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CONCEPTS

Hierarchically Imprinted Sorbents

Sheng Dai*!!

@ 0

Abstract: A double imprinting methodology was devel-
oped to synthesize novel materials with hierarchical
structures. On the microporous level (1-3 A), metal ions
served as template. On the mesoporous level (diameters
of 25-40 A), micellar structures produced by self-assem-
bly of surfactant molecules were used as templates.
Removal of both metal ions and surfactant micelles
resulted in the formation of imprints with different sizes
within the silica matrix, each with a specific function. This
research opens vast opportunities for the applications of
ordered mesoporous materials in the area of molecular
recognition such as separations, chemical sensors, and
catalysts.

Keywords: hierarchical structures - mesoporosity -
\molecular imprinting - molecular recognition - sorbents )

Introduction

Hierarchical structures can be found in nature from the
macroscopic level to the microscopic level. Biomaterials are
selectively self-organized from molecular- to macro-length
scales, with organized units of subassemblies that are gen-
erated to serve biological purposes. They are chosen smartly
from a multitude of options. Recently, research has been
initiated to mimic biomineralization processes and chemically
produce hierarchical structures.l'*! Notably, the research
groups of Ozin and Mann have established a morphosynthesis
approach to inorganic and hybrid materials with complex
forms.'3] Three methodologies are predominantly used in
their material synthesis. First, complex macroscopic morpho-
logical forms can be produced by fluctuating chemical
processes involving local perturbations in the fluid-solid
interface during mineralization. Secondly, organic assemblies
such as micelles are used as scaffold-like templates to direct
mineralization along, around, and between the organic—
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inorganic interfaces. Thirdly, patterned organic compartments
(vesicles) are used to shape biomaterials through “organized
reaction fields”.

We have recently introduced a facile approach to the
production of hierarchical microstructure and mesostruc-
tures.l The essence of our new methodology is the combina-
tion of two powerful imprinting techniques at different scales:
1) molecular imprinting®'! and 2) micelle templating syn-
thesis.'*?*] These hierarchical materials may find important
applications as smart sorbents for environmental clean-up.
The motivation for the synthesis of hierarchical materials with
microscopic and mesoscopic form centers around the syner-
gistic importance of stereochemistry, pore size, and surface
area in determining such properties as flow and transport
phenomena, capacity, and selectivity in separation efficiency.
The general concept provides a rational way to synthesize
hierarchical materials for separation applications.

Concept

Imprinting methods based on the template approachl-'4 2
have been used in cross-linked polymers as well as in silica
gels to prepare polymeric supports possessing solid-state
organized structures (Figure 1). Imprinting processes gener-
ally involve three steps: a) selection of a target molecule as a
template; b) incorporation of the template into rigid solid
networks through in situ copolymerization; ¢) removal of the
template, leaving cavities with a predetermined number and
arrangement of ligands that later “recognize” or selectively

Figure 1. Schematic diagram of molecular imprinting.
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rebind the template or target
molecule. The imprint cavity is
produced by the template that
is present during the formation
of the solid matrix. After the
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templating species is removed
from the polymer, a predeter-
mined arrangement of ligands
and a tailored binding pocket is
left. Imprinted materials thus
prepared have been shown to
combine the binding ability of
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imprinted into a rigid polymer
matrix by a template. Such
imprinted materials have been used to resolve racematesl®l
and separate mixtures of metal cations.[® 1.2 20]

From a combinatorial chemistry perspective,?’] the imprint-
ing synthesis of a polymeric system can be regarded as a
screening process to select a specific target polymer config-
uration from a dynamic combinatorial library of polymer
precursor solutions. In conventional polymerization, there is
no “selection” process using a guest molecule and, accord-
ingly, the polymer configuration finally obtained results from
a random quenching of the polymer precursor solution. A
comparison of these two polymerization processes is provided
in Figure 2. One major drawback associated with the current
bulk molecular imprinting technique is that organization of
precursor monomers has been achieved mainly in inhomoge-
neous organic polymer matrices, with little control over
structural parameters, such as pore sizes and surface areas.
The kinetics of the sorption—desorption process is unfavor-
able, as the template and ligand are embedded in the bulk
polymer matrices and mass
transfer must take place
through nonpolar, microporous
channels.

Recently, molecular scale im-
printing was expanded by the I
scientists from Mobil to the H,0
mesoscale level.' This break-
through in catalyst synthesis has
resulted in a novel methodol-
ogy for preparing mesoporous
inorganic materials with ex-
tremely high surface areas and
ordered mesostructures. Meso-
porous silicon, aluminum, and
transition metal oxides have
been prepared. The essence of d
this new methodology is the use
of molecular assemblies of sur-
factants or related substances as 0—sz -=.
templates during the formation o
of oxides. The mechanism for
the organization of such meso-
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Figure 2. Combinatorial chemistry view of molecular imprinting and conventional polymerization processes.

structure involves electrostatic interactions and charge match-
ing between micellar assemblies of quaternary ammonium
cations and anionic silicate oligomer species. Stucky and co-
workers!!'™! have developed a model that makes use of the
cooperative organization of inorganic and organic molecular
species in three-dimensional arrays. They divided the global
surfactant-directed ordered porous material synthetical proc-
ess into three reaction steps: multidentate binding of the
silicate oligomers to the cationic surfactant and the silicate,
preferential silicate polymerization in the interface region,
and charge density matching between the surfactant and the
silicate. This micelle-based template synthesis can be viewed
as a mesoscale imprinting process.

Our approach to the synthesis of hierarchical materials is
based on the combination of the above two-scale imprinting
syntheses. Figure 3 gives a schematic illustration of our
hierarchical imprinting methodology for synthesis of sorbents.
The concepts behind our multilevel imprinting are as follows.
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Figure 3. Schematic diagram showing the synthesis of a hierarchically imprinted sorbent using Cu>* and CTAB
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Surfactant micelles and metal ions both act as templates in
these hierarchically imprinted sorbents, simultaneously. The
metal ion and the surfactant are removed from the silica
matrix through acid leaching and ethanol extraction, respec-
tively. This results in the formation of different-sized imprints
within the silica matrix, each with a specific function. On the
microporous level, removal of the metal ion from the
corresponding complex leaves cavities (1-3 A) that exhibit
ionic recognition. These pores give the sorbent enhanced
selectivity for the given ion. On the mesoporous level,
removal of the surfactant micelles results in the formation
of relatively large, cylindrical pores (diameters of 25-40 A)
that give the gel an overall porosity, including large surface
areas and excellent metal-ion transport kinetics.?*3% Pore
sizes can be easily controlled by the chain length of the
surfactant molecules. This combination of high capacity and
selectivity, coupled with fast kinetics, makes these materials
ideal candidates for many applications. Because the entire
process utilizes template or imprinting synthesis twice and on
different length scales, it can be viewed as a hierarchical
double-imprinting process. Recently, Yang et al.,’ Schacht
etal.,’? and Fan etall demonstrated the hierarchical
organization of three-dimensional structures patterned over
multiple-length scales (10nm to several micrometers)
through the combination of micromolding and cooperative
assembly of inorganic sol —gel species with amphililic triblock
copolymers. Holland et al.[l reported the synthesis of porous
materials with simultaneous microscale and macroscale
orders. To our knowledge, structures on the mesoscale and
microscale with a hierarchical organization have yet to be
synthesized. Our work bridges this gap by combining molec-
ular scale imprinting and mesoscale template synthesis with
surfactants. These materials should find extensive applications
in sensors and separations.

The use of surfactant assembly to create pore sizes and
surface areas is fundamentally different from the standard
procedure for synthesizing molecularly imprinted polymers
using a porogenic solvent.’! 32 Tn the latter case, porosities
normally collapse when solvents are removed. The depend-
ence of the imprinting effect on solvents is not due to the
porosity created by solvent molecules; rather the observed
dependence arises because the imprinted organic polymers
swell to different extents in different solvents. This swelling
effect determines the so-called porogenic effect. The best
swelling effect is achieved using the same solvent in the
selectivity or capacity test as was used in synthesizing the
imprinted polymer. Therefore, the use of different solvents in
synthesizing imprinted polymers is fundamentally not a
molecular imprinting process, while the surfactant template
synthesis in our hierarchical imprinting process is. In an
imprinting process, the template molecules need to interact
strongly with the precursor monomers so that the stereo-
chemistry of the templates can be “memorized” in the
polymers. However, one of the criteria in choosing a good
solvent for molecular imprinting is to optimize the interaction
between target molecules and precursor monomers, but not
solvent molecules and precursor monomers. If the latter
interaction is too strong, the entire imprinting process for the
target molecule will be undermined. In our double-imprinting

Chem. Eur. J. 2001, 7, No. 4
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system, both the ion and the cylindrical micelle templates
interact with the different parts of the sol — gel precursors. The
ion templates coordinate with diamine functional ligands,
while the cylindrical micelle templates interact with Si-OH or
Si-O~. This double-template synthesis results in the reported
hierarchically structure in our mesoporous materials. The
pore structures and surface areas remain after the removal of
the surfactant templates and do not swell upon contact with
organic solvents.

Synthesis and Characterization

In order to illustrate the potential of this double-imprinting
methodology, Cu?*-selective, ordered mesoporous sorbents
were chosen to demonstrate the basic principles. An extensive
literature study!® '-263] already exists concerning singly
imprinted polymers for copper separations. The synthetic
procedure used to produce doubly imprinted sorbents is
similar to that of coassembling synthesis.**>% The bifunctional
ligand used to complex the Cu?* template is 3-(2-amino-
ethylamino) propyltrimethoxysilane, H,NCH,CH,NH-
CH,CH,CH,-Si(OMe); (aapts). The ethylenediamine group
in this ligand is known to form strong bidentate dative bonding
with many metal ions. The imprinting complex precursor used
in this study is [Cu(aapts),]**, which was synthesized using
standard literature procedures.”! The typical procedure in-
volves mixing cetryltrimethylammonium bromide (CTAB),
tetraethylorthosilicate (TEOS), [Cu(aapts),]**, water, and base
(NaOH). The mixture is heated, and the solid blue product is
later recovered by filtration. It is well known that amines are
protonated below a pH of 3 and lose their ability to complex
metal cations. This characteristic provides a simple and
efficient way to strip the Cu** template from the imprinted
mesoporous sorbents. The surfactant is also known to be
extractable with ethanol/HCI. Accordingly, the blue filtrate is
refluxed in ethanol/HCI to extract the surfactant templates
with ethanol and to strip the copper-ion templates by proto-
nation of the diamine functional groups. The final material is
washed with copious volumes of 1IN HNO; to ensure the
complete removal of the copper-ion templates. The control
blank samples are prepared using an identical procedure
without the addition of the Cu** template. Both hierarchically
imprinted and control blank sorbents are neutralized to a pH of
7 and dried using a vacuum oven at 50°C for 6 h before
adsorption tests are conducted. Doubly imprinted sorbents
containing the anionic sodium dodecylsulfate (SDS)X! and the
neutral dodecylamine (DDA)“ surfactants were prepared
using a similar protocol. The use of surfactants in the sorbent
synthesis is crucial. All the sorbents singly imprinted with
[Cu(aapts),]** have very small surface areas (<50 m? per g);
the Cu**-uptake capacity is one-fifth of those of the doubly
imprinted sorbents. On the contrary, doubly imprinted and
control-blank functionalized mesoporous silica samples pre-
pared by means of this procedure have surface areas in range of
200 to 600 m?>g~!. Although the pore-size distributions of the
imprinted and control blank samples are very similar, the
surface areas of the imprinted samples are less than those of the
control blanks by 10 to 20%.
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Figure 4 shows the UV/Vis spectrum of [Cu(aapts),]*" in a
methanol solution and the corresponding diffuse reflectance
spectrum of a washed- and dried- as-synthesized mesoporous
silica. The close match between the spectrum of [Cu(aapts),]**
and that of [Cu(b-aapts),]>* (b-aapts = aapts ligand covalently

[Cu(aapts),}** in methanol solution

0.0

[b-Cu(aapts)z]2+ bonded to a mesoporous
silica matrix prepared with CTAB

05 b
400 500 600 700 800
Wavelength/nm ———=

Figure 4. UV/Vis spectra of [Cu(aapts),|** in methanol and immobilized in
a mesoporous sorbent prepared by CTAB as a structure directing reagent.

bonded to silica) indicates that the stereochemical environ-
ments of the copper ion in the two systems are similar and that
the complex is doped into the bulk silica matrix. The
absorption position of the peak is consistent with the fact
that Cu?* is coordinated with four amine ligands since both
three and two amine-coordinated copper complexes have
absorption peaks at much longer wavelengths.[*}l Therefore,
the imprint of Cu?* is successfully formed in the mesoscopic
composite materials.

Small-angle X-ray scatterings (Figure 5) of the surfactant-
free hybrid mesoporous sorbents show a peak around Q =
1.2-2.4 nm~!, which agrees with the corresponding pore size
determined by nitrogen adsorption experiments. This indi-
cates that the long-range order or warm-type structure
organized by the surfactant templates is retained for the
surfactant-extracted imprinted sorbents.”! Therefore, control
over the mesoscopic level is successful.

Sorption Test

Competitive ion-binding studies were conducted with Cu!!
and Zn" ions in order to measure the selectivity of the
imprinted material. The Zn'" ion was chosen as the competitor
species since it has the same charge and nearly identical size
and also binds well with the diamine ligand. In addition, zinc is
also usually present in industrial effluents containing copper,
such as electroplating waste and acid mine drainage.[*] The

766 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001
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Figure 5. Small-angle scatterings of hierachically imprinted sorbents using
a) CTAB, b) SDS, and c) DDA, where Q= (4n/1)sin(6/2), A=X-ray
wavelength (0.154 nm), and 6 =scattering angle. The asterisks in a) and
b) indicate the other diffraction peaks from the hexagonally packed
mesoporous materials. No additional diffraction peaks in c¢) are consistent
with the fact that the neutral surfactant template DDA gives rise to the
worm-structured mesoporous materials.

selectivity coefficient, k, for the binding of a specific ion in the
presence of competitor species can be obtained from equili-
brium binding data®’ according to Equation (2):

M, (solution)+M,(sorbent) = M,(solution)+M,(sorbent) 1)

k= {[Mz]solulion ) [M’]snrhenl} _ Kd(Cu)/Kd(Zn) (2)

{ [M 1 Loluuun : [M 2]surbcm }

where K is the distribution coefficient, expressed as:
K ={(C;— C))/C}} x {volume solution (mL)}/{mass gel (g)} 3)

Here, C;is the initial solution concentration and C; is the final
solution concentration. Comparison of the k values for the
imprinted and control blank gels can show the effect that
imprinting has on the metal-ion selectivity for a given
material. A measure of the increase in selectivity due to
molecular imprinting can be defined by the ratio of the
selectivity coefficients of the imprinted and nonimprinted
materials:

k' = kimprmled/knon—lmprinled (4)

Table 1 summarizes values for the distribution constant (Kj),
selectivity coefficient of the sorbent toward Cu?* (k), and the
relative selectivity coefficient (k') obtained in these compet-
itive ion-binding experiments between zinc and copper ions.
A comparison of the k values for the Cu?**-imprinted sorbents
with the corresponding control samples shows a significant
increase in k for Cu>* through imprinting, with the largest k =
33000 and the largest k' =240. We have recently reported a
synthesis of imprint-coated sorbents with the largest k value
around 90 and the largest k' value around 40, which are, to our
knowledge, the highest k and k' values currently achieved for
molecular imprinting of metal ions.”>! Qur current double-
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Imprinted Sorbents

763-768

Table 1. Competitive loading of M,(Cu?>*) and M,(Zn?**) by copper-imprinted and control blank mesoporous sorbents made with the precursor silica and
functional ligand of molar ratio 1.0:0.15 at pH 5.0 (acetic acid/sodium acetate buffer).

Type Solutionl % Cu % Zn Cugg Zngg k k'
Cu [M] Zn [M] abs.[) abs.Y) [mLg™] [mLg]

nonimp-aapts (CTAB)! 0.001 0.001 99.66 99.77 29000 43000 0.67 -
imp-aapts (CTAB)Y 0.001 0.001 99.17 40.12 12000 67 180 270
nonimp-aapts (CTAB) 0.001 0.01 99.67 55.81 30000 130 230 -
imp-aapts (CTAB) 0.001 0.01 99.24 10.13 13000 11 1200 4.6
nonimp-aapts (SDS) 0.001 0.001 96.07 44.59 2400 80 30 -
imp-aapts (SDS) 0.001 0.001 99.56 13.31 23000 15 1500 50
nonimp-aapts (SDS) 0.001 0.01 93.37 10.64 1400 12 120 -
imp-aapts (SDS) 0.001 0.01 99.98 2.40 82000 2.5 33000 280
nonimp-aapts (DDA) 0.001 0.001 99.70 90.40 32000 940 34 -
imp-aapts (DDA) 0.001 0.001 99.60 40.00 25000 66 370 11
nonimp-aapts (DDA) 0.001 0.01 96.00 18.00 2400 22 109 -
imp-aapts (DDA) 0.001 0.01 99.50 12.20 19000 14 1300 12
nonimp-aapts (no surf.)(¢! 0.001 0.001 72.40 11.20 260 13 20 -
imp-aapts (no surf.)! 0.001 0.001 71.80 8.77 250 9.6 36 13

[a] Initial solutions. [b] Percentage metal ion absorbed (+0.01). [c] Nonimp-aapts (CTAB) =non-imprinted sorbent synthesized with CTAB surfactant.
[d] Imp-appts (CTAB) = imprinted sorbent synthesized with CTAB surfanctant. [e] Nonimp-appts (no surf.) = non-imprinted sorbent synthesized without
surfactant templets (other conditions were kept identical). [f] Imp-aapts (no surf.) =imprinted sorbetn synthesized without surfactant templates (other

condtions were kept identical).

imprinting approach gives rise to a significant improvement in
selectivity. In Table 1, the batch-test results for the sorbents
prepared without the use of surfactant templates are also
listed. The K4(Cu) and k values of the imprinted sorbent are
250 and 26, respectively. Both values are significantly less than
those of the doubly imprinted sorbents. The low K (Cu) value
for the singly imprinted sorbent can be attributed to its small
surface area (26 m? per g; see Table 2). This further demon-
strates the importance of using surfactant templates to
generate large surface areas in our doubly imprinted sorbents.

Table 2. Surface areas and total pore volumes.

