 um, 100 x 4.6 mm; eluent A: 0.1m
TEAA; eluent B: acetonitrile; flow rate 1.5 mL min~!; room temperature)
without further workup. Gradient: 6 % B for 2 min, then in 60 min to 13 %
B. The enol ether 17 (z = 22 min) was isolated, lyophilized, and redissolved
in phosphate buffer (400 puL, 10 mm KH,PO,, pH 7.0). An enzyme mixture
of nuclease P1 (2 pL), snake venom phosphodiesterase (2 uL), and alkaline
phosphodiesterase (2 uL) was added and the mixture was incubated
overnight at 37°C. The solution was analyzed with reverse-phase chroma-
tography (Merck LiChrospher RP18e, 100-5, 250 x 4 mm). Eluent A: 0.1m
TEAA, eluent B: acetonitrile; gradient: 3% B for 2 min, then in 35 min to
15% B. The chromatogram showed three peaks which were identified as
thymidine (11.6 min), guanosine (10.7 min), and enol ether 20 (18.8 min) by
comparison with references. Taking into account the extinction coefficients,
the ratio of guanosine, thymidine, and enol ether 20 is 3:2:1, which agrees
with the estimated structure of the oligonucleotide fragment 17.

Identification of ketoaldehyde 16: A buffered solution (200 uL, 20 mm
sodium citrate, pH 5.0, 100 mm NaCl) of 1.0 nmol 4’-pivaloyl-modified
oligonucleotide 1e and 1.2 nmol complementary strand were degassed with
argon for 30 min and irradiated under an argon atmosphere with 4>
320 nm for 2 min. After photolysis, NaBH, (1 mg) was added. After 2 h
the mixture was quenched with KH,PO, (2 mg) and injected onto a
reverse-phase column (Merck LiChrospher RP18e 100-5, 250 x 4 mm;
gradient: 7% to 13% in 30 min). Comparison of the HPLC trace before
and after NaBH, treatment showed that the broad peak with ¢z = ca. 14 min
became narrow after reduction. This peak was isolated and the mass
determined with MALDI-ToF MS. The observed mass was in agreement
with that of the reduced form of ketoaldehyde 16. Surprisingly, ketoalde-
hyde 16 cannot be detected by MALDI-ToF MS without preceding
reduction.

Quantitative trapping of 4-DNA radical 2 from oligonucleotides 1a—-d
with an excess of GSH: A buffered solution (200 pL, 20 mM phosphate,
pH 7.0, 100 mM NaCl) of 2.0 nmol 4'-pivaloyl-modified oligonucleotides
la-d (see Table 1) and 2.4 nmol of the complementary strand (17-mer
oligonucleotides with one additional T base at both ends) and 300 nmol
GSH were degassed with argon for 30 min and irradiated under an argon
atmosphere for 3 min with A >320 nm. The solutions were injected onto a
reverse-phase column (Merck LiChrospher RP18e 100-5, 250 x 4 mm;
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eluent A:0.1m TEAA, eluent B: acetonitrile). Elution was carried out with
a 6% to 14 % linear gradient of B over 40 min with a column temperature
of 50°C. The HPLC traces show the reduction epimers 3a+3b (f; =28-
31 min), starting material 1 (fzy=36-38 min) and the complementary
strand (fg =22-25 min). The peak areas were divided by the calculated
extinction coefficients of the corresponding oligonucleotides and quanti-
fied by means of external calibration. See Table 1 for yields.

Identification of products from trapping with glutathione diethyl ester: A
buffered solution (300 pL, 20 mM citrate, pH 5.0, 100 mm NaCl) of 2.0 nmol
T,A;T*T, with 60 nmol GSH was degassed with argon for 30 min and
irradiated under an argon atmosphere for 5 min with A>320nm. The
solution was injected onto a reverse-phase column (Merck LiChrospher
RP18e 100-5, 250 x 4 mm, eluent A: 0.1m TEAA, eluent B: acetonitrile;
gradient: 6% B for 2 min, then in 80 min to 15% B). Products 14a
(31.0 min), 14b (32.8 min), 3b (53.9 min), and 3a (56.5 min) were isolated.
The lyophilized fractions were redissolved with phosphate buffer (150 pL,
20 mM sodium phosphate, pH 7.0), treated with alkaline phosphatase
(1.5 pL), snake venom phosphodiesterase (1.5 puL), nuclease P1 (1.5 uL),
and MgCl, (1 uL, 1m), and incubated overnight at 37°C. The nucleoside
mixture was analyzed with reverse-phase HPLC (Merck LiChrospher).
Eluent A: 0.1m TEAA, eluent B: acetonitrile; gradient: 0% B for 3 min,
then in 30 min to 6% B. Products 14a and 3a gave only peaks resulting
from thymidine (12.7 min) and deoxyadenosine (18.9 min), whereas 14b
and 3b yielded one additional peak (10.6 min) which was identified as /yxo-
thymidine by comparison with the retention time of an authentic sample.
The ratios of the peak areas are in agreement with the proposed structure.

Distance dependence of yields of enol ether 8 from irradiation of
oligonucleotides 1e—m: A buffered solution (200 uL, 20 mM sodium
citrate, pH 5.0, 100 mm NaCl) of 1.0 nmol 4'-pivaloyl-modified oligonu-
cleotide 1e—m (Table 2) and 1.2 nmol complementary strand (24-mer
oligonucleotides with 2 additional T nucleotides on both ends) was
degassed with argon and irradiated under an argon atmosphere for 2 min
with 1>320 nm. The solutions were directly analyzed by reverse-phase
HPLC (Merck LiChrospher RP18e 100-5, 250 x 4 mm; eluent A: 0.1m
TEAA, eluent B: acetonitrile; flow rate 1 mLmin~!; column temperature
60°C). Elution was carried out with a 7% to 13 % linear gradient of B over
30 min. Under these conditions 5'-phosphate 5 (fx =6—8 min), 3'-phos-
phate 6 (tz = 10— 13 min), ketoaldehyde 16 (g = 12— 15 min), enol ether 17
(tg =16-19 min), complementary strand (g =22 -25 min), and reactant 1
(tg =27-30 min) could be separated and quantified. With oligonucleotides
1i—m small amounts of side products with high masses sometimes disturb
the integration of the enol ether peak. For this reason, higher masses were
separated with ion-exchange HPLC prior to quantification with reverse-
phase HPLC. Therefore, the irradiated solution was injected onto a
Macherey Nagel Nucleogen 60-7 DEAE 125 x 4 mm column (eluent A:
20 mMm phosphate, pH 7.0, 20 % acetonitrile, eluent B: A + 1m KCl; flow
rate 1 mLmin~!; column temperature 60°C). Gradient: 5% B for 5 min,
then in 0.1 min to 50 % B. The fraction between 7 and 9.5 min was isolated,
the acetonitrile evaporated by lyophilization and then analyzed with
reverse-phase HPLC as described above.

Irradiation in the presence of external ET donors: A buffered solution
(200 uL, 20 mm citrate, pH 5.0, 100 mm NaCl) of T,C;T*T, (0.3 nmol) with
methionine, selenomethionine, or KI (3 x 107 to 3 x 1072m) was degassed
and irradiated. The solutions were injected onto a reverse-phase column
(Merck LiChrospher RP18e 100-5, 250 x 4 mm; eluent A: 0.1m TEAA,
eluent B: acetonitrile). Elution was carried out with a 6% to 14 % linear
gradient of B over 40 min. The peak areas of 5'-phosphate 5 and enol ether
17 were weighted with their extinction coefficients and the ratio (5 —17)/17
plotted as a function of the reciprocal quencher concentration, as shown in
Figure 2.

Determination of the 5-C—O bond cleavage rate by kinetic competition
experiments with glutathione diethyl ester: A buffered aqueous solution
(200 uL, 20 mm phosphate, pH 7.0, 0.1m NaCl) of d(GCGAT*) (0.5 nmol)
and glutathione diethyl ester (2—80 nmol) was deoxygenated by treatment
with argon. The thermostated solution (20 °C) was irradiated for 5 min and
analyzed directly on a reverse-phase HPLC column (flow rate 1 mL min~},
25°C). Eluent A was 0.1M triethylammonium acetate and eluent B was
acetonitrile. Elution was effected with a 4-8% B linear gradient over
15 min followed by an increase to 40 % B in 10 min. The ratio 6/(14a + 14b)
of cleavage to H trapping was plotted against the reciprocal H-donor
concentration. Given an H-donor rate coefficient of 1.0 x 10’M~'s™! for
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glutathione diethyl ester, a cleavage rate of kg, =70s™! was measured
from the slope of the linear function.

Synthesis of 5-O-(4,4'-dimethoxytrityl)-4'-C-(2,2-dimethylpropanoyl)-3'-
O-(succinyl)thymidine ): 4-Dimethylaminopyridine (8.3 mg,
0.067 mmol), succinic anhydride (20.3 mg, 0.203 mmol), and triethylamine
(15 mL, 0.135 mmol) were added to a solution of dry 5'-O-(4,4'-dimeth-
oxytrityl)-4'-C-(2,2-dimethylpropanoyl)thymidine (8, 85 mg, 0.135 mmol)
in anhydrous 1,2-dichloroethane (750 mL). The reaction mixture was
stirred at 50°C for 3 h and then cooled; TLC showed the formation of a
new, more polar product. The solution was further diluted with 1,2-
dichloroethane (10 mL), and washed with an ice-cold aqueous solution of
10 % citric acid (3 x 10 mL) and water (2 x 10 mL) in a separating funnel.
The organic layer was collected and dried over anhydrous MgSO,. The
resulting solution was filtered, concentrated under reduced pressure, and
precipitated from pentane. The solid material was filtered off and dried
under vacuum at room temperature to give 9 (85 mg, 0.12 mmol) in 89 %
yield. 'H NMR (300 MHz, CDCl,): 6 =10.19 (s, 1H), 8.21 (s, 1H), 7.66 (s,
1H), 725 (m, 9H), 6.82 (d, J=8.6, 4H), 6.59 (dd, J=5.7, 9.8, 1H), 5.65 (d,
J=4.4,1H),3.78 (s, 6H), 3.50 (m, 2H), 2.4-2.7 (m, 6 H), 1.25 (s, 3H), 1.16
(s, 9H); BC NMR (75 MHz, CDCl,): 6 =212.81, 175.31, 170.41, 164.28,
158.89, 158.86, 150.92, 143.45, 135.79, 134.48, 130.21, 130.14, 128.27, 128.05,
127.44, 113.33, 111.81, 95.73, 88.28, 85.24, 78.07, 68.62, 55.24, 45.40, 37.88,
29.21, 28.78, 26.00, 11.23; MS (FAB): m/z =767 [M*+K]; anal. calcd for
CoHyuN,Oy; (728.80): C 6591 %, H 6.09 %, N 3.85%; found: C 65.59, H
6.14, N 3.54.

Addition of 9 to polystyrene solid support to give 10: Compound 9 (35 mg,
0.013 mmol) was dissolved in dioxane (300 mL) containing dry pyridine
(10 mL) and p-nitrophenol (2 mg, 0.014 mmol). Dicyclohexylcarbodiimide
(7 mg, 0.034 mmol) was added and the solution stirred for Sh. The
precipitated dicyclohexylurea was removed by filtration and the super-
natant liquor was added to the polystyrene solid support (containing free
amino groups) suspended in dimethylformamide (1 mL). Triethylamine
(100 mL) was added and the solution was stirred overnight. The solid phase
was filtered off, washed with dimethylformamide, methanol, and ether, and
dried under vacuum. The remaining free amino groups were acylated with
acetic anhydride (400 mL) and 4-dimethylaminopyridine (10 mg) in
pyridine (3 mL). This solution was stirred for 45 min. The solid phase was
filtered off, washed with dimethylformamide, methanol, and ether, and
dried under vacuum. The amount of bound deoxyribonucleotide on the
support was determined according to the original procedure to be
15 mggt.

1-(3-O- Acetyl-4-phenylseleno-2-deoxy-a-L-threo-pento-5-aldo-1,4-furano-
sy)thymine (19): Pyridinium trifluoroacetate (160 mg) was added to
aldehyde 18 (15.7 g, 47.7 mmol) and coevaporated three times with benzene
(40 mL). A solution of phenylselenyl chloride (13.7 g, 71.6 mmol) in
dichloromethane (50 mL) was cooled (—78°C) and treated under argon
with triethylamine (19.9 mL, 143 mmol). Aldehyde 18 in abs. dichloro-
methane (20 mL) was added, and after 10 min the solution was warmed to
0°C and stirred for 3 h. Diethyl ether (100 mL) was added to the solution
and the product was filtered. The precipitate was dissolved in dichloro-
methane (1000 mL) and washed twice with water (300 mL). The solution
was dried over magnesium sulfate and the dichloromethane removed in
vacuo to yield 18.2 g (87 %) of 19. 'H NMR (CDCl;): 6 =9.23 (s, 1 H, H-5'),
8.73 (brs, 1H, H-3), 7.66 (s, 1H, H-6), 7.52-7.53 (m, 2H, SePh), 7.31-7.53
(m, 3H, SePh), 6.78 (dd,J=6.0,9.4 Hz, 1H, H-1),5.79 (dd,J=4.7 Hz, 1H,
H-3),2.75 (ddd, J=4.7,9.5, 14.5 Hz, 1H, H-2"), 2.64 (dd, J=6.0, 14.4 Hz,
1H, H-2), 2.08 (s, 3H, AcO), 1.97 (s, 3H, Me-5); *C NMR (CDCl,): 6 =
164.1 (C,, C-4), 151.0 (C,, C-2), 136.3 (C,, C6), 135.9, 129.3, 128.9 (C, of
PhSe), 126.3 (C, of PhSe), 111.9 (C,, C-5), 87.8 (C,, C-4), 87.1 (C,, C-1),
718 (C,, C-3'), 64.2 (C,, C-5), 39.4 (C,, C-2), 12.5 (C,, Me-5); FAB-MS
(NBA+KCl): m/z=437 [M+K]*, 399 [M+1]*; anal. caled for
C,6H sN,OsSe [297.29]: C 48.37, H 4.57, N 7.05; found: C 48.15, H 4.69, N
6.90.

1-(2,3-Dihydro-5-hydroxymethylfuran-2-yl)thymine (20): Selenoaldehyde
19 (200 mg, 460 mmol) was dissolved in ethanol (20 mL) and treated with
sodium borohydride (87 mg, 2.30 mmol) under argon at —78°C. After
15 min the solution was warmed to 0°C and after an additional 30 min,
acetone (1 mL) was added dropwise. The solvent was removed in vacuo
and the residue was chromatographed on silica gel with dichloromethane/
ethanol 10:1 to yield 62 mg (60 % ) of the product 20. 'H NMR (CDCl; with
CD;OD): 6=717 (d, J=12Hz, 1H, H-6), 6.70 (dd, J=4.1, 9.7Hz, 1H,
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H-1'),5.04-5.07 (m, 1H, H-3"), 418 -4.21 (m, 2H, H-5'), 3.24 (ddq, J=9.7,
173,2.0 Hz, 1 H, H-2'), 2.86 (brs, 1H, OH), 2.52 (ddq, J=4.1, 17.3, 1.5 Hz,
1H, H-2'), 1.91 (d,J =1.2 Hz, 3H, Me-5); 3C NMR (CDCI, with CD;OD):
0=164.3 (C,, C-4), 156.7 (C,, C-4'), 150.3 (C,, C-2), 135.1 (C,, C-6), 111.6
(Cy, C-5),95.5(C,, C-3'),84.7 (C,, C-1'), 56.4 (C,, C-5"), 36.1 (C,, C-2'), 11.9
(Cy, Me-5); FAB-MS (NBA +KCl): m/z=263 [M+K]", 225 [M+1]*.
Because of the lability of the substance a correct elemental analysis could
not be achieved.
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Metal Telluride Clusters Composed of Niobocene Carbonyl, Telluride,
and Cobalt Carbonyl Units: Syntheses, Structures, and Reactivity

Henri Brunner,'” Dominique Lucas,! Teresa Monzon,”! Yves Mugnier,!"!
Bernhard Nuber,*! Bernhard Stubenhofer,?! A. Claudia Stiickl,!®!
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Abstract: The reaction of [CpiNbTe,H]
(1% Cp*=Cp* (CMes) or Cp*
(CsMe,Et)) with two equivalents of
[Co,(CO)s] gives a series of cobalt
carbonyl telluride clusters that contain
different types of niobocene carbonyl
fragments. At 0°C, [CpiNbTe,Cos-
(CO),] (2% and [CoTes(CO),] (3) are
formed which disappear at higher tem-
peratures: in boiling toluene a mixture
of [cat,][CoyTes(CO)s] (5%) (cat=
[CpIND(CO),]*) and [cat,][Coy Te;
(CO)y] (6*) is formed along with
[cat][Co(CO),] (4*). Complexes 6 trans-
form into [cat][Coy, Te;(CO),] (7#) upon

molecular structures of 2(Cp*), 4(Cp>),
5(Cp*), 6(Cp*) and 7(Cp*) have been
determined by X-ray crystallography.
The structure of the neutral 2(Cp*)
consists of a [Co;(CO)¢Te,] bipyramid
which is connected to a [(CsMe Et),-
Nb(CO)] fragment through a u,-Te
bridge. The ionic structures of 4(Cp*),
5(Cp*), 6(Cp*) and 7(Cp*) each contain
one (4, 7) or two (5, 6) [CpiNb(CO),|*
cations. Apart from 4, the anionic coun-

Keywords: carbonyl complexes
cluster compounds cobalt
niobium - tellurium

terparts each contain an interstitial Co
atom and are hexacapped cubic cluster
anions [CoyTes(CO)g]?>~ (5) or heptacap-
ped pentagonal prismatic cluster anions
[Coy Te;(CO) ™= (n=2: [6]*~, n=1:
[7]7), respectively. Electrochemical
studies established a reversible electron
transfer between the anionic clusters
[Co,1Te;(CO)yo]~ and [Coyy Tes(CO)y)*
in 6% and 7* and provided evidence for
the existence of species containing [Co,;-
Te,(CO),,] and [Co,,Te;(CO),]>~. The
electronic structures of the new clusters
and their relative stabilities are examined
by means of DFT calculations.

interaction with HPF, or wet SiO,. The

Introduction

Telluride ligands Te,?~ (n=1-4) exhibit a rich coordination
chemistry on the boundary between molecular and solid-state
chemistry. This is the consequence of their bridging or
chelating properties!! and their ability to form rings or
hypervalent centres.”! Usual reagents are alkali tellurides and
polytellurides,['! trimethylsilyl compoundsP! and organophos-
phine tellurides.”! The tellurium transfer, from compounds
with labile bonds between a main-group element and Te into
inorganic compounds, leads to the formation of aggregates of
various size which may be regarded as model compounds for

[a] Dr.J. Wachter, Prof. Dr. H. Brunner, Dr. B. Stubenhofer,
Dr. A. C. Stiickl, Dipl.-Chem. R. Wanninger, Dr. M. Zabel
Institut fiir Anorganische Chemie der Universitit Regensburg
D-93040 Regensburg (Germany)
Fax: (+49)941-943-4439
E-mail: joachim.wachter@chemie.uni-regensburg.de

[b] Dr. D. Lucas, T. Monzon, Prof. Y. Mugnier
Laboratoire de Synthese et d’Electrosynthése Organométalliques
(UMR 5682), Université de Bourgogne
F-21100 Dijon (France)

[c] Dr. B. Nuber
Anorganisch-Chemisches Institut der Universitdt Heidelberg
D-69120 Heidelberg (Germany)

Chem. Eur. J. 2000, 6, No. 3

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

cluster growth.P! Only a few studies are known that describe
the condensation of molecular telluride complexes to give
clusters and finally binary solid-state compounds.!

The peralkylated niobocene hydrogen ditellurides
[CpiNDb(Te,H)] (1% Cp*=Cp* (C;sMes) or Cp* (C;Me, Et))
are novel tellurium transfer reagents that react with
[M(CO)sTHF] (M=Cr, W) to give cyclo-[Te{M(CO)s},].F
In continuation of this work and in order to extend the
reactivity potential of 1¥, we now report on its reaction with
[Co,(CO);] which gives an insight into the stepwise construc-
tion of metal telluride clusters from molecular building blocks.
The final products were anionic clusters with different
geometries and oxidation states as well as organometallic
cationic counterparts. Their electrochemical behaviour as well
as their molecular and electronic structures have been
investigated.

Results and Discussion

Syntheses, properties and structural characterisation

Reaction at 0°C: The reaction of [Co,(CO),] with 1* was
carried out in a 2:1 molar ratio at different temperatures. In
THF at 0°C, the green and violet-brown complexes
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o CO of the equivalent [Co(CO),]

C\Cg moieties (see below) are super-

cp' M / | ~ C Te posed by the v(CO) frequency

\ T Coycoyy  Temido Te—NbCpf, (€0);Co7 -—/Co(CO)z of the [Nb(CO)] fragment. The

/Nb\‘ 0°C \| < 0:‘/ \ />:0 '"H NMR spectrum of 2(Cp*)

cp’ Te \0 (C0),Co T/fCo (CO), shows one resonance for the

0¢ C Te methyl groups on the cyclopen-

1% 0 2# 3 tadienyl ring whereas the spec-

Cp* = Cp* (C5Mey),
Cp* (CsMe Et)

Scheme 1.

[CpiNbTe,Cos(CO),] (2*) and [Co,Te,(CO),] (3) were
formed in yields of 5-10% and 70%, respectively
(Scheme 1). Both compounds are neutral, diamagnetic and
slightly air-sensitive in solution.

The characterisation of the products is based on elemental
analyses and X-ray diffraction studies. Field-desorption mass
spectroscopy only gave the parent ion for 2. The IR spectra
(Table 1) of 2# exhibit, besides absorptions typical of the Cp*
ligands, two bands in the region typical for terminal CO
groups. This means that the two expected v(CO) frequencies

Table 1. IR data of complexes 2-7.%
v(CO) [ecm™!]

2(Cp*) 1991 (vs), 1921 (s)

2(Cp») 1995 (vs), 1923 (s)

3 2065 (vs), 2022 (vs), 1997 (vs), 1844 (vs)
2047 (vs), 2038 (vs), 2018 (vs)P!

4(Cp*) 2019 (vs), 1960 (vs), 1891 (vs), 1879 (vs)
2015 (s), 1949 (s), 1887 (vs)!!
4(Cp~) 2022 (vs), 1961 (vs), 1890 (vs), 1879 (vs)
5(Cp*)/6(Cp*) 2000 (s), 1945 (vs, br), 1915 (vs)
2018 (m), 1965 (s), 1930 (vs)H!
5(Cp*)/6(Cp*) 2010 (s), 1950 (vs, br), 1920 (vs)
2010 (m), 1960 (s), 1930 (vs)H!
7(Cp*) 2010 (s), 1945 (vs, br)
2020 (w), 1965 (s)'
7(Cp¥) 2005 (s), 1940 (vs)

[a] KBr. [b] In toluene. [c] In THF. [d] In CH,Cl,.

Table 2. 'H NMR data of complexes 2 - 7.1
S(CH,CH,)  6(Cp-CHy)

O0(CH,CH5)P! Solvent

2(Cp*) 1.44 (s, 30H) CD,
2(Cp”) 195 (q,2H) 1.56 (s, 6H) 087 (t, 3H) C,D,
1.83 (q,2H) 1.51 (s, 6H) 0.80 (t, 3H)
1.45 (s, 6H)
1.42 (s, 6H)
4(Cp*) 1.95 (s, 30H) CD,Cl,
4(Cp”) 223 (q, 4H) 198 (s,24H) 1.13 (t, 6H) CD,Cl,
5(Cp*)/6(Cp*) 1.97 (s, 30H) CD,Cl,
5(Cp*)/6(Cp*) 221 (q, 4H) 1.96 (s, 24H) 1.13 (1, 6H) CD,Cl,
7(Cp*) 2.06 (s, 30H) [DgJacetone
1.98 (s, 30H) CD,Cl,
7(Cp») 238 (q,4H) 2.09 (s, 12H) 1.12 (t, 6H) [DgJacetone
2.06 (s, 12H)
222 (q, 4H) 196 (s, 12H) 1.18 (, 6H) CD,Cl,

1.95 (s, 12H)

[a] Bruker WM 250 spectrometer, TMS, 250 MHz, 24°C. [b] *J(CH,H) =
6.6-7.4 Hz.
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trum of 2(Cp*) contains four
such resonances along with two
sets of signals for the ethyl
groups (Table 2). Attempts to
obtain '”’Te NMR spectra were
not successful.

An X-ray diffraction analysis of a single crystal of 2(Cp*)
grown in toluene/pentane (1:2) reveals that the molecule
consists of a trigonal-bipyramidal cobalt telluride cluster to
which a niobocene carbonyl fragment is coordinated at one of
the apical tellurides (Figure 1, Table 3; a comparison of bond

Te2
Figure 1. The molecular structure of 2(Cp*) in two views (Schakal plot).

lengths with complexes 3-5 and 7 is also given in Table 4
later). A nearly equilateral Cos triangle is capped by two Te
bridges, while each Co atom bears two CO groups to give rise
to 47 cluster valence electrons. The attached [CpyNb(CO)]
fragment serves as a one-electron donor, which thus provides
a closed valence shell for the whole cluster. The C23-Nb-Tel
angle is slightly smaller (82.8(3)°) than related angles in other
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Table 3. Selected bond lengths [A] and angles [°] for [(CsMe,Et),NbCos-
(CO);Te,] 2(Cp¥).

Nb1-C23 2.023(11) Te2—Co2 2.480(2)
Nb1—Tel 2.836(2) Te2—Co3 2.489(2)
Tel-Col 2.482(2) Col-Co2 2.520(3)
Tel—-Co2 2.466(2) Col-Co3 2.505(3)
Tel—Co3 2.487(2) C02-Co3 2.513(3)
Te2—Col 2.485(2)

Tel-Nb1-C23 82.8(3) Tel-Co2-Te2 109.0(1)
Nb1-Tel-Col 137.7(1) Tel-Co3-Te2 108.0(1)
Nb1-Tel-Co2 152.2(1) Tel-Col-Co2 59.1(1)
Nb1-Tel-Co3 141.3(1) Tel-Col-Co3 59.8(1)
Col-Tel-Co2 61.2(1) Tel-Co2-Col 59.7(1)
Col-Tel-Co3 60.5(1) Te1-Co2-Co3 59.9(1)
Col-Te2-Co2 61.0(1) Te1-Co3-Col 59.6(1)
Col-Te2-Co3 60.5(1) Te1-Co3-Co2 59.1(1)
Co1-C02-Co3 59.7(1) Te2-Col-Co2 59.4(1)
Co1-Co3-Co2 60.3(1) Te2-Col-Co3 59.8(1)
C02-Tel-Co3 61.0(1) Te2-Co2-Col 59.6(1)
C02-Te2-Co3 60.8(1) Te2-C02-Co3 59.8(1)
C02-Col1-Co3 60.0(1) Te2-Co3-Col 59.7(1)
Tel-Col-Te2 108.3(1) Te2-Co3-Co2 59.5(1)

niobocene(i1) derivatives, for example [(CsH;),Nb(CO)SR]
complexes with angles between 88.51 and 92.3°.1"]

The IR spectrum of complex 3 (Table 1) in KBr exhibits
three terminal CO absorptions and one absorption in the
bridging region, whereas in solution there are only three
terminal CO bands. A single-crystal structure determination
revealed the composition [Co,(CO),zTe,]. The tetragonal-
bipyramidal structure in which a Co, rectangle is bridged by
two Te atoms has been reported previously.®l Each Co atom
bears two terminal CO groups; the remaining two CO groups
bridge opposite sides of the Co rectangle. Complex 3 belongs
to the family of [Co,(CO),E,] (E=S, Te, PPh, AsPh)
complexes.® ]

Reaction products at higher temperatures: At room temper-
ature 2% and 3 are formed in negligible quantities; the major
products are ionic compounds, the formation of which is
completed by refluxing the mixture in toluene for 3h
[Eq. (1)]. During this procedure a dark precipitate formed
[CpiNbTe,H] + [Co,(CO)s] 22, [cat][Co(CO),] (4%)

110°C

+ [cat,][CoyTes(CO)s] (5%) + [cat,][Coy Te,(CO)y] (6%)
cat = [CpiNb(CO),]*

M

Table 4. Comparison of important distances [A] of compounds 2-7.

and the liquid phase became pale yellow. From this solution
the yellow compounds 4* were isolated in 6-19 % yield after
chromatography on Sephadex. Characterisation of 4* and the
dark material (see below) is based on elemental analyses and
X-ray diffraction studies. Positive- and negative-field desorp-
tion mass spectroscopy gave, in all cases, only mass peaks
corresponding to the [CpsNb(CO),]* cations.

The IR spectra of 4* in KBr show four strong absorptions of
equal intensity (Table 1). From information obtained from an
X-ray diffraction study (see below), they may be attributed to
the absorption patterns of terminal CO groups of the
[Cp3NbB(CO),]* (C,, symmetry) and [Co(CO),]~ (T, symme-
try) ions; the latter gives rise to one band at 1897 cm~' in THF.
The 'H NMR spectra exhibit a singlet for the ring methyl
groups of 4(Cp*) and a singlet, a quartet and a triplet typical
of the CsMe,Et ligand of 4(Cp*) (Table2). The crystal
structure of 4(Cp*) consists of ion pairs of distinct
[Cp3Nb(CO),]* and [Co(CO),]” ions (Figure 2). The latter
exhibits Co—C bond lengths between 1.719(8) and 1.767(8) A
(Table 4); the C-Co-C angles (106.7(4)-111.8(4)°) do not

Figure 2. Molecular unit of the crystal structure of [CpsNb(CO),]-
[Co(CO),] (4(Cp*); Schakal plot).

significantly deviate from tetrahedral geometry. It is striking
that one face of the [Co(CO),] tetrahedron lies directly over
one of the Cp* ring planes. The corresponding C—H:---O
contacts are about 2.9 A, which suggests a further example of
hydrogen-bonding acceptor CO ligands.['” The skeleton of the
niobocene-derived cation is related to that in [Cp3NbCl,]i'!
and [CpsNbF,]PF,.l'l The mean Nb—CO bond lengths are
2.057(7) A, the OC-Nb-CO angle is 86.6(3)°. Angles in the
same range have been found in the related compounds
[CPM(CO),| (M=Ti, Zr, H)' and [(CsH;),V(CO),}-
[Co(CO),].1

2(Cp*) 3(8] 4(Cp») 5(Cp*) 7(Cp*)
u3-Te—Co 2.485(3)
us-Te—Co 2.478(2) 2.544(2) 2.500(2)-2.528(2) 2.498(3) -2.523(3)
us-Te—Co 2.552(3)-2.581(3)
Te—Copl?! 2.945(1)-2.975(1) 2.631(3), 2.649(3)
Te—Nb 2.836(2)
Te---Te 4.007 3.306
Co—Co 2.513(3) 2.589(2)-2.873(2) 2.763(2)-2.772(2) 2.522(4)-2.612(4)
Co—Co, [ 2.397(2)-2.401(2) 2.522(4)-2.544(3)
Co—C,, 1.79(2) 1.74(1) 1.746(9) 1.75(2)
Co—Cy,™ 1.93(1)
Nb—COWM! 2.023(11) 2.056(7) 2.061(8) 2.04(2)
[a] Body-centered Co. [b] Average values.
Chem. Eur. J. 2000, 6, No. 3 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0603-0495 $ 17.50+.50/0 — 495
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Recrystallisation of the dark precipitate described above
from acetonitrile gave dark crystals with differing morphol-
ogy. Under the microscope it was possible to distinguish
prisms and needles and to separate some of them for X-ray
crystallography. As a consequence, the shiny black prisms
were found to be compound 5(Cp*) and the dark needles
were compound 6(Cp*). The elemental analyses did not allow
a clear assignment to one of the two compounds. In the case of
the CsMes ligand, values of C and H were scattered in an
unsystematic manner between those for 5(Cp*) and 6(Cp*)
and for the C;sMe Et ligand the C and H values were always
close to those of 6(Cp*) (see Experimental Section, Table 8).

The crystal structure of 5(Cp*) consists of four molecular
units in the monoclinic cell and each molecular unit contains
two [Cp3Nb(CO),]* cations and one [CoyTes(CO);]*~ anion
(Tables 4, 5). The geometry of the niobocene moiety is
analogous to that found in 4(Cp*); its charge of +1 follows
from the sharp 'H NMR resonances and the absence of any
ESR signal for the mixture of 5 and 6 (Table2), which
indicates the presence of Nb™. The cluster anion of 5(Cp*)
can be described as a hexacapped Cog cube with an interstitial
Co atom (Figure 3); a crystallographic C, axis passes through
Te2, Col and Te4. Formally, if each Te ligand is considered to
be Te?, then there are eight Co' and one Co' centres. The
remaining two negative charges are compensated by the
cations. An alternative view is that of an “anti-chevrel
cluster”l™ in which the central Co atom is surrounded by a

Table 5. Selected bond lengths [A] and angles [°] for [(CsMes),NbCO),],-
[CoyTeg(CO)s] 5(Cp*).

Tel-Col 2.975(2) Ted—Co3 2.501(2)
Tel—-Co2’ 2.528(2) Ted—Co3' 2.501(2)
Tel—-Co3 2.514(2) Col—-Co2 2.401(2)
Tel—-Cod4 2.516(2) Col-Co3 2397(2)
Tel—Co5 2.528(2) Col—Co4 2.401(2)
Te2—Col 2.951(2) Col-Co5 2.391(2)
Te2—Cod4 2.508(2) C02-Co3 2.773(2)
Te2—Cod’ 2.509(2) Co2-Co3 2.769(2)
Te2—Co5 2.501(2) Co2-Co¥’ 2.767(2)
Te2—Co5' 2.501(2) Co3—Cod 2.773(1)
Te3—Col 2.968(1) Cod—Co5 2.764(2)
Te3—Co2 2.522(2) Cod—Co¥’ 2.766(2)
Te3—Co3 2.515(2) Co5-Te3' 2.528(2)
Te3—Cod 2.511(2) Co5—Co2 2.766(2)
Te3—Co5' 2.528(2) Co5—Cod’ 2.766(2)
Te4—Col 2.945(2) Co—Cean 1.745(9)
Ted—Co2 2.510(2) Nb1-C11 2.055(8)
Ted—Co2’ 2.510(2) Nb2-C31 2.058(7)
C03-Tel-Col 50.94(3) Co5'-Col-Co5 109.23(7)
C03-Tel-Co2’ 66.61(3) Co5'-Col-Co2’ 179.74(6)
C03-Tel-Cod 66.89(3) C05-Col-Co2’ 70.52(3)
C03-Tel-Co5 101.65(3) Te4-Col-Te2 180.00(5)
Co4-Tel-Co2’ 101.98(3) Te3-Col-Te3 180.00(5)
Co4-Tel-CoS 66.44(3) Col1-Co2-Te4 73.68(4)
C05-Tel-Co2’ 66.31(3) Ted-Co2-Te3 112.38(4)
C05-Te2-Co5' 102.45(5) Col-Co2-Co5’ 54.59(4)
C05-Te2-Cod 66.98(3) Te4-Co2-Co5’ 128.27(5)
C05-Te2-Col 51.22(2) C05'-C02-Co3’ 89.87(4)
Co4-Te3-Co3 66.96(3) C05'-C02-Co3 89.96(4)
Co4-Te3-Co2 102.23(3) C03'-C02-Co3 89.79(4)
Co4-Te3-Col 51.15(3) Te4-Co3-Tel 113.22(4)
C03'-Ted-Co3 102.88(4) C11-Nb1-Cl1 85.7(4)
C03'-Ted-Co2’ 67.19(4) C31'-Nb2-C31 89.7(3)
C03'-Te4-Col 51.44(2)
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Figure 3. Schakal plot of the [CoyTes(CO)g)*~ anion of 5(Cp*).

cube of eight Co atoms and an octahedron of six Te atoms.
The inner Co—Co bond lengths, Col—Co2 for example, are
remarkably short (average 2.40 A), whereas the outer Co—Co
bond lengths, Co2—Co3 for example, are much longer
(average 2.77 A). For comparison, Co—Co bond lengths in
[CogS¢(SPh)g]*—, in which the Co atoms form an empty cube,
are on average 2.66 A.151 The Te—Co bond lengths also exhibit
two different ranges, namely 2.528(2) A for Tel—Co2 com-
pared with 2.975(2) A for Tel—Col.

The [CoyTe(CO)s]*~ anion belongs to the family of metal-
centered hexacapped [My(us-E)¢Lg] clusters (M =Ni, Pd; E =
GeEt, As, Te).l'“ 1 There are 123 metal valence electrons
(MVE) [(9%9)+(8x2)+(6x4)+2], which lies in the
range of 120-130 MVE already reported for this type of
cluster.'’l The only compound with a somewhat related Co,
array is the tetracapped cluster anion [CooBiy(CO)c]*~, in
which the cobalt atoms are significantly tetragonally distort-
ed.l8l

The structure determination of 6(Cp*) was handicapped by
symmetry problems. From the systematic absences, the space
group Pnma was derived for the starting calculations. The
cluster anion [Co,;Te,(CO),)] and two Nb atoms could be
located by direct methods and refined unambiguously. How-
ever, it was not possible to find all the C atoms associated with
the Nb cations. Evidently, the assumed space group symmetry
is not yet correct and must be regarded as pseudosymmetry,
generated by the fairly high symmetry of the cluster anion. On
account of these results, one [Co;Te,(CO),oJ>~ and two
[CpF¥Nb(CO),]* ions may be present. In the structure of
7(Cp*), which is an oxidation product of 6(Cp*) (see below),
both ionic species exist in a 1:1 ratio. Elemental analyses of 6*
(Table 8 in the Experimental Section) are in agreement with a
2:1 ratio of cations to anions, regardless of contamination with
5% since the C and H values of the latter are within the same
range.

Transformations of the cobalt telluride clusters: Column
chromatography on silica gel (activity II/III) of the 5%6*
precipitates obtained from the reaction at 110°C gave
complexes 7* in yields between 42 and 64 % with respect to
1* [Egs. (1) and (2)]. Elemental analyses (Table 8 in the

H'

[cat,][Co,  Te;(CO)yo] (6%) — [cat][Coy Tes(CO),o] (7%) ()
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Experimental Section) are significantly poorer in C and H;
this indicates a transformation of 6* into 7* by loss of one
[CpiND(CO),]* unit. Additionally, there is no hint of the
presence of complexes 5% The transformation can be moni-
tored by IR spectroscopy (Table 1). Whereas the mixture of,
for example, 5(Cp*) and 6(Cp*) contains three CO absorp-
tions at 2000, 1945 and 1915 cm™!, 7(Cp*) shows only two
bands at 2010 and 1945 cm~. Thus, it is likely that the »(CO)
frequency at 1915cm™! belongs to 6(Cp*); this is also
supported by electrochemical experiments (see below). One
of the two CO absorptions expected for the [Cp¥Nb(CO),]*
fragment in 7(Cp*) is superposed by the very strong and
broad absorption of the equivalent terminal CO groups of the
cluster anion.

The transformation of 6(Cp*) into 7(Cp*) has also been
observed when the original mixture of 5(Cp*) and 6(Cp*) was
stirred with HPF; [Eq. (2)]. One may assume H, to be a
further reaction product that only forms in very low quanti-
ties. After washing with H,O and recrystallisation from
CH,Cl,, pure 7(Cp*) was obtained. The fate of 5(Cp*) is still
unknown. The transformation did not occur on basic Al,Oj;.

The crystal structure of 7(Cp*) consists of two molecular
units in the monoclinic cell and each molecular unit contains
one pair of [CpiNb(CO),]* and [Co, Te,(CO),,]~ ions. The
geometry of the niobocene cation is analogous to that found in
4(Cp*) and 6(Cp*). The cluster anion is best described by a
pentagonal prism formed by ten Co atoms in the centre of
which resides a further Co atom (Figure 4, Table 6). The faces

Figure 4. Schakal plot of the [Co,,Te,(CO),o]~ anion of 7(Cp*).

of the prism are capped by two us- and five u,-Te?~ ligands. In
contrast to the cubic anion in 5(Cp*), all Co—Te and Co—Co
bond lengths are approximately of equal order (Tables 4, 6) so
that nearly perfect edge-sharing octahedra are arranged
around the fivefold Tel-Col-Te2 axis, with the centered Col
atom as the common vertex. A similar structure has been
found for [Ph,P],[Co,; Te;(CO),y], which was synthesised from
[Co,(CO)s] and Na,Te, in a 3:2 ratio and Ph,PCl under
solvothermal conditions.!*! In this cluster salt, it is evident that
the anion bears a twofold negative charge to give a metal
valence electron count of 149 MVE [(11 x9)+ (10 x2)+
(7 x 4) +2]. However, the presence of a dianion in 7* would
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Table 6. Selected bond lengths [A] and angles [°] for [(CsMes),NbCO),]-
[Coi Tes(CO),] 7(Cp*).

Tel—Col 2.631(3) Col-Co2 2.563(4)
Tel—Co2 2.577(3) Col—Co3 2.572(4)
Tel—Co5 2.581(2) Col—Co4 2.549(3)
Tel—Co7 2.565(3) Col-Co5 2.544(3)
Te2—Col 2.649(3) Col-Co6 2.567(3)
Te2—Co3 2.581(3) Col-Co7 2.556(3)
Te2—Cod 2.570(2) C02-Co3 2.612(4)
Te2—Co6 2.552(2) Co2-Co5 2.592(3)
Te3—Cod 2.523(2) C03-Co6 2.577(3)
Te3—Co7 2.500(3) Co4—Cob 2.611(3)
Ted—Co2 2.510(2) Co4—Co7 2.616(3)
Ted—Co3 2.510(2) Cod—CodA 2.522(4)
Ted—Co5 2.498(2) Co5-Cob 2.617(3)
Ted—Cob6 2.515(2) Co5-Co7 2.574(3)
Te5-Cod 2.499(2) Co7-Co7A 2.600(4)
Te5-Co5 2.519(2) C0, Crao 1.71-1.77(3)
Te5—Cob 2.510(2) Nb1—C, 2.37-2.42(3)
Te5—Co7 2.517(2) Nb1-C13 2.042(15)
Col-Tel-Co2 59.0(1) Tel-Col-Co2 59.5(1)
C02-Tel-Co7 109.0(1) Te2-Col-Co2 120.4(1)
Col-Te2-Co3 58.9(1) C02-Col-Cod 149.9(1)
C03-Te2-Cod 109.1(1) C03-Col-Cod 110.0(1)
Co4-Te3-Co7 62.8(1) Tel-Co2-Ted 118.5(1)
C07-Te3-CodA 93.6(1) Tel-C02-Co3 121.2(1)
C02-Ted-Co3 62.7(1) Te4-C02-Co3 58.7(1)
C03-Ted-CoS 94.1(1) C03-C02-Co5 89.6(1)
Co4-Te5-CoS 94.0(1) C05-C02-Co5A 107.6(1)
Co4-Te5-Cob 62.8(1) CI13-Nb1-CI3A 85.3(9)
Tel-Col-Te2 180.0(3) Nb1-C13-013 177.1(14)

imply a paramagnetic Nb' centre in a d! configuration in the
counterion; this is not in agreement with the sharp resonances
of the Cp* ligands of 7* in the "H NMR spectra. Furthermore,
the chemical shifts observed for 7 are identical with those
observed for 4* and the 5%/6* mixtures in which the niobocene
units are definitively diamagnetic. Also, samples of 7# are ESR
silent. On account of these considerations, we conclude the
cluster anion in 7% to have 148 MVE, which is strongly
supported by electrochemistry and density functional calcu-
lations (see below).

Electrochemical investigations: Above we postulated the
transformation of the cluster anion [Co,Te;(CO),,]>~ into
[Co,,Te;(CO),o]~ by the interaction of 6* with H* [Eq. (2)].
Therefore, the electron-transfer properties of 6(Cp*) and
7(Cp*) were examined by electrochemical methods. In THF
(Bu,NPF; as the supporting electrolyte), the polarogram of
7(Cp*) showed one oxidation wave E’ (E;,=+ 0.35V) and
four reduction waves A, B, C and D (E,,=-0.32, —1.04,
—1.55, and —1.88 V, respectively). The heights of waves E’, A
and B were nearly equal, whereas wave C was twice as high as
B (Figure 5a). In cyclic voltammetry, two one-electron
reversible systems A/A’ and B/B’ appeared in the potential
range between 0 and — 1.3 V. For these two processes the peak
currents increased linearly with V2 and the half-wave
potentials were independent of the scan rate. The peak shapes
were characterised by | E,. — E,, |~ 65 mV at scan rates up to
0.2 Vs~ The values are in agreement with the theoretical
values for diffusion-controlled one-electron transfer and this
was verified by controlled potential electrolysis at —0.6 'V,
which gave 1.0+£0.1e for the first reduction step. The
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Figure 5. Polarograms (average current) of 7(Cp*) in THF (0.2 M Bu,NPF;
solution): a) initial polarogram; b) after one-electron reduction at —0.6 V;
c) after reduction at —1.2 V.

polarogram of the resulting solution exhibited the two
oxidation waves E’ and A’ and the reduction waves B, C,
and D (Figure 5b). IR spectroscopy showed that the initial
strong absorption band at 1961 cm™, ascribed to »(CO) of
[Co,,Te;(CO)y]~ (Table 1), had disappeared and an absorp-
tion at 1926 cm~!, belonging to [Co,;Te,(CO)y]>-, had ap-
peared (Figure 6). The solution was ESR silent.

| 1897

||+

1926

Figure 6. IR spectra [cm~'] in THF of 7(Cp*) a) before electrolysis; b) after
one-electron reduction at —0.6 V; c) after reduction at — 1.2 V.

1961

Further electrolysis at —1.2 V (plateau of wave B) con-
sumed between 1.3e (low temperature) and 1.8 e (room
temperature). In polarography three oxidation waves E’, A’
and B’ and two reduction waves C and D were observed
(Figure 5¢). The electrolysed solution exhibited a new ab-
sorption at 1897 cm™! in the IR spectrum (Figure 6) which
may be ascribed to the still elusive [Co,;Te;(CO)y]*~ anion.
However, this solution was unstable and transformed into a
solution that exhibited a ten-line signal in the ESR spectrum
(g=1.9971, an, =29.69 G), which may be attributed to a Nb!!
species (I=9/2),"] probably the still unknown 19 e complex
[Cp¥Nb(CO),]. Concommittantly, the CO absorption at
1926 cm™ ([Coy,Te;(CO),J>) reappeared (Figure 6) and
reduction wave B appeared, while the oxidation wave B’
decreased. A possible explanation for the latter process would
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be an electron transfer between the cluster anion and the
niobocene cation [Eq. (3)].

[Coy Tes(CO)yp]* + [CPIND(CO),]* == 3
[Co11 Tes(CO)y)~ + [CPINDB(CO),]

Wave E’' may be attributed to the oxidation of
[Co,,Te;(CO)y0]~. In order to avoid polymerisation of THF,
the oxidative electrolysis of 7(Cp*) was performed in CH,Cl,/
Bu,NPF; solution. After oxidation at E=+0.5V, the reduc-
tion wave E was observed at the same potential as that of
wave E’. The solution was ESR silent, which thus excludes the
participation of a Nb' species.

The processes concerning waves C and D are mainly related
with the cationic part of 7(Cp*), as has been verified by
separate investigations of [CpiNb(CO),][Co(CO),] (4(Cp*);
see below). However, it must be stressed that wave C is twice
as high as waves A and B when compared with the
corresponding reduction of 4(Cp*). This indicates the partic-
ipation of the cluster anion as discussed in the preceding
paragraphs.

Analogous observations have been made for solutions of
the 5(Cp*)/6(Cp*) mixture: after oxidation at E=0V, the
initial IR absorption at 1926 cm~! ([Co,,Te,(CO),,]*") trans-
formed into that at 1961 cm™' ([Co,,Te;(CO),0]~). Reduction
of [Co,Te;(CO),oJ>~, evolution of [Co, Te;,(CO),J*~ into
[Co,,Te;(CO) o>~ and formation of a paramagnetic species
were also observed.

The electrochemical behaviour of 4(Cp*) was studied as a
reference sample for the redox active Nb!!' centre.['l: 20
Polarography of 4(Cp*) gave one oxidation wave F' at E =
—0.26 V and two reduction waves C and D at —1.54 and
—1.88 'V, respectively. The height of the three waves was
nearly equal. Cyclic voltammetry of 4(Cp*) gave an irreversible
system F'/F\' (AE,=280 mV) in the anodic potential sweep
because of the formation of [Co,(CO);].PY Two reversible
systems C/C’ and D/D’ were found in the cathodic potential
range (Figure 7) at potentials comparable with waves C/C’
and D/D’ observed for the cluster anion [Co,Te;(CO);o]~
(Figure 5). Additionally, the same ten-line ESR system was

Figure 7. Cyclic voltammogram of [Cp3Nb(CO),][Co(CO),] in THF (0.2m
Bu,NPF; solution) on a vitreous carbon electrode. Initial potential: — 0.6 V,
sweep rate 0.02 Vs~
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found for the first electrogenerated species as described
above, and which was tentatively attributed to
[Cp¥Nb(CO),]. The nature of the second species is still
speculative.

In summary, the electrochemical results show that the
anionic clusters [Co;; Te;(CO),(]*~ are the redox-active com-
ponents of 6* and 7*. They also show that there are additional
electron-transfer processes that lead to species [Co, Te;-
(CO)y) and [Coy, Tes(CO)yo)* [Eq. (4)].

[Co,, Tez(CO),y) T [Co, Tex(CO) ]~ ([7]7) =—=

+033V 032V
E A/A

)

—-1.04V

[Coy Te,(CO)o*~ ([6]7) [Co4,Te,(CO)yo ]

B/B’

DFT calculations: The relatively rare pentagonal-prismatic
geometry and the unexpected electron-transfer capacity of
the prepared cluster anions led us to investigate the electronic
structures within the [Co,;Te,(CO)y]"~ (n=0-3) series by
means of DFT methods and to calculate the cubic
[CogTes(CO)g]"~ clusters (n=0, 2) for comparison. The
resulting bonding energies and molecular orbital composi-
tions as well as the results from hardness and charge
partitioning analysis are discussed in terms of stability
prediction and redox activities of the compounds.

