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CONCEPTS

The Development of Zeolite-Entrapped Organized Molecular Assemblies

James R. Kincaid?!

Abstract: A brief summary is presented of the develop-
ment of organized molecular assemblies entrapped within
the supercages of Y-zeolite. Emphasis is placed on work
originating in the author’s laboratory, although a dis-
cussion of some of the important contributions made by
other workers, which inspired and facilitated this work,
are included. Following pioneering studies by Lunsford
and co-workers, which demonstrated the feasibility of
encapsulating the common photosensitizer [Ru(bpy);]**
within the Y-zeolite supercage, Dutta and co-workers
documented efficient photoinduced electron transfer to
viologen acceptors occupying neighboring supercages.
We have extended the range of available materials by
developing synthetically versatile methods to permit the
incorporation of heteroleptic complexes, including con-
stituent ligands which contain peripheral nitrogen donor
groups; for example , 2,2"-bipyrazine. In an impressive
study employing zeolite-excluded acceptors, Dutta and
co-workers showed that the reducing equivalents avail-
able from photoinduced electron transfer from the zeolite
entrapped sensitizer to intra-zeolite acceptors could be
transferred to the extra-zeolite acceptors in aqueous
suspensions, although the net charge-separation efficien-
cy was low, presumably because of a persistent relatively
efficient back-electron transfer process involving the
primary photoproduct; that is, the entrapped sensitiz-
er—acceptor dyad. Exploiting the susceptibility of certain
heteroleptic complexes to add reactive ruthenium re-
agents, methods were developed to construct spatially
organized donor-sensitizer—acceptor triads within the
supercage framework of Y-zeolite. Such assemblies
exhibit dramatically improved net charge-separation
efficiencies, presumably as a consequence of inhibiting
the wasteful back-electron transfer reaction between the
initial sensitizer —acceptor couple.
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Introduction

There is intense interest in designing molecular systems that
mimic photosynthesis since these may be used to capture
sunlight reaching the earth’s surface and convert the energy to
useful chemical fuels.'>) Nature accomplishes its complex
photocatalytic cycle by precise arrangement of individual
components so as to maximize the efficiency of each step. A
corresponding synthetic system capable of producing H, by
photochemical reduction of water, coupled to a water
oxidation cycle is shown schematically in Scheme 1. Here a
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Scheme 1. Schematic for a synthetic water-splitting system.

photosensitizer, excited by absorption of visible light, forms a
sufficiently long-lived excited state to undergo an electron
transfer reaction with a suitable primary acceptor molecule
(A) to generate ST and A~. As long as the redox potentials of
St and A~ are adequate to oxidize and reduce H,O, the system
is thermodynamically competent for the splitting of H,O into
H, and O,.

Of the several classes of molecules that have been shown to
possess the necessary properties to serve as effective photo-
sensitizers for such schemes, the most promising are those
based on polypyridine complexes of divalent ruthenium (i.e.,
[Ru(bpy);]** (bpy =2,2"-bipyridine) and related complexes)
and various metal complexes (MP) of tetrapyrrole macro-
cycles such as porphyrins and phthalocyanines.’! However,
even though suitable photosensitizers are available, there are
several fundamental problems which need to be overcome in
order to make Scheme 1practical.

Once the initial photoinduced electron transfer event is
completed to form S* and A, there is a large driving force for
the back electron transfer (BET) reaction and steps must be
taken to minimize or eliminate this wasteful process. This is
most effectively accomplished by incorporation of a donor
molecule which is of appropriate redox potential and suitably
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positioned to rapidly reduce the S* to S before the BET step
can occur. The other major difficulty is the fact that the
photon-induced electron transfer processes are single-elec-
tron transfer events, while the water splitting reactions are
multielectron transfer reactions. Thus, the oxidation and reduc-
tion equivalents centered on the initial photoredox products
(St and A7) need to be separated from one another and
coupled with catalysts suitable for production of H, and O,.

Clearly, a sophisticated level of molecular organization,
mimicking the natural photosynthetic apparatus, will be
required to accomplish these difficult tasks. Of course, given
the undeniable importance of the ultimate goal, there has
been intense interest and extensive work in designing
effective organizational strategies. These include the synthesis
of covalently linked redox assemblies!” and the use of various
supports.’> 8 One of the most attractive approaches involves
the use of highly ordered host materials, such as zeolites, and
herein some of the promising results which have been
obtained with these materials are summarized.

Synthesis and Characterization of Zeolite-
Entrapped Photosensitizers

Zeolite structures

Zeolites are aluminosilicates having the general chemical
formula M,,,0-AlLO;-xSi0O,-yH,0.°" The three-dimen-
sional structure is made up of corner-sharing SiO, and AlO,
tetrahedra, with the cations M"" occupying extra framework
positions to balance the charge of the AlO, units. Intercon-
necting cages and channels make up the internal structure of a
zeolite particle and frameworks with many different top-
ologies (over 100) have been synthesized. 'Yl However, given
the size of the most promising sensitizers for photocatalytic
applications, much interest has been focused on Y-zeolite (a
so-called faujasitic type zeolite), the structure of a single
“supercage” of which is shown in Figure 1.

sodalite cage window ~ 7A

Supercage size ~ 13A

Figure 1. The structure of a zeolite-Y supercage.

The framework consists of sodalite cages which are
connected in a tetrahedral arrangement through “double
6-rings” to produce a three-dimensional network. This
arrangement gives rise to supercages of ~13 A internal
diameter, connected to each other through 12-membered
ring openings having “windows” of 7-8 A in diameter. Each
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supercage is connected to four other (tetrahedrally arranged)
supercages to form a continuous three-dimensional frame-
work of interconnecting supercages. In order to clarify later
descriptions, it is noted that the four supercages surrounding
the central cage do not share a common window with any of
the other four (i.e., these four supercages are not adjacent to
one another).

Synthesis and properties of zeolite-entrapped [Ru(bpy);]**
and related complexes

Synthesis: Lunsford and co-workers['!l were the first to show
that [Ru(bpy);]** could be synthesized and entrapped within
the supercages of Y-zeolite by a “ship-in-the-bottle” approach
and the method was later extended and refined by Dutta and
his groupl® and by Calziferri and co-workers,!'?! as illustrated
in Scheme 2.

Zeolite (Z) + Ru(NH;)**

aqueous suspension l ion-exchange

l filter, dry
Z-[Ru(NH,)J*
excess bpy l 200°C (sealed tube)
crude Z-[Ru(bpy),]** (plus bpy degradation products)

l NaCl wash

l soxhlet extraction (95% ethanol)

pure Z-[Ru(bpy),J**
Scheme 2.

The initial zeolite sample (Z) is loaded with [Ru(NH;)¢]**
by simple ion-exchange from a solution of [Ru(NH;)]**,
filtered, and dried on a vacuum line. During the high-
temperature treatment with excess bipyridine, in a sealed
tube, the color of the solid changes from white to bluish-red to
yellow. Surface-adsorbed [Ru(bpy);]** is easily removed by
washing with 10 % NaCl solution, while excess ligand, and any
other organic by-products, can be removed by exhaustive
soxhlet extraction with 95% ethanol or other solvents. The
color changes occurring during the heating step were not
reported in the original work.® 'l However, in our early
attempts to prepare this material the bluish-red color was
noted and was interpreted to be a consequence of the
intermediate formation of the bis-bpy precursor, [Ru(bpy),-
(H,O),]**. This conclusion was verified and led to the
development of a reliable method for the preparation of pure
samples of zeolite-entrapped [RuL,(H,0),]** (where L is a
polypyridine ligand; see Equation (1)].['* ¥ This crude
material can be purified in the same manner described for
Z-[RuL;]** complexes without generating significant amounts
of the tris-ligated species.

Z-[Ru(NH,)sP* + L, crude Z-[RuL,(H,0),** 1)
12h
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The availability of pure samples of zeolite-entrapped, bis-
polypyridine complexes provided an entry for the synthesis of
tris-ligated heteroleptic complexes, according to the proce-
dure in Equation (2), ['* ' where L and L’ are two different
polypyridine ligands.

Z-[RuL,(H,0),]** + L’ (large excess) —", crude Z-[RuL,L’J** 2)
18h

Purification by conventional methods (NaCl wash and
soxhlet extraction) yields pure samples of Z-[RuL,L']**. The
integrity of the materials is confirmed by comparison of
chromatographic and spectroscopic data for solutions of the
authentic complexes with those of the liberated complexes;
that is, aqueous acid dissolves the zeolite framework.

The ability to generate zeolite-entrapped, heteroleptic tris-
ligated complexes (i.e., Z-[RuL,L']>*) provided access to a
wide range of materials which were suitable for a systematic
evaluation of the effects of the zeolite matrix on inherent
photophysical properties, as is summarized in the next section.
Of greater significance is that fact that some of these materials
are suitable precursors for synthetic elaboration of such
systems, thus promising to offer a practical vehicle to the more
sophisticated level of organization which is required to devise
efficient photoredox assemblies (vide infra).

Effects on photophysical properties

To the extent that zeolite-based photoredox assemblies are
potentially useful materials, it is quite important to gain an
understanding of the interactions of various entrapped species
with each other and with the host framework. The early
studies of the reference material Z-[Ru(bpy);]*>* indicated
that the inherent photophysical properties of [Ru(bpy);]** are
not substantially altered by entrapment within the zeolite
supercages.® ' Thus, the diffuse reflectance and emission
spectra were only slightly different from those of the free
complex in solution. Lifetime measurements (at room tem-
perature) also yielded a value (~610 ns) comparable to that
exhibited by aqueous solutions of the free complex (i.e.,
~ 600 ns).

On the other hand, in the extended series of materials
containing tris-ligated complexes of other polypyridine li-
gands (e.g. Z-[Ru(bpz);]**) and those containing bis-hetero-
leptic, tris-ligated complexes (e.g. Z-[Rul,L']*), rather
dramatic alterations in photophysical properties were ob-
served for the zeolite-entrapped species, relative to those of
the free complexes. ['* 4 Thus, both red and blue shifts in the
Amax and A., peaks were noted for various complexes and
lifetimes were observed to either increase or decrease,
dramatically so in certain cases. Based on thorough (temper-
ature-dependent) lifetime and spectroscopic measurements of
a rather extensive series of complexes,['>18 a self-consistent
and reliable framework has been devised for interpretation of
these zeolite- induced alterations, the major effects being
interactions of the polar zeolite framework with peripheral
heteroatoms of ligands such as 2,2"-bipyrazine (bpz), and
steric restrictions to elongation of the Ru—N bonds in the so-
called ligand-field (LF), or 3dd, state. In solution this state is
thermally accessible from the metal-to-ligand charge transfer

Chem. Eur. J. 2000, 6, No. 22
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(®MLCT) state, whereas within the zeolite supercage the
energy of the LF state often is sufficiently increased to render
it inaccessible at room temperature.l*'7) In fact, this inter-
pretational framework reliably predicts the observed (very
dramatic) increase in the SMLCT state lifetime (from > 10 ns
in solution to over 300 ns in the zeolite-entrapped species) for
the complex, [Ru(bpy),(daf)]** (where daf is diazafluor-
ene).l”] The daf ligand possesses such a weak ligand field
strength that the LF state is only =2300 cm~! above the
SMLCT state in free solution. Careful measurements and
analysis of lifetime data over a large temperature range
yielded a (MLCT-LF) energy gap of ~4000 cm™' in the case
of the zeolite entrapped complex as illustrated in Figure 2;

[ 620 —,

daf
S(j 550 600 650 700 750 “
nanometers
LE(dd)
LF(dd) T
4000 cm!
2300 cm™? \l/
SMLCT MLCT
[Ru(bpy)(daf)]**(aq) Z-[Ru(bpy),(daf)]**

Figure 2. Photophysical properties of Z-[Ru(bpy),(daf)]**. A =emission
spectrum of zeolite-entrapped complex, B = emission spectrum of complex
in solution.

that is, elimination of the LF state decay pathway leads to the
dramatic increase in the observed lifetime and emission
intensity.

A similar, but even more dramatic increase in the MLCT
state lifetime of the bis-terpyridine(tpy) complex Ru(tpy),>*
upon incorporation into Y-zeolite has verified this effect.['”]
This complex has an extremely short SMLCT state lifetime of
250 ps in aqueous solution at room temperature, the rapid
decay being most reasonably attributed to a very low-lying LF
state.'”l The corresponding zeolite-entrapped complex
Z-[Ru(tpy),]**, emits very strongly at room temperature and
exhibits a MLCT state lifetime of over 100 ns, an increase by
a factor of almost 1000.

Zeolite-Based Photoredox Assemblies

The advantage of compartmentalization

One of the first documented uses of zeolites to construct a
multicomponent photocatalytic assembly was the elegant

0947-6539/00/0622-4057 $ 17.50+.50/0 4057





CONCEPTS

J. R. Kincaid

work reported by Mallouk and co-workers,?” a schematic of
which is shown below. The particular zeolite used in this work
was zeolite L, which has a one-dimensional tunnellike struc-
ture. Methods were developed to form small platinum clusters
inside the zeolite channel and it was subsequently loaded with
a large amount of methyl viologen acceptor (MV?*) (see
Scheme 3). The zinc porphyrin photosensitizer used,
[ZnTMPyP]** (TMPyP = tetramethylpyridinium porphyrin),
is too large to penetrate into the 7 A zeolite-L channels and,
instead, is ion-exchanged onto the zeolite surface.

Zeolite L
= 1. [Pt(acac),]
| [ ST
o) AVARE
NaBH, XL S\
g Y IS N
2 Py Y center
My
zntmeyp

Scheme 3. Synthesis of an early zeolite-based multicomponent photo-
catalytic assembly.2)

In the presence of a sacrificial electron donor, EDTA, this
system was shown to be capable of photocatalytic evolution of
H,. Thus, at pH4, the solution-phase EDTA is negatively
charged and intimately associated with the adsorbed sensi-
tizer [ZnTMPyP]*". Upon photolysis, the singlet state of the
porphyrin is quenched by the neighboring intrazeolitic
viologen molecules, and the sacrificial electron donor, EDTA,
is oxidized by the zinc porphyrin cation radical. This reductive
quenching of the oxidized sensitizer effectively prevents
(MV* to [ZnTMPyPJ**) back electron transfer. The resulting
long-lived MV™ transfers its reducing equivalents along the
chain of MV?** molecules which fill the zeolite L channel. In
the presence of the Pt catalyst, H, is evolved.

Binary photoredox systems involving ruthenium polypyridine
sensitizers

At about this same time, Dutta and co-workers[® 2! were
investigating photoredox processes for [Ru(bpy);]**-loaded
zeolite-Y particles which also contained saturating amounts of
the acceptor MV, That is, in these particles, all of the cages
surrounding an isolated, entrapped [Ru(bpy);]** photosensi-
tizer are filled with MV?* (Figure 3). In fact, at these high
loadings of MV?*, almost every supercage contains two MV?*
molecules.

When this solid was photolyzed in an anaerobic environ-
ment, a blue color was observed, a color indicative of MV ™.
The presence of the viologen radical was confirmed by
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[Ru(bpy)s]**
W
_—

y:

MV2+

Figure 3. A zeolite-entrapped sensitizer —acceptor dyad.!]

resonance Raman (RR) spectroscopy, the RR spectrum
exhibiting bands characteristic of the reduced viologen. In
the absence of oxygen this species was stable for several hours.
In a later study,? using lower concentrations of [Ru(bpy);]**
in the particle, the nature of the quenching process (i.e.,
electron transfer quenching of the SMLCT state,
[{Ru(bpy)s}>]*, by MV?") was studied by varying the
concentration of MV?* in the particle. In the photolyzed
samples, MV™ was observed by diffuse reflectance spectro-
scopy to increase with photolysis time. The results were
interpreted to indicate that the back electron transfer from
MV+* to [Ru(bpy);]** was inhibited by a static quenching
mechanism, whereby the primary photogenerated MV*
transfers its electron to more remote MV?* acceptors. In
two impressive related studies Mallouk and co-workers?> 24
used time-resolved diffuse reflectance (TRDR) spectroscopy
to investigate the kinectics of photoelectron transfer proc-
esses in zeolites which had been loaded with methyl viologen
in the interior and [Ru(bpy);]** adsorbed to the surface. These
workers found that the rate of back electron transfer at the
zeolite surface is dramatically lowered relative to the rate
observed in solution.

Ternary photoredox systems

While the studies described above clearly demonstrate the
capability to attain relatively long-term charge separation, the
photogenerated reducing equivalents remain trapped inside a
given zeolite particle and charge recombination eventually
occurs. In order to devise practical systems it is necessary to
access this chemical potential by facilitating charge transfer
out of the particle into solution. One method to accomplish
this, which was performed by Dutta and Borja,* is outlined in
Figure 4. In this system, a neutral viologen (PVS) was placed
into the solution phase of a suspension which included zeolite
particles loaded with [Ru(bpy);]** and a viologen (DQ?**) of
relatively high reduction potential (—0.65 V) compared to
PVS (-0.41V). Upon electron transfer quenching of the
SMLCT state of [Ru(bpy);]**, the DQ** radical generated is
capable of reducing the zwitterionic neutral viologen, PVS,
whose reduction potential (—0.41 V) is lower than that of
DQ?*. Photolysis with visible light (200 mW of 400-600 nm
light) generates the blue anion radical of PVS (i.e., PVS~) in
the solution phase. In addition to providing the first example
of a photochemical assembly that leads to permanent charge
separation in the absence of a sacrificial electron donor, this
system also provides a more convenient means to measure
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Zeolite Solution
[Ru(bpy)s®*]* Ee- _o87v
Er=oesy g{ M?
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5 064 DQ?*, PVS
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Figure 4. A zeolite-entrapped sensitizer—acceptor dyad with excluded
violgen. a) Method for facilitating charge transfer out of a zeolite into a
solution. See text for details.””) b) Comparison of growth of PVS~ in
suspensions of zeolitic materials with 0.01 M PVS in solution. Curves shown
for photolysis of Z-[Ru(bpy);]**, Z-[Ru(bpy);]** loaded with MV?* and
Z-[Ru(bpy);]** loaded with DQ?**.

photochemical quantum yields, compared to photolysis of
solid samples. This is so because the net production of
viologen radical can be more accurately determined (by
absorption spectrophotometry of the solution containing the
excluded violgen product) and a relatively reliable approx-
imation of the number of absorbed photons can be obtained
by comparing the transmitted light with that observed for an
identical experimental arrangement using suspensions of
plain zeolite (i.e., no intrazeolite species present). In the
particular case described (i.e., the [Ru(bpy);]*"/DQ*"/PVS
system), the photochemical quantum yield for PVS~ produc-
tion was estimated to be ~5 x 10~*.These disappointingly low
photochemical quantum yields reflect the combined ineffi-
ciencies of several key steps in the overall cycle, the natural
tendency for the initial charged-separated pair (e.g.,
[Ru(bpy);]** - DQ**) to undergo the wasteful BET reaction
being one of the important obstacles.

More highly organized systems—dramatically enhanced pho-
toredox efficiencies

Synthesis of zeolite-based organized molecular assemblies:
One strategy to overcome the fundamental limitation involv-
ing the BET reaction is to include a donor molecule in the

Chem. Eur. J. 2000, 6, No. 22
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photochemical cycle, as was pointed out earlier in discussing
Scheme 1. In order for this approach to be effective the donor
must not only have an appropriate redox potential (i.e., D*
must be favored over [Ru(bpy);]**), but the system must also
be spatially organized so as to facilitate rapid electron transfer
to reduce the oxidized sensitizer. The major deficiency which
had plagued zeolite-based photochemical systems until re-
cently was the inability to attain this degree of spatial
organization, all earlier systems having been prepared by
ion-exchange or simple adsorption; methods which give rise
to a randomized arrangement of components. What was
needed was a synthetic scheme which would allow controlled
positioning of the individual components within the existing
zeolite framework.

Recognizing the fact that these zeolite-entrapped, hetero-
leptic polypyridine complexes offered a possible route to the
construction of such materials, attention in our laboratory
over the past few years has focused on developing the
necessary synthetic methods for organizational elaboration of
zeolite-entrapped catalytic assemblies;?*?] one example is
illustrated in Figure 5.

[Ru(bpy),(bpz)I**

L ‘a--."f-&
.,’_s'.‘f_. .

X ) !\‘ 0!.

“"" 0. A
5= 0-“9/
G

[Ru(mmb)s|**

Figure 5. A zeolite-entrapped “adjacent cage” dyad.?!

An effective synthetic scheme, which exploits the suscept-
ibility of coordinated 2,2'-bipyrazine (bpz) and similar ligands
to attachment of secondary metal complexes,?" is outlined in
Scheme 4. Briefly, a zeolite sample loaded with, for example,

Z-[Ru(bpy),(bpz)** + [(H,0)Ru(NH,);](PF,), (large excess)
acetone l anaerobic
crude Z-[Ru(bpy),(bpz-Ru(NH;)s)*']
NaCl wash l anaerobic
pure Z-[Ru(bpy),(bpz-RuNH,)s)*]
mmb (large excess) l 180°C, sealed tube

crude Z-[Ru(bpy),(bpz)**/ [Ru(mmb);]*
soxhlet extraction l (95% ethanol)

pure Z-[Ru(bpy),(bpz)l*"/ (Ru(mmb), '
Scheme 4.

[Ru(bpy),(bpz)]** is treated with an acetone solution of
[(H,O)Ru(NH;);](PFg),, whereupon a Ru(NH;)s** fragment
is attached to one of the peripheral nitrogens of the
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coordinated Dbipyrazine to form Z-[Ru(bpy),(bpz-Ru-
(NH,);5)**]. This material, when treated with excess 5'-mono-
methyl-2,2"-bipyridine (mmb), yields a zeolite sample which
contains dyad units, wherein two complexes are entrapped in
neighboring supercages; that is, (Z-[Ru(bpy),(bpz)]**/
[Ru(mmb);]**). Thorough spectroscopic and photophysical
studies of this and similar systems document the integrity of
the entrapped species and provide convincing evidence for a
strong electronic interaction between the adjacent cage
complexes.[262% 31

The effectiveness of the synthetic procedure outlined above
relies on the stability of an intermediate species; for example,
zeolite-entrapped [Ru(bpy),bpz-Ru(NH;)s]**. Treatment of
this material with an excess of another polypyridine ligand
(e.g., mmb) results in adjacent cage assemblies only to the
extent that the detached [Ru(NHj;)s]** fragment does not drift
to another cage before being captured by the excess mmb
ligands to form the tris-mmb complex in the cage adjacent to
the original [Ru(bpy),(bpz)]** complex. While the results
summarized in the above-cited works provided strong indirect
evidence for the effectiveness of the synthetic scheme
developed, in order to provide further, more direct, support
for the efficiency with which the secondary complex is indeed
trapped within the adjacent cage, studies were carried out for
the zeolite-entrapped [Ru(bpy),(pypz)]** complex (pypz is
pyridylpyrazine), wherein the primary complex contains only
one peripheral heteroatom. To the extent that rotation is
restricted for an entrapped tris-ligated complex, the applica-
tion of a two-cycle reaction sequence should yield no reaction
with the second treatment of [(H,O)Ru(NH,)s]**; that is, if
the adjacent cage entrapment is 100 % efficient, further access
to the peripheral nitrogen is expected to be blocked by the
secondary complex. The synthesis and detailed character-
ization of the zeolite-entrapped primary complex,
Z-[Ru(bpy),(pypz)]**, have been published!'! and, recently,
we have obtained pure samples of the zeolite-entrapped
adjacent cage pair, Z-[Ru(bpy),(pypz)]>*/[Ru(bpy);]**. Most
significantly, treatment of this latter material with an excess of
[(H,O)Ru(NHj;);]** yields a product whose absorption spec-
trum is virtually identical to that of the adjacent cage material;
that is, only traces of an absorption characteristic of the [pypz-
Ru(NH;)]** fragment could be detected, indicating that the
single peripheral nitrogen atom of the primary complex is now
effectively shielded from further reaction. These results?!
therefore quite convincingly document the high efficiency of
the adjacent cage dyad formation, confirming the fact that
upon detachment from the primary complex, the [Ru-
(NH;)s]** fragment does not migrate to more remote cages,
but instead, reacts with polypyridine ligands present in the
cage adjacent to the primary complex [Ru(bpy),(pypz)]**.

Enhanced efficiency: As will now be seen, the efficiency of
photoinduced charge separation in these zeolite-based sys-
tems is indeed greatly improved by organization of the
intrazeolitic components. Referring to Figure 6, the essential
strategy being employed to increase the charge-separation
efficiency is as follows. Similar to the original system
developed by Dutta and co-workers!® 2! (see Figure 4) the
photosensitizer ([Ru(bpy),(bpz)]**, in this case, is surrounded

4060
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a) [Ru(bpy);(bpz)|**

\
el IO -G
0

(Ru(mmb)s X)) DQss™
<O .
SOt
zeolite solution
b) *Ru(bpy)(bpz)**
o . DQs™
N ~a_ PVS
+N N+
G-O  ~0-0On
E'=-055V S0; 0,8
hv E=-04V
[Ru(mmb)z]**
E'=1.18V
[Ru(bpy)(bpz)|**

E'=150V

Figure 6. a) A zeolite-entrapped donor-sensitizer—acceptor triad with
excluded viologen.”l b) Outline of the strategy employed to increase the
charge-separation efficiency in this system.

by viologen acceptors. In this material, however, the assembly
also includes a potential donor component, [Ru(mmb),]**,
properly positioned in the cage adjacent to the sensitizer, and
it is noted that the trivalent oxidation state is favored for
[Ru(mmb);]**+ over [Ru(bpy),(bpz)]**. Upon selective excita-
tion (473 nm) of the [Ru(bpy),(bpz)]** sensitizer, an initial
photoproduct ([Ru(bpy),(bpz)]** - DQss*) is formed. Now, to
the extent that reductive quenching of the oxidized sensitizer
by the [Ru(mmb);]** is efficient and rapid, the resulting
charge-separated pair ([Ru(mmb),;]**-DQss*") is separated
by an “insulating” (reduced) sensitizer molecule and the
undesirable BET reaction should be effectively eliminated.
Figure 7 shows a series of absorption spectra that document
the continuous growth of excluded PVS radical in the solution
phase upon prolonged irradiation (473 nm) of the system
illustrated in Figure 6. The magnitude of this growth, as a
function of irradiation time, is plotted in Figure 8 with the
curve labeled AC (to signify “adjacent cage” dyad system).
Also plotted in Figure 8 is the corresponding curve for an
appropriate reference system (MM) consisting of a suspen-
sion of a mixture of zeolitic materials in a solution of PVS. The
MM reference system contains equal amounts of
Z-[Ru(bpy),(bpz)]** and Z-[Ru(mmb);]**, both of which are
loaded with saturating levels of DQss?". It is important to
emphasize that the MM reference system contains the same
concentrations of both complexes as are present in the
adjacent cage dyad system. Thus, the increased efficiency of
the AC system, relative to the MM reference system, is
directly attributable to the unique spatial organization of the
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Figure 8. Comparison of PVS radical production for various systems.?’]

two complexes in the sensitizer—donor dyad system. The
results of similar studies on isolated systems, Z-[Ru(bpy),-
(bpz)]** and Z-[Ru(mmb);])**, are also included in Figure 8
and, as expected, are similar to those for the MM reference
and that of the system studied earlier by Dutta and Borja.’]

Conclusion and Future Directions

The above studies clearly demonstrate that the zeolite
architecture is well suited for compartmentalization of two
or more photoredox components. The early systems were
plagued by the essentially random nature of the loading step;
that is, various molecular species within the zeolite particle
were distributed in a statistical fashion. The development of
an effective strategy to create isolated sensitizer/donor dyads
within the zeolite framework has led to the desired substantial
increases in efficiency for a charge-separation application.
However, this synthetic strategy is an important development
which provides the higher level spatial organization required

to improve the overall photocatalytic efficiency of these
materials and it is hoped that this strategy will prove useful for
a wide range of applications, including those involving the
binding and activation of small molecular reactants, such as
dioxygen and the oxides of carbon and nitrogen.
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Abstract: The synthesis and structural
characterization of a family of barium
thiolates and selenolates is described.
The thiolates were synthesized by metal-
lation of thiols, the selenolates by re-
ductive insertion of the metal into the
selenium —selenium bond of diorgano-
diselenides. Both reaction sequences
were carried out by using barium metal
dissolved in ammonia; this afforded
barium thiolates and selenolates in good
yield and purity. The structural princi-
ples displayed in the target compounds

lations, including monomeric and dimeric
species, and separated ion triples, name-
ly [Ba(thf),(SMes*),] (1; Mes* =24,6-
tBu;C¢H,), [Ba(thf),(SeMes*),] (2), [Ba-
([18]crown-6)(hmpa),][(SeMes*),] (3),
the dimeric [{Ba(py);(thf)(SeTrip),},]
(4; py = pyridine, Trip = 2,4,6-iPr;C.H,),
and [Ba([18]crown-6)(SeTrip),] (5). The
full range of association modes is com-

Keywords: barium - chalcogens -
coordination chemistry - structure
elucidation - synthesis design

pleted by [Ba([18]crown-6)(hmpa)S-
Mes*][SMes*] (6) communicated earlier
by this group. In the solid state, this
compound displays an intermediate ion
coordination mode: one anion is bound
to the metal, while the second one is
unassociated. Together these
pounds provide structural information
about all three different association
modes for alkaline earth metal deriva-
tives. This collection of structural data
allows important conclusions about the
influence of solvation and ligation on

com-

span a wide range of solid-state formu-

Introduction

Chalcogenolate derivatives of the heavy alkaline earth metal
barium have been well established for oxygen-based com-
pounds owing to their potential as precursor materials for
high temperature superconductors.l'! In contrast, much less
attention has been devoted towards the heavier chalcogen
congeners,? despite their potential in the production of
phosphor materials and two-color IR windows.®! Structurally
authenticated examples are limited to the sulfur derivatives
[{Ba(H,0),(tmtH,),},] (tmt=2,4,6-trimercaptotriazine, S;C;-
N;), [Ba([18]crown-6)(hmpa)SMes*][SMes*](hmpa = hexa-
methylphosphoramide; Mes* 2.,4,6-tBu;C¢H,),! [Ba(hmpa);-
{NaphNNNNC(S)},].1  [Ba(hmpa);(C(=S)NOPh),],! and
the tellurolate [Ba(py)s(TeSi(SiMe;);),] (py = pyridine).[’l A
few more compounds have been reported, including
[Ba(SCMe;),],”! [Ba(tmeda),(SeSi(SiMe;);),],¥1 and [Ba-
(thf),(TeSi(SiMes)5),],! but structural data are not available.

As indicated by this short list of compounds, little is known
about barium thiolates and tellurolates, but information is
even more scarce for the selenolates; only [Ba(tmeda),-
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Department of Chemistry, Syracuse University
1-104 Center for Science and Technology
Syracuse NY 13244-4100 (USA)

Fax: (+1)315-443-4070
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structural trends.

(SeSi(SiMes);),] is mentioned.® As a consequence, few data are
available with regard to synthetic strategies or the structure-
determining influence of ligation, donation, and solvation.
This information is crucial if the compounds are to be used in
the production of solid-state materials, since the structural
features of a precursor are closely linked to the physical
condition necessary for its transformation into the desired
solid-state material. This argument is especially significant for
alkaline earth metal derivatives, since three different types of
ionic association may be observed: contact triples, with two
cation—anion linkages, separated ions, with isolated cations
and anions, and an intermediate, with one cation-anion
linkage and one unassociated anion (Scheme 1).

Ae{ER}, {Ae(ER)}* (Aer
contact triple ER” ER™ ER
contact/ separated separated
ion-triple ion-triple

Scheme 1. The three different ion association modes in alkaline earth
metal derivatives.

Only recently, the first structural characterization of an
alkaline earth metal derivative with an intermediate ion
association was published by this group,r and information on
how the structural features of the target compounds may be
affected remains scarce. Since the mode of association has a
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severe effect on the physical properties of the target
compounds, it is necessary to evaluate structure-determining
factors before the compounds may be used as precursor
materials. Moreover, the type of ion association observed in
either solution or solid state will provide important informa-
tion about metal-ligand and metal—donor bond strengths
and characteristics.

Since little is known about alkaline earth metal chalcoge-
nolates, information about metal —ligand bond characteristics
is scarce. Experimental and theoretical studies reported heavy
alkaline earth metal derivatives to deviate from idealized
geometry.'”) Well-documented examples include cyclopenta-
dienyl and halide derivatives, with ligand-metal-ligand angles
decreasing to about 150° for the heavier, two-coordinate (gas-
phase) species. The comparison of geometrical features in [Ba-
(thf),(SMes*),] (1; Mes*=24,6-tBu;CsH,), and [Ba(thf),-
(SeMes*),] (2) with their calcium and strontium analogues
will reveal if related structural trends are observed for the
chalcogenolates. This study will yield important information
about bonding characteristics in this scarcely studied group of
compounds.

We here present a family of barium thiolates and seleno-
lates, [Ba(thf),(SMes*),] (1), [Ba(thf),(SeMes*),] (2),
[Ba([18]crown-6)(hmpa),][(SeMes*)]  (3), [{Ba(py)s(tht)-
(SeTrip),},] (4; Trip=2,4,6-iPr,C,H,), and [Ba([18]crown-
6)(SeTrip),] (5), which provide the first structural data for
barium selenolates and addional information to the only
scarcely explored family of thiolates. By including the
previously communicated [Ba([18]crown-6)(hmpa)SMes*)]-
[SMes*] (6) in the discussion,”! we are able to compare all
possible modes of ion association. We also present infor-
mation on synthetic accessibility, and the influence of ligands
and donors on the structural features of this group of
compounds.

Results

Several routes towards the target compounds can be envi-
sioned, including transamination, salt elimination, and metal-
lation. Arnold et al. utilized transmetallation involving bis-
(bistrimethylsilyl)amides for the synthesis of strontium and
barium selenolates and tellurolates [Eq. (1)].% ' Purdy et al.
synthesized calcium, strontium and barium thiolates using the
same principle, but relying on M(NH,), [Eq. (2)].”

M(N(SiMe;),), + 2HER — M(ER), + 2 HN(SiMe), 1)

M(NH,), + 2HSR — M(SR), + 2NH, ' @
(M =Mg, Ca, Sr, Ba; E=Se, Te; R =alkyl, aryl, silyl)

Typically, the target compounds are obtained in good yield
and purity, and a wide variety of solvents, ligands, and donors
may be employed. However, use of small highly acidic
chalcogenols in conjunction with bis(bistrimethylsilyl)amides
induces a yield-reducing side reaction.' The protonation of
the liberated secondary amine with unreacted chalcogenol
under formation of the chalcogeno ether and primary amine is

4064
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observed. A second protonation transforms the primary
amine into ammonia; a third protonation step results in the
formation of an ammonium salt. Accordingly, transamination
is limited to either the less acidic aliphatic or sterically
demanding aromatic chalcogenols. Transamination also re-
quires the synthesis of alkaline earth metal amides, and a
supply of highly oxygen-sensitive selenol, available by reduc-
tion of diorganodiselenides. The reduction typically occurs in
60% yield;!! this results in significant loss of starting
material.

A salt-elimination regime has been used successfully for the
synthesis of [Sr(thf),(EMes*),] (E =S, Se).l' Importantly, the
reaction required the combined use of strontium iodide and
potassium thiolate or selenolate, owing to the limited
solubility of strontium chloride and bromide and the high
solubility of lithium and sodium iodides in ether-type solvents

[Eq. 3)].

MI, + 2KER — M(ER), + 2KI 3)
(M=Mg, Ca, Sr, Ba; E=S, Se; R =aryl)

This route also requires the reduction of diorganodiselenide
to selenol (vide supra).l'¥l The subsequent reaction of the
chalcogenol with potassium hydride in the presence of donor
yields the alkali metal salts in good yield and purity.l'’] The
solubility of the alkaline earth metal iodides remains limited,
and use of THF as a solvent is required.

Metallation has been used successfully for the synthesis of
calcium,'! strontium,P! and barium thiolates and selenolates,
including the compounds presented in this manuscript. Two
variations of this scheme are possible: the reaction of alkaline
earth metal with two equivalents of chalcogenol [Eq. (4)] or
the reaction of diorganodichalcogenide with alkaline earth
metal [Eq. (5)].

M +2HER + ndonor — [M(donor),(ER),] + H, 4)

M + (RE), + ndonor — [M(donor),(ER),]
(M =Ca, Sr, Ba; E=S, Se; R=aryl)

®)

The reactions were carried out in dry liquid ammonia, in
order to ensure the formation of highly reactive metal centers.
Calcium, strontium, and barium easily dissolve in ammonia,
whereas magnesium requires the use of finely dispersed
powder. A significant increase in reactivity is observed on
descending the group of alkaline earth metals. The reaction of
calcium with thiol or diorganodiselenide requires extended
reflux times (6-12 hours) in liquid ammonia,l'"! whereas the
heavier metals react within 1-2 hours.P!

The synthetic variations shown in Equations (4) and (5)
may be utilized for the synthesis of all chalcogenolates.
However, Equation (4) is most advantageous for the prepa-
ration of thiols, since thiols can generally be synthesized
directly and be stored indefinitely without oxidation. The
corresponding selenols rapidly oxidize to diorganodisele-
nides; therefore, reduction is required, which reduces the
yield. Reductive insertion, as described in Equation (5),
avoids the use of selenol, rather the stable diorganodiselenide
can be employed.
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Two different sterically encumbered organic groups were
utilized to ensure the isolation of soluble, nonpolymeric
products: Mes* (Mes* =2,4,6-tBu;CsH,) and Trip (Trip=
2,4,6-iPr;C¢H,). The reactions were carried out in THF under
addition of anhydrous liquid ammonia, in order to increase
the reactivity of the metal and ensure a homogenous reaction.
Donors such as [18]crown-6, hmpa, and pyridine were
included in the reaction mixture. The reactions afforded
the target compounds in good yield and purity. All com-
pounds are colorless or pale yellow species that are oxygen
and moisture sensitive, but are quite stable if stored under
inert gas. Upon exposure to air, the selenolates quickly turn
orange to deep red, indicating the formation of diorganodi-
selenides.

Table 1. Crystallographic data for compounds 1-5.

Structural descriptions: Crystallographic information for
compounds 1-5 is summarized in Table1 and in the
Experimental Section. A compilation of pertinent bond
lengths and angles for all compounds is given in Table 2,
while Figures 1 -6 illustrate the structural principles displayed
in compounds 1-6. In most complexes, geometrical data for
the respective donor and chalcogenolate anion were unexcep-
tional and can be found in greater detail in the deposited
crystal structure data.

[Ba(thf),(SMes*),] (1): Compound 1 (which is isomorphous
with compound 2, see below) consists of neutral, discrete,
monomeric molecules with six-coordinate, pseudo-octahedral
barium centers. The two thiolate ligands are oriented approx-

1 2 3 4 5
formula CyH,sBaOgS, CyH osBaOgSe, CysH;1sBaNOgP,Se, C,HgBaN;0Se, C50HgsBaOsgSe,
M, 1124.91 1218.71 1408.80 1011.33 1110.45
a[A] 18.3140(6) 18.5289(6) 10.6373(1) 13.5589(1) 11.527(2)
b[A] 19.3695(6) 19.3261(6) 17.3387(1) 13.6038(2) 27.613(3)
¢ [A] 18.6726(6) 18.5810(5) 19.9426(1) 15.0013(1) 17.613(3)
a [ 82.369(1)
B1I°] 107.709(1) 108.100(2) 91.707(1) 71.655(1) 103.01(1)
7] 72.746(1)
VAY 6309.9(3) 6324.4(3) 3676.52(4) 2505.84(4) 5462(1)
V4 4 4 2 2 4
space group Dla 2/a P2i/n Pl P2/n
Peca [gem 3] 1.184 1.280 1273 1.340 1.350
u [mm~1] 0.739 1.823 1.623 2.280 2.106
T [K] 150 125 120 150 150
26 range [°] 3.1-50.0 3.1-50.0 3.1-56.6 2.86-56.54 2.8-56.7
independent reflns 5495 5570 8740 11542 13033
observed reflns [1>20(1)] 3741 7801 10331 9613
parameters 280 321 359 512 540
R1 (all data) 0.0881 0.1072 0.0275 0.0342 0.0918
wR2 (all data) 0.1392 0.2018 0.0544 0.0714 0.1236
R1[I>20(])] 0.0561 0.0677 0.0225 0.0289 0.0596
WR2 [I>20(1)] 0.1273 0.1759 0.0526 0.0686 0.1129
Table 2. Selected bond lengths [A] and angles [°] for barium thiolates, selenolates, and tellurolates.
Ba—E Ba—donor E-Ba-E Ba-E-C CNEbl Ref.
[Ba(thf),(SMes*),] (1) 3.133(2) 2.731(7)=2.737(3) 155.17(5) 111.7(1) 6 ]
[Ba(hmpa);(C(=S)NOPh),] 331(1) N: 2.91(2)El - - 7 [7]
hmpa: 2.60(3)
[Ba(hmpa);{NaphNNNNC(S)},] 3.31(1) N: 2.86(1) - - 7 [6]
hmpa: 2.59(1)
[Ba(18C6)(hmpa)(SMes*)][SMes*] (6) 3.012(2) 18C6: 2.772(5) -2.807(5) 172.8(1) 150.8(2) 8 [5]
3.025(2) hmpa: 2.593(5) 174.1(1)@ 153.7(3)
[Ba(H,0),(H,2,4,6-S;C;N3),] 3.396(2)-3.629(2) N: 2.99-3.05 - - 10 [4]
H,O: 2.804(5)—2.983(5)
[Ba(thf),(SeMes*),] (2) 3.279(1) 2.732(7)-2.738(4) 158.65(4) 106.3(2) 6 L]
[{Ba(py)s(thf)(SeTrip),},] (4) 3.2973(3)F! py: 2.825(2)-2.910(2) 129.14(1) 111.82(6) 7 U]
3.4189(3)F! thf: 2.823(2) 60.40(1) 122.42(7)
3.2768(3)l" 146.51(1)
2=336.05
[Ba(18C6)(hmpa),][(SeMes*),] (3) - 18C6: 2.780(1) —2.791(1) - - 8 U]
hmpa: 2.587(1)
[Ba(18C6)(SeTrip),] (5) 3.2326(7) 2.767(3)-2.803(3) 155.00(2) 93.3(1) 8 L]
3.2361(7) 96.1(1)
[Ba(py)s{TeSi(SiMe;)s),] 3.382(1) 2.856(4)—2.934(5) 171.91(2) 144.42(3) 7 [81]

[a] CN =coordination number of barium. [b] This work. [c] Intramolecular interaction. [d] O(hmpa)-Ba-S angle. [e] Bridging. [f] Terminal. [g] Ba-Te-Si

angle.
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imately trans to each other, as evidenced by the S-Ba-S angle
of 155.17(5)°. The distorted octahedral geometry is also
evidenced by the angles between the THF oxygen atoms and
the Ba—S axis ranging from 76.74(7)° to 115.0(4)°. The angles
between the four oxygen atoms are 73.9(5)°, 77.2(2)°,
1374(2)°, and 147.7(6)°; again this emphasizes the severe
distortion around barium. The Ba—S bond length is
3.133(2) A, Ba—O contacts are observed at 2.731(7) and
2.737(3) A. The S—C bond length is 1.771(4) A, with a Ba-S-C
angle of 111.7(1)".

[Ba(thf),(SeMes*),] (2): The structure of compound 2,
presented in Figure 1, is isomorphous with compound 1. The
Se-Ba-Se angle is observed at 158.65(4)°; the angles between

Figure 1. Crystal structure of 2 with anisotropic displacement parameters
depicting 30% probability. The hydrogen atoms have been omitted for
clarity.

the thf oxygens and the Ba—S axis range from 77.12(9)° up to
114.4(12)°. The angles between the thf oxygen atoms are
observed between 69.1(8)° to 155.0(9)°. The Ba—Se bond
length is 3.2787(11) A, and the Ba—O bond lengths are
2.732(7)-2.738(4) A. The Se—C bond lengths is 1.930(6) A,
with a Ba-Se-C angle of 106.3(2)°.

[Ba([18]crown-6) (hmpa),][ (SeMes*),] (3): The crystal struc-
ture of 3 reveals a completely separated ion triple with a
formal separation of cation and anions of more than 6 A.
Figure 2 presents a view of the cation, in which an [18]crown-6

Figure 2. Crystal structure of 3 with anisotropic displacement parameters
depicting 30 % probability. Only the cation is shown; hydrogen atoms have
been omitted for clarity.

4066 ——
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and two hmpa molecules are coordinated to the barium
center. Figure 3 shows cation and anions. Barium is located on
a center of symmetry; accordingly, one half of the crown
ether, one hmpa molecule, and one selenolate anion are
contained in the asymmetric unit. Barium is eight coordinate,

Figure 3. Crystal structure of 3 with anisotropic displacement parameters
depicting 30% probability. The hydrogen atoms have been omitted for
clarity.

with Ba—O crown ether bond lengths ranging from 2.780(1) -
2.791(1) A, and hmpa Ba—O contacts of 2.587(1) A. The
selenolate anions display Se—C bond lengths of 1.9243(14) A.

[{Ba(py):(thf)(SeTrip),},] (4): The structure of 4 is presented
in Figure 4. The compound crystallizes as a dimer. The two
halves of the molecule are related by a center of symmetry
located in the center of the Ba,Se, ring; this results in planar

Figure 4. Crystal structure of 4 with anisotropic displacement parameters
depicting 30% probability. The hydrogen atoms have been omitted for
clarity.

ring geometry. Each barium is connected to two selenolate
ligands, one bridging, the other terminal. In addition, there
are three pyridine donors and one thf donor, which leads to a
coordination number of seven for barium. The bridging
between the two barium centers is asymmetric with a short
Ba—Se bond length of 3.2973(3) A and a longer one of
3.4189(3) A. The terminal Ba—Se bond length is observed at
3.2768(3) A. There is an acute angle within the four mem-
bered ring at barium of 60.40(1)°, while the angle at the
bridging selenium is obtuse with 119.599(7)°.
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[Ba[18]crown-6)(SeTrip),] (5): Compound 5, depicted in
Figure 5, displays an eight-coordinate barium center sur-
rounded by an [18]crown-6 molecule in addition to two
selenolate ligands, arranged approximate trans to each other

Figure 5. Crystal structure of 5 with anisotropic displacement parameters
depicting 30% probability. The hydrogen atoms have been omitted for
clarity.

(Se-Ba-Se 155.00(2)°). The Ba—O (crown ether) bond lengths
range between 2.767(3) and 2.803(3) A. The Ba—Se bond
lengths are very similar with 3.2326(7) and 3.2361(7) A. The
Ba-Se-C angles are narrow with 93.3(1)° and 96.1(1)°.

Discussion

Synthetic access to alkaline earth metal chalcogenolates is
possible by a variety of methodologies, which include trans-
amination, salt elimination, and metallation. Low solubility or
inaccessibility of certain starting materials preclude the
utilization of other strategies. For example, alkane elimina-
tion, applied extensively in the synthesis of magnesium
chalcogenolates/> 71 is not applicable, since the organometal-
lic starting materials are not readily available. For the
synthesis of heavy alkaline earth metal derivatives, metal-
lation is preferred owing to the ease of the reaction and the
cleanliness of the reaction products. Importantly, no extensive
precursor preparations are necessary.

Compounds 1-5 were synthesized by metallation. Two
variations of this reaction [Egs. (4) and (5)], depending on the
chalcogen substrate, were utilized. Thiolates are most con-
veniently synthesized by the reaction of the alkaline earth
metal with two equivalents of thiol [Eq.(4)], whereas
selenolates were prepared by reductive insertion [Eq. (5)] of
the metal into the selenium-selenium bond of diorganodi-
selenide. Disadvantages of the metallation route involve
limitations with respect to potential ligand systems. Exposure
of the highly acidic arylthiols HSC{Hs or HSC¢F; to liquid
ammonia results in acid—base chemistry and consequent
deprotonation of the thiol under formation of ammonium
salts; this is illustrated by the isolation of the two-dimensional
network polymer [(NH,)(py)(SC¢Fs)],.l%

Only little information is available with regards to barium
thiolates, selenolates, and tellurolates. This paper presents the
first structural characterization of barium selenolates, in
addition to data that completes the array of alkaline earth
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ion-association modes: compounds 1, 2, 4, and 5 display
contacts between cation and anions, compound 3 exhibits
separated cation and anions, and 6 (Figure 6) represents an
intermediate.

Figure 6. Crystal structure of 6 with anisotropic displacement parameters
depicting 30% probability. The hydrogen atoms have been omitted for
clarity.

Coordination numbers in known barium thiolates range
from six to ten. Accordingly, a range of barium —sulfur bond
lengths from 3.133(2) A for the six coordinate 1, to 3.629(2) A
for the ten coordinate [Ba(H,O),(tmtH,),], is observed.l
Other barium-sulfur bond lengths fall in this range, with
the exception of the eight coordinate compound 6 with Ba—S
bond lengths of 3.012(2) and 3.025(2) A; these short bonds can
be attributed to the cationic nature of the complex.’l The
observed bond lengths agree well with the sum of ionic radii,
with 3.19 A for six coordinate Ba?* and $>~ or 3.26 A for eight
coordinate Ba?* and six coordinate S?~.1'"8 The slightly shorter
experimental values may be explained by the coordination
number of six listed for S?-.

Barium selenolates display very comparable trends, and
coordination numbers range from six to eight. The six
coordinate 2 displays Ba—Se bond lengths of 3.279(1) A; a
slightly shorter value than the sum of ionic radii for six-
coordinate Ba?* and Se?~ (3.33 A).['¥! Barium — selenium bond
lengths for the seven coordinate dimeric 4 are observed at
3.2768(3) (terminal), 3.2973(3) (bridging) and 3.4189(3) A
(bridging). The two significantly different bridging distances
within the four-membered Ba,S, ring imply a weak bridging
interaction. Compound 4 represents a rare example of higher
aggregation in this group of compounds; most known
derivatives are monomeric. The weak bridging interaction
observed in 4 provides a possible explanation for the rare
occurrence of higher oligomers. This point is further strength-
ened by the difficulties encountered to reproduce the syn-
thesis of compound 4. Typically, product mixtures involving
different degrees of solvation are obtained. NMR experi-
ments suggest the existence of monomeric species in solution,
supporting the view that the dimeric species is only loosely
connected, and a monomer is easily obtained by solvation.

The barium —selenium bond length in the eight coordinate
5 demonstrates that bond lengths and coordination number
arguments need to be carefully considered. The Ba—Se bond
lengths in the eight coordinate 5 (3.2326(7), 3.2361(7) A) are
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slightly shorter than those observed for the six coordinate 2
(3.279(1) A). Comparison of the geometry of the crown ether
located in the equatorial plane of § with the four equatorial thf
donors in 2 indicates that both sets of donors occupy about the
same amount of space, effectively reducing the impact of the
increased coordination number. The smaller steric require-
ment of the Trip as relative to that of the Mes* ligand also
contributes to the shorter Ba—Se bond. A similar trend has
been observed in magnesium thiolates, in which the Mg—S
bond length of the seven coordinate [Mg([15]crown-
5)(SCPh;),] is almost identical with related six-coordinate
species.[17 1]

Compounds 1 and 2 are isomorphous, with an approximate
octahedral geometry about barium. The analysis of structural
parameters observed in closely related calcium,? stronti-
um,"! and barium thiolates and selenolates of the formula
[M(thf),(EMes*),], (E=S, Se) (Table 3) indicates a trend

Table 3. Comparison of bond lengths [A] and angles [°] in
[M(thf),(EMes*),].

M-E E-M-E Ref.
[Ca(thf),(SMes*),] 2.8177(8) 171.56(5) 20
[Ca(thf),(SeMes*),] 2.9336(4) 175.40(5) 20
[Sr(thf),(SMes*),] 2.951(2) 157.1(1) 14
[Sr(thf),(SeMes*),] 3.066(1) 171.9(1) 14
[Ba(thf),(SMes*),] 3.133(2) 155.17(5) 0
[Ba(thf),(SeMes*),] 3279(1) 158.65(4) 0

[a] This work.

with ligand-metal-ligand angles decreasing from almost linear
geometry for the calcium compounds (171.56(5)° for the
thiolate, and 175.40(5)° for the selenolate) to quite severe
bending for the barium derivatives (155.17(5)° for 1, and
158.65(4)° for 2).

The comparison of bending characteristics involving the
thiolates and selenolates shows the distortion to be more
severe for the thiolates. This is a puzzling observation,
considering that the resulting donor-ligand repulsion would
be more severe for the thiolates, due to the shorter metal —
ligand bond lengths (in average 0.15 A). This unexpected
result indicates that steric arguments cannot be used to
explain the observed structural trends. Two alternative argu-
ments can be employed to rationalize the distortion: if one
assumes predominately ionic bonding between the metal and
the ligands, which is supported by the facile formation of
compounds 3 and 6, the interaction between metal and ligands
will be mainly electrostatic. As a result, packing effects might
contribute significantly towards the observed distortion from
ideal octahedral geometry. The deviation from octahedral
geometry in [M(thf),(EMes*),] (M =Ca, Sr, Ba, E=S, Se)
may also be compared with other alkaline earth metal
derivatives.'”l Crystallographic data for bis(cyclopentadienyl)
derivatives, or certain dihalides of magnesium, calcium,
strontium, and barium indicate an increased degree of
bending upon descending the group. Theoretical calcula-
tions!' verified the suggestion by Hayes!'""l that these
distortions might be due to d-orbital participation in the
small, but significant degree of covalent bonding. The heavier
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cations are also more easily polarized by the ligands and their
larger radii render repulsion effects less severe. Supporting
this line of argumentation, the Se-Ba-Se angle in § is almost
identical with that in 2, illustrating that changes in donor
composition and ligand bulk do not direct the distortion,
rather crystal packing effects, d-orbital involvement and
polarization effects seem to determine the structure.

As a result of the strong solvation provided by the [18]-
crown-6 macrocycle and hmpa, separation of cation and
anions may be affected. The combined use of crown ether and
hmpa affords a very favorable cation coordination, as
observed previously for the strontium thiolate [Sr([18]-
crown-6)(hmpa),][(SMes*),].’} Compound 3 displays sepa-
rated cation and anions, whereas compound 6 has a barium
center connected to one thiolate, while the second anion is
separated. Both compounds were synthesized by addition of
crown ether and excess hmpa, but different products were
isolated.

Steric arguments can be made to explain the formation of
compounds 3 and 6. Crown ether provides effective steric
saturation in the equatorial plane. Steric saturation in the
axial positions depends heavily on the cation size. For
example, a thf-saturated intermediate, [Ca([18]crown-6)(thf)-
(SeMes*)][SeMes*] has been identified for calcium,! where-
as the larger strontium required the addition of hmpa to
induce ion separation, as demonstrated by the isolation of
[Sr([18]-crown-6)(hmpa),][(SMes*),]! and [Sr([18]-crown-6)-
(hmpa),][(SeMes*),].2 The larger barium center may ac-
commodate a sterically more demanding ligand under for-
mation of a metal-ligand bond. Compound 6 displays one
barium —sulfur interaction; the second axial site is occupied
by hmpa. As a result of the effective larger steric demand of
the SMes* ligand and the resulting ligand —donor repulsion,
the crown ether is distorted towards the hmpa. The smaller
strontium cation with its shorter metal —ligand bond cannot
accommodate a crown ether and EMes* ligand. The signifi-
cant donor-ligand repulsion, and the resulting bond weak-
ening, will favor the formation of donor-saturated separated
species. Based on steric arguments the formation of a
barium —selenium bond should be possible. However, the
competition between ligation and donation, involving the
strong donor hmpa and the weakly bonding selenolate ligand,
shows ligation to be energetically disfavored over the strong
metal —hmpa interaction.

Conclusion

With the synthesis and structural characterization of a family
of barium thiolates and selenolates, information about an only
scarcely explored group of compounds has been obtained.
The thiolates can be synthesized in good yield and purity by
treating the metals dissolved in ammonia with thiol. The
selenolates are accessible by treatment of the metals dissolved
in ammonia with diorganodiselenides; this avoids a reduction
step that reduces the yield. Addition of various donors to the
reaction mixtures, resulted in the formation of compounds
that exhibit all modes of ion association in the solid state
including contact and separated ions, and an intermediate
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with one anion connected to the cation and one separated.
The analysis of structure-determining factors provides impor-
tant information about ligation and solvation processes. By
avoiding multidentate donors, a rare, dimeric barium seleno-
late was obtained. The asymmetric bridging geometry, with
one strong, and one weak metal —ligand link indicates the low
propensity for the formation of oligomeric systems. The
nature of the barium —sulfur and barium —selenium bond was
explored by comparing structural features in a family of
alkaline  earth metal thiolates and selenolates
[M(thf),(EMes*),] (M =Ca, Sr, Ba; E=S, Se). These com-
pounds display an almost linear trans angle for the calcium
derivatives, but severe distortion for the barium species. This
distortion trend may be explained on the basis of packing
effects and/or d-orbital involvement in the small but signifi-
cant covalent bond contribution, in addition to polarization
effects.

Experimental Section

General procedures: All reactions were performed under a purified
nitrogen atmosphere by using either modified Schlenk techniques or a
Braun Labmaster 100 dry box. Solvents were distilled from Na/K alloy and
degassed. Ammonia was predried over sodium metal and condensed into
the reaction vessel. Commercially available pyridine and HMPA were
stirred over CaH, and distilled prior to use. Careful! HMPA has been
connected to causing cancer! 18-crown-6 was dissolved in hexanes, refluxed
over freshly cut sodium, filtered, and crystallized at —30°C. HSMes*,*?
Mes*SeSeMes*,['4 28] and TripSeSeTrip,? were synthesized according to
literature procedures. 'H and '*C NMR spectra were obtained on a Bruker
DPX300 spectrometer. ’Se NMR spectra were attempted, but the low
solubility of the compounds did not result in acceptable spectra, even after
using THF as the solvent and extended acquisition times. Infrared spectra
were recorded as a Nujol mull between NaCl plates with a Perkin— Elmer
PE 1600 FT-IR spectrometer. Reliable elemental analyses could not be
obtained, even when glove-box handling was attempted, due to the high
moisture and oxygen sensitivity of all compounds reported. This is a well-
known problem in alkaline earth metal chemistry.”! In addition, thiolates
and selenolates tend to give notoriously unreliable elemental analyses due
to the formation of non-volatile metal selenolates.

Procedure for the synthesis of 1-5: In the glove box, a Schlenk tube was
charged with a slight excess of barium metal together with the chalcoge-
nolate source HSMes*, Mes*SeSeMes*, or TripSeSeTrip. After the
addition of freshly distilled THF, the mixtures were cooled to —78°C
(dry ice/acetone) and predried ammonia (about 10 mL) were condensed
onto the stirred solution to afford deep blue solutions. The solutions were
refluxed at —33°C for 4 h (dry ice condenser), followed by gently warming
to room temperature, upon which the ammonia evaporated. The remaining
solvents were removed in vacuum, resulting in white or pale yellow
powders. This residue was redissolved in THF, where appropriate, donors
such as 18-crown-6 and HMPA were added, followed by a filtration through
a Celite-padded filter frit. Crystals were typically obtained after concen-
tration of the solutions under vacuum and storage of the stock solutions at
—20°C.

[Ba(thf),(SMes*),]-2THF (1): Reaction conditions: barium (0.14 g,
1 mmol), (Mes*S), (0.28 g, 0.5 mmol), THF (40 mL), and liquid NH;
(10 mL), reflux for 4 h at —33°C. The gray residue was mixed with THF
(50 mL) and filtered, and the clear, colorless filtrate was stored at —20°C.
Colorless rods grew after about 24 h. Yield: 0.34g (69 % ); m.p. 112-115°C
(loss of THF), 380°C melts to a brown oil; '"H NMR (C¢Dy): 6 =129 (s,
18H, para tBu), 1.40 (m, THF), 1.60 (s, 36 H, ortho tBu), 3.55 (m, THF) 7.55
(s, 4H, meta H); BC{H} NMR ([Dg]THF): 6 = (due to very low solubility
ipso carbon not observed, even after elongated experiments) 32.00, 32.18,
35.34,38.75, 126.20, 129.07, 129.83; IR (Nujol): 7= 2853 (s), 1760 (w), 1595
(w), 1286 (s), 1262 (s) 1241 (s), 1212 (s), 1072 (s), 1039 (s), 917 (s), 877 (s),
774 (m), 755 (m), 642 (w), 612 cm™" (w).
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[Ba(thf),(SeMes*),]-:2THF (2): Reaction conditions: barium (0.14 g,
1 mmol), (Mes*Se), (0.22 g, 0.3 mmol), THF (50 mL), and liquid NHj;
(10 mL), reflux for 4h at —33°C. The residue was dissolved in THF
(40 mL), and the resulting pale yellow solution was stored at —20°C to
afford pale yellow crystals in 53% yield (0.17g). M.p. 255°C (decompo-
sition to a yellow-brown oil); '"H NMR (C¢Dy): 6 =1.28 (s, 18 H, para Bu),
1.40 (m, THF) 2.01 (s, 36 H, ortho 1Bu), 3.57 (m, THF), 7.55 (s, 4 H, meta H);
BC{H} NMR ([Ds]THF): 6 =32.21, 32.51, 35.27, 39.95, 121.27, 129.20,
142.51,152.00; IR (Nujol): # = 3066 (m), 2073 (w), 1753 (w), 1591 (w), 1541
(w), 1409 (w), 1360 (w), 1282 (w), 1256 (w), 1241 (w), 1212 (w), 1181 (w),
1128 (w), 1074 (w), 1033 (s), 1010 (s), 920 (w), 876 (m), 769 (w), 746 (W), 668
(w), 642 cm™! (w).

[Ba([18]crown-6)(hmpa),][ (SeMes*),] (3): Reaction conditions: barium
(0.14 g, 1 mmol) and (Mes*Se), (0.22 g, 0.30 mmol) in THF (30 mL), and
liquid NH; (10 mL), refluxed for 4 h at —33°C. The residue was redissolved
in THF (40 mL) and filtered, and [18]-crown-6 (0.08 g, 0.3 mmol) and hmpa
(1 mL) were added. The reaction mixture was stirred for 1 h and filtered.
After removal of solvent (20 mL) and storage at —20°C, crystals grew in
32 % yield (0.15 g,0.11 mmol). M.p. 265 °C (decomposition to a dark brown
oil); 'TH NMR (C¢Dy): 6 =1.46 (s, 18 H, para Bu), 2.18 (s, 36 H, ortho tBu),
2.43 (d, 36 H, hmpa), 3.21 (s 24 H, crown ether), 7.63 (s, 4 H, meta H); *C{H}
NMR (mixture of C,Dy/[Dg]THF): 6 =31.77, 32.34, 32.87, 33.86, 37.17, 37.21,
70.52, 71.54, 121.24, 123.06, 150.90, 156.87; IR (Nujol): 7#=2853 (s), 1755
(w), 1583 (w), 1548 (w), 1412 (w), 1350 (w), 1285 (w), 1250 (w), 1238 (w),
1192 (w), 1086 (s), 1017 (w), 977 (w), 956 (w), 920 (w), 875 (w), 831 (w), 821
(w), 757 (w), 748 (w), 638 cm ™! (w).

[{Ba(py);(thf)(SeTrip),},] (4): Reaction conditions: barium (0.14 g,
1 mmol), (TripSe), (0.24 g, 0.43 mmol), THF (40 mL), and liquid NH;
(10 mL) at —78°C, reflux for 4 h at —33°C. THF (40 mL) and pyridine
(0.5 mL, 6.2 mmol) were added, and the mixture was stirred for 2 h. After
removal about half of the solvent and storage at —20°C, pale yellow
crystals formed over night in 28 % yield (0.13 g).

[Ba([18]-crown-6)(SeTrip),] (5): Reaction conditions: barium (0.14 g,
1 mmol), (TripSe), (0.17 g, 0.3 mmol), THF (50mL), and liquid NH;
(10 mL), reflux at —33°C for 4 h. The pale yellow residue was dissolved
in THF (50 mL), and [18]crown-6 (0.08 g, 0.3 mmol) was added. The
reaction mixture was filtered, and the volume of solvent was reduced. Fine
pale yellow needles grew over a period of a couple days at —20°C. Yield:
0.19 g, 66%; m.p. 261°C (irreversible to a yellow brown oil); 'H NMR
(C¢Dg): 0 =1.35-1.37 (d, 24H, ortho CH,), 1.42-1.44 (d, 12H, para CHs),
2.93 (sept, 2H, para CH), 3.06 (s, 24 H, crown ether), 4.57 (sept, 4H, ortho
CH), 7.04 (s, 4H, meta H); ®C{H} NMR (C,Dy): 6 =5.31, 35.21, 35.51, 70.42,
119.57, 140.85, 141.57, 152.03; IR (Nujol): 7#=2360(w), 1592 (w), 1548 (w),
1413 (w), 1349 (w), 1284 (w), 1251 (w), 1091 (s), 1057 (w), 1022 (w), 871 (W),
837 (w), 748 (w), 642 (w), 610 cm™! (w).

X-ray crystallographic studies: X-ray quality crystals for all compounds
were grown as described above. The crystals were removed from the
Schlenk tube under a stream of N, and immediately covered with a layer of
viscous hydrocarbon oil (ParatoneN, Exxon). A suitable crystal was
selected under the microscope, attached to a glass fiber, and immediately
placed in the low-temperature nitrogen stream of the diffractometer.l All
data sets were collected using a Siemens SMART system, complete with
3-circle goniometer and CCD detector operating at —54°C. The data sets
were collected by using a Cryojet low-temperature device from Oxford
Instruments and graphite monochromated Moy, radiation (A =0.71073 A).
The data collections nominally covered a hemisphere of reciprocal space
utilizing a combination of three sets of exposures, each with a different ¢
angle, and each exposure covering 0.3° in w. Crystal decay was monitored
by repeating the initial frames at the end of the data collection and
analyzing the duplicate reflections. In all cases, no decay was observed. An
absorption correction was applied by utilizing the program SADABS."
The crystal structures of all compounds were solved by Direct Methods, as
included in the SHELX program package.l?s! Missing atoms were located in
subsequent difference Fourier maps and included in the refinement. The
structures were refined by full-matrix least-squares refinement on F?
(SHELX-93).18] Hydrogen atoms were placed geometrically and refined
by using a riding model, which included free rotation about C—C bonds for
methyl groups. Thermal parameters for hydrogen atoms were refined with
Uj,, constrained at 1.2 (for non-methyl groups) and 1.5 (for methyl groups)
times U, of the carrier C atom. The crystallographic programs used for
structure refinement and solution were installed on a PC clone and a
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Silicon Graphics Indigo> R10000 Solid Impact (SHELX-93). Scattering
factors were those provided with the SHELX program system.?"!

All non-hydrogen atoms, with the exception of some disordered or
restrained positions, were refined anisotropically. Disorder was typically
handled by including split positions for the affected groups, and included in
the refinement with the respective occupancies. Generally, a set of
restraints was applied to aid in modeling the disorder. In compounds 1
and 2 a highly disordered solvent molecule was identified. While for the
refinement of 2 a disorder model with two half-occupied positions of a THF
molecule resulted in a satisfactory description of the electron density, the
disorder in 1 was so severe, that the remaining electron density of the
solvent molecule was treated by using SQUEEZE (Platon).?” The voids in
the structure were attributed to a total electron count of 310 electrons,
which refers to a THF solvent molecule (40 electrons) on a general position
in the space group [2/a. The resulting difference Fourier map was
symmetrical. A comparative refinement, in which ten maxima were
included in the refinement as half-occupied carbon atoms resulted in an
asymmetric difference Fourier map. Very comparable R values were
obtained from the two strategies and no significant differences were
detected in the main molecule. In the lattice of compound 5 two THF
solvent molecules were found, of which one is described disordered over
two positions. Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos. CCDC-
141602 —-141606. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Complexes of Acridine and 9-Chloroacridine with I,: Formation of Unusual I
Chains through Charge-Transfer Interactions Involving Amphoteric I,

Elizabeth L. Rimmer,™ Rosa D. Bailey,!*! Timothy W. Hanks,**! and

William T. Pennington*[?!

Abstract: Acridine and 9-chloroacri-
dine form charge-transfer complexes
with iodine in which the nitrogen-bound
I, molecule is amphoteric; one end
serves as a Lewis acid to the heterocyclic
donor, while the other end acts as a
Lewis base to a second I, molecule that
bridges two acridine-I, units. In the
acridine derivative [(acridine-L,),-1,,
1], the dimer has a “zigzag” conforma-
tion, while in the 9-chloroacridine de-
rivative [(9-Cl-acridine-L,),-I,, 2], the
dimer is “C-shaped”. The thermal de-
composition of the two complexes is
very different. Compound1 loses one

molecule of I, to form an acridine-I,
intermediate, which has not been iso-
lated. Further decomposition gives acri-
dine as the form II polymorph, exclu-
sively. Decomposition of 2 involves the
loss of two molecules of I, to form a
relatively stable intermediate [(9-Cl-ac-
ridine), - I,, 3]. Compound 3 consists of
two 9-Cl-acridine molecules bridged
through N---1 charge-transfer interac-

Keywords: acridines - charge trans-
fer - polymorphism - supramolecu-
lar chemistry

tions by a single I, molecule. This com-
pound represents the first known exam-
ple, in which both ends of an I, molecule
form interactions in a complex that is
not stabilized by the extended interac-
tions of an infinite chain structure. The
ability of the terminal iodine of an
N-bound I, to act either as an electron
donor (complexes1 and 2) or as an
electron acceptor (complex 3) can be
understood through a quantum mechan-
ical analysis of the systems. Both elec-
trostatic interactions and the overlap of
frontier molecular orbitals contribute to
the observed behavior.

Introduction

There is currently intense interest in the systematic engineer-
ing of crystalline organic solids, in which careful control of the
packing arrangements of the individual components leads to
desirable macroscopic properties.!! While the successful con-
struction of a particular supramolecular motif is by no means
trivial or routine, the need for such materials in areas as diverse
as photonics or pharmaceuticals is nucleating a variety of
interesting approaches. A major conceptual advance in the
field that is assisting these activities is the extension of Corey’s
classical organic synthesis term of “synthons”? to supramolec-
ular systems. While Corey was interested in reoccurring patterns
in the construction of molecular species, Gautam Desiraju has
redefined the term to refer to identifiable design elements,
derived from specific combinations of intermolecular inter-
actions.’! If one develops an understanding of how to manip-

[a] Prof. W. T. Pennington, R. D. Bailey
Department of Chemistry, Hunter Laboratories
Clemson University, Clemson, SC 29634-0973 (USA)
E-mail: billp@clemson.edu

[b] Prof. T. W. Hanks, E. L. Rimmer
Department of Chemistry, Furman University
Greenville, SC 29613 (USA)
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ulate these “supramolecular synthons”, the rational design
of a variety of novel and valuable materials becomes
feasible.

The most widely researched supramolecular synthons
investigated to date are those involving hydrogen bonding.*!
The strength of this well-understood interaction often dom-
inates the organization of crystalline organic solids. While this
is a powerful tool, it is not ubiquitous and must be viewed as
only one of many that are available. Full utilization of a wide
array of methodologies will be required for future crystal
engineering projects, and an active search for other identifi-
able families of interactions is proceeding. One promising
area involves those interactions arising from “charge-trans-
fer” between electron-rich and electron-poor molecular
species. Charge-transfer interactions that involve donation
of a lone-pair of electrons from a donor atom (such as
nitrogen, phosphorus, or sulfur) into a o* orbital of an
acceptor atom (such as the halogens) are, like hydrogen
bonds, selective, reasonably strong (approximately 10 kJ
mol~!), and highly directional.’! They typically occur along
lines of maximum probability for lone-pair localization on the
donor atom and trans to o-bonds of the acceptor atom. From
the beginning with the seminal work of Mulliken,® these
interactions have been widely investigated.[”]
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Crystal engineering applications have made use of chlo-
rine-, bromine-, and iodine-containing acceptors.[! We have
focused on the latter, especially in conjunction with donors
that feature nitrogen heterocycles.’) Not only does the highly
polarizable iodine form stronger interactions than the other
halogens, it is also less prone to give side products due to
oxidation of the donor (though this may still occur in certain
situations). Our investigations of the N---I interaction have
enabled us to define several associated supramolecular
synthons. We are currently engaged in a long-term effort to
thoroughly understand these synthons and to apply them
towards the rational design of new and high-value materials.

Perhaps the most unique and potentially useful feature of
crystal engineering with charge-transfer interactions of this
type is that the resulting host—guest complexes are only
metastable. In analogy with classical organic synthesis, one
component of the charge-transfer complex (in our case, the
Lewis acid component) may be considered to be a “protecting
group” or even a “chiral auxiliary” in the sense that one of two
(or more) similar reaction products may be selectively
isolated after supramolecular assembly and removal of the
acceptor subunit. For example, we have been able to use I, to
control polymorph formation in the compound tetrapyridyl-
pyrazine (tpp); we even converted the thermodynamically
favored monoclinic form to the less favored tetragonal form
entirely in the solid state.l'”] This result is potentially of great
industrial significance, particularly to pharmaceuticals, dyes,
agrochemicals, explosives, and other industries, in which
polymorphism can be critical to product performance. Re-
lated N---1 interactions have been used to effect the
separation of enantiomers('!l and to control the ability of
diacetylenes to undergo solid-state polymerization.['

The observation that polymorphism can be controlled through
application of charge-transfer interactions in rotational poly-
morphs, such as tpp, begs the question as to whether the same
phenomena can be applied to rigid systems, in which the
origin of the polymorphism is due to more subtle packing
effects. In order to address this question, we have turned our
attention to some simple acridines. Several members of this
family have important medicinal uses that include anti-tumor
and antibiotic activity.l'¥] In addition, the parent compound is
known to exist in at least five crystalline modifications. Here,
we present the results of our investigation into the reaction of
iodine with acridine. We find that there is an overwhelming
thermodynamic preference for one particular polymorph of
this system; this prevents any structural control through
intervention of charge-transfer complexes. Iodine complexes
of this donor and of 9-chloroacridine do display an unusual
structural motif, however, that offers new insights into the
synthons accessible with the N --- I interaction.

Experimental Section

General: Acridine was obtained from Aldrich Chemical Company and used
as received. Resublimed iodine and 9-chloroacridine were purchased from
Fisher Scientific. The latter compound was purified by flash chromatog-
raphy on neutral alumina (eluent: 60:40 petroleum ether/methylene
chloride). Solvents were purchased from commercial houses and distilled
under argon from appropriate drying agents immediately prior to use.
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Thermal gravimetric analysis was performed on a Perkin Elmer Series 7
analyzer. Sample masses ranged from 5 to 10 mg. All samples were heated
at a constant rate of 5°Cmin~! from 30°C until all material had vaporized.
Elemental analysis was performed on a Perkin Elmer 2400 Series Il CHNS
analyzer.

Synthesis

Preparation of acridine,- I (1) and 9-chloroacridine,- I (2): Acridine or
9-chloroacridine (0.50 mmol) was dissolved in methylene chloride and
placed in a small vial. Todine (254 mg, 1.00 mmol) was added, and the
solvent was allowed to evaporate until significant quantities of crystalline
material had formed. The remaining solvent was removed, and the vial was
then sealed until analysis could be conducted. Elemental analysis calcd (% )
for CysH sI,N, (1): C27.9, H 1.62, N 2.51; found C 32.2, H 1.81, N 2.86; calcd
for C,sH3CLLN, (2): C26.27, H 1.36, N 2.36; found C 25.29, H 1.31, N 2.16.

Both complexes could also be formed in quantitative yield by exposure of
the donor in the solid state to excess I, in a sealed vial.

Preparation of 9-chloroacridine - I, (3): This compound was prepared under
the same conditions as the solution preparation of 2, except less I, (122 mg,
0.48 mmol) was used.['*]

X-ray diffraction analysis: Single crystal intensity data were measured at
22 +1°C by using w/260 scans (20,,,,=50") on either a Rigaku AFC7TR
(18 kW rotating anode generator) diffractometer (1) or a Nicolet R3 mV
diffractometer (2 and 3) with graphite-monochromated Moy, radiation
(A=0.71073 A). The data were corrected for Lorentz and polarization
effects. The intensities of three reflections, remeasured periodically
throughout data collection, varied by less than 1% for 1 and 3 (this
indicated that there was no need for a decay correction). They varied by
10.4% for 2; a linear correction factor was applied to the data for 2 to
account for crystal decomposition. An absorption correction, based on
azimuthal (1) scans of several intense reflections, was applied to the data
for each compound. The structures were solved by direct methods and
refined by using full-matrix least-squares techniques. All non-hydrogen
atoms were refined anisotropically, and all hydrogen atoms were refined
with isotropic displacement parameters for compounds 1 and 3. Crystal
quality of compound 2 was poor; over seven crystals of this compound were
studied before a suitable set of data was obtained. Due to the low number
of observed data, the phenyl groups were treated as rigid groups (dcc=
1.395 A), but all other non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were not included in the model for 2. Structure solution,
refinement, and the calculation of derived results were performed with the
SHELXTL-Plus package of computer programs.!'") Neutral atom scatter-
ing factors and the real and imaginary anomalous dispersion corrections
were taken from International Tables for X-ray Crystallography, Vol. IV.'°]
Relevant crystallographic data are given in Table 1. Crystallographic data

Table 1. Crystal data.

1 2 3
formula C,H gN,Ig C,H ¢N,ClL 1 C,H sN,CL1,
M, 1119.82 1188.71 681.11

crystal size [mm] 0.03 x 0.08 x 0.18 0.12 x 0.27 x 0.34 0.24 x 0.36 x 0.43

crystal system triclinic monoclinic triclinic
space group P1 (No. 2) P2,/n (No. 14)  P1 (No.2)
a[A] 9.517(1) 15.018(2) 6.967(4)
b[A] 11.741(2) 8.770(1) 9.088(3)
c[A] 7.083(1) 23.525(3) 9.636(2)
al’] 106.21(2) 83.13(2)
B 92.68(2) 98.30(1) 88.05(4)

v [ 106.32(2) 76.11(4)
VA7 722.6(4) 3066.0(5) 588.0(4)
VA 1 4 1

Peated [gem™] 2.57 2.59 1.92

o [mm-1] 6.47 6.30 2.92

trans. coeff. 0.76/1.00 0.59/1.00 0.74/1.00
no. obsd. datal’) 2130 1491 1875
R(F,)P 0.021 0.078 0.027

R, (F,)k 0.026 0.081 0.044

[a] [[>20())]. [b] R=Z| Fo| = |Fc|l/Z|Fol|. [c] Ry=[Zw|Fo| — [Fc/
ZW(F())Z]”Z.
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(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-137946 (1), CCDC-137947 (2), and
CCDC-137948 (3). 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).

Powder diffraction data were acquired on a Scintag XDS2000 theta —theta
diffractometer with Cuy, radiation (1=1.54060 A) and an intrinsic
germanium solid-state detection system.

Calculations: Density functional theory calculations were carried out using
the perturbative Becke —Perdew model as implemented in the Spartan
program (version 5.1.1).'7 The DN basis set was used for all geometry
optimizations and single point calculations.

Results and Discussion

Selected distances and angles for compounds 1-3 are given in
Table 2. All figures which include thermal ellipsoid plots have
atoms shown at the 50% probability level (except hydrogen
atoms, which when shown are set at an arbitrary radius).

Structure of (acridine-L,),-I,: Acridine reacts with iodine
both in solution and in the solid state to form an interesting
complex (1) with the formula, (acridine - 1), - I,. The complex
has a complicated structure, in which an iodine molecule
complexed to acridine through an n— o* charge-transfer
interaction exhibits amphoteric behavior; one end of the
I, molecule acts as a Lewis acid to the nitrogen donor of the
acridine molecule [N(1)---1(1) 2.442(4) A] and the other end
serves as a Lewis base to a second I, molecule, also through an
n— o* charge-transfer interaction. The I---1 interaction
[1(3)---1(3a) 3.475(1) A] is fairly weak and occurs at both
ends of the second I, molecule to bridge complexes into
dimers across an inversion center at the origin (Figure 1).
Both charge-transfer interactions result in interatomic con-
tacts, which are considerably shorter than the appropriate

Table 2. Selected bond lengths [A] and angles [°] for 1—3.12!

Figure 1. Thermal ellipsoid plot (50% probability) of 1; this shows the
zigzag conformation of the (acridine - 1,),- I, dimer.

van der Waal’s radii sums (vdw radius for N is 1.55 A and for I
is 1.98 A).18l The N---T interaction is shorter than most of
those observed in similar interactions, while the I---1 inter-
action is of the same order as those observed in many
polyiodide anions. The (acridine-1,),-I, dimer has a zigzag
conformation with an I(1)—1(2) ---I(2a)—I(1a) “torsion angle”
of 180°; the iodine atoms of the polyiodine chain are planar
(mean deviation is 0.003(4) A). The dihedral angle between
the acridine molecule (planar to 0.02(1) A) and the iodine
plane is 60.7°. Molecular stacking of the acridine rings
[interplanar stacking distances of 3.41(2) A for adjacent rings
related by inversion center at (0 % %) and 3.36(2) A for

adjacent rings related by inver-

sion center at (0 % 1)] results in

Lengths

loosely associated layers, which

1 2 3 pack to complete the structure
I(H)-1(2 2.813 (1 I(1)-1(2 2.750 (4 I(H)-1(1 2.742 (2 (Figure 2)'
(-1 B30 123;_18 2754 £4; ()-11a) 142(2) Donation of electron density
1(1)-N(1) 2442(4)  I(1)-N(1) 2,62 (3) 1(1)-N(1) 2980 (3)  into the o* orbital of I, results
1(3)-N(2) 2.61 (3) in elongation of the I-I bond
12)-163) 3.475 (1) ig;_ll((és)) 2232 Ei; relative to that observed in
- . A\ [19] :
13)-1(3a) 2731 (1) 1(5)-1(6) 2.720 (7) elemental I (2.715 A)."* This
N(1)-C(1) 1364 (5)  N(1)-C(1) 1.30 (4) N(1)-C(1) 1345(5)  effect is much more pro-
N(2)-C(14) 1.42 (3) nounced for the N---T interac-
N(1)-C(13) 1.368 (6) N(1)—C(8) 137 (4) N(1)—-C(13) 1353(4)  tion [I(1)—1(2) 2.813(1) A] than
21((21))—_%((276)) 132‘ E;‘; ) 1723 4 for the 1I--1 interaction
CI(2)-C(20) 176 @) ' [I(3)—1(3a) 2.731(1) A]; this in-
angles dicates that the former is a
1 2 3 considerably stronger interac-
12)~1(1)-N(@) 175.1(1) igig_ig;_gg }Zg-g% N()-1(1)-I(1a) 178.8(1) tion. Complexation has little
11)-12)-1(3) 80.8(1) 1(1)-1(2)-1(5) 100.9(4) effect on the bonding in the
1(3)-1(4)-1(6) 85.5(4) donor, and no 31gmflcant differ-
1(2)-1(3)—1(3a) 177.2(1) 1(2)-1(5)-1(6) 175.2(4) ences are observed relative to
1(4)-1(6)-1(5) 176.0(4) the parent compound.?

[a] Atoms labeled with a lower-case character were generated by the following symmetry operation: for 1: a) —x,

-y, —z;for3:a)l—x,1—y, 1—z.
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To the best of our knowledge,
1 is only the second example of
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Figure 2. Crystal packing of 1, viewed down the c-axis (+x is down, +y is
to the right).

an N --- I charge-transfer complex that involves an amphoteric
I, molecule, although similar complexes that involve sulfurl?!]
and selenium®! have been observed. In the only other
example, (2,2"-bipyridine - 2I,) - 1,3 the I chain has a similar
zigzag conformation, but the N --- I interaction is considerably
weaker [2.60(3) A] asis the I--- I interaction [3.550(6) A]. It is
interesting to note that this complex is stabilized by extended
interactions, as the interactions link the molecules into an
infinite chain.

Previously, we have noted that most N---I charge-transfer
complexes fall into two categories.” Complexes with weak
donors possess N---I interactions at either end of the I, mol-
ecule, but they can only be isolated when two or more donor
sites are available (e.g. diazinyl donors such as pyrazine and
derivatives) to lead to extended interactions, which stabilize the
complex structure. Stronger donors, such as pyridine deriva-
tives, typically give simple molecular adducts with N---1
interaction that occurs at only one end of the I, molecule. This
is presumably due to polarization of the I, molecule and results
in an increase in the partial charge on the terminal iodine atom.
Acridine is a stronger base (pK,=5.60) than most of the
donor molecules, which lead to molecular adducts. In order to
determine whether the unusual structure of 1 is due to its
increased basicity, we have investigated acridine derivatives
with either an electron-donating (methyl) or electron-with-
drawing (chloro) substituent in the 9-position. Study of the
former was complicated by iodination of the methyl group,*!
but the latter formed a dimeric complex (2) that contains a
similar I; chain with amphoteric Is bridged by I, and capped by
the neutral donor molecules; this has a significantly different
conformation and packing.

Structure of (9-Cl-acrid - 1,),-L,: In spite of its reduced donor
ability, 9-chloroacridine reacts with excess iodine to form a
complex with the formula, (9-Cl-acrid-1,),-I,, which has
similar connectivity to 1. Unlike 1, the entire formula unit
occupies a general position within the unit cell. The electron-
withdrawing effect of the chloro substituent reduces the
donating ability of the nitrogen atom, and this leads to
considerably longer N ---I contacts [N(1)—I(1) 2.62(3) A and
N(2)—1(3) 2.61(3) A]. The reduced strength of the interaction
also leads to weaker I---I interactions at the other end of the

4074

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

L, molecule [I(2) ---1(5) 3.595(4) A and I(4) -+~ 1(6) 3.876(4) A]
and to less elongation of the I, bonds [I(1)-1(2) 2.750(4) A,
1(3)-1(4) 2.754(4) A, and 1(5)-1(6) 2.720(7) A].

As in 1, the I, chain is essentially planar (mean deviation of
0.07(4) A), but rather than a zigzag conformation, the chain is
C-shaped (Figure 3); the I(1)-I(2)---1(4)-I(3) “torsion an-
gle” is 3.1°. The dihedral angles between the acridine ring

C10 cn

C24 I6

C25 c22 '
o5 o B 14
o @55( c14 ;‘5"'@——4@
18 01_9@ €1
c17 €16

Figure 3. Thermal ellipsoid plot (50% probability) of 2; this shows the
C-shaped conformation of the (9-Cl-acridine - 1,), - I, dimer.

planes and the plane through the iodine atoms are 69.1° for
the ring containing N(1) and 68.5° for the ring containing
N(2), respectively. The dimers stack in an interlocking fashion
(Figure 4) to form columns, which pack to complete the
crystal. The interplanar stacking distances range from 3.45(3)
to 3.51(2) A.

The structures of both 1 and 2 bear a striking resemblance to
polyiodide anions and can be thought of as donor-capped
neutral polyiodine chains based on IZ~ (in an I;7 1,15~
configuration). In particular, the structure of 1 closely resem-
bles the zigzag I~ anion found in bis(methyltriphenylphos-
phonium)octaiodide! and in platinum and palladium coordi-
nated macrocyclic salts of I*~ (although the anion is nonplanar
in this system).?l The structure of 2 is analogous to a C-shaped
I~ anionic structure, which is composed of half of an I;5*
anion in (theobromine), - H,I;.””! Recently, Hoffman and co-
workers have reported a systematic investigation of the
bonding in trihalides, mixed trihalides, and hydrogen biha-
lides?! using a donor—acceptor approach to establish con-
nections between hypervalent bonding, electron-rich three-
center bonding, strong hydrogen bonding, and donor-acceptor
interactions. They suggest that a pseudolinear QXX unit (Q =
donor, X = halogen), such as is observed in 1 and 2, can be well
understood in terms of an electronegativity perturbation of a
X5~ anion. As is discussed below, a similar conceptual approach
is useful for understanding these systems.

Acridine polymorphs and the decomposition of 1: Five
crystalline modifications of acridine have been reported in
the literature, and these include a metastable hydrate
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Figure 4. Stack of interlocking dimers of 2.

(form I).?! Of these, form II is probably the most thermody-
namically stable form,["?] as forms I, III, and IV can all be
converted to II at elevated temperature (form V is also not
thermally stable, but its decomposition is not well described).
Interestingly, the density of II is lower than that of III
(1.283 gmol~! vs. 1.296 gmol~'), and II crystallizes with two
unique molecules/asymmetric unit, while III contains only
one molecule/asymmetric unit. These two observations in-
dicate that II is less efficiently packed than III, but may be
favored due to entropic terms.?*’)

Close inspection of the structures of polymorphs II and III
reveals that both contain C—H---N bridged dimers (Fig-
ure 5),5" but the interaction is considerably stronger in II than
in III (H -+ N length of 2.59 A in Il versus 2.84 A in III%),

a) formll

b) form 1l

Figure 5. C—H---N linked dimers in acridine polymorphs a) form II and
b) form II1.

Chem. Eur. J. 2000, 6, No. 22
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In both polymorphs, deeply tilted stacks of these dimers form
columns along the shortest crystallographic axis; additional
acridine molecules fill “stair-step” gaps in the columns in a
“herringbone” fashion. In II, these interactions involve a
second unique set of acridine molecules, which do not take
part in any C—H---N interactions, while in III they are
accomplished by acridine molecules of adjacent columns on
either side. Due to differences in the interactions between the
columns, the shape of the columnar structures, which consist
of the deeply tilted stack of C—H---N bridged dimers with
additional acridine molecules to fill the gaps, is different for
the two forms. In II, the molecules which interact with the
column are shifted toward the C—H---N bonded side of the
dimer to give an “S-shaped” column (Figure 6a), while in III,

a) formll

b) form

Figure 6. a) S-shaped and b) rhomboidal columns of stacked dimers in
acridine polymorphs a) form II and b) form III.

the molecules which interact with the column (which are part
of adjacent columns) shift toward the opposite side of the
dimer to give smoother rhomboidal columns (Figure 6b).
Presumably, the supramolecular conformation of the colum-
nar structure in II is energetically more favorable than that in
III, as evidenced by its stronger C—H --- N hydrogen bonding,
but the conformation in III has better packing efficiency due
to the ability of adjacent columns to mesh together (Figure 7),
as confirmed by its greater density. If form III (and presum-
ably I and IV) is heated, this allows the formation of the more
stable “supramolecule”, which then crystallizes as form II.
Decomposition of 1 through diffusion of I, occurs over the
span of several weeks (or more quickly with heating or
reduced pressure) and gives polymorph II as the sole product
(as verified by powder diffraction). Similarities between the
structure of the complex, 1, and its product, form II, are not as
conclusive for the explanation of the decomposition mecha-
nism as for the tpp system.’>'%l A more plausible explanation
seems to be that upon loss of I, (which unlike that in the tpp
complexes, comprises a major component of the packing
volume) the packing of the acridine molecules is so disrupted
that an environment similar to that of heating occurs; this
allows the formation of the most stable column conformation
and subsequent crystallization as the form II polymorph.
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Thermal behavior of 1 and 2: While compound 1 loses I, at
room temperature, complete removal of halogen is a complex
process and can only be achieved at elevated temperatures.
Figure 8 shows the change in mass of bulk samples of 1 and 2
as the temperature was increased from ambient at a rate of
5°Cmin~". Curves A, B, and C are standards of acridine,
9-chloroacridine, and iodine, respectively. Curves D and E are
representative samples of 1 and 2, respectively. These data are

a) formll

Figure 7. Crystal packing of columns in acridine polymorphs a) form II and b) form III.

60+
Mass/% <
404
204

quantified in Table 3, in which the onset and mass change of
each thermal event is listed along with a proposed explanation
of the change.

Compound 1 only slowly lost I, at ambient temperature. At
58°C, there was a slight acceleration, but the initial mass loss
is a very poorly defined event. At approximately 110°C, one
equivalent of I, evolved from the complex. A second,
somewhat better defined event began with an onset temper-
ature of 136°C. The mass loss
at this stage corresponds to the
remaining I,. The final major
thermal event, with an onset of
179°C, was the sublimation of
acridine. A small quantity of
material remained above 250 °C,
and this was likely to be due to
the formation of an acridine
salt, formed by I, oxidation.
This reaction is often observed
during the thermolysis of I,
charge-transfer complexes.

The diffusion of the first
equivalent of I, from the sur-
face of the sample results in a
contraction of the lattice. This
in turn makes it more difficult
for I, in the interior of the
crystals to escape and explains
the broad, ill-defined mass loss
observed. This may also be an
indication of an intermediate
complex in the thermolysis
process, which has a 1:1 acri-
dine/l, ratio. If present, this
intermediate is only marginally
stable, as evidenced by the lack
of a plateau in the data. The
room-temperature loss of I, to
give the form II polymorph of
acridine can be easily moni-
tored by x-ray powder diffrac-

b) form Il

= tion (Figure 9).

O 1 13 L} 1 1) 1
75.0 125.0 175.0
Temperature/°C

Figure 8. Thermal gravimetric analysis data for: A) iodine, B) 9-Cl-acridine, C) acridine, D) compound 1, and E)

compound 2.

Table 3. Thermal gravimetric analysis data for 1 and 2.

2250 Thermal gravimetric anal-
ysis of complex2 (Figure 8,
curve E) also showed multiple
mass losses prior to sublima-
tion of the organic moiety.
Again, there was an ill-defined
loss of I, that began at ambient

Onset Temp. [°C] Mass Loss [wt. % |

Description temperature. This quickly lev-

iodine 57 ~ 100/
acridine 179 ~ 100/
9-Cl-acridine 190 =100/
1 58 14
136 55
179 27l
2 87 45
146 24
194 2902l

eled off as the surface of the
crystals reorganized to a more
compact form. A sharp mass
loss with an onset temperature
of 87°C resulted in the com-
plete disruption of the matrix
and loss of two full equivalents
of I,. A significant plateau was

evaporation

evaporation

evaporation

1—acridine - I,

acridine - [,—acridine
evaporation
2—[Cl-acridine],- 1,
[Cl-acridine], - I,—Cl-acridine
evaporation

[a] Small residual mass due to instrument drift or side reactions.
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observed around 125°C; this
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Figure 9. Powder x-ray diffraction data for decomposition of 1: a) calculated pattern for 1, b) partially decomposed sample of 1 (approximately one week at

25°C), and c) calculated pattern for acridine (polymorph II).

12 15 18 21

20

24 27 30

Figure 10. Powder x-ray diffraction data for decomposition of 2: a) calculated pattern for 2, b) sample after decomposition for approximately three hours at
25°C, and c) calculated pattern for 3, d) sample after decomposition for approximately eighteen hours at 25°C, and e) calculated pattern for 9-Cl-acridine.

suggests that a reasonably stable intermediate (complex 3)
with a 9-chloroacridine/I, ratio of 2:1 was formed. At higher
temperature, the remaining I, evolved, followed by the
chloroacridine.

As with the decomposition of 1, powder x-ray diffraction
revealed that both the room-temperature loss of I, and
heating the product to 125 °C lead to a decrease in the amount
of 2 and the formation of the same, microcrystalline product
(Figure 10). In this case, however, the greater stability of this
intermediate allowed single crystals to be grown from I,-
deficient solutions. As was anticipated from the thermochem-
istry, 3 does have a 2:1 9-chloroacridine/I, ratio.

Structure of (9-Cl-acrid),-I,: Contrary to our previous
observation that complexes with interactions at either end

Chem. Eur. J. 2000, 6, No. 22
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of an I, molecule are only isolated in extended structures with
weak donor molecules with multiple sites, this complex forms
as a simple 2:1 adduct, in which two donor molecules are
bridged by an I, molecule (Figure 11). The N --- I distance in 3
is considerably longer [2.980(3) A] than in the amphoteric
complex, 2 [2.61(3)-2.62(3) A]; this is consistent with the
expected reduction in acceptor strength with two donor—ac-
ceptor interactions. The N---I-I interactions are linear
[177.0(8) and 179.3(6)°], as expected. The acridine ring is
planar [mean deviation, 0.014(9) A]; the chlorine atom is
within the plane [—0.035 A], while the iodine atom is
significantly out of the plane [0.790 A]. The 2:1 adducts of 3
stack along the ag-axis with a mean interplanar spacing of
3.46(2) A. There are no significantly close intermolecular
contacts between adducts.
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Figure 11. Thermal ellipsoid plot (50 % probability) of 3.

A computer simulation of iodine in pyridine has predicted
that pyridine and iodine molecules would associate to form
long-lasting (2:1) complexes, which would adopt a nearly
linear py—L,—py conformation, like that of 3. However, to
the best of our knowledge, 3 represents the first observed
example of this type of complex in the solid state.

Quantum mechanical interpretation of the bonding in N---I
charge-transfer complexes: The bonding in compounds 1-3
can best be understood through an examination of the
molecular orbitals involved. Wel®! and othersP have found
that Hartree —Fock (HF) methods do not give satisfactory
geometries for iodine charge-transfer complexes, as they
grossly overestimate the N—I bond length. Conversely, density
functional theory (DFT) works quite well, even with a
minimal basis set. The N---1 bond length is still typically
overestimated by 0.1-0.3 A, but this will be sufficient for the
qualitative analysis presented below. From a MO viewpoint,
the acridine and 9-chloroacridine systems are very similar. We
will, therefore, focus this discussion on the 9-chloroacridine
complexes and comment briefly on the differences between
the two donors.

It is convenient to build up to the bonding in 2 and 3 by first
discussing the hypothetical 1:1 CT complex, 4. While this
particular species has not been observed, there is ample
precedence for this structure with other nitrogen heterocycles,
and it is possible that it is the first complex formed in solution.
The charge-transfer interaction is generally accepted to result
from the interaction of the nitrogen lone pair on the donor
(®p) and the o-bonding (0,) and antibonding (0% ) orbitals on
the I,. The latter are formed primarily from p orbitals on the
iodines (with some s contribution). Figure 12 shows a frag-
ment molecular orbital interaction diagram for the Rundle —
Pimentel three-orbital/four-electron model.*! In the case of 4,
@y, is slightly higher in energy than is o}.

The composite orbitals, 10, 20, and 30 are the HOMO-10,
the HOMO-5, and the LUMO orbitals, respectively, and are
shown in Figure 13. The remaining orbitals near the frontier
that are not shown are various m-type orbitals (such as the
HOMO), which do not play a significant role in the N---1
bonding interaction, since the orbitals of m-symmetry in the
acceptor are completely full. The primary source of bonding is
1o. This orbital mostly consists of contributions from ®p and

4078
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Figure 12. Fragment molecular orbital interaction diagram for 4. All of the
orbitals shown have ¢ symmetry.

HOMO

Figure 13. The frontier 0 MOs and the HOMO of 4.

o,. The next orbital, 20, is shown with a small bonding
interaction between the iodines and antibonding at N---1
(there are also very small bonding interactions within the
aromatic ring o-system). The mixing of o, and o} decreases
the contribution of the p atomic orbital on the central iodine
and increases the importance of the s character; the phase of
this determines the nature of the interaction between the
three atoms under discussion. Thus, 20 is very sensitive to
donor strength. As the strength of the donor increases, 20
becomes more bonding between the donor and acceptor and
more antibonding between the iodine atoms.**! Since we
know that our calculation overestimates the N---1 bond
length, the description of 20 in Figure 13 must be recognized
as somewhat exaggerated. The parent acridine is a better
donor yet and gives a stronger N --- I interaction and weakens
the I-I bond relative to 4. Thus, while the orbital picture
presented here is qualitatively correct, experimentally there is
a greater net transfer of electrons to the iodines as well as a
greater elongation of the I-I bond due to the increased
antibonding character between these atoms in 20.

Starting from 4, we can construct fragment molecular
orbital interaction diagrams for 2 and 3 by the addition of the
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appropriate components. Interestingly, 2 requires that the
terminal iodine acts as an electron donor, while 3 requires that
the very same atom acts as an electron acceptor. Formation of
the latter complex is especially counterintuitive since the
charge-transfer interaction in 4 leads to a net transfer of
electrons onto the I, moiety, particularly the terminal iodine.
Clearly, the formation of a second N ---I bond is made more
difficult by the increase in electrostatic repulsion between the
terminal iodine and the second nitrogen lone pair. Yet the
orbitals on iodine are quite diffuse, and provided there is not
too much charge buildup on the terminal iodine, the attraction
between the iodine electron cloud and the nitrogen nucleus is
significant.(®!

Figure 14 shows the fragment molecular orbital interaction
diagram for the formation of bis(9-chloroacridine) - 1,, 5, at its
calculated gas-phase minimum energy geometry. This differs

9-QAcr  O-CAa), L,  9-ChAcrl
_3.0-
-4.0- Sae e
" 3a,
2504
Energy/eV -6.0+ S *-H-’\
- 3o A
@ e \H\"‘\
~7.0- e
e 20,
20
- 8.0
-90- lo S
1o,

Figure 14. Fragment molecular orbital interaction diagram for 5. All of the
orbitals shown have o symmetry.

from the geometry of the solid-state structure, 3, in some
important respects (see below). The diagram considers 5 to be
formed from 4 and 9-chloroacridine; the orbitals 1o, 20, and
30 from Figure 12 are now labeled 1o,, 20,, and 30,,
respectively. Figure 15 shows a representation of the four
critical orbitals in 5, 10-40, that correspond to HOMO-16,
HOMO-8, HOMO-2, and LUMO +2, respectively. Again,

ool e

Figure 15. The frontier 0 MOs of 5.
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the remaining orbitals in this energy regime are composed of
n-type orbitals that play no significant role in the charge-
transfer interaction, since the iodine p orbitals are completely
filled. The orbitals in Figure 15 are similar to those shown in
Figure 13. The primary bonding orbital is 1o, while the
unoccupied orbital 40 is antibonding between the four
participating atoms. The orbital 2¢ is N---1 bonding and I-1
antibonding, while 30 is the reverse. In each of the three
occupied orbitals, there are also minor contributions from
carbon-based orbitals.

The calculated N ---I bond length in 5 is 2.876 A, or0.1A
shorter than that observed in the solid-state complex 3. The
I-1 bond length is calculated to be 3.036 A vs. the observed
value of 2.742 A. Unlike DFT calculations on other charge-
transfer complexes, the extent of electron donation to the
iodine is overestimated significantly. This is because packing
requirements in the solid force the N---I-I bond angle to
deviate from linearity by about 3°. As was observed by
Hoffmann in his study of trihalide anions,?! this distortion
causes a large decrease in the orbital interaction energy term
between the donor and acceptor. Another consequence of this
bending is that it results in the mixing of the n-system into the
o-framework. While the general orbital scheme shown in
Figures 14 and 15 remains the same, it is complicated by the
inclusion of partial o character in additional orbitals.

The bonding in complex2 can be viewed as simply a
combination of that in 4 and in 5. The central iodine acts as an
electron acceptor at both ends, as in 5, while the donor is the
HOMO of the 1:1 adduct, 4. The donor orbital is the -
antibonding orbital that results from the destructive overlap
of the I, lone pairs perpendicular to the plane of the
heterocycle (Figure 13). The donor HOMO-1 is very similar
to the HOMO in both energy and shape. It lies parallel to the
molecular plane, however, so steric interactions prevent the
use of this orbital for bonding. The two donors interact with
the I, o and o* orbitals and give a four orbital, six electron
system analogous to that in Figure 14. As with compound 3,
the actual orbital picture for 2 is quite intricate due to solid-
state packing requirements that twist the complex from its
minimum-energy molecular geometry. This results in consid-
erable mixing of the o- and m-systems. Structure 6 maintains
the N---T and I-I lengths observed in 2, but the bond angles
have been artificially adjusted to minimize (though not
completely eliminate) this orbital mixing. Figure 16 shows
representations of the four orbitals involved in the bonding of
the central I, moiety. It is clear that the donor/acceptor
interaction is very weak; o, and o, (the HOMO-26 and
LUMO +4, respectively) are primarily the I, ¢ and o*
orbitals. Likewise, 0, (HOMO-5) and o; (HOMO-2) are
localized mainly on the donor fragments.

Conclusion

Like 2,2-bipyridine, acridine and 9-chloroacridine form
unusual charge-transfer complexes with iodine, in which an
I, molecule exhibits amphoteric behavior. The overlap in
donor strengths of these nitrogen heterocycles relative to
those involved in molecular adducts suggests that their
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a4

Figure 16. The frontier 0 MOs of 6.

formation is due more to the size and shape of the donor than
to electronic factors related to donor strength and the
resulting perturbation of the I, molecule. The neutral poly-
iodine chains of 1 and 2 bear striking resemblance to
polyiodide anions and can be viewed as intermediates to
ionic species. As with polyiodides, this class of compounds is
expected to exhibit great structural diversity as a function of
the neutral donor capping molecules. Both acridine and
9-chloroacridine exhibit interesting iodine sponge behavior,
in which iodine can be inserted and removed through
relatively facile solid-state processes. Further investigations
into this interesting class of complexes will explore their
structural diversity as well as their unusual thermal behavior.
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Synthesis of Tin and Tin Oxide Nanoparticles of Low Size Dispersity
for Application in Gas Sensing

Céline Nayral,!*! Eric Viala,'*! Pierre Fau,® Francois Senocq,!*! Jean-Claude Jumas,!‘!
André Maisonnat,*?! and Bruno Chaudret*[?!

Abstract: Nanocomposite core—shell
particles that consist of a Sn’ core
surrounded by a thin layer of tin oxides
have been prepared by thermolysis of
[{Sn(NMe,),},] in anisole that contains
small, controlled amounts of water. The
particles were characterized by means of
electronic microscopies (TEM,
HRTEM, SEM), X-ray diffraction
(XRD) studies, photoelectron spectros-
copy (XPS), and Mossbauer spectros-
copy. The TEM micrographs show
spherical nanoparticles, the size and size
distribution of which depends on the
initial experimental conditions of tem-
perature, time, water concentration, and

cles of 19 nm median size and displaying
a narrow size distribution have been
obtained with excellent yield in the
optimized conditions. HRTEM, XPS,
XRD and Mossbauer studies indicate
the composite nature of the particles
that consist of a well-crystallized tin
core of ~11 nm covered with a layer of
~4 nm of amorphous tin dioxide and
which also contain quadratic tin mon-
oxide crystallites. The thermal oxidation
of this nanocomposite yields well-crys-
tallized nanoparticles of SnO, without

Keywords: colloids - nanostructures
- semiconductors - sensors - tin

coalescence or size change. XRD pat-
terns show that the powder consists of a
mixture of two phases: the tetragonal
cassiterite phase, which is the most
abundant, and an orthorhombic phase.
In agreement with the small SnO, par-
ticle size, the relative intensity of the
adsorbed dioxygen peak observed on
the XPS spectrum is remarkable, when
compared with that observed in the case
of larger SnO, particles. This is consis-
tent with electrical conductivity meas-
urements, which demonstrate that this
material is highly sensitive to the pres-
ence of a reducing gas such as carbon
monoxide.

tin precursor concentration. Nanoparti-

Introduction

The optical and electrical properties of polycrystalline semi-
conducting oxides depend strongly on the surface states of the
individual grains, and on the distribution and the nature of the
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grain boundaries. Thus, the non-linear resistivity of zinc oxide
varistors is partially explained in terms of chemisorption and
diffusion of dioxygen to the grain boundaries, '}l a phenom-
enon which is generally treated as an electronic process in
which charge transfer occurs between the adsorbed species
and the oxide.[* 3 Similarly, the changes in electric conduc-
tivity of the semiconducting oxide gas sensors involve redox
processes that result from the interaction of reducing gases
with surface oxygens. This gives rise to a measurable signal.[*-8]
In nanosized materials, since the surface to volume ratio is
much larger than that commonly found for semiconductor
materials, both the surface properties and the grain-boundary
distribution become predominant. This renders these materi-
als as good candidates for applications that will take
advantage of the high surface/volume ratio, such as chemical
sensors 2l or luminescent semiconducting sensors.['*]

The precise control of the morphology of semiconducting
oxide materials at a nanometric scale is consequently of basic
importance and, given the industrial and commercial de-
mands, requires reproducible low-cost synthetic methods that
can be implemented in microelectronic processes. Concerning
tin dioxide, the oxide material most widely used as the
sensitive layer of chemical sensors[®® several synthetic
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methods are available. The most common methods involve
physical processes such as sputtering from a tin oxide
target,'*1°l sputtering from a metallic target followed by
oxidation,'”l which includes the RGTO method (rheotaxial
growth and thermal oxidation),?”! thermal evaporation of
tin® or tin oxide,?? laser ablation of ceramic samples,?* 24
and chemical vapor decomposition.l?> 2! Alternative chemical
processes include the widely used sol-gel technique.[® 10 27-331
These processes generally lead to polycrystalline materials
that are subjected to subsequent thermal treatments, which
are aimed at improving the stability of the materials and the
reproducibility of the preparation. However, thermal treat-
ments lead to an increase of the average grain size, spreading
of the grain size distribution®* 331 and changes in the phase
composition*! with increasing annealing temperature.

As an alternative method to prepare SnO, nanoparticles
displaying a low size dispersity, we have considered the use of
organometallic precursors. We have previously shown that the
synthesis of nanoparticles of controlled size, composition, and
surface could be achieved by decomposition of organometal-
lic precursors in the presence of a reactive gas in mild
conditions. This method has been applied to the preparation
of noble metal particles*-% as well as to magnetic metals such
as cobaltl*:- 4 or nickel.[*?l In this case, the absence of surface
contamination is deduced from the magnetic properties of the
material. The same approach can be used to prepare oxides of
nanometric size after oxidation of the metal nanoparticles
initially formed.*?l The stabilization of the particles, however,
always involves the presence of a stabilizer, whether a
polymer or ligands even if some are only loosely coordinated
as for example CO and THF in the case of platinum
particles.l** %! In order to meet the requirements of a micro-
electronic device, no contaminant should be present in the
nanomaterial, since it could potentially alter its electrical
properties. We have recently reported the synthesis of
unprotected ruthenium particles of various sizes.*l In this
case, the size control is due to the formation of “nanoreactors”
in various solvent mixtures. However, the mesoporous nature
of these particles make them attractive for catalysis applica-
tions but not for microelectronics.

Looking for an alternative approach, we considered a
thermolysis reaction leading to the growth of metal particles,
but regulated by a competitive sol-gel process leading to the
formation of an outer oxide shelter. We describe herein the
synthesis and characterization of composite nanoparticles that
consist of a core of zero-valent tin surrounded by a thin layer
of tin oxides through a mechanism that combines decom-
position of an organometallic precursor, controlled surface
hydrolysis, and finally oxidation into nanoparticles of SnO,
without coalescence or size change (Scheme 1). We also

SnOy, x=1, 2

anisole/H,0

200°C, 6h 600°C, 6h
under air

135°C, 3h
under Ar
B

10-20 nm 10-20 nm

Scheme 1. Schematic representation of the syntheses of tin and tin oxide
nanoparticles.
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discuss their use as the sensitive layer in gas sensors. A
preliminary account of this work and a patent describing the
new materials have been reported.[*” ]

Results and Discussion

Synthesis of Sn/SnO, nanocomposite by thermolysis of
[{Sn(NMe,),},]: The tin precursor chosen for the preparation
of the nanoparticles was the bis(dimethylamido)tin(i) dimer
[{Sn(NMe,),}, ;1 3 the choice was made after consideration
of thermochemical data which suggested the weakness of the
Sn—N bond.PY [{Sn(NMe,),},] was prepared according to a
published procedure [*->% and decomposed in a single step
near 190°C under flowing helium in a thermogravimetric
equipment with a weight loss of 55%, consistent with the
formation of pure metal residues. Alternative monomeric tin
amides ([Sn(N'Pr,),], [Sn{N(SiMe;),},]) were also used as
potential precursors in decomposition reactions but did not
lead to tractable results.

[{Sn(NMe,).},] also decomposes slowly in various solvents,
either by thermolysis (e.g., at 135°C) or by reaction with
dihydrogen at room temperature. NMR analyses of the
reaction products after various reaction times demonstrate
that after three hours heating in anisole under argon, all the
starting complex has decomposed. When the solvents (THF,
toluene, anisole) are rigorously dried, a metallic mirror is
produced on the walls of the Fisher—Porter bottle. However,
when the thermolysis occurs in anisole in the presence of a
small controlled amount of water, the decomposition product
consists of a black precipitate.

Transmission electron microscopy (TEM) and high-reso-
lution electron microscopy (HRTEM) studies of samples of
nanoparticles prepared from an anisole suspension indicate
that the black precipitate consists of agglomerated spherical
nanoparticles whose mean size and size distribution depend
on the experimental conditions (see below). As a general rule,
the 11-20 nm particles are nearly monodisperse in size. High
resolution electron microscopy images reveal that these
19 nm nanoparticles have a composite nature of and consist
of a well-crystallized zero-valent tin core of ~ 11 nm diameter
covered with a layer ~4 nm thick that is amorphous in
appearance (Figure 1).

The outer layer consists of oxidized tin as demonstrated by
surface analyses from X-ray photoemission spectroscopy
(XPS). The Sn *ds, peak (Figure 2) splits into two components
with binding energies of 484.7 and 486.4 eV. in a 1:9 ratio. The
higher binding energy peak is indicative of SnO, or SnO, while
the lower peak reveals the presence of Sn’.P2 After argon
bombardment for five minutes, the same peaks are found in
1:1.5 ratio. This is consistent with the presence of oxidized tin
at the surface of the particle and of zero-valent tin in the core
of the particle.

Mossbauer spectra of the 19 nm nanoparticles measured at
room temperature and at 80 K (Figure 3) clearly indicate the
presence of the f3-Sn, together with the a-SnO and SnO,
phases. Interestingly, similar phases were previously men-
tioned in the case of SnO, thin films obtained by reactive
sputtering.’3! The fitted parameters, namely isomer shift,
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Figure 1. a) TEM image of Sn/SnO, nanoparticles prepared by thermolysis of [{Sn(NMe,),},] in wet anisole (28 mmol L~'; [H,0O]/[Sn] =0.4; 135°C; 3 h).
b) Histogram of sizes showing the size distribution and detail of one nanoparticle. ¢) TEM image of the crystallized tin core and the covering layer.

SnII/IV

3
sn ds;

sn®
after argon
bombardment

for 5 mn\

484.7 486.4

binding energy/ev

Figure 2. Sn’ds, emission peak of the XPS spectrum of Sn/SnO, nano-
particles.

quadrupole splitting, and linewidth, are listed in Table 1. The
B-Sn component appears as an electric quadrupole singlet
with a relative transmission intensity that is strongly temper-
ature dependent. This is consistent with the known important
variations with temperature of the recoil-free fraction for (-
Sn. The a-SnO component appears as an asymetric quadru-
pole doublet with a large quadrupole splitting of ~1.4 mm~".
The SnO, component appears as a quadrupole doublet with
isomeric shift around 0 mms~. This doublet has a quadrupole
splitting value of ~0.6 mms~!, which was previously proposed
to arise from the presence of amorphous SnO,.'! From the
Mossbauer spectrum at 80 K and the knowledge of absolute
f factor for the oxides (f5,02(300K)=0.47-0.56;5%
fsn0(300 K) =0.355¢") and Sn metal (f;,(300 K) = 0.065") we
could estimate the fraction of oxidized material : Sn/SnO +
SnO, = 1/3. The contributions of the different phases present
in the nanoparticles were calculated by comparing Mossbauer
peak areas and taking into account the different recoil-free
fractions. The tin and oxygen concentrations calculated from
the phase distribution measured at 80 K, (88.9% and 11.1%,
respectively) are in good agreement with those obtained by
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Sn/S$n0x 293K

Sn/SnOx 80K

Velocity/mm s~

Figure 3. Mossbauer spectra of Sn/SnO, nanoparticles recorded a) at room
temperature and b) at liquid nitrogen temperature.

Table 1. Mossbauer data for tin nanoparticles.

d [mms] AEy [mms™!] [l IMmms™!] % species
203K 0.04(4) 0.61(5) 0.94(1) 3 $no,
2.59(3) 0 0.95(5) 9 psn
2.70(3) 1.38(3) 0.9(1) 58 SnO
80K  0.07(2) 0.52(3) 1.09(1) 23 $nO,
2.61(1) 0 1.09(2) 24 psn
2.74(1) 1.41(1) 1.09(5) 53 SnO

[a] Isomer shifts are given with respect to BaSnOj;.
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elemental analysis for this sample (90 % and 8 %, repectively)
if we take into account the presence of residual amounts of
carbon (1.5%), hydrogen (0.5 %) and nitrogen (0.5).

Figure 4 shows the characteristic X-ray diffraction (XRD)
pattern of composite Sn/SnO, nanoparticles. The XRD
diagram reveals the 8-Sn phasel*®! and the quadratic a-SnO
phase.P” This pattern is consistent with particles that have a
zero-valent crystalline core and a-SnO crystallites in the
covering layer. Small unidentified diffraction lines (labeled
“x” on Figure 4) were also apparent. Moreover, no line
indicating the presence of crystalline SnO, could be observed;
this suggests that tin dioxide is in an amorphous state in these
particles.

SnoO I 1 .

10 12 14 16 18 Theta 20

Figure 4. XRD pattern of Sn/SnO, nanoparticles. x = unidentified diffrac-
tion lines.

The dependence of the yield, the composition, the mean
size, and the size distribution of the nanoparticles on the
initial experimental conditions—temperature, reaction time,
and initial content of tin precursor and of water—was
investigated both in order to optimize the synthesis and to
gain a better understanding of the formation of tin nano-
particles and of their stabilization as a Sn/SnO, nanocompo-
site.

First of all, the water content of the solvent was found to be
a critical parameter. The yield of nanoparticles, the mean size,
and the size distribution are strongly dependent on the initial
molar ratio [H,O]/[Sn]. In a rigorously dried solvent, the
decomposition product appears as a metallic mirror on the
walls of the Fisher—Porter bottle, and no nanoparticles are
observed either in the solution or in the solid. We found that
the formation of nanoparticles requires the presence of an
initial water content in the solvent ranging between the molar
ratios [H,O]/[Sn] 0.06 and 0. 9. For [H,O]/[Sn]=0.06, the
major decomposition product is metallic tin, and the yield of
composite nanoparticles is very low. Moreover, the TEM
analysis reveals that the nanoparticles obtained display a wide
size distribution ranging from 7 to 35 nm (Figure 5). When the
water content is increased, the yield in nanoparticles also
increases. This is accompanied by a narrowing of the nano-
particles’ size distribution and by a slight decrease of their
mean diameter (Figure 6). The experimental conditions were
optimized for a [H,O]/[Sn] ratio of 0.4 giving rise to a yield of
particles of ~48%. Furthermore, the size dispersity is

Chem. Eur. J. 2000, 6, No. 22
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Figure 5. TEM images of nanoparticles prepared by thermolysis of
[{Sn(NMe,),},] in anisole (28 mmolL~!; [H,0]/[Sn]=0.06; 135°C; 3 h)
showing a) bulk tin and b) nanoparticles with broad size distribution.

excellent, since 95% of the particles adopt a diameter of
between 11 and 19 nm. For higher [H,0]/[Sn] ratios, the yield
of nanoparticles rapidly decreases and a yellowish polymeric
tin derivative is formed. This material becomes the sole
product of the reaction when the [H,O]/[Sn] ratio is close to
one.

For the optimized water content in the solvent ([H,O]/
[Sn] =0.4), the yield and the mean diameter of the nano-
particles were also found to depend on the initial concen-
tration of the tin precursor, the temperature of decomposi-
tion, and the reaction time.

A series of experiments was designed in which these
parameters were varied around the values typically used.
Combinations of conditions which were varied between the
given values for the temperature (110 and 150°C), time of
reaction (1 and 5 h), and the concentration of the tin precursor
in anisole (18 and 52 mmolL"!) were assessed. Thus, the
specific effects of each factor have been identified. Temper-
ature appears as a key factor, controlling the formation of
protected particles. Indeed, at low temperature, decomposi-
tion of the tin precursor occurs but does not lead to the
formation of particles. Increase of the time of reaction allows
an improvement in the yield of particles and also in the purity
of the material, with a decrease in the amount of carbon-
containing residues. A slight increase in the particles’
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Figure 6. Nanoparticle size distribution as a function of the initial water
content of the reaction mixture.

mean diameter was also noted. The main effects of the tin
precursor concentration concern i) the yield of particles,
which improved with an increase of the concentration, and ii)
the mean diameter of the particles, which can be adjusted
from 11 nm to 19 nm.