Sorbent B.E.T. Surface area Total pore volume
[m? per g] [em®per g]
imp-aapts (DDA) 240 0.16
nonimp-aapts (DDA) 260 0.15
imp-aapts (SDS) 260 0.45
nonimp-aapts (SDS) 330 0.46
imp-aapts (CTAB) 520 0.69
nonimp-aapts (CTAB) 570 0.65
imp-aapts (no surf.) 26 0.04
nonimp-aapts (no surf.) 24 0.04
Conclusion

A new molecular imprinting methodology has been devel-
oped to synthesize hierarchical materials. This new method-
ology makes use of the recent advances in the controlled
synthesis of mesoporous materials and combines them with
molecular level imprinting techniques. This procedure pro-
duces imprinted mesoporous hybrid sorbent materials that
exhibit not only fast binding kinetics and high capacities but
also molecular recognition capabilities. We view these new
sorbents as solid-state analogues to crown ether-type ligands
that are tailored for a specific target ion. The simplicity of this
technique should lead to a wide variety of highly selective
sorbents the properties of which can be optimized for many
metal ions with the proviso that they form stable coordination
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complexes with a suitable bifunctional ligand containing a
silane group. Furthermore, this hierarchical imprinting meth-
odology should not be limited to the synthesis of sorbents for
the binding of metal ions. If complexes or molecules can be
formed between targeted organic molecules and functional
groups containing a silane group, application of the above
methodology should lead to the synthesis of sorbents which
exhibit molecular recognition of organic molecules. The
general design principles illustrated by these results highlight
opportunities in areas such as selective sorbents, chemical
sensors, and catalysts offered by the imprinted mesoporous
materials as molecular recognition devices.
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Introduction

Aluminosilicate zeolites consist of microporous continuous
frameworks of linked AlO, and SiO, tetrahedra, with the
negative framework charge balanced by cations in one or
more sites within the cages. Within a given framework type,
compositional variation can be represented by the charge
coupled ionic substitution:

Si*t = AP* + (1/m) M7+ )

As products of hydrothermal synthesis in nature, the labo-
ratory, or industry, zeolites contain hydrated cations, and their
chemical formula can be expressed, per mol of tetrahedra, as:

Hydrated zeolite =M"+,,, Al Si,_,O,-mH,0 2)

The extent of aluminum substitution ranges from x =0 to x =
0.5. The major cations are the alkali and alkaline earths.
Writing the formula per mol of tetrahedra allows ready
comparison of zeolites having different numbers of tetrahedra
per crystallographic unit cell and emphasizes that zeolites are
derivatives of silica structures through the charge balanced
“stuffing” substitution above. Many zeolites can be dehy-
drated without framework collapse; this constitutes “activa-
tion” for many catalytic processes. The anhydrous zeolite has
the formula, per tetrahedral unit:

Anhydrous zeolite =M"*,,, Al Si,_, O, 3)

Zeolites can also be ion exchanged. Thus, once a specific
structure is synthesized at a given Al/(Al + Si) ratio, a number

[a] Prof. A. Navrotsky, Dr. Z.-R. Tian
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Department of Chemical Engineering and Materials Science
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One Shields Avenue, Davis, CA 95616 (USA)
Fax: (+1)530-752-9307
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of different hydrated and/or anhydrous zeolites containing
various cations are accessible. Variation in the initial synthesis
conditions produces different framework types and aluminum
contents. Therefore a whole series of materials showing
systematic compositional variation within a given structure
has been available for physical property measurements, and,
especially over the last five years, for the determination of
heats of formation by high temperature oxide melt solution
calorimetry.l!. The thermodynamics of formation provides
important insight into phase equilibria, mineralogical para-
geneses, optimum synthesis conditions, and the driving forces
for synthesis and transformation. However, because not all
structures are tolerant of dehydration and because thermo-
chemical measurements are tedious and require excellent
sample quality, the data set for the energetics of zeolite
formation is far from complete.

The energetics of anhydrous framework aluminosilicate
glasses showing analogous charge coupled substitution
[Eq. (1)] have been studied extensively.’) Thermochemical
data for dense framework aluminosilicates (phases such as the
feldspars and the stuffed silica derivatives including nephe-
line, kalsilite, and eucryptite) are also available.Pl The
enthalpies of many silica polymorphs (dense frameworks,
glass, and a number of zeolites) have been reported.l The
enthalpies of formation of about twenty anhydrous alumino-
silicate zeolites are known.P!

The purpose of this paper is to bring together the
thermochemical data for the charge coupled substitution
[Eq. (1)] in glasses, anhydrous zeolites, and dense aluminosi-
licates to form a systematic and predictive model for the
enthalpies of formation of anhydrous aluminosilicate zeolites.
We consider the dependence of the energetics on framework
type, aluminum content, and charge balancing cation and
define a set of linear equations describing the enthalpies of
formation. This model for anhydrous aluminosilicate zeolites
will be incorporated, in a subsequent paper, into a predictive
model for the thermodynamics of hydrated zeolites.

Thermochemical Trends in Glasses

Roy and Navrotsky® reported the enthalpies of solution of a
number of framework aluminosilicate glasses (M =Li, Na, K,

0947-6539/01/0704-0769 $ 17.50+.50/0 — 769





CONCEPTS

A. Navrotsky and Z.-R. Tian

Rb, Cs, Mg, Ca, Sr, Ba, Pb) in molten 2PbO - B,0; near 973 K
(see Table 1). The enthalpies of solution become more
endothermic (glasses energetically more stable) with increas-
ing aluminum content, reaching a maximum near x=Al/
(Al+4Si)=0.5. These data can be used to calculate the
enthalpy of formation of the glass from its binary oxide
components at 298 K, AH 595k oxides:

xM,,, O,,,» (crystal) + (x/2)AIZQ3 (corundum) - )
+ (I —x)SiO, (quartz) =M,, AL, Si,_, O, (glass)

The results are shown in Table 1 and Figure la. For 0 <x <
0.5, the Al/(Al+ Si) ratios of interest for zeolites, AH s  oxides
varies linearly with x and defines a fan of straight lines whose
slope becomes steeper (greater energetic stabilization) in the
order Pb, Mg, Ca, Li, Sr, Ba, Na, K, Rb, Cs. This stabilization
can be related to the ionic potential (z/r=charge/radius) and
the extent to which the charge-balancing cation is able to
perturb the tetrahedral framework.’!

Comparison of Zeolites, Dense Phases,
and Glasses

Petrovic et al.*l determined the enthalpies of six zeolitic
silicas relative to quartz. These data have been augmented by
recent work by Piccione etal®l It is striking that the
enthalpies of all SiO, zeolites measured span a range of only
about 7 kJmol~! and overlap the value of silica glass. These
zeolite enthalpies lie 8—13 kJmol~! above the enthalpy of
quartz at 298 K. The significance of these small enthalpies and
their weak dependence on framework type has been discussed
previously.* ®

A major question is whether the energetics of different
zeolite structure types and glass are similarly close to each
other at other compositions, that is, for a given Al/(Al+ Si)
ratio and charge-balancing cation M. Tables2 and 3 and
Figures 1b —c summarize the available data. The enthalpies of
formation from oxide components at 298 K of the dense
frameworks and of the anhydrous zeolites form fans of lines
very similar to those for the glasses.

The slopes of these lines, for dense phase, zeolite, and glass,
are plotted versus ionic potential (charge/radius=z/r) in
Figure 2. The data show a trend of increasing stabilization
(more negative slope) with decreasing ionic potential (greater
basicity of the oxide of the extra-framework cation). This is
consistent with the model proposed by Navrotsky et al.”! for
glasses, in which the electrostatic stabilization caused by the
charge coupled substitution [Eq. (1)] is offset by the pertur-
bation of the framework by high field strength cations.

The trends for specific extra-framework cations are com-
pared for dense frameworks, zeolites, and glasses in Fig-
ure 3a—d. For M =Li (Figure 3a), the sparse zeolite data refer
to the faujasite structure (FAU), a relatively open framework
with 12-membered rings (see Table 4). The zeolites are
somewhat higher than the glasses in enthalpy, which in turn
are above the dense frameworks. The data for the dense
aluminosilicate phases are numerous and well constrained
because the stuffed p-quartz Li, Al,Si;_,O, phase forms an
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Table 1. Enthalpies of solution of aluminosilicate glasses in 2PbO - B,0; at
973 K and their enthalpies of formation from crystalline oxides at
298 K kImol~'. A mol is defined as a formula unit containing one mol of
tetrahedra, that is, M, ALSi,_,O,.

Cation X = AH 973 K[a] AH; g7 K,oxides[b] AH, 504 K,oxides[cl
type Al/(Al+Si) [kImol!TO,] [kImol!TO,] [kImol~!TO,]

M=Li 00 —4.30£0.20 7.00 £1.05 9.10£2.33
0.1 —5.35+0.61 —-095+£0.63 —028+0.67
0.2 —-323£057 —-373£059 —3.74+0.63
0.25 —-118+£022 —-644+£028 —6.50+0.33
0.40 4.04+£0.67 -13.66+0.70 —13.69+0.74
M=Na 0.0 —4.30£0.20 7.00 £1.05 9.10+2.33
0.125 —265+£014 -332+£023 -811+031
0.188 095+017 —-7.754+024 —15.80+0.27
0.25 5.00+£0.07 —12.624+0.18 —23.88+0.29
0.25 el el —24.60 £1.2114
0.33 11.05£0.13 —19.74+£022 —3515+0.32
0.42 16.53+£0.12 —2642+022 —46.49+0.34
0.50 Ll Ll —66.50 & 2.090
M=K 00 —4.30£0.20 7.00£1.05 9.10+£2.33
0.05 —-6.00£0.16 —-3.79+025 —-0.16+0.30
0.125 0.62+0.17 —18.634+0.25 —14.05+0.30
0.188 7324+0.16 —3224+£024 -2572+0.30
0.212 7324+0.09 —3487+£020 -30.16+0.30
0.25 11.64+£0.22 —4336+028 —37.24+0.30
0.25 Ll Ll —42.50 41330
0.40 19.82+£0.10 —68.00+£021 —64.98+0.30
M=Rb 0.0 —4.30£0.20 7.00+1.05 9.10+2.33
0.100 —1.15+£043 —1740+047 —151040.42
M=Cs 0.0 —4.30£0.20 7.00+1.05 9.10+2.33
0.100 085+£022 —-1417+£029 —-14194+0.36
M=Mg 0.0 —4.30£0.20 7.00+1.05 9.10+2.33
0.113 —11.41+0.18 10.00 £ 1.01 11.38 +£1.09
0.341 —9.97+£0.23 14.40+£1.82 15.05+1.85
0.565 —891+£0.34 19.08 +1.30 19.06+1.43
M=Ca 0.0 —4.30£0.20 7.00+1.05 9.10+2.33
0.10 —9.31+£0.15 1.97+£0.26 4.53+0.32
0.16 —855+£0.10 —0.62+0.25 3.64+0.29
0.25 —-636+£016 —536+0.33 1.24+0.32
0.34 —571£0.11 —-8.93+£0.39 0.37+0.31
0.38 —444+£014 -1142+043 —1.00£0.33
0.42 —3.67+£0.05 —-1340+045 —1.86+0.31
0.50 el el —-775£1.19
M=Sr 0.0 —-4.30+0.20 7.00+1.05 9.10£2.33
0.10 —951+£085 —2.07+0.89 2.6040.90
0.20 —746+£084 —1140+£094 —2.04+091
0.25 —483+0.66 —17.67+084 —5.96+0.76
0.35 —213+£0.55 —-2765+090 —11.274+0.73
M=Ba 0.0 —4.30£0.20 7.00+1.05 9.10£2.33
0.10 —-878+0.84 —-6214+092 —4.17+0.89
0.15 —7.05£0.71 -1329+0.88 —10.214+0.77
0.25 —207+£075 -2896+1.13 —23.83+0.81
0.35 2.80+0.64 —4452+133 —37.54+0.73
M=Pb 0.0 —4.30£0.20 7.00+1.05 9.10+2.33
0.10 —9.07£0.98 7.204+0.99 7.024+1.02
0.15 —7.04£1.70 6.38+1.71 6.13+1.72
0.35 —4.22+0.72 5.994+0.74 7.824+0.77
0.45 —1.21+£0.11 5414019 7.07+0.31

[a] Data from ref. [6]. [b] Calculated using heats of solution of binary oxides
measured in this laboratory. [c] Calculated using heat contents of crystals
and glasses. [d] Data from ref. [3a]. [e] Different methodology used, values
in this column not measured.

essentially continuous solid solution.’*! The lines for dense
phase, glass, and zeolite are parallel.

For M=Na (Figure 3b), the zeolite data are far more
numerous than for other cations. Two groups of zeolites can
be identified: those with 12-membered rings (and more open
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Table 2. Enthalpies of formation from the oxides at 298 K of dense
framework aluminosilicates, per mol of tetrahedra.

Phase Composition X = AH? 508  oxides
Al/(Al+ Si) [kImol~! TO,]
stuffed quartz[® Li50Aly 5051500, 0.05 —0.59 +£0.66
stuffed quartzl®! Lij 50Aly 5051500, 0.15 —8.10+£0.42
-3 stuffed quartzl® Lij 50Aly50Si.500, 0.16 —8.94+£0.47
= stuffed quartz!® 15 50910500, . —13.14 £0.
S e fled quartz!  LiggAlysSinssO> 025 13.14 £ 0.98
8 L stuffed quartzl*! Lig50Aly 55105005 0.33 —17.0440.56
- stuffed quartz[® Lij 50Aly 5051500, 0.38 —22.47+0.74
E = stuffed quartz[® Lij50Aly50Si.500, 0.40 —27.61+0.83
stuffed quartz® Lig50Aly.50S10.500 0.50 —34.89+0.69
tfed q fal i9.50Aly.50S10.500 5 6
albite (low)! Nag,5Alg,5Si0750, 0.25 —39.41+1.01
Glasses nephelinel®! Nay 50Aly50Siy500, 0.50 —67.20+£2.04
120 microcline!®! Ko25Aly 25819750, 0.25 —5576 +£1.27
: v v N v v v v ! kalsilitel®! Ko 50Aly50S14.500; 0.50 —9728£1.74
0 01 02 03 04 05 06 07 08 Rb-microclinel)  Rby,sAly,5Sig7s0, 025 —56.76 +£0.30
. lucite!! Cs33Al)3351)6,0 0.33 —68.10£0.60
= AV(AL+S po 0.330000.33010,672
x = AlALS)H cordierite! MgonAlyuSinssOs 0.2 ~596+0.16
anorthitel®] CagosAly50Siy 500, 0.50 —2545+£0.79
b) quartz[®! Sio, 0.00 0.00
[a] Data from ref. [3b]. [b] Data from ref. [3a]. [c] Data calculated from
30 - ref. [6]. [d] Data from ref. [10].
able 3. Measured and predicted enthalpies of formation of anhydrous zeolites at
Table 3. M d and predicted enthalpi f f i f anhyd li
0 298 K, per mol of tetrahedra.
;{’: o) x Structurel® Formula AHY xiges) [KTmol™! TO,]
% _[‘_‘ -30 4 Ca (measured)  (predicted) (A)
o;_ g Li 0292 Li-FAUY  Lig,1,Nag0CagonAlosnSine0; — 5244046 —52+£05 0.0
Sz 607 0.180 Na-MORF! Nay, 150Aly,150Si052005 —6.46+040 —9.8+09 —33
0.256 Na-FAU!!  Nag,s6Aly 2565107440, —2266+1.00 —195+11 32
901  Dense Na 0.280 Na-FAUI Nay Al 581,05 21324059 ~226+12 —1.3
Phases 0.280 Na-FAU'! Nag10Al) 2508107205 22064056 —22.6+12 —05
120 K 0.285 Na-FAU!!  Nag,55Aly 255107150, —26.64+1.00 —232+12 34
- T T 0.444 Na-FAUU  Nay 4,Aly 41:Si 55605 C417941.00 —435+17 —1.7
0 01 02 03 04 05 06 07 08 0.182 Na-HEU! Nay5,Aly 16,Si05:50> —14.114+045 —162+1.8 —2.1
_ 0.333 Na-ANAl2! Nag 1Al 13:Siy.6,05 33824137 —372+24 —3.4
x = AV(A+Si) 0.459 Na-CHAM Nay 459Al 450550102 —49.47415.9 —54.7+£3.0 —5.2
0.182 Na-HEU Nay 05K gssAly 1510 51505 20864074 —220+£13 1.1
o) 0.182 Na-HEU® Nag10Ko 01sCaopAl 5Sioss0s — 1343 £0.64 —168+12 —3.4
0.180 K-MOR! Ky 10Aly 150Si0 5005 25254057 —281+1.8 —2.9
0.280 K-FAUW K ,Nag »Aly2Sio 1205 48034072 —487+23 —0.7
30 - 0.182 K-HEUF! K, ;5Al) 15Si051:05 ~26.50+048 —28.5+1.8 —2.0
o © LEFAT 0.200 Rb-FAUM Rby ,0Nag gsAly 2:Si07,05 34344054 —343+05 0.0
B NaFAU 0.280 Cs-FAUI  Cs,,Nag Al 2815705 —36.09+046 —36.1+05 0.0
0 - Ca| @ NaHEU
. Namor 0.180 Ca-MOR Cag yopAly 150Si0.52005 2494040 38413 13
= i | @ nacua 0.280 Ca-FAU  Cag 1,Aly2:Sig 1,05 3414053  08+15 42
59 30 1| & NaaNa 0.180 Ca-MOR Cay 5sNay o6sAly 1508052005 5944066 —37+10 22
= O KHEU 0.333 Ca-LAUl  Cag 167Aly 15351066705 ~126+111 —07+16 06
51, . 1333910.66
=3 O KFAU
CEE -60 4 Na| A KMOR [a] x = Al/(Al + Si). [b] Three-letter symbol denotes zeolite structure, see ref. [11].
<4 K CalAU [c] A (difference) = (predicted value from the model) — (measured value). [d] Data
Rb X CaMOR from ref. [Se]. [e] S. Yang, A. Navrotsky, unpublished results. [f] Data from ref. [5c].
-90 - ) CaFAU g] Data from ref. [3a]. [h] Data from ref. [5d]. [i] Data from ref. [5a].
Anhydrous Cs
$ = RbFAU
Zeolites + Cs-FAU
-120 . . . : ] - - 4 works, the data show similar trends, with MFI and MEL very
0 01 02 03 04 05 06 07 0.8 close to glass in enthalpy and FAU distinctly higher (see

x = AV(A+SI)

Figure 1. Enthalpies of formation at 298 K from the oxides as a function of
x = Al/(Al+Si) for a)all glasses; b) all dense phases, and c) all zeolites.

structures) in the FAU and MOR framework types, which lie
somewhat above glass in enthalpy, and those with 8- and 10-
membered rings (and denser structures) in the HEU, ANA,
and CHA framework types, which lie at essentially the same
enthalpy as the corresponding glass. For pure SiO, frame-

Chem. Eur. J. 2001, 7, No. 4
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Table 4 and discussion in Petrovic et al.l!). For the purposes of
modeling of enthalpies of formation below, we will distinguish
these two groups of zeolites (12-membered rings versus 8- and
10-membered rings). For M=K (Figure 3c), there are not
enough data for the zeolites to distinguish their trend from
that of glass. Similar trends are obtained from the limited
number of data points for M=Cs and M =Rb (Figures 3d,
3e). For M = Ca (Figure 3f), the zeolite data are dominated by
values for those with 8- and 10-membered rings, and fall on
top of the glass data.
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Figure 2. Enthalpies of substitution, Si*' —AP*+ (1/n)M"* for glasses,
dense phases, and zeolites as a function of the ionic potentials (z/r).

Table 4. Structural characteristics of zeolites and measured energetics of
pure SiO, frameworks.

Structure Symboll®)  Porel? Ring AH etative o0 quartn)™
[A] [number of  [kJmol~! TO,]
tetrahedra]

faujasite FAU 7.4 12 13.1+04

X FAU 7.4 12 Ll

Y FAU 7.4 12 13.1+04
mordenite MOR 70x65 12 el
clinoptilolite ~ HEU 7.6x3.0 10 el

ZSM-5 MFI 5.6 x53 10 82+0.8
ZSM-11 MEL 54x53 10 82+1.0
leonhadite LAU 53x40 10 el
Chabazite CHA 38x3.8 8 el

Analcime ANA 42x1.6 8 el

glasslf] Ll L 6 (mainly) 91415

[a] See ref. [11]. [b] Average used in model for the 12-membered ring is
13.1+0.4; for 8- and 10-membered rings is 9.1 £ 1.5, and glass is 9.1 £ 1.5 kJ
mol~'. [c] Data not available. [d] Not defined.