From the bonding energy calculations, [Co,;Te;(CO),o]"~
generally will be formed with a higher probability than
[CoyTeg(CO)s]*~ (Figure 8). The minimum of the Eygqing
function versus cluster charge is a hypothetic state with the

-1274
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-128+

L

N

©
1
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-1304
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Cluster Charge
Figure 8. Average bonding energy per atom as a function of the negative
cluster charge n: Eygqing =f(n) with n=0-3; m=[Coy;Te,(CO),]"; o=
[CogTeg(CO)s]"~. The amount of energy contributed by one u,-Te is
indicated for [CogTes(CO)s) .

fractional charge of —1.6e~. Hence it can be seen that
[Co,, Te;(CO),]~ and [Coy Te,(CO)y)*~ almost share the
position of the most stable cluster within the series. The cubic
cluster may occur with charge of —2 if the reaction conditions
do not support the formation of highly charged
[Co,,Te;(CO),o]>~ ion. Formally, the pentagonal prism is
obtained from the cube by adding one [Co,(CO),Te] unit.
The mean bonding energy increases during this step by
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~1 kcalmol~! per atom as a result of the stabilising effects of
additional Co—Co interactions. The contribution of one u,-Te
atom was hereby estimated to be only ~0.5 kcalmol~' (see
the “error bar” in Figure 8).

The frontier orbitals have been calculated and are depicted
for the examples [Co;Te,(CO),o]- and [CoyTes(CO)g]>~ in
Figure 9. For the polyhedra with Dy, and Ds, symmetry,

HO0 LLsAD
e
= i b i
5 e L A
-
HOMO LD
L) & &

& 3

Figure 9. HOMO and LUMO electron-density distribution of
[Co,1Te,(CO)y]~ (top) and [CoyTes(CO)g)*~ (bottom). The high-density
iso-surface is plotted.

several linear combinations of Co d states are found to
describe the main part of the interactions between the cage
Co atoms (type Co2). The central Col atoms mainly contrib-
ute to the HOMO:s. Influenced by the p and s orbitals of the
apical Te atoms and by the geometry of the cage, the d.
orbital forms the doubly occupied a| state of [Co,, Te;(CO),,]~
as well as the singly occupied a;, state of [CoyTeq(CO);]*~. The
depicted LUMOs are, for example, antibonding Co d linear
combinations (e; in [Coy; Te;(CO)y]~, €, in [CogTes(CO)s]*).
The same type of HOMO and LUMO is found for [Co,;Te;-
(CO),¢]. The e, state of the pentagonal prisms is
singly occupied in [Co,Te,(CO),oJ>*~ and doubly in
[Co,,Te;(CO),o*~. Because the Co2 d,/d,, linear combina-
tions are of antibonding nature here, bonding within the cage
will be weakened by the occupation of this state. On the other
hand, the additional electrons are distributed almost equally
among the ten participating Co atoms and their interactions
are close to metallic. So, even the highly charged species
[Co,,Te;(CO),]*~ could be realised.

As for related compounds,'”?>2 the calculated gap-
energies within the [Co;Te,(CO),o|*" series are relatively
small. This underlines the metal-like character of the studied
cluster species and explains the dark colour of the compounds.
Particularly [Coy;Te;(CO),o]- shows a HOMO -LUMO gap
of only 0.088 ¢V and is therefore very sensitive to electron
transfer. [Co;Te,(CO),o] (0.171eV), [Co,Te;(CO),0)*~
(0.582 eV) and [Co,;Te;,(CO),o]*~ (0.559 V) are more stable
in that respect, whereas [Co,Tes(CO)g]*~ has the largest gap
(nearly 1 eV).
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The orbital picture reveals further stabilising effects. In
the case of a singly occupied degenerated state e, in
[Co,,Te;(CO),]>, the distortion of the geometry by symme-
try breaking according to the Jahn-Teller theorem might
occur. This would result in an additional energy gain. There-
fore, in its distorted form, [Co, Te;(CO),J>~ would be a
good candidate for a stable ground state within the
[Co, Te;(CO)ypl" series. In [CogTes(CO)g] as well as in
[CogTes(CO)g]>~, the situation is more complicated. The
singly occupied states a,, (LUMO) and b,, (HOMO) are
mainly formed by one of the—energetically almost degener-
ate—d,. and d,._,. orbitals and supported by the s/p orbitals of
two axial u,-Te atoms (a,,) or four in-plane u,-Te atoms (b,,).
This means, that a slight tetragonal geometric distortion
should prefer one of those states more distinctly.

The charge-partitioning analysis (Table7) of the
[Co,, Te;(CO),o]*~ species was performed according to the
Hirshfeld scheme.?! Small positive charges were calculated

Table 7. Charge distribution, according to the Hirshfeld method,??* of the
symmetry-independent atoms within the [CoTe,(CO),o]"~ series (n=
0-3) and in [Co,Tes(CO))*.

[Co,, Tes(CO),o)*

[CoyTeg(CO)sJ*

n=0 n=1 n=2 n=3
Col —0.1476 —0.1548 —0.1496 —0.1445 —0.1650
Co2 —0.1427 —0.1511 —0.1643 —-0.1771 —0.1811
C 0.0889 0.0725 0.0526 0.0321 0.0289
O —0.0920 —0.1240 —0.1582 —0.1923 —0.1751
Tel 0.2684 0.2020 0.1723 0.1429 0.1683
Te2 0.2135 0.1551 0.1004 0.0459 0.1119

for Te, whereas Co obviously receives the major part of the
negative partial charges. Starting from [Co,;Te,(CO),,] and
adding the 7 electrons stepwise, Tel and Te2 attract most of
the additional charge and should therefore take part in
charge-transfer processes of the cluster. The contribution of
the C atom (carbonyl ligand) remains almost unchanged
throughout the series. The O atom of the carbonyl group in
[Co, Te;(CO),o]~ takes nearly the same amount and in
[Co,,Te;(CO),]> it takes even more of the additional charge
than Col. The Col charge remains almost constant, whereas
that of Co2 decreases slightly. Significant charge separation
between Te2 and O is found for the highly charged species
[Co,,Te;(CO),,]*, for which the charge compensation limit of
the pentagonal prismatic cluster geometry seems to be
reached. For [Co,Teq(CO);]*~, the charge-partitioning analy-
sis shows a similar situation. Te2 bears a large amount of
charge and the value of Col differs significantly from Co2.
Oxygen is also very much involved in the charge stabilisation
process.

It is of interest in this context, that a low-density surface
shows, in the case of [Co,;; Te,(CO),o]- (HOMO; Figure 10), a
large contact area for reaction partners at the two apical us-Te
atoms. Surrounded by CO groups, a “reaction pocket” is
formed for Te. This supports the idea that Te could be
important for charge transfer. The other information from
Figure 10 is the symmetry change between the frontier
orbitals of [Coy;Te,(CO)yy]~ and [Coy, Te,(CO)y>~. A differ-
ent steric behaviour for interactions with counterions or
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Figure 10. Low-density iso-surface of the HOMO in [Coy;Te,(CO),o]~
(left) and [Co,,Te,(CO),J*~ (right) clusters.

reaction partners can be assumed for the latter cluster and no
direct pathway of electron-transfer by Tel, for example, is
seen here intuitively.

First and second derivatives of the function E versus N
(electron number)?- 20l were calculated to give a quantitative
estimation of the chemical potential 4 and the chemical
hardness 7. All the discussed species are relatively soft, that
means reactive, in terms of Pearson’s definition of chemical
hardness. For [Co,;Te;(CO),o]~ and [Co,,Te,(CO),,]*~, hard-
ness is at a maximum and makes their formation probable.
Compared with Co, low-spin valence states of [Co,(CO)y],
for which Pearson gives the values #=3.04eV and u=
4.12 eV,? [Co, Te;(CO),]- 2n=231¢eV, u=177¢€V) and
[Co,,Te;(CO) ] 2 =2.29 eV, u=1.27 eV) are found to be
less stable. Because of these small values, the discussed
compounds should show strong nucleophilic behaviour.

In summary, there is a comparatively high probability for
the formation of [Co;Te;(CO), ]~ and [Co, Te;(CO),o]*.
[Co,,Te;(CO),]~ should be the more reactive species, while
[Co,,Te;(CO),o]* has good properties for a stable ground
state. For electron-transfer reactions, the low value of the
chemical potential of [Co,, Te;(CO),J?>~ implies one oxidation
step towards the more reactive [Co;Te;(CO),o]- cluster,
which will be formed without a significant loss of bonding
energy from [Co;Te;(CO),)*~. The transformation of
[Co,,Te;(CO),g]~ into [CoyTe;(CO)yo]*~ would occur by
occupation of the Co-cage orbitals of the LUMO. The
electron density is readily redistributed without large changes
in the bond lengths and cluster geometry. Possibly, a small
geometric distortion due to Jahn-Teller activity could
accompany such a step. Compared with the pentagonal prism
[Co,,Te;(CO),g]*~, the smaller total energy gain of the cubic
cluster [CoyTes(CO)g]*~ makes its formation less probable
from a theoretical point of view.

Conclusions

This work focuses on the stepwise formation of metal telluride
clusters from molecular units and the investigation of the
electron-transfer properties of clusters with a rather unusual
pentagonal-prismatic [Co,,Te;] framework. The reactions of
[CpiNDbTe,H] (1*) with [Co,(CO)g] under varying conditions
are mainly characterised by a cross transfer of Te and CO
ligands from one metal centre to the other. Only in
compounds 2* are all the building blocks arranged together
into a covalent niobocene-cobalttelluride cluster. Addition-
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ally, the formation of the stable salts 4*-6* which are
composed of discrete ions derived from niobocene and
cobalttelluride building blocks, requires charge separations
by means of complex electron-transfer reactions.

Complexes 2 seem to be the first stable intermediates en
route to solid-state compounds,?”] but it is striking that
[Co4(CO)(Te,] (3), which simultaneously forms in a good
yield (nearly 70%) at 0°C, does not have any “fitting”
niobocene counterpart. However, reactive niobocene parti-
cles must exist in solution because as the temperature is raised
3 quickly disappears and the cluster salts 5% and 6* form. A
reaction between 3 and residues of unreacted 1* can be
excluded, since no reaction between 1(Cp*) and 3 was found
in a control experiment in boiling THF. On the other hand, the
main structural building blocks of the anions in 5-7 are CosTe
octahedra, which formally may be derived from Co,Te,
octahedra present in 3 by the replacement of a Te vertex by
one common Co centre. The role of the hydrogen originally
present in 1* is not yet clear; this is the target of further
investigations.

Electrochemical studies provide evidence for four deriva-
tives in the series [Co,;; Te;(CO)yo]"~ (n =0-3), thus extending
the knowledge about redox-active homoleptic carbonyl
transition metal clusters®l onto the pentagonal prismatic
[Co, Te;] framework. Theoretical calculations support
the preferential formation of [Co,Te,(CO),(]- and
[Co,,Te;(CO),o]>~ and provide arguments for the facile trans-
formation [CoyTe;(CO)yo)~ —[Coy Te;(CO)y]~+e~. It is
also shown that the formation of the cubic system
[CoyTes(CO)g]*~ (n=0-2) is less favourable from an ener-
getic point of view.

Experimental Section

All procedures were carried out under N, using dry solvents. Elemental
analyses (C, H) were performed at the Mikroanalytisches Laboratorium,
Universitdt Regensburg, or by the Analytische Laboratorien Malissa and
Reuter, 51789 Lindlar (Te). IR spectra were obtained with a Beckman 4240
instrument or a Bruker IFS66v FTIR spectrometer. 'H NMR spectra were
recorded with a Bruker WM 250 instrument. Field-desorption mass spectra
were obtained on a Finnigan MAT 95 spectrometer. The ESR spectrum was
recorded at room temperature on a Bruker ESP300 spectrometer (field
calibration with DPPH (g=2.0034). Sephadex LH20 (Pharmacia Fine
Chemicals) was purged with N, and then suspended in MeOH saturated
with N,. [CpiNbTe,H] (1*) was prepared from [CpiNbBH,] and Te
powder.!

Electrochemistry: Cyclic voltammetry was carried out in a standard three-
electrode Tacussel UAP4 unit cell. A saturated calomel electrode (SCE)
was used as the reference electrode and was separated from the solution by
a sintered glass disk. The auxiliary electrode was a Pt wire. For all
voltammetric measurements the working electrode was a carbon or Pt disk
electrode, which had been polished with alumina. A three-electrode Tipol
polarograph was used for the polarograms. The dropping Hg electrode
(DMF) characteristics were m=3 mgs™! and t=0.5s. In all cases, the
electrolyte was a 0.2m solution of nBu,NPF¢ in THF or CH,Cl,. The
electrolyses were performed with an Amel552 potentiostat coupled to an
Amel 721 electronic integrator.

DFT calculations: Model calculations for the anionic clusters
[Co, Te;(CO) )"~ (n=0-3) and [CogTes(CO)]"~ (n=0, 2) were per-
formed within the framework of density functional theory (DFT). In an
approximation, the coordinates for the atoms, originally taken from the
results of the X-ray structure determinations of 5(Cp*) and 7(Cp*), were
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idealised according to complexes with D, and Ds, symmetry, respectively.
Assuming that no large changes in the geometry occur during the redox
activities of the clusters, single-point calculations were used. Neither
counterions nor solvents were included in the model calculations.

The electron density is described in terms of the local density approx-
imation (LDA)®! and corrected for non-local effects by the application of
the Becke-Perdew exchange correlation (BP)PY to the self-consistent
result.’!l A totally symmetric density distribution was used for these
model calculations with the DMol program.l As basis sets, double-
numeric functions extended by one polarisation function were chosen. For
purposes of comparison, the mean bonding energies as well as the typical
frontier orbitals at low and high densities are determined for the species
using different charges. Approximate ionisation potential and chemical
hardness of the clusters [Coy,Te;(CO),o]"~ were obtained from the slope
and the curvature of the function Ey.gn, Vversus cluster charge. The
differences between the atomic energies and the total energies of the
clusters, relative to the total number of atoms, are hereby defined as the
average bonding energies per atom.

Reaction of [CpiNbTe,H] (1*) with [Co,(CO);]

At 0°C: A solution of [Co,(CO)g] (342 mg, 1.0 mmol) in THF (50 mL) was
added dropwise to the ice-cooled solution of 1* (0.5 mmol) in THF
(200 mL). The colour of the solution changed from orange to violet and gas
was liberated. After 1h, the solvent was evaporated at 0°C. The violet
residue was dissolved in toluene (10 mL) and CH,Cl, (5 mL). This mixture
was then chromatographed onssilica gel (column 15 cm, diameter 5 cm) and
eluted with toluene to give a violet band which contained 3 in 69 % yield.
The subsequent green band contained 2* in strongly varying yields
(£10.7%). Crystals of 2# were obtained from toluene/pentane 1:2 and
crystals of 3 from toluene/pentane 1:1. Complex 2(Cp*): C,;H;,Cos-
NbO,Te, (991.4): caled C 32.71, H 3.05; found C 33.23, H 3.89.; FD-MS
(from toluene): m/z: 989.7 (1**Te). Complex 2(Cp*): CyH3,CosNbO;Te,
(1019.5): caled C 34.17, H 3.36; found C 34.79, H 3.91; FD-MS (from
toluene): m/z: 1019.7 ("*Te). Complex: 3: C,,Co,0,,Te, (771.0): caled C
15.58; found C 15.54.

At 115°C: A mixture of 1* (0.91 mmol), [Co,(CO)s] (615 mg, 1.81 mmol)
and toluene (100 mL) was refluxed for 3 h. After vigorous gas evolution a
dark powder precipitated, which was separated from the pale yellow liquid
phase and washed several times with toluene. All the solutions were
combined and the solvent was evaporated. The yellow residue was
dissolved in MeOH (15 mL). Filtration on Sephadex LH20 gave 100 mg
(19%, Cp*) and 35 mg (6.2%, Cp*) of yellow 4*. The compounds were
recrystallised from CH,Cl,/pentane 5:1. Recrystallisation of the dark
residue from hot acetonitrile (50—60 mL) gave, after cooling to ambient
temperature, dark brown prisms and needles consisting of 5% and 6*.
Crystallisation was completed by cooling to —25°C (total yield 420 mg).
All yields are based on 1*. Complexes 5(Cp*) and 6(Cp*) were identified
and characterised by manual separation under the microscope and X-ray
structure determination. For analytical purposes the crystalline material
was analysed together, the results are given in Table 8. Complex 4(Cp*):
C,H30CoNbOy (590.5): caled C 52.90, H 5.12; found C 52.61, H 5.21; FD-
MS (from acetone): m/z 419.4 [CpiNb(CO),]*. Complex 4(Cp*):
CyH3,CoNbOy (618.4): caled C 54.38, H 5.54; found C 53.96, H 5.44;
FD-MS (from acetone): m/z 447.4 [CpsNb(CO),]".

Preparation of [CpiNb(CO),][Co,;,Te;,(CO)y] (7%)

Method A: The residues which had been washed with toluene in the
reaction described above were dried in vacuo and then dissolved in CH,Cl,
(12 mL). Chromatography on silica gel (column length 10 cm, diameter
3cm) gave a dark red-brown band upon elution with CH,Cl, which
contained 7(Cp*) (420 mg, 0.187 mmol, 42 % based on 1(Cp*)) and 7(Cp*)
(650 mg, 0.286 mmol, 64 % based on 1(Cp*)). Recrystallisation of 7 from
CH,CI, gave dark brown needles (Table 8).

Method B: A mixture of 5(Cp*)/6(Cp*) (112 mg), CH,Cl, (50 mL), and
HPF; (9.5 mg, 0.065 mmol, 65% in H,0) was stirred for 2h at room
temperature. After evaporation of the solvent, the dark brown residue was
washed with H,O (2 x 30 mL) to give 85 mg of 7(Cp*). The vacuum-dried
powder gave the correct analyses (Table 8).

Crystal structure determination for 2(Cp*), 4(Cp*), 5(Cp*), and 7(Cp*):34
Crystal data and details of the measurements are summarised in Table 9.

The structures were solved by direct methods and least-squares refinement.
Program packages SHELXTL PLUS (Release 4.2/800) were employed for
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Table 8. Elemental analyses of complexes 5—7.
M.W. C (caled) H (calcd) C (found) H (found) remarks
5(Cp*) Cs,HgCogNb,0,,Te, 2358.85 26.48 2.56 (al
6(Cp*) Cs;Hg9Co Nb,O,,Te; 2660.34 24.38 227 (al
5(Cp*) CssHgsCogNb,O,,Teg 2414.96 27.85 2.84 25.24 293
6(Cp») CssHgsCoy Nb,O,, T, 2716.45 25.65 2.52 25.24 293
7(Cp*) C3,H;3,Co; ) NbO,, Te, 2240.95 17.15 1.35 17.28 1.56 Method Al
17.15 1.98 Method B
7(Cp») Cy,H;3,Co,\NbO,, Te, 2269.01 18.00 1.51 18.43 2.15
[a] C values have been found between 24.05 and 25.91 % for the mixture 5(Cp*)/6(Cp*). [b] Te (calcd) 39.37, Te (found) 39.86.
Table 9. X-ray crystallographic data for complexes 2(Cp*), 4(Cp*), 5(Cp*) and 7(Cp*).
2(Cp*) 4(Cp») 5(Cp*) 7(Cp*)
formula C,yH3,Co;NbO; Te, C,sH3,CoNDbO, Cs,HgCogNb,O, Teg C3,H;,Co; NbO, Te,
My, 1020.0 618.4 2358.9 2240.9
T[°C] 20 20 25 20
crystal size [mm] 0.25 x 0.65 x 0.65 0.10 x 0.45 x 0.90 0.20 x 0.09 x 0.04 0.05 x 0.10 x 0.40
crystal system monoclinic triclinic monoclinic monoclinic
space group P2,/n (No. 14) P1 (No.2) C2/c (No. 15) P2,/m (No. 11)
a[A] 9.069(5) 9.727(2) 16.331(2) 11.639(3)
b [A] 19.74(1) 11.375(2) 25.323(2) 16.297(3)
c[A] 19.34(1) 13.247(2) 16.767(2) 13.537(3)
a (] 98.72(3)
A 1°] 94.96(5) 92.62(3) 106.55(1) 96.74(2)
v [°] 94.30(3)
v [A% 3449(4) 1442.2(6) 6646.7(8) 2550(1)
V4 4 2 4 2
Pearea [gem ™3] 1.96 1.42 2.365 2.92
u« [Mog,, mm™] 3.44 1.01 5.15 7.67
instrument syntex R3 syntex R3 Stoe-IPDS syntex R3
scan range 3.0<260<525 3.0<260<575 2.05<Q<25.54 3.0<260<57.0
reflns collected 7646 7496 15383 6986
unique 6986 6129 6685
observed [I>2.50(1)] 4377 4695 30051 3255
parameters 382 326 368 307
transmission 0.44-1.00 0.86-1.00 0.449-0.586 0.88-1.00
max/min residual density [e A-3] 1.63/—-0.72 0.91/-0.91 0.618/ —0.452 1.37/ - 1.60
R1 0.060 0.064 0.026 0.061
wR2 0.048 0.053 0.038 0.048
[a] I>2.00(1).

2(Cp*), 4(Cp*) and 7(Cp*), and SIR-97, SHELXL 97 for 5(Cp*) with all
unique reflections. Non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were added in calculated positions. In 2(Cp*) a 94:6
disorder was found for the Co, plane.
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The Formation of Heterodimers by Vancomycin Group Antibiotics

Thomas Staroske,'**! Dominic P. O’'Brien,/®! Thomas J. D. Jargensen,!?! Peter Roepstorff,!!
Dudley H. Williams,**! and Albert J. R. Heck*!"!

Abstract: The formation of heterodimers in mixtures of glycopeptide antibiotics has
been detected by electrospray ionization mass spectrometry (ESI-MS), and

dimerization constants have been determined. By using NMR spectroscopy, it has
been shown that these heterodimers indeed exist in aqueous solution. The
dimerization constants obtained by NMR spectroscopy are in good agreement with
those determined by ESI-MS. Structural information on the heterodimer interface of

Keywords: antibiotics - heterodi-
mers - mass spectrometry -+ NMR
spectroscopy + vancomycin

some of the heterodimers is obtained by using two-dimensional NMR techniques and
reveals that these heterodimers are similar in structure to the homodimers.

Introduction

In previous work, we have shown that antibiotics of the
vancomycin group, with the exception of teicoplanin, form
homodimers.!] Several studies have indicated that these
homodimers may be important in promoting antibiotic
activity.”! Over a range of antibiotics (Figure 1), a large
variation in the dimerization constants is observed (Table 1).
Specifically, a homodimer can bind on a bacterial cell surface
by initial attachment (of one half of the dimer) to a
mucopeptide precursor terminating in -D-Ala-pD-Ala. The
binding of a second mucopeptide precursor into the other half
of the dimer is then effectively an intramolecular event, and
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this is enhanced because of the chelate effect. The surface-
enhanced binding which results from this effect has been
experimentally demonstrated.”) Although the possibility that
a mixture of two glycopeptide antibiotics might contain
heterodimers is evident, the analysis of proton NMR spectra
to investigate this phenomenon is a complex task, due to the
very large numbers of proton resonances involved. Other
convenient techniques such as UV difference spectropho-
tometry and microcalorimetry lack the specificity to enable
the unambiguous detection of heterodimers in antibiotic
mixtures. However, since mass spectrometry gives a direct
measure of the masses of the species involved (which differ for
the various possible dimers), this technique has a clear
potential in an examination of the problem. Using electro-
spray ionization mass spectrometry (ESI-MS), we now show
that when mixtures of two glycopeptide antibiotics are
introduced into the mass spectrometer source, peaks arise
because of the formation of heterodimers (as well as the
anticipated peaks due to the homodimers). By using methods
previously described,?! it is possible to determine dimeriza-
tion constants for these dimers and to compare them with
values previously published for the formation of homodimers
in aqueous solution (Table 1). We also use 'H NMR spec-
troscopy to show that heterodimers exist in solution, and the
corresponding dimerization constants are determined by
using this method.

Results and Discussion

Determination of the association constants with electrospray
ionization mass spectrometry: The quantitative use of ESI-
MS for the determination of the association constants
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Figure 1. Structures of some antibiotics of the vancomycin group.

depends on a few instrumental parameters such as interface
voltages (cone voltage, tube lens voltage, and desolvation
voltage), which were all optimized according to procedures
described in detail previously.’! The desolvation voltage is one
of the most critical parameters and was set to a previously
optimized value of 55 V, which was just sufficient to desolvate
all the solvent molecules of the ions generated by ESI-MS.
When vancomycin (25 uM in 5mM ammonium acetate buffer)
was introduced by ESI into the mass spectrometer, the mass

Chem. Eur. J. 2000, 6, No. 3

Table 1. Dimerization constants of some glycopeptide antibiotics and their

mixtures.
Antibiotic 1 Antibiotic 2 Kaim [M71]
ESI-MS  NMR Literature
Vancomycin Vancomycin < 1000 49,111 700,81 4.0 x 10311
Vancomycin ~ Eremomycin 7.2 x 10* 3.7 x 10
Vancomycin ~ Ristocetin-A 2.0 x10* 8.0 x 10°
Vancomycin  Ristocetin-¥ 3.1 x10*  2.5x10*
Eremomycin ~ Eremomycin 7.5 x 10° 3.9 x 10°,1191 3.0 x 1061
Eremomycin  Ristocetin-A 2.1 x10° 8.7 x 10*
Eremomycin  Ristocetin-¥ 4.9 x10* 2.2 x 10*
Ristocetin-A  Ristocetin-A < 1000 150,111 500,121 40000!
Ristocetin-¥  Ristocetin-¥ <1000 50181
CE! CE 7.0 x 10* 1.5 x 104110
CE Eremomycin 1.7 x 10°
CE Vancomycin ~ 1.5x10* 5.4 x 1030
CE Ristocetin-A  3.5x10* 1.1x10*
CE Ristocetin-¥ 9.0 x10* 1.8 x 10*

[a] N-Demethylvancomycin was used instead of vancomycin (see text). [b] CE =

Chloroeremomycin.

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

spectrum was dominated by ion signals that correspond to the
doubly protonated monomer of vancomycin (data not
shown).Bl The ESI mass spectrum of eremomycin taken
under identical conditions is shown in the bottom section of
Figure 2. Ion signals are observed that correspond to the
doubly and triply protonated monomer of eremomycin. In
addition, ions corresponding to the triply and possibly
quadruply protonated dimer of eremomycin (which has the
same m/z value as the doubly protonated monomer) are
observed. The mass resolution of the instrument used is
sufficient to allow relative quantification of the amount of
doubly protonated monomers and quadruply protonated
dimers (through the resolution of isotopic peaks). In previous
studies on binding of bacterial cell-wall precursor peptides to
vancomycin antibiotics, we have shown that the relative
intensities of the ion signals in ESI mass spectra may be used
to calculate the relative concentrations of the species present
in solution and, thus, the affinity constants.’] This method
relies on the assumption that there should be a one-to-one
correlation between the ion abundances and the solution-
phase concentrations. For this assumption to be true, the
ionization probability of the monomer species should be
similar to the ionization probability of the dimer species. In
the ESI spectrum of eremomycin shown in the lowest panel of
Figure 2, the ratio of abundances of ions (measured by peak
areas) of the monomer and dimer species is 30:100. The
equilibrium equation is given in Equation (1). The above-
mentioned assumption implies that for each 30 molecules of

A+A=AA )

free eremomycin there are 2 x 100 =200 molecules of eremo-
mycin involved in forming 100 dimer molecules. With a total
initial concentration of 25 uM of eremomycin monomer it can
be calculated that there is at equilibrium 3.4pum of free
eremomycin and 10.8 um of eremomycin dimers. Thus, from
Equation (2) for the equilibrium constant for the formation of
the homodimer (K,,; [AA] is the concentration of the
[AA]

A7 @

AA
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Figure 2. Top: ESI-MS spectrum of an equimolar mixture (25um) of eremomycin and chloroeremomycin (CE). Middle: ESI-MS spectrum of
chloroeremomycin (25 um). Bottom: ESI-MS spectrum of eremomycin (25 um).

homodimer and [A] is the concentration of the antibiotic
monomer), the binding constant from the spectrum shown at
the bottom of Figure 2 is obtained as 9.3 x 10°mM~.,

The ESI mass spectrum of chloroeremomycin (CE) is
shown in the middle panel of Figure 2. It is immediately
evident that relatively more monomeric ions are observed in
this spectrum when compared with the spectrum of eremo-
mycin (bottom panel). Using the same approach, a dimeriza-
tion constant for chloroeremomycin of 8.0 x 10*M~! was
calculated. The top panel of Figure 2 displays the spectrum
observed when an equimolar (25 um) mixture of eremomycin
and chloroeremomycin is introduced into the mass spectrom-
eter. Besides ion signals that can be attributed to ions also
observed in the spectra of each individual antibiotic (the
lower two panels), additional, abundant ion signals are
observed for heterodimer species. Strikingly, the signal due
to the heterodimer of eremomycin and chloroeremomycin is
the most intense signal. From a single measurement, the top
ESI mass spectrum allows direct determination of the three
different association constants, that is, the dimerization
constant of eremomycin, the dimerization constant of chlo-
roeremomycin, and the heterodimerization constant of the
eremomycin/chloroeremomycin complex. The values ob-
tained from the top spectrum of Figure 2 are 7.4 x 105, 9.3 x
104, and 1.67 x 10°m~!, respectively. The two values for the
homodimers of the two individual antibiotics are in reason-
able agreement with the data obtained from the individual
measurements (see above). In a similar manner association
constants of homo- and heterodimers were obtained for a
whole range of antibiotics. Table 1 summarizes the association
constants, averaged over several different experiments on
pure, as well as on mixtures of antibiotics.

Determination of the association constants by 'H NMR
spectroscopy: In the light of the above results, mixtures of

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

glycopeptide antibiotics were investigated by 'H NMR spec-
troscopy. 'H NMR titrations were carried out by the addition
of aliquots of a solution of one glycopeptide antibiotic to a
solution of a second glycopeptide antibiotic until one-to-one
mixtures were obtained. The result of one such titration is
shown in Figure 3. On addition of eremomycin to a solution of

e

a) R-¥ 5.0 mm

b) R-¥ 5.0 mm + E 1.2 mm

*

¢) R-¥Y50mm+E 3.2 mm
%

d) R-¥ 5.0 mm + E 5.0 mm
*

34 32 30 28 26 24 22 20 18 16 14 12 10 ppm

Figure 3. Portion of the '"H NMR spectra of ristocetin-¥ (R-¥), eremo-
mycin (E), and mixtures of these antibiotics (D,0O, pH4.5, 300 K). The peak
due to the N-methyl group of the heterodimer is labeled with an asterisk.
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Table 2. Chemical shifts of some protons of chloroeremomycin and ristocetin-
Y (R-¥; see Figures1 and 4) in antibiotic homodimers/monomers and
heterodimer and NOEs between the two halves of the heterodimer (D,O,
pH 4.5, 300 K).

ristocetin pseudoaglycone (ristocetin-¥, 5.0mm in D,0), a
singlet appears at 0 &~ 2.8, which corresponds to the N-methyl
group of residue 1 of eremomycin (Figure 3b, signal marked
with an asterisk). With increasing concentration of eremomy-
cin, a second singlet can be seen at d ~2.9 (Figure 3c). At
equal concentrations of the two antibiotics, the ratio of the

Ristocetin-¥
monol? heterodimerl®!

Chloroeremomycin
homodimer heterodimer NOEs to R-¥

two singlets is approximately 1:1 (Figure 3d). Comparison le 2.86 285 . Ib 692 705
ith th " f . (50 M. Fi 3 ) h 2b 734 7.40 Ri;, Ri, 2b 730 7.20
with the spectrum o eremomycin (5.0mwm, Figure 3e) shows  © ;g 479 2¢ 708 705
that the peak at 6~2.9 is due to the N-methyl group of b 7.81 776 3b 650 6.46
eremomycin homodimer. Therefore, the other singlet most V, 1.44 1.30 X3 5.41 5.61
likely corresponds to the N-methyl group of eremomycin in Y5 507 5.16 2b, 2¢ 3t 613 634
the ristocetin-¥/eremomycin heterodimer. As one would Y * 232 236 25, 2¢ 6b 747 7.50
‘ yem hiete : : Vo 2.55 2.47 2b, x, Ri, 516 512
expect, in the course of the titration the heterodimer peak v 163 174 3b, x4 Ri,, 233 234, 2.54
appears first, and, with increasing concentration of eremo- Ri; 388 424
mycin, the peak due to the homodimer of this antibiotic Ri, 373 379

increases in intensity.

In order to gain more evidence for the formation of
heterodimers and to determine their geometry, NOESY
spectra were obtained from the one-to-one mixtures of

[a] Since the dimerization constant of ristocetin-¥ is very small (50m~!) and
monomer and homodimer are in fast exchange, these shifts correspond to the
average of monomer and homodimer (at a ristocetin-¥ concentration of 5.0m
ca. 25% of the antibiotic exists as dimer). [b] These chemical shifts are
averages as ristocetin-¥ in the heterodimer is in fast exchange with monomer/

antibiotics in aqueous solution. The heterodimers were
expected to be of the same geometry as homodimers, that is,
antiparallel back-to-back aggregates (Figure 4). Table 2 lists

Figure 4. Exploded view of a chloroeremomycin (left)/ristocetin-¥ (right)
heterodimer. Dashed lines represent hydrogen bonds and dotted lines
represent observed NOEs between the two halves of the dimer (see text,
Figure 1B and Table 2). Protons 2b, 2¢c, and Ri, of ristocetin-¥ and Vg and
V, of chloroeremomycin are covered by other atoms. Therefore, NOEs
between these protons are not shown in the figure. The amide group
involved in the hydrogen bond second from the bottom is also covered by
other atoms.

some of the protons of chloroeremomycin and ristocetin-¥
that showed significant changes in chemical shift upon
heterodimer formation. Most of these protons are situated
at the heterodimer interface (e.g., X3, 2b, 3b, Vo, V4, Ri,, Ri3),
but also protons which do not point towards the interface are
affected (e.g., 6b and le). On formation of the heterodimer,
protons Ri,. and Ri; of ristocetin-¥ are probably situated near
the carbonyl group of residue 2 of chloroeremomycin leading
to the relatively large downfield shift. NOESY crosspeaks
were observed between protons of the sugar attached to
residue 6 of chloroeremomycin and residues2 and 3 of
ristocetin-¥. Furthermore, crosspeaks between the ristos-
amine moiety (Ri;, Ri,) of ristocetin-¥ and proton 2b of

Chem. Eur. J. 2000, 6, No. 3
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homodimer.

chloroeremomycin were detected (Table 2), indicating that
the geometry is indeed as shown in Figure 4.

In most mixtures of glycopeptide antibiotics, the hetero-
dimers were found to be in slow exchange (on the NMR
timescale) with the respective monomers or homodimers.
Therefore, the populations of the heterodimers could be
determined from integration of suitable peaks resulting from
heterodimers in 'H NMR spectra. Thus, in Equation (3) for

[AB]

Kap= AB] ©)

the equilibrium constant for the formation of the heterodimer
(Kag), the concentration of the heterodimer ([AB]) was
obtained from integration of the peak corresponding to the N-
methyl group (le, see Figure 1) in antibiotics which have such
a group (vancomycin, eremomycin, chloroeremomycin). The
concentrations of the monomeric antibiotics ([A] and [B],
respectively) can be calculated as follows. For the known
equilibrium constant of the formation of the homodimer
(Kaa), we have Equation (2), in which [AA] is the concen-
tration of the homodimer. For the total concentration of the
antibiotic ([A],) we can use Equation (4), rearrangement of
which and substitution of the value for [AA] from Equa-
tion (2) gives us Equation (5). The solution of this quadratic

[Al:=[A]+[AB]+2[AA] 4)

Kaa= 2
[A]

®
equation affords the concentration of the monomeric anti-
biotic as shown in Equation (6). In a similar manner, the
concentration of the other monomeric antibiotic (B) can be
derived from the equation for the known equilibrium constant
of the other homodimer [Kgg Eq. (7)].

A= 027 22’;“([/\13] — A"
[BB] AA

Kgp = BE @)

©)
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Thus, having determined [AB], [A], and [B], K,g can be
calculated from Equation (3). It must be noted that in
deriving K, for the eremomycin/vancomycin and chloroer-
emomycin/vancomycin heterodimers (where both halves of
the heterodimer possess a N-methyl group), N-demethylvan-
comycin was used instead of vancomycin. This was to ensure
that only one half of the heterodimers contains a N-methyl
group in order to circumvent the problem of overlapping
signals. The equilibrium constants K 45 for some glycopeptide
antibiotic mixtures are listed in Table 1.

In the NMR spectra of a ristocetin-%/vancomycin mixture,
the heterodimer was found to be in fast exchange (on the
NMR timescale) with the monomer and homodimer of
ristocetin-¥ and vancomycin. In this case the concentration
of the heterodimer could not be derived from integration of
'H NMR signals (as above), because we found no signals
corresponding to only hetero- and homodimer, but only
averaged signals. Therefore, the concentration of heterodimer
([AB]) was calculated by using the Equation (8), in which ¢ is

[AB] :l [(O - 6m0n0)/(aherem - 6mono)] ‘ [R'lp]l (8)

the chemical shift of a suitable ristocetin-¥ signal (2f, 7f, Ri,,
see Figure 1) derived from a solution containing ristocetin-¥
(5.0mM) and vancomycin (5.0mm). [R-¥]; is the total
concentration of ristocetin-¥ (5.0mm). The chemical shift
for the ristocetin-¥ monomer (0,,,,) Was derived from a
diluted ristocetin-% solution (0.5 mm), in which the amount of
homodimer is less than 10 %. The chemical shift for ristocetin-
¥ in the heterodimer (Jycer,) Was taken from a solution
(0.6mM ristocetin-¥, 5.0mM vancomycin) in which ristocetin-
¥ was assumed to exist only as heterodimer with vancomycin.
Thus, having determined [AB], K,z could be determined
from Equations (6) and (3), as described for the slow-
exchange case.

An approximate thermodynamic basis for the formation of
heterodimers is presented in Figure 5. From this diagram, it
may be seen that although a price in free energy has to be paid
to split a strong homodimer, it is possible, in principle, for the
heterodimer to be populated to a significant extent if the

5 2A,2B
Kgp
2A Kap
KAA BB
— AB,A,B
2B Kaa
A-A Kap
Kgp
A<A,B<B 2 A-B

Figure 5. Energy diagram showing how two monomers of an antibiotic A
(2 A) and two monomers of an antibiotic B (2B) can form two homodimers
(A-A and B-B) or two heterodimers (2A-B). Kxa, Kgg and K,p are
equilibrium constants of the formation of A-A, B-B and A-B, respec-
tively. The figure makes the assumption that the standard free energy of
formation of two heterodimers is the same as that of formation of two
homodimers. The experimental data suggest that this assumption is a useful
starting approximation, but there are deviations (see text).
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destruction of a weak homodimer occurs concurrently and a
heterodimer is formed whose equilibrium constant is some-
where near the geometric mean of the equilibrium constants
for the homodimers. Although the approximation gives a
clear understanding of the physical basis of the observations, it
is not a quantitative approach, and indeed several measured
heterodimerization constants are significantly higher than the
geometric mean value of the corresponding homodimers.

Minimum inhibitory concentrations (MICs): Glycopeptide
antibiotics bind to cell-wall precursors at the surface of Gram-
positive bacteria; this leads to cell death.*3 Dimerization
plays an important role in achieving stronger binding to these
cell-wall precursors.”! In order to find out whether the
formation of heterodimers leads to an improvement in the
biological activity of glycopeptide antibiotics, one-to-one
mixtures of antibiotics were tested against a vancomycin-
susceptible and a vancomycin-resistant strain of Enterococcus
faecium. As can be seen from Table 3, when mixtures of
antibiotics are employed, there is no significant increase in
activity of the mixture relative to the more active antibiotic
(of the mixed pair) alone.

Table 3. MICs of glycopeptide antibiotics and their 1:1 mixtures against
vancomycin-susceptible and -resistant Enterococcus faecium.

Antibiotic 1 Antibiotic 2 MIC [um]
susceptible resistant

Vancomycin 2 512
Vancomycin Eremomycin 0.5-1 1024
Vancomycin Ristocetin-A 2 >512
Vancomycin Ristocetin-¥ 0.5 > 64
Eremomycin 1 >1024
Eremomycin Ristocetin-A 1-2 >512
Eremomycin Ristocetin-¥ 0.5 >128
Ristocetin-A 2 >512
Ristocetin-¥ 0.25-0.5 > 64
CEll 0.5 128
CE Ristocetin-A 1 512
CE Ristocetin-¥ nd®! nd
CE Eremomycin nd nd
Teicoplanin 4-8 256
Teicoplanin Vancomycin 0.5 512
Teicoplanin Eremomycin 0.5 256
Teicoplanin CE 0.5 256
Teicoplanin Ristocetin-¥ 0.5 > 64

[a] CE = chloroeremomycin. [b] nd =not determined.

Conclusion

We have used ESI-MS to detect the formation of hetero-
dimers in mixtures of glycopeptide antibiotics. Further inves-
tigations using NMR spectroscopy showed that these hetero-
dimers indeed exist in aqueous solution, and NOESY spectra
indicate the geometry of the heterodimers is similar to that
found in homodimers, that is, they exist as antiparallel, back-
to-back aggregates. Further, both techniques have been used
to estimate dimerization constants for the formation of these
heterodimers. The dimerization constants calculated by
'H NMR spectroscopy are in good agreement with those
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determined by ESI-MS, although the latter are greater by a
factor of 2—-3 than those determined by NMR spectroscopy.
This agreement between the two methods is remarkably close,
bearing in mind that similar variations are not uncommon
where binding constants are repetitively measured by a given
technique, or by various conventional methods (see Table 1).

The vancomycin/eremomycin and vancomycin/chloroere-
momycin heterodimers have dimerization constants some-
what near the geometric means of the equilibrium constants
for the homodimers. A price in free energy has to be paid to
split the strong homodimer of eremomycin or chloroeremo-
mycin, but the destruction of the relatively weak vancomycin
homodimer to form a heterodimer of moderate stability
significantly compensates this price in free energy. Interest-
ingly, both techniques give dimerization constants for vanco-
mycin/ristocetin-A and vancomycin/ristocetin-¥ heterodi-
mers that are more than one order of magnitude higher than
the dimerization constants for the vancomycin and ristocetin
homodimers. The dimerization constant for the eremomycin/
chloroeremomycin dimer measured by ESI-MS is also sig-
nificantly higher than the geometric mean of the equilibrium
constants of the homodimers. It is also noteworthy that, as
determined both by ESI-MS and 'H NMR spectroscopy,
eremomycin recognizes ristocetin-A favorably over ristoce-
tin-¥ by a factor of 45, whereas this behavior is reversed in
the case of chloroeremomycin, which recognizes ristocetin-¥
favorably over ristocetin-A by a factor of 2—3 (see Table 1).

Determination of MICs of one-to-one mixtures of anti-
biotics has shown that heterodimer formation does not lead to
a significant gain in biological activity relative to pure
antibiotics.

Experimental Section

Chemicals: The antibiotics were kindly supplied by several people/
institutions (see the Acknowledgment). Ristocetin-¥ was obtained by acid
methanolysis from ristocetin-A, as described previously.[’]

Mass spectrometry: Electrospray ionization mass spectra were recorded on
a Finnigan TSQ700 triple quadrupole mass spectrometer. All samples were
introduced by using a nanoflow electrospray source (Protana, Odense,
DK). Solutions of antibiotics at concentrations of 25um (for each
component) were made up in aqueous 5SmM ammonium acetate, pH=>5.1
(acidified with acetic acid), 298 K. Approximately 2 pL of these solutions
were used and introduced into a nanoflow electrospray needle. Mass
spectra were averaged over typically 100 scans. The determined dimeriza-
tion constants were averaged over several experiments, also recorded at
different concentrations of the antibiotics. The errors were estimated to be
approximately 20 %.

NMR spectroscopy: Prior to NMR analysis, the antibiotics were dissolved
in D,0, lyophilized, and redissolved in D,0. The pD was adjusted to 4.5
with NaOD or DCI. All pD sample readings were measured with a Corning
pH meter equipped with a combination glass electrode, and no corrections
were made for an isotope effect. In titration experiments, the stock solution
containing the second antibiotic was prepared from a solution identical to
that of the first antibiotic in the NMR tube, so as not to change the pD or
concentration of the first antibiotic.

NMR spectra were recorded on a Bruker DRX 500 spectrometer at 288 K
or 300 K. Chemical shifts were measured with respect to an external
sodium 3-trimethylsilyl-2,2,3,3-[D,]propionate solution (TSP, 6mm in D,0,
0 =0.00 ppm). Suppression of solvent was achieved by presaturation. One-
dimensional spectra were recorded with 32k complex data points. Two-
dimensional NOESY and TOCSY spectra were recorded in phase-sensitive
mode by using Time Proportional Phase Increment (TPPI) to give
quadrature detection in f;. 2048 complex data points were recorded in f,
and 450512 real points in f; with mixing times of 60—300 ms. Zero filling
was used to give a final transformed matrix of 2048 x 2048 real points.

The errors in the dimerization constants were estimated to be approx-
imately 10% where the heterodimers were in slow exchange, and
approximately 20 % where the heterodimers were in fast exchange. The
following dimerization constants for the homodimers were used to
calculate the dimerization constants for the heterodimers: vancomycin
(700m71), eremomycin (3.9 x 10°M~"), chloroeremomycin (1.5 x 10*M™),
ristocetin-A (500M~"), ristocetin-¥ (50M~1).

Determination of antibiotic minimum inhibitory concentrations: Minimum
inhibitory concentrations (MICs, in pm) of Enterococcus faecium 207
(vancomycin resistant) and Enterococcus faecium 211 (vancomycim sus-
ceptible) were determined by serial dilution in BHY broth at 37°C. Tubes
containing broth (4 mL) and antibiotic were inoculated with a 3-4h
culture of E. faecium 207 or E. faecium 211 (250 pL, ca. 10% cfu) and
incubated with gentle shaking for 18—-20 h prior to recording MICs.
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Palladium-Catalyzed Synthesis of Cephalotaxine Analogues

Lutz F. Tietze,* Hartmut Schirok, and Michael Wohrmann!?!

Abstract: The synthesis of cephalotaxine ring analogues 10 was achieved by two

successive intramolecular palladium-catalyzed reactions of 12 via 11, namely an
allylic amination and a Heck reaction. The substrates 12 were obtained by alkylation

of primary amines 13 with tosylates 14.

Introduction

The development of highly efficient syntheses of natural
products and their analogues is one of the goals of modern
organic chemistry. One way to improve the efficiency is the
use of domino reactions.' We have recently shown that the
combination of transition metal mediated or catalyzed
reactions allows a facile entry to steroids,” antibiotics of the
CC-1065 type,Pl and the pentacyclic cephalotaxine.! Here we
describe the synthesis of analogues of cephalotaxine (1) by
variation of the size of the different rings by means of two Pd-
catalyzed reactions.

1 : R =H, (-)-Cephalotaxine

CO,Me
OH
”""I:CO-% 4 :
HYT>co,me
OH
OH . i
., CO-%- 5 : Homoharringtonine
H(ﬁ/\/
CO,Me

Cephalotaxine (1), which itself shows no pronounced
biological activity, is the parent compound of the harringto-
nines, for example harringtonine (2), deoxyharringtonine (3),
isoharringtonine (4), and homoharringtonine (5). These
substances, which are found in south-east Asian plum yews

[a] Prof. Dr. L. F. Tietze, Dr. H. Schirok, Dipl.-Chem. M. Wohrmann
Institut fiir Organische Chemie der Universitét
Tammannstrasse 2, 37077 Goéttingen (Germany)
Fax: (+49)551-399476
E-mail: ltietze@gwdg.de
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: Deoxyharringtonine

H
(0] N Pd°
< —
Isoharringtonine (0] Br
8 oA

Keywords: alkaloids antitumor
agents cephalotaxine natural
products palladium

spiro compounds

of the genus Cephalotaxus (Cephalotaxaceae)P! are esters of 1
and show a pronounced antileukemic activity;l ¢ moreover
homoharringtonine (5) has some potency in the treatment of
chloroquine-resistant malaria.l”

Several syntheses of cephalotaxine (1) have already been
described;* 81 however, only very few attempts were made to
access cephalotaxine analogues.’l In our highly efficient and
as yet the shortest synthesis of cephalotaxine (1) the
secondary amine 8, obtained by alkylation of the primary
amine 6 with the tosylate 7, was transformed stereoselectively
into the pentacyclic system 9 by a Pd-catalyzed allylation
followed by a Heck reaction;™ cephalotaxine is accessible
from 9 in four steps (Scheme 1).5:"1 We have now extended

) ) 0 NH, TsO
2 : Harringtonine ](\:(\/
< + e
o Br

6 7 ‘oAc

<o
o) O \
H

c 9

Scheme 1. Synthesis of cephalotaxine (1).

this study to include substrates which have different lengths of
the side chains and different ring sizes as the primary amines
13 and allylic acetates 14 to allow the synthesis of modified
pentacyclic ring structures of cephalotaxine (1) according to
Scheme 2.

Results and Discussion

The primary amines 13a—d were synthesized from commer-
cially available compounds in a few steps according to known
procedures.'”] The best method for the regioselective bromi-
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R/IR = OCH,0 or

R =OMe
m =0,1,2 H
n =123 R N )
m n
o =1,2
R Br

R NH, TsO
)n
+
R Br

OAcC
13a: m=0, R/R=0CH,0 1l4a: n=1, o=1
13b: m=1, R/R=0CH,0 14b: n=2, 0=1
13c : m=2, R/IR=0CH,0 14c : n=3, 0=1
13d : m=2, R=MeO 14d: n=1, 0=2

Scheme 2. Retrosynthesis of ring-size analogues 10 of cephalotaxine (1).

nation of the aromatic ring consists of a protection of the
amino function, to avoid oxidation by the formation of the
hydrochloride, followed by treatment with bromine in acetic
acid, and a basic workup. In all cases, the crude products
obtained were clean enough to allow a further utilization
without purification.