As a general rule, an increase of the values of these
parameters is accompanied by an increase of the yield of
nanoparticles and of their mean diameter (Figure 7). The
optimized conditions were found to be a concentration of
[{Sn(NMe,),},] of 52 mmol L, a temperature of 150°C and a
reaction time of five hours. Using these optimized conditions,
nanoparticles of mean diameter 19 nm were obtained with a
yield of 63 %. The size dispersion remains excellent, 93 % of
the particles with diameters between 15 and 23 nm, and the
degree of purity is high, since less than 1 % of residual carbon
is found by microanalysis.

The formation of Sn/SnO, nanocomposite evidently com-
bines partial hydrolysis and thermolysis of the tin amido
precursor. Metal amides are well known to be usually very
susceptible to moisture,! and we did indeed observe that in
presence of water hydrolysis of the amido groups occurs
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Figure 7. Variations of the nanoparticle size distribution with the initial
concentration of tin [Sn];, temperature of decomposition, and reaction time
for the optimal ratio [H,O]/[Sn] =0.04.

immediately at room temperature to yield dimethylaminel*]
and an unidentified tin hydroxide or oxohydroxide. This
product may display a crystalline appearance and eventually
transforms into tin dioxide after thermal treatment. By
analogy with the sol-gel process,?® %!l we can assume that
the replacement of the amido groups by hydroxy groups is
followed, upon heating, by condensation reactions that lead to
inorganic polymers and eventually oxides. On the other hand,
Sn’ particles may be formed upon thermolysis of the Sn—N
bonds in dry conditions. This leads, in the rigorous absence of
water, to the formation of a metallic mirrored surface and, in
the presence of insufficient amounts of water, to large areas
that contain zero-valent tin and display a molten appearance
(see Figure 5a). The synthesis of these unusual nanoparticles
results from two competitive processes that involve the same
precursor, namely decomposition and hydrolysis, and, pre-
sumably, from the use of the tin hydroxide/oxide formed upon
hydrolysis as a ligand to control the growth of the tin particles,
in a similar way to what has been observed, for example, for
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the growth of platinum metal nanoparticles.*® ! This con-
stitutes a new method for the synthesis of composite nano-
particles which may be extended to other semiconducting
oxides.

Synthesis of SnO, nanoparticles: The nanocomposite Sn/SnO,
is slowly oxidized in air at room temperature. After a few
weeks, the Mossbauer spectrum indicates the presence of
predominantly tin dioxide in the material at the expense of tin
monoxide and tin 3 phases (Figure 8a and b). In order to reach
complete oxidation, the particles were placed either in an

oven or in thermogravimetric analysis equipment under
flowing dioxygen, heated for six hours at 200°C, and then
heated for a further six hours at 600 °C. The mass increase of
the sample is in agreement with the full oxidation of the
nanocomposite to SnO,. The Mossbauer spectrum of the
oxidized product displayed in Figure 8c corresponds to typical
crystalline SnO, with only one symmetric component that
exhibits an electric quadrupole doublet with an isomer shift of
0.0 mms~! and a quadrupole splitting value of 0.54 mms~".

The TEM micrograph displayed in Figure 9a shows indi-
vidual particles that are agglomerated and display the same
type of spherical morphology as the non-oxidized particles.
Their mean size and the size distribution are unchanged, and
in neither case did we observe any sign of coalescence. This is
confirmed by atomic force microscope (AFM) and scanning
electron microscope (SEM) observations of oxidized particles
deposited onto the silicon platform of a chemical sensor
microelectronic device (Figure 9b and c); which also provide
evidence a porous surface morphology consistent with a large
surface area. Interestingly, the AFM data have been obtained
on a device that was operated for one month at 500 °C; this
demonstrates the stability of the nanomaterial at this temper-
ature.

Figure 10 shows the XRD diagrams of Sn/SnO, particles
(starting material) and of particles deposited on silicon wafers

Velocity/mm s

Figure 8. Modification of the Mossbauer spectrum of Sn/SnO, nano-
particles as a function of oxidation: Mdssbauer spectrum of Sn/SnO,
nanoparticles a) after isolation, b) after oxidation for several weeks in air
at room temperature, and c) after oxidation in air at 200°C (6 h) then at
650°C (6 h).

a ] A \

10 12 14 16 18 Theta 20

Figure 10. Modification of the XRD pattern of Sn/SnO, nanoparticles
upon aerobic thermal treatments: a) tetragonal SnO, (cassiterite),
b) orthorhombic SnO,, ¢) initial Sn/SnO, nanocomposite, d) after oxidation
at 450°C, e) after oxidation at 650°C, and f) after oxidation at 750°C.
x: unidentified phases.

Figure 9. a) TEM, b) AFM, and c) SEM images of nanoparticles of SnO, prepared by thermal oxidation of the tin nanoparticles Sn/SnO,.

Chem. Eur. J. 2000, 6, No. 22
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and oxidized at different temperatures. The patterns of the
initial 5-Sn and a-SnO phases readily disappear at 450°C to
be replaced by the ones of the classical quadratic phase SnO,
(cassiterite)® and, to a lesser extent, of the high-pressure
orthorhombic phase of SnO,.[ % The latter form has already
been observed in the case of SnO, multilayer thin films grown
by the rheotaxial growth and thermal oxidation method
(RGTO)® or in the case of oxidized tin particles obtained by
oxidation of nanophase tin powder.’® 1 A small amount of
unidentified phase (diffraction lines labeled “x” on Figure 10)
is detected in the sample oxidized at 450°C, and disappears at
750°C.

For confirmation of these results an XPS study of the
surface of the oxidized particles was performed. It provides
evidence of the presence of oxidized tin (a peak at 486.4 eV
for the Sn *ds, electrons), and no Sn° was observed, even after
argon bombardment. Interestingly, the XPS spectrum for the
1s peak of oxygen (Figure 11) shows two components, one at

chemisorbed
oxygen

binding energy/eV 532.7

530.4

Figure 11. O's emission peaks of the XPS spectrum a) of the tin dioxide
nanoparticles and b) of a thin layer of tin dioxide prepared by sputtering.

530.4 eV, which corresponds to oxygen bound to tin, and one
at 532.7 eV, which corresponds to adsorbed dioxygen,/®®! in a
1.7:1 intensity ratio. This assignment is consistent with argon
bombardment experiments which lead to a severe decrease in
the peak at 532.7 eV. The relative intensity of the adsorbed
dioxygen peak is remarkable when compared with that
observed in the case of micronic SnO, particles synthesized,
for example, by sputtering. This result can be directly linked to
important differences in surface areas between the two
materials. Furthermore, the dioxygen molecules present at
the surface of the particles allow the complete oxidation of the
surface tin atoms. Upon elimination of the surface dioxygen
molecules, in a catalytic oxidation process, for example, or
upon substitution of dioxygen by a reducing gas, some
electron density is released into the particles that will
dramatically modify the conductivity of the material. There
is therefore a clear correlation between the amount of surface
dioxygen molecules and the gas-sensing sensitivity of SnO,
nanoparticles.®! This confirms the interest in using nano-
materials for gas detection.

Conductance measurements were performed after deposi-
tion of a drop of the composite nanoparticle suspension in
anisole between the electrodes of a gas-sensing device
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integrated onto a silicon platform and in situ oxidation of
the nanoparticles. We observed that the resistivity of the SnO,
nanoparticle layer is similar to, or lower than, the resistivity of
comparable SnO,-based sensitive layers of gas sensors.
Furthermore, the electric properties of this material are
strongly sensitive to the presence of a reducing gas, such as
carbon monoxide. As shown in Figure 12, the conductance of
the sensing layer at 50°C increases dramatically with the
carbon monoxide content of the atmosphere. This behavior is
fully reversible. Finally, it is noteworthy that we do not
observe a saturation of the particles, which would be detected
through a saturation of the conductance, up to 1000 ppm CO.
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Figure 12. Conductance of a tin dioxide nanoparticle layer as a function of
carbon monoxide concentration in air.

Conclusion

The aim of this study was the synthesis of a new nanomaterial
for use as the sensitive layer of gas sensors. For this purpose,
we have achieved a high-yield synthesis of monodisperse
nanoparticles of Sn/SnO, through a mechanism involving both
the thermal, presumably homolytic, decomposition of the
amido precursor and its hydrolysis. The novel aspect of this
synthesis is the combination of both types of mechanisms
leads to the control of the growth of the particles by the
formation of a surface oxide layer in a way similar to the use
of coordinating ligands on the surface of metal nanoparticles.
This approach has proven not to be limited to tin and is now
extended to other metals such as zinc and indium."

The second interesting aspect is that, probably because of
the presence of a tin oxide shell, we do not observe any
coalescence of the nanoparticles upon heating up to 750°C.
This is in contrast with most observations concerning the
preparation of SnQO, thick films, in which coalescence
generally occurs. Finally, it is remarkable that this material
prepared by using standard solution chemistry procedures is
easily integrated onto a microelectronic devices and displays
very interesting electronic characteristics when compared
with materials obtained by physical techniques, such as
sputtering. The mode of integration and the electronic
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characteristics of sensors prepared in this way will be reported
in a further, more technical, paper.

In conclusion, this example demonstrates that synthetic
procedures typical of organometallic chemistry and leading to
high-quality nanomaterials can be used for the preparation of
new generations of microelectronic devices. Other applica-
tions of similar procedures are presently being studied in our

group.

Experimental Section

Materials and reagents: All operations were carried out using standard
Schlenk tube or Fischer—Porter bottle techniques under argon. The
preparation of the tin precursor [{Sn(NMe,),},] follows the route described
earlier.*” It was purified by sublimation, and the resulting highly sensitive
white crystals were stored under argon at room temperature in a glove-box.
Its purity was checked by elemental analysis, mass spectrometry, and
"H NMR spectroscopy. Anhydrous anisole was purchased from Aldrich.
THF and toluene were heated under reflux over sodium benzophenone and
over sodium, respectively, in nitrogen atmosphere and distilled just before
use.

Synthesis of tin nanoparticles: In the optimized conditions [{Sn(NMe,),},]
(174 mg, 0.42 mmol) in anisole (8 mL) containing traces of water
(0.4 mgmL~"! of anisole; 0.17 mmol) were heated at 150 °C under magnetic
stirring in a Fischer—Porter bottle. The initial light yellow solution
darkened within 15 min and a black solid progressively precipitated. After
5 hours, the solution was removed by filtration, and the black precipitate
was washed with anisole (3 x 10 mL) and dried under vacuum (86.3 mg).
Elemental analysis (%): Sn 73.06, O 13.45, C 1.8, H 0, N 0.25; TEM
analysis: nanoparticles, size: 14-23 nm, mean size: 19 nm; yield: 63 %.

Influence of the water content: In a series of eight experiments, the
decomposition of [{Sn(NMe,),},] (174 mg; 0.42 mmol) was achieved at
135°C in dry anisole (16 mL) to which was added known amounts of water
so that the initial ratio [H,O]/[Sn] was0.06, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.9,
respectively. The water content of the solvent was checked by Karl - Fisher
volumetric titration by using Mettler equipment prior to dissolution of the
tin precursor. After 3 hours, the resulting heterogeneous reaction mixtures
were cooled to room temperature. With the exception of the water-rich
solutions, a dark brown —black precipitate was formed and separated from
a cloudy light yellow supernating solution by filtration. Moreover, a
metallic mirror was observed on the wall of the Fischer—Porter bottle for
the solutions containing less water (i.e., those for which [H,O]/[Sn] =0.06,
0.1, and 0. 2). The precipitates were washed with dry anisole (3 x 10 mL)
and sampled for TEM analysis. For [H,0]/[Sn] =0.6 and 0.9, an orange —
brown polymer formed and was separated by decantation and filtration. It
was washed with anisole and sampled for SEM and TEM analyses.
Elemental analyses of dry samples indicated tin contents of 81.3 and 83.3 %,
respectively.

Influence of concentration, temperature and reaction time: In a series of
eight experiments, the thermolysis of the tin precursor (174 mg; 0.42 mmol)
was performed in wet anisole ([H,O]/[Sn]=0.4) and employing all the
different possible combinations between the given values for the temper-
ature (110 and 150°C), reaction time (1 and 5hours), and initial
concentration of the precursor (18 and 52 mmol L~!). The products of the
reaction were fully characterized by SEM and TEM analyses. The resulting
black precipitate was isolated and its composition was determined by
microanalysis.

Thermogravimetric analyses and microanalyses: Thermogravimetric anal-
yses (TGA) were obtained on a SETARAM TG-DTA 92 instrument.
Microanalyses were performed by the “service de Microanalyses du
Laboratoire de Chimie de Coordination” (C, H, N) or by the “Service
central de Microanalyses du CNRS” (Sn, O).

Electron microscopy experiments: Samples for TEM and HREM studies
were prepared in a glove-box by slow evaporation of a drop of suitably
diluted colloidal suspensions deposited on holey carbon-covered copper
grids. The TEM experiments were performed at the “Service Commun de
Microscopies de 1'Université Paul Sabatier” on a JEOL JEM 200CX-T
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electron microscope working at 200 kV and a Philips CM 12 electron
microscope working at 120 kV with respective point resolutions of 4.5 and
5 A. High-resolution images were observed with a JEOL JEM 2010
electron microscope working at 200 kV with a point resolution of 2.5 A.
The size distribution of the particles was determined from enlarged
photographs by measuring about 200 particles for each sample. The SEM
and AFM direct observations of the tin dioxide layer deposited on the
silicon platform of the device were performed on a PHILIPS XL40 FEG
and a NANOSCOPE II instrument, respectively.

X-ray photoelectron spectroscopy experiments: Samples for XPS studies
were prepared in a glove-box by slow evaporation of a nanoparticle
suspension deposited on a 1 em? silicon support. The spectra were recorded
on a VG ESCALAB MKII spectrometer with Mgy, radiation.

X-ray powder diffraction: XRD profiles of the particles were measured
with a SEIFERT XRD 3000 TT X-ray diffractometer with Cug, radiation.
The data were collected in the /@ configuration in the case of the Sn/SnO,
powder, and the grazing incidence configuration in the case of SnO,
deposited on silicon wafers.

Maossbauer experiments: Measurements were performed at room temper-
ature and at 80 K against a Ba'”Sn”O; source with a conventional constant
acceleration spectrometer. The velocity scale was calibrated with a
magnetic sextet of a high purity iron-foil absorber with ¥’Co(Rh) as source.
Recorded spectra were then fitted to lorentzian line shape by usual least-
square methods.*) Isomer shifts are quoted with respect to the center of the
BaSnO; spectrum obtained with the same source.

Thermal oxidation of tin nanoparticles and conductivity measurements:
Anisole suspensions of the Sn/SnO, nanocomposite were dropped onto a
silicon platform of a chemical sensor device integrating all structures that
are needed to receive and make operational a sensing layer (heater, metal
interconnects, membrane, insulating layer, etc.).™ After drying, the
resulting thick film (thickness: 2 um) was heat-treated in air for a
135 min period at temperatures ranging from 50 to 525°C prior to testing.
The sensor heating was controlled by a constant-voltage power supply. The
surface morphology of the films was characterized by means of SEM and
AFM experiments. The conductivity measurements were carried out under
controlled gaseous atmosphere and temperature on a home-made test
bench by using interfacing hardware. The data acquisition was controlled
through Labview software (National Instruments).
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A New, Non-Iterative Asymmetric Synthesis of Long-Chain 1,3-Polyols

Marc-Etienne Schwenter and Pierre Vogel*?!

Abstract: A new approach to the asym-
metric synthesis of pentadeca-1,3,5,7,9,
11,13,15-octols and their derivatives is
presented. It is based on the Sharpless
asymmetric dihydroxylation (AD) of

ylenedifuran (1). The diol (—)-10, ob-
tained in 98.4% ee from 9 with “AD-
mix-f3(5 x ), was oxidised into (2R and
2S8,45,6R)-tetrahydro-2-hydroxy-6-
{(4S,6S5)-{6-hydroxy-4-[ (4-methoxyben-

zoyl)oxy|cyclohept-1-en-1-yl}-2-oxoprop-
yl}-2H-pyran-4-yl 4-methoxybenzoates
((—)-18). By the combinations of Evans’
anti and Nasaraka’s syn reductions of
aldol (—)-18 with the double Mitsunobu

4,4 -methylene[(1R,1'S,6R,6'S)-6-acet-
oxycyclohept-3-en-1-yl]bis(4-methoxy-
benzoate) (9), derived from a double
[3+4] cycloaddition of the 1,1,3-tri-
chloro-2-oxyallyl cation with 2,2’-meth-

cycloheptenes
polyols

Introduction

A great variety of natural products of biological interest
includes polyketides (1,3-polyoxo, 1,3-polyols, aldols).!!l Sev-
eral approaches for their synthesis have been proposed.??
We disclose a new, non-iterative approach based on the
double [4+3] cycloaddition of 1,1,3-trichloro-2-oxyallyl cati-
on, engendered by HCI elimination from 1,1,3,3-tetrachloro-
acetone,™ to 2,2-methylenedifuran (1). The double adducts
so-obtained are converted into meso-1,1-methylene-bis(4,6-
dihydroxycyclohept-1-ene) derivatives that can be desym-
metrised and transformed into pentadeca-1,3,5,7,9,11,13,15-
octols and other long-chain polyketides with high stereo- and
enantioselectivity. The method was inspired by the work of
LautensP¥ and Hoffmann and co-workerst who have con-
verted 8-oxabicyclo[3.2.1]oct-6-en-3-one into 7-carbon-1,3-
polyols and analoguest and by that of Kaku et al.l') who
have transformed cyclohept-3-ene-1,6-diol into 1,3-polyols
and their derivatives.

Results and Discussion

All the published procedures to prepare 2,2-methylenedi-
furan (1) led to low yields in our hands. A new and
improved method was developed that starts with inexpensive
furfuryl alcohol and furan (Scheme 1). A stirred 0.9 molar
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reaction, 16 diastereomeric pentadeca-
1,3,5,79,11,13,15-octols and analogues
can be obtained, in principle, with high

polyketides . . L
enantio- and diastereoselectivities.

€ - U T U U

1. Zn, CuCl, Br,CHCOCHBTr,

dioxane

2. Zn/Cu, MeOH (15%)
)-threo-3

1

1. CIZHCCOCHCI2/E13N
2. Zn/Cu NH,CI,
MeOH (55%)

meso-3

Scheme 1.

solution of furfuryl alcohol in furan that contained CF;COOH
(0°C, 24 h) produced 1in 65 % yield. Several well-established
methods have been employed to convert furan and substi-
tuted furans into 8-oxabicyclo[3.2.1]oct-6-en-3-onel''"*l and
its derivatives.'” Under the conditions developed by Noyori
et al.,l'l a low yield of monoketone (£)-2 was isolated after
reductive work-up with zinc/copper (Scheme 1); [ the major
product was polymeric material. The best yield of (£)-2
(13 %) was obtained when a two-fold excess of a 1:1 mixture
of [Fe,(CO),]/1,1,3,3-tetrabromoacetone was treated with 1 in
benzene (50°C, 22 h). Similar results were obtained in MeCN
as the solvent (—78 to 20°C, 40 h). Under the conditions
developed by Hoffmann et al. [l (£)-2 was obtained in 15%
yield in the best case (dioxane, 1,1,3,3-tetrabromoacetone, Zn/
CuCl, ultrasonification, 20°C, 15h). Traces of [4+3] bis-
adducts were found on application of Shimizu’s method!*?!

0947-6539/00/0622-4091 $ 17.50+.50/0 4091





FULL PAPER

P. Vogel and M.-E. Schwenter

(1,3-dichloro-2-(trimethylsilyloxy)propene, AgClO,, CaCOj,
MeNO,, 0-20°C, 24h). Finally, the best results were
obtained by the use of Fohlisch’s method:[* treatment of 1
with 2.6 equivalents of 1,1,3,3-tetrachloroacetonel'’! and Et;N
in CF;CH(OH)CF; afforded a mixture of products that was
not isolated but directly reduced with zinc/copper couple[*®l in
MeOH saturated with NH,Cl. This produced a 45:55 mixture
(55% based on 1) of meso-3 and (%)-threo-3 that was
separated by fractional crystallisation from furan and finally
H,O (Scheme 1). The yield of 3 was lower if solvents other
than CF;CH(OH)CF; (i.e. CF;CH,0OH, MeCN, CH,Cl,,
CH;NO,, CHF,CF,CH,OH, THF) were used for the elimi-
nation of HCI and the [4+43] cycloaddition. The meso-3/(+)-
threo-3 product ratio was not affected on changing solvent
and/or the base (tetramethylethylenediamine (TMEDA),
Me,N(CH,),NMe,, Et,N(CH,),NEt,, 1,10-bis(dimethylami-
no)napththalene) (Scheme 1).

The differentiation between meso-3 and (+)-threo-3 was
based on their 'H NMR spectra (two doublets at d; =2.36 and
2.25, 2J=15.2 Hz for the methylene linker of meso-3; one
singlet at 0y =2.30 for (+)-threo-3) and by their conversion
into bis(1,3-dioxolanes) derived from (R,R)-butane-2,3-diol
(C NMR). The reduction of meso-3 with K-selectride
(KBH(iBu);) in THF!'! gave diol 4 that was acetylated
(Ac,0, Et;N, CH,Cl,, DMAP) into 5 (95 %, 2 steps). Attempts
to induce reductive ethereal-ring opening of the two 8-oxa-
bicyclo[3.2.1]oct-6-ene moieties of 4 and 5 following Lautens’
methods!™¥ were not met with success. Protection of diol 4 as
dibenzyl, bis(methoxymethyl) or disilyl ethers gave products
that refused to undergo ethereal-ring opening. However, the
treatment of 5 with BCl; in CH,Cl, afforded the dichloride 7 in
96 % yield. The high stereo- and regioselectivity of this double
S\2'-type 8-oxa bridge cleavage can be interpreted in terms of
the formation of zwitterionic intermediate 6 (Scheme 2) that
arises from the Lewis acid promoted heterolysis of the tertiary
C1-08 bonds. Dichlorodiol 7 was esterified with 4-methox-
ybenzoyl chloride in pyridine to give 8 (99%). Reductive
dechlorination of 8 with Bu;SnH (toluene, 2,2'-azobisisobu-
tronitrile (AIBN), 80°C)["! provided 9 (84 %). Attempts to
dechlorinate 8 with (Me;Si);SiH/AIBN[2 (toluene, 80°C) led
to a maximum yield of 10% only.

Abstract in French: Une nouvelle methode est proposee pour
la synthese asymetrique de pentadeca-1,3,5,7,9,11,13,15-octols
et de leurs derives. Elle exploite la dihydroxylation asymetrique
selon Sharpless appliquéee au bis(4-méthoxybenzoate) de 4,4'-
méthyléne[(IR,1'S,6R,6'S)-6-acétoxycyclohept-3-en-1-yle] (9)
derivant de la double cycloaddition [3+4] du cation 1,1,3-
trichloro-2-oxyallyle sur le 2,2’ -méthylenedifurane (1). Le diol
(—)-10 obtenu avec un ee de 98.4 % par oxydation de 9 au
moyen de I"“AD-mix-B(5x)” est oxyde en 4-methoxybenzoate
de (2R et 2S5,4S,6R)-tetrahydro-2-hydroxy-6-{(4S,6S)-{6-hy-
droxy-4-[(4-méthoxybenzoyl)oxy]cyclohept-1-en-1-yl}-2-oxo-
propyl}-2H-pyran-4-yle ((—)-18). En combinant les reductions
anti-selectives selon Evans, ou syn-selectives selon Nasaraka,
avec la double substitution selon Mitsunobu, 16 diasteréomeres
et leurs derives peuvent étre prepares, en principe, avec hautes
enantio- et diasteréosélectivites.
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Scheme 2.

Desymmetrisation of the methylenebis(heptenyl) system 9
was realized by means of the Sharpless asymmetric dihydroxy-
lation.! This led to a 4:1 mixture of diols (—)-10 and (+)-11
which were then separated by column chromatography on
silica gel (Scheme 2). Pure diol (—)-10 was isolated in 72 %
yield. Less than 2% of tetrols were formed when the reaction
mixture was quenched after disappearance of 9. "F NMR
spectroscopy (*C-'°F satellites) of Mosher’s esters (—)-10M
and (4)-11M, derived from (§)-a-methoxy-a-trifluorome-
thylphenylacetyl chloride,”? showed (—)-10 to have 98.4 % ee
and (+)-11 13.0 % ee. The relative configurations of C1” and
C2"” in (—)-10 and (+)-11 were assigned by NOE analysis of
acetonides (—)-10ac and (+)-1lac, respectively. A strong
NOE effect has been detected between the 'H NMR signals of
Me,C(OR), and H-C6” in (—)-10ac, whereas no such effect
was found in (+)-11ac. This result is in accordance with
predictions that the para-methoxybenzoate group can en-
hance the enantioselectivity of the syn osmylation (to yield
(—)-10).31 The para-methoxybenzoate moiety is a necessity
for a good yield in the Sharpless dihydroxylation and a high
enantiomeric excess. Derivatives 12—15 have been prepared
and submitted to the above desymmetrisation reaction with
AD-mix-f (10-fold excess). With 12, the yield of the expected
diol never surpassed 50 % and the highest ee value obtained
only reached 13 %! With 13, a mixture of diols (55%) and
tetrols (36 %) was obtained. With the bis(para-methoxyben-
zoate) 15, a diol was isolated in 28 % yield and in 25 % ee. The
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absolute configuration of (—)- 10
10 was established by circular

dichroism of a derivative (see -
below).
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Oxidative cleavage of diol 0
(=)-10 with NalO, or with
Pb(OAc), led to mixtures of
unstable products that probably
arise from the elimination of
acetic acid. Selective methanol-
ysis of the acetate was possible
on treating (—)-10  with
Mg(OMe), in methanol.?* This
generated tetrol (+)-16 in 70 %
yield, the oxidation of which 30 +
with NalO, in aqueous dioxane
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afforded a 3:2 mixture of a- and
pB-pyranose (—)-18 in 98 % yield
(Scheme 3). The 2D NOESY
'H MNR spectrum of (—)-18
proved that the H4 and H6
protons are axial, thus demon-
strating that epimerisation had not occurred at C4 and Cé.
Hemiacetal (—)-18 equilibrates with the corresponding oxo-
aldehyde 17 that was reduced selectively under Evans’
conditions®! (Me,NBH(OAc);, AcOH, 20°C) to give (—)-
19 in 75 % yield (Scheme 3). Methanolysis of (—)-19 (MeOK,
MeOH) liberated the hexol 20 that was converted into bis-
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H,0, dioxane Y OR'

-16 = H —_—

18 e 2am O OR OH O -
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Scheme 3.
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Figure 1. CD spectra (MeCN) of (—)-23 and (—)24. See Scheme 4.

fﬁ"“‘ =
3 -
HO H

)23 (UV: A = 253 nm) H
M ; f '
HOY H
oR OR' NP
— H
Hj@ 7 ‘{/OR'
OR'

R' = 4-MeOCeH,CO

)-24 (UV: Amax = 253 nm)

. R @
OR H
@ OR*

Scheme 4. Equlhbrla of (—)-23 and (—)4 in the CD spectra (MeCN) given
in Figure 1.

acetonide (—)-21 (55%, two steps). Its 3C NMR spectrum
(6c(Me) =30.0, 24.7, 24.6, 19.2)P confirmed the anti-2'.4'
relative configuration (Scheme 3). Treatment of tetrol (—)-19
with (MeO),CMe,/acetone/pyridinium para-toluenesulfo-
nate, followed by esterification with pivaloyl chloride afford-
ed (—)-23 in 60% yield (two steps). Its circular dichroism
(CD) spectrum (Figure 1 and Scheme 4) showed a negative
Cotton effect (Aeyg=—35) that results from the coupling of
the electric transition moments of the alkene moiety at C3, C4
and the para-methoxybenzoate chromophore at Cl of the
cycloheptene group. For all possible conformations of this
ring, negative chirality is expected, in agreement with the
proposed configuration. In order to confirm this assignment,
diester (—)-24 was prepared by the treatment of diol (—)-21
with para-methoxybenzoyl chloride. The CD spectrum of (—)-
24 (Figure 1 and Scheme 4) showed, as expected for all
possible conformations of the cyclohept-5-en-1,3-diyl bis(p-
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methoxybenzoate) system, a double Cotton effect (Agy, =
—30, Aé&yz;=+3) that results from the exiton coupling
between the two aromatic chromophores to produce a
negative couplet.?! This interpretation is consistent with the
fact that the point of inflection of the CD curve is close to 1 =
253 nm, the wavelength of maximum absorption in the UV
spectrum of (—)-24.

Dihydroxylation of the cycloheptene moiety of (—)-23 with
N-methylmorpholine N-oxide and OsO, (cat.) provided a
mixture of 1,2-diols that were cleaved oxidatively with
Pb(OAc), in benzene and AcOH (5°C, 2.5 h). This produced
a mixture of hemiacetals that was reduced under Evans
conditions®! to give (—)-25 (48%) (Scheme 5). Its bis-

1. NMO, OsO,
acetone/H,O :
2. Pb(OAc),, PhH PivO OR' 5 fe)

3. Me,NBH(OAG); ><

AcOH (48%)

-

(-)-23

(MeO),CMe;, acetone (-)-25 R=H, R' = PMBz
pyrH'TsO™ (85%) L (-)-26 R,R = Me,C, R' = PMBz

U 3' 1‘ 3
()18 -EuBOMe. THF 8NEE ' OR’
- -_ - : :
2. NaBH,, MeOH ” VA &
(57%) OR" OR' OR OR :
HO
(MeO),CMe, (+)-27R=H, R'=PMBz, R"=H
[ (78%
acetone, H |I (-)-28 R ,R =Me,C, R'=PMBz, R"=H
PivCI, pyr| (70%) _ (.)-29 R ,R = Me,C, R' = PMBz, R" = Piv
()29 1. NMO, 0s0, ! 5 7 ? 11 ! o
acetone/ H,O PvO OR O__0 OR OR OR OH
2. Pb(OAC)s <
3. Me,NBH(OAC), (+)-30 R = H, R' = PMBz
ACOH (67%) T
()-31 R ,R = Me,C, R' = PMBz
Scheme 5.

acetonide (—)-26 (85%), obtained on treatment with Me,C-
(OMe),/acetone and pyrH*TsO~ showed 6(Me) =24.5, 24.4,
243 and 24.2, typical of anti-5,7 and anti-9,11 relative
configurations.?!

Selective syn reduction of (—)-18 under Nasaraka’s con-
ditions®®! gave (4)-27 (57%). Its acetonide (—)-28 (78 %)
showed 6(Me)=29.9 and 19.3.2% Selective esterification of
(—)-28 with PivCl/pyridine afforded pivalate (—)-29 (70%)
that was oxidised with N-methyl N-morpholine oxide and
050, (cat.) in acetone/water to give a mixture of 1,2-diols. The
latter were cleaved with Pb(OAc), into an oxo-aldehyde that
was directly reduced under Evans’ conditions to produce triol
(+)-30 (67%). Treatment of (+)-30 with Me,C(OMe),/
acetone/pyrH™TsO~ provided the bis-acetonide (—)-31 for
which 0(Me)=30.1, 24.2, 24.1 and 19.5 proved the anti-9,11
relative configuration/l,

Esterification of (—)-22 with Ac,0O/pyridine/4-dimethyl-
aminopyridine (cat.) afforded a diacetate that was treated
with AcOH/H,O to produce diol (—)-32 (98 %) (Scheme 6).
Double Mitsunobu displacement with para-nitrobenzoic acid
(EtOOCN=NCOOQEt, Ph;P, PhH) afforded (+)-33 (65%).
Saponification of (+)-33 (MeOH/MeOK) gave an hexol that
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was treated with (MeO),CMe,/acetone/pyrH*TsO~ to afford
bis-acetonide (—)-34 (38%). Its *C NMR spectrum showed
0(Me) =29.9, 25.1, 25.0 and 19.2 which is consistent with the
anti-2' 4 relative configuration.?! This product is different
from the isomeric bis-acetonide derived in a similar way from
(—)-19, and thus confirms that double inversion had occurred
during the Mitsunobu displacement reaction (Scheme 6).

Conclusions

The combinations of Evans’ anti®! and Nasaraka’s?! syn
reductions of aldols with the double Mitsunobu reaction®” on
our intermediates, 16 diastereomeric pentadeca-1,3,5,7,9,11,
13,15-octols and analogues, can be obtained, in principle. If
the syn relationship between the 4-methoxybenzoates at C3
and C13 could be changed into a anti relative configuration,
all possible stereomeric pentadeca-1,3,5,7,9,11,13,15-octols
could be reached in both enantiomeric forms (Sharpless
asymmetric dihydroxylation®). Furthermore, because of our
ability to differentiate between the reactivity of alcohols on
aliphatic and on cycloheptene systems, selective semi-protec-
tion of the polyols is possible and should allow the introduc-
tion of functions other than alcohols on the fifteen-carbon
chain.

Experimental Section

General methods: see Ref. [30]. All the 'H NMR and *C NMR assign-
ments were confirmed by 2D NMR (COSY, NOESY, HMQC spectra).
2,2'-Methylenedifuran (1): Furfuryl alcohol (10.9 g, 0.12 mol) and furan
(136 g, 2 mol) were mixed and cooled to 0°C. CF;COOH (10.3 g, 0.09 mol)
was added dropwise. Stirring was continued at 0°C for 24 h. The mixture
was washed with a saturated aqueous solution of NaHCO; (200 mL, 2 x ),
then with H,O (200 mL, 2 x ). Drying (Na,SO,) and distillation afforded
furan (95 g), followed by 1 (b.p. 45°C, 3 Torr) as a pungent, colourless oil.
Yield: 12.0 g (65%).1

(£)-(1RS,5SR)-1-Furfuryl-8-oxabicyclo[3.2.1]oct-6-en-3-one  (2): Zinc
powder (3.92 g, 60 mmol) was dried under a flow of N, and under heating
(150-200°C). After the mixture had been cooled to 20°C under N,
atmosphere, CuCl (0.6 g, 6 mmol) and 1 (1.48 g, 10 mmol) were added.
The mixture was subjected to ultrasonification at 0°C for 5 min, then
1,1,3,3-tetrabromoacetone (7.4 g, 20 mmol) in anhydrous dioxane (11 mL)
was added over a period of 15 min. The mixture was ultrasonicated
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(plunging cylinder) for 15 h at 15-20°C. The solid was filtered off and the
solvent evaporated in vacuo. The residue was taken up in MeOH (20 mL)
and stirred with freshly prepared zinc/copper couplel'®l (2 g) for 20 min at
20°C (controlled by TLC onssilica gel, R; (2) =0.13, EtOAc/light petroleum
ether 1:10). The solid was filtered off on Celite and a saturated aqueous
solution of Na,EDTA (50 mL; EDTA = ethylenediaminetetraacetate) was
added. The mixture was extracted with CH,Cl, (30 mL, 3 x , then 10 mL,
4 x ). The combined organic extracts were dried (MgSO,) and the solvent
was evaporated. The residue was purified by flash chromatography on silica
gel (EtOAc/light petroleum ether 1:10) to give 2. Yield: 306 mg (15%);
colourless crystals, m.p. 53-54°C (CH,Cl,/hexane); 'H NMR (400 MHz,
CDCl;, 25°C, TMS): 8 7.34 (dd, 3J(H,H) = 1.8, “J(H,H) = 0.5 Hz, 1 H; H4"),
6.31 (dd, 3J(H,H) =3.1, 1.8 Hz, 1H; H3"), 6.18 (dd, 3J(H,H) =5.9, 1.7 Hz,
1H; H6), 6.16 (d, *J(H,H) =3.1 Hz, 1H; H2"), 6.15 (d, 3J(H,H) =5.9 Hz,
1H; H7),5.08 (brd,*/(H,H) =5.1 Hz, 1H; H5), 3.12 (s, 2H; H1"), 2.68 (dd,
2J(H,H) =16.3, 3J(H,H) =5.1 Hz, 1H; H4,,,), 2.57 (d, 2/(H,H) =162 Hz,
1H; H2,,,), 2.38 (d, 2/(H,H)=16.3 Hz, 1H; H2,,,,), 2.28 (d, 2/(H,H)=
16.2 Hz, 1H; H4,,,,); *C NMR (100.6 MHz, CDCl;, 25°C): 6 =205.9 (s;
C3), 1502 (s; C1”), 141.9 (d, J(C,H) =202 Hz; C4"), 134.9 (d, 'J(CH) =
169 Hz; C7), 133.4 (d, 'J(C,H) =166 Hz; C6), 110.3 (d, J(C,H) =175 Hz;
C3"), 108.2 (d, 'J(C,H) =174 Hz; C2"), 85.2 (s; C1), 77.6 (d, 'J(CH) =
170 Hz; C5), 50.5 (t, 'J(C,H) =129 Hz; C2), 45.1 (t, 'J(C,H) =130, C4), 35.3
(t, J(C,H) =129, C1'); IR (KBr): #=3135, 2980, 1710, 1600, 1420, 1345,
1325, 1235, 1205, 1190, 1155, 1090, 1065, 1045, 1015, 940, 920, 855, 830, 815,
775, 760, 745, 730, 605, 480 cm~!; UV (MeCN): A, (¢)=217nm
(8650 mol~'dm*cm~"); MS (CI/NH,): m/z (%): 204 (44) [M+NH,]*, 176
(2),162 (13),147 (28), 123 (5), 94 (15), 81 (100); elemental analysis calcd for
C,H,,0; (204.2) (%): C 70.57, H 5.92; found C 70.54, H 5.89.

1,1'-Methylenedi[ (1R,1'S,5S,5' R)-3-0x0-8-o0xabicyclo[3.2.1]oct-6-ene]

(meso-3) and (£)-1,1"-methylenedi[ (1RS,1'RS,5SR,5'SR)-3-0x0-8-oxabicy-
clo[3.2.1]oct-6-ene] ((£)-threo-3): Et;N (4.0 g, 39.5 mmol), then 1,1,3,3-
tetrachloroacetone (7.0 g, 35.7 mmol) were added slowly to a vigourously
stirred solution of 1 (2.25 g, 15.2 mmol) in CF;CH(OH)CF; (35 mL) cooled
to 0°C. After the mixture had been stirred at 20°C overnight,
CF;CH(OH)CF; was recovered by distillation under vacuum and the
residue was taken up in a solution of MeOH saturated with NH,Cl
(100 mL). Zn/Cu couple (7 g) was added portionwise to the vigourously
stirred mixture. After the mixture had been stirred at 20°C for 5 d, the
precipitate was filtered off on Celite and the solvent evaporated. CH,Cl,
(100 mL) was added and the solution washed with 5% aqueous HCI
(100 mL). The aqueous layer was extracted with CH,Cl, (10 mL, 3 x ). The
combined organic extracts were dried (MgSO,) and the solvent was
evaporated in vacuo. The residue was taken up in CH,Cl, (10 mL) and Et,0
(90 mL) was added under stirring. Silica gel (20 g) was then added and the
mixture stirred for 20 min. Filtration, rinsing with Et,0 (50 mL), and
evaporation of the solvent afforded meso-3+ (+)-threo-3 (2.85g, 72%)
that was recrystallised from furan (7.2 g) to give pure (&)-threo-3 (0.94 g;
33%). The mother liquor contained a 8:2 mixture of meso-3/(%)-threo-3
that was purified by filtration though a pad of silica gel (Et,O/light
petroleum 9:1) and used as such for the next step. Pure meso-3 was
obtained by recrystallisation from H,O at 4°C. Yield: 0.88 g (55 %).

meso-3: Colourless crystals; m.p. 112-113°C (H,0); 'H NMR (400 MHz,
CDCl,;, 25°C): 0 =6.24 (d,3J(H,H) =5.9 Hz, 2H; H7), 6.16 (dd, *J(HH) =
5.9, 1.7Hz, 2H; H6), 5.06 (brd, 3J(HH)=5.0 Hz, 2H; HS), 2.68 (dd,
2J(HH)=162Hz, J(HH)=50Hz, 2H; H4,.,), 265 (d, YJ(HH)=
162 Hz, 2H; H2,.,), 2.45 (d, 2J(H,H) =162 Hz, 2H; H2,,,,), 236 (d,
2J(HH)=152Hz, 1H of methylene), 2.30 (d, 2/(H,H)=16.2 Hz, 2H;
H4,,4,), 225 (d, 2J(H,H)=15.2 Hz, other H of methylene); *C NMR
(100.6 MHz, CDCl;, 25°C): 6 =206.9 (s; C3), 137.0 (d, J(C,H) =174 Hz;
C7), 133.1 (d, J(C,H)=180Hz; C6), 852 (s; C1), 776 (d, J(CH)=
170 Hz; C5), 52.1 (t, J(C,H)=130 Hz; C2), 45.6 (t, 'J(C,H)=130 Hz;
C4), 42.5, (t, 'J(C,H) =126 Hz; C9); IR (KBr): 7 =1710, 1335, 1215, 1095,
1020, 925, 855, 830, 765, 730, 695 cm~'; MS (CI/NH;): m/z (%): 260 (12)
[M+H]*, 242 (6), 217 (9), 203 (2), 175 (9), 137 (31), 123 (8), 81 (100);
elemental analysis caled for C;sH,40, (260.3) (%): C 69.22, H 6.20; found C
68.46, H 6.11.

(£)-threo-3: Colourless needles; m.p. 160°C (furan, decomp.); 'H NMR
(400 MHz, CDCl;, 25°C): 6 =6.20 (d, *J(H,H) =5.9 Hz, 2H; H7), 6.09 (dd,
3J(HH)=5.9,1.7 Hz, 2H; H6), 5.03 (brd, *J(H,H) = 5.0 Hz, 2H; H5), 2.68
(dd, 2J(H,H) =16.2 Hz, 3J(H,H) =5.0 Hz, 2H; H4,,,), 2.61 (d, 2J(H,H) =
16.2Hz, 2H; H2,,), 247 (d, 2J(HH)=16.2 Hz, 2H; H2,,,), 2.29 (d,
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2J(H,H) =16.2 Hz, 2H; H4,,,,), 2.30 (s, 2H; CH,(methylene)); *C NMR
(100.6 MHz, CDCl;, 25°C): 6 =205.8 (s; C3), 135.5 (d, 'J(C,H) =175 Hz;
C7), 131.9 (\J(C,H) =174 Hz; C6), 84.7 (s; C1), 77.0 (d, J(C,H) =160 Hz;
C5), 52.3 (t, Y(C,H) =130 Hz; C2), 45.4 (t, 'J(C,H) =130 Hz; C4), 42.3 (t,
1J(C,H) =126, CH,); IR (KBr): 7= 3110, 2965, 2925, 1710, 1595, 1560, 1545,
1510, 1460, 1430, 1400, 1355, 1340, 1320, 1280, 1225, 1200, 1100, 1060, 1030,
925, 860, 835, 810, 765, 735, 700, 670, 645, 503, 485, 435, 420 cm™!; MS (CI/
NHa): m/z (%): 260 (12) [M+H]*, 242 (6), 217 (9), 175 (9), 137 (31), 123 (8),
81 (100); elemental analysis calcd for C;sH,,04 (260.3) (%): C 69.22, H
6.20; found C 68.62, H 6.09.

1,1'-Methylenedi[ (1R,1'S,3S,3'R,5S,5' R)-8-oxabicyclo[ 3.2.1]oct-6-en-3-0l]
(4): A 1M solution of K-selectride in THF (114 mL) was added dropwise to
a stirred solution of meso-3 (13.4 g, 51.8 mmol) in anhydrous THF
(700 mL) cooled to —78°C. The temperature was allowed to reach 20°C
in 3h and the mixture stirred at 20°C for 12 h. MeOH (60 mL), then
MeOH saturated in NH,Cl (60 mL) were added. After the mixture had
been stirred at 20 °C for 30 min, the precipitate was filtered off on Celite.
Concentration by evaporation (40 mL), flash chromatography on silica gel
(CH,Cl,/MeOH 96:4) and precipitation from CH,Cl, (200 mL) and light
petroleum (400 mL) gave diol 4 (13.4 g; 98 %) as colourless crystals. M.p.
136-137°C (CH,Cly/light petroleum ether); 'H NMR (400 MHz, CDCl;,
25°C): 6=6.45 (d, 3J(HH)=5.9 Hz, 2H; H7), 6.35 (dd, *J(H,H)=5.9,
1.7 Hz, 2H; H6), 4.79 (m, 2H; H5), 3.97 (dddd, *J(HH)=5.7, 5.6, 4.7,
4.6 Hz, 2H; H3), 224 (d, 3J(HH)=102Hz, 2H; OH), 2.17 (ddd,
2J(H,H)=14.7, *J(HH) =57, 40 Hz, 2H; H4,,), 2.08 (brd, /(HH)=
14.7 Hz, H2,,,), 2.05 (m, 2J(H,H) =14.8 Hz, 2H(AB); CH,), 1.87 (brd,
2J(H,H)=14.7 Hz, 2H; H2,,,,), 1.68 (d, 2J(H,H)=14.7 Hz, 2H; H4,,4,);
3C NMR (100.6 MHz, CDCl;, 25°C): 6 =138.7 (d, J(C,H) =169 Hz; C7),
134.7 (d, 'J(C,H) =177 Hz; C6), 84.2 (s; C1), 78.1 (d, J(C,H) =137 Hz;
C5),65.6 (d, 'J(C,H) =154 Hz; C3), 44.5 (t, 'J(C,H) = 125 Hz; CH,), 42.0 (t,
1J(C,H) =125 Hz; C2), 35.5 (t, 'J(C,H) =127 Hz; C4); IR (KBr): 7 =3345,
2920, 2585, 1655, 1460, 1400, 1345, 1285, 1260, 1205, 1180, 1135, 1115, 1075,
1060, 1040, 1020, 880, 745, 705, 620 cm~'; MS (CI/NHs): m/z (%): 264 (2)
[M+H]*, 246 (3), 203 (3), 167 (11), 140 (33), 125 (32), 107 (30), 95 (44), 81
(100); elemental analysis calcd for C;sH,O,4 (264.3) (%): C 68.16, H 7.63;
found C 68.15, H 7.52.

1,1'-Methylenedi[ (1R,1'S,3S,3'R,5S,5'R)-8-oxabicyclo[3.2.1]oct-6-en-3-yl]
bisacetate (5): A mixture of 4 (6.0 g, 22.7 mmol), CH,Cl, (170 mL), Ac,0O
(9.3 g), Et;N (15 g) and 4-dimethylaminopyridine (280 mg) was stirred at
20°C for 2 h. The solution was washed with 3% aqueous HCI, then with
saturated aqueous solution of NaHCOj;. Evaporation of the solvent, flash
chromatography on silica gel (MeOH/CH,Cl, 3:97) afforded 5 (7.7 g; 98 %)
as colourless crystals. M.p. 98-99°C (Et,0O/light petroleum). Compound 5
can also be obtained starting with the 7:3 mixture of meso-3/(x)-threo-3
obtained above. A final flash chromatography on silica gel (EtOAc/CH,Cl,
15:85) afforded 5 (68 %). '"H NMR (400 MHz, CDCl;, 25°C): 6 =6.18 (d,
3J(H,H) =5.9 Hz, 2H; H7), 6.10 (dd, *J(H,H) =5.9, 1.6 Hz, 2H; H6), 5.04
(dd,3J(H,H) =6.0, 5.9 Hz, 2H; H3), 4.74 (brd, 3J(H,H) = 3.5 Hz, 2H; H5),
2.16 (ddd, 2J(H,H) =15.1 Hz, 3J(H,H) =5.9, 4.1 Hz, 2H; H4,,,), 2.07 (dd,
2J(H,H) =15.0 Hz, *J(H,H) = 6.0 Hz, 2H; H2,,,), 2.06, 1.97 (2d, 2/(H,H) =
15.0 Hz, 2H methylene), 1.97 (s, 6H; Ac), 1.73 (d, 2J(H,H) =15.0 Hz, 2H;
H2,,4,), 1.55 (d, 2J(H,H) = 15.0 Hz, H4,,,); IR (KBr): 7 =3430, 3085, 2970,
2935, 2910, 1725, 1425, 1365, 1270, 1255, 1195, 1140, 1070, 1030, 970, 945,
885, 810, 745, 700cm™'; UV  (MeCN): A, (¢)=200nm
(9600 mol~'dm*ecm"); MS (CUUNH;): m/z (%): 348 (4) [M], 305 (9), 288
(18),271 (3),245 (8), 228 (25),209 (4), 167 (12), 121 (79), 107 (100), 81 (79);
elemental analysis calcd for C,yH,,04 (348.4) (%): C 65.50, H 6.94; found
65.58, H 6.88.

3,3'-Methylenedi[ (1R,1'S,5R,5'S,6S,6'R)-5-chloro-6-hydroxycyclohept-3-
en-1-yl] bisacetate (7): A 1.0 M solution of BCl; in CH,Cl, (75 mL) was
added slowly to a stirred solution of 5 (8.5 g, 24.4 mmol) in anhydrous
CH,Cl, (600 mL) cooled to —10°C. After stirring at —10°C for 4 h, the
solution was gently allowed to reach 20°C, and a saturated aqueous
solution of NaHCOj; (150 mL) cooled to 0°C was added under vigourous
stirring over a period of 15 min. The aqueous layer was extracted with
CH,Cl, (50 mL, 3 x ). The combined organic phases were dried (MgSO,,
charcoal), and the solvent was evaporated to afford 10 g (96 %) of 7, an
unstable compound used directly in the next step.
4,4'-Methylene-di[1R,1'S,2S,2'R,6S,6' R)-6-acetoxy-2-chlorocyclohept-3-
en-1-yl] bis(para-methoxybenzoate) (8): Crude 7 (10 g, obtained above)
was immediately taken up in dry pyridine (60 mL). para-Methoxybenzoyl
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chloride (14.2 g, 83.2 mmol) and 4-dimethylaminopyridine (290 mg) were
added and the mixture was stirred at 20°C for 15 h. Dry MeOH (50 mL)
was added and the solution stirred for an additional hour at 20°C. The
solvent was evaporated in vacuo, the residue taken up in CH,Cl, (100 mL)
and washed with 3% aqueous HCI (250 mL) at 0°C, then with saturated
aqueous solution of NaHCO; (250 mL, 2 x ). Drying (MgSO,), evaporation
of the solvent, flash chromatography on silica gel (Et,0O/light petroleum
ether 1:1) afforded 8 (17.6 g; 96 % based on 5) as colourless crystals. M.p.
92-95°C; 'H NMR (400 MHz, CDCl,, 25°C): 6 =8.01 (m, 4H), 6.94 (m,
4H), 5.83 (d, ¥(HH)=74Hz, 2H; H3), 5.55 (ddd, */(H,H)=10.0,
3J(HH)=3.8, 1.8 Hz, 2H; H1), 5.16 (m, 2H; H6), 4.85 (d, 3J(HH)=
7.4 Hz, 2H; H2), 3.87 (s, 6H; 2MeO), 2.87, 2.73 (2d, 2/(H,H) =14.4 Hz,
2H; CH,-C(4)), 2.68 (ddd, /(H,H) =13.7,3%/(H,H) = 10.1, 3.6 Hz, 2H; H7),
2.53 (m, 4H; H5), 2.26 (ddd, 2/(H,H)=13.7, 2J(H,H) = 6.8, 4.0 Hz, 2H;
H7),2.08 (s, 6H; 2 Ac); ®*C NMR (100.6 MHz, CDCl;, 25°C): 6 =170.2 (s,
Ac), 165.3 (s; Cyrom)» 163.7 (s, AcCOO), 140.7 (s; C4), 131.8 (d, J(CH) =
163 Hz, HC ;o) 125.8 (d, 'J(C,H) =162 Hz; C3), 122.1 (s; Cypom), 113.7 (d,
J(CH)=162 Hz, HC,,n), 702 (d, J(CH)=155Hz; Cl), 682 (d,
1J(C,H) =147 Hz; C6), 60.1 (d, 'J(C,H) =151 Hz; C2), 55.5 (q, J(C.H)=
144 Hz, MeO), 51.9 (t, 'J(C,H) =126 Hz; CH,), 35.7 (t, 'J(C,H) =132 Hz;
C7), 35.3 (t, J(C,H) =127 Hz; C5), 21.1 (q, Y/(C,H) =130 Hz; CH,COO);
IR (KBr): #=23450, 2955, 1735, 1715, 1655, 1605, 1580, 1510, 1460, 1440,
1420, 1260, 1170, 1115, 1100, 1030, 845, 770 cm~'; MS (CI/NH,): m/z (%):
706 (72) [M+NH;]*, 683 (3) [M*], 670 (10), 441 (9), 170 (42), 152 (23), 135
(100), 77 (7); elemental analysis calcd for Cs;sH3ClL Oy, (689.6) (%): C
60.96, H 5.55, C1 10.28; found C 60.98, H 5.67, Cl 10.29.

4,4-Methylene[ (1R,1'S,6R,0'S)-6-acetoxycyclohept-3-en-1-yl]  bis(4-me-
thoxybenzoate) (9): A mixture of 8 (16.5 g, 24 mmol), toluene (100 mL),
Bu;SnH (24.5 g, 84 mmol) and AIBN (350 mg, 2.13 mmmol) was stirred at
85°C for 4 h. The solvent was evaporated and the residue taken up in
MeCN (150 mL). After extraction with pentane (50mL, 4 x) and
evaporation of the solvent, the residue was taken up in Et,0O (150 mL).
KF (100 mg) was added under vigourous stirring. Stirring was continued at
20°C for 4 h then the mixture was filtered and the solvent evaporated in
vacuo. The residue was dissolved in CH,Cl, (150 mL) and the solution
washed with 3% aqueous HCl (50 mL), then with saturated aqueous
solution of NaHCO; (50 mL). The organic phase was dried (MgSO,).
Solvent evaporation and flash chromatography on silica gel (Et,O/light
petroleum ether 7:3) afforded pure 9 (12.7 g; 84 %) as a colourless oil that
can be crystallised from Et,0 (140 mL) and light petroleum ether
(130 mL). Colourless crystals. M.p. 92—95°C; '"H NMR (400 MHz, CDCl;,
25°C): =798, 6.92 (2m, 8H), 5.55 (t, 3J(H,H)=6.5 Hz, 2H; H3), 5.26
(dddd, 3J(H,H) =84, 7.0, 3.4, 2.8 Hz, 2H; H1), 5.04 (dddd, */(H,H) =94,
8.6, 3.5, 2.0 Hz, 2H; H6), 3.90 (s, 6H; 2MeO), 2.85, 2.69 (2d, 2/(H,H) =
14.1 Hz, 2H; H,CC(4)), 2.61 (ddd, 2J(H,H) =14.6, 3J(H,H) =84, 6.5 Hz,
2H), 2.52 (m, 2H), 2.48, 2.32 (2brd, 2/(H,H) =14.8 Hz, 4H), 2.27 (ddd,
2J(HH)=13.6, 3J(HH)=70, 3.5Hz, 2H), 2.19 (ddd, */(HH)=13.6,
3J(HH) =8.6, 3.4 Hz, 2H); *C NMR (100.6 MHz, CDCl;, 25°C): 6 =
170.2 (s, AcCO), 165.4 (s; Curom), 163.3 (s, ArCOO), 137.2 (s; C4), 131.6
(d, J(C,H) =163 Hz, HC,,,,), 123.6 (d, J(C,H) =146 Hz; C3), 122.9 (s;
Cirom)s 113.6 (d, 'J(C,H) =161 Hz, HC,,), 69.9 (d, 'J(C,H) =149 Hz; C1),
68.2 (d, J(C,H) =154 Hz; C6), 55.4 (q, 'J(C,H) =144 Hz, MeO), 50.4 (t,
IJ(C,H) =126 Hz; C8), 41.5 (t, J(C,H)=125Hz; C7), 36.5 (t, /(C.H) =
127 Hz; C5), 32.0 (t, Y(CH)=126, C2), 212 (q, J(C,H)=130Hz;
CH;COO); IR (KBr): 7#=2955, 1730, 1710, 1610, 1510, 1440, 1380, 1245,
1165, 1120, 1030, 985, 845, 770, 695, 610 cm™'; UV (MeCN): A,,,, (¢) =254
(35500), 207 nm (36800 mol~!dm?cm™"); MS (CI/NHs): m/z (% ): 638 (100)
[M+NH,]*, 561 (18), 469 (21), 409 (8), 349 (9), 256 (20), 196 (34), 135 (76),
91 (31); elemental analysis caled for C35sHy,O (620.7) (% ): C 67.73, H 6.50;
found C 67.82, H 6.44.

(1R,6R)-6-Acetoxy-4-{(1R,2S,4S,6R)-6-acetoxy-1,2-dihydroxy-4-[ (4-me-

thoxybenzoyl)oxy]cyclohept-1-yljmethylcyclohept-3-en-1-yl  4-methoxy-
benzoate ((—)-10): “AD-mix-3(5x)” was prepared by grinding
[K;Fe(CN)¢] (700 mg), anhydrous K,CO; (294 mg),(DHQD),-PHAL
(DHQD =dihydroquinidine, PHAL =1,3-phthalazinediyl; 27.6 mg) and
K,0s0,-2H,0 (5.3 mg). Some of this mixture (478 mg) was added to a
stirred solution of 9 (2.0 g, 3.22 mmol) and MeSO,NH, (300 mg, 3.1 mmol)
in ‘BuOH/H,0/MeCN (47.5:47.5:5, 30 mL) cooled to 0°C. After the
mixture had been stirred at 0°C for 24 h, Na,SO; (0.5 g) was added and the
mixture stirred for 1 h. The solid was filtered off (Celite) and the solution
extracted with EtOAc (10 mL, 5 x ). Drying (MgSO,), solvent evaporation

4096 ——

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

in vacuo, and flash chromatography on silica gel (CH,Cl,/MeOH 98:2, R;
((—)-10)=0.18) afforded a first fraction: (—)-10 (1.51g, 72%) as a
colourless foam. M.p. 69-72°C; [a]¥ =—73, [a]5,=—75, [a]E;=— 86,
[a]Bs=—161, [a]®s=-202 (c=1.0 in CHCl;); 'H NMR (400 MHz,
CDCl;, 25°C): =798 (m, 4H), 6.91 (m, 4H), 5.63 (t, 3/(H,H) =6.5 Hz,
1H; H3), 5.38 (dddd, 3/(H,H) =10.5, 8.7, 6.0, 1.8 Hz, 1H; H4"), 5.27 (m,
H1), 5.19 (dddd, 3J(H,H)=10.7, 9.0, 6.1, 2.6 Hz, 1H; H6"), 5.11 (m, 1H;
H6), 3.85, 3.82 (25, 6H; 2MeO), 3.72 (brd, 3/(H,H) =10.7 Hz, 1H; H2"),
2.89, 2.74 (2s, 2 OH), 2.65 (m, 1H; H2), 2.64 (m, 2H; H7), 2.57, 2.27 (2d,
2J(H,H)=13.3 Hz, 2H; HI'(CH,)), 248 (dd, 2/(H,H)=15.0, 3/(H,H) =
5.9 Hz, 1H; H'-2), 2.30 (m, 3H; H3", H5, H7"), 2.27 (d, 2/(H,H) =13.3,
H1'(CH,)), 2.20 (m, 1H; H5), 2.10 (m, 1H; H7"), 2.03 (m, 2H; H5", H3"),
1.81 (dd, 2J(H,H) =14.7, 3J(H,H) = 10.5 Hz, H5"); 3C NMR (100.6 MHz,
CDC(l;, 25°C): 6 =170.6, 170.2 (25, 2 AcO), 165.5 (255 2 Cypom), 163.4, 163.3
(25,2 ArCOO), 136.9 (s; C4), 131.6 (d, 'J(C,H) =163 Hz; 4 C,;om), 127.3 (d,
1J(CH) =162 Hz; C3), 122.6 (5; Cyrom)» 122.5 (s; Cyrom)> 113.6 (d, 'J(C,H) =
161 Hz, 4HC,,o), 74.3 (s; C1”), 73.0 (d, J(C,H) =141 Hz; C2"), 68.7 (d,
1J(CH) =154 Hz; C1), 68.2 (d, 'J(C,H) =137 Hz; C6), 68.1 (d, 'J(C,H) =
149 Hz; C6"), 66.9 (d, 'J(C,H) =147 Hz; C4"), 55.4 (q, 'J(C,H) =145 Hz,
MeO), 50.8 (t, 'J(C,H)=127 Hz; Cl’), 41.5, 40.9, 39.0, 38.6, 37.7 (5t,
C3'5,5,77), 32.3 (t, J(CH)=127 Hz; C2), 21.3 (q, J(C,H)=130 Hz,
2CH;COO); IR (KBr): 7 =3490, 2940, 1710, 1605, 1510, 1460, 1370, 1255,
1170, 1105, 1025, 850, 770, 700, 615 cm™'; UV (MeCN): A, (¢) =253
(47000), 206 nm (45400 mol~!dm?*cm~"); MS (CI/NH,): m/z (%): 672 (92)
[M+NH,]*, 595 (5), 503 (10), 443 (6), 337 (28), 135 (100), 106 (93), 78 (38);
elemental analysis calcd for C;sHy,04, (654.7) (%): C 64.21, H 6.47; found C
64.12, H 6.41.

(15*,65%)-6-A cetoxy-4-{{(1R*,25* 4R *,6 R*)-6-acetoxy-1,2-dihydroxy-4-

[ (4-methoxybenzoyl)oxy]cyclohept-1-yljmethyl}cyclohept-3-en-1-yl 4-me-
thoxybenzoate ((+)-11): The above flash chromatography afforded a
second fraction (0.39 g, 19%) of 11 as a colourless foam. [a]¥ =12,
[a]Zs =0.6, [a]Bs = 0.6, [¢]Rs =0.7 (c=1.1 in CHCl;); 'H NMR (400 MHz,
CDCl;, 25°C): =799, 6.92 (2m, 8H), 5.64 (t, *J(H,H) =6.2 Hz, 1 H; H3),
5.47 (m, 1H; H4"), 5.31 (m, 1H; H1), 5.10 (brt, */(H,H) = 9.4 Hz, 1 H; H6),
4.98 (brt,3/(H,H)=9.4 Hz, 1H; H6"), 3.87,3.86 (25, 6 H; 2MeO), 3.85 (m,
1H; H2"), 2.74-2.56 (m, 4H; H2, H5, H7), 2.61 (d, 2/(H,H) = 13.5 Hz, H'-
1'),2.48-2.43 (m, 2H; H'-2, H'-7), 2.46 (d, 2/(H,H) = 13.5 Hz, H'-1), 2.38 -
2.34 (m, 3H; H3", H7", H-5), 2.23-1.97 (m, 7H), 2.04 (s, 3H; AcO), 1.91
(dd, 2J(HH)=13.9, 3J(H,H) =104 Hz, 1H; H'-7"), 1.79 (s, 3H; AcO);
3C NMR (100.6 MHz, CDCl;, 25°C):  =171.1, 170.0 (25, 2 AcO), 165.2,
163.4 (2s), 136.2 (s; C4), 131.7, 131.6 (2d, V(C,H) =163 Hz, HC,,,,), 127.8
(d, Y(CH)=159 Hz; C3), 122.5 (s; Cuom), 113.6 (d, J(C,H)=161 Hz,
HC,om), 113.5 (d, Y(CH)=161Hz, HC,,,), 73.8 (s; C1”), 71.1 (d,
J(CH)=141Hz; C2”), 68.8 (d, J(CH)=149Hz; Cl), 682 (d,
J(CH)=149Hz; C6), 676 (d, J(CH)=149Hz; C4"), 664 (d,
J(CH)=149 Hz; C6"), 554 (q, J(CH)=143Hz, MeO), 477 (4,
1J(CH) =125 Hz; C1’), 43.1 (t, J(C,H) =133 Hz; C7"), 41.5 (t, 'J(CH) =
130 Hz; C7), 41.1 (t, 'J(C,H) =130 Hz; C5"), 39.6 (t, 'J(C,H) = 125 Hz; C5),
35.6 (t, 'J(C,H) =124 Hz; C3"), 31.8 (t, 'J(C,H) = 127 Hz; C2), 21.3,20.9 (q,
1J(C,H) =129 Hz, 2CH;COO); IR (film): # = 3420, 2935, 1710, 1605, 1510,
1455, 1370, 1255, 1170, 1105, 1025, 915, 850, 770 cm™!; UV (MeCN): A0
(¢) =254 (37500), 201 nm (44700 mol~'dm*cm™"); MS (CI/NH,;): m/z (%):
672 (1) [M+NH,]*, 595 (3), 318 (6), 135 (65), 106 (100), 91 (21).

Mosher’s ester of (—)-10: (+)-(1R,3R,5R,7S)-5-acetoxy-7-{{(4R,6R)-6-
acetoxy-4-[ (4-methoxybenzoyl)oxy]cyclohept-1-en-1-yljmethyl}-3-[ (4-me-
thoxybenzoyl)oxy]-7-hydroxycyclohept-1-yl  (R)-a-methoxy-a-trifluoro-
methylphenylacetate ((—)-10M): A mixture of (—)-10 (100 mg,
0.15 mmol), (+)-S-a-methoxy-a-trifluoromethylphenylacetyl chloride
(0.1 g), anhydrous CH,Cl, (10 mL), Et;N (0.2 mL) and 4-dimethylamino-
pyridine (30 mg) was stirred at 20°C overnight. A saturated aqueous
solution of NaHCO; (0.5 mL) was added and the organic phase was
collected. The aqueous phase was extracted with Et,O (2 mL, 2 x ) and the
combined organic extracts were dried (MgSO,). After filtration though a
pad of silica gel, the solvent was evaporated to give 104 mg (78 %) of 10M
as a colourless foam. R;=0.14 (silica gel 230-400 mesh, Et,O/light
petroleum 7:3); [a]y =-14, [a]3,=-19, [a]Es=—-19, [a]Rs=—35,
[a]%s = — 44 (¢=0.6, CHCl;); F NMR (376.5 MHz, CDCl;, 25°C, CFCl,):
0=—7137 (s, 3F, CF;, major), —71.55 (s, 3F, CF;, minor); 98.4% ee;
'"H NMR (400 MHz, CDCl;, 25°C): 6 =7.97 (m, 4H), 7.56 (m, 2H), 7.40 (m,
3H), 6.91 (m, 4H), 5.57 (t, *J(H,H) = 6.4 Hz, H2"), 5.36—-5.25 (m, 3H, H1,
H3, H4"), 5.09-5.06 (m, 2H, H5, H6"), 3.87 (s, 3H, MeO), 3.83 (s, 3H,
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MeO), 3.54 (s, 3H, MeOH), 2.71-2.60 (m, 2H; H3", H5"), 2.55-2.44 (m,
3H; HI', H3", H5"), 2.34-2.22 (m, 3H; H2, H6), 2.21-2.11 (m, 5H; H-1',
H2, H4, H7"), 2.05, 2.04 (2s, 6H; 2AcO), 1.80 (dd, %/(H,H)=14.9,
3J(H,H) =9.0 Hz, 1H; H'-4), 1.67 (brs, 1H; HO); *C NMR (100.6 MHz,
CDCl;, 25°C): 6=170.4, 170.0 (2s; 2CH,CO0), 165.6, 165.5, 165.2 (3s),
163.5, 1634 (2s, 2ArCOO), 1354 (s; C1”), 131.7 (d, J(C,H) =163 Hz,
HC,om), 129.8 (d, J(C,H)=162 Hz, HC 1), 128.8 (85 Cyrom), 128.6 (d,
1J(CH) =165 Hz, HC,.,,,), 1284, 1276 (2d, 'J(CH) =162 Hz, 2HC,.1),
126.2 (q, 'J(C,F)=286 Hz; CF;), 122.6, 122.5 (2s), 113.6 (d, J(CH)=
161 Hz), 78.3 (d, C5), 74.1 (s; C7), 68.6 (d, J(C,H) =142 Hz; C4"), 68.4
(d, J(C,H)=140 Hz; C6"), 68.0 (d, J(C,H)=151Hz; C3), 66.9 (d,
J(CH)=149Hz; C1), 554 (q, J(C,H)=140 Hz, 3MeO), 489 (t,
IJ(C,H) =127 Hz; C1’), 41.5 (m, C6), 40.9 (m, C4), 38.7 (m, C5"), 38.1
(m, C7"), 33.6 (t, 'J(C,H) =130 Hz; C2), 32.3 (t, J(C,H) =129 Hz; C3"),
21.2 (q, 'J(C,H) =160 Hz, 2 CH,CO); IR (KBr): 7 = 3450, 2360, 1710, 1605,
1510, 1455, 1255, 1170, 1105, 1025, 850, 770, 700 cm™'; UV (MeCN): A,y
()=260  (44400), 254  (47700), 203 (65600), 198 nm
(73700 mol~'dm*cm!); MS (CI/NH;): m/z (%): 888 (13) [M+NH,]*, 552
(17), 401 (6), 318 (5), 189 (25), 170 (15), 152 (19), 135 (100), 106 (70), 91
(34), 77 (30); elemental analysis calcd for C,sH,oF;0,, (870.9) (% ): C 62.06,
H 5.67; found C 62.17, H 5.77.

Mosher’s ester of (+)-11: (+)-(1R*,35%,558%*,75%)-5-acetoxy-7-{{(45*,65*)-
6-acetoxy-4-[ (4-methoxybenzoyl)oxy]cyclohept-1-en-1-yl}methyl}-3-[ (4-
methoxybenzoyl)oxy]-7-hydroxycyclohept-1-yl (R)-a-methoxy-a-trifluoro-
methylphenylacetate ((+)-11M): Same procedure as above, colourless
foam. [a]k =24, [a]B;=24, [a]ZE:=25, [a]Bs=44, [a]3s=55 (c=0.5,
CHCl;); “F NMR (376.5, CDCl;, 25°C, CFClLy): 6 =—71.44 (s, major),
—71.49 (s, minor): ee =15%; '"H NMR (400 MHz, CDCl;, 25°C): 6 =5.63,
5.53 (2t,3J(H,H) = 6.5 Hz, H2"), 3.58, 3.53 (25, OMe (MTPA)); IR (film):
7=3500, 2955, 1735, 1710, 1605, 1510, 1455, 1370, 1255, 1170, 1105, 1025,
850, 770, 700 cm~!; UV (MeCN): 4., (¢) =260 (38000), 255 (40700), 207
(49300), 203 nm (53500 mol~!dm*cm™"); MS (CI/NH;): m/z (%): 888 (26)
[M+NH,]*, 811 (3), 552 (5), 401 (4), 318 (6), 189 (26), 170 (8), 166 (8), 152
(11), 135 (81), 107 (28), 106 (100), 105 (32), 91 (28), 77 (22).
(1R,6R)-6-Acetoxy-4{{(1R,2S,4S,6R)-6-acetoxy-1,2-(isopropylidene-
dioxy)-4-[ (4-methoxybenzoyl)oxy]cyclohept-1-yl}methylcyclohept-3-en-1-
yl  4-methoxybenzoate ((—)-10ac) and (15%,65%)-6-acetoxy-4-
{{1R*,25*,4R *,6 R *)-6-acetoxy-1,2-(isopropylidenedioxy)-4-[ (4-methoxy-
benzoyl)oxy]cyclohept-1-yl}methyl}cyclohept-3-en-1-yl 4-methoxyben-
zoate ((+)-11ac): (—)-10ac and (+)-11ac were prepared by treatment of
(=)-10 and (+)-11 (50mg) at 20°C for 12h in acetone (1.0mL),
dimethoxypropane (0.5mL) and pyridinium para-toluenesulfonate
(5 mg). Neutralisation (saturated solution of aqueous NaHCOj3, 1.0 mL),
and evaporation of the solvent followed by extraction (CH,Cl,) afforded
the acetonide (49 mg, 93 %) as a colourless oil.

(—-)-10ac: [a]y =—1, [a]Es=—2, [¢]Bs=—5, (c=0.2, CHCL); '"H NMR
(400 MHz, CDCl;, 25°C): 6=8.08 (m, 4H), 797 (m, 4H), 5.60 (t,
3J(HH) =6.8 Hz, 1H; H3), 5.50 (brt, J(H,H)=10.1 Hz, 1H; H6"), 5.35
(m, 1H; H4"), 5.26 (tt, 3J(H,H) =77, 4.0 Hz, 1 H; H1), 5.14 (m, 1H; H6),
4.15 (brd, */(H,H) =6.2 Hz, 1H; H2"), 3.87,3.85 (25, 6 H; 2MeO), 2.74 (m,
2H; HS5, H3"), 2.58 (m, 3H; 2H2, H'-5), 2.44 (d, 2J(H,H)=13.5Hz, 1H;
H1'(CH,)), 2.36 (brd, 2/(H,H) =13.8 Hz, 1H; H5"), 2.25 (m, 2H; H7), 2.19
(d, 2J(H,H)=13.5 Hz, 1H; H'-1'(CH,)), 2.15 (d, 2J(H,H)=14.9 Hz, 1H;
H7"),2.02 (s, 6H, 2AcO), 1.89 (m, 2H; H'-5", H'-3"), 1.77 (dd, */(H,H) =
14.9, 3J(H,H)=10.1 Hz, 1H; H'-7"), 1.58, 1.35 (2s, 6H; acetonide);
3C NMR (100.6 MHz, CDCl;, 25°C): 6 =170.3, 169.8 (25, 2 AcO), 165.7
(2s; 2C,om), 163.3 (2s, 2 ArCOO), 136.7 (s; C4), 131.9, 131.6 (2d,
J(CH)=163 Hz; 4C,,n), 1262 (d, 'J(CH) =153 Hz; C3), 123.1 (2s;
2Cyrom)s 113.6, 113.5 (2d, 'J(C,H) =160 Hz; 4C, ), 107.4 (s, acetonide),
82.4 (s; C1”), 81.4 (d, 'J(C,H) =145 Hz; C2"), 68.8 (d, 'J(C,H) =145 Hz;
C1), 67.9 (d, 'J(C,H) =152 Hz; C6), 67.7 (d, 'J(C,H) = 147 Hz; C4"), 66.6 (d,
IJ(CH) =147 Hz; C6"), 554 (q, 'J(CH)=145Hz, 2MeO), 512 (t,
J(CH)=128 Hz; C1'), 447 (t, J(CH)=126Hz; C7"), 379 (2t,
J(CH)=128 Hz; C75"), 329 (t, J(CH)=128Hz; C5), 31.0 (t,
J(CH) =129 Hz; C2), 276, 25.6 (2q, 'J(C,H) =128 Hz, acetonide), 21.4
(q, J(C,H) =129 Hz, 2AcO); IR (film): 7 =2940, 2840, 1735, 1710, 1605,
1510, 1460, 1370, 1280, 1255, 1170, 1115, 1025, 915, 850, 770, 730, 695 cm™;
MS (CI/NH;): m/z (%): 712 (1) [M+NH,]*, 662 (2), 317 (3), 165 (45), 135
(100), 107 (15), 83 (10).

(H-1ac: [aff =4, [a]3 =4, [alf=6. [al =10, [affs=12 (=07,
CHCL,;); '"H NMR (400 MHz, CDCl;, 25°C): 6 =798 (m, 4H), 6.93 (m,
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4H), 5.59 (t, J(H,H) = 6.5 Hz, H3), 5.49 (m, 1 H; H4"), 5.24 (m, 1 H; H1),
5.18 (m, 1H; H6), 5.05 (m, 1H; H6"), 4.13 (dd, */(H,H) =8.9, 3.5 Hz, 1H;
H2"), 3.87, 3.84 (2s, 6H; 2MeO), 2.80 (dd, 2/(H,H)=14.8, *J(H,H) =
9.2 Hz, 1H; H5), 2.67-2.37 (m, 6H; 2H1’, 2H2, H'-5, H3"), 2.31-2.04
(m, 6H; 2H7", 2H7, H5”, H-3"), 2.03 (s, 3H; AcO), 1.96 (m, 1H; H'-5"),
1.90 (s, 3H; AcO), 1.46, 1.37 (2s, 6 H; acetonide); *C NMR (100.6 MHz,
CDCl;, 25°C): 0 =170.1,169.9 (2s; 2 AcO), 165.5, 165.2 (25; 2 C,1om), 163.4
(2s; 2ArCOO0), 136.7 (s; C4), 131.7, 131.6 (2d, Y(C,H) =163 Hz; 4C,yop),
126.6 (d, J(C,H) = 153 Hz; C3), 122.8, 122.4 (25; 2Corom), 113.7, 113.6 (2,
IJ(C,H) =161 Hz; 4C,,n), 108.7 (s, acetonide), 83.2 (s; C1”), 79.4 (d,
1J(C,H) =144 Hz; C2"), 68.8 (d, 'J(C,H) = 149 Hz; C1), 682 (d, J(C,H) =
148 Hz; C6), 670 (d, Y(C,H) =148 Hz; C4"), 66.6 (d, J(C,H)=148 Hz;
C6"), 554 (g, Y(C,H) =145 Hz, 2MeO), 473 (t, J(CH) =126 Hz; C1),
41.5, 404 (2t, 'J(C,H) =130 Hz; C7,7"), 40.0 (t, J(C,;H) =131 Hz; C5"),
386 (1, Y(CH) =131 Hz; C5), 342 (1, Y(C,H) =131 Hz; C3"), 32.3 (1,
(C,H) =131 Hz; C2), 29.4, 276 (2q, J(C,H) =127 Hz, acetonide), 21.3,
21.0 (2q, J(C,H) =129 Hz, 2 AcO); IR (film): #=2940, 2845, 1730, 1715,
1605, 1580, 1510, 1460, 1370, 1315, 1255, 1170, 1100, 1025, 915, 850, 770, 735,
695 cm~'; MS (CIUNHL): m/z (%): 712 (1) [M+NH,]*, 679 (2), 635 (4), 429
(2), 319 (6), 225 (14), 165 (100), 135 (71), 83 (89).

(1R,1'S,6R,6'S)-3,3-Methylenebis{6-{[ (tert-butyl)dimethylsilyl]Joxy}cyclo-
hept-3-en-1-yl} diacetate (12): 2,6-Lutidine (5 mL, 4.6 g, 43 mmol) was
added dropwise to a stirred solution of 7 (2.42 g, 5.7 mmol) in anhydrous
CH,Cl, (350 mL) cooled to —78°C under N, atmosphere. Then (fert-
butyl)dimethylsilyl trifluoromethanesulfonate (5 mL, 5.7 g, 21.8 mmol) was
added dropwise. The mixture was allowed to warm to 20 °C overnight under
stirring and N, atmosphere (TLC, R; (bis-silyl ether) =0.79, MeOH/CH,Cl,
5:95). 3% HCl in H,0 (100 mL) was added and the phases were separated.
The aqueous layer was extracted with CH,Cl, (30 mL, 2 x ). The combined
organic extracts were washed with saturated aqueous solution of NaHCO;
(50 mL) and dried (MgSO,). The solvent was evaporated and the residue
filtered though a pad of silica gel (light petroleum ether/Et,0) to give bis-
silyl ether of 7 (3.67 g; 97 %) as a colourless oil. A mixture of this oil (0.5 g,
0.77 mmol), anhydrous toluene (2 mL), Bu;SnH (0.7 g, 2.41 mmol) and
AIBN (20 mg, 0.12 mmol) was heated to 80°C for 4 h. The solvent was
evaporated and the residue was subjected to flash chromatography on silica
gel (230-400 mesh, 1) pentane, ii) Et,O/pentane 5:95, R; (12) =0.18) gave
12 (400 mg, 90 %) as a colourless oil. '"H NMR (400 MHz, CDCl;, 25°C):
0=>5.46 (dd, *J(H,H) =6.4, 6.3 Hz, 2H; H4), 4.99 (dddd, *J(H,H) =9.3,9.2,
3.2,2.4Hz,2H; H1), 3.98 (dddd, *J(H,H) =73, 72, 3.7, 3.1, 2H; H6), 2.74,
2.56 (2d, 2J(HH)=13.9 Hz; CH,), 2.35 (dd, 2J(HH)=14.6, 3J(H.H) =
9.4 Hz, 2H; H2), 2.33-223 (m, 4H; HS5), 221 (dd, 2J(HH) =146,
3I(HH)=11Hz, 2H; H-2), 206-1.93 (m, 4H; H7), 201 (s, 6H;
2Ac0), 0.88 (s, 18H; 2:/Bu), 0.05, 0.04 (2s, 12H; 2Me,Si); *C NMR
(100.6 MHz, CDCl;, 25°C): 6 =170.0 (s; CH;COO), 136.2 (s; C3), 124.3 (d,
1J(C,H) =155 Hz; C4), 69.0 (d, J(C,H) =153 Hz; C1), 66.7 (d, J(CH)=
141 Hz; C6), 51.0 (t, J(C,H)=126 Hz; CH,(methylene)), 452 (t,
J(CH)=127 Hz; C7), 362 (2t, J(C,H)=127 Hz; C2, C5), 258 (q,
1J(C,H) =125 Hz, 1Bu), 21.3 (q, Y(C,H)=129 Hz; CH,;COO), 18.1 (s),
—4.9 (q, 'J(C,H) =118 Hz, Me,Si); IR (film): #=2955, 2940, 2885, 1735,
1470, 1465, 1365, 1190, 1090, 1065, 1025, 990, 935, 905, 840, 775, 740 cm™;
UV (MeCN): 4. (¢) =206 nm (21600 mol~'dm3*cm~'); MS (CI/NH;): m/z
(%): 598 (1) [M+NH,]*, 523 (2), 449 (6), 331 (23), 289 (7), 197 (75), 117
(58),75 (86), 73 (100); elemental analysis calcd for C;;Hs4O4Si, (581.0) (% ):
C 64.09, H 9.72; found C 64.14, H 9.67.

(1R,1'S,6R,6'S)-3,3'-Methylenebis(6-hydroxycyclohept-3-en-1-yl)  diace-
tate (13): A mixture of 12 (0.5 g, 0.86 mmol), THF (S0 mL) and a 1m
solution of Bu,NF in THF (3.0 mL, 3 mmol) was stirred at 20°C for 15 h
(R; (13) =0.30, 1:9 MeOH/CH,Cl,). Solvent evaporation and filtration on
silica gel (MeOH/CH,Cl, 5:95) yielded 13 (302 mg, 99 % ) as a colourless oil
that crystallised from toluene. M.p. 90-91°C; '"H NMR (400 MHz, CDCl;,
25°C): =5.51 (dd, 3J(H,H) = 6.3, 6.2 Hz, 2H; H4), 4.94 (dddd, *J(H,H) =
9.3,9.2,3.4,2.0 Hz, 2H; H1), 4.03 (dddd, *J(H,H) = 7.0, 6.9,2.9,2.8 Hz, 2H;
H6), 2.80, 2.66 (2d, 2J(H,H) = 14.4 Hz; CH, of methylene), 2.46—2.35 (m,
6H), 2.22 (brd, 2J(H,H) =14.2 Hz, 2H; H2), 2.12-1.98 (m, 4H; H7), 2.01
(s, 6H; 2Ac0), 1.91 (s, 2 OH); *C NMR (100.6 MHz, CDCl;, 25°C): 6 =
1703 (s, AcO), 137.7 (s; C3), 123.7 (d, 'J(C,H) =156 Hz; C4), 68.1 (d,
LJ(CH) =153 Hz; C1), 66.1 (d, J(C,H) =145 Hz; C6), 50.5 (t, /(C,H) =
128 Hz; CH, of methylene), 44.4 (t, J(CH)=128 Hz; C7), 36.7 (t,
1J(C,H) =128 Hz; C2), 35.0 (t, 'J(C,H) =128 Hz; C5), 21.3 (q, 'J(CH) =
130 Hz; CH,COO); IR (KBr): 7 = 3345, 2940, 2910, 2865, 1740, 1725, 1655,
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1435, 1370, 1240, 1080, 1045, 1030, 985, 885, 685 cm™!; UV (MeCN): A«
(¢)=207 nm (14600 mol-'dm*cm~'); MS (CI/NH;): m/z (%): 370 (5)
[M+NH,]*, 335 (2), 293 (9), 233 (23), 214 (9), 188 (9), 129 (10), 105 (11), 91
(32), 85 (76), 83 (100); elemental analysis calcd for C oH,3O5 (352.4) (%): C
64.75, H 8.01; found C 64.68, H 7.92.

(1R,1'S,6R,6'S)-3,3'-Methylenebis{6-{[ (tert-butyl)dimethylsilylJoxy}cyclo-
hept-3-en-1-ol} (14): A mixture of 12 (200 mg, 0.34 mmol), MeOH (15 mL)
and K,CO; (0.5 g) was stirred at 20°C for 15 h. After filtration on Celite,
NH,CI (0.5 g) was added and the mixture filtered (Celite). The solvent was
evaporated and the residue taken up in ether (20 mL). After filtration
(Celite), the solvent was evaporated to give 14 (171 mg, 100%) as a
colourless oil that solidified slowly. 'H NMR (400 MHz, CDCl;, 25°C): 6 =
5.53 (t, %J(H,H) =6.5 Hz, 2H; H4), 4.00 (m, 1H; H1), 3.93 (m, 1H; H6),
2.74 (d, 2J(H,H) =14.1 Hz, 1H; CH, of methylene), 2.66 (d, 2/(H,H) =
14.1 Hz, 1H; CH, of methylene), 2.30 (m, 8H; 4HS5, 4H2), 1.97 (m, 4H;
H7), 1.45 (brs, 2H; OH), 0.88 (s, 18 H; TBDMS), 0.06 (s, 12H; TBDMS);
BC NMR (100.6 MHz, CDCl;, 25°C): 6 =137.1 (s; C3), 124.3 (d, J(CH) =
157 Hz; C4), 66.4 (d, 'J(C,H)=141Hz; C6), 66.1 (d, J(C,H)=146 Hz;
Cl1), 51.5 (t, J(C,H)=127 Hz; CH, of methylene), 48.7 (t, 'J(C,H)=
127 Hz; C7), 39.6 (t, J(C,H)=126 Hz; C2), 36.7 (t, J(C,H)=126 Hz;
C5), 25.8 (q, J(C,H)=125Hz, TBDMS), 18.1 (s, TBDMS), —4.8 (q,
1J(C,H) =118 Hz, TBDMS); IR (KBr): #=23345, 2930, 2855, 1470, 1465,
1360, 1255, 1085, 1060, 990, 900, 865, 835, 775 cm~; UV (MeCN): A, (¢) =
208 (13500), 197 nm (13800 mol~'dm?*cm"); MS (CI/NH;): m/z (%): 479
(2),421 (2), 347 (18), 289 (16), 197 (79), 155 (17), 129 (25), 91 (45), 73 (100);
elemental analysis calcd for C,;Hs,Si,0, (496.9) (%): C 65.27, H 10.55, Si
11.30; found C 65.35, H 10.56, Si 11.34.

(1R,1'S,6R,6'S)-3,3'-Methylenebis{6-{[ (tert-butyl)dimethylsilylJoxy}cyclo-
hept-3-en-1-yl} bis(4-methoxybenzoate) (15): A mixture of 14 (50 mg,
0.1 mmol), anhydrous CH,Cl, (3 mL), pyridine (1 mL), 4-methoxybenzoyl
chloride (0.1 g, 0.59 mmol) and DMAP (20 mg) was stirred at 50°C (closed
flask) for 1 day (TLC, R; (14) =0.56, R; (15) =0.70, Et,0O/light petroleum
ether 9:1). After cooling to 20 °C, a saturated aqueous solution of NaHCO;
(2 mL) was added and the mixture stirred at 20°C for 1 h. The mixture was
extracted with Et,O (2 mL, 3 x ). The combined organic extracts were dried
(MgSO,), the solvent was evaporated and the residue purified by flash
chromatography on silica gel (Et,O/light petroleum ether 1:1) to give 15
(67 mg, 87 %) as a colourless oil. 'H NMR (400 MHz, CDCl;, 25°C): 6 =
7.99 (m,4H), 6.93 (m, 4H), 5.50 (t,*/(H,H) = 6.5 Hz,2H; H4),5.22 (m, 2H;
H1), 3.99 (tt, 3J(H,H) =7.3, 3.8 Hz, 2H; H6), 3.86 (s, 6H; MeO), 2.73 (d,
2J(H,H) =14.0 Hz, 1H; CH, of methylene), 2.56 (d, 2/(H,H)=14.0 Hz,
1H; CH, of methylene), 2.47 (dd, 2/(H,H)=14.8 Hz, 3J(H,H) =8.5 Hz,
2H; H2), 2.29 (m, 6H; H5, H'-2), 2.16 (ddd, 2/(H,H) = 13.6 Hz, */(H,H) =
7.6,3.3 Hz, 2H; H7), 1.97 (ddd, 2/(H,H) =13.6, *J(H,H) =8.2, 3.1 Hz, 2H;
H'-7),0.85 (s, 18H; TBDMS), 0.03 (s, 6H; TBDMS), 0.02 (s, 6H; TBDMS);
3C NMR (100.6 MHz, CDCl;, 25°C): 6 =165.3 (s, 2ArCOO), 163.2 (s;
2Cyrom), 136.6 (s; C3), 1315 (d, Y(CH)=163 Hz; 4C,,n), 124.1 (d,
J(CH)=160 Hz; C4), 1232 (s; 2Cuom), 113.5 (d, Y(CH)=162 Hz;
4Cypom)s 694 (d, J(C,H)=151 Hz; C1), 66.5 (d, 'J(C,H) =145 Hz; C6),
554 (q, J(C,H)=144 Hz, 2MeO), 512 (t, 'J(CH)=127 Hz; CH, of
methylene), 45.5 (t, J(C,H) =127 Hz; C7), 36.8 (t, 'J(C,H) =126 Hz; C5),
35.7 (t, 'J(CH) =127 Hz; C2), 25.8 (q, '/(C,H) =125 Hz, TBDMS), 18.1 (s,
TBDMS), —4.9 (q, 'J(C,H) = 118 Hz, TBDMS); IR (KBr): # = 2930, 2855,
1710, 1610, 1510, 1465, 1320, 1255, 1165, 1100, 1065, 1035, 835, 770 cm™;
UV (MeCN): 4.« (€)=260 (33600), 254 (37400), 207 (43600), 201 nm
(48000 mol~'dm*ecm!); MS (CUNH;): m/z (%): 782 (1) [M+NH,]*, 707
(10), 633 (27), 555 (21), 423 (42), 329 (43), 197 (86), 135 (100), 73 (55);
elemental analysis calcd for C;3Hg,O4Si, (765.1) (%): C 67.50, H 8.43, Si
7.34; found C 6749, H 8.53, Si 7.34.

(1R,6R)-6-Hydroxy-4-{(1R,2S5,4S,65)-1,2,6-trihydroxy-4-[ (4-methoxyben-

zoyl)oxy]cyclohept-1'-yljmethyljcyclohept-3-en-1-yl ~ 4-methoxybenzoate
((+)-16): A mixture of (—)-10 (4.0g, 6.1 mmol), anhydrous MeOH
(210 mL) and of 0.7Mm solution of Mg(OMe), in MeOH (Aldrich No. 33,
565-567, 72 mL, 50 mmol) was stirred at 20°C under Ar atmosphere for
3.5h (TLC, MeOH/CH,CI, 5:95, R; ((—)-10) =0.48, R; (monoacetate) =
0.30, R; ((+)-16) =0.20). After acidification with 2.5M oxalic acid in
anhydrous MeOH (bromothymol blue) and stirring at 20°C for 1 h, the
solution was filtered (Celite). Evaporation of the solvent and flash
chromatography on silica gel (MeOH/CH,Cl, 5:95) afforded (+)-16
(2.6 g,74%) as a colourless solid. M.p. 155-156°C; [a]} =13, [a]5, =14,
[a]Zs =17, [a]Bs =32, [a]Rs =41 (¢=1.0 in CHCl;); 'H NMR (400 MHz,
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CD;0D, 25°C, TMS): =795 (m, 4H), 6.98 (m, 4H), 5.67 (t, *J(HH) =
6.7 Hz, 1H; H3), 5.25-5.19 (m, 2H; H1, H4"), 4.25 (dddd, *J(H,H) =9.5,
5.0,4.9,2.7 Hz, H6), 4.15-4.10 (m, 1H; H6"), 3.86, 3.84 (25, 6H; 2MeO),
3.53 (dd, 3J(HH)=10.9Hz, 3J(HH)=2.5Hz, 1H; H2"), 2.69 (dd,
2J(H,H)=14.8, J(HH)=76Hz, 1H; HS), 2.66, 221 (2d, Y(HH)=
12.7Hz, 2H; HI'), 2.61-251 (m, 3H), 234 (ddd, %J(HH)=133,
3J(HH) =109, 10.8Hz, 1H; H3"), 2.26-2.14 (m, 5H), 2.03 (dd,
2J(HH) =82, JJ(HH)=62Hz, 1H; H7"), 201-1.94 (m, 1H; H-3"),
161 (dd, 2(HH)=14.5, ¥(HH)=105Hz, 1H; H5"); “C NMR
(100.6 MHz, CD;0D, 25°C): 6 =1672 (s), 165.1 (s), 139.6 (s; C4), 132.5
(d, Y(C,H) =170 Hz, HC ), 127.6 (d, 'J(C,H) =158 Hz; C3), 124.1 (s;
Cirom) 114.8 (d, J(C,H) =162 Hz, HC,,,), 76.0 (s; C1”), 74.0 (d, J(CH) =
138 Hz; C2"), 70.5,70.4 (2d, 'J(C,H) =159 Hz; C1, C4"), 67.1 (d, 'J(C,H) =
139 Hz; C6”), 64.4 (d, 'J(C,H) =143 Hz; C6), 56.0 (q, 'J(C,H) =144 Hz,
MeO), 50.8 (t, 'J(C,H) =128 Hz; C1'), 45.8 (t, 'J(C,H) =127 Hz; C7), 45.0
(m, C5"), 43.5 (t, J(C,H) =126 Hz; C7"), 41.6 (m, C5), 38.5 (t, V(C,H)=
127 Hz; C3"), 34.4 (t, 'J(C,H)=127 Hz; C2); IR (KBr): #=3360, 2940,
1695, 1605, 1510, 1460, 1420, 1255, 1170, 1105, 1030, 965, 845, 770, 695,
610cm™; UV (MeCN): A, ()=252  (30900), 208 nm
(23600 mol~'dm*cm™"); MS (CI/NH;): m/z (%): 588 (41) [M+NH,]*, 571
(14), 419 (7), 295 (23), 249 (7), 170 (25), 153 (15), 152 (40), 135 (100), 107
(40); elemental analysis calcd for C;H350,, (570.6) (%): C 65.25, H 6.71;
found C 65.24, H 6.69.

(2R and 28,4S,6R)-Tetrahydro-2-hydroxy-6{(4S,65)-{6-hydroxy-4-[ (4-me-
thoxybenzoyl)oxy]cylohept-1-en-1-yl}-2-oxopropyl}-2Hpyran-4-yl ~ 4-me-
thoxybenzoates ((—)-18): A mixture of (+)-16 (2.20 g, 3.85 mmol), dioxane
(40 mL), H,O (16 mL), NalO, (2.11 g, 9.9 mmol) was stirred at 20°C for
15h (TLC, MeOH/CH,Cl, 5:95, R; ((+)-16)=0.28, R; ((—)-18)=0.32).
EtOAc (50 mL) was added and the phases allowed to separate. The
aqueous phase was extracted with EtOAc (30 mL, 2 x ) and the combined
organic extracts were dried (MgSO,). Solvent evaporation and flash
chromatography onsilica gel (MeOH/CH,Cl, 3:97) afforded (—)-18 (2.15 g,
98%) as a colourless foam. M.p. 67-70°C; [a]y =—-759, [a]5,=—62,
[a)Ze=—T1, [a]Bs=—122, [a]¥s=—147 (c=0.6 in CHCL); 'H NMR
(400 MHz, CDCl;, 25°C): mixture of a- and S-pyranose (a/fi 60:40) 6 =
7.99,6.92 (2m, 8H), 5.71 (t, *J(H,H) = 6.6 Hz, H2"), 5.50 (m, 1.2H; 0.6, H4,
0.6 H2), 5.25 (m, H4"), 5.16 (tt, 3J(H,H) =11.5, 4.6 Hz, 0.4H; H4), 4.89
(brd, 3J(H,H)=9.3 Hz, 0.4H; H2,,, of f-anomer), 4.65 (m, 0.6H; H6),
4.16 (m, H6"), 4.06 (m, 0.4H; H6), 3.87, 3.85 (25, 2MeO), 3.37, 3.19 (2d,
2J(H.H) =16.2 Hz), 3.32, 3.22 (2d, 2/(H,H) = 16.3 Hz, H,C(1')), 2.94 (dd,
2J(HH) =155, 3J(HH)=9.1 Hz, 0.4H; H3'), 2.81 (dd, 2/(H,H)=15.3,
3J(H,H) =9.5 Hz, 0.6 H; H3'), 2.60-2.44 (m, 5H; H3', H,C(3"), H,C(7")),
2.43-2.36 (m, 0.5H), 2.34-2.07 (m, 3.5H), 1.74 (ddd, 2J(H,H)=11.8,
3J(H,H)=3.4, 3.3 Hz, 0.6H; H5), 1.61-1.43 (m, 1.4H; H5, H3); *C NMR
(100.6 MHz, CDCl;, 25°C): of 2 isomers ¢ =208.5, 208.3 (s; C2'), 165.6,
165.5,163.3 (3s), 133.7 (s; C1”), 131.6 (d, 'J(C,H) =163 Hz, HC,,5,), 127.0
(d, Y(CH)=156 Hz; C2"), 123.0, 122.7, 122.4 (3s; Cuom), 113.6 (d,
YJ(C,H) =162 Hz, HC, ), 94.2 (d, 'J(C,H) =189 Hz; C2 of -pyranose),
92.3 (d, YJ(C,H) =167 Hz; C2 of a-pyranose), 68.7 (C4), 68.5 (C4"), 68.4
(C6 of p-pyranose), 66.7 (C4), 65.7 (C6"), 64.3 (C6 of a-pyranose), 55.4 (q,
1J(C,H) =145 Hz, MeO), 55.0, 54.6 (C1'), 47.9, 474 (2t, 'J(C,H) =128 Hz;
C3'), 44.6 (t, 'J(C,H) =127 Hz; C5"), 39.6 (t, 'J(C,H) =125 Hz; C7"), 38.1,
372 (C3), 36.2, 35.6 (C5), 33.3 (t, J(C,H) =128 Hz; C3"); IR (KBr): =
3425, 2935, 1710, 1605, 1510, 1420, 1260, 1170, 1105, 1030, 850, 770, 700,
615cm™; UV (MeCN): An,, (¢) =254 (29200), 200 (36500), 196 nm
(36500 mol~'dm*cm~"); MS (CI/NHs): m/z (%): 586 (12) [M+NH,]*, 434
(46), 399 (53), 336 (20), 301 (10), 229 (10), 170 (100), 153 (53), 152 (87), 135
(74), 116 (12), 92 (22), 81 (53); elemental analysis calcd for C;Hz0,
(568.6) (%): C 65.48, H 6.38; found C 65.42, H 6.48.

(1R,6R)-6-Hydroxy-4-{(2R,4S,65)-2,4,8-trihydroxy-6-[ (4-methoxybenzoyl)-
oxy]Joctyl}cyclohept-3-en-1-yl 4-methoxybenzoate ((—)-19): A solution of
(—)-18 (1.10 g, 1.93 mmol) in anhydrous AcOH (10 mL) was added to a
solution of Me,NBH(OAc); (7.0g, 26.6 mmol) in anhydrous AcOH
(16 mL). The mixture was stirred at 20°C for 15h, then crushed ice
(20 g) was added and the solvents were evaporated in vacuo. CH,Cl,
(100 mL), H,O (20 mL) then NaHCO; (5 g) were added under vigourous
stirring. After 4 h at 20°C, the aqueous layer was extracted with EtOAc
(20mL, 3 x) and the combined organic extracts were dried (MgSO,).
Solvent evaporation and flash chromatography on silica gel (5% MeOH in
CH,(Cl,) afforded (—)-19 (773 mg; 70%) as a colourless solid. M.p. 98-
102°C; [a)E=—4, [a]Es=—4, [a]Es=—14, [a]Rs=-21 (c=0.5 in
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CHCL); 'H NMR (400 MHz, CD;0D, 25°C): 6 =7.96, 6.90 (2m, 8H), 5.65
(t, 3J(HH) =6.7 Hz, 1H; H3), 5.48 (dddd, 3J(H,H) =8.6, 8.5, 4.3, 42 Hz,
1H; H6'), 5.17 (m, 1 H; H1), 4.68 (m, 1H; H6), 4.09 (m, 1 H; H2'), 3.98 (m,
1H; H4'), 3.85, 3.83 (25, 6H; 2MeO), 3.76-3.62 (m, 2H), 2.59 (dd,
J(HH)=14.8, 3J(HH)=75Hz, 1H; H,-5), 2.50-2.46 (m, 3H; H,-5,
H,C(2)), 2.29 (ddd, %/(H,H) =13.6, 3/(H,H)=6.2, 3.4 Hz, 1H), 2.18 (dd,
2J(H,H) =13.1, 3J(H,H) =2.7 Hz, 1 H; H,-1'), 2.07 (brd, %J(H,H) = 13.3 Hz,
1H; H,-1'), 2.11-2.03 (m, 2H), 1.94 (dddd, 2J(HH) =79, 3J(H.H) =53,
5.2,5.1 Hz, 1H; H,C(7')), 1.86-1.83 (m, H,C(5)), 1.64-1.61 (m, H,C(3'));
3C NMR (100.6 MHz, CD;0D;3, 25°C): 6 =1674, 165.6, 163.6, 163.3 (4s),
139.2 (s; C4), 131.8 (d, 'J(C,H) =165 Hz, HC,,,,), 1315 (d, Y(CH)=
164 Hz, HC,,,), 124.2 (d, 'J(C,H) =155 Hz; C3), 122.9, 122.1 (25; Cyrom)s
113.7,113.5 (2d, J(C,H) = 161 Hz, HC, o), 69.5 (d, 'J(C,H) = 145 Hz; C2'),
69.4 (d, 'J(C,H) =140 Hz; C6'), 68.6 (d, 'J(C,H) =151 Hz; C1), 66.2 (d,
1J(C,H) =149 Hz; C6), 65.2 (d, 'J(C,H) =140 Hz; C4), 58.6 (t, 'J(C.H) =
140 Hz; C8'), 55.4 (q, J(C,H) =145 Hz, MeO), 484 (t, 'J(C,H) =126 Hz;
C1),44.7 (t, 'J(C,H) =126 Hz; C7), 42.8 (t, 'J(C,H) =126 Hz; C3'), 42.7 (t,
1J(C,H) =126 Hz; C5'), 39.6 (t, 'J(C,H) =126 Hz; C5), 38.0 (t, J(C,H)=
125 Hz; C7'), 33.5 (t, J(C,H) =127 Hz; C2); IR (KBr): #=3360, 2940,
1685, 1605, 1501, 1460, 1420, 1255, 1170, 1120, 1025, 845, 770, 695 cm~'; UV
(MeCN): Aoy (€) =254 (45300), 201 nm (53000 mol~!dm*cm"); MS (Cl/
NH,): m/z (%): 590 (36, [M+NH,]*), 573 (78) [M*], 555 (15), 421 (13), 385
(7),297 (36), 279 (40), 233 (16), 170 (41), 135 (100) ; elemental analysis calcd
for C3HyOy (572.7) (%): C 65.02, H 7.07; found C 64.91, H 7.01.

(1R,3R)-5-{{(4R,6S)-6-[ (4S)-(2,2-Dimethyl-1,3-dioxan-4-yl)methyl]-2,2-di-
methyl-1,3-dioxan-4-yljmethyl}cyclohept-5-ene-1,3-diol ((—)-21): A mix-
ture of (—)-19 (44 mg, 0.077 mmol) and 4 % MeOK in MeOH (20 mL) was
stirred at 20°C for 5h. Neutralisation with anhydrous HCIl in Et,O
(phenophthalein), then addition of solid NaHCO; under stirring filtration
(Celite) and evaporation of the solvent gave hexol 20 as a white solid which
was taken up in acetone (0.9 mL) and 2,2-dimethoxypropane (0.1 mL).
After the addition of pyridinium para-toluenesulfonate (5 mg), the mixture
was stirred at 20°C for 24 h. Solid NaHCO; (10 mg) was added and the
mixture stirred for 5 min. Evaporation of the solvent (without filtration)
and flash chromatography on silica gel (MeOH/CH,Cl, 5:95) afforded (—)-
21 (16.2 mg; 55%) as a colourless oil. [¢]3 = —5, [a]Fs = — 6, [a]Fs = — 14,
[a]%s=—20 (¢=0.8 in CHCL); 'H NMR (400 MHz, CDCl;, 25°C): d =
5.60 (t,*J(H,H) =6.7 Hz, 1H; H6), 4.06 -4.01 (m, 2H), 4.00-3.90 (m, 4H),
3.81 (ddd, 2J(HH)=11.8, 3J(HH)=54, 1.3 Hz, 1H, H6""), 2.46 (dd,
2J(HH)=14.5, *J(H,H)=8.1Hz, 1H; H,-4), 2.41 (dd, 2J(HH)=145,
SJ(HH)=2.4Hz, 1H; H,4), 2.36 (m, 2H), 2.24 (dd, ¥/(H,H)=13.9,
3J(H,H)=4.0 Hz, 1H; H,-1"), 2.15 (dd, 2/(H,H) =13.9, *J(H,H) =9.2 Hz,
1H; Hy-1'), 2.01 (t, 3/(H,H) =5.5 Hz, H,C(2)), 1.64-1.48 (m, 5H), 1.42 (s),
1.41 (m), 1.40, 1.34, 1.32 (3s). 3C NMR (100.6 MHz, CDCl;, 25°C): 6 =
138.0 (s; C5), 124.2 (d, 'J(C,H) = 149 Hz; C6), 100.6 (s; C2"), 98.3 (s; C2""),
66.7 (d, 'J(C,H) =143 Hz; C4"), 65.7 (d, J(C,H) =145 Hz; C3), 65.5 (d,
1J(C,H) =143 Hz; C1), 64.9 (d, 'J(C,H) =139 Hz; C4""), 62.1 (d, J(C.H) =
143 Hz; C6"), 60.0 (t, 'J(C,H) =141 Hz; C6""), 48.5 (t, 'J(C,H) =124 Hz;
C2),46.6 (t,'J(C,H) =126 Hz; C1'), 42.2 (t, 'J(C,H) =124 Hz; C1"),41.0 (t,
IJ(C,H) =125 Hz; C4), 38.7 (t, J(C,H) =127 Hz; C5"), 35.6 (t, J(C.H) =
125 Hz; C7), 31.6 (t, 'J(C,H) =128 Hz; C5""), 30.0 (q, 'J(C,H) =127 Hz,
Me-C(2"")), 24.7 (q, J(CH)=125Hz, Me-C(2")), 24.6 (q, J(CH)=
125 Hz, Me-C(2")), 19.2 (q, J(C,H) =127 Hz, Me-C(2"")); IR (film): 7=
3390, 2990, 2925, 1455, 1380, 1225, 1200, 1165, 1100, 1040, 975, 935, 910, 870,
815, 740 cm~!; UV (MeCN): A, (¢) =201 nm (5700 mol~!dm?*cm'); MS
(CI/NH,;): m/z (%): 402 (79) [M+NH,]*, 385 (100) [M*], 345 (18), 327 (96),
269 (41), 243 (13), 185 (11), 115 (10), 81 (14).

(1R,6R)-6-Hydroxy-4-{(4R,65)-6-{(25)-4-hydroxy-2-[ (4-methoxybenzoyl)-
oxy]butyl}-2,2-dimethyl-1,3-dioxan-4-yljmethylcyclohept-3-en-1-yl  4-me-
thoxybenzoate ((—)-22): A mixture of (—)-19 (950 mg, 1.66 mmol), acetone
(28 mL), (MeO),CMe, (2 mL) and PyrH*TsO~ (10 mg) was stirred at 0°C
for 4 h. Evaporation of the solvent, addition of wet CH,Cl, and PyrH*TsO~
(5 mg). After the mixture had been stirred at 20°C for 2 h, NaHCO;
(100 mg) was added. Flash chromatography on silica gel (MeOH/CH,Cl,
3:97) afforded (—)-22 (854 mg, 84 %) as a white foam. [a]} = —17, [a]3, =
=17, [a]%s = —20, [a]Bs = —36, [a]%s = —44 (c=1.0 in CHCL;); '"H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 =797 (m, 4H), 6.91 (m 4H), 5.63 (t,
3J(H,H) =6.6 Hz, 1H; H3), 5.46 (dddd, 3/(H,H)=9.8,9.7, 3.2, 3.1 Hz, 1 H;
H2"), 5.16 (dddd, *J(H,H)=9.7, 9.6, 3.9, 3.8 Hz, 1H; H1), 4.06 (m, 1H;
H6), 3.99 (m, 1H; H4"), 3.91 (m, 1H; H6"), 3.86, 3.84 (25, 6H; 2McO),
3.79-3.55 (m, 2H; H4"), 2.91, 2.53 (2brs, 2 OH), 2.51-2.42 (m, 4H; H2,
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H5), 2.26-2.09 (m, 4H; H7, H1"), 1.98-1.87 & 1.81-1.72 (2m, 4H; H1",
H3"), 1.64 (ddd, 2J(H,H)=21.7, 3J(H,H) =12.8, 8.9 Hz, 1H; H,-5"), 1.63
(ddd, 2J(H,H) =217, 3(HH)=12.8, 9.0 Hz, 1H; H,-5"), 1.31, 1.14 (2s,
M,C); BC NMR (100.6 MHz, CDCl;, 25°C): 6 =167.0, 165.5, 163.5, 163.2
(4s), 1375 (s; C4), 131.6, 131.5 (2d, J(C,H) =164 Hz, HC,;nn), 123.9 (d,
1J(CH) =167 Hz; C3), 123.1, 122.2 (25; Cyom), 113.7,113.5 (24, 'J(CH) =
161 Hz, HC,,,,,), 100.8 (s; C2”), 68.7 (d, J(C,H)=151 Hz; C1), 68.3 (d,
J(CH)=149Hz; C2”), 669 (d, Y(CH)=143Hz; C4”), 659 (d,
1J(C,H) =143 Hz; C6), 63.0 (d, 'J(C,H) =145 Hz; C6"), 582 (t, J(CH) =
140 Hz; C4"), 55.4 (q, 'J(C,H) =145 Hz, MeO), 45.9 (t, 'J(C,H) =126 Hz;
C1), 44.8 (t, J(C,H) =126 Hz; C7), 40.9 (t, 'J(C,H) =131 Hz; C1""), 40.6
(t, Y(CH)=128Hz; C5), 384 (t, Y(CH)=126Hz; C5"), 382 (t,
J(CH)=126 Hz; C3"), 33.1 (t, Y(CH)=128Hz; C2), 244 (q,
1J(C,H) =128 Hz, Me-C(2")), 24.3 (q, 'J(C,H) =128 Hz, Me-C(2")); IR
(KBr): #=3450, 2935, 1705, 1605, 1510, 1260, 1170, 1105, 1030, 850, 770,
695, 610cm™; UV (MeCN): A, (e)=252 (45500), 203 nm
(43600 mol~'dm*cm™"); MS (CI/NH;): m/z (%): 630 (8) [M+NH,]*, 613
(18) [M*], 555 (57), 403 (5), 279 (67), 135 (100), 83 (48); elemental analysis
caled for C3,HyOy (612.7) (%): C 66.65, H 7.24; found C 66.51, H 7.36.

(1R,6R)-6-Hydroxy-4-{(4R,6S)-6-{(2S5)-4-[ (2,2-dimethyl-1-0xopropyl)-
oxy]-2-[ (4-methoxybenzoyl)oxy]butyl}-2,2-dimethyl-1,3-dioxan-4-yl}me-
thyl}cyclohept-3-en-1-yl 4-methoxybenzoate ((—)-23): A mixture of (—)-22
(0.5 g, 0.082 mmol), anhydrous CH,Cl, (7 mL), anhydrous pyridine (3 mL)
and pivaloyl chloride (0.2 mL, 196 mg, 1.62 mmol) was stirred at 0 °C for 3 h
(TLC, MeOH/CH,Cl, 5:95, R; ((—)-23)=0.31). A saturated aqueous
solution of NaHCO; (0.5 mL) was added under stirring and the mixture was
extracted with CH,Cl, (10 mL, 3 x ). Evaporation of the solvent, flash
chromatography on silica gel (MeOH/CH,Cl, 2:98) afforded (—)-23
(410 mg, 72 %) as a colourless oil. [a]F = —34, [a]F; = —34, [a]Es = —41,
[a]Bs =—T74, [a]Rs = —93 (¢=0.9 in CHCl;); 'H NMR (400 MHz, CDCl;,
25°C): 0=17.96, 6.90 2m, 8H), 5.63 (t, 3J(H,H)=6.7 Hz, 1H; H3), 5.40
(m), 5.16 (dddd, 2/(H,H)=8.0, *J(H,H) =79, 4.0, 3.9 Hz, 1H; H1), 4.15
(ddd, 2J(H,H) =175, *J(HH) =112, 6.3 Hz, 1H), 4.13 (ddd, J(H.H) =
175, 3J(H,H) =112, 6.9 Hz, 1H), 4.06 (m, 1H; H6), 3.99 (m, 1H), 3.91
(m, 1H), 3.85,3.83 (25,6 H; 2MeO), 2.48 (m, 4H), 2.26 -2.08 (m, 4H), 2.04
(m, 2H), 1.87 (ddd, 2J(H,H) =14.2, 3J(H,H) =9.0, 3.2 Hz, 1H), 1.78 (ddd,
2J(HH)=14.2, 3J(HH) =9.5, 3.9 Hz, 1H), 1.62 (m, 2H), 1.31, 1.21 (2s,
Me,C), 1.18 (tBu); C NMR (100.6 MHz, CDCl;, 25°C):  =178.3, 165.5,
165.4, 163.3, 163.2 (5s), 1374 (s; C4), 131.4 (d, J(C,H) =163 Hz, HC,nn),
123.7 (d, J(C,H) =169 Hz; C3), 123.0, 122.6 (2s; Cyrom), 113.5, 113.5 (2d,
YJ(C,H) =161 Hz; C,op), 100.6 (s; C2”), 68.8 (d, 'J(C,H) =148 Hz; C1),
68.4 (d, J(CH) =149 Hz; C2"), 66.7 (d, 'J(C,H) =143 Hz; C4"), 65.7 (d,
1J(C,H) =143 Hz; C6), 63.0 (d, 'J(C,H) =144 Hz; C6"), 60.7 (t, 'J(C,H) =
148 Hz; C4"), 55.3 (q, 'J(C,H) =144 Hz, MeO), 45.9 (t, 'J(C,H) =128 Hz;
C1'), 44.7 (t, 'J(C,H) =127 Hz; C7), 40.6, 40.5 (2t, 'J(C,H) =127 Hz; C1"",
C5), 38.5 (s), 38.4 (t, J(C,H)=126 Hz; C5"), 33.8 (t, J(C,H)=128 Hz;
C3"), 32.9 (t, J(C,H) =128 Hz; C2), 270 (q, J(C,H) =127 Hz, tBu), 24.4
(q, Y(C,H) =125 Hz, Me,C); IR (film): #=2940, 1710, 1605, 1510, 1460,
1365, 1260, 1170, 1100, 1030, 850, 770, 735, 700 cm™'; UV (MeCN): A,
(8) =253 (79000), 199 (100500), 194 nm (88700 mol~!dm*cm~'); MS (CI/
NH;): m/z (%): 714 (66) [M+NH,]*, 697 (4) [M*], 639 (100), 487 (4), 363
(61), 317 (8), 211 (22), 135 (87), 109 (44), 83 (79); elemental analysis calcd
for C3H5,0y, (696.8) (%): C 67.22, H 7.52; found C 67.23, H 7.49.

(1R,3R)-5-{(4R,6R)-6-[ (45)-(2,2-dimethyl-1,3-dioxan-4-yl)methyl]-2,2-di-

methyl-1,3-dioxan-4-yl)methyljcyclohept-5-ene-1,3-diyl bis(4-methoxyben-
zoate) ((—)-24): A mixture of (—)-21 (16 mg, 0.042 mmol), anhydrous
pyridine (0.5 mL), para-methoxybenzoyl chloride (42 mg, 0.25 mmol) and
4-dimethylaminopyridine (2 mg) was stirred at 20°C for 18 h. A saturated
aqueous solution of NaHCO; (1 mL) was added. The organic phase was
washed with 2% aqueous HCI (7 mL) at 0°C. The combined organic phases
were washed with H,O (5 mL), then with saturated aqueous solution of
NaHCO; (3 mL) and dried (MgSO,). Evaporation of the solvent and flash
chromatography on silica gel (Et,O/light petroleum ether 3:2) afforded
pure (—)-24 (19 mg, 70 %) as a colourless foam. [a]F = — 101 [a]%; = — 105,
[a]Es = —125, [a]3Bs = —250, [a]3s=—325 (c=0.8 in CHCL;); 'H NMR
(400 MHz, CDCl;, 25°C): 6=28.00, 6.93 (2m, 8H), 5.62 (t, *J(H.H)=
6.6 Hz, 1H; H6), 5.32 (m, 2H), 4.03-3.90 (m, 4H), 3.87, 3.86 (2s, 6H;
2MeO), 3.81 (ddd, 2/(H,H)=11.8, 3J(HH)=5.4, 1.5 Hz, 1H), 2.71 (dd,
J(HH)=14.9, 3J(HH)=88Hz, 1H), 2.66-2.50 (m, 3H), 2.37 (t,
J(H,H)=5.8 Hz, 2H), 2.32 (dd, */(H,H)=14.2, 3/(H,H)=7.0 Hz, 1H),
2.15 (dd, ¥)(H,H) =14.2, 3J(H,H) =5.6 Hz, 1H), 1.61-1.33 (m, 6H), 1.43,
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1.37, 1.32, 1.30 (45, 12H; 2Me,C); *C NMR (100.6 MHz, CDCl;, 25°C):
5=165.5, 1633, 136.7 (3s), 131.7, 131.6 (2d, Y(C,H) =163 Hz, HC,op),
123.3 (d, Y(C,H) = 157 Hz; C6), 122.9 (s; Cprom), 113.6 (d, J(C,H) =161 Hz,
HC,,0m), 100.4 (s; C2"), 98.3 (s; C2""), 69.0, 68.6 (2d, 'J(C,H) ~ 152 Hz; C1,
C3), 64.9 (d, 'J(C,H) = 144 Hz; C4”, C4""), 62.1 (d, J(C,H) = 145 Hz; C6"),
60.1 (t, 'J(C,H) =146 Hz; C6""), 55.4 (q, 'J(C,H) =145 Hz, MeO), 46.1,
42.1 (2t, Y(C,H) = 127 Hz; C1’, C1"), 41.6 (t, 'J(C,H) =131 Hz; C2), 38.5
(t, Y(CH)=128 Hz; C5"), 372 (t, J(CH)=131Hz; C4), 32.7 (t
J(CH)=128Hz; C7), 316 (t, J(CH)=126Hz; C5"), 300 (q,
1J(C,H) =126 Hz, Me-C(2"")), 24.6 (q, 'J(C,H) =127 Hz, Me,C(2")), 19.2
(9. Y(C.H) =129 Hz, Me-C(2"")); IR (film): 7= 3585, 2940, 1710, 1605,
1510, 1455, 1380, 1315, 1255, 1170, 1100, 1030, 990, 910, 850, 815, 770, 735,
695 cm™!; UV (MeCN): 4.« (¢) =254 (25700), 201 nm (31300 mol~' dm?
em'); MS (CUNH,): m/z (%): 670 (73) [M+NH,]*, 653 (100) [M~], 595
(48), 537 (10), 443 (5), 385 (5), 243 (28), 185 (15), 135 (25); elemental
analysis calcd for Cy;H,504, (652.8) (%): C 68.08, H 7.41; found C 67.07, H
742.