The linear trends in AH| o5 ¢ oxiges Were fitted numerically. In
each case,

AH; 08  oxides [KImol™! TO,] = A + Bx )

where A is the intercept (for pure SiO,) and B is the slope. For
each type of aluminosilicate phase (dense phase, glass, 8- and
10-membered ring zeolite, 12-membered ring zeolite), we
fitted all data simultaneously to linear equations. Thus, the
value of A was fitted to be constant for each structural group.
The parameter A depends on the structure and the parameter
B depends on the nature of the cation. The method used in the
linear regression takes both the error of each data point and
the scatter of all data points from the line into consideration to
generate the uncertainties for each A and B.’l The results
listed in Table 5 show that B is indeed the same for dense
framework, zeolite, and glass of a given cation. The parameter
A is zero for dense frameworks (quartz as the oxide reference
state), 9.1 kJmol~' for glass (silica glass relative to quartz),
13.1 kJmol~! for 12-membered ring zeolites, and 9.1 kJ mol~!
for 8- and 10-membered ring zeolites (see Table 5). The
parameter B is — 63 kJ mol~! for Li, — 139 kJmol ' (for 8- and
10-membered rings) and —127 kJmol~! (for 12-membered
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rings) for Na, —206 kJmol~! for K, and about —30 kJmol~!
for Ca [dense phase (ordered anorthite) excluded]. Data
solely for the glasses define B for Rb, Ca, Mg, Ba, and Pb.

Prediction of Enthalpies of Formation of Anhydrous
Aluminosilicate Zeolites

Equation (5) and the systematics above enable the prediction
of the enthalpies of formation of any anhydrous aluminosi-
licate zeolite based on the correlation between the linear
trends for each cation shown in Figure 3 and the parameters
shown in Table 5. The results are included in Table 3. The
predicted values are almost all within 3 kJmol™' of the
measured ones. Part of the scatter almost certainly arises
because the measured anhydrous zeolites are not all of equal
quality. It is difficult to maintain both an intact framework and
a totally anhydrous state in such materials. The scatter in
measured data generally gives rise to an uncertainty of +0.4
to 0.8 kI mol~! for a given sample.

The generally good agreement between predicted and
measured values suggests that this model can be used to
predict enthalpies of formation of dehydrated zeolites of
structures and compositions that either have not been
measured or can not be made. These could include other
framework types and cationic substitutions. The systematics
predict that Mg- and Pb-substituted zeolite frameworks are of
very limited stability but that those containing the larger
alkalis (Rb and Ca) and alkaline earths (Sr and Ba) should
have considerable energetic stability, as is seen for the glasses
(see Table 5).

The next step in developing this model is to apply it to
hydrated zeolites. For these an enthalpy of hydration must be
added to the terms relating to structure, cation type, and
aluminum content. Since many more hydrated zeolites than
dehydrated zeolite frameworks are attainable, these hydrated
zeolites will offer a more extensive test of the systematics
developed in the study.
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Figure 3. Comparison of the enthalpies of formation at 298 K from the oxides as a function of x = Al/(Al+ Si) for dense phases, glasses, and zeolites of a
given cation: a) Li, b) Na, c) K, d) Rb, ¢) Cs, and f) Ca.

Table 5. Parameters for calculating enthalpies of formation at 298 K from the oxides as a function of x = Al/(Al+Si), AH{ 4y =A+B+x, A, B in
kJmol~! TO,.

M zlr Glassl?! Dense phasel®! Zeolitel
[nm~1] A B A B A B

Li 16.7 9.1+15 —60.7+£5.4 0 —625+2.1 13.1 —63.0l

Na 10.5 9.1+15 —139+5.6 0 —139+4.9 9.1+15 — 139 £5.6l
9.1+15 —139+5.6 0 —139+4.9 13.1+£0.7 127.4+3.41

K 7.5 9.1+1.4 —206.5+6.6 0 —202+5.2 9.1+1.4 —206.5+ 6.6l

Rb 6.8 9.1l —233.0l 0 —227.0 13.114 —237.0

Cs 5.9 9.1 —223.9l 0 —206.4 13.114 —226.71

Mg 30.1 91415 17.9+4.1 0 ~13.54 i (184 5)

Ca 20.2 9.1+1.1 29.5+3.4 0 —50.914 9.1+1.1 —29.5+ 3.4l

Sr 17.7 9.1+1.6 —59.7+£6.3 il i (=60 £6)M

Ba 14.8 9.1+1.6 —131.2+£7.0 -0 —® (=132 £7)M

Pb 16.7 9.1+1.4 —-59+39 -0 —® (—6E£4)M

[a] Data from Figure 1a. [b] Data from Figure 1b. [c] Data from Figure 1c. [d] Based on only two points, error not defined; considered not reliable. [e] Data
from Figure 3b with glasses and small ring (8- and 10-membered ring) zeolites fitted together. [f] Data from Figure 3b for large ring (12-membered ring)
zeolites. [g] Glasses and zeolites fitted together. [h] Predicted from glass data. [i] Data not available.
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1-Boraadamantane: Reactivity Towards Di(1-alkynyl)silicon and -tin Com-
pounds: First Access to 7-Metalla-2,5-diboranorbornane Derivatives

Bernd Wrackmeyer,**! Wolfgang Milius,?! Elena V. Klimkina,! and Yuri N. Bubnov'" ¢!

Abstract: 1-Boraadamantane (1) reacts
with di(1-alkynyl)silicon and -tin com-
pounds 2 (Me,M(C=CR),: M=Si; R=
Me (a), 1Bu (b), SiMe; (¢); M=Sn, R=
SiMe; (e)) in a 1:1 ratio by intermolec-
ular 1,1-alkylboration, followed by intra-
molecular 1,1-vinylboration, to give si-
loles Sa—-c and the stannole Se, respec-
tively, in which the tricyclic 1-bora-
adamantane system is enlarged by two

substituent R at the C=C bond is small
(2a) and/or if the M—C= bond is also
highly reactive, as in 2d (M =Sn, R=
Me) and 2e (M =Sn, R=SiMe;). This
leads finally to the novel octacyclic
7-metalla-2,5-diboranorbornane deriva-
tives 8a, 8d, and 8e, of which 8e was
characterized by X-ray analysis in the
solid state. 1,1,2,2-Tetramethyldi(1-pro-
pynyl)disilane,

MeC=C-SiMe,SiMe,—C=CMe (3), re-
acts with 1 to give mainly a 1,2-dihy-
dro-1,2,5-disilaborepine derivative 9 and
the octacyclic compound 11, which is
analogous to 8a but with an Me,Si,
bridge. All new products were charac-
terized in solution by 'H, "B, 13C, ?’Si,
and '"Sn NMR spectroscopy. For 8 and
11, highly resolved #Si and '"Sn NMR
spectra revealed the first two-bond iso-

carbon atoms. Owing to the high reac-
tivity of 1, a second fast intermolecular
1,1-alkylboration competes with the in-
tramolecular 1,1-vinylboration as the
second major step in the reaction if the

adamantanes -
silicon - tin

Introduction

1-Boraadamantane (1), which is isoelectronic with the
1-adamantyl cation,? is a peculiar trialkylborane, since the
three-coordinate boron atom, which normally prefers a
trigonal planar environment, occupies a position fitting much
better in tetrahedral surroundings. This explains the markedly
increased Lewis acidic character of 1 when compared with
other trialkylboranes. Trialkylboranes R;B are known to react
with many 1-alkynylmetal compounds [Eq. (1)]: after cleav-
age of the M—C= bond and formation of a borate-like
zwitterionic intermediate (A), in which the fragment M is
coordinated sideways-on to the C=C bond, an R’ group is then
transferred from boron to the neighboring alkynyl carbon
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tope-induced chemical shifts, 2A1B-
(¥Si) and 2AYUB(1°Sn) respectively, to
be reported.

atom, leading to an organometallic-substituted alkene (B), in
which the boryl group and the fragment M occupy cis
positions (with a few exceptions) at the C=C bond. Since
the R,B group and R’ end up at the same carbon atom, this
type of reaction has been called 1,1-organoboration.?!
Recently we have reported on reactions of 1 with mono-1-
alkynyltin, -germanium, and -silicon compounds.! It was
found that 1,1-organoboration occurs readily, even with the
fairly unreactive 1-alkynylsilanes, by enlargement of the
tricyclic system to give 4-methylene-3-borahomoadaman-
tanes. Apparently there is sufficient strain in these hetero-
cycles for 1,1-deorganoboration also to take place readily, and
the thermodynamically controlled products are formed under
much milder conditions than in the case of noncyclic
trialkylboranes, such as triethylborane (Et;B). The properties
of the highly reactive 1 make it an attractive candidate for 1,1-
organoboration reactions of more complex systems. Here we
disclose the results of a study of the reactivity of 1 towards
some di(1-alkynyl)silicon (2a—e¢) and di(1-alkynyl)tin com
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Me,Si(—=—R),
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R = Me, tBu, SiMe3

Me,Si

Me

|
Me,Sn(—=-R), Me,Si—= ~Me
2 de 3
R = Me,SiMe3

pounds(2d, 2e), and 1,1,2,2.-tetramethyldi(1-propynyl)disi-
lane (3), all of which had already been studied extensively in
1,1-organoboration reactions with Et;B.!

Results and Discussion
General considerations: The reaction of 1-boraadamantane

(1) with di-1-alkynylsilicon and -tin compounds is expected to
follow the pathways outlined in Equation (2). The reactions

R
||y
MMe,
o _Lhlr
e
by f| m=sis
R
x
/R MMe,
=
ﬂ; * MeM 2. R @
x_
1 2,3 \R
4
1 |
! d)
Me R further
m rearrangements
\B—IN—————
R Me e)
6 (M = Si, Sn)

should start analogously to those described for mono-1-
alkynyl compounds to give the 4-methylene-3-borahomo-
adamantanes 4 [Eq. (2), route a], which, however, could
not be isolated in the present study. ?Si NMR

signals from reaction mixtures indicated the pres- B
ence of compounds of the 4 type. The intramolec- Eg
ular reaction [Eq. (2), route b] first gives zwitter-
ionic intermediates of the 4’ type (in analogy to A),
which finally rearrange to the tetracyclic metallole
derivatives 5 [Eq. (2), route c¢]. Compounds anal-
ogous to 4’ have already been isolated and charac- B
terized by X-ray structural analysis.’) So far, the

reactions of 2e or related di(1-trimethylsilylethynyl)tin com-
pounds with Et;B selectively and quantitatively afford
stannole derivatives analogous to 5.5 9

Owing to the enormous reactivity of 1, a further intermo-
lecular 1,1-alkylboration may well compete with the intra-
molecular reaction in Equation (2), route b. The second
intermolecular 1,1-alkylboration [Eq. (2), route d] leads to
the bis(alkenyl)silicon and -tin compounds of the 6 type. It has
been shown previously that such compounds are rather
unstable with respect to various rearrangements [Eq. (2),
route €];['! these were therefore of interest, since strain in the
4-methylene-3-borahomoadamantane framework and the
thereby increased Lewis acidity of the boron atoms may
cause different behavior from that of 1,1-organoboration
products of Et;B.

Reactions of 1-boraadamantane (1) with the di-1-alkynyl-
silanes 2a —c: The reactions of 1 with the di-1-alkynylsilane 2a
are summarized in Equation (3). There is indeed competition
between the 1:1 and the 2:1 reactions, and, depending on the
reaction conditions (see Table 1), a considerable amount of
the novel octacyclic compound 8a is formed together with the
silole derivative Sa. The intermediate 7a is proposed,
considering the highly Lewis acidic character of the boron
atoms in 6a. The conversion of 7a into 8a by a 1,2-shift of a
CH, group from the boron to the neighboring carbon atom in
each half of the molecule, as indicated, should be straightfor-
ward. According to semiempirical AM1 calculations,' 12 8a
is more stable than 6a by 18.9 kcalmol~' and 7a is higher in
energy than 6a by 28 kcalmol~'. The progress of this reaction

Table 1. Dependence on R of the product ratio 5:8 from the reaction of 1 with

2a-c, and the reaction conditions.

R Conditions of reaction 5:8 Ratio [% ]
Me 1 added to 2a, RT, pentane, 1 d 52:82=90:10
Me 2a added to 1, RT, pentane, 1 d 5a:8a=40:60
tBu 1 added to 2b, RT, pentane, 2 h 5b:8b=100:0
tBu 2b added to 1, RT, pentane, 2 h 5b:8b=100:0
SiMe; 1 added to 2¢, —50°C to RT or RT, pentane, 10h  5¢:8¢=100:0
SiMe;  2c¢ added to 1, RT, pentane, 10 h 5¢:8¢=100:0

[a] Determined from "*C and ?°Si NMR spectra of the crude mixture.

+

lRT

Me
Si
Me 1 \( ~ B—
Me
RT Me—"

Me, Si(C=C- Me),
2a

route to siloles analogous to 5 has always been 6a

observed for the reactions of di(1-alkynyl)dime- 4a 5 298i -7.0
thylsilanes with various trialkylboranes,®) whereas 5 291 193 RTl

it has been shown that the formation of stannoles RTl Me_ Me

depends on both the R group and the trialkylbor- e Si_Me

ane. Thus, the 1:1 reaction of 2d with Et;B has led / SiMe, QBT/ +~> —_—
mainly to a peralkylated 1,4-stannabora-2,5-cyclo- " Me ¥ B

hexadiene derivative,[) and in the presence of an 5a 7':8

excess of Et;B a 2,5-diborylated 1-stanna-3-cyclo-
pentene was obtained.’! On the other hand, the

776 ——
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2 (P81 3Coc) compougds are much more regctiv'e. to-
U (i Ce) wards trialkylboranes than their silicon
D) 1, "Me ;31 .. .
8a l l 1 (P5i5Cac) analogues. ."Ijaklng into account the high-
ly electrophilic nature of 1,/ one would

8a J’

1y (ZQSL13CM8)

U ®siPCocs) .
Y l=ce) expect a second intermolecular 1,1-orga-

noboration to compete efficiently with any
intramolecular reaction (see Equations (2)
and (3)), even if a bulky substituent (such
as R =SiMe; in 2e) is linked to the C=C

bond. In the reactions of 2d and 2e with 1

) 1 (81 Cye) [Eq. (5) and Table 2], 8d is formed selec-

8a s ‘ *

/ -85 =70 =75

tively from 2d, and from 2 e there is always
a significant amount of 8e formed along
with the stannole derivative Se.

ba

6a

8a J 4a
1 L 1

£© + MesSn(C=C—R),
2d (R = Me)
1 2e (R = SiMe,)

2a
R l Mg /Me

21 5
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25711

28, D
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= 15
+ 1 9 8
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5e (R = SiMe,) 8d (R = Me)
8e (R = SiMe,)
2a

Reactions of 1-boraadamantane (1) with
1,1,2,2-tetramethyl-di(1-propynyl)disilane
(3): The disilane derivative 3 behaves

T T T T T T T T T T T T T T T T

5%8i 20 0 —20

—40 differently from di(1-alkynyl)silanes to-

Figure 1. Progress of the 1,1-organoboration of 2a with 1, monitored by 49.7 MHz »Si NMR wards triorganoboranes. Its 1,1-organobo-
spectroscopy (refocused INEPT, 'H-decoupled). Compounds 1 and 2a were mixed (ratio 1:1.2),and ~ ration leads selectively to 1,2-dihydro-
kept at 25°C. PC satellites are marked by arrows; the assignment of the **Si resonances is based on 1,2 5-disilaborepine derivatives,'* ¥  of

their change in intensity as a function of time and corresponding changes in the 'H and “C NMR
spectra. A) 40 min after mixing; B) as A), but 1 h later; C) 30 min after adding a further 0.2 equiv. of

1 to the reaction mixture of B); D) as C), 36 h later.

can be monitored conveniently by *Si NMR spectroscopy
(Figure 1); the signals at 6 =—19.3 and —7.0 are tentatively
assigned to 4a and 6a, respectively, present in the reaction
mixture.

As a result of the presence of bulky groups such as rBu or
SiMe; at the C=C bonds in 2b and 2¢, the second intermo-
lecular 1,1-organoboration becomes slower than the intra-
molecular reaction. Therefore, the reactions of 2b and 2 ¢ with
1 give the siloles 5b or 5S¢ exclusively [Eq. (4)], independently
of the reaction conditions (Table 1). Again,® 1,1-organo-
boration offers interesting alternatives to other much more
cumbersome silole syntheses.['’]

R
B _ 5 $iMe,
£g +Me,Si(C=C-R), —> =L
2b (R = 1Bu) 4)
1 2c (R = SiMe,) 5b (R = Bu)
5¢ (R = SiMe,)

Reactions of 1-boraadamantane (1) with the di-1-alkynyltin
compounds 2d and 2e: It is well known that 1-alkynyltin

which the molecular structure was recently
determined by X-ray analysis of the prod-
uct obtained from the reaction of 3 with
triphenylborane.[”! In agreement with the

Table 2. Dependence on R of the product ratio 5:8 from the reaction of 1 with 2d
and 2e, and the reaction conditions.

R Conditions of reaction 5:8 Ratio [% ]
Me 1 added to 2d (1:1), —50°C to RT, pentane, 1 h 5d:8d 0:100
Me 2d added to 1 (1:2), RT, pentane, 1 h 5d:8d 0:100
SiMe; 1 added to 2e (1:1), —50°C to RT, pentane, 2 h 5e:8e 80:20
SiMe; 2e added to 1 (1:2), RT, pentane or CDCl, Se:8e 60:40

[a] Determined from *C and '"”Sn NMR spectra of the crude mixture.

previous results,[' 11 the 1,2-dihydro-1,2,5-disilaborepine de-
rivative 9 is the main product of the reaction of 1 with 3,
regardless of the reaction conditions [Eq. (6) and Table 3].
However, the second intermolecular 1,1-organoboration can-
not be suppressed completely, leading first to 10 and finally to
11, which is analogous to 8. Again, *Si NMR serves as an
extremely valuable tool to monitor the reaction of 1 with 3
(Figure 2).

The silole and stannole derivatives 5 are colorless, air-
sensitive, waxy solids. In contrast, the compounds 8 and 11 are
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Table 3. Dependence of the product ratio 9:10:11 of the reaction of 1 with 3
on the reaction conditions.

Conditions of reaction 9:10:11
Ratio [% ]

1 added to 3, RT, pentane, 1 h at 25°C 95:5:0

1 added to 3, RT, pentane, 2 d at 25°C, or CDCl;, 2h at 60°C  95:0:5

3 added to 1, RT, pentane, 1 h at 25°C 80:20:0

3 added to 1, RT, pentane, 5d at 25°C 80:0:20

[a] Determined from ?°Si and *C NMR spectra of the crude mixture.

colorless, air-sensitive, crystalline solids which are rather
insoluble in pentane and can therefore be readily separated
and purified by recrystallization. The best single crystals were
obtained for 8 e and these were studied by X-ray analysis.

NMR spectra: The proposed structures in solution are
supported by extensive NMR data (Tables4 and 5, and
Experimental Section). In cases of ambiguity, the assignment
of 'H and 3C NMR signals was always confirmed by two-
dimensional 'H/'H COSY, 'H/'H NOE difference spectro-
scopy, and two-dimensional 'H/3C HETCOR experiments
based on J(*C,'H) or on "J(3C,'H) (n =2, 3). The refocused
INEPT pulse sequencel’® with '"H decoupling was used to
record #Si and ""Sn NMR spectra. In most cases it was
possible to detect '3C satellites in the #Si or '"Sn NMR
spectra in order to obtain information complementing that
from 2Si or "71Sn satellites in the 3*C NMR spectra.