The synthesis of the allylic acetates 14a—d!!l was found to
be more demanding on account of their instability, especially
in the case of the cyclopentene derivatives. The approach was
similar for all four compounds. The vinylogous esters 15al'?!
and 15b!"! were treated with a Grignard reagent obtained
from the w-chloro alkanols 16a-c¢, wherein the hydroxy
function is protected as a magnesium salt by means of methyl
magnesium chloride. After aqueous workup, the crude
alcohols were tosylated to give the slightly more stable
tosylates 17a—d.['!] For the synthesis of the necessary allylic
acetates 14a—d the enone moiety in the tosylates 17a—d was
reduced regioselectively with diisobutylaluminum hydride
(DIBAL) and the corresponding alcohols were then immedi-
ately transformed into the allylic acetates by treatment with
acetic anhydride in dichloromethane in nearly quantitative
yield. The allylic alcohols obtained as intermediates are very
unstable, whereas the allylic acetates can be kept in the
refrigerator for several days without decomposition. How-
ever, after several weeks these compounds also decompose;
the smell of acetic acid is evolved (Scheme 3).

The alkylation of the amines 13a—d with the tosylates
14a-d, after their in-situ transformation into the iodides with
tetrabutylammonium iodide (TBAI), afforded the secondary
amines 12a—hin 70-90 % yield (Scheme 3). Several reaction
conditions for the alkylation reaction were tested; in all cases
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(o] (0]
cl OH ab c.d
n —_—— —_—
0 0 OTs
OEt n

Prod.| n o Yield

15a: 0=1 16a: n=1 17a |1 1 50%

15b : 0=2 16b : n=2 17b | 2 1 80%

16c : n=3 17¢ |3 1 38%

17d 1 2 67%

OA
¢ H
R N
—_—
0 - OTs R Br (
OAc

Prod.| n o Yield Prod.|m n o R/R Yield
l4a |1 1 93% 12a | O 1 1 OCH,O 82%
14b | 2 1 95% 12b | O 2 1 OCH,O  74%
1l4c |3 1 92% 12c 1 1 1 OCH,O 72%
14d 1 2 83% 12d |1 1 2 OCH,O 85%
12e |1 2 1 OCH,O 62%
12f 1 2 1 OMe 85%
12g |1 3 1 OCH,O  79%
12h | 2 2 2 OCH,O  90%

Scheme 3. Synthesis of the secondary amines 12. a) MeMgCl (3.6M in
THF), THF, —78°C —room temperature; then Mg, reflux; then 15a/b,
—10°C —RT; then NH,Cl solution; HCI (2m); b) TsCl, py, — 10°C or TsCl,
DMAP, Et;N, —10°C; c) DIBAL (1.5M in toluene), toluene, —50°C;
d) Ac,0, Et;N, DMAP, CH,Cl,, 0°C; e) 13, TBAI (1.5 equiv), THF, reflux.

THEF as the solvent was superior to DMSO. The best results
were obtained with 2-3.5 equivalents of the primary amine
13 without addition of any base. Thus, with a ratio of amine 13
to tosylate 14 ranging from 0.8:1 to 1.5:1 in the presence of 1
to 5equivalents of triethylamine or diisopropylamine, the
yields of the secondary amines 12 were only 35-65 %. We also
used the preformed iodides obtained by a Finkelstein reaction
of 14 with Nal in quantitative yield; however, this procedure
did not show any advantage to the in-situ preparation of the
alkylating agent.

The palladium-catalyzed intramolecular amination!!'® 41 of
12a-h was performed with [Pd(PPh;),] and tetramethylgua-
nidine as the base at 40—50°C. In this way, the spirocyclic
tertiary amines 1la-c,e,fh could be obtained from 12a-
cefh in 43-88% yield (Scheme 4, Table 1). However, it
was not possible to transform the secondary amine 12d, which
contains a cyclohexenylacetate moiety, into the corresponding
spirocyclic compounds. This can be explained by the lower
reactivity of the cyclohexenyl compared to the cyclopentenyl
acetate which results in a preferred oxidative addition of the
Pd to the bromoarene moiety thus terminating the reaction. In
addition, 12 g also failed to give a spirocyclic azepine moiety;
here again the activation energy seems to be too high so that
an oxidative addition takes place preferentially. To prove this
assumption, we prepared 18 without a halogen at the arene
moiety. Indeed, the reaction at 75 °C with [Pd(PPh;),] gave the
desired spirocyclic amine 19 in 74 % yield after 20 hours
(Scheme 5).
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catalyst 20 (4 - 10 mol%)
nBugNOAC (2.0 - 3.0 equiv)
CH3CN /DMF /H,0O (5:5: 1)
110-120°C,3-7h

[Pd(PPh3)4, TMG R
CH4CN, 45 °
12—

11la-c,e,f,h

10d: 81%

10e: 84%

@Qo

oToI oTo

oToI oToI
PQ@
20

Scheme 4. Synthesis of the pentacyclic compounds 10 by intramolecular
Heck reaction of 11.

Table 1. Synthesis of the spirocyclic compounds 11 by palladium-catalyzed
allylic amination of 12.

Substrate m n o R/R Product Yield [%]
12a 0 1 1 OCH,0O 11a 65

12b 0 2 1 OCH,0O 11b 59

12¢ 1 1 1 OCH,0O 11c 88

12d 1 1 2 OCH,O 11d -

12e 1 2 1 OCH,0O 11e 57

12f 1 2 1 MeO 11f 43

12¢g 1 3 1 OCH,O 11g -

12h 2 2 1 OCH,O 11h 67

[PA(PPhs),] (15 mol%),

< j©/\/ Et3N CHCN,75°C
74% o

Scheme 5. Synthesis of spirocyclic amine 19.

19

The final Heck reaction of the spirocyclic amines 11 was
performed under the conditions which were optimized for our
cephalotaxine synthesis.) The substrates were stirred in a
degassed solvent mixture containing acetonitrile, dimethyl-
formamide, and water (ratio 5:5:1) in the presence of tetra-n-
butylammonium acetate (2.1 equiv), and catalytic amounts of
the palladacycle trans-di(u-acetato)-bis[o-(di-o-tolylphos-
phino)benzyl]dipalladium() (20).'*] The transformations
proceeded in all cases except one (10f) to give the desired
products 10a—e stereoselectively and in high yields. Thus,
only one diastereomer is formed by a Re attack of the
bromoarene moiety to the cyclopentene system syn to the
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nitrogen. We assume that this can be attributed to steric
reasons; however, a coordinative influence of the nitrogen
cannot be excluded. From these reactions we obtained
analogues of cephalotaxine in which the pentacyclic core
had different sizes of the rings BCD, that is 10a (6,5,5), 10¢
(76,5), 10d (6,6,5), and 10e (7.6,5). As expected, the
formation of the analogue 10f, with a (8,6,5) pattern, did
not take place. So far we have not yet succeeded in obtaining
an eight-membered ring by a Heck reaction with a variety of
substrates.

The structures of the newly formed compounds were
determined by NMR spectroscopy. For example, the spectro-
scopic data of 10a show signals of the aromatic hydrogens at
0=06.55 and 6 =6.60, whereas the hydrogens of the double
bond resonate as a dddd at 6 =5.68 with J=6.0, 2.3, 2.3,
2.3 Hz for 1-H and at 6 =6.75 as a dddd with /=6.0, 2.3, 2.1,
2.0 Hz for 2-H. For 13b-H a broad singlet is observed at 6 =
3.41. Significant signals in the *C NMR spectrum are found at
0 =129.6 for C1 and 6 =132.8 for C2, while C13b resonates at
0=50.29 and C3a at 6 =69.30.

For all compounds 10a—e, molecular peaks are found in the
high-resolution mass spectra.

Conclusions

A new and highly efficient synthesis has been established for
analogues 10a,c—e of the pentacyclic core of cephalotaxine
(1) by means of two successive Pd-catalyzed transformations.
Cyclopentenylacetates were found to be much more reactive
in the palladium-catalyzed allylic aminations than the corre-
sponding cyclohexenyl compounds. In the Heck reactions, the
cyclopentene moiety reacts smoothly and with high yield to
give the final tetra- or pentacyclic products 10 a—e. Analogues
with a six-membered ring D and an eight-membered ring B
could not be obtained by the described process.

Experimental Section

All reactions were performed under a nitrogen or argon atmosphere in
flame-dried flasks, and the reactants were introduced by syringe. All
solvents were dried by standard methods. Solvents used in Pd-catalyzed
reactions were degassed by pump and freeze methodology. All reagents
obtained from commercial sources were used without further purification.
Thin-layer chromatography was performed on precoated silica gel plates
(SIL G/UV,s, Macherey-Nagel GmbH & Co. KG). Silica gel 32-63
(0.032-0.064 mm) (Macherey-Nagel GmbH & Co. KG) was used for
column chromatography.

UV/Vis spectra were recorded in CH;CN on a Mettler Lambda 2
spectrometer. IR spectra were recorded as KBr pellets or as films on a
Bruker IFS25 or Vector 22 spectrometer. 'H and 3C NMR spectra were
recorded on a Varian XL200, VXR200 and VXR 500 or a Bruker AM 300
with tetramethylsilane (TMS) as the internal standard in [D]chloroform or
[Dg]benzene. Multiplicities of *C NMR peaks were determined with the
APT pulse sequence. Mass spectra were measured at 70 eV on a Varian
MAT 311A, high-resolution mass spectra on a Varian MAT 731 instrument.
Melting points were measured on a Mettler FP61.
3-(6-Bromo-benzo[1,3]dioxol-5-yl)-propylamine (13c¢): The hydrochloride
of 3-benzo[1,3]dioxol-5-yl-propylaminel'®! (4.01 g, 18.5 mmol) was dis-
solved in acetic acid (50 mL) and treated with bromine (4.01 g, 25.1 mmol,
1.4 equiv). After 3 h, Na,SO; solution (5%) was added, and the mixture
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was basified with aqueous NaOH solution (20%). After extraction with
CH,(], (4 x) the combined organic layers were dried over Na,SO,, and the
solvent was removed in vacuo to give the amine 13¢ (4.68 g, 18.1 mmol,
98%) as a pale yellow oil. An analytical probe was purified via the
hydrochloride, which was then recrystallized from MeOH/tert-butyl methyl
ether (MTBE). IR (KBr): 7 = 3314 (N-H), 2932 (C—H), 1572 (NH;*), 1478,
1232, 1113, 1038, 933 (C-O-C), 860, 826 cm~' (hydrochloride); UV
(CH,CN): Ay (Ig€)=202.0 (4.597), 2370 (3.690), 294.5 (3.661) nm
(hydrochloride); '"H NMR (200 MHz, CDCl;): 6 =1.46 (s, 2H, NH,), 1.71
(tt,/=177,71Hz,2H, CH,), 2.64-2.72 (m, 2H, ArCH,), 2.75 (t,/ =7.1 Hz,
2H, NCH,), 5.94 (s, 2H, OCH,0), 6.71 (s, 1H, 4-H), 6.98 (s, 1H, 7-H);
BC NMR (50.3 MHz, CDClL): 6=33.31 (ArCH,), 34.11 (CH,), 41.61
(NCH,), 101.4 (OCH,0), 109.7 (C4), 112.6 (C7), 114.1 (C6), 134.3 (C5),
146.4 (C3a), 1472 (C7a); MS (70 eV, EI): m/z (%): 258 (6) [M*], 213 (8)
[M*—CHN], 178 (100) [M*—Br], 150 (51) [CyH,,O,'], 131 (21);
C,oH;,BINO, (258.1): caled C 40.63, H 4.77; found C 40.93, H 4.52
(hydrochloride).

4-(3-Oxocyclopent-1-enyl)butyl toluene-4-sulfonate (17b): A solution of
4-chlorobutan-1-ol (16b) (6.44 g,59.3 mmol) in THF (60 mL) was cooled to
—78°C and methylmagnesium chloride (3.8 M in THF, 15.6 mL, 59.3 mmol,
1.0 equiv) was added dropwise. After the addition was complete the
solution was allowed to warm to room temperature. When the gas
production ceased, magnesium turnings (1.59 g, 65.4 mmol, 1.1 equiv) were
added, and the solution was heated to reflux for 3 h. Subsequently, the
reaction mixture was cooled to —10°C, 3-ethoxy-cyclopent-2-enone
(15a)[*1 (5.05 g, 40.0 mmol) was added, and the mixture was stirred for
1.5 h. The mixture was warmed to 0°C, and saturated NH,CI solution
(10 mL) was added. The mixture was partitioned between cold ethyl
acetate (100 mL) and HCI (50 mL, 2N). The layers were separated, and the
aqueous phase was extracted with ethyl acetate. The combined organic
fractions were dried over Na,SO, and evaporated. The crude product was
dissolved in CH,Cl, (80 mL) and cooled to —10°C. Tosyl chloride (8.31 g,
43.6 mmol, 1.1 equiv), triethylamine (7.40 mL, 53.0 mmol, 1.3 equiv), and
4-dimethylaminopyridine (DMAP) (242 mg, 1.98 mmol, 0.05 equiv) were
added, and the mixture was stirred at —10°C for 18 h, then partitioned
between ethyl acetate and a saturated solution of NaHCO;. After
separation, the organic layer was washed with HCI (1~) and brine, dried
over Na,SO,, and concentrated. Purification by column chromatography
(1000 g SiO,, petroleum ether/ethyl acetate =2:3) afforded 17b (9.82 g,
31.8 mmol, 80 %) as a colorless oil. R;=0.34 (PE/EtOAc=2:3); IR (KBr):
7=2961 (=C—H), 1708 (C=0), 1617 (C=C), 1597, 1356 (SO,), 1188, 1174
(SO,), 942, 817, 665 cm™; UV (CH3CN): A, (Ig€) =194.0 (4.687), 224.0
(4.433), 255.0 (2.813), 261.5 (2.859), 266.5 (2.829), 272.5 (2.777), 302.0 nm
(2.395); '"H NMR (200 MHz, CDCL,): 6 =1.54-1.76 (m, 4H, 2-H,, 3-H,),
2.32-2.42 (m, 4H, 4-H,, 5-H,), 2.44 (s, 3H, CH,), 2.55 (m, 2 H, 4'-H,), 4.07
(t,/J=6.4 Hz, 2H, OCH,), 5.87 (s, 1 H, 2"-H), 7.36 (d, J=8.0 Hz, 2H, Ar-2-
H, Ar-6-H), 7.78 (d, J = 8.0 Hz, 2 H, Ar-3-H, Ar-5-H); 3C NMR (50.3 MHz,
CDCl): 6 =21.57 (CH,), 22.90 (C3), 28.35 (C2), 31.33 (C5'), 32.58 (C4),
35.17 (C4'), 69.81 (OCH,), 127.7 (Ar-C3, Ar-C5), 129.5 (C2'), 129.8 (Ar-C2,
Ar-C6), 132.8 (Ar-C4), 144.8 (Ar-C1), 181.6 (C1'), 209.7 (C3"); MS (70 eV,
EI): m/z (%): 308 (100) [M*], 206 (12), 155 (14) [Ts*], 153 (48) [M* —Ts],
136 (74) [M+—TsOH], 109 (80), 91 (87) [CH;Ph*]; CisH,0,S (308.4);
caled C 62.32, H 6.54; found C 62.38, H 6.48; HRMS calcd 308.1082; found
308.1082.

5-(3-Oxocyclopent-1-enyl)pentyl toluene-4-sulfonate (17c): Analogous to
17b, 5-chloropentan-1-ol (16¢) (7.30 g, 59.6 mmol) was deprotonated with
methylmagnesium chloride solution (3.8M in THF, 16.0 mL, 60.8 mmol,
1.0 equiv) and treated with magnesium turnings (1.60g, 65.8 mmol,
1.1 equiv) in THF (120 mL). Subsequently, 3-ethoxycyclopent-2-enone
(152)1* (4.95 g, 39.2 mmol) was added. After aqueous workup, the crude
product was tosylated in CH,Cl, with tosyl chloride (8.31 g, 43.6 mmol,
1.1 equiv), triethylamine (740 mL, 53.0 mmol, 1.3 equiv), and DMAP
(250 mg, 2.05 mmol, 0.05 equiv). Purification by column chromatography
(900 g SiO,, petroleum ether/ethyl acetate =1:1) afforded 17¢ (4.86 g,
15.1 mmol, 38 %) as a colorless oil. R;=0.30 (PE/EtOAc=1:1); IR (neat):
7=2933 (=C-H), 1705 (C=0), 1615 (C=C), 1599, 1357 (SO,), 1188, 1176
(SOy,), 947, 817, 665 cm™'; UV (CH;CN): 4, (Ig€) =194.0 (4.706), 224.5
(4.416), 261.5 (2.898), 266.5 (2.876), 272.5 (2.843), 304.0 nm (2.653);
'H NMR (500 MHz, CDCl;): 0 =1.36 (tt, /=77, 7.6 Hz, 2H, 3-H,), 1.52
(tt, J=177,76 Hz, 2H, 4-H,), 1.66 (tt, /=76, 6.4 Hz, 2H, 2-H,), 2.34 (t, J =
7.6 Hz, 2H, 5-H,), 2.36 (m, 2H, 5-H,), 2.42 (s, 3H, CH;), 2.51 -2.54 (m, 2 H,
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4'-H,), 4.00 (t,/=6.4 Hz,2H, OCH,), 5.87 (s, 1H, 2"-H), 7.33 (d, /= 8.0 Hz,
2H, Ar-2-H, Ar-6-H), 7.76 (d, J=8.0 Hz, 2H, Ar-3-H, Ar-5-H); *C NMR
(50.3 MHz, CDCl;): 6 =21.56 (CHj;), 25.07 (C3), 26.27 (C4), 28.47 (C2),
31.39 (C5'), 33.13 (C5), 35.19 (C4'), 70.11 (OCH,), 127.7 (Ar-C3, Ar-C5),
129.4 (C2), 129.8 (Ar-C2, Ar-C6), 132.9 (Ar-C4), 1447 (Ar-Cl1), 1823
(C1'),209.9 (C3'); MS (70 eV, EX): m/z (%): 322 (96) [M*], 167 (90) [M* —
Ts], 155 (16) [Ts*], 151 (31) [M*—TsO], 109 (100) [C;H,O*], 91 (91)
[PhCH;*]; C;H,,0,S (322.4): caled C 63.33 H 6.88; found C 63.03, H 6.74.
3-[5-(Toluene-4-sulfonyloxy)pentyl]cyclopent-2-enyl acetate (14¢): Cyclo-
pentenone 17¢ (4.57 g, 14.2 mmol) was dissolved in toluene (70 mL) and
cooled to —50°C. A DIBAL solution in toluene (1.5m, 11.5 mL, 17.3 mmol,
1.2 equiv) was added dropwise with the aid of a syringe pump. After the
addition of celite (4 g), a 1:1 mixture of methanol and water (4 mL) was
added, and the mixture was warmed to room temperature, filtered, and
flushed again with ethyl acetate. The filtrate was dried over Na,SO, and
evaporated. The crude allylic alcohol, as a 0.3m solution in CH,Cl,, was
acetylated at 0°C with acetic anhydride (1.53 g, 15.0 mmol, 1.06 equiv),
triethylamine (1.65g, 163 mmol, 12equiv), and DMAP (173 mg,
1.42 mmol, 0.1 equiv). The mixture was stirred for 1.5 h and then poured
into a cold, half-saturated solution of NaHCO;. The organic layer was
extracted with CH,Cl, (3 x ) and the combined organic fractions were dried
over Na,SO, and evaporated. The residue was purified by chromatography
on silica gel (220 g SiO,, petroleum ether/ethyl acetate =7:2) to give the
allylic acetate 14 ¢ (4.76 g, 13.0 mmol, 92 %) as a colorless oil. R;=0.32 (PE/
EtOAc=7:2); IR (neat): #=2931 (C—H), 1713 (C=0), 1598, 1359 (SO,),
1268 (C-0), 1176 (SO,), 1098, 947, 816 (arene), 664 cm~'; UV (CH;CN):
Amax (12€) =224.5 (4.079), 255.0 (2.800), 261.5 (2.837), 272.5 nm (2.707);
'H NMR (200 MHz, C¢Dy): 6 =0.85-1.16 (m, 4H, 2-H,, 3-H,), 1.25 (tt,
J=638, 6.8Hz, 2H, 4-H,), 1.66-1.89 (m, 4H, 1'-H,, 5-H,), 1.74 (s, 3H,
COCHs;), 1.89 (s, 3H, Ar-CH3), 2.03-2.24 (m, 2H, 4-H,), 3.80 (t,/ = 6.5 Hz,
2H, OCH,), 5.50 (brs, 1H, 2-H), 5.70-5.82 (m, 1H, 1-H), 6.77 (d, /=
8.1Hz, 2H, Ar-2-H, Ar-6-H), 7.78 (d, J=8.1 Hz, 2H, Ar-3-H, Ar-5-H);
13C NMR (50.3 MHz, C,D¢): 6 =20.99 (COCH,), 21.15 (Ar-CH;), 25.30
(C3), 26.86 (C2'), 28.83 (C4'), 30.84 (C5), 31.03 (C1'), 33.59 (C4), 70.15
(OCH,), 80.89 (C1), 123.3 (C2), 128.1 (Ar-C3, Ar-C5), 129.8 (Ar-C2, Ar-
C6), 134.5 (Ar-C4), 1442 (Ar-Cl), 151.7 (C3), 170.2 (CO); C;oH05S
(366.5).

3-(3-Iodopropyl)cyclohex-2-enyl acetate: The tosylate 14d (5.11g,
14.5 mmol) was dissolved in acetone (500 mL). After addition of sodium
iodide (10.2 g, 68.1 mmol, 4.7 equiv) the mixture was refluxed for 1.5 h.
Water and MTBE were added and, after separation, the aqueous layer was
extracted with MTBE (3 x ). The combined organic layers were dried over
Na,SO, and evaporated. The residue was purified by column chromatog-
raphy (200 g SiO,, petroleum ether/ethyl acetate = 14:1) to afford the title
compound (4.33 g, 14.1 mmol, 97%) as a colorless oil. R;=0.37 (PE/
EtOAc=14:1); IR (neat): #=2937 (=C—H), 1729 (C=0), 1666 (C=C),
1242 (C-0), 1019 cm™; UV (CH;CN): A, (Ig€) =252.0 nm (2.855);
IH NMR (200 MHz, C,D): 6 =143-1.77 (m, 10H, 1'-H,, 2'-H,, 4-H,,
5-H,, 6-H,), 1.77 (s, 3H, CH3), 2.68 (t,J = 6.9 Hz, 2H, 3'-H,), 5.34 - 5.44 (m,
1H, 1-H), 5.55 (m, 1H, 2-H); *C NMR (50.3 MHz, C(Dy): 6 =5.99 (C3'),
19.41 (C5), 21.03 (CH3), 28.25, 28.48 (C4, C6), 31.35 (C2'), 38.18 (C1'), 68.44
(C1), 121.4 (C2), 142.0 (C3), 169.9 (CO); MS (70 eV, EI): m/z (%): 308 (5)
[M*],266 (38) [M* — Ac+H], 248 (100) [M* — AcOH], 139 (19) [C,H,,0],
121 (17) [CoH 3], 97 (50) [CsHyO*], 93 (78) [C;Hy"], 79 (54) [CeH;1].
C,;H;;,10, (308.2): caled C 42.87, H 5.56; found C 43.05; H 5.57; HRMS
calcd 308.0273; found 308.0273.

General procedure I: alkylation of primary amines 13: A 1M solution of the
amine 13 (2.5 equiv) in THF was heated with TBAI (1.5 equiv) to reflux
and a 0.5M solution of the tosylate 14 was added dropwise with an infusion
pump over a period of 8 h. The mixture was heated for additional 2 h,
poured into MTBE, and basified with cold 5% NaOH solution. The
aqueous layer was extracted with MTBE (4 x). The combined organic
layers were dried over Na,SO, and evaporated. The crude product was
purified by column chromatography.

3-{3-[ (6-Bromobenzo[1,3]dioxol-5-ylmethyl)amino |propyl}cyclopent-2-
enyl acetate (12a): According to general procedurel, 13a (1.01g,
4.37 mmol, 2.5 equiv) in THF (5SmL) was alkylated with 14a (582 mg,
1.72 mmol) in THF (3 mL) in the presence of TBAI (1.00 g, 2.71 mmol,
1.6 equiv). Purification by column chromatography (70 g SiO,, gradient
column: 300 mL ethyl acetate; then ethyl acetate/MeOH =20:1, 1% Et;N)
afforded 12a (562 mg, 1.42 mmol, 82%) as a pale yellow oil. R;=0.59
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(EtOAc/MeOH =5:1, 1% Et;N); IR (neat): #=3341 (N-H), 2933 (C-H),
1726 (C=0), 1651 (C=C), 1478, 1244 (C-0), 1120, 1037, 932 (C-O-C), 877,
831 (arene) cm™!; UV (CH;CN): A, (Ig€) =201.0 (4.609), 240.5 (3.758),
293.5 nm (3.587); 'H NMR (500 MHz, CDCL,): 6 = 1.78 (tt, J = 7.6, 7.4 Hz,
2H, 2'-H,), 1.83 (dddd, J =142, 9.0, 4.0, 3.2 Hz, 5-H,;), 2.02 (s, 3H, CH,),
2.16-2.25 (m, 3H, 1-H,, 4-H), 2.31 (dddd, /=142, 9.0, 7.5, 5.0 Hz, 1H,
S-H, ), 2.41-2.49 (m, 1H, 4-H), 2.68 (t, /=72 Hz, 2H, 3-H,), 2.85 (brs,
1H, NH), 3.85 (s, 2H, 1”-H,), 5.47 (m, 1 H, 2-H), 5.61 -5.66 (m, 1H, 1-H),
5.97 (s, 2H, OCH,0), 6.99 (s, 1H, Ar-H), 701 (s, 1 H, Ar-H); 3C NMR
(50.3 MHz, CDCly): 6 =21.36 (CHj;), 27.33 (C2'), 28.82 (C1’), 30.30 (C5),
33.46 (C4), 4836 (C3'), 53.12 (C1”), 80.87 (C1), 101.7 (OCH,0), 110.3
(C4'), 112.7 (C7"), 114.2 (C6'"), 122.6 (C2), 131.4 (C5"), 147.3 (C3a"),
147.5 (C7a""), 151.9 (C3), 171.1 (CO); MS (70 eV, CI (NHs)): m/z (% ): 396/
394 (4) [M+H?"], 338/336 (13/14) [M* — AcO], 318 (20) [M* — Br+2H],
280/278 (8/11), 258 (27), 184/182 (42), 169 (100), 152/150 (93/90), 124 (56)
[CsH,NH]; CsH,,BrNO, (396.3).

3-{4-[ (6-Bromobenzo[1,3]dioxol-5-ylmethyl) Ibutyljcyclopent-2-enyl
acetate (12b): According to general procedure I, the amine 13a (2.61 g,
11.4 mmol, 2.5 equiv) was alkylated with tosylate 14b (1.63 g, 4.63 mmol) in
the presence of TBAI (2.56 g, 6.93 mmol, 1.5 equiv). Purification by column
chromatography (80 g AloxB, petroleum ether/MTBE = 1:3) afforded 12b
(140 g, 3.41 mmol, 74%) as pale yellow oil. R;=0.63 (PE/EtOAc/
MeOH =10:5:1, 1% Et;N); IR (neat): ¥=3338 (N—H), 2930 (C-H),
1727 (C=0), 1651 (C=C), 1478, 1245 (C-0), 1119, 1037, 933 (C-O-C), 875,
830 (arene) cm™'; UV (CH;CN): A, (Ig€) =201.0 (4.623), 236.0 (3.714),
293.5nm (3.622); 'H NMR (500 MHz, C4Dg): 6=0.83 (brs, 1H, NH),
1.23-1.36 (m,4H,2"-H,,3"-H,), 1.73 (s, 3H, CH;), 1.81-1.93 (m, 4H, 1"-H,,
5-H,), 2.13 (dddd, J=14.8, 8.7, 7.6, 5.7 Hz, 1H, 4-H), 2.19-2.26 (m, 1H,
4-H), 2.37 (t, J=6.8Hz, 2H, 4-H,), 3.66 (s, 2H, 1"-H,), 522 (s, 2H,
OCH,0), 5.60 (m, 1H, 2-H), 5.79-5.83 (m, 1 H, 1-H), 6.94 (s, 1 H, Ar—H),
701 (s, 1H, Ar—H); C NMR (50.3 MHz, C¢Dy): 6 =20.99 (CHs;), 25.37
(€2, 30.23 (C5), 30.70 (C3'), 31.27 (C1’), 33.63 (C4), 49.11 (C4'), 53.61
(C1"), 80.96 (C1), 101.6 (OCH,0), 110.0 (C4""), 112.8 (C7""), 114.0 (C6"),
123.3 (C2), 133.8 (C5"), 147.6 (C3a™), 1479 (C7a"), 151.9 (C3), 170.2
(CO); MS (70 eV, CI (NH,)): m/z (%): 412/410 (87/92) [M+H"], 352/350
(73/75) [M*™—AcO], 332 (37) [M*"—Br+2H], 249/247 (34/35)
[CsHBrNO,*+NH;], 232/230 (13/16) [CsHoBrNO,*], 198/196 (31/27),
169 (100) [C,(H;sN++NH;], 152 (36) [C,0H;xN*], 150 (43) [C,(H(N*],
138 (49) [CoH (N*]; CoH,,BrNO, (410.3): caled C 55.62, H 5.90; found C
55.76, H 5.95.

3-{3-[2-(6-Bromobenzo[1,3]dioxol-5-yl)ethylamino ]Jpropyl}cyclopent-2-en-
yl acetate (12 ¢): According to general procedure I, the amine 13b (741 mg,
3.04 mmol, 2.0 equiv) was alkylated with tosylate 14a (505 mg, 1.49 mmol)
in the presence of TBAI (804 mg, 2.18 mmol, 1.5 equiv). Purification by
column chromatography (90g SiO,, gradient column: 150 mL ethyl
acetate; 300 mL ethyl acetate/MeOH =15:1, 1% Et;N; then ethyl ace-
tate/MeOH =5:1, 1 % Et;N) afforded 12¢ (438 mg, 1.07 mmol, 72%) as a
pale yellow oil. R;=0.54 (EtOAc/MeOH =5:1, 1% Et;N); IR (neat): 7=
3330 (N—H), 2932 (C-H), 1726 (C=0), 1650 (C=C), 1478, 1246 (C-0),
1116, 1038, 934 (C-O-C), 862, 834 cm ! (arene); UV (CH;CN): A, (Ige) =
201.0 (4.633), 236.5 (3.677), 294.0 nm (3.628); '"H NMR (500 MHz, CDCL,):
0=17 (brs, 1H, NH), 1.71 (tt, J=7.3, 72 Hz, 2H, 2'-H,), 1.83 (dddd, J =
14.0,8.7,3.9,3.2 Hz, 1 H, 5-H,;), 2.02 (s, 3H, CH3;), 2.12-2.26 (m, 3H, 1"-H,,
4-H), 2.32 (dddd, J=14.0 Hz, 8.7 Hz, 7.6 Hz, 5.1 Hz, 1H, 5-H,,,,), 2.41 -
2.49 (m, 1H, 4-H), 2.68 (t, J=72 Hz, 2H, 3'-H,), 2.86 (m, 4H, 1"-H,, 2"'-
H,), 5.47 (m, 1H, 2-H), 5.95 (s, 2H, OCH,0), 6.62-6.66 (m, 1 H, 1-H), 6.74
(s, 1H, 4""-H), 6.99 (s, 1H, 7""-H); 3C NMR (50.3 MHz, CDCL;): 6 =21.40
(CHs), 27.82 (C2'), 28.97 (C1'), 30.35 (CS5), 33.50 (C4), 36.51 (C2"), 49.42,
49.59 (C1”, C3'), 80.93 (C1), 101.6 (OCH,0), 110.2 (C4"), 112.7 (C7"),
114.4 (C6™), 122.5 (C2), 132.3 (C5"), 146.8 (C3a"), 147.3 (C7a"), 152.2
(C3), 171.1 (CO); MS (70eV, CI (NH,)): m/z (%): 412/410 (100/98)
[M+H*], 352/350 (18/19) [M*—AcO], 332 (27) [M*-Br+2H];
C,oH,,BrNO, (410.3): caled C 55.62, H 5.90; found C 55.31, H 5.80.

3-{3-[2-(6-Bromo-benzo[1,3]dioxol-5-yl)ethylamino Jpropyljcyclohex-2-en-
yl acetate (12d): According to general procedure I, the amine 13b (234 mg,
959 pumol, 3.7 equiv) was alkylated with tosylate 14d (92.0 mg, 261 pmol) in
the presence of TBAI (144 mg, 390 umol, 1.5 equiv). Purification by
column chromatography (45g SiO,, gradient column: 200 mL ethyl
acetate/MeOH =15:1, 1% Et;N; then ethyl acetate/MeOH=5:1, 1%
E;N) afforded 12d (93.8 mg, 221 umol, 85 %) as a pale yellow oil. R;=0.45
(EtOAc/MeOH =5:1,1% Et;N); IR (neat): 7= 3322 (N—H), 2936 (C—H),
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1728 (C=0), 1666 (C=C), 1480, 1370, 1246 (C-0), 1116, 1040, 934 (C-O-
C), 910, 860, 834 cm™! (arene); UV (CH;CN): A, (I2€) =201.0 (4.659),
235.0 (3.720), 294.0 nm (3.661); '"H NMR (500 MHz, CDCl;): 6 =1.59-1.82
(m,7H,2'-H,, 5-H,, 6-H,,NH), 1.89-2.05 (m, 4 H, 1'-H,, 4-H,), 2.04 (s, 3H,
CH,), 2.66 (t, J=74Hz, 2H, 3'-H,), 2.82-2.90 (m, 4H, 1"-H,, 2"-H,),
5.23-5.27 (m, 1H, 1-H), 5.46 (m, 1H, 2-H), 5.96 (s, 2H, OCH,0), 6.75 (s,
1H, 4”-H), 700 (s, 1H, 7”"-H); “C NMR (50.3 MHz, CDCl;): 6 =19.05
(C5), 21.40 (CHs), 27.62 (C2'), 28.13, 28.21 (C4, C6), 35.19 (C1'), 43.63
(C2"), 48.57 (C3'), 53.49 (C1"), 68.67 (C1), 101.6 (OCH,0), 110.0 (C4""),
112.6 (C7'""),113.9 (C6'"), 119.6 (C2), 132.5 (C5""), 144.1 (C3), 147.2 (C3a"",
C7a"), 170.8 (CO); MS (70 eV, EI): m/z (%): 425/423 (< 1) [M*], 210 (15)
[C,,HxNO,*], 150 (100) [CyH(N*], 121 (6) [CoHy5™]; CyHyBrNO,
(424.3): caled C 56.61, H 6.18, Br 18.83; found C 56.69, H 6.30, Br 18.87;
HRMS caled 423.1045; found 423.1045.

3-{4-[2-(6-Bromobenzo[1,3]dioxol-5-yl)ethylamino |butyl}cyclopent-2-enyl
acetate (12e): According to general procedure I, the amine 13b (1.73 g,
7.09 mmol, 2.5 equiv) was alkylated with tosylate 14b (995 mg, 2.82 mmol)
in the presence of TBAI (1.71 mg, 4.64 mmol, 1.6 equiv). Purification by
column chromatography (120 g SiO,, gradient column: 300 mL ethyl
acetate; then ethyl acetate/MeOH = 15:1, 1 % Et;N) afforded 12 e (739 mg,
1.74 mmol, 62 %) as a pale yellow oil. R;=0.67 (EtOAc/MeOH =5:1,1%
Et;N); IR (neat): 7=3322 (N—H), 2931 (C—H), 1727 (C=0), 1651 (C=C),
1478, 1245 (C-0), 1115, 1039, 933 (C-O-C), 861, 834 cm™! (arene); UV
(CH;CN): An. (lge) =201.0 (4.622), 2375 (3.714), 294.0 nm (3.641);
'H NMR (200 MHz, CDCl;): 6 =1.51 (m, 5H, 2'-H,, 3'-H,, NH), 1.78-
1.92 (m, 1H, 5-H,), 2.03 (s, 3H, CH3;), 2.14 (m, 2H, 1"-H,), 2.19-2.54 (m,
3H, 4-H,, 5-H,,,), 2.65 (m, 2H, 4-H,), 2.83 (m, 4H, 1"-H,, 2"-H,), 5.44-
5.50 (brs, 1H, 2-H), 5.60-5.68 (m, 1 H, 1-H), 5.95 (s, 2H, OCH,0), 6.74 (s,
1H, 4”-H), 6.99 (s, 1H, 7""-H); 3C NMR (50.3 MHz, CDCl,): 6 =21.37
(CH,), 25.14 (C2'), 29.84 (C3'), 30.29 (CS5), 31.05 (C1"), 33.45 (C4), 36.48
(C27), 49.54, 49.63 (C1”, C4'), 80.96 (C1), 101.5 (OCH,0), 110.1 (C4"),
112.7 (C7"), 114.4 (C6"), 122.3 (C2), 132.3 (C5"), 146.7 (C3a"), 1472
(C7a™), 152.4 (C3), 171.1 (CO); MS (70 eV, EI): m/z (%): 426/424 (<1)
[M+H*], 425/423 (<1) [M*], 366/364 (9/10) [M* — AcO], 284 (4) [M*—
Br— AcOH], 210 (17) [C;,H5,NO,*], 150 (100) [C,(H;(N*]; Cy,yH,BrNO,
(424.3): caled C 56.61, H 6.18; found C 56.37, H 6.00; HRMS calcd 423.1045;
found 423.1045.

3-{4-[2-(2-Bromo-4,5-dimethoxyphenyl)ethylamino Jbutyl}cyclopent-2-en-

yl acetate (12 f): According to general procedure I, the amine 13d (1.87 g,
729 mmol, 2.5 equiv) was alkylated with tosylate 14b (1.00 g, 2.84 mmol) in
the presence of TBAI (1.58 g, 4.28 mmol, 1.5 equiv). Purification by column
chromatography (140 g AloxB, gradient column: 300 mL petroleum ether/
MTBE =1:3; then ethyl acetate/MeOH =30:1, 1% Et;N) afforded 12f
(1.06 g, 2.41 mmol, 85%) as a pale yellow oil. R;=0.46 (EtOAc/MeOH =
5:1,1% Et;N); IR (neat): 7= 3324 (N—H), 2933 (C—H), 1727 (C=0), 1651
(C=C), 1508, 1380, 1255 (C-0), 1164, 1024 (Ar-O-C), 877, 800 cm™!
(arene); UV (CH3;CN): A, (Ig€) =203.0 (4.684), 229.5 (3.993), 286.5 nm
(3.515); 'H NMR (200 MHz, C¢D): 6 =0.69 (brs, 1H, NH), 1.25-1.45 (m,
4H, 2-H,, 3-H,), 1.72 (s, 3H, COCH,), 1.74-1.98 (m, 4H, 1’-H,, 4-H,
5-H,;), 2.15 (dddd, J=14.0, 9.0, 7.5, 5.0 Hz, 1H, 4-H), 2.15-2.35 (m, 1H,
5-H,u), 249 (t,J=6.5Hz, 2H, 4-H,), 2.87 (m, 4H, 1"-H,, 2"-H,), 3.36 (s,
3H, OCHj;), 3.20 (s, 3H, OCHs;), 5.60 (m, 1 H, 2-H), 5.80 (m, 1 H, 1-H), 6.64
(s, 1H, 6"-H), 6.95 (s, 1H, 3"-H); *C NMR (75.5 MHz, C,Ds): 6 =20.95
(CHj;), 25.46 (C2), 30.36 (CS), 30.67 (C3'), 31.33 (C1’), 33.63 (C4), 36.96
(C27), 49.87 (C4'), 50.38 (C1"), 55.54 (OCH,), 55.70 (OCHs;), 80.94 (C1),
114.6 (C2"), 116.5 (C3", C6™), 123.3 (C2), 132.0 (C1""), 149.3 (C5""), 149.5
(C4'), 152.0 (C3), 170.2 (CO); MS (70 eV, EI): m/z (%): 441/439 (<1)
[M*], 382/380 (3) [M*— AcO], 300 (3) [M*— AcOH — Br], 231/229 (3)
[CH,BrO, "], 210 (10) [CH,NO, . 150 (100) [CioHy N*], 44 (22)
[CO,*]; CyH3BrNO, (440.4).

3-{5-[2-(6-Bomobenzo[1,3]dioxol-5-yl)ethylamino ]pentyl}cyclopent-2-enyl
acetate (12g): According to general procedure I, the amine 13b (1.67 g,
6.82 mmol, 2.6 equiv) was alkylated with tosylate 14¢ (943 mg, 2.57 mmol)
in the presence of TBAI (1.70 g, 4.61 mmol, 1.8 equiv). Purification by
column chromatography (120g SiO,, gradient column: 300 mL ethyl
acetate; then ethyl acetate/MeOH = 15:1, 1 % Et;N) afforded 12 g (894 mg,
2.04 mmol, 79 %) as a pale yellow oil. R;=0.57 (EtOAc/MeOH=5:1,1%
Et;N); IR (neat): 7= 3325 (N—H), 2930 (C—H), 1727 (C=0), 1650 (C=C),
1478, 1245 (C-0), 1115, 1039, 934 (C-O-C), 861, 834 cm™' (arene); UV
(CH;CN): A (Ige)=200.5 (4.636), 236.5 (3.712), 294.0 nm (3.643);
'"H NMR (200 MHz, C¢Dg): 6=0.58 (brs, 1H, NH), 1.13-1.42 (m, 6H,
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2-H,, 3-H,, 4-H,), 1.73 (s, 3H, CH,), 1.80-2.00 (m, 3H, 1'-H,, 5-H,),
2.06-2.34 (m, 3H, 4-H,, 5-H,,,), 2.44 (t, J=6.3 Hz, 2H, 5-H,), 2.74 (m,
4H,1"-H,, 2"-H,), 5.19 (s, 2H, OCH,0), 5.62 (brs, 1 H, 2-H), 5.76 - 5.87 (m,
1H, 1-H), 6.62 (s, L H, 4"-H), 6.93 (s, 1 H, 7”-H); C NMR (125.7 MHz,
CDy): 0=20.96 (CH,), 2742 (C2), 27.66 (C3'), 30.36 (C5), 30.68 (C4'),
31.40 (C1'), 33.65 (C4), 37.03 (C2"), 49.90, 50.08 (C1”, C5'), 80.97 (C1), 101.5
(OCH,0), 110.6 (C4"), 112.9 (C7"), 114.9 (C6™), 123.2 (C2), 1333 (C5""),
1472 (C3a’™), 147.7 (C7a™), 152.1 (C3), 170.2 (CO); MS (70 eV, CI (NH,)):
mlz (%): 442/440 (15) [M+H?'], 380/378 (56) [M* — AcO], 360 (33) [M* —
Br+2H], 300 (100) [C,sH,NO,"], 263/261 (14/16) [CoH,,BrNO,*+NH;],
246/244 (37/40) [CoH,BINO,*], 183 (42) [C,HyN*+NH;,], 166 (93)
[CiHyN*], 152 (52) [CioHsN*]; CoiHygBINO, (438.4): caled C 57.65, H
6.46; found C 57.76, H 6.53.

3-{4-[3-(6-Bromobenzo[1,3]dioxol-5-yl)propylamino |butyl}cyclopent-2-
enyl acetate (12h): According to general procedure I, the amine 13¢
(2.77 g, 10.7 mmol, 2.5 equiv) was alkylated with tosylate 14b (1.50 g,
426 mmol) in the presence of TBAI (2.40g, 6.50 mmol, 1.5equiv).
Purification by column chromatography (100 g AloxB, petroleum ether/
MTBE =1:3) afforded 12h (1.68 g, 3.83 mmol, 90%) as a pale yellow oil.
R;=0.37 (PE/EtOAc/MeOH=10:5:1, 1% Et;N); IR (neat): 7=3348
(N—-H), 2930 (C—H), 1726 (C=0), 1651 (C=C), 1477, 1229 (C-0), 1112,
1040, 937 (C-O-C), 860, 833 cm™! (arene); UV (CH;CN): 4., (Ige) =200.5
(4.644), 236.5 (3.710), 294.0 nm (3.632); '"H NMR (500 MHz, CsDy): 6 =0.6
(brs, 1H, NH), 1.32 (tt, J=7.5, 71 Hz, 2H, 2"-H,), 1.39 (tt, /=71, 71 Hz,
2H, 3-H,), 1.66 (tt, J =7.6,7.1 Hz, 2H, 2"-H,), 1.73 (s, 3H, CH;), 1.82-1.98
(m, 2H, 5-H,), 1.92 (t, /=75 Hz, 2H, 1-H,), 2.14 (dddd, J =14.0, 9.0, 7.5,
5.0 Hz, 1H, 4-H), 2.21-2.29 (m, 1H, 4-H), 2.41 (t, J=71Hz, 2H, 1"-H,),
247 (t,J=171Hz, 2H, 4-H,), 2.68 (t, J=7.6 Hz, 2H, 3"-H,), 5.21 (s, 2H,
OCH,0), 5.63 (m, 1H, 2-H), 5.80-5.84 (m, 1H, 1-H), 6.60 (s, 1H, 4"-H),
6.94 (s, 1H, 7"-H); C NMR (125.7 MHz, C¢Dy): 6 =20.97 (CH;), 25.48
(C2), 30.34 (C5), 30.68 (C3"), 30.84 (C3), 31.34 (C1'), 33.65 (C4), 33.96
(C2"), 49.32, 49.91 (C1", C4'), 80.96 (C1), 101.5 (OCH,0), 110.3 (C4"),
112.9 (C7"), 114.6 (C6™), 123.3 (C2), 135.1 (C5), 147.1 (C3a™), 1478
(C7a"),152.0 (C3),170.2 (CO); MS (70 eV, CI (NHj;)): m/z (% ): 440/438 (8/
9) [M+H*], 380/378 (8/9) [M* — AcO], 360 (14) [M+—Br+2H], 300 (6)
[CigHNO, "], 277/1275 (5) [CH;3BrINO,"+NH;], 260/258  (4/5)
[C,H;sBINO,*], 213 (26), 198 (57), 180 (15) [C,,H,,N*], 155 (44)
[CoH{N++NH;], 138 (100) [CoH;N*]; C, HyBrNO, (438.4): caled C
57.65, H 6.46; found C 57.59, H 6.58.

3-{3-[ (2-Benzo[1,3]dioxol-5-yl)ethylamino Jpropyljcyclohex-2-enyl acetate
(18): According to general procedure I, 2-benzo[1,3]dioxol-5-yl-ethylamine
(540 mg, 3.23 mmol, 2.0 equiv) was alkylated with 3-(3-iodopropyl)-cyclo-
hex-2-enyl acetate (503 mg, 1.63 mmol). Purification by column chroma-
tography (100 g SiO,, gradient column: 100 mL ethyl acetate ; 300 mL ethyl
acetate/MeOH =15:1, 1% Et;N; then ethyl acetate/MeOH=35:1, 1%
Et;N) afforded 18 (450 mg, 1.30 mmol, 80 %) as a pale yellow oil. R;=0.53
(EtOAc/MeOH =5:1,1% Et;N); IR (neat): 7 =3328 (N—H), 2936 (C—H),
1726 (C=0), 1664 (C=C), 1490, 1442, 1246 (C-0), 1122, 1040, 934 (C-O-
C), 912, 860, 810 cm™! (arene); UV (CH;CN): A, (Ig€) =198.5 (4.680),
234.0 (3.603), 287.0 nm (3.565); 'H NMR (200 MHz, CDCl,): 6 =1.17 (brs,
1H, NH), 1.50-1.85 (m, 6 H, 2'-H,, 5-H,, 6-H,), 1.90-2.05 (m, 4H, 1"-H,,
4-H,), 2.04 (s, 3H, CH,), 2.59 (t, /=72 Hz, 2H, 3-H,), 2.65-2.86 (m, 4H,
1"-H,, 2"-H,), 5.19-5.29 (m, 1H, 1-H), 5.43 (brs, 1H, 2-H), 5.92 (s, 2H,
OCH,0), 6.65 (dd, /=78, 1.7 Hz, 1H, 6""-H), 6.69 (d, /=17 Hz, 1 H, 4"-
H), 6.74 (d,/ =78 Hz, 1H, 7”-H); 3C NMR (50.3 MHz, CDCl;): 6 =19.07
(C5), 21.42 (CHj;), 27.65 (C2'), 28.16, 28.21 (C4, C6), 35.27 (C1), 36.02
(C2"), 49.43 (C3'), 51.22 (C1"), 68.68 (C1), 100.7 (OCH,0), 108.1 (C4"),
108.9 (C7"), 119.6 (C2), 121.4 (C6™), 133.8 (C5"), 1442 (C3), 1458
(C7a™), 147.6 (C3a™), 170.8 (CO); MS (70 eV, CI (NH,)): m/z (%): 346
(100) [M+H*], 286 (10) [M*— AcO], 183 (11), 166 (13) [C,;HyN"];
CyHyNO, (345.4): caled C 69.54, H 7.88; found C 69.63, H 7.99.