(3R,5S8,7R,9S,11R,13R)-9,11,15-Trihydroxy-5,7-(isopropylidenedioxy)-
3,13-di[ (4-methoxybenzoyl)oxy]pentadec-1-yl pivalate ((—)-25): A mix-
ture of (—)-23 (366 mg, 0.52 mmol) in acetone/H,O (8:1, 3.6 mL), N-
methylmorpholine N-oxide (NMO, 140 mg, 1.04 mmol) and 0.1m OsO, in
CCl, (0.25 mL) was stirred at 20°C for 15 h. Na,S,05 (100 mg) was added
and the mixture extracted with EtOAc (10 mL, 5 x ). The combined
organic extracts were dried (MgSO,) and the solvent was evaporated in
vacuo. The residue was dissolved in benzene (9 mL). After the mixture had
been cooled to 5°C [Pb(OAc),] (containing 15% of AcOH) (185 mg,
0.35 mmol) was added portionwise in 2 h under stirring. After stirring at
20°C for 30 min a saturated aqueous solution of NaHCO; (5 mL) was
added and the mixture extracted with EtOAc (10 mL, 3 x ). Drying
(MgSO,), evaporation of the solvent and flash chromatography on silica gel
(MeOH/CH,CI, 3:97) afforded a mixture of hemiacetals (328 mg; 87 %)
that were dissolved in MeCN (5.5 mL) and AcOH (1.9 mL). Me,NB-
H(OAc); (2.7 g, 10.7 mmol) was added under stirring at —20°C. The
mixture was left at 2°C for 7 days. It was poured on ice, then NaHCO;
(5.4 g) and CH,Cl, (8 mL) were added. After stirring at 20°C for 20 min,
the mixture was extracted with EtOAc (15 mL, 3 x ). Drying (MgSO,),
evaporation of the solvent, flash chromatography on silica gel (MeOH/
CH,Cl, 3:97) afforded (—)-25 (158 mg, 48 % ) as a colourless oil. [a]5 = — 8,
[a]F;=-9, [alfis=—9, [a]&=—14, [a]il;=—16 (c=10 in CHCL);
'H NMR (400 MHz, CDCl;, 25°C): 6="1799, 6.90 (2m, 8H), 5.49 (tdd,
SJ(HH) =8.6, 4.2, 4.1 Hz, 1H; H13), 5.38 (m, H3), 4.20-4.01 (m, 4H),
3.98-3.87 (m, 2H), 3.86 (s, 6H; 2MeO), 3.74-3.61 (m, 2H; H,C(15)),
2.06-2.00 (m, H,C(2)), 1.97-1.88 (m, 2H; H,C(14)), 1.88-1.74 (m, 4H),
1.70-1.52 (m, 6H), 1.32, 1.18 (2, 6 H; Me,C), 1.17 (s, 9H; tBu). *C NMR
(100.6 MHz, CDCl;, 25°C): 6 =178.4, 167.3, 165.5, 163.6, 163.3 (55), 131.8,
1314 (2d, J(C,H) =163 Hz, HC,o), 122.5, 122.0 (25; Cyom), 113.6 (d,
LJ(C,H) =162 Hz; C,;om), 100.8 (s, Me,C), 69.2 (d, J(C,H) =150 Hz; C9),
69.0 (d, J(C,H)=140 Hz; C13), 68.3 (d, 'J(C,H) =151 Hz; C3), 67.6 (d,
1J(C,H) =143 Hz; C7), 64.6 (d, 'J(C,H) =144 Hz; C11), 62.9 (d, 'J(CH) =
146 Hz; C5), 60.7 (t, 'J(C,H)=151 Hz; C1), 582 (t, J(C,H)=142 Hz;
C15), 55.4 (q, 'J(C,H) =144 Hz, MeO), 43.5, 42.3 (2t, 'J(C,H) =125 Hz;
C8, C10), 43.0, 40.4 (2t, J(CH)=130Hz; C4, C12), 38.7, 38.0 (2t,
IJ(C,H)=125Hz; C6, Cl14), 33.8 (t, J(CH)=127Hz; C2), 270 (q,
1J(C,H) =128 Hz, rBu), 24.6,24.2 (2q, 'J(C,H) =125 Hz, Me,C); IR (film):
7=3420, 2940, 1710, 1610, 1510, 1260, 1170, 1100, 1030, 850, 770, 735,
700 cm~!; UV (MeCN): 4., (8) =253 (49500), 208 nm (38200 mol~! dm?
cm™'); MS (CI/NH,): m/z (%): 699 (3), 657 (3), 153 (11), 152 (29), 136 (12),
135 (100), 83 (63); MS (electrospray, H,O/MeCN/AcOH 50:50:1): m/z (% ):
755 (40) [M+Na]*, 734 (100) [M+H]*, 676 (82); elemental analysis calcd
for C3HyO45 (732.9) (%): C 63.92, H, 7.70; found C 63.87, H 7.83.

(3R,5S,7R 9S5,11R,13R)-15-Hydroxy-5,7:9,11-bis(isopropylidenedioxy)-

3,13-di[ (4-methoxybenzoyl)oxy]pentadec-1-yl pivalate ((—)-26): To piva-
late (—)-25 (30 mg, 0.041 mmol) was added dry acetone (240 uL) and
propanone dimethylacetal (60 pL). Then pyridine para-toluenesulfonate
(10 mg) was added at 20°C and the mixture allowed to react under stirring
for 2 h. A aqueous saturated solution of NaHCO; (2 mL) was poured and
the volatile solvents evaporated in vacuo. Crude (—)-26 was extracted with
CH,Cl, (15 mL, 3 x ), dried (MgSO,) and purified by flash chromatography
(MeOH/CH,CI, 3%) to afford pure (—)-26 (27 mg; 85%). [a]} =—10,
[a]F, = —11, [a]fi =—13, [a]fs =—24, [a]fs=—31 (c=12 in CHCL);
'"HNMR (400 MHz, CDCl;, 25°C): 6 =7.98 (m, 4H), 6.92 (m, 4H), 5.46 (m,
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1H; H13), 538 (m, 1H; H3), 4.16 (ddd, 2/(H,H) =176, 3J(H,H) =11.3,
6.5 Hz, 1H; H,-1), 4.13 (ddd, 2/(H,H) =176, *J(H,H) =112, 6.9 Hz, 1H;
H,-1), 3.90 (m, 4H), 3.87,3.86 (2s, 6H; 2MeO), 3.65, 3.59 (2m, 2H; H15),
2.08-1.72 (m,9H), 1.59 (m, 4H), 1.45 (m, 1 H; H5), 1.27 (s, 6 H, Me,C), 1.18
(s,3Me), 1.17 (s, 9H; rBu), 1.11 (s, 3H; Me); *C NMR (100.6 MHz, CDCl;,
25°C): 0=178.4,167.0, 165.5, 163.6, 163.3 (55), 131.6, 131.5 (2d, J(C,H) =
163 Hz, HC, o), 122.7,122.2 (25; Cyrom), 113.7,113.6 (2d, 'J(C,H) = 161 Hz,
HC,om), 100.5, 100.4 (2, 2Me,C), 68.5, 68.3 (2d, J(C,H) =150 Hz; C3,
C13), 63.0, 62.9 (2d, 'J(C,H) =146 Hz; C5, C7, C9, C11), 60.7 (t, J(CH) =
152 Hz; C1), 583 (t, J(C,H) =141 Hz; C15), 554 (q, 'J(C,H) =145 Hz,
MeO), 41.5 (t, 'J(C,H) =124 Hz; C8), 41.0, 40.6 (2t, 'J(C,H) ~126 Hz; C4,
C12), 38.6, 37.6 (2t, J(C,H) =126 Hz; C6, C10, C14), 33.8 (t, J(CH)=
127 Hz; C2), 271 (q, J(C,H) =126 Hz, 1Bu), 24.5, 24.4, 24.3, 24.2 (4q,
1J(C,H) =126 Hz, 2Me,C); IR (film): #=3475, 2940, 1710, 1605, 1510,
1380, 1260, 1225, 1170, 1100, 1030, 850, 770 cm™!; UV (MeCN): A, (¢8) =
254 (74300), 198 nm (91200 mol~!dm?*cm"); MS (CI/NH;): m/z (%): 757
(14),715 (14), 657 (4), 486 (4), 334 (4), 135 (100), 81 (24); MS (electrospray,
H,0/MeCN/AcOH 50:50:1): 795 (30) [M+Na]*, 791 (90) [M+H,0]*, 773
(10) [M*]; elemental analysis caled for C,,HgyO15 (772.9) (%): C 65.27, H
7.82; found C 65.16, H 7.75.

(1R,6R)-6-Hydroxy-4-{(25,4S,65)-2,4,8-trihydroxy-6-[ (4-methoxybenzoyl)-
oxyJoctyl}cyclohept-3-en-1-yl 4-methoxybenzoate ((+)-27): 1m Et,BOMe
in THF (5.3 mL) was added to a solution of (—)-18 (1 g, 1.78 mmol) in
anhydrous THF (15 mL) stirred in a Schlenk tube under N, atmosphere at
—78°C. The mixture was allowed to reach 20°C in 1 h. After the mixture
had been cooled to — 10 °C, anhydrous MeOH (5 mL) and NaBH, (133 mg,
3.52 mmol) were added portionwise. After the mixture had been stirred at
—10°C for 1 h, B(OH); (300 mg) and NaBH, (133 mg, 3.52 mmol) were
added and the mixture was then stirred at —10°C for 2 h, followed by
addition of more NaBH, (133 mg, 3.52 mmol). This mixture was then
stirred at —10°C for a further 2 h, and then EtOAc (40 mL), AcOH
(1.5 mL), and H,O (40 mL) were added. The mixture was neutralised with
NaHCO; and the aqueous layer was extracted with EtOAc (10 mL, twice),
then with CH,Cl, (10 mL, twice). The combined organic extracts were
dried (MgSO,). Evaporation of the solvent and flash chromatography on
silica gel (5:95 MeOH/CH,Cl,) afforded pure (+)-27 (580 mg, 57%) as a
colourless gum. [a]¥ =15, [a]E, =17, [a]Zs=19, [a]B; =33, [a]}s=41
(¢=1.0 in CHCl;); '"H NMR (400 MHz, CDCl;, 25°C): 6 =797, 6.91 (2m,
8H), 5.70 (dd, 3J(H,H) =77, 59 Hz, 1H; H3), 548 (m, H6'), 5.12 (tt,
3J(H,H)=10.3, 2.8 Hz, 1H; H1), 4.20 (brs, 1H; H6), 4.05 (m, 1H; H2),
3.91 (m, 1H; H4'), 3.86, 3.85 (25, 6 H; 2MeO), 3.70 (m, 2H; H,C(8')), 2.45
(m, 5H), 2.10 (d, J(H,H)=6.7Hz, 2H), 1.98-1.93 (m, 3H), 1.81 (t,
3J(HH) = 6.3 Hz, 1 H), 1.57 (m, 2H); *C NMR (100.6 MHz, CDCl,, 25°C):
0=1671,165.5,163.5, 163.2 (4s), 1374 (s; C4), 131.8,131.5 (2d, 'J(CH) =
163 Hz, HC,,,), 124.9 (d, 'J(C,H) = 154 Hz; C3), 122.9, 122.2 (25; Carom)s
113.6, 1134 (2d, 'J(C,H) =166 Hz, HC,,.), 69.2 (d, J(C,H) =147 Hz;
C6'), 68.5 (d, 'J(C,H) =141 Hz; C2', C4'), 68.2 (d, 'J(C,H) =152 Hz; C1),
65.9 (d, 'J(C,H) =143 Hz; C6), 58.5 (t, 'J(C,H) =143 Hz; C8'), 55.4, 55.3
(2q, 'J(CH) =144 Hz, 2MeO), 48.4 (t, 'J(C,;H)=128 Hz; Cl’), 44.9 (1,
J(CH)=133 Hz; C7), 43.1, 42.5, 38.0, 36.5, 34.1 (5t, 'J(C,H)=126-
127 Hz; C5', C3', C7', C5, C2); IR (film): 7 = 3390, 2940, 1705, 1605, 1510,
1420, 1260, 1170, 1120, 1030, 975, 850, 770, 735, 700 cm~'; UV (MeCN): A,
(¢) =253 (107100), 201 nm (119500 mol~!dm*cm~'); MS (CI/NH,): m/z
(%): 590 (9) [M+NH,]*, 574 (42) [M+H]*, 573 (54) [M~], 555 (11), 421
(11), 297 (18), 279 (13), 215 (12), 170 (65), 135 (100), 124 (11), 92 (18);
elemental analysis calcd for C;;H,,0y (572.7) (%): C 65.02, H 7.04; found C
64.62, H 6.93.

(1R,6R)-6-Hydroxy-4-{(2S,4S,65)-8-hydroxy-2,4-isopropylidenedioxy-6-

[ (4-methoxybenzoyl)oxy]octyljcyclohept-3-en-1-yl ~ 4-methoxybenzoate
((—)-28): This acetonide was prepared according to the procedure
presented for the preparation of (—)-26 starting from (+)-27 (400 mg).
Yield of (—)-28: 78 %; colourless solid. m.p. 50-54°C; [a]F = -8, [a]3, =
=9, [a]Zs=—10, [a]Fs =—20, [a]s =—25 (c=0.9 in CHCL;); '"H NMR
(400 MHz, CDCl;, 25°C): 6 =7.97, 6.92 (2m, 8H), 5.64 (dd, *J(H,H) = 6.6,
6.5 Hz, 1H; H3), 5.48 (m, 1H; H6'), 5.16 (dddd, *J(H,H)=8.8, 8.7, 3.4,
3.3 Hz, 1H; H1), 4.06 (m, 1H; H6), 3.99 (m, 2H; H2', H4'), 3.86, 3.84 (25,
6H; 2MeO), 3.69-3.57 (m, 2H; HY'), 2.45 (m, 2H; H2, H5), 2.29 (ddd,
2J(H,H)=13.3,3J(H,H) =6.2, 3.3 Hz, 1H; H,-7), 2.21 (dd, 2/(H,H) =13.9,
3J(HH) =73 Hz, 1H; H,-1"), 2.15 (dd, 2(HH) =13.9, 3/(H,H) =4.8 Hz,
H,-1'), 2.05 (ddd, 2J(H,H) =13.3, *J(H,H) = 9.4, 2.8 Hz, H,-7), 1.95 (dddd,
2J(HH)=14.4, *J(HH) =93, 5.6, 3.6 Hz, 1H; H,-7'), 1.88-1.74 (m, 3H;
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H,-5', H7'), 1.45 (ddd, 2/(H,H) =12.9,3J(H,H) = 2.5, 2.4 Hz, 1H; H3'), 1.36,
1.27 (25, Me,C), 1.30 (m, H3’); C NMR (100.6 MHz, CDCl;, 25°C): 0 =
166.9, 165.4, 163.6, 163.2 (4s), 136.4 (s; C4), 131.7, 131.5 (2d, J(CH)=
164 Hz, HC,,,,), 125.3 (d, J(C,H) =161 Hz; C3), 123.1, 122.2 (25; Cyrom)s
1137, 113.5 (2d, 'J(CH)=161 Hz, HC,,), 99.1 (s, Me,C), 684 (d,
IJ(CH)=152Hz; Cl1), 68.3, 67.1 (2d, 'J(C,H)=132 Hz; C4, C6'), 65.8
(d, J(CH)=135Hz; C6), 65.5 (d, Y(C,H)=141Hz; C4’), 583 (t,
J(CH)=140Hz; C8), 554 (q, YJ(CH)=145Hz, MeO), 46.8 (t,
IJ(C,H)=125Hz; C1'), 44.8 (t, J(CH) =126, C7), 41.6, 38.8, 38.2, 36.8
(4t, J(CH)=126-128 Hz; C5', C5, C7’, C3'), 33.6 (t, 'J(C,H)=126 Hz;
C2), 29.9, 19.3 (2q, J(C,H) =125 Hz, Me,C); IR (film): #=3450, 2940,
1705, 1605, 1510, 1420, 1380, 1315, 1260, 1170, 1105, 1030, 975, 850, 770, 735,
700 cm~; UV (MeCN): A0, (€) =254 (14700), 197 (22800 mol ' dm*em™1);
MS (CIUNH,): m/z (%): 630 (57) [M+NH,]*, 613 (51) [M*], 555 (48), 443
(12), 385 (26), 338 (8), 279 (100), 135 (84), 83 (30); elemental analysis calcd
for C3H,,0,4 (612.7) (%): C 66.65, H 7.24; found C 66.38, H 7.37.

(1R,6R)-6-Hydroxy-4-{(25,45,65)-8-[ (2,2-dimethylpropanoyl) oxy]-2,4-iso-
propylidenedioxy-6-[ (4-methoxybenzoyl)oxy]octyl}cyclohept-3-en-1-yl
4-methoxybenzoate ((—)-29): A mixture of (—)-28 (0.5 g, 0.816 mmol),
anhydrous CH,Cl, (7 mL), pyridine (3 mL) and pivaloyl chloride (0.2 mL,
196 mg, 1.62 mmol) was stirred at 0°C for 3 h. After the addition of a
saturated aqueous solution of NaHCO; (0.5 mL), the mixture was
extracted with CH,Cl, (10 mL, 3 x ). Evaporation of the solvent and flash
chromatography on silica gel (MeOH/CH,CIl, 2:98) gave (—)-29 (645 mg,
70%) as a slightly yellow gum. [a]y =—22, [a]®;=—23, [a]Zs=—29,
[a]3s = =55, [a]3s =—70 (c=0.5 in CHCL); '"H NMR (400 MHz, CDCl;,
25°C): 0=17.97,691 (2m, 8H), 5.66 (t,*J(H,H) =6.3 Hz, 1H; H3), 5.44 (m,
1H; H6'), 5.15 (tt, *J(H,H) =9.4,3.0 Hz, 1H; H1), 4.15 (m, 2H; HY'), 4.04 -
3.92 (m, 3H; H6, H4', H2'), 3.87, 3.85 (25, 6H; 2MeO), 2.50-2.43 (m, 4 H;
H2, H5), 2.33 (ddd, 2J(H,H) =13.2, *J(H,H) =5.3, 3.0 Hz, 1H; H,-7), 2.23
(dd, 2J/(H,H) =13.7, 3J(H,H) = 7.5 Hz, 1H; H,-1), 2.16 (dd, 2J(H,H) =13.7,
3J(H,H) =4.6 Hz, 1H; H,-1'), 2.08-2.01 (m, 3H; H,-7, H7’), 1.81 (m, 2H;
H5'), 1.44 (ddd, 2J(H,H) =12.9, *J(H,H) =2.4,2.3 Hz, 1H; H,-3"), 1.38, 1.35
(2s, 6H; Me,C), 1.29 (m, 1H; H,-3), 1.18 (s, 9H; Bu); *C NMR
(100.6 MHz, CDCl;, 25°C): 6 =178.5, 165.5, 165.4, 163.3, 163.2 (55), 136.4
(s; C4), 131.5, 131.45 (2d, 'J(C,H) = 164 Hz, HC,,,,), 1254 (d, J(C,H) =
157 Hz; C3), 123.1, 122.7 (25s; Cypom), 113.6, 113.5 (2d, 'J(C,H) =161 Hz,
HC,rom), 99.1 (s, Me,(), 68.4 (d, }J(C,H) =148 Hz; C1, C¢'), 67.0, 65.8 (2d,
J(CH)=128Hz; C2, C6), 654 (d, J(CH)=140Hz; C4), 60.8 (t,
1J(C,H) =148 Hz; C8'), 55.4 (q, 'J(C,H) =145 Hz, MeO), 46.9, 44.9 (2t,
IJ(C,H) =125 Hz; C1’, C2), 41.4, 387, 36.8, 34.0, 33.7 (5t, 'J(C,H) =128
130 Hz; C5', CS, C3', C7', C7), 29.9, 19.3 (2q, 'J(C,H) =126 Hz, Me,C(a-
cetonide)), 27.1 (q, J(C,H) =131 Hz, Me;C); IR (film): #=23460, 2940,
1710, 1605, 1510, 1460, 1380, 1315, 1255, 1165, 1100, 1030, 980, 850, 770, 735,
695 cm™!; UV (MeCN): A, (8) =253 (30000), 199 nm (38500 mol~!'dm?
cm!); MS (CI/NH,): m/z (%): 714 (90) [M+NH,]*, 697 (11) [M*], 639
(38), 469 (5), 363 (47), 211 (36), 135 (100), 109 (51), 81 (48); elemental
analysis calcd for CiHs,04; (696.5) (%): C 67.22, H 7.52; found C 67.37, H
7.39.

(38,58,78,9R,11R,13R)-9,11,15-Trihydroxy-5,7-(isopropylidenedioxy)-

3,13-bis[ (4-methoxybenzoyl)oxy]pentadec-1-yl pivalate ((+)-30): Same
procedure as that used for the preparation of (—)-25, starting with (—)-29
(166 mg, 67 % ); colourless gum. [a]} =12, [a]3, =11, [a]Z = 10, [a]Bs =8,
[a]®s =13 (¢=0.2 in CHCL;); 'H NMR (400 MHz, CDCl;, 25°C): 6 =7.98,
6.92 (2m, 8H), 5.48 (m, 1H; H13), 5.43 (m, 1H; H3), 4.13 (m, 4H; H1, H5,
H7),3.94 (m,2H;H9, H11), 3.86 (s, 6 H; MeO), 3.69 (m, 2H; H15),2.03 (m,
2H; H2), 1.93 (m, 2H; H14), 1.80 (m, 4H; H4, H12), 1.64 (ddd, 2/(H.H) =
14.4, 3J(H,H)=8.9, 3.5Hz, 1H; H,-6), 1.56 (m, 2H; H10), 1.53 (ddd,
2J(HH) =144, 3J(HH) =71, 2.8 Hz, H;-6), 1.36 (m, 2H; H8), 1.32, 1.29
(2s,6H; Me,C), 1.17 (s, 9H; Me;C); 3C NMR (100.6 MHz, CDCl;, 25°C):
0=1785,167.5,165.5,163.7,163.4 (5s), 131.9, 131.5 (2d, 'J(C,H) = 163 Hz,
HC,om), 122.7, 122.0 (28; Cyom), 113.7, 113.6 (2d, J(C,H)=161 Hz,
HC,om), 988 (s, Me,C), 69.2 (d, Y(CH)=145Hz; C13), 682 (d,
1J(C,H) =150 Hz; C3), 67.1, 65.7 (2d, J(C,H)=144 Hz; C7, C5), 65.5,
64.9 (2d, 'J(C,H) =141 Hz; C9, Cl11), 60.8 (t, 'J(C,H) =150 Hz; C1), 58.7
(t, V(C,H) =140 Hz; C15), 55.5, 55.4 (2q, J(C,H) = 145 Hz, 2MeO), 43.1,
41.3 (2t, J(C,H) =125-126 Hz; C4, C10, C12), 42.2 (t, 'J(C,H) =125 Hz;
C6), 38.7 (s, Me;C), 38.0, 36.6 (2t, 'J(C,H) =126 Hz; C14, C8), 33.9 (t,
1J(C,H) =127 Hz; C2), 30.0, 19.4 (2q, 'J(C,H) = 126 Hz, Me,C(acetonide)),
271 (q, Y(C,H) =128 Hz, Me;C); IR (film): ¥ = 3435, 2940, 1710, 1605,
1510, 1420, 1380, 1260, 1170, 1100, 1030, 850, 770, 735, 700 cm™!; UV
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(MeCN): Apay (€) =253 (46000), 206 nm (36800 mol~!dm?*cm~'); MS (Cl/
NHL): miz (%): 699 (2), 657 (1), 135 (16), 85 (62), 83 (100), 77 (13); MS
(electrospray H,O/MeCN/AcOH 50:50:1): m/z (%): 756 (40) [M+Na]*,
734 (100) [M+H]*, 676 (85); elemental analysis calcd for C;0HssO4; (732.9)
(%): C 63.92, H 7.70; found C 63.96, H 7.74.

(35,58,78,9R 11R,13R)-15-Hydroxy-5,7:9,11-bis(isopropylidenedioxy)-
3,13-bis[ (4-methoxybenzoyl)oxy]pentadec-1-yl pivalate ((—)-31): Same
procedure as that applied for the preparation of (—)-26, starting with
(+)-30 (35 mg, 0.048 mmol) to yield (—)-31 (31 mg, 83%) as a colourless
gum. [a]F = =8, [a]F; =9, [a]fis=—12, [a]F5=—25, [a]Fs=—34 (c=
0.6 in CHCLy); '"H NMR (400 MHz, CDCl;, 25°C): 6 =7.97,6.91 (2m, 8H),
5.44 (m, 2H; H3, H13), 4.14 (ddd, 2J(H,H) =175, 3J(H,H) =114, 6.3 Hz,
1H; H,-1), 4.12 (ddd, 2J(H,H) =175, 3J(H,H) =111, 6.7 Hz, 1H; H,-1),
4.07-3.87 (m,4H; HS5, H7, H9, H11), 3.86, 3.85 (25,2Me0), 3.65, 3.58 (2m,
2H; H15),2.07-1.71 (m, 8H; H2, H4, H12, H14), 1.63-1.35 (m, 6 H; H6,
H8, H10), 1.32,1.26 (25, 6 H; Me,C), 1.24, 1.10 (25, 6 H; Me,C), 1.17 (s, 9H;
Me;C); PC NMR (100.6 MHz, CDCl;, 25°C): 6 =178.5, 167.1, 165.5, 163.6,
163.3 (5s), 131.7, 131.5 (2d, 'J(C,H) =163 Hz, HC,,,), 122.7, 122.2 (2s;
Cirom)s 113.7,113.6 (2d, 'J(C,H) = 165 Hz, HC,,,), 100.6, 98.6 (25, 2 Me, (),
68.4, 68.3 (2d, 'J(C,H) =151 Hz; C13, C3), 65.6, 64.9 (2d, J(CH)=
138 Hz; C11, C9), 63.1, 62.2 (2d, 'J(C,H) =144-147 Hz; C7, C5), 60.8 (t,
1J(C,H) =151 Hz; C1), 58.3 (t, 'J(C,H) =141 Hz; C15), 55.4 (q, J(CH) =
145 Hz, MeO), 42.1, 41.3, 41.1 (3t, 'J(C,H) =126-128 Hz; C8, C12, C4),
38.9,37.6 (2t, 'J(C,H) =130 Hz; C10, C6), 38.2 (t, 'J(C,H) =126 Hz; C14),
33.9 (t, V(C,H) =129 Hz; C2), 27.1 (q, 'J(C,H) = 128 Hz, Me;C), 30.1, 24.2,
24.1,19.5 (4q, J(C,H) =128 Hz, 2Me,C); IR (film): 7= 3505, 2940, 1710,
1605, 1510, 1460, 1380, 1260, 1170, 1100, 1030, 940, 850, 770, 735, 700 cm™;
UV (MeCN): A, (g)=253 (34500), 207 (33000), 199 nm
(40200 mol~'dm*cm™"); MS (CI/NHs): m/z (%): 790 (11) [M+NH,]*, 773
(4) [M~], 757 (13), 715 (100), 657 (26), 544 (6), 135 (51), 81 (6); MS
(electrospray, H,O/MeCN/AcOH 50:50:1) m/z (%): 795 (92) [M+Na]*,
791 (100) [M+H,O]*, 773 (35) [M*], 757 (30); elemental analysis calcd for
C,HgOy3 (772.9) (%): C 65.27, H 7.82; found C 65.27, H 7.97.

(1R,6R)-6-Acetoxy-4-{(2R,4S,65)-8-acetoxy-2,4-dihydroxy-6-[ (4-methoxy-
benzoyl)oxyJloctyljcyclohept-3-en-1-yl 4-methoxybenzoate ((—)-32): A
mixture of (—)-22 (0.5 g, 0.816 mmol), CH,Cl, (10 mL), Ac,0O (1 mL),
pyridine (1 mL) and 4-dimethylaminopyridine (10 mg) was stirred at 20°C
for 1 h. The solvent was evaporated to dryness in vacuo. EtOH (0.5 mL),
AcOH (3mL) and H,O (2 mL) were added and the mixture was stirred at
40°C for 1 h. Evaporation of the solvent and flash chromatography on silica
gel (3%, then 5% MeOH in CH,Cl,) afforded (—)-32 (525 mg; 98 %) as a
colourless gum. [a]y=-69, [a]E; =-72, [a]Es=—84, [a]Bs=—159,
[a]3s = —202 (¢=0.8 in CHCl,); 'H NMR (400 MHz, CDCl,, 25°C): 6 =
797, 6.90 (2m, 8H), 557 (t, 3/(H,H)=6.5Hz, 1H; H3), 544 (tdd,
3I(HH) =78, 4.9, 47Hz, 1H; H6'), 524 (m, 1H; H1), 5.04 (dddd,
3J(H,H) =828, 8.7, 3.6, 1.9 Hz, 1H; H6), 4.23-4.09 (m, 3H), 3.92 (dddd,
3J(H,H) =84, 8.0, 5.1, 2.8 Hz, 1 H; H4'), 3.86, 3.83 (25, 6H; 2MeO), 2.62 -
2.54 (m, 2H), 2.46-2.40 (m, 2H), 2.31-2.17 (m, 2H), 2.18 (brd, 3J(H,H) =
6.3 Hz, 2H), 2.07 (m, 2H), 2.03, 1.99 (25, 2AcO), 1.78 (m, 2H), 1.64, 1.57
(2ddd, 2J(HH)=143, 3J(H,H)=84, 32Hz, 2H; H3); “C NMR
(100.6 MHz, CDCl;, 25°C): 0=170.9, 170.3, 1671, 165.5, 163.7, 163.4
(6s), 1372 (s; C4), 131.8, 131.6 (2d, J(C,H) =163 Hz, HC, ), 124.7 (d,
J(CH) =157 Hz; C3), 122.7,122.1 (25; Cypom), 113.7, 113.6 (24, 'J(CH) =
161 Hz, HC, 1), 69.1 (d, J(C,H) = 147 Hz; C6'), 68.8 (d, 'J(C,H) =151 Hz;
C1), 68.4 (d, 'J(CH) =145 Hz; C6), 66.1 (d, 'J(C,H) =142 Hz; C2'), 64.6
(d, Y(CH)=144Hz; C4), 60.9 (t, J(CH)=147Hz; C8'), 554 (q,
1J(C,H) =145 Hz, MeO), 432 (t, 'J(C,H)=126 Hz; C7), 43.2, 42.8 (2t,
IJ(C,H) =126 Hz; C5', C3'), 41.4 (t, 'J(C,H) =130 Hz; C7'), 372, 34.1, 32.1
(3t, J(C,H)=126-129 Hz; C1’, C5, C2), 21.2, 20.8 (2q, 'J(C,H) =130 Hz,
2CH;CO); IR (film): 7=3490, 2940, 1710, 1605, 1510, 1420, 1370, 1260,
1170, 1105, 1030, 850, 770, 735, 700 cm~'; UV (MeCN): A, (¢) =254
(35200), 199 nm (46100 mol~!dm?*cm~'); MS (CI/NH,): m/z (%): 674 (32)
[M+NH,]*, 657 (92) [M*], 597 (10), 445 (5), 339 (40), 257 (13), 135 (100),
106 (41), 83 (35); elemental analysis caled for C;Hy, O, (656.7) (%): C
64.01, H 6.75; found C 63.93, H 6.87.

(1R,6R)-6-Acetoxy-4-{(2S,4R,6S5)-8-acetoxy-6-[ (4-methoxybenzoyl)oxy]-

2,4-bis[ (4-nitrobenzoyl)oxy]octyljcyclohept-3-en-1-yl 4-methoxybenzoate
((+)-33): EtOOCN=NCOOE? (0.1 mL, 0.65 mmol) was added slowly to
a stirred solution of (—)-32 (428 mg, 0.65 mmol), Ph;P (170 mg, 0.65 mmol)
and p-NO,C,H,COOH (109 mg, 0.65 mmol) in anhydrous benzene cooled
to 0°C. After the mixture had been stirred at 0°C for 4 h, Ph;P (85 mg), p-
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NO,CH,COOH (55 mg) and EtOOCN=NCOOEt (50 pL) were added
and the mixture was stirred at 0°C for 2 h. The latter operation was
repeated twice. Saturated aqueous solution of NaHCO; (5 mL) was added
and the mixture stirred for 1h. The aqueous layer was extracted with
CH,Cl, (10mL, 3x) and the combined organic extracts were dried
(MgSO,). Evaporation of the solvent and flash chromatography on silica
gel (3% MeOH in CH,Cl,) afforded pure (+)-33 (403 mg, 65%) as a
colourless gum. [a]? =3, [a]E;=4, [a]B5=27, [a]B;=32 (c=09 in
CHCl;); 'H NMR (400 MHz, CDCl;, 25°C): 6 =8.19-7.85, 6.90-6.78
(2m, 16 H), 5.56 (t, *J(H,H) = 6.3 Hz, 1 H; H3), 5.37 (m, 3H), 5.20 (m, 1 H;
H1),5.00 (m, 1H; H6), 4.11 (m, 2H), 3.83, 3.82 (25, 6 H; 2MeO), 2.62 - 1.82
(m, 20H), 1.82 (ddd, 2/(H,H) =14.2, 3J(H,H) =75, 3.6 Hz, 1H), 1.96, 1.95
(2s, 6H; 2Ac0O); *C NMR (100.6 MHz, CDCl;, 25°C): 6 =170.8, 170.2,
165.7, 165.4, 164.0, 163.6, 163.4, 150.4, 150.2 (9s), 135.1 (s; C4, 131.5 (d,
1J(C,H) =163 Hz, HC,on), 130.6, 130.3 (2d, 'J(C,H) =169 Hz, HC o),
125.8 (d, Y(CH)=157Hz; C3), 123.3, 1232 (2d, J(CH)=175Hz,
HC,om), 122.6, 121.8 (255 Cyrom), 113.6 (d, J(C,H) =160 Hz; C,op), 69.5
(d, Y(CH)=145Hz; C6'), 689 (d, J(C,H)=151Hz; Cl), 678 (d,
1J(C,H) =145 Hz; C6), 69.3, 68.2 (2d, 'J(C,H) =148 Hz; C2', C4), 60.5 (t,
1J(C,H) =146 Hz; C8), 55.4 (q, 'J(C,H) = 144 Hz, MeO), 45.3 (t, 'J(C,H) =
126 Hz; C7), 41.2,39.2,37.8,37.6,33.8,31.7 (6d, 'J(C,H) =126 - 128 Hz; C5,
Cc5, C3, C1, C7, C2), 21.2, 20.8 (2q, 'J(C,H) =130 Hz, 2 CH;CO); IR
(film): 7=2960, 1725, 1605, 1530, 1455, 1350, 1260, 1170, 1100, 1030, 850,
770, 720cm™; UV (MeCN): A, (8)=256 (36200), 200nm
(39700 mol~'dm*cm'); MS (CI/NH;): m/z (%): 971 (100), [M+NH,]*,
805 (12), 575 (2), 316 (8), 196 (5), 135 (24); elemental analysis calcd for
C4oH5oN,Oy4 (954.3) (%): C 61.63, H 5.28, N 2.93; found C 61.55, H 5.18, N
2.85.
(1R,3R)-[(2S5,4R,65)-2,4:6,8-Bis(isopropylidenedioxy)octyl]cyclohept-5-
ene-1,3-diol ((+)-34): MeOK (140 mg, 2 mmol) was added to a stirred
solution of (+)-33 in anhydrous MeOH (3.0 mL) and anhydrous toluene
(0.1 mL) at 20°C. The reaction was continued overnight (TLC, MeOH/
CH,Cl, 15%, R; (hexol) = 0.08) and neutralised with an anhydrous solution
of HCl in Et,0. MeOH (5 mL), then SiO, flash (2 g) were added and the
solution was evaporated in vacuo. The residue was filtered off over a small
pad of SiO, flash (MeOH/CH,CI, 17 %). After evaporation, the residue
was diluted in dry acetone (4.0 mL) and allowed to react at 20°C for 5 h by
the adjunction of acetone dimethylacetal (0.5 mL) and pyridinium para-
toluenesulfonate (7 mg) (TLC, MeOH/CH,CL, 5%, R; ((+)-34) =0.16).
NaHCO; (0.1 g) was added and the solvents evaporated in vacuo. Flash
chromatography (MeOH/CH,Cl, 5 %) afforded pure (+)-34 as a colourless
oil (28 mg,38%). [a]k =—1, [a]Zs=—2, [a]BEs=—38, [¢]Rs=—11 (¢c=0.3
in CHCL;); '"H NMR (400 MHz, CDCl;, 25°C): =5.60 (t, *J(HH)=
7.0 Hz, H6), 4.06-3.90 (m, 6H), 3.82 (ddd, 2J(H,H)=11.7, *J(H,H) =5.4,
1.6 Hz, 1H; H,-8), 2.46 (dd, 2J(H,H) =14.7, 3J(H,H) =70 Hz, H,-4), 2.41
(dd, 2J/(H,H) =14.7, *J(H,H) =2.4 Hz, H,-4), 2.34 (m, 2H; H7), 2.23 (m,
2H; H1'), 2.15 (ddd, 2/(H,H) = 13.2, 3/(H,H) = 6.9, 3.0 Hz, 1 H; H,-2), 1.89
(ddd, 2J(HH)=13.2, 3J(HH)=88, 3.0Hz, 1H; H,2), 1.82 (ddd,
2J(HH)=14.0, 3J(HH)=8.1, 6.5Hz, 1H; H,-5), 1.69 (ddd, Y(H.H) =
12.8, 3(H,H) =9.0, 5.8 Hz, 1H; H,-3), 1.57 (m, 2H; H,-7, H,-3), 1.49
(ddd, 2J(H,H) =14.0, 3*J(H,H) = 6.5, 5.4 Hz, 1H; H,-5'), 1.44, 1.37 (2s, 6 H;
Me,C), 1.42 (m, 1H; H,-7'), 1.34, 1.33 (25, Me,C); BC NMR (100.6 MHz,
CDCl,;, 25°C): 0 =137.2 (s; C5), 124.8 (d, 'J(C,H) = 157 Hz; C6), 100.4, 98.2
(2s,2Me,C), 65.6, 65.5, 65.4, 65.3 (4d, J(C,H) =144 -147 Hz; C1, C3, C2',
C6'), 62.9 (d, J(C,H) =146 Hz; C4), 59.9 (t, J(C,H) = 146 Hz; C8'), 48.2 (t,
1J(C,H) =128 Hz; C2), 45.9 (t, 'J(C,H) =125 Hz; C1'), 42.2 (t, J(CH) =
125 Hz; C5'), 39.4, 372 (2t, J(CH)=128 Hz; C4, C3'), 36.4, 30.8 (2t,
IJ(C,H) =130 Hz; C7, C7'), 29.9, 25.1, 25.0, 19.2 (4q, 'J(C,H) =126 Hz,
2Me,C); IR (film): ¥=3385, 2990, 2935, 1445, 1380, 1225, 1200, 1165,
1100, 1040, 970, 870, 815cm™!; UV (MeCN): A, (¢)=197 nm
(75000 mol~'dm*ecm™"); MS (CI/NH;): m/z (%): 402 (64) [M+NH,]*, 385
(80) [M], 327 (100), 269 (37), 243 (14), 185 (15), 115 (13), 83 (10).
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Ag" Labeling: A Convenient New Tool for the Characterization of Hydrogen-
Bonded Supramolecular Assemblies by MALDI-TOF Mass Spectrometry**
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Abstract: Herein we describe our re-
sults on the characterization of a wide
variety of different hydrogen-bonded
assemblies by means of a novel matrix-
assisted laser desorption ionization
time-of-flight mass spectrometry (MAL-

different single (15-2;), double (3;-2),
and tetrarosettes (45-2;,) have been
successfully characterized by the use of
this method. The success of the method
entirely depends on the presence of a
suitable binding site for the Ag® ion. A

variety of functionalities has been iden-
tified that provide strong binding sites
for Ag*, either acting in a cooperative
way (m-arene and m-alkene donor func-
tionalities) or individually (cyano and
crown ether functionalities). The meth-

DI-TOF MS) technique with Ag* label-
ing. The labeling technique with Ag"
ions is extremely mild and provides a
nondestructive way to generate charged
assemblies that can be detected by mass

ular chemistry
spectrometry. Up to now more than 25

Introduction

The synthesis of large multicomponent noncovalent assem-
blies has developed into an area of enormous interest for a
wide variety of scientific and technological disciplines which
ranges from materials science to molecular electronics.?
However, their characterization is far from straightforward
and provides the chemists in the field with a formidable
challenge.P] Most studies rely on solution 'H NMR spectros-
copy data in combination with either vapor pressure osmom-
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od works well for assemblies with mo-
lecular weights between 2000 and
8000 Da, and most likely far beyond this
limit.

etry (VPO), gel permeation chromatography (GPC),™ ¢ or
light-scattering data.”! Occasionally, a single-crystal X-ray
structure analysis has been reported.®! Until recently, mass
spectrometry, the only method that provides quantitative data
on the molecular composition was undoubtedly the missing
link in the standard set of characterization tools for the
supramolecular chemist.

The critical issue in the mass spectrometric detection of
noncovalent molecular assemblies is the nondestructive gen-
eration of stable corresponding gas-phase ions.’] A variety of
soft ionization methods is currently available, such as field
desorption (FD),l'% fast atom bombardment (FAB),!!!I elec-
trospray ionization (ESI),['"” and matrix-assisted laser desorp-
tion ionization (MALDI).Il Of these methods FAB has been
applied successfully in studies of noncovalent complexes of
organict' and bioorganicl") compounds with -cyclodextrin.
Most noncovalent complexes which involve large biomole-
cules have been studied with ESII*2] or MALDI techni-
ques.?*?1 These ionization methods also allow an easy
characterization of metal-coordinated assemblies that contain
weakly coordinating counteranions.* 2l However, for hydro-
gen-bonded assemblies, these methods are generally not
successful because of the absence of suitable ionization sites
in the molecules. Occasionally, acidic additives, such as
trifluoroacetic acid (TFA) or acidic matrices, such as 2,5-
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dihydroxybenzoic acid (DHB), are used to promote ioniza-
tion by protonation of basic sites; however, these tricks are
usually not compatible with the formation of hydrogen bonds
and lead to destruction of the assemblies.

In recent years a variety of ion-labeling techniques for the
detection of hydrogen-bonded assemblies by means of ESI-
MS has been developed. Lehn?) and others® used K*
labeling for the detection of hydrogen-bonded assemblies
1;- (DEB); (DEB =5,5-diethylbarbituaric acid), that used
benzo[18]crown-6 functionalized melamine 1a which pro-
vides a strong binding site for K* (Figure 1 left). Although the
detection of the corresponding assemblies as mono- and
divalent potassium complexes was successful, severe frag-
mentation of the labeled assemblies was observed. A different
ESI-MS labeling method that uses Cl~ ions was reported by
Smith and Whitesides et al.B! for the detection of Hub(M);-
(DEB); assemblies (Figure 1 right). This method has been
successful only for assemblies that contain Hub, most likely as
a result of cooperative binding of Cl- to the three NH
moieties in the spacer. Other labeling methods involve the
oxidation of ferrocene moieties in the assemblies with
molecular oxygen (O-ESMS),*? and the use of quaternary
ammonium guest molecules encapsulated as guest molecules
in spherical hollow assemblies.*!

Although these methods work very well for selected
examples, a general MS characterization method that allows
the widest possible structural variation within the assembly is
still lacking. In a preliminary communication we reported a
novel Ag*® labeling technique for the MALDI-TOF mass
spectrometric characterization of multicomponent hydrogen-
bonded assemblies.’* 31 The method is based on the remark-
ably high affinity of Ag* for a variety of aromatic and aliphatic
si-donor systems, cyano groups,?! crown ethers, or a combi-
nation thereof, and provides a nondestructive way to generate
positively charged, hydrogen-bonded assemblies that can be
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easily detected by MALDI-TOF mass spectrometry. In this
paper we describe the complete results of a detailed study on
the characterization of hydrogen-bonded assemblies that
consist of six, nine, and fifteen components by MALDI-
TOF MS by means of Ag™ labeling. We report 25 examples of
hydrogen-bonded assemblies that were successfully charac-
terized with this novel technique. In general, the MALDI-
TOF MS data correlate very well with "TH NMR spectroscopic
data on the stability of these assemblies in solution.% 7]

The interaction of Ag* with organic m-donor ligands: The
interaction of metal cations with the m electrons of organic
molecules, such as arenes, alkenes, and alkynes, has been
studied in detail. Gas-phase binding enthalpies as high as 38,
28,19, and 16 kcal mol~! have been measured for Li*, Na+t, K+,
and Rb*" to benzene, respectively; however, the binding
enthalpies are largely compensated by equally high solvation
and ion-pair formation enthalpies.’® *] Dougherty and Ma
established the relevance of cation—m interactions to bio-
logical recognition phenomena through interactions of espe-
cially NR," ions with the aromatic side chains of the amino
acids Phe, Tyr, and Trp, and also showed that a binding site
that consists of aromatic rings can favorably compete with the
high solvation energies of cations in water.[*]

The existence of stable complexes between Ag* and -
electron donors, such as alkenes!“*#? and benzene,**! has been
known for decades.*! Binding is the result of electron
donation from the bonding m orbital to the empty 5s orbital
on Ag* and backdonation from a filled d orbital on Ag* to the
antibonding 7 orbital.*> 4] A drastic increase in the stability
of Ag* m complexes was observed for several cyclophanes as a
result of cooperative binding of the Ag™ ion by the aromatic
rings.[*’-*1 Several papers describe the interaction of Ag* ions
with the aromatic 7 faces at the upper rim of calix[4]arenes.>]
Highly stable sandwich-type complexes are formed in which

Hub(M),- (DEB),

Figure 1. Schematic representations of two hydrogen-bonded assemblies 1a;- (DEB); and Hub(M); - (DEB); that were characterized by ESI-MS.
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the two distal aromatic rings
bind the Ag" ions in a highly

cooperative way. Shinkai et al. 3a
determined that the stability of b
the Ag™ complexes of a variety ¢
of alkylated calix[4]arenes is d
~10°m~! in MeOH.’™ In a e
similar manner to Ag®, Cu" =
also has a large affinity for - ) f
donor ligands, such as alkenes . h h
and aromatic rings.’" % How- , NH, i
ever, the complexes are ex- ;z NH i
tremely unstable upon expo- A N k
sure to air, and the Cu' ions X"NH* I
quickly disproportionate to L m
give Cu?* and Cu®.b! n
Apart from binding to m- o

electron donor ligands, the ex-
tremely soft Ag™ ion binds very
strongly to a variety of other
soft donor ligands, such as ni-
triles, thiols, and amines.[!

Results and Discussion

General: Samples prepared by
stirring the hydrogen-bonded
assemblies 15-2;, 3;-2;, or 4;-
2, (Figure2) with 1.5-2.0
equivalents of AgCF;COO for
24 hours in chloroform (for de-
tails see the Experimental Sec-
tion) clearly show signals in the

1
39 R'=CH,CH,CH,

R®= NH(CH,),CH;
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R'= CH,CH,CH,, R?= R’ = NH(CH,);CHj, X = H

R'= CH,CH,CH,, R*= R®= NH(CH,),CH,, X= NO,

R'= CH,CH,CHj,, R*= R®= NHCH,C¢Hs, X=H

R'= CH,CH,CHj, R*= R®= NH(R)-0-CH(CgH5)CHy, X = H
R'= CH,CH,CH,, R*= NH(R)-a-CH(CgHs)CH,

R®= NH(S)-0-CH(CgHs)CHy, X = H

R'= CH,, R®= R®= NH(CH,),CH,, X=H

R'= CH,CH,CH,, R®= R®= NHCH,CH=CH,, X=H
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4a X = CH,(m-C¢H,)CH,
b X=(CHyg
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Figure 2. Chemical structure and schematic representations of A) single-rosette assemblies 1;-2; (6 components), B) linear tapelike assemblies [1-2],,
C) double-rosette assemblies 3;-2¢ (9 components), and D) tetrarosette assemblies 4;-2;, (15 components).

MALDI-TOF spectra for the corresponding Ag" complexes
only when the assembly is stable in solution and contains a
binding site for Ag* (see Tables 1-3). The assemblies contain
many carbon atoms and a relatively large number of nitrogen
atoms. Consequently, the intensities of the peaks attributed to
ions that contain natural isotopes are high. In addition, the
peaks overlap because of the limited resolution of the
MALDI-TOF instrument used (3900 FWHM). The masses
of the Ag* complexes of the assemblies therefore have been
calculated from the chemical atomic weights of carbon,
hydrogen, nitrogen, oxygen, and silver. They agree very well
with the observed masses of the Ag* complexes, taken as the
maximum of the signal formed by the overlap of the
unresolved natural isotope peaks (Tables 1-3). As a further
check of the correct mass assignment, the appearance of the
observed mass signal was compared to that obtained from the
calculated isotope pattern obtained with the limited resolu-
tion of the instrument. As a typical example, the observed and
calculated spectrum for the assembly 3¢;-2a, (R2=R’=
CH,Ph) are given in Figure 3, which exemplifies the very
good agreement between the shapes of the observed and
calculated mass signals (on the average <300 ppm mass
difference).

Single-rosette assemblies 1;-2; (6 components, 18 hydrogen
bonds)

The formation of multiply hydrogen-bonded networks that
consist of disubstituted melamines or pyrimidines 1 (DAD)
and barbiturates or isocyanurates 2 (ADA) have been
extensively studied by several groups.’ Two different assem-
blies can be formed depending on the relative orientation of
the individual components, that is the cyclic hexameric rosette

Chem. Eur. J. 2000, 6, No. 22
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Figure 3. Experimental and calculated MALDI-TOF mass spectrum
(+ isotope distribution) of the Ag* complex of assembly 3¢;-2aq4.

assembly 15-2,,> or tapelike assemblies [1-2],, which can be
subdivided into linearP® and crinkled tapes (Figure 2).57 Tt
has been suggested by Whitesides and co-workers that
melamines with bulky substituents, such as 1b (R =¢BuPh),
exclusively form the cyclic rosette assembly 1;-2; as a direct
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Figure 4. MALDI-TOF mass spectra of the monovalent Ag™ complexes of a) single-rosette assembly 1b;-2a;, b) double-rosette assembly 3d;-2c¢,,

c) double-rosette assembly 3h;-2a,, and d) tetrarosette assembly 4b;-2f;,.

result of severe peripheral crowding in the corresponding
tapelike structures [1-2],. In contrast to this, less bulky
melamines, such as 1d (R =Ph), preferentially form linear (or
crinkled) tapes. The cyclic rosettes are fully assembled in
chloroform only at concentrations of >10mm and are held
together by a total of 18 hydrogen bonds. Mass spectro-
metrical characterization of these types of hydrogen-bonded
assemblies with MALDI-TOF MS has not been successful so
far.?'2l Our results show that MALDI-TOF MS with Ag*
labeling provides an easy and straightforward technique to
characterize a variety of single-rosette assemblies 15-2;.

For example, both melamine 1b (R =¢BuPh) and pyrimi-
dine 1¢ (R =rBuPh) give intense signals at m/z 1831.0 (calcd
for Cy3H 5sN,,Og - Agt =1832.1, Figure 4a) and at m/z 1828.9
(caled for CygHpN, Oy Agt=1829.1) for the monovalent
Ag" complexes of the corresponding assemblies 1b;-2a; and
1¢;-2a; (Table 1, entries 1 and 6). Signals corresponding to
the doubly or triply charged assemblies 1bs-2a;-(Agt),
(caled m/z 970.0) or 1bs-2a;-(Agt); (calcd m/z 682.6) or
fragmented assemblies were not observed. The cyclic rosettes
bind Ag" ions by simultaneous coordination to the two
aromatic rings of the fert-butylphenyl groups of component
1b or 1¢ (Figure 5). Evidence for this comes from the fact that
only components 1b-e, that bear phenyl substituents, give
signals for the Ag™ complexes of free 1 (m/z 497, [1b- Ag]*;
mlz 496, [1c- Ag]™) in the MALDI-TOF spectrum, while for

4108
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Table 1. MALDI-TOF MS data for six-component assemblies 1;-2;
(18 hydrogen bonds) after treatment with 1.5-2.0 equivalents AgCF;COO
for 24 h at RT.

En- Assembly Molecular Stability  Calcd mass [Da] Observed
try composition  in chloro- of Ag* complex® mass [Da]
form/®
1 1by-2a, CoHpN, O  + 1832.1 1831.0
2 1by-2b;  CyHpNyOp 41 1919.2 1919.1
3 1by,-2¢;  CuHiN,Op + 24778 )
4 1by,-2d;  CyeHuN»,Op + 4954.0 4947.9
5 1by-2e;  CyeHyNyOy + 3691.6 3692.0
6 1lc-2a;  CoHpNyOp  + 1829.1 1828.9
7 1e;2b;  CoHpNyOy  + 1916.2 1915.0
8 1le¢2¢;  CruHisN, O + 2474.9 2476.9
9 1d,-2a; CeHypN,Oy  — 1495.4 4
10 1le;-2a;  CyHypNyOps — 2601.4 4
11 1f;-2a, CoHoN,0p - 1375.5 i

[a] Notation “+ ” means that assembly is stable at concentrations >10"2m
and “—” means that assembly is not stable in solution. [b] The calculated
isotopic patterns are in good agreement with the experimentally observed
molecular mass signals. [c] The 'H NMR spectrum shows a complex pattern
for the isocyanurate NH protons (0 = 14 - 16), which suggests that the cyclic
hexameric assemblies is not the only species present. [d] The Ag* complex
was not observed in the MALDI TOF mass spectrum.

instance, the butyl-substituted melamine 1f does not.
'"H NMR complexation experiments with free 1b support this
view. Addition of 10 equivalents of AgClO, to a 2mw solution
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Figure 5. Proposed structure (left) and space-filling model (right) of the Ag* complex of assembly 1b;-2a;.

of 1b in CDCIl;/CD;0OD (1:1, v/v) causes significant shifts for
the fert-butyl (A6 =0.03 upfield) and aromatic (Ad=10.085
downfield) proton signals. Formation of the cyclic hexameric
assembly preorganizes the phenyl substituents of 1 to form a
sandwich-type m complex with Ag* (Figure 5). Additional
coordination of Ag" to the triazine ring nitrogen, which is
absent in 1¢, does not seem to play a significant role, judging
from the close similarity between the spectra of 1b;-2a; and
1c;-2a;. Coordination of Ag™ to the nitrogen or the carbonyl
oxygen atoms of 2 a is unlikely to account for the high stability
of the 1;-2a;- Ag* complexes, in view of the low affinity of
free 2a for Ag" (very weak signal at m/z 291 for 2a- Ag").

Single-rosette assemblies of melamine 1b with isocyanu-
rates 2b—e (Table 1, entries 2—5) also give strong signals in
the MALDI-TOF spectra for the monovalent Ag* complexes,
except for triphenyl isocyanurate 2¢ (Table 1, entry 3). How-
ever, the MALDI-TOF spectrum of 2¢ with pyrimidine 1¢
(Table 1, entry 8) does show an intense signal at m/z 2476.9
(calcd for 1e¢;-2¢;- Agh=2474.9) for the Ag" complex. The
reason for this discrepancy is not clear because the 'H NMR
spectra of these assemblies are not significantly different.

Also assemblies with a much higher molecular weight, such
as the calix[4]arene-based assemblies 1b;-2d; and 1b;-2e;,
give clean signals at m/z 4947.9 and 3692.0 (calcd for 1b;-2d;-
Ag"=4954.0 and for 1b;-2e;- Agt=3691.6). For assembly
1b; - 2e;, the observed and calculated masses match very well
(100 ppm mass difference), while for assembly 1b;-2d; there
is a significant difference between both values (1200 ppm
mass difference). The reason for this relatively large deviation
is still unclear. Despite the fact that these assemblies have a
total of six strong binding sites for Ag™ (also the calix[4]arenes
bind Ag* very strongly),”” the monovalent Ag* complexes
are the only significant signals in the spectrum between 2000
and 8000 Da.

For the melamines 1d (R = phenyl), 1e (R =4-dodecyloxy-
phenyl), and 1f (R =n-butyl), stable Ag* complexes of the
corresponding rosette assemblies 1;-2a; were not observed.
These results support earlier observations by Whitesides and
co-workers that cyclic rosette assemblies 15 - 2; without bulky

Chem. Eur. J. 2000, 6, No. 22
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substituents at the periphery are thermodynamically unstable
and preferentially form linear tapelike structures [1-2], under
the conditions used (Figure 2B).5) However, no signals for
the Ag* complexes of tapelike structures (or fragments) were
observed when equimolar mixtures of 1d-f and 2a were
measured under standard Ag" labeling conditions. Model
experiments with compounds 1g and 2k, which form a well-
defined hydrogen-bonded assembly by the formation of three
hydrogen bonds, also do not show a signal for the Ag*
complex of the assembly, which suggests that the stability of
the complex is too low to be observed under the conditions of
the MALDI-TOF measurements.

Influence of the metal cation (Cs*, Cu?*, Zn>*) and of the
counteranion (OTs~, CF;SO;~, BF,-, PF,7): In order to
establish the unique role of the soft Ag*® ion, several ion-
labeling experiments with assembly 1b;-2a; were carried out
in which Ag* was replaced by other cations. However, none of
the cations tested (M = Cs*, Cu?*, Zn?*) gave similar results to
those of Agt. Only with Cs* was a small signal (S/N~3-4)
for the ion-labeled hydrogen-bonded assembly observed (m/z
1857.1, 60 %, calcd for 1b;-2a;- *3Cs* =1857.9). However, in
this case severe decomposition of the complex was also
observed (additional signals at 1823.8 (45 %), 1804.4 (100 %),
1788.7 (70%), 17471 (20%)). With Cu?** and Zn?**, the
corresponding ion-labeled hydrogen-bonded assemblies were
not observed. The low-mass region of these spectra only
showed the formation of metal ion complexes with compo-
nent 1b (m/z 452.7, 60%, [1b-Cu—H]", calcd 452.6; m/z
842.7, 20%, [1b,-Cu—H]"; caled 843.4), (m/z 460.9, 40%,
[1b-Zn—H]*, caled 453.6). These complexes are most
probably formed by coordination of the metal ion to the
triazine ring nitrogen atoms, thus destroying the hydrogen-
bonded assemblies.

Additionally, several experiments were performed in order
to determine the role of the counteranion used. In addition to
CF;COO~ (standard conditions), four other anions were
tested: OTs™, CF;SO;~, BF,~, and PF, . For both OTs™ (S/N ~
50) and CF;SO;~ (S/N~20) the spectra show very similar
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signals to those of CF;COO~ (S/N=~50). The samples are
stable for at least one month as the intensity of the signals
does not decrease over this period of time. However, with
BF,” and PF,~ as counteranions, the results are significantly
worse. Initially, intense signals for the Ag*-labeled assemblies
are observed for both anions (S/N = 20), while in the case of
BF,™ an additional signal at m/z 1652 (50 %) is observed that
most likely corresponds to the loss of one molecule of 2a.
Similar decomposition patterns have never been observed in
any of the labeling experiments with CF;COO~. Moreover,
the intensity of the signals with BF,~ and PF¢~ as counter-
anions severely diminishes over time. After one month the
Ag*-labeled assemblies cannot be detected anymore, which is
most probably the consequence of the relatively low hydro-
lytic stability of both anions.

Double-rosette assemblies 3; -2, (9 components, 36 hydrogen
bonds)

Hydrogen-bonded double-rosette assemblies 3;-2 (see Fig-
ure 2) which comprise three molecules of calix[4]arene dime-
lamines 3 and six molecules of barbiturates or isocyanurates 2,
have been an active topic of research in our group.[ 37
These assemblies exclusively exist as cyclic double rosettes
according to '"H NMR spectroscopy, while the corresponding
tapelike structures are totally absent. The extremely high
thermodynamic stability of these assemblies is the result of
the presence of 36 cooperative hydrogen bonds, which makes
these structures stable, even at 10~*M in chloroform.[3 All
attempts to characterize these assemblies by mass spectrom-
etry without making use of labeling techniques have so far
been unsuccessful. Also the PPh,*Cl -labeling ESMS techni-
que introduced by Smith, Whitesides and co-workers did not
give positive results for these assemblies in our hands, which is
in agreement with the negative results reported by Whitesides
and co-workers for related assemblies.?!l Therefore, we have
investigated the feasibility of our Ag™-labeling technique for
the MALDI-TOF MS characterization of double-rosette
assemblies 3;- 2.

In order to promote the formation of strong Ag"™ complexes
of the hydrogen-bonded assemblies 3;-2¢, additional function-
alities with a strong affinity for Ag* ions need to be introduced
into the individual components. When such functionalities are
present, the corresponding assemblies show intense signals for
the corresponding Ag* complexes in the MALDI-TOF mass
spectrum. We have found four different types of function-
alities that support the formation of strong Ag* complexes of
hydrogen-bonded assemblies 3;-2,, namely aromatic groups
(A), olefinic groups (B), cyano groups (C), and crown ethers
(D). Below we describe a selection of 16 assemblies (see
Table 2) that bear these functionalities either on the dimel-
amine component 3 or on the barbiturate/isocyanurate
component 2, which were successfully characterized by
MALDI-TOF MS with Ag* labeling.

Assemblies functionalized with aromatic groups: The pres-
ence of aromatic functionalities in either dimelamine 3 or
barbiturate/isocyanurate 2 generally leads to the formation of
stable Ag"™ complexes upon treatment with AgCF;COO that
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Table 2. MALDI-TOF MS data for nine-component assemblies 3;-2¢
(36 hydrogen bonds) after treatment with 1.5-2.0 equivalents of AgCF;-
COO for 24 h at RT.

En- Assembly Molecular Stability in ~ Calcd mass Observed
try Composition chloroform®! [Da] of Ag* mass [Da]
complex!®!
12 3228, CooHpeNyOs  ++ 4072.8 i
13 3a;:2b, CyHaNsOs  ++ 4247.0 i
14 3a,-2f, CuHNiOs 4+ 4361.1 4360.0
15 3a,-2g,  CopHLgNyOs  ++ 4216.9 i
16 3a3-2h, CopHoNgOs — ++ 43487 4348.1
17 3bs-2a, CyHuoNsyOp 44 43428 I
18 3bs-2by  CoHaNgOp 4+ 4517.0 4516.0
19 3bs-2hy  CopHpNeOp  ++ 4618.7 4620.4
20 3by-2j;  CoHoNgOp  ++ 4643.0 4643.4
21 3¢;-28,  CogHpNOs -+ 4276.9 4278.3
22 3dy-28,  CyuHpNyOs -+ 4361.1 43583
23 3dy-2b, CoHyN5Os -+ 45353 4536.4
24 3dy-2¢, CypHypNyOs -+ 5568.4 55682
25 3e;-2a; CuyHyNygOs - 4361.1 4362.3
26 3e;-2j;  CopHugNeOzy 4+ 4661.3 46582
27 3528, CieHpuoNuOs -+ 37362 3745.8
28 3g,-2a, CpHyNgOp 4+ 4427.1 44293
29  3hy-2a; CyH,uNyiOs ++ 3976.5 3976.2
30 3iy-28,  CyppHygNgOs -+ 4229.0 I
31 3j;-2a,  CpyH3uNyOs ++ 4397.4 4398.0
32 3k;-2a; CyeHisNygOs ++ 4565.7 el
33 31L;-2a;  CyyHi3¢NygO50Sis ++ 4650.0 el
34 3m;-2a, CypH,gNygOs ++ 4216.9 el
35 3my-2a;  CyeHygN5Os ++ 4222.8 4220.0
36 30;-2a; CyuH,yNygOs ++ 4216.9 el

[a] Notation “+ + ” means that assembly is stable at 10~>m concentration,
and “-” means that formation of the assembly is not observed in solution.
[b] The calculated isotopic patterns are in good agreement with the
experimentally observed molecular mass signals. [c] The Ag™ complex was
not observed in the MALDI TOF mass spectrum.

can be observed in the MALDI-TOF spectrum. For example,
treatment of the benzyl-substituted assembly 3¢;-2a, (R*>=
R3 = CH,Ph) and the chiral assembly 3d;-2a, (R>=R*=(R)-
CHPhMe)P8! with AgCF,COO produced intense signals at
miz 42783 (caled for 3¢;-2a4-Agt=4276.9) and 4358.3
(calcd for 3d;-2a,- Agt =4361.1), respectively, in the corre-
sponding MALDI-TOF spectra (Table 2, entries 21 and 22).
In view of the inability of assemblies 3a;-2a, and 3b;-2a,
(R?=R’*=(CH,);CH,) to form stable Ag* complexes (vide
infra), it is evident that the benzyl groups are involved in the
Ag" complexation. It is quite unlikely that one benzyl group
alone binds Ag™, because such complexes are not expected to
have sufficient stability in the presence of excess 2,5-
dihydroxybenzoic acid (used as the matrix), which can form
Ag* complexes of comparable stability. Molecular models
clearly show that the benzyl group (oriented perpendicularly
to the plane of the assembly) together with the calix[4]arene
aromatic ring carrying the melamine, provides a binding site
in which Ag* is bound cooperatively (Figure 6 left). Support-
ing evidence for this comes from the fact that 2D ROESY
connectivities measured for assembly 3d;-2a, reveal a very
similar orientation of the 1-phenylethyl substituents in this
assembly.’®] The possibility that two benzyl groups of
neighboring calix[4]arene fragments combine to provide a
binding site for Ag* can be excluded, because the distance
between two benzyl groups is >7 A.
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R=CH,

Figure 6. Proposed structure (left) and space-filling model (right) of the Ag* complex of assembly 3¢;-2a, (part of the structure is omitted for clarity).

Functionalization of barbiturates or isocyanurates 2 with
aromatic groups provides an alternative way to incorporate
Ag* binding sites in the corresponding assembly. For example,
treatment of the chiral assembly 3d;-2¢; (R2=R*=(R)-
CHPhMe) with AgCF;COO gives rise to intense signals at
mlz 5568.2 (calcd for 3d;-2¢4- Agt=5568.4) in the corre-
sponding MALDI-TOF spectra (Table 2, entry 24, Figure 4b).
In this case, the three phenyl substituents in 2¢ can bind the
Ag" in a cooperative way. In certain cases, binding of Ag*™
takes place as a result of cooperativity between the melamine
and the barbiturate or isocyanurate component. For example,
the treatment of assembly 3a; - 2 f; with AgCF;COO shows an
intense signal at m/z 4360 (calcd for 3a;-2f;- Agt =4361.1),
despite the fact that 2 f does not have an appreciable affinity
for Ag" by itself. It is most likely that the phenyl group in 2 f
also binds Ag™ in cooperation with one of the aromatic rings
of calix[4]arene 3a, in a similar manner to that observed for
assembly 3¢;-2a,. The alternative option that two phenyl
groups of different components of 2f combine together to
provide a suitable binding site for Ag" is very unlikely for
steric reasons; this has been supported by 'H NMR studies
with assembly 3a,- 2 f;.1°) For reasons of generality, the use of
barbituric acid 2f has a small disadvantage because many
different isomeric assemblies can be formed (different up and
down orientations of the phenyl groups). This leads to
desymmetrization of the 'H NMR spectrum, the interpreta-
tion of which, therefore, becomes very complicated.

Functionalization of isocyanurates with aromatic groups, as
in chiral isocyanurate 2j, also promotes the formation of
stable Ag" complexes of the corresponding assemblies 3; - 2 j.
The assemblies 3b;-2js and 3e;-2js (Table 2, entries 20 and
26) showed intense signals in the MALDI-TOF spectrum at
mlz 4643.4 (caled for 3b;-2js- Agt=4643.0) and at mi/z
4658.2 (calcd for 3e;-2j,- Agt=4661.3), respectively, after
treatment with AgCF;COO (S/N & 25). For these assemblies
it cannot be determined exactly how Ag* binding takes place;
however, molecular models clearly show that the aromatic
functionality in 2j can easily adopt an orientation consistent
with the formation of a sandwich-type Ag' complex.
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Alkenyl- and alkynyl-functionalized assemblies: Similar to
arenes, a variety of alkenes and alkynes are known to form
strong complexes with Ag" ions.*#1 We have found two
examples in which functionalization of dimelamine 3 with
alkene functionalities resulted in the formation of strong Ag*
complexes that can be observed by MALDI-TOF MS. In
general, the intensity of the signals is lower (S/N < 8) than for
the assemblies with aromatic functionalities (S/N=~12).
Moreover, our results show that the affinity of assemblies
functionalized with alkene or alkyne functionalities is strongly
dependent on the position of the alkene or alkyne function-
ality within the individual components. For example, the allyl-
substituted assembly 3h;-2a; (R?=R?*=CH,CH=CH,)
showed a signal at m/z 3976.2 (calcd for 3h;-2a4- Agt=
3976.5) after treatment with AgCF;COQO. This assembly most
probably binds Ag' ions in a very similar way to that
described for the benzyl-substituted assembly 3¢; - 2a4, name-
ly by means of cooperative binding both with the alkene and
one of the calix[4]arene aromatic rings. In sharp contrast to
this, we found that of the assemblies with longer alkenyl side
chains (Table 2, entries 30-32), only assembly 3j;-2a4 (R>=
R3 = (CH,),CH = CH,) with 7-octenyl side chains showed a
significant signal at m/z 4398.0 (calcd for 3j;-2a4-Agh=
4397.4) after treatment with AgCF;COO. These results clearly
indicate that the ability of arene and alkene units to bind Ag*
in a cooperative way quickly decreases with increasing chain
length of the spacer that connects the two binding partners.
However, it remains unclear as to why assembly 3j;-2aq is
indeed able to bind Ag*.

Supporting evidence that cooperativity is important in the
binding of Ag" was given by the fact that neither assembly
31;-2a;, (R?=R?*=C=CSi(CH;);) nor assembly 3mj;-2a
(R?=R3*=C=CH) showed detectable signals for the corre-
sponding Ag" complexes in the MALDI-TOF spectrum,
despite the fact that both assemblies are thermodynamically
stable in solution.!® Clearly, the isolated acetylene moieties in
these assemblies cannot bind Ag* in a cooperative way (too
remote from aromatic ring or a second acetylene unit), which
indicates that Ag"™ complexes of single acetylenes (and also
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single arenes and alkenes, vide supra) are insufficiently stable
to be observed by MALDI-TOF mass spectrometry.

The presence of two alkene units in close proximity to each
other does not guarantee the cooperative formation of strong
Ag" complexes. For example, assemblies that contain 5,5-
diallylbarbituric acid 2g do not form stable Ag"™ complexes
under MALDI-TOF MS conditions (Table 2, entry 15). The
free barbiturate 2 g itself also does not bind Ag" significantly,
despite the fact that it contains two alkene moieties that are
close enough to be able to bind Ag™ in a cooperative manner.
These results strongly emphasize the importance of the
relative orientation of the functionalities that form the
binding site for Ag". Furthermore, these results clearly show
that it remains difficult to predict, a priori, whether a
particular assembly can be detected by MALDI-TOF by
means of the Ag*-labeling method as long as combinations of
functionalities, such as arenes and alkenes, are required.

Cyano-functionalized assemblies: So far we only have dis-
cussed the labeling experiments for which cooperativity
between two functionalities is required for Ag* binding, since
binding of the individual functionalities to Ag™" is too weak to
be detected. The disadvantage of these labeling experiments
is that one cannot predict the outcome of a labeling experi-
ment. In this respect the introduction of cyano groups is of
interest, because they are known to have an extremely high
affinity for Ag*.’*! For example, a distinct signal for the
monovalent Ag*™ complex of assembly 3n;-2a4 was observed
at m/z 4220.0 (caled for 3m;-2a,- AgT=4222.9) after treat-
ment with AgCF;COO (Table 2, entry 35). Any form of
cooperativity between two cyano centers can be excluded,
because the cyano centers are separated by at least 7 A within
the assembly. These results seem to suggest that [RCN - Ag]*
complexes are significantly stronger than [arene — Ag]* com-
plexes. Similarly, double-rosette assemblies 3a;-2i; and 3b;-
2is with N-(4-cyanophenyl)isocyanurate 2i, form very stable
Ag* complexes. Both assemblies showed intense signals at
m/z 4348.1 (calcd for 3a; - 2i,- Agt =4348.7) and at m/z 4620.4
(caled for 3b;-2ig- Agt=4618.7), respectively, after treat-
ment with AgCF;COO. In the meantime, we have inves-
tigated more than 10 other examples (described elsewhere )]
in which 2i has been successfully used to characterize the
corresponding assembly 3;-2i¢, while the corresponding
assemblies with 2a could not be detected by MALDI-TOF
MS.

Crown ether-functionalized assemblies: Crown ethers are
known to bind a variety of alkali metal cations in apolar
solvents; this is the basis of the ion-labeling method described
by Lehn.”! In addition to this capability, crown ethers also
have a reasonable affinity for a variety of other metal ions,
such as Ag".?l Therefore, assembly 3g;-2a,,[°) which com-
prises the crown ether functionalized dimelamine 3g in which
the calix[4]arene is chemically fixed in the 1,3-alternate
conformation, should be able to bind Ag" very strongly by
means of complexation inside the crown-6 ring, assisted by
interaction with the & electrons of the parallel aromatic rings
of the calix[4]arene. Indeed, a sample prepared by treatment
of assembly 3 g;-2a,; with AgCF;COO showed a very intense
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signal at m/z 4429.3 (calcd for Cy,H30sNyOyy - Ag': 4427.0) in
the MALDI-TOF spectrum corresponding to the monovalent
Ag" complex (Table 2, entry 28). This result clearly shows that
in addition to m-electron-based binding sites, crown ether-
based binding sites can also serve as Ag*-labeling sites.

Miscellaneous assemblies: In most of the assemblies discussed
so far, cooperativity of two arene and/or alkene functionalities
played a crucial role in the binding of Ag*. An exception to
this was assembly 3b; - 2b, (Table 2, entry 18) which showed a
strong signal at m/z 4516.0 (calcd for CygHz00NgOu - Ag':
4517.0) in the MALDI-TOF MS spectrum after treatment
with AgCF;COQO. In this particular case, the binding of Ag*
seems to occur by cooperative interaction of the nitro
functionality in dimelamine 3b and (most probably) the
C(O)N(Ar)C(O) functionality in the isocyanurate 2b, since
none of the assemblies 3a; - 2b, (Table 2, entry 13) or 3b;- 24
(Table 2, entry 17) comprising only one of the individual
components has an appreciable affinity for Ag*. This surpris-
ing result nicely illustrates that any combination of functional
groups with low individual binding affinities for Ag" can, in
principle, form stable Ag" complexes when acting in a
cooperative manner.

Nonfunctionalized double-rosette assemblies: Calix[4]arene-
based assemblies without additional Ag*-binding function-
alities, such 3a;-2a, and 3b;-2a, (Table 2, entries 12 and 17),
do not give significant signals in the MALDI-TOF mass
spectra after treatment with AgCF;COO. This is quite
remarkable because the extremely large affinity of upper-
rim tetraalkylated calix[4]arenes for Ag* ions (K,,~10°M~!
in 1:1 CDCl;/CD;0D) has been described in several papers.F>l
Moreover, we observed intense signals for the corresponding
monovalent Ag* complexes of calix[4]arene 3a and 3b in the
MALDI-TOF mass spectrum. Normally, calix[4]arenes bind
Ag* at the upper rim by means of simultaneous interaction of
two distal (1,3) aromatic rings with the soft metal ion.
Apparently, the calix[4]arenes within these assemblies have
totally lost their affinity for Ag® ions upon formation of the
hydrogen-bonded assembly, probably as a result of the
extreme conformational change. Atomic distances obtained
from the X-ray crystal structure analysis of assembly 3b;-2a,4
support this view and show that the melamine-substituted
aromatic ring carbons are 4.05 A apart,% which is 0.75 A less
than the distance measured in the X-ray crystal structure of a
related calix[4]arene—Ag" complex.’”) Formation of the
hydrogen-bonded assembly thus leaves too little space in
between the parallel aromatic rings of 3a for the complex-
ation of Ag". Complexation of Ag' can still occur at the
outside of assemblies 3a;-2a4, but in this way the binding is
not cooperative.

When the conformation of the calix[4]arene units in
assemblies 3;-2a4 is changed from cone to 1,3-alternate, as
in 3g (vide supra), the corresponding assemblies have the
possibility to bind Ag" to the outside of the assembly by
means of a cooperative interaction with the aromatic rings of
the calix[4]arene that do not carry the melamine units.
However, from the experiments with assembly 3g;-2a, it
cannot be concluded with certainty whether the aromatic
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rings in the calix[4]arene participate in binding. 'H NMR
spectroscopic studies with assembly 3 f; - 2a,, which is present in
solution as a mixture of the cyclic rosette and other (undefined)
assemblies, indicate that the flexible calix[4]arene units 3 f
adopt the 1,3-alternate conformation at room temperature.
MALDI-TOF MS measurements of this assembly did indeed
show a small but distinct signal at m/z 3745.8 (caled for
CiseHo40N4O30- Agt: 3736.1) which corresponds to a stable
monovalent Ag* complex. This data somehow suggests that
double-rosette assemblies 3;-2a,4, in which the calix[4]arene
units adopt a 1,3-alternate conformation, can also be detected
by means of MALDI-TOF MS after Ag* labeling.

Tetrarosette assemblies 4;-2,, (15 components, 72 hydrogen
bonds)

Finally, the MALDI-TOF characterization of tetrarosette
assemblies 4;-2,, (Figure 2D) is discussed. These assemblies
are formed from three molecules of calix[4]arene tetramel-
amines 4 and 12 molecules of barbiturates 2 by the formation
of 72 cooperative hydrogen bonds. They are thermodynami-
cally stable at millimolar concentrations.[®?

The initial objective of the MALDI-TOF MS experiments
with assemblies 4;-2,, was to determine if the Ag*-labeling
method has certain limits with respect to the molecular weight
of the assemblies. In line with previous experiments, we used
barbiturate 2 f to introduce the required Ag* binding sites in
the assembly. After treatment with AgCF;COO, the assem-
blies 4a;-2f,, and 4b;-2f, gave clean MALDI-TOF spectra
and only showed distinct signals for the corresponding
monovalent Ag* complexes at m/z 8585.2 (calcd for 4a;-
2f, - Agt=8584.0) and at m/z 8525.3 (calcd for 4b;-2f),-
Ag"=8524.1) (Figure 4d), respectively, (Table 3, entries 38
and 40). The observed masses are in perfect agreement with
the calculated data (both 140 ppm mass difference) and
clearly show that hydrogen-bonded assemblies with molecular
masses in the order of 10000 Da can be conveniently
characterized by means of the Ag" labeling technique,
provided that appropriate Ag*-binding sites are incorporated.
The latter cannot be emphasized too often, because this item
really determines the success of the method. A clear
illustration of this was provided by the negative results
obtained from experiments with assemblies 4a;-2a;, and 4b; -
2a,,, which apparently do not form stable Ag* complexes.

Table 3. MALDI-TOF MS data for fifteen-component assemblies 4, -2,
(72 hydrogen bonds) after treatment with 1.5-2.0 equivalents of AgCF;-
COO for 24 h at RT.

En- Assembly Molecular Stability Calcd Mass  Observed

try Compositon in chloro- [Da] of Ag® mass [Da]
forml? complex!®]

37  4a;-2a;,  CuHuNoOg ++ 8007.5 el

38 4ay-2f), CuesHsigNosOgo  ++ 8584.0 8585.2

39 4b;-2a,  CuHiNyOq ++ 7947.5 el

40  4b;-2f, CuHsssNgOgy ++ 8524.1 8525.3

[a] Notation “+ + ” means that assembly is stable at 10~°M concentration,
and “-" means that formation of the assembly is not observed in solution.
[b] The calculated isotopic patterns are in good agreement with the
experimentally observed molecular mass signals. [c] The Ag" complex was
not observed in the MALDI TOF mass spectrum.
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Although this result was expected for the latter assembly (no
binding sites present), it was quite surprising for assembly
4a;-2a,,. This assembly contains a m-xylyl linker which
connects the two double-rosette structures. Based on the
results for the benzyl-substituted assembly 3¢;-2a4, from
which we learned that the Ag" binding site is provided by a
benzyl substituent in cooperation with one of the calix[4]ar-
ene aromatic rings, it was expected that the tetrarosette
assembly 4a; - 2a;, should be able to bind Ag* in a very similar
manner. This surprising result again shows that a subtle
change in the relative orientation of the functionalities that
make up the Ag' binding site can drastically reduce the
affinity for Ag" and is therefore the critical parameter in
determining whether a particular assembly can form strong
Ag* complexes.

Conclusions

The results in this paper show that MALDI-TOF MS in
combination with Ag* labeling is a convenient new tool for
the mass spectrometric characterization of hydrogen-bonded
assemblies. The method gives excellent results both for
assemblies with moderate stability (single rosettes) and for
high stability (double and tetrarosettes) in the MW range
between 2000 and 8000 Da. The absence of any signal which
corresponds to fragmented assemblies in the spectra illus-
trates the unprecedented mildness of the technique. The
method requires the presence of a strong binding site for the
Ag" ion in order to charge the noncovalent assembly in a
nondestructive way. We have identified a variety of different
binding sites, namely arene or alkene n-donor functionalities
that can bind the Ag' ion in a cooperative way cyano
functionalities or crown-ether moieties that bind the Ag* ion
alone. Therefore, we feel that MALDI-TOF MS in combina-
tion with Ag* labeling provides a method of general interest
for the MS characterization of noncovalent hydrogen-bonded
assemblies or host —guest complexes. Our results clearly show
that the absence of a suitable binding site for the labeling ion
and not the thermodynamic stability of the hydrogen-bonded
assembly is most often the limiting factor for the character-
ization of such assemblies.

Experimental Section

General: All experiments were carried out under Ar. THF was distilled
from Na/benzophenone ketyl, hexane (referring to petroleum ether
fraction with b.p. 60-80°C), CH,Cl, and EtOAc from K,CO;. All
chemicals were of reagent grade and used without further purification.
NMR spectra were recorded on a Bruker AC250 (‘"H NMR 250 MHz) or a
Varian Unity300 ("H NMR 300 MHz) spectrometer in [D,]chloroform at
room temperature, unless stated otherwise. Residual solvent protons were
used as internal standard and chemical shifts are given relative to
tetramethylsilane (TMS). EI and FAB spectra were measured on a
Finnigan MAT 90 spectrometer; the FAB spectra were obtained in a matrix
of m-nitrobenzyl alcohol (NBA). Identification of the Ag* complexes of
the hydrogen-bonded assemblies was performed by matrix-assisted laser
desorption ionization (MALDI) time-of-flight (TOF) mass spectrometry!'?
on a PerSeptive Biosystems Voyager-DE-RP MALDI-TOF mass spec-
trometer (PerSeptive Biosystems, Inc. Framingham, MA, USA) equipped
with delayed extraction.l®y A UV nitrogen laser (4=337 nm) which
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produced 3 ns pulses was used and the mass spectra were obtained both in
the linear and reflectron mode. Mass assignments were performed with
nonmanipulated spectra (no smoothing or centering, etc.) for an optimal
correlation between observed and calculated masses. Melting points were
determined with a Reichert melting point apparatus and are uncorrected.
Flash chromatography was performed on silica gel (SiO,, E. Merck, 0,040 —
0.063 mm, 230-240 mesh). The presence of solvents in the analytical
samples was confirmed by '"H NMR spectroscopy. Barbiturates 2a, 2 f, and
2g were purchased from Aldrich. Melamines 1b and 1d and isocyanurates
2b and 2c¢ were prepared according to literature procedures.l®®! The
synthesis of isocyanurates 2d and 2, and dimelamines 3a-¢ and 31-ol®!
has been described previously. The synthesis of melamine 1e, isocyanurates
28 and 2k, and dimelamines 3d and 3¢,*®1 3 fand 3g[°!l 3i-k, and 4a and
4b will be described elsewhere.

Sample preparation for Ag*-labeling experiments: Samples were prepared
as follows. A 5-10mm solution of the appropriate hydrogen-bonded
assembly in CHCl; was stirred for 24 h at room temperature with 1.5 equiv
(per mol assembly) of solid AgCF;COO (ACROS, 98% purity). Subse-
quently, 10 pL of this solution was mixed with 30 pL of a solution of 2,5-
dihydroxybenzoic acid (DHB; 0.5 mgL~!) and/or hydroxy-benzylidene
malonitrile (HBM; 0.5 mgL~") in CHCl;. 1 pL of the resulting solution was
loaded onto a gold-sample plate, whereupon the solvent was removed in
warm air and the sample transferred to the vacuum of the mass
spectrometer for analysis. Solutions containing the undiluted Ag* com-
plexes can be stored (protected from light) for several days without
detectable decomposition. Storage over periods of more than a week
occasionally led to extensive Ag*/H" exchange.

The amount of added AgCF;COO is crucial to the success of the labeling
experiment. 'H NMR spectroscopy experiments with assemblies 3;-2ag
have shown that the addition of more than 4.0 molar equivalents of
AgCF;COO (per assembly) led to irreversible destruction of the assem-
blies. However, when less than 2.0 molar equivalents of AgCF;COO (per
assembly) was used, the assemblies remained intact and were not
significantly affected.

2-Amino-4,6-bis{4-(1,1-dimethylethyl)phenylamino}pyrimidine (1c): To a
solution of 2-amino-4,6-dichloropyrimidine (1.0 g, 6.1 mmol) in ethanol
(20 mL) was added 4-tert-butylaniline (3.9 mL, 24.3 mmol) and the result-
ing solution was heated at reflux for 18 h. The solvent was removed under
reduced pressure and the residue was purified by column chromatography
to yield 1¢ as a colorless solid (1.7 g, 70%). M.p. 290-291°C; '"H NMR
(250 MHz): 6 =732 (m,4H; ArH), 7.17 (m, 4H; ArH), 6.42 (brs,2H; NH),
5.62 (s, 1H; CH), 4.65 (brs, 2H; NH,), 1.30 (s, 18H; CH,); *C NMR
(62.5 MHz, [D¢]DMSO): 6 =162.7 (Cq), 161.6 (Cq), 143.2 (Cq), 138.6 (Cq),
125.1 (CH), 119.5 (CH), 772 (CH), 33.8 (Cq), 31.3 (CH;); MS (FAB) m/z:
390 (100) [M+H]*; C,yH3N; (389.5): caled C 74.0, H 8.0, N 18.0; found: C
73.8, H 8.2, N 17.8.

N-(4-Iodophenyl)-biuret (5): To a solution of 4-iodoaniline (0.9 g,
4.1 mmol) in DMF (20 mL) were added H,O (10 mL) and nitrobiuret
(0.6 g, 4.1 mmol). The resulting mixture was heated at 95°C for 1 h, then a
second portion of nitrobiuret (0.6 g,4.1 mmol) was added. After heating for
another 1 h, a third portion of nitrobiuret (0.6 g, 4.1 mmol) was added and
the mixture was finally stirred at 95 °C for a further 1 h, and then cooled to
room temperature. Addition of H,O (15 mL) resulted in the precipitation
of crude 5, which was triturated with CH;CN to give pure 5 (0.87 g, 70%).
IH NMR (250 MHz, [D4]DMSO): 6 =10.1 (s, 1H; ArNH), 8.9 (s, 1H; NH),
76 (d, 2H; 2/(H,H) =7.8 Hz, ArH), 7.3 (d, 2H; %J(H,H) =78 Hz, ArH),
70-6.8 (brs, 2H; NH,); MS (FAB) m/z: 304.9 (100) ([M]*, calcd: 304.9).

1-(4-Iodophenyl)-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (2h): To a solution
of 5 (025g, 0.82mmol) and carbonyldiimidazole (CDI; 0.64 mL,
3.9 mmol) in THF (8 mL) was added a solution of potassium tert-butoxide
in THF (1M, 5.9 mL). The resulting solution was stirred for 8 h at room
temperature, then the solvent was removed under reduced pressure. The
residue was partitioned between EtOAc (100 mL) and aqueous HCI (1M,
100 mL) and the organic layer was subsequently washed with brine (2 x
100 mL), dried on NaSO,, and evaporated to dryness. The resulting pale
brown solid was triturated with EtOAc to give pure 2h (02 g, 77%).
'H NMR (250 MHz, [D¢]DMSO): 6=11.6 (s, 1H; NH), 7.8 (d, 2H;
2J(HH) =78 Hz, ArH), 71 (d, 2H; 2J(H,H) =78 Hz, ArH); MS (FAB):
mlz:331.7 (100) ([M+H]", caled 330.9).
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1-(4-Cyanophenyl)-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (2i): To a heated
solution (150—155°C) of CuCN (0.3 mL, 3.4 mmol) in DMF (20 mL) was
added a solution of 2h (0.56 g, 1.7 mmol) in DMF (15 mL). The resulting
solution was heated for another 5h at 150°C, and then the solvent was
removed under reduced pressure. The residue was partitioned between
EtOAc (100 mL) and aqueous FeCl; solution (50 mL). The organic layer
was successively washed with aqueous HCI (1M, 100 mL), NaHSO, (2 x
100 mL), and brine (2 x 100 mL), and then dried on Na,SO,. Removal of
the solvent gave a pale brown solid, which was triturated with EtOAc to
give pure 2i (0.2 g, 51%). '"H NMR (250 MHz, [D¢]DMSO): 6 =11.7 (s,
1H;NH), 8.0 (d,2H; 2/(H,H) = 7.8 Hz, ArH), 7.5 (d, 2H; 2/(H,H) = 7.8 Hz,
ArH); BC NMR (62.5 MHz, [Dg]DMSO): 6 =149.3, 148.4 (C=0), 138.6
(Cq), 132.8,130.5 (CH), 117.7 (CN), 111.2 (Cq) ; MS (FAB): m/z 229.9 (100)
[M+H]"; C;H¢N,O; (230.2): caled:C 52.18, N 24.34, H 2.63; found: C
52.15, N 24.36, H 2.62.
5,17-N,N’-Bis(4-amino-6-(2-propenylamino)-1,3,5-triazin-2-yl)-diamino-
25,26,27,28-tetrapropoxycalix[4]arene (3h): A solution of bis(chlorotri-
azine) 30 (150 mg, 0.17 mmol) and allylamine (10 mL) was refluxed for
15 h. Addition of H,O (10 mL) gave dimelamine 3h as a white precipitate.
Recrystallization from CHCI; afforded pure 3h in 89% yield. 'H NMR
(300 MHz): 6 =7.1-6.0 (m, 14H; ArH+ NH), 59-5.8 (m, 2H; CH), 5.1 -
4.7 (m, 8H; CH,+NH,), 442 and 3.10 (ABq, 2/(H,H)=13.3 Hz, 8H;
CH,), 4.0-3.9 (m, 8H; CH,), 3.8-3.6 (t, */(H,H) =8.0 Hz, 4H; CH,), 2.0 -
1.8 (m, 8H; CH,), 1.06 (t, *J(H,H) =7.5 Hz, 6 H; CH,), 0.90 (t, *J(H,H) =
73 Hz, 6H; CH;); MS (FAB): m/z: 921.4 (100) [M+H]"; C;;HuN,,0,
(920.5) 4+ 0.86 CHCl;: caled:C 62.01, N 16.39, H 6.29; found: C 62.10, N
16.19, H 6.29.

Preparation of assemblies 1;-2;: The assemblies were prepared by
dissolving the melamine and isocyanurate components in THF, followed
by the removal of this solvent under reduced pressure and drying under
high-vacuum. Subsequently, the resulting solid was redissolved in an
appropriate solvent.
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Heteropolynuclear Phosphide Complexes: Phosphorus as Unique Atom

Bridging Coinage Metal Centres
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Abstract: In this paper we describe the synthesis and reactivity of the diphenyl-
phosphine derivatives [Au(C¢F5)(PPh,H)] and trans-[ Au(C4Fs),(PPh,H),]ClO,. Re-
actions of the latter or the neutral [Au(C.Fs);(PPh,H)] with the appropriate
Group 11 metal reagents (M = Au, Ag, Cu) in the presence of acetylacetonate afford

a series of novel Au™-M phosphido-bridged complexes, which have been scarcely
represented to date. The crystal structure of the tetranuclear [{Au(C4Fs),(u-

Keywords: copper - gold - phos-

phides - polycycles - silver

PPh,),Ag},] and the dinuclear [ Au(C¢F;5);(u-PPh,)M(PPh;)] (M = Au, Ag) complexes
were established by X-ray diffraction methods. The synthesis and deprotonating
activity of the anionic gold(irr) complex PPN[Au(C4Fs)s(acac)] (PNN = [N(PPh;),]*)

was studied.

Introduction

One of the most important features in the chemistry of gold™!
is the tendency of the metal to display short contacts or
interactions in the solid state.!l These have been attributed to
correlation effects that are strengthened by relativistic effects,
which are in turn most marked in the case of gold(1).’! Apart
from its fundamental interest, this aurophilic attraction! may
play a role in the medical applications of gold compounds™ or
be associated with useful optical properties.®]

The most common strategy for the synthesis of polynuclear
complexes that can display gold—gold interactions is the use
of polydentate ligands.’*7) The formation of monoatomic

[a] Prof. Dr. A. Laguna, Dr. O. Crespo, Dr. M. C. Gimeno
Departamento de Quimica Inorganica
Instituto de Ciencia de Materiales de Aragon
Universidad de Zaragoza-CSIC, 50009 Zaragoza (Spain)
Fax: (4-34)976-761187
E-mail: alaguna@posta.unizar.es

[b] M. C. Blanco, Dr. E. J. Fernandez, Dr. J. M. Lopez-de-Luzuriaga,
Dr. M. E. Olmos

Departamento de Quimica, Universidad de La Rioja

Grupo de Sintesis Quimica de La Rioja, UA-CSIC

Madre de Dios 51, 26004 Logrofio (Spain)

Prof. Dr. P. G. Jones

Institiit fiir Anorganische und Analytische Chemie

der Technischen Universitit
Postfach 3329, 38023 Braunschweig (Germany)

[c

4116 —

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

bridges has also been useful to obtain polynuclear gold(l)
derivatives;® in the case of gold(ir), although some doubly
bridged [Au,R,(u-X),] (R=alkyl, aryl; X=Cl, Br, I, Nj,
NCO, NMe,, NHMe, SEt) species are known,”! only recently
have the first examples of [(AuR;),(#-X)] (X =monoatomic
bridging ligand) been reported.['”]

The chemistry of phosphido-bridged transition metals of
Groups 8—10 has experienced considerable development in
the last few years,''-*¥ whereas few corresponding investiga-
tions of Groupll metals have been reported since
[{AuPPh,},] was first prepared in 1976.1'4 Particularly in the
case of gold, very few metal(l) derivatives that contain
PR,H! or PR, ligands!'*!'%l are known. The chemistry of
gold(imn) is even less well represented: only the dinuclear
complex [Au,Me,(u-PPh,),]l" had been reported until we
started our research in this field.

We have recently reported the synthesis of the first gold (1)
complex that contains a secondary phosphine, and its utility as
a precursor for the preparation of unprecedented Au™-M
phosphides.'’l In the course of our investigations, we have
now succeeded in the synthesis of the diphenylphosphine gold
derivatives  [Au(C¢Fs)(PPh,H)] and trans-[Au(C¢Fs),-
(PPh,H),]ClO,. The latter gold(i) species has also proved
to be a good precursor for the preparation of novel Au™-M
phosphides, such as the set of tetranuclear complexes
[{Au(C¢Fs),(u-PPh,),M},] (M =Cu, Ag, Au), the trinuclear
PPN[{Au(C4Fs),(u-PPh,),},Cu] (PPN =[N(PPh;),]*), trans-
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Scheme 1. R=CgFs; i) 2[AuR(tht)]; ii) [AuR,(OEt,),]ClO,; iii) 2[AuR(tht)]+ 2 NBuy(acac); iv) 2[Au(acac)(PPh;)] or %[O(AuPPh;);]ClO,; v) PPN[Au-
(acac),], AgClO,+2PPN(acac) or [Cu(NCMe),]TfO+2PPN(acac); vi) ¥2[Cu(NCMe),]TfO+ 2 PPN(acac).

NBu,[Au(CsFs),{(u-PPhy) Au(CeFs)l,]  or  cis-[Au(CgFs),-
{(u-PPh,)Au(PPh;)},]Cl1O,, or the dinuclear [Au(C4Fs)s-
(u-PPh,)M(PPh;)] (M = Au, Ag).

Furthermore, we have been able to prepare the C-bonded
acetylacetonate gold(1) complex PPN[Au(C4Fs)s(acac)] in
order to study its ability as a deprotonating agent in the
synthesis of gold(itf) phosphides. To the best of our knowl-
edge, this is the first reported triarylalkylaurate(ii) deriva-
tive.[]

Results and Discussion

The diphenylphosphanylgold(l) complex [Au(C4Fs)(PPh,H)]
(1) was obtained by the displacement of the weakly coordi-

Abstract in Spanish: En el presente trabajo se describe la
sintesis 'y estudio de la reactividad de los difenilfosfino
derivados [Au(C4Fs)(PPh,H)] y trans-[Au(C4Fs),(PPh,H),J-
ClO,. El tratamiento de este iltimo o del derivado neutro
[Au(C4Fs);(PPh,H)] con los sustratos adecuados de metales
del grupo 11 en presencia del anion acetilacetonato conduce a
la obtencion de complejos mixtos Au"'-M con ligandos fosfuro
puente, que hasta la fecha se encuentran muy poco represen-
tados. Se han determinado por difraccion de rayos X las
estructuras  cristalinas de los derivados dinucleares
[Au(C4Fs)s(u-PPhy)M(PPh;)] (M=Au, Ag) y la del com-
puesto tetranuclear [Au(C4Fs),(u-PPh,),Ag],. Por ultimo, se
describe la sintesis del derivado anionico de oro(in)
PPN[Au(C4Fs)s(acac)], cuya actividad como agente despro-
tonante ha sido tambien estudiada.

Chem. Eur. J. 2000, 6, No. 22
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nated tetrahydrothiophene (tht) ligand from [Au(C¢Fs)(tht)]
when treated with the free phosphine in equimolecular
amounts (Scheme 1). Complex 1 is isolated as a moderately
air- and moisture-stable white solid that is soluble in chlo-
rinated solvents, diethyl ether and acetone, and is insoluble in
hexane. It is nonconducting in acetone solutions. Its IR
spectrum shows absorptions arising from the CyFs~ anion
bonded to a gold(i) centre.'™! In its mass spectrum (LSIMS™),
although the molecular peak does not appear, a peak
corresponding to the fragment [Au(PPh,H)]" is observed at
m/z 383 (50 %).

The 3'P{'H} NMR spectrum of 1 displays a singlet at 6 =
11.8 that is shifted to low field relative to the signal of the free
ligand at 0 =—40.3, and the YF NMR spectrum shows the
three typical resonances of pentafluorophenyl groups bonded
to gold()). Furthermore, the 'H NMR spectrum displays one
signal of the expected doublet at 0 = 6.31, while the second is
probably located in the same region as the aromatic protons.

When the free PPh,H ligand is added to a solution of
[Au(C¢F;5),(OEL,),]CIO, in a 2:1 molar ratio, the novel
derivative trans-[ Au(C4Fs),(PPh,H),]ClIO, (2) is obtained,
which is the second diphenylphosphanylgold(iin) complex
described to date. Complex 2 is an air- and moisture-stable
white solid at room temperature and is soluble in chlorinated
solvents and acetone, and insoluble in diethyl ether and
hexane. It behaves as a univalent electrolyte in acetone
solutions.

In its IR spectrum, in addition to the characteristic bands of
the perchlorate anion,l'”] there are three vibrations corre-
sponding to pentafluorophenyl groups bonded to gold(i) at
#=1511 (vs), 967 (vs) and 800 cm~! (s). This last signal
appears as unique narrow band, which is in accordance with a
trans disposition of the ligands.['®!
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This arrangement is also confirmed in its 3'P{H} NMR
spectrum: the singlet at 6 = — 8.6 is not broadened as in 1, in
which the phosphorus is located in a trans position to a
CFs group. Its YF NMR spectrum shows three resonances
from the ortho, meta and para fluorine atoms of pentafluo-
rophenyl groups bonded to gold() and in its 'H NMR
spectrum only one signal of the expected doublet is clearly
observed, while the second is probably masked by the
aromatic protons.

As mentioned above, our interest is focused not only on the
synthesis of new diphenylphosphine compounds, but also on
their utilisation as starting materials in the preparation of
phosphido-bridged gold species. Thus, the reaction of 2 with
[Au(C¢F;5)(tht)] and NBuy(acac) (1:2:2 molar ratio) or with
two equivalents of [Au(acac)(PPh;)] leads to the formation
of the trinuclear mixed Au-Au-Au' phosphides,
namely trans-NBu,[Au(C¢Fs),{(u-PPh,)Au(CsFs)},] (3) or
cis-[Au(C4F5),{(u-PPh,) Au(PPh;)},]CIO, (4) (Scheme 1).
Complex 4 can also be prepared from [O(AuPPh;);]ClO,
(3:2 molar ratio) instead of [Au(acac)(PPh;)] as the depro-
tonating/aurating agent.

Complexes 3 and 4 are obtained as stable white solids,
soluble in most common solvents, but insoluble in hexane;
compound 4 is also insoluble in diethyl ether. Both of them
behave as univalent electrolytes in acetone solutions and their
analytical and spectroscopic data are in accordance with the
proposed stoichiometries.

Their IR spectra, in addition to the NBu,* (3) or C1O,~ (4)
absorptions at 7 =880 (m, br) (3) or 1090 (vs, br) and 623 cm™!
(m) (4), show bands at 7= 1505 (vs), 964 (vs) and 788 (s) (3) or
1505 (vs), 962 (vs) and 794 cm™! (m, br) (4) assignable to the
pentafluorophenyl groups bonded to gold(im)."¥! The last of
the three bands seems to indicate a trans arrangement of the
ligands in the case of complex 3, while its appearance as a
broad absorption in complex 4 suggests a cis arrangement;
this implies a trans/cis isomerisation. A strong band at 7=
954 cm~!, which corresponds to C4Fs groups bonded to gold(y),
appears in the IR spectrum of 3.

The 3'P{'H} NMR of complex 3 shows a singlet at  =38.2,
while there is an AB system in the case of 4, in which the
signals corresponding to the phosphorus of the PPh, groups
are broadened because of their coupling with the fluorine
nuclei of C4Fs. Their 'H NMR spectra confirm the deproto-
nation of the secondary phosphine and the mass spectra
(LSIMS) of both complexes show the molecular ion at m/z
1629 (5%, 3) and 1819 (25%, 4).

In order to increase the nuclearity of the products, we
treated complex 2 with other starting materials that contain
Group 11 metals, such as PPN[Au(acac),] (1:1 molar ratio) or
PPN(acac) and AgClO, or [Cu(NCMe),]TfO (TfO = CF;SO;)
(1:2:1 molar ratio) (Scheme 1). These reactions afford the
new tetranuclear Au™-M! complexes [{Au(C4Fs),-
(u-PPh,),M},] {M = Au (5), Ag (6), Cu (7)} that have a central
eight-membered ring formed by four diphenylphosphide units
and four metallic atoms. Compounds 5-7 are isolated as pale
yellow solids that are air and moisture stable and soluble in
most common organic solvents, but insoluble in hexane. They
are nonconducting in acetone and their analytical and
spectroscopic data agree with the proposed stoichiometry.
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Their IR spectra show absorptions arising from the C4F;
groups bonded to gold(ii) at #=1505 (vs), 961 (vs) and
790 cm~! (m, br). This last band is split into two, which
suggests a cis arrangement of the C¢F5 groups and therefore a
trans/cis isomerisation, which is necessary for the formation of
the ring.

Their 3'P{'H} NMR spectra again display broadened signals
(because of the coupling with the fluorine atoms), shifted to
low field relative to the starting complex 2, as singlets at 6 =
35.5 and — 2.7 for complexes § and 7, respectively. In complex
6 the signal is split into two complicated multiplets because of
coupling of the phosphorus with the magnetically active '7Ag
and 'Ag isotopes of two silver centres. In their YF NMR
spectra we observe again the typical pattern of a unique type
of C4Fs group bonded to gold(1) and their '"H NMR spectra
only show resonances attributed to aromatic protons. None of
the molecular peaks are detected in the mass spectra;
however, several peaks corresponding to various fragments
are observed (see the Experimental Section).

Layering a chloroform solution of complex 6 with hexane
afforded crystals of the silver derivative which were suitable
for X-ray diffraction studies. The molecule of complex 6 is
shown in Figure 1, and selected bond lengths and angles are
given in Table 1. The complex crystallises with one molecule
of chloroform and half a molecule of hexane. It consists of an

Figure 1. Molecular structure of complex 6 with the atom numbering
scheme. Hydrogen atoms have been omitted for clarity. Radii are arbitrary.

Table 1. Selected bond lengths [A] and angles [°] for complex 6.

Aul—C11 2.073(9) Aul—Cl 2.078(9)
Aul—P1 2.368(2) Aul—P2 2.394(2)
Au2—C31 2.069(9) Au2—C21 2.091(8)
Au2-P3 2.375(2) Au2-P4 2.390(2)
Agl—P3 2.383(2) Agl—P1 2.386(2)
Agl-Ag2 2.9435(10) Ag2-P2 2.400(2)
Ag2-—P4 2.400(2)

Cl1-Aul-Cl 89.2(3) C11-Aul-P1 90.5(3)
Cl-Aul-P1 170.9(3) C11-Aul-P2 1773(3)
Cl-Aul-P2 91.4(2) P1-Aul-P2 89.29(8)
C31-Au2-C21 87.2(3) C31-Au2-P3 91.6(2)
C21-Au2-P3 175.1(3) C31-Au2-P4 177.1(3)
C21-Au2-P4 93.9(2) P3-Au2-P4 87.50(8)
P3-Agl-P1 173.02(9) P3-Agl-Ag2 84.05(6)
Pl-Agl-Ag2 90.65(6) P2-Ag2-P4 169.14(9)
P2-Ag2-Agl 92.13(6) P4-Ag2-Agl 96.59(6)
Aul-P1-Agl 105.03(9) Aul-P2-Ag2 119.12(10)
Au2-P3-Agl 108.47(9) Au2-P4-Ag2 115.92(10)
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eight-membered metallacycle with an alternating metal —li-
gand arrangement and a twisted chair conformation. There is
a Ag-Ag contact of 2.9435(10) A, which is presumably
weakly bonding, whereas the Ag— Au distances of 3.773—
4.133 A are too long to be considered significant interactions.
The Ag atoms are in a distorted linear environment (P4-Ag2-
P2 169.14(9) and P3-Agl-P1 173.02(9)°) that is probably
associated with the Ag— Ag contact. The gold(11) centres have
a very regular square-planar geometry with mean deviations
for the best plane of only 0.06 A and 0.03 A for Aul and Au2,
respectively. The Ag—P bond lengths are 2.383(2), 2.386(2)
and 2.400(2) A and compare well with those obtained in the
complex PPN[{Au(C4Fs);(u-PPh,)},Ag] (2.386(1) A),l7 which
also contains a Ag—phosphide bond. The Au—P bond lengths
lie in the range 2.368(2)-2.394(2) A; the shorter ones are
similar to those in the complexes PPN[{Au(CFs);-
(u-PPh,)1,M] (M = Au, Ag) (2.365(2) A) and the longer to
those in PPN[{Au(CFs)s},(u-PPhy)] (2.390(2) -
2.396(2) A).% The Au—C bond lengths of 2.069(9)—
2.091(8) A are similar to those found in other tris(pentafluoro-
phenyl) complexes. The phosphorus atoms of the phosphide
ligands have a very regular tetrahedral geometry, as expected
in the absence of short Au— Ag interactions.

When the reaction between 2 and [Cu(NCMe),]TfO in the
presence of PPN(acac) is carried out in a 2:1:4 molar ratio
instead of 1:1:2, the anionic trinuclear derivative
PPN[{Au(C4Fs),(u-PPh,),},Cu] (8) is obtained. Complex 8 is
isolated as a stable yellow solid that is soluble in chlorinated
solvents, acetone and diethyl ether, and insoluble in hexane. It
behaves as an univalent electrolyte in acetone solutions. Its IR
spectrum shows, in addition to the bands corresponding to the
pentafluorophenyl groups, a new absorption at ¥ =534 cm™!
attributed to PPh; groups of the cation.

The presence of the PPN is clearly confirmed in its *P{'H}
NMR spectrum, in which a sharp singlet appears at 6 =21.1.
The resonance of the four equivalent phosphorus atoms is
located at d = —6.9, which again appears as a broad singlet
because of the presence of C4Fs groups in the trans position.
The “F and '"H NMR spectra of 8 are similar to those of
complex 7, and show a unique type of C¢Fs and aromatic
protons, respectively.

Complexes 5-7 are related to those previously reported
compounds PPN[{Au(C¢Fs);(u-PPh,),M] (M = Au, Ag, Cu),
which were similarly prepared from [Au(C4Fs);(PPh,H)]
instead of 2 as the starting material.['’l We therefore tried to
synthesize new tris(pentafluorophenyl)gold(iii) phosphides
starting from [Au(C4Fs);(PPh,H)]. When this compound
was treated with equimolecular amounts of [Au(C¢Fs)(tht)]
and NBuy(acac) in dichloromethane, the dinuclear anionic
complex NBu,[Au(C¢Fs);(u-PPh,) Au(CyFs)] (9) was obtained
as a white solid (Scheme 2). Complex 9 behaves as a univalent
electrolyte in acetone.

The 3'P{'H} NMR spectrum of 9 displays a broad singlet at
0 =230.2; its '°F NMR spectrum shows three groups of signals
attributed to the ortho, para and meta fluorine nuclei. In its
'H NMR spectrum, only the resonances of the NBu,* and
aromatic protons are observed. The mass spectrum (LSIMS")
displays the molecular anion at m/z 1247 (25%), with an
experimental isotopic distribution in agreement with the
calculated distribution.

The reaction between equimolecular amounts of
[Au(C4Fs);(PPh,H)] and [Au(acac)(PPh;)] or [Ag(CF;SO;)-
(PPh;)] and NBuy(acac) gives the dinuclear derivatives
[Au(C¢Fs);(u-PPh,)M(PPhs)] {M=Au (10), Ag (11)}. They
are white solids that are air and moisture stable and non-
conducting in acetone solutions.

R R—Au/—PPh2
R—A({—PPh, R
nBu| &7 A 12 PPN Mo PeN | R—Ad—cl
PhP——AU—R
R
9 R
M = Au, Ag, Cu \%
ii
R R

R— A —PPhH

R—Au/—PPh2

M NBuy

R—A
PPN | o o

\

Ehz
R R
N

\PPh3 4 \R R/ R

M = Au (10), Ag (11)

Scheme 2. R = CyFs; i) [AuR(tht)]+ NBuy(acac); ii) [Au(acac)(PPh;)] or [Ag(TfO)(PPh;)]+ NBuy(acac); iii) 2PPN[Au(acac),], 2 AgClO,+ PPN(acac) or
12[Cu(NCMe),]TftO+PPN(acac); iv) [AuR;(tht)]+NBu,(acac); v) Tl(acac); vi) ¥2[ Au(PPh,H),|TfO; vii) [AuR;(PPh,H)]
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The 3'P{!H} NMR spectrum of 10 displays an AB system
centred at d =37.8, in which the signals that correspond to the
phosphorus of the diphenylphosphide (those located at higher
field) appear broadened once again. In the case of complex 11,
its 3'P{'H} NMR spectrum at room temperature displays very
broad signals; however, when the temperature is lowered to
223 K, an AB system can be recognised, with each signal split
into four because of the coupling of the phosphorus with the
07 Ag and “Ag nuclei. Their Y’F NMR spectra show the
pattern characteristic of tris(pentafluorophenyl) derivatives.
In their 'H NMR spectra, only resonances from aromatic
protons (and from hexane in solid 11) are observed.

Compounds 10 and 11 (Figures 2 and 3), in contrast to
PPN[{Au(CFs);(u-PPh,)},M]7 are not isotypic (10 crystal-
lises with disordered solvent, 11 solvent-free) and thus the
comparison of metal -ligand bond angles and lengths cannot
be so direct. Nevertheless, these are similar in both complexes
(Table 2) and compare well with the bond lengths found in
analogous compounds. The silver atom in 11 and the gold
centre bonded to the triphenylphosphine ligand in 10 exhibit

C62

Figure 2. Molecular structure of complex 10 with the atom numbering
scheme. Hydrogen atoms have been omitted for clarity. Radii are arbitrary.

Figure 3. Molecular structure of complex 11 with the atom numbering
scheme. Hydrogen atoms have been omitted for clarity. Radii are arbitrary.
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Table 2. Selected bond lengths [A] and angles [°] for 10 and 11.

10 (M = Au) 11 (M=Ag)
Au—C21 2.055(6) 2.064(3)
Au—Cl11 2.068(6) 2.073(3)
Au—C31 2.074(6) 2.063(3)
Au—P1 2.3734(17) 2.3821(9)
M-P2 2.3025(17) 2.4112(10)
M-P1 2.3168(16) 2.4172(10)
C21-Au-Cl11 88.3(2) 87.74(13)
C21-Au-C31 175.6(2) 176.27(12)
C11-Au-C31 90.6(2) 89.89(12)
C21-Au-P1 89.71(17) 88.55(10)
C11-Au-P1 177.99(17) 175.22(9)
C31-Au-P1 91.37(17) 93.96(9)
P2-M-P1 174.23(6) 170.50(3)
M-P1-Aul 116.45(6) 115.42(4)

linear geometries with P2-M-P1 angles of 174.23(6)° (10) and
170.50(3)° (11). The coordination around the other gold atom
is square planar with a mean deviation of 0.05 (10) and 0.04 A
(11). In both complexes, the metal —metal distances are long,
Aul—Au2 3.988 in 10 and Ag—Au 4.057 A in 11. The Au—C
bond lengths, 2.055(6)-2.074(6) (10), 2.063(3)-2.073(3) A
(11), are similar to those found in PPN[{Au(C4Fs);-
(u-PPh,),M]" (M = Ag, Au: 2.052(5)-2.078(5) A) and also
to those found in other tris(pentafluorophenylgold(imr) deriv-
atives.?™22 The Au"-P bond lengths, 2.3734(17) (10),
23821(9) A (11), are of the same order as those in
PPN[{Au(C4Fs);(u-PPh,)}),M] (M= Ag, Au) (2.365 A in both
complexes) or in NBuy[{Au(C¢Fs);(Ph,CHPPh,)},Au]?!
(2.367(2) A). The Au'—P bond lengths in 10 (2.3025(17),
2.3168(16) A) compare well with those found in
PPN[{Au(C¢Fs);(u-PPh,)},Au] (2.319(2) A) or in PPN-
[Mn(CO),{(u-PPh,) Au(C.Fs)},]1  (2.313(2), 2.322(1) A).
Ag—P bond lengths in 11 (2.4112(10), 2.4171(10) A compare
well to that found in [Ag{P(CH,CH,CN);},|]NO,
(2.3832(9) A), which is linear at the silver atom.!

Differences between the two derivatives are found in the
crystal packing. The main difference is furnished by the
Ag--F contacts found in 11 (3.051-3.288 A). This type of
contact between silver centres and fluorine of pentafluoro-
phenyl rings has been widely studied and our values for 11
resemble some of the higher values described so far.?¥

The trinuclear derivatives PPN[{Au(C4Fs);(u-PPh,)},M]
(M=Cu, Ag, Au) were obtained!! by reaction of
[Au(C¢Fs);(PPh,H)] with the acetylacetonate derivative
PPN[Au(acac),], which is a good deprotonating agent.”] We
have prepared the acetylacetonate derivative of gold(im),
PPN[Au(CFs);(acac)] (12), by reaction of PPN[Au(C¢Fs);Cl]
with Tl(acac) (Scheme 2). Complex 12 is a white solid that is
soluble in most common organic solvents, but insoluble in
hexane. In acetone solutions it behaves as a univalent
electrolyte.

Its IR spectrum shows, in addition to the absorptions
corresponding to the C¢F;5 groups at 7 = 1505 (vs), 966 (vs) and
790 cm~! (s, br), the v(C=0) stretching bands of the C-bonded
acetylacetonate ligand at 1673 and 1664 cm~.12%1 The 3'P{'H}
and F NMR spectra display the resonances arising from the
PPN cation and the pentafluorophenyl groups, respectively,
while in its 'H NMR spectrum, apart from the signals
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attributed to the aromatic hydrogens, two singlets of the
acetylacetonate protons appear at d =4.22 and 2.09 with a
relative integration of 1:6. The molecular anion is detected in
its mass spectrum (ES-) at m/z 797 (10%), with an exper-
imental isotopic distribution and in accordance with that
calculated.

The crystal structure of compound 12 was studied by X-ray
diffraction; however, the results are rendered very imprecise
by severe disorder phenomena. In view of this, we do not
present full data; however, the acetylacetonate ligand is seen
to be bonded to the gold centre through the C3 atom.

The reaction between [Au(PPh,H),]TfO and 12 (1:2) leads
to the trinuclear complex PPN[{Au(C¢Fs);(u-PPh,)},Au].
Although the reaction of [Au(C4Fs);(PPh,H)] with
PPN[Au(acac),] takes place at room temperature, the use of
refluxing toluene and a longer time are required in this case
and the yield is lower. Similarly, treatment of 12 with
equimolecular amounts of [Au(C¢Fs);(PPh,H)] affords
PPN[{Au(C¢Fs);},(u-PPh,)], which can also be obtained by
reaction of [Au(C¢Fs);(PPh,H)], [Au(CFs);(tht)] and
NBu,(acac),!'® but under less mild conditions and in lower
yield. Finally, when 12 is treated with [Au(C4Fs)(PPh,H)] (1),
the trinuclear species PPN[{Au(CF;);(u-PPh,)},Au] is ob-
tained instead of complex 9.

Experimental Section

Instrumentation: IR spectra were recorded in the range 7 = 4000200 cm ™!
on a Perkin—Elmer FT-IR Spectrum 1000 spectrophotometer with Nujol
mulls between polyethylene sheets. Conductivities were measured in ~5 x
10~*M acetone solutions with a Jenway4010 conductimeter. C, H and N
analysis were carried out with a Perkin — Elmer240C microanalyser. Mass
spectra were recorded on a VG Autospec by means of LSIMS techniques in
a nitrobenzyl alcohol matrix, and on a HP 59987 A ELECTROSPRAY by
means of ES techniques. 'H, ’F and *'P{'H} NMR spectra were recorded on
a Bruker ARX 300 in CDCl; solutions. Chemical shifts are quoted relative
to SiMe, (H, external), CFCl; (F, external) and H;PO, (85%) (*'P{'H},
external).

Solvent and reagent pretreatment: Dichloromethane and hexane were
distilled from CaH, and diethyl ether from sodium, under nitrogen
atmosphere. Diphenylphosphine and AgClO, were purchased from
Aldrich. [Cu(NCMe),]TfO was prepared as described?” from triflic acid
instead of tetrafluoroboric acid. [Ag(TfO)(PPh;)] was obtained by reaction
of equimolecular amounts of [AgCIl(PPh;)]*! and AgTfO.

Caution! Perchlorate salts of organic cations may be explosive.