The silole and stannole derivatives 5 are readily identified
by their typical pattern in the '*C NMR spectra in the range of
the olefinic carbon atoms. There are three sharp signals (two
of which have satellites indicating one-bond scalar *Si—*C or
1711980 — 13C coupling) and one broad signal!'”! for the boron-
bonded "*C nuclei. The seven-membered ring in 9 also shows a
typical pattern in the range for the olefinic carbon atoms (one
sharp and one broad signal) and there are two “C(SiMe,)
signals, since the ring is nonplanar.'”l The puzzling feature of
the 3C NMR spectra of 8 or 11 was the presence of nine (eight
sharp and one broad) readily detected *C NMR signals for
the carbon atoms which previously belonged to the 1-bora-
adamantane molecule. These signals indicate a completely
asymmetric structure, although the R groups and the SiMe, or
SnMe, units are represented only by single signals. The
absence of any signals in the range for olefinic or alkynyl
carbon atoms prompted us to take a closer look within the
range of quaternary aliphatic carbon atoms in order to detect
weak, broad signals of boron-bonded *C nuclei. The presence
of such signals finally enabled us to propose the molecular
structure of 8 and 11, which was then confirmed by X-ray
structural analysis for the solid
state of 8e. The *C NMR spec-
trum of 8e (Figure 3) is typical
of 8a—d and also of 11.

All 6"B values are in the
range 83 —90, which is typical of
B nuclei linked to three car-
bon atoms in the absence of

BC(pp)x interactions.['®! This is
in agreement with molecular
models, based on AM1 calcula-
tions,': 1221 of the siloles or
stannoles §, indicating that the

most stable structure has the
formally empty boron p, orbital
oriented perpendicular to the &
orbitals of the diene system.
The possibility that the boron
atoms in 8 or 11 gain electron
density by hyperconjugation is

reflected to some extent by 6!'B

C) U **si®c,,,) = 43.4 Hz Y (¥siPCy)=43.0 Hz
l l 9 l U (25iRCc.) =622 Hz
T ———
240 -25.0 AN T A =250 26,0
9
B)
10 1
J j
Y (ZQSi’13CMe) =434 Hz
1J (ZQSi’13cc=)= 64.2 Hzl l
A) 9
-21.0 220
AN 110
—12 18 -24 -30 52Gj

Figure 2. 49.7 MHz #Si NMR spectra (refocused INEPT) of the mixture obtained from the reaction of 1 with 3.
Compounds 1 and 3 were mixed (ratio 2:1) and kept at 25°C. *C satellites are marked by arrows. A) 1 h after
mixing; B) as A), but after one day, when the signal for 11 becomes visible; C) as B), but after five days, when the

signal for 10 is no longer observed, and the reaction is finished.
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values if one considers the in-
crease in "B nuclear shielding
by approximately 7 ppm in 8d
and 8 e when compared with 8a.
Any hyperconjugative interac-
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Table 4. BC, '“Sn, #Si, and "B NMR datal®l of the tetracyclic compounds 5], 9l and the bistricyclic compound 10.["!
Me Me

M=Si
R =Me 5al R =Bu 5bl4 R =SiMe; 5S¢l R =SiMe; Selll 9lel 100
8BC MMe, ~5.1 (47.6) 02 (47.2) ~25(47.9) ~63[2327] 28 (43.4) —1.7 (42.9) —3.0 (43.4)
8BC B—C= 169.0 (br) 168.6 (br) 186.8 (br) 185.7 (br) 166.1 (br) 162.8 (br)
SBCBC=CM 1333 (65.3) 146.3 (64.9) 142.4 (62.5) (SiMes) 141. 7 [217.0] (64.5) 129.5 (62.0) (Si) 125.1 (64.6)
(46.7) (SiMe,) (5.8) (Si-Si)
8BC CH,C=CM 131.3 (70.1) 147.3 (67.8) 141.3 (61.7) (SiMes) 142.7 [276.6] (63.2) - -
(50.8) (SiMe,)
OBC CH-C= 1515 (11.4) 151.4 (11.9) 168.8 (11.9) (9.0) 165.6 [100.6] (11.4) - -
OBC CH-C=  39.6 40.1 (6.67) 45.6 (9.5) (5.2) 46.3 [94.9] 39.6 (8.6) 33.6 (14.3)
8C B-CH, 35.7 (br) 35.0 (br) 35.5 (br) 36.0 (br) 37.5 (br) 36.2 (br)
obBC C(1) 26.2 26.6 27.0 27.3 25.7 30.3
8BC C(2), C(6) 364 36.6 36.7 36.5 36.3 372
oBC C(3), C(5) 357 343 35.1 351 27.6 33.9
oBC C(4) 36.2 375 39.1 37.1 322 374
PES 41 (69.9) (65.0) 5.8 (67.9) (65.2) Me,Si: 24.1 {11.8} (47.3)i1 —8.2 (99.5) (64.1) — 25410 (62.2) ~21.4 ¥ (64.2)
(47.7) A1.6)  (46.7) (11.6) (513) (11.6) (43.0) (43.4)
MesSiz — 9.6 {12.0} (50.5)  —7.9 (104.7) (63.4) (51.3)
Me;Si: — 11.0 {11.2} (51.6)
6'%Sn - - - 112.8 - -
o'B 88.4 86.3 89.3 89.7 82.8 82.5

[a] In CDCl;; coupling constants (+0.5 Hz) "J(1**Sn,"*C) are given in square brackets, "J(**Si,*C) in round brackets, "J(**Si,°Si) in brace brackets, and
nJ(119Sn,?Si) are given in angle brackets; (br) denotes broad *C resonances of boron-bonded carbon atoms. [b] The numbering of the cycles has been changed
for better comparison of data for 5,9 and 10. [c] Other 8"3C data: 12.6 (8.1), 16.4 (8.0) (CH;—C=). [d] Other 63C data: 31.9, 32.5 ((CH;);C); 34.4,35.3 (Me;C).
[e] Other 6'3C data: 0.9 (51.5) (Me;Si), 1.0 (50.5) (Me;Si). [f] Other 6**C data: 1.4 (50.9) [9.6] (Me;Si), 1.5 (51.4) [9.4] (Me;Si). [g] Other 6'*C data: 15.3
(CH;—C=). [h] Other 0"°C data: 16.2 (CH;—C=). [i] At 243 K: §*Si=24.1 (50.6) (47.0) (Me,Si); —9.2 {11.3} (62.3) (51.0) (Me;Si); —10.8 {11.2} (61.6) (51.0)
(Me;Si). [j] At 243 K: 6%Si = —25.6 (61.8) (43.2). [k] At 243 K: 6¥Si=—21. 4.

Table 5. BC, '""Sn, #Si, and "B NMR datal® of the octacyclic compounds 8! and 11.I°!
Me

Me\ /
R

M=Si M=Si-Si
oC R =Me 8al R =Me 84 R =SiMe; 8eld R =Me 111
81C MMe, 1.3 (44.1) ~1.1[201.6] 2.4 [225.5]¢ ~22 (43.9)1 — 1.4 (43.4)k)
81C B—C(10) 38.3 (br) 39.1 (br) 44.1 [20.0] (br) 38.6 (br)
813C R-C-M 429 (br) 55.8 [178.2] (br) 51.4 [80.0] (br) 39.6 (br)
1C B—CH, 38.6 (br) 37.6 (br) 40.8 [32.0] (br) 405 (br)
81C C(6) (CH) 29.9 29.9 [9.6] 30.4 29.5
81C C(8) (CH) 29.1 29.3 [7.9] 30.1 [8.4] 29.7
813C C(4) (CH) 304 303 29.4 29.6
8C C(9) (CH,) 347 40.0 [98.9] 46.2 [103.4] 388
8C C(12) (CH,) 36.3 39.5 39.9 [24.0] 348
8C C(7) (CH,) 36.5 35.4 359 354
8C C(5) (CH,) 39.1 35.9 38.8 (32.4) 358
81C C(11) (CH,) 39.5 37.1 373 379
SBCR 7.6 12.1 [3.3] SiMes: 5.2 [27.6] (49.2)M 12
PE 15.81 (43.9) (8.9) - —3.5 (49.0) (4.8) 24,301 (43.4)
81Sn - 68.81 [201.5] [178.7] [98.7] 84.7 -
o'"B 90.8 83.2 84.9 86.0

[a] In CDCl;; coupling constants (£0.5 Hz) "J(1°Sn,"*C) are given in square brackets, "J(**Si,*C) in round brackets, "J(''*Sn,*Si) in angle brackets; (br)
denotes broad "*C resonances of boron-bonded carbon atoms. A positive sign of isotope induced chemical shifts 2A!""B(®Si or '“Sn) indicates that the
resonance of the heavy isotopomer lies at higher frequency. [b] The numbering of the cycles has been changed for better comparison of 8 with 11. [¢] 613C
(125.8 MHz, 300 K). [d] 8°C (62.89 MHz, 298 K). [e] J(CH)=129.5 Hz; SJ(CH) = 1.9 Hz. [f] '/(CH) =120.0 Hz; 3/(CH) =44.9 Hz. [¢] J(CH) =121.5 Hz.
[h] J(CH)=118.3 Hz; J(CH)=2.6 Hz. [i] 2AB(*Si) =6.5+ 0.5 ppb; measured at B,=11.5T and 5.75 T. [j] At 243 K: 0®Si=24.5. [k] 2A"B(¥Si) =
5.0 +£0.5 ppb; measured at By=11.5 Tand 5.75 T. [1] 2A'"""'B("°Sn) =21.9 £ 0.5 ppb; measured at B,=11.5 Tand 5.75 T.
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BX and *AY1B("°Sn) could be ob-
; served for the first time for
S|Me3 N organic frameworks®! (Fig-

*|
wl #l*

warded, since isotope-induced
chemical shifts 2A!Y1B(?°Si)

ure 5). This effect was not ob-
served for the ?°Si resonance of
8e (R =SiMe;). The prediction
of sign and magnitude of two-
bond isotope effects in A-X-
Y fragments (in which A is the
. resonant nucleus) is far from

. straightforward.?¥ However, it

! [ T T T T T T Ty | ™
D e 38.0
51.5 48.5
- “l l
C-1 C-10 c-3
o e k | de
52 44 36 28 20 12 513C

Figure 3. 125.8 MHz *C{'H} NMR spectrum of 1,11-bis(trimethylsilyl)-21,21-dimethyl-21-stanna-2,12-diboraoc-
tacyclo[9.9.1.148.1610,11418 11620 (210 01220] pentacosane 8e (in CDCl;, 25 +1°C). The assignments are based on the

1711980 (+) and »Si satellites (@), and the broad *C(1,3,10) NMR signals.

tion within a B—C-Si fragment should become stronger if
silicon is replaced by tin.'”) The 1°Sn and ’Si NMR spectra of
all the compounds studied showed the expected simple
patterns in agreement with the proposed structures, and
0%Sil? and 6'Sn values?! were found in the expected ranges.
Typically, the nuclei in the 7 position in 8 are deshielded, since
they belong to strained five-membered rings. Hyperconjuga-
tive effects may contribute to this deshielding. Such effects are
not reflected by 6%°Si values of 11, in which the two silicon
atoms are part of six-membered rings. The shielding of these
»Si nuclei appears to be unaffected, since it is even larger than
in 10, the precursor of 11. The geometry of a 1,2,4,5,77-
hexamethyl-7-sila-2,5-diboranorbornane has been optimized
by ab initio MO calculations (RHF/6-311Gl'*) (Figure 4),
and the chemical shifts have been calculated!'?* (GIAO NMR
shielding tensors by RHF/6-311 ++ GI'?l). The calculated
OB value (+86.1) agrees reasonably well with the exper-
imental data for 8a (+90.8). The difference between the
calculated (+44.2) and the experimental 6%Si value (+15.4)
may be due to lack of a reliable

is agreed that mass-induced
changes in the X-Y bond (in
8 or 11 the respective C-B
bond) are mainly responsible.
The first observation of these

Figure 4. Optimized (RHF/6-311G) geometry of 1,2,4,5,7,7-hexamethyl-7-
sila-2,5-diboranorbornane. Selected bond lengths [pm] and angles [°]:
C(1)-B(2) 1573, C(3)-B(2) 159.7, C(3)-C(4) 1577, B—C(Me) 1576,
C(1)-8-i(7) 194.3, Si(7)-C(Me) 190.6; C(Me)-Si-C(Me) 108.2, C(1)-Si-
C(4) 870.

reference: the SiH,, with exper- &) &1 |
imental 6%¥Si=-93.1, which "|: "*Me ™ sn = 219 ppb '_'.':'”Hlxﬁ-l' % ppb 10y ®en = &5 ppb
was used .gave.calculated 0%°Si I'-h‘ e Me  Me Me  Me
values which differed by up to “th (. u & 3;,'
30, depending on the basis sets. A -3*"| ,--_ 'l ‘?S\ 5

The magnitude of vicinal cou- J- e :'I'xu-_ _,J- fl Il"""i-_-l-’. "}J £ad \E
pling constants |3/(*°Sn,*C) | in ~ Me B, b B '“f hie
8d and 8e shows the typical | i 11 ‘
dihedral dependence:?  the | H
larger values are found for a f | lIl |

dihedral angle of 161.7° and the
values that are small or close to

..e-'-'v'a 1Mfw -—"I

|
| ———

zero correspond to a dihedral .;,.gJ
angle of 80.3° (dihedral angles
are taken from the solid-state
molecular structure of 8e (vide
infra)).

The attempts to produce high-
ly resolved *Si or '"Sn NMR

spectra for 8 and 11 were re-

BE3  gusg,

780 ——
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B3 MM gmg  ThB 1580 ATE e

Figure 5. The isotope-induced chemical shift 2A!""'B('“Sn) observed for 8d, and >A'”"'B(*’Si) for 11 and 8a. The
line width of the signals for the ’B-2Si or 'B-""Sn isotopomers is always somewhat smaller than for the
corresponding ''B —%Si or "B - "“Sn isotopomers. In A) and C) there are weak signals as shoulders (8d) or partly
resolved (8a) which can be ascribed to isotopomers containing two '°B nuclei. A) 186.5 MHz '“Sn{'H} NMR
spectrum of 8d (refocused INEPT). B) 99.4 MHz #Si{'H} NMR spectrum of 11 (refocused INEPT spectrum);
note that the intensity of the signal for the ?’Si('°B) isotopomer is only half of that in 8a (see spectrum C), since
there is only one boron atom in the neighborhood (two bonds) of a particular silicon atom. C) 99.4 MHz *Si{'H}
NMR spectrum of 8a (refocused INEPT).
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effects in the present work should stimulate a search for such
effects in related molecules containing boron and silicon and/
or tin.

X-ray structural analysis of 8e:?! The molecules of the
octacyclic compound 8e (Figure 6) are found in layers which
are separated by CH,Cl, molecules (disordered). There are no
evident intermolecular interactions. The endocyclic Sn—C
bonds are slightly longer than the exocyclic Sn—C bonds, as

Figure 6. Molecular structure of the octacyclic compound 8e. Selected
bond lengths [pm] and angles [°]: Sn—C(12) 216.5(6), Sn—C(12") 217.1(7),
Sn-C(11) 220.6(5), Sn—-C(11") 221.6(5), Si—-C(11) 188.7(5), B-C(1)
160.4(8), B—C(8) 157.2(7), B-C(11) 157.4(7), C(1)-C(2) 156.0(6), C(1)—
C(9) 156.2(7), C(2)-C(3) 153.9(7), C(3)-C(4) 151.8(10), C(3)-C(10)
152.5(10), C(5)-C(9) 155.2(8), C(7)-C(8) 153.1(8); C(12)-Sn-C(12)
104.7(3), C(11)-Sn-C(11") 79.55(19), C(8)-B-C(11) 122.0(5), C(8)-B-C(1)
121.3, C(11)-B-C(1) 116.6(4), Si-C(11)-Sn 110.7(2); dihedral angles: C(2)-
C(1)-C(11')-Sn 161.7, C(8')-B’-C(11')-Sn 140.4, C(9')-C(1)'-C(11)-Sn 80.3,
B-C(1)-C(11")-B’ 58.4.

would be expected by considering the small endocyclic C(11)-
Sn-C(11’) bond angle (79.55(19)°). The surroundings of the
boron atoms are trigonal planar, within experimental error.
The B-C(8) (157.2(7) pm) and B-C(11) (157.4(7) pm) bond
lengths are within the normal range, when compared with
Et;B (dgc=1572-157.5 pmPl) or B-hexamethylhexabora-
adamantane (dg_c=157 pm?"), whereas the bonds B-C(1)
(160.4(8) pm) and B’'-C(1') (161.2(8) pm) are somewhat
extended. All C-C bonds next to the boron atoms are
elongated (for example, C(1)-C(11") =160.7(6) pm) relative
to other C—C bonds in 8 e, and also in comparison with Et;B
(dec=152.5-153.3 pmP). One of the arguments for hyper-
conjugation in Et;B is the wide B-C-C bond angle (118.9°)°],
This argument cannot be used here, since the strain of the
octacyclic structure enforces a wide range of B-C-C bond
angles (B-C(11)-C(1") =102.7° to C(7)-C(8)-B =120.5°).

Experimental Section

Starting materials and general techniques: The synthesis and handling of all
compounds were carried out in an atmosphere of dry argon, and carefully
dried solvents were used throughout. Starting materials 1,/ 2,281 and 309
were prepared as described.

Electron impact mass spectra (EI-MS (70 eV)) were recorded on a
Finnigan MAT 8500 instrument with a direct inlet, and NMR measure-
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ments on a Bruker ARX250 or DRX 500 spectrometer; 'H, "B, ®C, %Si,
and '”Sn NMR spectra were obtained by direct measurement or refocused
INEPT! based on 2/(*Si,'H) ~ 7 Hz and %/('"*Sn,'H) ~ 50 Hz). Chemical
shifts are given with respect to Me,Si (6'H (CHCl/CDCly) =7.24; 8C
(CDClLy) =770; 6*Si=0 for Z(*Si)=19.867184 MHz); external Me,Sn
(6"°Sn=0 for Z('”Sn)=37.290665 MHz); external BF;-OEt, (6''B=0
for Z("'B) =32.083971 MHz). Assignments are based on two-dimensional
'H/'H COSY, 'H/'H NOE difference, and two-dimensional 'H/*C HET-
COR experiments.

General procedure for synthesis of the tetracyclic compounds 5a, 5b, 5c¢,
Se, and 9: A solution of 1 (about 1-2 mmol) in pentane (2-4 mL) was
added to an equimolar amount of 2a—¢, 2e or 3 in pentane or CH,Cl,
solution (5mL) at room temperature, or at —50°C (for 2e). After the
solution had been stirred for 2 h (for 2b, 2e, 3), 10 h (for 2¢), or one day
(for 2a) at room temperature, the solvent was removed in vacuo (8-
9 Torr). Mixtures containing Sa/8a, Se/8e, and 9/10 were obtained, and
all the NMR spectra indicated that there were no further impurities.
According to the NMR data, the siloles Sb and 5 ¢ were formed selectively
in a state of high purity and could be used for further transformations
without further purification.