General procedure II: palladium-catalyzed allylic amination of 12: A
solution of the secondary amine (0.25-0.05M) in acetonitrile was degassed
by pump and freeze methodology. Then of [Pd(PPh;),] (5—10 mol %) and
triethylamine or tetramethylguanidine (2.5 equiv) was added. The mixture
was degassed a second time and heated to 45°C until the reaction was
complete (TLC). The mixture was diluted with MTBE and extracted twice
with cold HCI (1m). The aqueous phase was washed twice with MTBE and
basified with cold NaOH solution (10 % ). The mixture was extracted with
MTBE (4 x), the organic layer dried over Na,SO,, evaporated, and the
residue purified by column chromatography.
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1-(6-Bromobenzo[1,3]dioxol-5-ylmethyl)-1-aza-spiro[4.4]non-6-ene (11a):
According to general procedure II, the amine 12a (205 mg, 517 umol) was
cyclized with [Pd(PPh;),] (54.0 mg, 47.0 pmol, 7 mol %) and tetramethyl-
guanidine (138 mg, 1.20 mmol, 2.3 equiv). Column chromatography (50 g
Si0,, EtOAc) furnished 11a (112 mg, 334 umol, 65%) as a colorless oil.
R;=0.61 (EtOAc); IR (neat): 7#=3048 (Ar—H), 2956 (C—H), 1477, 1235,
1101, 1039, 936 (C-O-C), 869, 831 (arene), 720cm~! (=C—H); UV
(CH;CN): Apay (Ig€)=202.0 (4.596), 233.5 (3.790), 293.0 nm (3.619);
'H NMR (200 MHz, CDCl,): 6 =1.60—2.10 (m, 6H, 3-H,, 4-H,, 9-H,),
2.38 (m,2H, 8-H,),2.50-2.83 (m, 2H, 2-H,), 3.46 (m, 2 H, 1"-H,), 5.60 - 5.66
(m, 1H, 6-H), 5.83-5.91 (m, 1H, 7-H), 5.94 (s, 2H, OCH,0), 6.95 (s, 1H,
4"-H), 7.02 (s, 1H, 7"-H); ¥C NMR (125.7 MHz, CDCL,): 6 =21.56 (C3),
30.09 (C8), 31.56 (C9), 38.17 (C4), 51.11 (C2), 52.59 (C1’), 101.5 (OCH,0),
1102 (C4"), 112.3 (C7"), 113.9 (C6"), 135.1 (C6), 146.9 (C3a"), 1474
(C7a"); MS (70 eV, EI): m/z (%): 338/336 (100/98) [M+H"], 258 (61)
[M*—Br+2H], 150 (29) [CgHgNO,*], 124 (58) [CsH,N*]; C¢H;sBrNO,
(336.22): caled C 57.16, H 5.40; found C 57.38, H 5.30.

6-(6-Bromobenzo[1,3]dioxol-5-ylmethyl)-6-aza-spiro[4.5]dec-1-ene (11b):
According to general procedure II, the amine 12b (700 mg, 1.71 mmol) was
cyclized with [Pd(PPhs),] (130 mg, 112 umol, 7 mol %) and tetramethyl-
guanidine (441 mg, 3.83 mmol, 2.3 equiv). Column chromatography (20 g
SiO,, EtOAc) afforded 11b (353 mg, 1.01 mmol, 59%) as a colorless oil.
R;=0.77 (EtOAc/MeOH =5:1, 1% Et;N); IR (KBr): #=3053 (Ar—H),
2957, 2925 (C—H), 1464, 1367, 1236, 1100, 1037, 937 (C-O-C), 881, 854, 831
(arene), 743 cm™' (=C—H); UV (CH;CN): 1,,., (Ige) =202.0 (4.650), 232.0
(3.834), 293.5 nm (3.665); 'H NMR (200 MHz, CDCl;): 6 =1.45-2.00 (m,
8H, 4-H,, 8-H,, 9-H,, 10-H,), 2.19-2.56 (m, 4H, 3-H,, 7-H,), 3.20 (d, /=
15.4 Hz, 1H,1"-H), 3.57 (d,/=15.4 Hz,1H, 1"-H), 5.53-5.59 (m, 1 H, 1-H),
5.73-5.79 (m, 1H, 2-H), 5.94 (s, 2H, OCH,0), 6.94 (s, 1H, 4"-H), 7.19 (s,
1H, 7"-H); ®C NMR (50.3 MHz, CDCl;): 6 =21.93 (C9), 26.08 (C3), 26.42
(C8), 31.68 (C4), 37.80 (C10), 48.90 (Cl’), 54.52 (C7), 72.60 (C5), 101.4
(OCH,0), 109.8 (C4"), 112.1 (C7"), 113.7 (C6"), 131.0 (C2), 133.6 (C5"),
137.8 (C1), 146.5 (C3a”), 1473 (C7a"); MS (70 eV, EI): m/z (%): 351/349
(12) [M~], 322/320 (6) [M* — C,H5], 294/292 (6) [C,5H,;BrNO,*], 270 (100)
[M*—Br], 242 (7) [C;sH{NO,*], 238 (7) [C,H,NO,*], 215/213 (29/31)
[CsHgBrO, ], 136 (10) [CoH,,N*], (hydrochloride); C;;H,,BrNO, (350.3):
HRMS calcd 349.0677, found 349.0677.

1-[2-(6-Bromobenzo[1,3]dioxol-5-yl)ethyl]-1-aza-spiro[4.4]non-6-ene
(11¢): According to general procedure II, the amine 12¢ (625 mg,
1.52 mmol) was cyclized with [Pd(PPhs),] (130 mg, 112 pumol, 7 mol %)
and tetramethylguanidine (230 mg, 1.99 mmol, 1.3 equiv). Column chro-
matography (70 g SiO,, EtOAc) furnished 11¢ (471 mg, 1.35 mmol, 88 %)
as a colorless oil. R;=0.57 (EtOAc/MeOH =5:1,1% Et;N); IR (neat): 7=
3048 (Ar—H), 2954 (C—H), 1478, 1230, 1112, 1040, 936 (C-O-C), 860, 834
(arene), 748cm~' (=C—H); UV (CH;CN): A, (Ige)=201.0 (4.592),
294.0 nm (3.639); 'H NMR (200 MHz, CDClL): 6=1.61 (dt, J=13.6,
6.8 Hz, 1H, 4-H), 1.74-1.98 (m, 5H, 3-H,, 4-H, 9-H,), 2.30 (tdd, J ="7.1,2.2,
2.1 Hz, 2H, 8-H,), 2.38, 2.56 (m, 2H, 2"-H,*), 2.69-2.85 (m, 3H, 1-H,*,
2-H*),2.88-3.02 (m, 1H, 2-H*), 5.56 (dt,J/ = 5.6, 2.1 Hz, 1 H, 6-H), 5.80 (dt,
J=5.6,22Hz, 1H, 7-H), 5.93 (s, 2H, OCH,0), 6.71 (s, 1H, 4"-H), 6.96 (s,
1H, 7"-H); *C NMR (50.3 MHz, CDCl,): 6 =21.32 (C3), 29.56 (C8), 31.45
(C9), 36.39 (C2), 38.19 (C4), 49.65 (C1), 51.22 (C2), 101.5 (C2"), 110.2
(C4”), 112.5 (C7"), 114.3 (C6"), 132.1 (C7), 133.1 (C5"), 134.7 (C6), 146.6
(C3a”), 147.1 (C7a"); MS (70 eV, CI (NH,)): m/z (%): 352/350 (98/100)
[M+H"], 272 (8) [M*—Br+2H], 136 (10) [C;H,,N*], (hydrochloride);
C;H,B1NO, (350.3): HRMS caled 349.0677; found 349.0677.

6-[2-(6-Bromobenzo[1,3]dioxol-5-yl)ethyl]-6-aza-spiro[4.5]dec-1-ene

(11e): According to general procedureII, the amine 12e (474 mg,
1.12 mmol) was cyclized with [Pd(PPh;),] (112 mg, 96.9 pmol, 9 mol %)
and tetramethylguanidine (320 mg, 2.80 mmol, 2.5 equiv). Column chro-
matography (50 g SiO,, EtOAc) furnished 11 e (233 mg, 640 umol, 57 %) as
a colorless oil. R;=0.66 (EtOAc/MeOH =5:1, 1% Et;N); UV (CH;CN):
Amax (Ig€) =201.5 (4.558), 294.0 nm (3.648); 'H NMR (500 MHz, CDCl;):
0=142-1.50 (m, 2H, 9-H, 10-H), 1.53-1.65 (m, 4H, 8-H,, 9-H, 10-H),
1.74-1.80 (m, 2H, 3-H,), 2.11 (ddd, J=12.1,10.5,4.8 Hz, 1H, 7-H,,), 2.24 -
2.30 (m,2H,4-H,),2.35 (m, 1 H, 1-H),2.56 -2.64 (m, 1 H, 7-H,,), 2.65-2.69
(m, 1H, 2"-H), 2.77-2.81 (m, 1H, 2’-H), 2.81 -2.85 (m, 1 H, 1'-H), 5.50 (dt,
J=5.6,2.0Hz, 1H, 1-H), 5.69 (dt, J=5.6, 2.4 Hz, 1H, 2-H), 591 (s, 2H,
OCH,0), 6.67 (s, 1H, 4"-H), 6.94 (s, 1H, 7"-H); *C NMR (125.7 MHz,
CDCl;): 0 =21.79 (C9), 26.30 (C3, C8), 31.56 (C4), 35.76 (C2'), 37.69 (C10),
49.04 (C1'), 51.66 (C7), 72.92 (CS5), 101.5 (OCH,0), 110.5 (C4"), 112.5
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(C7"),114.4 (C6"), 130.7 (C2), 133.3 (C5"), 1374 (C1), 146.6 (C3a"), 147.1
(C7a”); MS (70 eV, EI): m/z (%): 365/363 (<1) [M'], 284 (<1) [M*—
Br+2H], 215213 (3) [CgHBrO,*], 150 (100) [C,oH,(N*+]; C;sH,,BINO,
(364.3): caled C 53.95, H 5.78 (hydrochloride); found C 54.18, H 6.12;
HRMS calcd 363.0834; found 363.0834.
6-[2-(2-Bromo-4,5-dimethoxy-phenyl)ethyl]-6-aza-spiro[4.5]dec-1-ene
(11f): According to general procedureII, the amine 12f (576 mg,
1.31 mmol) was cyclized with [Pd(PPh;),] (147 mg, 127 umol, 10 mol %)
and tetramethylguanidine (372 mg, 3.23 mmol, 2.5 equiv). Column chro-
matography (18 g SiO,, EtOAc) furnished 11 f (213 mg, 560 pmol, 43 %) as
a colorless oil. R;=0.60 (EtOAc/MeOH =5:1, 1% Et;N); IR (neat): 7=
3048 (Ar—H), 2931 (C—H), 1508, 1440, 1217 (Ar-O-C), 1098, 1034 (Ar-O-
C), 854, 798 (arene), 731 cm~! (=C—H); UV (CH;CN): A« (Ig€)=204.0
(4.613), 286.5 nm (3.545); '"H NMR (500 MHz, C¢Dy): 6 =1.33-1.44 (m,
2H, 10-H,), 1.49-1.66 (m, 5H, 4-H, 8-H,, 9-H,), 1.70-1.76 (m, 1H, 4-H),
2.17 (m, 2H, 7-H,), 2.28-2.38 (m, 2H, 3-H,), 2.82-3.00 (m, 4H, 1"-H,, 2~
H,), 3.19 (s, 3H, OCH3;), 3.38 (s, 3H, OCHj;), 5.54 (dt, J=5.7, 2.0 Hz, 1H,
1-H), 5.60 (dt, J=5.7,2.2 Hz, 1H, 2-H), 6.70 (s, 1 H, 6"-H), 6.96 (s, 1 H, 3"-
H); BC NMR (125.7 MHz, C¢Dy): 6 =22.38 (C9), 27.04 (C3, C8), 31.80
(C4),36.00 (C2'),37.99 (C10), 49.20 (C1), 51.98 (C7), 55.68 (2OCHj;), 73.08
(Cs), 114.7 (C2"), 115.2 (C6"), 116.3 (C3"), 130.4 (C2), 132.7 (C1"), 138.6
(C1), 149.1 (C4", C5"); MS (70 eV, EI): m/z (%): 382/380 (<1) [M+H*],
231/229 (2) [CyH,(BrO,*], 189 (7), 150 (100) [C;oH;N*], (hydrochloride);
C,oH,BrNO, (380.3): caled C 60.00, H 6.89; found C 59.70, H 6.86.
6-[3-(6-Bromobenzo[1,3]dioxol-5-yl)propyl]-6-aza-spiro[4.5]dec-1-ene
(11h): According to general procedure II, the amine 12h (80.0 mg,
182 pmol) was cyclized with [Pd(PPhs),] (21 mg, 18.0 umol, 10 mol %)
and tetramethylguanidine (52.0 mg, 454 umol, 2.5 equiv). Column chro-
matography (8 g SiO,, EtOAc) furnished 11h (45.8 mg, 121 umol, 67 %) as
a colorless oil. R;=0.54 (EtOAc/MeOH =5:1, 1% Et;N); IR (neat): 7=
3048 (Ar—H), 2929 (C—H), 1477, 1408, 1354, 1229, 1112, 1040, 936 (C-O-C),
858, 833 (arene), 720 cm™! (=C-H); UV (CH;CN): 1., (lge)=201.0
(4.574), 294.5 nm (3.620); '"H NMR (500 MHz, C¢Dy): 6 =1.31-1.46 (m,
2H, 9-H, 10-H), 1.48-1.61 (m, 4H, 8-H,, 9-H, 10-H), 1.61-1.79 (m, 4H,
2-H,, 4-H,), 2.00 (ddd, J=13.0, 6.9, 5.0 Hz, 1H, 1"-H), 2.11 (ddd (/=11.2,
11.2,3.0 Hz, 1H, 7-H,,), 2.21 (ddt, /=70, 1.8, 1.4 Hz, 2H, 3-H,), 2.57 (ddd,
J=14.0,10.0, 6.0 Hz, 1H, 3'-H), 2.60 (ddd, J=14.0, 7.8, 7.8 Hz, 1H, 3'-H),
2.68 (ddd, J=11.2,3.2,0.6 Hz, 1H, 7-H,,), 2.79 (ddd, /= 13.0, 10.1, 5.7 Hz,
1H, 1'-H), 5.21 (s,2H, OCH,0), 5.61 (m, 2H, 1-H, 2-H), 6.60 (s, 1 H, 4"-H),
6.95 (s, 1H, 7"-H); *C NMR (125.7 MHz, C,Dy): 6 =22.37 (C9), 26.93 (C3,
C8), 29.45 (C2'), 31.95 (C4), 34.39 (C3'), 38.07 (C10), 48.60 (C1"), 50.34
(C7), 73.02 (C5), 101.4 (OCH,0), 110.2 (C4"), 112.9 (C7"), 114.7 (C6"),
130.1 (C2), 135.7 (C5"), 139.0 (C1), 146.9 (C3a”), 147.7 (C7a"); MS (70 eV,
EI): m/z (%): 379/377 (24/25) [M*], 324/322 (9/10) [C;sH;;BINO,"], 298
(80) [M* — Br], 242/240 (8) [C,,H,BrO,*], 215/213 (13) [C4HBrO,*], 164
(100) [CyHgN*], 150 (92) [CoH 6N "], 136 (46) [CoHN']; CioH,BrNO,
(378.3): caled C 60.32, H 6.39; found C 60.51, H 6.44; HRMS calcd 377.0990;
found 377.0990.
1-(2-Benzo[1,3]dioxol-5-yl-ethyl)-1-aza-spiro[4.5]dec-6-ene (19): Analo-
gous to general procedure II; however, at 75°C, the amine 18 (20.3 mg,
58.8 umol) was cyclized with [Pd(PPh;),] (10.0 mg, 8.70 umol, 15 mol %)
and triethylamine (18.2 mg, 179 umol, 3.0 equiv). Column chromatography
(20 g SiO,, EtOAc) gave 19 (12.4 mg, 43.5 umol, 74 %) as a colorless oil.
R;=0.45 (EtOAc/MeOH =51, 1% Et;N); IR (KBr): 7=3013 (Ar—H),
2936 (C—H), 1490, 1247, 1109, 1042, 931 (C-O-C), 863, 808 (arene),
742 cm™! (=C—H); UV (CH;CN): 1, (Ig€) =198.5 (4.627), 230.5 (3.718),
287.0 nm (3.577); 'TH NMR (500 MHz, CDCl,): 6 =1.45-1.90 (m, 8 H, 3-H,,
4-H,, 9-H,, 10-H,), 1.93 (m, 2H, 8-H,), 2.56-2.72 (m, 4H, 1'-H,, 2"-H,),
2.82 (brs, 1H, 2-H), 2.99 (m, 1H, 2-H), 5.46 (d, J=10.1 Hz, 1H, 6-H), 5.76
(dt, J=10.1, 4.1 Hz, 1H, 7-H), 5.91 (s, 2H, OCH,0), 6.65 (dd, J=38.0,
1.6 Hz, 1H, 6"-H), 6.71 (d, /=16 Hz, 1H, 7"-H), 6.72 (d, /=8.0 Hz, 1H,
4"-H); ®C NMR (50.3 MHz, CDCl,): 6 =21.09, 21.21 (C3, C9), 25.13 (C8),
28.32 (C4), 36.24 (C2’), 38.28 (C10), 50.63 (C2), 51.75 (C1’), 63.71 (C5),
100.6 (OCH,0), 108.0 (C4"), 109.1 (C7"), 121.3 (C6"), 128.9 (C7), 133.2
(C6), 134.7 (C5"),145.5 (C7a"), 147.3 (C3a”); MS (70 eV, EI): m/z (% ): 285
(<1) [M*], 150 (100) [C;oH;{N*], 135 (8) [CsH,0,*]; CisH,3NO, (285.4):
caled C 75.76, H 8.12; found C 75.62, H 7.89; HRMS calcd 285.1729; found
285.1728.

General procedure III: intramolecular Heck reaction of 11: To a 0.05m
solution of the bromoarenes 11 in a mixture of acetonitrile, dimethylfor-
mamide, and water (5:5:1) were added the catalyst 20 (5 mol %) and tetra-
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n-butylammonium acetate (2.1 equiv). The mixture was degassed by pump
and freeze methodology and then heated to 120°C until the reaction was
completed (TLC), diluted with MTBE, and extracted with diluted NaOH
solution. Subsequently, the organic layer was extracted with HCI (1m, 3 x).
The aqueous layer was basified with NaOH solution and extracted with
MTBE (3 x). The combined organic layers were dried over Na,SO, and the
solvent was evaporated. The residue was purified by column chromatog-
raphy.

3,5,6,7,8,13b-Hexahydro-4H-cyclopenta[ c][1,3]dioxolo[4,5-g]pyrrolo[1,2-b]-
isoquinoline (10a): According to general procedure III, the tertiary amine
11a (29.0 mg, 86.0 umol), the palladium catalyst 20 (6.2 mg, 6.6 umol,
8mol%), and tetra-n-butylammonium acetate (55.0 mg, 182 pmol,
2.1 equiv) were reacted in the solvent mixture (1.5 mL). The crude product
was purified via its hydrochloride by recrystallization from CH,Cl,MTBE
to afford 10a (20.0 mg, 68.7 pmol, 80%). R;=0.28 (EtOAc/MeOH =5:1,
1% Et;N); 'H NMR (500 MHz, CDCL;): 6=1.72-191 (m, 4H, 4-H,,
5-H,),2.30 (brd,J=17.2 Hz, 1 H, 3-H), 2.69 (ddd, J = 10.6, 10.6, 5.7 Hz, 1 H,
6-H), 2.72 (brd, /=172 Hz, 1H, 3-H), 2.92 (m, 1H, 6-H), 3.41 (brs, 1H,
13b-H), 3.67 (d, J=15.6 Hz, 1H, 8-H), 3.92 (d, J=15.6 Hz, 1H, 8-H), 5.68
(dddd, J=6.0,2.3,2.3,2.3 Hz, 1H, 1-H), 5.75 (dddd, / = 6.0, 2.3, 2.1, 2.0 Hz,
1H,2-H),5.87 (d,J=1.5Hz,1H, 11-H), 5.90 (d,/ = 1.5 Hz, 1H, 11-H), 6.55
(s, 1H, 13-H), 6.60 (s, 1 H, 9-H); 3C NMR (125.7 MHz, CDCL,): 6 =21.06
(C5), 39.80, 40.61 (C3, C4), 48.39 (C6), 50.29 (C13b), 50.68 (C8), 69.30
(C3a), 100.5 (C11), 1075 (C13), 108.0 (C9), 125.6 (C8a), 129.6 (C1), 130.8
(C13a), 132.8 (C2), 145.4 (C9a), 146.3 (C12a); MS (70 eV, EI): m/z (%): 255
(70) [M*], 254 (100) [M*—H], 214 (28) [M* — C;H;], (hydrochloride);
CsH7;NO, (255.3): caled 255.1259; found 255.1259.
3,5,6,8,9,14b-Hexahydro-4H-cyclopentala][ 1,3]dioxolo[4,5-/]-pyrrolo[2,1-b]-
[3]benzazepine (10b):®" According to general procedure II1, the tertiary
amine 11¢ (179 mg, 511 pmol) was cyclized with the palladium catalyst 20
(19.0 mg, 20.0 pmol, 4mol%) and tetra-n-butylammonium acetate
(310 mg, 1.03 mmol, 2.0 equiv). The crude product was purified by column
chromatography (25 g SiO,, ethyl acetate) to give 10b (112 mg, 416 pmol,
81%). R;=0.22 (EtOAc/MeOH =5:1, 1% Et;N); '"H NMR (200 MHz,
CDCly): 6 =1.66-1.87 (m, 2H, 4-H,), 1.91-2.07 (m, 3H, 3-H, 5-H,), 2.34
(dd,J=14.2,6.1 Hz,1H, 8-H), 2.43 (ddd,J=9.3,9.3, 6.8 Hz, 1 H, 6-H), 2.58
(dd,J=11.7,73 Hz, 1H, 9-H), 2.76 (ddd, /= 17.8,4.9,2.4 Hz, 1 H, 3-H), 2.96
(ddd, J=12.7, 11.7, 6.1 Hz, 1H, 9-H), 3.11 (ddd, /=93, 7.6, 49 Hz, 1H,
6-H), 3.20 (ddd, /=14.2,12.7,7.3 Hz, 1H, 8-H), 3.88 (brs, 1 H, 14b-H), 5.52
(dddd,J=5.9,2.4,2.2,2.2 Hz, 1 H, 1-H), 5.79 (dddd, J =5.9,2.7,2.7, 2.1 Hz,
1H,2-H),5.88 (d,/=1.5Hz, 1H, 12-H), 5.89 (d,/ = 1.5 Hz, 1 H, 12-H), 6.59
(s, 1H, 10-H), 6.65 (s, 1H, 14-H); *C NMR (50.3 MHz, CDCl,): 6 =19.80
(C5), 30.42 (C9), 34.89 (C4), 42.94 (C3), 48.92 (C7), 53.50 (C8), 62.13
(C14b), 68.30 (C3a), 100.7 (C12), 109.8 (C10), 110.7 (C14), 128.6 (C1), 131.6
(Cl4a), 132.0 (C2), 133.5 (C9a), 146.0 (C13a), 146.3 (Cl10a); C;;H;;NO,
(269.3).
3,4,5,6,7,9,10,14b-Octahydro-12,13-dimethoxycyclopenta[a]pyrido[2,1-b]-
[3]benzazepine (10c): According to general procedure III, the tertiary
amine 11 f (37.0 mg, 97.0 umol) was cyclized with the palladium catalyst 20
(5.5 mg, 5.9 umol, 6 mol %) and tetra-n-butylammonium acetate (87.0 mg,
290 umol, 3.0 equiv). The crude product was purified by column chroma-
tography (15 g SiO,, ethyl acetate) to give 10¢ (25.2 mg, 84.2 pmol, 87 %).
R;=0.25 (EtOAc/MeOH =5:1, 1% Et;N); IR (neat): 7=3057 (Ar—H),
2935 (C—H) 1517, 1465, 1266 (Ar-O-C), 1127, 1022 (Ar-O-C), 733 cm™!
(=C—H); UV (CH;CN): 4, (Ig€) =203.5 (4.472), 234.0 (3.694), 282.5 nm
(3.313); '"H NMR (200 MHz, CDCl;): 6 =1.42-1.84 (m, 6H, 4-H,, 5-H,,
6-H,),2.17 (brd, /=176 Hz, 1 H, 3-H), 2.25-2.40 (m, 2H, 7-H, 10-H), 2.42
(ddd, /=132, 71, 22 Hz, 1H, 7-H), 2.58 (ddd, J=12.7, 3.9, 3.4 Hz, 1H,
9-H), 2.68-2.95 (m, 2H, 3-H, 9-H), 3.25 (ddd, J=13.9, 9.5, 8.8 Hz, 1 H, 10-
H), 3.58 (brs, 1H, 14b-H), 3.87 (s, 3H, OCH,), 3.85 (s, 3H, OCHj;), 5.56
(dddd,J=6.0,2.2,2.2,2.0 Hz, 1H, 1-H), 5.79 (dddd, / = 6.0, 2.5, 2.5,2.2 Hz,
1H, 2-H), 6.62 (s, 1H, 11-H), 6.67 (s, 1H, 14-H); C NMR (50.3 MHz,
CDCl;): 0 =21.45 (C5), 24.89 (C6), 30.75 (C10), 34.69 (C3), 40.54 (C4),
51.94 (C9), 53.03 (C7), 55.78 (OCH,), 56.07 (OCHj;), 64.82 (C14b), 65.09
(C3a), 112.4 (C11), 113.7 (C14), 128.4 (C2), 130.6 (Cl4a), 130.8 (C10a),
132.0 (C1), 147.8 (C13), 147.7 (C12); MS (70 eV, EI): m/z (%): 299 (100)
[M*], 284 (49) [M* — CHs], 258 (72) [M* — C;Hj], 202 (44) [C\,H,NO,*],
134 (54) [CoH;,)N*]; CgHpNO, (299.4): caled C 67.94, H 7.80 (hydro-
chloride); found C 67.76, H 7.83; HRMS calcd 299.1885; found 299.1885.
3,4,5,6,7,8,9,14b-Octahydro-cyclopenta[ c][1,3]dioxolo[4,5-g]pyrido[ 1,2-b]iso-
quinoline (10d): According to general procedure III, the tertiary amine
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11b (55.0 mg, 157 umol) was cyclized with the palladium catalyst 20 (10 mg,
11.0 umol, 7mol%) and tetra-n-butylammonium acetate (104 mg,
345 umol, 2.2 equiv). The crude product was purified by column chroma-
tography (8 g SiO,, EtOAc) to give 11d (34.1 mg, 127 umol, 81%). R;=
0.56 (EtOAc/MeOH =51, 1% Et;N); IR (KBr): 7=3066 (Ar—H), 2933
(C—H), 1485, 1242, 1119, 1041, 933 (C-O-C), 874, 859 (arene), 702 cm™!
(=C-H); UV (CH;CN): A, (Ige)=200.5 (4.563), 293.5nm (3.676);
'H NMR (500 MHz, CDCl;): 6=1.53-1.76 (m, 5H, 4-H, 5-H,, 6-H,),
1.84 (m, 1H, 4-H), 2.08 (ddd, J=16.8, 2.7, 1.8 Hz, 1 H, 3-H), 2.43 (ddd, /=
11.5, 11.5, 2.7 Hz, 1H, 7-H,,), 2.58 (brd, J=16.8 Hz, 1H, 3-H), 2.73 (ddd,
J=115, 3.7, 3.7Hz, 1H, 7-H), 3.34 (d, /=152 Hz, 1H, 9-H), 3.44 (brs,
1H, 14b-H), 3.62 (d, J=15.2 Hz, 1H, 9-H), 5.64 (dddd, /=6.0, 2.8, 1.8,
1.8 Hz, 1H, 1-H), 5.76 (dddd, J =6.0,2.7,2.7, 1.6 Hz, 1 H, 2-H), 5.82 (d, /=
1.4 Hz, 1H, 12-H), 5.86 (d,/ = 1.4 Hz, 1H, 12-H), 6.50 (s, 1 H, 14-H), 6.55 (s,
1H, 10-H); *C NMR (50.3 MHz, CDCl;): 6 =20.81 (C5), 25.50 (C6), 30.32
(br, C3), 38.06 (C4), 51.41 (C7), 52.99 (C9), 54.85 (br, C14b), 64.05 (C3a),
100.4 (C12), 106.7 (C14), 107.6 (C10), 126.7 (C9a), 128.6 (C1), 130.5 (Cl4a),
133.5 (C2), 145.1 (C10a), 146.3 (C13a); MS (70 eV, EI): m/z (%): 269 (81)
[M*],268 (95) [M* —H], 228 (100) [M+ — C;H;]; C;HsNO, (269.3): caled
C 75.81, H 7.11; found C 75.59, H 7.05; HRMS calcd 269.1416; found
269.1415.

3,4,5,6,7,9,10,15b-Octahydrocyclopental a][1,3]dioxolo[4,5-h]-pyrido[2,1-b]-
[3]benzazepine (10e): According to general procedure III, the tertiary
amine 11e (23.0 mg, 63.0 pmol) was cyclized with the palladium catalyst 20
(5.0 mg, 5.0 umol, 8 mol %) and tetra-n-butylammonium acetate (47.0 mg,
156 pmol, 2.5 equiv). The crude product was purified by column chroma-
tography (8 g SiO,, ethyl acetate) to give 10e (15.0 mg, 52.9 umol, 84 %):
R;=0.29 (EtOAc/MeOH =5:1, 1% Et;N); IR (KBr): #=3038 (Ar—-H),
2919 (C—H), 1489, 1229, 1109, 1037, 934 (C-O-C), 839, 849 (arene),
737 cm™! (=C—H); UV (CH;CN): 1,,,« (Ig€) =200.5 (4.597), 231.5 (3.602),
292.5nm (3.654); '"H NMR (200 MHz, CDCL;): 6=1.36-1.76 (m, 6H,
4-H,, 5-H,, 6-H,), 2.15 (brd, /=173 Hz, 1H, 3-H), 2.30-2.43 (m, 2H, 7-H,
10-H), 2.53 (ddd, J=13.2, 3.9, 3.4 Hz, 1H, 7-H), 2.59 (ddd, J=9.3, 8.6,
2.7Hz, 1H, 9-H), 2.66-2.79 (m, 2H, 3-H, 9-H), 3.23 (ddd, /=142, 9.5,
8.6 Hz, 1H, 10-H), 3.53 (m, 1 H, 15b-H), 5.56 (dddd, /= 6.0,2.2,2.2,2.0 Hz,
1H, 1-H), 5.79 (dddd, J = 6.0, 2.5, 2.5,2.2 Hz, 1 H, 2-H), 5.88 (s, 2H, 13-H,),
6.58 (s, 1H, 11-H), 6.64 (s, 1H, 15-H); *C NMR (125.7 MHz, CDCl;): 6 =
21.53 (C5), 24.90 (br, C6), 31.06 (C10), 34.66 (br, C3), 41.00 (br, C4), 51.75
(br, C9), 52.88 (C7), 64.66, 64.98 (C3a, C15b), 100.6 (C13), 109.3 (C11),
110.2 (C15), 128.5 (C2), 131.8 (Cl5a), 131.8 (C1), 132.0 (C10a), 145.7
(Cl4a), 146.1 (Clla); MS (70 eV, EI): m/z (%): 283 (100) [M*], 268 (23),
242 (79) [Mt—-GC;Hs)l, 186 (31) [C;HgNO,*], 134 (40) [CoH,N*];
CsH,; NO, (283.4): caled C 67.60, H 6.93 (hydrochloride); found C 67.54,
H 6.83; HRMS calcd 283.1572; found 283.1572.
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Reversible Dioxygen Binding and Phenol Oxygenation in a

Tyrosinase Model System

Laura Santagostini,’! Michele Gullotti,” Enrico Monzani,!?! Luigi Casella,*!?!
Renée Dillinger,'*! and Felix Tuczek!!

Abstract: The complex [Cu,(L-66)]**
(L-66 = a,a'-bis{bis[2-(1"-methyl-2'-
benzimidazolyl)ethyl]amino}-m-xylene)
undergoes fully reversible oxygenation
at low temperature in acetone. The optical
[Amax =362 (¢ 15000), 455 (& 2000), and
550 nm (& 900mM~'cm~!)] and resonance

studied at — 78 °C, gave the rate constant
k,=1.1m"'s7! for adduct formation, and
k_; =78 x1075s71, for dioxygen release
from the Cu,O, complex. From these
values, the O, binding constant K=
1.4 x 10*m~! at —78°C could be deter-
mined. The [Cu,(L-66)(O,)]** complex

performs the regiospecific ortho-hy-
droxylation of 4-carbomethoxypheno-
late to the corresponding catecholate
and the oxidation of 3,5-di-fert-butyl-
catechol to the quinone at —60°C.
Therefore, [Cu,(L-66)]** is the first
synthetic complex to form a stable

Raman features (760 cm~!, shifted to
719 cm~! with ®O,) of the dioxygen
adduct [Cu,(L-66)(0,)]** indicate that
it is a u-n*:p*-peroxodicopper(il) com-
plex. The kinetics of dioxygen binding,

oxygenations -

Introduction

Tyrosinase is a nearly ubiquitous copper-containing mono-
oxygenase that has both catecholase and cresolase activity.[!]
It is responsible for browning reactions that occur to perform
diverse physiological functions in different organisms.
Tyrosinase reversibly binds dioxygen,’] and the spectral
characteristics of oxytyrosinase bear strong similarities to
those of the oxy form of the dioxygen carrier hemocyanin:[*
absorption bands at 350 nm (¢ ~20000M~tcm~!) and 590 nm
(e~1000M~'cm™'), an O-O stretching frequency of
~750cm~!, and a Cu—Cu distance of 3.6 A, as shown by
X-ray crystallography of hemocyanin.’l These features are
associated with a Cu,O, core containing a side-on bridged (or
u-n7:m%) peroxide moiety.’] Dioxygen binding to biomimetic
Cu' complexes, to form Cu,0, adducts, has been reported for
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dioxygen adduct and exhibit true tyro-
sinase-like activity on exogenous phe-
nolic compounds.

oxidations

several systems.'!l These Cu,O, cores contain either end-on
u-1,2 or side-on u-1*:1? peroxide coordination, or have a bis-u-
oxo arrangement. Some of them have been shown to be
capable of performing hydroxylation reactions at C—H bonds
of the ligand,®31% or radical reactions at C—H bonds of
exogenous substrates, including phenols.''l These radical
reactions are reminiscent of the nonphysiological, poorly
efficient enzymatic activity exhibited by molluscan hemocya-
nin,["2] while tyrosinase catalysis proceeds through nonradical
pathways.['?"l We previously reported conversion of phenolic
substrates to catechols by the complex [Cu,(L-66) >+ (L-66 =
a,a’-bis{bis[2-(1"-methyl-2"-benzimidazolyl)ethyl]amino}-m-

xylene) and dioxygen at —40°C or room temperature.['* Full
incorporation of 18-oxygen from 80, into the product was
demonstrated.!* Here we show that [Cu,(L-66) |** undergoes
fully reversible oxygenation at —80°C (Scheme 1), and that
the resulting u-peroxodicopper(il) adduct is involved in the
regiospecific ortho-hydroxylation of an exogenous, electron-

j 2+ _| 2+
RN T AT
\ — o/
BZCCU\DZ gz/Cu\Bz BZE’/CU\8>C‘\j’BZ
Bz Bz

Bz = 1-methyl-benzimidazole
Scheme 1. The reversible oxygenation of [Cu,(L-66)]**.
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poor phenol to catechol [Eq.(1)] and oxidation of an
electron-rich catechol to quinone [Eq. (2)].* ' All these
features are characteristic of tyrosinase.l!l Therefore, this
system represents the first true tyrosinase model.

MeQOC MeOQOC OH
="
OH OH

OH (0]
L ()
OH (0]

Results and Discussion

Oxygenation of [Cu,(L-66)]** carried out at about —80°C in
acetone yields an intensely brown solution with 1,,,, =362 (e
15000), 455 (¢ 2000), and 550 nm (¢ 900m'cm~') (Fig-
ure 1).1°1 The stoichiometry of oxygen binding (Cu:0,=2:1)

0.8 ]
0.7 ]
0.6
0.5
0.4 P
0.3
0.2 ]
0.1
0.0

LELELERELEA BLELALELE B L AL BLALELELAS LR NS BLELSLALSS |
350 400 450 500 550 600 650
Wavelength (nm)

Figure 1. Optical spectra developed on oxygenating [Cu,(L-66)]*" in
acetone at —78°C.

indicates that a peroxodicopper(i) complex, [Cu,(L-
66)(0,)]**, is formed. The oxygenation reaction can be fully
reversed at low temperature upon application of a vacuum,
the process being accelerated by mild warming of the solution.
After several oxygenation/deoxygenation cycles at —80°C no
appreciable loss of absorption intensity from the oxygen
adduct is observed. The pattern of three UV-visible bands
developing upon oxygenation of [Cu,(L-66)]*" bears resem-
blance with that of the dioxygen adducts formed at low
temperature by the dinuclear complexes [Cu,(R-
XYL) (R #AH)®! and [Cu,(NnPY2) > and has been at-
tributed to peroxide —Cu" LMCT transitions of a side-on (u-
n?:n?)-bridging peroxide unit. The resonance Raman spectra
of [Cu,(L-66)(0,)]** at —80°C in acetone exhibit the follow-
ing features: with an excitation wavelength of 1 =350.7 nm
four peaks are observed at 214, 256, 283 and 314 cm™!, the
strongest one at 283 cm~! (Figure 2A). Upon warming, these
peaks gradually decrease in intensity and have essentially
disappeared at —45°C. After subsequent cooling to —80°C
the peaks reappear, demonstrating again the reversible
formation of the peroxo complex (Figure 2B). No further

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

intensity (counts) *

200 250 300 350 400 450 500
-80°C

-45°C
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Figure 2. Resonance Raman spectra of a <1mwm solution of [Cuy(L-
66)(0,)]** in acetone including '*O, data. A) A..=2350.7 nm, 1000 s,
—80°C. B) Temperature cycle —80— —45— —80°C (4. =350.7 nm,
100 s spectra). C) Difference spectrum after O, addition showing the O—O
stretching vibration at 760 cm~!' and 719 cm™! for '°O, and '*O,, respec-
tively (Aexe. =415.4 nm, 1000 s, —80°C). * =solvent peaks.

peaks could be detected with this excitation wavelength.
However, when excited at A =415.4 nm an additional peak is
observed at 760 cm~!, which shifts to 719 cm™! upon 180,
substitution (Figure 2C). Owing to its isotopic shift
(41 cm™?), this peak is assigned to the O—O stretch. The low
frequency of this vibration, combined with the UV-visible
spectral data, proves the presence of side-on (u-17%:7?)-
coordinated peroxide in [Cu,(L-66)(0,)]**.['1 Also typical
for this binding geometry are the peaks at 256, 283, and
314 cm~!, which do not shift upon 8O, substitution (Fig-
ure 2A); in resonance Raman spectra of hemocyanin these
features have been assigned to Cu—(Ligand)N stretching
vibrations.'’ An alternative assignment of the peak at
283 cm~! to the symmetric Cu,O, core stretch, which primarily
involves copper motion, has been suggested.['"]

The dioxygen binding process undergone by [Cu,(L-66)]**
occurs in a single observable step; no evidence was found for
an intermediate mononuclear copper(i)-superoxide species.
The rate constant for adduct formation determined at —78°C
was k, =1.1m7's™!, and that of release of O, from the Cu,0,
complex k_; =78 x107s~, From these values the binding
constant for dioxygen at —78°C is determined to be K = (k,/
k_)=14x10*m~". This value is about three orders of
magnitude smaller than the equilibrium constant reported
for the oxygenation of [Cuy(H-XYL)]** in dichlorometh-
ane.l® The difference is almost entirely due to the lower value
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of k,, possibly because the larger benzimidazole groups slow
down the conformational rearrangement of the complex
leading to the dioxygen adduct. The different bite angle of the
five-membered benzimidazole ring, with respect to the six-
membered pyridine ring, may also cause some difference in
the stereochemistry of the two peroxo complexes. However,
whereas the [Cu,(H-XYL)]** complex does not form a stable
dioxygen adduct and undergoes a fast ligand hydroxylation
reaction,¥ replacement of the pyridine donors of [Cu,(H-
XYL)J** with benzimidazoles in [Cu,(L-66)]** disables the
endogenous ligand hydroxylation. This is a necessary con-
dition to perform the regiospecific ortho-hydroxylation of an
exogenous phenolate.['3

When sodium 4-carbomethoxyphenolate is added to the
solution of [Cu,(L-66)(0,)]** at —80°C (excess O, removed)
no change of the UV-visible spectrum occurs. Upon raising
the temperature to — 60 °C the intensity of the peroxide —Cu!!
CT band at 362 nm diminishes to about 50 %, due to thermal
decay of the dioxygen adduct. In addition, a slow reaction
takes place, as indicated by a further decrease in intensity of
the 362 nm band and appearance of a new absorption feature
near 340 nm (Figure 3). The spectrum that results after

—— vl

0.0

LA S S e e S N A S (L (L NN S S S B S R B B S B B B B B LI S |

350 400 450 500 550 600

Wavelength (nm)

Figure 3. Changes in the absorption spectra for the reaction of [Cu,(L-
66)(0,)]** with sodium 4-carbomethoxyphenolate at low temperature. In
order of decreasing absorbance: a) [Cu,(L-66)(0O,)]** after the addition of
phenolate at —80°C; b) after equilibration at —60°C; c) after 1 h, d) 2 h,
e) 3 h, f) 4h, and g) 5 h reaction at —60°C.

several hours and which exclusively exhibits the 340 nm band
is analogous to that observed for the catecholate adduct of
[Cu,(L-66)]*" in acetonitrile,'* and thus strongly suggests
conversion of phenol into catechol mediated by the copper-
dioxygen adduct. The further oxidation of catechol to quinone
is demonstrated by the reaction of 3,5-di-fert-butylcatechol
with [Cu,(L-66)(O,)]** at —60°C (excess O, removed) (Fig-
ure 4). The decrease of the copper-peroxide band at 362 nm
and the development of the quinone band at about 420 nm
follow the same time profile (kq,,=2.8 x 1073s~! and 2.6 x
10-3s~!, respectively). The process shown corresponds to one
catalytic cycle (2 catechol:1 O,).[4

The conversion of 4-carbomethoxyphenolate to catecholate
by [Cu,(L-66)(O,) ]** at —60°C is also proven by workup of
the reaction mixture followed by chemical analysis. Due to the
thermal instability of [Cu,(L-66)(0O,)]** at — 60 °C (see above)

Chem. Eur. J. 2000, 6, No. 3
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Figure 4. Difference spectra recorded during the reaction of [Cu,(L-
66)(0,)]** and 3,5-di-tert-butylcatechol (50 mol equiv) at —60°C in
acetone.

and slow rate of the hydroxylation at this temperature, side
reactions between phenolate, catecholate ions, and acetone
decrease the yield of catechol (about 20 % with respect to the
starting [Cu,(L-66)]** complex , i.e. about 40 % with respect
to [Cu,(L-66)(O,)]**, after 2 h). In contrast, clean oxygen-
ation of the same substrate by [Cu,(L-66) ]** and dioxygen was
observed in acetonitrile at —40°C.!'* However, under those
conditions the dioxygen adduct does not build up. Moreover,
hydroxylation was achieved by exposing the Cu'-phenolate
adduct to dioxygen;I"¥ without substrate the reaction between
[Cu,(L-66)]*" and dioxygen at or near room temperature
results in the di-u-hydroxo-bridged dicopper(il) complex
[Cuy(L-66)(OH),J**.'1 In contrast, here the phenolate has
been added after oxygenation of the Cu' complex at low
temperature, demonstrating conversion of the substrate into
catechol in the presence of the peroxo complex. In this way,
the [Cu,(L-66)]** complex is shown to be the first small-
molecule system to form a stable dioxygen adduct and to
mediate the hydroxylation of exogeneous phenols, in analogy
to tyrosinase.

Experimental Section

The ligand L-66 and the corresponding dinuclear Cu' and Cu'" complexes
were prepared as described before.l'¥! Low-temperature UV/Vis spectra
were recorded by using a HP 8452A diode array spectrophotometer in
conjunction with a custom-designed immersible fiber-optic quartz probe
(5 mm path length, Hellma) fitted to a Schlenk vessel with gas and vacuum
inlets. The stoichiometry of oxygen binding to [Cu,(L-66)** was deter-
mined by assaying the hydrogen peroxide produced by the addition of
excess trifluoroacetic acid to the oxygenated solution at —78°C. A small
amount of this acidified solution was added to an aqueous phosphate buffer
solution (100mm) at pH 7 that contained an excess of 2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) and horseradish peroxidase
(40nm). The peroxidase reaction produces the ABTS'* radical cation,
characterized by intense absorption bands at 414nm (¢ 3.6 x
10*M~'em 1) and 660 nm (& 1.47 x 10*M~'cm1).2! The yield of hydrogen
peroxide found considering a 2Cu:10, stoichiometry was >90%. The
dicopper(11) complex of L-66 gives no interference in this assay.

Raman spectra were recorded on a home-built spectrometer at Universitét
Mainz and consisted of an Acton SpectraPro-500i double monochromator
equipped with 3600, 1800, and 600 groove per mm gratings and with a
nitrogen-cooled, back-illuminated CCD camera (PI Instruments, 1100PB,
1100 x 330 PI Chip). The 3600 groove per mm grating was used for all
measurements. Excitation source was a Spectra Physics 2080 Kr* Laser
(350.7 nm, 415.4 nm). Typically spectra were run with laser powers of
10 mW and acquisition times of 100 s and 1000 s. Spectral resolution was set
to <3.5 cm~!. Low-temperature measurements were carried out in a liquid-
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helium flow cryostat with a specially designed quartz sample rod
(CryoVac). The sample rod contained vacuum and gas inlets as well as a
silicon septum through which solutions could be injected under inert
atmosphere. The Cu' complex [Cu,(L-66)]*" was prepared directly in the
sample rod under Ar and after cooling to —80°C, oxygen was bubbled
through the solution for ~ 15 min, generating the brown peroxo complex in
solution. Concentrations of this species were estimated to be <1mm. 8O-
substitution experiments were performed by oxygenating the [Cu,(L-66) ]**
solution with 180, gas (99 %) obtained from Chemotrade.

The kinetics of dioxygen binding by [Cu,(L-66)]*" were studied at 362 nm,
upon injecting a small volume of a concentrated solution of the Cu!
complex in acetone into a large volume of the solvent saturated with
dioxygen at low temperature. The kinetic constant k,,, was obtained from
fitting of the data of absorbance versus time at —78°C to the equation for
the reversible oxygenation equilibrium (even though at —78°C oxygen-
ation of the complex is nearly complete), Equations (3)—(5), in which
[Cul,]° is the initial concentration of [Cu,(L-66)]**.

Cul, + OZ%CuZOZ ®3)

cu0g — KUOICUT o +k i) @
e ki[0y] + k_y e -

kops=k1[Os] +k_, (5)

The solubility of dioxygen in acetone at low temperature was taken from
the literature.l®® The deoxygenation of [Cu,(L-66)(O,)]*" is slow at low
temperature and was followed spectrally after applying a vacuum to the
oxygenated solution and purging with an inert gas. Under these conditions,
deoxygenation proceeded until the system equilibrated to the residual
dioxygen pressure. To achieve full deoxygenation, application of a second
vacuum/purge cycle would be necessary, but since this process causes base
line problems in the optical readings we limited the spectral observation to
the first cycle.

The phenol oxygenation experiments were carried out under Ar by adding
a solution of sodium 4-carbomethoxyphenolate (0.024 mmol) in dry
acetone (1 mL) to [Cu,(L-66)(0,)]** (0.024 mmol, excess O, removed) in
the same solvent (40 mL) at — 80 °C. After 15 min, the reaction was allowed
to proceed at — 60 °C. Samples (10 mL) of the solution were withdrawn and
immediately quenched in H,SO, (0.2M, 1 mL). The mixture was taken to
dryness, and the residue was extracted with chloroform and analyzed by
'H NMR and HPLC (after addition of a standard) as described
previously.l'* I Total recovery of catechol plus unreacted phenol did not
exceed 50%. By-products from side reactions are evident in the NMR
spectra and HPLC traces.
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Zx"-tetraphenylporphyrinates as Nuclease Mimics: Structural, Kinetic and
Mechanistic Studies on Phosphate Diester Transesterification

Eugen Stulz,'*! Hans-Beat Biirgi,’! and Christian Leumann*!?!

Abstract: The Zr"-tetraphenylpor-
phyrinates Zr(TPP)(X,X'), (X X' =
“OAc, OMe, CI") 4-6, 8 were pre-
pared and their complexing properties
as well as catalytic properties towards
solvolysis of the phosphate diesters hpp
(2), dmp (3) and pmp (16) characterised.
The diesters 2 and 16, representing
model phosphates for RNA and DNA,
were substrates for the catalyst
Zr(TPP)Cl, (4), and rate accelerations
over background by 6-9 orders of
magnitude were measured. These accel-

solvolysis of 2 and 16 in methanol-
containing solvents are dinuclear com-
plexes containing either one or two
phosphate esters depending upon the
phosphate concentration. Besides the
usual solvolysis pathway of the RNA
model hpp (2), which proceeds via the
cyclophosphate 20, a second, unusual
pathway via direct substitution of the
hydroxypropyl substituent was found.
X-ray analysis of the Zr(TPP)(dmp)
complex 19 revealed a dinuclear struc-
ture with two bridging dmp ligands and

one monomethyl phosphate unit. In 19
one of the two dmp residues occurs in a
very unusual high energy ac,ap confor-
mation. Based on this structure and on
the kinetic data, mechanistic models for
the two solvolysis reaction pathways
were developed. From an extensive
CSD search on phosphodiester struc-
tures no correlation between P—O ester
bond lengths and diester conformations
could be found. However, P—O ester
bonds decrease in length with increasing
formal charge of the complexing metal

erations are comparable to those of
dinuclear transition metal catalysts and
lanthanide ions. Catalytic turnover was
observed. Kinetic studies revealed that
the catalytically active species of 4 in the

catalysts -
inoids -

Introduction

The design and synthesis of molecules that function as
artificial nucleases has become a field of great interest in
the past decade. Such compounds may lead to powerful new
drugs acting at the level of gene expression, or to new tools in
biotechnology.l'! Most compounds investigated so far are
transition metal complexes,? lanthanide complexesP! or small
molecules with basic functional groups¥l that may be attached
to nucleic acid recognising units for sequence specific RNA or
DNA cleavage.