Synthesis of [Au(C:Fs)(PPh,H)] (1): PPh,H (hexane solution, 0.96M,
208 pL, 0.2 mmol) was added to a solution of [Au(C.Fs)(tht)]®! (0.090 g,
0.2 mmol) in dichloromethane (20 mL). After stirring for 1 h, the solvent
was partially removed and cold hexane was added to afford 1 as a white
solid (0.065 g). Yield: 59 %; 3'P{'H} NMR (CDCl;): 6 =11.8 (s); "F NMR
(CDCly): 6 = —116.4 (m, 2F; 0-F), —158.1 (1, %/(F,,F,,) = 20.0 Hz, 1 F; p-F),
—162.3 (m, 2F; m-F); '"H NMR (CDCLy): 6 =7.75-749 (m, 10H; Ph), 6.31
(1H; HPPh,); elemental analysis calcd (%) for C,sH;;AuFsP: C 39.30, H
2.00; found: C 40.20, H 2.25

Synthesis of trans-[ Au(C¢Fs),(PPh,H),]Cl0, (2): PPh,H (hexane solution,
0.96M, 208 uL, 0.2 mmol) was added to a freshly prepared solution of
[Au(C4F;s),(OEL,),]CIO, (0.078 g, 0.1 mmol) in diethyl ether (20 mL),
and a white solid immediately appeared. The reaction mixture was stirred
for 1 h and the solid filtered off (0.088 g). Yield: 88 %; MS (LSIMS™*): m/z
(%): 903 (15) [M]*; 3P{'H} NMR (CDCL): d=-8.6 (s); “F NMR
(CDCly): 6 = —120.1 (m, 4F; 0-F), —154.3 (t,°J(F,F,,) =19.9 Hz, 2F; p-F),
—158.7 (m, 4F; m-F); '"H NMR (CDCl;): 6 =8.11 (d, 'J(H,P) =463.1 Hz,
2H), 749-7.32 (m, 20H; Ph); elemental analysis calcd (%) for C;H,,Au-
CIF,,0,P,: C 43.10, H 2.20; found: C 43.00, H 2.60.
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Synthesis of trans-NBu,[Au(C¢Fs),{(u-PPh,) Au(C¢Fs)},] A3):
[Au(C4Fs)(tht)] (0.090 g, 0.2 mmol) and NBuy(acac)P! (0.068 g, 0.2 mmol)
were added to a solution of compound 2 (0.1 g, 0.1 mmol) in dichloro-
methane (20 mL). The solution was stirred for 1 h at room temperature and
concentrated to ~5 mL. Diethyl ether (20 mL) was added to afford 3 as a
white solid (0.039 g). Yield: 25%; *'P{'H} NMR (CDCl;): 6 =38.2 (s); “F
NMR (CDCL): 6 =—115.1 (m, 4F; o-F), —160.3 (t, *J(F,F,)=20.2 Hz,
2F; p-F), —161.7 (m, 4F; m-F), —120.0 (m, 4F; 0-F), — 161.6 (t, *J(F,,F,,) =
20.2 Hz, 2F; p-F), —163.8 (m, 4F; m-F); '"H NMR (CDCl,): 6 =7.57-7.04
(m, 20H; Ph), 3.1 (m, 8H; CH,), 1.6 (m, 8H; CH,), 1.4 (m, 8H; CH,), 1.0
(t, 12H; CH,); elemental analysis calcd (% ) for CgHssAusF, P,N: C 41.05,
H 3.00, N 0.75; found: C 40.55, H 3.10, N 0.75.

Synthesis of cis-[ Au(C¢Fs),{(#-PPh,) Au(PPh;)},]C10, (4): This compound
can be synthesised in two different ways:

Method A: [O(AuPPh,);]CIO,P (0.148 g, 0.1 mmol) was added to a
solution of compound 2 (0.15g, 0.15mmol) in dichloromethane
(20 mL), and the resulting solution was stirred at room temperature
for 1h. The solution was concentrated in vacuo, diethyl ether (20 mL)
was added and a white precipitate of compound 4 was formed that was
filtered off, washed with diethyl ether and dried in vacuo (0.167 g). Yield:
58%.

Method B: Compound 2 (0.1 g, 0.1 mmol) was added to a solution of
[Au(acac)(PPh;)]* (0.112 g, 0.2 mmol) in dichloromethane (20 mL). The
resulting solution was stirred at room temperature for 1h and then
concentrated in vacuo to ~5 mL. Diethyl ether was added to precipitate
complex 4 as a white solid (0.088 g). Yield: 46 %; 3'P{'H} NMR (CDClL,):
0=429 (A, AuPPh;), 377 (B, PPh,) [J(A,B)=629.0Hz]; “F NMR
(CDCly): 6 =—121.7 (m, 4F; o-F), —1576 (t, *J(F,F,)=19.9 Hz, 2F; p-
F), —160.1 (m, 4F; m-F); '"H NMR (CDCl;): 6 =7.63-7.35 (m, 50H; Ph);
elemental analysis caled (%) for C;,Hs,Au;CIF,,O,P,: C 45.05, H 2.60;
found: C 45.75, H 2.40.

Synthesis of [Au(CgFs),(#-PPhy),Aul, (5): PPN[Au(acac),]"*! (0.093 g,
0.1 mmol) was added to a solution of compound 2 (0.1 g, 0.1 mmol) in
dichloromethane (20 mL). After 1 h of stirring the solvent was evaporated,
diethyl ether was added and the mixture was filtered to remove the
insoluble PPN(CIO,). The resulting yellow solution was concentrated in
vacuo and cold hexane was added to afford 5 as a pale yellow solid
(0.064 g). Yield: 58 %; MS (LSIMS™): m/z (% ): 1862 (5) [M — 2 C4F5]™, 1313
(100) [(CgFs)Auf(u-PPh,)Au},(PPhy)]*; *'P{'"H} NMR (CDCl): 6=35.5
(s): YF NMR (CDCl;): 6=—120.7 (m, 8F; o-F), —158.6 (t, *J(F,F,)=
20.0 Hz, 4F; p-F), —160.6 (m, 8 F; m-F); '"H NMR (CDCl,): 6 =7.45-7.09
(m, 40H; Ph); elemental analysis calcd (% ) for C;,H,0Au,F,,P,: C39.35, H
1.85; found: C 38.90, H 1.35.

Synthesis of [Au(C¢Fs),(u-PPh,),Agl, (6): A solution of AgClO, (0.021 g,
0.1 mmol) in diethyl ether (10 mL) was added to a solution of compound 2
(0.1 g, 0.1 mmol) and PPN(acac)P'! (0.127 g, 0.2 mmol) in dichloromethane
(10 mL). After 1h of stirring the solvent was evaporated, diethyl ether
(20 mL) was added and the mixture was filtered to remove the insoluble
PPN(CIO,). Concentration of the solution and addition of hexane (20 mL)
led to the precipitation of 6 as a pale yellow solid (0.035 g). Yield: 35 %; MS
(LSIMS™): mlz (%): 1117 (25) [M2+Ag]", 841 (100) [M/2 — C¢Fs]*, 489
(75) [Au(u-PPhy)Ag]*; 3'P{'"H} NMR (CDCLy): 6 =15.7 (dm); “F NMR
(CDCly): 6 = —120.8 (m, 8F; 0-F), —158.9 (t, *J(F,F,) =20.0 Hz, 4F; p-F),
—160.8 (m, 8F; m-F); '"H NMR (CDCL): 6=749-7.12 (m, 40H; Ph);
elemental analysis calcd (%) for C,H,Ag,Au,F,P,: C 42.85, H 2.00;
found: C 43.40, H 2.15.

Synthesis of [Au(C¢Fs),(u-PPh,),Cu], (7): [Cu(NCMe),[TfO (0.038 g,
0.1 mmol) and PPN(acac) (0.127 g, 0.2 mmol) were added to a solution of
compound 2 (0.1 g, 0.1 mmol) in dichloromethane (20 mL). The resulting
yellow solution was stirred for 1h, solvent was evaporated to dryness,
diethyl ether was added and the mixture was filtered to remove PPN(TfO)
and PPN(CIO,), both insoluble. The resulting solution was concentrated in
vacuo and cold hexane was added to afford 7 as a pale yellow solid
(0.053 g). Yield: 55%; MS (ES*): m/z (%): 1029 (35) [M/2+Cu]*, 797 (75)
[M/2 — C¢Fs]; ' P{H} NMR (CDCL): 6 = —2.7 (s); YF NMR (CDCL): 6 =
—120.7 (m, 8F; o-F), —159.0 (t, *J(F,F,) =20.0 Hz, 4F; p-F), —161.0 (m,
8F; m-F); 'H NMR (CDCl;): 6=728-7.08 (m, 40H; Ph); elemental
analysis calcd (%) for C,,H,Au,Cu,F, P,: C 44.80, H 2.10; found: C 44.10,
H 2.30.
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Synthesis of PPN[{Au(C¢F;),(u-PPh,),},Cu] (8): [Cu(NCMe),]TfO
(0.038 g, 0.1 mmol) and PPN(acac) (0.254 g, 0.4 mmol) were added to a
solution of compound 2 (0.2 g, 0.2 mmol) in dichloromethane (20 mL). The
resulting bright yellow solution was stirred for 1 h and then concentrated in
vacuo. Diethyl ether was added and the mixture was filtered to remove
insoluble PPN(TfO) and PPN(ClO,). The resulting yellow solution was
concentrated to ~5 mL and hexane was added to afford 8 as a bright yellow
solid (0.089 g). Yield: 37 %; *'P{'"H} NMR (CDCl;):  =21.1 (s, 2P; PPN*"),
—6.9 (s, 4P; PPh,); YF NMR (CDCl,;): 6 = —120.4 (m, 8F; 0-F), —161.9 (t,
3J(F,,F,,) =20.0 Hz, 4F; p-F), — 162.5 (m, 8F; m-F); 'H NMR (CDCl,): 6 =
7.65-6.84 (m, 70H; Ph); elemental analysis calcd (%) for C,gH;0Au,-
CuF,NP;: C 53.95, H 2.95, N 0.60; found: C 54.10, H 3.40, N 0.70.
Synthesis of NBu,[Au(CgFs);(u-PPh,)Au(CsFs)] (9): [Au(C¢Fs)(tht)]
(0.090 g, 0.2 mmol) and NBuy(acac) (0.068 g, 0.2 mmol) were added to a
freshly prepared solution of [Au(C4Fs);(PPh,H)]!""! (0.2 mmol) in dichloro-
methane (20 mL). After stirring for 1h, the solvent was partially
evaporated and hexane was added to afford 9 as a white solid (0.16 g).
Yield: 54 %; *'P{'H} NMR (CDCl;): 6 =30.2 (s); ’F NMR (CDCl;): 0 =
—115.3 (m, 2F; o-F), —159.5 (t, *J(F,F,) =20.2 Hz, 1F; p-F), —162.4 (m,
2F; m-F), —119.5 (m, 4F; o-F), —159.9 (t, *J(F,F,)=20.1 Hz, 2F; p-F),
—162.7 (m, 4F; m-F), —120.6 (m, 2F; o0-F), —160.2 (t, *J(F,F,,) =20.1 Hz,
1F; p-F), —162.7 (m, 2F; m-F); '"H NMR (CDCl,): 6 =7.69-7.20 (m, 10H;
Ph), 3.1 (m, 8H; CH,), 1.6 (m, 8H; CH,), 1.4 (m, 8H; CH,), 1.0 (t, 12H;
CHj;); elemental analysis calced (% ) for Cs,H,sAu,F,)NP: C 41.90, H 3.10, N
0.95; found: C 42.55, H 3.00, N 0.85.

Synthesis of [Au(CgFs);(u-PPh)Au(PPh;)] (10): [Au(acac)(PPhs)]
(0.112 g, 0.2mmol) was added to a freshly prepared solution of
[Au(C4Fs);(PPh,H)] (0.2 mmol) in dichloromethane (20 mL). Partial
evaporation of the solvent and addition of hexane led to the precipitation
of 10 as a white solid (0.153 g). Yield: 57 %; MS (LSIMS™): m/z (%): 1342
(5) [M]*; *'P{'"H} NMR (CDClL): d=44.6 (A, AuPPh;), 31.1 (B, PPh,)
[7(A,B) =297 Hz]; "F NMR (CDClL;): 6 = —119.2 (m, 4F; 0-F), —158.9 (t,
*J(F,.F,)=20.0 Hz, 2F; p-F), —161.9 (m, 4F; m-F), —121.1 (m, 2F; o-F),
—159.1 (t, *J(F,F,) =199 H, 1F; p-F), —162.0
(m, 2F; m-F); '"H NMR (CDCly): 6 =7.55-725
(m, 25H; Ph); elemental analysis calcd (%) for

0-F), = 160.5 (t, *J(F,,F,)) = 20.0 Hz, 2F; p-F), — 163.3 (m, 4F; m-F), — 121.8
(m, 2F; 0-F), —160.9 (t, %J(FF) =20.0 Hz, 1 F; p-F), — 163.2 (m, 2F; m-F);
'H NMR (CDCl,):  =7.64-742 (m, 30 H; Ph, PPN), 4.22 (s, 1 H; CH), 2.09
(s, 6H; CH;); elemental analysis calcd (% ) for CsoHs, AuF sNO,P,: C 53.05,
H 2.80, N 1.05; found: C 53.00, H 2.65, N 1.10.

Crystallography: The crystals were mounted in inert oil on a glass fibre and
transferred to the cold gas stream of a Siemens P4 diffractometer (6 and 10)
or a Siemens SMART 1000 CCD area detector (11), each equipped with a
Siemens LT-2 low-temperature attachment. Data were collected with
monochromated Moy, radiation (A= 0.71073 A), scan type (10 and 11) or
6-26 (6). Absorption correction was carried out by ¥ scans (6 and 10) or
multiple scans (SADABS) (11). The structures were solved by direct
methods and subjected to full-matrix least-squares refinement on F?
(SHELXL-93 6 and 10, SHELXL-97 11).5%l Hydrogen atoms were included
by means of a riding model. Further details are given in Table 3. In
compound 10, the solvent molecule (1,1-dichloroethane) is disordered. A
reasonable disorder model involved three alternative orientations with a
common central C atom.

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 141094 -
141096 (compounds 6, 10 and 11 respectively). 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@
ccde.cam.ac.uk).
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Table 3. Details of data collection and structure refinement for complexes 6, 10 and 11.

C,sHysAu,FsP,: C 42.95, H 1.85; found: C 42.65,
H 1.65.

6 10-C,H,Cl, 11

formula
crystal habit
crystal size [mm]

Synthesis of [Au(C¢Fs);(#-PPh,)Ag(PPh;)]-
C¢H,, (11): NBu,(acac) (0.068 g, 0.2 mmol) and
[Ag(TfO)(PPh;)] (0.104 g, 0.2 mmol) were add-

CrHusAgAUCLEF,Py  CsoHyoAu,CLF 5P, CisHpsAgAuF 5P,
colourless prism colourless tablet  colourless tablet
0.35 x 0.30 x 0.20 0.40 x 0.40 x 0.15  0.45x0.25 x 0.18

ed to a freshly prepared solution of crystal system monoclinic triclinic triclinic

[Au(C4F5);(PPh,H)] (0.2 mmol) in diethyl ether ~ SPACe group C2le Pl Pl

(20 mL) and a white solid immediately appeared. a [A] 30.549(2) 11.706(2) 11.529(2)

After stirring for 1 h, the NBu,(TfO) formed was b [A] 14.0760(10) 13.841(2) 14.026(2)

filtered off, the solvent was evaporated in vacuo ¢ [é] 36.7780(3) 16.298(3) 14.645(2)

to ~5 mL and cold hexane was added to obtain @ [»] 90 77.574(12) 98.258(10)

11 as a white solid (0.108 g). Yield: 40%; Ms P[] 107.559(6) 75.281(12) 100.494(10)

(APCI'): miz (%): 1087 (90) [M—CF: VLT 90 76.251(10) 108.411(10)

SPIH] NMR (CDCl,, —50°C): 0=14.7 (A, V [A3] 15078(15) 2447.0(7) 2157.4(6)

AgPPhy), 32 (B, PPh,) [/(AB)=158Hz, < . 8 2 2

J(AAg) = 541, 467 Hz]; F NMR (CDCly): 6=  Peaca [gm ] 1.922 1.956 1.930

“1199 (m, 4F; o-F), —1594 (t, Y(E,E)—= M 2181.05 1441.50 1253.46

19.8 Hz, 2F; p-F), — 161.8 (m, 4F; m-F), —121.0  £(000) 8376 1372 1208

(m, 2F; 0-F), 1592 (t, J(F,F,) =200 Hz, 1F; L ['Cl. —100 —100 -130

p-F). ~162.1 (m, 2F; m-F); 'H NMR (CDCL): ~ 20ma [ 48 50 56

6=752-715 (m, 25H; Ph), 0.98 (t, 6H; CH,,  #(MOxq) [em™] 4.67 6.3 40

CH,,), 0.87 (m, 8H; CH,, C;H,,); elemental transmission 0.455-0.291 0.902-0.463 0.999 -0.660

analysis caled (%) for CygHosAgAuF,sP, - CH,,: reﬂectlons me.asured 19758 9726 14579

C 48.40. H 2.95: found: C 48.05. H 3.10 unique reflections 11796 8528 10226
L RN R, 0.091 0.0188 0.0199

Synthesis of PPN[Au(CFo)(aca0)] (12): [‘F> 4o(FY 0.046 0.0339 0.0296

Tl(acac)! (0.030 g, 0.1 mmol) was added to a WwR [F2, all data]® 0.086 0.0824 0.0712

solution of = PPN[AWCE):CII® (01278, 1opecrions used 1179 8528 10226

0.1 mmol) in toluene (20 mL). The mixture parameters 965 639 604

was stirred for 8 h at 120°C, and the TICI formed restraints 0 613 574

was filtered off. The resulting solution was Slel 1011 0.982 1015

concentrated to ~35mL and cold hexane max. residual electron density [e A~%] 1.755 1.796 1.551

(20 mL) was added to afford 12 as a white solid

(0.091 g). Yield: 68%; MS (ES"): m/z (%): 797
(10) [M]"; *P{'H} NMR (CDCly): 6=21.1 (s,
PPN): “F NMR (CDCL): 6 =—120.8 (m, 4F;

4122

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

[a] R (F)= Z||F,| — | F|IZ| F,|. [b] wR (F?) = [Z{w(F§ — F2YE{w(F3)*}]°%; w! =0*(F3)+ (aP)*+ bP,
where P=[F242F?]/3 and a and b are constants adjusted by the program. [c] S=[Z{w(F2—F2)*}/
(n—p)]°3, where n is the number of data and p the number of parameters.
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Enforced Helicity: Efficient Access to Self-Organized Helical Molecular

Strands by the Imine Route

Kevin M. Gardinier, Richard G. Khoury, and Jean-Marie Lehn*!?!

Abstract: The condensation of the two oligoheterocyclic aldehydes 8 and 16 with the
bis-hydrazine 17 gives the bis-hydrazones 1 and 2. These molecular strands are shown
to adopt helical conformations of 1.5 and 2.5 turns, respectively. The helical shape of 1

has been confirmed and structurally characterized by X-ray crystallography. The
results indicate that the pyrimidine-hydrazone unit is a satisfatory helicity codon, so
that the facile hydrazone formation provides an efficient procedure for generating

Keywords: helical structures - het-
erocycles - hydrazones - pyrimidine
- self-organization

helical structures. This greatly widens the scope of the methodology based on
designed heterocyclic sequences for enforcing helicity in molecular strands, and

opens interesting routes towards a variety of derived structures.

Introduction

Intramolecular self-organization processes lead to the gen-
eration of specific molecular architectures on the basis of the
nonbonded interactions and conformational features present
in the molecular structures. To gain control over such events
by adequate design requires the identification of structural
elements that encode specific organizational information and
their incorporation into the molecular entity. As a result, it
should become possible to enforce the spontaneous but
controlled generation of well-defined architectures. Thus,
molecular strands may be induced to fold in particular into
helical or bent shapes, as is the case for biological entities such
as the a-helices and S-turns of proteins!'l and the double helix
of nucleic acids. Increased activity has recently been devoted
to such intramolecular self-organization events in order to
establish control over synthetic systems, to gain understanding
of the folding patterns of biomolecules,” and to generate
defined chemical-biological hybrid structures. In particular,
the goal of gaining a better understanding of the factors
controlling helix formation in biopolymers has prompted
active research towards the synthesis of non-natural helical
systems.> 4 Helical self-organization has thus been demon-
strated in organic systems composed of various units, such as
unnatural amino acids®! and oligo-aromatic groups.l®! Other
helical systems have been designed which utilize non-covalent
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interactions such as hydrogen bonding or metal-ligand
coordination.> 4%l

We have recently reported the enforced generation of
helices based on “helicity codons” that involve pyrimidine-
pyridinel®*¢l or pyridine-pyridazinel’ sequences which dis-
play a transoid geometry about the single bonds between all
adjacent heterocycles. Although helical structures with up to
four turns have been obtained,! the synthesis of such long
strands is very challenging, and other procedures were sought
that may provide a more direct access to these systems. As a
continuation of our investigations into helical molecular self-
organization, we wish to present here our work toward the
generation of extended helical entities on the basis of
functionalized helical motifs which may be connected through
facile imine bond formation.

Basic design: Imine condensation was envisioned to be a
useful method for extending helical architectures. The con-
densation of an aryl aldehyde and a benzylic amine should
provide preferentially a trans-imine group in which the
X—N=CH geometry would closely mimic the corresponding
fragment of the pyridine subunit used in the previously
described helices.”) In addition, if a-substituted N-heterocy-
clic derivatives are used, the system may be expected to adopt
a transoid-transoid conformation between pyrimidine-imine-
pyrimidine nitrogens, since this conformation minimizes all
secondary steric and electronic interactions (Scheme 1).
Though this conformation is flexible and others can exist for
this imine unit, molecular selection for the proposed con-
former is expected to be more favored as the helical units
become longer due to increased stacking between turns.
Other imine geometries should be less favorable since the
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helical units would be farther
apart and, therefore, could not
stack in a cooperative manner.
In addition, a hydrazone unit
(X=NH, Scheme 1) was ex-
pected to add conformational
rigidity and planarity, through
cross-conjugation, relative to a
methylene group (X =CH,).
Based on these premises, we
report here the generation of
the helical entities 1 and 2, which
possess a bis-hydrazone spacer
unit that adopts the transoid-
transoid conformation along both

transoid-transoid conformation

R=H, Ph
X = CHp, NH

Scheme 1. The transoid-trans-
oid imine/hydrazone conforma-
tion satisfies the steric and
electronic factors that govern
conformational selection and
presents a geometry isosteric
with the corresponding frag-
ment in a pyridine group.

Abstract in French: La condensation des deux aldehydes
oligoheterocycliques 8 et 16 avec la bishydrazine 17 fournit les
bishydrazones 1 et 2. Ces brins moleculaires adoptent une
conformation helicoidale comportant respectivement 1,5 et 2,5
tours. La forme helicoidale de 1 a ete confirmee et sa structure
caracterisee par radio cristallographie. Ces resultats indiquent
que [l'unite (pyrimidine-hydrazone) est un condon d’hélicite
satisfaisant, ouvrant ainsi une voie d’acces efficace a la
generation de structures helicoidales par formation d’hydra-
zone. Il en resulte une extension notable de la portee de la
methodologie mettant en oeuvre des séquences heterocycliques
specifiques pour imposer une helicite a des brins moléculaires.
D’interessantes perspectives sont ainsi ouvertes vers une variete
de nouvelles structures.

hydrazone functionalities (Scheme 2). The phenyl substitu-
ents of the pyrimidine groups were envisioned to increase the
stability of the helix through additional stacking interactions
and to render the pyrimidine units less sensitive to reaction
conditions. The synthesis is based on the condensation of the
required aldehyde components 8 and 15 with the dihydrazi-
nopyrimidine spacer unit 17 (Schemes 3, 4, and 5 below).

Results and Discussion

Synthesis of strands 1 and 2: The synthesis of aldehyde 8 is
outlined in Scheme 3. Condensation of benzamidine hydro-
chloride with f-keto ester 3 gave a pyrimidone, which was
treated with trichlorophosphoric acid to yield the chloropyr-
imidine 4. Stille coupling of 4 with tributyl(1-ethoxyvinyl)-
stannanel'! followed by hydrolysis gave ketone 5. Consistent
with our previous work in this area,’) we chose the Potts
method for the synthesis of the present pyrimidine-pyridine
compounds.'] Michael addition of 5 to the pyridine Michael
acceptor 6 followed by treatment with ammonium acetate
gave 7. Lewis acid mediated deprotection of the methyl ether
with BBr; gave the corresponding alcohol that was oxidized
under Swern conditions to give aldehyde 8.

The longer aldehyde 15 was prepared as shown in
Scheme 4. In a convergent approach toward 15, both required
subunits were obtained from 2-phenyl-4,6-dichloropyrimidine
(9). On one hand, compound 9 was desymmetrized by a
statistical Stille coupling with tributyl(1-ethoxyvinyl)stan-
nane. The pyrimidine monovinyl ether was hydrolysed, and
the resulting ketone was subjected to an additional Stille
cross-coupling to give 10. Potts condensation of 10 with 6,['!]

1 R = SnPr 2

Ph Ph

Scheme 2. Representation of compounds 1 and 2 in their optimal helical form (top), as well as in their extended form for clarity (bottom). The helical
structures 1 and 2 display a transoid-transoid conformation across both hydrazone units; this allows for efficient stacking interaction between the aromatic

motifs.
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OMe

Scheme 3. a) PhAC(NH)NH, - HCI, NaOMe, EtOH; b) POCl;, 57 %, 2 steps; ¢) Bu;SnC(CH,)OEt, [Pd(PPhs;),-
CL], DMF; d) 2N HCI, acetone, (93 %, 2 steps); e) NaH, THF, then NH,OAc, AcOH, (60 % ); f) BBr;, CH,Cl,;

g) DMSO, (COCI),, CH,Cl,, (80%, 2 steps).

followed by hydrolysis of the remaining vinyl ether to led the
subunit 11 in 27 % overall yield from 9.

On the other hand, double Stille coupling of 9 with the
tributyl(1-ethoxyvinyl)stannane, followed by hydrolysis and
successive treatment with sodium hydride, carbon disulfide,
and propyl iodide yielded the Michael acceptor 12. Potts
coupling of 12 with one equivalent of 13 gave the second
subunit 14 in 54 % overall yield from 9. Ketone 13, rather than
ketone 5, was used as the coupling partner with 12, since
removal of the methyl ether at a later stage proved difficult.
Potts coupling of 14 with 11 and removal of the silyl protecting
group gave the alcohol 15. Finally, oxidation of 15 under
Swern conditions led to the aldehyde 16 in 56 % yield from 13.

o The helicity of both 15 and
16 is indicated by the proton
NMR spectra. Since the ter-
minal pyridine group lies
above the plane of the termi-
5 nal pyrimidine, an anisotropic
upfield shift of the terminal
pyridine proton resonances is
observed (H2 and H3 at 6=
6.71). This is consistent with
the shifts observed in the pre-
viously described helices.! Di-
chloropyrimidine 9 was also
used in the preparation of the
dihydrazinopyrimidine 17. Ad-
dition of two equivalents of
hydrazine to 9 was achieved in
refluxing ethanol to give the
desired spacer component.

Finally, the strands 1 and 2
were obtained by the conden-
sation of 17 with two equivalents of the aldehydes 8 and 16,
respectively (Scheme 5).

2x8
cl al N N /
W HyNNH2H,0 HoN* W N ,

NH
N &N EtOH reflux N?N

Ph 47 % Ph N_ 2% 16

9 17

Scheme 5. Synthesis of the dihydrazinopyrimidine 17 and of compounds 1
and 2.

15, R = CH,0OH
16, R =CHO

i

14

Scheme 4. a) Bu;SnC(CH,)OEt [for 9, 1 equiv; for 10, 2 equiv], 3 mol% [Pd(PPh;),Cl,], DMF, 80°C; b) 2x HCI, acetone, RT; ¢) Bu;SnC(CH,)OEt,
5mol % [Pd(PPh,),CL], DMF, 80°C (47 %, 3 steps); d) NaH, CS,, Prl, DMSO, RT (88 %, 3 steps); ¢) 6, KOfBu, THF, RT, then NH,0Ac, AcOH, 80°C; f) 2N
HC], acetone, RT (58 %, 2 steps); g) KOrBu, THF, 45°C, then NH,OAc, AcOH, 80°C (61 % ); h) NaH, THF 45°C, then NH,OAc, AcOH, 80°C; i) Bu,NF,

THF, RT; j) DMSO, (COCI),, CH,Cl,, —78°C (56 %, 3 steps).
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Helical conformation of the bis-imino strands 1 and 2

!H NMR spectroscopy: As demonstrated in earlier work,"! the
formation of a helical structure in polyheterocyclic strands is
revealed by characteristic upfield shifts in the proton NMR
spectra. Thus, the presence of terminal pyridine proton signals
at 0 =6.71 for H2 and H3 indicates that both 15 and 16 adopt
a helical conformation.

The bis-imino strands 1 and 2 displayed 'H NMR features
diagnostic of helix formation. As expected the proton
spectrum of 1 shows an upfield shift of the terminal pyridine
hydrogens H2 and H3 at 6 =7.02 and 6.48, respectively.['”
Compound 2, prepared from an already helically organized
aldehyde, shows an increase in the anisotropic shift of the
terminal pyridine protons H2 and H3 (not shown) to 6 =6.44
and 6.30, respectively, as compared with the starting aldehyde
15 (both at d =6.71 ppm). This increase is consistent with a
cumulative effect of the two helical motifs resulting from
increased stacking within the system. A similar progressive
increase in the anisotropic effect on pyridine H2 and H3
proton signals has been observed in previously described
pyridine-pyrimidine helices ranging from 1 to 4 turns.ed<l

On the basis of these NMR data, one may conclude that the
molecular strands 1 and 2 as well as 15 (and 16) adopt a helical
conformation of about 1.5, 2.5, and 1 turns respectively.

Crystal structure of compound I: The helical shape of the bis-
imino strand 1 was confirmed and characterized by X-ray

crystallography. The crystal structure, shown in Figure 1, has a
centrosymmetric cell that contains eight molecules of 1 (four
enantiomeric pairs) and one molecule of tetrahydrofuran.
Compound 1 displays a helical shape with overlap between
the three terminal rings; this defines a cavity of 5.05 A
diameter. The distance between the plane containing the
hydrazone and the pyrimidine group and the plane containing
the two terminal pyridine groups is 3.44 A, that is, it
corresponds to a van der Waals contact. With respect to the
plane defined by the hydrazone subunit, the torsional angles
between the hydrazone and external pyrimidine groups are
between 18.0° and 19.0°; these values are considerably larger
than the 9° —14° angles present within the pyridine-pyrimidine
based helices previously reported by our group.”*¢<l On the
other hand, the torsional angles between the hydrazone unit
and the central pyrimidine group lie between 6.0° and 8.4° and
are consistent with those found in the pyridine-pyrimidine
based helices. Finally the structure possesses a helical pitch of
346 A.

Conclusion

The present results show that imine condensation is a simple
and efficient method for extending helical architectures in
polyheterocyclic molecular strands. The dihydrazone unit
adopts a transoid-transoid conformation about both hydra-
zone functionalities in compounds 1 and 2 and allows for a

Figure 1. Crystal structure of helix 1; view perpendicular to (top) and along (bottom) the helical axis, in ball-and-stick (left) and space filling (right)

representations. The hydrogen atoms are omitted for clarity.
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pronounced overlap between the helical motifs. Crystallo-
graphic analysis of 1 confirms that it possesses a well-defined
helical structure and that the hydrazone functionality is a
good substitute for a pyridine group. The proton NMR data
unambiguously indicate that strand 2 adopts, in solution, an
extended helical structure, which may be estimated to possess
about 2.5 turns. It therefore appears that the pyrimidine-
hydrazone unit is a satisfactory helicity codon, with features
comparable to the previously used pyrimidine-pyridine
group.»¢< This property may be expected to greatly increase
the scope of the methodology to enforce helical architectures
into molecular strands. In particular, this facile method for
lengthening helical motifs through hydrazone formation may
provide an efficient entry into a new class of helical polymers
that possess interesting physical and mechanical properties.

Experimental Section

General: All reagents were obtained from commercial suppliers and used
without further purification unless otherwise noted. The following solvents
were distilled immediately prior to use: tetrahydrofuran (THF) and diethyl
ether from sodium and benzophenone, and dichloromethane (CH,Cl,)
from calcium hydride under Ar. N,N-Dimethylformamide (DMF) was
obtained from a Sure-Seal™ bottle and used as received. Triethylamine was
distilled from potassium hydroxide. All organic solutions were routinely
dried by using magnesium sulfate (MgSO,) or sodium sulfate (Na,SO,), and
solvents were removed under vacuum using a rotary evaporator. 'H and
BC NMR spectra were recorded on a Bruker AC200 spectrometer at
200 MHz and 50 MHz, respectively. Spectra were obtained by using CDCl;,
unless otherwise noted, with tetramethylsilane as an internal standard.
Chemical shifts are reported in ppm (d) and coupling constants (J) are
reported in Hertz. Flash chromatography, according to the method of
Still,[*l was performed by using 230-400 mesh silica gel particles or on
neutral alumina (activity 2) supplied by Merck. Microanalyses were
performed by the Service Central de Microanalyse du CNRS, Faculté de
Chimie, Strasbourg. Melting points were measured on a digital electro-
thermal apparatus and are uncorrected.
4-Chloro-6-methoxymethyl-2-phenylpyrimidine (4): A solution of sodium
methoxide in methanol (113 mL, 708 mmol) was added dropwise through
addition funnel to a solution of benzamidine hydrochloride (36.55 g,
233.4 mmol) and methyl 4-methoxyacetoacetate (29.0 mL, 217.3 mmol) in
anhydrous ethanol (180 mL). After addition, the mixture was heated to
reflux for 21 h under an N, atmosphere. Thereafter it was concentrated in
vacuo and dried under high vacuum for 3 hours. The white solid was
dissolved in water (800 mL) and acidified to pH 3 with concentrated HCIL.
The white precipitate was collected by filtration, washed with water until
the eluant was pH 7, and then dried under high vacuum overnight. The
white solid (44.0 g) was subjected to the next reaction without further
purification. POCI; (200 mL) was slowly added to a 1 L flask that contained
the above white solid. The mixture was heated to reflux for 3 h (dissolution
occurs between 30-40°C). The excess POCl; was removed in vacuo, and
the resulting paste was cooled to 0°C and carefully treated with ice water
(400 mL). The mixture was extracted with EtOAc (3 x200 mL). The
combined organic layers were washed with H,O (2 x 150 mL), saturated
NaHCO; (200 mL), and brine (200 mL), dried over Na,SO,, filtered, and
concentrated. The crude material was purified by flash chromatography
(Si0,, 10% diethyl ether/hexanes) to give 4 (29.0 g, 57 % for 2 steps) as a
white solid. M.p. 42°C; '"H NMR: 6 =3.53 (s, 3H), 4.60 (s,2H), 7.38 (s, 1 H),
748 (m, 3H), 8.42 (m, 2H); 3C NMR: 6 =59.1, 74.0, 115.7, 128.5, 128.6,
131.3, 136.1, 162.2, 164.8; elemental analysis calcd (%) for C;,H;;N,OCl
(234.69): C 61.42, H 4.72, N 11.94; found C 61.45, H 4.67, N 12.34.
1-(6-Methoxymethyl-2-phenylpyrimidin-4-yl)ethanone (5): Tributyl(1-
ethoxyvinyl)stannane (17.64 g, 48.84 mmol) and trans-bis(triphenylphos-
phine)palladium dichloride (799 mg, 1.14 mmol) were added to a solution
of 4(9.93 g,42.2 mmol) in DMF (50.0 mL). The solution was stirred at 80°C
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for 24 h under N, atmosphere. Diethyl ether (100 mL) and an aqueous
solution of KF (6.57 g in 50 mL H,0) were added and the mixture was
stirred vigorously for 40 min at RT. The mixture was filtered, and the solid
was washed with additional diethyl ether (150 mL). The organic phase from
the filtrate was washed with H,O (100 mL) and brine (100 mL), dried,
filtered, and concentrated. The crude material was dissolved in acetone
(75 mL) and HCI (2N, 30 mL) and stirred overnight at RT. The mixture was
poured into H,O (100 mL) and extracted with CH,Cl, (3 x 75 mL). The
combined organic layers were washed with saturated NaHCO; (75 mL),
dried over MgSO,, filtered, and concentrated. Recrystallization from
hexanes gave 5 (9.47 g, 93 %) as white needles. M.p. 92°C; '"H NMR: ¢ =
2.82(s,3H),3.54 (s,3H), 4.68 (d,J = 0.6 Hz,3H), 7.52 (m, 3H), 7.91 (s, 1 H),
8.52 (m,2H); BCNMR: 0 =25.5,59.0,74.3,111.2,128.2,131.0, 136.7, 159.5,
164.0, 170.2, 199.8; elemental analysis calcd (% ) for C,H,,N,0, (242.28): C
69.41, H 5.82, N 11.56; found C 69.51, H 5.62, N 11.79.

6-(6-Methoxymethyl-2-phenylpyrimidin-4-yl)-4-propylsulfanyl[ 2,2 |bipyri-
dinyl (7): NaH (38 mg, 0.95 mmol; 60% dispersion in mineral oil) was
added to a solution of 5 (202 mg, 0.834 mmol) in THF (5.0 mL) at 0°C. The
mixture was stirred at RT for 30 min then a solution of 6 (191 mg,
0.874 mmol) in THF (2.0 mL; 3 x 0.5 mL rinse) was added by cannula. The
solution was stirred at 35°C for 20 h under N, atmosphere. Ammonium
acetate (1.0 g) and glacial acetic acid (4.0 mL) were added, and the mixture
was stirred at 80 °C for 1h. The dark red solution was cooled to RT, poured
into H,O (20 mL), and extracted with CH,Cl, (3 x 20 mL). The combined
organic layers were washed with saturated NaHCO; (30 mL), dried over
MgSO,, filtered, and concentrated. The crude material was purified by
flash chromatography (30% EtOAc/hexane) and recrystallized from
hexane to give 7 (214 mg, 60 %) as a white solid. M.p. 122°C; 'H NMR:
0=116 (t, /=73 Hz, 3H), 1.88 (sext, J=73 Hz, 2H), 3.20 (t, /=7.6 Hz,
2H), 3.61 (s, 3H), 4.74 (s,2H), 7.35 (m, 1 H), 7.54 (m, 3H), 7.89 (dt, /= 1.8,
79 Hz, 1H), 844 (d, J=18Hz, 1H), 852 (s, 1H), 8.58-8.72 (m, 5H);
BC NMR: 0 =13.5, 22.0, 32.8, 59.1, 74.9, 112.0, 118.6, 118.9, 1214, 123.9,
128.3,128.4,130.6, 136.8, 137.6, 149.0, 151.9, 153.2, 155.2,155.5,163.2, 163.6,
168.7; elemental analysis calcd (%) for C,sH,,N,OS (428.55): C 70.07, H
5.64, N 13.07; found C 70.09, H 5.72, N 12.92.

2-Phenyl-6-(4-propylsulfanyl-[2,2']bipyridinyl-6-yl)-pyrimidine-4-carbal-
dehyde (8): A solution of BBr; (1M, 7.7 mL, in CH,Cl,) was added by
syringe to a solution of 7 (833 mg, 1.94 mmol) in CH,Cl, (10 mL) at 0°C.
The solution was stirred at 0°C for 15 min, then at RT for 1.5h. The
solution was again cooled to 0°C and quenched by slow addition of diethyl
ether (20 mL), H,O (20 mL), and NaOH (1IN, 25 mL). The mixture was
stirred at RT for 1h and then extracted with CH,Cl, (3 x 25 mL). The
combined organic layers were washed with H,O (25mL) and brine
(25 mL), dried over MgSO,, filtered, and concentrated. The crude material
was purified by flash chromatography (80% EtOAc/hexanes) to give
4-hydroxymethyl-2-phenyl-6-(4-propylsulfanyl-[2,2']bipyridinyl-6-yl)-pyr-
imidine (7a) (730 mg, 91 %) as a white solid. M.p. 125°C.'HNMR: 6 =1.13
(t, /=73 Hz, 3H), 1.84 (sext, J =73 Hz, 2H), 3.13 (t, ] =7.6 Hz, 2H), 4.00
(s,1H),4.90 (s,2H), 7.51 (m, 3H), 7.82 (dt,/ = 1.8, 7.9 Hz, 1 H), 8.26 (s, 1 H),
8.34 (d, J=1.8 Hz, 1H), 8.47 (d, J=1.8 Hz, 1H), 8.48 (m, 1H), 8.55 (m,
2H), 8.68 (m, 1H); *C NMR: 6 =13.5, 22.0, 32.8, 63.9, 111.4, 118.6, 118.9,
121.4,124.0,128.2,128.5, 130.9, 136.9, 137.2, 149.0, 152.1, 152.7,155.2, 1554,
162.7, 163.3, 168.9; elemental analysis caled (%) for C,,H,,N,OS (414.52):
C, 69.54, H 5.35, N 13.52; found C 69.41, H 5.21, N 13.37.

DMSO (0.180 mL, 2.54 mmol) was added to a solution of oxalyl chloride
(0.110 mL, 1.26 mmol) in CH,Cl, (2.0 mL) at —78°C. The solution was
stirred at —78°C for 10 min, and then a solution of alcohol 7a (212 mg,
0.511 mmol) in CH,CL, (2.50 mL) was added by cannula. The solution was
stirred at —78°C for 30 min then at —45°C for 30 min. Triethylamine
(1.60 mL) was added, and the mixture was warmed to RT and poured into
saturated NaHCO; (10 mL) and extracted with CH,Cl, (3 x 10 mL). The
combined organic layers were washed with brine (10 mL), dried over
MgSO,, filtered, and concentrated. The solid was washed with acetone to
provide 8 (184 mg, 87 %) as a light yellow solid. M.p. 168°C. 'H NMR: d =
1.16 (t,J="73 Hz, 3H), 1.88 (sext, J=7.3 Hz, 2H), 3.20 (t, /=7.3 Hz, 2H),
737 (m, 1H), 7.58 (m, 3H), 7.90 (dt, J = 1.8, 7.6 Hz, 1 H), 8.46 (d, J = 1.8 Hz,
1H), 8.56 (d, /=18 Hz, 1H), 8.66 (m, 3H), 8.70 (s, 1H), 10.13 (s, 1H);
BCNMR: 0=13.5,22.0,32.8,111.0, 118.5, 119.2, 121.5, 124.1, 128.4, 128.6,
131.3, 136.6, 149.0, 152.2, 152.2, 155.1, 155.4, 159.3, 165.1, 193.4; elemental
analysis caled (%) for C,,H,(N,OS (412.51): C 69.88, H 4.89, N 13.58; found
C 69.73, H 476, N 13.40.
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4,6-Dihydrazino-2-phenylpyrimidine (17): Hydrazine hydrate (10.0 mL)
was added to a solution of 9! (2.50 g, 11.1 mmol) in absolute ethanol
(75.0 mL). The solution was heated to reflux for 3 d. The reaction was
concentrated, the excess hydrazine hydrate was decanted, and the
remaining orange solid was triturated with water then recrystallized from
methanol to give 17 (1.12 g, 47 %) as a white solid. M.p. 142°C; 'H NMR:
0=23.70, (brs,4H), 5.81 (s, 1 H), 6.74 (brs, 2H), 7.41 (m, 3H), 8.26 (m, 2H).
FAB-MS: m/z: 216.2 (C(H,,N, requires 216.112); 3C NMR: 0 =78.0,
1279, 128.2, 130.0, 138.3, 163.3, 166.6; elemental analysis caled (%) for
C,H ;)N (216.25): C 55.54, H 5.59, N 38.86; found C 56.10, H 5.50, N 39.09.
4,6-Bis-{V'-[2-phenyl-6-(4-propylsulfanyl[ 2,2’ |bipyridinyl-6-yl)-pyrimidin-
4-ylmethylene Jhydrazino}-2-phenylpyrimidine (1): A solution of aldehyde
8 (39.9 mg, 0.0967 mmol) and 17 (10.6 mg, 0.049 mmol) in CDCl; (0.5 mL)
was warmed to 55°C overnight. The mixture was concentrated and the
crude material was purified by flash chromatography (alumina, 30 %
EtOAc/ hexanes) to give 1 (44 mg, 89 % ) as a white powder. M.p. 236.5°C;
'HNMR: 6 =1.21(t,/=7.3 Hz, 6 H), 1.91 (sext,/ =7.6 Hz, 4H),3.17 (t,J =
7.6 Hz, 2H), 6.49 (m, 2H), 7.06 (dt,/=1.5, 7.6 Hz, 2H), 7.55 (m, 10H), 7.75
(s,2H),7.94 (d,/=1.5Hz,2H), 8.08 (d, /= 1.8 Hz, 2H), 8.21 (m, 4H), 8.50
(m, 6H), 8.66 (s, 2H), 9.78 (brs, 2H); 3C NMR: 0 =137, 22.0, 32.8, 83.4,
110.3,118.0, 120.5, 122.8, 128.1, 128.4, 128.9, 130.6, 130.8, 135.7, 137.6, 140.8,
148.1, 151.0, 151.6, 153.8, 154.4, 161.0, 162.2, 162.7, 163.3, 164.4; FAB-MS:
m/z (%): 1005.2 (100) [M+H]*"; HRMS (FAB-MS): calcd for CsgHygS,N,
1005.3706; found 1005.3705; elemental analysis calcd (%) for CsgHygS;Nyy -
2H,0 (1041.26): C 66.91, H 5.03, N 18.83; found C 66.79, H 4.89, N 17.95.
1-[6-(1-Ethoxyvinyl)-2-phenylpyrimidin-4-yl]Jethanone (10): Compound 9
(5.92 g, 26.3 mmol) and [Pd(PPh;),Cl,] (524 mg, 0.746 mmol) were added to
a solution of tributyl(1-ethoxyvinyl)stannane (9.65 g, 26.7 mmol) in DMF
(27 mL). The solution was stirred at 80°C for 20 h under N, atmosphere.
The solution was cooled to 0°C, and quenched with diethyl ether (27 mL)
and an aqueous solution of KF (2.8 g in 27 mL H,0). After stirring for 1 h,
the mixture was filtered, and the solid was washed well with additional
diethyl ether (100 mL). The filtrate was washed with H,O (50 mL) and
brine (50 mL), dried over Na,SO,, filtered, and concentrated. The crude
vinyl ether was purified by flash chromatography, then dissolved in acetone
(30 mL) and HCI (2N, 13 mL). The solution was stirred at RT for 16 h, then
at reflux for 1 h. The solution was cooled to RT, poured into H,O (50 mL),
and extracted with CHCI; (3 x 50 mL). The combined organic layers were
washed with saturated NaHCOj; (50 mL), dried over MgSQ,, filtered, and
concentrated. The crude material was purified by flash chromatography
(5-10% diethyl ether/hexanes) to give 4-acetyl-6-chloro-2-phenylpyrimi-
dine (9a; 3.43 g, 56 %) which was used directly in the next reaction. M.p.
74°C.'H NMR: 0 =2.80 (s, 3H), 7.52 (m, 3H), 7.74 (s, 1H), 8.49 (m, 2H);
BCNMR: 6 =25.8, 115.4, 128.6, 128.7, 132.0, 135.4, 160.4, 163.4, 165.6, 198.4.
Compound 9a (339g, 14.6mmol) and [Pd(PPh;),ClL] (337 mg,
0.480 mmol) were added to a solution of tributyl(1-ethoxyvinyl)stannane
(6.17 g, 17.1 mmol) in DMF (20 mL). The solution was stirred at 80°C for
16 h under N, atmosphere. The solution was cooled to 0°C, and then
quenched with diethyl ether (25 mL) and a solution of KF (1.8 g) in H,O
(20 mL). After stirring for 1 h, the mixture was filtered, and the solid was
washed with additional diethyl ether (125 mL). The filtrate was washed
with H,O (50 mL) and brine (50 mL), dried over Na,SO,, filtered, and
concentrated. The crude material was purified by flash chromatography
(10% diethyl ether/hexanes) to give 10 (3.29 g, 84 %) as a white solid. M.p.
90°C; 'H NMR: 6 =148 (t, /=70 Hz, 3H), 2.83 (s, 3H), 4.01 (quart, J =
7.0 Hz,2H), 4.58 (d,/=1.8 Hz, 1H), 5.90 (d, /= 2.1 Hz, 2H), 7.52 (m, 3H),
8.06 (s, 1H), 8.57 (m, 2H); BC NMR: d =14.4,25.7, 63.8, 838.2, 109.3, 128.3,
128.5,131.0, 137.0, 156.8, 160.4, 162.8, 163.8, 200.2; elemental analysis calcd
(%) for C;gH;sN,O, (268.32): C 71.62, H 6.01, N 10.44; found C 71.76, H
6.17, N 10.50.
1-[2-Phenyl-6-(4-propylsulfanyl[2,2']bipyridinyl-6-yl)pyrimidin-4-yl]etha-
none (11): A solution of potassium fert-butoxide (1.888 g, 16.82 mmol) in
THF (10 mL, 3 x 5.0 mL rinse) was added by cannula to solution of 10
(2.242 g, 8.356 mmol) in THF (20.0 mL) at 0°C. The enolate solution was
stirred at 0°C for 10 min then added by cannula to a solution of 6 (2.252 g,
8.002 mmol) in THF (20.0 mL, 3 x 5.0 mL rinse). The resulting purple
solution was stirred at 0 °C for 4 h, then at RT for 13 h. Ammonium acetate
(9.8 g) and glacial acetic acid (45 mL) were added, and the mixture was
stirred at reflux for 90 min. After cooling to RT, the mixture was poured
into H,O (300 mL) and extracted with CH,Cl, (3 x 100 mL). The combined
organic phases were washed carefully with saturated NaHCO; (2 x
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200 mL), dried over MgSQ,, filtered, and concentrated. The crude vinyl
ether was partially purified by flash chromatography on neutral alumina
(15t0 30 % EtOAc/hexanes, then CH,Cl, as eluant). The crude product was
dissolved in acetone (38 mL) and aqueous HCI (2N, 5.5 mL), and stirred at
reflux for 45 min. After cooling to RT, the mixture was poured into
NaHCO; (100 mL) and extracted with CH,Cl, (2 x 100 mL). The combined
organic phases were dried over MgSO,, filtered, and concentrated. The
crude product was purified by flash chromatography (SiO,, 30 % EtOAc/
hexanes) and recrystallized from hexane to give 11 (1.88 g, 58 %) as clear,
colorless plates. M.p. 166°C; '"H NMR: 6 =1.16 (t, J=7.3 Hz, 3H), 1.89
(sext, J=73 Hz, 2H), 2.89 (s, 3H), 3.20 (t, /=73 Hz, 2H), 7.37 (ddd, /=
1.2,4.9,7.6 Hz, 1 H), 7.58 (m, 3H), 791 (dt, J=1.8, 7.6 Hz, 1H), 8.46 (d, /=
1.8 Hz, 1H), 8.56 (d, /= 1.8 Hz, 1H), 8.68 (m, 4H), 8.92 (s, 1 H); *C NMR:
0=13.5,22.0,25.8,32.8, 111.2, 118.5, 119.0, 121.6, 124.1, 128.3, 128.6, 131.1,
136.9, 149.0, 152.1, 152.5, 155.2, 155.4, 160.3, 164.2, 165.0, 200.0; elemental
analysis caled (%) for C,sH,,N,OS (426.54): C70.40, H 5.20, N 13.14; found
C70.18, H 4.93, N 12.93.

4,6-Bis-(3,3-bispropylsulfanylacryloyl)-2-phenylpyrimidine (12): Tribu-
tyl(1-ethoxyvinyl)stannane (16.00 g, 44.30 mmol) and [Pd(PPhs;),Cl,]
(700 mg, 1.00 mmol) were added to a solution of 9 (4.54 g, 20.2 mmol) in
DMF (45.0 mL). The solution was stirred at 80°C for 20 h under N,
atmosphere. Diethyl ether (100 mL) and an aqueous solution of KF
(5.54 g in 45 mL H,0) were added, and the mixture was stirred vigorously
for 1h at RT. The mixture was filtered and the solid was washed with
additional diethyl ether (200 mL). The filtrate was washed with H,O
(200 mL) and brine (100 mL), dried over Na,SO,, filtered, and concen-
trated. The crude material was dissolved in acetone (150 mL) and HCI (2N,
30 mL), and stirred overnight at RT. The white precipitate was collected by
filtration and washed with hexanes. The filtrate was poured into H,O
(100 mL) and extracted with CH,Cl, (3 x 100 mL). The combined organic
layers were washed with saturated NaHCO; (100 mL), dried over MgSO,,
filtered, and concentrated to give a white solid that was combined with the
white precipitate filtered previously. The combined material was recrystal-
lized from hexanes to give 4,6-diacetyl-2-phenylpyrimidine (4.57 g, 94 %)
as white needles. M.p. 145°C; '"H NMR: 6 =2.81 (s, 6H), 7.53 (m, 3H), 8.23
(s, 1H), 8.54 (m, 2H); C NMR: 6 =25.6, 110.6, 128.4, 128.8, 131.7, 136.0,
161.2,165.1, 198.8; elemental analysis caled (%) for C;,H;,O,N, (240.26): C
69.99, H 5.03, N 11.66; found C 69.89, H 4.96, N 11.79.

4,6-Diacetyl-2-phenylpyrimidine (3.00 g, 12.5 mmol) was added portion-
wise to a mixture of dry DMSO (45 mL) and sodium hydride (2.19 g,
54.8 mmol). The red mixture was stirred at RT for 30 min then CS,
(1.54 mL, 25.5 mmol) was slowly added. The solution was stirred for
15 min, and then propyl iodide (4.95 mL, 50.8 mmol) was added slowly. The
resulting dark red solution was stirred at RT for 15 h. Ice water (150 mL)
was added, and the resulting mixture was stirred for 10 min. The dark
orange solid was filtered, washed with methanol, dried under high vacuum,
and then recrystallized from EtOAc to give 12 (6.00 g, 86 %) as red plates.
M.p. 186°C; 'H NMR: 6 =1.09, (t,/ =73 Hz, 6H), 1.18 (t, /] =7.3 Hz, 6 H),
1.80 (sept, J=7.3 Hz, 4H), 1.93 (sept, /=76 Hz, 4H), 3.10 (t, /=76 Hz,
4H), 3.16 (sept, J=73 Hz, 4H), 7.52 (m, 3H), 7.80 (s, 2H), 8.54 (m, 2H),
8.60 (s, 1H); “C NMR: 6=13.6, 13.6, 21.2, 22.2, 33.4, 36.1, 108.1, 113.0,
1279, 128.5, 131.0, 136.9, 163.1, 163.2, 169.0, 182.0; elemental analysis calcd
(%) for C,xH36N,0,S, (560.85): C 59.96, H 6.47, N 4.99; found C 60.18, H
6.48, N 5.05.

1-[6-(tert-Butyldiphenylsilanoxymethyl)-2-phenylpyrimidin-4-yl]ethanone
(13): BBr; (1M, 150 mL, in CH,Cl,) was added to a solution of 3 (10.01 g,
42.59 mmol) in CH,Cl, (100 mL) cooled to —12°C. The dark brown
mixture was stirred and allowed to warm from at —12°C to 0°C over 3 h.
The reaction was carefully quenched by addition of diethyl ether (200 mL),
followed by H,O (200 mL). The resulting mixture was stirred at RT for 2 h.
The aqueous phase was separated and extracted with additional diethyl
ether (2 x200 mL). The combined organic phases were washed with
saturated NaHCO; (200 mL) and brine (200 mL), dried over Na,SO,,
filtered, and concentrated. The crude material was purified by flash
chromatography (30 % EtOAc/hexanes) to give 4-chloro-6-hydroxymeth-
yl-2-phenylpyrimidine (3a; 9.36g, 99%) as a tan solid. M.p. 66°C;
'H NMR: 6=3.38 (t, J=5.5Hz, 1H), 477 (d, J=4.9 Hz, 2H), 7.24 (s,
1H), 748 (m, 3H), 8.41 (m, 2H); *C NMR: 6 =63.6, 115.3, 128.5, 128.6,
131.6, 135.7, 161.8, 164.6, 170.3; elemental analysis calcd (%) for
C; HoN,OCl (220.66): C 59.88, H 4.11, N 12.70; found C 60.00, H 4.07, N
12.51.
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Imidazole (2.864 g, 42.07 mmol), DMAP (1.804 g, 14.77 mmol), and tert-
butyldiphenylsilyl chloride (13.2 mL, 49.7 mmol) were added to a solution
of alcohol 3a (9.197 g, 41.60 mmol) in CH,Cl, (50 mL). The solution was
stirred at RT for 24 h under N, atmosphere. The solution was diluted with
CH,Cl, (100 mL), and washed with H,O (2 x 75 mL), saturated NaHCO;
(75 mL), and brine (75 mL). The organic phase was dried, filtered, and
concentrated. The crude material was purified by flash chromatography (5
to 10% EtOAc/hexanes) to give 6-fert-butyldiphenylsilanoxymethyl-4-
chloro-2-phenylpyrimidine (3b; 19.1 g, 100%) as a white powder. M.p.
116°C; 'H NMR: 6 =120 (s, 9H), 4.90 (2, H), 746 (m, 9H), 763 (s, 1H),
773 (m, 4H), 839 (m, 4H); *C NMR: 6=19.3, 26.9, 65.8, 115.2, 128.0,
128.5,130.1,131.3,132.5,135.5, 136.2, 162.4, 164.6, 172.0; elemental analysis
caled (%) for CH,;N,OCISi (459.06): C 70.64, H 5.93, N 6.10; found C
70.53, H 6.05, N 6.03.

Tributyl(1-ethoxyvinyl)stannane (15.37 g, 42.56 mmol) and [Pd(PPh,),CL,]
(640 mg, 0.912 mmol) were added to a solution of chloropyrimidine 3b
(16.28 g, 35.46 mmol) in DMF (50.0 mL). The solution was stirred at 80°C
for 18 h under N,. After cooling to 0°C, diethyl ether (100 mL) and a
solution of KF (5.94 g in 80 mL H,0) were added. The mixture was stirred
at RT for 45 min then filtered. The filtrate was washed with H,O (2 x
100 mL) and brine (100 mL), dried over Na,SO,, filtered, and concen-
trated. The crude material was dissolved in acetone (100 mL) and cooled to
0°C. An aqueous HCl solution (2N, 18 mL) was added and the mixture was
warmed to RT and stirred overnight. The mixture was the poured into
NaHCO; (100 mL) and extracted with CH,Cl, (3 x 100 mL). The combined
organic phases were dried over MgSQO,, filtered, and concentrated. The
crude material was purified by flash chromatography (10% EtOAc/
hexanes) to give 13 (14.94 g, 90 %) as a white solid. M.p. 101°C; 'H NMR:
0=126(s,9H), 2.89 (s,3H), 5.02 (s, 2H), 7.48 (m, 9H), 7.80 (m, 4H), 8.22
(s,1H), 8.52 (m,2H); *CNMR: 6 =19.2,25.7,26.8, 66.2,110.8, 127.8, 128.2,
128.5, 129.9, 131.0, 132.7, 135.5, 136.8, 159.8, 163.8, 172.4, 200.0; elemental
analysis calcd (% ) for C,0H3(N,O,Si (466.65): C 74.64, H 6.48, N 6.00; found
C 74.86, H 6.37, N 6.07.

1-{6-{-6-[ 6-(tert-Butyldiphenylsilanyloxymethyl)-2-phenylpyrimidin-4-yl]-
4-propylsulfanylpyridin-2-yl}-2-phenylpyrimidin-4-yl}-3,3-bispropylsulfa-
nylpropenone (14): A solution of KOtBu (1.16 g, 10.4 mmol) in THF
(10.0 mL; 3 x 5 mL rinse) was added by cannula to a 0°C solution of 13
(2.41 g, 5.16 mmol) in THF (15.0 mL). The enolate solution was stirred for
10 min then added by cannula to a 0°C solution of 12 (5.76 g, 10.3 mmol) in
THF (30 mL). The purple solution was stirred at 0°C for 5 min then at RT
for 18 h. Ammonium acetate (58 g) and AcOH (58 mL) were added, and
the solution was stirred at 80°C for 100 min. After cooling to RT, the
mixture was poured into NaOH (2N, 480 mL) at 0°C then extracted with
CH,Cl, (3x200mL). The combined organic layers were washed with
NaHCO; (200 mL), dried over MgSO,, filtered, and concentrated. The
crude material was purified by flash chromatography (70 % CH,Cl,/hexane
to elute product followed by EtOAc to remove unreacted 12). Compound
14 was purified further by recrystallization from EtOAc to give orange
plates (3.05g, 61 %). M.p. 168°C; '"HNMR: 6 =1.10 (t,J =73 Hz, 3H), 1.20
(t, J=73Hz, 3H), 1.21 (t, J=73 Hz, 3H), 1.30 (s, 9H), 1.78 (sext, J=
7.3 Hz, 2H), 1.96 (sext, J =73 Hz, 2H), 1.98 (sext, /=73 Hz, 2H), 3.11 (t,
J=173Hz, 2H), 3.20 (t, J=7.6 Hz, 2H), 3.21 (t, /=76 Hz, 2H), 5.05 (s,
2H), 741 (m, 6H), 7.52 (m, 3H), 7.55 (m, 3H), 7.85 (m 5H), 8.62 (m, 6H),
8.70 (s, 1H),9.06 (s, 1 H); B.CNMR: 0 =13.6,13.6,13.7,19.3,21.4,22.2,22.3,
26.9,32.9,33.4,36.2,66.5,108.6,111.9,112.7,119.8,127.7,128.2, 128.3, 128 4,
128.5,129.7,130.5, 130.8, 133.2, 135.8, 137.4, 137.8, 152.1, 153.6, 154.2, 162.7,
162.8, 163.4, 163.5, 164.6, 168.0, 171.1, 182.4; FAB-MS: m/z: 932.3
(Cs,H5;N5O,S5Si requires 932.354); elemental analysis caled (%) for
CsHs;N5O,S858i - 0.8 C¢H (994.86): C 70.99, H 6.26, N 7.04; found C 71.39,
H 6.35, N, 7.42. The compound was dried azeotropically by evaporation of a
benzene solution.

{2-Phenyl-6-{6-{2-phenyl-6-{6-| 2-phenyl-6-(4-propylsulfanyl[ 2,2 |bipyridin-
yl-6-yl)pyrimidin-4-yl]-4-propylsulfanylpyridin-2-yl}pyrimidin-4-yl}-4-pro-
pylsulfanylpyridin-2-yl}pyrimidin-4-yljmethanol  (15): NaH (152 mg,
3.80 mmol; 60% dispersion in mineral oil) was added to a 0°C solution
of 11 (1.46 g, 3.42 mmol) in THF (10 mL). After the mixture was stirred at
RT for 5 min, a solution of 14 (2.61 g, 3.05 mmol) in THF (15.0 mL; 3 x
2.0 mL rinse) was added by cannula. The resulting solution was stirred at
50°C for 16 h under N, atmosphere. Ammonium acetate (4.51 g) and
AcOH (15.0 mL) were added, and the mixture was stirred at 80°C for 1 h.
After cooling to RT, the mixture was poured into cold NaOH (2N, 80 mL)
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and extracted with CH,Cl, (3 x 100 mL). The combined organic phases
were washed with NaHCO; (100 mL), dried over MgSQ,, filtered, and
concentrated. The crude mixture was dissolved in acetone and left to stand
for 1 h at 4°C. The product was obtained by filtration and washed with cold
acetone. The compound was further purified by flash chromatography
(70% CH,Cly/hexanes to 100 % CH,Cl, to 100 % CHCI,) to give protected
compound 15a (2.35 g, 61 %) as light yellow powder. M.p. 228°C; 'H NMR
(CeDg): 0=0.80 (s, 9H), 0.86 (t, J=7.3 Hz, 3H), 0.95 (t, /=7.0 Hz, 6H),
1.62 (sext, J=7.3 Hz, 6H), 2.72 (t, /=73 Hz, 2H), 2.80 (t, / = 7.0 Hz, 2H),
2.82(t,J=73Hz,2H),4.38 (s,2H), 6.36 (brt,J=4.6 Hz, 1 H), 6.66 (dt, J =
1.8, 6.1 Hz, 1H), 6.98 (m, 6 H), 7.42 (m, 15H), 8.01 (d,/ =4.0 Hz, 1 H), 8.36
(d,/=1.5Hz, 1H), 8.40 (d,/=1.5 Hz, 1H), 8.62 (s, 1 H), 8.68 (163.m, 7H),
8.95 (m, 4H), 9.94 (s, 1H), 10.02 (s, 1H); BC NMR (C¢Dy): 6 =13.6, 18.7,
22.0,22.2,22.3,26.4,32.8, 32.9, 33.0, 65.7, 111.7, 112.6, 112.7, 118.2, 118.5,
119.4,119.5, 119.6, 120.9, 123.3, 127.4, 1274, 127.5, 1282, 128.2, 128.4, 128.6,
129.4,130.2, 130.6, 130.8, 132.8, 135.1, 135.2, 135.2, 135.3, 135.5, 137.8, 137.9,
148.0,151.5, 151.7,152.1, 153.0, 153.6, 153.8, 153.9, 154.2, 154.3, 154.9, 162.3,
162.6, 163.5, 163.6, 163.9, 164.1, 164.1, 170.4; FAB-MS: m/z: 1263.4
(C;6H70N,OS;Si requires 1263.7372); elemental analysis calcd (%) for
C;6H70S:N,,0S;Si (1263.72): C 72.23, H 5.58, N 11.08; found C 72.35, H 5.51,
N 11.06.

Bu,NF (1M, 2.00 mL, 2.20 mmol; solution in THF) was added to a solution
of the protected helix 15a (2.05g, 1.62mmol) in THF (20 mL). The
solution was stirred at RT for 1.5h, and then poured into saturated
NaHCO; (80 mL) and extracted with CH,Cl, (2 x 50 mL). The combined
organic phases were washed with brine (60 mL), dried over MgSO,,
filtered, and concentrated. The crude alcohol was purified by flash
chromatography (80% EtOAc/hexanes to 100% FEtOAc) to give 15
(1.66 g, 100%) as a white solid. M.p. 247°C; 'H NMR: 6=1.17 (t, J=
73 Hz,3H), 1.23 (t, /=73 Hz,3H), 1.24 (t, /=73 Hz, 3H), 1.93 (sext, J =
73 Hz, 6H), 3.15 (t, J=7.6 Hz, 2H), 3.22 (t, J=70Hz, 4H), 3.30 (t, J=
5.2Hz, 1H), 3.91 (d, J=52Hz, 2H), 6.71 (m, 2H), 7.56 (m, 9H), 8.08 (m,
1H), 8.13 (m, 2H), 8.22 (m, 1 H), 8.41 (m, 3H), 8.57 (d,/ =1.8 Hz, 1H), 8.59
(d,J=18Hz, 1H), 8.63 (m, 2H), 8.72 (m, 4H), 9.64 (s, 1H), 9.66 (s, 1H);
BC NMR: 0 =13.6, 21.8, 22.0, 22.1, 32.6, 63.1, 111.0, 111.2, 118.3, 118.4,
118.8,119.0,119.0,119.2, 120.8, 123.0, 128.1, 128.2, 130.2, 130.4, 134.7,135.2,
1374, 1375, 147.7, 151.4, 151.5, 151.9, 152.7, 152.8, 152.9, 153.0, 153.1, 153.9,
154.6, 161.0, 162.9, 163.1, 163.2, 168.9; elemental analysis caled (%) for
CeoHs,N;pOS; (1025.32): C 70.29, H 5.11, N 13.66; found C 70.45, H 4.97, N
13.42.

2-Phenyl-6-{6-{2-phenyl-6-{6-[2-phenyl-6-(4-propylsulfanyl[2,2 ]bipyridin-
yl-6-yl)pyrimidin-4-yl]-4-propylsulfanylpyridin-2-yl}pyrimidin-4-yl}-4-pro-
pylsulfanylpyridin-2-yl}pyrimidin-4-carbaldehyde (16): DMSO (0.100 mL,
1.41 mmol) was added to a solution of oxalyl chloride (0.06 mL, 0.69 mmol)
in CH,Cl, (1.0 mL) at —78°C. After stirring for 5 min, a solution of 15
(296 mg, 0.288 mmol) in CH,Cl, (1.0 mL; 3 x 0.5 mL rinse) was added by
cannula. The resulting solution was stirred at —78°C for 30 min and then at
—45°C for 30 min. Triethylamine (0.90 mL) was added, and the mixture
was warmed to RT. The solution was poured into saturated NaHCO;
(10 mL) and extracted with CH,Cl, (3 x 10 mL). The combined organic
phases were washed with brine (10 mL), dried over MgSQ,, filtered, and
concentrated. The crude material was boiled in acetone and filtered to yield
16 (272 mg, 92%) as a white solid. M.p. 275°C; '"H NMR: 6 =1.20 (t, /=
73 Hz, 3H), 1.23 (t, /=73 Hz, 6H), 1.94 (m, 6H), 3.15 (t, /=7.6 Hz, 4H),
3.19 (t, /=73 Hz, 2H), 6.65 (m, 2H), 7.58 (m, 9H), 7.89 (m, 1H), 8.01 (d,
J=18Hz, 1H),8.13 (m, 1H), 8.21 (d,/=1.8 Hz, 1 H), 8.34 (s, 1 H), 8.40 (d,
J=1.8Hz,2H),8.46 (d,/=1.8 Hz,2H), 8.52 (m, 2H), 8.67 (m, 4 H), 9.16 (s,
1H), 9.56 (s, 1H), 9.66 (s, 1H); *C NMR: 0 =13.6, 13.8, 21.9, 22.0, 22.2,
32.7,32.7,110.7, 111.8, 112.0, 117.9, 118.2, 118.8, 119.0, 119.2, 120.8, 123.2,
128.3,130.4, 130.5, 130.7, 135.3, 136.9, 137.5, 137.9, 1474, 151.1, 151.5, 151.6,
152.2,152.5,152.8,153.2,153.9,154.0, 158.2, 162.6,162.8,163.1,163.3, 163.3,
163.6, 163.8, 190.2; HRMS (FAB-MS) caled for CqHsN,;,0S; 1023.3409,
found 1023.3409; FAB-MS: m/z (%): 1023.5 (100) [M+H]*.

4,6-Bis-{2-phenyl-6-{6-{2-phenyl-6-{6-[ 2-phenyl-6-(4-propylsulfanyl[2,2']-

bipyridinyl-6-yl)pyrimidin-4-yl]-4-propylsulfanylpyridin-2-yl}-4-propylsul-
fanylpyridin-2-yl}pyrimidin-4-ylmethylene}hydrazino-2-phenylpyrimidine

(2): Aldehyde 16 (50.1 mg, 0.0489 mmol) and bishydrazine 17 (5.3 mg,
0.024 mmol) were dissolved in a 1:1 mixture of EtOH/CHCI; (2.0 mL). The
solution was stirred at reflux for 3 h in the presence of 4 A sieves. The
solution was filtered and concentrated to give 2 (52 mg, quantitative) as a
light yellow solid. M.p. >280°C; 'H NMR ([Dg]THF): 6=1.06 (t, J=
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73 Hz, 6H), 1.24 (t, /=73 Hz, 6H), 1.27 (t, /=73 Hz, 6H), 1.82 (m, J =
73 Hz, 4H), 1.95 (m,J =73 Hz, 8H), 3.10 (m, 12H), 6.30 (dt, J = 1.5, 7.6 Hz,
2H), 6.44 (m, 12H), 6.68 (s, 2H), 6.93 (m, 9H), 7.16 (m, 1 H), 751 (m, 12H),
778 (m, 4H), 7.83 (d,J = 1.5 Hz, 2 H), 791 (d, = 7.9 Hz, 2H), 8.11 (m, 8H),
828 (d, J=1.5 Hz, 2H), 8.34 (m, 6H), 8.41 (m, 4H), 8.46 (s, 2H), 9.46 (s,
2H), 9.54 (s,2H), 9.63 (s, 2H), 10.84 (s, 2H); elemental analysis calcd (%)
for Cy30H0sN56Se - 4 H,0 (2298.88): C 67.92, H 5.08, N 15.84; found C 68.05,
H 4.84, N 15.81.

Crystal structure data for 1: Single crystals of compound 1 [CsgHyS,N -
(C,HgO)] were grown from tetrahydrofuran/acetone. The crystals were
placed in oil, and a single, light yellow crystal of dimensions 0.22 x 0.12 x
0.12 mm was selected, mounted on a glass fiber, and placed in a low-
temperature N, stream. X-ray diffraction data for 1 were collected on a
Nonius-KappaCCD diffractometer with a graphite monochromatized
Moy, radiation (1 =0.71071 A), phi scans, at 173 K. The unit cell was
orthorhombic with a space group of Pbcn. Cell dimensions: a =57.380(2),
b=9200(2), c=21.490(4) A, a, p y=90°, V =11344(3) A3, and Z=38
(M, =1077.34, p=1.257 gcm=3). Reflections were collected from 2.37 <
0 <26.50 for a total of 12337 of which 2947 were unique (R;, =0.058);
number of parameters =689. Final R factors were R1 =0.1169 (based on
observed data), wR2=0.3021 (based on all data), GOF =1.051, maximal
residual electron density = 0.550 e A=3. The structure solution of compound
1 were solved using direct methods and refined (based on F? using all
independent data) by full-matrix least-squares methods (Siemens
SHELXTLY96 V.5.02). Hydrogen atoms were included at calculated
positions by using a riding model.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-138214.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).
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Recognition-Directed Supramolecular Assemblies of Metal Complexes
of Terpyridine Derived Ligands with Self-Complementary

Hydrogen Bonding Sites

Ulrich Ziener,'*! Esther Breuning,®! Jean-Marie Lehn,*!*! Elina Wegelius,!"!
Kari Rissanen,™ Gerhard Baum,!*! Dieter Fenske,'*! and Gavin Vaughan!%l

Abstract: The synthesis and X-ray
structures of three metal complexes with
terpyridine-derived ligands that contain
amino-pyrimidine and amino-pyrazine
moieties are presented. They have been
designed in view of directing their self-
assembly into specific supramolecular
arrays through molecular recognition
interactions. The solid-state structures
indeed reveal extensive hydrogen-bond-
ed networks. The Co complex 4a with
PF¢~ counterions builds a two-dimen-

N)=2.918-3.018 A) between the ami-
no groups and the N atoms of the rings,
with all H-bonding sites saturated.
Changing the anions to BF, in 4b leads
to a similar infinite but partially broken
grid with a quarter of the H-bonding
sites unsaturated (d(N-H-N)=2.984-
3.206 A) In the case of the Zn complex

Keywords: coordination chemistry -
crystal engineering hydrogen
bonds - ligand design - supramolec-

12 with triflate anions, half of the hydro-
gen bonds are formed. Only one of the
two orthogonal ligands has hydrogen
bonds (d(N-H-N)=3.082, 3.096 A) to
the neighbouring complexes and thus
builds linear, supramolecular, polymeric
chains. These structural differences are
mainly attributed to crystal-packing ef-
fects caused by the different anions. The
data presented here may also be regard-
ed as a prototype for the generation of
organised arrays through sequential self-

sional infinite interwoven grid through

ular chemistry
strong double hydrogen bonds (d(N-H-

Introduction

In the past few years much effort has been devoted to the
construction of new supramolecular assemblies through metal
coordination, for example, grids, cages, racks and helices.["
Additional hydrogen bonding allows further design of such
assemblies and is used as a tool in crystal engineering.”! Metal
complexes that are connected by hydrogen bonds possess the
capability to form ordered supramolecular arrays of metal
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assembly processes.

ions with interesting redox activity or magnetic properties,
which could lead towards molecular storage devices. The
motifs employed so far for hydrogen bonding together with
metal complexes in a designed fashion are, for example,
carboxamides,?! oximes," carboxylic acids® and functional-
ised N-heteroaromatics.[*®! The use of complementary hydro-
gen-bonding units provides a further tool for crystal engineer-
ing of interest to materials science and molecular electron-
ics.[> %91 By adequate positioning of hydrogen-bond donor (D)
and acceptor (A) sites a large number of complementary
systems with singly and multiply bonded systems has been
developed.

Here we report on the synthesis and structures of terpyr-
idine-derived ligands 3 and 11 and their Co and Zn complexes
4 and 12. Bipyridine and terpyridine ligands form a large
variety of metal complexes that display a range of interesting
physico-chemical properties and have been extensively stud-
ied. For future applications it is therefore of special interest to
design ways for the controlled arrangement of such complexes
into supramolecular arrays of defined architectures. In the
present case, the terpyridine unit has been fitted with amino-
pyrimidine and amino-pyrazine units. In contrast to ligands
and metal complexes which exhibit hydrogen bonds only
accidentally to solvent molecules and/or counterions, the
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compounds 3 and 11 allow the formation of well-defined,
double hydrogen bonds by self-complementarity. They should
also be capable of building heterocomplementary interaction
patterns between amino-pyrimidine and amino-pyrazine
groups, thus forming two-dimensional polymers connected
by A/D:D/A H-bond arrays. Crystallisation of the metal
complexes of these heterocomplementary terpyridine-like
ligands [M!(3),] and [MZ?(11),] with each other, should
generate an alternating sequence of the two metals M! and
M? in infinite two-dimensional sheets in a chess-board-like
manner (Scheme 1).

\‘H\NJ‘\¢N N\%\N—H"—N\éN N &N---.
)
H H

Scheme 1. Terpyridine-like ligands in the metal-complex conformation
capable of forming complementary hydrogen bonds.

Results and Discussion

Synthesis of ligands 3 and 11 and of complexes 4 and 12: The
synthesis of the ligand 3 and the Co complex 4 is schematically
outlined in Scheme 2.

Ligand 3 is built up from pyrimidine and pyridine units and
synthesised by stannylation and a subsequent Stille cross-
coupling reaction. We introduced a long-chain acyl group as

Abstract in German: Im Folgenden werden die Synthesen und
Einkristallstrukturen von drei Metallkomplexen mit terpyridin-
dhnlichen Liganden, die Aminopyrimidin bzw. Aminopyrazin
enthalten, vorgestellt. Die Liganden wurden gezielt entworfen,
um durch molekulare Erkennung die Selbstassoziation der
Komplexe in eine spezifische supramolekulare Ordnung zu
lenken. Tatsdchlich zeigen die Festkorperstrukturen iiber
Wasserstoffbriicken ausgedehnte Netzwerke. Der Co-Komplex
4a mit PF;~M—>-Gegenionen bildet ein zweidimensional-
unendliches, verwobenes Gitter. Dabei liegen starke zweifache
Wasserstoffbriicken (d(N-H-N)=2.918-3.018 A) zwischen
den Aminogruppen und den Ringstickstoffatomen unter Ab-
sdttigung aller Wasserstoffbriicken vor. Durch Austausch der
Anionen gegen BF;M=> (4b) gelangt man zu einer dhnlichen
unbegrenzten, allerdings teilweise aufgebrochenen Gitterstruk-
tur, bei der ein Viertel der Wasserstoffbriicken nicht abgestittigt
ist (d(N-H-N) =2.984-3.206 A). Im Falle des Zn-Komplexes
12 mit Triflatanionen zeigt sich, dass nur noch die Hilfte der
Wasserstoffbriicken ausgebildet wird. Nur einer der beiden
orthogonalen Liganden ist iiber zweifache Wasserstoffbriicken
(d(N-H-N)=3.082, 3.096 A) mit Nachbarkomplexen ver-
kniipft und bildet somit lineare, supramolekulare polymere
Ketten. Diese strukturellen Unterschiede werden im Wesent-
lichen auf Kristallpackungseffekte durch die unterschiedlichen
Anionen zuriickgefiihrt. Die hier vorgestellten Ergebnisse
konnen auch als Prototyp fiir die Erzeugung organisierter
Strukturen durch schrittweise Selbstassoziationsprozesse auf-
gefasst werden.
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Scheme 2. Synthesis of ligand 3 and Co complex 4. a) CH;(CH,),COCI,
pyridine, CHCl;; b) Me¢Sn,, [Pd(PPh;),], toluene; c) 2,6-dibromopyridine,
[Pd(PPh;),], toluene; d) Co(OAc),-2H,0, MeOH.

solubilising substituent on the amino group in 1, since the poor
solubility of the unprotected compound was an obstacle to the
following Pd-catalysed stannylation and Stille reaction. This
protection group was removed in one step during the
complexation reaction with cobalt acetate. The coordination
bond of the pyrimidine N atom to the Co atom in the para
position to the amide group weakens the amide bond
sufficiently to be split off by methanol (as solvent) by heating
under reflux without any catalyst. The removal of the acyl
substituent was necessary for the formation of the desired
H-bonds.

The reaction of 3 with Co(OAc),-4H,0 in MeOH can be
observed in the 'H NMR spectrum. The diamagnetic spec-
trum of 3 is completely changed upon complexation. It
exhibits four peaks for H,.,, thus maintaining the C,,
symmetry of the ligand with paramagnetic chemical shifts
up to 0 =90.5. Due to line broadening, coupling information is
lost and no assignment of the peaks can be performed.

The synthesis of 11 is similar to that of 3 (Scheme 3). Owing
to changed reactivity and poor solubility of intermediate
compounds we could not follow exactly the same route as for
the synthesis of 3. We introduced a permanent alkyl sub-
stituent in the 4-position of the pyridine moiety in analogy to a
known strategy.'> !l Ligand 11 is soluble enough for the
complexation reaction and forms readily the Zn complex 12
with Zn(OTf), in acetonitrile as indicated by 'H NMR
spectroscopy. The C,, symmetry of the ligand is maintained,
and though no clear assignment of the peaks for the two
Hyyrasine atoms can be made, both are shifted upfield by Ad =

1 ppm.

Crystal structures of complex 4: After anion exchange with
NH,PF,, we were able to obtain single crystals of the Co
complex 4a that were suitable for analysis by X-ray crystal-
lography. The crystal structure reveals that 4a forms an
infinite two-dimensional gridlike structure in the solid state.
The terpyridine-derived ligands are connected by intermo-
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e)
7 8
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Scheme 3. Synthesis of ligand 11 and Zn complex 12. a) Piperidine,
cyanacetamide, MeOH; b) H,SO,, H,O; ¢) POBr;; d) MesSn,, [Pd(PPhs),],
toluene; e) [Pd(PPhs),], toluene; f) Zn(OTf), - H,O, CH;CN.

lecular double H-bonds between the amino groups and the
noncoordinating pyrimidine N atoms (Figure 1). Recently, the
common characteristics of solid-state structures of terpyr-
idine-metal complexes [M(terpy),]* were reviewed.l'2l Most
often, an interdigitation of the outer pyridine rings is found,
due to face-to-face and edge-to-face interactions between the
pyridine moieties. In our structure, this feature is absent
because of the establishment of strong hydrogen bonds that
take over the generation of the network (Table 1). Due to the
self-complementarity of the H-bonding functionalities of the
ligands in 4a, the complexes show a sinusoidal arrangement
which causes an interwoven network in both directions
without hydrogen-bonding interactions in the direction per-
pendicular to the plane of the grid.

The Co—N bond lengths of 4a are in the typical range for
[Co(terpy),]** complexes (Table 1). The absolute Co—N bond
lengths in such complexes strongly depend on the spin state of
the Co?* ion and, therefore, on subtle lattice forces caused by
the counter ions and lattice solvent molecules.'¥] The X-ray
structures of only two [CoL,]** complexes with substituted
terpyridine ligands and PF,~ as anions have been described.["?]
The Co—N bond lengths to the central pyridine rings of these
mainly° low-spin compleoxes (d(CoNeentral  pyridine) = 1.904,
1.942 A and 1.866, 1.922 A, respectively) are approximately
0.2 A shorter than in 4a (Table 1). Therefore we assume that
the Co" in 4a is predominantly high-spin in agreement with
[Co(terpy),](ClO,), (d(Co—Nenirat pyridine) = 2-019, 2.026 A, ca.
70 % high-spin state).l'4]

The lengths of the hydrogen bonds N-H-N are between
2.918 and 3.028 A with angles between 161° and 172°.
Compared with purely organic hydrogen-bonded 4-amino-

4134
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Figure 1. X-ray structure of complex 4a. Top and middle: Two molecules
with hydrogen bonding contacts (ORTEP-style, space-filling representa-
tion, respectively). Bottom: Crystal packing (space-filling representation).

Table 1. Selected averaged bond lengths [A] and angles [°] for complex 4a
and for each of the two molecules in the asymmetric unit of complex 4b.

bond/anglel® 4a 4b

Co—N,, 2.074 1.898 2.059
Co—N, 2.151 1.969 2.123
N,,-Co-N,, 1775 178.6 1763
N¢-Co-N, 150.7 163.1 1529
N-(H)-N 2.918-3.028 2.984-3.206
N-H-N 161.2-172.4 165.3-173.2

[a] ax: Co—N bonds to the pyridine moiety, eq: Co—N bonds to the
pyrimidine moiety.

pyrimidine units, which exihibit the same double hydrogen-
bond features as 4a, they prove to be strong H-bonds (4-
amino-5-phenyl-pyrimidine as adduct with vanilline: d(N-H-
N)=3.051(3) A, angle(N-H-N) =171(2)°;*>) 4-amino-2,6-di-
chloro-pyrimidine: d(N-H-N) =3.09 Al6]). Probably, the met-
al coordination in para position of the amino group increases
the hydrogen donor ability.

0947-6539/00/0622-4134 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 22





Self-Complementary Hydrogen Bonding Sites

4132-4139

Anion exchange of 4 with NH,BF, led us to the BF,
complex 4b. Attempts were made to co-crystallise 4b with
an Fe complex that contained amino-pyrazine in order to
construct the afore-mentioned network in a chess-board-like
fashion by heterocomplementary hydrogen bonding
(Scheme 1). X-ray analysis revealed that single crystals, which
were of sufficient quality, from these experiments contained
only pure 4b. In the solid-state structure of 4b, the principal
features of 4a are kept, exhibiting a two-dimensional infinite
grid by hydrogen bonding in two directions. In contrast to 4a,
however, the H-bonds of 4b are only fully saturated in one
direction, whereas in the perpendicular direction, half of the
bonds remain unsaturated; this leads to a partially broken grid
structure (Figure 2). The asymmetric unit of 4b is composed

Figure 2. X-ray structure of complex 4b, space-filling representation of the
crystal packing.

of two molecules of the complex, which differ in Co—N bond
lengths and N-Co-N angles quite markedly (Table 1). It is
striking that the average Co—N bond lengths of one complex
are significantly shorter than those of the other (d(Co-N),,, =
1.945 and 2.102 A). Additionally, there are five anions found
in the asymmetric unit instead of the four expected for two
Co!! cations. On comparison with literature values {[Co'(ter-
py).](ClO,),: d(Co—N),,,=2.030 (axial), 2.137 A (equatori-
al); [Co"l(terpy),]Cl;: d(Co—N),,,=1.859 (ax.), 1.928 A
(equatorial)},l'”) these two features lead to the deduction that
the Co centres of 4b are in the average oxidation state 2.5,
built from one Co" and one Co™ cation. As the 'H NMR
spectrum of 4b did not show any significant differences to 4a,
though a change in the oxidation state is expected to influence
the chemical shift, we assume that the oxidation process
occurred during the process of crystallisation. Electrochem-
ical investigations indeed revealed that 4b has a low
oxidation potential, which gives a hint to a facilitated
oxidation (E;,=—0.18 V vs. ferrocene as internal standard
in CH;CN/MeOH, 0.1m nBu,NPF,; [Co"(terpy),]/[Co'(ter-
py)s): E1n=+0.243 V vs. SCE in CH;CN, 0.1mM nBu,NPF).[!8]
The influence of the Fe complex on the oxidation process in

Chem. Eur. J. 2000, 6, No. 22
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this co-crystallisation experiment is unclear, but further
attempts to obtain single-crystals from solutions of the pure
Co complex 4b failed.

With a deviation from the ideal plane up to about 1 A, the
ligands in 4b are more bent than in 4a. This distortion of the
ligands might cause weaker H-bonds in 4b (d(N-H-N)=
2.984-3.206 A, d,,,=3.075 A). The angles N-H-N (165.3° to
173.2°) in 4b are similar to those in 4a. Whereas in 4a two
PF¢~ anions fit quite well in the opposite corners of each mesh
within the grid, the BF,~ anions in 4b are smaller and form
additional (N)-H-F-(B) H-bonds with the unsaturated amino
groups, thus partially breaking up the grid. Though the
hydrogen bonds dominate the solid-state structure, they are
only weak forces and might be overwhelmed by crystal
packing effects caused by different anions.

Crystal structure of complex 12: The crystal structure of
complex 12 (Figure 3) is markedly different from that of
complexes 4a and 4b. The gridlike arrangement is no longer
present, and H-bonding between the amino groups and the
noncoordinating N atoms of the pyrazine ring is maintained in
only one direction; this results in one-dimensional polymers
of H-bonded bis(terpyridine)-like complexes. The parallel
alignment of the infinite chains in a layered structure is similar
to the grid layers in the structures described above. The amino
groups of the ligands that are not involved in the polymeric
chains are hydrogen bonded to solvent molecules and anions.

Though no structures of pure [Zn(terpy),]** complexes are
known, the Zn—N bond lengths in 12 (Table 2) are compara-
ble with the values of those found in complexes in which the
ligands are substituted at the central pyridine ring by
dihydroxyphenyl and dimethoxyphenyl groups.!'*!

The H-bond lengths N-H-N in 12 are 3.082 and 3.096 A and
the angles are 171° and 169°, respectively (Table 2). The
difference of the bond lengths to purely organic hydrogen-
bonded amino-pyrazine is small.['”l The amino groups and the
heteroaromatic rings of one ligand in 12 are almost coplanar,
but the planes of H-bonded ligands of two neighbouring
complexes exhibit a dihedral angle of approximately 63°.
Thus, they are quite different from the above-mentioned
complexes. We assume that the lower connecting efficiency of
the self-complementary hydrogen bonds of 12 relative to
those in 4a and 4b is mainly caused by the different space
requirement of the triflate counterion, which is nonspherical
and bigger than PF;— and BF, —, thus changing the crystal
packing dramatically. Additionally, triflate competes as the
better hydrogen-bonding acceptor more strongly with the
N-(H)-N bonds. Hence, perpendicular to the H-bonded
polymers, the molecules are staggered and resemble the
common structural feature of bis(terpyridine) metal com-
plexes,'? although no direct face-to-face or edge-to-face
interactions are evident (see above). Further crystallisation
experiments with different solvents and spherical anions gave
only crystals of low quality.

Conclusion

The synthesis and solid-state structure of three [M(L),]*"
complexes (M = Co, Zn) with two terpyridine-derived ligands
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Figure 3. X-ray structure of complex 12. Top and middle: Two molecules
with hydrogen-bonding contacts (ORTEP-style; space-filling representa-
tion, respectively). Bottom: Crystal packing (space-filling representation;
the alkyl chains are omitted for clarity).

Table 2. Selected averaged bond lengths [A] and angles [°] of complex 12.

bond/anglel?! 12

Zn-N,, 2.060
Zn-N,, 2195
N,,-Zn-N,, 1738
N,,-Zn-N,, 151.6
N-(H)-N 3.082; 3.096
N-H-N 168.5;171.3

[a] ax: M—N bonds to the pyridine moiety, eq: M-N bonds to the pyrazine
moiety.

4136 ——
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(L) are presented. These ligands are designed to form double,
self-complementary H-bonds. The Co complex 4a, with PF¢~
as counterion, has full saturation of the H-bonding sites of
amino-pyrimidine in a well-designed, infinite grid structure.
BF,~ as counterions in 4b changes the structure of the two-
dimensional infinite grid. H-bonds are maintained in one
direction, whereas in the other only pairwise H-bonds are
formed leaving the other half unsaturated. In 4b, half of the
Co atoms are oxidised to Co™, thus increasing the number of
counterions compared with 4a. The spatial requirement of
these anions might additionally affect the crystal structure. In
contrast, Zn complex 12 as a triflate salt exhibits only one-
dimensional polymeric chains. We assume that apart from the
weaker H-bonding ability of the pyrazine moiety and the
steric requirements of the alkyl chains in 12, the different
counterions are mainly responsible for the different structures
with incomplete H-bonding networks. The subtle interplay
between the structure-defining hydrogen bonding and crystal
packing, caused by different anions, leads for the three
complexes 4a, 4b and 12 to three different structures. Besides
the self-complementarity of the ligands, as described in the
present complexes, the H-bonding amino-pyrimidine and
amino-pyrazine units should also be capable of forming
heterocomplementary hydrogen-bonding motifs by two-point
interaction. Mixed complexes of this type are especially
interesting as they would allow the self-assembly of grids with
alternating metals M! and M? in a layered, chess-board-like
fashion. They may represent approaches to locally address-
able, inorganic, molecular storage devices. Further experi-
ments for the cocrystallisation of complementary hydrogen
bonds between 4 and 12 are underway in order to explore this
possibility of precise metal-ion positioning through suitable
manipulation of molecular recognition features.

Data such as these presented here are of significance for the
development of sequential self-assembly processes as a
powerful route for generating large, organised supramolecu-
lar arrays of functional components.

Experimental Section

General: 4-Amino-6-chloro-pyrimidine (1), ethyl-3-oxo-hexanoate (5)?!
and 2-bromo-5-amino-pyrazine (9)??! were prepared according to the
literature. Toluene was dried by heating under reflux with sodium under
argon for several hours. The other reagents and solvents were used without
further purification. The NMR data were obtained on a Bruker AC200
instrument at 200.1 MHz (‘H) and 50.2 MHz (**C), calibrated against the
solvent signal ([Dg]DMSO: 'H NMR: 6 =2.50; *C NMR: 6 =39.9; CDCl,
'H NMR: 6 =726; *C NMR: 6 =77.0; [D,Jmethanol: '"H NMR: ¢ =3.31;
[D;]acetonitrile: 'H NMR: 0 =1.94) and the chemical shifts are given in
ppm. IR data were collected on Perkin Elmer 1600 series FTIR spectrom-
eter and are reported in cm~.

4-Pentylcarboxamido-6-chloro-pyrimidine (2): Compound 1 (3.11g,
24 mmol) and hexanoic acid chloride (9.69 g, 72 mmol) were mixed in
CHCl; (120 mL). After addition of pyridine (20 mL), an orange solution
formed which was stirred at room temperature for 2.5 d. The mixture was
poured into water, the phases separated and the aqueous phase extracted
with CH,Cl, (3 x 50 mL). The combined organic extracts were dried over
MgSO,, and the solvent was removed to yield a slowly crystallising oil.
Chromatographic purification on alumina with CHCIl; afforded a white
solid. Yield: 4.52 g (83%); m.p. 84°C; '"H NMR (CDCl;): 6 =0.85 (m, 3H;
CHs),1.30 (m, 4H;2CH,), 1.68 (m, 2H; CH,), 2.42 (t,%] =8 Hz,2H; CH,),
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8.24 (d,*J=1Hz, 1H; H? or H%), 8.59 (d, */ =1 Hz, 1H; H? or H°), 8.64 (s,
1H; NH); ®*C NMR (CDCl,): 6 =172.7,162.3, 158.1, 157.9, 109.8, 37.6, 31.1,
24.6,22.2,13.7 cm™1; MS (FAB): m/z: 228.2 [M+H]*; IR (KBr): #=3250,
3131, 2954, 2859, 1723, 1583, 1560, 1487, 1352, 1303, 1252, 1153, 1080, 991,
872, 746, 562; elemental analysis caled (%) for C,,H,;,CIN;O (227.7): C
52.75, H 6.20, N 18.45; found C 52.69, H 6.18, N 18.55.

2,6-Bis(4'-pentylcarboxamidopyrimid-6'-yl)pyridine (3):** Compound 2
(474 mg, 2.1 mmol), hexamethyldistannane (720 mg, 2.2 mmol) and
[Pd(PPhs),] (92 mg, 0.08 mmol) were dissolved in toluene (5 mL), flushed
with Ar and heated under reflux for 3 h. 2,6-Dibromopyridine (213 mg,
0.9 mmol), [Pd(PPhs),] (35 mg, 0.03 mmol) and toluene (1 mL) were added
to the black mixture. The mixture was kept under reflux for 18 h, the
solvent was removed, and the residue washed once with diethyl ether and
three times with methanol/acetone (1:1 v/v) to afford an off-white powder.
Yield: 253 mg (53%); m.p. 258°C; 'H NMR ([Dg]DMSO): 6 =0.88 (m,
3H; CH;), 1.32 (m, 4H; 2CH,), 1.62 (m, 2H; CH,), 2.48 (t,*J=8 Hz, 2H;
CH,), 822 (t,3/=8Hz, 1H; H*), 8.52 (d, /=1 Hz, 2H; H3, H°), 9.01 (s,
2H; H? or H¥), 9.07 (s, 2H; H? or HY), 10.98 (s, 2H; NH,); *C NMR
([Dg]DMSO): 6 =173.2, 162.7, 159.2, 158.2, 153.7, 139.0, 123.3, 105.5, 36.0,
30.6, 24.1, 21.8, 13.7; MS (FAB): m/z: 462.3 [M+H]*; IR (KBr): 7= 3226,
2924, 2854, 1702, 1676, 1591, 1546, 1516, 1396, 1378, 1247, 1178, 1096, 993,
902, 830, 775, 633, 570 cm™!; elemental analysis calcd (%) for C,sH3N;0,
(461.6): C 65.06, H 6.77, N 21.24; found C 65.01, H 6.65, N 21.34.

Cobalt () complex 4: Ligand 3 (10.0 mg, 21.7 pmol) and Co(OAc),-4H,0
(2.7 mg, 10.8 umol) were mixed in MeOH (1 mL) and heated under reflux
for 17 h to form a red-brown suspension. The mixture was centrifuged and
the complex precipitated from the supernatant by adding Et,O. The brown
precipitate was centrifuged, washed after 30 min with Et,O and dried in
vacuo to yield a red-brownish powder. Yield: 5.0 mg (65%); '"H NMR
([Dy]methanol): 6=10.8, 62.8, 65.3, 90.5; MS (FAB): m/z: 6483 [M —
OAc]*, 589.3 [M —20Ac]*; IR (KBr): #=3318, 3177, 2924, 1642, 1612,
1571, 1485, 1405, 1344, 1011 cm™!; high-resolution MS (FAB): caled (m/z)
for CyH,,CoNy, [M —2 OAc]: 589.148385; found 589.146700.

3-Cyano-2,6-dihydroxy-4-pentyl-pyridine (6): Compound 5 (2.11g,
11.3 mmol), cyanacetamide (0.95 g, 11.3 mmol) and piperidine (0.95 g,
11.3 mmol) in MeOH (3 mL) were heated under reflux for 24 h. The
solvent was evaporated, and the residue was dissolved in hot water. The
product was precipitated by addition of concentrated HCl, filtered, washed
with ice water and CHCl; and dried in vacuo to give 6 as a white powder.
Yield: 912 mg (39 % ); m.p. 205-210°C (decomp); '"H NMR ([D;]DMSO):
0=0.86 (t,°J=5.8 Hz, 3H; CH;), 1.28 (m, 4H; 2CH,), 1.54 (q, >/ = 6.7 Hz,
2H; CH,), 2.50 (t, 3/ =73 Hz, 2H; CH,), 5.57 (s, 1H; H’); *C NMR
([Dg]DMSO): 6 =164.2, 162.1, 161.3, 117.0, 91.8, 88.2, 34.0, 30.6, 28.4, 21.7,
13.7; MS (FAB): m/z: 2072 [M+H]*; IR (KBr): ¥ =2932, 2223 (CN), 1603,
1498, 1359, 1297, 635 cm™'; high resolution MS (FAB): caled (m/z) for
C;H;5N,O, [M+H]: 207.11335; found 207.113841.

2,6-Dihydroxy-4-pentylpyridine (7): A mixture of compound 6 (5.93 g,
28.8 mmol), concentrated H,SO, (12 mL) and water (10 mL) was heated
under reflux for 5 h. The mixture was cooled with ice and neutralised with
solid NaHCOj. The precipitate was filtered, washed with water and Et,0
and dried in vacuo to give a mixture of 7 and of the free acid, which was not
decarboxylated (0.90 g, 4.0 mmol). The mixture was used without further
purification for the next reaction step. Yield: 3.74 ¢ (72%); 'H NMR
([Dg]DMSO): 6 =0.86 (t, 3] =6.7 Hz, 3H; CH,;), 1.28 (m, 4H; 2CH,), 1.49
(q,%J=6.1Hz,2H; CH,),2.32 (t,3/=73H,2H; CH,),5.57 (s, 2H; H3 H’);
MS (FAB): m/z:182.2 [M+H]*; IR (KBr): 7 = 3364, 3048, 2930, 1651, 1516,
1450, 1304, 1208, 994, 632 cm™! ; high resolution MS (FAB): caled (m/z) for
C,,H;(NO, [M + H]: 182.11810; found 182.118064.

2,6-Dibromo-4-pentyl-pyridine (8): Compound 7 (1.44 g, 7.93 mmol) and
POBr; (7.26 g, 25.33 mmol) were ground and melted together at 140—
150°C for 1h. After cooling, the mixture was quenched with water,
neutralised with solid NaHCO; and extracted with CHCl; (3 x 100 mL).
The combined organic phases were washed with water (1 x 100 mL) and
dried over MgSO,, and the solvent was evaporated. The product was
purified by column chromatography on silica with hexane/EtOAc (9/1, v/v)
to give 8 as a colourless oil. Yield: 1.42 g (58 % ); '"H NMR (CDCl,): 6 =0.88
(t, 3J=6.4Hz, 3H; CH;), 1.29 (m, 4H; 2CH,), 1.59 (q, *J=7.6 Hz, 2H;
CH,), 2.53 (t, 3J=73Hz, 2H; CH,), 724 (s, 2H; H3, H’); *C NMR
([D4]DMSO): 6=15720, 140.53, 12704, 34.51, 31.11, 29.55, 22.56,
13.82 cm™'; MS (FAB): m/z: 308.0 [M+H]*; IR (film): 7#=3067, 2929,
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2859, 1576, 1530, 1465, 1371, 1322, 1224, 1150, 1087, 982, 762; elemental
analysis caled (%) for C,oH;3B1,N (307.0): C 39.12, H 4.27, N 4.56; found C
39.21, H 4.30, N 4.41.

2-Trimethylstannyl-5-amino-pyrazine (10):**!  Compound 9 (1.00 g,
5.75 mmol), hexamethyldistannane (2.07 g, 6.32 mmol) and [Pd(PPhs),]
(199 mg, 0.17 mmol) were combined in toluene (20 mL), flushed with Ar
and heated under reflux for 1h. The solvent was evaporated, and the
residue purified by column chromatography on silica with hexane/EtOAc
(1:3, v/v) to give 10 as a pale yellow powder. Yield: 923 mg (62 % ); m.p.
102°C (decomp); 'H NMR (CDCl;): 6 =0.33 (s, 9H; 3CH,;), 4.42 (brs, 2H;
NH,), 798 (d, >J=1.8 Hz, 1H; H? or H°), 8.20 (d, °J=1.5Hz, 1H; H? or
H®); BC NMR ([D¢]DMSO): 6=153.5, 152.3, 1477, 1349, —9.6; MS
(FAB): m/z: 260.0 [M+H]*; IR (KBr): v=3318, 3156, 2975,2909, 1652,
1565, 1535, 1453, 1377, 1203, 1080, 1021,892, 766, 524 cm™'; elemental
analysis caled (% ) for C;H3N;3Sn (257.9): C 32.60, H 5.08, N 16.29; found C
32.80, H 4.99, N 16.30.

2,6-Bis(5-aminopyrazin-2-yl)-4-pentyl-pyridine  (11): Compound 10
(200 mg, 0.78 mmol), compound 8 (107 mg, 0.35 mmol) and [Pd(PPh;),]
(24 mg, 0.021 mmol) in were combined in toluene (8 mL), flushed with Ar
(for some minutes) and heated under reflux for 17 h. The solvent was
evaporated, and the residue purified by column chromatography on silica
with EtOAc/EtOH (4:1, v/v) to give 11 as a yellow powder. A sample for
microanalysis was obtained by boiling the powder in hexane/EtOAc (5/2,
v/v). Yield: 88 mg (73 % ); m.p. 207°C; 'H NMR ([D¢]DMSO): 6 =0.88 (t,
3] =70Hz, 3H; CH,), 1.37 (m, 4H; 2CH,), 1.74 (q, >/ =7.6 Hz, 2H; CH,),
2.73 (t,3]J =173 Hz, 2H; CH,), 473 (brs, 4H; 2NH,), 7.97 (s, 2H; H?, H%),
8.03 (d, %/ =12 Hz, 2H; H*, H* or H°, H*'), 9.23 (d, >/ =1.5 Hz, 2H; H?,
H* or HY, HY); C NMR ([D¢]DMSO): 6 =155.9, 154.0, 152.8, 140.4,
138.3, 130.8, 117.0, 34.8, 30.8, 29.5, 21.8, 13.8; MS (FAB): m/z: 336.2
[M+H]*; IR (KBr): 7 =3324, 3173, 2928, 2852, 1633, 1601, 1535, 1487, 1430,
1387, 1019, 878 cm™!; elemental analysis calcd (%) for C;sH,N; (335.4): C
64.46, H 6.31, N 29.23; found C 64.32, H 6.24, N 29.21.

Zinc@) complex 12: Ligand 11 (5.0 mg, 15.0 umol) and Zn(OTf),-H,0O
(2.84 mg, 7.5 umol) in CH;CN (1 mL) were stirred at room temperature for
2.5 h. The solvent was evaporated to give 12 as a pale yellow powder in
quantitative yield. '"H NMR ([D;]acetonitrile): 6 =0.99 (t, 3/ =6.8 Hz, 6 H;
CH;), 1.51 (m, 8H; 4CH,), 2.98 (t, 3/=73 Hz, 4H; CH,), 5.79 (s, 8H;
4NH,), 6.98 (d, =13 Hz, 4H; H*, H* or H?, H%), 8.20 (s, 4H; H?, H),
9.03 (d, >/ =13 Hz, 4H; H*, H* or H®, H*); MS (FAB): m/z: 883.4 [M —
OTf]*, 737.4 [M — 2 OTf]*; IR (film): 7 = 3222, 1678, 1441, 1248, 1172, 1030,
640 cm™!; high resolution MS (FAB): caled (m/z) for C3H,FN,04S,Zn
[M-OTI]: 883.252859; found 883.250545.

X-ray crystallographic data for Co complex 4a-PF : Single crystals of
complex 4a (PF,~ salt) were obtained by dissolving 4 in MeOH and adding
NH,PF, in MeOH. The resulting mixture was evaporated to dryness,
washed twice with water and the residue dried in vacuo. The brownish
powder was dissolved in acetonitrile and diethyl ether slowly diffused into
the solution forming single-crystals suitable for X-ray analysis. The
measurement was carried out on a STOE-IPDS diffractometer with
graphite-monochromatised Mo, radiation. Table 3 summarises the crystal
data, data collection, and refinement parameters. All calculations were
performed with SHELX-97 package.?"! The structure was solved by direct
methods and was refined by full-matrix least-squares based on F? as an
inversion twin. The (disordered) anions and hydrogen atoms were refined
isotropically and with geometrical restraints. All hydrogen atoms were
placed in calculated positions with U(H) = 1.5 U.(C) for methyl groups and
U(H) =12 U.((C) for all others.

X-ray crystallographic data for Co complex 4b - BF,<M~>: Single crystals of
complex 4b (BF,<M~> salt) were obtained in a cocrystallisation experiment
with an Fe complex (not further characterised), which corresponded to Zn
complex 12. Compound 4 was dissolved in MeOH and an excess of NH,BF,
in MeOH was added. The precipitate was centrifuged and dried in vacuo,
resulting a brown powder. Stoichiometric amounts of 4b and the above
mentioned Fe complex were dissolved in acetonitrile and diisopropyl ether
slowly diffused into the solution to give two types of single crystals suitable
for X-ray analysis. As the crystals proved to be too small for analysis with
conventional X-ray equipment, measurements were carried out at beam-
line ID11 at the European Synchrotron Radiation Facility (ESRF). A
wavelength of 0.5040 A was selected with a double crystal Si(111)
monochromator, and data were collected using a Bruker “Smart” CCD-
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Table 3. X-ray data for complexes 4a, 4b and 12.

4a-PF, 4b-BF, 12

formula CysHyCoNy, - 2PF, - 6CH;CN CyH,CoNy, - 2.5BF, - 2.25 CH;CN C3sHpN,Zn -2 CF;S0;-2CH;CN - 0.5CH,,O

M, [g mol™!] 1125.73 898.87 1167.53

T [K] 200(1) 235(1) 173(2)

2 [A] 0.71073 0.5040 0.71073

crystal system orthorhombic triclinic monoclinic

space group Pna2, Pl P2/n

a[A] 16.015(2) 13.814(10) 14.0100(3)

b [A] 19.671(5) 17.892(7) 18.6518(5)

c[A] 15.641(2) 22.054(14) 22.4065(5)

a (] 90 81.00(2) 90

£ 1] 90 72.32(3) 92.261(1)

v [°] 90 80.50(4) 90

V [A3] 4927.4(15) 5089(5) 5850.5(2)

V4 4 4 4

Pearca [gem ™3] 1.518 1.240 1.326

« (Mog,,) [mm~1] 0.512 0.222 0.568

F(000) 2292 1930 2420

crystal size [mm] 0.15x0.15 x 0.10 0.08 x 0.05 x 0.03 0.4x04x0.3

0 range [°] 1.64-24.04 8.05-15.38 2.94-27.97

index ranges —18<h <18 —14<h<13 0<h<18
—-10<k<21 —15<k<18 —24<k<24
-16<1<17 —23<1<22 —-29<1<29

reflections collected 11832 16035 35407

R(int) 0.0861 0.0746 0.0582

independent reflections 6384 9830 13933

data/restraints/parameters 6384/718/668 9830/986/1128 13933/55/676

GoF 0.978 1.038 0.896

final R indices [/>20([)] R, =0.0725 R, =0.0826 R, =0.1123
wR,=0.1737 WR,=0.2040 wR,=0.3190

R indices (all data) R, =0.1263 R, =0.1068 R, =0.1704
wR,=0.2079 wR,=0.2190 wR,=0.3828

largest diff. peak/hole [e A3 0.387/ —0.325 0.46/ — 0.39 1.198/ — 0.890

camera system at fixed 20, while the sample was rotated over 0.1° intervals
during 2 s exposures. Data were reduced with the Bruker SAINT software.
Structure solution by direct methods and refinement on F? were carried out
with SHELX-97.4 Details of the data collection and analysis are
summarised in Table 3. The structure contains seven intercalated acetoni-
trile molecules per asymmetric unit. Hydrogen atoms were placed in
idealised positions and their isotropic temperature parameters were fixed
with respect to those of the atoms they ride upon. Further geometrical and
thermal factor constraints were introduced in order to stabilise a
reasonable structure for the anions.

X-ray crystallographic data for Zn complex 12: A suitable yellowish crystal
of [C3HyN4Zn]** -2 CF;SO; - 2CH;CN - 0.5C,H,O was obtained from
deutero acetonitrile/diisopropyl ether. Data were recorded with a Nonius
Kappa CCD diffractometer, with 258 frames, each frame covering an 1°
oscillation with an exposure time of 2 x 15 s. Table 3 summarises the crystal
data, data collection, and refinement parameters. The data were processed
with Denzo.”®! The absorption correction was made with SORTAV, ! but
not applied. Lp correction was applied. Structure solution was done by
direct methods and refinement on F2 The hydrogen atoms were calculated
to their idealised positions with isotropic temperature factors (1.2 or
1.5 times the C temperature factor) and were refined as riding atoms.
55 geometrical DFIX restraints were needed to make one of the alkyl
chains, the triflate anions, one acetonitrile and diisopropyl ether chemically
reasonable. In both triflate anions carbon, fluorine and oxygen atoms were
disordered over two orientations with the site occupation values of 0.60 and
0.40 for one and 0.70 and 0.30 for another triflate. An acetonitrile molecule
was disordered between two positions with the population parameters of
0.47 and 0.53. The diisopropyl ether molecule was treated with occupancy
of 0.5. Altogether 45 temperature factors were equalised by EADP
constraints. A final difference map displayed the highest electron density
of 1.20 ¢ A3, which is located near to disordered triflate anions.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
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graphic Data Centre as supplementary publication no. CCDC-143708 (4a),
CCDC-143709 (4b) and CCDC-143711 (12). 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@
ccde.cam.ac.uk).
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Switching of Polynuclear Metallocyclophanes

Paul N. W. Baxter,®! Richard G. Khoury,!?! Jean-Marie Lehn,*!*! Gerhard Baum,”! and

Dieter Fenske!®!

Abstract: Ligand 3 has been shown to
self-assemble under coordination of
copper(il) cations in a 1:1 ratio in
acetonitrile to give equilibrating mix-
tures of a [2 x 2] grid-type tetranuclear
structure 1 and a hexanuclear achitec-
ture of hexagonal shape 2. The latter was
confirmed by determination of the crys-
tal structure which further indicated that
2 contained acetonitrile molecules and
hydroxo groups bound to the copper (i)
centers, which are therefore five-coor-
dinate. The structures assigned to 1 and
2 were further supported by the spectral

process is strongly dependent on the
conditions of the medium. An increase
in concentration in acetronitrile increas-
es the relative amount of hexamer 2,
which appears to be the favored entity at
the highest concentrations that can be
reached before precipitation occurs. On
the other hand, in nitromethane only the
tetranuclear complex 1 was detected by

Keywords: adaptive chemistry
copper - metallacycles - N ligands
- self-assembly - structural switch-
ing - supramolecular chemistry

mass spectrometry. Replacement of ni-
tromethane by acetonitrile and vice
versa indicated the reversible switching
between a solution containing either 1
alone or an equilibrium mixture of 1 and
2, respectively. In conclusion, the system
described presents several remarkable
features: 1) self-assembly with substrate
binding, 2) dynamic combinatorial struc-
ture generation, and 3) environment-
induced structural switching amounting
in effect to a process of adaptive self-
assembly.

(mass, UV/Vis) data. The self-assembly

Introduction

Within the field of supramolecular chemistry, metal-ion-
directed self-assembly provides one of the most direct
methods of access to functionally complex molecular and
nanomolecular architectures.!!! This approach has enabled the
successful generation of a wide range of inorganic supra-
molecular structures? such as helicates,?! grids,™ ladders,
cages,[! circular helicates and rings,”! rotaxanes,®l pseudo-
rotaxane racks,®-4 and catenanes,”® in which the metal ions
are positioned with a high degree of compositional and spatial
organisation.

Supramolecular architectures incorporating arrays of metal
ions of precisely defined position and nuclearity are expected
to exhibit a wide variety of physicochemical properties such
as, for example, redox, magnetic, catalytic, photochemical,
optical, and mechanical functions.® 1% They therefore repre-
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sent especially attractive synthetic targets with respect to
future potential applications in materials science and nano-
technology.

In many metal-ion-mediated self-assembling systems, the
resulting closed superstructure is formed in a high to
quantitative yield and can be isolated and studied as a stable
entity under a variety of conditions. However, in some cases,
the reaction mixture at thermodynamic equilibrium may
consist of a distribution of slowly exchanging products, which
may also be accompanied by partially formed or dissociated
species. Systems of this type are particularly interesting in that
they may be regarded as examples of dynamic/virtual
combinatorial libraries (DCL/VCL)!'!l of interconverting
self-assembled inorganic structures. All the species present
in such a mixture may entirely convert into a single entity
upon addition of a suitably shaped and functionalized additive
functioning as a template around which the components can
self-assemble. This concept emerged from the study of the
formation of toroidal helicates,'!l in which a single tetra-,
penta-, or hexanuclear species is expressed from the under-
lying VCL of equilibrating constituents according to the type
of anion present.*"! Alternatively, expression of a single
species from the VCL may be achieved in the solid state
through crystallisation.['”

Another intriguing possibility concerns self-assembling
systems that exist as mixtures of discrete supramolecular
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entities, or as just one of a range of potential species, and
allows the reversible and selective alteration of the product
distribution by external stimuli. In particular, supramolecular
structures designed to reversibly assemble from and disas-
semble into their components through manipulation of the
external environment may possess particularly interesting
properties, such as the reversible inclusion of guest species
and the capability to adapt to changes in the medium.['3]

Towards this goal, we herein describe the metal-ion-
mediated self-assembly of a mixture of two metallocyclo-
phanes, tetrameric [2 x 2] grid 1 and hexameric hexagonal box
2, that are made up of copper (i1) ions and the rigid ditopic
ligand 3 (Scheme 1), as well as their controlled and reversible
generation/destruction through alteration of external param-
eters, that is, by variation in concentration and solvent.

Results and Discussion

Ligand synthesis: Ligand 3 was designed with a rigid 4,7-
phenanthroline bridging unit between the metal-ion-binding
sites in order to a) maximise structural preorganisation for
self-assembly and b) provide cyclic architectures with walled
internal cavities for the purpose of binding guest molecules.
The synthesis of 3 was achieved by the route described in
Scheme 2. Reaction of 4,7-phenanthroline (4) with methyl
iodide gave 4, 7-dimethyl-4,7-phenanthrolinium diiodide (5;
98 % ), which though oxidative hydrolysis with K;Fe(CN)q
and NaOH yielded the di-N-methylphenanthrolinedione 6
(68 %).'Y Treatment of 6 with POBr; gave 3, 8-dibromo-4,

Abstract in French: Le ligand 3 donne lieu a I'autoassemblage
par coordination d’ions cuivre(1l) en solution 1:1 dans 'aceto-
nitrile, a des melanges en equilibre d’ une espece tetranucleaire
de type grille [2 x 2], 1 et d’une architecture hexanucleaire 2 de
forme hexagonale. Cette derniere a ete confirmeée par determi-
nation de la structure cristalline, qui a de plus montre qu’elle
contient des molécules d’acetonitrile et des groupes hydroxo
lies aux cations cuivre(l) qui de ce fait presentent une
pentacoordination. Les structures attribuees a 1 et 2 sont en
accord avec les proprietes spectrales (masse, UV/Vis) qu’elles
presentent. Le processus d’autoassemblage depend fortement
du milieu. Une augmentation de concentration en solution dans
Pacetonitrile donne lieu a une augmentation de la proportion
d’hexamere 2, qui est apparemment [l’espece favorisée aux
concentrations les plus elevées que I'on peut atteindre avant
preécipitation. D’un autre cote, en solution dans le nitromethane
seul le complexe 1 a ete detecte par spectrometrie de masse. Le
remplacement du nitromethane par Uacetonitrile et I'opération
inverse donnent lieu a une interconversion réversible entre,
respectivement, une solution contenant uniquement 1 et un
melange equilibré de 1 et 2. En conclusion, le systeme decrit ici
presente plusieurs caracteristiques remarquables qui resident
dans: 1) lautoassemblage avec fixation de substrats; 2) la
generation de structures de fagcon dynamique et combinatoire;
3) une commutation de differentes structures induite par
lenvironnement, qui représente de fait un processus d’autoas-
semblage adaptatif.
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7-phenanthroline (7; 94 %), which by Stille cross-coupling
with two equivalents of 2-trimethylstannylpyridine (8)[**! and
[PA(PPh;),] catalyst afforded 3 in 80 % yield.

Formation and characterization of Cu" complexes of ligand 3:
When varying concentrations of a 1:1 stoichiometric mixture
of 3 and Cu(CF;S0;3), in acetonitrile were heated, all the
suspended ligand dissolved to give green solutions. The
'H NMR spectra of the reaction mixtures containing para-
magnetic Cu! complexes could not be used for structure
assignment. However, a progressive dilution study by electro-
spray mass spectrometry (ES-MS) provided direct evidence
about the composition of the species present in solution; the
results are illustrated in Figures 1 and 2, and summarised in
Table 1. In the Cu?* concentration range of 3.2 x 1072-
3.2x10~* moldm~ in acetonitrile solution, the major cations
detected were composed of species that resulted from the
sequential loss of triflate anions from a tetrameric complex 1-
(CF;S0;)g, with 1=[3,Cu,] and a hexameric species 2-
(CF3S03),, with 2=[3(Cu]. For example, the ES mass
spectral bands at m/z 1243, 779, 547, and 407 originated from
the respective ions {1-(CF;SO;)¢*, {1-(CF;SO,)sP*, {1-
(CF;S0;),}*, and {1-(CF;SO5)5)°*, and those at m/z 1939,
1243, 895, 686, and 547 from the ions {2-(CF;SOs),}*", {2-
(CF580;5)0p",  {2-(CF3805))*",  {2-(CF380;),, and {2-
(CF5S05)6}¢*. Smaller amounts of the ions {[Cu3,](CF;SO;)}*
(m/z 881) and {Cu3,}** (m/z 366) were also present over the
3.2x1072-3.2x10~* moldm~ [Cu®*] range, indicating that 1-
(CF3S0;)s and 2-(CF;3S03);, coexist in equilibrium with the
mononuclear dissociated species [Cu3,](CF;SO5),.' This
result suggests that [Cu3,](CF;SO;), may exist as the most
stable and dominant lower molecular mass entity involved in
the formation and dissociation of 1-(CF;SO;); and 2-
(CF;S03);,. This conclusion was further supported by the
fact that peaks assignable to ions arising through counterion
loss from di-, tri-, and pentanuclear intermediates are absent
on all spectra recorded.