3,4,4,5-Tetramethyl-4-sila-1-boratetracyclo[8.3.1.1%'2.0>|pentadeca-2,5-di-
ene (5a): 'H NMR (250.1 MHz, CDCl;, 298 K): 6 =0.11 (s, "J(*Si,'H) =
6.8 Hz, 6H; Me,Si), 145-1.65 (m), 1.71 (s, 6H; Me—C=), 1.85-2.05 (m),
2.25-2.45 (m, 1 H; H(8)), 2.53 (m, 2H), 2.59 (d, 2H; H(7)).
3,5-Bis(tert-butyl)-4,4-dimethyl-4-sila-1-boratetracyclo[8.3.1.1%'2.0>]pen-
tadeca-2,5-diene (5b): 'H NMR (250.1 MHz, CDCl;, 298 K): 6 =0.31 (s,
"J(®Si,'H) = 6.4 Hz, 6H; Me,Si), 0.97 (s, 9H; CMe;), 1.15 (s, 9H; CMe,),
1.45-1.6 (m, 7H), 1.7-1.9 (m, 3H), 2.3 (m, 1 H; H(8)), 2.4 (m, 2H), 2.74 (d,
2H; H(7)).
4,4-Dimethyl-3,5-bis(trimethylsilyl)-4-sila-1-boratetracyclo[8.3.1.1312.0>¢]-
pentadeca-2,5-diene (5¢): 'H NMR (250.1 MHz, CDCl;, 298 K): 0 =0.03 ()
(s, "J(Si,'H) = 6.4, 9H; Me,Si), 0.15 (s, "J(Si,'H) = 6.4, 9H; Me,Si), 0.22
(s,"J(¥Si,'H) = 6.4, 6 H; Me,Si), 1.45-1.65 (m, 7H), 1.85-2.0 (m, 3H), 2.37
(m, 1H; H(8)), 2.5 (m, 2H), 2.93 (d, 2H; H(7)).
4,4-Dimethyl-3,5-bis(trimethylsilyl)-4-stanna-1-boratetracyclo-
[8.3.1.1312,0>|pentadeca-2,5-diene (5e): 'H NMR (250.1 MHz, CDCl,,
298 K): 6=0.03 (s, "J(*Si,'H) = 6.4 Hz, 9H; Me,Si), 0.14 (s, "J(*Si,'H) =
6.4 Hz, 9H; Me;Si), 0.35 (s, "J(*¥Sn,'H) =51.2 Hz, 6H; Me,Sn), 1.4-1.7
(m), 1.8-2.1 (m), 2.4 (m, 1H), 2.47 (m, 2H), 2.94 (d, 2H; H(7)).

2,3,3,4,4,5-Hexamethyl-3,4-disila-14-boratetracyclo[8.4.1.1312.0%“|hexade-
ca-1,5-diene (9): 'H NMR (250.1 MHz, CDCl;, 298K): 6=0.04 (s,
"J(¥Si,'H) = 6.6 Hz, 6H; MeSi), 0.14 (s, "J(*Si,'H) = 6.4 Hz, 6H; MeSi),
1.47 (m, 2H; H(11a), H(16a)), 1.52 (m, 2H; H(11b), H(16b)), 1.55 (d, 2H;
B-CH,, 5.5), 1.66 (s, 6 H; CHs—C=), 2.0-2.55 (m, 9 H).

General procedure for diboraoctacyclic compounds 8a, 8d, 8e, and
bis(boratricyclo)undecane (10): A solution of 2d or 2e (1 mmol), or 2a
or 3 (1.5 mmol) in pentane or CH,Cl, (5 mL), was added dropwise to a
solution of 1 (2 mmol) in pentane (2 mL) at room temperature. After the
solution had been stirred for 1-2h, or one day (for 2a), at room
temperature, the solvent was removed in vacuo (8 —9 Torr). The mixtures
contained 5a/8a, 5d/8d, 5e/8e, or 9/10, and all the NMR spectra indicated
that there were no further impurities.

1,11,21,21-Tetramethyl-21-sila-2,12-diboraoctacyclo-[9.9.1.148.1510,1 1418,
1162002190122 pentacosane (8a). 'H NMR (250.1 MHz, CDCl;, 298 K):
5=—0.05 (s, "J(Si,'H) = 6.1 Hz, 6H:; Me,Si), 0.85-1.1 (m), 1.1 (s, 6H;
CH4—CSi), 1.15-1.4 (m), 1.7-1.9 (m), 2.0-2.25 (m).
1,11,21,21-Tetramethyl-21-stanna-2,12-diboraoctacyclo-[9.9.1.148.1610,11415,
11620,0219,01220]pentacosane (8d): Compound 8d was purified by recrystal-
lization from pentane/CH,Cl,. M.p. 134136 °C; EI-MS: m/z (%): 496 (27)
[M]*, 346 (100) [M —Me,SnH]*; 'H NMR (250.1 MHz, CDCl,, 298 K):
8=0.24 (s,"J("°Sn,'H) = 47.9 Hz, 6 H; Me,Sn), 0.95-1.05 (m), 1.2 - 1.3 (m),
134 (s, "J("¥Sn,'H) =676 Hz, 6H; CH,~C), 1.4-15 (m), 1.7-1.8 (m),
1.85-1.9 (m), 2.0 (m), 2.11 (m).
21,21-Dimethyl-1,11-bis(trimethylsilyl)-21-stanna-2,12-diboraoctacyclo-
[9.9.1.148.1610,11418,11620 0210 02].pentacosane (8¢): Compound 8e was
purified by recrystallization from pentane/CH,Cl,. Single crystals?®! of 8e
(m.p. 233-237°C) were obtained by crystallization from CH,Cl,. EI-MS:
miz (%): 612 (17) [M]*, 597 (36) [M — CH,]*, 539 (5) [M — SiMe,]*, 462
(100) [M — Me,SnH]*; 'H NMR (500.1 MHz, CDCL, 298 K): 6 =0.19 (s,
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1J(CH) = 118.1 Hz, "J(¥Si,'H) = 6.2 Hz, 18H; 2SiMe;), 0.40 (s, 'J(CH) =
129.2 Hz, "J(**Sn,'H) =46.6 Hz, 6H; SnMe,), 1.3-1.4 (m, 6H; H(22a),
H(24a), H(9a), H(19a), H(5a), H(15a)), 1.49 (m, 2H; H(7a), H(17a)),
1.55-1.65 (m, 4H; H(3a), H(13a), H(7b), H(17b)), 1.68 (dm, 2H; H(23a),
H(25a)), 1.77-1.9 (m, 6 H; H(22b), H(24b), H(5b), H(15b), H(8), H(18)),
1.92-2.1 (m, 10H; H(3b), H(13b), H(6), H(16), H(9b), H(19b), H(23b),
H(25b), H(4), H(14).
1,2-{Bis[(E)-1-(3-boratricyclo[4.3.1.1>* Jundeca-4-yliden) Jethyl}-1,1,2,2-tet-
ramethyldisilane (10): '"H NMR (250.1 MHz, CDCl;, 298 K): 6 =0.02 (s,
12H; Me,Si), 1.25-1.7 (m), 1.6 (s, 6H; Me—C=), 1.7-1.9 (m), 2.0-2.4 (m).
1,11,21,21,22,22-Hexamethyl-21,22-disila-2,12-diboraoctacyclo-[9.9.2.1%5.
1610,11418,11620 (210 01220 hexacosane (11): A solution of 3 (3 mmol) in
pentane (5 mL) was added dropwise to a solution of 1 (6 mmol) in pentane
(5 mL) at room temperature. The reaction mixture was stirred for five days
at room temperature. After removal of all volatile material in vacuo
(9 Torr) and by distillation (70-90°C/0.01 Torr), the residue containing
9/11 was purified by crystallization from pentane/CHCI; to give the pure
product 11 (0.155 g; 11%). M.p. 220-223°C; EI-MS: m/z (%): 462 (100)
[M]*, 447 (5) [M — CH,]*, 389 (24) [M — SiMe;|*; '"H NMR (500.1 MHz,
CDCl;, 300 K): 6=0.03 (s, 6H; 'J(CH) =119.8 Hz, 2Me,Si), 0.06 (s, 6 H;
1J(CH) =121.2 Hz, 2Me,Si), 0.94 (dm, 2H; H(24a), H(26a)), 1.17 (s, 6H;
CH;—C), 1.29 (dm, 2H; H(9a), H(19a)), 1.40-1.52 (m, 12H; H(5a), H(15a),
H(23a), H(25a), 2H(7), 2H(17), 2H(3), 2H(13)), 1.72-1.83 (m, 6H;
H(5b), H(15b), H(9b), H-(9b), H(23b), H(25b)), 1.85 (m, 2H; H(4),
H(14)), 1.89 (dm, 2H; H(24b), H(26b), 14.2), 1.97 (m, 2H; H(6), H(16)),
2.06 (m, 2H; H(8), H(18)).
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Abstract: An unusual disproportiona-
tion reaction of the molybdenum(iv)
and tungsten(tv) chlorides [MCI,L,]
(M=Mo, L=EgS, Et,0; M=W, L=
Et,S) in the presence of p-tBu-calix[4]-

turally characterized. Compound 1a
represents one of the few examples of
a well-characterized molybdenum(vi)
hexa-alkoxide complex of the type
[Mo(OR),]. Isolation and structural

[(CaxO,W){x2(0)-x!(0O)-CaxO;(OH)}-

(CaxO,WCI)] (3) suggests the interme-
diacy of chloro-containing calix[4]arene
complexes in these reaction mixtures.
The reaction of 1a with HCI provides

arene (Cax(OH),) and triethylamine
leads to d° complexes [(CaxO,){CaxO,-
(OH),JM] (1) and d* compounds
(HNEt;),[(CaxO,),M,] (2). Complexes
1a (M =Mo), 1b (M =W), and the HCI
adduct of 2a (M = Mo) have been struc-

tion chemistry
tungsten

Introduction

Transition metal calix[4]arene complexes, in which metal
atoms are coordinated to the phenolic oxygen atoms of the
macrocycle, have been known for almost 15 years. In 1985,
Power and co-workers reported the syntheses and structures
of dinuclear and trinuclear calix[4]arene complexes of tita-
nium, iron, and cobalt.ll These compounds were obtained
from the reaction of p-rBu-calix[4]arene (Cax(OH),; Cax=
carbonhydride backbone of the p-tBu-calix[4]arene, C,Hs,)
with homoleptic amides [Ti(NMe,),], [Fe{N(SiMe;),};] and
[{Co{N(SiMe;),},},]. The first mononuclear calix[4]arene
complex, a calix[4]arene molybdenum oxide, was reported
five years later by Floriani and co-workers.[) This compound
was structurally characterized as the calix[4]arene complex
[CaxO,Mo0(=0)(OH,){Cax(OH),}(PhNO,)], which is almost
insoluble in common organic solvents. In the last few years,
the potential of calix[4]arene complexes in organometallic
and coordination chemistry has been demonstrated in several
contributions, particularly from Floriani’s group.*” For
mononuclear calix[4]arene tungsten complexes, it has been
shown that they are useful precursors for the reductive
generation of dinuclear compounds with metal —metal multi-
ple bonds,® ¢ and that they are of interest in materials

[a] Dr. U. Radius, J. Attner
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Engesserstrasse Geb. 30.45, 76128 Karlsruhe (Germany)
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characterization of the side product
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[CaxO,Mo0Cl,] (4a), the first well-
defined example of a mixed molybde-
num(vi) alkoxide halide compound of

coordina-
the general formula [MoCl,(OR),_,].

sciencel® 9 and organic synthesis.l% The interconversion of
carbenes, carbynes, and alkenes® as well as olefin rear-
rangements!® in calix[4]arene tungsten complexes by simple
protonation and deprotonation steps are facilitated by the
basic environment of the phenoxide oxygen atoms of the
macrocylic ligand. The isolation and characterization of these
different compounds was of particular interest, as it was
demonstrated that calix[4]arene complexes might serve as a
molecular model for oxo surfaces that bind a metal in an
appropriate way to drive catalytic or stoichiometric reactions.
The overall processes described in these studies mimic
reactions supposed to proceed on metal —oxo surfaces.
Studies on molybdenum complex fragments coordinated
through this unique set of oxygen donor atoms provided by
the calix[4]arene ligand might be also of some significance,
since molybdenum oxides are important materials in hetero-
genous catalysis, for example, in the allylic oxygenation over
bismuth molybdate oxides in the so called SOHIO process!®l
or in the hydrodesulfurization process (HDS).! However,
the chemistry of calix[4]arene molybdenum complexes is
almost unexplored in contrast to compounds of the heavier
congener tungsten or the Group5 metals, niobium and
tantalum. A mononuclear calix[4]arene molybdenum oxide
reported by Floriani and co-workers,”! which is sparingly
soluble in common organic solvents, and some calix[4]arene
molybdenum imido complexes reported from Gibson’s
group” and ourselves,*! are the few mononuclear calix[4]-
arene molybdenum compounds known so far. Di-
nuclear anionic molybdenum calix[4]arene complexes
[(Cax0,),Mo,]* reported by usi*l and Chisholm et al.’* 78]
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are rather unreactive with respect to cleavage of the metal —
metal multiple bond. None of these complexes seems to be a
desirable starting material for calix[4]arene molybdenum
chemistry. This led us to investigate reactions of calix[4]arene
Cax(OH), with higher valent molybdenum chloride com-
pounds.

Results and Discussion

Whereas the tungsten(vichloride [(CaxO,)WCl,] is easily
synthesized in high yields from the reaction of calix[4]arene
CaxOH, with [WCI],*l we were unable to isolate any
mononuclear molybdenum species, for example, [CaxO,-
MoCl,] or [CaxO,MoCl], from reactions of CaxOH, with
[MoCls] under several different sets of reaction conditions.
These reactions lead in most cases to decomposition of the
calix[4]arene ligand, for example, in scission of tBu groups
from the ligand system. The cleavage of rBu groups from
p-tBu-calix[4]arenes in the presence of HCI and strong Lewis-
acids, like AICl;, in a retro-Friedel-Crafts type alkylation
reaction is well known in calixarene chemistry.’! On the other

Abstract in German: Eine ungewdohnliche Disproportionie-
rungs-Reaktion der vierwertigen Molybdin- und Wolfram-
chloride [MCL,L,] (M = Mo, L = EW,S, Et,O; M=W; L = Et,S)
in Gegenwart von p-tBu-Calix{4]aren und Triethylamin fiihrt
zu den d’-Komplexen [(CaxO,){CaxO,(OH),)M] (1) und den
d*-Verbindungen (HNEL;),[(CaxO,),M,] (2). Sowohl 1a
(M=Mo) und 1b (M=W) als auch das HCl Addukt der
Verbindung 2a (M = Mo) konnten strukturell charakterisiert
werden. Verbindung 1a ist eine der wenigen bislang charak-
terisierten Verbindungen vom Typ [Mo(OR)4] des sechswerti-
gen Molybdins. Die Isolierung und strukturelle Charakterisie-
rung des Nebenproduktes [(CaxO,W){K*(0)-k'(0)-CaxO;-
(OH)}(CaxOWCl)] (3) lisst vermuten, daf Calix[4]aren-
Molybdin- und Wolframchloride am Reaktionsgeschehen
beteiligt sind. Die Reaktion von la mit HCI fiihrt zu
[CaxO,MoCl,] (4a), dem ersten bekannten Beispiel fiir ein
heteroleptisches Molybdin(vychloroalkoxid der allgemeinen
Formel [MoCl(OR)s_,].

784 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001
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hand, there are presumably more complicated decomposition
pathways working in these mixtures, because the reaction of
the parent p-H-calix[4]arene with [MoCls] does also not lead
to isolable, mononuclear calix[4]arene molybdenum chlor-
ides. The reactivity of [MoCls] with alcohols was reinvesti-
gated only recently, and it was shown that these reactions
proceed under partial cleavage of the alcohol yielding alkyl
halides, mononuclear molybdenum(oxo)chlorides and multi-
nuclear molybdenum(oxy)(alkoxy)halides.['"]

Molybdenum(v)chlorides are far less Lewis acidic than
molybdenum pentachloride, and this might be the reason why
calix[4]arene does not react with compounds of the type
[MoCl,L,] (L=Et,S, Et,0)!"! at elevated temperatures. If a
base like triethylamine is added to the reaction mixture,
typically solutions of the calix[4]arene and the molybdenum
chloride at 100 °C in toluene, the color of these solutions turns
from red to purple. The proton NMR spectrum of the crude
product shows a variety of signals for diamagnetic reaction
products, but there were no indications that molybdenum(v)
species—presumably paramagnetic—are formed. According
to Equation (1), two calix[4]arene molybdenum com-
plexes were isolated from these reaction mixtures, the
molybdenum(vi) complex [(CaxO,){CaxO,(OH),}Mo] (1a)
and a dinuclear molybdenum(ii) compound (HNELt;),-
[(CaxO,),Mo;] (2a).

In contrast to the yellow compound 2a, the dark purple
complex 1a is very soluble in pentane or hexane, therefore 1a
can be easily separated from 2a by extraction in the organic
solvent. The '"H NMR spectrum of 2a shows one resonance
for the fBu protons, two doublets for the methylene protons,
and one resonance due to the protons of the aromatic ring;
this reveals the high local C,, symmetry for the calix[4]arene
complex. In the electron impact mass spectrum of 2a, a signal
at m/z 1484 is detectable for the [(CaxO,),Mo,]*~ entity.

The 'H NMR spectrum of the molybdenum(vi) complex
[(CaxO,){CaxO,(OH),}Mo] (1a) reveals low local symmetry
at the metal atom. Five signals can be observed in the intensity
ratio 1:1:2:2:2 for the resonances of the ¢Bu protons,
furthermore ten doublets for the methylene protons and six
signals for the aromatic ring protons are observed. A
resonance at 0 = 8.33 indicated O—H groups in the molecule,
which was confirmed in the infrared spectrum by a resonance
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at 7=3442 cm~L. According to the spectroscopic data, one
calix[4]arene ligand in 1a coordinates to the central metal
atom in a tetradentate fashion, the other in a bidentate
fashion.

We were interested to know about the reactivity of
tungsten(iv)halides with calix[4]arene CaxOH, under similar
conditions. The thioether adduct [WCI,(SEt,),] ¥ for exam-
ple, reacts cleanly with Cax(OH), in the presence of NEt; in
toluene at 100°C to give, after work up, the brick red hexane
soluble compound [(CaxO,){CaxO,(OH),}W] (1b) and the
green dinuclear compound 2b in good yields. Compound 1b
can also be obtained in somewhat lower yield from [WCl,],
prepared by the reduction of [WClg] with red phosphorous.['?]
'H and *C NMR spectroscopic data of 1b are almost identical
with those of 1a. From the fraction of the crude product that
was insoluble in hexane a green powder can be obtained in
small yields; this was identified as (HNEt;),[(CaxO,),W,]
(2b) by NMR spectroscopy.