In natural nucleases, two major pathways for activating and
cleaving the phosphate diester group can be differentiated:
i) hydrolysis is induced either by a general acid—base
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ions. This underlines the higher impor-
tance of electrostatic activation relative
to stereoelectronic effects in phospho-
diester hydrolysis.

mechanism where His, Lys or Glu usually determine the
catalytic cascade (e.g. RNAse A RNAse T1); or ii) the
negative charge of the phosphate diester group is neutralised
by a metal ion (electrostatic activation), and a metal-bound
water or hydroxide serves as the nucleophile (e.g. DNAse L®
pyrophosphatasel®). The most active enzymes combine the
two features in their active site, such as staphylococcal
nuclease (Ca*t, Arg)l'l or nuclease S1 (Zn?>*, Lys).l'!l The
power of such a combination is exemplified by staphylococcal
nuclease,? which accelerates the hydrolysis of DNA by a
factor of 10%, relative to background. The contribution
attributed to the metal ion is estimated to be about 10+6.113]
This reduces the calculated lifetime of DNA from million
years to milliseconds.!*]

The reactivity of simple metal complexes can thus be
substantially increased by attachment of basic or nucleophilic
side chains to the ligand system. In this way rate enhance-
ments arise from either an additional complexation of the
basic side chain to the phosphate diester, stabilising the
pentacovalent intermediate phosphorane,'?["] or from de-
protonation of a metal-bound water.['"!

In our search for structures that could serve as building
blocks for artificial nucleases, combining Lewis acid activation

0947-6539/00/0603-0523 $ 17.50+.50/0 — 523





FULL PAPER

C. Leumann et al.

and general acid —base catalysis, we identified Zr'V-tetraphe-
nylporphyrinates ([Zr'V(TPP)]**) as ideal candidates. Zirco-
nium porphyrinates are robust (class IT) complexes!'”l that can
only be demetallated under strongly acidic conditions such as
sulphuric acid or HF. Therefore, they can be regarded as
virtually inert towards demetallation under physiological
conditions.'® Porphyrins have a rigid and planar geometry,
and are easy to synthesise in a variety of different substitution
patterns. ZrV-porphyrinates show “out-of-plane” geome-
tries!"”! with additional ligands always in cis position relative
to the porphyrin plane.

For 60 years Zr*‘-salts have been known to exhibit
“phosphatatic activity”.?’l But only recently has Zr'V been
rediscovered for this purpose.’!l We have shown that the
complex Zr"(acac),(sae) (1) (sae = N-2-hydroxyethylsalicyli-
deneiminato) promotes the solvolysis of 2-hydroxypropyl
phenyl phosphate (hpp) (2) with a rate acceleration of about
10° (benzene/methanol 1:1), obeying Michaelis—Menten
kinetics.??l Here we report on the use of Zr'V-tetraphenylpor-
phyrin complexes in phosphate diester transesterification. In
particular we investigated i) the influence of different ligands
and of different solvents on the complexation of dimethyl
phosphate (dmp) 3 with Zr(TPP)(X,X") (X,X'="OAc, OMe
or Cl"); ii) the crystal structure of a Zr(TPP)-dmp complex;
and iii) the mechanistic and kinetic properties of Zr(TPP)Cl,
(4) induced solvolysis of phosphate diesters 2 and 16 under
various conditions.

o hpp (2)
I
YY O—I?—O/\(
o] 6 o~ OH
%\Z\/ 9
I
_N‘\'ﬂ(\O Me—0-P—0-Me  dmp (3)
a o]
| O
O
Zr(acac),(sae) (1) b —O0—Me pmp (16)
=
(o]

Results and Discussion

Synthesis of Zr(TPP)(X,X'): Zirconium porphyrinates were
synthesised mainly according to adapted literature proce-
dures. The insertion of zirconium into H,(TPP) was achieved
by a method analogous to that of Buchler.?l Zr(TPP)(OAc),
(5) was obtained in an overall yield of 93% (Scheme 1).24

Zr(TPP)(OAc,Cl) (6) and Zr(TPP)CL, (4) were prepared
from Zr(TPP)(OAc), (5) analogous to the corresponding
octaethylporphyrin (OEP)-derivatives reported by Brand and
Arnold®! with SiCl, (5 —4) or Me;SiCl (5 —6) in refluxing
anhydrous toluene. The yields were 90 % for Zr(TPP)CI, (4)
and 91% for Zr(TPP)(OAc,Cl) (6). While compound 4 is
already known,?! compound 6 has not been reported so far.

Attempts to prepare the derivatives Zr(TPP)(OMe), (7)
and Zr(TPP)(OAc,OMe) (8) were only partially successful.

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

H,(TPP)

Scheme 1. i) a) Zr(acac),, phenol, 1,2,4-trichlorobenzene, 240°C, 24 h,
b) pyridine/HOAC, reflux, 2 h, then H,0, 93 %; ii) SiCl,, toluene, reflux,
7 h, 90 %; iii) Me;SiCl, toluene, reflux, 7 h, 91 %; iv) a) Me;SiCl, toluene,
reflux, 3 h, b) KOMe/MeOH, 80°C (3 h) —RT, 12 h, ca. 96 %.

We were unable to prepare 7 from 4 with KOMe or NaOMe
in toluene, methanol or mixtures thereof. Compound 8 could
not be obtained analytically pure, although the in situ
transformation of Zr(TPP)(OAc,Cl) (6) with KOMe/meth-
anol yielded ligand exchange from chloride to methoxide to
an extent of 90-95% ("H-NMR spectral evidence). The
failure to prepare Zr-porphyrinate —methoxide complexes
was also reported by Brand and Arnold for the corresponding
octaethylporphyrin derivatives.*”!

Zirconium porphyrinates 4—6 and 8 are well soluble in
chlorinated solvents, toluene, benzene and pyridine with a
characteristic blood-red colour, but virtually insoluble in
methanol and water. In mixtures of chloroform or benzene
with methanol or methanol/water and in DMSO/chloroform
solutions (with or without water) the zirconium porphyrinates
can be dissolved to a maximum concentration of ca. 10 mmM.
Addition of bases such as imidazole or triethylamine reduces
the solubility in chloroform/methanol to about 1 mm and gives
rapid and complete precipitation from water containing
solvents.

Complex formation properties of Zr(TPP)(X,X') towards
phosphate diesters: In order to test the ability of zirconium
porphyrinates to bind phosphate diesters we performed
complexation experiments with hpp (2) and dmp (3) using
Zr(TPP)Cl, (4), Zr(TPP)(OAc), (5), Zr(TPP)(OAc,Cl) (6)
and Zr(TPP)(OAc,OMe) (8). For solubility reasons the
experiments were done in CDCly/CD;0OD, C,D¢/MeOH,
[D¢]DMSO/CDCl; and [D]DMSO/CDCI/H,0 solvent mix-
tures and were examined by 'H/*'P-NMR spectroscopy.

In a first set of experiments we mixed 4, 5, 6 and 8
separately with dmp (3) in CDCly/CD;OD 9:1 (Table 1). The
NMR spectra showed new signals for dmp (3) at 6=1.51 in the
'"H-NMR and at 6 = — 18 in the 3'P-NMR spectrum (free dmp:
0=23.58 and =3 in the 'H-NMR and *'P-NMR spectrum,
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Table 1. Complexation of dmp (3) various Zr(TPP)-complexes in CDCly/
CD;OD 9:1.

Zr porphyrinatel® Zr(TPP):dmp total ligand
(3) ratiol! exchange [%]
Z1(TPP)(OAc), (5) 1:2.5 0
Z1(TPP)(OAc)CI (6) 1:2.9 20
Zt(TPP)(OAc)OMe (8) 1:13 17
Zt(TPP)Cl, (4) 1:1 50
Zr(TPP)CL, (4) 1:2 82
Z1(TPP)Cl, (4) 1:2.6 89

[a] [5]=7.5mMm, [6]=8.1mMm, [8]=79mMm, [4]=8.6mm. [b] Exact ratio
determined by 'H-NMR.

a) * *

dmp (3)
uncomplexed
*

. dmp (3)
complexed

9.0 7.0 5.0 3.0
b)

dmp (3)

dmp (3) complexed

uncompliexed

10 0 -10 -20 ppm
Figure 1. a) 'H-NMR (300 MHz) and b) 3'P-NMR spectrum (81 MHz) of
the mixture of dmp (3) with Zr(TPP)Cl, (4) in CDCl,/CD;OD after four
days. In a) residual proton signals of solvent and internal reference (TMS,
0 =0) are marked with an asterisk.

respectively). The ligand exchange reactions were essentially
complete after 5 min. Figure 1 displays a representative NMR
experiment. All signals were sharp lines, indicating strong
binding and slow exchange between free and complexed
phosphate on the NMR time scale.?””! The observed high-field
shifts for complexed dmp (3) relative to free dmp (3) were
Ad=~2ppm ("H NMR) and of Ad =~20 ppm (*'P NMR).
This is consistent with a general upfield shift of ligands
complexed to metal porphyrinates due to the ring current of
the aromatic porphyrin ligand system. !

During the complexation with dmp (3) only methoxide and
chloride ligands exchanged, but not acetate (Table 1). The
general trend in the relative rate and amount of exchange is
acetate < methoxide < chloride. The inertness of acetate as
ligand on [Zr(TPP)]** towards ligand exchange with dmp(3)
can only be explained by a chelate effect, because compared
with the pK, values of the corresponding acids (HCl —7,
HOACc 4.7, MeOH 15.5) acetate should be exchanged consid-
erably faster than methoxide. We assume that complexes of
the stoichiometry Zr(TPP)(OAc,dmp) (13), Zr(TPP)(Cl,dmp)
(14) and Zr(TPP)(dmp), (15) were formed (Scheme 2).

We note that complexes 14 and 15 cannot be distinguished
by NMR spectroscopy. For the methyl protons of dmp (3)
complexed to [Zr(TPP)]?>* always only one signal (doublet,
Jp_y=11 Hz) was observed. This indicates complexation of
dmp (3) in a monodentate way. The second ligand on

Chem. Eur. J. 2000, 6, No. 3
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Scheme 2. Complexation of 4 and 6 with dmp (3).

Zr(TPP)(dmp,X) (X = Cl~ or dmp) seems to have no effect on
the chemical shift of the complexed phosphate. In the 'H-
NMR spectrum of 13 the resonances assigned to complexed
dmp (3) (0=1.58) are slightly shifted (Ad=0.14 ppm)
towards lower field compared with the dmp-signals in 14 or
15 (6 =1.44).

A second set of experiments was performed to determine
the relative rates of ligand exchange from chloride to
phosphate. An approximately 10mM solution of Zr(TPP)-
(OAc,Ql) (6) or Zr(TPP)Cl, (4) was mixed with dmp (3) (1:1
and 1:2, respectively) in CDCl,/CD;0OD 5:2 (Table 2).

Table 2. Second order rate constants for the ligand exchange reactions
4—14 and 6 —13 (see Scheme 2) in CDCly/CD;0D 5:2.

Zr-porphyrinatel® Zr(TPP):dmp ratio ky [M71s7Y
Zr(TPP)Cl, (4) 12 0.13
Zt(TPP)(OAC)CI (6) 1:1 3.6 x 103

[a] [4]=10.7 mMm, [6] =11.4 mMm.

The increased methanol concentration in the solvent
mixture allowed the reaction to be followed by 'H-NMR
spectroscopy. With Zr(TPP)(OAc,Cl) (6) a pure second order
reaction to produce 13 was anticipated (Scheme 2). The rate
constant was calculated using Equation (1) (see Experimental
Section). In the case of Zr(TPP)Cl, (4) we calculated a
relative second order rate constant from the initial rate v, of
ligand exchange on Zr(TPP)Cl, (4) according to Equation (2)
(Experimental Section) assuming that the rate limiting step is
bimolecular (although the true rate constant for the overall
reaction is of higher order). The initial rate v, (2.93 x
10—°ms~!) was determined from the slope of the exponential
fit to the measured concentration of free dmp (3) versus time
at t=0 (Figure 2).

The relative rate for the ligand exchange on Zr(TPP)Cl, (4)
is about 36 times faster than for Zr(TPP)(OAc)Cl (6)
(Table 2). Complex 4 showed 55% exchange after 30 min
and 65% after five days, in 6 ligand exchange reached
saturation after two days (83 % ). This saturation effect is most
probably due to methanol being a competitor to phosphate as
a ligand.

We also performed complexation experiments with the
RNA model hpp (2) using Zr(TPP)Cl, (4), Zr(TPP)(OAc),
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dmp (3)/ mM

t/sx 107

Figure 2. Time dependent concentration of free dmp (3), observed by 'H-
NMR spectroscopy, for the complexation of dmp (3) with ¢ Zr(TPP)Cl, (4)
and m Zr(TPP)(OAc)ClI (6) in CDCL,/CD;0D 5:2. Solid curves are fitted
exponential curves. The dotted line corresponds to an extrapolation.

(5) and Zr(TPP)(OAc,Cl) (6) (stoichiometric ratio of Zr:P =
1:3 in each mixture) that were followed by 3'P-NMR spectro-
scopy. Due to solubility reasons the solvent was changed to
[D]DMSO/CDCI; 5:2. Complexes 5 and 6 showed no affinity
to hpp (2) in this solvent. The dichloride 4, however,
complexed hpp (2) rapidly (< 3 min) under formation of two
new species with sharp signals at 6 = —16 and 6 = — 18 (free
hpp (2): d = —5) with a 1:1 Zr:hpp stoichiometry (Figure 3a).

hpp (2}
uncomplexed

hpp (2)
complexed

pp (2)
complexed

rar

hpp (2)
uncomplexed

s

20 o

ppm

Figure 3. 3'P-NMR spectra (81 MHz) of Zr(TPP)CI, (4) in the presence of
hpp (2): a) in [D¢]DMSO/CDCl; 5:2; and b) in [Ds]DMSO/CDCI/H,0
10:5:1.

Integration indicates that 41 % of hpp (2) is uncomplexed and
59% refer to a 1:1 Zr:hpp complex. This leads to an apparent
dissociation constant K, of 800M~.

Addition of H,O ([D¢]DMSO/CDCIy/H,0 10:5:1) led to
significant broadening of two signals (0 = —5 and —18),and a
new set of sharp signals arose at 6 = —24 (Figure 3b). This
spectrum remained unchanged over a period of two weeks,
and extraction experiments with water/acetic acid yielded
only hpp (2) and the diacetato-complex 5 as determined by
UV/Vis, HPLC and "H/A'P-NMR spectroscopy. No products
as a result of hydrolysis of hpp (2) were identified. The line
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broadening indicates a dynamic exchange process between
bound and free species. Therefore complexation of hpp (2)
may be reversible in the presence of water, and the phosphate
can be quantitatively displaced from zirconium porphyrinates
by acetic acid. The observation that under aqueous conditions
upfield shifts of the complexed phosphate of as much as Ad =
20 ppm appear is in agreement with the formation of
dinuclear complexes. For such species a doubled ring current
effect induced by two porphyrin units is expected (vide infra).

Similar experiments were performed with Zr(TPP)Cl, (4)
and dmp (3) in C,D¢/MeOH (1:1). This system was chosen in
view of the solvolysis experiments to be described later.

From the 3'P-NMR spectra it is obvious that in this solvent
mixture the complexation with dmp (3) is concentration
dependent. The line broadening of the signals referring to
complexed and free dmp (3) (Figure 4) are reminiscent for
slow exchange processes.

a) dmp (3)
uncomplexed

dmp (3)

b)
mononuclear

c) dmp (3)
dinuclear

-30
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25 5 ppm  -15 -35
Figure 4. 3P-NMR spectra (121 MHz) of Zr(TPP)Cl, (4) in the presence
of dmp (3) in CD¢/MeOH 1:1; a) Zr:P=1:8, b) Zr:P=1:2.5, ¢) Zr:P=
1:0.1.

A variety of Zr(TPP)(dmp) complexes with chemical shifts
at 0=-3 and at 0=—16 are formed depending on the
relative zirconium and phosphate concentrations. We attrib-
ute the signal at d = — 3 to mononuclear and the signal at § =
—16 to dinuclear complexes in accordance with the ring
current effect of the porphyrins.

Apparent dissociation constants (K;) for the Zr(TPP)-
(dmp) complexes were determined from these ligand ex-
change reactions (Table 3). Assuming that with an excess of
phosphate over zirconium porphyrinate (8:1) only complexes
with the composition Zr(TPP)(dmp), 15 are formed, a K, of
45.3mmMm was calculated. This value compares well with that
determined for the distinct 1:1 complex of dmp (3) with 1 (K,
76.2mm).?2 If an excess of zirconium porphyrinate over
phosphate (1:0.1) is used, the formation of (u-dmp)[Zr-
(TPP) ],(X); (17) (Scheme 3) should be favoured, and a K,
of 0.61mMm results. With intermediate stoichiometries of
phosphate to zirconium a mixture of 14, 15, 17 and 18 is
produced and the apparent K, of 1.51mm agrees with that
determined for the complexation of hpp (2) by Zr(TPP)Cl, (4)
in [D¢]DMSO/CDCIy/H,0 10:5:1 (K;=1.25mm).

The complexation of dmp (3) in a dinuclear complex is 75
times stronger compared with a mononuclear species. This is
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Table 3. Dissociation constants calculated from the ligand exchange
reactions of 4 and 1 with dmp (3) and hpp (2) in various solvent mixtures
and phosphate/zirconium (Zr:P) ratios

Zr complex phosphate  solvent K, [mM]
diester Zr1/P ratio
Zr(TPP)CL, (4) dmp (3) in C;Dy/MeOH 1:1
1:8 453
1:25 1.51
1:0.1 0.61
hpp (2) in [D,]DMSO/CDCL/H,O0 125
10:5:1
Zr(acac),(sae) (1)  dmp (3) in C(D¢/MeOH 1:1 76.212
1:4
Zr(TPP)Cl X/Z'\
\Zr
Zr(TPP)Cl(dmp) (14) Zi(TPP)CI, (4) W

(u-DMP)[Zr(TPP)L,Cl, (17)

g7 /=

X dm)
dmp, X P
-/

“ dmp (3)

ZK(TPP)C,
=

zr

L

(n-dmp),[Zr(TPP)CI], (18)

Scheme 3. Complex formation equilibria between Zr(TPP)Cl, (4) and
dmp (3) in solution. Further structures are not excluded. X =Cl-, MeO~.

Zr(TPP)(dmp),(15)

in accordance with the observed difference in phosphate
complexation with mononuclear and dinuclear cobalt(i)
complexes.?” In contrast to the complexation of phosphates
with Zr(acac),(sae) (1),?2 Zr(TPP)Cl, (4) complexes dmp (3)
about 1.6 times stronger than a mononuclear and about 125
times stronger than a dinuclear complex. Two reasons might
be responsible for this: i) 1 has only one complexation site for
phosphates, whereas 4 contains potentially four such sites,
ii) addition of a phosphate diester to 1 leads to a charged
complex whereas exchange of Cl anion by such an ester in 4
leaves the product complex neutral.

In summary the results of the
complexation experiments indi-
cate that: i) complexes with
different zirconium/phosphate
stoichiometry exist in solution
(Scheme 3); ii) the nature of
the preferred complex and its
stability with respect to the
NMR time scale strongly de-
pends on the solvent, the zirco-
nium/phosphate ratio and the
investigated  zirconium por-
phyrinate itself; iii) dmp (3) is
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complexed most likely in a monodentate way; iv) hpp (2)
presumably forms a chelate between the phosphate and the
alkoxide group.

Crystal structure of (u-1*-mmp)(u-dmp),[ZrTPP], (19): Iso-
lation of a crystalline zirconium-porphyrinate-phosphate
ester complex from Zr(TPP)Cl, (4) or Zr(TPP)(OAc)Cl (6)
with either hpp (2) or dmp (3) proved to be difficult. A
mixture of a toluene solution of 4 or 6 with a methanol
solution of 2 or 3 yielded only sparingly soluble, powdery
products. From CDCl;/methanol, however, a dmp-complex of
4 could be isolated and single crystals suitable for X-ray
analysis could be grown in an anhydrous toluene/pentane
mixture at —20°C within one
and a half month. The structure
of the complex (Figure 5) was
determined to be (u-r*-mmp)-

(u-dmp),[Zr(TPP)], (19) (as a /
bis-toluene solvate; mmp= O Me
i) \ N0 Me

monomethyl phosphate) and Me

’ ) O'.' ....... P P O
represents the flll\r,st crystal §truc o\/ \ / \o
ture of a Zr"v-porphyrinate- Me O dme”
phosphate complex. N Z 7
I

In this compound two u-dmp
units and one y-ny>-monomethyl
phosphate (mmp) bridge two
zirconium ions and form a 19
“sandwich” complex, reminis-
cent of the complexes of hydroxo- and oxo-bridged zirconium
porphyrinates.?% All terminal oxygen atoms of phosphates
are complexed. The occurrence of a monomethyl phosphate
in the structure can only be explained assuming diffusion of
water into the solution during crystallisation and subsequent
hydrolysis of dmp (3).

The phosphate part of the crystal structure is highly
disordered with an apparent inversion centre midway be-
tween the two zirconium atoms. Figures 5 and 6 show one of
the two symmetry equivalent arrangements of the phosphate
esters. Although the pocket formed by the two Zr(TPP)
entities has approximate C, symmetry, only two arrangements
of the phosphate esters could be detected (related by the
apparent inversion centre). The methyl group of the mono-
methyl phosphate shows additional disorder and was assigned
to two equally populated but different positions. The structure
refinement was restrained to show equal P—O(ester)-,

Figure 5. Stereoplot of (u->-mmp)(u-dmp),[Zr(TPP)], (19) (50% probability level). Only one of the two
equivalent orientations of the phosphate esters is shown (see text). Hydrogen atoms are omitted for clarity.
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P—O(Zr)- and C—O(P)-bond lengths, respectively. Releasing
these restraints resulted in esd’s which were much larger than
the differences between individual bond lengths.

The coordination polyhedra around the two zirconium ions
are different for a given arrangement of the phosphates. One
zirconium shows a 4+3-type polyhedron with a square-planar
base formed by the four nitrogens of the porphyrin, and a
trigonal planar cap formed by three phosphate oxygens; the
second zirconium exhibits a square-antiprismatic coordina-
tion geometry with the four nitrogen and four oxygen atoms
forming squares. In Figure 6 a top view perpendicular to the
porphyrin planes of the coordination sphere around the
zirconium atom is drawn.

0(24)

Figure 6. Top-view of the coordination sphere around the Zr atoms in 19
and numbering scheme for one of the two equally probable orientations of
the phosphates (50% probability level, H-Atoms omitted). C(34A, B)
highlight the disordered methyl groups of the u,;7?>-mmp ligand.

In the analoguous complexes {(u-OH);[Zr(TPP)],}(7.8-
C,ByH;,) and (u-O)(u-(OH),)]Zr(TPP)], the geometry
around zirconium is also found to be of the 4+3-type,®
whereas in (u-OH),[Zr(TPP)], the zirconium coordination is
square-antiprismatic.*® The complex 19 seems to be the first
with mixed geometries of the two zirconium ions. The Zr—N
bond lengths range from 2.285(6) to 2.303(5) A (average
2.295(9)) and represent values in the upper range found in
zirconium porphyrinates so far (range 2.222(1) to
2.293(1) A).[5263031 The Zr—O bond lengths are in the range
of 2.071(9) to 2.244(15) A (average 2.181(7)). The Zr atom is
displaced 1.1 A from the N, plane; these values do not
represent extrema." The two porphyrinates are eclipsed: the
torsion angles N1-Zr-ZrA-N3A and N2-Zr-ZrA-N4A are 3.3°
and —3.0°, respectively. The same conformation has been
found in the oxo- and hydroxo-bridged Zr(TPP) complexes.[*!
The distance between the two Zr atoms is 5.07 A, which is
significantly longer than the metal —metal distance found in
dinuclear phosphodiesterases (3—4 A).?! Additionally, two
Zr—N bonds and two bonds of the phosphate monoester
(P3—033 and P3—034) are coplanar with torsion angles being
N4-Zr-033-P3 180(2)°, N2-Zr-0O33-P3 —13(3)° and Zr-O33-
P3-034 —176(1)".
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An interesting structural feature is the conformation of the
phosphate diesters. The torsion angles C-O-P-O (Table 4) in
the phosphate P1 are in the sc,ap (gauche,trans) range, and
those in the phosphate P2 adopt an almost ideally stretched
— ac,ap conformation.

Table 4. Torsion angles of the phosphate diesters in (u-17?-mmp)(u-
dmp),[Zr(TPP)], (19).

parameter deg (esd) parameter deg (esd)
014-P1-013-C13M —178(4) 024-P2-023-C23M —134(3)
013-P1-014-C14M 76(2) 023-P2-024-C24M —166(2)

These geometries do not correspond to the preferred sc,sc
(or —sc,—sc) range usually found in aliphatic, noncyclic
phosphate diesters;*? especially the — ac,ap conformation is
very unusual. There is no simple explanation, that is in terms
of steric constraints, for this observation. The trans confor-
mation lacks stabilization via the anomeric effect. The
calculated increase in total energy is 5.4 kJ mol~! for the sc,ap
and 15.1 kI mol~! for the — ac,ap conformation, relative to the
most stable sc,sc conformation of free dmp (3).% Torsion
angles in the ap range have been reported only in crystals
containing uncharged phosphates (triesters, protonated die-
sters) or aryl substituted phosphate diesters; the existence of
the ap,ap conformer was also postulated in solution for dmp
(3) on the basis of 3P-NMR spectroscopy.F*!

Phosphate geometry: The observed, very unusual phosphate
conformation of dmp (3) in the structure of 19 prompted us to
perform a search of the Cambridge Structural Database
(CSD), similar to that performed by Schneider et al.l**l The
search was restricted to aliphatic (Cy;3), noncyclic phosphate
diesters of charge —1 (including metal complexes) and an R
factor of <6% (error-free refinements); 22 entries were
found (mainly dinucleotides, dimethyl phosphates, diethyl
phosphates and dibutyl phosphates) with 31 different geo-
metries for which a two dimensional diagram of the torsion
angles O, .-P-O-C was plotted (Figure 7).

Because the CSD programs assign the torsion angles T1 and
T2 to the two P—O-ester bonds in a random way, and because
either one or the other of two enantiomers is stored in the
CSD, the values of T1 and T2 were exchanged and their signs
changed to obtain all four isoenergetic structures of a general
diester conformation. The diagram (overall crmm symmetry)
clearly shows that the distribution of the torsion angles has its
highest density in the sc,sc and —sc,—sc range (22 struc-
tures), and a scattered distribution along a “circle line”
centred at 180°,180° with a radius of 120°. Some density is
found in the sc,ap range (6 structures). This pattern is similar
to the calculated energy diagram for dmp (3).2) Contrary to
the sc,ap conformation the ap, — ac conformation of dmp (3)
in 19 has no precedence in the CSD and therefore represents a
unique geometry for dmp (3) in a crystal.

Surprisingly, the analysis of these diesters showed that the
conformation of the phosphate group has no obvious effect on
the different P—O bond lengths, and no gauche effect could be
detected in the bond parameters. This observation is consis-
tent with the calculated P—O(ester) bond lengths for dmp (3)
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Figure 7. Top: scatter diagram of torsion angles T1 and T2 for phosphate
diesters; bottom: plot of average P—O(ester) bond lengths against formal
charge of the counterion (linear correlation is d=1.597 —0.0072n*, r=
0.880). m structures from CSD-search (search-profile and o outlayers from
linear correlation see text), o values of (u-n*mmp)(u-dmp),[ZrTPP], 19.

in the gas phase,[ where the bond lengths are shortened by
only 0.003 A on going from a sc,sc to an ap,ap conformation.
The average bond lengths obtained from our search
(P—O(ester) 1.576(2) A, P=0 1.486(2) A)B! are comparable
to those determined by Schneider et al.’3 (1.595(15) A and
1.485(13) A)), and to the average bond lenghts in 19
(P—O(ester) 1.564(4) A and P=0O 1.489(3) A). It has been
noted that the sum of the P—O bond lengths is a constant
parameter for phosphates. Values of 6.184 A7 and 6.160 A%
have been reported. Our search yielded a value of 6.125 A.
The sums of the bond lengths in 19 are slightly lower than
these average values (6.108 A).

Although the phosphate ester bond lengths in the crystal
structures of our CSD search appears to be independent of
conformation, two trends can still be discerned: i) a length-
ening of one P—O(ester) bond tends to be associated with a
lengthening of the other P—O(ester) bond, and ii) a length-
ening of the average P—O(ester) bond tends to be associated
with a slight shortening of the average P=O bond. A finding
which is perhaps more significant concerns a linear depend-
ence of the average P—O(ester) bond length on the formal
charge of the metal counterion (Figure 7; for monovalent
organic cations as counterions to the phosphate diester a
charge of +1 was taken).

The bond length contracts by about 0.05 A on going from a
M(+1) to a M(+6) complex. The complex 19 fits well in this
line, too. The position of the counterion relative to the
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charged oxygen atom of the phosphate group and the
nuclearity of the phosphate complex also had a slight
influence on the P—Of(ester) bond, especially among the
M(+2) class, where most examples were available. Here the
average bond length is shortened by about 0.01 A per direct
counterion contact. Two structures are clearly out of the linear
correlation: one is polymeric Ag*(y-diethyl phosphate)
(one crystallographically independent PO,-group) and the
other is a catena-Zn?*(n-dmp)P) structure (four independent
PO,-groups). The silver diethyl phosphate complex showed
moderate to large thermal motion (or disorder), which results
in rather uncertain bond length parameters. For the catena-
Zn**(y-dmp) complex no explanation for the short
P—O(ester) bond lengths can be given. We found no
significant correlations of counterion charge (and position)
with any other geometrical parameter, except that P=0O bond
lengths tend to increase with increasing oxidation number of
the counterion, as expected from the negative correlation
between the P—O(ester) and the P=O bond lengths.

Metals in a high oxidation state are generally hard and
strong Lewis acids.*! Hence complexation with the hard
phosphate anion increases the positive partial charge on the
phosphorus and with this its electrophilicity. This is reflected
in short P—O(ester) bonds (Figure 7). Schneider et al.[*’l
determined the average P—O(ester) bond lengths as a
function of the charge on the phosphate. Here a clear
shortening of the ester bond length (1.621 A, 1.595 A and
1.563 A, respectively) was found with decreasing charge of the
phosphate group from — 2 to 0. The average P—O(ester) bond
lengths of the metal complexes found in the CSD are between
the values calculated for phosphate triesters and phosphate
diesters.

An alternative way to evaluate the relative amount of
positive charge and therefore the electrophilicity on phos-
phorus is 3'P-NMR spectroscopy. Unfortunately, we could not
find data in the literature which are comparable with respect
to nature of the phosphate diester, counterions, solvents and
chemical shift reference, that would allow a comparison of the
phosphorus chemical shift versus type of counterion. Such an
investigation still awaits realisation.

Stereoelectronic effects have been invoked in discussions
on phosphate ester hydrolysis.*! To explain their significant
influence on the calculated total energy of the phosphate
diester as well as of the pentacovalent phosphorane inter-
mediate, the role of lone pairs has been discussed from both a
theoretical and an experimental point of view.*?l The sugges-
tions are that phosphate diesters with sc,ac or sc,ap con-
formations are more labile and are therefore more rapidly
hydrolysed than phosphate diesters in a sc,sc conformation.
The data presented in this paper show that lone pair
interactions do not lead to significant changes of P—O(ester)
bond lengths and may therefore be assumed not to contribute
significantly to a weakening of the corresponding bond. The
evidence given above does suggest, however, that the bond
lengths in phosphate diesters are shortened, and the electro-
philicity of the phosphorous atom thus increased, by increas-
ing electrostatic effects.

Such Lewis acid activation is also supported by the
observed rates of hydrolysis of phosphate esters (triester >
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diester > monoester*!) which perfectly correlate with the
trend in the corresponding bond lengths. Furthermore, the
available kinetic data show that higher-valent metal ions*’! (e.
g. Cet vs. Ce*)l*l are more efficient promotors for phosphate
diester hydrolysis than lower valent metal ions. This is
consistent with more recent ab initio calculations on phos-
phate ester hydrolysis*! which showed that the rate deter-
mining step is the nucleophilic attack on the phosphorus.
Taken together, the evidence given here suggests that
activation of phosphate esters towards hydrolysis is mainly
achieved by Lewis acid activation, and that nuclease mimics
combining several highly charged metal ions in the active
species should perform particularly well.

Kinetics and mechanisms of transesterification of phosphate
diesters with Zr(TPP)Cl, (4): Transesterification experiments
were performed in anhydrous as well as in water-containing
solvents. Due to solubility reasons CsD¢/methanol 1:1, C;Dy/
methanol/H,O 5:5:1, [D¢]DMSO/CHCIy/H,O 5:5:1 and
CHCly/methanol 1:1 were chosen as reaction media. The
phosphate substrates were hpp (2) (RNA model) and pmp
(16) (DNA model). The progress of the transesterification
reactions were followed by ¥P-NMR spectroscopy or UV/Vis
spectroscopy. All reactions were performed by using the
Zr(TPP)Cl, (4) in substoichiometric amounts.

In a first set of experiments with hpp (2) as substrate, we
performed Michaelis —Menten kinetics with variable concen-
tration of hpp (2) ([2]=8 to 40mm) and constant concen-
tration of Zr(TPP)Cl, (4) ([4] =2mM) in C,D¢/methanol 1:1
(T=28°C). In order to get insight into the overall reaction
order, we also varied the concentrations of Zr(TPP)Cl, (4)
([4]=1 to 5mwm at [2] =32mm). The progress of the trans-
esterification of hpp (2) was monitored by 3'P-NMR spectro-
scopy, and all reactions were followed to completion. Since
intermediates could also be identified and quantified, the
reactions were treated as consecutive irreversible pseudo first
order reactions A —B —C. The corresponding rate constants
k, (first step A —B) and k, (second step B—C) were
obtained by curve fitting to the measured concentrations of
the phosphates.*’] Figure 8 gives representative examples.

The variation of zirconium or phosphate concentrations,
which were undertaken to determine the individual reaction
orders, presented an unexpected picture of the reactivity of
Zx(TPP)Cl, (4) towards hpp (2) (Scheme 4).

Analysis of the solvolysis products with ¥P-NMR spectro-
scopy and MALDI-TOF-MS revealed that at low Zr/P ratios
(<1:14) the solvolysis reaction proceeded via the cyclic
phosphate 20 as an intermediate to produce the methyl
hydroxypropyl phosphates 21. This product distribution is in
agreement with pathway a) in Scheme 4. It is analogous to the
hydrolysis pathway of RNA and its model phosphates. At high
Zr/P ratios (>1:4), however, pmp (16) and dmp (3) appeared
as products (Scheme 4, pathway b). No traces of the cyclic
phosphate 20 could be observed under these conditions. In
this pathway, the first step must include substitution of
propanediol by methanol, followed by methanolysis to dmp
(3) with phenol as leaving group. Intermediate stoichiome-
tries of Zr:P resulted in superposition of the two reaction
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Figure 8. Time dependence of the concentrations of phosphates relative to
hpp (2), C¢D¢/methanol 1:1, T=28°C. Top: according to pathway
a) (Scheme 4): m hpp (2), 2 20, o 21 ([4] =2mM, [2] =32mM); bottom:
according to pathway b) (Scheme 4): m hpp (2), o pmp (16), ¢ dmp (3)
([4] =2mM, [2] =8mM). Solid lines are fitted according to the equations
used for a consecutive irreversible first order reaction.*’]
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Scheme 4. The two reaction pathways observed for the transesterification
of hpp (2) as a function of the Zr:phopshate ratio.

pathways. Obviously, hpp (2) can be transesterifed with
Zr(TPP)CI, (4) via at least two different reaction channels.
The pathway b) for hydrolysis of a-hydroxy phosphates is
very unusual and has not been reported so far.

The reaction is second order in 4 at all concentrations
investigated (Figure 9, top), indicating double Lewis acid
activation of the solvolysis. This is consistent with the
dissociation constants determined by direct measurement
with dmp (3), and especially with the crystal structure of 19,
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strongly suggesting it to be a catalytically active complex. The
reaction order in phosphate changed continuously from first
order at high zirconium/phosphate ratios (>1:4) to second
order at lower Zr/P ratios (< 1:14) (Figure 9, bottom). Parallel

log (vo)

28 26 24 22
log([Zr(IV)]o)

-5.51

log (vo)

-6.04

T T

22 20 -18 -6 -4
log([hpplo)

Figure 9. Double logarithmic plot of initial rates versus concentration of 4
(top) or 2 (bottom) for determination of the reaction orders in the
solvolysis of 2 with 4 (CsD¢/methanol 1:1, T=28°C). Slope of the linear
regression for 4 is 1.89 (r=0.994). For 2 the curve is an exponential fit with
tangents having slopes of 1 and 2, respectively.

to this change in reaction order the pathway according to
which hpp (2) was transesterified changed from pathway b) to
pathway a) (Scheme 4). The overall order of the “usual”
reaction according to pathway a) is therefore four with an
active species of the stoichiometry [Zr(TPP) ],(hpp),(OMe),,
whereas the overall order of the reaction according to
pathway b) is three and involves a complex of the type
[Zr(TPP)],(hpp)(OMe),. For the unusual pathwayb) we
propose a mechanistic model of hydrolysis, in which hpp (2)
forms a chelate complex with a zirconium porphyrinate
(Figure 10, left). This prevents the hydroxyl group of the side
chain from acting as an intramolecular nucleophile. Instead,
the active nucleophile is methanol, which could be activated
by hydrogen bonding to alcoholates complexed to Zr. In
contrast, the 2:2 Zr:P complex may have only bridging
monodentate phosphates (in accordance with the structure of
19) leading to the “normal” hydrolytic pathway a) for hpp (2)
(Figure 10, right).

Analysis of the kinetic parameters according to Michaelis —
Menten was no longer possible because the initial reaction
rate (at constant concentration of 4) increased with increasing
concentration of phosphate, which can be explained by the
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Figure 10. Models proposed for the active complex in the third order
reaction leading to solvolysis of hpp (2) according to pathway b) in
Scheme 4 (left) and in the fourth order reaction resulting in the usually
observed transesterification of hpp (2) (right).

superposition of the two different reaction mechanisms. The
pseudo first order rate constants observed for variable Zr
concentrations (at constant phosphate concentration) showed
a linear dependence on the zirconium concentration for both
k, (2—20) and k' (20—21). In these experiments only
solvolysis according to pathway a) (Scheme 4) was observed.
Apparent second order rate constants k, and &, are needed to
quantify acceleration and have been obtained from the slopes
of the corresponding linear regressions (Table 5) regardless of
the overall higher reaction orders.

Table 5. Apparent first and second order rate constants and relative rate
accelerations for the solvolysis of hpp (2) with Zr(TPP)Cl, (4) (CsD¢/
methanol 1:1, T=28°C).

kl [Milsil] kcal [Sil] el kre][b]
hpp (2) — 20 0311 1.6x10- 8.7 x 106
20— 21 0.501l 2.5x10~* 20 x 10°
hpp (2) — pmp (16) 0.091d! 0.45x10~* -
pmp (16) — dmp (3) 0.120 0.6x10~* 3062 x 10°

[a] ke = ko x Kg ¥ [b] ko= kealkyy where ki, is the first order rate
constant for the background reaction (2—20: 1.85x 107"'s™!, 20 —21:
124 x 107571, 16 —3: 1.96 x 10-**s71).1*! [c] From linear correlations of k,
vs. [Zr],. [d] From single measurement.[>"!

Assuming an average dissociation constant of K; ~0.5mm
for the complexation of the phosphates in a dinuclear
complex,] an apparent k., for the reactivity of the supra-
molecular zirconium-phosphate complex can be estimated
and compared with the background reaction.*’] The rate
accelerations determined this way are in the range of 9 x 10°
to 3.1 x 10°, and are comparable to those observed for Th'Y
saltsP! and for dinuclear Co™ complexes.?*l The production of
16 from 2 cannot be compared with a background reaction
since this reaction did not take place without 4, neither under
basic or acidic, nor under thermal conditions. It is surprising,
indeed, that the acceleration of the methanolysis of pmp (16)
is about 350 times larger than that of the transesterification of
the more labile RNA-model hpp (2).

To investigate the influence of a general base we performed
a transesterification experiment with addition of excess
imidazole, in which hpp (2) or pmp (16) were used as
substrate. In CHCly/methanol 1:4 (T=30°C) the concentra-
tions of the phosphates were varied in the range of 0.25 to
4.0mMm at constant concentration of Zr(TPP)Cl, (4) ([4]=

0947-6539/00/0603-0531 $ 17.50+.50/0 — 531





FULL PAPER

C. Leumann et al.

1mwm, [imidazole] =20mm). The progress of the reactions had
to be followed by UV/Vis spectroscopy because of the low
phosphate concentrations and the generally fast reactions
(virtually complete after ~4h). The substrate hpp (2)
produced only 21, and pmp (16) was transesterified to dmp
(3) according to analysis by 3P-NMR spectroscopy.
Determination of the initial rates of the reactions revealed
that for both phosphates saturation kinetics could be observed
with turnover number ~ 1.3 (Figure 11). The inhibitor proved

2.01

initial rate vo / M s'x 107
(=]
:

0.0

0.000 0.002 0.004
phosphate concentration / M

Figure 11. Saturation kinetics of the transesterification of m hpp (2) and a
pmp (16) with Zr(TPP)Cl, (4) in CHCly/methanol 1:4 ([4]=1mwM,
[imidazole] =20mm, 7=30°C) including sigmoidal curve fits.

to be the released phenol, because in the presence of a large
excess of phenol under otherwise identical conditions no
transesterification took place. Evaluation of the kinetic
parameters according to the usual equations used for satu-
ration kinetics™’ yielded k, and Ky, (Table 6).

Table 6. Kinetic parameters and relative rate enhancements for the
transesterification of phosphate diesters with 4 obeing saturation kinetics
(CHCly/methanol 1:4, [4] = 1 mMm, [imidazole] =20 mM, [2] = 0.25 to 4.0 mM,
T=30°C).

Phosphate diester ke, [s7'] Ky [mm] Al [mls™!] k[
hpp (2) 175x 10~ 0.44 0.40 6.93 x 10°
pmp (16) 232x10 079 029 28.5 x 10°

[a] k= k! Ky [b] ke = kolky o, where k, is the second order rate constant
for the imidazole induced background reaction (for 2: 5.74 x 10 m~'s7!,
for 16: 1.03 x 10~>m~'s7!).

Inspection of the values shows that hpp (2) is bound to
Zr(TPP)Cl, (4) almost twice as strongly as pmp (16). This
stronger binding of hpp (2) to 4 may be due in part to the
hydroxypropyl side chain in 2 which provides one important
structural difference to 16. The magnitude of the dissociation
constants Ky, of the supramolecular zirconium phosphate
complexes indicates the presence of a dinuclear species which
is also the catalytically active molecule in the hydrolytic step
for both phosphates 2 and 16.

The rate acceleration for the solvolysis of the more robust
DNA model pmp (16) is about four times larger than for the
labile RNA model hpp (2). The fact that 16 is depleated faster
than 2 indicates that not only an intramolecular attack of an
alcohol (or alcoholate) is of significance, but a nucleophile
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from the solvent (either free or metal bound) is central in the
rate determining step. The intramolecular nucleophile, the
hydroxyl group of the side chain, is deactivated upon
complexation. The relative rate accelerations are about three
orders of magnitude lower than for the solvolysis in the
absence of imidazole (in C¢{Dy/methanol, see above). It is not
clear at this point, why imidazole decreases the reaction rates.

Finally the solvolysis experiments were also performed in
water containing solvents. Under mildly acidic conditions
(buffered solution C¢Dg/methanol/H,O 5:5:1, 100mM imida-
zole/HCl pH 6.0)P2 solvolysis of hpp (2) took place, but
precipitation of Zr'V-porphyrinates occured during the experi-
ments. This lead to decreasing velocity of the reaction which
terminated after ~57% turnover (turnover number 4.6,
Figure 12).

0.0%
024
-0.4 4
-0.6 4

0.8

In{hpp)/[hpplo

-1.01 -
-1.2 4

1.4 4

T T T T T T T T

0 1 2 3 4 5 6 7 8
t/secx 107

Figure 12. Decay rates of hpp (2) in the presence of Zr(TPP)Cl, (4); A in
CsD¢/MeOH/H,0 5:5:1 ([4] =1.5mM, [2] =12mmM, 100mm imidazole/HCl
pH 6.0) with exponential curve fit, m in [Dz]DMSO/CHCIL/H,O 5:5:1
([4]=8mM, [2]=24mM, [H']=40mm) with pseudo first order linear
regression (r=10.993).

The initial rate (vy=74 x 10-¥ms™") of the reaction, how-
ever, allowed the calculation of an apparent k; for the first
stage of the reaction by using Equation (3) (Table 7). From
this, an acceleration of 3.7 x 10° relative to the calculated
background ratellis determined. This increase in reactivity is
comparable to the rate enhancements determined in anhy-
drous C4D¢/methanol 1:1, although this is true only for the first
stage of the transesterification reaction. The product distri-
bution indicated the occurrence of both pathways a) and
b) (Scheme 4) for this experiment.

Hydrolytic activity of Zr(TPP)Cl, (4) towards hpp (2) in its
protonated form (H-hpp H-2) in otherwise unbuffered

Table 7. Pseudo first order rate constants for the solvolysis of hpp (2) with
Zr(TPP)Cl, (4) in water-containing solvents (7=40°C) with relative rate
enhancements.

Solvent Zr:Phosphate k, [s7!] kilk

ratio

C,DJMeOH/H,0 5:5:1  1:8 5.02x 10
(imidazole/HCI pH 6.0)!
[DDMSO/CHCIy/H,0  1:3

5:5:1 (40mm H*)PI

3.72 x 10°

1.59+£0.084 x 10-°  4.95

[a] [4] = 1.5mM, [2] = 12mM, buffer 100mm. [b] [4] =8mm, [H-2] =24 mMm,
[H*] =40 mmP4; for k, , see [59].
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solution ([Dg]DMSO/CHCI,/H,0 5:5:1, T=40°C) was meas-
ured by following the solvolysis reaction with 3'P-NMR
spectroscopy (Figure 12). In this experiment no precipitation
occurred. Analysis of the kinetic data according to the usual
procedure for pseudo first order reactions [Eq. (4)] revealed
that the relative rate acceleration dropped to ~5 over
background (Table 7). This relatively low acceleration is due
to the large rate of the autosolvolysis of H-hpp (H-2) under
these conditions. The intermediate 20 could only be detected
in traces, therefore methanolysis to 21 is considered to be
somewhat faster than the initial intramolecular attack of the
hydroxypropyl side chain to produce 20.

Conclusion

Phosphate diesters are bound considerably more strongly by
Zr(TPP)(Cl), (4) than by the Zr'V-complex 1. Two main
reasons are responsible for this: i) 1 offers only one complex-
ation site for additional ligands to produce a charged 1:1 Zr:P
complex whereas in 4 there are potentially four positions
available (ligand exchange additionally provides charge
neutral complexes); ii) phosphate diesters can be complexed
in a dinuclear manner depending on the conditions. This was
shown by 3'P-NMR spectroscopy, the X-ray analysis of the
complex 19 and by kinetic analysis. The crystal structure of 19
reveals that dmp (3) is bound in a high energy ap,ac
conformation and hydrolyzed if water is present. Comparison
of P—O(ester) bonds indicates that electrostatic effects on
bond lengths arising from metal complexation are much more
important than stereoelectronic effects arising from confor-
mational differences. Therefore phosphate diester activation
for solvolysis is primarly achieved by Lewis acid activation,
and the degree of activation is directly reflected in the
P—O(ester) bond lengths with shorter bond distances indicat-
ing higher electrophilicity of the phosphorous atom. Note that
this trend is opposite to that observed in ketal or acetal
hydrolysis, where short C—O bond lengths indicate low
reactivity.* >l

Zr(TPP)Cl, (4) or its solvolysis products catalyse the
solvolysis of the RNA-model phosphate hpp (2) as well as
the DNA-model phosphate pmp (16). As determined by
kinetic investigations, the active species in the solvolysis is a
dinuclear Zr(TPP)-complex. The relative rate accelerations
are comparable in magnitude to those of other dinuclear
d-metal complexes and to those of the highly active mono-
nuclear lanthanide complexes. The solvolysis of the DNA
model pmp (16) by 4 is more accelerated than the trans-
esterification of the RNA model hpp (2). Zr(TPP)Cl, (4) can
thus be regarded as a precursor of a highly active catalyst for
hydrolysis of DNA. The observation of two reaction pathways
for transesterification of hpp (2) with different reaction order
in phosphate is very unusual and has not been observed in
transition metal catalysed transesterifications of 2 so far. The
largest rate accelerations were measured in anhydrous
solvents like CsD¢/methanol and CHCly/methanol. In mildly
acidic, water-containing solvents high initial rates could be
observed, however, large turnover numbers were prevented
by the formation of insoluble oxo- or hydroxo-complexes.

Chem. Eur. J. 2000, 6, No. 3
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Further improvement of catalytic activity of such Zr™¥-TPP
complexes seems to be possible by equipping the meso-phenyl
substituents of TPP with catalytically competent general
acid —base substituents or by linking two TPP units together,
for example, via alkyne spacers*® to further promote
binuclear complex formation.

Experimental Section

Materials and solvents: All reactions were performed under Schlenk-
conditions using anhydrous solvents and flame-dried glassware unless
otherwise stated. N, was flushed through a gas-washing bottle filled with
activated BTS-catalyst (R 3—11, Fluka 18820) and molecular sieves (4 A).
Solvents were dried and distilled under N, prior to use: toluene (Na/
benzophenone), chloroform (NaH), dichloromethane (NaH), methanol
(Mg), pentane (NaH), 1.24-trichlorobenzene (molecular sieves 4 A).
Chemicals were used as purchased: Zr(acac), (Fluka), phenol (Fluka),
silicium tetrachloride (SiCl,, Fluka), trimethyl chlorosilane (Me;SiCl,
Fluka), sodium acetate (Fluka, MolBio), acetic acid (Hénseler 99 %).
Chromatography was performed using redistilled solvents. Aluminium
oxide was purchased from CAMAG (basic activity I). Ion-exchange resin
(Amberlite IR-120 H* 16 -45 mesh, Fluka was activated with 1N HCI for
24 h and washed with deionized water until neutral prior to use. 5,10,15,20-
Tetraphenyl porphyrin (H,tpp) was prepared according to the method of
Lindsey and Wagner.’”! ZrCl,(2THF) was prepared according to the
method of Manzer.5®!