Significantly, dilution of the solution from [Cu*']=3.2 x
10~* to 3.2 x 10> moldm™3, resulted in a dramatic change in
the distribution of observed cations. All ES-MS peaks
corresponding to ions generated by successive loss of triflate
from 1-(CF;SO;)s and 2-(CF;SOs),, completely disappeared
from the spectrum; instead it contained ions produced from
the mononuclear [Cu3,](CF;S0O;), as the major species. The
self-assembly of the complex cations 1 and 2 in acetonitrile
solution is, therefore, concentration dependent, with the onset
of formation occuring over a rather narrow [Cu?*] range of
32x107%-3.2 x 10 moldm3.

Comparison of the ES-MS relative peak intensities (Ta-
ble 1) revealed further overall trends. For example, ions
derived from the tetranuclear species 1-(CF;SO3)s which first
appear at [Cu?*]=3.2x10~*moldm~ increase in relative
intensity upon increasing the [Cu?*] to 3.2 x 10-> moldm3,
then decrease in intensity upon further increase in [Cu?*] to
3.2 x 102 moldm=. However, ions originating from the
hexanuclear 2-(CF;SO3),, steadily increase in relative inten-
sity upon increasing the [Cu?>*] from 3.2x107-3.2x
10-2 moldm. These results suggest that the self-assembled
tetramer 1 is formed in preference to the hexamer 2 at lower
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Scheme 1. Switchable self-assembly of the [2 x 2] grid 1 and the hexameric circular complex 2 from ditopic ligand 3 and Cu?* ions in acetonitrile solution (see

text).

Scheme 2. Synthetic route to the ditopic ligand 3,8-bis-(2-pyridyl)-4,7-phenanthroline 3. a) excess Mel, 120°C; b) aq. K;Fe(CN),+aq. OH~; ¢) POBr;,

180°C; d) [Pd(PPhs),], toluene, 140°C.

[Cu**], but is increasingly converted into the hexamer 2 at
higher [Cu?*]. The hexamer 2 therefore appears to be the
most stable self-assembled entity present at high [Cu?*]. The
[Cu?*] of 3.2 x 1072 mol dm~— marks the upper concentration
limit of the 1:1 Cu?*/3 system in acetonitrile, above which
precipitation of a microcrystalline green solid from the
solution occurs. This solid is unlikely to be of a polymeric
nature, as peaks assignable to cyclic and linear oligomers of
greater molecular mass than 2-(CF;SO;);, are completely
absent on all recorded spectra. Rather, it may consist of 1-
(CF3S0,)s, 2-(CF;S03),,, or a mixture of varying proportions
of both species.
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Additional support for the formulation of cations 1 and 2 as
the tetranuclear grid-type and hexanuclear-ring architectures,
respectively, was afforded by comparative UV-visible studies
with mononuclear Cu?* complexes of differing pyridine donor
set coordination geometries (Table 2)."2% Solutions of a 1:1
mixture of 3/Cu(CF;SO;), gave characteristic spectra, which
showed two absorption envelopes at 680 and 804 nm in
acetonitrile and at 700 and 789 nm in nitromethane. UV-
visible spectroscopic measurements and theoretical studies on
tetrahedrally coordinated Cu** complexes with substituted
bipyridine-type ligands have shown that they are character-
ized by low-energy absorptions in the 700-1000 nm domain.!'7)
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Figure 1. Electrospray mass spectrum of the CuX,/3 system in acetonitrile;
[Cu*]=3.2 x 102 moldm~—3, X = CF;SO;™.
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Figure 2. Electrospray mass spectrum of the CuX,/3 system in acetonitrile;
[Cu**]=3.2 x 10> moldm~3, X = CF,SO;".

The spectra of the five-coordinate [Cu(bipy)(terpy)]**,['8] as
well as the octahedral [Cu(terpy),]*[*-2" and [Cu(bipy),]> 2%
complexes (bipy: 2,2"-bipyridine; terpy: 2,2":6',2"-terpyridine)
each show spectra with absorptions below 690 nm. On the
other hand, the complex [Cu(dmb),]** (dmb: 6,6'-dimethyl-
2,2'-bipyridine), which has an enforced four coordination
by the pyridine nitrogens, gives a spectrum with a single
absorption envelope at about 730 nm.?" The spectra of the 1:1
mixtures of 3/Cu(CF;SOs;), are therefore more comparable to
that of the tetrahedral [Cu(dmb),]** complex in terms of the
energies of the absorption maxima, and suggests that the Cu>*
ions are coordinated by four rather than five or six pyridine
nitrogens, which is consistent with structures 1 and 2.
Redissolution of the green solid in hot acetonitrile and
successive dilution to the concentrations shown in Table 1

yielded solutions whose ES mass spectra displayed cation
distributions and relative intensities identical to those of the
parent solutions prior to solid formation. Conversely, recon-
centration of the 3.2 x 10~ moldm~ solution to the concen-
trations indicated in Table 1 resulted in regeneration of
identical mass spectra to those obtained upon dilution of the
parent 3.2 x 1072 moldm~ solution generated upon dissolu-
tion of the green solid.

The formation of the tetramer 1 and hexamer 2 is, therefore,
reversible in acetonitrile solution and represents an example
of environment-switchable self-assembly in which the supra-
molecular products can be generated or destroyed simply by
changing the reaction concentration from 3.2 x 10~* to 3.2 x
10~° moldm— and vice versa.

Structure of the complexes of 3 with Cu'': The ES-MS data
indicate that the two main species present in 1:1 solutions of 3
and Cu' in acetonitrile are oligomers [3,Cu", ] withn =4 and 6
for 1 and 2, respectively. Since these are discrete entities, they
may be expected to be closed cyclic structures in which all
ligand binding sites are occupied, according to the principle of
maximal site occupation,?'l and which present no “dangling
ends”.

Consequently one may attribute to these self-assembled
species the architectures of a tetranuclear [2 x 2] Cu", grid (1)
and of a hexanuclear Cu'y metallomacrocycle (2) (Scheme 1).
The latter was confirmed by crystal structure determination
(see below).

Medium effect on the self-assembly of 1 and 2: In order to
further explore the effects of environmental changes upon the
Cu?*/3 system, the reaction between the 1:1 mixture of
Cu(CF;S0;), and 3 was conducted in propionitrile, butyroni-
trile, and nitromethane. In the first two solvents, the solution
immediately assumed a brown coloration with the concom-
itant precipitation of a brown solid. An ES-MS analysis of
these mixtures failed to provide any evidence for the
formation of either 1 or 2. Instead, the spectra consisted only
of a complex series of unassignable peaks. The brown
coloration of the reaction mixtures suggests that a redox
process occured in which the Cu?* was reduced to Cu*, and
that the latter ion reacted with 3 to give insoluble coordina-
tion polymers. A mixture of Cu(CF;S0O;), and 3 at 1:1 ratio in
nitromethane yielded a green solution, as when the same
reaction was conducted in acetonitrile, from which a green
microcrystalline solid precipitated upon concentration. ES-
MS of this solution at a [Cu?*] of 3.2 x 107> mol dm~3 showed a
particularly clean spectrum comprising peaks derived only
from 1-(CF;SO;); through counterion loss (Figure 3). Remov-

Table 1. ES mass spectra data showing concentration-dependent variation in % relative intensity of the major cationic species present in 1:1 solutions of 3
and Cu(CF;S0s), in acetonitrile; the m/z ratio is indicated below each cation in parentheses; 1=[Cu,3,]**, 2 =[Cu,3¢]'*", X = CF;SO;".

Conc. Cu** [Cu3, > [1X5]* [IX,]*; [2X]** [2X,)* (X" [Cu3,X]* [2X]** [IX]*5 [2Xo PP [2X0]*
[moldm~3] (366) (407) (547) (686) (779) (881) (895) (1243) (1939)
32x107? 14 7 100 36 42 18 72 61 4
32x10° 17 29 100 21 50 7 25 24 1
32x10* 100 12 85 9 15 23 8 4 0
32x10° 100 0 0 0 0 10 0 0 0
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Table 2. Electronic absorption spectral data of Cu?* complexes with pyridine-type donor ligands showing the

variation of absorption maxima with the metal ion coordination number.

Previous investigations into

ligand-recognition fidelity with-

Coordination Complex!?! A [nm] (¢ [mol~'dm?cm~]) reference in helicate mixtures demon-
number MeNO, MeCN strated that in the presence of
6 [Cu(bipy);](CF;S0;), 675(59) 675(56) This workll  the correct stoichiometric ratio
6 [Cu(terpy),](CF;SOs), 687(63) 687(61) this workl  of metal ions, helicates form
6 [CuPT,C](BF4)Z 687(100) [1?] ) only from identical ligand
5 [Cu(bipy)(terpy)](CF;SO5), 634(93) 640(85) this work!®! . .

5 [Cu(bipy)(terpy)](ClO,), 636(91) (18] strands, which contain the same
5 [Cu;BT](CF,S0,), 626(363) [18] number of 2,2'-bipyridine com-
4 [Cu(dmb),](CF,S0;), 734 (129) 726(123) this workl! plexation subunits, and metal
j [g“ngg)ZL(FCIOA)z 2‘7‘8’;;)80“’] [1;3)] ions of tetrahedral or octahe-

u . .

. %CuPC] (]C(loj;z 6665820; {1%)) ]] dral coordination geome.try.[ﬂ]
4 [Cu(phen),](CIO,), 666(820) [17¢) ] On the other hand, a mixture
4 1-(CF;S0;); + 2-(CF;S03),, 680(313, 804(469) this work®] of a tris-bipyridine (L,) and of a
4 1-(CF;S05), 700(375), 789(417) this work!*! tris-terpyridine (L,) ligand se-

[a] bipy =2,2'-bipyridine, terpy =2:2',6":2"-terpyridine, dmb = 6,6'-dimethyl-2,2"-bipyridine, tmb = 4,4 ,6,6"-tetra-
methyl-2,2"-bipyridine, phen =2,9-bis-(p-methoxyphenyl)-1,10-phenanthroline,
nane, PTC = di(phenanthrolineterpyridine)catenane, B = tritopic tris-(bipyridine), T = tritopic tris-(terpyridine).

[b] 1:1 H,0/1,4-dioxane. [c] [Cu**]=3.2 x 1072 moldm 3.
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Figure 3. Electrospray mass spectrum of the CuX,/3 system in nitro-
methane ; [Cu?>*]=3.2 x 10> moldm~3, X = CF;SO;".

al of solvent under reduced pressure and replacement by an
equivalent volume of acetonitrile yielded a green solution
whose ES mass spectrum was identical to that of 3.2 x
10-* moldm= [Cu?*] solution in Table 1, and which showed
that the hexamer 2 had been regenerated. Replacement of the
acetonitrile by nitromethane resulted in reformation of the
initial ES mass spectrum in which 1-(CF;SO;); was the only
species present in solution. These results show that the self-
assembly of the hexamer 2 is solvent-environment dependent
and can be reversibly switched on or off depending upon
whether the surrounding medium is acetonitrile or nitro-
methane.

The influence of chloride counterions was also investigated
in order to explore the possible existence of anion templating
effects upon the self-assembly of 1 and 2, as in the case of
circular helicates"*?! However, mixing CuCl, and 3 in 1:1 ratio
in acetonitrile or nitromethane resulted only in the formation
of sparingly soluble coordination polymers. Insoluble solids
were also the only products obtainable upon addition of
varying proportions of N(nBu),Cl to solutions of Cu(CF;.
S0O;), and 3 in acetonitrile or nitromethane.
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lectively formed a mixed-ligand
[CusL,L,]%* helicate in the pres-
ence of Cu?*.'"8l The main con-
tributory factor to this hetero-
ligand recognition process is
the preference of Cu?* to be
five-coordinate with pyridine-
type nitrogen-donor ligands. It was therefore decided to
explore the possibility of using the propensity of Cu** to be
five-coordinate as a design principle for the generation of a
mixed ligand [2 x 2] grid of type [Cu,3,9,](CF;SO;)s. Accord-
ingly, a mixture 3, 9,”2 and Cu(CF;S0O,), in a 1:1:2 stoichio-
metric ratio in acetonitrile resulted in dissolution of the

PC = di(phenanthroline)cate-

ligands to give a green solution. Instead of selective formation
of the mixed-ligand entity [Cu,3,9,](CF;SO;)s, an ES-MS
analysis of the reaction solution indicated the additional
presence of a range of species resulting from counterion loss
from homoligand products.? Therefore, selective heteroli-
gand recognition appears not to be operative in this system;
this indicates that, in addition to coordination geometries, the
structural features of the ligands play an important role in
determining the outcome of the self-assembly process.

Crystal structure of the hexameric complex 2: Layering a 1:1
solution of ligand 3 and Cu,(CF;SO;), in acetonitrile at a
[Cu*] of 3 x 1072 moldm~ onto 1,4-dioxane resulted in the
development of green prismatic crystals, which were inves-
tigated by X-ray crystallography. The crystal structure (Fig-
ure 4) revealed that the selected crystal contained the cyclic
species formulated as 2. The cation 2 is shaped into a beautiful
hexameric ring composed of six Cu>* ions and six ligand 3
components. The ligand 3 units are positioned alternately
above and below the mean plane through the six Cu?* ions to
give an overall arrangement in which three are above and
three below. The Cu?* ions are situated in the form of a
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Figure 4. Crystal structure of the hexameric complex 2. Top: stick
representation. Center: space-filling representation. Bottom: representa-
tion of the packing perpendicularly to the plane of the hexagon.

hexagonal ring, with average distances of 7.8 A between the
metals along each ligand axis. Cation 2 is, however, not a
perfect hexagon, but has a C, axis perpendicular to the plane
of the copper ions. Two Cu?* ions are separated by a greater
distance (15.678 A) than the remaining two pairs of Cu?* ions
(14.784 A). This feature also gives rise to two sets of inner
angles between the mean planes of three consecutive ligands 3
(two angles of 106.1° and four angles of 120.0°). The Cu—N
bond lengths and N-Cu-N (intraligand) and N-Cu-N (inter-
ligand) angles fall within the ranges 1.995-2.182 A, 80.6—
81.9°, and 97.2-121.0°, respectively. The cyclic cation 2
possesses a large hexagonal-box-shaped cavity of 15.7—
162 A internal diameter and 9.1 A depth, in which are

Chem. Eur. J. 2000, 6, No. 22
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included six guest species, two acetonitrile solvent molecules
coordinated to two diagonally located Cu*" ions, and four
hydroxo anions (one of which is at 70 % occupancy and shared
with a triflate at 30% occupancy) coordinated to the
remaining four Cu?* ions.

All Cu?* ions therefore display a distorted five-coordinate
geometry. The overall external dimensions of the hexamer 2
are 21.6 A (diameter) and 9.1 A (height), which places it
within the nanostructural domain. In the crystal lattice the
cations pack into parallel layers, which are alternately
stratified above each other in an ABAB arrangement such
that the outer edges of the hexagons between each layer are
within van der Waals contact. The alternate alignment of the
cation layers results in the development of continual tubular
voids penetrating the crystal latice as viewed down the central
axes of the 2 cations. Triflate anions, acetonitrile, methanol,
tetrahydrofuran, and 1, 4-dioxane solvent molecules fill the
interstices between the cations so that all available void space
is filled.

Discussion

Self-assembly and dynamic combinatorial libraries: The
reaction of suitable linear ligands, which contain several
subunits, with metal ions can in principle yield a set of
interconverting complexes, representing a dynamic combina-
torial library.'!l In particular, a dynamic library of cyclic
oligomeric complexes can thus be generated, as occurs for
circular helicates!”"! (see also Figure 4 in ref. [11]). One or
several of the constituent complexes may be expressed or
amplified depending on the conditions. Thus, for example, the
anion-dependent formation of circular helicates,”*" the
process of crystallisation,!'l and the presence of a suitable
substrate?! have been shown to lead to the preferential
expression of a specific member of the equilibrating set of
complexes.

In the present case, 1:1 stoichiometric combinations of
Cu(CF;S0,), and the rigidly preorganised ditopic ligand 3
react in acetonitrile to give equilibrium mixtures that contain
the tetranuclear [2 x 2] grid 1 and the hexameric ring 2. The
self-assembled cations 1 and 2 were formulated on the basis of
ES mass spectrometric measurements, the spectra of which
were found to be free of accompanying pentameric, hepta-
meric, and higher oligomers as well as of polymeric species.
The structure of cation 2 was unambiguously characterised by
X-ray crystallography, which showed it to be that of a cyclic
hexamer composed of six 3 ligands cemented together by a
hexagonal array of six Cu’** ions. The cavity of 2 is large
enough to potentially incorporate a variety of small mole-
cules, and indeed contains two acetonitrile molecules and four
hydroxo anions each coordinated to a copper ion within the
wall of the hexagon. Since the mass spectral data (see above)
did not indicate the presence of bound hydroxo groups, these
were probably introduced in the course of the lengthy
crystallization process. When assembled in acetonitrile so-
lution, species 2 may be expected to contain in its cavity rather
weakly bound acetonitrile molecules and eventually triflate
counteranions.”’l The formation of this multicomponent
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entity represents a case of self-assembly of a receptor
molecule with simultaneous binding of several substrates,
that is, multiple guest inclusion.

It is the presence of adequate guests and the dynamic
accessibility of the complementary receptor molecule that
leads to the expression of the unique entity
[(3)¢(Cu)y(CH;CN)¢]'**. One may note that the cation 2
itself is indeed a constituent of a virtual combinatorial library,
since it is only potentially available in the system and is
brought into existence by the guest species in a multisubstrate
molding event.[!20]

The ES-MS data also showed cations 1 and 2 to coexist with
varying quantities of the mononuclear species (Cu3,)-
(CF;S03),, which presumably acts as a dominant intermediate
along the formation/dissociation and interconversion path-
ways of the two cyclic architectures (Scheme 1).

Adaptive self-assembly and switchable superstructures: Of
special interest is the fact that the interconversion of 1 and 2
can be reversibly switched by changes in the external
environment, that is, by variation of the solvent medium and
of the solution concentration. The ES-MS analysis of the
relationship between the concentration of the reaction
mixture and the product distribution (Table 1) revealed that
dilution to 3.2 x 10> moldm~3 in acetonitrile causes destruc-
tion of the cations 1 and 2. However, concentration of the
reaction mixture results in regeneration of 1 and 2 with a
preference for the formation of hexamer 2 at the high-
concentration limit. This process is reversible and can be
repeated many times without any apparent change in the
overall speciation composition.

More interestingly, the formation of 1 and 2 can be
controlled by the nature of the solvent. Thus, while in
nitromethane only 1 is present, hexamer 2 is generated
preferentially to 1 when acetonitrile is used. The interconver-
sion is completely reversible on changing solvent.

The solvent-dependent existence of 2 may originate from
the inclusion of acetonitrile molecules within the cavity of the
hexagon, as observed in the crystal structure of the cation. An
expansion of the Cu>* coordination polyhedron from four to
five upon further binding to an acetonitrile molecule would be
expected to result in an angle increase of >90° between the
two 3 ligands bound to each metal ion. A species of the type
[Cu3,MeCN]** would therefore be unable to close into a
rectangular entity upon reaction with additional Cu** and
acetonitrile, but may instead assemble into a hexameric
structure as the assembly with the least internal strain. On the
other hand, the square grid 1 is the only cyclic species formed
in solution in the absence of suitable coordinating entities
(other than 3), as is the case in nitromethane. One may
speculate whether larger rings or other architectures could be
generated in presence of ligand species of other sizes and
shapes. Butyronitrile did not lead to any identifiable product,
but other units might be more adapted.

In addition to its interest as a structural switching process,
the interconversion of 1 and 2 as a function of medium nature
and/or composition has special significance in view the
character of adaptation of the system to the environment
that it presents.
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Conclusion

The 1:1 stoichiometric reaction between Cu(CF;SO;), and 3
in acetonitrile solution affords the tetranuclear grid 1 and the
hexameric inorganic cyclophane 2. The self-assembly of 1 and
2 can be reversibly switched on and off by imposing external
environmental changes upon the system, that is, by changing
the nature of the surrounding solvent medium or by varying
the concentration of the reagents. This system therefore
represents an intriguing example of environmentally switch-
able metal-ion-mediated self-assembly. Reversible chemical
reactions which yield product distributions that can be
addressed and manipulated by controlled environmental
changes form a particularly interesting category of supra-
molecular processes. Systems of this type may provide means
for the externally controllable uptake, transport, and release
of included guest substrates, features of much potential
interest, for example, in medicine and materials science. The
development of environmentally addressable self-assembling
supramolecular architectures such as 1 and 2 may be
considered to represent a step towards adaptive materials,*")
that is, dynamic combinatorial materials responding to
environmental pressure. Further investigations into the phys-
icochemical properties of the above and related systems are
currently underway in order to gain a deeper understanding of
the principles required for the designed generation and
control of switchable self-assembly.

The present process thus displays three remarkable features
of general interest: 1) self-assembly with substrate binding, 2)
dynamic combinatorial diversity with multisubstrate receptor
molding, and 3) environment-sensitive behavior resulting in a
process of adaptive self-assembly. Such systems being in-
structed, dynamic and combinatorial contribute to the explo-
ration of the emerging field of adaptive chemistry.?’)

Experimental Section

General: ES-MS studies were performed on a VG BioQ triple quadrupole
mass spectrometer upgraded in order to obtain Quattro II performance
(Micromass, Altrincham, UK). Samples were dissolved in acetonitrile or
nitromethane and were continuously infused into the ion source at a flow
rate of 6 mLmin~!, through a Harvard Model 551111 syringe pump
(Harvard Apparatus, South Natick, MA, USA). The extraction cone
voltage (Vc) was at 10-20 V to avoid fragmentations. Elemental analyses
were performed by the Service de Microanalyse, Institut de Chimie,
Université Louis Pasteur.

4,7-N,N-Dimethyl-4,7-phenanthroline-3,8-dione (6): Compound 5 (5.00g,
1.077 x 10" mol) was dissolved in hot distilled water (350 ml), and the
solution allowed to cool to ambient temperature. Two drops of an aqueous
solution of NaOH (3.142 g, 7.86 x 102 mol) in distilled water (80 ml)
followed by one drop of a solution of K;Fe(CN), (16.76 g, 5.09 x 10-2 mol)
in distilled water (167 ml) were added alternately to the stirred solution
over 1.5 h. The mixture was thereby continually maintained just at an
alkaline pH throughout the reaction. A suspended orange-brown solid
formed towards the end of the addition. Aqueous NaOH (50 ml of a 20 %
solution) was then added to precipitate more solid, and the mixture stirred
for a further 1.5 h. The solids were isolated by filtration under vacuum,
washed with water, and recrystallised from boiling water (40 ml). The
product was then further purified by two successive recrystallisations from
acetonitrile to give 6 (1.75 g; 68 %) as granular yellow crystals. 'H NMR
(CDCl;, 400 MHz, 25°C): 6 =8.23 (9, 3/, 5100 =9.9 Hz, 2H; H1,10), 7.64 (s,
2H; H5,6), 6.90 (d, *,19,0=99Hz, 2H; H2)9), 3.79 (s, 6H; H-Me);
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3C NMR (CDCl;, 100.6 MHz, 25°C):  =161.5, 135.9, 132.5, 123.6, 117.5,
116.4,29.9 (Me); EIMS: m/z (% ): 240.2 (100); elemental analysis calcd (%)
for C,H,N,0, (240.2): C 69.99, H 5.03, N 11.66; found C 69.85, H 5.04, N
11.64.

3,8-Dibromo-4,7-phenanthroline (7): POBr; (40 g, 0.14 mol), PBr; (749 g,
2.77 x 1072 mol), and 6 (1.75 g, 5.18 mol) were weighed into a 100 ml round-
bottomed flask fitted with an air condenser and CaCl, drying tube. The
mixture was then heated in a bath at 180°C and the viscid dark liquid was
magnetically stirred at this temperature for 36 h. After cooling to about
60°C, the black residue was added to excess ice/water and was vigorously
stirred until hydrolysis of the remaining phosphorus halides was complete.
Further ice was added, the mixture adjusted to pH 14 by dropwise addition
of 20% aqueous NaOH, and stirring continued for 3 h. The precipitated
gray solid was isolated by filtration under vacuum, washed with distilled
water, air dried, and sublimed under vacuum (210°C, 2 x 10-* mm Hg) to
yield 7 (2.316 g; 94%) as a cream powder. 'H NMR (CDCLCDCl,,
400 MHz, 100°C): 0 =8.67 (d, */,,.09=8.6 Hz, 2H; H1,10), 8.25 (s, 2H;
H5,6), 7.80 (d, 3J,1910=8.7Hz, 2H; H2,9); ¥C NMR (CDCLCDCl,,
100.6 MHz, 100°C): 6 =148.2, 142.8, 132.7, 132.2, 126.7, 123.6; EIMS: m/z
(%): 3379 (100), 2570 (39) [M —Br|*, 1770 (79) [M —2Br]|*; FAB*
HRMS: calcd m/z for [C,H¢N,Br,]*; found: 336.89766 (336.89760).
3,8-Bis-(2-pyridyl)-4,7-phenanthroline (3): Toluene (15 ml) was added by
syringe to a mixture of 7 (0.212 g, 6.27 x 10~ mol), 8 (0.538 g, 2.22 x
103 mol), and [Pd(PPh;),] (0.059 g, 5.11 x 10> mol) under a nitrogen
atmosphere, and the mixture refluxed and stirred at 140°C for 48 h. All
solvent was then removed under reduced pressure, and the residue column
chromatographed on basic alumina (activity IV), with CHCI, as the eluant.
The product thus obtained was briefly ultrasonicated in MeOH (15 ml),
filtered under vacuum, washed with MeOH and air dried to yield 3 (0.187 g;
89 %) as a white fibrous microcrystalline solid. 'H NMR (CDCl;, 500 MHz,
25°C): 6 =9.05 (d, 3/519,0=8.7 Hz, 2H; H2,9 (phenanthroline)), 8.76 (m,
4H; H1,10 (phenanthroline), H6 (pyridine)), 8.71 (dm, 3/;,=79 Hz, 2H;
H3 (pyridine)), 8.33 (s, 2H; H5,6 (phenanthroline)), 7.91 (td, 3J,345=
75Hz, *J,s=18 Hz, 2H; H4 (pyridine)), 7.38 (qd, */s,=7.5Hz, 3J55=
4.8 Hz, *Js5=1.2 Hz, 2H; H5 (pyridine)); *C NMR (CDCl;, 125.8 MHz,
25°C): 0=154.6, 1542, 1475, 145.8, 135.2, 130.7, 129.9, 122.9, 122.4, 120.0,
117.6; FAB + MS: m/z (%): 335.3 (100) [M+1]*; elemental analysis calcd
(%) for C,H 4N, (334.3) C79.02, H 4.22, N 16.76; found C 78.98, H 4.47, N
16.99.

Generation of the complexes 1-(CF;SO;); and 2-(CF;S03),,: Acetonitrile
(5ml) was added to a mixture of 3 (0.0132¢g, 3.95x 10~ mol) and
Cu(CF;S0;), (0.0144 g, 3.98 x 107> mol), and the reaction mixture was
briefly ultrasonicated and then gently heated to give a grass-green solution.
Aliquots of the reaction solution were then concentrated or diluted to the
appropriate [Cu?*] (Table 1). In order to obtain the solid reaction product,
the above procedure was repeated and the solution reduced in volume to
2 ml under reduced pressure; 1,4-dioxane was then added dropwise until
precipitation was complete. The product was then washed twice with 1,4-
dioxane, isolating by centrifugation each time, air dried, and further dried
under dynamic vacuum to yield 0.026 g of a microcrystalline green solid
which may be composed of 1-(CF;SO;)g, 2-(CF;SO3),,, or a mixture of both
complexes. Elemental analysis caled (%) for [Cu3](CF;SO;),-0.751,4-
dioxane (762.15): C 42.55, H 2.65, N 7.35; found C 42.59, H 2.62, N 7.54.

X-ray crystal structure determination of 2: Green prismatic crystals of 2,
suitable for a single-crystal X-ray diffraction study, were obtained by slow
diffusion of a saturated acetonitrile solution of the 1:1 reaction product
between 3 and Cu(CF;SOs), into 1,4-dioxane at room temperature. Crystal
data: C3,HgCugN,, - 6.6 (CF;SO;) with the following located counterions
6(CH;CN)-3.4(OH") - (C,HO) - 1.5(CH;0H) - (C,HgO,), M =3883.84,
a=15.470(3), b=21.610(4), c=22.190(4) A, a=68.07(3)°, f=72.29(3)°,
y=69.98(3)°, V=6332(2) A3, T=173 K, space group=PI, Z=2, pyea=
2.030g cm—3, u (Mog,) =1.23 mm~!, F(000) =3941. Data were collected on
a STOE-IPDS diffractometer, 3.82 <26 < 51.92°, Moy, radiation (graphite
monochromator). 22898 independent reflections were measured and of
these, 14611 were unique (R;,=0.052) with />20¢(I). The data were
corrected for Lorentz and polarisation factors; no absorption correction
was applied. The structure was solved by direct methods. The hydrogen
atoms were placed in calculated positions, the isotropic temperature factor
was coupled with the U, from the parent carbon atom. The refinement was
by full-matrix least-squares based on F? to give R=0.0836, wR =0.2478
with F>60(F,) and R=0.1216, wR=0.2773 with all data for 1365
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parameters. The maximum and minimum residual electron densities in
the final DF map were 1.366 and —1.155 ¢ A-3. 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-141245. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+444)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk).
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Stamping of Monomeric SAMs as a Route to Structured Crystallization
Templates: Patterned Titania Films

Marcus Bartz,?! Andreas Terfort,! Wolfgang Knoll,'! and Wolfgang Tremel*!*]

Abstract: Gold-coated glass slides have
be patterned by using self-assembled
monolayers (SAM) of alkane thiols.
Through the use of a special thiol
terminated with a styrene monomer,
microstructures of 5 to 10 um width
and 70 A height have been formed on
the surface by graft polymerization of

have then been used to template the
precipitation of thin titania films from
ethanolic solutions of titanium isoprop-
oxide to create microstructured archi-

Keywords: films - scanning probe
microscopy - self-assembly - surface
analysis - titania

tectures in the film. Plasmon resonance
spectra have established the presence of
different steps in the process and have
been used to follow the kinetics of the
precipitation of titania on the surface.
The structured TiO, films have been
characterized by scanning electron mi-
Croscopy.

styrene. These patterned gold slides

Introduction

There is currently an intensive effort to develop materials
with a wide range of properties that open up new opportu-
nities in fields such as catalysis, separation technology,?
electronicsP! or optics.! Many of these materials are made
by using self-organizing systems, such as surfactant liquids and
biological systems as templates for the deposition of inorganic
materials in the form of thin films. Titanium dioxide has been
of special interest because of its relatively high refractive
index (n=2,88 at A=620nm). Another challenge is to
produce patterned materials, for example as photonic materi-
als. Several methods have been employed towards this end.
Surfactants have been used to pattern micropores in titania,
microlithography!® and colloidal suspensions!” that sponta-
neously form colloidal crystals were employed for the
template growth of porous material. In this contribution, we
suggest the possibility to structure titania thin films by
micropatterning, a powerful method which has been used
most widely for preparing organic films (self-assembled
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monolayers, SAMs) with specific surface properties. Micro-
structures can be obtained by soft lithographic patterning,
usually involving combinations of chemical etching, stamping,
and photolithography.®!l In previous studies we employed
SAMs of various thiols for a number of applications such as
direct crystallization or polymerization catalysis.’l The use of
thiol monolayer surfaces on gold has been extended by us to
the use of thiol coated gold colloids. This has opened new
dimensions in the chemistry of protected surfaces as colloids
show a similar behavior as molecules, that is they can be
precipitated or redissolved. On the other hand, they still
display many properties of extended surfaces. Water soluble
colloids have been prepared through the use of thiols that
serve as an in situ agent for protection and capping.!'” The
crystallization of biominerals such as calcium carbonate!!]
and iron hydroxides!'” on gold surfaces modified with differ-
ent thiols has been extended to the use of protected colloids as
crystallization nuclei.l'¥! Sticky colloids that can be used in the
construction of complex composites have been prepared by
means of protecting groups.' Whitesides and co-workers
used micropatterning techniques to crystallize calcium carbo-
nate in structured regions on self-assembled monolayers. The
crystallization can be made very sensitive to the structure and
the patterned surface induces the nucleation itself.'’] Knoll
and co-workers have established the chemical deposition of
thin lead sulfide films. The self-assembled monolayers control
the deposition rate of PbS, the size, and the orientation of the
PbS thin film.[!

In the present work, we introduce a new styrene monomer 1
which combines a monomeric moiety that can be polymer-
ized, with a functionality that permits cleavage of the polymer
from the surface through breaking an ether bond. Our thiol
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has been inspired by reports by Ulman and co-workers on the
possibility of anionic polymerization of styrene-derived thiols
on gold surfaces.l'”] The resulting layers are invested with high
stability and high grafting density, and are preferred in nano-
applications which require structurally rigid and compact
behavior of the monolayer. Polymers such as polystyrene and
polyethyloxazoline can be photochemically attached to surfa-
ces over fixed benzophenone derivatives.'¥l Zhao and Brittain
have established the synthesis of block-polymers on surfaces
by carbocationic and atom transfer radical polymerization.!'’)
Well defined polymer—nanoparticles can be obtained by
living radical polymerization on SiO, nanoparticles.

o~
~

HS

Self-assembled monolayers can be made on gold(111)
surfaces by exposing glass slides evaporated with a fresh gold
film to alkane thiol solutions. Thiol monolayers are fixed
chemically to gold surfaces with a strong gold —thiol bond.*!
The monomer 1 was modified to carry a free mercapto group
for linking it to gold surfaces. Because the gold-thiol linkage is
not easily cleavable, a breakage was introduced through an
ether bond. This special structural feature opens various
possibilities for modifying surfaces in general. Thiols with
more than one functionality in one molecule promise many
ways to new nano-material technologies.

By using the stamping technique?? the mercapto —styrene
monomer could be patterned on the gold surface. This very
hydrophobic monomer is not soluble in solvents such as
alcohols and water. By using hydrophilic stamps, we patterned
gold surfaces with a nonfunctionalized alkane thiol, which is
soluble in ethanol and spreadable on the stamp surface. Then
the functionalized mercapto styrene monomer was sponta-
neously assembled from toluene solution.??! After anionic
polymerization with unfunctionalized styrene, structures of
polystyrene appear on the surface which correspond to the
original stamp structure. These structures can not be removed
from the surface both by simple washing or even by harsher
methods such as soxhlet extraction with boiling toluene.

The assembly of the thiol monomer (on normal gold
surfaces) can be followed by plasmon resonance spectroscopy,
as can the polymerization, and the cleavage of the polymer
from the surface through breaking the ether linkage. Kinetic
experiments monitoring the precipitation of titania were also
made using plasmon resonance spectroscopy, by following the
thickness of titania as a function of time. But this technique
demonstrated in this work can be used in tailoring crystal
structures by using selected monomeric SAMs.

Results and Discussion

Figure 1 shows the schematic procedure to produce structured
thin titania films. Starting with monomer/alkane thiol struc-
tured gold slides, the polymerization leads to a pre-structured
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Figure 1. Schematic illustration of the formation of thin, structured titania
films. The gold surface is patterned with an alkane thiol and then with the
monomer 1. After polymerization, blobs of polystyrene are obtained in the
area of the patterned monomer. The other areas are not affected by the
manipulation. Titania is then precipitated all over the surface. After the
cleavage of the polymer, the titania over the polymer blobs is removed.

surface. Titania can be precipitated by diffusing water into an
ethanolic titanium isopropoxide solution. The inorganic
material covers the entire surface. The film formed in this
fashion is physically stable and strong enough to withstand the
following chemical modifications on the surface.

Cleavage of polystyrene on gold surfaces: The plasmon
resonance spectrum was collected against ethanol on bare
gold slides, after coating with the thiol monolayer 1, after
polymerization of the assembled monomer 1, and after
cleavage of the polymer from the surface. Figure 2 displays
the corresponding SP spectra of the experiments b) and a
closer view of the corresponding minima a). The shifts of the
plasmon curves corresponding to angular changes of 0.6°
(monomer-bare gold), 0.9° (polymer—bare gold) and 0.43°
(removed polymer-bare gold) and could be fitted using the
Fresnel formula. Assuming that the refraction indices of thiol
1 and of the polystyrene layer are not different from that of
bulk styrene (n=1.5470) and bulk polystyrene (n=1.5760),
the thicknesses of both SAMs on gold were determined to
16 A in case of the monomer and 70 A in case of the polymer.
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Figure 2. Surface plasmon resonance spectra of the bare gold-coated
surface (——) after self-assembly of the monomer (---), after polymer-
ization (--+) and after cleavage of the polymer (e—s—). a) Detailed view of
the corresponding minima of the complete spectrum b).

After removing the polymer layer from the surface a thickness
of the resulting SAM of 9 A was determined, while assuming
that their refraction index is not significantly different from
those of a hydroxyalkane thiol SAM (n=1.5360) on the
surface. Modelling the structures of the monomer and a
hydroxyethane thiol using molecular mechanics at the MM2
level (as implemented in Chem 3D, version 3.5) of the thiol 1
suggests that the chain expansions of as much as 14.3 A are
reasonable from an energetics point of view. In case of the
hydroxyethane thiol a chain expansion of 5.6 A is expected.
We assume that the polymer is not quantitatively removed
from the surface. Considering additional gold —sulphur bond-
ing for the adsorbed thiols, we conclude that nearly complete
monolayer coverage of the gold surface has been achieved.

Precipitation of titania on surfaces: The kinetics of the
precipitation of titania on the self-assembled monolayer
surfaces could be followed by using plasmon spectroscopy.
Figure 3 displays the deposition through hydrolysis of titania
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Figure 3. Plasmon resonance kinetic experiment of precipitation of titania
from ethanolic solution on polymer surface. The final shift in the plasmon
minimum corresponds to a film thickness of 14 A after 140 min.

on the polymer surface from ethanolic solution of titanium
isopropoxide. Here the changes in the plasmon reflectivity
have been pursued using a minimum search routine monitor-
ing the experiment as a function of time. The initial time for
this experiment was taken as the time of exposure of the
monolayer surface to the titanium isopropoxide solution
(10 mmol) to a moist atmosphere. It can be seen that the near-
saturation in the reflectivity takes as long as 120 min. Plasmon
spectroscopy experiments showed shifts of the plasmon curves
after 200 min reaction time, which corresponds to a film
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thickness of 14 A assuming a refractive index which is not
much different to that of titania (n =2.8300).

The experiment shows that the reaction time has a
influence on the film thickness only in the beginning. After
saturation standardized films of titania can be obtained which
can be deduced from insignificant changes of the film
thickness after 2 h.

Scanning electron microscopy: Titania can be precipitated
from a 10 mmol solution of titanium isopropoxide in ethanol
under conditions described in the Experimental Section.
Figure 4 displays a scanning electron micrograph of spheres of

Figure 4. Scanning electron micrographs of the precipitation of titania
from ethanolic solution in absence of a self-assembled monolayer surface.

titania thus obtained. The size of these filled particles ranges
from 1 to 2.5 um. They aggregate on the bottom of the
reaction vessel as a porous material.

Gold surfaces were patterned with hexadecane thiol and
were then placed in a 10 mmol toluene solution of the
prepared monomer 1. These patterned areas can be poly-
merized in toluene with butyl lithium and additional styrene
monomer. The SE micrograph in Figure 5 displays the

Figure 5. Scanning electron micrograph of a patterned gold surface after
polymerization. The light dots correspond to the polymer, the dark area to
the stamped alkane thiol structure.

resulting surface after the polymerization. The obtained
regular polymer dots have a size of 10 um which corresponds
to the size of the stamp pattern. The surfaces thus prepared
can be used to precipitate titania under the same conditions as
discussed above. Figure 6 displays a SE micrograph of titania
obtained on the templated surface. At this stage, titania
aggregates on the surface in the form of a continuous thin
film, and the surface is fully covered. After 24 h the gold slides
were washed with fresh ethanol and transferred into a
reaction vessel which contained a solution of trimethyl silyl
chloride in dichloromethane to split the polymer layer with
titania above from the gold slide surface.
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Figure 6. Scanning electron micrograph of a patterned and polymerized
gold surface after precipitation of titania from ethanolic solution of
titanium isopropoxide.

A surface which results normally after the cleavage
procedure is displayed in Figure 7. The dark hollows corre-
spond to the patterned polymer surface. The patterned

\l

Figure 7. Scanning electron micrograph after cleavage of the ether bond in
the previous surface. Regular hollows are obtained in the thin titania film.

structure is seen to be quite sharp with the edge resolution
being better than 1 4. From the SE micrographs, we venture to
say that the patterns in the titania films are nearly as well
defined as the patterns in the original stamp. EDX measure-
ments, which can be made simultaneously during the scanning
electron microscopy experiment, verify the absence of titania
in the hollows and presence in the area around (Figure 8). As
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Figure 8. Energy dispersive X-ray measurement from the area inside the
hollows (dots) and from the outside area (solid). Titanium K, and K; peaks
cannot be found inside the hollows after removing of the polymer/titania
surface (see Figure 7).

the electrostatic charging of the insulating titania leads to dark
spots in the SEM image the area around the hollows can be
assigned to the titania covered surface. Using simple SAM
surfaces (without forming polymers on them) surface titania
could not be removed through cleavage of the ether bond
breaking.
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Conclusion

In this paper we have presented a new way to pattern thin
films of inorganic oxides using templates of self-assembled
polymeric monolayers. Their architectures are obtained
through combination of organic synthesis and stamping
techniques. Organic thiols posses a high stability on such gold
surfaces and lend themselves well for further manipulations to
yield surfaces with new characteristics. We show that it is
possible to polymerize prestructured areas filled with mono-
meric thiol molecules. These patterned surfaces can be used as
templates for crystallization, and in this work, we present
titania as an example. Experiments are currently under way to
use these surfaces to crystallize other compounds utilizing the
different behavior of the functionalized thiols and polymers.
This work also shows that it is possible to perform a wide
range of modifications of surface-bound organic compounds
after crystallization has taken place. The thin inorganic films
have the specific structure of the stamp. It is obvious that
these patterned films have a number of potential applications,
the only limitation being the number of structures that can be
made with stamping techniques.

Experimental Section

All experiments were carried out an inert gas atmosphere. Solvents were
purchased from Riedel de Haén Chemicals and used without further
purification. Toluene was dried over sodium before use in polymerization.
Styrene (Aldrich Chemicals) was freshly distilled to remove the stabiliza-
tion agent.

Instrumental techniques: SPS measurements were performed in the
Kretschmann configuration! against ethanol. Optical coupling was
achieved with a LASFN 9 prism (n=1.85 at 1=632.8 nm) and index
matching fluid (n =1.70) between prism and the BK270 glass slides. The
plasmon was excited with p-polarized radiation using a He/Ne laser
(632.8 nm, 5 mW). The glass slides (3.5 x 2.5 cm) were cleaned with aq.
NH;3/H,O,/water 1:1:5 10 min at 80 °C and coated with gold using a Balzers
BAE250 vacuum coating unit under pressure of less than 5 x 107° hPa,
typically depositing 48 nm of gold after first depositing 3 nm of Cr. The
slides were exposed to the organic thiol solution (10 mmol) for 24 h.

Scanning electron microscopy was performed with a ZEISS digital
scanning microscope 962 combined with a Kevex EDAX at acceleration
potentials of 5—15 kV. The glass substrates were cut in small pieces and
fixed with conducting glue on alumina sample holders and used without
further coating.

Preparation of the thiol 1: The monomer 1 was achieved by using modified
procedures of Braun and Keppler,®! Sieber and Ulbricht.?! The thiol
group was obtained using the Bunte salt method.?”?)
(2-Hydroxy-ethyl)-phenylethyl-ether (a): A mixture of sodium (8 g) and
phenyl ethanol (100 g) were heated up to 70 °C. After the sodium was fully
dissolved the reaction mixture became solid. Then bromo-ethanol (2.5 g)
was slowly added and stirred at 100°C. After 1 h the mixture was heated up
to 130°C and was stirred for further 2.5 h. After the reaction mixture was
cooled to room temperature the precipitated salt was filtered off and the
oily filtrate was distilled under reduced pressure (3 x 102 mbar). After
repeated distillations the product was obtained (50%). B.p. 110-120°C
(3x107%bar); 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6=2.82 (t,
3J(H,H) = 6.7 Hz, 2H; ArCH,), 3.47(t, 3J(H,H) = 6.7 Hz, 2H; OCH,), 3.78
(t, 3J(H,H) =6.7 Hz, 4H; CH,0-, CH,0OH), 7.19(m, 5H; ArH); MS (EI-
MS): m/z (%): 166.1 (10) [M]*.

(2-Bromo-ethyl)-phenylethyl-ether (b): The above product a (8 g) was
added to a solution of HBr (40 mL) and glacial acetic acid (40 mL). The
mixture was stirred under reflux for 12 h. After cooling to RT the mixture
was neutralized with saturated Na,COj; solution. The organic product was
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extracted from the aqueous solution with CHCl;. The organic layer was
dried with sodium sulfate and the solvent was evaporated. The resulting
product was used without further purification (77 %). 'H NMR (400 MHz,
CDCl,;, 25°C, TMS): 6 =2.82 (t, *J(H,H) =7.6 Hz, 2H; ArCH,), 3.53 (t,
3J(H,H) =7.6 Hz, 2H; BrCH,), 3.70 (m, *J(H,H) = 7.6 Hz, 4H; CH,0CH,),
717 (m, 5H; ArH); IR (KBr): #=3087-3007 (ArH), 2960 (CH,, CH,),
1120 em~! (C-O-C).

(2-Bromo-ethyl)-acetophenethyl-ether (c): AICl; (2.2 g) was suspended in
CS, (8 mL) and acetyl chloride (1 mL) was added. A solution of compound
b (4 g) and acetyl chloride (4 mL) was dropped slowly to the mixture in
such a way that the reaction temperature was kept at 0°C. After stirring for
3 h at 0°C the mixture was poured into a solution of ice and 37 % HCl 4:1.
The organic layer was separated, and the aqueous layer was washed with
CHCI; twice. The organic phases were combined and dried with sodium
sulfate, the solvent was evaporated and the residue was chromatographed
from silica gel with eluent petrol ether/ethyl acetate (5:1) to yield ¢ (44 % ).
'H NMR (400 MHz, CDCl;, 25°C, TMS): 6=2.55 (s, 3H; CHj), 3.1 (t,
3J(H,H) =6.7 Hz,2H; ArCH,), 3.57 (t,3J(H,H) = 6.7 Hz, 2H; CH,Br), 3.87
(m, 3/(H,H)=6.7Hz, 4H; CH,0CH,), 722 (d, 3J(HH)=7.6Hz, 2H;
ArH), 7,89 (d, 3J(H,H) =7.6 Hz, 2H; ArH ); MS (EI-MS): m/z (%): 272.0
(50) [M —H]".

Pp-(2-Bromo-ethyl)-styrylethyl-ether (d): A solution of ¢ (2.5 g) in isopropyl
alcohol (15 mL) was added to a mixture of aluminium isopropoxide (2.1 g)
in isopropyl alcohol (15 mL). The mixture was distilled over a vigreux-
column (20cm length) at a bath temperature of 130-140°C. The
distillation was continued until acetone was absent from the distillate
(control reaction with 2,4-dinitrophenyl hydrazine). Then the isopropyl
alcohol was distilled off and the residual was poured into 6N H,SO,
(100 mL). The aqueous layer was extracted with diethyl ether three times
and the combined organic layers were washed with 1N NaOH (50 mL), and
subsequently three times with water (100 mL). Then KHSO, (3 g) was
added to the ether solution, and the mixture was kept at room temperature.
After 10 h the ether was evaporated and the residue was distilled at
200 mbar. The water was removed from the reaction mixture on a 130°C
bath. After the distillation of water ceased the bath temperature was
increased to 170°C and a colorless oil obtained at 99-105°C in oilpump
vacuum (3 x 1072 bar) (42%). '"H NMR (400 MHz, CDCl;, 25°C, TMS):
0=3.10 (t, ’J(HH) =6.7 Hz, 2H; ArCH,), 3.50 (t, *J(H,H) =6.7 Hz, 2H;
CH,Br), 3.55 (m, 3/(HH)=6.7Hz, 4H; CH,0CH,), 5.19/5.73 (dd,
3J(H,H) =74 Hz, 2H; CHCH,), 6.66 (m, *J(H,H) =7.4 Hz, 1 H; CHCH,),
722 (m, 4H; ArH); MS (EI-MS): m/z (%): 256.2 (30) [M — H]*.

P-(2-Mercapto-ethyl)-styrylethyl-ether (1): Compound d (0.5 g) was dis-
solved in ethanol (10 mL) and heated under reflux. A solution Na,S,0;
(0.8 g) in water (10 mL) was added dropwise. The mixture was stirred under
reflux for 4 h. The solvent was evaporated and 1N HCI (50 mL) was added
to the residue. The mixture was heated under reflux for 2 h. The aqueous
layer was extracted with CH,CI, three times, the organic phases were
combined, dried with Na,SO, and the solvent was evaporated. The product
obtained as a yellowish oil (72%). 'H NMR (400 MHz, CDCl;, 25°C,
TMS): 6=2.72 (m, *(HH)=6.7Hz, 4H; ArCH,, CH,SH), 3.88 (m,
*J(H,H)=6.7 Hz, 4H; CH,0CH,), 5.19/5.73 (dd, */(H,H) =74 Hz, 2H;
CHCH,), 6.66 (m, *J(H,H) =7.4 Hz, 1 H; ArCH), 722 -7.89 (m, 4H; ArH);
MS (EI-MS): m/z (%):209 (30) [M —H]*.

Polymerization of structured templates: Gold slides were prepared
immediately before use as described in the Experimental Section and
hexadecane thiol was stamped in a patterned manner on the gold surface
according to published methods.'"”) The gold slides were then placed into a
solution of 1 (10 mmol) in CHCI; for 10 h. The slides were washed with
CHCl;, dried in a N, stream and transferred into dry toluene. Two glass
slides were placed in a reaction vessel and n-butyl lithium (0.5 mL) and
styrene (0.2 mL) were added. The reaction mixture was stirred for 30 min at
room temperature. Then styrene (1.5 mL) was added to give a dark-orange
solution and the mixture was stirred for 1h. The polymerization was
stopped by adding methanol (3 mL). The templates were cleaned with
CHCI; and methanol, and dried in a N, stream. Surface IR measurements
correspond to polystyrene films as published by Ulman and co-workers.['"]

Crystallization of titania: The templates were placed face down into a
reaction flask.’ The flask was filled with ethanol (100 mL), and titanium
isopropoxide (3 mL) was added. The flask was transferred into a desiccator
and stored at room temperature. The precipitation was initiated by placing
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a Petri dish with water at the bottom of the desiccator. The diffusion
experiment was stopped after 10 h, the samples were removed, washed with
ethanol and dried in air.

Cleavage of the ether bond: A solution of dry CHCl; (100 mL) and
trimethylsilyl chloride (100 pL) was placed in a reaction vessel fitted with a
gas inlet and outlet. N, was passed through the mixture for 15 min. Then the
titania coated templates were placed and the mixture was stirred for 1 h
under N, atmosphere. After this time the samples were removed, cleaned
with toluene and dried on air.
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Fluorogenic Polypropionate Fragments for Detecting Stereoselective Aldolases

Raquel Pérez Carlon,'* ! Nathalie Jourdain,'® "' and Jean-Louis Reymond*!?!

Abstract: A series of fluorogenic poly-
propionate fragments has been pre-
pared. These undergo retroaldolization
to an intermediate aldehyde that liber-
ates the fluorescent product umbellifer-
one by a secondary f-elimination reac-
tion, leading to a >?20-fold increase in
fluorescence (Ao, =460+20 nm, A, =
360 £+ 20 nm). By applying the principle
of microscopic reversibility to the rever-

substrates to detect stereoselective aldo-
lases. Test substrates are available to
probe the classical cases of syn- and anti-
selective aldolization (11a-d), Cram/
anti-Cram-selective aldolization (10a-—

Keywords: aldolases - aldol reac-
tions - enzyme catalysis - fluores-
cence - high-throughput screening -
polypropionates

d), and double stereoselective aldoliza-
tion (3a—h). The selectivity of aldolase
antibody 38C2 for these substrates is
demonstrated as an example. The assay
is suitable for high-throughput screening
for catalysis in microtiter plates, and
therefore provides a convenient tool for
the isolation of new stereoselective al-
dolases from catalyst libraries.

sible aldol reaction, we can use these

Introduction

The aldol reaction is one of the key carbon—carbon bond-
forming processes. One of its most important applications is
the preparation of polypropionate natural products.!l Re-
cently Barbas et al. have shown that it is possible to obtain
very efficient aldolase catalytic antibodies that catalyze
stereo- and enantioselective aldol reactions.’) The Barbas
approach involves immunization with 1,3-diketones such as 1
as reactive antigens. These diketones create a lysine residue in
the active site of antibodies; that was the case for the
commercially available aldolase 38C2 (Scheme 1).

Although efficient catalysis in terms of yields was achieved,
this reactive inmunization approach for inducing catalysis
does not permit direction of the stereoselectivities of the
resulting antibodies owing to the configurational lability of
the 1,3-diketone hapten 1. For the most complex case of the
double stercoselective aldolization with a substrate such as 2,
eight stereoisomers are possible, which would require eight

[a] Prof. Dr. J.-L. Reymond, Dr. R. Pérez Carlén, N. Jourdain
Departement fiir Chemie und Biochemie
Universitiat Bern, Freiestrasse 3
3012 Bern (Switzerland)
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Ab 38C2-Lys-NH,, /i‘\ntibody 38C2

~H0 Lysin id
0 HN~~Lysine residue
E/\)kyk
@]
|
R Aldolases OH O
+ R._»
O o R

e

Scheme 1. Achiral hapten 1 induces highly active aldolase antibodies.
Prototypical polypropionate fragment 2 would require eight selective,
different aldolases.

2 (8 stereoisomers)

corresponding stereoselective aldolases to catalyze the for-
mation of each of them. Herein we report a series of
fluorogenic polypropionate fragments that allow the assay
of aldolase catalysts for such stereoselective aldolizations by
simple fluorescence measurement.’! This assay should be
useful for screening large libraries of antibodies, chemical
catalysts,’l or mutant enzymes(® for stereoselective aldoliza-
tion.
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Results

Cross-aldolization of ketones with aldehydes under aqueous
conditions is a reversible process.! By virtue of microscopic
reversibility, the stereoselectivities observed for a catalyst in
the aldol addition and in the retroaldolization are identical,
and we have verified this experimentally with an aldolase
catalytic antibody.l®! Therefore it is possible to assess the
stereoselectivity of an aldolase catalyst by measuring its
reactivity with all possible stereoisomeric aldol products in
the retroaldol reaction.

Following a concept that we have developed to assay
alcohol dehydrogenases and esterases,”) we reasoned that
aldols such as 3 would undergo a retroaldolization to liberate
aldehyde 4 (Scheme 2). This product, like the aldol substrate,

o O/\ﬁ)k/
3
1. refroaldol m (e}
—_— |
70 O/\H
4

2. B-elimination

—

o~ O OH

5

Scheme 2. Principle of fluorogenic aldolase assay.

is only weakly fluorescent, but would undergo a facile f§-
elimination to liberate the strongly fluorescent product
umbelliferone (5). Measurements with isolated stereoisomers
of 3 would provide a panel of retroaldolization rates from
which the stereoselectivity of a potential catalyst could be
directly measured for the case of the assembly of a simple
polypropionate fragment.

Abstract in French: Nous avons preépare une serie de fragments
fluorogeniques de type polypropionate. La retro-aldolization
de ces fragments est suivie d’une élimination-f3 de 'aldéhyde
intermeédiaire, qui libere 'umbelliferone, produisant ainsi une
forte augmentation (>20x ) de la fluorescence (A, =460+
20 nm, A,.=2360+20 nm). Selon le principe de reversibilite
microscopique, on peut utiliser ces fragments fluorogeniques
pour detecter des aldolases stereosélectives. Des substrats tests
sont disponibles pour les cas classiques d’aldolizations syn et
anti (11a-d), Cram et anti-Cram (10a-d), et doublement
steréosélectives (3a—h). Comme exemple, nous avons deter-
minée la selectivite de l'abzyme aldolase 38C2 pour ces
substrats. Notre test est adapte au criblage a haut debit en
microplaques, et peut étre utilise pour [lidentification de
nouvelles aldolases steréoselectives a partir de bibliotheques
de catalyseurs.
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The known alcohols 6, (R)-7, and (S)-7 were obtained by
alkylation of umbelliferone (5) by 3-bromo-1-propanol, (R)-
or (§)-3-bromo-2-methyl-1-propanol. Dess—Martin perio-
dinane oxidation gave aldehydes 8, (R)-4, and (S)-4. These
aldehydes were only moderately stable but underwent Lewis-
acid-promoted aldol reaction with the TMS enol ether of
either acetone or 3-pentanone to produce stereoisomeric
mixtures of aldols 9, 10a—d, 11a—d, and 3a—h (Scheme 3).

1. Dess-Martin periodinane

= a .
OI(;O\O/Y\OH omo/\/\o
R

R
6 (R=H) 8(R=H)
(R)-7 (R=Me) (S)4 (R =Me)
(S)-7 (R =Me) (R14 (R =Me)
OTMS
2. Lewis acid,
0“0 ow
R
8 (R=H)
- 10a-d (R = Me)
OTMS
2. Lewis acid, ‘&7]\/
e ow
S R
=Coum
11a-d (R=H)
3a-h (R =Me)

Scheme 3. Synthesis of the target aldols.

The yields of the reactions with the linear aldehyde 8 were
moderate. By contrast, all reactions with the branched
aldehydes (R)-4 and (5)-4 gave good yields, probably because
of the fact that these aldehydes were much less sensitive than
aldehyde 8 towards -elimination. The aldolization leading to
3a-h was also carried out using the tin enolate of 3-penta-
none. Both procedures gave good yields of a mixture of four
stereoisomers containing the syn, syn aldol 3a or 3h as major
product.

The crude aldol products were purified by preparative
reverse-phase HPLC (Table 1). Aldol 9 was obtained as a
racemate that could not be resolved by any of our chiral
columns. Aldols 11a-d were obtained as a 4:1 mixture of syn
and anti diastereoisomers. Individual aldol stereoisomers
were separated either by semipreparative reverse-phase
HPLC to obtain 5-20 mg amounts of racemic mixture of
syn and anti aldols 11a+d and 11b+-c, or by chiral-phase
HPLC to obtain each individual stereoisomer (3-6 mg,
Table 2). The diastereoisomeric mixtures of either 10a+b or
10 ¢+d, obtained from aldolization with aldehyde (R)-4 or (S)-
4, respectively, were separated by semipreparative reverse-
phase HPLC to give single stereoisomers (5—10 mg each).
Preparative reverse-phase HPLC of the crude aldols 3a—d
and 3e-h allowed separation of the main stereoisomer 3a or
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Table 1. Analytical RP-HPLC conditions for aldehydes and aldols.

Compound A [%] B [%] t [min]
8 80 20 21.9
4 60 40 12.4
9 60 40 8.3

11a/d 50 50 13.5

11b/e 50 50 14.6

10a/d 60 40 16.3

10b/e 60 40 17.3
3a/h 55 45 30.2
3blg 55 45 387
3c/f 55 45 41.6
3d/e 55 45 38.9

[a] Isocratic elution at 1.5 mL min~!, detection by UV at 325 nm, A =0.1%
TFA in H,O, B =50/50 CH;CN/H,O, analytical column: Vydac 218TP-54
(Cys, pore size 300 A), 0.45 x 22 cm.

Table 2. Chiral-HPLC conditions for aldols 11 and 3.1

Compound Daicel col. hexane [%] iPrOH [%] tg [min]
11a AS 50 50 352
11b AS 50 50 19.4
11c AS 50 50 273
11d AS 50 50 16.0
3b OD-H 75 25 24
3¢ OD-H 75 25 18
3d OD-H 75 25 22
3e OD-H 75 25 24
3f OD-H 75 25 16
3g OD-H 75 25 24

[a] Isocratic elution at 1.0 mLmin~!, detection by UV at 325 nm, Daicel
analytical columns (0.45 x 22 cm).

3h (20-30 mg each). Further separation of diastereoisomers
3b-d or 3e-g was achieved on a small scale using a
combination of chiral-phase HPLC and semipreparative RP-
HPLC to yield 3—6 mg of single stereoisomers.

The relative configurations of aldols 10a-d, 11a—d, and
3a—h were assigned on the basis of the *C NMR shifts of the
methyl carbon atoms, a method that has been shown to be
reliable for a variety of aldols (Table 3).l' The “C-NMR-

Table 3. BC NMR chemical shifts ¢ for methyl groups in aldols 3, 10, and

1. OH ©
2 1.4 3
CoumO 3 Me
Me' Me?
Compound Stereochemistry Me! Me? Me?
11a/d syn - 10.2 75
11b/c anti - 14.4 7.7
10a/d syn 10.9 - -
10b/c anti 13.7 - -
3a/h syn, syn 11.9 and 11.4 72
3bll/g syn, anti 9.8! 14.00] 7.6
3¢/t anti, anti 15.2 and 15.1 7.4
3d/e anti, syn 13.71 9.0 7.6

[a] The relative configuration of 3b is confirmed by X-ray structure
determination. [b] Signals were assigned on the basis of 2D NMR: H/H
COSY was used to assign the '"H NMR signal of Me! and Me?, both
doublets at 0 & 1. They were correlated with the adjacent hydrogen (signals
at 0 ~2 (H-C(2)) and at 6 = 2.8 (H-C(4)). C/H COSY was used afterwards
to identify the corresponding *C NMR signal.
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based assignment of syn stereochemistry for the major
product of the SnCl-promoted aldolization was consistent
with the known syn selectivity of this protocol. The stereo-
chemistry assigned from the NMR data was confirmed by
crystal structure analysis for compound 3b (Figure 1).

C\(ﬁ £22
OO

Figure 1. ORTEP drawing of compound 3b.

The absolute configuration of the syn aldols 11a and 11d
was attributed according to the 'H NMR shift of the H,-C(2)
and CH;-C(4) protons on the corresponding Mosher esters
12a and 12d."1 Following Mosher’s correlations, the 'H NMR
chemical shift of either the H,-C(2) or CH;-C(4) is shifted
upfield when the atom is eclipsed by the phenyl group relative
to the chemical shift when the atom is eclipsed by the methoxy
group, in the conformations shown in Scheme 4 for 12a and

a. ag. N-methyl morpholine,

OH O pH 9.8, 80°C /\/?\H/[?\/
CoumO (R) CoumO (R) H
11a 11b
a.
b. (R}- (MeO)(CF3){Ph)CCOCI, 11d =-~— 1MHe¢
DMAP, CH4CN, 0°C
b.
217 ppm (1-11me
O H ) OCoum o H
(R) »““—/O (S) .
Fao%o)\l—/@ Facfkon
Med Ph Med Ph ( OCoum
(R) 2.21 ppm
R ( 1.15 ppm
12a 12d

Scheme 4. Assignment of absolute configuration for aldols 11a—d.

12d. The assignment was confirmed by the optical rotation of
the syn aldols 11a and 11d, which was that expected from
literature data for similar aldols.'?! The minor anti aldols 11b
and 11c¢ were assigned by chemical correlation to the syn
aldols (Scheme 4). Thus, treatment of the anti stereoisomer
11 ¢ with base gave the syn stereoisomer 11d stereoselectively
by epimerization at the a-carbon. The same experiment
starting with 11b gave only 11a. The absolute configuration of
aldols 10a—d and 3a—h was known from the optically pure
starting aldehydes (R)-4 and (S)-4. The relative stereochem-
istry of the different aldols as determined by these experi-
ments is shown in Scheme 5.
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Scheme 5. Fluorogenic polypropionates all release umbelliferone upon retroaldolization.

Kinetic measurements were carried out to demonstrate the
utility of these aldol substrates as stereochemical fluorogenic
probes of aldolase activity. The commercially available aldolase
antibody 38C2 was tested for its catalytic activity with ste-
reochemically pure substrates 10a—d, 11a—d, and 3a-h. For
all aldols, the rate of umbelliferone release was very small in
the absence of catalytic antibody or in the presence of bovine
serum albumin (BSA) only. In these assays BSA is used to
accelerate the secondary f-elimination of umbelliferone (5)
from the intermediate aldehydes 4 or 8 (¢,,, < 1 min for both 4
and 8 with 2 mgmL~! BSA), so that the retroaldolization step
is rate-limiting. HPLC analysis of the unreacted samples of
the aldols confirmed that these substrates did not undergo
nonspecific degradation in aqueous buffer.

Among all fluorogenic aldol substrates, the reaction in the
presence of aldolase antibody 38C2 was fastest with the (S5)-
anti aldol 11¢ (Figure 2, Table 4). When compared with the

45000 -

A‘Ak
A
A
Ak
&
s

fluorescence
>

£ *®
0 A’;" . ’,'; :,M s0600888 83454
0 t/s 45000
Figure 2. Fluorescence signal for antibody 38C2-catalyzed retroaldoliza-
tion for aldols (a) 11¢, () 11d, (2) 11b, (0) 11a, (m) control 11 ¢ without
antibody. Conditions: 100pum substrate 11, 20mm aq. borate pH 8.8,
2 mgmL~' BSA, 1 mgmL~' Ab 38C2. 200 mL assays were run in 96-well
round-bottomed polypropylene plates with a Cytofluor II plate reader
(Perseptive Biosystems), with A.,, =460 +20 nm, 4., =360 4+ 20 nm.

—
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Table 4. Rate of retroaldolization of fluorogenic substrates 3, 10, and 11
with aldolase antibody 38C2. Substrates sorted according to reaction rate in

descending order.l?! OH O
2 4 R2
CoumO 3
R' R2
(R"2=Me or H)

Compound Vipp [1070571] C(2)t! C(3)k C(4)
1lc 17 - down up

3h 6.8 down down down
10d 6 down down

3a 5.6 up up up

34 5.5 up down down
10¢ 5.5 down up -

3¢ 51 up down up

3e 4.7 down up up
11d 41 - down down
10b 3.6 up down -

3g 1.9 down down up

3plel 1.7 up up down
10a 12 up up -
11b 0.83 - up down
11a 0.6 - up up

3f 0.15 down up down

[a] Apparent first-order rate constant for the release of umbelliferone from
the corresponding aldol. Measured at 26°C in 20mm aq. borate pH 8.8,
1 mgmL-! Ab 38C2,2 mgmL~! BSA. Fluorescence readings at 4., =460 &
20 nm (4., =360 +20) were converted to product concentration according
to a calibration curve with pure umbelliferone in the same buffer. [b] At
C(2) and C(4), “down” is always R. [c] At C(3), “up” is R for 3a—h and
11a-d, and “up” is S for 10a—d. [d] Sample of 3d is 81 % pure, contains
19% of a mixture of 3b + 3¢. [e] Sample of 3b is 86 % pure, contains 14 %
of a mixture of 3¢+ 3d.

reaction rates within the parent stereoisomeric series 11a—d,
antibody 38C2 displayed an S enantioselectivity for chirality
of the secondary alcohol (87.5% ee), in agreement with
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previous observations for this catalytic antibody. The overall
anti diastereoselectivity (59.1% de) within this series is
noteworthy since anti aldols are usually difficult to obtain.

Catalytic antibody 38C2 showed no significant stereoselec-
tivity for aldols 10a—d. For the series of aldols 3a—h, all
stereoisomeric aldol substrates displayed very similar reac-
tivities, with the exception of the anti, anti aldol 3 f, which was
not accepted as substrate. Overall, the observed rates of
retroaldolization with aldolase 38C2 correlate only partially
with the stereochemistry (Table 4). The retroaldolization
rates are larger when the C(3)-hydroxyl group is “down” in
each of the three series 3, 11, and 10 (S for 3 and 11, and R for
10), with the stereochemistry being conversely “up” at C(3)-
OH for the four least reactive stereoisomers 10a, 11a, 11b,
and 3f. Also, the nonreactive anti stereoisomers 11b and 3 f
possess the same configuration at carbons C(3) and C(4).
However, the enantiomeric aldols 3b and 3g display similar
reactivities. These observations support the general S enan-
tioselectivity of antibody 38C2, which has been previously
observed,”! but also clearly show that a general rule of
stereoselectivity cannot be established for this catalyst and
this class of substrates.

Discussion

The above experiment demonstrates that fluorogenic aldol
stereoisomers such as 11a—d, 10a—d, and 3a—h can serve as
stereochemical probes for assaying aldolases by fluorescence.
Their synthesis by a nonstereoselective route combined with
HPLC separation gave rapid access to all possible stereo-
isomers in stereochemically pure form. Even though this
synthesis produces only a few milligrams of each isomer, such
amounts are sufficient to carry out many assays due to the
small concentration (10~°M) and small volume required. The
solubility of these umbelliferone derivatives in aqueous buffer
is sufficient at the concentration needed for the assay, so that
substrate precipitation does not interfere in the measurement.

Aldolization selectivities: As for the E value determining
enantioselectivity, stereoselectivity of a catalyst is given
microscopically by the ratio of specificity constants k., /Ky
of the individual stereoisomers, and not by the ratio of
catalytic constants k,.I' The ratio of specificity constants
k./Ky can be approximated from the ratio of apparent
reaction rates at low substrate concentration if all these
concentrations are below the respective Ky,. In this assay we
used substrate concentrations in the range 10-100 um, which
should indeed be below K, for most catalysts since for many
enzymes Ky, is in the millimolar range. A similar analytical
assay based on secondary release of umbelliferone was found
to predict the enantioselectivity of lipases on preparative scale
with good accuracy.”® In the present aldolization study, we
cannot carry out the aldolization in the forward direction due
to the S-elimination reactivity of aldehydes 4 and 8. However,
as pointed out above, we have previously demonstrated
experimentally that stereoselectivities measured by retroal-
dolization are identical to those in the aldol addition by the
example of an aldolization catalyzed by aldolase antibody

4158
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72D4 and producing four different stereoisomeric aldol
products.®!

BSA and f-elimination: Bovine serum albumin plays as
central role in the assay by catalyzing the f(-elimination of
umbelliferone (5) from the aldehydes produced by retroaldol-
ization. The catalytic activity of BSA for related deprotona-
tion processes has been described.'¥! Although the S-elimi-
nation described here is also catalyzed by a number of weak
bases and buffers,'s BSA turns out to be more active and
convenient to use. BSA also induces a very small rate of
release of umbelliferone (5) from the aldol substrates
themselves. This interference is probably due to the action
of some of its 30 surface lysine residues, presumably by an
enamine mechanism promoting retroaldolization, since gen-
eral base catalysis of this process does not occur in aqueous
media.l¥!

Alternative pathways that could give a fluorescence signal:
Release of umbelliferone from the aldol substrate could in
principle occur by three different pathways (Scheme 6). The

OH O
retro-aldol (1) ) <
Coumo/\/\(lK/Rs _ . Coumoﬁi\o
Ry Ry
3,10, 11 B-elimination (2) tors
(R, Ry, Ry = H, CHj) \
oxidation (3) o
L R
CoumO~ 5 x 3
0o o© Ri"H Ry
N
CoumO H Rs 13
Ry Ry
14 \ \
H
(@ on o
=
R
o~ o OH

Ry Ry

15 5

Scheme 6. Possible decomposition pathways for aldols, including enone
13, diketone 14, and hemiacetal 15.

first pathway is the expected process of retroaldolization
liberating the parent aldehyde, which subsequently undergoes
p-elimination of umbelliferone. In the second pathway
elimination of water from the aldols could lead to the
corresponding enone 13, and a subsequent y,d-elimination
could then release umbelliferone. The initial S-elimination in
this sequence would however require deprotonation at the a-
carbon of the aldol. We have shown that epimerization at the
a-carbon is observable for cyclic aldols under f-elimination
conditions.'®t HPLC analysis of the assays with aldols 11a—d
and 10a-d after reaction shows only stereochemically pure
aldols without any epimerization at C(3), suggesting that this
second pathway does not occur. For the case of antibody
38C2, elimination products have never yet been reported in
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any of the retroaldolizations induced by this catalyst,?
suggesting that our assay reflects the actual aldolization
reactivity of the catalyst. Nevertheless we cannot exclude the
possibility that a catalyst promoting an aldol—elimination
pathway might be found using our aldol substrates.

A third pathway could involve oxidative reaction either at
the secondary alcohol to yield diketone 14 or at the aryl ether
carbon to give hemiacetal 15, which would also release
umbelliferone by subsequent cleavage. The related alcohols 6
and 7 can be used as control substrates to check for this
oxidative degradation pathway, which could be promoted by
oxidative enzymes present in a crude medium. For example
these alcohols are found to be completely stable in the
hybridoma cell culture supernatants we are using for screen-
ing antibodies.

Substrate selectivity: One limitation of the catalysis assays
that use chromogenic or fluorogenic substrates is that the
activity pattern identified with these substrates for a given
catalyst might not extend to other substrates. This is an
inherent limitation for any catalysis assay that uses single
substrates to report catalytic activity, and is the case for almost
all existing catalysis assays!'’l. This problem also applies, of
course, to the pattern of stereoselectivity whenever a family of
stereoisomeric substrates is used, as is the case in the aldol
assay described here. Extending the set of fluorogenic aldol
stereoisomers reported herein to a broader library of struc-
turally diverse, yet stereochemically defined and addressable
aldols would be extremely challenging. The fluorogenic aldol
substrates discussed here result from the aldolization of
aliphatic aldehydes wherein a fluorogenic aromatic nucleus is
placed in a position remote from their reactive center. This
situation, which is made possible by releasing the fluorophore
through a secondary f-elimination, does not lead to any
obvious bias either in reactivity or in stereoselectivity, as is
often the case for aromatic aldehydes. We therefore believe
that our fluorogenic aldols represent a fair selection for
testing for stereoselective aldolases.

High-throughput screening: Any fluorescence-based assay is
optimally suited for high-throughput screening owing to the
ease with which fluorescence can be recorded, even in
miniaturized reaction vessels. If the appropriate robotic
system is available, the need to split each sample in up to
sixteen different compartments for our aldolase assay does
not represent an insurmountable obstacle, even for handling
thousands of samples. Alternatively, one could choose to
screen for retroaldolization catalysis with one particular aldol
stereoisomer of interest, for example one of the anti, anti
aldols 3¢ or 3f, which are difficult to make by standard
methods. Any hit identified could then be retested for
stereoselectivity in a second round, where catalyst purifica-
tion could also be addressed.

In any event, one of the limiting factors will be the reaction
time allowed before product formation is recorded. This assay
time depends on the efficiency requirements for the aldolase
to be identified, combined with the concentration of aldolase
present in the samples assayed. For aldolase 38C2 and its best
substrate in our set, 11¢, a clear signal is recorded visually
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after only 30 minutes incubation with 1 mgmL-! antibody
38C2, but this catalyst might not be particularly efficient. One
might expect that the newer aldolases described by Barbas
et al. might yield a signal within minutes at lower concen-
trations.’?! Eventually, the present assay should help identify
very efficient aldolases.

Conclusion

Sixteen fluorogenic polypropionate fragments have been
prepared as single stereoisomers from the parent aldehydes
by nonstereoselective aldolization followed by separation by
means of HPLC. These aldols release the fluorescent product
umbelliferone upon retroaldolization, and can be used to
probe the catalytic activity and stereoselectivity of aldolase
catalysts for the classical cases of syn- and anti-selective
aldolization (11a—d), Cram/anti-Cram-selective aldolization
(10a-d), and double stereoselective aldolization (3a—h). The
commercially available aldolase catalytic antibody 38C2 was
found to display an interesting anti selectivity for aldol 11¢, as
well as a selective lack of reactivity with aldol 3 f.

From the various methods known for screening catalysis,!®!
fluorogenic substrates are the most attractive in terms of
simplicity of use and sensitivity, and their use effectively
allows the isolation of catalytic antibodies.'”) The fluorogenic
polypropionate fragments reported here offer a convenient
tool for the isolation of new stereoselective aldolases by
screening of catalyst libraries.

Experimental Section

All reagents and enzymes were purchased from Aldrich or Fluka.
Chromatography (flash) was performed with Merck silica gel 60 (0.040-
0.063 mm). CH,Cl, was distilled from P,Os prior to use. Pentanone silyl
enol ether was prepared following a literature procedure.’! Preparative
HPLC was carried out with HPLC-grade acetonitrile and MilliQ deionized
water using a Waters prepak cartridge 500 g (RP-C18 20 um, 300 A pore
size) installed on a Waters Prep LC 4000 system from Millipore, flow rate
100 mL min~!, gradient +0.5% min~—! CH;CN, detection by UV at 325 nm.
Semipreparative RP-HPLC was performed on a Vydac Protein & Peptide
C18 column (1.0 x 22 cm, 5 pm, 300 A pore size), S mLmin~!, isocratic
elution (analytical conditions as given in Table 1). TLC was performed with
fluorescent F254 glass plates. MS and HRMS (high-resolution mass
spectrometry) spectra were provided by Dr. Thomas Schneeberger (Uni-
versity of Bern). Fluorescence measurements were carried out with a
Cytofluor II Plate-Reader from Perseptive Biosystems. The X-ray crystal
structure analysis of compound 3b water solvate was carried out by the
BENEFRI Small Molecule Crystallography Service, Institute of Chemistry,
University of Neuchatel, Switzerland (http://www.unine.ch/chim/chp2/
smcs/SMCS. HTML).

7-(3-Oxoprop-1-yloxy)-2H-benzopyran-2-one (8): A solution of alcohol 6
(840 mg, 3.81 mmol) in 8 mL dichloromethane was added to a suspension
of Dess—Martin periodinane (1.7 g, 4.2 mmol) in CH,Cl, (8 mL). After
10 min the reaction mixture was poured into cold water and extracted with
CH,Cl,. After evaporation to dryness, the residue was redissolved in
CH,Cl, and filtered through cotton to give aldehyde 8 (560 mg, 60 %) as a
white solid. TLC (hexane/ethyl acetate 2:1): R;=0.77 (UV: 365 nm,
dinitrophenyl hydrazine yellow); IR (CDCL): v =2254, 1727, 1614, 1508,
1404, 1351, 1281, 1230, 1159, 1125 cm~'; 'H NMR (300 MHz, CDCL,): 6 =
9.90 (s, 1H), 7.60 (d, J=9.6 Hz, 1H), 7.34 (d, /=8.5Hz, 1H), 6.79 (d, /=
8.5Hz, 2H), 6.21 (d, J=9.6 Hz, 1H), 435 (t, J=5.9 Hz, 2H), 2.96 (t, J =
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5.9 Hz, 2H); BC NMR (75.5 MHz, CDCl;): 6 =199.2, 143.3, 128.9, 113.4,
112.8, 101.5, 62.0, 42.9.

(R)- and (S$)-7-(2-Methyl-4-oxoprop-1-yloxy)-2H-benzopyran-2-ones (4):
A solution of alcohol (R)-7 (226 mg, 0.96 mmol) in CH,Cl, (4 mL) was
added dropwise to a stirred suspension of Dess—Martin periodinane
(450 mg, 1.06 mmol) in CH,Cl, (4 mL). After 10min at 20°C, the
suspension was hydrolyzed with water (20 mL) and the dichloromethane
evaporated under vacuum. The residue was taken up in 50% aqueous
acetonitrile and purified by preparative RP-HPLC. The pure RP-HPLC
fractions were extracted with ethyl acetate (4 x 200 mL). The organic phase
was then washed once, fast, with 1IN NaOH to remove traces of carboxylic
acid formed by overoxidation, washed once more with water, dried
(Na,S0O,), and concentrated to yield aldehyde (S5)-4 (156 mg, 0.67 mmol,
70 %) as a colorless oil. The same procedure was applied for its enantiomer.
These aldehydes may be stored in acetonitrile/water solution at —80°C for
months, but they decompose upon concentration within some hours. IR
(neat): 7=1731, 1614, 1123 cm~!; '"H NMR (CDCl;, 200 MHz): 6 =9.76 (s,
1H), 7.66 (d,J=9.5 Hz, 1H), 740 (d,/=9.2 Hz, 1H), 6.87 (m, 2H), 6.29 (d,
J=9.5Hz, 1H), 425 (m, 2H), 2.92 (m, 1H), 132 (d, /=73 Hz, 1H);
3C NMR (CDCl;, 50 MHz): 6 =202.1, 161.5, 161.0, 155.5, 143.3, 128.7,
113.1, 112.7, 112.6, 101.3, 679, 45.8, 10.6; EIMS: 232 [M]" (40%), 162
(80%), 134 (100% ).
7-(3-Hydroxy-2,4-dimethyl-5-oxohept-1-yloxy)-2H-benzopyran-2-ones
(3a-h)

A. Synthesis with silyl enol ethers: Aldehyde (S)-4 (75 mg, 0.32 mmol) was
dissolved in dry CH,Cl, (7 mL) and cooled to —78°C. Boron trifluoride
etherate (47 uL, 0.38 mmol) was added, followed after 5 min by 3-tri-
methylsilyloxy-2-pentene (0.42 mmol, 81 pL). After 1h at —78°C, the
reaction was quenched at that temperature with water (0.1 mL) and
warmed very slowly to room temperature (1 h). Water (20 mL) was added
and the mixture extracted with ethyl acetate. Organic layers were washed
once with water, filtered and concentrated. Separation of the crude product
by preparative RP-HPLC gave the (2'S,3'R,4'S)-aldol 3a (42 mg, 41 %) and
an equal mixture of aldols 3b--c+d (26 mg, 26 % ). The same procedure was
applied for the enantiomeric aldehyde.

B. Synthesis with tin enol ether: Triethylamine (47 pL, 0.33 mmol) was
added to a suspension of Sn(OSO,CF;), (113 mg, 0.27 mmol) in dry CH,Cl,
(2mL) The mixture was cooled to —78°C and 3-pentanone (25 uL,
0.21 mmol) was added. Enolization was allowed at that temperature for 2 h,
after which a solution of aldehyde (S)-4 (44 mg, 0.19 mmol in 1 mL
CH,Cl, + 1 mL washings) was added. After 1 h, the reaction was warmed to
room temperature. Aqueous phosphate buffer (pH 7, 20 mL) was added
and the mixture extracted with CH,Cl, (4 x 25 mL). The combined organic
layers were washed once with buffer and once with water, dried over
Na,SO,, filtered and concentrated to yield a mixture of aldols (52 mg).
Preparative RP-HPLC gave the (25,3R.4S) aldol 3a (21 mg, 35%), and an
equal mixture of aldols 3b+c+d (22 mg, 36 %).

Separation of anti isomers 3b—d: Small amounts (0.1 mg/injection) of the
mixture of 3b+c+d were separated using chiral-phase HPLC (Table 2),
yielding pure 3¢ and 3b+d. Finally 3b and 3d were separated using
semipreparative RP-HPLC (Table 1). The same procedure as above was
used for the preparation of aldols 3e—h. Aldol 3h was separated from
3e+f+g by preparative RP-HPLC. Aldol 3f was then separated from
3e+3g using chiral columns (Table 2). Finally 3e and 3g were separated by
semipreparative RP-HPLC. All compounds were obtained in >3 mg
amounts, with >98 % purity (HPLC) except for 3b (86 %, 14 % mixture of
3c¢+d), and 3d (81 %, 19 % mixture 3b+c). 3a-+b+c+d: HRMS: caled for
CisH,,05 [M]", 318.146850; found, 318.146724; IR (neat): 7#=3500, 1729,
1707, 1124 cm ™.

(28,3R ,4S5)-7-(3-Hydroxy-2,4-dimethyl-5-oxohept-1-yloxy)-2H-benzopy-
ran-2-one (3a): [a]y =0.0+1.0 (CDCl;, ¢=0.19); 'H NMR (CDCl;,
200 MHz): 6=7.64 (d, J=9.5Hz, 1H), 738 (d, /=92 Hz, 1H), 6.82 (m,
2H), 6.26 (d, J=9.5Hz, 1H), 3.97 (m, 3H, H,-C(1) + H-C(3)), 2.80 (dq,
J=5.1,70 Hz, 1H, H-C(4)), 2.53 (m, 2H, H,-C(6)), 2.05 (m, 1H, H-C(2)),
1.23 (d, J=72Hz, 3H, CH;), 1.13 (d, /=69 Hz, 3H, CH;), 1.06 (t, /=
7.3 Hz, 3H, H;-C(7)); °C NMR (CDCl;, 50 MHz): 6 =215.2, 161.6, 160.7,
152.5,142.9,128.4,112.9,112.4,112.3,101.1, 72.1, 71.0, 48.0, 35.4, 34.6, 11.9,
11.4,7.24.

Aldol 3h: [a]5 =0.0+1.0 (CDCl;, c=0.21). NMR data were measured
and found identical to those for the enantiomer 3a.
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(28,3R,4R)-7-(3-Hydroxy-2,4-dimethyl-5-oxohept-1-yloxy)-2H-benzopy-
ran-2-one (3b): 'H NMR (CDCl;, 300 MHz): 6 =7.64 (d, /=9.6 Hz, 1H),
7.38 (d,J=8.1 Hz, 1H), 6.84 (m, 2H), 6.26 (d, 9.6 Hz, 1H), 4.04 (dd, J =9.0,
5.3 Hz, 1H, H-C(1)), 3.95 (dd, J=8.5, 3.0 Hz, 1H, H-C(3)), 3.94 (dd, /=
9.0,5.3 Hz, 1H, H-C(1)), 2.80(dq, J = 8.4, 7.3 Hz, 1H, H-C(4)), 2.57 (m, 2 H,
H,-C(6)), 2.18 (m, 1 H, H-C(2)), 1.13 (d, /=74 Hz, 3H, CHj;), 1.08 (t, /=
71 Hz, 3H, H;-C(7)), 1.04 (d, J=70Hz, 3H, CH;); *C NMR (CDCL,,
50 MHz): 6 =216.2,162.1, 161.1, 155.9, 128.7,113.2, 112.8, 112.6, 101.6, 72.9,
71.4,43.7,35.7, 34.9, 14.0, 9.75, 7.57.

(25,35,4S5)-7-(3-Hydroxy-2,4-dimethyl-5-oxohept-1-yloxy)-2 H-benzopy-
ran-2-one (3¢): 'H NMR (CDCl;, 200 MHz): 6 =7.64 (d, J=9.5 Hz, 1H),
7.38 (d,J=9.3 Hz, 1H), 6.84 (m, 2H), 6.26 (d,/ =9.5 Hz, 1H), 422 (dd, /=
9.1, 48 Hz, 1H, H-C(1)), 4.00 (dd, J=9.1, 6.2 Hz, 1H, H-C(1)), 3.63 (brt,
J=5.6 Hz, 1H, H-C(3)), 3.20 (brs, 1H, OH), 2.95 (dq, /=5.5, 7.3 Hz, 1H,
H-C(4)), 2.57 (m, 2H, H,-C(6)), 2.14 (m, 1H, H-C(2)), 1.28 (d, /=73 Hz,
3H, CH;), 1.12 (d, J=6.8 Hz, 3H, CHj;), 1.07 (t, /=70 Hz, 3H, H;-C(7));
BC NMR (CDCl;, 50 MHz): 6=2173, 162.2, 161.1, 155.9, 143.3, 128.7,
113.1, 112.6, 101.7, 76.1, 70.1, 47.3, 36.7, 36.0, 15.2, 15.1, 7.43.

(28,35,4R)-7-(3-Hydroxy-2,4-dimethyl-5-oxohept-1-yloxy)-2H-benzopy-
ran-2-one (3d): '"H NMR (CDCl;, 200 MHz): 6 =7.63 (d, J=9.4 Hz, 1H),
7.37(d,J=9.4 Hz, 1H), 6.87 (m, 2H), 6.25 (d, 9.4 Hz, 1H), 4.21 (dd, J =8.8,
5.1 Hz, 1H, H-C(1)), 4.08 (dd, J=8.8, 6.2 Hz, 1H, H-C(1)), 3.93 (dd, /=
9.4,2.2 Hz, 1H, H-C(3)), 3.20 (brs, 1H, OH), 2.78 (dq, / =2.24,74 Hz, 1 H,
H-C(4)), 2.59 (m, 2H, H,-C(6)), 2.07 (m, 1H, H-C(2)), 1.18 (d, /=73 Hz,
3H, CH;), 1.09 (t, /=73 Hz, 3H, H;C(7)), 1.04 (d, /=70 Hz, 3H, CH,);
BC NMR (CDCl,;, 50 MHz): 0 =216.7, 162.3, 161.1, 155.8, 143.3, 128.6,
113.0, 112.6, 101.7, 71.5, 70.7, 46.4, 35.7, 34.8, 13.7, 8.99, 7.61.

7-(3-Hydroxy-5-oxohex-1-yloxy)-2H-benzopyran-2-one  (9): BF;-OEt,
(85 mg, 0.6 mmol) was added to a solution of the aldehyde 8 (110 mg,
0.5 mmol) in CH,Cl, (1 mL) at —78°C under N,. After 5 min the silyl enol
ether of acetone (0.65 mmol) was added. After 1 h at —78°C, water was
added slowly and the mixture allowed to warm up to room temperature.
The mixture was extracted with ether and the organic phases washed with
aq. sat. NaHCO;. Evaporation of the solvent and flash chromatography
(hexane/ethyl acetate) gave aldol 9 (57 mg, 41%). IR (CHCL,): ¥ =3523,
3019, 2956, 1727, 1711, 1614, 1557, 1469, 1428, 1392, 1293, 1159 cm™;
'"H NMR (300 MHz, CDCl;): 6 =7.63 (d, J=9.5 Hz, 1H); 7.36 (dd, / =9.2,
2.2 Hz, 1H); 6.84 (m, 2H); 6.24 (d,J=9.5 Hz); 4.15 (m, 3H, H,-C(1) + H-
C(3));3.20 (m, 1H, OH); 2.67 (m, 2H, H,-C(4));2.22 (s, 3H, H;-C(6)); 1.95
(q, J=6.2Hz, 2H, H,-C(2)); BC NMR (75.5 MHz, CDCl): 6 =162.7,
156.5, 144.1, 129.4, 113.8, 113.4, 113.3, 102.3, 65.8, 65.1, 50.5, 36.0, 31.4;
HRMS: calcd. for C;sH;405 [M]*: 276.0998, found: 276.0995.

7-(3-Hydroxy-2-methyl-5-oxohex-1-yloxy)-2H-benzopyran-2-ones  (10a—
d): Aldehyde (R)-4 (65mg, 0.28 mmol) was dissolved in dry CH,Cl,
(6 mL) and cooled to —78°C. BF;-OEt, (42 uL, 0.34 mmol) was added,
followed after 5min by 2-trimethylsilyloxypropene (60 pL, 0.36 mmol).
After 1 h at —78°C, the reaction was quenched at that temperature with
water (0.1 mL) and the solution was warmed very slowly (1 h) to room
temperature. Water (25 mL) was added, and the mixture was extracted with
AcOEt (2x25mL). The combined organic layers were washed once,
filtered, and concentrated. The crude mixture was chromatographed by
preparative RP-HPLC to afford the pure aldol as a mixture of 10¢ and 10d
(35 mg, 40%). A similar procedure starting with (S)-4 gave 10a and 10b.
The stereoisomers were separated by semipreparative RP-HPLC (see
Table 1). 10a+10b (1.5/1): [a]F = —6.40 (50% aq. acetonitrile, ¢ =0.32);
IR (neat): 1727, 1707, 1612 cm~!; HRMS: calcd. for C,;H;O5 [M]*:
290.1154, found: 290.1152. 10c¢+10d (1/1.5): [a]y =+6.40 (50% agq.
acetonitrile, ¢ =0.32).

(35,45)-7-(3-Hydroxy-2-methyl-5-oxohex-1-yloxy)-2H-benzopyran-2-ones
(10a): 'H NMR (CDCl;, 300 MHz): 6 =7.63 (d, J=9.6 Hz, 1H), 7.37 (d,
J=8.4Hz, 1H), 6.85 (m,2H), 6.26 (d, 9.6 Hz, 1H), 4.32 (dt,J=9.5,3.0 Hz,
1H, H-C(3)), 4.10 (dd, /=92, 7.0 Hz, 1H, H-C(1)), 3.94 (dd, /=9.2,
5.5Hz, 1H, H-C(1)), 2.75 (m, 2H, H,-C(4)), 2.22 (s, 3H, H;-C(6)), 2.04 (m,
1H, H-C(2)), 1.06 (d, J=7.0 Hz, 3H, CH;); *C NMR (CDCl;, 50 MHz):
0=209.5, 162.1, 161.1, 155.9, 143.2, 128.7, 113.2, 112.7, 112.6, 101.6. 70.6,
67.3, 474, 37.7,30.7, 10.9.

(35,4R)-7-(3-Hydroxy-2-methyl-5-oxohex-1-yloxy)-2H-benzopyran-2-ones
(10b): 'H NMR (CDCl;, 200 MHz): 6 =7.64 (d, J=9.4 Hz, 1H), 7.37 (d,
J=9.3Hz, 1H), 6.84 (m, 2H), 6.25 (d, /=9.5Hz, 1H), 4.08 (m, 3H, H,-
C(1) + H-C(3)), 2.72 (m, 2H, H,-C(4)), 2.22 (s, 3H, H;-C(6)), 2.18 (m, 1 H,
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H-C(2)), 1.08 (d, J=7.0 Hz, 3H, CH,); “C NMR (CDCl,, 50 MHz): 6 =
209.5, 162.0, 161.0, 155.6, 143.3, 128.6, 112.8, 112.4, 101.4, 70.0, 68.8, 47.3,
38.0,30.6, 13.7.

7-(3-Hydroxy-4-methyl-5-oxohept-1-yloxy)-2H-benzopyran-2-one  (11a—
d): BF;- OEt, (85 mg, 0.6 mmol) was added to a solution of the aldehyde
8 (110 mg, 0.5 mmol) in CH,Cl, (1 mL) at —78°C under N,. After 5 min the
silyl enol ether (74 mg, 0.65 mmol) was added. After 1 h at —78°C, water
was added slowly and the mixture allowed to warm up to room temper-
ature. The mixture was extracted with ether and the organic phases washed
with aq. sat. NaHCO;. Evaporation of the solvent gave a crude product
(150 mg) containing >80 % of aldol 11 as judged by analytical RP-HPLC.
The syn (11a+d) and anti (11b+c) stereoisomers were separated by
preparative RP-HPLC followed by reseparation of the partially separated
fraction on a semipreparative RP-HPLC column (Table 1). Small amounts
(3-6 mg) of each enantiomer were obtained by separation on chiral-phase
HPLC (Table 2). 11a+b+c+d: IR (CDCl;,): v=3502, 2979, 2252, 1727,
1613, 1557, 1508, 1461, 1405, 1351, 1281, 1230, 1201, 1158, 1125, 917,
836 cm~!; HRMS: calced. for Ci;H,,O5 [M]*: 304.1311, found: 304.1312. 11d:
[a]y =4+30+10 (c=0.001, CHCL). 11a: [a]y=-30+10 (c=0.001,
CHCL).
(3RS,4SR)-7-(3-Hydroxy-4-methyl-5-oxohept-1-yloxy)-2H-benzopyran-2-
one: (11a+d): '"H NMR (CDCl;, 300 MHz): =762 (d, /=9.4 Hz, 1H),
7.36 (d,J=8.5Hz, 1H), 6.83 (m,2H), 6.23 (d,/=9.4 Hz, 1H), 4.21 (m, 3H,
H,-C(1) +H-C(3)), 2.69-2.43 (m, 4H, H,-C(6) + H-C(4) + OH), 1.87 (m,
2H, H,-C(2)), 1.20 (d, /=73 Hz, 3H, CH,), 1.09 (t, /=73 Hz, 3H, Hs-
C(7)); BC NMR (CDCl;, 50 MHz): 6 =216.2, 162.0, 161.1, 155.8, 143.3,
128.7,113.0, 112.6, 112.5, 101.6, 67.9, 65.6, 49.9, 35.0, 33.3, 10.2, 7.49.

(B3RS ,ARS)-7-(3-Hydroxy-4-methyl-5-oxohept-1-yloxy)-2H-benzopyran-2-
one: (11b+c): 'H NMR (CDCl;, 300 MHz): 6 =7.63 (d, J=9.6 Hz, 1H),
7.37(d,J=9.6 Hz, 1H), 6.85 (m, 2H), 6.26 (d,/ =9.5 Hz, 1 H), 422 (m, 2H,
H,-C(1)), 3.99 (m, 1H, H-C(3)), 2.77-2.43 (m, 3H, H-C(4) + H,-C(6)),
2.05 (m, 1H) and 1.88 (m, 1H, H,-C(2)), 1.70 (brs, 1H, OH), 1.21 (d, J=
70 Hz, 3H, CHj;), 1.08 (t, J=7.1Hz, 3H, H;-C(7)); *C NMR (CDCl;,
50 MHz): 6 =216.6, 162.2, 161.3, 156.1, 143.5, 129.0, 113.4, 112.9, 112.9,
101.9, 71.0, 65.8, 51.2, 36.1, 34.1, 14.4, 7.73.

(R)-Mosher ester of 7-(3-hydroxy-4-methyl-5-oxoheptyloxy)-2H-benzo-
pyran-2-one (12): A solution of aldol 11 (syn/anti = 80/10, 6 mg, 0.02 mmol)
and DMAP (0.5 mg, 0.004 mmol) in acetonitrile (500 pL) was added under
N, to a freshly flame-dried round-bottomed flask containing activated
powdered 3 A molecular sieves. After 30 min the solution was cooled to
0°C and (R)-methoxytrifluoromethylphenylacetyl chloride (5 mg,
0.02 mmol) was added. Further Mosher acid chloride was added until no
evolution of the reaction mixture was observed by TLC. The reaction
mixture was then filtered and evaporated. Chromatography on silica gel
gave Mosher ester 12 as colorless oil (5.3 mg, 52%). '"H NMR (300 MHz,
CDCl): 0=1764 (d, J=9.5Hz, 1H); 749-727 (m, 7H), 6.80-6.63 (m,
2H), 6.27 (d, J=9.5Hz, 1H), 5.62 (m, 1H), 3.99-3.57 (m, 2H), 3.52 and
3.50 (25, 3H), 2.90 (m, 1H), 2.57-2.41 (m, 2H), 2.21-2.10 (m, 2H), 1.18—
1.11 (2d, /=70 Hz, 3H), 1.09-0.99 (2t, /=73 Hz, 3H); MS FAB + : 521;
HR-LSMIS: calcd. for C,;H,50,F; [M+H]*: 521.1787, found: 521.1772.

Similar reaction conditions were used to prepare small amount of the
Mosher esters 12a and 12d starting with small samples (0.5-1 mg) of pure
stereoisomers 11a and 11d, respectively. 'H NMR (300 MHz, CDCl;): 12a:
6=2.21-2.15 (m, 2H, H,-C(2)), 1.14-1.11 (d, /=7 Hz, H;C-C(4)); 12d:
0=2.17-2.10 (m, 2H, H,-C(2)), 1.18-1.15 (d, /=7 Hz, H;C-C(4)).
Equilibration of anti aldols 11b and 11c: A sample of pure aldol 11b
(30 uL of a 10mm stock solution in 50 % aq. acetonitrile) was diluted with
aqueous morpholine buffer (2m, pH 9.8 with HCI, 70 uL) and heated at
80°C for 48 h. The sample was then cooled and injected onto an analytical
RP-HPLC column (Table 1), showing 15% conversion of 11b to a syn
aldol, with 10% umbelliferone (5) formed as by-product. The peak
corresponding to the syn aldol was collected and lyophilized. The residue
was then reinjected onto an analytical chiralpak AS column (see Table 2),
and found to consist exclusively of aldol 11a (fr =352 min) with no
detectable amount of its enantiomer 11d. The same experiment starting
with pure aldol 11¢ gave exclusively the syn aldol 11d (7 = 16.0 min).

Kinetic measurements: All substrates were diluted from stock solutions in
50% aq. acetonitrile and stored at —80°C (the acetone aldols 9 and 10
proved particularly sensitive and required this low temperature for safe
storage). Since the amounts of substrate weighed were small (1 mg), the
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stock solutions of the individual stereoisomers were standardized to the
same concentration (10mm) by comparison of their concentration by
HPLC (integration of substrate peak at 325 nm, see Table 1). BSA (bovine
serum albumin, crystalline 96% from Sigma) was diluted from a
40 mgmL~! stock solution in 20mM aq. borate buffer (pH 8.8). Antibody
38C2 (Aldrich no. 47995-0) was diluted from 10 mgmL~! in PBS (10mm
phosphate, 160mwm NaCl, pH 7.4). Assays (50—100 pL) were carried out in
individual wells of round-bottomed 96-well polypropylene plates (Corning-
Costar) by following the fluorescence increase at A, =460 £ 20 nm (1, =
360 420 nm) with a CytofluorIl instrument from Perseptive Biosystems.
Fluorescence data was converted to umbelliferone concentration by means
of a calibration curve. The rates indicated in the table are derived from the
steepest linear portion in each curve.

X-ray crystallography: Suitable crystals of 3b water solvate were grown
from H,O/CH;CN as colorless plates. Intensity data were collected at 223 K
on a Stoe Image Plate Diffraction system using Mo, graphite-monochrom-
ated radiation. Image plate distance 70 mm, ¢ oscillation scans 0—-200°,
step Ap=1°, 260 range 3.27-52.1°, dpu—dpin=12.45-08 1 A. The
structure was solved by direct methods with the program SHELXS 97.!]
The refinement and all further calculations were carried out with
SHELXL97.?2 The water hydrogen atoms were located from difference
maps and held fixed. The remaining H atoms were included in calculated
positions and treated as riding atoms using SHELXL 97 default parameters.
The non-hydrogen atoms were refined anisotropically with weighted full-
matrix least-squares on F2 The bond distances and angles are normal
within experimental error. No attempt was made to determine the absolute
structure of the molecule in the crystal. The molecular structure and
crystallographic numbering scheme are illustrated in the ORTEP®
drawing (Figure 1). 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-143509. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(444) 1223 336-033; e-mail: deposit@ccdc.cam.ac.uk.
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The 7-Nitroindole Nucleoside as a Photochemical Precursor
of 2’-Deoxyribonolactone: Access to DNA Fragments Containing
This Oxidative Abasic Lesion

Mitsuharu Kotera,* Yoann Roupioz, Eric Defrancq, Anne-Gaélle Bourdat, Julian Garcia,
Christian Coulombeau, and Jean Lhomme!?!

Abstract: On the basis of molecular
modeling studies, the 7-nitroindole nu-
cleoside 1 was selected as a suitable

were prepared and their conformation
was determined by X-ray crystallogra-
phy and NMR spectroscopy. The photo-

reaction of these nucleosides gave the
corresponding deoxyribonolactone de-
rivatives efficiently, with release of 7-ni-

photochemical precursor for photo-
chemical generation of the C1' deoxy-
ribosyl radical under irradiation, which
led to 2'-deoxyribonolactone. The nitro-
indole nucleoside derivatives 1a and 1b

oxidation -

Introduction

A number of chemical and physical agents exist which damage
DNA in the cell in a variety of ways; most of this damage is
mended by enzymatic repair machinery in vivo. Loss of a
nucleic base leaving a deoxyribose moiety in the DNA strand
and creating a so-called abasic site (A) represents one of the
most frequent types of DNA damage. A structurally related
lesion is the 2’-deoxyribonolactone (B) produced in a variety
of DNA oxidative processes.l'I These include UV light and y
irradiation,! or the action of chemical agents such as the
ene —diyne antibiotic neocarzinostatin.[! The intermediacy of
2'-deoxyribonolactone has also been postulated in DNA
cleavage by chemical nucleases based on metal complexes.l!
More recently, 2’-deoxyribonolactone was proposed as the
alkali-labile site formed by v irradiation of oligonucleotides!!
containing an 8-oxo deoxyguanosine moiety. In most of these
cases, the mechanism of 2'-deoxyribonolactone formation
involves initial formation of the C1’ radical (C) arising from
abstraction of the anomeric hydrogen. The pathway by which
ribonolactone is formed from the C1’ radical is still unclear
and is the object of numerous current studies.’) From the
biological point of view, the 2’-deoxyribonolactone lesion has
been reported to be mutagenicl“! and to be resistant to repair
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BP53, 38041 Grenoble Cedex 9 (France)
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E-mail: mitsu.kotera@ujf-grenoble.fr

Chem. Eur. J. 2000, 6, No. 22

Keywords: abasic lesions
molecular modeling -

oligonucleotides - photochemistry

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

trosoindole. This reaction was success-
fully applied to synthesis of oligonucleo-
tides containing the deoxyribonolactone
lesion.

DNA

enzymes.[*®l It is of poor chemical stability and is subject to
successive - and O-elimination reactions leading to strand
cleavage (Scheme 1). Because of this lability to alkali, little is
known about the 2'-deoxyribonolactone site in DNA except
for some special sequences.®**]

In the course of our continuous efforts directed toward
synthesis!'”! and study!"'! of abasic lesions in DNA (A), we

: 0. 0
0. P’,Oo P‘O
o B o o
Oy (0]
DNA — ' —_—
o
O\PQ O-p,
O/ 0 (@] (0]
C B
C1' Radica 2'-Deoxyribonolactone
B- and &
elimination
0..0 :
P-0 O\\P/O o) o
O ~O + ﬁ/ N
|
O.,-OH OH =/
3'-Phosphorylated end
O !O
Pe H
O,P o . o. li)
= Q \\O
A ) z
"true® icsite 5'-Phosphorylated end

Scheme 1. Deoxyribonolactone lesion formation in DNA.
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recently reported in a preliminary communication a highly
efficient synthesis of short oligonucleotides containing the 2'-
deoxyribonolactone at preselected positions.'> 3] As the
conventional phosphoramidite method cannot be used be-
cause of the above-mentioned alkali lability of the 2'-
deoxyribonolactone site, we used a “postsynthetic approach”.
The approach is based on the photoreactivity of the 7-nitro-
indole nucleoside 1, which gives the deoxyribonolactone
moiety quantitatively under irradiation. In the present paper
we report on the chemistry and concepts that underlie the
synthetic approach; that is, we describe the design, synthesis,
and conformation of the 7-nitroindole nucleoside models 1a
and 1b and their photoconversion into the deoxyribonolac-
tone derivatives 2a and 2b (Scheme 2). We show that this
photochemical reaction occurs just as efficiently when the
7-nitroindole nucleoside is inserted inside an oligonucleotide,

2
RO N RO, =
0} 7 0}
O,N hv o " \/4@\
/ H —

N No
OR OR
laR=Tol 2aR="Tol 3
1bR=H 2bR=H

OR OR
4
5
TolO TolO,
Cl 0]
N Ho\L\f
NO, OTol OTol
6 7 8 9

OH N~ OO0

10 N(iPr),
11 Tol = p-toluoyl

Scheme 2. Photoreaction of 1a and 1b leading to the deoxyribonolactones.

Abstract in French: Par une etude de modelisation molecu-
laire, le nucleoside 7-nitroindolique 1 a ete retenu comme
precurseur photochimique pour generer le radical C1' condui-
sant a la formation de la 2'-désoxyribonolactone. Les nucle-
osides 1a et 1b ont ete prepares, leur conformation a ete
determinée par etude radiocristallographique aux rayons X et
par spectroscopie de RMN. Leur irradiation conduit exclusi-
vement a la formation des derives correspondants de la
désoxyribonolactone avec liberation de 7-nitrosoindole. La
réaction permet l'acces a des fragments d’ADN contenant la
lesion abasique desoxyribonolactone.

4164
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leading to DNA fragments containing the deoxyribonolac-
tone lesion at any preselected position in the sequence.

Results and Discussion

Design of nucleosides 1: Two particular requirements have to
be fulfilled in the design of a synthetic method to generate
deoxyribonolactone from an appropriate precursor inside a
DNA fragment: (1) the pH must be kept at neutrality to avoid
DNA cleavage by f-elimination of the 3’-phosphate in the
course of the reaction; (2) the yield of ribonolactone gener-
ation must be quantitative to afford pure DNA that does not
necessitate any purification for further physical and biological
studies. A promising approach was to mimic the mode of
generation of the lesion in DNA with a method based upon
radical abstraction of the H1’ anomeric hydrogen from a
nucleoside.

We anticipated that the aromatic nitro group in the
7-nitroindole nucleoside 1, if locked into a favorable position,
could be a good candidate to abstract the anomeric hydrogen
intramolecularly and photochemically. We expected that
abstraction of the anomeric hydrogen by the photoactivated
nitro group would generate the C1' radical 4 which, in this
case, may directly evolve toward 2'-deoxyribonolactone. The
photochemical reactivity of nitrobenzene derivatives has been
used in synthetic applications.'”] For example, o-substituted
nitrobenzyl groups are widely used as photoremovable
protecting groups.'® 191 A long-range intramolecular oxida-
tion has been demonstrated using p-nitrobenzene derivatives
covalently attached to a steroid.'’ An example of intermo-
lecular photochemical oxidation has been reported for an
inclusion complex of p-nitroacetophenone in S-cyclodex-
trin.l"¥1 These photochemical oxidations are mediated by the
well-established hydrogen abstraction ability of the triplet
state of the aromatic nitro group.!'”) We first undertook a
molecular modeling study to test the validity of the hypothesis
and, in particular, to evaluate the distance between the
oxygen atom of the nitro group and the hydrogen atom to be
abstracted.

Molecular modeling study of the 7-nitroindole nucleosides 1a
and 1b: The molecular modeling studies were performed on
derivatives 1a and 1b (Figure 1), which can be viewed as
models for the 7-nitroindole nucleoside inserted in a DNA
fragment. The structures were built and displayed by IN-
SIGHTII, the simulations involving molecular minimizations
(MM) using the CVFF force field and the BFGS minimizer of
the DISCOVER program. %]

Rotation around the C1'-N bond was varied and the
resulting energy curves after minimization for each dihedral
angle were calculated. Two minima were observed for the
bistoluoyl derivative 1a and three minima for the unprotected
nucleoside 1b.

In the two conformations of minimum energy 1a, and 1a,
for the bis(toluoyl)ester 1a, the sugar conformation is C3'-
endo and the indole ring is in anti-like conformation (1a;: y =
—139°, 1a,: y=—98"; x is the O4’-C1’-N1-C2 angle). The
strain energy balance favors structure la, over la, by
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a)

Figure 1. Stereoviews of the minimum-energy structures: a) 1a,, b) 1b;.

11 kJmol-%. On the contrary, the solvation contribution
calculated according to the DelPhi procedurel® 2 in two
steps (60 and 90 % filling) favors 1a,. Taking account of all
contributions, the final result is that 1a; is the more stable
conformation with energy differences compared with 1a, of
6.4 kJmol~! in chloroform and 4.5 kJmol™! in water. Con-
sequently, only one conformer, 1a,, would be expected, in
which the H1" hydrogen is close to one of the oxygen atoms of
the nitro group (2.32 A) in a reactive position.

In the case of the unprotected nucleoside 1b, a slightly
different feature is apparent in the energy curves. Of the three
structures of minimum energy, only the conformer 1b; has the
anti-like conformation (y = — 138°) and the two others possess
syn-like conformations (1b,: y=—41°, 1bs: y =+28°). The
sugar conformation is C3’-endo for 1b, and 1b; and O4’-endo
for 1b,. After correction including the DelPhi solvation
energy in water, 1b, is found to be preferred to conformer 1b,
with a difference of 8.3 kJmol~! and to 1b; with a difference
of 7.5 kJmol~. In this case also, the H1' hydrogen of con-
former 1b, is close to an oxygen

atom of the nitro group
(237 A).
In conclusion, calculations

clearly indicate close proximity
between the H1" atom and one
of the oxygen atoms of the nitro
group, at distances of 2.32 and
2.37 A in the conformations of
minimum energy in the model
nucleosides 1a and 1b.

Synthesis and structure of nu-
cleosides 1a and 1b: On the

chlorodeoxyribose (7) to afford
the f-nucleoside 1a in 50%
yield.?-?2 No trace of the a-
anomer was detected in the
reaction medium. The S-stereo-
chemistry of the glycosyl bond
was ascertained by 'H NMR
spectroscopy. Treatment of the
ditoluoate 1a in 1% NaOH/
methanolic solution afforded
the parent unprotected nucleo-
side 1b.
Conformation of nucleoside
1b in the solid, determined by
X-ray crystallography, indicat-
ed an anti conformation for the
7-nitroindole residue, in which
one of the oxygen atoms of the nitro group was located at a
distance of 2.29 A from the H1’ hydrogen. This structure
corresponds to the conformations predicted by the molecular
modeling study except for the sugar conformation, as shown
in Figure 2.

The conformation of 1a in solution was studied by high-
field NMR spectroscopy. Several NOESY spectra were
recorded at 25°C in CDCl; and interproton distances were
estimated on the basis of the two-spin pair approximation
assuming a single correlation time for all protons (Table 1).
Neither of the two calculated structures 1a, and 1a, correctly
fits the interatomic distances estimated from the NMR data.
Nevertheless, a molecular dynamic simulation for 50 ps at
500 K exhibits several interconversions between the two
positions and the average structure shows a better agreement,
which indicates that the NMR geometrical parameters
probably refer to a rapid-exchange average structure. In all
cases, H1' remains close to one oxygen of the nitro group (d <
238 A).

Figure 2. Stereoview of the minimum-energy structure (1a,: black) and X-ray structure (gray). The two arrows
indicate the oxygen atom of the NO, group and the anomeric hydrogen atom (H1').

Table 1. Interproton distances (A) obtained by NMR (410%) and molecular modeling studies.

basis of the results of the mod- H2-HI" H2-H2

H2-H2" H4'-H1" H1'-O gy

sugar pucker AFER [kImol~']

eling study, we prepared the 1a (NMR) 3.45 2.61
nitroindole nucleoside deriva- 1a 3.85 3.73

tives 1a and 1b. The sodium i:z ;Zg gg;
.o dyn . .

salt of 7-nitroindole (6) was (X-ray) 3.61 251

generated by treatment of 6  1p, 3.86 3.64

with sodium hydride in acetoni- ~ 1b, 3.59 2.18

1b; 2.52 4.17

trile and treated with a slight

>380  3.05 - - - -
458 325 2.38 —139° (anti) C3'-endo 0
400 328 235 —98° (anti) C3'-endo 45
405  3.00 194  —148° (anti) Od'-endo -
380 330 2.29 —115° (anti) C2-endo -
456 3.19 237 —138° (anti) C3'-endo 0
379 352 2.40 —41° (syn) Od-endo 83
377 2.69 427 +28° (syn) C3-endo 75

excess of  bis(p-toluoyl)-a-

Chem. Eur. J. 2000, 6, No. 22
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[a] Energy difference (vs. 1a;0r 1b,) calculated with DelPhi process.
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Photochemical release of 2-deoxyribonolactone derivatives
(2a and 2b) from 7-nitroindole nucleosides 1a and 1b: The
photochemistry of the 7-nitroindole nucleosides 1a and 1b
was studied in degassed dilute aqueous solution (0.25mm in
acetonitrile/H,O 1:1 for 1a, 0.17mwm in H,O for 1b). In both
cases, the corresponding 2'-deoxyribonolactone derivatives 2a
or 2b were formed upon irradiation by UV light with a Pyrex
filter under an argon atmosphere. Very clean reactions were
observed by HPLC and by UV spectroscopy when dilute
solutions were irradiated. HPLC assay of the photolysis of the
bistoluoyl derivative 1a (Figure 3) indicated that 1a (A=

3 2a
AR L
b) N _—

T T T T T T T T T T T 1
5 10 15

Figure 3. HPLC analysis of photoreaction of 1la: a) before irradiation;
b) after irradiation for 90 min (conditions: see Experimental Section).

357 nm) was completely consumed within 1.5 h to yield two
photoproducts, the deoxyribonolactone 2a (4,,,, =241 nm)
and nitrosoindole 3 (1,,,, =406 nm). Two isosbestic points at
310 and 365 nm were observed in the UV spectra of the
irradiated solution of the free nucleoside 1b monitored at
different time intervals (Figure 4).

1.2

0.8

0.6

Absorbance

0.4

0.2

LI B S B B S B B S B B B B B B B

0 PRSI IO S SRR W N T SRS R TS
250 300 350 400 450 500
Wavelength (nm)

Figure 4. UV spectra of 1b (0.17mM) in water: a) before irradiation;
b) after irradiation for 10 min; c)20 min; d)30 min; e) 60 min; and
f) 120 min (conditions: see Experimental Section).

On the semipreparative scale, the photoreaction was less
efficient, probably because of the higher concentration of the
starting material (¢ =1.0-1.4mmM). Nevertheless, the bis(tol-
uoyl)deoxyribonolactone 2a and 7-nitrosoindole (3) were
isolated in 31 % and 49 % yield, respectively, after chromato-

4166 ——
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graphic separation. The modest yield of 2a in this case may be
explained partly by the photochemical instability of the
toluoyl protecting group. In fact, 0.35 mmol-scale photolysis
of the free nucleoside 1b over a prolonged irradiation time
(15 h) afforded the best yields of 2b (crude yield 97 %) and 3
(59%).

The deoxyribonolactone derivatives (2a and 2b) were
characterized by all the usual analytical data and by compar-
ison with authentic samples. Lactone 2a was independently
prepared by means of the direct conversion method of
protected lactols into lactones developed by Grieco et al.?4l
The lactone 2a was thus obtained in 88 % yield by oxidation of
the methoxy sugar 8 by m-chloroperbenzoic acid in the
presence of a catalytic amount of boron trifluoride etherate.
An attempt to prepare 2b from 2a by treatment under mild
basic hydrolysis conditions was not successful. Under basic
conditions, the S-elimination reaction seems to predominate.
For example, treatment of 2a with a methanolic ammonia
solution afforded the unsaturated lactam 9 in 59 % yield.*!
The deoxyribonolactone 2a was thus prepared by the
literature oxidation procedure starting from D-deoxyribose
and using bromine as the oxidizing agent.[ 2]

The monomeric nature of 7-nitrosoindole (3) was con-
firmed by combined spectroscopic analysis. In the vibrational
spectrum, the N—O stretching band was found at 1530 cm™1,
and in the mass spectrum (electron impact), the molecular ion
peak was observed (M =146). The UV spectral data (A=
406 nm) and the NMR spectral data (see Experimental
Section) are also in good agreement with the data described
for an analogous structure (5-substituted 7-nitrosoindole:
Amax = 412 nm).[132

The mechanism proposed for this photolysis is presented in
Scheme 2. Initial abstraction of the anomeric hydrogen by the
photoactivated nitro group generates the C1’' radical 4.
Because of the reduced rotational freedom of the N-glycosidic
bond in the 7-nitroindole nucleoside, the seven-membered
ring transition state?”] required for anomeric hydrogen
abstraction is favored. The resulting C1’ radical 4 in this case
evolves toward a cyclic intermediate (5) by intramolecular
diradical recombination. Finally, ring-opening cleavage of 5§
affords the 2’-deoxyribonolactone 2 accompanied by 7-ni-
trosoindole (3). The high efficiency of the photolysis in
anaerobic conditions and formation of 3 are in agreement
with this proposed mechanism based on the preceding
studies.[”]

Photogeneration of deoxyribonolactone inside DNA frag-
ments. Syntheses of oligonucleotides containing the abasic
lesion: As reported in our preliminary communication,!'? the
reaction was next examined at the oligonucleotide level with
the aim of developing a general synthesis of DNA fragments
containing the deoxyribonolactone lesion.