As one moves across the transition series of the periodic
table, the effect of the oxidation state of the metal on the
stability of complexes becomes more notable in a group. For
Group 6 transition elements, the relative oxidation power of
the M®" oxidation state is quite pronounced (Cr>Mo > W)
and reaches its minimum at the heaviest element tungsten.
The formation of [CrF] requires a fluorine pressure of 200—
300 atm, and reduction of this pressure causes the dissociation
of the compound to [CrFs] and F,, even at temperatures as
low as —100°C. The complex [MoCly] is similarily unstable
with respect to the formation of [MoCls] and CL,.I¥! For
tungsten, [WX,] complexes are stable with respect to decom-
position of the metal halide for X =F, Cl, and Br. Compounds
of the type [MXq] of hexavalent tungsten with monoanionic
carbon, nitrogen, or oxygen ligands are also well known, such
as the homoleptic compounds [WMeg],['¥! [W(NMe,)],!
[W(OMe)y],'¥ and [W(OPh)].I7

For the lighter congener molybdenum, hexavalent com-
plexes [MX4] with monoanionic carbon, nitrogen, oxygen, or
halide ligands seem only to be sufficiently stable for the
element with the highest electronegativity, that is, fluoride,
and for good o or o/m donor ligands, as in [Mo(NMe,):]!**! or
[MoMe;] .1 These ligands reduce the electron deficiency of
the metal in its highest formal oxidation state. Electrochem-
ical studies on octahedral molybdenum and tungsten chlor-
ides, chloride oxides, and chloride nitrides have shown that
there are systematic differences in the electrode potentials of
molybdenum and tungsten redox couples and that the relative
stability of the higher oxidation states is directly linked to the
donor properties of the ligands.?! For the hexachlorometalate
system, the electrochemically reversible reduction step for
[MCI]%1= (d%d") has been observed at 1.59 V for M =W and
at 220V for M=Mo.?*2 The high reducing power of
[MoCl¢]—the d%d! redox step for the fluoride system
[MoF4]”'- has been observed at 2.08 V—might be the reason
for the experimental inaccessibility of molybdenum hexa-
chloride [MoClg].?-23

In contrast to the lack of molybdenum(vi) hexachlorides, a
few molybdenum(vi) hexaalkoxides have been found so far.
One of them, [Mo(OMe);], has been prepared as a thermally
unstable and moisture-sensitive compound from the co-
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condensation of [MoF] and [Si(OMe),].*! For the synthesis
of monomeric molybdenum hexaalkoxides, there is, in addi-
tion to the instability of the +6 oxidation state, another
problem to overcome, that is, the inherent instability of an
[Mo(OR),] unit with respect to ether elimination or hydrol-
ysis to give the very stable [Mo(=0)] functionality.?*] The
majority of molybdenum(vi) complexes are stabilized by
multiple bonded ligands, and [Mo(=E)] or [Mo(=E),] (E=0,
S, NR) entities are very common in molybdenum(vi) chem-
istry. Complexes of the general formula [Mo(=0)X,] or
[Mo(=0),X,], in which X is an alkoxide or halide ligand, are
usually very stable compounds.”! One way to stabilize
alkoxides with respect to decomposition of [M(OR);] is the
use of multidendate ligands. Following this strategy, tris(gly-
colato) and tris(pinakolato) molybdenum(vi) complexes
[Mo(OCR,CR,0);] (R=H, Me) have been synthesized by
Dehnicke and co-workers.”® In this sense, the synthesis of
[(CaxO,){CaxO,(OH),]Mo] (1a) is a continuation of this
synthetic strategy and compound la is one of the few
molybdenum(vi) hexaalkoxides reported so far. Thus, we
were very interested to confirm our analytical data by a
structural investigation of this compound. Crystals of 1ain the
form of thin plates were obtained from layering saturated
solutions of 1a in hexane with acetonitrile. The molecular
structure of 1a, though not crystallographically satisfactory, is
depicted in Figure 1 because of the above-mentioned signifi-
cance of this complex and as a confirmation of our structural
proposal given in Equation (1). However, to clarify the
composition of the complexes 1 beyond any doubt, we

Figure 1. Schakal plot of the molecular structure of [(CaxO,){CaxO,-
(OH),}Mo] (1a) in 1a-4.5MeCN. The disorder of the fBu groups is not
resolved in the drawing, and the hydrogen atoms are omitted for clarity.
The hydrogen atoms at O(7) and O(8) were calculated in idealized
positions. Selected bond lengths [pm] and angles [°]: Mo—O(1): 190.3(9),
Mo—O(2): 193.2(9), Mo—O(3): 185.8(9), Mo—0O(4): 190.9(9), Mo—O(5):
187.7(8), Mo—O(6): 194.7(9), O(1)-Mo-O(2): 82.4(3), O(1)-Mo-O(3):
93.4(4), O(1)-Mo-O(4): 83.5(3), O(1)-Mo-O(5): 173.9(4), O(1)-Mo-O(6):
85.9(4), O(2)-Mo-O(3): 82.0(4), O(2)-Mo-O(4): 160.1(3), O(2)-Mo-O(5):
98.9(4), O(2)-Mo-O(6): 95.8(4), O(3)-Mo-O(4): 84.9(4), O(3)-Mo-O(5):
92.7(4), O(3)-Mo-O(6): 177.8(4), O(4)-Mo-O(5): 96.6(4), O(4)-Mo-O(6):
97.1(4), O(5)-Mo-O(6): 88.0(4), C(10)-O(1)-Mo: 150.6(8), C(20)-O(2)-Mo:
125.2(9), C(30)-O(3)-Mo: 162.5(8), C(40)-O(4)-Mo: 124.4(7), C(50)-O(5)-
Mo: 152.8(7), C(60)-O(6)-Mo: 151.2(8).
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Figure 2. Schakal plot of the molecular structure of [(CaxO,){CaxO,-
(OH),}W] (1b) in 1b-3MeCN. The disorder of the Bu groups are not
resolved in the drawing, and the hydrogen atoms are omitted for clarity.
The hydrogen atoms at O(7) and O(8) were calculated in idealized
positions. Selected bond lengths [pm] and angles [°]: W—O(1): 186.3(3),
W-0(2): 193.7(3), W-O(3): 188.5(3), W—O(4): 191.8(3), W—O(5): 188.7(3),
W-0(6): 191.6(3), O(1)-W-O(2): 83.45(13), O(1)-W-O(3): 92.97(13), O(1)-
W-O(4): 84.24(13), O(1)-W-O(5): 92.85(13), O(1)-W-O(6):177.68(14),
0(2)-W-O(4): 161.79(12), O(3)-W-O(4): 83.60(12), O(3)-W-O(6):
87.18(13), C(10)-O(1)-W: 162.6(3), C(20)-O(2)-W: 124.6(3), C(30)-O(3)-
W: 148.7(3), C(40)-O(4)-W: 124.1(3), C(50)-O(5)-W: 152.2(3), C(60)-O(6)-
W: 151.6(3).

decided to resolve the structure of tungsten analogue as well.
The X-ray crystal structure of the isostructural complex 1b is
given in Figure 2.

Both complexes 1a and 1b crystallize with acetonitrile in
the unit cell. The metal atoms in these compounds are
surrounded by six phenoxide oxygen atoms of two calix[4]-
arene ligands. In each case, one of the macrocyclic ligands is
fourfold coordinated to the metal atom through the oxygen
atoms O(1) to O(4), the second calix[4]arene ligand is twofold
coordinated, with O(5) and O(6) attached to the metal center.
The metal oxygen bond lengths of 186.3(3)-193.7(3) pm in
the case of the tungsten compound and 185.8(9) - 194.7(9) pm
for the molybdenum complex are in a range that is observed
for comparable compounds like [CaxO,WCl, ] [CaxO,W-
(OPh),] .11 or [Mo(OCR,CR,0);] (R =H, Me).l?l The basis
of the resulting distorted octahedron is best described by the
oxygen atoms O(1), O(3), O(5), and O(6). The sum of the
O-M-O angles to neighboring oxygen atoms in the basal plane
of 1b is 360.06°; in the case of the molybdenum compound 1a
this sum is exactly 360°. In 1b, the O-W-O angles to
neighboring oxygen atoms are enlarged to some degree at
0(1), 92.97(13)° for O(1)-W-0O(3) and 92.85(13)° for O(1)-W-
O(5), as compared with 87.18(13)° for O(3)-W-O(6) and
87.06° for O(5)-W-0O(6). The same effect can be observed for
the angles at O(3) in 1a. This distortion might be due to steric
interactions or to favorable m-bonding effects in the molecule,
because the W—O(1) and Mo—O(3) bond lengths of 186.3(3)
and 185.8(9) pm, respectively, are the shortest metal —oxygen
interactions in the molecules, and the bond angles at the
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coordinated oxygen atoms W-O(1)-C and Mo-O(3)-C of
162.6(3)° and 162.5(8)°, respectively, are the largest M—O—C
angles observed. The M—O(2) and M—O(4) vectors form the
heavily distorted axis of the octahedron, as demonstrated with
an angle O(2)-W-O(4) of 161.79(12)° and O(2)-Mo-O(4) of
160.1(3)°. The metal oxygen bond lengths of 193.7(3) and
191.8(3) pm for W—O(2) and W—O(3), respectively, as well as
the bond lengths of 193.2(9) and 194.7(9) pm for Mo—O(2)
and Mo—O(6), respectively, are the largest observed in 1a and
1b, whereas the angles W-O(2)-C(20) 124.6(3)°, W-O(4)-
C(40) 124.1(3)°, Mo-O(2)-C(20) 125.2(9)°, and Mo-O(4)-
C(40) 124.4(7)° are the smallest in these molecules. Thus, the
calixarene rings of O(1) to O(4) define an elliptical cone
section for the x* calix[4]arene ligand.

For the second product of the reaction shown in Equa-
tion (1), we were able to isolate crystals which at least clarify
the connectivity of the reaction product in the case of the
molybdenum compound 2a. Yellow needles of the composi-
tion (HNEt;),[(CaxO,),Mo,H]-Cl-4C,Hg-MeCN can be
obtained from concentrated solutions of the crude reaction
product in toluene/acetonitrile (10:1). The structure of the
central (HNEL;),[(CaxO,),Mo,H]~CI~ unit is shown in Fig-
ure 3. This compound may be regarded as the HCI adduct of
2a and can be nicely compared with (H,NMe,),[(CaxO,),-
Mo,] -4 py or [(CaxO,),Mo,H,] - xC¢H, reported by Chisholm
and co-workers recently.’8l However, in contrast to their work
we were not able to spectroscopically locate OH protons in
any of our several isolated dinuclear species. Therefore, we
propose compounds of the formula (HNEt;),[(CaxO,),M,]

Figure 3. Schakal plot of the molecular structure of (HNEt;),[(CaxO,),-
Mo,H]:Cl (2a-HCI) in 2a-HCI-4 C;Hg- MeCN. The disorder of the Bu
groups is not resolved in the drawing, and the hydrogen atoms are omitted
for clarity. Selected bond lengths [pm] and angles [°]: Mo(1)—Mo(2):
224.1(1), Mo(1)—O(1): 209.4(8), Mo(1)—O(2): 196.0(7), Mo(1)—O(3):
195.5(8), Mo(1)—O(4): 195.7(7), Mo(2)—O(5): 211.4(8), Mo(2)—O(6):
196.5(7), Mo(2)—O(7): 195.6(7), Mo(2)—O(8): 196.2(7), O(1)-Mo(1)-O(2):
85.3(3), O(2)-Mo(1)-O(3): 92.4(3), O(3)-Mo(1)-O(4): 93.0(3), O(1)-Mo(1)-
0O(4): 85.2(3), O(5)-Mo(2)-O(6): 85.8(3), O(6)-Mo(2)-O(7): 93.3(3), O(7)-
Mo(2)-O(8): 93.7(3), O(5)-Mo(2)-O(8): 83.3(3), O(1)-Mo(1)-Mo(2):
91.3(2), O(2)-Mo(1)-Mo(2): 98.9(2), O(3)-Mo(1)-Mo(2): 101.6(2), O(4)-
Mo(1)-Mo(2): 98.4(2), O(5)-Mo(2)-Mo(1): 91.8(2), O(6)-Mo(2)-Mo(1):
99.1(2), O(7)-Mo(2)-Mo(1): 100.5(2), O(8)-Mo(2)-Mo(1): 97.8(2).
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(2)—in accordance with spectroscopical and analytical data—
as the product of the reaction in Equation (1). The result of
the X-ray crystal structure analysis confirms the dumbbell-
like structure of 2a. The molybdenum —molybdenum bond
length of 224.1(1) pm is in accordance with a triple bond and
compares well with the bond lengths of 222.6(1), 222.6(6), and
221.4(7) pm in Chisholm’s compounds. Both calix[4]arene
ligands are terminally coordinated to the central [Mo=Mo]**
core. The molybdenum-oxygen bond lengths to O(1) of
209.4(8) pm and O(5) of 211.4(8) pm (positioned cis to each
other) are exceptionally long relative to other molybdenum —
oxygen bond lengths in the compound, which are in the range
195.5(8)—196.5(7) pm. This elongation suggests some bridg-
ing hydrogen interaction O(1)-H-O(5), but we were unable to
locate a hydrogen atom between these oxygen atoms required
for charge balance. The distances between the nitrogen and
chlorine atoms are 3.02 and 3.03 pm for N(1)—Cl and N(2)—Cl,
respectively.

Currently, we have no detailed knowledge for the mecha-
nism of reaction in Equation (1). Independent of the relative
amount of calix[4]arene and metal chloride used in the
reaction, we observe both reaction products. Currently, we
propose a reaction intermediate of the type d*-(HNEt;)[Cax-
O,MCl], which disproportionates to (HNEt;),[(CaxO,),M,]
and [CaxO,MCl,]. We were unable to isolate any compound
of the composition d*(HNEt,;)[CaxO,MCI]*! or [CaxO,-
MCl,] so far from these reactions, but compounds of the type
[CaxO,MCl,] (4) (see below) react cleanly with calix[4]arene
to yield 1 under the reaction conditions given.

We favor this mechanistic pathway with the inclusion of
intermediates of the type d*-(HNEt;)[CaxO,MCl] and [(Cax-
0,),MCl,], because in one case we could isolate red crystals of
a dinuclear chloride containing side product [(CaxO,W)-
{*(0)-k'(0)-CaxO5(OH)}(CaxO,WCIl)] (3), besides the
compounds 1b and 2b, from the reaction of the tungsten
complex [WCI,(SEt,),]. The result of the X-ray structure
analysis of this compound is shown in Figure 4.

The dinuclear compound 3 is formally the condensation
product of the bis(calixarene)compound 1b and the calixar-
ene tungsten dichloride [CaxO,WCl,] (4b). The bonding
parameters at W(1) in compound 3 are almost identical to
those found in [(CaxO,){CaxO,(OH),}W] (1b), and the
geometrical data at W(2) compare well with those found for
4b.%1 The W(2)-O and W(2)-Cl bond lengths are on
average slightly longer than the corresponding bond lengths
found for 4b. Both complex fragments at W(1) and W(2) are
connected through a bridging calix[4]arene ligand, which
forms two bonds to W(1) through O(6) and O(5) and one
bond to W(2) through O(7). The W(2)—O(7) bond length of
188.9(9) pm is unexceptional. Further HCI cleavage to give a
symmetrically calix[4]arene-bridged molecule of the type
[(CaxO4W),{k*(O)-xk*(0)-Cax}] seems to be unfavorable for
sterical reasons.

During our investigations we became interested in the
synthesis and characterization of calix[4]arene molybdenum
dichloride 4a for several reasons. First of all, it was of interest
to us to know whether this complex reacts with calix[4]arene
in the presence of triethylamine to give 1a or not. Beyond
that, this compound seems to be a useful starting material to
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Figure 4. Schakal plot of the molecular structure of [CaxO,W{x?*(O)-
k!'(0)-CaxO;(OH)}(CaxO,WCl)] (3) in 3-3MeCN. The disorder of the Bu
groups is not resolved in the drawing, and the hydrogen atoms are omitted
for clarity. The hydrogen atom at O(8) was calculated in an idealized
position. Selected bond lengths [pm] and angles [°]: W(1)—O(1): 187.3(9),
W(1)-0(2): 193.6(9), W(1)-O(3): 185.3(10), W(1)—O(4): 194.1(9),
W(1)—0(5): 189.6(10), W(1)—O(6): 187.7(10), W(2)—O(7): 188.9(9),
W(2)-0(9): 187.1(9), W(2)—O(10): 191.8(9), W(2)—O(11): 189.0(9),
W(2)—-0(12): 190.9(9), W(2)—Cl: 233.8(3), O(1)-W(1)-O(2): 83.5(4),
O(1)-W(1)-O(3): 96.4(4), O(1)-W(1)-O(4): 84.1(4), O(1)-W(1)-O(5):
87.4(4), O(1)-W(1)-O(6): 166.4(4), O(2)-W(1)-O(3): 85.5(4), O(2)-W(1)-
0O(4): 162.7(4), O(2)-W(1)-O(5): 102.6(4), O(2)-W(1)-O(6): 87.2(4), O(3)-
W(1)-O(4): 84.1(4), O(3)-W(1)-O(5): 171.5(4), O(3)-W(1)-O(6): 92.7(4),
0(4)-W(1)-O(5): 88.8(4), O(4)-W(1)-O(6): 107.0(4), O(5)-W(1)-O(6):
85.0(4), O(7)-W(2)-O(9): 93.7(4), O(7)-W(2)-O(10): 91.2(4), O(7)-W(2)-
O(11): 171.5(4), O(7)-W(2)-O(12): 100.7(4), O(9)-W(2)-O(10): 83.6(4),
0(9)-W(2)-O(11): 93.3(4), O(9)-W(2)-O(12): 84.8(4), O(10)-W(2)-O(11):
84.6(4), O(10)-W(2)-O(12): 163.9(4), O(11)-W(2)-O(12): 84.9(4), O(7)-
W(2)-Cl: 87.1(3), O(9)-W(2)-Cl: 179.1(3), O(10)-W(2)-Cl: 96.8(3), O(11)-
W(2)-Cl: 86.0(3), O(12)-W(2)-Cl: 94.6(3), C(10)-O(1)-W(1): 147.8(10),
C(20)-O(2)-W(1): 123.4(8), C(30)-O(3)-W(1): 173.6(9), C(40)-O(4)-W(1):
123.5(7), C(50)-O(5)-W(1): 136.8(9), C(60)-O(6)-W(1): 139.5(9), C(70)-
O(7)-W(2): 132.0(8), C(90)-O(9)-W(2): 166.7(9), C(100)-O(10)-W(2):
125.6(8), C(110)-O(11)-W(2): 144.5(9), C(120)-O(12)-W(2): 123.9(8).

enter calix[4]arene molybdenum chemistry. Finally, there
might be some more general interest in this compound,
because it would be the first fully characterized compound of
the type [MoCl,(OR),_,] in the long history of molybdenum
alkoxide chemistry (vide supra).’”! For the heavier congener
tungsten, for example, each member of the family of
compounds of the type [WCL(OR),_,] is known."!

Compound 1a reacts with two equivalents HCI to give the
first isolated and fully characterized molybdenum(vi) chloro
phenoxide [CaxO,Mo0Cl,] (4a). The molecular structure of 4a
in the solid state has been determined by X-ray diffraction,
see Figure 5.