Solvents used for the anhydrous kinetic measurements were distilled under
N, (methanol from Mg, CHCIl; from NaH) and filtered over basic alumina
(CAMAG, activity I) prior to use. Deuterated solvents (ARMAR, *H-
content >99.5% ) were filtered over basic alumina. 'H-NMR spectra were
recorded at room temperature on a Bruker AC-300 (300 MHz) spectrom-
eter. The solvents were used as internal standard, except in solvent
mixtures where TMS was added as internal standard (6 = 0). Complexation
experiments and kinetics with 3'P-NMR spectroscopy were recorded on a
Varian XL-200 (81 MHz) spectrometer equipped with a thermostat to
maintain constant temperature during the experiment. 3P-NMR control
measurements for product distribution and the measurement of the
dissociation constants were recorded on a Bruker AC-300 (121 MHz)
spectrometer. Relaxation time for measurement of Zr'V-phosphate com-
plexes was raised from 0.5 to 1.5 s. Phosphorus chemical shifts are relative
to H;PO, as external standard. UV/Vis spectra were recorded on a Varian
Cary 3E spectrophotometer equipped with a sample changer and a
thermostat. MALDI-TOF-MS spectra were recorded on Linear Science
Ltd. prototype (N,-laser 337 nm, 0.28 uJ; pulse length 3 ns; extractor
11.0kV; repeller 28.0kV; detector —4.7kV; positive mode) using
5,10,15,20-tetraphenyl porphyrin as matrix and internal standard (M,=
614.76). All solutions were mixed using appropriate pL-syringes (Hamil-
ton). The concentrations of the phosphate solutions correspond to
phosphate concentration, not to salt concentration. hpp (2),°*) dmp (3)(¢]
and pmp (16) were prepared according to literature procedures to give
the phosphates as the following salts: Ba(hpp),, Ba(pmp), and Na(dmp).
These salts were used for the preparation of stock solutions.

Zx(TPP)CI, (4): SiCl, (142 pL, 1.24 mmol) was added through a syringe to a
solution of 5 (470 mg, 570 umol) in toluene (7 mL) and the resulting deep-
red mixture heated to reflux for 7 h (after 4 h additional 70 pL of SiCl, were
added). The solution was cooled to room temperature and frozen with
liquid nitrogen. The solvent was removed under reduced pressure and with
consequent shaking of the flask to prevent bumping upon thawing of the
mixture. The residue was dissolved in dichloromethane (10 mL), filtered
through glass filter paper (Whatman) and transferred to a second flask
using teflon tubes. The filtrate was concentrated to 5 mL, and after addition
of 10 mL of pentane the solution was kept at —20°C overnight. The
precipitated crystals were filtered off, washed with pentane (3 x 5 mL) and
dried in vacuo to give 4 (397 mg, 90 % ) as deep-red needles. Analytical data
matched those reported in the literature.!

Zx(TPP)(OAc), (5): A mixture of H,(TPP) (880 mg, 1.43 mmol), phenol
(2.153 g, 22.9 mmol) and Zr(acac), (1.396 g, 2.86 mmol) in trichloroben-
zene (100 mL) was heated to 240 °C under Argon atmosphere using a sand
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bath. After 24 hours the mixture was cooled to room temperature and the
solvent removed under reduced pressure. The residue was dissolved in
dichloromethane and applied onto an alumina column (4 x 11 cm). A violet
fraction of unreacted H,(TPP) was eluted with CH,Cl,, and a blood-red
fraction of zirconium porphyrinates was collected with CH,Cl,/HOAc 30:2.
The crude product was dissolved in pyridine/HOAc 4:6 (80 mL) and heated
to reflux for 1h. Water was added to the boiling solution, until the
precipitation did no more dissolve (~10 mL), and the mixture was stored at
4°C overnight. The crystals (pink needles) were collected on a glass fritted
funnel, washed with water (3 x10mL) and dried in vacuo to yield
Zr(TPP)(OAc),-0.6py (5) (1.153 g, 1.33 mmol, 93%). Analytical data are
identical to those reported in the literature.?*]

Zx(TPP)(O0Ac)ClI (6): Me;SiCl (50 pL, 390 umol) was added with a syringe
to a solution of 5 (144 mg, 175 pmol) in toluene (5 mL). After the solution
was stirred for 10 min, a red precipitate was observed. The mixture was
heated to reflux for 7 h. The clear solution was cooled to room temperature,
frozen with liquid N, and dried under high vacuum (careful watching for
bumping while thawing is required). The residue was dissolved in CH,Cl,
(3 mL) and filtered through glass filter paper (Whatman) with teflon tubes.
The filtrate was concentrated to ~1.5 mL, and after addition of 6 mL of
pentane the solution was left to crystallise at —20 °C overnight. The crystals
were filtered off, washed with pentane (2 x 3 mL) and dried in vacuo to
yield 6 (128 mg, 160 pmol, 91%) as blue-violet needles. 'H NMR
(300 MHz, CDCly): 6=0.23 (s, 3H; Zr-OAc), 7.79 (m, 12H; m,p-Ar-H),
8.08 (d,/=6.6 Hz, 4H; 0-Ar-Ha), 8.35 (brs, 4H; o-Ar-Hp), 8.95 (s, 2H; -
H pyrrole), 9.05 (s, 6H; -H pyrrole); *C NMR (75 MHz, CDCLy): 6 =20.5
(0,C-CH3), 125.3, 126.7, 1279, 131.2, 133.1, 134.8, 142.2, 150.0; MALDI-
TOF-MS: m/z: 798 [M —1]~.

Zx(TPP)(OAc)(OMe) (8): Compound 4 (50 mg, 56 umol) was dissolved in
toluene (10 mL) and 18 pL SiCl, were added via syringe. The mixture was
heated to reflux for three hours and then cooled to 80°C. To the red
solution potassium methanolate (4.0 mg, 565 pmol, freshly prepared from
methanol and K) and methanol (10 pL) were added and the mixture stirred
at 80 °C for three hours, cooled to room temperature and stirred for further
12 hours. After deep freezing the solution with liquid nitrogen the solvent
was carefully removed under reduced pressure. The residue was dissolved
in dichloromethane (10 mL), filtered through glass filter paper and
transferred to a second flask via teflon capillary. The solvent was removed,
and the resulting red powder vacuum dried to yield 8 (46 mg). According to
'H-NMR spectroscopy the ratio of methoxide to acetate was 58:42.
'H NMR (300 MHz, CDCl;/CD;0D 1:1): 6 =0.28 (brs, 3.48H; Zr-OAc),
1.28 (s, 2.52H; Zr-OMe), 7.81 (brs, 12H; m,p-Ar-H), 8.12 (s, 4H; o-Ar-H),
8.39 (s, 4H; o-Ar-H), 9.10 (s, 8H; p-H pyrrol).

Complexation of dmp (3) with 4, 5, 6 and 8: The following amounts of Zr™-
porphyrinate were dissolved (700 uL CDCL,/CD;OD 9:1 v/v each):
solutions A1/A2/A3: 5.0mg (6.45pmol) 4 each, solution B: 4.7 mg
(5.70 umol) 5, solution C: 5.0mg (6.26 umol) 6, solution D: 5.0 mg
(5.83 umol) 8. To the solutions were added the following amounts from a
dmp(3) stock solution (250mm in CD;0D): A1 +25 pL, A2 +50 uL, A3
+70 uL, B 460 puL, C +75 pL, D +30 pL. The solutions were well shaken in
flame-sealed NMR tubes and examined with 'H-NMR (300 MHz) and 3'P-
NMR (81 MHz) spectroscopy during four days. The exact ratio of
phosphate to zirconium porphyrinate was determined from the 'H-NMR
spectra. Ratio of the signals of free and complexed dmp (3) according to the
'H-NMR and *P-NMR spectra (average of both) after four days (d-values
see text): A10:1, A2 1:1.22, A3 1:1.46, B 1:0, C 1:0.35, D 1:0.20.

Ligand exchange rate on 6 with dmp (3): To a solution of 5.0 mg of 6
(6.25 pmol, 500 uL CDCL,/CD;0D 5:2 v/v) in a NMR tube was added 50 uL
of a 125mm dmp (3) solution (CD;OD). Total volume: 550 pL, concen-
trations: [6]=[3]=11.36mM. The NMR tube was flame-sealed, well
shaken (r=0) and the complexation reaction followed by 'H-NMR
spectroscopy (300 MHz). The exchange rate constant was determined by
using Equation (1) and the concentrations obtained from the 'H-NMR
spectra to yield a mean value of k,=3.6 x 10-3m~!s™! (Table 8).

ky+t={1/([dmp (3)]o — [Zr-dmp (13)]))} - (1/[dmp (3)],) ()

Ligand exchange rate on 4 with dmp (3): To a solution of 5.0 mg of 6
(6.44 pmol, 500 uL. CDCL/CD;OD 5:2 v/v) in a NMR tube was added
103 pL of a 125mMm dmp (3) solution (CD;OD). Total volume: 603 uL,
concentrations: [4] =10.68 mM, [3] =21.36 mM. The NMR tube was flame-
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Table 8.

t[s] [dmp (3)] [m] [Zr-dmp] [m] ko s
0 11.36 0 -

6000 9.10 2.26 3.644 x 1073
25200 5.69 5.67 3.481 x 103
86400 2.53 8.83 3.556 x 103

sealed, well shaken (1=0) and the complexation reaction followed by 'H-
NMR spectroscopy (300 MHz). The exchange rate constant was deter-
mined from the slope of the exponential curve fit to the measured
concentration of free dmp (3) (Table 9) versus time at t=0 (Figure 2, v,=
2.93 x 10->ms~') using Equation (2):

vo/([Zx(TPP)CL, (4) ]y [dmp (3)]o) =k, @
Table 9.
t[s] [dmp (3)] [mm]
0 21.36
600 12.03
1200 10.27
1800 9.59
73800 8.24

Complexation of hpp (2) with 4, 6 and 8: The following amounts of Zr'-
porphyrinate were dissolved (700 uL [Dg]DMSO/CDCI; 5:2 v/v each):
solution A: 4.7 mg (5.70 pmol) of 5, solution B: 5.0 mg (6.26 umol) of 6,
solution C: 5.0 mg (6.45 umol) of 4, solution D: to solution C was added
50 pL of H,O. To the solutions were added the following amounts from a
hpp (2) stock solution (250mm phosphate in [Ds]DMSO): A +6.8 uL, B
+75uL, C +77 uL, D +77 pL. The solutions were well shaken in flame-
sealed NMR tubes and examined with 'H-NMR and 3'P-NMR spectro-
scopy. Solutions A and B showed no evidence of complexed hpp (2). 'H-
NMR (300 MHz) and relative integrals (only CHj signals of hpp (2) are
given) of solution C: 6=0.98 (0.57), 0.76 (0.21), 0.52 (0.22); *'P-NMR
(81 MHz) and relative integrals: solution C: —4 (0.57), —16 (0.29), —18
(0.14); solution D: —6 (0.44), — 14/ — 17 (0.35), —24 (0.21). Measurement
of solution D required ~20000 scans.

Experiments for the determination of dissociation constants: Stock
solutions: A: 20mM of 4 (C;Dg) +20 pL per mL of 1IN NaOMe (MeOH);
B: 80mm 3 (MeOH). Two equivalents of NaOMe were added to 4 to avoid
liberation of HCI due to ligand exchange of chloride with methanol;
solution A was stable for 24 h at room temperature before precipitation
occurred. For the measurement the following mixtures were prepared: a:
125yl A +250 uLL B; b: 50 uL. A +31 L B; e: 250 u. A +6.25 uL. B.
Solutions a to ¢ were prepared in a NMR tube and methanol and CsDg was
added to give a final volume of 500 uL. with C¢D¢/methanol 1:1 v/v. Each
sample was measured with 3'P-NMR spectroscopy (~30000 scans). The
dissociation constants were calculated for the equilibrium

Zr(TPP)CL, (4) +dmp (3) = ([Zr(TPP)(dmp),(X)])
using Equation (3):

Kp=[4]-[dmp (3) J(Z[Zr(TPP)(dmp)(X)]) ©)

The concentration in the samples were as follows: a: [4]=5mMm, [3]=
40mmM; b: [4]=2mM, [3]=5mM; c: [4]=10mM, [3]=1mm. 3P NMR
(121 MHz) with relative integrals: a: 6 =5 (0.89), —3 (0.11); b: 6 =5 (0.69),
—3(0.21), —16 (0.10); ¢: 6 =5 (0.07), — 16 (0.93).

(u-1*-mmp) (z-dmp),[ Zr(TPP) ], (19): To 30 mg (38.6 umol) Zr(TPP)Cl, 4
in anhydrous CHCl; (10 mL) under Ar atmosphere were added 400 uL of a
dmp (3) solution (250mm in anhydrous methanol), and the resulting
mixture was stirred at room temperature for three days. The solvent was
evaporated, and the red powder was dissolved in anhydrous toluene and
filtered through a glass fritted funnel to remove inorganic salts. The filtrate
was evaporated to dryness to give a red crystalline powder (36 mg).
"H NMR (300 MHz, CDCL;): 6 =8.64 (s,2H), 8.62 (s, 2H), 8.57 (s,2H), 8.55
(s,2H), 8.20 (m, 2H), 7.51-7.77 (m, 18 H), 1.52 (d, /=117 Hz, 2.5H), 1.44
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(dd, 7=3.7, 11.7 Hz, 2.1H), 1.23 (s, 5H, Zr-OCH,), 1.13 (d, J=11.7 Hz,
2.3H); 3'P-NMR (81 MHz, CDCl;): 6=-8, —13, —14, —19; MALDI-
TOF-MS: m/z = 1464, 1347, 851, 789, 762, 718.

The crystalline residue (10 mg) was dissolved in anhydrous toluene (2 mL)
and stored at —20°C. Every four days anhydrous pentane (10 puL) was
added to the blood-red solution, and after one and a half months red, cubic
crystals were grown suitable for X-ray analysis. P NMR (121 MHz,
CDCL): 6=—-12 (s, 0.1), —16 (s, 0.7), —19 (s, 0.2); MALDI-TOF-MS: m/
z=1695, 1645, 831, 743.

X-ray structure determination: Data were collected on a Siemens Smart
CCD at 200 K. The structure was solved by direct methods and refined by
using the SHELX-97 program. The refinement was carried out by full-
matrix least-squares procedures on F2. Hydrogen atoms were refined
isotropically using a riding model. The asymmetric unit contains one
toluene molecule distributed over two positions. Crystal data:
Cs;HN,OgP, sZr;, M,=1022.22 (asymmetric unit), colour blood-red,
shape rhombic, 0.07 x 0.09 x 0.18 mm, triclinic, P1, a=12.546(3) A, b=
12.964(3) A, ¢=15.741(3) A, a=73.39(3)°, f=83.33(3)°, y=83.00(3)°,
V=24262(8) A3, Z=2, p=1.398 gcm3, u=0.333 mm~!, F(000)=1055,
radiation Moyg,, 4=0.71073 A, 6,..x 26.78°, —15<h<14, —15<k <14,
—17 <1< 19, 12443 total measured data, 8877 unique data, 5929 observed
data with 7> 20(1), R;,, = 0.0534, R =0.0950, 713 parameters, 233 restraints,
R, (for F >2(F))=0.0891, R, (all data =0.1584, wR2 (all data=0.1657, S =
1.205 (restrained 1.189), max./min. difference peak 1.084/—1.003 e A3.
Crystallographic data (excluding structure factors) have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-133297. 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).

Reesterification of 2 with 4 in C;{Dg/methanol 1:1: The following stock
solutions were prepared: A: 10mm 4 (C;Dg) 420 uL per mL 1N NaOMe
(MeOH); B: 80mm 2 (MeOH). Addition of 2 equiv of NaOMe to 4 was
done to avoid liberation of HCI due to ligand exchange of chloride with
methanol; solution A was stable for 24 h at room temperature before
precipitation occurred. For kinetic measurement appropriate amounts of
solns. A and B were mixed in NMR tubes and complemented with CsDy
and methanol to give a final volume of 500 pL (C¢D¢/methanol 1:1) to give
the following concentrations of 4 and 2 in the mixtures (mm): 248, 2+12,
2420, 2428, 2+32, 2+40, 15432, 3432, 4432, 4.5432, 5432. The NMR
tubes were flame-sealed, well shaken (r=0) and the reaction was
monitored by P-NMR spectroscopy at 7= 28°C. The rate constants were
obtained by fitting the concentrations with curves according to the
equations used for a consecutive irreversible pseudo first order reaction.[*’];
The reaction orders were obtained from a double logarithmic plot of the
initial rates v, of the depletion of 2 (obtained from the slope of the fitted
exponential curve to the measured concentration of 2 versus time at r=0)
versus concentration.

Saturation kinetics of the reaction of 2 and 16 with 4 in CHCl;/methanol 1:4
in the presence of imidazole: 1) General procedure for the preparation of
the reaction mixtures and measurement. The following stock solutions
were prepared: A: 1.11mm 4 (8.60 mg per 10 mL CHCly/methanol 1:4), B:
50mMm 2 (methanol), C: 50mm 16 (methanol), D: 1.0M imidazole
(methanol), E: 100mm tris/HCl pH9.0 +10mm NaOAc (H,O). The
reaction mixtures were prepared from solutions A, B, C and D so that [4] =
1.0mwm, [imidazole] =20.0mmM and [2] or [16]=0.25, 0.5, 0.75, 1.0, 2.0 or
4.0mM resulted in a total sample volume of 1.0 mL. The mixtures were
prepared in Eppendorf tubes, well shaken and placed in a thermostate at
T=30°C. Aliquots of the reaction mixtures were withdrawn and mixed
with solution E to stop the reaction and to get a maximum possible
phenolate concentration of 0.1 to 0.8mM in the aqueous phase (100 to
200 pL reaction mixture 4+ 300 to 900 uL solution E). The suspensions
obtained this way were centrifuged (2 min. at 5000 rpm), and UV/Vis
spectra were recorded from the aqueous phases. From the spectra the first
derivatives were calculated, and the percentage of released phenolate was
calculated from the ratios of the peak intensities at 258 nm to 270 nm and
270 nm to 278 nm according to Equations (4) and (5) (A = absorption, x =
percentage of hydrolysed phosphate, rl=A(258 nm)/A(270 nm), r2=
A(270 nm)/A(278 nm)):

x1=-30.14 + 100.62 -1 @)
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X2=—1.943 + 27.94- exp(— (r2 — 0.293)/3.687)
+68.48-exp(— (12— 0.293)/0.473)  (5)

The final concentration of phenolate was calculated from the mean value of
x1 and x2 and the corresponding initial concentrations of phosphates. The
Michaelis—Menten parameters were obtained from the initial rates v, of
the reactions according to the usual equations used for saturation
kinetics.*”! All reactions were performed in triple runs. The background
reactions were similarly measured in the absence of 4.

Reesterification of H-2 with 4 in [D{]DMSO/CHCI/H,O 5:5:1: To 5.0 mg
of 4 (6.45 umol in 550 pL [D4{]DMSO/CHCIL/H,0 5:5:1) was added in a
NMR tube 262 pL of a H-2 solution (34.3 mg in 2.0 mL. CHCL,). The NMR
tube was flame-sealed, well shaken and the progress of the reaction was
monitored with 3'P-NMR spectroscopy at room temperature. The pseudo
first order reaction rate was obtained from the usual procedure used for a
first order reaction using Equation (6):

In([H-2]/[H-2])) = — k-t (©)

The background reaction was similarly measured in the absence of 4.

Reesterification of 2 with 4 in C{Dy/methanol/H,0 5:5:1, pH 6.0: The
following solutions were prepared: A: 9.78mm 4 (C,Dy), B: 80mMm 2
(methanol), C: 1.0M imidazole/HCI pH 6.0 (H,O). Reaction mixture: in a
NMR tube 100 pL of solution A, 100 pL of solution B and 60 pL of solution
C were added to 400 pL. CsD¢/methanol 1:1. The NMR tube was flame-
sealed, well shaken and the reaction followed by *P-NMR spectroscopy at
T=40°C. The initial rate v, was obtained from the slope of the exponential
curve fit to the measured concentration of 2 versus time at =0.

Acknowledgment

Financial support from the Swiss National Science Foundation, as well as a
grant to E.S. from the “Stipendienfonds der Basler Chemischen Industrie
zur Unterstiitzung von Doktoranden auf dem Gebiete der Chemie der
Biotechnologie und der Pharmazie” is gratefully acknowledged. We thank
Prof. P. Bigler und PD Dr. T. Ward for help with NMR experiments, B.
Therrien for help with X-ray experiments, and H. Trafelet and Dr.S.
Schuerch for measurement of the MALDI-TOF-MS spectra.

[1] a) E. Kovari, R. Krdmer, J. Am. Chem. Soc. 1996, 118, 12704 -12709;
b) J. Chin, Acc. Chem. Res. 1991, 24, 145-152; c¢) D. Magda, R. A.
Miller, J. L. Sessler, J. Am. Chem. Soc. 1994, 116, 7439-7440; d) J. R.
Lorsch, J. W. Szostak, Acc. Chem. Res. 1996, 29, 103 -110.

[2] a) J. H. Kim, J. Chin, J. Am. Chem. Soc. 1992, 114, 9792-9795; b) J.
Suh, N. Kim, H. S. Cho, Bioorg. Med. Chem. Lett. 1994, 4, 1889 -1892;
¢) M. Yashiro, A. Ishikubo, M. Komiyama, J. Chem. Soc. Chem.
Commun. 1995, 1793-1794; d) K. G. Ragunathan, H.-J. Schneider,
Angew. Chem. 1996, 108, 1314-1316; Angew. Chem. Intl. Ed. Engl.
1996, 35,1219-1221 ¢) N. H. Williams, J. Chin, Chem. Commun. 1996,
131-132; f) N. Striter, W.N. Lipscomb, T. Klabunde, B. Krebs,
Angew. Chem. 1996, 108, 2158 -2190; Angew. Chem. Int. Ed. Engl.
1996, 35, 2024 -2055; g) M. Komiyama, Y. Matsumoto, H. Zakahashi,
T. Shiiba, H. Tsuzuki, H, Yajima, M. Yashiro, J. Sumaoka, J. Chem.
Soc. Perkin Trans. 2 1998, 691 —695.

[3] a)J. R. Morrow, L. A. Buttrey, V. M. Shelton, K. A. Berback, J. Am.
Chem. Soc. 1992, 114, 1903-1905; b) Y. Matsumoto, M. Komiyama,
Nucleic Acid Symp. Ser. 1992,27,33-34; c) J. Sumaoka, S. Miyama, M.
Komiyama, Chem. Commun. 1994, 1755-1756; d) R. A. Moss, B. D.
Park, P. Scrimin, G. Ghirlanda, Chem. Commun. 1995, 1627 -1628;
e) J. Rammo, R. Hettich, A. Roigk, H.-J. Schneider, Chem. Commun.
1996, 105-107; f) J. Sumaoka, Y. Azuma, M. Komiyama, Chem. Eur. J.
1998, 4, 205-209; g)J. Kamitani, J. Sumaoka, H. Asanuma, M.
Komiyami, J. Chem. Soc. Perkin Trans. 2 1998, 523 - 527.

[4] a) R. Breslow, E. Anslyn, D.-L. Huang, Tetrahedron 1991, 47, 2365 —
2376;b) R. Gross, G. Diirner, M. W. Gobel, Liebigs Ann. Chem. 1994,
49-58; ¢) M.-S. Muche, M. W. Gobel, Angew. Chem. 1996, 108, 2263 —
2265; Angew. Chem. Int. Ed. Engl. 1996, 35,2126 -2129; d) T. Kato, T.

0947-6539/00/0603-0535 $ 17.50+.50/0 — 535





FULL PAPER

[15]

(16]

(17]

[18

=

(19]

[20]
[21

—

(22]
(23]

(24]
(23]
[26]
(27]
(28]
(29]
(30]
(31]
[32]

(33]

536 ——

C. Leumann et al.

Takeuchi, I. Karube, Chem. Commun. 1996, 953 -954; ¢) V. Jubian, A.
Veronese, R.P. Dixon, A.D. Hamilton, Angew. Chem. 1995, 107,
1343 -1345; Angew. Chem. Int. Ed. Engl. 1995, 34, 1237 -1239.

a) R. Héner, J. Hall, G. Ryhs, Helv. Chim. Acta 1997, 80, 487 -494;
b) M. P. Fitzsimons, J. K. Barton, J. Am. Chem. Soc. 1997, 119, 3379 -
3380; c) K. Michaelis, M. Kalesse, Angew. Chem. 1999, 111, 2382 —
2385; Angew. Chem. Int. Ed. 1999, 38, 2243 -2245; d) M. Komiyama,
T. Inokawa, K. Yoshinari, Chem. Commun. 1995, 77 -78.

B. D. Wladkowski, L. A. Svensson, L. Sjolin, J. E. Ladner, G.L.
Gilliland, J. Am. Chem. Soc. 1998, 120, 5488 —5498.

U. Heinemann, W. Saenger, Nature 1983, 299, 27 -31.

D. Suck, C. Oefner, Nature 1986, 321, 620 -625.

a) W. B. Knight, S. W. Fitts, D. Dunawaya-Mariano, Biochem. 1981, 20,
4079-4086; b) G. P. Haight, Coord. Chem. Rev. 1987, 79, 293 -319.
F. A. Cotton, E. E. Hazen, M. J. Legg, Proc. Natl. Acad. Sci. USA
1979, 76, 2551 —2555.

I. Bertini, C. Luchinat, W. Maret, M. Zeppezauer, Zinc Enzymes,
Birkhiuser, 1986.

J. Smith, K. Ariga, E. V. Anslyn, J. Am. Chem. Soc. 1993, 115, 362—
364.

J. R. Morrow, W. C. Trogler, Inorg. Chem. 1988, 27, 3387 —3394.

a) D. S. Sigman, A. Mazumber, D. M. Perrin, Chem. Rev. 1993, 93,
2295-2316; b) J. Chin, M. Banaszczyk, V. Jubian, X. Zou, J. Am.
Chem. Soc. 1989, 111, 186—190; c) C. Kurz, Chem. uns. Zeit 1998, 32,
94-103.

a) R. Breslow, D. Berger, D.-L. Huang, J. Am. Chem. Soc. 1990, 112,
3686-3687; b) J. R. Morrow, H. Aures, D. Epstein, Chem. Commun.
1995, 2431-2432; ¢) J. Suh, J. Y. Lee, S. H. Hong, Bioorg. Med. Chem.
Lett. 1997, 7, 2383 —2386.

a) I. Torok, T. Gajda, B. Gyurcsik, G. K. Toth, A. Péter, J. Chem. Soc.
Dalton Trans. 1998, 1205-1212; b) F. Chu, J. Smith, V. M. Lynch, E. V.
Anslyn, Inorg. Chem. 1995, 34, 5689 —5690.

J.W. Buchler, in Porphyrins and Metalloporphyrins (Ed.: K. M.
Smith), Elsevier, 1975, p. 157.

In order for a complex of a nonessential metal to function in vivo it is
necessary that the complex is inert to release of the metal ion.
See [1a][3a].

a)J.L. Hoard, in Porphyrins and Metalloporphyrins (Ed.: K. M.
Smith), Elsevier, 1975, p. 347; b) W. R. Scheidt, in The Porphyrins,
Physical Chemistry Part A (Ed.: D. Dolphin), Academic Press, 1978,
p. 463;¢) J. L. Huhmann, J. Y. Corey, N. P. Rath, Acta Crystallogr. Sect.
C 1995, 195-196.

E. Bamann, Angew. Chem. 1939, 52, 186—188.

After the work of Bamann®! only three reports (besides??) con-
cerned with the use of Zr**-salts in phosphate diester hydrolysis seem
to have appeared: a) R. A. Moss, J. Zhang, K. G. Rangunathan,
Tetrahedron Lett. 1998, 39, 1529-1532; b) R. Ott, R. Krdmer, Angew.
Chem. 1998, 110, 2064 -2067; Angew. Chem. Intl. Ed. 1998, 37, 1957 -
1960; c) A. Berkessel, D. A. Hérault, Angew. Chem. 1999, 111, 99—
102; Angew. Chem. Intl. Ed. 1999, 38, 102-105.

E. Stulz, C. Leumann, Chem. Commun. 1999, 3, 239 -240.

J. W. Buchler, G. Eikelmann, L. Puppe, K. Rohbock, H. H. Schneeh-
age, D. Weck, Liebigs Ann. Chem. 1971, 745, 135-151.

K. Shibata, T. Aida, S. Inoue, Tetrahedron Lett. 1992, 33, 1077 -
1080.

H. Brand, J. Arnold, Organometallics 1993, 12, 3655 —3665.

H.-J. Kim, D. Whang, K. Kim, Y. Do, Inorg. Chem. 1993, 32,360 —362.
J. K. M. Sanders, B. K. Hunter, in Modern NMR Spectroscopy: A
Guide for Chemists, 2nd Ed., Oxford University Press, Oxford, 1993,
chapter 7.

T. R. Janson, J. J. Katz in The Porphyrins, Physical Chemistry Part A
(Ed.: D. Dolphin), Academic Press 1978, p. 1.

D. Wahnon, A.-M. Lebuis, J. Chin, Angew. Chem. 1995, 107, 2594 —
2597, Angew. Chem. Intl. Ed. 1995, 34, 2412 -2414.

a) H.-J. Kim, D. Wang, Y. Do, Chem. Lett. 1993, 807-810; b) J. L.
Huhmann, J. Y. Corey, N. P. Rath, C.F. Campana, J. Organomet.
Chem. 1996, 513, 17-26.

H. Brand, J. Arnold, J. Am. Chem. Soc. 1992, 114, 2266 —-2267.

W. Saenger, in Principles of Nucleic Acids Structure, Springer, 1984,
chapter 4.

B. Schneider, M. Kabelaz, P. Hobza, J. Am. Chem. Soc. 1996, 118,
12207-12217.

(34]

(35]

(36]
(37)
(38]
(39]
[40]

[41]

(42]

[43]

[44
[45
[46
[47

(48]

(49]

(50]

[51]
(52]

53]

[54]

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

D. G. Gorenstein, in Phosphorus-31 NMR, Principles and Applica-
tions, Academic Press, N.Y. 1984, chapter 1.
a) D. G. Gorenstein, B. Findlay, B. A. Luxon, D. Kar, J. Am. Chem.
Soc. 1977, 99, 3473-3479; b) D. G. Gorenstein, D. Kar, J. Am. Chem.
Soc. 1977, 99, 672-6717.
The values for the P—O(ester) bond lengths range from 1.547 A to
1.631 A, for the P=0 bond lengths from 1.433 A to 1.590 A.
D. W. Cruickshank, J. Chem. Soc. 1961, 5486 —5504.
J. P. Hazel, R. L. Collin, Acta Crystallogr. Sect. B 1972, 28, 2951 -2957.
W. T.A Harrison, T. M. Nenoff, T. E. Gier, G. D. Stucky, J. Mater.
Chem. 1994, 4, 1111 -1115.
D. F. Shriver, P. W. Atkins, C. H. Langford, in Inorganic Chemistry, 1st
Ed., Oxford University Press, 1990.
A.J. Kirby, The Anomeric Effect and Related Stereoelectronic
Effects at Oxygen in Reactivity and Structure Concepts in Organic
Chemistry, Vol. 15, Springer, N.Y., 1983.
a) D. G. Gorenstein, A. Chang, J.-C. Yang, Tetrahedron 1987, 43, 469 —
478;b) R. Kluger, G. R. J. Thatcher, J. Org. Chem. 1986, 51,207 -212;
¢) R. Kluger, G. R. J. Thatcher, J. Am. Chem. Soc. 1985, 107, 6006 —
6011; d) K. Taira, T. Fanni, D. G. Gorenstein, J. Org. Chem. 1984, 49,
4531-4536.
N.-Y. Chang, C. Lim, J. Am. Chem. Soc. 1998, 120, 2156 —2167, and
references therein.
J. R. Morrow, W. C. Trogler, Inorg. Chem. 1988, 27, 3387-3394.
B. K. Takasaki, J. Chin, J. Am. Chem. Soc. 1994, 116, 1121 -1122.
J. Sumaoka, Y. Azuma, M. Komiyama, Chem. Eur. J. 1998, 4,205 —209.
A. Fersht, in Enzyme Structure and Mechanism, 2nd Ed., Freeman,
N.Y., 1985.
Inspection of the dissociation constants obtained by complexation
experiments and saturation kinetics revealed that the difference in
phosphate complex stability is only slightly dependent upon the
nature of the phosphate. Generally dmp (3) and pmp (16) are
somewhat less strongly complexed than hpp (2). The average K,
(phosphate) for a dinuclear zirconium complex from all values
determined here is K;=0.5(1) mm.
The second order rate constants for the background reactions were
measured at [NaOMe]=1mM to be k,,=2.93 x 1073 m~'s! (2 —-20),
197 x 10 °m~!'s! (20—21) and at [NaOMe]=100mm 3.11 x
10°m~'s™! (16 —3). The pH of C;Dymethanol 1:1 was 8.2 corre-
sponding to [MeO~]|=6.3 x 10°M and did not change during the
catalytic and background reactions. With &, =k, x [MeO~] the first
order background rate constants were extrapolated to the conditions
used in the catalysed reactions.
Reactions proceeding predominantly according to pathway b) could
only be measured at [4] =2mM and [2] =8mm. The apparent second
order rate constant was obtained from k, = k,/[4].
R. A. Moss, J. Zhang, K. Bracken, Chem. Commun. 1997, 1639 — 1640.
In neutral water-containing solvents no solvolysis of 2 with 4 was
observed. Addition of bases (NaOH, NEt; or imidazole) resulted in
rapid and complete precipitation of the Zr(TPP) complexes.
The background reaction rate for the transesterification of H-hpp (H-
2) ([D¢]DMSO/CHCL/H,O 5:5:1, [Hf] = [H-hpp (H-2)]=23.8mwm)
was measured to be k;;=3.21 x 10~7s~%. From this, the value for the
background reaction in C¢D¢/methanol/H,O 5:5:1 (pH 6.0) was
calculated to be k;;=1.35x10""s"! without correction for the
different solvents.
For the determination of total H'-concentration it is assumed that
Zr(TPP)Cl, (4) reacts rapidly with water to produce hydroxo-
complexes with liberation of two equivalents of HCI, which serve as
an additional source of protons together with H-2 (predominantly
being in the dissociated form).
H. B. Biirgi, K. C. Steudle, J. Am. Chem. Soc. 1988, 110, 7291 -7299.
V. Marvaud, A. Vidal-Ferran, S.J. Webb, J. K. M. Sanders, J. Chem.
Soc. Dalton Trans. 1997, 985 —990.
J. S. Lindsey, R. W. Wagner, J. Org. Chem. 1989, 54, 828.
L. E. Manzer, Inorg. Synth. 1982, 21, 135.
D. M. Brown, D. A. Usher, J. Chem. Soc. 1965, 6558 —6564.
R. A. Mclvor, G. D. McCarthy, G. A. Grant, Can. J. Chem. 1956, 34,
1819-1832.
R.J.P. Corriu, G. F. Lanneau, D. Leclerq, Tetrahedron 1986, 42,
5591 -5600.

Received: August 12, 1999 [F1973]

0947-6539/00/0603-0536 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 3






FULL PAPER

Gas-Phase Reactions of Nitronium Ions with Acetylene and Ethylene:
An Experimental and Theoretical Study

Fernando Bernardi,*!*! Fulvio Cacace,'?! Giulia de Petris,*!*! Federico Pepi,'*! Ivan Rossi,"!

and Anna Troiani!?!

Abstract: A comparative study of the
gas-phase reactions of NO," with acetyl-
ene and ethylene was performed by
using FT-ICR, MIKE, CAD, and N;R/
CA mass spectrometric techniques, in
conjunction with ab initio calculations at
the MP2/6-31+ G* level of theory.
Both reactions proceed according to
the same mechanism, that is, 1,3-dipolar

from acetylene has an aromatic charac-
ter and hence is highly stabilized with
respect to the C,H,NO," adduct from
ethylene. Both cycloadducts tend to
isomerize into O-nitroso derivatives,
that is, nitrosated ketene and nitrosated

Keywords: ab initio calculations -
alkynes - cycloadditions - gas-phase

acetaldehyde, which represent the ther-
modynamically most stable products
from the addition of NO,* to acetylene
and ethylene, respectively. As proto-
typal examples of the reactivity of free
nitronium ions with most simple w
systems, the reactions investigated are
useful starting points to model the
mechanism of aromatic nitration.

cycloaddition, but yield products of
different stability. The C,H,NO,* adduct

Introduction

In this paper, we report the results obtained in a combined
experimental and theoretical study of the addition of ni-
tronium ions to acetylene [Eq. (1)].

NO," + GH, —[CH,NO,|* @)

For comparison, we discuss also the results obtained in a
similar study of the reaction of nitronium ions with ethylene

[Eq. 2)].

NO,* + CH, —[CH,NO,]* (2

These two processes represent prototypal examples of the
electrophilic nitration of very simple m systems and a useful
starting point to model electrophilic aromatic nitration, a
reaction that has received great attention,'*] but whose

[a] Prof. G. de Petris, Prof. F. Cacace, Dr. F. Pepi, Dr. A. Troiani
Dipartimento di Studi di Chimica e Tecnologia
delle Sostanze Biologicamente Attive
Universita di Roma "La Sapienza’

P. le Aldo Moro 5, 00185 Roma (Italy)
Fax: (+39)06-4991-3602
E-mail: depetris@axrma.uniromal.it

[b] Prof. F. Bernardi, Dr. I. Rossi
Dipartimento di Chimica’G. Ciamician’
Universita di Bologna
Via Selmi 2, 40126 Bologna (Italy)

Fax: (+39)051-259456

Chem. Eur. J. 2000, 6, No. 3

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

chemistry - mass spectrometry

mechanism has not been completely clarified yet. This work
aims to bring about a detailed understanding of the two gas-
phase reactions in Equations (1) and (2) through the com-
bined application of experimental techniques and a detailed
ab initio study at the MP2/6-31+ G* level of theory. In
particular, we report new theoretical and experimental results
for the reaction in Equation (1), whereas for the reaction in
Equation (2) we use both earlier experimental and theoretical
results” ® and new results that allow us to perform a more
comprehensive comparative analysis of the two reactions. We
have found that the two reactions are mechanistically very
similar and that they proceed mainly according to a 1,3-
dipolar-type addition. This reaction leads to the formation of
two structurally related end products, nitrosated ketene from
the reaction in Equation (1) and nitrosated acetaldehyde from
the reaction in Equation (2).

Experimental Section

Materials: The gases were research grade products with a stated purity of
>99.95mol% (except NO, NO,, and C,H, >99.5 mol%). They were
obtained from commercial sources and used without further purification.
Ketene was obtained according to an established procedure,”! whereas all
other chemicals were research grade products from Aldrich Chemical
Company.

Instruments: A model 47¢e APEX FT-ICR mass spectrometer (Bruker
Spectrospin) was used, which was equipped with an external chemical
ionization (CI)/EI ion source, a cylindrical “infinity” cell,l'’l and a pulsed
valve. The pressure was measured with a Bayard — Alpert ionization gauge,
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Deflector Deflector
1 2

Magnet l

CI/El ES1

Source

whose readings were corrected by a standard procedure'!l according to the
different sensitivities to the gases employed. The mass-analyzed ion kinetic
energy (MIKE) and collisionally-activated dissociation (CAD) spectra
were recorded by utilizing a version of the ZAB Spec oa-TOF spectrometer
(Micromass), which is schematically illustrated in Figure 1. The ions from
the EI, or the CI ion source entered the first electrostatic sector (ES1) and
were mass selected by the magnet before they entered the first pair of
collision cells, to which different gases can be admitted through individual
metering valves. In the cells, any desired voltage with respect to ground
could be selected, and the charged species from the first cell were
prevented from entering the second one by the first deflecting electrode.
Next, the ions were analyzed by the ES2 and they entered the second pair
of gas collision cells before they reached the photomultiplier detector. If
desired, application of a proper potential to a steering electrode, the
“pusher”, allowed the introduction of ions into the orthogonal TOF
spectrometer, which was equipped with a micro channel plate (MCP)
detector.

Procedure: FT-ICR experiments: The ions produced in the external source
were transferred into the resonance cell and isolated by the usual
procedure by using the “soft” ejection of all unwanted ions by low-
intensity RF “shots”. In this process, care was taken to prevent appreciable
excitation of the species of interest. When required, the isolated ions were
thermalized by collision with Ar, which was temporarily admitted into the
cell by means of the pulsed valve for a period of 20 ms to a peak pressure of
approximately 10-° Torr.l"2) After removal of Ar, the ions were allowed to
react with the neutral reagent, which was continuously admitted into the
cell and reached a stationary pressure of 10~% to 10~7 Torr.

MIKE and CAD spectrometry: The MIKE spectra were recorded
according to the standard procedure, which examines the metastable
transitions in the third field-free region of the ZAB Spec oa-TOF
spectrometer. The CAD spectra were recorded in two ways. The first
(high-energy) approach utilized the second collision cell, where mass-
selected ions were allowed to collide with the target gas (He). The pressure
of the helium was adjusted in such a way as to reduce the original intensity
of the ion beam by approximately 30 %. In these experiments, the collision
energy was 8 kV (laboratory frame), and the fragments analyzed by ES2
were detected by the photomultiplier. The second (low-energy) approach
utilized the third collision gas cell. The voltage of the cell was set to 90 % of
the source voltage, so that the laboratory-frame collision energy was only
10 % of the main acceleration voltage.

Neutral fragments reionization/collisional activation (N;R/CA) mass
spectrometry: This method was a new version of the well established N;R
technique,™® 4l where the observed spectrum represented the superimpo-
sition of the individual collision-induced dissociative ionization (CIDI)
spectral®™ of all the neutral fragments from the collision-activated
dissociation of the precursor ion under study. In our experiments, mass-
selected ions underwent high-energy (8 kV, laboratory frame) CAD in the
collision gas cell 1, as in the standard CAD spectrometry. The charged
fragments and the undissociated parent ions were removed by applying a
potential of 1kV to deflector 1, whereas the neutral fragments entered
collision cell 2, which contained the reionization gas (O,). The charged
species of interest were mass selected by scanning ES2 and driven into the
collision cell 3 with He as the target gas, so that the CAD spectra of the
ionic species from the reionization of each neutral fragment could be
recorded separately by utilizing the TOF spectrometer. In certain cases, it
was necessary to compare the N;R/CA spectra with the CAD spectra of the
molecular ions obtained in the EI source from model molecules. In these
cases, the CAD spectra were recorded using the collision gas cell 3. The
main accelerating voltage was chosen so that the molecular ion could be
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Figure 1. Schematic diagram of the apparatus for MIKE, CAD, and N;R/CA mass spectrometry (see text).

MCP transmitted from the EI source at
Detector

exactly the same ES2 potential as that
required for transmittance of the re-
ionized neutral fragments in the NR/

TOF CA experiments.

Results
Acetylene nitration

FT-ICR spectrometry: NO,"

ions generated in the external

ion source from nitrogen diox-
ide by charge exchange with Xe" were found to react with
acetylene in two different ways; the way in which they react
depends on their internal energy content. If NO,"™ ions
thermalized by collision with Ar are used,'? only the
formation of NO™ is observed [Eq. (3)].

NO,* + GH, -NO* + C,H,0 3)

If the thermalization procedure is omitted, the process in
Equation (3) is accompanied by the reaction in Equation (4).

(NO,")exe + CH, »C,H,0™* + NO )

This reaction yields C,H,O"" ions, which were positively
identified by accurate mass measurements. It should be noted
that the reaction in Equation (4) is energetically less favorable
than that in Equation (3) owing to the higher ionization
potential of CH,CO with respect to NO. This accounts for its
occurrence only when excited NO," ions are used. As
expected, no C,H,NO," adducts were observed at the low
pressures, 107® to 1077 Torr, which are typical of FT-ICR
experiments. Nevertheless, evidence for a transient complex is
provided by the O atom transfer from NO,™ to C,H, indicated
indirectly by the ionic product from the reaction in Equa-
tion (3) and directly by that from the reaction in Equation (4).
The most reasonable explanation of the above results is that
addition of NO, to acetylene is highly exothermic and yields
an excited adduct that cannot escape dissociation. This is the
result of the very low efficiency of collisional deactivation in
FT-ICR experiments.

Chemical ionization experiments: The experiments are based
on the FT-ICR results; the reaction in Equation (1) was
performed in the CI source of the ZAB Spec oa-TOF
spectrometer. The higher operating pressure of the spectrom-
eter (up to several tenths of a Torr) was expected to ensure a
much more efficient collisional stabilization of the excited
C,H,NO," adduct. In actual fact, no detectable amounts of
this ion were obtained, and the only processes promoted by
the NO,/CI of acetylene are again those given in Equa-
tions (3) and (4). This suggests that direct nitration of C,H, by
NO," is too exothermic to allow survival of C,H,NO,™ for the
time required for its detection, and a milder route of
formation is needed [Eq. (5)].

HNO,NO,* + C,H, —~C,H,NO,*(A) + HNO, )
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In this reaction, the free nitronium ion is replaced by its
complex with nitric acid, prepared from N,O; protonation and
characterized as a HNO;—NO, " adduct with a binding energy
(BE) of 18.3 kcalmol.1"] From the thermochemical stand-
point, the reaction in Equation (5) can be considered as a two-
step process; the first step is the endothermic dissociation of
the complex that yields free NO,*, which subsequently adds to
acetylene. Hence, the reaction in Equation (5) is less exother-
mic than that in Equation (1) by 18.3 kcal mol~!. Furthermore,
the energy released is divided between the products,
C,H,NO,* and HNOs;. In fact, the reaction in Equation (5)
proved to be a viable route to C,H,NO," and yielded
significant intensities of the adduct A together with NO*
and C,H,O"".

Structural studies: The products from the reactions in
Equations (4) and (5) were examined by structurally diag-
nostic techniques that included MIKE, CAD, and N;R/CA
mass spectrometry in the ZAB Spec oa-TOF instrument. The
results for the various species of interest are illustrated in the
following paragraphs.

C,H,NO," ions: The structural features of the ionic popula-
tion (A) from the reaction in Equation (5) were compared
with those of model ions of H,C—C—O—NO™" structure
(population B) from the reaction in Equation (6).

CH,=CO +NO* —C,H,NO,* (B) (©6)

This reaction involved NO/CI of ketene. The MIKE spectra
results in Table 1 are appreciably different in that, as

Table 1. MIKE spectra of C,H,NO," ions from different sources.

Fragment Relative intensity!?

mlz Tons Al Tons Bl
30 100 100

42 76 -

46 12 _

[a] Standard deviation £10%. [b] From the reaction in Equation (5).
[c] From the reaction in Equation (6).

expected, the only fragment from the model ions B is NO*
(m/z 30), whereas ions A from the nitration of C,H, undergo
significant metastable transitions and give, in addition,
C,H,0O°* (m/z 42) and NO," (m/z 46) fragments.

The CAD spectra of populations A and B, compared in
Table 2, are particularly significant in that collision-activated
dissociation is expected to provide a more reliable picture of
the structure of the stable ionic population assayed.!!

A comparison of the two spectra shows that there are
considerable and structurally diagnostic differences; that is,
the major fragments from model ion B, NO* and C,H,O"*, are
consistent with its expected H,C—CO—NO structure, where-
as the major fragment from population A is a nitronium ion
(m/z 46), which suggests the presence of a strongly bonded
O—N—O moiety within the C,H,NO," adduct from the
nitration of acetylene. Nevertheless, the presence in the ionic
population A of a minor fraction of ions with the
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Table 2. High-energy CAD spectra of C,H,NO," ions from different
sources.

Fragment Relative intensityl®
mlz Tons A Ions B
14 - 3
25 2 -
26 16 -
28 - 7
30 10 100
41 - 10
4 3 60
44 -

46 100 -

[a] Standard deviation +10%

H,C—-C—O—NO structure is suggested by the low, but easily
detectable, intensity of the NO* and C,H,O"" fragments.

C,H,0"" ions: As previously mentioned, formation of these
ions was observed in different experiments, namely those that
involve the reaction of HNO;NO," with C,H, (CH,/N,O; CI
of C,H,) and the reaction of NO,* with C,H, (FT-ICR and
NO,/CI of C,H,). The C,H,O"" ions from the latter source
were analyzed by CAD spectrometry, and their spectrum was
compared with that of C,H,O"" model ions formed by EI of
ketene. The spectra are indistinguishable; this suggests the
H,C=CO-* structure for the charged product from the
reaction in Equation (4). To make the assignment rigorous,
it would be necessary to demonstrate that isomeric C,H,O"*
ions can be discriminated by CAD spectrometry.

Ethylene nitration: It is of interest to compare the results for
the nitration of acetylene with those obtained in a recent
studyl® of the ethylene nitration by free nitronium ions
[Eq. (2)] and by protonated methyl nitrate [Eq. (7)].

CH,+NO," -CH,NO," (C) (2)
C,H, +CH,0HNO," —C,H,NO,* (D)+ CH,0H )

The CAD spectra of C and D were compared with those of
model ions from the nitrosation of oxirane [Eq. (8)] and of
acetaldehyde [Eq. (9)].