The 7-nitroindole nucleoside 1b was protected and acti-
vated according to the conventional phosphoramidite meth-
od. Successive treatment with 4,4’-dimethoxytrityl chloride in
pyridine and with 2-cyanoethyl-N,N-diisopropylchlorophos-
phoramidite gave 11 in excellent yields (87 % for tritylation
and 97 % for phosphorylation). The modified building block
(Ni) was inserted into oligonucleotides by automated solid-
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phase synthesis. The two pentamers d(GCNiTA) (12) and
d(CANiIGT) (13) and the undecamer d(CGCACNiCACGC)
(14) were obtained and characterized by ESMS and 500 MHz
"H NMR spectroscopy.l'? Irradiation by UV light with a Pyrex
filter under argon atmosphere, as carried out previously for
the monomer 1, yielded the corresponding oligomers con-
taining the deoxyribonolactone moiety. As the 2’-deoxyribo-
nolactone site in DNA is unstable and subject to -elimina-
tion, the irradiations were best performed in phosphate buffer
(pH 6.0). The transformations were complete within 30—
45 min of irradiation. While the photoreaction is quite
efficient, cleavage of the final oligonucleotides was frequently
observed during our studies, in particular with prolonged
reaction times in nonbuffered solution and during evapora-
tion or lyophilization of the aqueous solutions. We also
repeatedly observed 10—15% cleavage during evaporation
(or lyophilization) of the HPLC-purified fractions containing
ammonium acetate salt. This problem was circumvented by
use of phosphate buffer for the HPLC elutions. Under these
conditions, the deoxyribonolactone-containing oligonucleo-
tides were obtained typically with 80 % yield in pure material,
without cleavage, as demonstrated by the '"H NMR spectra
(see refs. [12, 28]). The final oligomers were also characteried
by their ESMS.

Conclusion

The 7-nitroindole nucleosides 1a and 1b were shown to be
useful photochemical precursors of 2’-deoxyribonolactone
derivatives 2a and 2b. The only secondary product of these
photoreactions was 7-nitrosoindole (3). These nucleosides
were rationally designed by molecular modeling. Conforma-
tional analysis by NMR and by X-ray studies did indeed
validate the initial prediction of molecular modeling. The
photochemistry of 7-nitroindole nucleoside was further used
for postsynthetic incorporation of the deoxyribonolactone
lesion in DNA.I'" This approach constitutes a very efficient
and general process to prepare oligonucleotides containing
the labile deoxyribonolactone modification at a preselected
position. The method was applied to prepare an undecamer
containing the lesion in the middle of the sequence that was
hybridized with the complementary strand. The structural
properties of the resulting duplex have been studied using
high-field NMR spectroscopy and molecular modeling.?® The
biological consequence of the presence of the lesion in DNA
fragments is currently under investigation.

Experimental Section

General: All commercially available chemical reagents were used without
purification. The a-chloro sugar 7 was prepared as described.?) 7-Nitro-
indole (6) is commercially available from Lancaster. Alternatively we
prepared 6 from o-nitroaniline or from ethyl 7-nitroindole 2-carboxylate
(ACROS) by described procedures.? 3% Analytical TLC was performed on
0.25 mm silica 60 coated aluminum foils with F254 indicator (Merck).
Preparative column chromatography was executed using silica gel (Merck
60, 0.063-0.200 mm). Analytical and semipreparative HPLC was per-
formed with Millipore — Water equipment (two M-510 pumps, solvent
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gradient M 680) with a UV detector (M490 and diode array 990). Melting
points were measured on a Reichert Thermovar apparatus and are
uncorrected. 'H and '*C NMR spectra were recorded on a Bruker AC200
spectrometer. Spectra were referenced to the residual proton solvent peaks.
Fourier transform infrared spectra were measured with an Impact 400
spectrophotometer and UV spectra with a Perkin— Elmer spectrophotom-
eter. Mass spectra were recorded on a Delsi— Nermag R10-10. Elemental
analyses were performed by the Service Central de Microanalyse du CNRS.
1-(2’-Deoxy-3,5'-di-O-p-toluoyl-f-pD-erythro-pentafuranosyl)-7-nitroin-
dole (1a): Sodium hydride (60 % dispersion in oil, 0.82 g) was added to a
solution of 7-nitroindole (6, 3.00 g, 18.5 mmol) in acetonitrile (40 mL) and
the solution was stirred at room temperature for 30 min. The deoxyribosyl
chloride 7 (7.90 g, 20.3 mmol) was then added and the solution stirred
overnight. The solution was filtered through Celite and the solvent
removed in vacuo. The oily residue (10.4 g) was directly purified by
column chromatography (CH,Cl,) affording compound 1a (4.82 g, 50 %
yield); m.p. 105-110°C; 'H NMR (200 MHz, CDCL): 6 =2.39 (s, 3H,
CHs;),2.42 (s, 3H, CH;), 2.73 and 2.90 (2m, 2H, H2' and H2"), 4.50 (m, 3H,
H4', H5' and H5"), 5.59 (m, 1H, H3"), 6.55 (t, /=6 Hz, 1H, H1'), 6.64 (d,
J=3Hz,1H, H3),7.08-7.28 (m, 5H, 4H-Tol and H5), 7.57 (d,/=3 Hz, 1H,
H2), 7.77-797 (m, 6 H, 4H-Tol and H4, H6); '*C NMR (50 MHz, CDCl,):
0=22.0, 39.0, 64.0, 74.0, 82.0, 87.5, 104.0, 119.0, 120.0, 126.0, 127.0, 128.0,
129.0, 131.0, 133.5, 137.0, 144.0, 145.5, 166.0; MS (DCI, NHy/isobutane):
mlz: 532 [M+NH,]*; UV (EtOH): 1.« (¢) =240 (38050), 357 (3500) nm
(mol~'dm*cm'); IR (KBr): ¥=2955, 2360, 1725, 1634, 1516, 1260, 1105,
755 cm™!; elemental analysis caled (%) for C,oH,,N,O; (514.5): C 67.69, H
5.09, N 5.44; found C 67.71, H 5.06, N 5.52.

1-(2"-Deoxy-fi-D-erythro-pentafuranosyl)-7-nitroindole (1b): Ditoluoate
1a (1.5 g, 2.9 mmol) was dissolved in 1% NaOH/methanolic solution and
stirred for 50 min at room temperature. The solvent was then evaporated
and free nucleoside 1b was purified by column chromatography (CH,CL,/
MeOH: 90/10, v/v). Nucleoside 1b was obtained as yellow needles in 93 %
yield (0.75 g). M.p. 92-97°C; 'H NMR (200 MHz, [D¢]DMSO): 6 =2.40
(m, 2H, H2" and H2"), 3.37 (m, 2H, H5" and H5"), 3.76 (m, 1H, H4'), 4.28
(m, 1H, H3'), 4.87 (t, /=4 Hz, 1H, O5'H), 5.29 (d, /=4 Hz, 1H, O3'H),
6.19 (t,/=6Hz, 1H, H1"),6.77 (d,/=3 Hz, 1H, H3), 720 (t, /=8 Hz, 1 H,
H5),7.76 (d,/=8 Hz, 1 H, H4), 7.88 (d,/ =3 Hz, 1 H, H2), 7.94 (d,/ =8 Hz,
1H, H6); 3C NMR (50 MHz, [Dg]DMSO): 6 =40.5, 61.2, 70.4, 86.3, 86.9,
103.4, 118.9, 119.1, 125.3, 126.7, 128.5, 132.9, 136.6; MS (DCI, NH,/
isobutane): m/z: 296 [M+NH,]", 278 [M]*; UV (MeOH): 4., (¢) =256
(5700), 360 (3300) nm (mol~'dm*cm™'); IR (KBr): 7#=23313, 3241, 2957,
2866, 1628, 1510, 1269, 1017, 701 cm™'; elemental analysis caled (%) for
C3H,N,O5 (278.3): C 56.11, H 5.07, N 10.07; found C 56.30, H 5.30, N 9.86.

Photolysis of the 7-nitroindole compounds 1a and 1b: The photolysis lamp,
suspended in a jacketed water-cooled immersion well, was a 100 W high-
pressure mercury-arc Hanovia lamp with pyrex filter.

Irradiation of 1a (analytical run): A solution of 1a (0.25mm) in H,O/
CH;CN (1:1) was irradiated and the reaction was followed by HPLC
analysis. Reverse phase u-Bondapak C-18 column (Millipore - Waters:
3.9 x300mm) was used with methanol/water pH 2.5 gradient, flow
2 mLmin~! for 10 min.

Irradiation of 1a (preparative run): A solution of 1a (129 mg, 0.251 mmol)
in acetonitrile//PrOH (250 mL, 95:5, v/v) was irradiated under argon for
2 h. After removal of solvent, crude residue was purified by chromatog-
raphy (CH,Cl,) affording the nitrosoindole 3 (18 mg, 0.123 mmol, 49 %)
and the lactone 2a (29 mg, 0.079 mmol, 31 %).

Data for 3: m.p. 76—-78°C; 'H NMR (200 MHz, CDCl;): 6 =6.59 (dd, 1H,
J=3and 2 Hz, H3), 726 (d, 1H, J=2 Hz, H2), 753 (t, L H, J =8 Hz, H5),
8.03 (d, 1 H, J=8 Hz, H4), 9.16 (d, 1 H, J = 8 Hz, H6), 10.4 (brs, 1 H, H1);
MS (EI): m/z: 146 [M]*+,116 [M — NO]*, 89, 63; UV [¢ =50 um L' in H,0/
CH,CN  (99:1)]: Amwe (€)=228 (7500), 278 (5900), 406 (7000) nm
(mol~'dm*ecm!); IR (KBr): 7=3420, 3380, 3290, 3180, 1640, 1570, 1534,
1443, 1397, 1346, 1283, 1161, 1118, 995, 870, 827, 804, 733, 690, 636, 587,
464 cmL

Data for 2a: m.p. 115-117°C; 'H NMR (200 MHz, CDCl;): 6 =2.35 (2s,
6H, 2CH,), 2.78 (dd, /=12 Hz, 2 Hz, 1H, H2'), 3.15 (dd, /=12 Hz, 7 Hz,
1H, H2"), 4.60 (ABX, 2H, H5" and H5"), 4.90 (m, 1H, H4’), 5.56 (m, 1H,
H3'), 719 (m, 4H, ArH), 7.84 (m, 4H, ArH); *C NMR (50 MHz, CDCl):
0=21.6, 34.9, 63.7, 71.6, 82.5, 125.8, 126.2, 129.3, 129.5, 129.7, 144.3, 144.7,
165.7, 165.8, 174.1; MS (DCI, NH/isobutane): m/z: 386 [M+Na]",
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369 [M+H]", 250, 233; UV (EtOH): A, (¢)=241 (30000) nm
(mol~'dm*em™'); IR (KBr): #=2968, 2357, 1795 (C=0), 1733 (C=0),
1622, 1283, 1097, 764 cm~.

Irradiation of 1b (analytical run): An aqueous solution of 1b (0.17 mm,
2.5 mL) in a quartz cube was irradiated at 5 cm distance from the photolysis
lamp and the UV spectra were recorded at different intervals.

Irradiation of 1b (preparative run): A solution of 1b (100 mg, 0.35 mmol)
in water/methanol (250 mL, 92:8, v/v) was irradiated under argon for
15 hours. The reaction mixture was extracted with dichloromethane (2 x
50 mL), the organic phase was dried (MgSO,), and the dichloromethane
was removed under vacuum, affording the nitrosoindole 3 (30 mg,
0.21 mmol, 59% yield). The aqueous phase was filtered on Celite and
lyophilized to afford a colorless oil (45 mg, 0.34 mmol, 97% yield). As
described previously, the deoxyribonolactone 2b is in equilibrium between
the open carboxylate form and the five-membered lactone form.®l The
'"H NMR spectrum of the crude 2b in D,0 showed the presence of about
20% of the open form which decreased to about 10% upon addition of
trifluoroacetic acid. We also found that the lactone form is predominant
(about 95%) at pD 7.4 in phosphate buffer.

Most of the data for 2b are found in ref. [26]. '"H NMR (200 MHz, D,0,
pD 74): 6 =2.55 (dd, /=18 and 3 Hz, 1 H, H2'), 3.02 (dd, /=18 and 6 Hz,
1H, H2"), 3.73 (dd, /=13 and 4 Hz, 1H, H2'), 3.85 (dd, /=13 and 3 Hz,
1H, H2"), 4.53 (m, 2H, H3' and H4').
3,5-Di-0-p-toluoyl-2-deoxy-D-ribono-1,4-lactone (2a): BF;-Et,0 (5 mg)
and mCPBA (0.274 g, 1.4 mmol) were added to a solution of 8 (0.5 g,
1.3 mmol) in CH,Cl,. The mixture was stirred overnight under argon at
room temperature. Et,0 was then added and the organic layer was washed
with aqueous NaHCO; solution and saturated NaCl aqueous solution, and
then dried over MgSO,. After evaporation, the lactone 2a was obtained as
a white powder in 88 % yield.

5-Hydroxy-3-pyrrolin-2-one (9): A solution of 2a (2.0 g, 5.4 mmol) in
saturated NH;/MeOH (30 mL) was stirred at room temperature overnight.
After removal of the solvent, the residue was passed through a silica gel
column (AcOEt) to afford the hydroxylactam 9 (360 mg, 59 % ).'"H NMR
(200 MHz, [D¢]DMSO): 6 =1.38 (s, 3H, CH,), 5.77 (s, 1H, OH), 5.82 (d,
J=5Hz, 1H, H3), 6.95 (d, /=5 Hz, 1H, H4), 8.31 (s, 1H, NH); *C NMR
(50 MHz, [D4]DMSO): 6 =25.5, 86.9, 125.1, 153.5, 171.3; MS (DCI, NH;/
isobutane): m/z: 114 [M+H]*.

Molecular modeling study: The structures were built and displayed by
INSIGHTII, version 2.3.5, the simulations involving molecular minimiza-
tions (MM) using the CVFF force field and the BFGS minimizer of the
DISCOVER program, version 2.95, from Biosym?* implemented on IRIS
or INDIGO workstations (SGI) and on RISC RS6000-540 (IBM).
Molecular dynamics simulations were performed in 1 fs steps over 50 ps
at T=500 K with dielectric constant ¢, =1. Solvent contributions were
calculated with the DelPhi process,?* 2l in two focusing steps, with &, = 80
for the solvent, e,=1 for the solute.

NMR study: NMR experiments with 1a were conducted at 25°C in CDCl,
on a Unity+500 Varian spectrometer equipped with a 5 mm indirect probe.
NOESY spectra were recorded with mixing times of 50, 75, 100 and 150 ms,
and were acquired using 2048 complex points in #,, and 300 in ¢, increments
with 24 scans for each ¢, value. The interproton distances were estimated on
the basis of the two-spin pair approximation assuming a single correlation
time for all protons. The volume integrals of NOE cross-peaks as a function
of the four mixing times were measured to generate the build-up curves.
The distances (r;) were calculated using the relationship 7= r.(0ef/ )",
where 7, is a known calibration distance and o, and oj; are the initial cross-
relation rates for the calibration and unknown distances. The nitroindole
H2-H3 distance of 2.67 A was used as a reference (r,). The upper and
lower bound ranges on the calculated distances were determined from the
resolution of NOE cross-peaks and the quality of the NOE build-up plots.
5'-Dimethoxytrityl-7-nitroindolenucleoside  (10): 4,4'-Dimethoxytrityl
(DMT) chloride (0.85 g, 2.5 mmol), Et;N (0.25 g, 3.5 mmol), and 4-di-
methylaminopyridine (0.011 g, 0.1 mmol) were added to a solution of 1b
(0.50 g, 1.8 mmol) in pyridine (20 mL), and the solution was stirred at room
temperature for 1.5 h, then poured into NaHCO; (5% ) aqueous solution
(100 mL). The resulting mixture was extracted twice with Et,O (100 mL).
The organic phase was dried with MgSO, and concentrated to an oily
residue. This material was coevaporated twice with a small volume of
toluene in order to remove the residual pyridine before purification by
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passage through a silica gel column (5% AcOEt/CH,Cl,) to afford 10
(091 g, 87%). '"H NMR (200 MHz, CDCl;): 6 =2.57 (t,J=6 Hz, 2H, H2'
and H2"), 3.26 (d, /=4 Hz, 2H, H5' and H5"), 3.76 (s, 6 H, OMe), 3.97 (m,
1H, H4'), 448 (m, 1H, H3'), 6.41 (t,J=6 Hz, 1H, H1’), 6.58 (d, /=3 Hz,
1H, H3), 6.73-6.79 (m, 4H, ArH), 713 (t,/ =7 Hz, 1 H, H5), 716 - 7.37 (m,
9H, ArH), 7.78 and 7.81 (d x 2, J=7 Hz, 1H x 2, H4 and H6); MS (DCI,
NHy/isobutane): m/z: 582 [M+2H]".

Phosphoramidite 11: 2-Cyanoethyl-N,N-diisopropylchlorophosphorami-
dite (0.45 mL, 2.0 mmol) was added dropwise to a solution of 10 (580 mg,
1.0 mmol) and EtN(iPr), (0.70 mL, 4.0 mmol) in CH,Cl, (5mL). The
solution was stirred at room temperature for 30 min. The reaction mixture
was then passed immediately through a column of silica gel (eluent: 1:2
AcOEt/cyclohexane) to afford 11 as a yellow powder (0.76 g, 97 %). 3'P
NMR (81 MHz, CDCl;): 6 =147.3 and 146.9; MS (DCI, NH,/isobutane):
miz: 780 [M]*.

Oligonucleotide synthesis: Oligodeoxyribonucleotides were synthesized by
means of standard solid-phase cyanoethyl phosphoramidite chemistry on a
Milligen/Biosearch 8700 DNA synthesizer. The standard 15 pmol cycle was
used except for incorporation of the nitroindole nucleoside 11, which was
done with prolonged coupling time (15 min). The coupling yields for 11
were estimated from the trityl effluent to be higher than 90%. The
oligomers were purified twice (trityl on mode and trityl off mode) by HPLC
on a reverse-phase nucleosil C-18 column (Macherey —Nagel 10 x 250 mm)
with a linear gradient of acetonitrile (trityl on: 10-35% in 15 min; trityl
off: 5-35% in 20 min) in 20mM ammonium acetate solution (pH 7). The
following ¢ values (260 nm, mol-'dm*cm~') were used for the determi-
nation of the concentration of single-stranded oligonucleotides in aqueous
solution: ¢ =44 x 10° for 12 and 13 and ¢ =94 x 10° for 14 [e = (154N, +
11.5NG + 74N+ 8. 7N+ 5.7Ny;) x 0.9 x 10°].  Final yields of purified
oligomers were 134 unit OD,, (3.0 umol) for 12, 112 unit OD,, (2.5 umol)
for 13, and 430 unit OD,, (4.6 pumol) for 14; ESMS (TEA/water/
acetonitrile) 12 and 13: [M — H]5,, =1514 ([M — H] g = 1514); 14: [M —
H] s = 3298 ([M — H]seq = 3298).

Photolysis of oligonucleotides: For the photolysis of oligonucleotides, the
same lamp as above was used. Typical experimental procedure is as follows:
A solution of 14 (15 um x 100 mL) in 5 m™ sodium phosphate buffer (pH 6)
was irradiated for 30 min under Ar at room temperature while being
stirred. The total conversion was verified by HPLC (see ref. [12]). The
solution was extracted twice with Et,0 and concentrated by rotary
evaporator at 45°C. The residue was further purified by HPLC in three
injections (reverse-phase nucleosil C-18 column; Macherey—Nagel 10 x
250 mm) with a linear gradient of methanol (5-50% in 20 min) in Smm
sodium phosphate solution (pH 6). The flow rate was 4 mLmin L
Recovered fractions (22 mL) were evaporated under vacuum at 45°C
and then transferred to an eppendorf with a small volume of water and
lyophilized. The deoxyribonolactone-containing oligonucleotide thus ob-
tained (with phosphate salts) was used without desalting, except for ESMS
analysis, for which a small amount was desalted by HPLC (MeOH/water).
The masses corresponding to the cleaved products were observed (see
ref. [12]). Yield of purified oligonucleotide was typically 80%. ESMS
(TEA/water/acetonitrile) from 12 and from 13: [M — H]g,, =1368 ([M —
H] o =1368); from 14: [M — H] s = 3151 ([M — H]0q = 3152).
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Clustering of Zirconium Atoms in ZrsTeg:
A Novel NiAs-Type-Related Telluride with Ordered Vacancies

Gissur Orlygsson and Bernd Harbrecht*!#!

Abstract: ZrsTe; has been synthesized
and its structure determined by means of
single crystal X-ray diffraction to be
trigonal, P3m1, Z =23, Pearson symbol
hP33,a=1172.8(2) pm, ¢ =707.0(1) pm.
ZrsTe, adopts a metal-deficient, vacan-
cy-ordered 3a x 3a x 1c superstructure
of the NiAs type structure. In the Zr
atom layers, alternately one and two out
of nine Zr atoms are missing. The less
densely populated layers (7/9) consist of
star-shaped Zr; clusters with intracluster
contacts of 351.1 pm; the shortest Zr—

cancies affords a topologically uniform
fivefold Zr coordination (283.5-
302.6 pm) for all three crystallographi-
cally inequivalent Te atoms. They are
shifted towards the vacancies in the Zr
atom layers. The associated corrugation
of the Te atom layers is characterized by
an amplitude of 28 pm. The Te-Te
contacts are >368.1 pm. According to
extended Hiickel calculations, the de-
fects in the Zr atom layers lead to a
reduction in overall Zr-Te bonding
interactions relative to ZrTe (NiAs).

However, through the clustering the
total attractive intralayer Zr—Zr inter-
actions increase considerably, thus pro-
viding decisive stabilization of the struc-
ture. As revealed by thermal analyses,
ZrsTe;, undergoes a reversible phase
transition at 1513 +5 K. On the Zr-rich
side, ZrsTe, coexists with ZrTe (WC),
and, above 1438 £ 5 K with the hitherto
unknown ZrTe (MnP). ZrsTe, exhibits
temperature independent paramagnetic
properties  (Ymo = 0.7 X 1073 cm*mol!)
that are typical for a metallic conductor.

Zr intercluster distance is 470.5 pm. In
the more densely populated Zr atom
layers (8/9), three quarters of the Zr
atoms are arranged to pairs (326.4 pm).
The distinctive distribution of the va-

erties -

Introduction

Metal-rich tellurides of the valence-electron-poor transition
metals uncovered during the last decade, for example,
ScTe,, [l Hf;Te,@ and dd-Ta,¢Te,P! adopt structures with
varying, and often intriguing characteristic features. Telluri-
um-rich compounds of those metals also provide unforeseen
examples of structural diversity. In this vein, the homologous
sesquitellurides Nb,Te;* and Ta,Te;F! have different structure
types; this is in contrast to the common textbook notion of a
similar chemical behaviour of 4d and 5d elements. Supple-
menting, and partly rectifying earlier findings,® research in
the Zr—Te system also has brought to light new binary
compounds in recent years. A survey of the literature shows
that in the tellurium-rich part of the system ZrTes,l ZrTe;,®l
ZrTe,” ' and Zr, ;Te,['!l have been characterized. At equia-
tomic composition, ZrTe (WC)!'> 531 and ZrTe (MnP)!4l exist.
In the metal-rich part, ZrsTe,,['2 1519 Zr, Tel'- 17l and Zr,Tel'®!
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An abrupt increase in the magnitude of
the diamagnetic susceptibility below
2.2 K in a weak magnetic field indicates
a superconducting transition.

compounds

have been reported. In addition to an earlier partial phase
diagram,['”] a tentative phase diagram of the system was
published lately,?®l which contained some valuable hints for
preparative work.

We report here the synthesis of a novel binary zirconium
telluride ZrsTeq,?!1 and its characterization by using single-
crystal and powder X-ray diffractometry, differential scanning
calorimetry (DSC) measurements, energy-dispersive X-ray
(EDX) analysis, magnetic susceptibility measurements, and
extended Hiickel calculations. ZrsTes adopts a NiAs-type-
related structure with ordered vacancies. Examples of phases
with ordered vacancies are found in the Ti—S?? and Cr—S,®!
in which CrsS4 was observed, systems. As opposed to ZrsTe,,
the metal vacancies in those phases are confined to every
second layer of metal atoms. The intralayer clustering of Zr
atoms in ZrsTe, is reminiscent of that resulting from charge-
density wave transitions in some Group 5 transition metal
dichalcogenides.?* 21 Parallels can be drawn to d-electron-
dependent clustering patterns in related transition metal
compounds.?®l Bearing in mind the inevitable reduction in the
frequency of hetero- and homonuclear bonding interactions
that result from the defects in the Zr atom layers in ZrsTe,
relative to hypothetical stoichiometric ZrTe (NiAs type), it is
instructive to scrutinize the bonding situation in ZrsTes.
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Results and Discussion

Phase relations: ZrsTe, is accessible from the melt. Arc-
melted samples of equiatomic composition yielded a mixture
consisting of ZrsTeg and ZrsTe,. In addition, diffuse reflections
of ZrTe (MnP)['! were observed; this suggests an emer-
gence of that phase during the cooling process. Preparative
experiments reveal that ZriTes has an extended stability
region down to at least 1070 K. According to differential
scanning calorimetry (DSC) experiments, in combination with
phase analysis from X-ray powder diffraction, ZrsTe; under-
goes a reversible phase transition at 1513 +5K. In the
uppermost temperature region, ZrsTeg coexists with ZrsTe,
as a neighbouring phase to the metal-rich side. DSC measure-
ments show a first order, reconstructive phase transition
from ZrTe (WC) to ZrTe (MnP) at 1438 £5 K; ZrTe (MnP)
is stable up to at least 1770 K. The phase transition is
reversible, although the reverse reaction is kinetically inhib-
ited at room temperature. Thus, ZrTe (MnP) represents the
next metal-rich phase to ZrsTe, down to 1438 +5 K. Below
1438 £ 5 K this then becomes ZrTe (WC). The neighbouring
phases on the tellurium-rich side of ZrsTes have still to be
explored.

Abstract in German: Das niedervalente Zirconiumtellurid
ZrsTes wurde hergestellt. Einer Rontgenstrukturanalyse von
einem meroedrisch verzwillingten Kristall zufolge kristallisiert
ZrsTes trigonal in der Raumgruppe P3ml, Pearson Symbol
hP33, a=1172.8(2) pm, c¢=707.0(1) pm. Die Struktur ent-
spricht einer metalldefizienten 3a x 3a x 1c-Uberstruktur des
NiAs-Typs mit geordneten Leerstellen. In den Zr-Atomschich-
ten fehlen abwechselnd eins und zwei von neun Zr-Atomen.
Die weniger dicht belegten Schichten (7/9) enthalten sternfor-
mige Zr,Cluster mit Intraclusterkontakten von 351.1 pm. Die
kiirzesten Interclusterabstinde betragen 470.5 pm. In den
dichter belegten Schichten sind dreiviertel der Zr-Atome im
Abstand von 326.4 pm zu Paaren angeordnet. Die spezifische
Verteilung der Leerstellen geht mit einer topologisch einheit-
lichen, fiinffachen Koordination der drei kristallographisch
ungleichen Te-Atome einher. Die Veschiebung der Te-Atome in
Richtung der Liicken fiihrt zu einer Wellung der Te-Atom-
schichten mit einer Amplitude von 28 pm und Te - Te-Kontak-
ten >368.1 pm. Extended-Hiickel-Rechnungen nach bedingen
die Defekte in den Zr-Atomschichten verglichen mit ZrTe
(NiAs) eine Verminderung heteronuklearer Bindungen, wo-
hingegen die Zr— Zr-Wechselwirkungen innerhalb der Schicht
trotz der Unterbesetzung infolge der Clusterung deutlich
verstirkt sind, wodurch die Struktur entscheidend stabilisiert
wird. ZrsTes durchliuft bei 1513 + 5 K eine reversible Phasen-
umwandlung. Auf der Zr-reichen Seite koexistiert es mit ZrTe
(WC) und oberhalb 1438 +5 K mit ZrTe (MnP). ZrsTe, zeigt
einen fiir Metalle typischen temperaturunabhdngigen Paramag-
netismus (Yo =0.7 x 10~ cm’ mol™"). Ein steiler Abfall der
diamagnetischen Suszeptibilitit unterhalb 2.2 K im schwachen
Magnetfeld verweist auf einen Ubergang in den supraleitenden
Zustand.

Chem. Eur. J. 2000, 6, No. 22
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Structural features: The crystal structure of Zr;Te, represents
a new, metal-deficient, vacancy-ordered 3a x 3a x 1c super-
structure of the NiAs type. The NiAs-type structure is based
on a hexagonal close packed arrangement of the non-metal
atoms (A, B) according to the sequence AcBcA. Hence, it
consists of condensed trigonal prismatic Zr, clusters, every
second of which is stabilized by an interstitial Te atom,
whereas the Zr atoms are octahedrally coordinated with Te
atoms. ZrsTes is composed of seven symmetrically inequiva-
lent atoms, Tel —Te3 and Zr1 —Zr4. In the two Zr-atom layers,
alternately one and two out of nine Zr atoms of a fully
occupied layer are missing (Figure la and b). The specific
distribution of the vacancies leads to a uniform fivefold
coordination of the three distinct Te atoms, which corresponds
to a distorted trigonal prism with one Zr atom absent
(Figure 2). The Zr atoms are coordinated by Te in a distorted
octahedron (dg 1. =283.5-302.6 pm); Figure 1c. The Zr
atoms in the less densely populated layer (7/9) show a distinct
clustering: six Zr atoms surround a central one with a distance
of 351.1 pm between the atoms, while the distance between
the Zr; clusters is 470.5 pm (Figure 1b). The shortest distance
between Zr atoms in neighbouring Zr atom layers is 360.8 pm.
The shortest Zr—Zr distance (326.4 pm) is found in the more
densely populated Zr atom layer (8/9), in which pairing is
observed. In the Te atom layers all positions are occupied
(9/9), with the Te atoms shifted towards the vacancies in the
Zr atom layers. This leads to a considerable corrugation of the
Te atom layers, with an amplitude of ~28 pm. The Te-Te
contacts (>368.1 pm) indicate Te —Te van der Waals interac-
tions.

Structural comparison and clustering patterns in related d”
electron systems: From layered-type chalcogenides, various
clustering patterns are known, depending on the number of d
electrons available for homonuclear metal — metal bonding.’!
In d! systems, the formation of discrete clusters is observed,
for example, seven and thirteen atom clusters in the low
temperature superstructures of 2H-TaSe, (3ax3ax lc,
<90 K) and 17-TaSe, (< 473 K), respectively.?* In the former
phase, seven of nine atoms in a layer participate in the cluster
formation. It can be anticipated, that the two atoms that do
not participate are less reduced (d'*) than the seven atoms in
the clusters (d'*¥). Upon moving to a d? system, for example,
B-MoTe,, the metal atoms link up to form zigzag chains.’” In
these three phases, no significant chalcogen to metal (p — d)
electron transfer is predicted.?® 21 This situation changes in
the low-temperature superstructure of VTe, (<482 K),* in
which internal redox competition leads to a transfer of
electrons from Te to V, and a formal d electron count in the
range from 1.25 to 2 instead of 1.5'! Accompanied with the
depopulation of the Te p-block orbitals is the formation of
weak Te—Te bonds in the structure. The associated gain in V
d-electron density leads to the formation of double zigzag
chains of metal atoms, a “compromise”B!! between the
formation of discrete clusters and single zigzag chains. This
same type of clustering is also found in NbTe, and TaTe,.

Turning again to the zirconium tellurides, ZrTe,! repre-
sents an undistorted, ideal Cdl, type structure, with regular
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Figure 1. Details of the crystal structure of ZrsTe,. a) Zr partial structure; four unit cells are shown, indicated by lines. Note that for the sake of clarity the ¢
axis is expanded. b) Vacancy ordering in the Zr atom layers. The displacement direction and magnitude (Ad) of the atoms with respect to the NiAs-type atom
coordinates (model b; see Experimental Section) are indicated. Projection along [001]. ¢) Te coordination of the Zr atoms. The distorted octahedra around
the vacancies are emphasized. Shaded circles represent Te atoms, open circles Zr atoms. Thin-bordered circles are located below and thick-bordered cicles

above the Zr atom plane. Projection along [001].

Figure 2. The distorted trigonally prismatic coordination-spheres of the Te
atoms in ZrsTeq; one Zr atom is always absent. Anisotropic displacements
(99.9% probability) are shown.

hexagonal layers of Zr atoms, typical for d° systems. In the
newly discovered ZrTe (MnP), in which the formal
oxidation state of Zr is +2 (d?), the metal atoms form zigzag

4172
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chains. For ZrsTe, an average d-electron count of 1.6 can be
calculated, again assuming fully reduced Te (—2). Treating the
two Zr atom layers separately yields d' (ZrgTe,) and d'#
(Zr,;Tey). In the 7/9 layer, seven-atom clusters are formed.
Based on the number of d electrons available for homonu-
clear metal—-metal bonding, and by employing the results
from the dichalcogenides, one could also have expected
double zigzag chains to form. This, of course, is impossible due
to the vacancies present. Instead, discrete clusters are formed.
An important feature of this type of clustering compared with
other conceivable patterns, especially considering the high
synthesis temperatures employed, is that trigonal symmetry is
retained. The clustering in the 8/9 layer, with distinctive pair
formation, shows certain characteristic attributes of the
previously discussed zigzag chains. Interestingly, the shortest
Zr-Zr distance in ZrsTe, (326.4 pm), which is found in this
strongly bonded pair, is in close match with that found in the
zigzag chain of ZrTe (MnP) (326.0 pm). Results of extended
Hiickel calculations give no reasons to assume a considerable
p — d electron transfer from Te to Zr in ZrsTes.

The recently reported zirconium telluride Zr, 5y Te,['! shows,
in contrast to ZrsTes, a random occupation of one third of the
metal atom sites in every second layer. The other metal atom
layer is completely filled. No clustering of Zr atoms is
observed. To our knowledge, clustering or vacancy ordering
similar to that found in ZrsTe,, in a comparable composition
range (50 -60 atomic % chalcogen or pnicogen) does not exist
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in related binary systems. For and around the composition
Ti 665,22 as well as in V;S,* and V,Se, P4 vacancy ordering in
every second metal atom layer is observed. This also holds for
several chromium sulfides in the region CrS—Cr¢S.?* In
Cr;Sg, which crystallizes in a 3'%a x 32a x 2¢ superstructure of
the NiAs type, one out of three metal atom sites in every
second metal atom layer is vacant.

Electronic structure—comparison with ZrTe (NiAs type) and
two hypothetical Zr;Te; models: Band structure calculations
on ZrsTeq, two hypothetical ZrsTe; models a and b, and on a
hypothetical stoichiometric ZrTe (NiAs type) were carried
out by using the extended Hiickel method. For details on
models a and b refer to the Experimental Section.
According to the total density of states (DOS) diagrams for
ZrsTeq and a hypothetical ZrsTe, (model a) derived from
NiAs-type ZrTe coordinates and lattice shown in Figure 3, the

Elevy ——»

- Zr-Te
— Zr-Zr

10 20 30 40 50 -20 -10 0 10 20

model a

Ty T =

Elevy —>

10 20 30 40 50 60 70
DOS COOP

Figure 3. Densities of states (DOS), and crystal orbital overlap population
(COOP) curves for ZrsTeq, and a hypothetical ZrsTe, with NiAs-type ZrTe
coordinates and lattice (3a x 3a x 1c), model a. COOP curves for Zr-Te
contacts up to 303 pm (283 pm) and Zr—Zr contacts up to 423 pm (396 pm)
for ZrsTe, (model a) are shown. Levels up to the Fermi energy (broken
horizontal line) are filled; levels to the right of the vertical line are bonding,
to the left are antibonding. The Fermi energy for ZrsTe lies at —8.2 eV, for
model a at —7.7 eV.

Fermi level (er) lies in both cases in regions that are
dominated by Zr d-orbital contributions. The Te p-orbital
contributions extend in both cases downwards from about
2.5 eV below ¢g. The better tuning of the Zr—Zr bonds in real
ZrsTe, compared with model a is clearly reflected in the DOS
and crystal orbital overlap population (COOP) curves shown
in Figure 3; the distortions associated with the cluster
formation give rise to a shift of Zr d states down to lower
energies, concomitantly making more states available for
homonuclear bonding interactions. The hypothetical rear-

Chem. Eur. J. 2000, 6, No. 22
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rangement from model a to the real ZrsTes structure is
further accompanied by a lowering of the Fermi level from
—77¢eV to —8.2 eV, indicative of the energetically favour-
able process.

Based on ZrTe NiAs-type-derived metal atom positions in a
ZrsTeg-type identical lattice (model b), the metal atom
displacements found in the Zr; clusters and the Zr, pairs in
ZrsTeg amount to 40 and 65 pm, respectively (Figure 1b). For
comparison, similar clustering of seven metal atoms in 2H-
TaS,, but without vacancies present, results in around
ten times smaller atomic displacements of approximately
5 pm. The average Mulliken overlap population per intralayer
metal —metal bond increases slightly upon the clustering,]
providing a driving force for the process.

The Mulliken overlap population (MOP)B! for a given pair
of atoms in a specified phase, real or hypothetical, can be seen
as an expression for the strength of bonding interactions.
Thus, the MOP can be employed in a qualitative assessment
and comparison of the bonding situation in different phases.
Judging from the summation of the MOPs, the Zr-Te
interactions in ZrTe (NiAs) and ZrsTeg represent the bulk of
the bonding interactions in those phases (Table 1). In total,

Table 1. Mulliken overlap populations (MOP). Comparison of ZrsTe, with
ZrTe (NiAs-Type) and two hypothetical ZrsTe, models a and b (see
Experimental Section for details).

ZrTe  ZrTe, (a) ZrsTeq (b) ZrsTeg
NiAs type coordinates
Interaction NiAs-type lattice  ZrsTeg lattice
Zr-Zr intralayer 2.25 1.24 1.87 3.39
Zr-Zr interlayer 1.95 1.46 0.89 0.88
Zr-Zr total 4.20 2.70 2.76 4.27
Zr-Te total 41.0 39.1 385 358

the Zr-Zr interactions in both phases are very similar.
Surprisingly, in spite of the vacancies in the Zr atom layers in
ZrsTeg, the sum of the Zr—Zr overlap populations in the (001)
plane is considerably larger than in ZrTe (NiAs) (3.39 vs.
2.25). The decrease in interlayer Zr—Zr interactions as a
result of the vacancies, on the other hand, leads to much
smaller total interlayer Zr—Zr overlap populations in ZrsTeq
than in ZrTe (NiAs) (0.88 vs. 1.95). This is also reflected in the
larger c lattice parameter of ZrsTes. Following the develop-
ment of the summation of overlap populations from ZrTe
(NiAs) over the two hypothetical models a and b to ZrsTe,
shows a continuous and expected decrease in total Zr-Te
interactions and interlayer Zr—Zr interactions (Table 1).
Tracing this development for the intralayer Zr—Zr interac-
tions gives an idea of the importance of the shifts of the Zr
atoms away from the NiAs-type positions to the coordinates
of the ZrsTes structure for the optimization of the Zr—Zr
interactions in the layers. Thus, removal of the Zr atoms from
the NiAs-type lattice results in a reduction of bonding
interactions (2.25 — 1.24); this is partly compensated for
(1.24 — 1.87) on adoption of the dimensions of the ZrsTe,
lattice. The clustering of the Zr atoms finally brings a drastic
increase in bonding interactions in the (001) plane (1.87 —
3.39).
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Magnetic susceptibility: The temperature dependence of the
magnetic susceptibility is shown in Figure 4a. The essentially
temperature-independent paramagnetic susceptibility ob-
served (Ymo = 0.7 x 1073 cm3mol ) is typical of materials with
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Figure 4. Magnetic properties of ZrsTes (powder sample). a) Temperature
dependence of the molar magnetic susceptibility measured at a field of
30 kG. b) Evidence for a superconducting transition in ZrsTe,. Diamag-
netic shielding is observed for zero-field cooling (zfc) in an external field of
20 G; the Meissner effect is observed for field cooling (fc). Inset: field-
dependence of the superconducting transition (zfc data) at 20, 30, 50, and
100 G external magnetic field.

metallic transport properties and unpaired conduction elec-
trons. A field-independent susceptibility was obtained at 5 K.

The abrupt increase in the magnitude of the diamagnetic
susceptibility of ZrsTe, below 2.2K (onset) in a weak
magnetic field points to a transition into a superconducting
state. Figure 4b shows the observed diamagnetic shielding for
zero-field cooling (zfc), the Meissner effect for field cooling
(fc) and the dependence of the transition on field strength.
Due to instrumental limitations, the data collection had to be
interrupted while readings were moving rapidly to more
negative magnetization values (fc case). Estimating the lower
limit of the superconducting volume fraction at 1.8 K from the
volume susceptibility (yy), after cooling in an external
magnetic field of 20 G, yields 4.6 % of the theoretical value
(—1/4m). According to a hysteresis loop cycled over
—-150G<B,,,<150G at 1.8K, B, can be estimated to be

app —
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10 + 3 G. Magnetic susceptibility measurements on ZrsTe, and
the neighbouring phase ZrTe (MnP)* did not indicate
superconductivity in those phases above 1.8 K. A super-
conducting transition occurs in Zr at 0.61 K.

Conclusion

The zirconium telluride ZrsTe, is identified as the phase that
coexists with ZrTe (WC), and above 1438 +5 K up to at least
1770 K with ZrTe (MnP). Starting from ZrTe, and Zr, ZrsTe,
forms readily at 1470 K. Zr;Te, undergoes a reversible phase
transition at 1513 £ 5 K. The susceptibilities became strongly
diamagnetic in weak external fields below 2.2 K, an indication
of a transition into a superconducting state.

At ambient temperature, ZrsTe, adopts a NiAs-type 3a x
3a x 1c superstructure. It exhibits a unique pattern of
vacancies in the metal atom layers, together with a distinctive
clustering of Zr atoms. Consecutive layers, with one and two
out of nine metal atom positions being empty, comprise
alternately Zr, pairs and star-shaped Zr; clusters, respectively.
The specific vacancy ordering underlying the clustering of Zr
atoms ensures the three crystallographically inequivalent Te
atoms a similar fivefold Zr coordination.

The ordering phenomena are correlated with clustering that
is dependent on the the d-electron count of Group 5 and 6
transition metal chalcogenides. The enhancement in Zr—Zr
bond energy brought about by the clustering overcompen-
sates the configurational entropy term in the free energy for
an alternative disordered defect NiAs-type structure, even at
temperatures as high as 1513 K. In fact, comparative extended
Hiickel calculations reveal a decisive contribution of the
cluster energy to the stability of ZrsTe,.

A series of complex phases with modulated structures,
following ZrsTes in the Te-rich domain, await to be unrav-
elled.

Experimental Section

Preparation: Due to their air-sensitivity, the tellurides were handled and
stored under argon. The starting material ZrTe, was prepared from the
elements (Te: 99.999 %, Fluka; Zr: 99.8%, ChemPur; ny:ny=1:2) in
previously out-gassed, sealed quartz glass tubes (1150 K, 1d). Single
crystals of ZrsTe, were obtained through the reduction of ZrTe, with Zr
(1570 K, 3 d, L,) in a sealed, argon-filled tantalum tube, which in turn was
contained in an evacuated corundum tube (P < 10~3 Pa). The temperature
of the reaction mixture was uniformly raised over 12h from room
temperature to 1570 K, and lowered again over 9 h to room temperature.
By means of energy-dispersive X-ray (EDX) spectroscopic analysis
(CamScan CS4DV, EDX system, Noran Instruments, 30 kV, Zr-L, Te-L,
Ta-L; detection limit: Be) no other elements than Zr and Te were found.
EDX analysis of single crystals yielded xp =0.547(10).

DSC investigations: Differential scanning calorimetry (DSC) investiga-
tions were performed with help of a SETARAM Setsys 16/18 with PtRh
6% /PtRh 30% thermocouples. The samples (20-100 mg) were pressed
into pellets (& 3.5 mm, 6.5 kN) and put in a molybdenum crucible, which
subsequently was sealed under an argon atmosphere. The sample crucible,
together with an empty reference crucible, was placed on the DSC
transducer. The furnace compartment was evacuated (P<1Pa) and
flooded with purified argon gas. This procedure was repeated three times
before a measurement was conducted under a stream of purified argon.
The heating rate used was 10 Kmin~'; cooling rates were 10-40 Kmin~.
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No significant weight changes of the molybdenum crucibles were detected.
Reactions between molybdenum and the specimens were not observed.

Powder X-ray diffraction: Guinier X-ray powder diffraction was used as a
characterization method for phase identification. Guinier photographs
were obtained with a Huber Guinier System 600 with Cuy,, radiation.
Silicon®®”! was added to the samples as an internal standard. Lattice
parameters were determined from Guinier diffraction data by least-squares
refinement by using the local program DIFFRAKT.® X-ray powder
diffractograms were recorded in transmission at ambient temperature on a
Philips X’Pert MPD diffractometer with 6:0 geometry, equipped with a
diffracted-beam curved graphite monochromator and Moy, radiation.
Intensities were detected by means of a position-sensitive detector. The
samples were held in a sealed glass capillary under an Ar atmosphere. An
X-ray powder diffractogram and a Rietveld profile fit for Zr;Te; are shown
in Figure 5.

Relative Intensity ——-»

L

A\.M A PN !
v

B

T T T T T T

10 20 30 40 50 60
20/° —>
Figure 5. X-ray powder diffractogram (Moy,) and a Rietveld profile fit of
ZrsTey (top). Measured (dots) and calculated (line) intensities with a
difference plot (bottom, 50 % expanded). In the middle the positions of the
Bragg angles of ZrsTe, are shown.

Single-crystal X-ray diffraction: The selected crystals were mounted in
argon-filled glass capillaries. Relevant data for the single-crystal X-ray
structure investigation of ZrsTe, are given in Table 2. Positional parameters
and isotropic, equivalent temperature factors are given in Table 3.
Anisotropic temperature factors are given in Table 4. Selected interatomic
distances are found in Table 5. On all crystals tested, twinning by
merohedry was observed, with the twin plane (001). The structure could
be solved without considering the twinning, but refinement of the structure
parameters without applying the twin law led to poor residual values
[R(F,)=0.1508; R,,(F2) =0.2894] and displacement parameters. On apply-
ing the twin law the residual values dropped to R(F,)=0.0252 and
R, (F2%)=0.0438 and the displacement parameters improved drastically. A
numerical absorption correction resulted in a minor improvement of the
final residual factors to R(F,)=0.0238 and R,,(F2?)=0.0409, as shown in
Table 2. The lattice parameters determined for the single crystal on the
basis of the positions of 5000 reflections, and those from Guinier powder
diffraction data (65 reflections, a=1172.08(9), ¢=706.65(4) pm) are in
good agreement. No signs of a partial occupation of the atomic sites were
found. We note, that the orthorhombic lattice parameters of a phase
reported at 52 atomic % Tel (ZrsTeq: 54.5 atomic% Te) can be trans-
formed to the present hexagonal lattice parameters and agree within less
than 1 pm in each case: a,=706.35(6) pm=c¢,; b/32=1172.3(1) pm = ay;
¢, x3=1172.9(1) pm =a.

Further details on the crystal structure investigation may be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopolds-
hafen, Germany (fax: (+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.
de), on quoting the depository number CSD-411202.

Magnetic susceptibility measurements: Magnetic susceptibility measure-
ments were carried out with the aid of a Quantum Design MPMS SQUID
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Table 2. Selected crystallographic data for ZrsTeg.

formula

M,, [gmol~']
space group; Z

a [pm]

¢ [pm]

V [106 pm?]
Peatca [geM™]
u [mm™]

data collection
crystal

crystal size [mm?]
diffractometer

T [K]
4 Moy, [pm]
monochromator
distance crystal-IP / mm
¢, Pinee. [']

20 [']

index range

reflections measured
data reduction
programs

absorption correction
min/max transmission
unique reflections
Ri(F)

refinement

programs

parameters

observed reflections [, >20(1,)]

R(F)¥ [1,>20(1)]; R(F,)
R (F)P

goodness of fit

Ap max/min [107¢ e pm~3]
twin law

fractional volume of major
component

ZrsTeq

1221.72

trigonal, P3m1 (No. 164); 3
1172.8(2)

707.0(1)

842.1(2)

7.227

19.70

silver lustre, hexagonal plate
0.055 x 0.065 x 0.080

IPDS (STOE & Cie)

293

71.073

graphite

40

0-300, 1.0

65.7

—17<h<+17,
—17<k<+17, -10<I<+10
18382

IPDS-software, X-RED, X-SHAPE®!

numerical
0.3174/0.4045
1165

0.0484

SHELXS-97, SHELXL-971
36

1075
0.0200; 0.0238
0.0409

1.082

1.19/—1.14

100 010 00—1
0.508(1)

[a] R(F,) =Z||F,| — |F|l/Z ] F, . [b] R,(F3) =[Z[w(F3 — F2PVE[w(F3)*]"

w = 1/[*(F2) + (0.0226 P2 +0.2453 P); P= (F2 + 2 F2)/3.

Table 3. Atomic coordinates and equivalent displacement parameters,

(Ueq [pm?]) for ZrsTes.

site X y z Uy

Tel 6i 0.89360(4) 0.10640(2) 0.28923(7) 57.0(9)
Te2 6i 0.55889(2) 0.44111(4) 0.20925(7) 56.3(9)
Te3 6i 0.77511(4) 0.22489(2) 0.75579(7) 81.9(13)
Zrl la 0 0 0 59(2)
Zr2 2d 1/3 2/3 0.5112(2) 82(2)
Zr3 6g 0.29940(5) 0 0 58.7(11)
Zr4 6h 0.63916(5) 0 12 104.7(12)

Table 4. Anisotropic displacement parameters [pm?] for ZrsTe,.

Ul 1 U22 U33 U23 Ul 3 Ul 2

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

Tel 59(2) 50.9(12)  64(2) —74(7) —14.7(13) 29.7(8)
Te2 485(13) 56(2) 67(2) —148(14) —7.4(7) 28.1(8)
Te3  68(2) 59.4(14) 122(3) 21.8(8) 44(2) 33.9(9)
Zrl  73(3) Uy, 31(6) 0 0 36(2)
Zr2 102(3) Uy, 43(4) 0 0 51.0(13)
73 61(2) 62(2) 54(3) —10(2) —4.8(11) 31.0(11)
Zr4  94(2) Uy, 503)  —4.0(13) 40(13) —10(2)
0947-6539/00/0622-4175 $ 17.50+.50/0 — 4175
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Table 5. Selected interatomic distances [pm] for ZrsTe,.

Zr1-Tel (x6) 297.53(5) Zr4—Te2 (x2) 288.44(6)
Zr1-Z13 (x 6) 351.13(7) Zrd—Te3 (x2) 292.63(4)
Zr2—Te3 (x 3) 290.11(10) Zr4—Tel (x2) 299.31(7)
Zr2—Te2 (x3) 294.92(10) Zrd—7Zr4 (x 1) 326.41(13)
Z12—7r4 (x 6) 375.93(8) Tel-Tel (x2) 368.14(7)
Zr3—Tel (x2) 283.50(6) Tel-Tel (x2) 374.35(5)
Zr3—Te3 (x2) 289.76(4) Tel—-Te3 (x2) 397.09(7)
Z13-Te2 (x2) 302.56(6) Te2—Te2 (x2) 379.20(8)
Zr3-7Zrl (x 1) 351.13(7) Te2—-Te2 (x 1) 380.50(7)
Zr3—7Zr13 (x2) 351.13(7) Te2—Te3 (x2) 388.59(7)
Z13—7Zr4 (x2) 360.76(5) Te2—Te3 (x2) 397.66(5)
Te3—Te3 (x2) 381.54(5)

Table 6. Parameters used for extended Hiickel calculations.

orbital H; [eV] gl bl ol bl
ZrTe model a model b ZrsTe,
Zr 5s —7.674 —8.083 —8.150 —8276 1.82
5p —4.100 —4.438 —4503 -—4.639 1.78
4d —7.336 —7.968 —8.069 —8260 3.84 0.6213 1.505 0.5798
Te 5s —21.20 2.51
Sp —12.00 2.16

[a] Slater-type orbital exponents. [b] Coefficients used in double-¢ expansion.

magnetometer with a He cryostat. The data were corrected for diamag-
netism of sample holders and atom cores.*] Powdered samples of 50—
200 mg of Zr;Te, were loaded into the sample holder in an Ar-filled
glovebox. Magnetization measurements for the normal state properties
were carried out between 1.8 and 330 K in fields of 10 kG and 30 kG. The
field dependence of the magnetization was measured at 5 K. For the
superconducting-state properties, measurements with an external field of
20 to 100 G between 1.8 K and 10 K were carried out with field cooling (fc,
Meissner effect) and zero-field cooling (zfc, diamagnetic shielding) of the
samples. In order to determine the lower critical field (B,;) a field scan
(=150 G < B,,, <150 G) at 1.8 K was performed.

Electronic structure calculations: Band structure calculations on ZrsTe,,
two hypothetical Zr;Te, models a and b, and on a hypothetical stoichio-
metric ZrTe (NiAs type), were carried out within the tight-binding
approximation at 80 k points by using the extended Hiickel method.[*!
For ZrTe (NiAs), reported lattice parameters!'” (a =396.2, ¢ = 669.3 pm)
for a nominal composition of 52 atomic % Te were used. In hypothetical
Zr;Te, model a, NiAs-type ZrTe atomic coordinates and lattice parameters
(3a x 3a x 1c) were used. For ZrsTe, model b, the NiAs-type ZrTe atomic
coordinates (3a x 3a x 1c¢) were retained, whereas the lattice parameters
were relaxed to those of real ZrsTe,. In each case, the positions
corresponding to the vacancies in ZrsTe, were left empty. Valence-state
ionization energies (H;) for Zr were obtained from charge-iterative
calculations on the respective structures by using fixed valence-state
ionization energies for Te. Other parameters have been cited elsewhere.[*]
The parameters are listed in Table 6.
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Kinetic Stabilization of the [1.1]Paracyclophane System: Isolation and X-ray
Structural Analysis of a [1.1]Paracyclophane Derivative and Its Interconver-
sion with the Transannular Adduct

Hidetoshi Kawai, Takanori Suzuki, Masakazu Ohkita, and Takashi Tsuji*?!

Abstract: Intentionally designed kinetic
stabilization of the [1.1]paracyclophane
skeleton has been achieved by multiple
substitution of the aromatic rings with
trimethylsilylmethyl and N,N-dimethyl-
carbamoyl groups, which serve to shield
the proximate bridgehead carbon atoms
sterically from access by other reagents.
The bis(Dewar benzene) precursor (1a)
has been prepared in essentially the
same manner as previous derivatives—
starting from the photocycloaddition of
1,4-bis(trimethylsilyl)-2-butyne to octa-

at 50°C and suffers decomposition only
by 8% after 2 h at 100°C in degassed n-
decane, demonstrating its greatly im-
proved kinetic stability compared to
previous [1.1]paracyclophanes. Since 2a
undergoes  efficient  photochemical
transformation into the transannular
addition product 3a, irradiation of 1a
tends to produce a mixture of products
consisting mainly of 3a. Compound 3a,
however, reverts thermally to 2a in a
process of half life 40 min at 55°C; the
activation parameters for this process

are AH*=21.140.8 kcalmol™' and
AST=-10.5+2.6 calK'mol~'. Thus,
on heating 3a in benzene and cooling
the resultant solution, 2a is obtained as
orange-red crystals. X-ray crystallo-
graphic analysis of 2a reveals benzene
rings bent to the highest degree ever
reported for a paracyclophane, with
their face-to-face arrangement in unusu-
ally close proximity. The shortest non-
bonding interatomic distance is 2.376 A;
less than the sum of the van der Waals
radii by more than 1.0 A. The generation

hydroindacene-1,5-dione—except for a
few critical modifications described in
the text. Substituted [1.1]paracyclo-
phane (2a), photochemically generated
from the precursor, is indefinitely stable

Introduction

A salient feature of the [1.1]paracyclophane structure is the
arrangement of two strongly bent benzene rings face-to-face
in unusually close proximity. Both the physical and the
chemical properties that arise from the enforced transannular
interactions between the aromatic rings are of considerable
interest. The parent compound and a few initially produced
derivatives, however, are persistent only in dilute solution and
below —20°C, largely precluding exploration of their struc-
tures and properties.ll Although the decomposition products
are intractable polymeric materials, the known reactivity of
highly strained paracyclophanes? suggests that their lability
most probably arises from the susceptibility of bridgehead
carbon atoms towards the addition of diverse reagents, by
which means the steric strain inherent in the system is largely
relieved. This implies that the [l.1]paracyclophane ring

[a] Prof. T. Tsuji, H. Kawai, Prof. T. Suzuki, Dr. M. Ohkita
Division of Chemistry, Graduate School of Science
Hokkaido University, Sapporo 060-0810 (Japan)
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E-mail: tsuji@sci.hokudai.ac.jp

Chem. Eur. J. 2000, 6, No. 22

Keywords: arenes -
- cyclophanes - kinetic stabilization
- strained molecules

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

of related substituted [1.1]paracyclo-
phanes and their kinetic stabilities are

cycloadditions
also reported.

system might be kinetically stabilized by introducing sterically
demanding substituents, effectively shielding all four bridge-
head sites from access by other reagents. These considerations
brought us to the design of kinetically stabilized derivatives
and eventually to the successful synthesis, isolation, and X-ray
crystallographic analysis of a derivative (2a).0! In this paper
we present details of the investigation into the preparation of
2a and related kinetically stabilized [1.1]paracyclophane
derivatives, and on the interconversion of 2a and the trans-
annular adduct 3a (Scheme 1).

Results and Discussion

Design of kinetically stabilized [1.1]paracyclophanes: Sub-
stituents conventionally used to protect active sites sterically
are bulky and inert. The effective bulkiness remains largely
unaffected by conformational changes, as the tert-butyl group
illustrates. Examination of molecular models suggests that the
bridgehead sites of [1.1]paracyclophane would be adequately
shielded sterically by the introduction of fert-butyl groups
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a: R=CH,SiMe,, X = CONMe,
b: R=Et, X=CONMe,
¢: R=CH,SiMe;, X = CO,Me

Scheme 1. Generation and isomerization of [1.1]paracyclophanes.

onto the aromatic rings, but also shows that severe steric
repulsion between the substituents would result if steric
protection of all the bridgehead sites were attempted. The
synthetic difficulties accompanying the preparation of the
corresponding bis(Dewar benzene) precursor (1) would be
insurmountable.[! The effective steric bulkiness of the neo-
pentyl group, on the other hand, is highly dependent on the
orientation, in the preferred conformation, of the ferz-butyl
moiety. Molecular modeling, however, suggests that the
degree of conformational freedom of neopentyl groups
vicinally substituted on the aromatic ring of [1.1]paracyclo-
phane is restricted by mutual and transannular steric inter-
actions in such a manner as to position their bulky moieties
near the neighboring bridgehead carbon atoms. In the
preferred conformation, this effectively shields these bridge-
head carbon atoms from access by other reagents. Important-
ly, introduction of neopentyl groups appears not to incur
excessive steric repulsion in the [1.1]paracyclophane structure
and its bis(Dewar benzene) precursor. Steric congestion in
both [1.1]paracyclophane and its precursor appeared to be
slightly relaxed if the trimethylsilylmethyl group was em-
ployed in place of the neopentyl group—without appreciably
impairing the steric shielding effect—and so we also chose this
as an alternative substituent.

For the construction of 1,4-bridged Dewar benzene skel-
etons, we have thus far made use of the photo-Wolff ring
contraction of a-diazocyclopentanone derivatives to the
corresponding  cyclobutanecarboxylic acid derivatives.!
While the resultant alkoxycarbonyl substituent on the aro-
matic ring of [1.1]paracyclophane appeared not to contribute
appreciably to steric protection of the skeleton, the corre-
sponding N,N-dimethylcarbamoyl group seemed to exert a
substantial stabilizing effect; in the preferred s-frans (with
respect to the bridgehead carbon atom) conformation, one of
the methyl groups is placed over the proximate bridgehead
carbon atom. These expectations—based on molecular mod-
eling—were verified experimentally as described later.

Preparation of the bis(Dewar benzene) precursors: The prep-
aration of the substituted bis(Dewar benzene) precursors (1a—
c¢) was carried out in essentially the same manner, apart from a
few critical modifications, as for the precursors of the previously
reported [1.1]paracyclophanes 1d and 1e[! as outlined in
Schemes 2 and 3. Thus, the photocycloaddition of 1,4-bis-
(trimethylsilyl)-2-butyne 5al% to 4 proceeded smoothly to
afford monoadduct 6a. Subsequent addition of a second unit
of 5a to 6a was significantly more difficult than the first, but
eventually proceeded in a saturated solution of Sa in CH,Cl,
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Scheme 2. Photochemical cycloaddition of substituted acetylenes (5a—5c¢)
to 4. a) HCO,Et, MeONa. b) p-MeCsH,SO,N;, Et;N.

a: R =CH,SiMe;
b: R=Et
c: R =CHyCMe;

to furnish 8a in 76 % yield after 30% conversion. Extended
irradiation only increased the production of an isomer of 6a,
to which the structure 7a was tentatively assigned.[’l The bis-
adduct 8a is structurally homogeneous; the product of the
addition of two molecules of Sa to the opposite faces of 4, as
was later confirmed by X-ray structural analysis of its
derivatives 2a and 3a. The same face-selectivity has been
observed in the photocycloaddition of acetylene to 4.0

On the other hand, irradiation of 4 in a solution of 2,2,7.7-
tetramethyl-4-octyne 5¢® in CH,Cl, afforded a mixture of 6¢
and 7c¢ in a ratio of about 5:1 in 69% yield after 56%
conversion. The second addition of 5¢ to 6 ¢, however, was too
inefficient to be practical, and prolonged irradiation of 6c,
even in a concentrated solution of Se¢, predominantly pro-
duced 7c. Hence, the preparation of 8 ¢ was effectively denied.
The carbon—silicon single bond (1.89 A) is significantly longer
than the carbon—carbon single bond (1.54 A) and this would
sterically facilitate the addition of 5a to 6a, relative to that of
Scto6e.

The a-diazotization of diketone (8a) to afford 10a,
followed by photo-Wolff rearrangement in methanol, fur-
nished 12a in 84% yield as an almost stereochemically
homogeneous product (Scheme 3).[) Irradiation of 10a in an
aprotic solvent yielded diketene 11a, from which amide 14a

. R MeO,C R
10 " R MeoH R
R A R A
R “o R CO,Me
11 12
a: R = CH,SiMe;
b: R=Et LiNMe,
oLi
Me,N R Me,NCO R
R R
H,O
R A R 7
R OLi R CONMe,
NMe,
13 14

Scheme 3. Preparation of diketene 11 and its subsequent reactions.
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was obtained by the addition of LiNMe,, followed by
hydrolysis.'”] Ester 12a and amide 14a, however, are already
so sterically congested that attempts to a-phenylselenenylate
them met with difficulty. Thus, neither treatment of 12a with
lithium diisopropylamide (LDA)/PhSeBr,'"l nor attempts to
react PhSeBr with the enolate ion generated from 11a and
NaOMel'? provided the desired product. Treatment with KH
in the presence of (PhSe), has been recommended for the
selenenylation of sterically hindered esters.'*l Application of
this method to 12 a resulted in the formation of 15 in modest
yield, and 16 was obtained from this by following the usual
oxidation - elimination protocol (Scheme 4).[' By repetition
of the same reaction sequence, 16 was finally converted to 1¢
in 20 % yield.

COMe o Meo,C R
PhSe
12a -3 . "B Rlanb) 40
R co,Me R CO,Me
15 16

R = CH,SiMe,
Scheme 4. Synthesis of 1¢ from 12a. a)KH, (PhSe),. b) 1. H,0,; 2. A.

The selenenylation of 14a was all the more difficult and the
above methods proved useless. It is known that selenenamide
17 adds to the carbon—carbon double bond of conjugated
enone 18 by way of the initial formation of zwitterion 19,
followed by intramolecular migration of the phenylselenyl
group (Scheme 5). The central carbon atoms of the ketene

SePh
PhSeNMe, ( S o NMe
? 17 o] NMe, | 2
Ph Ph Phy
SePh
18 19
- -
R! 17 RO R
‘c=Cc=0 c=c_, — RZ2-C—C
R? R2 Nwme, phse  NMe;
PhSe
20 21

Scheme 5. Hypothetical pathway for the reaction of ketene with selen-
enamide.

moieties of 11a are apparently less sterically encumbered
than the carbon atoms adjacent to the amide groups of 14a. If
17 can add to ketene to generate zwitterionic intermediate 20,
a-selenenylated amide 21 may well be produced through
subsequent migration of the phenylselenyl group. This
hypothesized reaction worked excellently in practice, and
treatment of 11a with 17 furnished 22a, from which 1a was
obtained following the usual oxidation-elimination proce-
dure (Scheme 6). The less sterically congested amide 1b was
also prepared in the same manner from the twofold adduct of
3-hexyne to 4.
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4177-4187
CONMe;, R Me,NCO R
PhSe - z
1. HgO.
11 ——Z 2.1
17 R 2,
A SePh R
R CONMe;, R CONMe,
22 23
a: R=CH,SiMe;. b: R=Et

Scheme 6. Synthesis of 1 from 11 and the structure (23) tentatively
assigned to a side product in photochemical generation of 2 from 1 (R=
CH,SiMe; or Et).

Generation of [1.1]paracyclophanes and their kinetic stabil-
ities: Amide 1a exhibits in its UV/Vis absorption spectrum a
featureless end absorption that extends to 350 nm with a
barely discernible shoulder at about 255 nm (¢ 6900). Irradi-
ation of 1a in degassed n-decane with a low-pressure mercury
lamp led to the formation of species exhibiting a characteristic
UV/Vis absorption with A, at 267, 321, and 376.5 nm,
accompanied by a weak, broad band (4,,,, 464 nm['?)) in the
range 400-530 nm (Figure 1). The generated species is

Q
Q 4
=
e
= a
2
8
T A
) C
0.0 T T T P T T
300 400 500
Wavelength (nm)

Figure 1. Difference UV/Vis absorption spectra (spectrum after irradia-
tion minus spectrum prior to irradiation) for the photochemical isomer-
ization of 1 to 2 with light of wavelength 254 nm: a) 1a— 2a in n-decane,
Amax =267, 312 (sh.), 321, 357 (sh.), 376.5 nm ; b) 1b — 2b in diethyl ether,
Amax =311, 357 (sh.) nm; c¢) 1¢—2¢ in n-decane, A, =275, 330, 379 nm.
The scales of absorbance for spectra a—c differ from each other.

photochemically reactive and rapidly consumed when the
resulting mixture is irradiated with filtered light of wavelength
>420 nm. The observed spectral changes are due to the initial
transformation of la into 2a, followed by the secondary
transannular addition to give 3a as confirmed by the isolation
of respective products as described later.l'y The second
process represents, to our knowledge, the first direct forma-
tion of benzene p,p’-dimer.'”! The intensity of the UV/Vis
absorption due to 2a remains unchanged at 50 °C in darkness
and decreases only by 8% after 2 hours at 100°C, demon-
strating the pronounced kinetic stabilization of the [1.1]para-
cyclophane skeleton by these substituents. It should be
recalled that both 2d and 2 e suffer complete decomposition
within four hours at room temperature in degassed dilute
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solution. Compound 2a, however, is only marginally stable in
the presence of air. When the seal of an NMR tube containing
a degassed C4Dy solution of 2a was broken and the solution
shaken for one minute before rerecording the spectrum, the
intensities of signals due to 2a had decreased to about half
their previous values.

Compound 1b also underwent successive phototransfor-
mation into 2b and then into 3b, as "H NMR measurements
revealed. The UV/Vis absorption due to 2b, which is blue-
shifted by 10—20 nm relative to that of 2a, slowly decays with
a half life of about five days at ambient temperature,
indicating that 2b is more stable than 2d and 2e, but
significantly inferior to 2a in kinetic stability. Thus, the ethyl
substituents appear significantly less effective for kinetic
stabilization of the [1.1]paracyclophane system than do the
trimethylsilylmethyl groups.

Irradiation of 1¢ with a low-pressure mercury lamp similarly
led to the development of UV/Vis absorptions with 1, at 275,
330, and 379 nm, accompanied by a weak, broad band extending
over 500 nm. The observed spectrum was slightly red-shifted
from that of 2a, but both spectra were similar in shape,
including the characteristic broad bands in the 400-500 nm
region. Upon subsequent irradiation with filtered visible light
(>420 nm), the developed absorption rapidly decayed, like
that observed with 2a. Accordingly, it was ascribed to 2¢. In
darkness, the intensity of the absorption decreased by 25 %
after 4.5 days at room temperature and by 20 % after 80 min at
50°C, revealing that 2¢ is slightly more stable than 2b, but
significantly inferior to 2a in kinetic stability. This is in accord
with predictions based on molecular modeling.

Thermal cycloreversion of 3a to 2a: When a degassed n-
decane solution containing 3a was allowed to stand in
darkness at room temperature, the characteristic UV/Vis
absorption due to 2a slowly developed, demonstrating the
ability of 3a to revert thermally to 2a.l'8l The corresponding
cycloreversion is also observed for 3b and 3¢. This reactivity
of 3 proved to be quite advantageous for the preparation and
purification of the air-sensitive 2, since the latter is difficult to
prepare in pure form and reasonable yield directly from 1. The
photochemical isomerization of 1 tends, except at very low
degrees of conversion, to produce mainly 3 rather than the
primary product 2, because 2 is very susceptible to photo-
chemical transformation into 3 and, moreover, its high
absorptivity extends to a wavelength much longer than that
of the precursor 1. In the photochemical reaction of 1a in
C¢Dy (irradiation with a high-pressure mercury lamp through
Pyrex), for example, 3a is already the major product after
15% conversion of 1a. After 80 % conversion, 2a, 3a, and a
third product to which structure 23 was tentatively assigned
are formed in yields of 5, 66, and 6 %, respectively.'’) Thus,
air-stable 3a is readily obtained as colorless crystals by
successive irradiation of a solution of 1a with a high-pressure
mercury lamp and then with a xenon lamp (to convert
remaining 2a into 3a). The transannular adduct 3a reverts
quantitatively to 2a when heated in darkness at 37°C for 23 h
in degassed CD,Cl,, and is regenerated cleanly upon subse-
quent irradiation of the resulting solution with visible light
(>420 nm) (Figure 2).2 When a solution of 3a in degassed
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Figure 2. '"H NMR (400 MHz) spectral changes observed in the thermal
cycloreversion of 3a to 2a in CD,Cl, (signals at 6 1.55 and 5.33 are due to
water and residual solvent proton, respectively). Top: Before heating.
Weak signals due to 2a, generated from 3a during the preparation of the
sample, are already observed. Middle: After heating the sample at 37 °C for
23 h. The resulting spectrum is essentially that of 2a. Bottom: Difference
spectrum. Clean, quantitative reverse transformation was observed upon
irradiation of the resultant solution with visible light (>420 nm).

benzene was heated at 45°C for 16 h, concentrated, and then
cooled to 5°C, the resulting 2a separated from solution in the
form of orange-red crystals.

Molecular structures of 2a and 3a: The molecular structures
of 2a and 3a are given in Figures3 and 4, respectively.
Selected bond lengths, nonbonding interatomic distances, and
bond and torsion angles are listed in Tables 1 and 2. Both 2a
and 3a are C; symmetric in the crystalline state and their
polycyclic cores are slightly distorted from ideal D, symme-
try.2U

The transannular interatomic distance between the oppos-
ing bridgehead carbon atoms C(1)—C(4') of 2a is 2.376(5) A,
less than the sum of the van der Waals radii (3.5-3.6 A)
by more than 1.0A. The corresponding distances between
nonbridgehead aromatic carbon atoms C(2)—C(5') and
C(3)—C(6') are 3.025(5) and 2.996(5)A, respectively. The
enforced electronic transannular interactions in [1.1]para-
cyclophane and derivatives are reflected in the appearance of
characteristic, markedly red-shifted broad bands commonly
observed in their UV/Vis absorption spectra. The dihedral
angle a between the mean plane of the four non-bridgehead
carbon atoms and the plane of adjoining flap is 25.6° on the
side bearing the amide group and 24.3° on the other. The
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degree of out-of-plane bending of the bridging bonds, f, is
26.8° on the side nearer to the amide group and 22.9° on the
far side.”®l Thus, the averaged total bending angle (a + ) is
49.8°: the largest value ever reported for a paracyclophane
and only slightly less than the calculated value for [S]para-
cyclophane.?> 21 Despite the extreme deformation of the
aromatic rings, no systematic bond alternation is discernible in
them and their carbon—carbon bond lengths appear rather to
be primarily affected by the degrees of steric repulsion
between the substituents. The bonds of methylene bridges are
lengthened from the normal 1.50-1.52A to 1.55-1.56A,
probably because of the steric repulsion between the aromatic
rings. The bond angle C(1)—C(7)—C(4’) is narrowed from
112.5° in diphenylmethanel” to 99.6°, to accommodate the
planarity-preferring benzene rings in the [1.1]paracyclophane
structure. These geometric parameters are satisfactorily
reproduced by theoretical calculations for the parent 2d at
the RHF/6-31G*, B3LYP/6-31G*, or MP2/6-31G* level,['"!
suggesting that the distortion of the [1.1]paracyclophane core
by the substituents is only modest. Besides the bridgehead
carbon atoms, the residual aromatic carbon atoms are also
pyramidalized and the substituents are consequently bent
inward (e.g., torsion angle C(1)—C(6)—C(5)—C(16) is
167.9(6)°) against the transannular steric repulsion between
them,?®! so as better to maintain cyclic conjugation®! in the
aromatic rings, as has been observed in [2.2]paracyclo-
phanesB? and theoretically predicted for strained [n]para-
cyclophanes.’l The amide groups are bent away from the
adjacent methylene bridge and the nitrogen atoms are slightly
pyramidalized to ease the steric repulsion between the amide
groups and the cyclophane core.

In good agreement with the molecular modeling results, the
four bridgehead carbon atoms are effectively shielded steri-
cally by the substituents. Thus, the nearly planar amide group
adopts the s-trans conformation with respect to the adjacent
bridgehead carbon atom, placing one of the methyl groups
(C(18) and C(18')) above the bridgehead site. Preferential
adoption of a similar conformation in solution is supported by
Figure 4. Crystal structure of 3a. the observation of a positive nuclear Overhauser effect

(NOE) between one of the
Table 1. Selected bond lengths [A], nonbonding interatomic distances [A], and bond and torsion angles [°]in 2a.  methylene-bridge protons and

C(1)-C(2) 1443(6)  C(2)-C(3) 1396(6)  C(3)-C(4) 1422(6)  the N-methyl protons. The in-
C(4)—C(5) 1.421(6)  C(5)—C(6) 1.400(6)  C(1)—C(6) 1.386(6)  ferior kinetic stability of ester
C(1)—-C(7) 1551(6)  C(4)-C(7) 1560(6)  C(1)---C(4) 2.376(5)  2¢ compared to that of amide
C2)-C(5) 3.025(5)  C(3)---C(6) 2996(5)  C(1)+C)  2760(5) 34 a6 presumed from molecu-
C(2)-+ C(6) 2392(5)  C(3)--C(5) 2418(5)  C(8)--C(16)  3.245(5) S

C(1)-C(2)-C(3) 117.6(4) C(2)-C(3)-C(4) 119.3(4) lar modeling, is most probably
C(3)-C(4)-C(5) 116.5(4) C(4)-C(5)-C(6) 116.4(4) due to the lack of the corre-
C(5)-C(6)-C(1) 121.6(4) C(2)-C(1)-C(6) 115.4(4) sponding methyl group pro-
gg;gg;gg)) 15‘912?3‘; ggig%gﬁ?) E%S; truding above the neighboring
C(5)-C(4)-C(T) 118.0(4) C(4)-C(5)-C(16) 127.1(4) bridgehead site. The trimethyl-
C(6)-C(5)-C(16) 115.1(4) C(1)-C(2)-C(3)-C(4) 0.4(4) silyl groups preferentially occu-
C(2)-C(3)-C(4)-C(5) 28.9(4) C(3)-C(4)-(5)-C(6) 29.5(4) py the space near the proximate
Cgli-c(é)-c(5;-c(4) 0.8(4) CgZ;-C(l)-C(6§-C(5) 28.2(4) bridgehead carbon atom and so
C(3)-C(2)-C(1)-C(6) 28.4(4) C(2)-C(3)-C(4)-C(T") 120.2(5) - - -
C(3)-C(2)-C(1)-C(7) 12495)  C(5)-C(6)-C(1)-C(7) 125.9(5) sterically hinder access to this
C(6)-C(5)-C(4)-C(T)  1196(5  C(1)-CR)-C3)-C(12)  168.3(6) by other reagents, thereby min-
C(1)-C(6)-C(5)-C(16)  167.9(5) C(4)-C(3)-C(2)-C(8) 172.8(6) imizing repulsive steric interac-
C(6)-C(5)-C(16)-O(1) 14.0(4) C(6)-C(5)-C(16)-N(1) 163.1(5) tions: mutual, transannular,
C(3)-C(2)-C(8)-Si(1) 103.2(5) C(2)-C(3)-C(12)-8i(2)  140.2(5) and with the methylene
C(17)-N(1)-C(16)-0(1) 4.6(4) C(18)-N(1)-C(16)-0(1)  161.3(7)

bridges.
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Table 2. Selected bond lengths [A], nonbonding interatomic distances [A], and bond and torsion angles [°] in 3a.

Kinetics of thermal cyclore-

C(1)-CQ2) 1.508(2)
C(4)-C(5) 1.505(2)
C(1)-C(&) 1.601(2)
@)+ C(5) 2.789(2)
C(2) -+ C(6) 2.991(2)
C(1)-C(2)-C(3) 112.8(2)
C(3)-C(4)-C(5) 112.5(1)
C(5)-C(6)-C(1) 113.8(2)
C(1)-C(4)-C(7) 57.8(1)
C(4)-C(1)-C(7) 57.5(1)
C(6)-C(5)-C(16) 127.5(2)
C(2)-C(3)-C(4)-C(5) 51.0(2)
C(1)-C(6)-C(5)-C(4) 1.4(1)
C(3)-C(2)-C(1)-C(6) 50.6(2)
C(1)-C(6)-C(5)-C(16) 174.4(2)
C(6)-C(5)-C(16)-0(1)  136.9(2)
C(3)-C(2)-C(8)-Si(1) 111.5(2)
C(17)-N(1)-C(16)-0(1) 37(2)

C(2)—-CQ3)

C(5)-C(6)

C)—=C(7)
C(3)--C(6)
C(3)--C(5)
C(2)-C(3)-C(4)
C(4)-C(5)-C(6)
C(2)-C(1)-C(6)
C(1-C(7)-C(#)
C(4)-C(5)-C(16)
C(1)-C(2)-C(3)-C(4)
C(3)-C(4)-C(5)-C(6)
C(2)-C(1)-C(6)-C(5)
C(1)-C(2)-C(3)-C(12)
C(4)-C(3)-C(2)-C(8)
C(6)-C(5)-C(16)-N(1)
C(2)-C(3)-C(12)-8i(2)
C(18)-N(1)-C(16)-0(1)

13502)  C(3)-C(4) 1.516(2) version of 3 to 2: The rates of
1.345(2)  C(1)-C(6) 1.493(2) thermal cycloreversion of 3a
;-gzz(? g(‘]‘)’cg?‘ ;‘5‘?3(? to 2a were measured at 30, 40,
2:51222; CES; -~-C§1%’) 3:861523 48, and 55 OC in ‘degassed hex-
1127(2) ane by monitoring the devel-
112.3(2) opment of UV/Vis absorption
112.2(1) due to the latter compounds.
1?3;8; The reaction follows first-or-
0:5(1) der kinetics and activation pa-
49.9(2) rameters for the process are
52.0(2) AG*=24.4 kcalmol~! at 40°C,
177.7(2) AH*=21.1 £ 0.8 kcalmol,
112?% and AS*=—105+
120:4(2) 2.6 calK-'mol~! (Scheme 7).
175.7(3) The half lives of 3a in hexane

The most prominent feature in the structure of 3a is the
unusual lengthening of the inner cyclopropane bonds to
1.601(2) A. They are longer by 0.10—0.11 A than the periph-
eral cyclopropane bonds, while the latter appear slightly
shortened from a bond length of 1.51 A for cyclopropane.?!l
Compound 3a possesses the structure of benzene p,p’-dimer
bridged by methylenes. Similar lengthening of bonds has been
observed for related dibenzene structures®! and, to explain
the anomalous bond lengthening, m-o-7t through-bond cou-
pling?® has previously been invoked.>3* ] Sjegel and co-
workers recently questioned this explanation and asserted
that steric/electrostatic repulsion is the dominant cause of
bond elongation.’! Nonbonding interatomic distances be-
tween the proximate unsaturated carbon atoms C(2) - C(5)
and C(3) --- C(6') are only 2.789 and 2.808 A, respectively, and
thus significantly shorter than the sum of the van der Waals
radii. It is interesting to note in this context that the length of
the inner cyclopropane bond of 3a is reproduced satisfactorily
by the theoretical calculations for the parent 3d at both the
B3LYP/6-31G* (1.607A) and MP2/6-31G* (1.597A) lev-
els,” 38 but only poorly at the RHF/6-31G* level (1.564 A)
and by the semiempirical AM1 (1.563 A) and PM3 (1.548 A)
methods.[!

The molecular shapes of 2a and 3a appear similar, the
conformations adopted by the trimethylsilylmethyl groups
included, except that the carbamoyl group adopts an s-cis
conformation in 3a, compared to an s-trans conformation in
2a. NOE experiments on 3a unambiguously demonstrated
that the carbamoyl groups preferentially adopt the s-cis
conformation in solution as well; a positive NOE was
observed between the N-methyl and the olefinic protons,
while the effect was not discerned between the N-methyl and
the cyclopropane protons. The aromatic rings of 2a are
significantly flattened relative to the cyclohexadiene rings of
3a, due to the alteration in hybridization of the bridgehead
carbon atoms and—possibly—to maintain the aromatic cyclic
conjugation of the s bonds. The carbamoyl groups of 2a
consequently seem to prefer the s-trans conformation in which
transannular steric repulsion between the N-methyl groups
and the substituents on the opposite ring is substantially eased
compared to that in the s-cis conformation.
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at 55 and 30°C are 40 and
625 min, respectively. Activa-
tion parameters for the cycloreversion of related p,p’-diben-
zene derivatives 2414 and 25! are also listed in Scheme 7 for
comparison.

24 25 26

R = CH,SiMe,;, X = CONMe,

228 + 0.4 keal mol™’
-14 + 1.3 cal K 'mol™

224 £ 12
09 + 39

Scheme 7. Activation parameters for the cleavage of dibenzene deriva-
tives.

Calculated relative energies of 3d to 2d and of the
unknown parent p,p’-dibenzene (26) to two molecules of
benzene are listed in Table 3.4 The heat of reaction for the

Table 3. Calculated relative energies [kcalmol™'] of 3d to 2d and of
benzene p,p’-dimer (26) to two molecules of benzene.

MNDO AM1 PM3 RHF/6-31G* B3LYP/6-31G*
3d 9.7 28.4 18.9 8.7 26.2
26 4530 38.1 36.9 81.4) 78.4

[a] From ref. [34b]. [b] 81.8 kcalmol~! at the RHF/6-31G*//RHF/3-21G
level, see ref. [42]

isomerization of 3a to 2a is —22.0 kcalmol~! by the PM3
method, compared to —18.9 kcalmol ! for the parent system,
which indicates that the isomerization energy remains largely
unaffected by the substituents. Despite the large difference in
heats of reaction, the magnitude of the activation barrier for
3a is comparable to those for 24 and 25. The cleavage of
benzene p,p’-dimer is a highly exothermic process and may
proceed by way of an early transition state in conformity to
the Hammond postulate,* while the transition state for the
transformation of 3 into 2 is perhaps relatively later and the
bond cleavage may be more advanced because of the lesser
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exothermicity. The bonds to be ruptured in the latter reaction
are, however, relatively weak, strained cyclopropane bonds
and, accordingly, the magnitudes of the activation barriers for
the two processes—the isomerization of 3a to 2a and the
fission of 24 and 25—may become comparable.

Interestingly, 3¢ undergoes cycloreversion to 2¢ 20-25
times faster than 3a at ambient temperature, while the rate for
3b is comparable to that for 3a. These observations suggest
that the rate of cycloreversion is also subject to substituent
electronic effects.[*]

Conclusion

The parent [1.1]paracyclophane (2d) is a highly strained,
thermally labile species. These results demonstrate that
compounds possessing the [1.1]paracyclophane skeleton can
be isolated and handled at ambient temperature, provided
that the reactivity toward intermolecular reactions at the
bridgehead sites is adequately suppressed by substituents.
X-ray structure analysis of a kinetically stabilized derivative
has revealed the face-to-face arrangement of strongly bent
aromatic rings, with the transannular distance less than the
sum of the van der Waals radii by more than 1.0 A, suggesting
strong electronic interactions between the rings. [1.1]Para-
cyclophane (2) undergoes photochemical transformation into
the transannular addition product (3), accompanied by
pronounced changes in the electronic absorption spectrum.
Compound 3 readily reverts thermally into compound 2. Yet
the attendant changes in the shape of molecule are relatively
small. This interconversion may constitute an interesting
photo-/thermochromic system.

Experimental Section

'H and C NMR spectra were recorded on JEOL EX-400 (*H at 400 MHz,
3C at 100 MHz) spectrometers in CDCl; unless otherwise indicated. IR
spectra were taken on a Hitachi Model 215 grating spectrometer. Mass
spectra were recorded on JEOL JMS-DX 500 (EI) and JMS-01SG-2 (FD)
spectrometers. UV/Vis spectra were recorded on a Hitachi U-4000
spectrophotometer. Column and thin-layer chromatography (TLC) were
performed on silica gel 60 (Merck) of particle size 63-200 and 5-20 um,
respectively. HPLC was carried out on LiChrosorb Si60 (Merck, 7 um).
Elemental analyses were performed at the Center for Instrumental Analysis
of Hokkaido University. The reactions were carried out in dried glassware
under argon atmosphere. Halos (Eiko-sha, Japan) 500-W high-pressure and
120-W low-pressure mercury lamps were employed as light sources for
photochemistry. A 500-W high-pressure mercury lamp fitted with a Corning
0-52 glass filter was used as a >335 nm light source and a 500-W xenon lamp
fitted with a Corning 3-73 glass filter as a >420nm light source.
1,2,3,4,5,6,7,8-Octahydroindacene-1,5-dione, " 1,4-bis(trimethylsilyl)-2-bu-
tynel?l  22.77-tetramethyl-4-octyne,®! and N,N-dimethylphenylselenen-
amide!" were prepared following known procedures. Other reagents and
solvents were obtained from commercial sources and purified prior to use.

Photocycloaddition of 5a to 4: Preparation of 6a: A solution of 4 (450 mg,
2.39 mmol) and 5a (4.95 g, 23.9 mmol) in CH,Cl, (120 mL) with added
NaHCO; (60 mg) was placed in a Pyrex vessel, cooled to —50°C, and
irradiated with a 500-W high-pressure mercury lamp. The reaction was
monitored by GLC and irradiation was continued until the amount of 6a
ceased to increase (3 h). The mixture was warmed to room temperature,
filtered, and concentrated in vacuo. The unreacted 5a was recovered from
the residue by distillation (80°C, 20 mmHg). The resultant mixture was
diluted with diethyl ether to facilitate the precipitation of unreacted 4
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(200 mg, 44 %) and filtered. After removal of the solvent, the residue was
subjected to chromatography on silica gel eluted with diethyl ether—hex-
ane (1:3) to produce 6a (478 mg, 52 %) as a colorless solid, together with a
small amount of 8a (<8 mg). Crystallization from hexane afforded pure
6a. M.p.: 92-94°C; '"H NMR: 6 =0.01 (s, 9H), 0.05 (s, 9H), 1.32 (d, /=
14.7 Hz, 1H), 1.36 (d, J=14.7 Hz, 1H), 1.40 (d, J=14.7 Hz, 1H), 1.49 (d,
J=14.7Hz, 1H), 1.56 (ddd, /=132, 12.2, 83 Hz, 1H), 1.95 ( brd, /=
16.6 Hz, 1H), 2.14 (ddd, J=13.2, 9.3, 1.0 Hz, 1 H), 2.22 (ddd, /=17.6, 8.3,
1.0 Hz, 1 H), 2.45 (brd,J=18.1 Hz, 1 H), 2.46 (brs, 2H), 2.50 (brs, 2H), 2.56
(brd,/=18.1 Hz,1H),2.71 (brd,/=16.6 Hz, 1H), 2.91 (ddd, /= 17.6,12.2,
9.3 Hz, 1H); *C NMR: 6 =—-0.37, —0.11, 15.91, 16.53, 27.01, 27.23, 27.89,
30.03,35.44,36.14, 51.10, 59.35, 137.00, 137.22, 143.07, 172.20, 207.95, 218.54;
IR (KBr): 1720, 1690, 1644 cm~'; UV/Vis (CH,CL,): A, (€) =305.5 (530,
sh), 315 (570), 327.5 nm (410 mol~'dm—3cm~!, sh); MS (EI): m/z (%): 386
(49) [M]+, 371 (25), 358 (13), 313 (24), 285 (13), 261 (20), 73 (100); HR-MS
(EI): found 386.2070 [M]*; C,,H3,0,Si, caled 386.2097.

Preparation of 8a: A solution of 6a (368 mg, 0.95 mmol) and 5a (73 g,
37 mmol) in CH,Cl, (10 mL) with added NaHCO; (40 mg) was placed in a
Pyrex vessel, cooled to —50°C, and irradiated with a 500-W high-pressure
mercury lamp. The reaction was monitored by GLC and irradiation was
discontinued when the formation of 8a slowed down and the proportion of
side products to 8a began to increase. The GLC yield of 8a was 23 % (76 %
based on 6a consumed). After removal of the solvent, the unreacted 5a was
recovered by distillation (80 °C, 20 mmHg) and the residue was chromato-
graphed on silica gel. Elution with diethyl ether—hexane (1:19-1:3)
afforded a mixture containing 8a and, then, unreacted 6a (254 mg, 71 %).
The crude 8a was again subjected to chromatography on silica gel eluted
with benzene-hexane (35:65) to produce 8a, which was further purified by
crystallization from hexane. M.p.: 119-121°C; '"H NMR: 6 =0.01 (s, 9H),
0.09 (s,9H), 133 (d,/=14.7 Hz,2H), 1.35 (d,/=14.7 Hz,2H), 1.44 (d,J =
14.7 Hz, 2H), 145 (d, /J=14.7Hz, 2H), 1.55 (ddd, J=13.2, 10.8, 8.8 Hz,
2H), 1.67 (d,/=14.2 Hz, 2H), 1.93 (ddd, J=13.2,9.8, 1.5 Hz, 2H), 2.03 (d,
J=142Hz, 2H), 2.12 (ddd, J =176, 8.8, 1.5 Hz, 2H), 2.79 (ddd, J=17.6,
10.8, 9.8 Hz, 2H); C NMR: 6 =-0.29, 0.15, 16.97, 17.12, 26.81, 30.74,
36.34, 50.22, 59.00, 139.70, 145.41, 218.10; IR (KBr): 1722, 1650 cm~!; MS
(EX1): m/z (%): 584 (43) [M]", 556 (11), 460 (29), 459 (69), 386 (13), 358 (11),
73 (100); HR-MS (EI): found 584.3367 [M]*; C3,Hs50,Si, calcd 584.3358.

Preparation of bis(diazoketone) (10a): Ethyl formate (115 mg, 1.55 mmol)
and MeONa (75 mg, 1.4 mmol) were added to a solution of 8a (81 mg,
0.14 mmol) in benzene (2.0 mL) under argon, and the mixture was stirred
for 16 h at room temperature, after which the reaction was quenched with
water. Solid NH,Cl was added to neutralize the mixture, from which the
product was extracted with diethyl ether (3 x ). The ethereal extracts were
combined, washed with water, dried with MgSO,, and concentrated in
vacuo to afford 9a as a pale yellow, viscous oil. This crude 9a was dissolved
in CH,Cl, (3.0mL) and treated with p-toluenesulfonyl azide (TsNj;
109 mg, 0.55 mmol) and Et;N (112 mg, 1.11 mmol). After 18 h at room
temperature, the consumption of 9a was confirmed by TLC and the
reaction was quenched with 5% aqueous KOH. The aqueous layer was
separated from the CH,Cl, layer and extracted with diethyl ether (3 x ).
The ethereal extracts were combined with the CH,Cl, fraction, washed
with water and brine, dried with MgSO,, concentrated in vacuo, and
subjected to chromatography on silica gel. Elution with diethyl ether—
hexane (3:97) afforded unreacted TsN;. Further elution with diethyl
ether—hexane (4:96) delivered 10a (52 mg, 59% from 8a) as yellow
crystals. 'HNMR: 0 =0.02 (s, 18 H), 0.09 (s, 18 H), 1.40 (d,J = 14.7 Hz, 2 H),
143 (d, J=14.7 Hz, 2H), 1.48 (d, /J=14.7 Hz, 2H), 1.50 (d, J=14.7 Hz,
2H), 1.78 (d, /=142 Hz, 2H), 2.09 (brd, /=142 Hz, 2H), 2.62 (d, /=
13.7 Hz, 2H), 2.93 (d, J=13.7 Hz, 2H); 3C NMR: 6 = —0.40, 0.06, 16.73,
16.95, 30.09, 31.73, 46.64, 58.10, 60.74, 140.89, 143.93, 199.41; IR (KBr):
2084, 1648 cm~'; MS (FD): m/z (% ): 638 (30) [M+2H]*, 637 (55) [M+H]*,
636 (100) [M]*; HR-MS (FD): found 636.3185 [M]*; C3;,Hs,N,O,Si, calcd
636.3168.

Photochemical conversion of 10a into 12a: A solution of 10a (66 mg,
0.10 mmol) and Et;N (one drop) in MeOH (25 mL) was placed in a Pyrex
test tube and irradiated with a 500-W high-pressure mercury lamp at 12°C
until the consumption of 10a was confirmed by TLC. After removal of the
solvent, the residue was subjected to chromatography on silica gel eluted
with diethyl ether—hexane (3:93) to deliver 12a (56 mg, 84%) as
essentially a single stereoisomer, which was crystallized from hexane.
"HNMR: 6 =0.06 (s, 18 H), 0.12 (s, 18 H), 1.16 (d,/ = 15.1 Hz, 2H), 1.45 (d,
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J =142 Hz, 2H), 1.47 (d, J = 15.1 Hz, 2H), 1.57 (d, /= 142 Hz, 2H), 1.82
(d, /=142 Hz, 2H), 1.86 (dd, /=122, 9.8 Hz, 2H), 1.87 (d, J=14.2 Hz,
2H), 2.20 (dd, J = 12.2, 6.4 Hz, 2H), 2.86 (dd, J =9.8, 6.4 Hz, 2H), 3.62 (s,
6H); 5C NMR: 6 = —0.42, 0.04, 1631, 18.09, 32.06 (2 C), 42.16, 42.56,
49.62, 50.90, 13776, 144.46, 174.45; IR (KBr): 1738, 1644 cm~'; MS (EI):
m/z (%): 644 (54) [M]*, 73 (100); HR-MS (EI): found 644.3565 [M]*;
C,sHgO,Si, caled 644.3569.

Conversion of 12a into 16: Potassium hydride (30 mg, 0.75 mmol) and THF
(0.8 mL) were placed in a flame-dried flask and a solution of 12a (41 mg,
65 umol) and tetracosane (5 mg) as an internal standard in THF (1.0 mL)
was added at 0°C. The mixture was warmed up to room temperature and
treated with Ph,Se, (261 mg, 0.84 mmol) in THF (1.0 mL). The reaction was
monitored by TLC and GLC, and three additional portions of KH (3 mg
each) were added after 5, 21, and 28 h. After 30 h at room temperature, the
resulting suspension was diluted with diethyl ether and the reaction was
quenched with saturated aqueous NH,CI. The aqueous layer was separated
from the organic layer and extracted with diethyl ether (3 x ). The ethereal
extracts were combined with the organic fraction, washed successively with
water (2 x ), 5% aqueous NaHCOj;, water, and brine, dried with MgSO,,
concentrated in vacuo, and subjected to chromatography on silica gel. After
removal of the unreacted Ph,Se, by elution with hexane, the column was
eluted with diethyl ether—hexane (15:85) to deliver 37 mg of a mixture,
which was subjected to preparative TLC to afford 15 (16 mg, 32%) as
colorless crystals, together with unreacted 12a (11 mg, 27 % recovery).
'H NMR: 6 =0.07 (s, 9H), 0.08 (s, 9H), 0.11 (s, 9H), 0.12 (s, 9H), 1.12 (d,
J=14.7Hz, 1H), 1.35 (d, J=15.6 Hz, 1H), 1.41 (d, J=15.6 Hz, 1H), 1.47
(d, J=142Hz, 1H), 1.52 (d, J=142 Hz, 1H), 1.54 (d, /=13.7 Hz, 1H),
1.55 (d, J=14.7Hz, 1H), 1.67 (d, J=142Hz, 1H), 1.68 (d, J=13.7 Hz,
1H), 1.89 (dd, /=122, 9.8 Hz, 1 H), 2.02 (d, /=132 Hz, 1H), 2.04 (d, /=
142 Hz, 1H),2.15(d, /=142 Hz, 1H),2.17 (dd, J=12.2,5.9 Hz, 1H), 2.24
(d, J=142Hz, 1H), 2.79 (d, /=132 Hz, 1H), 2.83 (dd, /=9.8, 59 Hz,
1H), 3.58 (s, 3H), 3.62 (s, 3H), 7.24-733 (m, 3H), 7.44-747 (m, 2H).

Aqueous H,0, (30 %, 2 mL) was added to a solution of 15 (16 mg, 20 umol)
and pyridine (80 uL) in CH,Cl, (10 mL) at 0°C. After stirring for 5 h at
room temperature, the resulting mixture was diluted with CH,Cl, (10 mL),
washed successively with water, 5% aqueous NaHCOj, and water, dried
with MgSO,, and filtered. Pyridine (1.0 mL) was added to the filtrate and
the solution was refluxed for 5 h. The mixture was washed successively with
water, 5% aqueous NaHCO;, and water, dried with MgSO,, concentrated
in vacuo, and subjected to preparative TLC with benzene — hexane elution
(1:1) to afford 16 (8 mg, 62%). '"H NMR: 6 =0.010 (s, 9H), 0.012 (s, 9H),
0.05 (s, 9H), 0.08 (s, 9H), 1.07 (d, J=14.7 Hz, 1H), 1.31 (d, /=142 Hz,
1H), 142 (d, J=142Hz, 1H), 1.46 (d, J=14.7Hz, 1H), 1.50 (d, J=
142 Hz, 1H), 1.53 (d, /=14.2 Hz, 1H), 1.64 (d, /=142 Hz, 1H), 1.69 (d,
J=142Hz, 1H), 1.81 (d, J=14.7 Hz, 1H), 1.88 (dd, /=12.2, 9.8 Hz, 1 H),
1.92 (d, J=14.1Hz, 1H), 2.11 (d, J=14.1Hz, 1H), 2.12 (dd, J=122,
5.9 Hz,1H),2.19 (d,/=14.7 Hz, 1H),2.93 (dd,/=9.8,5.9 Hz, 1H), 3.61 (s,
3H), 3.69 (s, 3H), 7.26 (s, 1H); 3C NMR: 6 =-0.53 (2 SiMe;), —0.35,
—0.29,16.35,16.97,17.34, 17.52, 27.01, 28.07, 29.83, 40.64, 42.74, 50.22, 50.86,
50.97, 52.18, 54.17, 138.11, 141.82, 144.00, 145.45, 148.79, 156.51, 164.01,
174.65.

Preparation of 1c¢ from 16: A solution of 16 (6 mg, 9 umol) in THF
(0.5 mL), with tetracosane (3 mg) as an internal standard, was added at 0°C
to KH (30 mg, 0.75 mmol) and THF (0.5 mL) in a flame-dried flask. The
mixture was warmed up to room temperature and treated with Ph,Se,
(234 mg, 0.75 mmol) in THF (0.5 mL). Compound 16 remained unchanged
at room temperature, and so the mixture was heated at 50°C. After 3 h at
50°C, the resulting mixture was diluted with ether and the reaction was
quenched with saturated aqueous NH,CI. The aqueous layer was separated
from the organic layer and extracted with diethyl ether (3 x ). The ethereal
extracts were combined with the organic fraction, washed successively with
water (2 x ), 5% aqueous NaHCOj;, water, and brine, dried with MgSO,,
concentrated in vacuo, and subjected to chromatography on silica gel. After
removal of the unreacted Ph,Se, by elution with hexane, the column was
eluted with diethyl ether—hexane (1:1) to deliver the phenylselenenylated
product. The crude product was purified by preparative TLC elution with
benzene—hexane (1:1) and subjected to oxidation-elimination of the
phenylselenenyl group as described for 15. Compound 1¢ was isolated from
the reaction mixture by HPLC elution with ether —hexane (3:97): '"H NMR:
0=-0.01(s,36H), 1.1-1.5 (m, 8H), 2.1-2.5 (2d, /=15 Hz, 4H), 3.69 (s,
6H), 726 (s, 2H); FD-MS: m/z (%): 641 (54) [M+H]", 640 (100) [M]*.
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Preparation of 1a from 10a: A solution of 10a (74 mg, 0.12 mmol) in THF
(15 mL) was placed in a Pyrex test tube and irradiated with a 500-W high-
pressure mercury lamp at —60°C. The disappearance of the acyldiazo
functionality (2072, 1666 cm~!) and the formation of ketene (2096 cm™!)
were confirmed by IR after 1.5 h. The mixture was cooled to —78°C,
treated with freshly prepared PhSeNMe, (0.12 mL), stirred for 1h at
—78°C, and allowed to warm slowly to 10°C before the reaction was
quenched with water. The aqueous layer was separated from the organic
layer and extracted with diethyl ether (2 x ). The ethereal extracts were
combined with the organic fraction, washed with water and brine, dried
with MgSO,, concentrated in vacuo, and chromatographed on silica gel.
The column was eluted with hexane to remove unreacted Ph,Se,, and then
with diethyl ether—hexane (1:1) to deliver a mixture of phenylseleneny-
lated products. This was subjected to the oxidation —elimination procedure
described for 15. The crude product was purified by preparative TLC and
then by HPLC eluted with diethyl ether—hexane (2:3) to produce la
(15 mg, 20 %) as a colorless oil. 'H NMR (C¢Dg): 6 =0.14 (s, 18 H), 0.24 (s,
18H), 1.55 (d, /=142 Hz,2H), 1.61 (d, /=142 Hz,2H), 1.71 (dd, /= 14.2,
1.5 Hz, 2H), 1.85 (dd, J=14.2, 1.5 Hz, 2H), 2.68 (d, /=14.2 Hz, 2H), 2.70
(brs, 6H), 2.76 (brs, 6H), 3.05 (d,J=14.2 Hz, 2H), 6.71 (s, 2H); *C NMR
(CD,CL): 6=-0.78, —0.71, 16.74, 16.85, 35.19, 37.81, 51.91, 56.57, 143.97,
144.67, 149.20, 150.41, 164.51; IR (neat): 1628, 1578 cm~'; UV/Vis (n-
hexane): 4, (¢) =255 nm (6900 mol~'dm—3cm™"); MS (EI): m/z (%): 666
(50) [M]F,651 (41),594 (48),576 (43), 522 (44), 309 (72), 307 (40), 73 (100);
HR-MS (EI): found 666.3924 [M]*; C3sHg,N,O,Si, caled 666.3889.
Photocycloaddition of 5c¢ to 4: A solution of 4 (50 mg, 0.27 mmol) and 5S¢
(442 mg, 2.7 mmol) in CH,Cl, (15 mL) was placed, together with NaHCO;
(20 mg), in a Pyrex test tube and irradiated using a 500-W high-pressure
mercury lamp through a K,CrO, filter solution for 8 h at 0°C. After
removal of the solvent, the unreacted 5¢ was recovered by distillation and
the residue was triturated with diethyl ether to extract products; 22 mg of
diethyl ether-insoluble 4 (44 %) was recovered. The ethereal extract was
concentrated and chromatographed on silica gel. Elution with diethyl
ether-hexane (2:3) delivered a mixture of 6¢ and 7¢ (36 mg, 38 %), from
which 6¢ (17 mg, 18%) and 7¢ (4 mg, 4% ) were isolated by preparative
TLC. Compound 6¢: '"H NMR: 6 =0.89 (s, 9H), 0.96 (s, 9H), 1.54 (dt, /=
13.2, 78 Hz, 1H), 1.79 (d, /=142 Hz, 1H), 1.97 (d, /=142 Hz, 2H), 2.02
(d,J=14.2Hz, 1H), 2.07 (brd, J=16.1 Hz, 1H), 2.21 (dd, /=171, 8.3 Hz,
1H), 2.26 (dd, /=132, 8.8 Hz, 1H), 2.44-2.62 (m, 6H), 2.75 (brd, /=
16.1 Hz, 1H), 2.95 (ddd, /=171, 13.2, 8.8 Hz, 1H); *C NMR: 6 =27.71,
27.96, 28.18, 29.92, 30.49 (3 C), 30.84 (3 C), 31.35, 31.55, 35.55, 36.41, 40.00,
40.71, 52.36, 59.77, 137.56, 144.75, 150.11, 173.30, 207.53, 218.23; FD-MS: m/z
(%): 355 (31) [M+H]*, 354 (100) [M]*. Compound 7¢: '"H NMR: 6 =0.90
(s, 9H), 0.91 (s, 9H), 1.34 (d, /=151 Hz, 1H), 1.61 (ddd, J=13.2, 11.2,
9.8 Hz, 1H), 1.85 (d, J=15.1 Hz, 1H), 1.86 (brdd, /=132, 9.8 Hz, 1H),
1.89 (d, J=15.1Hz, 1H), 2.07 (d, J=15.1 Hz, 1H), 2.30 (brdd, /=19.0,
9.8 Hz, 1H), 2.39 (brd,J=16.6 Hz, 1 H), 2.46-2.64 (m, 5H), 2.70 (ddd, J =
19.0, 11.2, 9.8 Hz, 1H), 3.00 (brd, J=21.5 Hz, 1H), 3.09 (brd, /=21.5 Hz,
1H); BC NMR: 6 =26.04, 28.95,29.43, 29.55, 29.90, 30.34 (3 C), 31.00, 32.13
(3C), 34.84,35.19, 39.32, 40.16, 49.21, 64.94, 138.62, 142.21, 142.76, 169.24,
208.30, 216.44.

Irradiation of 6c¢ with filtered light (>310 nm) did not furnish 8¢ in
significant yield either in a 2™ solution of 5S¢ in CH,Cl, in the presence or
absence of xanthone as a triplet sensitizer, or in a 1M solution of 5S¢ in
acetone. Under these conditions, 6¢ predominantly underwent isomer-
ization to 7c.

Photocycloaddition of 3-hexyne (5b) to 4: A solution of 4 (446 mg,
2.37 mmol) and 3-hexyne (3.6g, 43.8 mmol) in CH,Cl, (80 mL) and
NaHCO; (250 mg) were placed in a Pyrex vessel, cooled to —50°C, and
irradiated with a 500-W high-pressure mercury lamp. The reaction was
monitored by GLC and the irradiation was discontinued when the amount
of 6b ceased to increase. The mixture was filtered and concentrated by
distillation to recover the unreacted 5b together with the solvent. The
resulting mixture was diluted with ether to facilitate the precipitation of
deithyl ether-insoluble 4 (58 mg, 13 %) and filtered. After removal of the
solvent, the residue was subjected to chromatography on silica gel eluted
with diethyl ether-hexane (1:19) to produce 8b (146 mg, 17%). Further
elution with diethyl diethyl ether-hexane (35:65) delivered 6b (400 mg,
63%).

A solution of 6b (129 mg, 0.48 mmol) and 3-hexyne (2.2 g, 26.2 mmol) in
CH,Cl, (5 mL) with NaHCO; (20 mg) were placed in a Pyrex test tube,
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cooled to —40°C, and irradiated with a 500-W high-pressure mercury lamp.
The resultant photolysate was worked up as described above to afford 8b
(37 mg, 22 %), together with unreacted 6b (80 mg, 62 % ). Compound 6b:
'HNMR:06=0.94 (t,/=7.7 Hz,3H), 1.04 (t, /=7.7 Hz, 3H), 1.60 (m, 1 H),
1.8-2.4 (m, 8H), 2.49 (brs, 5H), 2.80 (d, /=15.6 Hz, 1H), 2.98 (ddd, J =
17.6, 11.2, 9.3 Hz, 1H). Compound 8b: 'H NMR: 6 =0.95 (t, /=78 Hz,
6H), 1.06 (t,/=7.8 Hz, 6H), 1.52 (ddd, J=13.2, 11.2, 8.8 Hz, 2H), 1.79 (d,
J=142Hz, 2H), 1.97 (ddd, J=13.2, 9.3, 1.5 Hz, 2H), 1.94-2.10 (m, 8H),
2.12(ddd,J =176, 8.8,1.5 Hz,2H), 2.15 (d, /=14.2 Hz,2H), 2.82 (ddd, J =
17.6,11.2,9.3 Hz,2H); B*C NMR: 6 =11.91, 12.53, 19.67, 20.25, 26.85, 30.62,
35.84, 50.12, 58.62, 144.78, 149.62, 218.58; IR (neat); 1724 cm~!; MS (EI):
m/z (%):352 (100) [M]*, 324 (44), 323 (36), 296 (30), 295 (57), 281 (21), 271
(46), 267 (43); HR-MS (EI): found 352.2379 [M]*; C;,H,,0, caled 352.2402.
Conversion of 8b into 10b: Ethyl formate (381 mg, 5.14 mmol) and
MeONa (253 mg, 4.68 mmol) were added to a solution of 8b (165 mg,
0.47 mmol) in benzene (8.0 mL) under argon and the mixture was stirred
for 20 h at room temperature. The reaction was quenched with water. The
aqueous layer was separated from the organic layer and washed with
diethyl ether (2 x ). The washings were combined and extracted with water
(3 x). The aqueous extracts were combined with the aqueous fraction,
acidified (pH 5) with dilute HCI, and extracted with diethyl ether (3 x ).
The ethereal extracts were combined, washed with water, dried with
MgSO,, and concentrated in vacuo to afford 9b. The crude 9b was
dissolved in CH,Cl, (10 mL) and treated with TsN; (369 mg, 1.87 mmol)
and Et;N (379 mg, 3.74 mmol). After 24 h at room temperature, the
reaction was quenched with 5% aqueous KOH. The aqueous layer was
separated from the CH,Cl, layer and extracted with diethyl ether (2 x ).
The ethereal extracts were combined with the CH,CI, fraction, washed
with water, 5% aqueous NaHCO,, and brine, dried with MgSO,,
concentrated in vacuo, and subjected to chromatography on silica gel.
Elution with diethyl ether—hexane (3:97) afforded the unreacted TsNj.
Further elution with diethyl ether—hexane (1:4) delivered 10b (88 mg,
47% from 8b). 'H NMR: 6 =1.01 (t, J=75Hz, 6H), 1.06 (t, J=7.5 Hz,
6H), 1.90 (d, /=143 Hz, 2H), 2.11 (brq, J=75Hz, 8H), 223 (d, J=
14.3 Hz, 2H), 2.56 (d, J=13.6 Hz, 2H), 2.99 (d, J=13.6 Hz, 2H).
Preparation of 1b from 10b: The procedure was identical to that described
for 1a, using the diazoketone 10b (68 mg, 0.17 mmol) and PhSeNMe,
(0.10 mL) in THF (18 mL). The crude product was purified by preparative
TLC and then by HPLC to afford 1b (6 mg, 8% ). 'HNMR: 3 =0.86 (t,J =
73 Hz, 6H), 1.00 (t, /=7.3 Hz, 6 H), 1.86 (m, 2H), 2.04-2.16 (m, 6 H), 2.31
(d, J=142Hz, 2H), 2.41 (d, J=14.2 Hz, 2H), 2.90 (brs, 6H), 3.06 (brs,
6H), 6.66 (s, 2H); FD-MS: m/z (%): 435 (31) [M+H]*, 434 (100) [M]*.
Isolation of 3a and 23a: A solution of 1a (22 mg, 33 umol) in CD,Cl,
(0.6 mL) was placed in a Pyrex NMR tube. This was sealed under vacuum
after three freeze-pump-thaw cycles and irradiated with a high-pressure
mercury lamp at —20°C. Irradiation was discontinued when the content of
3a ceased to increase (83 % conversion). After removal of the solvent, the
residue was subjected to HPLC elution with diethyl ether —hexane (3:7) to
furnish 3a (8 mg, 36 %) as colorless crystals and a colorless oil (1 mg, 5%)
to which the structure 23a was tentatively assigned. Compound 3a:
'H NMR (CD,ClL): 6=0.00 (s, 18H), 0.03 (s, 18 H), 1.09 (dd, J=14.7,
1.5Hz,2H), 1.43 (dd,/=14.7,1.5 Hz,2H), 1.54 (d,/ = 6.8 Hz, 2H), 1.55 (d,
J=14.7Hz,2H), 158 (d,/=14.7 Hz,2H), 2.12 (d, /= 6.8 Hz,2H), 2.91 (s,
12H), 6.07 (s, 2H); IR (KBr): 1630, 1248, 844 cm~'; FD-MS: m/z(%): 668
(38) [M+2H]*, 667 (44), 666 (100) [M]*; HR-MS (FD): found 666.3929
[M]*; C3Hg,N,0O,Si, caled 666.3889. Compound 23a: 'H NMR: 6 = —0.01
(s, 9H), 0.02 (s, 9H), 0.03 (s, 9H), 0.04 (s, 9H), 0.75 (d, J=15.1 Hz, 1H),
0.90 (d, J=15.1Hz, 1H), 0.92 (d, J=15.1 Hz, 1H), 1.07 (d, J=15.1 Hz,
1H), 1.16 (d, J=12.7 Hz, 1H), 1.20 (d, J=12.7 Hz, 1H), 1.25-1.30 (m,
3H), 148 (d, J=14.1Hz, 1H), 2.09 (d, J=12.7Hz, 1H), 2.22 (d, /=
12.7 Hz, 1H), 2.87 (s, 3H), 2.97 (brs, 3H), 3.06 (s, 3H), 3.10 (s, 1H), 3.16
(brs, 3H), 6.38 (s, 1H); FD-MS: m/z (%): 667 (62) [M+H]", 666 (100)
[(M]*.

Interconversion between 2a and 3a—'H NMR measurement: Compound
3a (7 mg, 10 pmol) and CD,Cl, (0.5 mL) were placed in an NMR tube. This
was sealed under vacuum after three freeze-pump-thaw cycles. The mixture
was heated briefly to dissolve 3a and then irradiated with filtered light of
wavelength >420 nm at —10°C to convert 2a, formed during the heating,
into 3a. The '"H NMR spectrum indicated that the mixture was essentially
free of 2a (2a : 3a= <5:>95). The thermal isomerization of 3a to 2a was
conducted at 40°C in darkness and monitored by 'H NMR spectroscopy.
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After 5, 8, and 23 h, 61, 78, and 93 %, respectively, of 3a had been cleanly
converted to 2a. Upon irradiation of the resultant mixture with the filtered
light, the generated 2a quantitatively reverted to 3a. The cycle could be
repeated once again without formation of any detectable side product.

Preparation of 2a for X-ray crystallography: Compound 3a (4 mg, 6 umol)
and benzene (3 mL) were placed in a glass tube with side tube. This was
sealed under vacuum after three freeze-pump-thaw cycles. The mixture was
heated for 16 h at 45°C, cooled to room temperature, concentrated to
about one tenth of its original volume by evaporating the benzene into the
side tube, which was cooled below 0°C, and allowed to stand in a
refrigerator at 6 °C. The produced 2a separated as orange-red crystals from
the solution in a nearly quantitative yield. 'H NMR (CD,Cl,): 6 = —0.14 (s,
18H), 0.00 (s, 18H), 2.08 (d, J=15.1 Hz, 2H), 2.25 (d, /=15.1 Hz, 2H),
241 (d, J=15.1 Hz, 2H), 2.74 (d, J=15.1 Hz, 2H), 3.07 (brs, 6H), 3.16
(brs, 6H), 3.61 (d, J=12.7 Hz, 2H), 3.67 (d, J=12.7 Hz, 2H), 7.67 (s, 2H);
FD-MS: m/z (%): 668 (33) [M+2H]*, 667 (51) [M+H]*, 666 (100) [M]*;
HR-MS (FD): found 666.3915 [M]*; C3Hg,N,O,Si, calcd 666.3889.

Preparation of 3b: A solution of 1b (9 mg, 21 pmol) in C4Dy (0.5 mL) was
placed in a Pyrex NMR tube. This was sealed under vacuum after three
freeze-pump-thaw cycles and irradiated with a high-pressure mercury lamp
at below 10°C. The reaction was monitored by 'H NMR spectroscopy and
discontinued when the content of 3b ceased to increase (79 % conversion).
Besides 3b (43 %), a minor product to which structure 23b was tentatively
assigned was formed in 9% yield. The yield of 2b was only a trace,
however. After removal of the solvent, the residue was subjected to HPLC
eluted with diethyl ether to deliver an approximate 1:2 mixture of 1b and
3b (6 mg). Compound 3b: 'H NMR (CD,Cl,): 6 =0.87 (t, /=73 Hz, 6H),
0.98 (t, /=73 Hz, 6H), 1.62 (d, /=72 Hz, 2H), 1.76 (dqq, /=142, 7.3,
1.0 Hz, 2H), 1.90 (d, /=72 Hz, 2H), 2.00-2.26 (m, 6 H), 2.86 (s, 2H), 5.97
(s, 2H).

Thermal generation of 2b from 3b: A solution of 1b (9 mg, 21 umol) in
CD,Cl, (0.5 mL) was placed in a Pyrex NMR tube. This was sealed under
vacuum after three freeze-pump-thaw cycles and irradiated with a high
pressure mercury lamp at —20°C until 1b had largely been consumed
(91 % conversion). The yields of 2b, 3b, and 23b were 1%, 48 %, and 9 %,
respectively, after correction for the conversion of 1b. When the mixture
was heated in darkness for 40 min at 35°C and then for 50 min at 40°C,
16% of 3b was converted into 2b in a yield of 93 %, while 1b and 23b
remained unchanged. When the resulting mixture was allowed to stand in
darkness for 18 h at room temperature, an additional 21 % of 3b had been
consumed, but the yield of 2b had dropped to 50 %, because of its thermal
instability. Compound 2b: '"H NMR (CD,ClL,): 6 =0.81 (t, /=73 Hz, 6 H),
1.10 (t, /=73 Hz, 6H), 2.5-3.2 (m, 8H), 3.06 (brs, 12H), 3.63 (d, J=
12.2 Hz, 2H), 3.72 (d, J=12.2 Hz, 2H), 749 (s, 2H).

Measurement of difference UV/Vis spectra in photolysis of 1a—c: A
solution of 1 in n-decane (0.1-0.5mm) was placed in a quartz cuvet, and
this was sealed under vacuum after four freeze-pump-thaw cycles. The
cuvet was placed in a quartz Dewar vessel containing methanol and
irradiated with a low-pressure mercury lamp at —20°C to effect the
isomerization of 1into 2. The resulting mixture was subsequently irradiated
with filtered light of wavelength >420 nm to complete the rearrangement
of generated 2 into 3. The difference spectrum (that after irradiation minus
that prior to irradiation) for the secondary irradiation was almost an exact
mirror image of that of the initial photolysis, at least in the region of
wavelength >290 nm, where the spectra were not complicated by
absorptions due to 1 and 3. The observed spectral changes were ascribed
to the initial generation of 2 from 1 and the secondary photochemical
transformation of the former into 3.

Kinetic measurements: A solution of 3a in n-hexane (ca. 3mm) was placed
in a quartz cuvet. This was sealed under vacuum after three freeze-pump-
thaw cycles and irradiated briefly with filtered light of wavelength
>420 nm to convert 2a, formed from 3a during the degassing, into 3a.
The solution was heated in darkness in a thermostatically-controlled bath
at the specified temperatures, and the generation of 2a was followed by
measurement of absorbance at 321 and 376.5 nm. Plots of absorbance
against reaction time fit best to first-order kinetics, and the rate constants
were calculated by the method of least squares, using experimental points
to as much as 75 % completion.
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Synthesis and Hybridization Properties of Oligonucleotides Containing
Polyamines at the C-2 Position of Purines: A Pre-synthetic Approach
for the Incorporation of Spermine into Oligodeoxynucleotides Containing
2-(4,9,13-Triazatridecyl)-2'-deoxyguanosine

Pierre Potier, Adib Abdennaji, and Jean-Paul Behr*!*!