The central atom in [CaxO4MoCl,] 4a is sixfold coordi-
nated by four oxygen atoms of the calix[4]arene ligand and
two chlorine atoms, which are in mutual cis positions. As a
result of this, two phenoxide rings, those at O(1) and O(3), are
pushed away from the macrocycle to define an elliptical cone
section for the calix[4]arene ligand. Similar distortions were
found in comparable compounds like [CaxO,WCL]l or
[CaxO,W(OPh),] . The molybdenum atom lies exactly in
the best plane defined by the atoms CI(1), CI(2), O(2), and
O(4), which describe the basis of an distorted octahedron
around the central atom. The angles between the vectors
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Figure 5. Schakal plot of the molecular structure of [CaxO,MoCl,] (4a) in
4a-4MeCN. The disorder of the rBu groups is not resolved in the drawing,
and the hydrogen atoms are omitted for clarity. Selected bond lengths [pm]
and angles [°]: Mo—CI(1): 233.6(1), Mo—Cl(2): 235.6(1), Mo—O(1):
189.6(2), Mo—O(2): 187.2(2), Mo—O(3): 190.9(2), Mo—O(4): 187.3(2),
CI(1)-Mo-C1(2): 87.63(4), O(1)-Mo-CI(1): 98.11(7), O(2)-Mo-CI(1):
175.94(6), O(3)-Mo-CI(1): 94.23(7), O(4)-Mo-CI(1): 88.76(8), O(1)-Mo-
Cl(2): 93.88(7), O(2)-Mo-Cl(2): 89.16(8), O(3)-Mo-Cl(2): 98.46(7), O(4)-
Mo-ClI(2): 175.45(8), O(1)-Mo-O(2): 84.59(9), O(1)-Mo-O(3): 162.88(9),
O(1)-Mo-O(4):  83.88(9), O(2)-Mo-O(3): 83.78(9), 0O(2)-Mo-O(4):
94.56(10), O(3)-Mo-O(4): 84.56(9), C(10)-O(1)-Mo: 125.71(19), C(20)-
0O(2)-Mo: 156.9(2), C(30)-O(3)-Mo: 124.79(15), C(40)-O(4)-Mo: 151.6(2).

Mo—O(1) and Mo—O(3) and this plane are 81.15(7)° and
81.45(7)°, respectively. The Mo—Cl bond lengths of 233.6(1)
and 235.6(1) pm are in accordance with other molybdenum
chlorides.””) The molybdenum — oxygen bond lengths in 4a are
shorter that those found for the d° molybdenum calix[4]arene
imido complexes (approximately 194.0 pm),*! in which
instead of two chlorine atoms the imido ligand, an excellent
o,m-donor ligand, is mounted on the [CaxO,Mo] moiety. In 4a,
the Mo—O bond lengths of 189.6(2) pm to O(1) and
190.9(2) pm to O(3) are significantly longer than those to
the oxygen atoms O(2) and O(4), trans to the chlorine atoms,
of 187.2(2) pm and 187.3(2) pm, respectively. This might be
attributed to the worse donor properties of the chlorine ligand
relative to a phenoxide ligand. According to NMR spectro-
scopy, a similar structure with a pseudo-C,, arrangement of
4a as observed in the solid state can also be found in
solution.

In summary, the unusual reaction of the molybdenum(1v)
and tungsten(1v) chlorides [MCI,L,] with p-rBu-calix[4]arene
Cax(OH), in the presence of triethylamine leads to mono-
nuclear molybdenum(vi) and tungsten(vi) calix[4]arene com-
plexes [(CaxO,){CaxO,(OH),}M] (1) and binuclear molybde-
num() and tungsten(itn) calix[4]arene complexes (HNEt;),-
[(Cax0,),M,] (2). Compound 1a represents one of the few
examples of a molybdenum(vi) hexaalkoxide complex of the
type [Mo(OR)s]. We propose for the mechanism of this
unusual reaction a pathway via calix[4]arene molybdenum
and tungsten chlorine intermediates, that is, (HNEt;)[Cax-
O,M(l] and [CaxO4MCl,]. The isolation and characterization
of the side product [(CaxO,W){x*(O)-x'(0)-CaxO;(OH)}-
(CaxO,WCl)] (3), as well as the observation that the
dichlorides [CaxO,MoCl,] react cleanly with calix[4]arene
under the reaction conditions reported, support the idea of
the intermediacy of these chloro-containing species. The
reaction of la with HCl provides the novel compound
[CaxO,Mo0Cl,] (4a), the first well-defined examples of a
mixed molybdenum(vi) alkoxide halide compound of the
general formula [MoCl,(OR),_,] in good yield. Our further
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interest in this chemistry is to isolate d*-calix[4]arene com-
pounds, to improve the synthesis of 4a and to explore the
reactivity of these compounds.

Experimental Section

General: All reactions and subsequent manipulations involving organo-
metallic reagents were performed under argon atmosphere by using
standard Schlenk techniques as reported previously.*"! Elemental analyses
were performed in the microanalytical laboratory of the author’s depart-
ment. NMR spectra were recorded on a Bruker AC250 at 298 K. *C NMR
spectra are broad-band proton decoupled (*C{'H}). Standard DEPT-135
experiments were recorded to distinguish —CH; and —CH type carbons
from —C or —CH, type carbons in the 3C NMR spectrum; NMR data are
listed in parts per million (ppm) and are reported relative to tetramethyl-
silane. Coupling constants are quoted in Hertz. Residual solvent peaks used
as internal standards were as follows: CDCl; 6 =724 ('H), C(Dy 6 =7.15
(H) or natural-abundance carbon signal at é =77.0 for CDCl; and ¢ =
128.0 for C4Dg. Infrared spectra were recorded as KBr pellets on a Bruker
IFS28 and are reported in cm~. P-/Bu-calix[4]arenel” and [MCLL,] M =
Mo, L=EtS, E,0; W, L=Et,S)[' 2 were prepared as described in the
literature, all other reagents were purchased from commercial sources and
purified by standard techniques.

[(Cax04){Cax0,(0OH),}Mo] (1a) and (HNE;),[(Cax0,),Mo,] (2a): NEt,
(1.12mL, 8.10 mmol) was added to a reaction mixture of [MoCl,L,]
(0.722 g, L=SEt,; 0.670 g, L=0OEt,, 1.74 mmol) and Cax(OH), (1.5¢g,
2.31 mmol) in toluene (60 mL). The solution was stirred for 8 h at 100°C, all
volatiles were removed in vacuo, and the residue was suspended in hexane
(60 mL) to give a pale brown precipitate in a purple solution. After
filtration, the mother liquor was evaporated in vacuo to give compound 1a
as a purple powder (0.352 g, 44%, L=SEt,; 0.385 g, 48%, L =OEt,).
Crystals of 1a were obtained as thin plates from layering concentrated
hexane solutions of 1a with acetonitrile. The hexane insoluble residue was
extracted in hot toluene (60 mL) and filtered through a pad of Celite.
Cooling the toluene solution gave yellow brown needles of 2a. Traces of
ammonium chloride were removed by sublimation in vacuo. Yield: 0.117 g
(12%); L=SEt,; 0.176 g (18 %; L = OEt,).

[(Cax0,){Cax0,(OH),}Mo] (1a): 'H NMR (C¢Ds): 6=0.78 (s, 9H;
C(CHs;);), 0.83 (s, 9H; C(CHs);), 1.07 (s, 18H; C(CH,);), 1.12 (s, 18H;
C(CHs;);), 1.30 (s, 18H; C(CHs5)3), 3.16 (d, 2J(H,H) =13.7 Hz, 2H; CH,),
3.36 (d, 2J(H,H)=13.7 Hz, 2H; CH,), 3.41-3.46 (2d, 2H; CH,), 3.65 (d,
2J(H,H)=14.0 Hz, 2H; CH,), 443 (d, 2J(H,H) =13.8 Hz, 1H; CH,), 4.76
(d, 27(H,H) =13.5 Hz, 2H; CH,), 4.94 (d, 2/(H,H)=13.5 Hz, 2H; CH,),
5.83 (d, 2J(H,H) =13.7 Hz, 2H; CH,), 6.92 (s, 2H; aromatic H), 6.97 (d,
4J(HH)=2.3Hz, 2H; aromatic H), 705 (d, “/(HH)=2.5Hz, 2H;
aromatic H), 708 (d, /(H,H) =2.4 Hz, 4H; aromatic H), 7.13 (s, 4H;
aromatic H), 737 (d, “/(HH)=2.0Hz, 2H; aromatic H), 755 (d,
2J(H,H)=13.9 Hz, 1H; CH,), 8.32 (s, 2H; OH); 'H NMR (CDClL): 6 =
1.12 (s, 18 H; C(CH),), 117 (s, 18H; C(CH,),), 1.18 (s, 9H; C(CH;)5), 1.21
(s, 9H; C(CHs;);), 1.38 (s, 18 H; C(CH,;)5), 3.10-3.27 (3d, 5H; CH,), 3.42 (d,
2J(H,H) = 13.9 Hz, 1 H; CH,), 3.44 (d, 2/(H,H) = 14.0 Hz, 2H; CH,), 4.02
(d, 2J(H,H)=13.8 Hz, 1H; CH,), 4.26 (d, 2/(H,H) =13.9 Hz, 2H; CH,),
434 (d, 2/(HH)=13.7Hz, 2H; CH,), 5.11 (d, 2J(H,H)=14.0 Hz, 2H;
CH,), 6.59 (d,%/(H,H) =14.1 Hz, 1 H; CH,), 6.85 (d, */(H,H) =2.3 Hz, 2H;,
aromatic H), 691 (d, */(H,H)=2.4Hz, 4H; aromatic H), 6.97 (d,
4J(H,H) =2.4 Hz, 2H; aromatic H), 7.06 (s, 2H; aromatic H), 7.12 (s, 2H;
aromatic H), 7.15 (d, /(H,H) = 1.9 Hz, 2H; aromatic H), 7.25 (d, */(H,H) =
1.9 Hz, 2H; aromatic H), 7.56 (s, 2H; OH); C NMR (CDCl,): 6 =31.45,
31.56, 31.64, 31.81, 31.95 (s, C(CHs;);)), 32.79 (s, C(CH,)3)), 33.41 (s, CH,),
34.01, 34.24, 34.31, 34.90 (s, C(CH,);)), 35.58, 35.87, 36.34 (s, CH,), 124.02,
124.28, 125.07, 125.16, 125.84, 126.09, 126.73, 127.04 (s, aromatic CH),
128.05, 128.21, 130.64, 131.04, 131.81, 136.81, 137.11, 137.48, 142.79, 146.51,
147.04, 14727, 147.57, 148.98, 159.96, 163.06, 167.43, 168.22 (s, aromatic C);
MS (70 eV, EI): m/z (%): 1388 (5) [M]*, 1375 (1) [M — CH;]"; IR: 7=
3442 cm~! (O—H); elemental analysis calcd (% ) for CggH;0s0sMo (1388): C
76.16, H 7.70; found C 76.46, H 7.99.

(HNEL,),[(Cax0,),Mo,] (2a): 'H NMR (CDCL): 6=1.17 (s, 36H;
C(CH,)), 135 (t, *J(H,H) =72 Hz, 9H; NCH,CH,), 2.96 (q, *J(H,H) =
73 Hz, 6H; NCH,CHy), 326 (d, 2J(HH)=11.9 Hz, 4H; CH,), 4.94 (d,
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2J(H,H) = 11.8 Hz, 4H; CH,), 7.00 (s, 8H; aromatic H); 3C NMR (CDCl,):
5=926 (s, NCH,CH,), 31.66 (s, C(CH,),), 34.03 (s, CH,), 34.12 (s,
C(CH,),), 46.22 (s, NCH,CHy), 124.71 (s, aromatic CH), 131.74, 143.61,
154.05 (s, aromatic C); MS (70 eV, EI): m/z (%): 1484 (0.2) [M]*; elemental
analysis calcd (%) for C,oH;3,0sMo,N, (1686): C 71.26, H 8.08, N 1.66;
found C 71.05, H 7.98, N 1.62.

[(Cax0,){Cax0,(OH),}W] (1b) and (HNE;),[(Cax0,),W,] (2b). Excess
NEt; (1.12 mL, 8.10 mmol) was added to a reaction mixture of WCl,(SEt,),
(0.879 g, 1.74 mmol) and Cax(OH), (1.5 g, 2.31 mmol) in toluene (60 mL).
The solution was stirred for 8 h at 100°C, all volatiles were removed in
vacuo, and the residue was suspended in hexane (60 mL) to give a pale
green precipitate in a red solution. After filtration, the mother liquor was
evaporated in vacuo to give compound 1b as a red powder (0.810 g, 95%).
Crystals of 1b were obtained as thin plates from layering concentrated
hexane solutions of 1b with acetonitrile. The hexane insoluble residue was
extracted in hot THF (60 mL) and filtered through a pad of celite. Traces of
ammonium chloride were removed by sublimation in vacuo. Yield: 0.571 g
53%.

[(Cax0,){Cax0,(OH),}W] (1b): 'H NMR (C,Dy): 6=080 (s, 9H;
C(CH,),), 0.84 (s, 9H; C(CHa),), 1.08 (s, 18H; C(CHs)s), 112 (s, 18H;
C(CH,),), 131 (s, 18H; C(CH,)s), 3.23 (d, 2(H,H) =13.7 Hz, 2H; CH,),
338 (d, 2/(H,H)=14.0 Hz, 2H; CH,), 3.49 (d, (H,H)=14.0 Hz, 1H;
CH,), 3.52 (d, 2(H,H)=14.1 Hz, 1H; CH,), 3.71 (d, 2/(H,H)=13.8 Hz,
2H; CH,), 432 (d, 2J(HH)=139Hz, 1H; CH,), 4.83 (d, J(HH)=
134 Hz, 2H; CH,), 491 (d, 2(HH)=138Hz, 2H; CH,), 578 (d,
2J(HH)=13.5Hz, 2H; CH,), 695 (s, 2H; aromatic H), 6.96 (d,
4J(HH)=24Hz, 2H; aromatic H), 706 (d, “/(HH)=2.1Hz, 4H;
aromatic H), 7.10 (s, 4H; aromatic H), 7.12 (s, 4 H aromatic H), 7.28 (d,
2J(H,H) =14.0 Hz, 1H; CH,), 741 (d, */(H,H) =2.1 Hz, 2H; aromatic H),
8.06 (s, 2H; OH); 'H NMR (CDCL,): 6 =1.12 (s, 18H; C(CHs)s), 1.19 (s,
18H; C(CH,),), 1.20 (s, 9H; C(CHs)5), 1.22 (s, 9H; C(CHs)s), 1.39 (s, 18H;
C(CHs5)3), 3.25-3.36 (3d, 5H; CH,), 3.44 (d, 2J(H,H) = 14.0 Hz, 2H; CH,),
353 (d, 2/(HH)=14.0 Hz, 1H; CH,), 3.95 (d, 2J(H,H)=14.1 Hz, 1H;
CH,), 421 (d, 2/(H,H) = 14.4 Hz, 2H; CH,), 4.44 (d, 2J(H,H)=13.7 Hz,
2H; CH,), 5.03 (d, Y(H,H)=13.9 Hz, 2H; CH,), 6.49 (d, 2/(HL,H) =
14.0 Hz, 1H; CH,), 6.87 (d, ¥/(H,H) =2.3 Hz, 2H; aromatic H), 6.91 (d,
‘J(H,H)=2.3Hz, 2H; aromatic H), 700 (d, “/(H,H)=2.5Hz, 2H;
aromatic H), 706 (d, /(H,H)=2.5 Hz, 2H; aromatic H), 7.09 (s, 2H;
aromatic H), 7.12 (s, 2H; aromatic H), 7.16 (s, 2H; aromatic H), 7.29 (s,2H;
aromatic H), 10.43 (s,2H; OH); 3C NMR (CDCl,): 6 =31.62, 31.65, 31.78,
31.98, 32.13 (s, C(CH,);), 33.41 (s, CH,), 34.05, 34.23, 34.74 (s, C(CH,),),
35.11, 35.36, 36.12 (s, CH,), 123.82, 124.02, 125.13, 125.29, 126.01, 126.51,
126.83 (s, aromatic CH), 12737, 128.22, 128.40, 129.22, 130.68, 131.21,
134.84, 135.16, 135.69, 142.81, 146.30, 146.78, 147.12, 149.09, 156.41, 158.43,
161.82, 162.38 (s, aromatic C); IR: (KBr [cm™']): # =3454 cm~! (O—H); MS
(70 eV, El): m/z (%): 1475 (100) [M]*, 1460 (3) [M — CH;]"; elemental
analysis calcd (% ) for CggH;0sOsW (1475.65): C 71.63, H 7.24, found C 71.41,
H 7.52.

(HNEt;),[(Cax0,),W,] (2a): 'H NMR (CD,Cl): 6=113 (s, 36H;
C(CH,),), 1.22 (t, 3J(H,H) =73 Hz, 9H; NCH,CHs), 2.43 (q, 3J(H,H) =
73 Hz, 12H; NCH,CH,), 3.22 (d, 2J(H,H)=11.8 Hz, 4H; CH,), 4.86 (d,
2J(HH)=118Hz, 4H; CH,), 6.99 (s, 8H; aromatic H); ¥C NMR
(CD,CL): 6=9.31 (s, CHj;), 31.53 (s, C(CHs)3), 33.64 (s, C(CH;)3), 34.01
(s, CH,), 46.37 (s, CH,), 124.42 (s, aromatic CH), 132.41, 144.06, 153.34 (s,
aromatic C); elemental analysis calcd (%) for C;oH;3:05W,N, (1860): C
64.52, H 7.31, N 1.51; found C 64.54, H 7.51, N 1.56.

[CaxO,Mo0Cl;] (4a): Two HCI equivalents of a saturated solution of
gaseous HCl in diethyl ether was added dropwise to a solution of 1a (1.39 g,
1.00 mmol) in CHCI; (60 mL). The mixture was stirred for 8 h, then filtered
through a pad of Celite and evaporated to dryness. The dark violet residue
was washed with hexane (5 mL), collected, and dried in vacuo (0.472 g,
58%). Crystals of 4a were obtained by recrystallization from acetonitrile.
'"HNMR (CDCly): 6 =1.19 (s, 18 H; C(CHj);), 1.38 (s, 18 H; C(CHs);), 3.42
(d, 2J(H,H)=13.9 Hz, 2H; CH,), 4.71 (d, 2J(H,H)=13.8 Hz, 2H; CH,),
7.07 (s, 4H; aromatic H), 7.29 (s, 4H; aromatic H); C NMR (CDCL): 6 =
31.76,31.89 (s, C(CHs;);), 34.30 (s, C(CHs);), 35.46 (s, CH,), 124.66, 127.33 (s,
aromatic CH), 132.94, 143.87, 149.97, 152.20, 164.06, 172.17 (s, aromatic C);
MS (70 eV, EI): m/z (%): 812 (50) [M]*, 797 (7) [M — CHs]*, 777 (46) [M —
Cl]*; elemental analysis caled (%) for C,,H5,O,MoCl, (812): C 65.11, H
6.46; found C 64.80, H 6.61.
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Crystal structure analysis of 1a-4.5MeCN: Stoe-IPDS diffractometer
(Mo, radiation), T=190(2) K; data collection and refinement: SHELXS-
9751 and SHELXL-971%2; monoclinic, space group C2; lattice constants a =
23.557(5), b=12.381(3), c=32.851(7) A, f=110.90(3)°, V=8951(3) A3,
Z =4,u(Mog,) =0.203 mm~,20,,,, = 49.8°; 15042 independent reflections
measured, of which 10212 were considered observed with />20(/); max./
min. residual electronic density 1.740 and —0.940 e A-3, 941 parameters
(Mo, O, N, C anisotropic except solvent molecules, the positions of the H
atoms were calculated for idealized positions); R; =0.1131; wR, =0.2986.