H,C
| Yo+ NO" — o,HNOS (B) @®)

H,C
CH,CHO + NO* —CH,NO,* (F) )

As previously reported in detail,® the CAD spectra of
populations C, E, and F were found to be equal, but different
from the spectrum of population D (see below); this led to the
assignment of the O-nitrosated structure to the adduct from
the nitration in Equation (2). However, it proved impossible
to discriminate between ions E and F, namely to ascertain
whether the product C, from the direct nitration of ethylene,
had the nitrosated oxirane or the nitrosated acetaldehyde
structure.’] In order to clarify this point, we used the
structurally diagnostic N;R/CA technique in the present study.
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NR/CA spectrometry of C,H,NO,"* ions: The CAD spectra of
the ionic populations C, E, and F display an intense NO™
fragment, whose neutral counterpart(s), that is, the C,H,O
species, were reionized to give C,H,O" ions, which were mass
selected, and their CAD spectra were recorded. Furthermore,
model C,H,O ions were obtained by EI ionization of oxirane
(ions G) and of acetaldehyde (ions H), and their CAD spectra
were compared with the N{R/CA spectra of C,;H,O from
adducts E, F, and C (Table 3). The results show that the

Table 3. CAD spectra of model ions G and H from the EI of oxirane and
acetaldehyde, and N;R/CA spectra of the C,H,O neutral fragment from
ions C, E, and F from the reactions in Equations (2), (8), and (9).

milz Relative intensity!®
CAD N{R/CA
G H C E F
43 4.0 41.6 45.6 13.3 53.6
29 60.9 30.0 41.0 64.5 324
15 15.0 22.1 10.9 12.2 11.7
14 20.1 6.3 2.5 10.0 23

[a] Percentage of the sum of the intensities of the fragments. Standard
deviation £10%.

C,H,O neutral fragment from the fragmentation of the model
nitrosated adducts E and F is reminiscent of the structure of
the C,H,O neutral species utilized for their preparation, that
is, oxirane and acetaldehyde, respectively.'’] Based on these
findings, the N{R/CA spectrum of the neutral C,H,O fragment
from C (Table 3) allows one to assign the CH;CHONO*
structure to the latter species rather than the structure
illustrated below. The reaction
H,C X in Equation (7) promoted by
H7C|>ONO the CH;OHNO," complex has
) been  calculated to be
21.5 kcalmol~! less exothermic
than the reaction promoted by free NO,". This value
represents the BE of NO,* to CH;OH.!'! Interestingly, the
CAD spectrum of the adductD from the reaction in
Equation (7) shows a significant NO,™ fragment, which is
absent in the spectrum of the adduct C from the more
exothermic reaction in Equation (2).'8]

Summary of the experimental results: The overall picture is
consistent with the hypothesis that direct nitration of acetyl-
ene by free nitronium ions is a highly exothermic process.
Owing to the large excess of internal energy, the C,H,NO,*
ion cannot be stabilized, even at the higher pressures typical
of CI experiments as compared with FT-ICR experiments.
The ion undergoes complete decomposition, either by retro-
gression to the reactants or by dissociation into the C,H,0O/
NO pair, with the positive charge on either of the fragments.
The nature of the fragments is such as to suggest that the
adduct reaches the H,C=CO—-NO™" critical configuration
before undergoing dissociation. When nitration is performed
with a solvated nitronium ion, HNO;NO,", the lower
exothermicity of the process, and hence the lower internal
energy excess of the C,H,NO," primary adduct, allow its
partial collisional stabilization. Most of the C,H,NO," ions
that survive dissociation have a structure other than
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H,C-C—O—NO", as their CAD spectra show the presence
of a strongly bonded O—N—O unit, rather than the presence of
a NO unit, weakly coordinated to an O atom, as present in the
H,C=CO—NO* model ions from the nitrosation of ketene.

A similar situation prevails in the nitration of ethylene.
When free NO, " ions are involved the adduct formed, which is
collisionally stabilized in this case, evolves into a species
characterized as O-nitrosated acetaldehyde. On the other
hand, when a milder nitrating agent, such as CH;OHNO,", is
used, the adducts formed with a lower excess of internal
energy retain a structure characterized by the presence of an
O—N-O unit.

Computational results: To obtain a detailed understanding of
the reaction mechanisms, the experimental results were
complemented with those of a computational study. All
computations reported in this paper were performed at the
MP2/6-31 + G* level using the Gaussian 941! suite of pro-
grams. These programs were chosen because they proved
accurate in the study of the reaction in Equation (2).%®
Furthermore, this choice allows one to compare the results
for the two reactions on the same basis. All critical points were
fully optimized with respect to the gradient and charac-
terized through the computation of the analytical Hessian
matrices.

The computed critical points are shown in Figures 2—5, and
the corresponding energy values are reported in Table 4. The
mechanistic information provided by the computed critical
points is summarized in the energy profiles illustrated in
Figures 6-8. We denote these reaction paths as: i) the 1,3-

1.220

Nitronium ion

Acetylene

1.081 |
1322 '

1.181

Ketene

1.279
Oxirene

Oxirene cation

Figure 2. Optimized geometrical parameters of the reactants and products.
Bond lengths are in A and angles in degrees. The labels are the same as
those used in the text.
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Figure 3. Optimized geometrical parameters of the electrostatic structures.
Bond lengths are in A and angles in degrees.

1198 /ﬁ y
QJ 17 103.2°
1117°(§‘
C:‘mf 1.331

1.381

VII

Figure 4. Optimized geometrical parameters of the structures IV, V, VI, and VII involved in the 1,3-dipolar-type

reaction paths. Bond lengths are in A and angles in degrees.

dipolar-type reaction path; ii) the o-type reaction path, which
involves the o-structure IX; and iii) the O-nitroso reaction
path, which involves structure VIII.

We will discuss now in detail these reaction paths and we
will start with the 1,3-dipolar-type reaction path. As shown in
Figure 6, the reaction proceeds from the reactants and gives
the electrostatic complex I, which is at an electrostatic
minimum about 10 kcalmol~! more stable than the reactants
(9 kcalmol~! when the zero-point energy (ZPE) corrections
are included). In this region, we have also found two other
critical points, denoted as structures II and III. Structure II is
a transition state that connects two equivalent structures of I
with a very small barrier (about 0.8 kcalmol™'), while
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|.134k \12140
“ 1.801
876{ 0
126.30// 1313
Lo @i‘ C 157.1° [y
- 1318 < 1104 -

162.3°

X XI

Figure 5. Optimized geometrical parameters of the structures VIII, IX, X,
and XI involved in the o-type and O-nitroso reaction paths. Bond lengths
are in A and angles in degrees.

structure III is a second-order
saddle point. Therefore, the two
critical points II and III do not
seem to have any significant
mechanistic role. From the elec-
trostatic minimum I, the reac-
tion evolves through the 1,3-
dipolar-type transition state
(structure IV) to the 1,3-dipolar-
type intermediate V and through
the transition state VI to nitro-
sated ketene VII, which can dis-
sociate to ketene and NO™.

The main feature of this re-
action profile is that the forma-
tion of the key intermediate V is
highly exothermic, since this
structure has a significant aro-
matic stabilization. Further-
more, conversion to nitrosated ketene VII and back dissoci-
ation into the reactants require almost the same energy.

We will now discuss the o-type reaction path, which is
illustrated in Figure 7. This reaction path is characterized by
the minimum IX, which is significantly stabilized owing to a
conjugative effect. We explored in detail the portion of the
potential energy surface between the electrostatic interme-
diate I and structure IX, but we found only a second-order
saddle point. From the minimum IX, the reaction evolves
through transition state X to nitrosated ketene and then to
ketene and NO™.

The third reaction path, the O-nitroso reaction path, is
illustrated in Figure 8: in this case, the system evolves, without
any barriers, from the region associated with the oxygen-type
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Table 4. Energies [hartrees] and relative energies [kcalmol~'] of the reactants and of the various critical pointsl®!

F. Bernardi, G. de Petris et al.

for the reaction in Equation (1).

attack to the minimum VIII
and subsequently to nitrosated

Critical points E, AEU ZPEW E,+ZPE A(E+ZPE)  ketene (and finally to ketene
R (M) — 281319604 000 0035759  —281.283845 0.00 and NO") through a barrier of
I (M) — 281336196 1041 0038091  —281.289105 8.95 175 kcalmol~!, or to oxirene-
11 (TS) —281.334961 9.64 0.038075 —281.296886 8.18 type productsy a path that re-
11 (SOSP)  —281.329605 628 0037661  —281.291944 5.08 quires a significantly larger
v (TS) —281.325284 356 0040059 - 281285225 0.87
% (M) —281.432053 7056 0.045429 —281.386624 64.49 amount of energy. These three
VI (TS) — 281327983 526 0036151  —281.291832 5.01 different reaction paths, i) —iii),
VI (M) —281.428701 6846 0037515  —281.391186 67.36 share the important common
VI (M) — 281347651 1760 003732 —281.310331 16.62 feature that the end products
X (M) — 281391344 4502 0046046  — 281345298 38.56 - ketene and
X (TS) Z281319260 022 036792 ~281292468  —0.86 are - afl cases ketene a
nitronium ion M) —204.246346 0010104  — 204236242 NO*.
acetylene M) —77.073258 0.025655 —77.047603 These computational results
NO* ™M) —129.566897 0.008782 —129.558115 provide a sound interpretative
NO' (M) ~129.246978 0004814  —129.242164 basis for the hypothesis that
ketene (M) —152.157371 0031732 —152.125639 ) o
oxirene (M) 152032832 0.028643  —152.004189 direct nitration of acetylene by
oxirene cation (M) — 151.730051 0.033601 — 151.696450 free nitronium ions is a highly

[a] M = minimum, TS =transition state, SOSP=second-order saddle point. [b] Reactants. [c]kcalmol .

[d] Zero-point energy (hartrees).
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Figure 6. Energy profile of the 1,3-dipolar-type reaction path for the

reaction in Equation (1).

N
+ N..
£ [e] ; O \/O
R — X
. H’C C\
HC==CH H
T
T P
+ P
Q \ { w“‘
. \N—m [
i te=cif / 1479 4
450 ; \
. SOSP |
i j H.C=C=0
; CIX f | +
+ 0t 7 | NO*
0O N 4 "
v o1 234 4 S
HC-CH . | VIL 1v53
H
N + /0
/C:C:() ...... N
H

Figure 7. Energy profile of the o-type reaction path for the reaction in

Equation (1).
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exothermic process that yields
adducts with an excess of inter-

CoH)O + NO*
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It Vi

Figure 8. Energy profile of the O-nitroso reaction path for the reaction in

Equation (1).

nal energy. The excess of internal energy is sufficiently large to
enable the adducts to undergo complete decomposition.

For comparative purposes, we will examine also the results
for the nitration of ethylene by free nitronium ions that have
been examined in previous studies.” ® The energy profiles of
the reaction paths identified are reported in Figures 9—11. It
can be seen that the overall picture of the nitration of
acetylene and ethylene by free nitronium ions is very similar.
Indeed in the case of the reaction in Equation (2), three
possible pathways that correspond to those of the reaction in
Equation (1) were identified.
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Figure 9. Energy profile of the 1,3-dipolar-type reaction path for the

reaction in Equation (2). The energy of structure VIa is —282.54781 har-
tree.
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Figure 10. Energy profile of the o-type reaction path for the reaction in
Equation (2).
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Figure 11. Energy profile of the O-nitroso reaction path for the reaction in
Equation (2).
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In Figure 9, Ia denotes the electrostatic intermediate, I'Va
the transition structure, and Va the intermediate found in the
1,3-dipolar-type approach. VIa denotes the transition struc-
ture, which leads to the product VIIa. In Figure 10, Ia
represents the electrostatic intermediate and IXa the deep
minimum. The other two critical points do not correspond to
any in the reaction in Equation (1) and can be denoted as IV*
and XI*. Finally, VIla in Figure 11 denotes the O-nitroso

form, and C,H,O and C,H,O" denote oxirane and the oxirane
cation.

Discussion

The interplay of theoretical and experimental methods
proved particularly fruitful in the study of the nitration of
acetylene. Indeed, the theoretical picture is fully consistent
with the experimental results and allows their rationalization.
In turn, certain experimental features are crucial for the
determination of the role of the three possible reaction
pathways identified by theoretical analysis.
Consistent with theoretical predictions, the experimental
evidence points to the highly exothermic character of the
reaction in Equation (1). The reaction yields a nitrosated
adduct with such a large excess of internal energy that its
stabilization is prevented. This occurs not only in the low-
pressure range typical of FT-ICR experiments, but even at the
much higher pressures in the CI ion source. In all mass
spectrometric experiments one observes only the reactions in
Equations (3) and (4); these reactions yield the NO*/C,H,O
and NO/C,H,O'* pairs, respectively. Significantly, the
C,H,O"" fragment was experimentally identified as ionized
ketene; this is an important clue to the mechanism of the
addition — dissociation sequence. Formation of the adduct is
only observed when nitration of acetylene is performed
according to the reaction in Equation (5), which is less
exothermic than the reaction in Equation (1) by some
20 kcalmol~L. The dependence of the products formed on
the exothermicity of the nitration process, and hence on the
internal energy of the adduct, is only consistent with the 1,3-
dipolar-type addition mechanism i). This is because its energy
profile is the only one that displays a deep potential well,
which corresponds to the particularly stable ion V. The
conversion of V into the O-nitrosated adduct VII requires
that a energy barrier as high as 65 kcal mol~! is overcome. This
is no longer possible when the lower internal energy of ion V
from the less exothermic reaction in Equation (5) is further
reduced by collisional deactivation. Under these conditions, a
fraction of ions V can survive, as revealed by their CAD
spectra, which show the presence of a tightly bonded O—N—-O
unit in the species probed. The same arguments do not hold
for the alternative reaction pathways, ii) and iii), whose
energy profiles display relatively low barriers to conversion
into VII; this would necessarily cause dissociation into ketene
and NO*. In summary, although mechanism i) alone would
account for all major experimental features, the contribution
of parallel mechanisms ii) and iii) to the formation of the
ketene/NO™ products cannot be ruled out.
In the case of ethylene, nitration by free NO," gives a
C,H,NO," adduct that survives complete dissociation; this
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suggests that the exothermicity of the process in Equation (2)
is lower than that of the process in Equation (1). Such an
inference is supported by the theoretical analysis, which shows
that indeed the reaction in Equation (2) is less exothermic by
some 30 kcalmol~! than the reaction in Equation (1). The
reason for this is that the C;H,NO, " adduct is not as stabilized
as it lacks the aromatic character of V. A notable experimen-
tal feature is the absence of the NO,* fragment in the CAD
spectrum of the CH/NO," ions from the reaction in
Equation (2). This stands in contrast with the detection of
NO," in the CAD spectra of the C,H,NO,* ions from the
reaction in Equation (7), which is less exothermic by
21.5 kcalmol™' than the reaction in Equation (2). Such a
trend suggests that the conversion of a species with an
O—N-O unit into a O-nitrosated species requires a sizable
energy barrier to be overcome. Only ions, such as those from
the reaction in Equation (2), can achieve this as they have a
large excess of internal energy. The ions from the less
exothermic reaction in Equation (7) are unable to cross the
energy barrier, which allows survival, and hence detection, of
the species with the O—N—O unit. Again, among the reaction
pathways identified by the theoretical analysis the 1,3-dipolar
type mechanism is consistent with the evidence from CAD
spectrometry. In the first place, a species with a bridged
O—N—O unit is present in the cycloaddition route, as shown by
the energy profiles illustrated in Figures 9—11. Furthermore,
the conversion of such a cycloaddition product into O-
nitrosated species requires that an energy barrier as high as
35.9 kcalmol~! is overcome. In summary, the 1,3-dipolar-type
mechanism is also the one that provides the best agreement
with all the experimental features in this case. We note that
N{R/CA spectrometry allowed the experimental identifica-
tion of the O-nitrosated species as nitrosated acetaldehyde,
rather than nitrosated oxirane. Conventional CAD spectrom-
etry did not allow such structural assignments, and this is
consistent with the theoretical predictions (Figures 9-11). As
a final remark, it is difficult to compare the present gas-phase
results with those of analogous studies performed in solution.
Indeed, the solution results do not fit a general pattern as in
the case of aromatic nitration, and the mechanisms of the
reactions with olefins or acetylenes of nitrating electrophiles
can be quite different. These also depend a great deal on the
specific system investigated and/or the reaction conditions.[
Nevertheless, it is worth mentioning that the formation of
cyclic ionic intermediates has been suggested in the mecha-
nistic study of the nitration of tetrasubstituted ethylenes with
nitronium salts.*’!

Conclusion

The present results support the view that the reactions of free
nitronium ions with acetylene and ethylene, the most simple
aliphatic & systems, proceed according to the same mecha-
nism, namely 1,3-dipolar cycloaddition. The major difference
resides in the different stability of the cycloadduct formed, for
example, the C,H,NO," ion has aromatic character and hence
has more conjugative stabilization relative to the C,H,NO,*
ion. The thermodynamically most stable end products are in
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both cases O-nitrosated species, namely nitrosated ketene
from acetylene and nitrosated acetaldehyde, rather than
nitrosated oxirane from ethylene. The mechanistic picture
outlined by the present work is potentially relevant to
aromatic nitration by free NO," ions. Finally, the study
underlines the usefulness of combined theoretical and exper-
imental approaches and the considerable improvement in the
structural characterization of gaseous ions made possible by
N{R/CA spectrometry.
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Abstract: The silylated derivative of
thiophosphoric acid (S)P(SSiMes); is
used as a convenient starting compound
for the synthesis of multinuclear Cu and
Au cluster complexes. (S)P(SSiMe;);
reacts with CuCl/PPh; and [AuCIPPh;]
to give the following compounds:
[Cuy(P,Se)(PPhs),] (1), [Cuy(P,Se)Cly-
(PPh;)] (2) and [Auy(P,Se)(PPhs).] (3).

nation, these compounds contain P,S¢*~
ions, in which S atoms act as ligands for
Cu* and Au* ions. Although 1 and 3
have the same stoichiometry, bonding of
the metal ions to the P,S; skeleton

Keywords: ab initio calculations -
cluster compounds - copper - gold
- thiophosphate

displays small but remarkable differen-
ces. Au is twofold coordinated, whereas
Cu shows a threefold coordination. Ab
initio calculations have been carried out
to rationalise these structural differen-
ces. The theoretical treatment of the
corresponding Ag compound indicates
the latter to be less stable.

According to X-ray structure determi-

Introduction

Metal salts of thiophosphates or mixed Group 15/16 cluster
anions display an astonishing structural variety, as described
in a recent review.['1 Of particular interest for this work are the
PQ,*~ and the P,Q¢*~ anions (Q =S, Se). For example, PQ,>~ is
found as a transition metal complex [Pd(PQ,),]*, in com-
pounds with the formula M,[Pd(PQ,),] M=K, Cs), with
square planar coordination at the transition metal centre.?! In
the double salt Cs,;,Pd(PSe,),,?! additional PSe,*~ ions that do
not coordinate to a transition metal atom were observed.
PS>~ anions are also able to build infinite chains, such as
[NiPS,],”~ with square planar coordination of Ni, for example,
in KNiPS,.0!

Recently, Batail etal. reported the synthesis of
(PPh,);[ (NiPS,);] . This complex is obtained by the reaction
of KNiPS, and PPh,Br in DMF. It consists of cyclic
[(NiPS,);]*~ anions, which are formed by cleavage of the
[NiPS,]~ chains in the starting material. Similar chains are
formed by P,Se¢*~ in (PPh,)[In(P,Se)].P! Fragments of these
chains are found in Cs[In(P,S),],®! which contains [In-
(P,S6),]> anions. In the compounds Fe,P,S; and Fe,P,Se;,l!
the chalcogen atoms form double layers. The iron atoms and
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the pairs of phosphorus atoms are situated in the octahedral
holes of the chalcogen sublattice and form P,Qg¢ units. These
compounds are usually obtained by solid-state reactions of the
metals with P and Q.

For several years we have been investigating the synthesis
of transition metal clusters with S, Se, Te, P and As as bridging
ligands.["! Phosphine complexes of transition metal (pseudo)-
halides are treated with silyl derivatives of Group 15 and
Group 16 elements. The driving force of these reactions is the
formation of Me;SiX (X = halide, acetate). For example the
reaction of CuCl and PEt; with P(SiMe,); forms the cluster
complex [CugP5,{P(SiMe;),}¢(PEt;)5] [l We now report anal-
ogous reactions with the compound (S)P(SSiMe3);.”!

The following compounds have been synthesised and
characterised by X-ray structure determination: [Cu,(P,S¢)-
(PPh;),] (1), [Cuy(P,S)ClL(PPh;)] (2) and [Au,(P,S,)(PPhs),]
(3). We were also able to sythesise the following compounds:
[Pd,PS,(PEt;),]Cl, [Pd,PS,CI(PEt;)s], [Pds(PS,)(PS;)(PEt;),]
and [Pd,(PS,),(PPh;),] .1’

In this paper we focus only on the three coinage metal
compounds 1, 2, and 3. Ab initio calculations at HF, MP2 and
DFT levels have been carried out for 1 and 2 in order to
rationalise the different structural features of these com-
pounds better. Since experimental attempts to synthesise the
corresponding Ag cluster have not been successful so far, we
also treated the hypothetical Ag analogue.

Results and Discussion

Synthesis of compounds and discussion of structures:!]
(S)P(SSiMe;); reacts with solutions of CuCl and PPh; or
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[AuCIPPh;] in THF or toluene to form the cluster complexes
1-3 (Scheme 1). The reactions proceed under elimination of
Me;SiCl to give colourless or light yellowish solutions. From
these solutions the complexes 1-3 can be obtained as
crystalline products suitable for X-ray analysis.

> [Cus(P2Se)(PPhs)e] 1

CuCl/PPhy

THF

[AuCIPPhs] .
[Aus(P2Se)(PPh3)s] 3 +—— (S)P(SSIMC})} —
THF
CuCl/PPh;
toluene

Scheme 1. Reaction scheme for the reported thiophosphate clusters.

Compound 1 (Figure 1) crystallises in the monoclinic
spacegroup C2/c with eight molecules per unit cell. The
central bridging unit of the complex 1 emerges as P,S¢*,
which has evidently been formed from (S)P(SSiMe;); during

Figure 1. Molecular structure of 1, phenyl groups are omitted; selected
bond lengths [pm] and angles [°]: P1-P2 223.4(2), P1-S1 201.3(4), P1-S2
201.5(2), P1-S6 205.9(3), P2—S3 205.8(4), P2—S4 201.2(4), P2—S5 201.6(2),
S1—Cul 226.9(4), S2—Cu2 225.1(3), S3—Cul 230.5(3), S3—Cu2 230.8(2),
S5—Cu3 224.8(3), S4—Cu4 227.3(3), S6—Cu3 231.2(2), S6—Cu4 230.1(3),
Cul—Cu2 313.0, Cu3—Cu4 311.0, Cu—P(average) 220.8; S1-Cul-P3
125.3(1), S2-Cu2-P4 123.3(1), S3-Cul-P3 121.8(1), S3-Cu2-P4 122.9(1),
S5-Cu3-P5 125.1(1), S4-Cu4-P6 126.4(1), S6-Cu3-P5 121.0(1), S6-Cud-P6
120.8(1), S-P-S(average) 113.4, P-P-S(average) 105.0.

Abstract in German: Das silylierte Derivat der Thiophosphor-
sdure (S)P(SSiMe;); ist eine geeignete Ausgangsverbindung
zur Synthese von mehrkernigen Clusterkomplexen der Ele-
mente Cu und Au. Durch Reaktion von (S)P(SSiMe;); mit
CuCl und PPh; bzw. [AuCIPPh;] sind folgende Verbindungen
zugdnglich: [Cu,(P,Ss)(PPhs),] 1, [Cu4(P,Ss)CL(PPhs)s] 2
und [Au,P,Ss)(PPh3),] 3. Nach der Kristallstrukturanalyse
liegen in 1-3 P,Ss* -Ionen vor, deren S-Atome als Liganden
fiir die daran gebundenen Cu*- oder Au*-lonen wirken. Trotz
gleicher Stochiometrie von 1 und 3 weisen die Bindungen der
Metallionen an das P,Ss-Geriist kleine, aber bemerkenswerte
Unterschiede auf. Um diese Unterschiede besser zu verstehen,
wurden ab initio-Rechnungen durchgefiihrt. Die theoretische
Behandlung des entsprechenden Ag-Clusters ergab fiir diesen
eine geringere Stabilitdt.
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L [Cug(P2S6)CL(PPhs)s] 2

reaction. The fragment of the molecule that is built by Cu, P
and S atoms has approximately C; symmetry with a P—P bond
length of 223.4(2) pm. This is the expected length for a P—P
single bond and has also been observed in other compounds
that contain P,S¢*~ ions, for example, K,PdP,S,.”l The P—P
bond length in the latter compound amounts to 220.5(8) pm
and the P—S bond lengths lie in the range from 195.8 pm for
nonbridging sulphur atoms to 211.0(8) pm for sulphur atoms
that bridge metal centres. The P—S bond lengths found in
compound 1 (201.2-205.9(4) pm) correspond well with those
values.

The sulphur centres of the P,Ss*~ unit are bound to four
copper atoms. The copper atom charge can be estimated as
+1. As the Cu atoms are additionally coordinated by a
phosphorous atom of a PPh; ligand, they have a distorted
trigonal-planar environment of two sulphur atoms and one
phosphorous atom.

For the sulphur atoms, different bonding modes are
observed. S1, S2, S4 and S5 bind to one copper and one
phosphorous atom each, whereas S3 and S6 are bound to one
phosphorous and two copper atoms each. The variation of the
bonding modes can be seen in the different P—S and Cu—S
bond lengths. For S1, S2, S4 and S5 that bind to Cul, Cu2, Cu3
and Cu4, respectively, short P—S bond lengths (201.2-
201.6(2) pm) and relatively short Cu—S bond lengths
(224.8-227.2(2) pm) are observed.

As expected, the situation for the u;-bridging atoms S3 and
S6 is different. The P—S and Cu—S distances are elongated by
about 4.0 pm relative to the above mentioned values (P1—S6
205.9(3); P2—S3 205.8(3); S3—Cu 230.5-230.8(2); S6—Cu
230.1-231.1(2) pm). Nevertheless, the overall Cu—S bond
lengths in the molecule correspond to the values that have
been found in other Cu—S clusters.l’

As a result of the molecular symmetry in 1 two “short”
Cu—Cu contacts are observed. The distances of these contacts
(Cul—Cu2 313.0; Cu3—Cu4 311.0(2) pm) are definitely longer
than the sum of the vander Waals radii for copper
(280 pm).2l The other Cu—Cu distances are above 487 pm
and thus no evidence for d!°-d! interactions between the d°
centres can be seen.

The cluster complex 2 (Figure 2) is the product of the
reaction of (S)P(SSiMe;); with CuCl and PPh; in toluene. The
influence of the solvent on the product formed has not yet
been clearly investigated. Formation of compound 1 has not
been observed under these reaction conditions. Nevertheless,
one can imagine that 1 and 2 exist in solution as an
equilibrium.

Compound 2 crystallises in the triclinic space group P1 with
one cluster molecule and two THF molecules per unit cell.
The cluster molecule diplays an inversion centre. In contrast
to the bonding situation in 1 all sulphur atoms of the central
P,S¢* unit act as u,-bridges to two copper atoms. The two
remaining sites of the distorted tetrahedral coordination
sphere of each metal atom are taken by one u;-bridging Cl
atom and one phosphorous atom from a PPh; ligand. As in
compound 1, copper atoms can be given the formal charge + 1.

The P-S and P-P bond lengths in the P,S;*~ ligand
(P1-P1A 224.1(1); P—S 201.9-202.8(1) pm) are comparable
with those observed in 1. As a result of the overall threefold
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Figure 2. Molecular structure of 2, phenyl groups are omitted; selected
bond lengths [pm] and angles [°]: P1-P1A 224.1(1), P1A—S1 201.9(1),
P1A—S2 202.8(1), P1-S3 202.4(1), S1—Cul 235.3(1), S1-Cu3 254.0(1),
S2—Cu2 231.6(1), S2—Cu3 243.0(2), S3—Cul 232.0(2), S3—Cu2 234.8(1),
Cul—Cl1 249.0(1), Cu2—CI1 254.4(2), Cu3—Cl1 239.7(1), Cu—P(average)
221.0, Cul—Cu2 305.3(1), Cul—Cu3 322.9(2), Cu2-Cu3 297.9(2); S1-Cul-S3
111.5(1), S2-Cu2-S3 110.6(1), S1-Cu3-S2 83.6(1), S1-Cul-P2 110.0(1), S2-
Cu2-P3 117.3(1), S3-Cul-P2 126.4(1), S3-Cu2-P3 122.5(1), S1-Cu3-P4
124.9(1), S1-Cu3-CI1 97.8(1), S2-Cu3-Cl1 104.6(1), P4-Cu3-CI1 115.8(1),
Cul-Cu2-Cu3 64.7(1), Cu2-Cu3-Cul 51.3(1), S1-P1A-S2 110.0(1), S3-P1-
S1A 113.8(1), S3-P1-S2A 113.9(1).

coordination of the sulphur atoms and the additional Cl ligand
binding to the copper atoms, a slight lengthening of the Cu—S
bond lengths to 232.0-235.2(1) pm can be observed. Similar
to compound 1, the Cu—Cu distances in 2 (297.9-305.3(1) pm)
are too large for any Cu—Cu interactions.

Compound 3 (Figure 3) is obtained in an analogous way to 1
by the reaction of [AuCIPPh;] with (S)P(SSiMe;); in THF.
Compound 3 crystallises in the monoclinic space group P2,/c
with four molecules per unit cell. Similar to 1, compound 3 is a
four-core metal cluster that has C; symmetry. The four gold
centres are nearly linearly coordinated by four of the six
sulphur atoms of the central P,Ss* unit (S1, S1A, S2 and S2A)

Figure 3. Molecular structure of 3, phenyl groups are omitted; selected
bond lengths [pm] and angles [°]: P1-P1A 226.6(4), P1LA—S1 204.4(3),
P1A—-S2 202.9(4), P1-S3 199.5(3), Aul—S1 233.1(2), Au2—S2 233.8(2),
Aul—-P2 2255(2), Au2—-P3 225.6(2), Aul-Au2 417.0(3), Aul—Au2A
502.9(3); S1-Aul-P2 159.3(1), S2-Au2-P3 154.2(1), S1-P1A-S2 112.8(2),
S3-P1-S1A 112.4(1), S3-P1-S2A 110.8(1).
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and the phosphorous atoms of the PPh; ligands (P2, P2A, P3
and P3A).

Nevertheless, one observes that the coordination mode
deviates strikingly from the ideal 180° angle (S1—Aul—P2
159.2(1), S2—Au2—P3 154.2(1)°), which would be expected for
Au*. This deviation might be caused by an additional but
weak Au--- S interaction between S3 and Aul or Au2; this is
clearly shown in the variation of the Au—S bond lengths
(S1—Aul 233.1(2); S2—Au2 233.8(2); S3—Aul 295.2(3);
S3—Au2 283.1(3) pm). The values found for the Aul—S1 and
the Au2—S2 bond lengths correspond to Au—S single bonds
and show good accordance to values for Au—S single bonds
found in literature, for example in [Ph;PAu],S-
(CH,)sS[AuPPh;],2+.113]

The somewhat stronger interaction of Au2 with S3 and thus
the approach towards a (distorted) trigonal coordination
sphere is in agreement with the slightly smaller S2—Au2—P3
angle compared with S1—Aul—P2. The u;-bridging tendency
of S3 can also be seen in the different P—S distances (P1-S1
204.4(3); P1-S2 202.9(4); P1A—S3 199.5(3) pm). The bond
P1A—S3 possesses at least partial double-bond character. A
similar bonding situation has recently been reported by
Laguna et al. in [Au,(u-C5S5){P(p-CH,OCHs;);},] .13

From the comparison of the structural differences of 3 and
1, the Au—Au bond lengths in compound 3 are very long
(Aul—Au2 4171(1); Aul—Au2A 502.9(1) pm). Thus d*-d'*
interactions can be ruled out. The observation of no Au--- Au
interactions results possibly from the very rigid geometry of
the central P,Ss*~ unit (P—P bond, P-P—S and S—P-S angles
nearly unchanged in 1-3) and the preferred twofold coordi-
nation of Au*. Examples for gold clusters with relatively short
Au—Au distances are: [Ag{[Au(u-N° C*bzim)];},]BF,"
CH,Cl, with an Au---Au-contact of 326.8(2) pm and
[Au(AuCl)(AuPPh;)s]*, which is a “true” gold cluster with
an average gold oxidation state smaller than 41 in which
short Au—Au bonds (263.7(1)-265.3(1) pm) and longer
Au--- Au contacts (299.9-350.9(1) pm) can be observed.['*!

Quantum chemical investigations: For a closer investigation
of the stability and bonding situation we carried out quantum
chemical calculations for both the Cu and the Au cluster and
additionally for a--hypothetical—Ag cluster of the same
stoichiometry on the MP2 level. DFT methods were used for a
pre-optimisation of the structural parameters; additionally
HEF calculations were performed to investigate effects of MP2
correction. We considered three different structure types
shown in Figure 4. They all have a P,S¢ skeleton of (approx-
imately) D, symmetry, but differ in the coordination of metal
atoms. In type I all metal atoms are bonded to two sulphur
atoms; type II is a more open structure in which each metal
atom is coordinated to just one sulphur atom. For both types
the symmetry is C,, at most, for which the o, plane is spanned
by P,, P, and S;. The type I and type Il structures can be
converted into each other; both structures may exist as local
minima, but it is also possible that only a single minimum
exists. In the type III structure two of the metal atoms (M, and
M;) are bonded to two sulphur atoms like in type I; the others
are closely coordinated to just one atom, but—different from
type II—non-negligible contacts to two further sulphur atoms
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P,S, skeleton: D,

TYPEL C, (P, P, S, € o)

TYPEIL C,, (P, P,, S, € ©,)

TYPEIIL Cp P, P, S, € o)

Figure 4. The three different structure types considered in the quantum chemical calculations.

exist. Type III also has C,, symmetry, but here the o, plane is
defined by P, P, and S,; M, and M; are on the S, axis. A
conversion from III to I or IT within C,, symmetry is therefore
forbidden. For a bonding dominated by ionic interactions one
would expect type III to have the lowest energy: M; and M;
have contact to two anionic sulphur atoms, and M, and M,
have contact to three. Furthermore, large PPh; ligands are
more easily accommodated in type III than in I or II
Nevertheless, the Cu cluster is of the type I, and the Au
cluster of the type II. The present calculations were done to
investigate the effects that favour type I or type II structures
and to find out whether the corresponding Ag cluster is
possibly of lower stability.

Calculation of cluster cores without ligand covering: For all
three coin metals we did an optimisation of the structure
parameters for type I and type III at HF, MP2 and DFT levels.
In order to avoid transitions between these two types we fixed
the symmetry to C,, in both cases as described above.
Optimisations starting from type II always resulted in type L.

A comparison of the energies of the optimised structures,
shown in Table 1, reveals the following picture. At the MP2

Table 1. Energy differences E(IIT) — E(I) and E(II1) — E(IT) [mHartree]
for the Cu, Ag and Au compounds at HF, DFT and MP2 levels.

ligand free PH;
HF MP2 DFT HF MP2 DFT
Cu +04 +155 +17.8 -12 +1.0 +24
Ag -18 +44 +44 < Q! < Q] -19
Au +11.2 +382 +23.6 > Qe > Qe > Qll

[a] 1 mHartree =2.63 kJmol~'. [b] The optimisation started in type I con-
verged to type III. [c] The optimisation started in type III converged to
type 1L
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and DFT levels type I is always favoured. At the HF level
type L is significantly preferred only for Au. For Cu type I and
type III are nearly isoenergetic (energy difference less than
1 kJmol™'), and for Ag one observes a slightly lower energy
for type III than for type I. This indicates that the reasons
leading to a preference of structure I for Au are different from
those for the two other coin metals. Hence, the stability of
structure I, for the cases of Cu and Ag, is due to effects of
electron correlation, which are accounted for only in DFT and
MP2. Au prefers a (linear) twofold coordination that results
from relativistic effects!™>] which are already included in the
HF treatment. This coordination is more closely realised in
type I than in type IIIL.

The computed structure parameters are shown in Table 2.
The P,S4 skeleton is—except of the P—P bond length—not
much influenced by the kind of the metal atom or by the
method of calculation. The values for M—S distances are as
expected; they increase from Cu to Ag and decrease from Ag
to Au. Electron correlation reduces the equilibrium distance
by 15-20 pm. The M—M distances are much more influenced
by electron correlation. They are very much (65-95 pm)
shorter in the MP2 than in the HF equilibrium geometry.
Despite the fact, that at least for DFT and MP2, in type I the
M—M distances are quite similar to those in the bulk metal, no
indication for a metal-metal chemical bonding can be
detected; attractive dispersive d'°—d' interactions are pres-
ent, of course. The relatively great variation of the P—P
distance indicates a rather weak bond that is influenced by
coulomb repulsion (e.g., of the positively charged phosphor
atoms). This effect is greater for the (more ionic) Ag than for
the Cu compound. The further increase when Ag is replaced
by Au may be again a consequence of the preferred linear
coordination of Au. This implies a larger S;—M,—S; angle and
a longer P—P bond, since the P—P—S angles are rigid. We note
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Table 2. Structure parameters [pm] in C,, symmetry of the ligand-free
cluster.

Type I Type III

HF MP2 DFT HF MP2 DFT

M-S, Cu 236.8 2177 2224 2392 2193 2228
Ag 259.6 2402 245.0 2602 2419 2463

Au 248.1 2332 2415 2519 2350 2438

M,—S,1! Cu 236.8 2177 2224 2442 2242 2263
Ag 259.6 2402 2450 2662 2477 2516

Au 248.1 2332 2415 2470 3216 2414

M,—S; Cu 2415 2201 2240 2649 2446 2494
Ag 2643 2438  249.0 2859 2682 2735

Au 259.1 2395 2485 306.7 2851 2879

M-M, Cu 363.5 2682  261.3 409.5 3464 3436
Ag 4303 3203 329.2 4522 3975 4005

Au 370.5 3041 3184 4402 3777 3913

Si-M;=S; Cu 1150 1365  138.6 1151 1357 1374
Ag 107.8 1240 1243 1052 1221 1237

Au 1119  131.8 1289 1128 1332 129.8

P-P Cu 2315 2340 2433 230.8 2345 2455
Ag 2337 2445 2542 233.0 2412 2524

Au 2391 2533 2610 2373 2524 2615

[a] In type I M,—S, is equivalent to M,—S, by symmetry.

that DFT, although it does not explicitly account for
correlation effects of dispersion type, shows similar values
for structure parameters and relative energies compared with
MP2, whereas HF has turned out to be a less adequate method
for the description of these systems. Thus we will not refer to
HEF results in the subsequent discussion.

Clusters covered by the model ligand PH;: MP2 and DFT
treatments for these model systems lead to similar results. The
symmetry was lowered to C;, which is the common subgroup
for all three types. For this choice the direction of the M—P
bonds and the orientation of the ligands bonded to “neigh-
bouring” metal atoms (M; and M, in type I and type II) are
not restricted by symmetry requirements. The energies of the
optimised structures are also shown in Table 1. TypeI is
preferred for Cu; additionally the less favoured type III
structure was found as a stationary point with only a few
kJmol~! higher energy. In all probability these stationary
points are local minima in C; symmetry, since the relaxation
procedure employed was designed to locate minima. Type III
is preferred for Ag; for DFT calculations type I is found as a
stationary point in addition. The tendency for a preference of
type III in case of Ag may be rationalised by the fact, that
type III is more ionic, and bonds to PH; are enhanced. For
both metals optimisations, carried out with DFT, starting from
type II result in type I. For Au an optimisation starting from
type I as well as from type III converges in type II. This is
again in line with the preferred linear coordination specific for
Au. The angle S"M—P (cf. Table 3) also indicates this: for Cu
and Ag it is about 120°, for Au it amounts to about 170°.
Moreover relativistic effects lead to a shorter metal —ligand
distance for Au compared with Ag; this is well known.[> 1l
The metal-metal distances are too large to allow for
pronounced aureophilic type attractions.

Table 3. Ligand-covered clusters: selected bond lengths [pm], angles [°] and bond energies [mHartree] for L =PH;, PPh; at the DFT and MP2 levels.

PH, PPh,
DFT MP2 DFT MP2[bI Exptl.

bond energyl? Cu 1233 142.0 183.0 262.5 -

Ag 117.5 136.1 151.4 232.0 -

Au 153.0 188.3 201.9 335.0 -
M-S, Cu (type I) 228.1 2222 234.1 2282 226.9

Ag (type III) 2522 246.1 254.0 2479 -

Au (type II) 236.5 230.6 237.8 232.1 233.1
M,-S, Cu 228.1 2222 230.2 224.3 225.1

Ag 254.7 247.7 257.3 250.3 -

Au 236.8 231.1 240.8 234.9 233.8
M—S; Cu 229.7 225.8 230.7 226.8 230.5

Ag 252.8 246.8 252.9 246.9 -

Au 303.7 309.5 308.8 310.6 295.2
M,—S; Cu 229.7 225.8 232.8 229.1 230.8

Ag 278.7 272.2 281.0 274.7 -

Au 307.4 309.2 297.2 303.0 283.1
M,—S,l Ag 278.7 272.2 275.5 269.2 -
M—M, Cu 283.7 328.0 278.0 322.3 3133

Ag 433.0 425.5 434.1 426.6 -

Au 438.8 403.9 451.7 416.8 417.1
P-P Cu 2332 225.6 2329 2253 2234

Ag 2373 231.2 2359 229.8 -

Au 241.3 236.3 236.1 231.4 226.6
M-P Cu 223.7 219.8 223.9-225.6 220.0-221.7 220.5-221.4

Ag 240.7-243.2 237.9-240.1 241.3-243.1 238.5-240.0 -

Au 230.7-231.3 224.9-2254 232.2-232.4 226.4-226.5 225.5-225.6
siip Cu 1173 1202 1142 1171 1253

Ag 126.9 126.8 124.1 124.0 -

Au 169.7 175.5 164.5 170.3 159.3
Asrpsp Cu 118.0 121.1 1155 1186 1233

Au 167.5 174.2 156.4 163.1 154.2

[a] cf. Equation (2). [b] Distances estimated from DFT [cf. Eq. (1)], bond energy calculated on the MP2 level for the DFT equilibrium geometry.

[c] Symmetry non-redundant only for type III.
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Clusters covered by the ligand PPh;: The model ligands were
exchanged by the PPh; ligands. Starting from the DFT
equilibrium structure of the PH;-covered clusters an optimi-
sation of the structure parameters was carried out at the DFT
level. The DFT results are qualitatively the same as for the
model ligand-covered clusters as far as comparable and are in
agreement with the experimental data, as shown in Table 3.
For bond lengths the errors are amount to 10 pm (for the Cu
and Au compounds), and for metal-metal distances the
errors amount to —35 pm for Cu and to +35 pm for Au. This
large deviation is not surprising, since these distances are too
large for a pronounced interaction of any type and conse-
quently no preference for a specific distance. We have
performed an empirical correction of selected DFT structure
parameters in the following way. Since DFT and MP2 showed
close agreement with relatively systematic deviations in bond
lengths in all previous calculations, we simply added Ar
[Eq. (1)] of the PHj-covered systems to the values of the
structure parameters of the PPh;-covered systems. The results
obtained in this way agree better with the experimental data.
For bond lengths the errors are 1-5 pm (for Cu and Au) and
for the metal —metal distances the errors amount to 10 pm for
Cu; for the Au—Au distance the corrected value is the same as
obtained in the experiment.

Ar=r(DFT) — r(MP2) 1)

Finally the sum of the bond energy of the four PPh; ligands
was calculated [Eq. (2)]. As can be seen from Table 3 this
quantity is smaller for Ag than for Au or Cu. The stabilisation

Ep=— [E{sta(MPPhS)A} - E(P286M4) -4 E(PPh3)] (2)

effect of the protective ligand shell is thus less pronounced for
the Ag compound. This may help to rationalise why the
synthesis of this cluster was not yet successful.

Experimental Section

Technical details of computation: All calculations were carried out with the
program package TURBOMOLE. DFT and MP2 calculations were done in
the RI approximation.'’" For the DFT calculations basis sets of the SVP
type (split valence plus one polarisation function) were used for all
elements except of H, for which an SV basis turned out to be sufficient.*-??
For the MP2 calculations we used TZVP basis sets® (triple zeta valence
plus one polarisation function) for P and S, SVP basis sets® for H and
TZVPP basis sets!'”) (triple zeta plus 1plf) for the metal atoms. Trial
calculations for M, and MCI showed these basis sets to be sufficiently
flexible (deviations from the experimental values ca. +1 pm); only in case
of Cu another f function (#=1.0) had to be added (deviation for Cu,:
+3 pm). In all RI treatments auxiliary basis sets corresponding to the MO
basis sets were used,'> 121l augmented by two h sets (7 =2.5, 1.0) for Cu.
Core electrons were accounted for by ECP (effective core potential) of
type ECP-28 for Ag and ECP-60 for Au; these include the description of
dominant relativistic effects.?l Computational effort of the MP2 calcu-
lations was reduced by excluding the inner shells (P,S: 1s—2p, Cu: up to 3s,
Ag: up to 4s, Au: up to 5s) from the correlation treatment. For consistency
the HF calculations were done with the same basis sets as the MP2
calculations.

Synthesis

Compound 1: A colourless solution of CuCl (0.20 g, 2.0 mmol) and PPh;
(1.57g, 6.0mmol) in THF (20mL) was added to a solution of
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(S)P(SSiMes); (0.25 g, 0.66 mmol) in THF. After stirring for 10 minutes
at room temperature the obtained yellow solution was stored at 0°C.
Within 10 days colourless crystals of 1 precipitated out of the solution.

Compound 2: A solution of (S)P(SSiMe,); (0.18 g, 0.46 mmol) in toluene
(5mL) was added to a suspension of CuCl (0.14 g, 1.4 mmol) and PPh;
(0.37 g, 1.4 mmol) in toluene (15 mL). After stirring for 5 minutes, a clear
orange solution was obtained, from which a colourless solid precipitated
within 1h. This solid was dissolved in THF (5mL). After two weeks
colourless crystals of 2 were formed.

Compound 3: A colourless solution of AuCI(PPh;) (0.08 g, 0.16 mmol) in
THF (15mL) was treated with a solution of (S)P(SSiMes); (0.03 g,
0.08 mmol) in benzene at room temperature. The resulting pale yellow
solution was exposed to daylight at room temperature. As a result, the
solution colour changed to yellow and within 1 week and colourless crystals
of 3 were formed.

Crystal structure analysis: A STOE IPDS diffractometer with Moy,
radiation (1 ="71.073 pm) was used at 7=213 K. Data collection, structure
solution (SHELXS 86 and 97) and refinement (SHELXL 97) parameters of
1-3 are described below. An absorption correction on the datasets was
carried out by means of the programm HABITUS (STOE, Darmstadt).
Compound 1: a =2455.5(5), b =2428.5(5), ¢ =2383.8(5) pm; 5 =92.38(3)";
V=14185(5) x 10° pm?; monoclinic, C2/c; Z=8; u(Mog,) =1.540 mm~;
20, =48°; 14113 reflections, 7942 independent reflections, 3915 [I>
20(I)] reflections observed, 793 parameters (Cu, P, S and C refined
anisotropically, H calculated for idealised positions); R, [I>20(])]=
0.0480; wR, [I>20(1)] =0.1115; GooF =1.034

Compound 2-2THF: a=1358.4(3), b=1553.7(3), ¢=1595.2(3) pm; a=
110.71(3)°, =93.49(3)°, y = 115.50(3)°; V =2750.4(10) x 10° pm?; triclinic,
P1; Z=1; u(Moy,) =1.468 mm~"'; 20,,.=56°; 13845 reflections, 10263
independent reflections, 9276 [I > 2 o(I)] reflections observed, 606 param-
eters (Cu, Cl, P, S, C refined anisotropically, H calculated for idealised
positions, THF solvent molecule refined isotropically); R, [I>20(I)]=
0.0458; wR, [I>20(1)] = 0.1285; GooF =1.066

Compound 3: a =2402.0(5), b =1741.6(4), c=1731.2(4) pm; f=91.37(3);
V'=7240(2) x 10° pm?; monoclinic, P2,/c; Z=4; u(Mog,) =8.426 mm™;
20, =56°; 22141 reflections, 12751 independent reflections, 9812 [I>
20(I)] reflections observed, 793 parameters (Au, P, S, C refined anisotropi-
cally, H calculated for idealised positions); R, [/ >20(I)] =0.0497, wR, [I >
20(1)]=0.1177; GooF =1.013.
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Hybrid Molecular Magnets Obtained by Insertion of Decamethyl-
metallocenium Cations into Layered, Bimetallic Oxalate Complexes:

[ZIIICP % ] [MIIMIII(OX) ] (ZIII

Co, Fe; M =

ox = oxalate; Cp* = pentamethylcyclopentadlenyl)

Cr, Fe; M=

Mn, Fe, Co, Cu, Zn;

Eugenio Coronado,*!?! José-Ramon Galan-Mascaroés,?! Carlos-José Gomez-Garcia,!?!
Jiirgen Ensling,™! and Philipp Giitlich™

Abstract: A new series of hybrid orga-
nometallic—inorganic layered magnets
with the formula [Z™Cp5 |[M"™"(0x);]
(Z"=Co, Fe; MM =Cr, Fe; M"=Mn,
Fe, Co, Cu, Zn; ox=oxalate; Cp*=
pentamethylcyclopentadienyl) has been
prepared. All of these compounds are
isostructural and crystallize in the mon-
oclinic space group C2/m, as found by
X-ray structure analysis. Their structure
consists of an eclipsed stacking of the

methylferrocenium is used instead of the
diamagnetic decamethylcobaltocenium
are good examples of chemically con-
structed magnetic multilayers with alter-
nating ferromagnetic and paramagnetic
layers. The physical properties of this
series have been thoroughly studied by
means of magnetic measurements and
ESR and Mossbauer spectroscopy. We
have found that the two layers are
electronically quasiindependent. As a

these magnets have not been signifi-
cantly affected by the insertion of a
paramagnetic layer of S=1% spins in
between the extended layers. In fact, the
critical temperatures remain unchanged
even when comparing [MCp5]* deriva-
tives with [XR,]* compounds (X =N, P;
R =Ph, nPr, nBu). Nevertheless, the
presence of the paramagnetic layer has
been shown to have some influence on
the hysteresis loops of these compounds.

bimetallic oxalate-based extended lay-
ers separated by layers of organometal-
lic cations. These salts show spontaneous
magnetization below T, which corre-
sponds to the presence of ferro-, ferri-,
or canted antiferromagnetism. Com-
pounds in which the paramagnetic deca-

consequence,

magnets

Introduction

Molecule-based magnets are the focus of much contemporary
research in chemistry.! From a wise choice of constituent
molecules, an extraordinary variety of magnets can be
obtained that show original molecular architectures as well
as interesting properties, or even a combination of properties.
Especially noteworthy in this context are compounds that
exhibit a layered structure, since these can be used to create
new magnetic multilayered phases. These chemically de-
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the bulk properties of

Keywords: crystal
decamethylferrocenium
magnetic properties
oxalate complexes

In the same context, the spin polariza-
tion of the paramagnetic units (Which
arises from the internal magnetic field
created by the bimetallic layers in the
ordered state) has been observed by
Mossbauer and ESR spectroscopy.

engineering
layered

signed, magnetic multilayered materials are crystalline com-
pounds and therefore, have a higher degree of perfection than
the magnetic multilayers obtained by deposition techniques
and other physical methods. Furthermore, the layered struc-
ture should facilitate the insertion of molecules that can add
complexity and interest to the resulting material.