Abstract: We have developed a synthe-
sis of spermine-containing oligonucleo-
tides (ODN-sper) which allows incorpo-
ration of multiple polyamine residues.
This approach was based on the per-
trifluoroacetylated 5S'DMT-dGsper
phosphoramidite synthon. Its coupling
yield with resin-bound ODN decreased
dramatically when close to the 3'-end.
Optimization of the coupling conditions
allowed 22-mer ODNSs containing up to
six spermine residues to be synthesized.
Several ODNs of different sequences

with 1-4 pendent spermines could be
purified and their hybridization proper-
ties were evaluated. Duplex melting
temperatures increased linearly with
the number of polyamine residues
(AT, /sper=3.0£02°C in 100mMm
NaCl). This compares very favorably
with values reported for duplexes of

Keywords: DNA recognition - du-
plex stability minor groove
oligonucleotides - spermines

similar initial stability containing other
cation-substituted bases. Moreover, the
stability increase was neither sequence
nor position-dependent, and even con-
tiguous spermine residues did not cross-
talk. Extrapolation based on these find-
ings leads to the conclusion that a duplex
formed with a 22-mer oligonucleotide
containing seven spermine residues
would be as stable as genomic DNA,
which highlights its potential for DNA
strand invasion.

Introduction

Therapeutic and diagnostic uses of oligonucleotides (ODN5s)
have attracted the interest of chemists for over 20 years (For
recent reviews see refs. [1-3]). Numerous modified DNA
structures have been synthesized in order to improve proper-
ties such as affinity for the complementary DNA or RNA
target. An extensive hybridization study including over 200
chemical modifications, however, led to only few compounds
that increased thermal stability.*! Cationic residues seem an
obvious choice to favor interaction between two polyanions.
This seemed to be the clue for the high melting temperature of
bacteriophage ¢W-14 DNAP! where half of the thymines are
replaced by a-putrescinylthymidine.[! Short a-putrescinylth-
ymidine-containing ODNs, however, lost this property.’l A
similar strategy, aimed at decreasing repulsion between the
phosphates of the two strands, led to the design of cationicl®]
and zwitterionicl”y ODNs, and of ODNs bearing amines,'*!]
polyamines,?*?71 guanidines,™ or S-methylthiourea.’”! In

[a] Prof. Dr. J.-P. Behr, Dr. P. Potier, Dr. A. Abdennaji
Laboratoire de Chimie Génétique associé C.N.R.S.
Université Louis Pasteur de Strasbourg
Faculté de Pharmacie, B.P. 24, 67401 Illkirch (France)
Fax: (+33)388678891
E-mail: behr@aspirine.u-strasbg.fr
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terms of stabilization of duplex structures, the results were
widely spread and sometimes even opposite, clearly showing
that the introduction of positive charges is not sufficient per
se. Endogenous and synthetic polyamines are known to
stabilize DNA against thermal denaturation.**-?l This may be
due to formation of a trans-strand network of ammonium
hydrogen bonds involving the O-2 atoms of pyrimidines and
N-3 of purines in the minor groove, thus clipping the DNA
strands together.!

Spermine was therefore attached to an ODN via the C-2
position of purine which bisects the minor groove in duplex
DNA; a strong thermal stabilization of the structure was
observed.! Groove location indeed seems to be of impor-
tance, since alkylammonium!! and imidazolium[®! groups
within the minor groove showed similar effects, whereas
spermine conjugation to the C-4 position of cytosine (which
lies in the major groove) actually decreased stability.?!]

WebP4 and others! have described the introduction of
spermine into ODNs containing up to two 2-fluoro-2'-
deoxyinosine residues (post-oligomerization strategy). Un-
fortunately, this method is not suitable for the preparation of
polysubstituted oligonucleotides, (ODN-sper)P* which may
be of interest for diagnostic and gene therapy applications.
Here we describe the synthesis of a guanine phosphoramidite
9 bearing a protected spermine moiety which is compatible
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Scheme 1. Synthesis of the phosphoramidite 9. a) TBS-Cl, imidazole, DMF; b) NPE-OH, DEAD, PPh;, dioxane; ¢) PVPHF, rBuONO, toluene, —5°C;
d) TEA-(HF);, THF; ¢) DMT-CI, pyridine; f) spermine, MeOH, 55°C; g) CF;CO,Et, TMG, MeOH; h) (iPr),P(-OCH,CH,CN), tetrazole, CH;CN.

with oligonucleotide synthesis (a similar pre-synthetic ap-
proach is being developed for obtaining polyamine —oligo-
nucleotide libraries®). Using this strategy, ODN-sper with up
to six spermine residues were synthesized.

Results and Discussion

Synthetic strategy: The introduction of molecular groups into
ODNs can be carried out either before (the pre-synthetic
approach) or after (the post-synthetic, or convertible nucleo-
tide approachP®) the stepwise ODN synthesis. Both methods
have been used to achieve conjugation of polyamines to
ODNs. For C-2-spermine-derivatized purines, only the latter

Abstract in French: Nous avons developpe une methode de
synthese d'oligonucléotides contenant des residus spermine
(ODN-sper) permettant l'incorporation de residus multiples.
Cette approche est basée sur le phosphoramidite du synthon
per-trifluoroacetyl 5 DM T-dGsper. Son rendement de couplage
avec un oligonucléotide (ODN) porté par la resine decroit
dramatiquement au fur et a mesure que l'on se rapproche de
Pextremite’ 3. L'optimisation des conditions de couplage a
néanmoins permis de synthetiser des ODN 22-meres contenant
jusqu'a six residus spermine. Plusieurs ODN's de sequences
variées, contenant de une a quatre pendigouillantes spermines
ont ete purifies et etudies. Les temperatures de fusion des
hybrides bicatenaires correspondants augmentent proportio-
nellement au nombre de residus polyamine (AT, /sper=3.0 £
0.2°C dans 100mm NaCl). Ces valeurs se comparent avanta-
geusement a celles décrites pour des sequences de stabilites
initiales comparables, comprenant d autres substitutions catio-
niques sur les bases. De plus, le gain de stabilite ne depend ni de
la sequence ni de la position, et méme des spermines contigués
ne se genent pas. Une extrapolation basée sur ces resultats
conduit a la conclusion qu'un oligonucleotide 22 mere
contenant sept residus spermine serait aussi stable que ’ADN
genomique, révelant ainsi le potentiel de cette approche pour
linvasion de brin d’ADN.
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strategy has been described.[* 2%1 The pre-synthetic approach
requires synthesis of a protected phosphoramidite which is
compatible with automated DNA synthesis. As a frequent
consequence of decreased solubility and reactivity, it also
needs screening and optimization of the automated DNA
synthesis parameters (coupling efficiencies <90% for the
non-natural nucleotide would lead to inseparable ODN
mixtures).

The post-synthetic strategy is more versatile. It relies on the
introduction of a nucleotide bearing a small reactive group
such as a halogen atom. ODN synthesis thus requires no
optimization and so a single tagged ODN can serve for the
introduction of various molecular groups. 2-Fluoroinosine is
an ideal precursor for the preparation of guanine N-2
adducts.’” 3 ODN-sper with up to two spermine-derivatized
guanines (Gsper) have initially been obtained from oligonu-
cleotides containing this halogenated nucleotide.?* 21 ODNs
with up to seven fluoroinosines were obtained subsequent-
ly,34 but attempts to convert them to spermine conjugates led
to complex mixtures. We were therefore bound to synthesize
the spermine-deoxyguanosine phosphoramidite 9 and to
optimize its incorporation into an oligonucleotide.

Synthesis of phosphoramidite 9: Fluorine displacement is an
efficient method for introducing nucleophilic residues at the
C-2 position of purine nucleosides.?*! We followed a similar
route, using the key 2-fluoro-2’-deoxyinosine intermediate 5§
(Scheme 1). Deoxyribose protection of 1 was achieved using
tert-butyldimethylsilylchloride. The O-6 was protected to
increase subsequent fluorination yields. Compound 2 was
thus treated with p-nitrophenylethyl alcohol using Pfleiderer’s
procedure™ to yield compound 3. As described earlier,
several methods were tested for diazotation and fluorination
of deoxyguanosine.?! The best results were obtained in
nonaqueous medium using fert-butylnitrite and polyvinylpyr-
idinium/HF™" as source of fluorine. The reaction proceeded
so smoothly that the silyl groups remained in place: the main
product was the disilylated 2-fluoro-2'-deoxyinosine (4), with
monoprotected derivative 4' as by-product. The latter com-
pound was resilylated to afford the protected fluoro-2'-
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deoxyinosine (4) with an overall yield of 75 %. The lipophilic
TBS groups allowed straightforward purification of 4. The
silyl groups were gently removed with triethylamine tris(hy-
drogen fluoride)*! (5) and the primary alcohol was selectively
protected with DMT chloride, providing the fluorodeoxyino-
sine derivative 6.

Spermine was readily incorporated into the purine nucleo-
side through its primary amines by heating the reaction
mixture in methanol,*! leading to the 2-spermino-2’-deoxy-
inosine (7). The excess of hydrophilic spermine was removed
by extraction in a ternary solvent system (CH,CL/iPrOH/
water) and no further purification was necessary. The
trifluoroacetyl group (TFA) seemed to be a good polyamine
protecting group for ODN synthesis?"2+27 but pertrifluor-
oacetylation of 7 proved to be tedious. Trifluoroacetic
anhydride could not be used as it causes glycosidic bond
cleavage. Smoother methods using ethyl trifluoroacetate or S-
ethyl trifluorothioacetate in the presence of triethylamine
gave rather poor yields. Replacement of triethylamine by
other bases has been shown to significantly improve the
protection of some amino acids.”"l Using tetramethylguani-
dine (TMG) as base, ethyl trifluoroacetate converted 7 into
the tris protected compound 8 with 64 % yield. TMG also
reacted with ethyl trifluoroacetate, so the reagents had to be
used in large excess. Prior to chromatography, the TMG —
TFA adduct had to be removed by washing the crude material
with diethyl ether. Phosphitylation using a standard proto-
colP! afforded the phosphoramidite 9. During chromato-
graphic purification, the two phosphorus diastereoisomers 9a
(fast migrating) and 9b (slow migrating) were separated
incidentally (see P NMR in Figure 1), although mixed for
the coupling reaction.

A) B)
149 34 9a - 9b

L

160 140 120 100 80 60 40 20 0 10

149. 43 149 34

151 150 149 148 )
d

Figure 1. 3'P NMR spectra of A) isomer 9a, B) mixture of isomers 9a and
9b.

Oligodeoxynucleotide synthesis: ODNs were synthesized on
controlled pore glass using standard phosphoramidite chem-
istry.’?l The behavior of synthon 9 in the ODN synthesis
conditions was checked by TLC. The inertness of the
trifluoroacetyl group was tested, as it was reported that it
could undergo transamidation during the capping step.[’!
Mass spectrometry showed no trifluoroacetyl/acetyl exchange
in the capping conditions. The phosphoramidite 9 appeared to
be less reactive than the natural base phosphoramidites,
possibly because of steric hindrance due to the large tris-TFA-
spermino moiety. We optimized the coupling reaction (Ta-
ble 1) using several solvents (CH;CN, CH,Cl, and CH,Cl,/
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Table 1. Optimization of the coupling yield for reaction of 9 with a nascent
ODN.

Conditions I I I v A\
solvent CH,CIL,/CH;CN CH;CN CH;CN CH;CN CH;CN
concentration 0.1m 0.09m  0.09m  0.09M 0.09m
number of steps 1 1 1 1 2
coupling time 10 min 10min  15min  20min 10 min
coupling yield  61.0% 81.8% 829% 83.0% 94.8%

CH,;CN mixtures), coupling times and concentrations. Di-
chloromethane, which allowed higher concentrations to be
used, let to decreased yields possibly because of reduced
acidity of tetrazole. Coupling times larger than 10 min did not
improve yields. The best results were obtained with two
coupling steps, using a 0.09M solution of 9 in acetonitrile. We
also observed variable coupling yields for 9 along the ODN
synthesis, in otherwise identical conditions. A plot of yield
versus coupling step (Figure 2) clearly shows that the closer to

100 —

90

80

70

Coupling efficiency for 9 (%)

60 —

50

T T T T T
4] 5 10 15 20 25

Position of the modification (from 3'-end)

Figure 2. Coupling yields decrease with decreasing distance resin/com-
pound.

the 3’-end, the worse the yield. The simplest explanation is
restricted approach of the large phosphoramidite 9 to the
growing oligonucleotide chain when close to the CGP-resin.
We still were able to incorporate up to six Gsper with good
yields (Table 2), yet subsequent work-up was unsuccessful up
to now for ODN-sper with more than four Gsper.

Table 2. Oligonucleotide sequences. X: 2-spermino-2'-deoxyinosine.

Name Sequence

22dGsp0-a 5'-ATG AGATGT GAC GAA CGT GTA C-3'
22dGspl-a 5'-ATG AGATGT GAC GAA CGT XTA C-¥
22dGsp3-a 5'-ATG AXATGT GAC XAA CXT GTA C-3'
22dGspb6-a 5'-ATG AXA TXT XAC XAA CXT XTA C-3
22compl-a 5'-GTA CAC GTT CGT CAC ATC TCAT-3
22dGsp0-b 5-TGG TAA AAT GGA AGA CGC CAA A-3'
22dGsp3-b 5-TGX TAA AAT XGA AXA CGC CAA A-3
22compl-b 5-TTT GGC GTC TTC CAT TTT ACC A-3'
22dGsp0-c 5'-ATG AAG AGATAC GCC CTG GTT C-¥
22dGspé-c 5-ATX AAX AGA TAC GCC CTX XTT C-3'
22compl-c 5-GAA CCA GGG CGTATC TCT TCAT-3'

0947-6539/00/0622-4190 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 22





Oligonucleotides

Removal of NPE cannot be performed by standard
ammonia ODN deprotection conditions,’ so the solid
support was first treated with DBU in hot pyridine. Thymine
was added as a scavenger, as acrylonitrile which was simulta-
neously liberated from the phosphate cyanoethylester groups
damages DNA.F] ODN-sper were then cleaved and further
deprotected in hot aqueous ammonia. The DMT-on ODN-
sper were purified by reverse-phase HPLC. After DMT
removal, ODN-sper showed a single HPLC peak and were
characterized by MALDI-TOF mass spectrometry. The mass
spectrum of 22dGsp3-a showed a second peak that was
attributed to sequences containing only two Gsper (i.e.,
21dGsp2-a). Indeed, 22dGsp3-a was synthesized with non-
optimal conditions I (Table 1) which led to 21dGsp2-a as a
consequence of incomplete capping reactions.

PAGE electrophoresis of ODN-sper: ODN-sper were 5'-radio-
labeled with ¥P(ATP). The kinase activity was not inhibited
by the pendent polyamine, even for ODN-sper with Gsper
close to the 5-end (i.e., 22dGsp3-b and 22dGsp4-c). Purity
was confirmed by denaturating PAGE (Figure 3). ODN-sper
had lower electrophoretic mobility than their control ODNS.
The relative retardation was proportional to the number of
spermine substitutions (Figure 3). The mobilities of 22dGsp3-
a and 21dGsp2-a were very different (Figure 3A, lane 3) and
allowed final purification to be performed.

Al 1 4 4 El
=i 0 5
12 Giapta -.-' ' H'\-\.'_\-H
'\-\.;\h
13 Cpln = - ..-.-:mm;-. -.E.:-- M‘_&
P [P I—Y |

rubar il s peTrrg e

Figure 3. Electrophoretic mobilities of ODN-sper’s. A) Denaturating
PAGE. Lane 1: 22dGsp0-a, 2: 22dGspl-a, 3: 22dGsp3-a. B) Relative
mobilities decrease with increasing number of spermine modifications.

Duplex formation of ODN-sper: The presence of several
spermine residues linked to the nucleic bases may interfere
with proper duplex formation. Spectroscopic titration of
22dGsp4d-c (Figure 4) and of control 22dGsp0-c with their
complementary strand 22compl-c was therefore undertaken.
The maximum hypochromicities of 22dGsp0-c and 22dGsp4-c
were similar (91.1 and 89.6 %, respectively) and went through
a minimum for a 1:1 molar ratio; this confirms that ODN-sper
form predominantly duplex structures.

Duplex melting temperatures (7,,) of ODN-sper with their
complementary sequences were measured and compared with
the corresponding natural duplexes (Table 3). A single, clear-
cut transition was observed in all cases. Spermine conjugation
always increased T,,, although alkyl substitution at N-2
interferes with GC base pairing. Unexpectedly, melting

Chem. Eur. J. 2000, 6, No. 22

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

4188-4194
0475 -
A
£ 0450 -
£
&
ol
=
g
=
z’,
<
0.425 =
T T T
0.0 05 1.0 15 20

Number of equivalents of 22compl-d

Figure 4. Duplex formation of 22dGsp4-c with the complementary strand
22compl-c.

Table 3. Melting temperatures [°C] of duplexes formed by ODN and by
ODN-sper with their complementary strands in 10mwm phosphate buffer
(pH 7.4), 100mm NaClL

ODN-sper ODN T, ODN-sper T, AT, AT, /sper
22dGspl-a 66.4 69.4 +3.0 +3.0
22dGsp3-a 66.4 76.1 +9.7 +3.2
22dGsp3-b 64.0 72.8 +8.8 +29
22dGsp4-c 64.5 76.0 +11.5 +29

temperatures increased linearly with the number of spermines
(up to four) borne by the oligonucleotide, with an increment
of AT,/sper=3.0+0.2°C. This value compares very favor-
able with the values reported in similar salt conditions for
ODNs containing other cation-substituted bases. Moreover
(Table 3), the stability increase was neither sequence nor
position-dependent with respect to the ODN extremities.
Even contiguous Gsper in 22dGsp4-c did not decrease their

" individual contribution to duplex stability. This remarkable

behavior may be a consequence of minor groove location of
the pendent spermine residues, where multiple bidentate
hydrogen-bonding acceptor sites are available (a purine N-3, a
pyrimidine O-2, and two O-4’ per base pair) regardless of the
sequence and in both directions. Extrapolation to multiple
spermine substitutions is therefore justified. Stability similar
to that of a large DNA fragment (7, =85°C in 100 mMm NaCl)
would be reached with seven spermine residues.

Conclusion

We have succeeded in extending the number of ODN-
conjugated polyamines from two, with the convertible nucleo-
tide approach, to four with the optimized post-synthetic
strategy. The remarkable hybridization properties of ODN-
sper a posteriori justify the choice for purine N-2 conjugation,
which was in turn guided by our initial finding that spermine
was located in the B-DNA minor groove. A reasonable
extrapolation shows that a duplex formed with a 22-mer
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oligonucleotide bearing seven spermine residues would be as
stable as genomic DNA. Besides potential solubility problems
(it would be an overall neutral molecule), such an oligonu-
cleotide may be capable of sequence-selective recognition of
double-stranded DNA by strand invasion. The underlying
Watson — Crick pairing is general (as opposed to triple helix
formation by Hoogsteen pairing with homopurine sequences)
and may find wide applications in diagnosis and therapy.

Experimental Section

Abbreviations: EtOH: ethanol, TBS: tert-butyldimethylsilyl, DMF: N,N-
dimethylformamide, DBU: 1,8-diaza-bicyclo[5.4.0Jundec-7-ene, NPE:
2-(4-nitrophenyl)ethyl, DEAD: diethyl azodicaboxylate, PVPHF: poly[4-
vinylpyridinium poly(hydrogen fluoride)], BuONO: tert-butylnitrite,
TEA: triethylamine, TEA-(HF);: triethylamine tris(hydrogen fluoride),
DMT: 4.4'-dimethoxytrityl, spermino: -NH-(CH,),-NH-(CH,),-NH-
(CH,);-NH,, TFA: trifluoroacetate, TMG: 1,1,3,3-tetramethylguanidine,
(iPr),P(-OCH,CH,CN): 2-cyanoethyl tetraisopropylphosphorodiamidite,
TEAA: triethylammoniumacetat, MALDI-TOF: matrix-assisted laser
desorption/ionization — time-of-flight, PAGE: polyacrylamide gel electro-
phoresis.

General: Chemicals and solvents were purchased from Fluka, Aldrich,
Merck, Janssen, Carlo Erba and SDS. TLC analysis was performed on
precoated Merck silica gel 60 F,g, plates using phosphomolybdic acid as
indicator. Flash silica gel chromatography was performed with silica Si60
(40-63 um, Merck) and the indicated solvent system. 'H, 3P NMR spectra
were recorded on a Bruker DPX-300 spectrometer (300 MHz) and "°F on a
Bruker WP-200 SY (200 MHz).
3,5'-0-Di-tert-butyldimethylsilyl-2’-deoxyguanosine (2): 2'-deoxyguano-
sine (1) (1 g, 3.5 mmol), tert-butyldimethylsilyl chloride (2.1 g, 13.9 mmol),
and imidazole (1.68 g, 24.7 mmol) were dissolved in DMF (2 mL) and
stirred at room temperature. After 30 min the solution was clear and a
white solid began to precipitate. After 24 h the reaction was quenched with
ethanol (10 mL) and stirred for an additional 30 min. The precipitate was
filtered, washed with cold ethanol, crystallized in ethanol at —20°C and
dried under vacuum to give 2 as a fine white powder (1.56 g, 90%). R;
(EtOH/CH,Cl, 1:9): 0.50; "H NMR (200 MHz, [D¢]DMSO):  =8.1 (d, 2H,
Ar), 8.0 (s,1H,H-8),7.6 (d,2H, Ar), 6.3 (t, 1H, H-1"), 4.85 (brs, 2H, -NH,),
4.7 (t,2H, -CH,-0), 4.6 (m, 1H, H-3"), 3.9 (m, 1 H, H-4'), 3.8 (t,2H, H-5),
3.3(t,2H,-CH,-Ar),2.6 (m,1H, H-2'),2.4 (m, 1 H, H-2"),0.92, 0.88 (25, 2 x
9H, 2 x SiC-CH3), 0.07, 0.05 (25, 2 x 6H, 2 x Si-CH;); FAB-MS (positive
mode): m/z (%): caled for C,,H,;NsO,Si, (495.27); found 1013.5 (13)
[2M+Na]*, 5183 (35) [M+Na]*, 496.3 (11) [M+H]*, 174.1 (85) [M —
ribose+Na]*, 152.1 (100) [M — ribose + H]*.
3',5'-0-Di-tert-butyldimethylsilyl-6-O-[2-(4-nitrophenyl)ethyl]-2'-deoxy-
guanosine (3): 3',5-O-Di-TBS-2'-deoxyguanosine (2) (5.8 g, 11.7 mmol),
PPh; (6.15¢, 23.4 mmol), and NPE alcohol (3.90 g, 23.3 mmol) were
suspended in dry dioxane (100 mL). The mixture was stirred for 15 min
under argon and DEAD (3.7 mL, 23.4 mmol) were added. The suspension
went pink and turned to a clear yellow solution. After 24 h the solvent was
evaporated and the product was purified by silica gel chromatography
(CH,Cl,/hexane 9:1). The fraction containing the protected compound was
further chromatographed with 1-5% acetone in CH,Cl,. The desired
product was obtained as yellowish foam (6.01 g, 80 %). R; (EtOH/CH,Cl,
1:9): 0.69; '"H NMR (200 MHz, [D,]MeOH): 6 =8.1 (d,2H, Ar), 8.0 (s, 1H,
H-8), 7.6 (d, 2H, Ar), 6.3 (t, 1H, H-1'), 4.85 (brs, 2H, -NH,), 4.7 (t, 2H,
-CH,-0), 4.6 (m, 1H, H-3'),3.9 (m, 1H, H-4'), 3.8 (t,2H, H-5"), 3.3 (t, 2H,
-CH,-Ar), 2.6 (m, 1H, H-2'), 2.4 (m, 1H, H-2'), 0.92, 0.88 (25,2 x 9H, 2 x
SiC-CH;), 0.07, 0.05 (25,2 x 6 H, 2 x Si-CH3;); elemental analysis calcd (%)
for C;)H,gN¢O,Si1,(644.32): C 55.87, H 7.50, N 13.03; found C 55.71, H 7.31, N
12.98; FAB-MS (positive mode): m/z (%): 1289.6 (3) [2M+H]*, 645.3 (22)
[M+H]", 301.1 (100) [M — ribose+H]*.
3',5'-O-Di-tert-butyldimethylsilyl-6-O-[2-(4-nitrophenyl)ethyl]-2"-deoxy-2-
fluoroinosine (4): 3',5'-O-Di-TBS-6-O-NPE-2'-deoxyguanosine (3) (2.6 g,
4.03 mmol) was dissolved in anhydrous toluene (30 mL) and cooled to
—65°C. This solution was added to a suspension of PVPHF (8 g) in toluene
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(30 mL, also at —65°C) in a Teflon flask. /BuONO (1.9 mL, 16 mmol) was
gradually added to the mixture under vigorous stirring and the temperature
was slowly allowed to rise to —5°C. The reaction was followed by
disappearance of the starting material on TLC. The polymer was filtered
off and the solution was neutralized with a 0.1m NaHCO; solution. The
organic layer was dried over MgSO,, evaporated, and the residual oil was
purified on a silica gel column eluted with 1-20% MeOH in CH,Cl,. The
by-products were re-silylated (TBS-Cl, imidazole, DMF) and purified by
chromatography as described above. All fractions containing the protected
fluoroinosine (4) were collected, affording the desired product with 75 %
overall yield. R; (MeOH/CH,CI, 1:99): 0.70; 'H NMR (200 MHz, CDCl,):
0=23825(s,1H,H-8),8.15(d,2H, Ar), 7.5 (d,2H, Ar), 6.4 (t, 1H, H-1'), 4.85
(t,2H, -CH,-0), 4.6 (m, 1 H, H-3'), 4.0 (m, 1H, H-4"), 3.8 (t,2H, H-5"), 3.3
(t,2H, -CH,-Ar), 2.6 (m, 1H, H-2), 2.4 (m, 1H, H-2), 0.92, 0.88 (25, 2 x
9H, 2xSiC-CH;), 0.07, 0.05 (2s, 2x6H, 2xSi-CH;); “F NMR
(188.3 MHz, CD;CN, TFA as reference): 0 =29.9 (s); FAB-MS (positive
mode): m/z (%): caled for C;H,FNsOgSi, (647.30); found 648.5 (20)
[M+H]", 304.2 (100) [M — ribose+H]*.
6-0O-[2-(4-Nitrophenyl)ethyl]-2'-deoxy-2-fluoroinosine  (5): 3',5'-O-Di-
TBS-6-O-NPE-2'-deoxy-2-fluoroinosine (4) (700 mg, 1.08 mmol) was dis-
solved in THF (6 mL) and mixed with TEA-(HF); (1.06 mL, 6.48 mmol).
The mixture was stirred under argon for 17 h at room temperature. The
solvent was evaporated, the residue was dissolved in CH,Cl, and purified
by silica gel column chromatography with 0—5% MeOH in CH,Cl,. The
solvent was evaporated in vacuo to give a beige foam (400 mg, 88%). R;
(MeOH/CH,Cl, 5:95): 0.45; '"H NMR (300 MHz, CDCl;): 6 =8.18 (d, 2H,
Ar), 8.00 (s, 1H, H-8), 7.50 (d, 2H, Ar), 6.33 (dd, 1H, H-1'), 4.86 (t, 2H,
-CH,-0), 4.80 (m, 1H, H-3"), 4.20 (m, 1H, H-4'), 3.9 (m, 2H, H-5"), 3.33 (t,
2H, -CH,-Ar), 2.96 (m, 1H, H-2'), 2.37 (m, 1H, H-2"); FAB-MS (positive
mode): m/z (%): caled for CgHgFNsO, (419.12); found 4202 (55)
[M+H]*, 304.1 (100) [M — ribose + H]*.
5'-0-(4,4-Dimethoxytrityl)-6-O-[2-(4-nitrophenyl)ethyl]-2’-deoxy-2-fluo-
roinosine (6): 6-O-NPE-2'-deoxy-2-fluoroinosine (5) (400 mg, 0.95 mmol)
was coevaporated with dry pyridine and the residue was dissolved in
pyridine (10 mL). DMT chloride (520 mg, 1.53 mmol) was added and the
solution was kept under argon. After 17 h the reaction was quenched with
MeOH (10 mL) and the solvent was evaporated. The residue was dissolved
in CH,Cl, and purified by chromatography (silica gel pretreated with 1%
of TEA in CH,Cl,) with 1-4 % MeOH in CH,Cl, containing 1% TEA to
yield the title compound (520 mg, 76 % ). R; (TEA/MeOH/CH,CI, 1:5:94):
0.50; '"H NMR (300 MHz, CDCl;): 6 =8.17 (d, 2H, Ar), 8.05 (s, 1H, H-8),
748 (d, 2H, Ar), 7.38 (d, 2H, Ar), 725 (m, Ar), 6.79 (dd, 4H, Ar), 6.38 (t,
1H, H-1"),4.83 (t,2H, -CH,-0), 4.66 (m, 1 H, H-3'), 4.15 (m, 1 H, H-4"), 3.77
(s,6H,-O-CH,), 3.4 (m,2H, H-5'),3.31 (t,2H, -CH,-Ar), 2.7 (m, 1 H, H-2'),
2.5 (m, 1H, H-2"); YF NMR (188.3 MHz, CD;CN, TFA as reference): 0 =
30.3 (s); FAB-MS (positive mode): m/z (%): caled for CsyH;FN;Og
(721.25); found 722.2 (2) [M+H]*, 303.1 (100) [DMT]*.
5'-0-(4,4'-Dimethoxytrityl)-6-O-[ 2-(4-nitrophenyl)ethyl]-2-(3,9,13-triaza-
tridecyl)-2'-deoxyguanosine (7): 5-O-DMT-6-O-NPE-2'-deoxy-2-fluoro-
inosine (6) (715 mg, 0.99 mmol) and spermine (1g, 4.95 mmol) were
dissolved in MeOH (40 mL, distilled over magnesium). The reaction
mixture was stirred at 55°C under argon for 4 h, then CH,Cl, (70 mL) and
iPrOH (10 mL) were added. The organic layer was washed with water until
its pH was neutral. When separation of the phases was too slow, small
amounts of iPrOH were added. The organic layer was dried over MgSO,
and evaporated in vacuo. The residue was lyophilized with a benzene/
MeOH 9:1 mixture providing a white powder (685 mg, 77 %). 'H NMR
(300 MHz, CDCl;): 0 =8.15 (d, 2H, Ar), 7.71 (s, 1 H, H-8), 7.47 (d, 2H, Ar),
7.3 (m, Ar), 6.76 (dd, 4H, Ar), 6.26 (t, 1H, H-1"), 4.86 (m, 1 H, H-3"), 4.72 (t,
2H, -CH,-0), 4.07 (m, 1H, H-4"), 3.79 (s, 6H, -O-CH,), 3.4 (m, 2H, H-5'),
3.27 (t,2H, -CH,-Ar), 2.7 (m, H-2', C-CH,-NH-), 1.7 (m, C-CH,-C); FAB-
MS (positive mode): m/z (% ): caled for CyoHg NoOgP (903.46); found 904.1
(2) [M+H], 602.0 (5) [M —DMT+H]*, 303.0 (100) [DMT]*.
5'-0-(4,4-Dimethoxytrityl)-6-O-[2-(4-nitrophenyl)ethyl]-2-[ tris-V,N',N"'-
trifluoroacetamido-(3,9,13-triazatridecyl) |]-2'-deoxyguanosine (8): 1,1,3,3-
Tetramethylguanidine (1.4 mL, 11 mmol) and ethyl trifluoroacetate
(2.7 mL, 22 mmol) were added to a solution of 5-O-DMT-6-O-NPE-2-
spermino-2'-deoxyinosine (7) (680 mg, 0.75 mmol) in MeOH (25 mL). The
reaction was stirred under argon at room temperature for 17 h, AcOEt
(12 mL) was added and the solvent was evaporated in vacuo (repeated
twice). The residue was washed with Et,0 and purified on a neutral
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aluminum oxide column with 0-15% EtOH in CH,Cl, (containing 0.2 %
of TEA) to yield the title compound (575 mg, 64 %). R; (MeOH/CH,Cl,
5:95+1% TEA): 0.55; '"H NMR (300 MHz, CDCl;): 6 =8.15 (dd, 2H, Ar),
772 (d, 1H, H-8), 747 (d, 2H, Ar), 738 (d, 2H, Ar), 7.3 (m, Ar), 6.79 (dd,
4H, Ar), 6.33 (t, 1H, H-1'), 472 (t, 2H, -CH,-0), 4.64 (m, 1 H, H-3), 4.11
(m, 1H, H-4),3.79 (s, 6H, -O-CH;), 3.4 (m, 16 H, H-5' + C-CH,-N-CO- +
-CH,-Ar), 2.7 (m, 1H, H-2"), 2.5 (m, 1H, H-2), 1.9 (m, 4H, C-CH,-C), 1.6
(m, 4H, C-CH,-C); FAB-MS (positive mode): m/z (%): caled for
CssHyFoNyO P (1191.41); 1192.0 (4) [M+H]", 8900 (3) [M-
DMT+H]*, 774.0 (13) [M — ribose+H]*, 303.1 (100) [DMT]*.
5'-0-(4,4'-Dimethoxytrityl)-6-O-[2-(4-nitrophenyl) ethyl]-2-[ tris-N, N ,N"'-
trifluoroacetamido-(4,9,13-triazatridecyl) ]-2’-deoxyguanosine-3'-O-(2-cya-
noethyl-N,N-diisopropyl phosphoramididite (9): Compound 8 (220 mg,
0.18 mmol) and tetrazole (12 mg, 0.17 mmol) were dissolved in CH,Cl,
(3mL) and 2-cyanoethyl-tetraisopropylphosphorodiamidite (170 pL,
0.54 mmol) was added. The solution was stirred under argon at room
temperature. After 2 h, the reaction was quenched with EtOH (2 mL) and
the mixture was immediately evaporated in vacuo. The residue was
dissolved in CH,Cl, (50 mL) and washed twice with 0.2m NaHCO;
(15mL). The organic layer was dried over MgSO, and the solvent was
removed under vacuum. The residue was purified on a silica gel column
with AcOEt/hexane 1:1 to AcOEt. The products were precipitated from
cold hexane and were lyophilized from benzene to give the diastereoisom-
ers 9a and 9b as a beige powder (total 209 mg, 77 %). Before ODN
synthesis, both isomers were dried under vacuum over P,Os for one week
and then dissolved in the dry solvents indicated below. R; (AcOEt/hexane
3:14+1% of TEA) 9a: 0.48,9b: 0.32; '"H NMR (300 MHz, CDCl;): 9a: 6 =
2.50, 9b: 6 =2.63 (t, 2H, O-C-CH,-CN); 3P NMR (121.5 MHz, CD;CN):
9a:0=149.35,9b: 6 =149.43 (s); FAB-MS (positive mode): m/z (% ): caled
for CgHisFoN; OpP (1391.52); 13925 (1) [M+H]*, 7742 (4) [M—
ribose+H]*, 303.1 (100) [DMT]*.

Oligonucleotide synthesis: Oligonucleotides were assembled on an auto-
mated DNA synthesizer (Applied Biosystems 380B, CA, USA) using
standard phosphoramidite chemistry. The reagents and phosphoramidites
were purchased from PerSeptive Biosystems and the solid supports from
MilliGen/Biosearch (LCAA-CPG, 1000 A, 1 umol). Commercial phos-
phoramidites were dissolved in dry acetonitrile (0.1m solutions) and 3 min
standard coupling times were used. Several solvents and coupling times
were tested for phosphoramidite 9. Finally, oligonucleotides 22dGsp1-a and
22dGsp3-a were obtained with 0.1M of 9 in 1:1 CH,Cl,/CH;CN but the best
results were obtained using a 0.09 M solution in dry acetonitrile. During the
synthesis, the phosphoramidite 9 solution was kept on activated 4 A
molecular sieves. After introduction of the modified base, the capping step
was repeated and, in some cases, the coupling step as well. Resin-supported
ODN-sper were treated with 0.5M DBU in pyridine (containing 2 x 10~*m
thymine) for 16 h at 55°C, washed twice with dry pyridine, then twice with
water. ODN-sper were cleaved and further deprotected with 32 % aqueous
ammonia for 15 min at room temperature and for 16 h at 55°C. DMT-
protected oligonucleotides were purified by HPLC on a Uptisphere C18
reverse phase column eluted with increasing concentrations of CH;CN in
0.1m TEAA buffer (pH 7.0). The desired fractions were evaporated and the
residue was treated with 80 % aqueous AcOH for 15 min. The solution was
quickly evaporated, 1 % aqueous TEA was added and concentrated to give
the fully deprotected oligonucleotides. Samples were further purified by
HPLC (with the same eluent) to remove minor impurities. MALDI-TOF
MS (negative-ion mode) m/z: 22dGspl-a: caled 7009, found 7008;
22dGsp3-a: caled 7379, found 7376; 21dGsp2-a: calcd 6866, found 6865;
22dGsp3-b: caled 7381, found 7380; 22dGsp4-c: caled 7495, found 7488.

PAGE electrophoresis: ODNs were labeled with 2P using T4 polynucleo-
tide kinase (BioLabs)P and run (52 Vem! for 2 h at room temperature)
on a denaturating gel (18.5%/0.5% acrylamide/N,N-methylenebisacryla-
mide, 90mm Tris borate, 2mm EDTA, 7m urea). Labeled ODNs were
visualized with a Phospholmager 425 (Molecular Dynamics). Relative
mobilities (my) were measured using the unmodified sequence 22dGsp0-a
as reference. 22dGspl-a: my = 0.91; 21dGsp2-a: mzg= 0.91; 22dGsp3-a:
mgp = 0.84. Oligonucleotides 21dGsp2-a and 22dGsp3-a were cut out from
the gel, extracted with 0.5M AcONH,, 1mMm EDTA pH 8.0 buffer and
precipitated with three volumes of cold ethanol.

Duplex formation experiments: 22dGsp0-c (2.22 nmol) and 22c-dGsp4
(1.72 nmol) were each dissolved in 10mm phosphate buffer (1 mL)
containing 100mm NaCl (pH 7.5). Solutions were titrated by adding 1-
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4 uL aliquots of 125 um 22compl-c. After each addition the mixture was
heated 5 min at 90 °C and slowly cooled to RT. UV absorption was recorded
at 260 nm with a UVIKON 930 spectrophotometer (Kontron Instruments).
Values were corrected and the concentration of single stranded DNA was
normalized after each measurement.

Melting temperatures: Hybridization experiments were carried out on a
CARY3 UV-visible spectrophotometer (Varian). Absorption at 260 nm
was recorded versus temperature at a heating rate of 0.5°Cmin~'. Duplex
concentrations were 2uM in a 10mM sodium phosphate buffer, pH 7.4,
containing 100 mm NaCl. Transition temperatures were obtained from first-
order derivative plots of absorbance versus temperature. Decane was
added on the top of each sample to avoid evaporation.
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Copper(@) Binding Modes in the Prion Octapeptide PHGGGWGQ:
A Spectroscopic and Voltammetric Study

Raffaele P. Bonomo,*!?! Giuseppe Impellizzeri,*!*! Giuseppe Pappalardo,!
Enrico Rizzarelli,> "' and Giovanni Tabbi®!

Abstract: The N-terminal octapeptide
repeat region of human prion protein
(PrP°) is known to bind Cu'. To inves-
tigate the binding modes of copper in
PrP¢, an octapeptide Ac-PHGGGWGQ-
NH, (1), which corresponds to an octa-
repeat sequence, and a tetrapeptide Ac-

neutral and basic pH. CD, ESR and
visible absorption spectra suggest a sim-
ilar co-ordination sphere of the metal ion
in both peptides, which at neutral pH
consists of a square pyramidal geometry
with three peptidic nitrogens and the
imidazole nitrogen as donor atoms. Cy-
clic voltammetric measurements were

used to confirm the geometrical features
of these copper(il) complexes: the obser-
vation of negative redox potentials are in
good agreement with the inferred geom-
etry. All these results taken together
suggest that peptide 1 provides a single
metal binding site to which copper(i)

HGGG-NH, (2) have been synthesised.
The copper(i) complexes formed with 1
and 2 have been studied by circular
dichroism (CD) and electron spin reso-
nance (ESR) spectroscopy. Both pep-
tides form 1:1 complexes with Cu'" at

Introduction

Metal complexes with peptide ligands are widely studied
because they can be considered a simplified, but representa-
tive, model of biological metal —protein interactions. During
the past decade we have studied several copper(il) complexes
with linear or cyclic peptides.'”” Such complexes were
thermodynamically and spectroscopically characterised and
their capability to act as scavenger of O, tested.l>> ° From
these studies it has been possible to obtain useful information
about the mechanism by which these complexes exert their
antioxidant activity and then address the relationship between
the measured activity and their structural properties.l > 6l
Another useful strategy to study metal—peptide interac-
tions employs metal complexation to achieve the folding of
polypeptidic chains into well-defined conformations.’] The
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binds strongly at neutral and basic pH
and that the binding of the metal induces
the formation of a stiffened structure in

Cop- .
the HGGG peptide fragment.

EPR

increasing number of reports about the introduction of metal
binding sites into native and/or synthetic proteins,” as well as
appropriately designed oligopeptides,” 1] reveal that this is a
currently active research field, which can provide useful
information for the development of synthetic metalloproteins.
These models can be tailored for specific biological functions
or to exploit the role played by metal ions in the folding of
proteins. This latter aspect has a remarkable importance
because there is mounting evidence that suggests a direct
pathogenic role for several transition metals in neurode-
generative disorders related to defective protein folding,
including Alzheimer’s and prion diseases.''l In particular, in
prion diseases the critical pathogenic event is the misfolding
of the prion protein (PrP¢), which is expressed in the brain, to
form an abnormal pathogenic isoform (PrP%) believed to
cause a series of neurodegenerative diseases that include
Creutzfeldt-Jakob disease (CJD) in humans and bovine
spongiform encephalopathy (BSE) in animals.'? Despite
intensive biochemical and biophysical studies, the molecular
mechanism which results in the conformational transition
from PrP¢ to PrP% and the subsequent neurodegeneration
remains unknown. The recent findings that indicate that PrP°
can exist in vivo as the Cu-metalloprotein form!"! raise the
possibility that the prion protein is involved in copper
metabolism in the central nervous system.l' ¥ However,
early studies revealed that cuprizone, a copper chelating
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agent, induces neuropathological changes in mice similar to
those found in prion diseases ;"] this suggests a role for copper
in the pathophysiology of prion disease. So on one hand, PrP¢
may regulate the Cu'! homeostasis by acting as a shuttle for
copper ions destined to bind to enzymes that prevent
oxidative damage such as superoxide dismutase.'*'4l On the
other hand, copper binding, or rather the lack of it, may play a
crucial role in the pathogenesis of prion diseases.['"! Therefore,
it is important to investigate the mode and the site of binding
of copper(il) to the prion protein. Prions selectively bind
copper in their N-terminal domain, which contains a group of
octarepeats with the consensus sequence of Pro-His-Gly-Gly-
Gly-Trp-Gly-GlIn.[» 71 Several studies have aimed to eluci-
date the structural nature of the copper complex by using
short peptides that correspond to the octapeptide repeat motif
and also the whole protein.['* 7 18l However, the nature of the
binding site as well as the number of metal ions involved is still
a matter of debate.['> 18]

In this study, we have examined the circular dichroism
(CD), absorption and electron spin resonance (ESR) spectra
of the copper(i) complex species formed by the peptides Ac-
Pro-His-Gly-Gly-Gly-Trp-Gly-GIn-NH, (PHGGGWGQ; 1)
and Ac-His-Gly-Gly-Gly-NH, (HGGG:; 2), which are homol-
ogous with one of the octarepeats and a part of it, respectively.
In addition, voltammetric measurements carried out on such
copper(i)-octapeptide and -tetrapeptide complexes allowed
us to get further insight into the coordination environment
and redox properties of the metal site.

Results and Discussion

Circular dichroism (CD): Figure 1 shows the CD spectra of 1
recorded in the absence of copper(ll) in water at different pH
values. The main features present in these spectra are an
intense minimum at about 200 nm and a positive band with a
maximum around 224 nm. A change in intensity is observed
between pH6 and 7 in addition to a slight shift of the
minimum towards shorter wavelengths. The CD spectrum of 1
is indicative of unordered chain conformation.'”) However

Abstract in Italian: E’ noto che la regione N-terminale della
proteina umana del prione (PrP¢) contiene una regione in cui si
ripete una sequenza ottapeptidica capace di legare il rame(ty).
Sono stati sintetizzati ottapeptide Ac-PHGGGWGQ-NH,
(1), ed il tetrapeptide Ac-HGGG-NH, (2). I complessi di
rame(11), studiati con tecniche spettroscopiche (CD ed ESR) in
soluzioni acquose neutre, hanno geometrie piramidali a base
quadrata, in cui la sfera di coordinazione del metallo contiene
una molecola d’acqua e tre azoti in piano ed un’azoto apicale.
In soluzione basica si ha un’espansione della coordinazione
con formazione di geometrie pseudo-ottaedriche. Studi vol-
tammetrici hanno rivelato potenziali redox negativi per queste
specie, confermando le ipotesi strutturali ricavate dai dati
spettroscopici. Questi risultati mostrano che questi peptidi
contengono un sito preorganizzato per il rame e che in
conseguenza della coordinazione essi assumono forme parti-
colarmente strutturate.
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Figure 1. CD spectraof1(c=2.3 x 10~*m) in H,O at different pH values in
the absence of copper(t1). From top to bottom (arrow): pH 4.0, 5.1, 6.0, 7.2,
8.0.

the pH dependence shows that protonation of the histidine
residue may have a weak effect on the conformation of the
octapeptide 1 as evidenced by the shift of the minimum
towards longer wavelengths at pH 4.

Copper(11) complexation affects the secondary structure of
1; this is clearly shown by the CD spectra collected at various
pH values (Figure 2). The pH titration was carried out in the
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Figure 2. CD spectra of the copper(11)-1 complex (¢ =2.3 x 10~*m) in H,O
at different pH values. a) pH 6.0; b) pH 7.3; ¢) pH 7.8; d) pH 8.9; ¢) pH 9.6;
f) pH 10. 0.

range of pH 3-10 and in the presence of one mole-equivalent
of CuSO,. Below pH6 the CD spectra did not show
significant differences when compared to those of the free
ligand at the same pH values. This pH dependence, indicates
that the copper(11) ion binds tightly to 1 at pH > 6 and suggests
an involvement of the histidine residue in the coordination of
the metal ion. The CD spectrum obtained at pH 73 is
characterised by a decrease in the negative ellipticity at
200 nm, a strong negative signal at 216 nm and a weaker
positive maximum at 231 nm. The same trend is retained at
pH 8, but on increasing the pH further, the negative ellipticity
at 216 nm decreases and the growth of a positive signal at
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about 203 nm is observed. All these spectral changes are
indicative of structure formation but rather than being
consistent with any known CD spectrum of the common
a-helix or ff-sheet secondary structures, they are somewhat
reminiscent of turn motifs. However, it should be said that in
all the spectra recorded in the presence of copper(ll), an
unusual positive signal at approximately 230 nm is observed.
This signal, which may come from the shift of the positive
signal at 224 nm observed in the uncomplexed peptide, has
been assigned to an aromatic transition of the tryptophan side
chain®!, Additional CD signals are observed at 254 nm and
over 300 nm and have been assigned to optically active ligand-
to-metal charge-transfer transitions (LMCT) that may occur
from imidazole or deprotonated peptide nitrogens to the
copper ion.2!

The copper(11) binding properties of the peptide HGGG 2,
whose sequence is contained in octapeptide 1, were also
explored. In Figure 3, the CD spectra of the uncomplexed

[6]x107%/ deg cm? dmol™

-3 T | R T T T T
1 éO 2(I)O 210 220 230 240 250 260

Wavelength / nm

Figure 3. CD spectra of 2 (¢c=4.0 x 10~*M) recorded in H,O at different
pH values in the absence of copper(i1). From bottom to top (arrow): pH 3.2,
4.2,5.1,6.1,74, 8.0, 9.0.

peptide 2 taken in water at different pH values are shown.
Helix-like CD spectra with low intensity are observed at
pH 3.2 and 4.2. For small peptides, such class C spectra are
frequently associated with the presence of S-turn conforma-
tions.'”! Varying the pH between 5.1 and 74 results in a
modification of the CD pattern. At pH 7.4, the CD spectrum is
characterised by a broad positive band between 200 and
230 nm and by negative ellipticity below 195 nm. These
spectral features, which remain virtually unchanged up to
pH 9, are less easily interpreted and cannot be compared with
the known CD spectra for reverse turns. We can tentatively
suggest that at acidic pH values the protonated imidazole side
chain of histidine may form an intra-chain hydrogen bond that
allows peptide 2 to adopt a folded conformation with
substantial S-turn character. At higher pH values, the
stabilising contribution of the imidazole side chain is lowered
since deprotonation occurs. Therefore, the resulting CD
spectra may reflect the presence of conformational mixtures
in which random conformers begin to intrude. In this respect
the observation of an isodichroic point at around 200 nm (see
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Figure 3), which suggests an equilibrium between two con-
formational states, is in agreement with this hypothesis.

The pH titration in the presence of copper(i) was carried
out under the same experimental conditions used for peptide
1 and is reported in Figure 4. The CD spectra of the copper(i1)

[81x1073/ deg cm2 dmol™’
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Figure 4. CD spectra of copper(i)-2 complex (¢=3.5x 10~*m) in H,O at
different pH values: a) pH 6.1; b) pH 7.2; ¢) pH 8.0; d) pH 9.1; ¢) pH 10.0.

-2 complex collected at pH <6 did not show substantial
differences in comparison with those obtained for the free
peptide ligand at the same pH values. In this respect it
behaves like peptide 1.

The CD spectra a, b, and c recorded in the range of pH 6 -8
appear to be related (Figure 4). The most common, and
distinct, spectral type associated with a type I S-turn,
classified as class B spectrum, is characterised by negative
ellipticities >220 nm and < 190 nm and a positive ellipticity in
the 200210 nm range.!') All the spectra a, b and c of Figure 4
show minima and maxima almost in the appropriate wave-
length range for a type II -turn. Dramatic changes, in terms
of signal intensities, are observed at higher pH values
(Figure 4, curves d and e). In particular, as the pH is raised
from 9 to 10, an increase and blue shift of the positive signal
and the growth of two negative bands near 220 nm and 250 nm
are observed. The CD spectrum of the copper(i) complex
with peptide 2 obtained at pH 10 is characterised by a
maximum at 195 nm along with negative ellipticity at 219 nm
and 254 nm. If we consider the spectral region below 240 nm,
this CD spectrum still resembles that of a type II S-turn,!'”) but
here both the maximum and minimum are slightly shifted to
shorter wavelengths. In analogy to peptide 1, the negative
signal at 254 nm may be identified as a charge-transfer
transition.

CD spectra of both 1 and 2 that were recorded in the
presence of copper()) share some common features. For
instance, their CD spectra are strongly pH dependent and no
significant metal-ion binding is observed below pH 6. With
the exception of the positive signal at about 230 nm observed
in the copper(11)-1 complex, the CD spectra of both peptide
complexes, especially those at higher pH values, are charac-
terised by negative ellipticity in the range of 215-220 nm and
at 254 nm and positive ellipticity at 195-205 nm. In partic-
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ular, the presence of the negative signal at 254 nm provides an
indication of the similarity of the co-ordination environment
that is experienced by the metal ion. The behaviour of this
signal, which increases as the pH of the solution is raised,
together with the sharp spectral changes that occur in the
peptide region in the interval of pH 8-9, suggest that the
complex species formed by both peptides at pH near neutrality
are different from those present at basic pH values. Moreover,
as CuSO, is titrated into a solution of peptide 1 at pH 7.3, the CD
minimum at 216 nm reaches the maximum of intensity after
the addition of one mole-equivalent of Cu'’. Further additions
of Cu' have no effect on the CD spectrum. A similar trend is
observed for the CD minimum at 219 nm for the copper(i1)-2
complex at pH 9.2. These results indicate the presence of a
single metal binding site in both peptides 1 and 2.

The differences observed in the CD spectra collected
between pH7-8 for both peptide complexes may be
attributed to the remaining part of the polipeptidic chain of
1 that, irrespective of the presence of Cu', contributes
negative ellipticity in the range 195-200nm due to its
unordered conformation.

The CD data raise the possibility that both peptides can
bind copper(1l) in a similar fashion and allows the supposition
that the negative band at 216 nm in the CD spectrum of the
copper(i))-1 complex is associated with the induction of a
certain structure in the specific metal binding site which
encompasses the HGGG sequence.

Electron spin resonance spectroscopy: The frozen ESR
solution spectra of these complexes are characterised by the
presence of signals from one complex species. Only when an
excess of copper was used, a broad peak, due to the
precipitation of copper hydroxide, was observed to slightly
overlap the well-defined peaks associated with the complex
species at pH 7. The magnetic parameters did not change on
changing the metal —ligand (M/L) ratios, either with an excess
of metal, up to an M/L =5:1, or a two-fold excess of ligand.
The parallel spin hamiltonian, the isotropic parameters and
the optical visible data are reported in Table 1. These ESR
spectra are characteristic of axial copper(ll) complexes
because g,>g, >2.040 (g factors); this suggests a d.._,. or
d,, ground state in square planar, square pyramidal or
tetragonal elongated octahedral stereochemistries.?> 2! Rais-
ing the pH of the solution from neutral to basic reveals
remarkable shifts in g, and A, (hyperfine coupling constant)
as well as in the isotropic parameters. In particular, g
decreases as A increases. An expansion of the coordination

Table 1. Magnetic parameters obtained from ESR frozen solution spectra and room-temperature spectra for the
copper(11) complexes with 1 and 2 on changing the pH of the aqueous solution.

sphere of the copper complex or a replacement of oxygen
donor atoms with nitrogen donor atoms could explain these
shifts. This conclusion is further supported by the analysis of
visible optical spectra, in which the usual blue shifts expected
for successive deprotonation of peptidic nitrogen donor atoms
of copper(l) complexes with di-, tri- or tetrapeptide ligands
were observed with 4,,,, changing from 50 to 80 nm. Copper(11)
complexes with different equatorial CuN,O,, CuN;O or CuN,
chromophores, in the case of amine, imidazole or only one
amidic nitrogens,!" 2+ show g ranging from 2.24 to 2.26
and A, from 0.0180 to 0.0190 cm~'. When considering CuN,
chromophores in which two or more amide nitrogen donors
are present,[® 1927 values of g;=2.17-2.19 and A; =0.0190-
0.0210 cm™! are easily obtained. In the case of these copper(i)
complex species present in aqueous solution near neutrality,
the relatively low hyperfine parallel constant leads us to
consider a coordination polyhedron that experiences some
kind of apical compression; this could be justified either by
considering a square pyramidal geometry, an elongated
octahedron with different donor atoms (oxygen or nitrogen
donors) in the apical positions or a tetrahedral perturbation
on a square based complex. In contrast, the lower g, and the
relative higher A values observed for the copper(ir) complex
species present at basic pH values could imply the in-plane
coordination of four nitrogen donor atoms, either in a
distorted square planar geometry or in an elongated octahe-
dral stereochemistry with similar donor atoms (oxygen or
nitrogen donors) in the apical sites. Unfortunately, low-
temperature ESR spectra are lacking in superhyperfine (shf)
structure; therefore, a complete attribution of the number of
nitrogen donor atoms bound to equatorial copper plane is not
possible. Very often, in these systems, the room-temperature
ESR spectra show a strong dependence of the line-width on
the nuclear quantum number of the transition, so that the
high-field features generally present a clear superimposed shf
pattern. As shown in Figure 5 and Figure 6, in the case of the
neutral aqueous solutions of the copper(i1) peptide complexes
and in the case of the basic solutions of both complexes, well-
defined 7-line or 9-line patterns were observed, respectively.
Room-temperature ESR of the copper(i)-1 system were
noisier, because scans of these spectra were carried out at
temperatures higher than 25°C, but the 7-line and 9-line
patterns are easily recognisable.

These spectroscopic data show that 1 and 2 have quite
similar coordination sites, which are preserved with respect to
other potential sites in the octapeptide chain. Different metal
to ligand ratios, either an excess
of ligand or an excess of metal,
did not change the frozen sol-

ution ESR spectra of the com-

pH g™ A Amax Emax Siso Aio AR, .

[cm-1]t [nm] [dm? mol~! cm~"]tal [cm~1]t! [em-1]E plex species at neutral pH.

These data can be easily ration-

Copper()-1 . .
6-8  22354)  001602)  614(3)  105(5) 21152)  0.0055(2)  0.0014@2) alised by taking into account
10 2193(2)  0.0190(2)  560(3) 96(5) 2.093(2)  0.0078(2)  0.0014(2) that, at neutral pH, three of the
Copper(i)-2 peptidic nitrogens of the poly-
7-8  2231(4)  00153(2)  626(3) 71(5) 2.136(2)  0.0062(2)  0.0015(2)  peptide chain and the imidazole
10 2178(2)  0.0194(2)  544(3) 86(5) 2.095(2)  0.0079(2)  0.0013(2)

nitrogen atom could be in-

[a] Presumed errors on the last digit are reported between parentheses.
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volved in the coordination to
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Figure 5. Room-temperature ESR spectra (320 K) of aqueous solutions of
copper(i1) complex species with octapeptide 1 at a) pH 7 and b) pH 10.
Insets show the 2nd derivative mode of the highest field features.
Instrumental settings: modulation frequency =100 KHz; modulation
amplitude =3.3-4.2 G; time constant=327 ms; sweep time=2.8 min;
receiver gain=4-5x10°; microwave power=50mW; microwave
frequency =9.4131 GHz.
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Figure 6. Room-temperature ESR spectra (293 K) of aqueous solutions of
copper(i1) complex species with tetrapeptide 2 at a) pH 7.3 and b) p 10.
Insets show the 2nd derivative mode of the highest field features.
Instrumental settings: modulation frequency =100 KHz; modulation
amplitude =3.9 G; time constant =327 ms; sweep time = 2.8 min; receiver
gain=4 x 10*; microwave power=>50 mW; microwave frequency=
9.7668 GHz.

copper, giving rise to a square pyramidal geometry. The
appearance of the well-resolved shf structure (7-line pattern)
at room temperature may imply that the imidazole nitrogen
atom is linked at one of the corners of the equatorial plane
and that the in plane coordination is completed by an oxygen
atom from a carbonyl group or a water molecule. In basic
solution, deprotonation of other amide groups leads to the
planar four coordination, which is demonstrated by the 9-line
shf pattern.

Chem. Eur. J. 2000, 6, No. 22
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The occurrence of tetrahedral perturbation cannot be ruled
out on the basis of ESR spectral results alone, since similar
values of high g, and low A, would be expected for
tetrahedrally distorted geometries. Similarly, the visible
optical spectra of copper are not very informative in this
respect, as we have previously found similar A, and &g,
values for tetrahedrally perturbed copper systems.’] There-
fore, voltammetric measurements were carried out to test the
physicochemical properties of these copper(il) complexes.

Cyclic voltammetry: These complexes undergo one-electron
reduction processes which can be considered quasi-reversible
(see Figure 7), because the peak-to-peak difference is larger

[ 1pA L 1A
a) c)
i } f — f f e
T
b) d)
— bt
400 0  -400 -800 400 0  -400 -800

E/mV vs. Ag/AgCl

Figure 7. Cyclic voltammograms at 298 K of 0.5mMm copper(11)-2 complex
solutions at a) pH 7 and b) pH 10, and copper(u1)-1 at ¢) pH 7 and d) pH 10,
recorded at a glassy carbon electrode with 100mm KNOj; ground electro-
lyte and a potential sweep rate of 200 mV s~

than 60 mV,?® but does not exceed 180 mV. Moreover, anodic
peak to cathodic peak ratios were much lower than unity,
which suggests that the reduction causes some kind of
dissociation or stereochemical rearrangement as a conse-
quence of the formation of copper(I) complex species. When
working with an expanded range of potentials, anodic peaks at
more positive potentials can be detected. As previously
reported,? the presence of peptide nitrogen atoms in the
coordination sphere of complexes strengthens the equatorial
field, which stabilises the copper(il) complex and imposes a
more rigid situation, one that generally does not meet the
stereochemical requirements of copper(I) species. Table 2
reports the electrochemical data from the analysis of voltam-
mograms of these complexes. The first point of comment is
that negative redox potentials are found; these usually occur
when typical tetragonally elongated octahedral, square planar
or square-based pyramidal copper geometries are achieved.
When strongly perturbed tetrahedral stereochemistries are
found in copper chromophores that contain nitrogen and
oxygen donor atoms, low negative or slightly positive redox
potentials are obtained.[>® Secondly, subtle differences are
present in the redox potentials for the neutral and basic
complex species in both systems. Generally, when copper(i1)
undergoes further complexation, peak potentials are shifted
to the more negative region.* This slight difference probably
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Table 2. E° values versus NHE obtained by simulating the voltammetric
curves, as explained in the Experimental Section, from cyclic voltammetric
study of the copper(l) complexes with 1 and 2 on changing the pH of the
aqueous solution together with values of the pertinent diffusion coeffi-
cients.

pH A Ep[al i, /it Dlal ngp[a-b] E?, lacl

[mV] [em?s71] [Vvs.NHE] [V vs. NHE]
Copper(11)-1
7 129(20)  0.17(3) 80x10"  —0.299(16) —0.311(5)
10 175(8) 0.19(3) 80x10"?  —0.308(23) —0.340(10)
Copper(11)-2
7 106(23)  0.26(6) 24x10%  —0.270(19) —0.289(15)
10 108(31)  024(12) 24x10%  —0.299(6) —0311(14)

[a] Presumed errors on the last digit are reported between parentheses.
[b] E°=2(E, + E,,). [c] Results obtained by the best fit procedure to the
voltammetric curves using an EC mechanism and a k, value of 8 x 1073,

comes from the substitution of water molecules or carbonyl
oxygen atoms with peptide nitrogen donor atoms and the
subsequent expansion of the coordination from five to six
donor atoms. In other words, only little shifts of the peak
potentials are detected because the metal is going from a
quasi-fully coordinated to a fully coordinated situation.

Molecular geometry computations: Figure 8 shows some
lowest energy stereochemistries selected among the various
possibilities of linking copper to nitrogen donor atoms and

Figure 8. Optimised structural models of a) copper(i1)-2 complex species at
neutral pH, b) copper()-2 complex species at basic pH, c) copper(1)-1
complex species at neutral pH, d) copper(t1)-1 complex species at basic pH.

oxygen donor atoms that come from carbonyl groups or water
molecules. In copper(11)-2 system, the geometry optimisation
rapidly converges to a square-based pyramid with an equa-
torial plane formed by a water molecule, two peptidic
nitrogen and one imidazole nitrogen donor atoms, with
another peptidic nitrogen donor linked at the apical position
as shown in Figure 8a. For the same copper(il) system, the
complex species present at basic pH values presents an
octahedral stereochemistry with an equatorial plane that has
three peptidic nitrogen and one imidazole nitrogen donor
atoms and two apical sites occupied by a peptidic nitrogen
donor atom and a water molecule, as shown in Figure 8b. For
the copper(11)-1 system, the geometries of the complex species
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are analogous to those optimised for the copper(i1)-2 system,
although the energies are slightly higher due to a bulkier
ligand molecule (see Figure 8c and 8d). The involvement of
carbonyl oxygen atoms in place of oxygen atoms from water
molecules, or other peptidic nitrogen donor atoms cannot be
ruled out, since these geometries only have a slightly higher
energy.

Conclusion

The results of this study unequivocally demonstrate that
octapeptide 1 has a unique site to which the copper(l1) ion can
coordinate. On the basis of CD and ESR results, the
coordination of the copper(i) ion to both peptide 1 and 2
allows them to adopt a conformation in which structural
identity somewhat similar to a S-turn is to be expected. In this
site, the stereochemical arrangement of copper(il) can be
described as a square-based pyramid with three nitrogen
atoms and one oxygen atom at the edges of the equatorial
plane and a further nitrogen atom apically linked. Moreover,
the comparison with the results obtained from the copper(ir)
complex with tetrapeptide 2 excludes the possibility of
eventual copper coordination to the pre-organised site
formed by the sequence HGGG. The experiments which
varied the ligand to metal ratios show the selectivity of this
site. In fact, ligand excess does not modify the particular
spectroscopic behaviour and an excess of copper was rejected
as copper hydroxide. Therefore, at physiological pH, the
participation of other donor atoms present in the octapeptide
backbone or more than one ligand molecule can be excluded
from the copper arrangement. Both spectroscopic and vol-
tammetric data show that another peptidic nitrogen donor
atom is involved only at higher pH, which may induce the
expansion of the co-ordination sphere of the copper(i)
complex from five to six donor atoms.

Finally, the redox potentials found for these copper(ir)
complexes are relatively negative. The redox process is quasi-
reversible with a probable dissociation reaction as a conse-
quence of the reduction of copper() complex, since the
anodic peak intensity is much lower than that of the cathodic
peak.

Experimental Section

Materials: All N-fluorenylmethoxycarbonyl (Fmoc)-protected aminoacids,
NovaSyn-TGR resin, 2-(1-H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluroni-
um tetrafluoroborate (TBTU), N-Hydroxybenzotriazole (HOBT) and
N,N-dimethylformamide (DMF, peptide synthesis grade) were purchased
from Novabiochem (Switzerland). N,N-diisopropylethyl amine (DIEA),
triisopropylsilane (TIS), ethanditiole (EDT), thioanisole were purchased
from Sigma/Aldrich and trifluoroacetic acid (TFA) from Carlo Erba. All
other chemicals were of the highest available grade and were used without
further purification.

Peptide synthesis and purification

Ac-PHGGGWGQ-NH, (1): The peptide was synthesised on a Milligen
Model 9050 peptide synthesizer by using N“-Fmoc (9-fluorenylmethoxy-
carbonyl) chemistry. The following amino acid derivatives were used:
Fmoc-GIn(Trt)-OH, Fmoc-Gly-OPfp, Fmoc-His(Trt)-OH, Fmoc-Pro-
OPfp, Fmoc-Trp-OH. The glutamine residue was linked to the NovaSyn-
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TGR resin by following the off-line procedure. The histidine and
tryptophan residues were introduced according to the TBTU/HOBT/
DIEA method. All other Fmoc-protected amino acids, were linked by the
active ester method. After completion of the synthesis the N-terminal
proline residue was acetylated with 0.3m Ac,0 in DMFE.

The peptide was cleaved from the resin by treatment with a mixture of
TFA/phenol/H,O/EDT/TIS/thioanisole (82.5:5.0:5.0:2.5:2.5:2.5 v/v) for
1.5 h. The solution containing the free peptide was filtered off from the
resin, concentrated in vacuo at a temperature not exceeding 30 °C and then
precipitated with cold freshly distilled diethyl ether. The precipitate was
filtered, desiccated under vacuum, redissolved in 1 % AcOH/H,O solution
and then lyophilised to yield 170 mg of crude peptide. Purification of the
peptide was accomplished by semipreparative reversed-phase HPLC on a
250 x 10 mm Vydac Cyg (5 um particle size, 300 A pores). The peptide was
eluted isocratically with 12 % acetonitrile/water/0.1 % TFA at a flow rate of
3mLmin~". Elution profiles were monitored at 278 nm. The desired
peptide fraction (10 min retention time) was collected, lyophilised and
characterised by 'H NMR spectroscopy and FAB-MS spectrometry [m/z:
836.4 [M+H]* calculated for C;;H,N;;0,, 835.37].

Ac-HGGG-NH, (2): This tetrapeptide was synthesised by condensation of
the Ac-His-Gly-OH (100 mg; 0.39 mmol) fragment, previously obtained by
the reaction of His-Gly with Ac,O, with the Gly-Gly-NH, hydrochloride
(63 mg, 0.37 mmol) dipeptide in DMF solution (5 mL) and in the presence
of TBTU (125 mg, 0.39 mmol), HOBT (53 mg, 0.39 mmol) and DIEA
(64 uL, 0.37 mmol). After completion of the synthesis the DMF was
evaporated off, and the residue dissolved in water and loaded to a CM-
Sephadex C-25 (NH,* form) column (2 x 50 cm). The column was eluted
initially with water (300 cm®) and then with a linear gradient of aqueous
NH,HCO; (0-0.2 moldm~3; 1000 cm®). Fractions were assayed by TLC
and those containing the desired product (R,=0.1, eluent: BuOH/AcOH/
H,O 60:15:25 v/v; R;=0.3, eluent: PrOH/H,0/EtOAc/NH; 5:3:5:1 v/v)
were combined, concentrated to dryness under vacuum at 40 °C, repeatedly
dissolved in water and dried in order to let ammonium hydrogen carbonate
decompose. The pure peptide (118 mg; 0.32 mmol; 87 % yield) was then
redissolved in water and lyophilised. The characterisation was achieved by
means of 'H NMR spectroscopy and FAB-MS spectrometry [m/z: 368.2
[M+H]" calculated for C;,H,N;O5 367.16].

Spectroscopic measurements

ESR spectroscopy: Frozen solution ESR spectra were recorded on a
conventional Bruker ER 200D spectrometer driven by the ESP 3220 data
system and equipped with a standard low temperature unit, ER 4111 VT.
Copper(t)-complex solutions (1 mm) were prepared in situ by mixing a
standard solution of Cu(NO;), with solutions of the tetrapeptide 2 or the
octapeptide 1, in various metal to ligand ratios, ranging from M/L =1:2 to
M/L =5:1, and adjusting the pH of the resulting solution to the values of 7—8
or 9-10 by adding KOH 10mm. Methanol (less than 10% of the total
volume) was added to the aqueous copper(i) complex solutions to increase
resolution, which is poor in aqueous solutions. Room-temperature ESR
spectra were obtained by using a Bruker quartz aqueous solution flat cell or
glass capillaries, which were inserted in quartz tubes, to run measurements
in the 293-323 K temperature range. Any spectral features from the glass
capillaries were first recorded and then subtracted from the pertinent
copper complex spectrum. High molecular mass species have low tumbling
rates so superhyperfine structure can be difficult to observe. Since the line-
width parameters are function of g and A anisotropy as well as of the
correlation time, which depends on the viscosity of the solution, increasing
the temperature decreases the viscosity of aqueous solution and increases
the tumbling rates.*!l Therefore, superhyperfine structure attributable to
three or four nitrogen donor atoms could be resolved in the case of the
copper(i1)-1 system. Frozen solution spectra revealed signals coming from
two different species present in this system, the first at pH near neutrality
and the second at basic pH values. Parallel spin hamiltonian parameters
from frozen solution spectra were obtained directly from the experimental
spectra and were calculated from the 2nd and 3rd lines in order to remove
second-order effects.’?) Room-temperature spectra were analysed by
generating computed spectra employing a computer program, substantially
devised by J. R. Pilbrow.’] It was necessary to use line-width parameters
that depended on the nuclear quantum number of the transition. Geometry
optimisation was carried out by making use of MOMECP* ! with an
adapted force field in conjunction with HYPERCHEMP! in order to gain
an idea of the possible geometries of these complexes. The results were
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compared with the information obtained by the interpretation of the ESR
spectra of each copper(i) complex species, in order to see if these were
consistent.

Visible optical spectroscopy: Visible optical spectra were performed with a
diode-array Hewlett-Packard 8452A  spectrophotometer on copper(ir)
aqueous solutions (1 mm) contained in 1 cm quartz cells in the same pH
range.

Circular dichrosim: The CD spectra were obtained at 25°C under a
constant flow of nitrogen on a Jasco J-600 spectropolarimeter, which was
calibrated with an aqueous solution of ammonium D-camphorsulphate.?*”)
Experimental measurements were carried out in water and at different pH
values by using a 1 mm pathlength cuvette. The CD spectra pertinent to the
free peptide ligands were recorded in the UV region (190-260 nm),
whereas those in the presence of Cu" were examined in the wavelength
range of 190380 nm. The spectra represent the average of 8 —20 scans. CD
intensities are expressed as mean residue ellipticity (degcm?dmol~')
calculated by [6] = 6/Icn, where 6 is the ellipticity observed (mdeg), / is
the pathlength of the cell (cm), ¢ is the peptide concentration (M) and 7 is
the number of peptide bonds in the sequence.

Cyclic voltammetry: Cyclic voltammograms of the copper(i1) complexes in
aqueous solution (100mM KNOj; as ground electrolyte) were obtained by
means of a BAS CV-50W voltammetric analyser equipped with a C3 cell
stand driven by a standard PC. Copper(i) complexes (0.5 mm) at neutral
and basic pH values were analysed at 25+0.1°C in a 5 mL BAS glass cell
with a three-electrode assembly. A glassy carbon electrode was used as the
working electrode (1 mm diameter), a platinum electrode as counter and a
standard Ag/AgCl electrode as reference. Aqueous complex solutions were
degassed by using ultra-pure nitrogen, which had been passed over copper
wires heated at 400 °C. To analyse these voltammograms, an ESP (electro-
chemical simulation package, version 2.4) program was used,*! which
assumes that the one-electron redox behaviour can be accounted for an EC
mechanism (k,=0.008 cms~!).?) E° values calculated this way were
referred to NHE (normal hydrogen electrode), and compared with the
experimental values obtained by (E, + E,,,)/2, which takes account that the
EQg/agc VEIsus E\pg (waer) 18 +0.223 V at 25°C.* This latter value was also
checked using the methylviologen couple (MeV?*/MeV+, E° = —0.446 V
versus NHE).1*!
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Development of an Easy-to-Use Mass Spectrometric Technique to Monitor
Solid-Phase Reactions on Polystyrene Supports

Katja Heinze,* Ute Winterhalter, and Thomas Jannack!?!

Abstract: By using mass spectrometry
as an analytical tool to characterise
substituted, cross-linked polystyrene
resins, it is possible to directly monitor
the progress of the solid-phase reactions
performed on these resins without prior

that include the chemically bound sub-
stituents. This is the first time that the
formation and breaking of bonds have
been directly observed on the polymeric
support. Furthermore, the relative in-
tensities of the signals in the mass

spectra provide a measure of the com-
pleteness of the reaction. Because these
measurements are rapidly performed
without further chemical transforma-
tions or cleavage procedures, and be-
cause only minimal amounts of material

cleavage of the resin-bound molecules.
Therefore, this is a true on-resin analyt-
ical method. The mass-to-charge ratios
observed in the mass spectra are readily
assigned to fragments of the polymer

Introduction

Within the space of a few years, combinatorial synthesis has
become a major tool to find and optimise important structures
in pharmaceutically active compounds.!" This led to a
renaissance of solid-phase organic synthesis (SPOS), which
has distinct advantages over classic liquid-phase synthetic
methods.?! To fully exploit the potential of SPOS the reactions
performed must go to completion, preferably at a high rate. A
major hindrance to reaching this goal is the lack of simple
analytical methods to establish the identity of the product
from a solid-phase reaction directly on the resin and—even
more difficult—to monitor the course of a solid-phase
reaction (real-time monitoring). Within the methods used so
far for resin-bead analysis, such as NMRP** XPSPI and IR
spectroscopy™ in particular single-bead FT-IR spectroscopy
has proven valuable, because only a minimal amount of
material and time is required for analysis. Of course, only
reactions that involve either starting materials or products
that possess readily detectable and identifiable IR absorption
bands, such as those that arise from carbonyl or hydroxyl
stretch vibrations, can be monitored.
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Anorganisch-Chemisches Institut der Universitdt Heidelberg
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are needed, this technique could become
the solid-phase equivalent of thin-layer
chromatography used in classical liquid-
phase chemistry.

We report here a novel, direct mass spectrometric method!”!
to characterise resin-bound functionalities and molecules, and
for real-time monitoring of the progress of solid-phase
reactions performed on cross-linked polystyrene. The validity
of this method is checked against the well-established IR
method,™ if this was applicable.

Results and Discussion

Preparation and characterisation of functionalised polysty-
rene resins: In the course of our studies on solid-phase
reactions we employed the well-known silyl ether linker,
which allows the retrieval of the final product from the resin
by fluoridolysis. Scheme 1 shows the reaction sequence that
has been performed on the cross-linked polystyrene resins
and Table 1 lists the functionalised polystyrene resins pre-
pared in this study. Swellable polystyrene resins with 2%
divinyl benzene (DVB) or highly cross-linked resins with 20 %
DVB were employed for comparison.

The attachment of the silyl chloride linker group through
bromination and lithiation steps (Scheme 1: Reactions I and
11, respectively) has already been thoroughly investigated.[’]
This linker group has been used for the solid-phase synthesis
of, for example, oligosaccharides!®*® and prostaglandins.[° It
has been found that the two-step procedure of bromination
and lithiation is superior to direct lithiation with nBuLi/
N,N,N',N -tetramethylethylenediamine (TMEDA)® with re-
spect to the reproducibility, control of the degree of function-
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Scheme 1. Reaction sequence performed on the cross-linked polystyrene
resins.

Table 1. Polystyrene resins.

DVB [% ]t Functional Loading
groupl® [mmol g 1]

la 2 H -

1b 20 H -

2a-12 2 Br 1.22
2a-2.6 2 Br 2.61
2a-5.7 2 Br 5.69
2b-3.2 20 Br 3.24
3 2 Si(iPr),Cl nd.
4 2 Si(Me),Cl nd.
5.0.16 2 Si(iPr),OL! 0.16
5-0.23 2 Si(iPr),OL! 0.23
5-0.24 2 Si(iPr),OL! 0.24
5.0.46 2 Si(iPr),OL! 0.46
6 2 Si(iPr),0OL? nd.
7 2 Si(iPr),F nd.
8 2 Si(iPr),OH n.d.

[a] DVB =divinylbenzene. [b] L' and L? are the terpyridines shown in
Scheme 1. [c] Determined by elemental analysis; n.d. = not determined.

alisation and homogeneity of the resin.™™ Therefore, we
investigated the two-step procedure.

The influence of the degree of cross-linking of the starting
polystyrene (1a and 1b with 2 and 20 % DVB, respectively)

4204
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was also investigated. While from the low cross-linked resin
1a slightly coloured, homogenous materials 2a were obtained
that could be metalated in a single step, the highly cross-
linked polystyrene 1b gave a more intensely coloured product
2b-3.2 (the number 3.2 refers to the loading of the resin in
mmolg™), which could not be completely lithiated (see
below). This is probably the consequence of the poorer
swelling properties of 2b-3.2 that prevents sufficient pene-
tration of the reagent. This material was therefore not
investigated further.

The resins 3 and 4 (Scheme 1: reaction III), which contain
silyl chloride, were obtained from the lithiated polymer by
quenching with dimethyldichlorosilane and diisopropyldi-
chlorosilane, respectively. These silylated polymers were
treated with the hydroxyl-substituted terpyridines L'OH and
L?0OH (Scheme 1: reactionIV) in dichloromethane and
Hiinig’s base under (dimethylamino)pyridine (DMAP) catal-
ysis to give the dialkylsilyl-linked terpyridine-polymer con-
structs 5 and 6. The systems derived from 3 (R=iPr) gave
much better results and higher loadings than those derived
from 4 (R=Me), so that we concentrated on the former
resins. A similar result has been reported by Danishefsky
etal., who described the superior performance of the
isopropyl-substituted resin (R =iPr) relative to the phenyl-
substituted analogue (R =Ph).l2

Cleavage of the silyl ether linkage was accomplished by
fluoridolysis with tetra-n-butylammonium fluoride (TBAF)
and acetic acid in THF (Scheme 1: reaction V) to give the
terpyridine L'OH and the residual polymer 7 containing silyl
fluoride.

All polystyrene resins prepared (Table 1) were analysed by
IR spectroscopy (CslI pellets) and mass spectrometry (EI-
MS). Resins 1, 2 and 5 were also characterised by elemental
analysis to give the final loading of bromine (resins 2) and
terpyridine (resins 5). IR spectroscopy was only helpful for
Reactions IIT-V and resins 3 and 5, as only in these cases are
useful IR absorptions present (3: #=883 cm™; 5: ¥igine =
1514 cm™?). For the brominated resins 2 the absorption from
the C—Br stretch at #=1011 cm™! is too weak and overlaps
with bands of the polystyrene backbone. Therefore, a new
technique is clearly needed to examine these resins and
reactions. We investigated the mass spectrometric character-
istics (ionisation method: EI, heating rate: 5 Ks™!, 70 eV, see
the Experimental Section) of resins 1-7 (Table 1).

Figure 1 shows the ion current at m/z 104, which parallels
the total ion current, plotted against the temperature for resin
1a. All investigated polystyrene-based resins show a similar
current versus temperature profile. The mass spectrum of 1a
at a temperature above 400 °C is shown in Figure 2. The base
peak at m/z 104 corresponds to a CgHg fragment, as confirmed
by the correct isotopic distribution. It is assigned to mono-
meric styrene which arises from depolymerisation of the
polystyrene at elevated temperatures.’) This endothermal
decomposition process is also confirmed by thermogravimet-
ric measurements and differential scanning calorimetry (see
the Experimental Section and the Supporting Information).
The less intense signals at m/z 207 and 312 are assigned to the
quasi-molecular ions [C;sH;s]* (styrene dimer minus a hydro-
gen) and [C,,H,,|" (styrene trimer), respectively.

0947-6539/00/0622-4204 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 22
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Figure 1. Selected ion current (m/z 104) of resin 1a.
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Figure 2. EI mass spectrum of polystyrene resin 1a at 408 °C.

The EI mass spectrum of the silyl chloride resin 3, derived
from the brominated resins 2 a, is shown in Figure 4. Evidently
all peaks corresponding to the starting material 2a have

ik

100 104

intensity

50 100 150 200 250 300 350
miz

Figure 4. EI mass spectrum of polystyrene resin 3 at 406 °C.

disappeared, while new peaks at m/z 167, 181, 209 and 252
have emerged. These last correspond to the fragment ions
[CsH,Si(iPr),Cl — 2iPr+H]*" ([CsH,SiCl] "), [CsH,Si(iPr),Cl —
iPr— GH,]* (|CoH,(SiCl]*), [CsH;Si(iPr),Cl — iPr]* ([C) Hyy-
SiCI]*) and [CeH,Si(iPr),Cl]* ([C4,H,;SiCl]t), respectively
(Table 2). This assignment is based on the correct isotopic

Table 2. Characteristic peaks (m/z) of diisopropylsilyl-substituted resins 3, 5, 6, 7

and 8
For the brominated resins 2 additional peaks at m/z 169, [M_X]" [M_X_iP] [M_X_iPr_CH] [M_X_2/PriH]
— X]" —-X—i — X —iPr— G,H, —-X-2i
182, 249 and 262 were observed; these are assigned to the e
brominated fragments [C;HBr]*t, [CsH;Br]*, [C;H;Br,]" and 3(X=C) 252 209 181 167
[CsHgBr,]", respectively (Figure 3). Again, all signals show S(X=L) 341 498 470 456
stiebhal™, TeSP y (rg - Again, 8 6 (X=1?) 465 422 394 380
7(X=F) 236 193 165 151
8 (X=0H) 234 191 163 149

100 104 \[ ]
] ~
80 ] 91
151 77 182
] 117 N ﬂ ) B
169
ﬂ 1

20 ] Ny 262

] 94207 249

] L d 312
oA AL L A .,

50 100 150 200 250 300 350
miz

intensity

Figure 3. EI mass spectrum of brominated polystyrene resin 2a-2.6 at
406°C.

the correct isotopic distribution. From the mass spectrometric
data it is not clear whether the disubstituted fragments were
present in the resin before heating or were generated within
the MS experiment. In the literature it has been proposed that
bromination takes place exclusively at the para positions.”®! A
further indication that indeed more than one bromine per
aromatic ring can be introduced is given by the elemental
analysis of resin 2a-5.7, which has a higher bromine content
than that expected for a monosubstitution of all aromatic
rings (the analysis indicates a mono-to-disubstition ratio of
12:1).

Chem. Eur. J. 2000, 6, No. 22
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[a] M = CH,Si(iPr),.

patterns of the signals and has also been corroborated by the
preparation and mass spectrometric characterisation of the
analogous dimethylsilylchloride resin 4 (see the Experimental
Section).

Formation of the L' terpyridine silyl ether gave polymer 5
(Scheme 1: reaction IV). Its EI mass spectrum (Figure 5)
displays intense peaks at m/z 541, 498, 470 and 456, which are
assigned by analogy to the those of polymer 3 as
[CsH,Si(iPr),OL! — 2iPr+H]* ([C,H,N;0Si]*), [CgH,Si-
(iPr),OL! —iPr— CH " ([C50H24N;0Si]*), [CeH,Si(iPr),-
OL' — iPr]* ([C5,HxN;0Si]*) and [CegH,Si(iPr),OL* ([Css-
H;sN;0Si]*) (Table 2). A similar result has been obtained for
the L?-substituted resin 6 (see the Experimental Section)
providing further proof of the proposed assignments.

After cleavage of the terpyridine moiety L'OH from the
resin with TBAF/HAc, the silyl fluoride resin 7 was obtained
(Scheme 1: reaction V). Its EI mass spectrum displays signals
at m/z 151, 165, 193 and 236, which are assigned to the frag-
ment ions [CgH,Si(iPr),F — 2iPr+H]* ([CsHSiF] "), [CsH,Si-
(iPr),F —iPr— GH,]* ([CoHy,SiF]*), [CgH,Si(iPr),F — iPr]*
([C,1H,SiF]*) and [CsH,Si(iPr),F]* ([C,;H,;SiF]"), respec-
tively (Table 2).
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Figure 5. EI mass spectrum of polystyrene resin 5-0.46 at 405°C.

From Table 2 it is evident that all investigated polystyrene
resins with a diisopropylsilyl group undergo the same
fragmentation pattern, namely the loss of C;H,; and C,H,
fragments. This fragmentation is independent of the substitu-
ent X at the silicon atom (X=Cl, L', L2, F, OH; Table 2).

Thus, the data obtained proves that mass spectrometry is
useful for the characterisation of substituted polystyrene
resins. Additionally, this method allows for the first time to
“see” bond formation and bond breaking processes directly—
undisturbed by non-bound material—on the resin.

Quantification of resin loading with IR spectroscopy and mass
spectrometry: Further investigations showed that not only the
characteristic peaks of substituted polystyrene resins can be
detected in the EI mass spectrum, but also that the intensities
of these peaks relative to the intensity of the styrene peak at
m/z 104 are correlated with the loading of the resin. For the
brominated resins 2 (see the Experimental Section and
Supporting Information), a linear correlation of the relative
intensity of m/z 182 (relative to the intensity of the typical
peak at m/z 104) with the bromine loading was found with
R?2=0.9939. Such a correlation was not possible with IR
spectroscopy as the only distinct difference in the vibration
pattern of resins 2 compared with resins 1 is the C—Br stretch
at 7=1011 cm~!, which has a very low intensity so that a
reliable integration was not achieved.

For the terpyridine resins 5 such a correlation was possible
by both IR spectroscopicy and the mass spectrometry. Fig-
ure 6 shows the correlation obtained from mass spectrometry

120 1
A m/z 498: y=308.6x- 33.7

100 4 R?=0.9996 \

804 m/z 470 y=136.4x-14.5
] R?=0.9986

relative intensity
D
(]
L

miz 541 y=130.2x- 14.4
R?=0.9927

0+
0.1 0.2 0.3

mmol g*

04 0.5

Figure 6. Correlation of loading of resins 5 with peak intensities (m/z 541,
498, 470 relative to m/z 104).
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(relative intensities of typical peaks at m/z 470, 498 and 541
versus loading of the resin with terpyridine). Figure 7 depicts
the IR spectroscopic correlation [[(7=1514cm™)/[(7=
1494 cm™') plotted against the loading of the resin with
terpyridine; the absorption at 7 1514 cm™' is characteristic for
terpyridine and the absorption at 1494 cm~! is characteristic

2 1 y=512x-0.26
R?=0.9848

1494

relative intensity
1514

wavenumber / cm”

0 —r T
0.1 0.2 0.3 0.4 0.5

T T T T T T

mmol g'1

Figure 7. Correlation of loading of resins 5 with IR band intensity [[(?=
1514 cm™) relative to [(#=1494 cm™)]. Inset: IR spectra of 5.

for polystyrenel*l]. Satisfying correlations (Figures 6 and 7)
were obtained with both methods. These results provided the
basis for a quantitative examination of the reactions per-
formed on the polystyrene resins (Scheme 1).

Monitoring the progress of solid-phase reactions: The bromi-
nation (Scheme 1; reaction I) was carried out as described in
the literature with FeCl; as the catalyst. After the indicated
times (30, 60, 120, 240, 360 and 1440 min) one drop of the
suspension was removed by pipette, and then quickly washed
and dried.l® These resin beads were subjected to EI mass
spectrometric analysis under the same experimental condi-
tions (heating rate, final temperature, amplification, peak
focusing). The relative intensity of the characteristic peak of
brominated polystyrene resins (m/z 182) increased (see the
Supporting Information). The data were fit by a pseudo-first-
order rate equation (see the Experimental Section) to obtain
a rate constant of k=2.8 x 10~*s~!, which indicated that the
reaction is complete after 6 h.

The lithiation step (Scheme 1: reaction IT) was monitored in
a similar manner; a few of the lithiated beads were removed
by pipette, quenched with methanol (Scheme 2), washed,
dried and analysed. The reaction proceeded rapidly, as seen
by the rapid decrease of the peaks associated with the
brominated resins (m/z 182 and 169) and was completed after
2-3h.

nBulLi MeQOH
benzene
Br 23 Li

Scheme 2. Lithiation of the brominated polymer and subsequent meth-
anolysis.
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For resin 2a-5.7 this reaction was incomplete under the
applied conditions, as judged by the remaining peaks at m/z
182 and 169 after 24 h reaction time. This is probably caused
by the poor swelling characteristics of this highly loaded resin
which prevents sufficient penetration of the reagent. The
same observation has been made for the highly cross-linked
resin 2b-3.2. A possible explanation might be that the high
degree of cross-linking shields the bromine groups from the
attack of the reagent.['V]

Quenching of the lithiated polymer with diisopropyldi-
chlorosilane (Scheme 1: reaction III) to give resin 3 has been
monitored by IR spectroscopy and mass spectrometry. Again,
beads were removed from the reaction suspension, the silyl
chloride 3 was hydrolysed with pyridine/water to the silanol 8
for analytical purposes (Scheme 3) and finally the resin beads
were dried and analysed.

A ) A
~ ~ ~
1
Cl,Si(iPr) H,O
benzene pyridine

RO

Scheme 3. Silylation of the lithiated polymer and subsequent hydrolysis to 8.

A new distinct absorption band at # = 883 cm™! was observed
in the IR spectrum of 8. The area under this absorption was
measured relative to the area under the polystyrene absorp-
tion band at #=1494 cm~! and this data was plotted against
time (Figure 8). The fit to a pseudo-first-order rate equation
gave k=83 x 10™4s7L.

0.2r

k=83x10"s"
R”=0.9999

2

2

§0.1 i

] |

[
wavenumber / cm™

On v L) L T T T T T T T T T ¥ 1
0 20 40 60 80 100 120 140

time / min

Figure 8. IR spectra (inset) and time course for reaction III.

The mass spectrometrical analysis (Figure 9), based on the
peaks at m/z 163, 191 and 234 (which correspond to
[CH,Si(iPr),OH — 2iPr+H]* ([CsHSiOH]™), [CsH,Si(iPr),-
OH — iPr— GH,]* ([CoH (,SiOH]"), [CgH,Si(iPr),OH — iPr]*
([C;;H,SiOH]") and [CgH,Si(iPr),OH]" ([C,;H,SiOH]"),
respectively; Table 2) gave k=(10-14) x 10~*s~!, which is
in satisfactory agreement with the IR data.
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Figure 9. Time course for reaction III.

It was possible to monitor the reaction of L'OH with the
silyl chloride resin 3 (Scheme 1: reaction IV) with both IR
spectroscopy (Figure 10; increasing absorption band at 7=
1514 cm™!; see above) and by MS methods (Figure 11;

k=07x10"s" R?=0.9649 *

o
=}
T

o
~
T

o
[

relative intensity

wavenumber / cm™

o
o
T

T T T T T T T T T T v T T T
0 200 400 600 800 1000 1200 1400
time / min

Figure 10. IR spectra (inset) and time course for reaction I'V.
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%40-
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Figure 11. Time course for reaction I'V.

increasing peaks at m/z 470, 498 and 541, see above). In both
cases, a rather small rate constant was determined (IR: k=
0.7 x 10~*s7!; MS: k=0.3 x 10~*s7'). For ester formation on
polystyrene resins approximately tenfold larger rate constants
have been determined by IR spectroscopy (k=2-6x
104 s71).[4%efl The slow rate observed in the case of the silyl
ether formation with L'OH might be attributable to the fact
that L'OH is only marginally soluble in common solvents thus
imposing “doubly heterogeneous” reaction conditions.
Similar to the ether formation, the cleavage of the silyl
ether with TBAF (Scheme 1: reaction V) was monitored by
both methods. The reaction was complete after only 2-3 h.
The decrease of the band at #=1514 cm™! gave k=13 x
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10~*s7! (Figure 12). In the mass spectrometric method, the
decrease of the signals of resin 5 (m/z 470, 498 and 541, see
above) and the simultaneous increase of signals of the silyl

o k=13x10"%s", R?=0.9974
2>
0. | 5 g
2 2 I
4
2 >
8
?:0' .
= wavenumber / cm
0. * .
* £d
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Figure 12. IR spectra (inset) and time course for reaction V.

fluoride resin 7 (m/z 165, 193 and 236, Table2) were
monitored and gave rate constants of k= (12-13) x 10™*s!
(decreasing) and k= (5-10) x 10~*s~! (increasing), respec-
tively, in good agreement with the values determined by IR
spectroscopy (Figure 13). The correlation coefficients (Fig-

120
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miz 470: k =13x 10" s™", R?=0.9951
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Figure 13. Time course for reaction V.

ure 13) as well as the better fit to the IR data show that the
rate constants obtained from the decreasing signals are much
more reliable than the constants obtained from the signals of
the silyl fluoride resin 7. This is most probably owing to the
fact that the signals of resin 5 are much more intense than
those of resin 7 and, therefore, give a much improved signal-
to-noise ratio.

Conclusions

It has been shown that EI mass spectrometry is a readily
available and powerful method to characterise functionalised
polystyrene resins. It is not necessary to cleave the function-
ality to be analysed from the resin which would require a
further reaction step. Unlike other methods, such as pellet FT-
IR spectroscopy, elemental analysis, NMR spectroscopy or
titration of functional groups, only minimal amounts of
material (a few beads, or even a single bead) are required so
that, in principle, a library of compounds (e.g. obtained by
split and combine methods!!!) can be measured on a single

4208
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bead. A further striking advantage is the fact that the signals
observed by the MS method correspond exclusively to
chemically bonded material and not to the sum of the
chemically bonded and physically adsorbed material as
determined by, for example, elemental analysis. Of course,
because the depolymerisation of the polystyrene occurs only
at elevated temperatures, functionalities which cannot with-
stand these condition cannot be analysed.

In addition to the characterisation of polystyrene polymers,
a quantitative monitoring of the course of solid-phase
reactions is possible; this allows the determination of the rate
constants and, perhaps even more important, provides the
practical chemist with a tool to answer the question as to
whether a reaction takes place in the desired way and whether
the reaction is complete or not. This is similar to TLC control
used for usual liquid-phase reactions. EI mass spectrometry
clearly can be used for this purpose.

Experimental Section

Polystyrene (2% and 20% DVB), CLSi(iPr),, CL,SiMe,, nBuLi in toluene,
diisopropylethylamine, (dimethylamino)pyridine (DMAP) and nBu,NF -
3H,0 (TBAF) were purchased from Fluka. The polystyrene resins were
washed prior to use with NaOH, HCI, NaOH/dioxane, HCl/dioxane, H,O
and DMF at 60°C and HCI/MeOH, H,0, MeOH, MeOH/CH,CI, (1:3),
MeOH/CH,Cl, (1:10) and CH,Cl, at room temperature according to the
procedure by Farrall and Fréchet!”™, dried under vacuum and characterised
by elemental analyses. The terpyridines L'OH!") and L?OH!™ were
prepared according to literature procedures. Benzene, toluene, THF,
CCl, and CH,Cl, were dried by standard methods and distilled under argon
prior to use. All other reagents were used as received. For the solid-phase
reactions, a flask with a nitrogen inlet and a fritted glass filter of coarse
porosity were used. These allow the addition and removal of reagents and
solvents without exposure of the resin to atmosphere.

Elemental analyses were performed by the microanalytical laboratory of
the Organic Chemistry Department, University of Heidelberg. IR spectra
were recorded on a BioRad Excalibur FTS 3000 spectrometer with caesium
iodide pellets. Data were collected with 4 wavenumber resolution. Sixty-
four scans were averaged. EI mass spectra were recorded on a Finnigan
MAT 8400 spectrometer (electron energy 70 eV, heating rate 5 Ks,
resolution R =m/Am =1600). The dry samples (a few beads) were ground
to a fine power prior to their introduction into the mass spectrometer.
Differential scanning calorimetry measurements were carried out on a
Mettler DSC30 (heating rate 10 Kmin~!, under Ar from 30-600°C).
Thermogravimetric measurements were carried out on a Mettler TC15
(heating rate 10 Kmin~! under Ar from 30-800°C).

Data treatment and analysis: IR spectra were normalised by making the
areas under the polystyrene band at # = 1494 cm~! equal. Mass spectra were
normalised by making the intensities of the peak at m/z 104 (usually the
base peak at temperatures above 380-400°C) equal. The normalised
intensities of typical peaks were then plotted against time. The data points,
obtained by either IR or MS methods, were then fitted to a pseudo-first-
order rate equation (reactant signal =y, + e~ or product signal =y, +1 —
e~*") as derived by Yan et al.l*®) with a non-linear regression program, Sigma
Plot for Windows Version 4.01 (Jandel Scientific, San Rafael, CA 94901;
http://www.spss.com), on a PC computer.

Characterisation of polystyrene resins after washing and drying

Resin 1a: Elemental analysis calcd (%) for (CgHg): C 92.26, H 7.74; found:
C92.21,H 7.72; IR (Csl): # =3083 (m), 3061 (m), 3026 (m), 3002 (w), 2922
(br), 2851 (m), 1944 (w), 1871 (w), 1803 (w), 1746 (w), 1602 (m), 1494 (m),
1453 (m), 1369 (br), 1329 (w), 1182 (w), 1155 (w), 1070 (w), 1030 (w), 908
(W), 763 (s), 697 cm™! (s); MS (EL, 408°C): m/z (%): 51 (29), 78 (48), 91 (60)
[C;H;], 104 (100) [CgHg], 117 (29) [CoHo], 130 (5), 132 (5), 194 (6), 207 (7)
[(CgHg), — H], 312 (4) [(CsHg)s]; DSC (peak maxima): 423°C (endother-
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mal; AH=-091kJIg"); TG (weight loss): 872% (368°C), 12.8%
(547°C), <0.1% residue.

Resin 1b: Elemental analysis calcd (%) for (CgHg)s(CioHyp): C 92.26, H
7.74; found: C 91.76, H 7.91; IR (Csl): #=3083 (m), 3059 (m), 3026 (m),
3002 (w), 2939 (br), 2856 (m), 1943 (w), 1869 (w), 1802 (w), 1748 (w), 1602
(m), 1493 (m), 1453 (m), 1366 (br), 1329 (w), 1182 (w), 1155 (w), 1070 (w),
1029 (w), 990 (w), 966 (w), 904 (w), 830 (w), 799 (m), 759 (s), 701 cm™! (s);
MS (EI 406 °C): m/z (% ): 51 (21), 78 (40), 91 (31) [C;H,], 104 (100) [CsHy],
117 (33) [CoHs], 130 (9), 132 (12), 194 (4), 207 (5) [(CsHy), — H], 312 (3)
[(CsHy)s]; DSC (peak maxima): 425°C (endothermal; AH =—0.73 kJg™);
TG (weight loss): 72.0% (353°C), 27.9% (544°C), <0.1 % residue.

Bromination of polystyrene resins 1a and 1b: FeCl; (10 mg per g of resin)
was added to a suspension of washed polystyrene resin (5-10 g) in CCl,
(30-50 mL). The reaction mixture was stirred for 0.5 h, then bromine
(0.2-1.0 mL;0.6-3.1 g per g of resin) was added in one portion, depending
on the desired substitution level™!. After the indicated times (30, 60, 120,
240, 360 and 1440 min), a few drops of the suspension were removed by
pipette, washed with CCl,, acetone, acetone/H,O (2:1), acetone, benzene,
MeOH, and CH,Cl, until all washings were colourless. The residue was
dried in vacuo and analysed by IR spectroscopy and EI-MS.['¥] After
stirring for 24 h at room temperature in the dark, the resin was filtered,
washed as described above and dried in vacuo to give a light cream
polymer.

Resin 2a-1.2: Elemental analysis calcd (%) for (CgHg)s(CgH;Br): C 83.53,
H 6.89, Br 9.58; found: C 83.28, H 6.91, Br 9.79 corresponding to 1.2 mmol
of Br per g of polymer; IR (Csl): #=1408 (w), 1112 (w), 1011 (m; C—Br),
825cm™! (m); MS (EI, 408°C): m/z (%): 169 (4) [C;H(Br], 182 (7)
[CsH,Br], 249 (2) [C;H;Br,], 262 (4) [CyHyBr,].

Resin 2a-2.6: Elemental analysis caled (%) for (CgHyg),(CsH,Br): C 73.66,
H 5.92, Br 20.42; found: C 73.19, H 5.92, Br 20.72 corresponding to
2.6 mmol Br per g polymer; IR (Csl): #=1408 (m), 1112 (w), 1011 (s;
C—Br), 825 cm™! (s); MS (EI, 408°C): m/z (%): 169 (17) [C;H¢Br], 182 (33)
[CsH,Br], 249 (6) [C;HsBr,], 262 (16) [CsHBr,], 340 (2) [C3H;Br;]; DSC
(peak maxima): 426°C (endothermal; AH=—-0.56kJg!); TG (weight
loss): 71.5% (349°C), 28.2% (551°C), 0.3 % residue.

Resin 22a-5.7: Elemental analysis calcd (%) for (CgH;Br): C 52.49, H 3.85,
Br43.66; found: C 50.20, H 3.85, Br 45.54 corresponding to 5.7 mmol Br per
g polymer (this is more than that expected for mono-brominated rings and
thus indicates further bromine incorporation either at the ortho or meta
positions of the aromatic rings); IR (CsI): 7=1409, 1406 (m), 1025 (s;
C—Br), 832, 828, 824 cm™! (s); MS (EI, 408°C): m/z (%): 103 (98), 104 (17),
169 (51) [C;H¢Br], 182 (100) [CgH;Br], 249 (7) [C;HsBr,], 262 (22)
[CsHgBr,].

Resin 2b-3.2: Elemental analysis calcd (% ) for (CgHy),4(CsH;Br),5: C 68.87,
H 5.46, Br 25.67; found: C 68.31, H 5.59, Br 25.89 corresponding to
3.2 mmol Br per g polymer; IR (CsI): #=1408 (m), 1120 (w), 1014 (s;
C—Br), 1011 (s), 825 cm™! (s); MS (EL 408°C): m/z (%): 169 (15) [C;H,Br],
182 (43) [CsH,Br], 249 (1) [C;H;Br,], 262 (3) [CsH¢Br,].

Lithiation and silylation of brominated polystyrene resins 2a and 2b: The
brominated resin (1-5 g) was allowed to swell in benzene or toluene (20—
60 mL) for 0.5 h. nBuLi (2.5 equiv, 2.6 M in toluene) was then added with a
syringe and the resulting suspension was stirred at 60°C. After the
indicated times (60, 120 and 180 min), a few drops of the suspension were
removed by pipette, quenched with MeOH, washed with MeOH (3 x ) and
Et,0 (3 x ), dried in vacuo and analysed by IR spectroscopy and EI-MS.[]
After 3 h, the resin was filtered and washed twice with benzene or toluene.

CLSiR, (R=Me, iPr) (2.5 equiv based on starting bromine content) was
added with a syringe to the lithiated resin, swollen in benzene or toluene.
After the indicated times (30, 60 and 120 min), a few drops of the
suspension were removed by pipette, quenched with H,O in pyridine,
washed with MeOH/H,0, MeOH (2 x ) and Et,0, dried in vacuo and
analysed by IR spectroscopy and EI-MS.['¥] After stirring for 2 h at room
temperature, the resin was filtered, washed with THF (3 x ) and CH,Cl,
(3 x ) and dried in vacuo to give a yellow polymer.

Resin 3: IR (CsI): 7=1399 (w), 1383 (w), 1112 (m), 1001 (w), 883 (m),
823 cm™! (m); MS (EI, 406°C): m/z (%): 167 (11) [CsH,SiCI+H], 181 (43)
[CsH,SiMeCl], 209 (31) [CsH,Si(iPr)Cl], 252 (7) [CeH,Si(iPr),Cl].
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Resin 4: IR (CsI): 7=1401 (w), 1376 (w), 1115 (m), 840 (m), 813 (m),
789 cm~! (m); MS (EI, 408 °C): m/z (%): 145 (9), 161 (14) [CsH;SiMe,], 181
(36) [CsH,SiMeCl], 196 (10) [CsH;SiMe,Cl].

Attachment of 2,2,6,2"-terpyridines to silylated polystyrene: 2,2',6,2"-
Terpyridine L'OH or L’0OH (0.6-1.2 equiv based on starting bromine
content) as a solid was added to the silylated resin (1-5 g) in CH,Cl, (20—
50 mL), and the suspension was stirred for 0.5 h. Diisopropylethylamine
(1 mL per g of resin) and DMAP (10 mg per g of resin) were then added to
the grey suspension. After the indicated times (60, 120, 240, 390 and
1440 min), a few drops of the suspension were removed by pipette, washed
alternately with MeOH and DMF until the washings remained colourless
upon treatment with a few drops of a Fe! salt solution [Fe(BF,), in
MeOH]!" and finally with CH,Cl, (3 x ), dried in vacuo and analysed by IR
spectroscopy and EI-MS.3 After stirring for 24 h at room temperature, the
resin was filtered, washed with CH,Cl, and re-suspended in CH,Cl,. After
the addition of MeOH (5 mL per g of resin) and diisopropylethylamine
(1 mL per g of resin), the resin was stirred for 2 h at room temperature.
Washing with MeOH, DMF and finally CH,Cl, (3 x ) as described above
and drying in vacuo yielded a yellow resin, which upon treatment with a few
drops of a Fe!! salt solution in DMF turned purple!* within a few seconds.

Resin 5-0.16 prepared from 2a-1.2: Elemental analysis caled (%) for
(CsHy)(C35H3sN308i)14(C15H,4OS1)56: C 86.43, H 8.11, N 0.64; found: C
88.77, H 8.16, N 0.66 corresponding to 0.16 mmol of L! per g polymer; IR:
[(1514 cm™1)/[(1494 cm™') =0.55; MS (EI, 403°C): m/z (%): 456 (2)
[CsH,Si— OL'+H], 470 (8) [CeH,SiMe — OL!], 498 (16) [CsH,Si(iPr) —
OL'], 541 (6) [CsHSi(iPr), — OL'].

Resin 5-0.23 prepared from 2a-2.6: Elemental analysis caled (%) for
(CsHg)o(C3sH3sN;308i),,11(CisHpOSi)g 59 C 81.55, H 8.49, N 0.95; found: C
83.65, H 7.85, N 0.95 corresponding to 0.23 mmol L! per g polymer; IR:
[(1514 cm™1)/[(1494 cm™') =1.03; MS (EIL, 406°C): m/z (%): 456 (6)
[C¢H,Si— OL!+H], 470 (17) [CgH,SiMe — OL!], 498 (38) [CsH;Si(iPr) —
OL'], 541 (16) [C4H,Si(iPr), — OL']; DSC (peak maxima): 433°C (endo-
thermal; AH=—-0.46kJg!); TG (weight loss): 64.5% (362°C), 29.5%
(570°C), 6.0 % residue (probably SiO,).

Resin 5-0.24 prepared from 2a-1.2: Elemental analysis caled (%) for
(CsHg)6(CssH33N3081)3(C15H,,08i) 772 C 86.30, H 7.98, N 1.03; found: C
88.65, H 7.83, N 1.02 corresponding to 0.24 mmol L! per g polymer. IR:
(1514 cm~')/[(1494 cm~') =0.88; MS (EI, 408°C): m/z (%): 456 (6)
[CsH,Si— OL'-+H], 470 (17) [CsH,SiMe — OL'], 498 (39) [CsH,Si(iPr) —
OL!], 541 (15) [C¢H,Si(iPr), — OL1].

Resin 5-0.46 prepared from 2a-2.6: Elemental analysis caled (%) for
(CsHy),(C3sH35N;308i),5(C15H,,08i)75: C 81.57, H 8.13, N 1.98; found: C
82.76, H 740, N 1.95 corresponding to 0.46 mmol L' per g polymer. IR:
[(1514 cm™")/[(1494 cm~') =2.10; MS (EI, 407°C): m/z (%): 104 (92), 456
(11 [GH,;Si—OL!+H], 470 (45) [CgH,SiMe—OL!'], 498 (100)
[CsH,Si(iPr) — OLY], 541 (42) [CeH,Si(iPr), — OLY].

All resins 5: IR (CsI): 7=1586 (s), 1568 (m), 1514 (s), 1467 (m), 1390 (m;
pyridine A, and B,), 1268 (m, br), 884 (w), 823 (w), 793 cm™! (m).

Resin 6 prepared from 2a-2.6: IR (CsI): 7=1586 (s), 1568 (m), 1514 (s),
1467 (m), 1390 (m; pyridine A, and B;), 1267 (m, br), 884 (w), 823 (w),
793 cm~! (m); MS (EI, 407°C): m/z (%): 104 (94), 380 (2) [CsH,Si—
OL?+H], 394 (3) [CgH,SiMe — OL?], 422 (100) [CgH,Si(iPr) — OL?], 465
(8) [CsH;Si(iPr), — OL?].

Cleavage procedure: TBAF -3H,0 (3 equiv based on the starting terpyr-
idine content) and acetic acid (3 equiv based on the starting terpyridine
content) was added to the terpyridine resin swollen in THF (20-40 mL).
The suspension was stirred at room temperature. After the indicated times
(15, 30, 60, 120, 240 and 360 min), a few drops of the suspension were
removed by pipette, washed alternately with MeOH and DMF, until the
washings were colourless upon treatment with a few drops of a Fe!
solution,!" and finally with CH,Cl, (3 x ), dried in vacuo and analysed by
IR spectroscopy and EI-MS.["* Treatment of the final resin with Fe!' salts in
DMF showed no colour change.

Resin 7 prepared from 5-0.46: IR (CsI): 7=1400 (w), 1365 (w), 1117 (m),
1001 (w), 884 (m), 825cm™" (m); MS (EL 408°C): m/z (%): 151 (6)
[CH;SiF+H], 165 (30) [CgH,;SiMeF], 193 (21) [CH;Si(iPr)F], 217 (7)
[CsH;Si(iPr),], 236 (5) [CsH,Si(iPr),F].

Resin 8 prepared from 5-0.24: IR (CsI): 7 =3645 (m), 3480 (br) [OH], 1400
(w, sh), 1377 (br), 1115 (m), 1001 (w), 909 (m), 883 (m), 825 (w, sh),
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820 cm™! (w; Si—OH); MS (EL 408°C): m/z (%): 149 (14) [C4H,SiOH-+H],
163 (59) [CeH,SiMeOH], 191 (50) [CgH,Si(iPr)OH], 234 (6) [C4H,Si-
(iPr),OH].
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Synthesis of 2-Oxo Amide Triacylglycerol Analogues and Study of Their

Inhibition Effect on Pancreatic and Gastric Lipases

George Kokotos,*!?! Robert Verger,”! and Antonia Chiou!?!

Abstract: A general method for the
synthesis of chiral 2-oxo amide triacyl-
glycerol analogues, from (R)- or (S5)-3-
aminopropane-1,2-diol, was developed.
These novel inhibitors of digestive li-
pases are analogues of the triacylglycer-
ol molecule, a natural substrate of lipas-
es, and they were designed to contain the
2-oxo amide functionality in place of the
scissile ester bond at the sn-1 or sn-3
position and nonhydrolysable ether

two remaining positions. The 2-oxo
amide derivatives synthesised were test-
ed for their ability to form stable mono-
molecular films at the air/water interface
by recording their surface pressure/mo-
lecular area compression isotherms. The
inhibition of porcine pancreatic and

Keywords: amides - enzyme inhib-
itors - enzymes - lipases « mono-
layers - triacylglycerol analogues

human gastric lipases by the 2-oxo
amides was studied by means of the
monolayer technique with mixed films
of 1,2-dicaprin and with variable pro-
portions of each inhibitor. The as, values
of these triacylglycerol analogues for
PPL and HGL varied between 4.4 to
7.0% and 5.6 to 15.9 %, respectively. The
chirality at the sn-2 position of 2-oxo
amide triacylglycerol analogues affected
the a5, value for HGL, but not for PPL.

bonds instead of ester bonds at the other

Introduction

Lipases—triacylglycerol hydrolases—are enzymes that have
attracted much attention because two of them (pancreatic and
gastric) are essential enzymes for fat digestion, and they are
also flexible biocatalysts for the acylation or deacylation of a
wide range of unnatural substrates.'! Human pancreatic lipase
(HPL) contains an active site with a catalytic triad formed by
serine 152, aspartate 176 and histidine 263.! This catalytic
triad is homologous to that described in serine proteases such
as chymotrypsin.’l The hydrolytic mechanism catalysed by
pancreatic lipase is driven by the nucleophilic attack of serine
152, and the resulting tetrahedral intermediate is stabilised by
an oxy anion hole. The acyl enzyme transiently formed is
further attacked by a water molecule, and the enzyme is
regenerated and the acyl moiety liberated. The crystal
structure of human gastric lipase has recently been reported.[

Specific and covalent inhibition of lipolytic enzymes is a
difficult task, because of nonmutually exclusive processes
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such as interfacial denaturation, changes in interfacial qual-
ityP! and surface dilution phenomena.l! A few families of Ser
reagents which inactivate lipases and include phosphorus-
containing inhibitors and -lactone containing inhibitors have
been reported and reviewed.”! Among them phosphonate-
derived inhibitors have been found to irreversibly inactivate
HPL and HGLP'Y as well as microbial lipases.''l These
compounds mimic the transition state that occurs during
carboxyester hydrolysis in both their charge distribution and
configuration. On the other hand, the f-lactone containing
inhibitor tetrahydrolipstatin is already in clinical use for the
treatment of obesity.[']

In the case of proteases, progress in drug design has led to
the development of small synthetic inhibitors as therapeutic
agents. Many inhibitors of serine proteases consist of a
substrate-like structure with an activated carbonyl group at
the site of the scissile amide bond, capable of forming a
covalent intermediate. A number of reactive carbonyl groups,
such as fluorinated ketones,!'® a-keto esters,'¥ a-keto
amides, '] 1,2-diketones,['! a-keto heterocycles!'’l have been
successfully used in the design of protease inhibitors. The
mechanism of action of these electrophilic inhibitors most
likely involves a nucleophilic addition of the active-site
enzymatic serine hydroxy group to the carbonyl group of
the inhibitor, with formation of a metastable hemiacetal
adduct which mimics the tetrahedral species involved in the
enzymatic cleavage of peptide bonds. In the case of some
proteases X-ray['®l and *C NMR studies have demonstrated
the formation of such enzyme —inhibitor hemiacetal adducts.
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To develop potent and specific inhibitors of lipases, we
chose the 2-oxo amide functionality as the group to replace
the scissile ester group of the natural lipases substrates. Since
the interactions between an enzyme and a substrate, or an
inhibitor, are very important for determination of its affinity,
we decided to incorporate this 2-oxo amide group into a
substrate-like structure. Ideally, in a triacylglycerol analogue
only one 2-oxo amide functionality should be introduced, and
in the other two positions ester bonds should be maintained.
Such a combination of substrate and inhibitor functions in the
same molecule complicates the interpretation of the inhib-
ition kinetics. Therefore, the use of nonhydrolysable ether
bonds seems to be unavoidable. Taking into account the
structure of triacylglycerols, which are the natural substrates
of lipases, we first replaced the ester bond at the sn-1 or sn-3
position of the substrate with the 2-oxo amide group. The two
remaining ester bonds were replaced by ether bonds in order
to avoid hydrolysis at these positions (Scheme 1). Further-
more, the synthesis of 2-oxo amide at the sn-1 or sn-3 position
of triacylglycerol analogues was designed in order to study the
stereoselectivity of the inhibition. To ensure the lipophilicity
of these analogues, compounds with long alkoxy chains were
selected. Retrosynthetic analysis for these 2-oxo amide
triacylglycerol analogues (Scheme 1) leads to the correspond-
ing 2-hydroxy amides. These latter compounds can be
prepared by the coupling of a 2-hydroxy fatty acid with the
appropriate alkyl chain with an enantiomerically pure amino
component of either configuration, which in turn may be
prepared from 3-aminopropane-1,2-diol.

Results and Discussion

Synthesis: Compounds (R)- and (S§)-3-aminopropane-1,2-diol
(1), which are commercially available in optically pure form,
were used as starting materials for the preparation of the
target compounds (Scheme 2, here only the R enantiomers
are shown). The amino group was protected with tert-
butoxycarbonyl (Boc) using di-fert-butyl dicarbonate (Boc,0)
and triethylamine (Et;N).2% Treatment of the N-protected
derivatives 2 with the appropriate alkyl bromide in a biphasic
system of benzene/aqueous sodium hydroxide in the presence
of a catalytic amount of Bu,NHSO, afforded the ether
derivatives 3a—c in good yield (Scheme 2). Removal of the

Abstract in Greek:

Zmv mapovon epyacia avartdyBnke pia yevikn pébodog cOVESTG ONTIKG EvepY®OV
2-080 gudiov avordywv 111§ TPLEKVAOYAVKEPOANG XPNCLUOTOLOVING WG TPOTN LAY
mv (R)- N (S)-3-apvo-1,2-nportavodiorn. Ot evoeelg avtéc, oL Omoieg anoteAobv pic
VEQ KATNYOPIO QVACTOAEWV TV MIUGOV TG TEYNG, EIVOL QVAAOYEG TOV HOPIOL NG
TPUUKVAOYAUKEPOATG, PLAIKOD VIOGTPOUATOS TOV AMRACHV, KL OXESLAGTNKAV 161
wote va nepthapBavouv v 2-0ofo aqudiky Aertovpyiky opdda om HEon Tov
VIPOAVOUEVOL EGTEPIKOD SECROD NG shr-1 1 sn-3 Béong kar pn vVEPoAVOUEVOLG
aBepikos deopols avii twv eotepkv oTic SVo Bfceig mov amopévouv. Ta
napayoya 2-o&o ombiov mov mapacksvdomikav peleTiBnkav ©¢ mpog TV
KavOTN T TOVG va SYNUATIoVV OTUfepd HOVOPOPLEKE DUEVIA 0TI PECEMPAVELX
QEPU/VEPOD PE KATAYPUPT TWV IG0OEPUOV KUPTLAGDY Empavelaxiis Tieone/popraxic
em@avews. H avaotodn nov npokahobv 01 EVHGELS QUTEG OTY) XOIPIW TUYKPERTIKY
Kat TV avBpdmvi) yaoTpikt} Amaon peAeTiinke pe v 1evViKh ™G povootofadag
Kt pE XPIion JUKTOV LOVOROPLIK®V vpeviov 1,2-8ikampivig mov mepleiyav tov kibe
avaotortn ot Suagopes avaroyies. O Tpég asy ywe mv PPL kon HGL BpéOnkav
petalv 4.4 €mg 7.0 % xou 5.6 éwg 15.9 % avtiotoe. H otepeoynpeia tov avBpaxa
omv sn-2 Béon TV 2-0E0 audinv avakoyov TS TPWKVAOYAUKEPOANG Bpédnke 6T
emnpealer v npn ase Yo mv HGL, oy 6pog e v PPL.
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Scheme 1. Retrosynthetic approach for the design of 2-oxo amide
triacylglycerol analogues.

Boc group using HCI/THF led to the corresponding free
amino compounds 4a-c¢, and coupling with the suitable
2-hydroxy fatty acid using 1-(3-dimethylaminopropyl)-3-ethyl
carbodiimide (WSCI)?!l as a condensing agent in the presence
of 1-hydroxybenzotriazole (HOBt) afforded the 2-hydroxy
amides S—f. The racemic 2-hydroxy fatty acids were prepared
by deamination of the corresponding 2-amino fatty acids?
with NaNO, under acidic conditions. The 2-hydroxy amides
were oxidised to the corresponding 2-oxo amides 6a—f using
either pyridinium dichromate (PDC) or NaOCl in the
presence of 4-acetamido-2,2,6,6-tetramethylpiperidin-1-yloxy
free radical (AcNH/TEMPO).! The use of PDC in acetic
acid proved to be effective for the oxidation in most cases, and
afforded the desired products in satisfactory yield. However, a
decrease in the chemical yield was observed as the length of
the aliphatic chains introduced in the molecules was in-
creased. In the case of 2-hydroxy amides with alkoxy chain
lengths of sixteen carbons, the oxidation to the corresponding
2-oxo amides proceeded only in moderate yield. In our hands,
the use of NaOCl in the presence of catalytic amounts of
AcNH/TEMPO in a biphasic system of toluene, ethyl acetate
and aqueous NaBr, not only proved to be very effective for
the cases where PDC failed to afford the products in high
yield, but also afforded the oxidised products in almost
quantitative yield in all the other cases tested. For the
substrates with longer chains, the use of small quantities of
CH,(l, in the solvent system to improve solubility, proved to
be advantageous.
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Scheme 2. General procedure for the synthesis of 2-oxo amide triacylgly-
cerol analogues (only the R enantiomers are shown).

All intermediates and final products gave satisfactory
analytical and spectroscopic data (see Experimental Section).
In the ®C NMR spectra of the 2-oxo amide derivatives two
signals corresponding to carbon atoms of COCONH were
clearly assigned. The carbon atom of the 2-oxo group was
shifted to d =199 owing to the presence of the adjacent amide
function. The signal of the amide group carbon atom
appeared at 0 =160, while in the case of 2-hydroxy amides,
the amide carbon appeared at 6 = 174. Furthermore, *C NMR
spectra of 2-hydroxy amides showed a signal at 6 =72, which
was assigned to the carbon atom of CHOH. In the series of
3-aminopropane-1,2-diol derivatives, three signals corre-
sponding to the carbon atoms of the 3-aminopropane-1,2-diol
backbone, appeared at 6 =42-40, 6 =77 and 6 =72-70 and
were assigned to CH,NH, CHO and CH,O carbon atoms,
respectively.

The enantiomeric purities of (R)-4b and (S)-4b were
checked by NMR analysis of their amides with (R)-(+)-a-
methoxy-a-trifluoromethylphenylacetic acid (Mosher

Chem. Eur. J. 2000, 6, No. 22
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acid).?¥ In the 'F NMR spectra of Mosher amides of (R)-
4b and (S)-4b, signals at 0=8.82 and 0=8.78 (using
CF;COOH as an external reference) were observed, respec-
tively. Thus, the absence of any diastereomeric fluorine signal
indicated enantiomeric excess > 95 %.

Force/area curves of 2-oxo amide triacylglycerol analogues:
The use of the monolayer technique, which is based upon
surface pressure decrease owing to lipid-film hydrolysis, is
advantageous for the study of lipase inhibitors since with
conventional emulsified systems it is not possible to control
the interfacial quality. This former technique is applicable to
those cases where the lipid forms a stable monomolecular film
at the air/water interface and where the reaction products are
freely soluble and diffuse away rapidly into the aqueous
phase.P!

In order to determine the film stability and the interfacial
properties at the air/water interface of the various compounds
synthesised, we recorded their force/area curves. A force/area
curve was obtained after a small volume of lipid solution was
spread at the air/water interface in a volatile solvent (chloro-
form). The surface of the trough was progressively reduced by
moving a mobile barrier at a constant rate, and the surface
pressure was continuously recorded during compression.
Unique information can be deduced from a force/area curve,
that is, the area per molecule, collapse pressure, compressi-
bility of the film and possibly phase transition, etc. Experi-
ments were performed in the reservoir compartment of a
zero-order trough as described under the materials and
methods.

For compounds 6a-f the molecular area dependency as a
function of the surface pressure of a film spread over a
buffered subphase at pH 8.0 is shown in Figure 1. As
expected, the surface pressure/area curves obtained for all
pairs of enantiomers were identical (within the range of
experimental error). One can notice a decrease in the
molecular area occupied by the 2-oxo amide compounds as
the alkoxy chains increase (see Figure 1). This decrease is very
clearly illustrated in the case of compounds 6d, f with a chain

50 -
r v n  6a
4 [ v v 6b
E o ¢ 6cC
- 4 s 6d
30 W x
C Y 1 v  6e
L n
L oo oy a v 6f
20 * V:EA--
10 F

0 20

40

60 80 100 120
Molecular Area / A% molecule™

Figure 1. Force/area curves of the 2-oxo amide triacylglycerol analogues.
The aqueous subphase was composed of Tris/HCI (10mm, pH 8.0), NaCl
(100mm), CaCl, (21 mm), and EDTA (1 mm). The continuous compression
experiments were performed in the rectangular reservoir of the zero-order
trough. ¢!

140
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of thirteen carbon atoms in the 2-oxo amide moiety.
Furthermore, the collapse pressures of compounds 6a, b, ¢
are observed at surface-pressure values of 20.9, 19.2,
19.8 mNm™!, respectively, which are in the same range as
the collapse pressure of a trioctanoyl glycerol film. In the case
of smaller alkoxy chains, liquid-expanded films were ob-
tained, and with increased chain lengths liquid-condensed (or
even solid) force/area curves were recorded. In the case of
compounds 6¢, e one can notice a clear transition from liquid-
expanded to liquid-condensed state around surface pressures
of 10 mNm~! and 18 mNm™, respectively.

Pancreatic and gastric lipase activity on mixed films contain-
ing 2-oxo amide triacylglycerol analogues: The inhibition of
pancreatic lipase was studied by means of the monomolecular
film technique® 2% with mixed films of 1,2-dicaprin contain-
ing variable proportions of each 2-oxo amide triacylglycerol
analogue. For most of the compounds the inhibition studies
were performed at a constant surface pressure of 15 mNm™.
This surface pressure was chosen for compounds 6b and 6a
which have a collapse pressure around 19-21 mNm™, as well
as for compounds 6d, f in order to compare the data under
identical experimental conditions. Inhibition studies with
compounds 6¢, e were carried out at 10 mN m~}, since above
this value the monomolecular films were unstable with time.
At both 10 and 15 mNm~!, PPL was active and linear kinetics
were recorded (data not shown).

Remaining lipase activity was plotted as a function of the
inhibitor molar fraction (a). Lipase hydrolysis of 1,2-dicaprin
decreased sharply as the molar fraction of inhibitors in-
creased, and Figure 2 presents typical plots of data. The
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Figure 2. Effect of increasing concentration of (5)-6b (e) and (R)-6b (o)
on the remaining activity of PPL on 1,2-dicaprin monolayer maintained at a
constant surface pressure (15mNm™). The aqueous subphase was
composed of Tris/HCl (10mm, pH 8.0), NaCl (100mm), CaCl, (21 mm),
and EDTA (1mwm). The kinetics of hydrolysis were recorded for 20 min.

dotted line corresponds to surface-dilution phenomena, which
reflects the decrease of lipase activity that would be observed
if a nonsubstrate, noninhibitor compound, that is, a so-called
surface dilutor, were present in the monomolecular film. A
50% decrease of lipase activity was observed when 5.0 &
0.9% and 6.2+0.8% (expressed in molar fraction) of the
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inhibitors (S)-6b and (R)-6b, were mixed with monolayers of
1,2-dicaprin, respectively. The inhibitor molar fractions as,
obtained for all the 2-oxo amide triacylglycerol analogues are
summarized in Table 1. The as, is defined as the molar fraction
of inhibitor which reduces by 50 per cent the initial rate of

Table 1. Inhibition values of 2-oxo amide triacylglycerol analogues on
porcine pancreatic lipase with the monolayer technique.

Compound Surface pressure [MNm™!] asy [%]

(S)-6a 15 52409
(S)-6b 15 5.0+0.9
(S)-6¢ 10 46+0.5
(S)-6d 15 5.6+0.7
(S)-6e 10 5.0+0.7
(S)-6f 15 45+04
(R)-6b 15 62+0.8
(R)-6¢ 10 7.0+0.8
(R)-6d 15 53405
(R)-6e 10 45+04
(R)-6f 15 4440.6

lipolysis. As shown from these data, no significant differences
in the as, values were observed when the chain length of
either the ether or the 2-oxo amide moieties was varied. In the
case of PPL, the chirality at the sn-2 carbon did not affect the
asy value. This behaviour may be attributed to the low
stereopreference of PPL,?"l in agreement with the data
obtained with HPL against triacylglycerols and triacylglycerol
analogues.[ 27 %]

Compounds 6b, d, f were also studied as inhibitors of HGL
and the as, values obtained are summarized in Table 2. The
inhibition studies were performed at a constant surface
pressure of 15mNm~L At this value of surface pressure

Table 2. Inhibition values of 2-oxo amide triacylglycerol analogues on
human gastric lipase with the monolayer technique.

Compound Surface pressure [MNm~!] asy [%]

(R)-6b 15 79+18
(S)-6b 15 159458
(R)-6d 15 56+0.8
(S)-6d 15 108432
(R)-6f 15 6.1+15
(S)-6 £ 15 141+5.1

HGL was active, and linear kinetics were recorded (data not
shown). Contrary to the results obtained with PPL, in the case
of HGL the three pairs of enantiomers of 2-oxo amide
triacylglycerol analogues tested, (R)- and (S)-6b, d, f, dis-
played a differential inhibitory effect (Table 2). The inhibition
depends on the chirality at the sn-2 carbon of the glycerol
backbone. The enantiomers with the (R)-configuration
proved to be better (two-fold) inhibitors than the correspond-
ing structures with the (S)-configuration. Furthermore, the
results obtained indicate a dependency of the as, value upon
the length of the alkoxy chain. A minimum of 5.6 + 0.8% was
observed for the as, value for compound (R)-6d, with a chain
length of fourteen carbon atoms.
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Up to now the best phosphonate inhibitor of HPL reported
in the literature is the O-hexadecyl-O-(p-nitrophenyl) n-
undecyl phosphonate, with an as, value of 0.3%.1'1 This
compound was tested with PPL under our experimental
conditions and exhibited an as, value of 0.6% at a surface
pressure of 15 mN m~L. The as, values reported for a series of
chiral organophosphorus acylglycerol analogues,® in which
one carbonyl was replaced by a phosphonate group, varied
from 13-20%. One can conclude that the 2-oxo amide
triacylglycerol analogues reported here exhibit a much
stronger inhibitory effect as compared with the acylglycerol
phosphonate inhibitors. Our results indicate that the 2-oxo
amide group is a valuable substituent for future design and
synthesis of powerful inhibitors of lipolytic enzymes.

Experimental Section

Materials and methods: Compounds (R)- and (S)-3-aminopropane-1,2-
diol, (R)-(+)-a-methoxy-a-trifluoromethylphenylacetic acid and AcNH/
TEMPO were purchased from Aldrich. 1,2-Dicaprin was purchased from
Sigma. Analytical TLC plates (silica gel60 F,5,) and silica gel60 (70—
230 mesh) were purchased from Merck. PPL®! and HGLP were purified
at the laboratory using previously described procedures. Et;N was distilled
from ninydrin. All other solvents and chemicals were of reagent grade and
used without further purification. Melting points were determined on a
Buchi 530 apparatus and are uncorrected. Specific rotations were measured
on a Perkin — Elmer 141 Polarimeter using a 10 cm cell. 'H NMR, BC NMR,
DEPT and COSY spectra were obtained in CDCl; using a Varian Mercury
(200 MHz) spectrometer. NMR spectra were recorded for both the
enantiomers of each compound prepared and were identical. To avoid
repetition these data are presented in the experimental section only for one
enantiomer of each pair. Mass spectra were obtained on a VG Analytical
ZAB-SE instrument. Elemental analyses were performed on a Perkin—
Elmer 2400 instrument.

Synthesis

3-tert-Butoxycarbonylaminopropane-1,2-diol  (2): EtN (343 mL,
0.245 mol) and subsequently di-tert-butyl dicarbonate (11.46 g, 52.5 mmol)
were added in portions to a stirred solution of 3-aminopropane-1,2-diol
(3.19 g, 35 mmol) in MeOH (350 mL). The reaction mixture was stirred for
5—10 min at 40—-50°C and for 30 min at room temperature. The solvent
was evaporated under reduced pressure and the crude product was purified
by column chromatography on silica gel with CHCl;/MeOH (9:1).
(R)-3-tert-Butoxycarbonylaminopropane-1,2-diol ((R)-2): Yield: 6.69 g
(100%); m.p. 53-55°C; [a]p=—6.6 (¢=0.5 in CHCL;); 'H NMR: 6=5.3
(br, 1H; OCONH), 3.9 (br,2H;2 x OH), 3.8 (m, 1H; CHOH), 3.5 (m, 2H;
CH,0H), 3.2 (m, 2H; CH,NH), 1.4 (s, 9H; (CH;);C); *C NMR: 6 =157.3
(OCONH), 80.0 ((CH,);C), 71.3 (CHOH), 63.6 (CH,0OH), 42.7 (CH,NH),
28.3 ((CH;);C); CgH;NO, (191.2) (%): caled: C 50.25, H 8.96, N 7.32;
found: C 49.93, H 9.24, N 7.11.

(S)-3-tert-Butoxycarbonylaminoprop 1,2-diol (($)-2): Yield 6.68¢g
(99%); m.p. 51-52°C; [a]p=+6.7 (c=0.5 in CHCl,); CgH;NO, (191.2)
(%): caled: C 50.25, H 8.96, N 7.32; found: C 50.02, H 9.15, N 7.01.
General procedure for the synthesis of N-zert-butoxycarbonyl-2,3-bis(alk-
oxy)propanamines (3a-c): Aqueous NaOH (50 %, 3 mL) and Bu,NHSO,
(1.02 g, 3 mmol) were added at room temperature to a stirred solution of
compound 2 (1.15 g, 6 mmol) and the appropriate alkyl bromide (36 mmol)
in benzene (3 mL). After vigorous stirring for 6 h at 50— 60 °C, the reaction
mixture was allowed to obtain ambient temperature, and EtOAc and water
were added. The organic phase was washed with brine and dried (Na,SO,).
The residue was purified by column chromatography using petroleum ether
40-60°C/EtOAc 9:1 as eluent.
(R)-N-tert-Butoxycarbonyl-2,3-bis(decyloxy)propanamine ((R)-3a): Yield
1.59 g (56 %); oil; [a]p=+113 (¢=0.5 in CHCL;); 'H NMR: § =4.9 (br,
1H; OCONH), 3.7-3.1 (m, 9H; CH,0CH,, CHOCH,, CH,NH), 1.6 (m,
4H; 2 x OCH,CH,), 1.5 (s, 9H; (CH5;);C), 1.3 (m, 28 H; 14 x CH,), 0.9 (m,
6H; 2 x CH;); BC NMR: 6=156.0 (OCONH), 79.5 ((CH;);C), 77.0
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(CHO), 71.7, 71.3 and 70.2 (CH,0CH,, CHOCH,), 41.9 (CH,NH), 31.9-
22.7 (lipidic chain), 28.4 ((CH;);C), 14.1 (CH;); C,xHs;NO, (471.8) (%):
caled: C 71.29, H 12.18, N 2.97; found: C 71.06, H 12.42, N 2.81.
(S)-N-tert-Butoxycarbonyl-2,3-bis(decyloxy)propanamine (($)-3a): Yield
1.70 g (60 %); oil; [a]p = —11.3 (¢ =0.5 in CHCly); C,sH5;NO, (471.8) (% ):
caled: C 71.29, H 12.18, N 2.97; found: C 70.94, H 12.51, N 2.73.
(R)-N-tert-Butoxycarbonyl-2,3-bis(tetradecyloxy)propanamine ((R)-3b):
Yield 1.80 g (51 %); oil; [a]p = +8.9 (¢=0.5 in CHCL); 'H NMR: 6 =4.9
(br, 1H; OCONH), 3.7-3.1 (m, 9H; CH,OCH,, CHOCH,, CH,NH), 1.6
(m, 4H; 2 x OCH,CH,), 1.5 (s, 9H; (CH;);C), 1.3 (m, 44H; 22 x CH,), 0.9
(m, 6H; 2 x CH;); “C NMR: 6 =156.0 (OCONH), 79.5 ((CH;);C), 77.0
(CHO), 71.6, 71.7 and 70.2 (CH,OCH,, CHOCH,), 41.9 (CH,NH), 31.9-
22.7 (lipidic chain), 28.4 ((CH;);C), 14.1 (CHj;); C3H53NO, (584.0) (%):
caled: C 74.04, H 12.60, N 2.40; found: C 73.76, H 12.93, N 2.19.
(S)-N-tert-Butoxycarbonyl-2,3-bis(tetradecyloxy)propanamine  (($)-3b):
Yield 191g (54%); oil; [a]p=—8.9 (¢=0.5 in CHCl); C;H,;NO,
(584.0) (%): caled: C 74.04, H 12.60, N 2.40; found: C 74.30, H 12.88, N
2.54.

(R)-N-tert-Butoxycarbonyl-2,3-bis(hexadecyloxy)propanamine ((R)-3c¢):
Yield 1.42¢g (37%); m.p. 42-43°C; [a]p=+6.7 (c=0.5 in CHCL);
'H NMR: =49 (br, 1H; OCONH), 3.7-3.1 (m, 9H; CH,OCH,,
CHOCH,, CH,NH), 1.6 (m, 4H; 2 x OCH,CH,), 1.5 (s, 9H; (CH;);C),
1.3 (m, 52H; 26 x CH,), 0.9 (m, 6 H; 2 x CH;); C,HgNO, (640.1) (%):
caled: C 75.06, H 12.76, N 2.19; found: C 74.80, H 13.07, N 1.95.
(S)-N-tert-Butoxycarbonyl-2,3-bis(hexadecyloxy)propanamine  (($)-3¢):
Yield 1.30g (34%); m.p. 42-43°C; [a]p=—6.5 (¢=0.5 in CHCL);
C4Hg NO, (640.1) (%): caled: C 75.06, H 12.76, N 2.19; found: C 74.72,
H 13.02, N 1.89.

General procedure for the synthesis of 2,3-bis(alkoxy)propanamine hydro-
chlorides (4a-c): Compound 3 (2.4 mmol) was treated with HCI (4N) in
THF (30 mL) for 1 h at room temperature. The solvent and the excess acid
were evaporated under reduced pressure, and the residue was recovered
from reevaporation twice from THF and Et,0.
(R)-2,3-Bis(decyloxy)propanamine hydrochloride ((R)-4a): Yield 0.98 g
(100%); oil; [a]p=414.1 (¢=0.5 in CHCl;); '"H NMR: 6=3.7-3.3 (m,
9H; CH,0CH,, CHOCH,, CH,NH), 1.7-1.4 (m, 4H; 2 x OCH,CH,), 1.3
(m, 28H; 14 x CH,), 0.9 (m, 6H; 2 x CH;).
(5)-2,3-Bis(decyloxy)propanamine hydrochloride ((S)-4a): Yield 0.98 g
(100%); oil; [a]p=—14.2 (¢c=0.5 in CHCl;).
(R)-2,3-Bis(tetradecyloxy)propanamine hydrochloride ((R)-4b): Yield
1.24 g (99%); m.p. 57-58.5°C; [a]p =+11.2 (¢=0.5 in CHCL;); 'H NMR:
0=3.7-3.3 (m, 9H; CH,0OCH,, CHOCH,, CH,NH), 1.7-1.4 (m, 4H; 2 x
OCH,CH,), 1.3 (m, 44H; 22 x CH,), 0.9 (m, 6 H; 2 x CH,).
(5)-2,3-Bis(tetradecyloxy)propanamine hydrochloride ((S)-4b): Yield
1.25 g (100%); m.p. 58 -60°C; [a], = —11.4 (¢=0.5 in CHCL,).
(R)-2,3-Bis(hexadecyloxy)propanamine hydrochloride ((R)-4c¢): Yield
1.38 g (100%); m.p. 67-70°C; [a]p=+11.0 (¢=0.5 in CHCL;); 'H NMR:
0=3.7-3.4 (m, 9H; CH,0OCH,, CHOCH,, CH,NH), 1.7-1.4 (m, 4H; 2 x
OCH,CH,), 1.3 (m, 52H; 26 x CH,), 0.9 (m, 6H; 2 x CH,).
(5)-2,3-Bis(hexadecyloxy)propanamine hydrochloride ((S)-4¢): Yield
1.38 g (100%); m.p. 68-71°C; [a]p, = —11.1 (¢=0.5 in CHCL).

General procedure for the synthesis of N-[2,3-bis(alkyloxy)propyl]-2-
hydroxyalkanamides (5a-f): Et;N (0.59 mL, 4.2 mmol) and subsequently
WSCI (0.42 g, 2.2 mmol) and HOBt (0.27 g, 2 mmol) were added at 0°C to
a stirred solution of the appropriate 2-hydroxy acid (2 mmol) and
compound 4 (2 mmol) in CH,Cl, (8 mL). The reaction mixture was stirred
for 1 h at 0°C and overnight at room temperature. The organic layer was
washed with brine, dried (Na,SO,) and evaporated under reduced pressure.
The residue was purified by column chromatography using petroleum ether
40-60°C/EtOAc 3:2 as eluent.
(S)-N-[2,3-Bis(decyloxy)propyl]-2-hydroxydodecanamide (($)-5a): Yield
0.93 g (82%); m.p. 45-46.5°C; 'HNMR: 6 =6.9 (br, 1 H; CONH), 4.1 (m,
1H; CHOH),3.7-3.2 (m,9H; CH,0CH,, CHOCH,, CH,NH), 1.9-1.5 (m,
6H; CH,CHOH, 2 x OCH,CH,), 1.3 (m, 44H; 22 x CH,), 0.9 (m, 9H; 3 x
CH;); "C NMR: 6 =174.1 (CONH), 76.6 (CHO), 72.0 (CHOH), 71.8, 71.5
and 70.2 (CH,0OCH,, CHOCH,), 40.4 (CH,NH), 35.0 (CH,CHOH), 31.9-
22.6 (lipidic chain), 14.1 (CH;); C;sH;NO, (570.0) (%): caled: C 73.76, H
12.56, N 2.46; found: C 73.44, H 12.81, N 2.14.
(R)-N-[2,3-Bis(decyloxy)propyl]-2-hydroxyhexadecanamide ((R)-5Db):
Yield 1.01 g (81 %); m.p. 52.5-53.5°C; 'HNMR: 6 = 6.9 (br, 1H; CONH),
4.1 (m, 1H; CHOH), 3.7-3.2 (m, 9H; CH,0CH,, CHOCH,, CH,NH),
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1.9-1.5 (m, 6H; CH,CHOH, 2 x OCH,CH,), 1.3 (m, 52H; 26 x CH,), 0.9
(m, 9H; 3 x CH;); BC NMR: §=1742 (CONH), 76.6 (CHO), 72.0
(CHOH), 71.8, 71.5 and 70.2 (CH,0OCH,, CHOCH,), 40.3 (CH,NH), 35.0
(CH,CHOH), 31.9-22.6 (lipidic chain), 14.1 (CH;); C3H;,NO, (626.1)
(%): caled: C 74.82, H 12.72, N 2.24; found: C 74.51, H 12.98, N 2.07.
(S)-N-[2,3-Bis(decyloxy)propyl]-2-hydroxyhexadecanamide ((S)-5b):
Yield 1.08 g (86%); m.p. 52-54°C; C3H7NO, (626.1) (%): caled: C
74.82, H 12.72, N 2.24; found: C 74.55, H 12.97, N 2.00.
(R)-N-[2,3-Bis(tetradecyloxy)propyl]-2-hydroxydodecanamide ((R)-5c):
Yield 1.08 g (79 %); m.p. 59.5-60°C; '"H NMR: 6 =6.9 (br, 1 H; CONH),
4.1 (br, 1H; CHOH), 3.7-3.2 (m, 9H; CH,OCH,, CHOCH,, CH,NH),
1.9-1.5 (m, 6H; CH,CHOH, 2 x OCH,CH,), 1.3 (m, 60H; 30 x CH,), 0.9
(m, 9H; 3 x CH;); *C NMR: 6=174.0 (CONH), 76.6 (CHO), 72.0
(CHOH), 71.8, 71.5 and 70.2 (CH,0OCH,, CHOCH,), 40.5 (CH,NH), 35.0
(CH,CHOH), 31.9-22.6 (lipidic chain), 14.1 (CH;); C,3HgNO, (682.2)
(%): caled C 75.71, H 12.85, N 2.05; found C 75.43, H 13.08, N 1.83.
(S)-N-[2,3-Bis(tetradecyloxy)propyl]-2-hydroxydodecanamide  ((S)-5c¢):
Yield 1.00g (73%); m.p. 55-56°C; C;HgNO, (682.2) (%): caled: C
75.71, H 12.85, N 2.05; found: C 75.34, H 13.03, N 1.84.
(R)-N-[2,3-Bis(tetradecyloxy)propyl]-2-hydroxyhexadecanamide ((R)-
5d): Yield 1.05g (71%); m.p. 65-67°C; 'H NMR: 6=69 (br, 1H;
CONH), 4.1 (m, 1H; CHOH), 3.7-3.2 (m, 9H; CH,OCH,, CHOCH,,
CH,NH), 1.9-1.5 (m, 6H; CH,CHOH, 2 x OCH,CH,), 1.3 (m, 68H; 34 x
CH,), 0.9 (m, 9H; 3 x CH;); “C NMR: 6 =174.0 (CONH), 76.6 (CHO),
71.9 (CHOH), 71.8, 71.4 and 70.2 (CH,OCH,, CHOCH,), 40.4 (CH,NH),
35.0 (CH,CHOH), 31.9-22.7 (lipidic chain), 14.1 (CH;); C,;HyNO,
(738.3) (%): caled: C 76.46, H 12.97, N 1.90; found: C 74.12, H 13.26, N 2.06.
(S)-N-[2,3-Bis(tetradecyloxy)propyl]-2-hydroxyhexadecanamide ((S)-5d):
Yield 1.12 g (76%); m.p. 69-70.5°C; C;;HosNO, (738.3)(%): caled: C
76.46, H 12.97, N 1.90; found: C 76.57, H 13.31, N 1.67.
(R)-N-[2,3-Bis(hexadecyloxy)propyl]-2-hydroxydodecanamide ((R)-5e):
Yield 0.99 g (67 % ); m.p. 64.5-65°C; 'H NMR: 6 =6.9 (br, 1 H; CONH),
4.1 (m, 1H; CHOH), 3.7-3.2 (m, 9H; CH,OCH,, CHOCH,, CH,NH),
1.9-1.5 (m, 6H; CH,CHOH, 2 x OCH,CH,), 1.3 (m, 68H; 34 x CH,), 0.9
(m, 9H; 3 x CH;); *C NMR: 6=173.9 (CONH), 76.6 (CHO), 72.0
(CHOH), 71.8, 71.5 and 70.2 (CH,OCH,, CHOCH,), 40.3 (CH,NH), 35.0
(CH,CHOH), 31.9-22.6 (lipidic chain), 14.1 (CH;); C,;sHosNO, (738.3)
(%): caled: C 76.46, H 12.97, N 1.90; found: C 76.21, H 12.66, N 1.72.
(S)-N-[2,3-Bis(hexadecyloxy)propyl]-2-hydroxydodecanamide  ((S)-5e):
Yield 1.04 g (68%); m.p. 63-65°C; Cy;HypsNO, (738.3) (%): caled: C
76.46, H 12.97, N 1.90; found: C 76.19, H 13.28, N 1.74.
(R)-N-[2,3-Bis(hexadecyloxy)propyl]-2-hydroxyhexadecanamide ((R)-
5f): Yield 146 g (91%); m.p. 67-70°C; 'H NMR: 6=6.9 (br, 1H;
CONH), 4.1 (m, 1H; CHOH), 3.7-3.2 (m, 9H; CH,0CH,, CHOCH,,
CH,NH), 1.9-1.5 (m, 6H; CH,CHOH, 2 x OCH,CH,), 1.3 (m, 76 H; 38 x
CH,), 0.9 (m, 9H; 3 x CH;); 3C NMR: 6 =173.8 (CONH), 76.6 (CHO),
72.0 (CHOH), 71.6, 71.9 and 70.2 (CH,OCH,, CHOCH,), 40.5 (CH,NH),
35.0 (CH,CHOH), 31.9-22.7 (lipidic chain), 14.1 (CH;); C5H;3NO,
(794.4) (%): caled: C 77.11, H 13.07, N 1.76; found: C 76.82, H 13.35, N 1.66.
(S)-N-[2,3-Bis(hexadecyloxy)propyl]-2-hydroxyhexadecanamide ((S)-5f):
Yield 1.41 g (89 % ); m.p. 69—71°C; C5;H,;;sNO, (794.4) (%): caled: C 77.11,
H 13.07, N 1.76; found: C 77.23, H 13.26, N 1.83.

General procedures for the synthesis of N-[2,3-bis(alkyloxy)propyl]-2-
oxoalkanamides (6a—-f)

Procedure A: oxidation of compounds 5 using pyridinium dichromate:
Pyridinium dichromate (PDC) (1.35 g, 3.6 mmol) was added to a solution of
compound 5 (1.2 mmol) in glacial acetic acid (6 mL). After stirring for 2 h
at room temperature the mixture was neutralised with aqueous NaHCO;
(5% ) and extracted with EtOAc (20 mL x 3). The combined organic layers
were washed with brine and dried (Na,SO,). The solvent was evaporated
under reduced pressure and the crude product was purified by column
chromatography using petroleum ether 40— 60 °C/EtOAc 9:1 as eluent.

Procedure B: oxidation of compounds 5 using NaOCVAcNH/TEMPO: A
solution of NaBr (136 mg, 1.32 mmol) in water (0.6 mL) and subsequently
AcNH-TEMPO (2.6 mg, 0.012 mmol) were added at 0°C to a stirred
solution of compound 5 (1.2 mmol) in a mixture of EtOAc/toluene 1:1
(72 mL). To the resulting biphasic system was added under vigorous
stirring a solution of NaOCI (98 mg, 1.32 mmol) and NaHCO; (302 mg,
3.6 mmol) in H,O (3.8 mL) dropwise at 0°C over a period of 1h. After
stirring for 15 min at room temperature, EtOAc (15 mL) and water (5 mL)
were added. The organic layer was washed with 10% aqueous NaHSO,
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(10 mL) which contained KI (60 mg), 10% aqueous Na,S,0; (10 mL),
brine and dried (Na,SO,). The solvent was evaporated under reduced
pressure and the crude product was purified by column chromatography.
(S)-N-[2,3-Bis(decyloxy)propyl]-2-oxododecanamide (($)-6a): Procedure
A: yield 0.51 g (75%); oil; overall yield 37 %; [a]p=—13.8 (¢=0.5 in
CHCL); '"H NMR: 0 =74 (br, 1H; CONH), 3.7-3.3 (m, 9H; CH,OCH,,
CHOCH,, CH,NH), 29 (t, /J=7Hz, 2H; CH,CO), 1.6 (m, 6H;
CH,CH,CO, 2 x OCH,CH,), 1.3 (m, 42H; 21 x CH,), 0.9 (m, 9H; 3 x
CH;); C NMR: 0=199.0 (COCONH), 160.3 (CONH), 76.3 (CHO),
71.9, 71.3 and 70.3 (CH,0OCH,, CHOCH,), 40.1 (CH,NH), 36.8 (CH,CO),
31.9-22.7 (lipidic chain), 14.1 (CH;); MS: m/z (%): 568 (100) [M"];
C35sHeNO, (567.9) (% ): caled: C 74.02, H 12.25, N 2.47; found: C 74.25, H
12.49, N 2.65.

(R)-N-[2,3-Bis(decyloxy)propyl]-2-oxohexadecanamide ((R)-6b): Proce-
dure A: yield 0.57 g (76 %); overall yield 34%; [a],=+11.7 (¢=0.5 in
CHCL); m.p. 35-37°C; '"H NMR: 6 =74 (br, 1H; CONH), 3.7-3.3 (m,
9H; CH,OCH,, CHOCH,, CH,NH), 2.9 (t,J =7 Hz, 2H; CH,CO), 1.6 (m,
6H; CH,CH,CO, 2 x OCH,CH,), 1.3 (m, 50H; 25 x CH,), 0.9 (m, 9H; 3 x
CH,); BCNMR: 6 =199.0 (COCONH), 160.3 (CONH), 76.3 (CHO), 71.9,
71.3 and 70.3 (CH,0OCH,, CHOCH,), 40.7 (CH,NH), 36.8 (CH,CO), 31.9—
22.7 (lipidic chain), 14.1 (CH;); MS: m/z (%): 624 (100) [M*]; C3,H;;NO,
(624.0) (% ): caled: C75.06, H 12.44, N 2.24; found: C 74.81, H 12.76, N 2.11.
(S)-N-[2,3-Bis(decyloxy)propyl]-2-oxohexadecanamide ((S)-6b): Proce-
dure A: yield 0.54 g (72%), Procedure B: yield 0.70 g (94 %); overall
yield 48 %; m.p. 35-37°C; [a]p=—119 (¢=0.5 in CHCl;); C;H5;NO,
(624.0) (%): caled: C 75.06, H 12.44, N 2.24; found: C 74.75, H 12.63, N
2.02.

(R)-N-[2,3-Bis(tetradecyloxy)propyl]-2-oxododecanamide ((R)-6c¢): Pro-
cedure A: yield 0.68 g (83 %); overall yield 33 %; m.p. 46-47°C; [a]p =
+9.8 (¢=0.5 in CHCL;); 'H NMR: 6 =74 (br, 1H; CONH), 3.7-3.3 (m,
9H; CH,0CH,, CHOCH,, CH,NH), 2.9 (t,/=7 Hz, 2H; CH,CO), 1.6 (m,
6H; CH,CH,CO, 2 x OCH,CH,), 1.3 (m, 58 H; 29 x CH,), 0.9 (m, 9H; 3 x
CH;); BCNMR: 6 =199.0 (COCONH), 160.3 (CONH), 76.3 (CHO), 71.9,
71.3 and 70.3 (CH,OCH,, CHOCH,), 40.7 (CH,NH), 36.8 (CH,CO), 31.9—
22.7 (lipidic chain), 14.1 (CH;); MS: m/z (%): 680 (100) [M*]; C,;sHgsNO,
(680.1) (% ): caled: C75.93, H 12.60, N 2.06; found: C 75.70, H 12.84, N 1.93.
(S)-N-[2,3-Bis(tetradecyloxy)propyl]-2-oxododecanamide ((S)-6c¢): Proce-
dure A:yield 0.64 g (79 %); overall yield 31 %; m.p. 45-46°C; [a]p, = — 9.6
(¢=0.5in CHCl;); C,;3HgsNO, (680.1) (% ): caled: C 75.93, H 12.60, N 2.06;
found: C 75.65, H 12.91, N 2.14.
(R)-N-[2,3-Bis(tetradecyloxy)propyl]-2-oxohexadecanamide ((R)-6d):
Procedure A: yield 0.58 g (66%), Procedure B: Yield 0.80g (91%);
overall yield 24%; m.p. 51-52.5°C; [a]p=+8.9 (¢=0.5 in CHCL);
'"HNMR: 6 =74 (br, 1H; CONH), 3.7-3.3 (m, 9H; CH,0CH,, CHOCH,,
CH,NH), 2.9 (t, J=7Hz, 2H; CH,CO), 1.6 (m, 6H; CH,CH,CO, 2 x
OCH,CH,), 1.3 (m, 66H; 33 x CH,), 0.9 (m, 9H; 3 x CH;); *C NMR:
0=199.0 (COCONH), 160.3 (CONH), 76.3 (CHO), 71.9, 71.3, 70.3
(CH,0CH,, CHOCH,), 40.7 (CH,NH), 36.8 (CH,CO), 31.9-22.7 (lipidic
chain), 14.1 (CH;); MS: m/z (%): 736 (100) [M*]; C,;;Hy;NO, (736.3) (% ):
caled: C 76.67, H 12.73, N 1.90; found: C 76.34, H 12.95, N 2.02.
(S)-N-[2,3-Bis(tetradecyloxy)propyl]-2-oxohexadecanamide ((S)-6d): Pro-
cedure A: yield 0.61 g (69 %); overall yield 31 %; m.p. 48-50°C; [a]p =
—8.7 (¢=0.5in CHCL,); C;;Hy;NO, (736.3) (% ): caled: C 76.67, H 12.73, N
1.90; found: C 76.36, H 13.00, N 1.67.
(R)-N-[2,3-Bis(hexadecyloxy)propyl]-2-oxododecanamide ((R)-6e¢): Pro-
cedure B: yield 0.87 g (99 %); overall yield 24 %; m.p. 53.5-54.5°C; [a]p =
+9.2 (¢=0.5 in CHCL;); '"H NMR: 6 =74 (br, 1H; CONH), 3.7-3.3 (m,
9H; CH,0CH,, CHOCH,, CH,NH), 2.9 (t,/=7 Hz; 2H; CH,CO), 1.6 (m,
6H; CH,CH,CO, 2 x OCH,CH,), 1.3 (m, 66 H; 33 x CH,), 0.9 (m, 9H; 3 x
CHj;); ®C NMR: 6 =199.0 (COCONH), 160.3 (CONH), 76.3 (CHO), 71.9,
71.3 and 70.3 (CH,0OCH,, CHOCH,), 40.7 (CH,NH), 36.8 (CH,CO), 31.9—
22.7 (lipidic chain), 14.1 (CH;); MS: m/z (%): 736 (100) [M*]; C;;Ho;NO,
(736.3) (%): caled: C76.67, H 12.73, N 1.90; found: C 76.82, H 12.99, N 1.72.
(S)-N-[2,3-Bis(hexadecyloxy)propyl]-2-oxododecanamide ((S)-6e): Proce-
dure B: yield 0.87 g (98%); overall yield 22 %; m.p. 54-55.5°C; [a]p=
—9.2 (¢=0.51in CHCl;); C;Hy;NO, (736.3) (% ): caled: C 76.67, H 12.73, N
1.90; found: C 76.32, H 13.06, N 1.67.
(R)-N-[2,3-Bis(hexadecyloxy)propyl]-2-oxohexadecanamide ((R)-61):
Procedure A: Yield 0.30g (32%), Procedure B: yield 0.80g (84%);
overall yield 28%; m.p. 59-60.5°C; [a]lp=4+79 (¢c=0.5 in CHCL);
'"HNMR: 6 =74 (br, 1H; CONH), 3.7-3.3 (m, 9H; CH,0CH,, CHOCH,,
CH,NH), 2.9 (t, /=7 Hz, 2H; CH,CO), 1.6 (m, 6H; CH,CH,CO, 2 x
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OCH,CH,), 1.3 (m, 74H; 37 x CH,), 0.9 (m, 9H; 3 x CH;); ®*C NMR: 6 =
199.0 (COCONH), 160.3 (CONH), 763 (CHO), 71.9, 71.3, 70.3
(CH,OCH,, CHOCH,), 40.7 (CH,NH), 36.8 (CH,CO), 31.9-22.7 (lipidic
chain), 14.1 (CH;); MS: m/z (%): 792 (100) [M*]; CsH,;;NO, (792.4) (% ):
caled: C 77.31, H 12.85, N 1.77; found: C 76.98, H 13.13, N 1.68.
(S)-N-[2,3-Bis(hexadecyloxy)propyl]-2-oxohexadecanamide (($)-6 f): Pro-
cedure B: yield 0.79 g (83 %); overall yield 25%; m.p. 57-59°C; [a]p=
—79 (¢=0.5in CHCl;); C5\H,;NO, (792.3) (%): caled: C 77.32, H 12.85,N
1.77; found: C 77.04, 13.10, N 1.56.

Monomolecular film experiments

Force/area curves: Surface pressure/area curves were measured in the
rectangular reservoir compartment of the zero order trough (14.8 cm wide
and 24.9 cm long). Before each experiment the trough was at first washed
with tap water, then gently brushed in the presence of distilled ethanol,
washed again with plenty of tap water and finally rinsed with doubly
distilled water. The lipidic film as a solution in CHCIl; (approximately
1 mg mL™"), was spread with a Hamilton syringe over an aqueous subphase
of Tris/HCI (10mm), pH 8.0, NaCl (100mwm), CaCl, (21 mm), EDTA (1 mm).
The above buffer solution was prepared with doubly distilled water and
filtered through a 0.22 um Millipore membrane. Before each utilisation,
residual surface-active impurities were removed by sweeping and suction of
the surface.”®! The force/area curves were automatically recorded upon a
continuous compression rate at 4.8 cmmin~.

Enzymes Kkinetics experiments: The inhibition experiments were per-
formed by using the monolayer technique. The surface pressure of the lipid
film was measured using the platinum Wilhelmy plate technique coupled
with an electromicrobalance. The principle of this method has been
described previously by Verger et al.l*]

For the inhibition studies we used the method of mixed monomolecular
films. This method involves the use of a zero-order trough, consisting of two
compartments: a reaction compartment, where mixed films of substrate
and inhibitor are spread, and a reservoir compartment, where only pure
films of substrate are spread. The two compartments are connected to each
other by narrow surface channels. PPL (final concentration 3.9 ngmL™1)
and HGL (final concentration 185ngmL~!) were injected into the
subphase of the reaction compartment, where efficient stirring was applied.
In the case of PPL the aqueous subphase was composed of Tris/HCI (10 mwm,
pH 8.0), NaCl (100mwm), CaCl, (21 mm), EDTA (1 mm). In the case of HGL
the aqueous subphase was composed of CH;COONa/HCl (10mwm), pH 5.0,
NaCl (100mwm), CaCl, (21 mm), EDTA (1 mm). When, owing to the lipolytic
action of the enzyme, the surface pressure decreased a mobile barrier was
moved over the reservoir compartment to compress the film and thus keep
the surface pressure constant. The surface pressure was measured on the
reservoir compartment. The surface of the reaction compartment was
100 cm? and its volume 120 mL. The reservoir compartment was 14.8 cm
wide and 24.9 cm long. The lipidic films were spread from a chloroform
solution (approximately 1 mgmL~'). The kinetics were recorded for
20 min. In all cases linear kinetics were obtained. Each experiment was
duplicated.
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Biomimetic Copper(@® — CO Complexes: A Structural and
Dynamic Study of a Calix[6]arene-Based Supramolecular System

Yannick Rondelez,!! Olivier Séneque,!?! Marie-Noélle Rager,®! Arthur F. Duprat,’™ and

Olivia Reinaud*!2!

Abstract: Four novel calix[6]arene-
based cuprous complexes are described.
They present a biomimetic tris(imida-
zole) coordination core associated with
a hydrophobic cavity that wraps the
apical binding site. Each differs from
the other by the methyl or ethyl sub-
stituents present on the phenoxyl groups
(OR!) and on the imidazole arms (NR?)
of the calix[6]arene structure. In solu-
tion, stable CO complexes were ob-
tained. We have investigated their geo-
metrical and dynamic properties with
respect to the steric demand. IR and
NMR studies revealed that, in solution,

tion was dictated only by the size of the
OR! group. When R! was an ethyl group,
the complex preferentially adopted a
flattened C;-symmetrical structure. The
corresponding helical enantiomers were
in conformational equilibrium, which,
however, was slow on the 'H NMR time
scale at —80°C. When R! was a methyl
group, the low-temperature NMR spec-
tra revealed the partial inclusion of one
tBu group. The complex wobbled be-

Keywords: bioinorganic chemistry -
calixarenes - copper - host—guest
chemistry - N ligands - supramolec-

tween three dissymmetric but equivalent
conformations. Hence, small differences
in the steric demand of the calixarene’s
skeleton changed the geometry and
dynamics of the system. Indeed, this
supramolecular control was promoted
by the strong conformational coupling
between the metal center and the host
structure. Interestingly, this was not only
the result of a covalent preorganization,
but also stemmed from weak interac-
tions within the hydrophobic pocket.
The vibrational spectra of the bound CO
were revealed to be a sensitive gauge of
this supramolecular behavior, similar to

these complexes adopted two distinct

; ular chemistry
conformations. The preferred conforma-

Introduction

The elaboration of artificial systems that mimic the active site
of a metalloprotein!-? is important for the understanding of
the protein function®! as well as for the development of new
selective receptors and catalysts.*”] Supramolecular systems
that combine a biomimetic coordination core with a cavity are
an attractive topic for the chemist.’'*l A possible way to
construct them is to use readily available building blocks, such
as cyclodextrins,¥! cyclotriveratrylenes,!'"! resorcinarenes,'” !l
or calixarenes!”?! We chose to use a calix[6]arene for the
following reasons: 1) its size allows the inclusion of organic
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copper proteins in which allosteric ef-
fects are common.

molecules, 2)it can be easily functionalized, 3) its carbon
skeleton is compatible with C; symmetry, and finally 4) the
macrocycle is highly flexible. This last feature has been
analyzed as a handicap for its use as a molecular host.
Therefore, different research groups developed the synthesis
of rigidified calix[6]arenes attained by means of a three-point
covalent cap.?*?7) We have chosen a different strategy that is
based on coordination chemistry. The selective functionaliza-
tion of a calix[6]arene in alternate positions with three
nitrogen arms affords a tridentate ligand that, upon binding
to a metal ion, will cap the lower rim. The calixarene structure
will become constrained in a cone conformation that is
suitable to play the role of a biomimetic host. Our first
success?®! was achieved with the synthesis and X-ray charac-
terization of a so-called “funnel complex” that mimics the
type II site of monocopper proteins.

Indeed, copper enzymes play a major role in many
metabolic oxidative pathways-31, More and more enzymes
are now structurally characterized and often display a
polyimidazole binding site. However, the functioning of these
enzymes still remains mysterious. The active state is described
as Cul, since the first step of the catalytic process is the binding
of dioxygen.?” Unfortunately, the mononuclear CuO, adducts
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are not stable. In biomimetic systems, they have proven very
difficult to isolate.’>?°! In enzymes, they rapidly evolve with
the gain of one electron to generate the oxidative species that
reacts with the substrate. Carbon monoxide, which is an
analogue of O, but devoid of redox properties, is therefore
often used as a tool to characterize the cuprous state of
enzymes.””#71 Qur first model system was based on a
calix[6]arene that contained a tris(pyridine) coordination site.
The cuprous ion, wrapped by three amino groups, was
constrained in a tetrahedral environment in a hydrophobic
pocket that controlled the binding and exchange of an
exogenous nitrilo ligand.?8! Surprisingly however, this system
appeared unreactive towards CO. Therefore, we turned to a
more biomimetic system, and replaced the pyridines with
imidazole ligands.

We describe here the synthesis and properties of a novel
series of calixarene-based cuprous complexes. These are
derived from a tris(imidazole) coordination core and do
provide stable CO adducts. We have investigated their
geometrical and dynamic properties with respect to the steric
demand of the ligands. IR and NMR studies revealed that
minor changes in their carbon skeleton induced considerable
differences in both the structure and the dynamic behavior of
the copper(l) - CO complexes.

Abstract in French: Une nouvelle famille biomimetique de
complexes cuivreux derives de calix[6]arenes fonctionalisés est
presentée. Elle est basée sur un site de coordination Nj
tris(imidazole) associé a une cavite hydrophobe qui enveloppe
le site de liaison apical. Les quatre complexes decrits different
les uns des autres par la nature, methyle ou ethyle, des
substituants préesents sur les groupements phenoxyles (OR!) ou
sur les bras imidazoles (NR?) de la structure calix[6]arene. En
solution, des complexes CuCO stables ont ete obtenus et leurs
proprietes geometriques et dynamiques etudiées en regard de la
demande sterique. Des éetudes en spectroscopies IR et RMN ont
revele que, en solution, ces complexes peuvent adopter deux
conformations differentes, la plus stable etant determinee par la
taille du groupement OR'. Quand R! est un groupement éthyle,
le complexe adopte preferentiellement une conformation cone
aplatie presentant une symetrie C;. Les deux formes enantio-
meres helicoidales correspondantes sont en equilibre confor-
mationnel, lent a I'échelle de temps d’analyse de la spectrosco-
pie RMN-"H a —80°C. Lorsque R! est un groupe methyle, les
spectres RMN obtenus a basse temperature ont mis en evidence
Pauto-inclusion partielle de 'un des groupements tBu du
calixarene. Le complexe oscille alors entre trois conformations
dissymetriques mais équivalentes. Ainsi, de faibles differences
d’encombrement sterique sur le squelette du calix[6]arene
changent la geometrie et la dynamique du systeme. Ce controle
supramoléculaire est dii au fort couplage existant entre le centre
metallique et la structure hote. Ceci est en fait le résultat non
seulement d’une preorganisation covalente, mais aussi d’inte-
ractions faibles a Uinterieur de la cavite hydrophobe. Comme
pour les proteines ou les effets allosteriques sont classiques, le
spectre vibrationnel de CO coordonné s’est révele étre une
sonde sensible a ce comportement supramoléculaire.

Chem. Eur. J. 2000, 6, No. 22

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

Results

Four different calix[6]arene-based ligands with a tris(imida-
zole) core were synthesized according to the procedure
depicted on Scheme 1. They differ from each other in the
methyl or ethyl substituents present on the phenoxyl moieties

-
rR2-N_N

1 \[O OR?
™o N

2
NN\ i

iv
—> [N3Cu(S)nPFg] —>

OH OR
J(CR®
6

1

2 3 4
Scheme 1. Ligand synthesis and complexation of copper(l). a: R!'=Me,
R2=Me; b: R'=Me, R*>=Et; ¢: R'=Et, R>=Me; d: R'=Et, R>=Et.
i) RL, K,COs3, acetone; ii) 2-chloromethyl-1-R2-/H-imidazole, NaH, THF/
DMF; iii) [Cu(MeCN),]PF,, THF; iv) CO, CDCI; or CD,Cl,.

(ORY) and in the imidazole groups (NR?). In the first step, the
tert-butylcalix[6]arenel®! was protected in alternate positions
by the reaction of iodomethanel®! or iodoethanel” in the
presence of K,CO; in acetone. The remaining phenolic
positions of the 1,3,5-tris-alkylated products (1) were then
treated with either 2-chloromethyl-1-methyl-/H-imidazolef"
or 2-chloromethyl-1-ethyl-/H-imidazole™ in the presence of
NaH to fix the three nitrogenous arms. The structures of the
resulting ligands 2, with OR! and NR? groups, were analyzed
by NMR spectroscopy. Ligands 2a (R!'=Me, R2=Me), 2b
(R'=Me, R?2=Et), and 2d (R!'=Et, R?=Et) exhibited
'"H NMR spectra that are characteristic?® 3 of a major
cone conformation. All OR! groups were projected towards
the inside of the m-basic calixarene cavity, as shown by
their corresponding high-field dy shift values. The related
{Bu-phenoxyl groups, identified by HMBC experiments
(6(Bu') =1.3-1.4),5) were in out positions relative to the
center of the molecule. In contrast, the 'H NMR spectrum of
2¢ (R'=Et, R*?=Me) showed broad, ill-defined, multiple
peaks. This indicates that this ligand did not adopt a simple
cone structure in solution.

The targeted copper(l) complexes 3 were obtained in good
yield by dissolving stoichiometric quantities of ligands 2 and
[Cu(MeCN),]PF, in THF. Precipitation with pentane yielded
colorless polycrystalline compounds 3 that can be described as
[V5Cu(S),]PF, (where N; stands for one of the tripodal ligands
2, and S is a molecule of solvent or water). Complex 3a (R!' =
Me, R?=Me) was poorly soluble in chlorinated solvents;
however, the presence of an ethyl group on the other ligands
improved the solubility of the complexes considerably. They
were all subjected to 'H NMR analysis. Complex 3b (R!=
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Me, R?=Et), however, was the
only one to display an inter-
pretable spectrum in CDCl;.
Although poorly defined, it
was consistent with a mononu-
clear Cs;-symmetrical structure.
The spectra of the three other
complexes gave little informa-
tion because of the extremely
broad resonance signals. This
may be caused by some chem-
ical exchange process that pro-
ceeds on the NMR time scale. =
The addition of a small coordi-
nating molecule, such as aceto-
nitrile, did not yield well-de-
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fined spectra, as opposed to the 7.0 6.0

tris(pyridine)-based  copper(1)
system. 28]

However, bubbling CO into
the solution induced drastic
changes in all NMR profiles,
which indicates the formation
of novel, yet highly soluble species 4. The NMR spectra
became well-defined and presented a reduced number of
narrow peaks. Each of them integrated for three or six groups
of equivalent protons, in accordance with a C;-symmetrical
molecule. Whereas for free ligands 2 both sets of imidazole
protons had almost identical chemical shifts (they were
separated by less than 0.06 ppm), in the new species 4 they
were separated by 0.3 —0.6 ppm. This provides evidence of the
coordination of Cu® to the imidazole arms of ligands 2.
Displacement of the chemical shifts from the methoxy (or
ethoxy) protons to lower fields compared to free ligands,
indicated that these OR' groups were repelled outside of the
cavity. As a consequence, the corresponding three rBu-
phenoxyl groups were stacked in the in position relative to
the m cavity (0(rfBu')=0.7-0.9), which was the exactly
reverse situation of free ligands 2. All these observations
are consistent with a trigonal geometry at the cuprous ion
which results from its coordination to the three imidazole
groups of ligands 2. The calixarene adopts a cone conforma-
tion with its phenoxyl moieties in alternate in and out
positions, as reflected by the difference in chemical shifts
between the two sets of rBu protons.

IR studies in solution indicated the presence of two CO
stretching bands at about 2100 cm™! that disappeared when
argon was bubbled through the solution. The most energetic
one was predominant for 4c¢ (R'=Et, R?=Me) (v=
2105cm™') and 4d (R'=Et, R2=Et) (2104 cm™!), whereas
the less energetic was less intense (2094 and 2093 cm™!,
respectively). For 4a (R'=Me, RZ=Me) and 4b (R'=Me,
R2=Et), it was exactly the reverse (Figure 1). This indicates
that the coordination of CO to Cu" led to the simultaneous
formation of two species. One of these was predominant in the
methoxy compounds 4a, b, the other in the ethoxy com-
pounds 4¢, d. Each of them, however, corresponded to a four-
coordinate complex with the binding of all three imidazole
groups and a CO molecule because: 1) the carbonyl stretching

reported in cm™! (right).
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Figure 1. IR and '"H NMR characterization of Cu—CO adducts 4 at room temperature in CDCl; at 400.13 MHz.
H,,: m; NR?: +; Bu: e. Peaks that could account for the coexistence of a minor conformation (see text) are
indicated by *. Solvent and water are labeled “s” and “w”, respectively. IR stretching frequencies (v¢o) are

frequencies in complexes 4 fall in the range of values reported

for N;CuCO structures (7=2045-2102 cm~! for nonfluori-

nated ligands),’*%7) 2) bis(imidazole)Cu*™ complexes have
been described as stable species that do not react with

CO,l%.91 3) N,CuCO complexes are rare and present v¢q

values above 2112 cm~L/% 71 and 4) binding of more than

one CO molecule to Cu' has only been observed in the gas
phase or in solution in the presence of only extremely weak
donors.[

The relative intensity of the carbonyl stretching frequencies
was neither concentration dependent in CO nor in complex 4.
It was not dependent on the nature of the NR? groups. Rather,
the preferred species was dictated by the nature and the size
of the calixarene OR! groups. This suggests that the major
and minor species correspond to different conformational
isomers. Indeed, geometrical differences as a result of subtle
changes in the steric demand on the ligand are observable in
the 'H NMR spectra (Figure 1). Among the remarkable
differences are:
® The ethoxy compounds 4¢, d exhibit narrower peaks than

4a, b.

o Indc, d, the difference in chemical shifts between both sets
of tBu groups or phenyl protons (Ad=0.65ppm and
0.85 ppm, respectively) is more important than for 4a, b
(A6 ~0.30 and 0.35 ppm, respectively).

e The NMe or NEt resonances are shifted upfield in the
ethoxy compounds 4¢, d compared to the methoxy com-
pounds 4a, b.

Variable-temperature '"H NMR study: We have conducted
low-temperature 'H NMR studies. Once again, two very
different behaviors were observed.

In the ethoxy family 4¢, d, the C; symmetry of the molecule
was retained as the solutions were cooled (Figure 2). The
ArCH,Ar doublets, as well as the OCH,Im and H,, singlets
were split into pairs of equal intensity, whereas the other
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Figure 2. Variable-temperature 'H NMR spectra of 4¢ in CD,Cl, at
400.13 MHz. [A similar behavior was observed for 4d (data not shown)].
From all the coalescence processes, an enantiomerization barrier of
9.2(2) kcalmol~!  was determined from the relationship® k =
2.22,/0v*+6J°AB. Hy,: mo; OCH,Im: e; ArCH,H Ar: v; ArCH, H,-
Ar: v. Solvent and water are labeled “s” and “w”, respectively.

peaks were not. As previously described for the related
pyridine-based system, ™ these complexes can exist as a pair
of enantiomers that are in conformational equilibrium. The
interconversion between them, fast at room temperature,
becomes slower than the NMR time scale at —80°C. In this
situation of slow exchange, the 'H NMR spectroscopy
distinguishes the diastereotopic protons corresponding to
one helical enantiomer. Nondiastereotopic protons, that is the
imidazolyl, R!, R? fBu groups, were almost unaffected by
temperature changes. Hence, the main exchange phenomen-
on that affects this system was the interconversion between
two enantiomeric helices, a process that respects the C;
symmetry (Scheme 2).

Conformation A

Scheme 2. Enantiomeric equilibrium for complexes 4¢, d (R' =Et) (con-
formation A).

The methoxy family 4a, b family displayed a completely
different 'TH NMR pattern at low temperatures (Figure 3). As
the temperature decreased, most peaks started to broaden.
This shows that the whole molecule was involved in the
observed exchange phenomenon. Interestingly, however, the
phenyl and rBu groups were influenced more than the
imidazole protons. This indicates that the dynamic exchange
affected the calixarene skeleton more than the coordination

Chem. Eur. J. 2000, 6, No. 22
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Figure 3. Variable-temperature 'H NMR spectra of 4a in CD,Cl, at
400.13 MHz.[A similar behavior was observed for 4b (data not shown)].
H,,: m; H;,: o; OCH,Im: @; NCH;: + ; OCH, *¥; ArCH,H.Ar: v; Bu: .
Solvent and water are labeled “s” and “w”, respectively.

core. A well-defined spectrum was obtained at —70°C.
Assignment of the resonances was made on the basis of 2D-
COSY, NOESY, EXSY and saturation-transfer experiments.
Three distinct peaks were assigned to the OMe groups (6 =
2.86, 3.19, 3.67), as well as for NMe (6 =3.33, 4.05, 4.20). The
ArCH,Ar protons were represented by twelve doublets, the
tBu groups by five singlets, (one accounted for 18 protons, the
others for 9 each), etc. Interestingly, one fBu group (6 =0.07)
and one NOESY-correlated phenyl proton (0 =4.84) were
shifted upfield compared to the others. This indicates that a
Bu group is partially included in the empty space left by the
small CO ligand in the m-basic calixarene cavity. Exchange
experiments conducted at —70°C showed correlations be-
tween all groups of protons that were equivalent at 25°C
(Figure 4). Hence, the C; symmetry observed at room
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Figure 4. Selected area of the 2D-EXSY spectrum obtained for complex
4a in CD,Cl, at —70°C.55
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temperature was merely a pseudosymmetry that resulted
from a fast internal rBu exchange that averaged three
dissymmetrical but equivalent conformations (Scheme 3).
On the other hand, no EXSY correlation was observed
between the sets of axial and equatorial methylene protons of
the calixarene skeleton, which exchanged only 6 by 6. In this
system, as in the former one, the cone inversion was inhibited,
at least on the time scale of these NMR experiments.

Conformation B

Scheme 3. Dynamic behavior of complexes 4a, b (R!=Me) (conforma-
tion B).

In conclusion, two different conformations (A and B) are
accessible to Cu—CO complexes 4. Conformation A is a
flattened cone with the rBu groups pointing alternatively in
and out of the calixarene cavity. It presents a C; symmetry and
the corresponding helical enantiomers are in conformational
equilibrium with each other (Scheme 2). On the other hand, in
conformation B, the partial inclusion of one tBu group breaks
the symmetry of the system, which now wobbles in between
three equivalent conformations (Scheme 3). Whereas the
ethoxy compounds 4c¢, d preferentially adopt conformation
A, the methoxy compounds 4a, b prefer conformation B. In
both cases, however, all conformers coexist as shown by the
presence of two IR carbonyl stretching bands for each
compound and minor peaks on the NMR spectra of the
methoxy compounds 4a, b that could account for conforma-
tion A (see Figure 1).

Discussion

CuCO complexes: CO is a well known ligand for cuprous ions
and has been used to characterize the Cu! state in proteins.
Since they present a poly(imidazole) binding site, many
N,CuCO model complexes (x =2-4) have been studied.

In proteins that contain a tris(imidazole) coordination core
for the cuprous center, such as hemocyanins,?”) amine
oxidases,*! peptidylglycine monooxygenase,*! cytochrome ¢
oxidase,®#1 and other proteins belonging to the heme-
copper family,*-#2 4 the reported stretching frequency of the

4222
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CO adductsP#! lie in the range 2043-2063 cm™'. The only
model complexes that exhibit such low values are those
derived from nonchelating imidazoles (2059-2067 cm~1),[08]
or from the anionic tris(pyrazolyl)borate ligand.F” 3 6261 On
the other hand, for complexes obtained with the neutral
tris(imidazolyl)methoxymethane (vco = 2080 cm ")) and tri-
s(imidazolyl)phosphane (vco=2083-2086 cm~")[%! tripods,
the CO stretches are more energetic. Complexes 4, although
structurally very similar to the biological systems, display v¢o
values that are ~40 cm~' higher. Since the presence of a N
substituent does not greatly influence the value of v,/ a
possible explanation lies in the geometrical constraint. In-
deed, a chelating system cannot optimize the orbital overlap
between the ligating nitrogens and the metal as a free system
does. The lower the N—o donation is, the smaller the st-back
donation from Cu* to CO and the weaker the Cu—(CO) bond
strength. This hypothesis is substantiated by the comparison
between [(1,2-dimethylimidazole);CuCO] (2062 cm™!),[68]
4a, b (2092 cm') and 4¢, d (2102 cm™!). Whereas the ligand
electronic properties are a priori equivalent, the series
expands for almost all the range reported for N;CuCO
complexes, following a decrease in structural freedom. The
more flexible 4a, b allows the metal to adopt a better
geometry for the CO binding than in 4c¢, d.

These observations allow us to propose an explanation for
the inertness of the tris(pyridine) calixarene-based copper(1)
complex toward CO. Indeed, pyridine being a lower ¢ donor
and better m acceptor than imidazole, the corresponding
CuCO adducts are less stable. The [tris(2-picoline)Cu(CO)]
complex presents a stretch (veo=2085 cm ')l at a higher
frequency than its imidazole analogue. Again, v, increases
for a chelating system, such as tris(pyridyl)methoxymethane
tripods (2093-2102 cm~').[°'! With the calixarene-based li-
gand, the expected increase of 40 cm™! relative to 2-picoline,
as a result of steric constraint, would give values (>2125 cm™')
that could only account for a very weak Cu—(CO) bond.

Finally, the shift of the CO stretches from conformation A
to conformation B is indicative of a relationship between the
geometry at the metal center and the cavity. The geometrical
distortion in conformation B is transmitted from the lower
rim to the ligating tripod and allows a stronger binding of CO.
This is an interesting example of geometrical control, not only
through covalent pre-organization, but also by weak inter-
actions within the hydrophobic pocket.l’¥

Conformations and molecular modeling: The calixarene
structure obviously plays a major role in the properties of
our complexes. The helical Cs;-symmetrical conformation
adopted by the ethoxy complexes 4¢, d is characterized by a
pronounced alternate in/out position of the phenoxyl units,
thus offering a flat and relatively closed cavity. As shown by
the NMR studies, the OR! groups are pushed far away from
the coordination core. This drives the corresponding rBu-
phenoxyl to bend into the in position relative to the calixarene
cavity. The three other rBu groups related to the nitrogenous
arms are thus repelled into the out position. Previous
molecular modeling experiments on other calixarene-based
complexes™ ™! led to a good agreement with the crystal
structures obtained by X-ray analysis.? 7 Therefore, we
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Figure 5. Energy-minimized structures of 4. Left: viewed from the side;
right: viewed from above.””)

have G conducted calculations for compounds 4.7 Figure 5
(top) displays the conformation of lowest energy that was
found for all of them. This model agrees with conformation A,
which is preferentially adopted by the ethoxy compounds
4c¢, d. For the methoxy compounds 4a, b it was possible to
locate an extra conformation that is dissymmetric and has
an energy comparable to conformation A (AE,=1-
1.5 kcalmol™?). In agreement with conformation B described
in Scheme 3, the computed model displayed in Figure 5
(bottom) shows the partial inclusion of one fBu in the &t cavity
of the calixarene and two OMe substituents that are close to
the coordination core. Interestingly, this new conformation
did not correspond to a minimum of energy for 4¢, d. This is
most likely to result from the steric repulsion between the
OEt groups and the coordination site, which drives com-
pounds 4¢, d to prefer conformation A where the OEt/core
interaction is minimized.’® Lastly, conformations that present
the apical CO ligand outside of the calixarene cavity have also
been explored and ruled out because of their much higher
energies (AE.>40 kcalmol ™).

Dynamics: The ethoxy complexes 4¢, d, for which conforma-
tion A is the most stable, mainly exist as pairs of enantiomers
whose interconversion can be frozen on the NMR time scale
at low temperature. The chirality of the related calixarene-
based tris(pyridine)Cu' complexes was previously observed in
solution in the specific case of an anionic guest, CI~."*1 With
the neutral MeCN ligand, the former system did not show any
diastereotopic splitting of the proton resonances, even at low
temperature. Hence, the results obtained with the imidazole-

Chem. Eur. J. 2000, 6, No. 22
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based system may be considered as a new step toward chiral
recognition, even if the interconversion activation energy is
still too low to allow separation of enantiomers.

The major conformation adopted by the methoxy com-
plexes 4a, b is totally dissymmetric, in spite of the linearity of
the guest molecule, CO, which is compatible with the
symmetry of the host. There are previously reported examples
of cuprous complexes based on C; facial-capping N; ligands
that display a seemingly symmetric NMR spectrum, % 01-63.79]
whereas X-ray analysis revealed a dissymmetric structure.®]
This was related either to the bulkiness of a good ligand, such
as PPh;, that prevents coordination of one nitrogenous arm,
or to the formation of dimeric structures which result from the
lack of a fourth exogeneous coordinating molecule. In these
cases, fast exchange as a result of the labile cuprous ion
accounted for the apparent symmetry observed in solution for
three-coordinate species. Our case is different. The dynamics
of the system are not directly related to the Cu* coordination
sphere, but to supramolecular effects that arise from the
necessary filling of the calixarene cavity. The four-coordinate
methoxy complexes 4a, b alternate between three equivalent
dissymmetric conformations, thereby displaying a motion that
resembles a three-step waltz.

Conclusions

Few biomimetic complexes have combined a metal ion and a
hydrophobic cavity.'’] Supramolecular models, however, are
very important for the detailed understanding of the func-
tioning of natural systems. Recognition mechanism, chemo-
selectivity, and allosteric control are indeed monitored by the
interaction of the substrate with the protein.

We have described the synthesis of a series of novel
calix[6]arene-based Cu' complexes with a systematic variation
of the ligand skeleton. As in their biological models, the
cuprous ion is coordinated to a neutral tris(imidazole) core
and combines a structural role with the binding of an
exogenous molecule. Contrary to the tris(pyridine) ana-
logues,? stable mononuclear tetrahedral complexes are
obtained upon coordination of CO. This emphasizes that
important electronic differences do exist between imidazole
and pyridine. The calixarene structure also plays a major role
in the properties of our complexes. It provides a hydrophobic
cavity around the apical binding site, into which an exogenous
ligand can enter. We previously showed that the conical
pocket could influence the conformation of the included guest
molecule for the optimized filling of the cavity.” Here,
because the CO ligand is not big enough to fill the pocket, the
calixarene can auto-include one of its fBu groups. This process
is controlled by the size of the O substituents (R'): if it is bulky
(ethyl rather than methyl), a symmetrical conformation (A) is
preferred. Hence, the complexes behave as two distinct
families (methoxy 4a, b and ethoxy 4c¢, d) which possess
different dynamic properties. The resulting differences in the
steric demand also induced significant modifications of the
electronic properties of the metal center. Interestingly, the
accountable small ligand change (2a, b versus 2¢, d) occurs
relatively far away from both the cavity and the metal ion. The
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calixarene structure conveys the conformational modifica-
tions from one end of the molecule to the other. This
supramolecular behavior, promoted by the strong conforma-
tional coupling between the metal center and the host
structure, is reminiscent of allosteric effects common in
biological systems, such as protein folding or substrate
binding.$ 3. 4345811 Furthermore, as in copper proteins, the
vibrational spectrum of the bound CO revealed it to be a
sensitive gauge of the coordination structure of the Cu* ion.[™

Finally, this work provides a nice example of conforma-
tional assignment for host—guest complexes in solution.
Knowledge of the relative orientation of the host-guest
structures in complexes, particularly when weak noncovalent
interactions operate, is important for the development of
functional supramolecular materials, such as those for cata-
lytic or analytical purposes.

Experimental Section

General procedures: All solvents and most reagents were obtained
commercially. DMF was stored over 4 A molecular sieves under argon.
THF was distilled over sodium/benzophenone under argon. 'H and
3C NMR spectra were recorded either on a Bruker Avance400 or on a
Bruker AC200 spectrometer. Standard HMQC and HMBC experiments
were used for peaks assignments.5S) Traces of residual solvent were used as
an internal standard. Exchange experiments (NOESY and EXSY) were
recorded with 7,, = 300 ms. Solution (chloroform) IR spectra were obtained
on a Bomen MB 100 FTIR spectrometer equipped with a InSb detector and
a Spectratech ultramicro cavity (1 mm). Solid state measurements (KBr
pellets) were carried on a Perkin—Elmer 783IR spectrophotometer.
Elemental analyses were performed at the Institut de Chimie des
Substances Naturelles (France). For this purpose, the products where
dried for at least one night under vacuum at 60—70°C.
5,11,17,23,29,35-Hexa-tert-butyl-37,39,41-triethoxycalix[ 6 ]aren-38,40,42-
triol (1, R=OEt): This compound was obtained by a modification of a
previously  described  synthesis®:  tert-butylcalix[6]arene®! (5 g,
5.15 mmol), K,CO; (2.13 g, 15.5 mmol), EtI (1.65 mL, 20.6 mmol), and
acetone (375 mL) were stirred for 48 h at 70°C in a 500 mL round glass
flask, with thick walls, and firmly closed with a screw cap. Potassium acetate
(2.4 g, 24.5 mmol) was then added to the mixture, which was stirred for
30 min before removal of the solvent under reduced pressure. The residual
solid was dissolved in chloroform (400 mL) and washed with 10 % aq. HCI.
The aqueous phase was further extracted with CH,Cl, (2 x 100 mL) and the
combined organic phases were washed with water (2 x 200 mL), dried over
MgSO,, filtered and evaporated. The crude product was finally chromato-
graphed (silica gel, CH,CL,/AcOEt 995/5; R;=0.37) to give the desired
tris(ethylated) calixarene as a white solid. Yield =33 %; m.p. 162°C.

General procedure for the synthesis of ligands 2: All ligands 2 were
obtained by reacting 1 (R =OMe*) or R = OEt™) with either 2-chloro-
methyl-1-methyl-1 H-imidazole® or 2-chloromethyl-1-ethyl-/ H-imida-
zoleP? in the presence of excess NaH in a THF/DMF mixture. The
experimental procedures were the same as previously described! for
ligand 2a. Quantities, yields and characterizations are given below.
Synthesis of 5,11,17,23,29,35-Hexa-tert-butyl-37,39,41-triethoxy-38,40,42-
tris[ (1-methyl-2-imidazolyl)methoxy]calix[6]arene (2¢): Compound 1
(R=Et; 500 mg, 0.47 mmol ), NaH (60% in oil, washed with pentane,
600 mg, 15.0 mmol), and 2-chloromethyl-1-methyl-/ H-imidazole hydro-
chloride (950 mg, 5.7 mmol). Yield 90 %. For microanalysis purposes, the
product was filtered on silica gel (CH,Cl,/MeOH 9/1, R;=0.4). M.p. 175°C;
'H NMR (400.13 MHz, CDCl;, 298 K; only the prominent peaks are
given): 0 = —0.38, 0.46, 0.83, 0.97, 1.00, 1.29, 2.94, 3.34, 3.79, 4.30, 4.34, 4.94,
6.69, 6.99, 7.14. The relative intensities of the regions: 6 ={—0.38 to 2.4},
{2.8-5.2}, {6.5-72} are 21:7:4; ®C NMR (100.6 MHz): 6=29.7-34.1,
122.1,127.8,133.2, 143.4, 146.0; IR (KBr): 7#=1605, 1587, 1480, 1418, 1365,
1289, 1200, 1120, 1040, 990, 738 cm~'; Cg;H;1,0¢Ns - 2MeOH (1404): caled:
C 76.14, H 8.76, N 5.99; found: C 76.31, H 8.58, N 5.51.

4224
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5,11,17,23,29,35-Hexa-tert-butyl-37,39,41-trimethoxy-38,40,42-tris[ (1-ethyl-
2-imidazolyl)methoxy]calix[6]arene (2b): Compound 1 (R=Me; 1.0g,
0.98 mmol), NaH (60 % in oil, washed with pentane; 1.15 g, 29 mmol), and
2-chloromethyl-1-ethyl-7 H-imidazole hydrochloride (1.02 g, 5.9 mmol).
Yield 97%. The product could be further purified by recrystallization
from hot acetonitrile. M.p. 260°C; '"H NMR (400.13 MHz, CDCl;, 298 K):
6=0.77 (s, 27H; Bu?), 1.38 (s, 27H; Bu'), 1.53 (1, (H,H) =73 Hz, 9H;
NCH,CH,), 2.11 (s, 9H; OCH,), 324 (d, ¥(HH)=152Hz, 6H; Ar-
aCH,,), 427 (q, J(H,H)=73 Hz, 6H; NCH,CH;), 446 (d, 2/(H,H) =
15.2 Hz, 6H; Ar-aCH,,), 5.01 (s, 6H; Im-aCH,), 6.62 (s, 6 H; ArH?), 6.98
(d, 3J(H,H) = 1.0 Hz, 3H; ImH), 6.9 (d, */(H,H) = 1.0 Hz, 3H; ImH), 7.24
(s, 6H; ArH'); *C NMR (100.6 MHz, CDCl,, 298 K): 6 = 16.5 (NCH,CH,),
29.5 (Ar-aCH,), 31.1 (C¥(CH,)3), 31.7 (C'(CH;)5), 33.8 (C*(CHa);), 34.1
(C(CHy),), 41.4 (NCH,CHS), 60.0 (OCHS,), 66.9 (Im-aCH,), 120.0 (C, H),
123.6 (C25H), 128.1 (C,,H and C', H), 133.0 (Car-CH,), 133.6 (Cy-CH,),
143.7 (Cp), 145.9 (C24,), 1462 (C'y,), 151.4 (C24-OCH,-Im), 154.3 (C',-
OMe); IR (KBr): 7 =3660, 3560, 3410 (H,0),1608, 1587, 1489, 1367, 1295,
1200, 1018, 990, 752 cm™'; CgyH,1,06N - LSH,0 (1367): caled: C 76.45, H
8.63, N 6.15; found: C 76.46, H 8.42, N 6.14.

5,11,17,23,29,35-Hexa-tert-butyl-37,39,41-triethoxy-38,40,42-tris[ (1-ethyl-2-
imidazolyl)methoxy]calix[6]arene (2d): 1 (R=Et; 0.80 g, 0.75 mmol),
NaH (60 % in oil, washed with pentane; 0.70 g, 2.9 mmol), and 2-chloro-
methyl-1-ethyl-7 H-imidazole hydrochloride (1.05 g, 5.8 mmol). This yields
95 % of a white product that can be further purified by filtration on silica
gel (CH,ClL,/MeOH 9/1; R;=0.7). M.p. 155°C; '"H NMR (400.13 MHz,
CDCl;, 298 K): 6 =0.37 (br, 9H; OCH,CH,), 0.80 (s, 27H; tBu?), 1.32 (s,
27H; Bu!), 1.50 (t, 3J(H,H)=7.3 Hz, 9H; NCH,CH,), 2.85 (br, 6H;
OCH,CH,), 3.34 (d, 2J(H,H) = 14.7 Hz, 6H; Ar-aCH,,), 4.2 (q, ¥/(H,H) =
7.3 Hz, 6H; NCH,CH,), 4.35 (d, 2J(H,H) = 14.7 Hz, 6 H; Ar-aCH,,), 4.86 (s,
6H; Im-aCH,), 6.67 (br, 6H; ArH?), 6.98 (s, 3H; ImH), 7.02 (s, 3H; ImH),
719 (s, 6H; ArH'); "C NMR (100.6 MHz, CDCl;, 298 K): 6=14.5
(OCH,CHj;), 16.6 (NCH,CH;), 30.1 (Ar-aCH,), 31.3 (C¥CHj;);), 31.7
(CY(CH,)3), 34.0 (C3(CH,)s), 34.2 (C'(CH,)s), 41.3 (NCH,CH3), 66.9 (Im-
aCH,), 68.2 (OCH,CH,), 119.9 (C,,H), 124.0 (C?,H), 127.9 (C,,,H), 128.3
(C's;H), 133.1 (Co~CH,), 133.2 (C5~-CH,), 144.0 (Cy,), 145.0 (C?,,), 145.8
(C'4p), 151.5 (C?5-OCH,-Im), 153.2 (C'5-OEt); IR (KBr): 7= 1608, 1590,
1470, 1200, 1038, 992, 736 cm™!; CogH,5004N - MeOH (1414): caled: C 77.30,
H 8.84, N 5.94; found: C 77.79, H 8.89, N 5.47.

General procedure for the synthesis of complexes 3 Under an argon
atmosphere, dry THF (2 mL) was added to a flask containing the ligand (2,
100 mg) and a stoichiometric amount of [Cu(NCMe),]PF,. After 1-4 h,
either a white precipitate spontaneously appeared or pentane (5 mL) was
added to induce precipitation of the product. The solid was then separated
from the solvent, washed with pentane (2x2mL), and dried under
vacuum. The yield was 80—-90%.

3a (R!'=Me, R2=Me): M.p. >260°C (decomp); IR (KBr): 7= 3650, 3560,
3480, 3410 (H,0), 1605, 1587, 1485, 1460, 1420, 1398, 1365, 840 (PF,"), 565
(PFs7) em™!; CgqH;0504N4CuPFg-3H,0 (1560): caled: C 64.66, H 7.36, N
5.39; found: C 64.69, H 7.21, N 5.69;

3b (R'=Me, R?=Et): M.p. >260°C (decomp); 'H NMR (200.13 MHz,
CDCl;, 298 K):  =0.79 (s, 27H; rBu), 1.16 (br, 36 H; rBu and NCH,CHj),
1.91 (br, 9H; OCHs;), 3.35 (br, 6H; Ar-aCH,,), 4.14 (br, 6H; NCH,CHj;),
4.51 (br,6H; Ar-aCH,,), 5.05 (s, 6 H; Im-aCH,), 6.65 (s, 6 H; ArH), 7.00 (br,
6H; both ImH), 7.17 (br, 6H; ArH); IR (KBr): 7 =3650, 3560, 3480, 3415
(H,0), 1608, 1588, 1488, 1368, 1300, 1200, 1122, 1010, 845 (PF¢~), 565
(PF¢") em™!; CgH;1,04N CuPF;-2H,0 (1584): caled: C 65.95, H 7.51, N
5.30; found: C 65.51, H 7.39, N 5.45.

3¢ (R'=Et, R>?=Me): M.p.>260°C (decomp); IR (KBr): 7=3660, 3560,
3490, 3415 (H,0), 1608, 1590, 1485, 1368, 1295, 1200, 1035, 845 (PF,"), 565
(PFs7) em™!; Cg;H,;1,O¢NyCuPF, - THF - H,O (1634): calcd: C 66.71, H 7.62,
N 5.13; found: C 66.45, H 7.28, N 4.98.

3d (R'=Et, RZ=Et): M.p. >260°C (decomp); IR (KBr): #=3650, 3565,
3480, 3415 (H,0), 1607, 1588, 1470, 1368, 1300, 1200, 1120, 1040, 845 (PF,"),
565 (PF¢~) cm™!; CyoH 50O¢N¢CuPF, - 2H,0 (1626): caled: C 66.46, H 7.68,
N 5.17; found: C 66.44, H 7.55, N 5.25.

Formation and characterization of CO adducts 4: In an NMR tube,
complexes 3 were weighed (=10 mg) and solvent added (either CDCI; or
CD,Cl,). CO gas was then bubbled through the solution for two minutes. In
the specific case of 3a, which was only poorly soluble, introduction of CO
induced an almost instantaneous dissolution of the complex to give 4a.
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Conversely, bubbling argon through a solution of 4a caused rapid
precipitation of 3a.

4a (R!'=Me, R?=Me): '"H NMR (400.13 MHz, CDCl;, 297 K): 6 =0.89 (s,
27H; Bu'), 1.21 (s, 27H; Bu?), 3.31 (d, 2/(H,H) = 14.8 Hz, 6 H; Ar-aCH,,),
3.48 (s, 9H; OCHj;), 3.83 (s, 9H; NCH,), 4.12 (d, 2/(H,H) =14.8, Hz 6 H;
Ar-aCH,,), 5.04 (s, 6H; Im-aCH,), 6.65 (s, 3H; ImH), 6.77 (s, 6H; ArH"),
7.03 (s, 3H; ImH), 7.06 (s, 6H; ArH?); 'H NMR (400.13 MHz, CD,Cl,,
203 K): 6=0.07, 1.22, 1.33 (s, 9H each; /Bu?), 0.68, 1.04, 1.22 (s, 9H each;
tBu'), 2.86, 3.19, 3.67 (s, 3H each; OCHs;), 3.33, 4.05, 4.20 (s, 3H each;
NCH;), 2.90/3.32, 3.00/3.40, 3.18/4.42, 3.32/4.08, 3.44/4.27, 3.44/4.57 (br, |H
each; Ar—aCHeq/Ar—aCHax), 5.59/6.11, 4.91/4.60, 4.29/4.29 (br, 1 H each; Im-
aCH/Im-aCH),4.84, 6.29, 6.85,7.23,7.31,7.31 (s, 1 H each; ArH?), 6.11, 6.85,
6.94,7.08, 731, 7.51 (s, 1 H each; ArH'"), 6.38, 6.49, 6.78 (s, 1 H each; ImH),
6.85, 6.96, 7.11 (s, 1 H each; ImH); 3*C NMR (100.6 MHz, CDCl;, 298 K):
0=29.5 (Ar-aCH,), 31.4 (C(C'H,);), 31.5 (C(C?H,)5), 34.0 (C'(CH,);), 34.2
(C?*(CH,); and NCH3), 61.0 (OCHj3), 66.1 (Im-aCH,), 122.1 (C,,H), 124.1
(C'aH), 1275 (C*,H), 1279 (C\,H), 132.0 (Cx-CH,), 132.6 (CA-CH,),
145.7 (C'5+1Bu), 1459 (Cy,), 146.2 (C?5-1Bu), 152.8 (C',-OMe), 153.7
(C?4~OCH,).

4b (R'=Me, R?=Et): '"H NMR (400.13 MHz, CDCl;, 298 K): 6 =0.94 (s,
27H; Bu'), 1.16 (s, 27H; 1Bu?), 1.49 (t, 3J(H,H) = 7.2 Hz, 9H; NCH,CHj;),
332 (d, 2/(HH)=14.8 Hz, 6H; Ar-aCH,,), 3.44 (s, 9H; CH,), 4.14 (d,
2J(HH)=148Hz, 6H; Ar-aCH,), 422 (q, ¥(HH)=72Hz, 6H;
NCH,CH,), 5.08 (s, 6H; Im-aCH,), 6.61 (s, 3H; ImH), 6.75 (s, 6H;
ArHY), 701 (s, 6H; ArH?), 7.09 (s, 3H; ImH).

4¢ (R'=Et, R?=Me): 'H NMR (400.13 MHz, CDCl;, 298 K): 6 =0.73 (s,
27H; Bu'), 1.32 (t, *J(H,H) =70 Hz, 9H; OCH,CHj), 1.37 (s, 27H; tBu?),
3.70 (d, 2J(H,H) =152 Hz, 6H; Ar-aCH,,), 3.67 (s, 9H; NCHj;), 3.72 (q,
3J(HH)=70Hz, 6H; OCH,CH,), 4.13 (d, 2J(H,H)=15.2 Hz, 6H; Ar-
aCH,,), 5.06 (s, 6H; Im-aCH,), 6.37 (s, 6H; ArH"), 6.57 (s, 3H; ImH), 7.00
(s, 3H; ImH), 7.23 (s, 6H; ArH?); 'H NMR (400.13 MHz, CD,Cl,, 193 K):
0=0.57 (s, 27H; tBu), 0.73 (br, 9H; OCH,CHj;), 1.24 (s, 27H; (Bu), 3.19
and 3.40 (brd, 3H each; Ar-aCH,,), 3.31 and 4.42 (brd, 3H each; Ar-
aCH,,), 3.57 (s, 9H; NCH3), 3.65 (br, 6H; OCH,CHj;), 4.59 and 5.47 (br,
3H each; Im-aCH,), 5.84 and 6.44 (s, 3H each; ArH), 6.58 (s, 3H; ImH),
7.00 (s, 3H; ImH), 7.08 and 7.26 (s, 3H each; ArH); 3C NMR (100.6 MHz,
CDCl;, 298 K): 6 =16.1 (OCH,CH,), 30.3 (Ar-aCH,), 31.3 (C(C'Hs)3), 31.6
(C(C*H;)3), 33.8 (CY(CHj);), 34.0 (NCH;), 34.3 (C*(CH;);), 64.8 (Im-
aCH,), 68.5 (OCH,CHs), 121.8 (C,H), 122.7 (C'sH), 128.1 (C;,,H), 128.2
(C24H), 131.7 (Cx-CH,), 132.6 (C,-CH,), 145.3 (C'5-1Bu), 146.0, 146.2
(Cyy and C?5-1Bu), 151.8 (C!4-OEt), 154.7 (C?4,-OCH,Im).

4d (R'=Et, R?=Et): '"H NMR (400.13 MHz, CDCl;, 298 K): 6 =0.73 (s,
27H; Bu!), 1.28 (t, 3/(H,H) = 6.6 Hz, 9H; OCH,CH,), 1.38 (s, 27H; tBu?),
1.40 (t, %J(H,H) =72 Hz, 9H; NCH,CHS), 3.31 (d, 2J(H,H) = 152 Hz, 6 H;
Ar-aCH,y), 3.71 (q, *J(H,H) = 6.6 Hz, 6H; OCH,CHj;), 4.03 (q, *J(HH) =
72 Hz, 6H; NCH,CHs), 4.15 (d, 2J(H,H) = 15.2 Hz, 6 H; Ar-aCH,,), 5.08 (s,
6H; Im-aCH,), 6.39 (s, 6H; ArH!'), 6.46 (s, 3H; ImH), 7.05 (s, 3H; ImH),
723 (s, 6H; ArH?).
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Release 95.0, Biosym/MSI, San Diego, CA, 1995, on an IBM RISC
6 K workstation. The standard Discover3 algorithms were selected
with their default inputs (0.001 for BFGS Newton energy conver-
gence). Because of the medium size of the molecules, no cutoff was
used to compute the nonbond contribution.

Considering that: 1) the calculated values are only steric energies,
2) we can admit an uncertainty of a few kcalmol™!, 3) special effects,
such as m stacking are not taken into account, these results are
indicative of a more important steric crowding in conformation B for
compounds 4¢, d than for 4a, b, and not of inaccessible conforma-
tion B to family 4a, b..
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Tunable Supramolecular Synthons and Versatile, Water-Soluble
Building Blocks for Crystal Engineering: [(1°-CsH,COOH),Co™]" and
its Zwitterionic Form [(°-C;H,COOH)(7°-C;H,CO0)Co™"]

Dario Braga,*!*] Lucia Maini,*! Marco Polito,*! Michele Rossini,! and Fabrizia Grepioni*!"!

Abstract: It is shown that the water-
soluble dicarboxylic cationic acid [(7°-
CsH,COOH),Co™]* (1) is an extremely
versatile building block for the construc-
tion of organometallic crystalline edifi-
ces. Removal of one proton from 1 leads
to formation of the neutral zwitterion

hydrogen-bonding capacity and partici-
pate in a variety of hydrogen-bonding
networks. The cationic form 1 has been
characterised as its [PFs]~ and CI- salts
1-[PF4] and 1-Cl-H,O, as well as in its
co-crystal with urea, 1-Cl-3(NH,),CO,
and with the zwitterionic form 2, [(#°-

CH,COOH)(#°-CsH,COO)Co™][ (-

C;H,COOH),Co™]*[PFs]-, 2-1-[PF].
The neutral zwitterion 2 behaves as a
supramolecular crown ether: it encap-
sulates the alkali cations K*, Rb* and
Cs™ as well as the ammonium cation
NH," in cages sustained by O—H:---O

[(#°-CsH,COOH)(5°-CsH,COO0)Co™]

(2), while further deprotonation leads to
formation of the dicarboxylate mono-
anion [(1°-CsH,CO0),Co™]~ (3). Com-
pounds 1, 2 and 3 possess different

Introduction

Polycarboxylic acids are being utilised by many scientists in
the quest for a controlled assembly of molecules or ions in the
solid state.l'! The COOH group is, in fact, capable of forming
strong intermolecular hydrogen bonds,? and the presence of
several COOH groups with different orientations in space
allows construction of one-, two- and three-dimensional
aggregates.

The crystal edifice can be made more robust if the
hydrogen-bond network is embedded in the force field
generated by Coulombic forces between charged species in
ionic crystals.’] This is fairly easy to achieve when using
polycarboxylic acids by removal of one (or two) acidic
protons. Partial deprotonation, in fact, leads to formation of
hydrogen carboxylate anions, a trivial observation per se, but
something valuable for crystal engineers.) We and others
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and C—H--- O hydrogen bonds to form
co-crystalline salts of the type 2,-M[PF]
(M=K, Rb, Cs) and 2,-[NH,][PF]. The
deprotonated acid 3 has been character-
ised as its Cs™ salt, Cs*-3-3 H,0.

cobalt

have widely exploited the possibility of reinforcing hydrogen-
bond networks by using charged hydrogen-bond donor and
acceptor species, for exampl, charge-assisted X—H%*--- Y%~
hydrogen bonds, in which X and Y are the usual electro-
negative atoms C, N, O and so forth.’l The simultaneous
presence of charged hydrogen-bonding interactions and of
Coulombic forces between the ions attains the important
result of combining the strength of the ionic interactions with
the directionality, hence predictability and reproducibility, of
the hydrogen bonds.) Charged O—H - O hydrogen-bonding
interactions have their specific structural characteristics:
i) they are usually shorter than neutral O—H--- O hydrogen-
bond, ii) they are linear (namely, the O—H---O angle
approaches 180°) and iii) the H-atom is usually displaced
from the “donor” towards the midpoint of the O --- O system.
This also applies to organometallics acids, although they are
much less common than polycarboxylic organic acids, most of
which are also commercially available. Importantly, organo-
metallic polycarboxylic acids are easily dissolved in water
upon deprotonation. Water-soluble organometallic complexes
are of great interest because of their stability and facility to
handle, with fewer problems in preparation and disposal.”!
We have directed our interest towards the preparation
and study of the hydrogen-bonding behaviour of the
unusual cationic cobalticinium dicarboxylic acid [(’-
C;H,COOH),Co™]* (see Scheme 1).8] Removal of one pro-
ton leads to a formal charge of zero and to the formation of an
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Scheme 1. Schematic representation of the three building blocks based on cobalticinium dicarboxylic acid
complex: the cation [(17°-CsH,COOH),Co"!]* (1), the zwitterionic form [(7’-CsH,COOH)(#>-CsH,COO)-

Co™] (2) and the monoanion [(7°-CsH,CO0),Co™]- (3).

organometallic sandwich zwitterion [(°>-CsH,COOH)(#’-
CsH,COO0)Co™] (2), with one COOH and one COO~ group,
while further deprotonation leads to the dicarboxylate
monoanion [(7°CsH,COQ0),Co™]~ (3) with two COO~ groups.
Hence, the cobalticinium system can be regarded as com-
posed of a fundamental building block, namely “[(%’-
CsH,COO0),Co™]”, which can participate, depending on the
extent of protonation, in hydrogen-bonding networks as a
monocation, a neutral species and as a monoanion. These
features will be discussed in the following by means of a series
of examples.

The cationic form 1 has been characterised as its [PF¢]~ salt
both in the binary salt, 1-[PF,], as well as in the co-crystal with
the zwitterion 2, [(>-CsH,COOH)(#3-CsH,COO)Co™][(7>-
C;H,COOH),Co™]*[PF4]~ (2-1-[PF]). The cation has also
been obtained as its Cl~ salts in co-crystals with one water
molecule, 1-Cl- H,O and with three molecules of urea, 1-Cl-
3(NH,),CO. The neutral zwitterion 2, on the other hand, has
been shown to be able to selectively encapsulate the alkali
cations K*, Rb™ and Cs* as well as the ammonium cation
NH," in cages sustained by O—H--- O and C—H - O hydrogen
bonds. The cage compounds have stoichiometries of the type
2)-M[PF;] (M"=K*, Rbf, Cs") and 2,-[NH,][PF¢]. The
dicarboxylate monoanion 3 has been characterised as its Cs*
salt, Cs™3 -3 H,0.

Abstract in Italian: L’acido cationico dicarbossilico [(1’-
C;H,COOH),Co™]*+ (1) solubile in acqua € un versatile
mattone molecolare per la costruzione di edifici cristallini
organometallici; infatti la rimozione di un protone da 1 porta
alla formazione dello zwitterione neutro [(y’-C;H,COOH) (-
CsH,CO0)Co"] (2), mentre ulteriore deprotonazione porta
alla  formazione del monoanione dicarbossilato  [(n’-
C;H,COO0),Co™"]~ (3). 1, 2, e 3 sono in grado di generare
differenti networks di legame a idrogeno. La forma cationica 1
e stata caratterizzata sia come sale di [PF;]~ e di Cl~, 1-[PF,]
1-Cl- H,O che come cocristallo con l'urea, 1-Cl-3 (NH,),CO,
e con lo zwitterione 2, [(w’-CsH,COOH)(’-CsH,COO)-
Co'l[(w’-C;H,COOH),Co"™J*[PF,]-, 2-1-[PF,]. Lo zwitter-
ione neutro 2 si comporta come un etere corona supramolec-
olare incapsulando sia i cationi alcalini K*, Rb™, Cs™ che il
catione ammonio NH " in gabbie tenute insieme da legami a
idrogeno O-H--- O e C-H -+ O, formando sali cocristallini del
tipo 2,-M[PF,] (M=K, Rb, Cs) e 2,-[NH,J[PF,]. L'acido
deprotonato 3 e stato caratterizzato come sale di Cs*, Cs*-3-
3 H,O0.

4228
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- Results and Discussion

c°@ The dicarboxylic cationic acid [(;5-
O_<0 C;H,COOH),Co""]* (1): The diacid
0® [(73-CsH,COOH),Co™]* (1) was ob-

tained from [(’-CsH,CHj;),Co™]* by

a modification of the synthesis avail-

able in the literature (see Experi-

mental Section). In its crystalline
form, however, the cationic acid

1 is invariably precipitated to-

gether with the zwitterionic form 2. In fact, the species

[(7>-CsH,COOH)(5°-CsH,CO0)Co™][(17°>-CsH,COOH),-

Co"*[PF¢]- (2-1-[PF,], see below) constitutes the only

product that is recovered from the solution of 1 upon

crystallisation. Separation of 1 from 2 is not straightforward
and has been achieved only by exploiting the different
solubility in water and nitromethane of the salts 1-[PF,] and
1-Cl. The separation sequence proceeds as follows (see also

Scheme 2):

1) Solid 2-1-[PF4] was dissolved in water and treated with
HCI (6N) in order to protonate the neutral form 2 to the
cationic form 1. The resulting mixture of 1-[PF,] and of 1-
Cl in water was extracted several times with nitromethane.

2) Since 1-Cl is not soluble in nitromethane and 1-[PF] is
relatively more soluble in nitromethane than in water, the
nitromethane phase contains 1-[PF,], while the water
solution contains 1-CL

3) If at this stage crystals are allowed to form from the
solution of 1 in water, the hydrated chloride 1-CI-H,O is
obtained.

4) The solution of 1-Cl in water is then subjected to several
cycles of heating and evaporation to dryness, in a
rotavapor apparatus, followed by dissolution in water until
all HCI is removed. The hydrated form of 2, namely 2-
3H,0, is then crystallised as yellow swordlike crystals;
anhydrous 2 can only be obtained by thermal treatment of
2-3H,0.

5) Crystalline 1-[PF¢] is obtained as yellow-orange crystals
from the nitromethane solution.

3

o 0 +
NGy &Y,
) HO
Co* oH o Co* PF¢
T w
0 HO

EXTRACTION

ORGANIC PHASE W SOLUTION
o) 4 OH
\ T
Ho>_© 0
Co™* PFs Co* cr

(¢] OH
> Q

Scheme 2. Separation of 1-[PF4] and 2-Cl. The water solution of 2 - 1-[PF]
is treated with HCI (6N); 1-[PF,] is extracted with nitromethane.
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The cationic dicarboxylic acid 1 is isoelectronic with the
neutral complex [(17°-CsH,COOH),Fe"], which is known in
two polymorphic modifications.'”” While both forms of
crystalline [(1°-CsH,COOH),Fe""] contain molecular dimers
joined by twin hydrogen-bonded carboxylic rings,'! the
cation 1 forms infinite chains joined by hydrogen-bonded
carboxylic rings as shown in Figurel. The {[(%’-
CsH,COOH),Co™]*}, hydrogen-bonded chains are then or-
ganised side-by side to form a sort of two-dimensional, step-
ladder cationic superstructure with the [PF¢]~ anions accom-
modated in between the steps. Interestingly, the anions are
surrounded by the cyclopentadienyl C—H groups and form a
large number of charge-assisted C—H°"--- F°~ interactions, a
well-established interaction when [PF¢]- is involved.['”

While the COOH groups in 1-[PF] form typical dicarbox-
ylic rings, this is not the case of the hydrated chloride salt 1-CI
-H,O. The interaction between COOH groups is not direct,
but mediated by water molecules (Ocoon *** Owater 2-766(7),
2.568(7) and 2.797(7), 2.572(7) A for the two independent
molecules of cobalticinium dicarboxylic acid) as shown in
Figure 2 (top). The two independent Ocoop *** Oyaier distances,
which are remarkably short (2.567(7) and 2.572(7) A),
indicate a substantial electrostatic compression with respect
to similar bonds between neutral molecules.¥! The chloride
anions accept hydrogen bonds from the COOH groups as well
as from the water molecules (Cl--- Ocoon 2.975(7), 2.951(7) A
and Cl -+ Oy 3.042(8), 3.044(8) A). Although not all hydro-
gen atoms could be observed, the distribution of the OH
groups can be easily inferred on the basis of the donor—ac-
ceptor geometry and of the length of the C—O bonds. The
involvement of both OH groups and the water molecule in the
interaction with the chloride ion leaves one carboxylic oxygen
atom unused by O—H --- O interactions. This atom participates
in C—H--- O interactions with the cyclopentadienyl rings, as
shown in Figure 2 (bottom), forming a chain of dicarboxylic
cobalticinium acids that “sneaks” between the chlorine atoms.
The water molecules are also involved in short C—H---O,,
interactions (H -+ O 2.217(7) and 2.188(7) A). It is interesting
to look at compound 1-CI - H,O as the hydrogen chloride form
of the zwitterion 2, in analogy with the behaviour of many
amino acids that are often obtained in the solid state as HCI
derivatives, for example, [HOOC-R-NH;]Cl. As mentioned
above, this chloride form releases HCl upon thermal treat-
ment yielding the zwitterion 2.

In order to test the existence of a hierarchy in hydrogen
bond formation involving ions similar to that known for
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Figure 2. Top: The interaction between COOH groups in the hydrated
chloride salt 1-Cl- H,O. Hydrogen atoms are omitted for clarity. Bottom:
Chains formed by the dicarboxylic cobalticinium acid through C-H---O
interactions.

neutral molecules,!' we have crystallised 1 as its Cl~ salt in the
presence of a slight excess of urea ((NH,),CO). Whereas in 1-
Cl-H,O0 the carboxylic groups interact directly with the Cl-,
probably due to poor competitiveness of the water molecules
against the electrostatic attraction between the two ions, this
is not so in crystalline 1-Cl- 3 (NH,),CO. Urea possesses four
N—H hydrogen-bonding donor groups and one oxygen
acceptor and can therefore compete with the carboxylic
oxygens as well as with the Cl- ion in hydrogen-bond
formation. Indeed, the preference is for the urea-acid
interaction, as shown in Figure 3 (top) with each COOH

Figure 1. Parallel cationic [{{(7>-CsH,COOH),Co™}+},] chains form a step-ladder two-dimensional superstructure with the [PF]~ anions accommodated in
between the steps and interacting with the cyclopentadienyl ligands through charge-assisted C—H°* --- F°~ interactions.

Chem. Eur. J. 2000, 6, No. 22
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Figure 3. Top: The urea-acid interaction in 1-Cl-3[(NH,),CO] with the
COOH groups of the cation forming rings with one N—H donor and the O
acceptor of the urea molecules. Bottom: Space-filling representation of the
ion packing in 1-Cl - 3(NH,),CO. Large light grey spheres represent the C1~
ions, dark grey spheres the oxygen atoms. Hydrogen atoms are omitted for
clarity.

group of the cation forming rings with one N—H donor and
the O acceptor of the urea molecules. Interestingly, the
O(H)cation - Ourea distances are very short (2.431(7), and
2.477(7) A), while the N(H) s Ocaion distances (2.945(7),
2.907(7), 2.980(8) A) are longer and compare with values
normally found in neutral N-H--- O bonds. Figure 3 also
shows how the urea molecules are connected through another
N—H--- O bond that involves the NH, group interacting with
the complex, while the second NH, group interacts with the
Cl- ion (not shown). In such a way {1-2(NH,),CO} units are
joined in a step-ladder assembly as shown in Figure 3
(bottom). The coordination sphere of the Cl- ion is formed
by five molecules of urea and one cation through N—H--- CI
and C—H---Cl interactions. The presence of an additional
partially disordered molecule of urea in the crystal structure
suggests that the Cl anions and the cationic chains are not
sufficient to fill all the voids generated by the hydrogen-bond
scaffolding.

As mentioned above the cationic diacid 1 precipitates from
the reaction solution as [(#°-CsH,COOH)(#’-CsH,COO)-
Co"[(5°-CsH,COOH),Co™]*[PF,]~ (2-1-[PF]).®l Although
the compound can be ideally regarded as a co-crystal of 2 and
1, that is 2-1-[PF4], an analysis of the hydrogen-bond

4230
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interaction pattern suggests that the crystalline material is
more appropriately described as a supramolecular salt in
which a supra-cationic unit [{(#°-CsH,COOH)(#’-CsH,COO)-
Co"}{(n>-CsH,COOH),Co"™}]* results from the formal ag-
gregation of the cationic dicarboxylic acid [(n’-
CsH,COOH),CoM]* (present in 1) with the zwitterionic
species [(17°-CsH,COOH)(>-CsH,COO)Co™] (2). Although
we retain the 2-1 description of the system, one should be
aware of the fact that the properties of this aggregate are very
different from those of the two components. In one respect,
for example, the difference is dramatic; in contrast to 1-[PF],
2-1 is extremely stable and requires tough pH and thermal
treatment to be broken and separated in its two components.
Whenever the [PF4]~ counterion is present 2 - 1-[PF] is always
precipitated first from water solutions forming very stable,
dark yellow crystals. The 2- 1 aggregate is probably present in
solution although an assessment requires additional informa-
tion of spectroscopic nature. Figure 4 (top) shows the dimeric

Figure 4. Top: The dimeric arrangement of the 2 -1 system in crystalline 2
1-[PF¢]. The two external O---O bonds are significantly longer than the
inner one (2.594(5), and 2.609(5) versus 2.488(5) A). Two out of the three
hydrogen atoms involved in the bonding were observed. Bottom: The
[PF4]~ anions interact exclusively with the H atoms of the CsH, systems
acting as ion-paring bridges between the units (but note that cyclo-
pentadienyl hydrogen atoms have been omitted for clarity).

arrangement of the 2-1 system. Of the three hydrogen-
bonding interactions the two outer O---O ones are signifi-
cantly longer than the inner one (2.594(5), and 2.609(5) versus
2.488(5) A); this sequence of hydrogen bonding results in a
kind of “S” connection the four COO groups, which are tilted
with respect to the Cs plane in order to accommodate the
three hydrogen bonds. The tilting of the COOH groups,
combined with the rotational freedom of the Cs rings around
the coordination axes, yields a very flexible building block.
Conformational freedom is often responsible for low-energy
dynamical processes both in solution and in the solid state.['®]
In a crystal engineering context these degrees of conforma-
tional and torsional freedom render the building blocks more
adaptable than stiff units to the process of self-assembly, but
also open up the possibility of polymorph formation.['”]
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The [PF¢]™ anions are not at contact distance with the COO/
COOH groups and interact exclusively with the H atoms of
the CsH, systems, in agreement with the favourable formation
of charge-assisted C—H®*---F°~ interactions. Hence, the
anions act as ion-paring bridges between the cationic units
(see Figure 4 bottom).

The deprotonated anionic species [ (7°-CsH,C00),Co™]~ (3):
In its fully deprotonated form 3 the dicarboxylate derivative is
a monoanion (see Scheme 1). The only successful attempt to
isolate suitable crystals of a salt of 3 has been upon treatment
of the 2-1-[PF¢] with an excess of CsOH, to yield the
trihydrated species Cs-3-3H,O. In view of the large number
of hydrogen-bond acceptor sites in the structure of Cs-3-
3H,O0 it is not surprising that crystallisation from water leads
to formation of a hydrated species. The water molecules, as in
most hydrated acidates of alkali metal cations, interact on the
one hand with the electropositive Cs* ion through the lone
pairs on the oxygen atom and, on the other hand, with the
COO groups on the anions through the O—H systems. Direct
COO -+ Cs* interactions are also formed as shown in Figure 5

a,

Figure 5. Top: Water-mediated interactions (water oxygen is black) in
crystalline Cs*-3-3H,0. Bottom: The water molecules O1 and O7 bridge
the Cs™ ions to form a cationic row that interacts with the fully
deprotonated anions 3.

(top). Each Cs* cation is surrounded by eight oxygen atoms.
One water molecule (O6) interacts only with other water
molecules (OO 2.789(10) A), while O5 and O7 interact
also with the carboxylic oxygens (O1 --- 07 2.719(9), O3 --- O7
2.775(9), O5--- 04 2.688(9) A). The Cs* cations form rows in
the crystal and are alternatively bridged by water and COO
oxygens as shown in Figure 5 (bottom).

The zwitterionic cages: The most striking results of this study
are obtained when the zwitterion 2 is employed. If water

Chem. Eur. J. 2000, 6, No. 22
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solutions of 2 - 1-[PF,] are treated with alkali metal hydroxides

MOH (M=K, Rb, Cs) in 1:1 stoichiometric ratio the acid

cation 1 is partially deprotonated. A similar acid-base

reaction occurs upon treatment of the solution of 2-1-[PF]
with concentrated ammonia. The resulting solution contains,
beside the zwitterion 2, the alkali cations or the ammonium
cation and the [PF4]~ anions. Upon crystallization 2 forms
nearly isomorphous supramolecular aggregates with the
inorganic salts M[PF;] (M"=K", Rb*, Cs") and with

[NH,][PF,]. Alternatively, the same compounds can be

prepared by treating solutions of 2 in water with the

stoichiometric amount of the appropriate [PF4]~ salts, that
is, M*[PF¢]- (M=K, Rb", Cs*) and [NH,]"[PF,]~. Reac-
tions with LiOH and NaOH did not yield crystals suitable for
single-crystal diffraction experiments.

The structural features of the four crystalline materials can

be summarised as follows (see also Table 1):

1) The cations are encapsulated within a cage formed by four
molecules of 2. The tetrameric cages share a face so that
the stoichiometry of the systems is 2,-[NH,][PF,] and 2,-
M|[PF,]. The K*, Rb" and Cs* species are quasi isostruc-
tural and isomorphous with the ammonium salt aggregate
2,-[NH,4][PF4] (see Figure 6, top). No adduct has been (so
far) obtained with Li* and Na'. The walls of the cage
consist of two dimeric units of 2 held together by two
O-H--- O hydrogen bonds and by two C-H---O bonds;
these latter involve the H atoms of the CsH,-systems and
the “free” lone pairs on the carboxylic oxygens.

2) This hydrogen-bond framework results in eight oxygen
atoms from the carboxylic/carboxylate groups pointing
inwards thus forming a strongly nucleophilic cage (see
Figure 6, bottom) in which the cations are encapsulated
through either M*--- O interactions (in the cases of K,
Rb*, Cs*) or N—H - O hydrogen bonds in the case of the
[NH,]" cation.

3) The basic packing motif can be described as a sequence of
C—H - O hydrogen-bonded 242 dimers encapsulating the
cations, while the fluorine atoms belonging to the [PF4]~
anions form charge-assisted C—H%* -+ F°~ interactions with
the cyclopentadienyl ligands (see Figure 7).

Table 1. Comparison of relevant hydrogen bond parameters [A] and
angles [°] for 2,-M[PF] (M =K, Rb, Cs) and 2,-[NH,][PF].

2,-K[PF]  2,-Rb[PF,] 2,-Cs[PFs] 2,-NH,[PF,]
0--0 2454(5)  2.455(2) 2465(3)  2.470(5)
O-H, (O)H---O —lal —lal 121, 1.18,
O-H---0 125 1.31
179.4 167.6
C(H)---O 3.334 3.390 3.410 3.381
3.423 3.420 3.455 3.417
(CO)H---0 2311 2.327 2.374 2.319
2.367 2.355 2.412 2.355
CH:--0 157.42 167.64 160.23 167.52
165.42 168.13 162.06 167.56
M*--0 >35A 2.792(5) 2.871(2) 3.005(3) 2.858(3)
2.824(6) 3.014(2) 3.175(3) 2.999(3)
2.857(6) 3.143(2) 3.225(2) 3.155(3)
3.463(6) 3.227(2) 3.291(3) 3.219(4)
v+ (CN 8)isal 1.65 1.75 1.88 1.66—1.750180]
[a] H atoms not observed
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Figure 6. The zwitterionic cages 2,-[NH,][PF,] and 2,-Cs[PF4]. Top: The
N—H---O hydrogen bonds between the guest [NH,]* cation and the
surrounding O atoms in 2,-[NH,][PF4] (only one of the two disordered
images is shown for the cation within the cage); Bottom: the hydrogen-
bonded cage formed by four molecules of 2 with 2,-Cs[PF].
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Figure 7. Ball and stick representation of the cage arrangement in
crystalline 2,-K[PF;]. Note how the [PF¢]~ anions pile up on both sides of
the supramolecular cages and ideally join the zwitterion molecules
(compare with Figure 4, bottom).

The hydrogen-bond framework is not stiff; it permits some
limited degree of flexibility as demonstrated by an analysis of
the data in Table 1:

1) While O—H--- O and C—H --- O interactions appear to vary
only little on changing the nature of the guest, a
comparison of the O ---M* distances shows that the shape
of the cage changes on changing the guest species.
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2)

The cation coordination number is close to six in the case
of K* (i.e., six bonds of comparable length in the range
2.792(5)-2.857(6) and two elongated ones, 3.463(6) A),
while it is eight in the case of Cs* (range 3.005(3)-
3.291(3) A). The Rb* and NH,* cages are roughly
intermediate (bond length ranges 2.871(2)-3.227(2), and
2.858(3)-3.219(4) A for Rb* and NH,*, respectively). The
progressive cage symmetrisation on passing from K* to
Cs* is visualised in Figure 8.

Figure 8. The progressive cage symmetrisation on passing from K* to
[NH,]* in 2,-M[PF].

3)

4)

In the case of the aggregate involving NH,* the M---O
interactions are, of course, replaced by N—H--- O hydro-
gen bonds (see Figure 6, top). The apparent size of the
cation is, however, comparable with those of the larger
alkali cations (K* 1.65, Rb* 1.75, Cs* 1.88 A).[18]
It is noteworthy that the O---O distances (ca. 2.46 A)
between the formally neutral 242 dimers are shorter than
usually observed for neutral O—H --- O carboxylic groups,
while they compare well with charged hydrogen bonds, for
example, —COO~ - HOOC—.["I The structural evidence
is, therefore, for a localisation of the negative charge onto
the deprotonated COO group rather than its delocalisa-
tion over the whole molecular unit. In such a way the two
bonds are better described as charge-assisted O—H--- O~
bonds. At least in the cases of the Cs* and NH," cages, in
which H atoms could be observed, the bond is almost
symmetric with the H atom roughly midway between the
two O atoms.
The organisation in the cage salts 2,-M[PF;] and 2,

[NH,][PF,] demonstrates a remarkable capacity for the
zwitterion 2 to self-assemble around monovalent cations.
Beside the conceptual analogy with crown ether complex-
ation®” (albeit in the solid state) the hydrogen-bond aggre-
gation recalls the so called “G-quartets” formed around alkali
cations by guanosine.4l Very recently, analogous pentamers
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formed by isoguanosine around Cs* have also been de-
scribed.?'  Guanosine and isoguanosine supramolecular
aggregates are sustained by N—H---N and N—H--- O hydro-
gen bonds, while C—H --- O bonds play a fundamental role on
the aggregation of the cage-salts 2,-M[PF4] and 2,-[NH,][PF;].
In a way, the cage formed by 2 can be seen as a sort of
noncovalent crown ether. It is very likely that crystallisation of
the four species is preceded by self-assembly of 2 around
cations of appropriate size in solution (radii 1.60—1.90 A).
The interaction with the smaller cations, for example, Li* and
Na™, might require a deformation of the cage that is not
compatible with preservation of the hydrogen-bond networks
and this could be one of the reasons why similar cages have
not been obtained with these cations.

Conclusion

Water-soluble organometallic synthons are extremely valu-
able in crystal engineering and in materials chemistry because
of their stability and ease of preparation and disposal. Besides,
the presence of metal centres permits the achievement of
magnetic and electronic properties that are not otherwise
amenable with organic molecules.’? The presence of multiple
oxidation states permits the exploitation of the formation of
charged species, hence to reinforce the crystal structures by
means of Coulombic forces. The organometallic dicarboxylic
acid [(°-CsH,COOH),Co™]* possesses all these features.
Besides, it provides a bench-mark system for further develop-
ments of the strategy. For instance, substitution of the
bisbenzene chromium cation, for example, [(#°-
C¢H;COOH),Cr!]*, for the bis-cyclopentadienyl cobalticini-
um moiety will “bring in the solid” paramagnetic centres with
prospective magnetic properties.’l Previous attempts in this
direction by using paramagnetic [(75-C4H,),Cr']* in the self-
assembly with monohydrogen squarate anions, [HC,O4] have
been successful.l?]

Another promising application of metallocene and metal-
loarene polycarboxylic acids is their use as sophisticated
ligands in the construction of supramolecular coordination
compounds. The presence of the COO functions and the ionic
charge carried by the central metal atoms allows us to
envisage the preparation of coordination networks in which
the spacer is the organometallic moiety that may form one-,
two- and three-dimensional arrays depending on the coordi-
nation geometry of the metal. This line of research has also
begun to yield interesting results.

Besides these applications in supramolecular organometal-
lic chemistry®! and in inorganic crystal engineering, the
availability of stable, water-soluble, polycarboxylic acids that
carry a positive charge in their fully protonated forms offers
the opportunity to study the chemistry and structure of
organometallic zwitterions, such as [(#°-CsH,COOH)(#’-
CsH,COO)Co"]. Since compound 2 behaves as a sort of
supramolecular organometallic crown ether, we are now
exploring both the possibility of encapsulating alkali earth
and late transition metal cations (Ba?*, Ag*, Au®) and the
selectivity towards separation of mixtures of cations of
different size in solution.
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Experimental Section

All the starting materials were purchased from Aldrich and used without
further purification. 1,1’-Dicarboxylic cobalticinium acid, [Co™(#’-
C;H,COOH),]* was obtained as [{(>-CsH,COOH)(»’-CsH,COO)}-
{Co™(3°-CsH,COOH),}Co™]*[PF,]~ by oxidising 1,1’-dimethylcobaltici-
niumP%! with KMnO, in a basic solution as described by Sheats et al.l?"]
Synthesis of [(3°-C;H,COOH)(75-CsH,C00)Co™]-3H,0, (2-3H,0) and
[(7*-CsH,COOH),Co™|[PF]  (-[PF]):  [{(7’-C;H,COOH)(-
CsH,COO0)Co"™}{(3°-C;H,COOH),Co™}]*[PF,]~ (0.209 g, 0.3 mmol) was
dissolved in HCI (6N, 20 mL). The solution was extracted three times with a
total of 70 mL of nitromethane. Evaporation of the nitromethane solution
gave yellow crystals of 1-[PF]. Evaporation of the water solution yielded
yellow, swordlike crystals of 2-3H,0 (0.099 g).

Synthesis of [(°-C;H,COOH)(#5-C;H,CO0)Co™]-M*[PFs]-, (2,-
M[PF]) and [(7°-CsH,COOH)(7*-CsH,COO)Co™[[NH,*[PFs]~ (2;-
[NH,4][PF]). Crystals of 2,-M[PF,] were obtained by treating 2-1-[PF,]
with a stoichiometric amount of MOH in boiling water. Crystals suitable
for X-ray diffraction were obtained from slow evaporation at room
temperature. The same procedure was used for the crystallisation of [(#°-
CsH,COOH)(#*-CsH,COO)Co™][NH,]*[PF4] .

Crystallography: The structures of 1-[PF], 2-1-[PF], and 2,-[PF¢] have
been the subject of a preliminary report.¥! Crystal data and details of
measurements for these species as well as for the new compounds
1-Cl-H,0, 1-Cl-3(NH,),CO, Cs*-3-3H,0, 2,-Rb[PF], 2,-Cs[PF,], 2,-
[NH,][PF4] are reported in Table 2. Common to all compounds: Mo,
radiation, 2=0.71069 A, monochromator graphite, 1-scan absorption
correction. All non-H atoms were refined anisotropically. (O)H atoms
were directly located from Fourier maps and not refined. The [PF]~ ions
were found to be affected by orientational disordered, which was dealt with
by refining combined site occupancy factors for the different orientations
with occupancies ratios 1:3 in 2,-Rb[PF], 1:1 in 2,-[Cs][PF4] and 2:3 in 2,-
[NH,][PF4]. H atoms bound to C atoms were added in calculated positions.
The computer program SHELX-9772) was used for structure solution and
refinement. The computer program SCHAKAL-97%"! was used for all
graphical representations. In order to evaluate the C—H--- O bonds the
C—H bond lengths were normalised to the neutron derived value of 1.08 A
and the program PLATON was used.’” In all cases, correspondence
between the structures determined by single-crystal X-ray diffraction and
that of the bulk materials precipitated from solution was confirmed by
comparing the experimental powder diffractograms obtained from the bulk
material with those calculated on the basis of the single-crystal structures.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-143655,
CCDC-143656, CCDC-143657, CCDC-143658, CCDC-143659, CCDC-
143660. Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-
033; e-mail: deposit@ccdc.cam.ac.uk).
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