An illustrative example of this class of materials is
provided by the two-dimensional bimetallic phases (cation)
[MIM"(0x);] (M"=Mn, Fe, Co, Cu, Zn ; M= Cr, Fe) first
reported by Okawa et al. at the begmmng of the 1990s,2
which behave as ferro-,[! ferri-,*l or canted antiferromagnets’!
with critical temperatures ranging from 5 to 44 K. Their
structurel® consists of an extended anionic network formed by
oxalate-bridged hexagonal layers of the two metal atoms.
These bimetallic layers are separated by an organic counter-
ion of the type [XR,]" (X=N, P; R=Ph, nPr, nBu), which
may act as a template controlling the formation of the net
structure and thus determining the interlayer separation, as
well as its packing.™ To increase the complexity of these
phases one can replace this electronically “innocent” cation

0947-6539/00/0603-0552 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 3





552-563

by an electroactive one, with the aim of conferring a novel
property, such as electrical conductivity, on the magnetic
material. Our initial attempts to construct such hybrids with
tetrathiafulvalene (TTF) molecules gave rise to the
[TTF],[M"(H,0),{M"(0x);},] - n H,O family of semiconduc-
tors,["l which is formed from layers of organic TTF molecules
alternating with molecular layers of oxalate-bridged trimeric
clusters. As the polymeric inorganic network was not main-
tained, no long-range magnetic order was observed in this
family. A similar situation was encountered when the para-
magnetic mononuclear complexes [M™(0x);]*~ (M =Fe, Cr)
were combined with the bis(ethylenedithio)-TTF donor
(BEDT-TTF). Interestingly, however, these hybrids exhibited
superconducting properties in the organic component.l®! The
first successful attempt to combine this organic donor with a
polymeric bimetallic oxalato complex afforded the semi-
conducting hybrid salt [BEDT-TTF],[CuCr(ox),].”! The hy-
brid was obtained by electrocrystallization as a microcrystal-
line powder. Although all efforts to grow single crystals
suitable for X-ray diffraction study have so far been un-
successful, an extended bimetallic structure is formed in this
case as demonstrated by the magnetic properties—the com-
pound shows spontaneous magnetization as well as magnetic
hysteresis below 7.=3 K. Note that not only electrical

Abstract in Spanish: Se ha preparado una nueva serie de
imanes hibridos organometdlicos —inorgdnicos estructurados
en capas de formula [Z"'Cp¥][M"M"(ox);] (Z" = Co, Fe;
M"' = Cr, Fe; M""= Mn, Fe, Co, Cu, Zn; ox =oxalato; Cp*=
pentametilciclopentadienilo). Todos estos compuestos son
isoestructurales, cristalizan en el grupo espacial monoclinico
C2/m, como se comprobé por difraccion de rayos-X, y su
estructura estd formada por un apilamiento eclipsado de capas
extendidas basadas en complejos bimetdlicos de oxalato
separadas por capas de los cationes organometdlicos. Estas
sales presentan magnetizacion espontanea por debajo de T,,
que se corresponde con la presencia de ferro-, ferri- o débil
ferromagnetismo. Cuando se utiliza el cation paramagnético
decametilferricinio en lugar del diamagnético decametilcobal-
ticinio, estos compuestos son un buen ejemplo de sistemas
magnéticos multicapa construidos quimicamente, con capas
ferromagneticas y paramagnéticas alternadas. Las propiedades
fisicas de esta serie de compuestos han sido estudiadas con
detalle por medio de medidas magnéticas y espectroscopias
RSE y Mossbauer. Se ha observado que ambas subredes son
quasi-independientes desde el punto de vista electronico, por lo
que las propiedades de estos imanes no se ven modificadas
significativamente por la insercion de una capa paramagnética
de spines S=1 entre las capas extendidas. De hecho, las
temperaturas criticas no presentan cambios apreciables si
comparamos los derivados de [MCp%]* con los de [XR,]*. Sin
embargo, la presencia de una capa paramagnética si que tiene
influencia en los ciclos de histéresis de estos compuestos.
Ademds, la polarizacion de las unidades paramagnéticas por
medio del campo magnético interno generado por las capas
bimetdlicas en el estado ordenado ha podido ser observada por
espectroscopia Mossbauer y RSE.
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properties can be incorporated into this bimetallic magnetic
system, but also nonlinear optical properties can also be
introduced by inserting organic dyes in between the layers.['"]

According to this hybrid approach we present here our
attempts to prepare pure, magnetic multilayered materials
with organometallic decamethylmetallocenium cations as
counterions [Z"MCp#]* (Z™=Fe, Co). In this case, two
striking aspects will be studied: first, the possibility to
construct multilayered crystalline architectures, in which
ferro- or ferrimagnetic layers alternate with layers of dia- or
paramagnetic species, and second, the effects produced on the
magnetic properties of these hybrid magnets as a result of
interactions between the two kinds of magnetic layers. A
preliminary account of these multilayered magnets has al-
ready been published.!'!]

Results and Discussion

Synthesis and structure: A total of sixteen compounds divided
into two different series, namely the decamethylferrocenium
series [FeCp3 [[M"™"(ox);] (M™ = Cr; M" =Mn, Fe, Co, Cu,
Zn. M"=Fe; M"'=Mn, Fe, Zn), and the corresponding
decamethylcobaltocenium series [CoCp5][M"™"(0x),] were
synthesized by addition of a solution of the cation (in water, or
DMF in the case of decamethylcobaltocenium) to an aqueous
solution of the tris-oxalate complex of the trivalent metal with
an excess of the divalent metal. The excess of divalent metal
was crucial, since the stoichiometric reaction did not yield any
successful results. A Ni'! derivative was also prepared by the
same procedure, but X-ray powder diffraction demonstrated
that it is indeed a different structural phase, although it does
possess magnetic ordering. (Single crystals of this phase have
not yet been obtained.) It is also of interest to mention that
our attempts to use the same synthetic procedure for the
ferrocenium cation, [FeCp,]", were unsuccessful, possibly
because it is not big enough to stabilise the formation of the
layered bimetallic oxalate-based network.

The compounds were obtained as green or yellow micro-
crystals and were all isostructural as demonstrated by X-ray
powder diffraction. The monoclinic unit cell parameters are
summarized in Table 1. For two compounds of the [FeCp5]
series, namely Mn"Cr'™ and Mn'"Fe'™, single crystals suitable
for X-ray diffraction analysis were obtained by slow diffusion
of a dilute aqueous decamethylferrocenium solution into
another aqueous solution containing the [M"(ox);]*~ ion and
an excess of the divalent metal. The structure consists of
anionic layers of the well-known honeycomb, bimetallic,
oxalato-bridged network with decamethylferrocenium cations
intercalated in between (Figure 1, top). The most striking
feature of this structure, in comparison with most of the
[XR,]* derivatives, is related to the stacking of the anionic
layers. In this case all the bimetallic layers are of the same type
and are eclipsed with respect to each other creating hexagonal
channels running along the c axis, instead of a graphite-like
arrangement. The organometallic cations exhibit the stag-
gered configuration (symmetry Ds;) and are located at the
center of the hexagonal channels to give a pseudohexagonal
two-dimensional (2D) packing. These cations are tilted with
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Table 1. Unit cell parametrers for the series [Z"Cp3 |[M"M"(0x)5].

ZIMIM™ a [A] b [A] c[AI® B[] Vv [AY]
FeMnCrid  894(3)  17.10(2) 9282(10) 933(2)  1417(6)
FeFeCr  8875(13) 16.96(3) 9.44(2)  93.02(14) 1420(10)
FeCoCr  882(2)  17.00(6) 958(3)  927(3)  1434(9)
FeCuCr  882(9)  17.12) 9.69(14)  94(1) 1500(100)
FeZnCr  884(3)  17.05(7) 9.658)  927(3)  1454(9)
FeMnFeld  9.0645(8) 17.143(3)  9.215(4)  93.66(2)  1429(1)
FeFeFe  8.920(7)  17.0738(11) 9.334(9)  93.14(8)  1419(5)
FeZnFe  8953)  17.13(4) 935(4)  932(2)  1430(40)
CoMnCr  8.926(10) 17.12(2) 926(2)  94.08(9)  1411(9)
CoFeCr  894(2)  17.09(6) 9.44(4)  938(3)  1440(20)
CoCoCr  9.03(6)  17.0(2) 936(7)  932(5)  1430(70)
CoCuCr  898(4)  17.00(14)  9.40(7)  935(5)  1430(50)
CoMnFe  9.153)  17.23(4) 925(3)  943(2)  1450(40)
CoFeFe  894(2)  17.09(4) 928(3)  94.0(2)  1410(20)

[a] Parameters obtained by single-crystal X-ray diffraction. [b] This
parameter (c) corresponds to the interlayer separation (d).

Figure 1. Two views of the structure of [FeCp3][MnFe(ox);]: in the ab
plane (top) and in the ac plane (bottom).

respect to the anionic layer by 32.6°(angle defined by the
fivefold symmetry axis of the cation with the normal to the
bimetallic plane) such that the two pentamethylcyclopenta-
dienyl molecules of each [FeCp¥]* ion are pointing towards
the center of the hexagons of two adjacent layers (Figure 1,
bottom). The interlayer separation is in the range 9.2-9.7 A,
similar to that found in previous compounds of the 2D phases,
and there is no evidence of hydrogen-bond interactions
between the cations and the layers (the minimum H---O
distance is 2.58 A). A second distinctive feature of this
structure with respect to the other structurally known 2D
phases is that now the cation does not penetrate into the
honeycomb net (the minimum distance of the cation to this
plane is 0.88 A; the distance from the mean plane defined by
the metals to the closest hydrogen from a methyl group). This
suggests that the “templating” effect of the cation is not
necessary for the formation of the honeycomb layer.

Magnetic measurements:

Decamethylcobaltocenium salts: The magnetic susceptibilities
of all the compounds of the [CoCp3]* series closely resemble
those of the corresponding [XR,]* salts. Thus, in the para-
magnetic region the Cr'! compounds show ferromagnetic
interactions between neighboring Cr'™ and MY ions, as
indicated by the positive values of the Weiss constants
(Table 2). In turn, in the Fe compounds the near-neighbor
exchange interactions are antiferromagnetic, with large
negative values of the Weiss constants (Table 2). The sim-
ilarity to the [XR,]" salts is also evident in the low-temper-
ature region, in which the Cr' derivatives show an abrupt
increase in magnetization at temperatures below 15K,
corresponding to the onset of long-range order (Figure 2,
top), while in the Fe compounds the onset of long-range
order occurs at higher temperatures (around 25 and 45 K for
Mn"Fe™ and Fe'"Fe' respectively) (Figure 2, bottom). In the
case of Mn'"Fel'' a broad maximum in y near 50 K is also
observed, indicating the presence of low-dimensional anti-
ferromagnetism. In the ordered state the magnetic properties
of these two compounds are sharply different. Thus, the
magnetization of Mn"Fe! increases gradually below 10 K, but
in Fel'Fell' it decreases steadily down to 10 K and becomes
strongly negative below 20 K.

The appearance of magnetic ordering has been also
checked by AC magnetic measurements, which have allowed
us to estimate more precisely the critical temperatures. In

Table 2. Magnetic parameters for the series [CoCp3|[M"M!"(0x);], [FeCp5][M"M"(0x),] and [NBu,][M"M"(0x),]@!: critical temperature (7,), Weiss
constant (@), Curie constant (C), saturation magnetization (M), remnant magnetization at 2 K (My) and coercive field at 2 and 5 K (H.,,)-

MuM [CoCp3] [FeCp3]* [NBu,J*
T, 2] C Mg My H.oor T, (2] C Mg My Hoor T. Hee
Kl [K]  [emuKmol”] [ug] [us] [kG] Kl (K] [emuKmol| [ug] [us]  [KG] K] [kG]
[2K] [5K] [2K] [5K] [5K]
MnCr 5.1 73 6.23 7.0 03 004 - 53 10.1 6.61 8.09 0.15 0.02 0.01 6 0.02
FeCr 12.7 13.6 5.26 4.6 35 194 0.76 13.0 12.3 6.35 620 3.60 1.10 0.33 12 0.32
CoCr 8.2 9.9 5.08 5.0 1.3 025 0.05 9.0 114 4.77 550 120 0.13 0.05 10 0.08
CuCr 6.7 18.1 2.10 3.6 1.7 020 0.02 7.0 15.8 2.88 490 1.50 0.18 0.04 7 0.03
MnFe 254 —-959 8.50 04 <001 015 0.15 284 —80.8 9.13 1.34 0.10 0.12 0.04 28 -
FeFe 440 —84.9 7.14 0.5 <0.01 010 0.10 433 —-67.1 7.99 140 0.02 037 1.24 45 -

[a] Data from ref. [3] for Cr'"! derivatives and ref. [5b] for Fe'! derivatives.
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[CoCp¥][M"Fe(ox);] (bottom) series. M" =Mn (o), Fe (o), Co(¢), Cu(a).

both the Cr' and the Fe! derivatives, the AC data show a
sharp peak in the in-phase signal at a given temperature that
defines T, accompanied by an out-of-phase signal below T,
(Figure 3). In the Cr'™ series the critical temperatures
estimated in this way range from 5.1 to 12.7 K (Table 2). In
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Figure 3. AC susceptibility measurements for the [CoCp3][M"Cr(ox);]
(top) and [CoCp#][M"Fe(o0x);] (bottom) series. Solid symbols represent in-
phase signals, and open symbols the out-of-phase signal. M""'=Mn (e), Fe
(m), Co(e), Cu(a).
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such a case the nature of the magnetic transition corresponds
to a ferromagnetic ordering, as demonstrated by the field
dependence of the isothermal magnetization performed at 2
and 5 K. In fact, one observes a rapid saturation of the
magnetization with Mg values that are compatible with a
parallel alignment of the interacting spins (Figure 4, top).
However, the magnetic field required to reach the saturation
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Figure 4. Plot of magnetization vs applied field for the
[CoCp¥][M"Cr(ox);] (top) and [CoCp3][M"Fe(ox);] (bottom) series.
M!=Mn (o), Fe (o), Co(2), Cu(o).

is rather large, and furthermore, the My values are slightly
smaller than expected. This feature has already been noted in
the [NBu,]" salts and has been attributed to the presence of a
spin canting in the ferromagnetic structure.’! Below T, these
ferromagnets exhibit magnetic hysteresis with coercive fields
of up to 2000 G. The magnetic parameters for this series are
summarized in Table 2. An anomalous magnetization curve
has been observed in the Fe!'Cr'! derivative. At low fields the
magnetization tends to be close to zero, and only above 10° G
does it increase sharply up to 10* G; at higher fields the
magnetization increases gradually without reaching satura-
tion. As a consequence, the magnetization at 5 T is still small
compared with the expected M value (4.6 compared with
7 ug). This effect is too strong to be attributed to a spin
canting. In the present case it is more probably due to the
presence of a small amount of Fe!' ions as they should
introduce competing antiferromagnetic interactions in the
ferromagnetic layer. In fact, Mdssbauer spectroscopy has
shown there to be 15% of Fe' ions (see below).

In the Fe™ series the observation of a sharp peak in the in-
phase AC susceptibility indicates a phase transition to a
magnetically ordered state at 44.0 K for Fe'Fe'! and at 25.4 K
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for Mn"'Fe'l. The fact that this signal is accompanied by an
out-of-phase signal at the same temperature indicates that in
the ordered state the antiferromagnetic coupling is unable to
cancel the two magnetic moments. In the compound Fe!'Fe!!!
the ordered state should be ferrimagnetic as the two
antiparallel spins are unequal (Sg.m =%, Sgan=2). In turn, in
the compound Fe™Mn! the two spins are equal (Sgomn = Sy =
%), so a spin canting should be present in this antiferromag-
net. The field-dependent magnetization (Figure 4, bottom)
shows in both cases a linear increase, with very small values at
5 T which are consistent with the proposed magnetic order-
ings. A small hysteresis with coercive fields of about 150 and
100 G at 2 K is also observed.

Finally, the Zn"Cr™ and Zn"Fe compounds show para-
magnetic behavior in good agreement with the structure in
which the diamagnetic Zn" ions isolate the Cr' and Fe' ions
in the two-dimensional network.

Decamethylferrocenium derivatives: When the diamagnetic
[CoCp5]*ion s substituted by the paramagnetic [FeCp5 |+ ion
we end up with a material in which two kinds of magnetic
sublattices alternate in the structure. As a consequence of the
mutual interactions between these two magnetic sublattices,
two types of changes in the magnetic properties can be
anticipated.

1) A change in the bulk properties of the bimetallic magnetic
layers due to the presence of the inserted paramagnetic
cations.

2) A change in the electronic properties of the paramagnetic
cations as a consequence of the internal magnetic field
created by the bimetallic layers in the ordered state. For
example, in the ordered state the bimetallic magnetic
layers are expected to polarize the spins of the metallocene
layer and therefore, a Zeeman splitting of the S=12 spins
of the paramagnetic cations may be observed by local
techniques such as Mossbauer or ESR spectroscopy.

In relation to the former point we observe that, in general,
the magnetic properties of all these compounds are similar to
those observed in the decamethylcobaltocenium salts, as
demonstrated by the magnetic parameters summarized in
Table 2. The susceptibility and magnetization measurements
are approximately the sum of the magnetic contributions from
the two kinds of magnetic sublattices. Apparently, the
structural changes imposed by the decamethylmetallocenium
cations, and the presence of paramagnetic units in between
the 2D bimetallic layers have no significant effects on the
magnetic ordering of these molecule-based magnets. In fact,
the critical temperatures remain roughly the same for each
MIM™ pair when compared with those found for the
tetraalkylammonium salts (Table 2). Only in the Mn"Fe™
derivatives does T, change by several Kelvin, but similar
changes had already been observed in different tetraalkylam-
monium salts. These results indicate that the two magnetic
sublattices essentially behave independently with the mag-
netic ordering being mainly controlled by the bimetallic
oxalate network. Nevertheless, some influence of the inser-
tion of the metallocene cations between the magnetic layers is
observed in the magnetic properties of the ordered state, that
is, in the hysteresis loops. Thus, substitution of [CoCp¥]* by
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the paramagnetic [FeCp#]* produces noticeable changes in
the coercive fields. For example, H,,., at 2 K decreases in the
FellCr!!! derivatives from 1940 to 1100 G, whereas it decreases
in the Co"'Cr'! compounds from 250 to 130 G (Table 2). These
changes must be attributed to the presence of the para-
magnetic complex, as the structural features in the two series
are the same, and other factors, such as the size of the
particles, do not seem to have any influence in these materials.
In fact, the homogeneous particle size of all the samples was
checked by electron microscopy; grinding the compounds
produced no significant changes in coercivity. For example, in
the [CoCp5] derivatives the value of H,., remains constant
within experimental error when grinding the sample from the
original particle size (2—5 um) to 0.2—0.5 pm. Interestingly, in
the [XR,4]" series the coercive fields are close to those
observed for the [FeCp5|* group. In this case it seems that the
effect of the presence of paramagnetic units is compensated
by the different packing of the oxalato layers.

Another remarkable result in this series is the presence of a
negative magnetization for the Fe"Fe' derivatives. This
behavior had already been observed for some [XR,]"
derivatives,®l and is typical of a type-N ferrimagnet, accord-
ing to Néel’s classification.') This phenomenon can arise
when the two sublattices of a ferrimagnet have a different
temperature dependence. In this particular case, since the Fe!!
ground state is orbitally nondegenerate, the magnetization of
the Fe' sublattice should follow a Brillouin curve in the
molecular field approximation, but that of the Fe! will not, as
it has an orbitally degenerate ground state. Evidence for this
comes from Mossbauer spectroscopy as presented below. The
compensation temperature changes from 20 to 27 K when one
passes from the [CoCp3]* to the [FeCp#]* derivative. This
indicates that the presence of the paramagnetic units in
between the ferrimagnetic layers has a real effect upon the
magnetically ordered state in these materials.

Mossbauer spectroscopy: *’Fe Mossbauer spectroscopy is a
very useful tool for studying the electronic, magnetic, and
lattice-dynamic properties of these molecular magnets. It has
already been used to study the iron-containing [XR,]*
derivatives.'® In our case, the insertion of [FeCp¥]* in
between the magnetic layers adds versatility to these magnets.
The characteristic spectrum of the paramagnetic cation
[FeCp5]* measured in the salt [FeCp5][BF,] shows a broad
asymmetric band centered at 0.46 mms~! that can be fitted to
two Lorentzian lines (Figure 5, top). When [FeCp¥]* is
inserted into the layered structure of the paramagnet Zn'Cr',
the Mossbauer spectrum is still roughly the same in the overall
range of temperatures (1.8—-300 K) (Figure 5, bottom). In
order of complexity, the next step is to study the spectra of the
compounds containing [FeCp5|* inserted in the ferromagnet-
ic layers Mn!'Cr'!, Co®Cr' (Figure 6) and Cu'Cr'!; as these
magnets do not contain iron atoms in the bimetallic layer. The
characteristic resonance line associated with [FeCp¥]* is
observed above T,. Below T, this band becomes weaker and
its base broadens in such a way that it can no longer be fitted
to the initial parameters. This corresponds to the spectrum of
a Zeeman-split nuclear spin /=% due to fast relaxation
processes, which means that the fluctuation in the electronic
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Figure 5. Mossbauer spectra of the [FeCp3][BF,] salt at two different
temperatures (top) and Mdssbauer spectrum of the [FeCp3][ZnCr(ox);]
derivative (bottom).

spin S =" between Mg=" and Mg= — is faster than the
Mossbauer time scale (>1077s), and so the time-averaged
magnetic field “seen” by the nucleus is zero. At very low
temperatures (1.8 K) the spectra are more complicated as the
relaxation processes become slower, but even at these
temperatures the magnetic hyperfine spectra are not resolved.
According to these results, it is evident that the spin of the
[FeCp#]* is polarized by the internal magnetic field generated
by the bimetallic layers below T, although fast relaxation
processes prevent clear observation of the corresponding
sextet. Thus, additional information such as the value of the
internal magnetic field cannot be extracted. The fast relaxa-
tion processes can be attributed to two factors, namely, the
relatively low values of T, in these materials, and the good
screening provided by the diamagnetic pentamethylcyclopen-
tadienyl ligands acting over the iron nucleus.

The spectra observed in the above case contrast with those
obtained when iron is present in the bimetallic layer. The
simplest case is provided by the Fe'Cr'" compound (Figure 7),
where the spectrum at high temperatures shows, in addition to
the characteristic signal from [FeCp5]*, a quadrupolar
doublet with the typical parameters of a high-spin Fe™ (6 =
1.19 and AE5=1.98 mms™ at 20 K). Below 7, (13 K) the
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Figure 6. Mossbauer spectra of the [FeCp3][CoCr(ox);] derivative at
different temperatures.

presence of an internal magnetic field leads to a splitting of
this doublet into a doublet and a triplet (H;,,=65KkG at
4.2 K), which is the typical multiplet expected for a high-spin
Fe" ion; the [FeCp#]* band shows a relaxation spectrum
similar to that of the previous case. The most complex
spectrum is that of compound FelFe'' (Figure 8), as it
contains three different iron sites. At high temperatures, a
singlet and two doublets are observed. The singlet is the
characteristic band of [FeCp5]*. One of the doublets is very
similar to that found in Fe"'Cr', so it corresponds to a high-
spin Fe!' ion. The other doublet exhibits a smaller isomer shift
and quadrupolar splitting (6 =0.45 and AE,=0.37 mms™! at
45 K) and can be assigned to high-spin Fe. Observation of
these two signals indicates that the Fe!/Fe'! network is a
“trapped-valence system” where the electron transfer rate
between the two iron species is less than the Mossbauer time
scale (<107s7!). Just below T, (44 K) the shape of the
spectrum becomes more complicated and the bands are
broadened. The complexity increases further as the temper-
ature is lowered, and the spectrum shows a number of
absorption lines spreading over a wide energy range. For
example, at 40 K the spectrum can be understood as the
superposition of the absorptions of the magnetically split
high-spin Fe! and Fe™ ions from the anionic layer and the
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Figure 7. Mossbauer spectra of the [FeCp3][FeCr(ox);] derivative at
different temperatures.

relaxation absorption of the low-spin [FeCp5]*. The evolu-
tion of this spectrum as a function of the temperature is very
interesting because the two Fe ions of the anionic layer
behave differently. Thus, at 40 K all the high-spin Fe jons
show a nuclear Zeeman splitting, and no trace of the original
doublet is observed. Upon further cooling, the internal
magnetic field increases until it saturates at around 10 K to
reach a value typical for this kind of ion (550 kG). In contrast,
at this temperature (40 K) only some of the high-spin Fe'' ions
(=70%) show a nuclear Zeeman splitting, and only at 30 K
does the original doublet disappear completely. The internal
magnetic field expected for a high-spin Fe! saturates below
10 K (65 kG). In view of the fact that the biggest contribution
to the internal magnetic field “seen” by the Fe!! nucleus comes
from the surrounding nearest neighbours (3 Fe''' ions), and
vice versa, the above result confirms that in the Fel'Fe!l!
oxalate-based anionic layer the magnetization for the Fe!l
sublattice increases faster than that for the Fel!' sublattice.
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Figure 8. Mossbauer spectra of the [FeCp3][FeFe(ox);] derivative at
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This evolution accounts for the negative magnetization
observed in the magnetic measurements below the compen-
sation point."¥ Focusing on the signal from [FeCp3]*, we
notice that, although in this case T, is much higher than in the
Cr'' derivatives, the same relaxation behavior is found as in
other compounds. Even at very low temperatures the
relaxation is too fast to observe the hyperfine magnetic
splitting. Thus, the presence of a fast spin-flip for the
electronic spin of decamethylferrocenium may suggest that
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the magnetic ordering in these materials has strong 2D
character.

Mossbauer spectroscopy has also been useful in studying
the compound [CoCp#][FeCr(ox);]. In addition to the
doublet from the high-spin Fe' ion (0=1.18 and AE,=
1.96 mms™' at 20 K), its spectrum (Figure 9) shows a weak
signal corresponding to the presence of some impurities of
high-spin Fe! (~15%). This last signal displays a hyperfine
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Figure 9. Mossbauer spectra of the [CoCp3][FeCr(ox);] derivative at
different temperatures.

magnetic splitting below 60 K, while the hyperfine magnetic
splitting for the Fe™ ions is observed only below 7, (13 K). As
a result, a topological disorder does appear in the anionic
network since some of the Fe!! sites are randomly substituted
by Fe'', From a magnetic point of view such a disorder should
introduce antiferromagnetic Fe'Cr'! interactions into the
ferromagnetic layer Fe'Cr'™. This accounts for the anomalous
magnetic properties observed in this material (see above).
The origin of this impurity is related to partial oxidation of
Fe" during synthesis, and since it does not appear in the
decamethylferrocenium derivative, it should be related to the
different synthetic route, and in particular, to the use of DMF
as solvent. So, a purely aqueous route could prevent the
occurrence of Fe'l in the network.

ESR spectroscopy: The Zeeman splitting of the S = Y2 spins of
the paramagnetic [FeCp5]* ions produced by the ferro- or

Chem. Eur. J. 2000, 6, No. 3

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

ferrimagnetic anionic layers has been confirmed by ESR
spectroscopy. The typical spectrum of [FeCpsy]* at low
temperatures (below 50 K) shows an anisotropic signal with
g=4.45 and g, =1.02 (Figure 10). The best way to monitor
the evolution of this signal is to study those derivatives in
which the bimetallic magnetic network is ESR-silent or shows
signals at fields different from those observed in the [FeCp5|*
spectrum. In view of the spectra obtained for the decame-
thylcobaltocenium salts, we chose to study the decamethyl-
ferrocenium salts of Fel!'Cr'!, Mn!"Cr'"l, and Mn!"Fe!!!,

290 K

100K

//\—/\\ 10K

}
4
\
/\\
| 45K

T LI R B L B R
0 2 4 6 8 10
H/ kG
Figure 10. ESR spectra of the [FeCp5][BF,] salt at different temperatures.

The magnetic layer of Fe!!'Cr'!! is ESR-silent. Accord-
ingly, the spectrum at 15K of the ferromagnet
[FeCp7][Fe"Cr'(ox);] is very similar to that found in the
[BF,]™ salt (Figure 11) with gy =4.64 and g, = 1.05. Below the
temperature of the ferromagnetic transition (13 K), g, moves
towards lower magnetic fields (from 8000 G at 15 K to 3500 -
4000 G at 4.3 K) making the signal less anisotropic. This g-
shift demonstrates that below 7. the S=' spin of the
[FeCpi]* unit “sees” the internal magnetic field of the
ferromagnet. This internal field is added to the applied

290K

\i /ﬂ
T s

N 10K

0 2 4 6 8 10
H/kG

Figure 11. ESR spectra of the [FeCp5][FeCr(ox);] derivative at different
temperatures.
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magnetic field so as to decrease the resonance field. The same
effect is found in the ferromagnetic compound [FeCp3]-
[Mn!Cr'"(ox),] (Figure 12). The only signal seen from the
decamethylferrocenium species below 20 K in this case is a
bump corresponding to g, . This signal is about 100 times less
intense than the signal associated with the anionic layers.
Below T, (=6 K), g, moves towards lower magnetic fields
(from 8000 G at 10 K to 4000 G at 4.2 K) and is superimposed
on the main signal at 4.2 K.

290K
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Figure 12. ESR spectra of the [FeCp3][MnCr(ox);] derivative at different
temperatures.

For the compound [FeCp3][Mn!'"Fe(ox);] (Figure 13,
right) the signal associated with the bimetallic anionic net-
work is an isotropic band centered around g=2.0, which
decreases in intensity upon cooling (Figure 13, left) in agree-
ment with the antiferromagnetic coupling between the two
interacting S=7% spins. At low temperatures (below 20 K)
this signal becomes very weak and the paramagnetic signal
from the [FeCp5]* unit dominates, which facilitates the study
of its thermal evolution. As in the other cases, in the ordered
phase (below 25 K) g, moves towards lower magnetic fields
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Figure 13. ESR spectra of the [CoCp3][MnFe(ox);] derivative (left)
compared with the ESR spectra of the [FeCpi][MnFe(ox);] derivative
(right) at different temperatures.
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upon cooling. However, in this instance the shift is smaller.
Thus, at 4.2 K the g, signal is centered around 6000 G, while in
the previous two cases it was centered over the range 3500 —
4000 G. This result is in agreement with the fact that
[FeCp#][Mn"Fe(ox),] is a weak ferromagnet, and so the
internal magnetic field generated by this magnet is smaller
than those produced by the ferromagnets [FeCp5]-
[Mn!'Cr"(ox);] and [FeCp5 |[Fe"Cr(ox);].

Conclusion

In this article we have shown how anionic layers based on
bimetallic oxalate complexes can be used as inorganic hosts
for organometallic cations in order to construct new multi-
layered hybrid magnets. We have found that an organo-
metallic monocation, such as decamethylferrocenium
[FeCp#]+ and decamethylcobaltocenium [CoCp3]*, stabilizes
the honeycomb bimetallic layer, in spite of the very different
geometry of these cations compared with the previously used
[XR,]* organic ones. Interestingly, this approach has led to a
novel structural phase in which the bimetallic extended layers
are eclipsed with respect to each other, forming hexagonal
tunnels in which the organometallic cations are located. The
perfect stacking of these bimetallic layers is in sharp contrast
to the structural features found in the [XR,]* derivatives,
which very often exhibit disordered stackings. This should be
advantageous in the characterization of the magnetic struc-
tures of these phases by neutron diffraction.

The most interesting feature of this family comes from the
hybrid character of these materials: ferro- or ferrimagnetic
layers of the type [M!M!"(0x)]~ alternate with layers of dia-
or paramagnetic species ([CoCp¥]* or [FeCp5]*, respective-
ly). This provides the opportunity to study how the magnetic
properties of these multilayered hybrid magnets are affected
by the mutual interactions between the two kinds of magnetic
layers. In this context we have found that the two layers are
quasiindependent, as demonstrated by ESR spectroscopy.
This technique has shown the appearance of the signals
associated with the two magnetic sublattices. As a conse-
quence, the bulk properties of these magnets have not been
significantly affected by the insertion of a paramagnetic layer
of S=1 spins in between the extended layers. In fact, the
critical temperatures remain, within experimental error,
unchanged even when comparing [MCp5]* derivatives with
[XR,]t analogues. However, the presence of the paramagnetic
layer has been shown to have some influence on the hysteresis
loops of these compounds. In the same context, a second
aspect of interest has been to study the spin polarization in the
paramagnetic layers arising from the internal magnetic field
created by the bimetallic layers in the ordered state. This
polarization has been demonstrated by Mdossbauer and ESR
spectroscopy. Thus, in the Mossbauer spectra the broad band
associated with the paramagnetic cation [FeCp¥]* tends to
split into a sextet when the temperature is lowered below T,
although fast relaxation processes prevent clear observation
of the hyperfine spectrum. Clearer evidence of the spin
polarization of the Fe™ jons has been observed by ESR
spectroscopy. A significant g-shift of the signals assigned to
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[FeCpi]* towards low field has been observed in the ordered
state. This demonstrates that below 7, the S =" spin of the
metallocene complex undergoes a Zeeman splitting in
presence of a magnetic field that is the sum of the applied
and internal fields.

Finally, it is important to stress that this hybrid approach
can now be extended to other cationic electroactive species
with interesting electronic or optical properties (such as
molecular bistability, luminescence, or photochromism) that
can be inserted in these oxalate-based magnetic phases in
order to create multifunctional molecular materials.

Experimental Section

Materials: The precursor salts K;[M"(ox);]-3H,0 (M"'=Cr, Fe) and
[FeCp¥][BF,] were prepared according to the literature methods.!'> ]
[CoCp#][PF4], MnCl, -4H,0, FeSO,-7H,0, Co(NO;),-6H,0, Cu(NO;),-
3H,0, and Zn(NO3), -6 H,0, were used as purchased.
[FeCp51[MnCr(ox);] (1): An aqueous solution (20 mL) of K;[Cr(ox);]-
3H,0 (1.2 g, 2.4 mmol) and MnCl,-4H,0 (2.5 g, 12.6 mmol) was added
dropwise to [FeCp3][BF,] (1 g, 2.4 mmol) dissolved in warm distilled water
(150 mL). Immediately, a green precipitate appeared. After the solution
was left to stand at room temperature for 30 min, it was filtered in vacuo,
washed with water (3 x 100 mL), and dried at room temperature. Yield:
1.4 g, 83.7%; H;3,C,,0,,CrMnFe (697.3): calcd H 4.35, C 44.78, Cr 7.46, Mn
7.88, Fe 7.96; found H 4.32, C 44.73, Cr 7.50, Mn 7.88, Fe 8.00. Crystals
suitable for X-ray diffraction were obtained by slow diffusion of an aqueous
solution (30 mL) of [FeCp5][BF,] (0.1 g, 0.24 mmol) into an aqueous
solution (30 mL) of K;[Cr(ox);]-3H,0 (0.12 g, 0.24 mmol) and MnCl,-
4H,0 (0.25 g, 1.26 mmol) in a U-shaped tube after 6 months.

[FeCp5 1[FeCr(ox);] (2): This compound was prepared as green micro-
crystals as described above for 1 but with FeSO,-7H,0 (3.6 g, 12 mmol)
instead of MnCl, -4H,0. Yield: 1.3 g, 77.6 %; H;,C,s0,,CrFe, (698.2): calcd
H 4.34, C 44.72, Cr 745, Fe 16.00; found H 4.40, C 44.74, Cr 7.60, Fe 16.20.

[FeCp51[CoCr(ox);] (3): This compound was prepared as green micro-
crystals as described above for 1 but with Co(NOs3), - 6 H,O (3.6 g, 12 mmol)
instead of MnCl,-4H,0. Yield: 1.2 g, 72.3%; H;3,C,0;,CrFeCo (701.3):
caled H 4.32, C 44.53, Cr 746, Fe 7.96, Co 8.41; found H 4.42, C 44.61, Cr
7.50, Fe 8.02, Co 8.28.

[FeCp51[CuCr(ox);] (4): This compound was prepared as green micro-
crystals as described above for 1 but with Cu(NO;),-3H,0 (3.0 g, 12 mmol)
instead of MnCl,-4H,0. Yield: 1.0 g, 59.0%; H;3,C,s0,,CrFeCu (705.9):
caled H 4.29, C 44.24, Cr 7.37, Fe 7.91, Cu 9.01; found H 4.39, C 44.35, Cr
751, Fe 8.01, Cu, 9.30.

[FeCp51[ZnCr(o0x);] (5): This compound was prepared as green micro-
crystals as described above for 1 but with Zn(NO;), - 6H,0 (7.5 g, 25 mmol)
instead of MnCl,-4H,0. Yield: 1.3 g, 76.5%; H3,C,O,,CrFeZn (707.7):
calcd H 4.28, C 44.12, Cr 746, Fe 7.96, Zn 9.24; found H 4.31, C 44.18, Cr
747, Fe 798, Zn 9.28.

[FeCp51[MnFe(ox);] (6): An aqueous solution (20 mL) of K;[Fe(ox);]-
3H,0 (1.2 g, 2.4 mmol) and MnCl,-4H,0 (2.5 g, 12.6 mmol) was added
dropwise to [FeCp3][BF,] (1 g, 2.4 mmol) dissolved in warm distilled water
(150 mL). Immediately, a pale green precipitate appeared. After the
solution was left to stand at room temperature for 30 min, it was filtered in
vacuo, washed with water (3 x 100 mL), and dried at room temperature.
Yield: 0.9 g, 53.5%; H;3,C,sO,Fe,Mn (701.2): caled H 4.32, C 44.54, Mn
7.84, Fe 15.94; found H 4.38, C 44.60, Mn 7.90, Fe 16.30, Co 9.28. Crystals
suitable for X-ray diffraction were obtained by slow diffusion in the dark of
an aqueous solution (30 mL) of [FeCp5][BF,] (0.1 g, 0.24 mmol) into an
aqueous solution (30 mL) of K;[Fe(ox);]-3H,O (0.12 g, 0.24 mmol) and
MnCl,-4H,0 (0.25 g, 1.26 mmol) in a U-shaped tube after 6 months.
[FeCp5 1[FeFe(ox);] (7): This compound was prepared as green micro-
crystals as described above for 6 but with FeSO,-7H,0 (3.6 g, 12 mmol)
instead of MnCl, - 4 H,O. Yield: 1.4 g, 83.1 %; H3,C,s01,Fe; (702.1): caled H
4.32, C 44.48, Fe 23.87; found H 4.40, C 44.60, Fe 24.02.
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[FeCp;1[ZnFe(ox);] (8): This compound was prepared as green micro-
crystals as described above for 6 but with Zn(NO;), -6 H,O (7.5 g, 25 mmol)
instead of MnCl, - 4H,O. Yield: 1.4 g, 82.0 %; H3,C,0,Fe,Zn (711.6): caled
H 4.26,C43.88, Fe 15.70, Zn 9.19; found H 4.29, C, 43.90, Fe 15.74, Zn 9.21.

[CoCp3 1[MnCr(0x);] (9): [CoCp¥][PF4] (1.2 g, 3.6 mmol) was dissolved in
dimethylformamide (DMF, 30 mL). This solution was added to an aqueous
solution (30 mL) of K;[Cr(ox);] - 3H,0 (1.2 g, 2.4 mmol) and MnCl, - 4H,0
(2.5 g,12.6 mmol). After several minutes a yellow precipitate appeared that
was filtered in vacuo, washed with water (3 x50 mL) and DMF (2 x
50mL), and dried at room temperature. Yield: 121g, 714%;
H;,C50,,CrMnCo (700.4): caled H 4.34, C 44.58, Cr 742, Mn 7.84, Co
8.41; found H 4.36, C 44.72, Cr 7.47, Mn 7.89, Co 8.43.

[CoCp5 1[FeCr(0x);] (10): This compound was prepared as green micro-
crystals as described above for 9 but with FeSO,-7H,0 (3.6 g, 12 mmol)
instead of MnCl,-4H,0. Yield: 1.5 g, 89.1%; H3,C50,,CrFeCo (701.3):
caled H 4.32, C 44.53, Cr 741, Fe 7.96, Co 8.40; found H 4.37, C 44.61, Cr
7.51, Fe 8.10, Co 8.56.

[CoCp51[CoCr(0x);] (11): This compound was prepared as green micro-
crystals as described above for 9 but with Co(NO;), - 6 H,O (3.6 g, 12 mmol)
instead of MnCl,-4H,0. Yield: 0.7 g, 38.5%; H;3,Cy0,,CrCo, (704.4):
calcd H 4.30, C 44.33, Cr 7.38, Co 16.73; found H 4.33, C 44.47, Cr 7.44, Co
16.90.

[CoCp5 1[CuCr(ox);] (12): This compound was prepared as green micro-
crystals as described above for 9 but with Cu(NO;),-3H,0 (3.0 g, 12 mmol)
instead of MnCl,-4H,0. Yield: 0.9 g, 52.9 %; H3,C50,,CrCoCu (709.0):
calcd H 4.27, C 44.04, Cr 7.33, Co 8.31, Cu 8.96; found H 4.36, C 44.20, Cr
7.38, Co 8.33, Cu 9.01.

[CoCp51[ZnCr(0x);] (13): This compound was prepared as green micro-
crystals as described above for 9 but with Zn(NO,), - 6 H,O (7.5 g, 25 mmol)
instead of MnCl,-4H,0. Yield: 1.4 g, 83.2%; H;,C,0,,CrCoZn (710.8):
calcd H 4.26, C 43.93, Cr 7.32, Co 8.29, Zn 9.20; found H 4.32, C 44.18, Cr
745, Co 8.37, Zn 9.28.

[CoCp5 1[MnFe(ox);] (14): An aqueous solution (30 mL) of K;[Fe(ox);]-
3H,0 (1.2 g, 2.4 mmol) and MnCl,-4H,0 (2.5 g, 12.6 mmol) was added to
[CoCp3][PF4] (1.2 g, 3.6 mmol) dissolved in DMF (30 mL). After several
minutes a yellow precipitate appeared. It was filtered in vacuo, washed with
water (3 x 50 mL) and DMF (2 x 49 mL), and dried at room temperature.
Yield: 0.7 g, 41.4 %; H3,C,sO,MnFeCo (704.2): calcd H 4.30, C 44.34, Mn
7.80, Fe 793, Co 8.37; found H 4.36, C 44.40, Mn 7.86, Fe 7.96, Co 8.37.

[CoCp5 1[FeFe(ox);] (15): This compound was prepared as green micro-
crystals as described above for 14 but with FeSO,-7H,0 (3.6 g, 12 mmol)
instead of MnCl,-4H,0. Yield: 1.00 g, 59.1 %; H;,C,0,Fe,Co (705.1):
calcd H 4.30, C 44.28, Fe 15.84, Co 8.36; found H 4.39, C 44.39, Fe 15.90, Co
8.35.

[CoCp5 1[ZnFe(ox);] (16): This compound was prepared as green micro-
crystals as described above for 14 but with Zn(NO;),-6H,0 (75¢g,
25 mmol) instead of MnCl, -4 H,0. Yield: 1.3 g, 75.8 %; H3,C,sO,FeCoZn
(714.7): caled H 4.24, C 43.69, Fe 7.81, Co 8.25, Zn 9.15; found H 4.32, C
43.80, Fe 795, Co 8.29, Zn 9.18.

X-ray data collection and analysis: Two green prismatic crystals of 1 and 6
were collected from the U-shaped tubes in which the diffusion had been
carried out, and were mounted on a CAD4 Enraf - Nonius diffractometer.
Unit cell parameters were determined by a least-squares refinement of the
setting angles of 25 independent reflections for both crystals. Similar unit
cells were obtained, indicating that both crystals were isostructural, but
data collection (w scan technique) was performed only for 6 because of its
better quality. Three standard reflections were measured every 2 h and
showed no significant decay. Lorentzian, polarization, and semiempirical
absorption corrections (3 scan method) were applied to the intensity data.
Selected experimental parameters and crystal data are reported in Tables 3
and 4. The space group was determined to be C2/m. All calculations were
performed in a SPARC Station 20 (Sun Microsystems). The structure was
solved by direct methods with the SIR92['" program and refined on F with
the SHELXL.-93 program (G. M. Sheldrick, University of Gottingen, 1993).
In the structure solution the atoms belonging to the anionic network and to
the cations were readily obtained, and after successive Fourier differences
even the hydrogen atoms from the methyl groups of the decamethylferro-
cenium cations were found without any disorder. Because of its high
symmetry in the anionic network only one metallic atom, in a special
position, was found corresponding to ¥2Mn and Y2Fe. The decamethylfer-
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Table 3. Crystallographic ~ data  and
[FeCp5][MnFe(ox);].

structural  resolution  for

formula H;3CyMnFe, 0,
size [mm] 0.1x0.1%x0.3
molecular weight 701.14

T [K] 293(2)

2 [A] 0.71069
crystal system monoclinic
space group C2/m
a[A] 9.063(8)

b [A] 17.143(3)
c[A] 9.215(4)

a [] 90.0

AN 93.66(2)

v [°] 90.0

V [A] 1429(1)

V4 2

Peaca [g €m™?] 1.630
#(Mog,) [em™] 14.99
F(000) 718

20 limit 4.42-63.92
reflections/unique 1909/1871
I>0(l) 6
reflections/parmeters 1434/131
goodness-of-fit 1.263

R, 0.0509

R, 0.1492

max. dif. peak-hole

0.341 and —0.400

[a] Ry=2(F, — F)/2(F).

[b] R, =[Z[o(F3

— F2 PVl (R

w=1/[0*(F2)+(0.0343P)*+2.4502P]; P=(F2+2F2)/3.

Table 4. Atomic coordinates and isotropic thermal parameters for

[FeCp3][MnFe(ox);].

Atom X y b4 U (A%
Mnil  1.0000 0.34027(3) 0.5000 0.0289(2)1#
Felll 1.0000 0.34027(3) 0.5000 0.0289(2)1
Fe2 0.5000 0.5000 1.0000 0.0226(2)?
o1 0.8148(3) 032159(12)  0.6218(2) 0.0384(5)l!
02 0.6192(3) 024245(11)  0.6290(2) 0.0365(5)1
03 1.0788(3) 0.43461(12)  0.6267(2) 0.0378(5)1#
cl 0.7321(5) 0.5000 0.9909(5) 0.0368(11)l!
o) 0.6121(4) 0.5412(2) 1.1892(3) 0.0322(6)l!
3 0.6857(4) 0.5669(2) 1.0659(3) 0.0365(7)l#!
C4 0.8182(8) 0.5000 0.8561(7) 0.071(2)
C5 0.5515(6) 0.5933(3) 1.3017(5) 0.0647(14)kl
C6 0.7182(8) 0.6500(3) 1.0282(7) 0.072(2)k
C7 1.0462(4) 0.5000 0.5732(4) 0.0283(8)!
cs 0.7318(3) 0.26861(14)  0.5738(3) 0.0282(6)1
H1 0.9239(78) 0.5000 0.8894(67) 0.066(19)
H2 0.7809(76)  0.5402(37) 0.7923(68)  0.151(29)
H3 0.6013(68) 0.5967(32) 1.3814(61) 0.092(18)
H4 0.5250(70)  0.6431(34) 12672(62)  0.109(21)
HS 0.4625(60)  0.5694(26) 1.3290(53)  0.076(15)
H6 0.6534(60)  0.6793(28) 1.0770(57)  0.081(18)
H7 0.7215(82) 0.6550(36) 0.9247(80) 0.137(26)
HS 0.8018(83)  0.6621(38) 1.0631(75)  0.123(28)
[a] Atoms refined anisotropicaly. wq=(4/3)[a*B(1,1) + b*B(2,2) +

¢?B(3,3) +ab(cos y)B(1,2) +ac(cos f)B(1,3) + be(cos a)B(2,3)]. [b] Dis-

ordered atoms with occupancy factor =0.5.

rocenium complex is in its staggered configuration, with local symmetry
Ds,4. All atoms (except hydrogens) were refined anisotropically without any
further disorder. Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
182551. Copies of the data can be obtained free of charge on application to
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CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-
033; e-mail: deposit@ccdc.cam.ac.uk).

Magnetic properties: Variable-temperature DC susceptibility measure-
ments were carried out on polycrystalline samples in the temperature range
2-300 K at a magnetic field of 0.1 T. The susceptibility data were corrected
for the diamagnetic contributions calculated from Pascal’s constant tables.
Variable-temperature AC susceptibility measurements were carried out in
the temperature range 2—50 K, with an alternating applied field of 3.95 G
at different frequencies (1-1500 Hz). Hysteresis loops were measured
between 5 and —5 T. All of these measurements were carried out with a
magnetometer (Quantum Design MPMS-XL-5) equipped with a SQUID
Sensor.

ESR spectroscopy: ESR measurements were performed over the range
4.2-300 K with an X-band spectrometer (Bruker 200D) equipped with a
liquid helium cryostat.

Maossbauer spectroscopy: Mossbauer spectra were recorded with a ¥’Co/Rh
source in a constant acceleration spectrometer equipped with a liquid
helium cryostat. The spectra were fitted to Lorentzian lines by a nonlinear
minimization iterative routine.
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