Crystal structure analysis of 1b-3MeCN: Stoe-IPDS diffractometer (Mo,
radiation), T=203(2) K; data collection and refinement: SHELXS-97*
and SHELXL-97; monoclinic, space group C2; lattice constants a=
23.459(5), b=12.393(3), ¢=32.773(7) A, B=110.88(3)°, V=8903(3) A3,
Z=4,u(Mog,)=1.351 mm~,20,,,,=52.0°; 16270 independent reflections
measured, of which 15676 were considered observed with /> 20¢(I); max./
min. residual electronic density 2.168 and — 0.665 e A=3. 905 parameters (W,
O, N, C anisotropic except solvent molecules, the positions of the H atoms
were calculated for idealized positions); R; =0.0335; wR, =0.0984.

Crystal structure analysis of 2a-HCI-4C;Hg-MeCN: Stoe-IPDS diffrac-
tometer (Mo, radiation), 7=183(2) K; data collection and refinement:
SHELXS-9781 and SHELXL-9782; triclinic, space group PI; lattice
constants a =17.693(4), b =19.718(4), c=22.731(5) A, a =79.85(3)°, =
75.62(3)°, y=6531(3)°, V=6956(2) A>, Z=2, u(Moy,)=0.247 mm~",
20, =44.0°; 13521 independent reflections measured, of which 8860
were considered observed with />20(/); max./min. residual electronic
density 1.139 and —0.490 e A=3. 1162 parameters (Mo, O, N, C anisotropic
except solvent molecules, the positions of the H atoms were calculated for
idealized positions); R; =0.0985; wR, =0.2868.

Crystal structure analysis of 3-3MeCN: Stoe-STADI IV diffractometer
(Mo, radiation), T=200(2) K; data collection and refinement: SHELXS-
9751 and SHELXL-97P; triclinic, space group PI; lattice constants a
=17.630(4), b =17.905(4), c =24.405(5) A, a =73.07(3)°, f =76.47(3)°, y =
86.75(3)°, V=7165(2) A%, Z=2, u(Moy,)=1.675mm"", 20,,,=50.0°;
25223 independent reflections measured, of which 15145 were considered
observed with />20(/); max./min. residual electronic density 1.738 and
—1.033eA3. 1372 parameters (W, O, N, C anisotropic except solvent
molecules, the positions of the H atoms were calculated for idealized
positions); R, =0.0930; wR,=0.2021.

Crystal structure analysis of 4a-4MeCN: Stoe-IPDS diffractometer (Mo,
radiation), T=203(2) K; data collection and refinement: SHELXS-973!
and SHELXL-97P; triclinic, space group PI; lattice constants a=
12.990(3), b=13.651(4), c=15.864(4) A, a =81.20(3), f=78.38(3)°, y=
66.42(3) , V=25172(9) A3, Z=2, u(Moy,) =0.413 mm™", 20,,,,=52.0°;
7669 independent reflections measured, of which 6816 were considered
observed with 7>20(/); max./min. residual electronic density 0.720 and
—0.665 e A3, 524 parameters (Mo, O, N, C anisotropic except solvent
molecules, the positions of the H atoms were calculated for idealized
positions); R, =0.0442; wR,=0.1168.

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-144193 to
CCDC-144197. 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 Importance of Mesomerism in the Termination of a-Carboxymethyl
Radicals from Aqueous Malonic and Acetic Acids

Wen-Feng Wang,!**! Man Nien Schuchmann,!?! Heinz-Peter Schuchmann,!*! and

Clemens von Sonntag*!?!

Abstract: In the dioxygen-free aqueous malonic and acetic acid systems, a-
carboxymethyl radicals are produced through hydrogen abstraction from the parent
compound by radiolytically generated OH radicals. H abstraction from the CO,~/

CO,H group followed by decarboxylation is a process of small importance (<5%).
The a-carboxymethyl radicals terminate by recombination. Two types of recombi- acids -
nation product are observed which are characterised by the formation of a C—C

Keywords: acetic acid - carboxylic
chemical oscillator - dimeri-
zation - malonic acid - radicals

linkage or a C—O linkage. a-Carboxymethyl radicals are mesomeric systems. Their
mesomeric state depends on the state of protonation and determines the proportion

of the C—C- versus C—O-linked dehydrodimers they produce.

Introduction

The oxidation of malonic acid to the dicarboxymethyl radical
by the Ce'V ion has been recognised as a major elementary
step in the chemical oscillator known as the Belousov—Zha-
botinsky reaction.'* In general, dicarboxymethyl is produced
from malonic acid by the action of free radicals; in systems
which involve the reduction of a strong oxidant, for example,
bromate, various free radicals that attack malonic acid, such
as Br' and BrO,", play a role and will contribute to the
degradation of malonic acid.”! These hydrogen-abstraction
processes further complicate the reaction-mechanistic imag-
ing of systems such as the Belousov — Zhabotinsky reaction. In
addition, it has been recognised™ that under conditions of
oxygenation, peroxyl radical reactions!”! must be taken into
account. Moreover, peroxyl radicals and molecular peroxidic
species may effect redox cycling and Fenton-like reactions in
the case of transition metal-catalysed systems, though perhaps
not with cerium.

In the larger context as to the fate of dicarboxymethyl in
these malonic acid-containing systems, and also for the sake of
systematic free-radical chemistry, it is of interest to explore

[a] Prof. Dr. C. von Sonntag, Prof. Dr. W.-F. Wang, Dr. M. N. Schuchmann,
Dr. H.-P. Schuchmann
Max-Planck-Institut fiir Strahlenchemie
Stiftstrasse 34 -36, P.O. Box 101365
45413 Miilheim an der Ruhr (Germany)
Fax: (4+49)208-306-3951
E-mail: vonsonntag@mpi-muelheim.mpg.de
[b] Prof. Dr. W.-F. Wang
Permanent address:
Shanghai Institute of Nuclear Research
P.O. Box 800—204, Shanghai 201800 (P.R. China)

Chem. Eur. J. 2001, 7, No. 4

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

the behaviour of the dicarboxymethyl radical, including its
termination reactions over a wide pH range. Two recombina-
tion products, ethane-1,1,2,2-tetracarboxylic acid (2,3-dicar-
boxysuccinic acid) and monomalonyl malonate (malonic acid
dicarboxymethyl monoester), have been observed upon
oxidation of malonic acid with Ce!v in aqueous solution.['"]
From this it was inferred that two distinct species of malonic
acid-derived free radicals, both of them undergoing recombi-
nation reactions, exist in these systems, namely, ‘CH(COOH),
and HO,CCH,—C(O)O" in varying states of protonation
depending on the pH, either generated independently!'”) or
tautomerically related.

The assumption that the lifetime of a carboxyl radical (here,
HO,C—CH,—C(0)O) is long enough for it to undergo
recombination reactions is in contradiction with what is
known of the behaviour of these radicals: the first-order decay
lifetime of aliphatic carboxyl radicals [cf. reaction (7) later]
has been estimated to be in the order of nanoseconds!'!l (note
that otherwise the Kolbe electrolysis, which generates these
radicals at high local concentrations, could not be used as a
synthetic method for the preparation of alkanes).

In this work, we demonstrate that the behaviour of
dicarboxymethyl radicals can be much more plausibly de-
scribed by a single free-radical species and by taking into
account its mesomeric states.

Experimental Section

Acetic acid (Merck, p.a.), malonic acid (Fluka), glycolic acid (EGA
Chemie), acetoxyacetic acid (Aldrich), tricarballylic (3-carboxyglutaric)
acid (Fluka), succinic acid (Merck), tartronic (hydroxymalonic) acid
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(Serva) and 1,1,2,2,-ethanetetracarboxylic acid tetraethyl ester (Aldrich)
were commercially available. 1,1,2,2-Ethanetetracarboxylic acid was ob-
tained by hydrolysis of the ester.'” Monomalonyl malonate was synthes-
ised from malonic acid and hydroxymalonic acid by condensation, with
P,O; as the dehydrating agent.!"”l The crude product still contains malonic
and hydroxymalonic acid. The purity was sufficient for assignment
purposes.

Aqueous solutions of the substrates (concentrations typically 1 x
103 moldm~3 for malonic acid and 3 x 10~ moldm3 for acetic acid) were
prepared in Milli-Q-filtered (Millipore) water and saturated with N,O. The
pH of the solutions was adjusted to the desired value with NaOH or
HCIO,. y-Radiolyses were carried out in a panoramic “Co-source at a dose
rate of 0.16 Gys™! to total doses of up to 150 Gy (i.e., the conversion of the
substrate remained below 10%), except for the determination of the
secondary product 3-carboxyglutaric acid where the total dose was raised to
400 Gy (the dose of 1 Gy equals 1/ of radiation energy deposited in a
substrate mass of 1 kg, here 1 dm~ of solution).

Aliquot samples from the radiolysis of acetic acid were rotary evaporated
and subsequently trimethylsilylated with (bis-N,N-trimethyl)silyltrifluoro-
acetamide (BSTFA) in pyridine. The trimethylsilylated samples were
analysed by GC-MS (Hewlett-Packard 5971 A) on a 12 m HP-1 column
(cross-linked methyl silicone gum). Glycolic, succinic, hydroxymalonic and
3-carboxyglutaric acids were identified by comparison of their mass spectra
with those of authentic material. 1,1,2,2-Ethanetetracarboxylic acid and
monomalonyl malonate were not derivatised adequately by this procedure
and cannot be analyzed in this manner.

The quantitative determination of the products was carried out with ion
chromatography (Dionex DX-2010i). Prior to injection, all samples were
adjusted to pH 3.0, because it has been observed that the response of the
acids can vary significantly depending on the pH of the injected solution.

Products from acetic acid: Succinic acid was analysed on an AS14 column
[4 x 250 mm with 4 x 50 mm AG14 pre-column, ASRS-ULTRA suppres-
sor, eluent: solution of Na,CO; (9 x 10~ moldm~3) and NaHCO; (8.5 x
104 moldm~?), flow rate: 1 mL min~!, retention time: 22 min]. Under these
conditions, glycolic acid has the same retention time as acetic acid
(3.5 min). Therefore, the former was determined on an ICE-AS1 column
(10 x250 mm, without a pre-column and suppressor, flow rate:
1.0 mLmin~!, eluent: water), together with succinic acid, since both show
practically the same retention times (4.7 versus 4.8 min) under these
conditions. The yield of glycolic acid was then obtained from the difference
between the results from the AS14 column and the ICE-AS1 column.
3-Carboxyglutaric acid was analysed on an AS16 column [2 x 250 mm, 2 x
50 mm AG16 pre-column, ASRS-ULTRA suppressor, eluent: NaOH
(3.5 x 102 moldm3), flow rate: 0.25 mLmin~', retention time: 7.4 min].

Products from malonic acid: Monomalonyl malonate and ethane-1,1,2,2-
tetracarboxylic acid were analysed under the same conditions that were
used for 3-carboxyglutaric acid (AS16 column, retention times: 8.0 and
24 min). Under these conditions, an unidentified product was eluted
(7.0 min) on the tail of malonic acid (4.5 min). Since the monomalonyl
malonate reference material was not sufficiently pure for calibrational use,
irradiated samples were hydrolysed to malonic acid and hydroxymalonic
acid at 85°C and pH 11 for 1 hour in order to quantify this compound. The
hydroxymalonic acid thus produced was analysed on a 4 x 250 mm AS9
column with a 4 x 50 mm AG9 pre-column, eluent: solution of Na,CO,
(1.8 x 10> moldm=) and NaHCO; (1.7 x 10> moldm~), flow rate:
1 mLmin~". Under these conditions the retention times of hydroxymalonic
acid and malonic acid were 15 min and 12 min, respectively.

Methane and CO, were scrubbed from the irradiated samples with argon as
the carrier gas!'” and measured by GC on a 3.2 m Porapak-9 capillary
column.

Results and Discussion

The free radical-generating system: Hydroxyl radicals are
generated by the radiolysis of water [reaction (1)]. The
radiation-chemical yields (G values) of the primary radicals

ionising
HZO —_—

radiation

€, 'OH, H*, H*, H,0,, H, 1)

792 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

are G('OH)=G(e,)=29x10"7, GH')=0.6x10" and
G(H,0,)~0.7 x 10" molJ~1. N,O was used to convert the
solvated electron into "OH [reaction (2)]. The rate constants

€yq+N,O+H,0O — ‘OH+OH +N, ?2)

of the reaction of the hydroxyl radical with malonic acid
(pK,=2.8 and 5.7) were re-determined by competition
kinetics with KSCN and by build-up kinetics of the dicarbox-
ylmethyl radical monitored optically at A =340 nm. We found
k;=1.9 x 107 dm*mol~'s™! at pH 1.2 (free malonic acid) and
ky;=1.1 x 108 dm*mol~'s~! at pH 8.0 (malonic acid dianion).
The value for the malonic acid monoanion, k;=4.2 X
107 dm*mol-!s~!, was determined by build-up kinetics at
pH 4.1. There is good agreement between the value of k; for
undissociated malonic acid and the value reported,!¥ while
the value of k; for the malonic acid dianion is lower than that
reported.[]

The OH radical reacts with malonic acid and acetic acid
largely by abstracting a carbon-bound H atom [reactions (3)
and (4)], and to a minor extent at the carboxyl group, either
by H-atom abstraction when the carboxyl group is proto-
nated, or by oxidation of the carboxylate [reactions (5) and

(©)].

\OH (H") + CH,(CO,H), — H,O (H,) + ‘CH(CO,H), ?3)
“OH (H") + CH,CO,H — H,0 (H,) + ‘CH,CO,H )
‘OH + CH,CO,H — H,0 + CH,C(0)O" ®)
‘OH + CH,CO,~ — OH~ + CH,C(0)O" (6)

The methylcarboxyl radical and the corresponding carboxyl
radical derived from malonic acid decompose rapidly [e.g.,
reaction (7), k;~ 1.3 x 10°s~']""l and, thus, cannot participate
in the bimolecular termination reactions.

CH,C(0)0* — "CH, + CO, )

It is apparent that in both the malonic and acetic acid
systems the chemistry is largely determined by the formation
and the termination reactions of the a-carboxymethyl radical,
as indicated by the radiation-chemical yields of the products
derived from the radical (sum of G in the close vicinity of 3 x
10" molJ~!, cf. Figures1 and 2). The low yields of CO,

n
T
L ]

Gvalue / 107 mol J!

pH

Figure 1. y-Radiolysis of malonic acid in N,O-saturated solution. Yields
(G values) of ethane-1,1,2,2-tetracarboxylic acid (e), monomalonyl malo-
nate (0), unknown product A, sum (A) of these three products.
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Figure 2. y-Radiolysis of acetic acid in N,O-saturated solution. Yields (G
values) of succinic acid (@), glycolic acid (o), sum (2) of both products.

(Table 1) indicate that the forma-

assignment of structure 5 to the unidentified product could
not be established. It is observed that the proportion in which
products 2 and 4 together with the unidentified compound
(tentatively attributed to 5) are formed depends on the pH of
the solution (Figure 1). Because of the absence of a-hydrogen
in these radicals, disproportionation reactions are not ex-
pected to play a role in these systems. This view is supported
by the absence of hydroxymalonic acid from the products that
might be formed if the disproportionation occurred by
electron transfer.

Intermediate 3 could, in principle, undergo hydrolysis. This
would afford hydroxymalonic acid, besides malonic acid.
Since the former is not observed among the radiolysis
products, the ketonisation of 3 [reaction (11), Scheme 1] must
be favoured considerably over its hydrolysis. This situation

. . COH COMH
tion of alkylcarboxyl radicals, — H_¢ ¢_H
such as reaction (6), is not sig- ® COH COH
nificant. In the acetic acid system, 2

the formation of small amounts o o-

: il i CO,H CO,H
of methane;, derived fror.n th‘e C-OH H_E_OH ] HO-C-0—C-H 0=§—0—¢—H
methyl radical produced in this H—g(-) " -— Coum —>(9) B¢ lom - H-C-H CoH
decarboxylation, was also detect- ) 2 b 2 CO.H CO.H

a
ed (pH3.5, G(CH,) =0.06x 3 4
107 molJY; pH72, G(CH,) =
0.01 x 10-7 molJ-Y). 0=¢-0-0-C=0
‘—— H-C-H H-C-H
(10) CO,H COH
The malonic acid system: Three 5

products are formed, ethane-
1,1,2,2-tetracarboxylic acid, mono-
malonyl malonate and an un-
known product. Their yields increase linearly with the dose
(data not shown). G values were calculated from the slopes of
the plot of the yield against the dose. The individual yields
vary considerably with pH; however, their sum is essentially
constant over the entire pH range studied (Figure 1). The
value of G(sum) is ~3 x 1077 molJ~!, that is, a good material
balance is obtained, based on the radiolytic yields of “OH plus
H*. Here, it has been assumed that the unknown species has
the same response factor as monomalonyl malonate.

Scheme 1.

Table 1. Carbon dioxide production (G values [10-"molJ!]) from malonic
and acetic acids by "'OH in y-radiolysis (N,O-saturated solutions).

pH 3.0 35 7.2
malonic acid 0.2 _al _lal
acetic acid —lal 0.3 0.2

[a] - not determined.

As already stated above, the carboxyl radical promptly
eliminates CO, [cf. reaction (7)]. The formation of mono-
malonyl malonate 4 must, therefore, find an explanation other
than that offered previously.') This is provided by the
recognition that the malonic acid radical is capable of
mesomerism (radicals 1a and 1b), as shown in Scheme 1.
Recombination may, in principle, lead to the compounds 2
[reaction (8)] and 4 [reactions (9) and (11)], as well as to the
peroxide 5 [reaction (10)], as shown in Scheme 1, although the

Chem. Eur. J. 2001, 7, No. 4
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contrasts with the acetic acid system discussed below. The
formation of an unidentified product in addition to 3 and 4 has
already been reported in a UV-photolytic study of aqueous
malonic acid."¥ Tt remains unclear whether this is identical
with the unknown species (A in Figure 1), especially since the
analytical procedures differ (HPIC here, HPLC in ref. [14].)

The straightforward pK-type curves (Figure 1, inflexion
points at pH 5.8) shown by these three products imply that
their formation is associated with a property of the malonic
acid radical that is related to its second pK, value of 5.7/
which appears to be the same as that of its parent compound,
pK,=5.7. This aspect will be discussed below.

The acetic acid system: The proportion of the major product
succinic acid (7) to glycolic acid (10), increases again at high
pH (Figure 2). A reasonable material balance is obtained over
the entire pH range studied (cf. @ in Figure 2). The inflexion
point is at pH ~ 5, not far from the pK, value of the acetic acid
radical for which values of ~4.5 (pulse radiolysis, optical
detection)l¥] and ~4.2 (pulse radiolysis, conductometric
detection)!! are reported.

The formation of succinic acid (7) is the result of
recombination of the acetic acid radical via its mesomeric
form 6a [reaction (12), Scheme 2]. The formation of glycolic
acid (10) is suggested to proceed via 8, the combination
product of 6a plus 6b [reaction (13)], followed by hydrolysis
[reaction (14), Scheme 2].
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—=  HO,C—CH,—CH,—CO,H
o) o a2 7
¢—OH - IéI—OH —
¢H, CH, O-CH,—COH 0-CH,—COH
6a b l—»  ¢-0H — =0
a3 CH, s s by, 9
CH;—COH  + HO-CH,—CO,H )
(14)
10
Scheme 2.

Interestingly, acetoxyacetic acid (9), the compound that one
expects to be produced provided that the ketonisation
reaction (15) (Scheme 2) proceeds at an appreciable rate in
competition with hydrolysis [reaction (14), Scheme 2], is not
formed under the present conditions, in contrast to the
ketonisation product 4 in the case of malonic acid [reac-
tion (11), Scheme 1]. The reference material, acetoxyacetic
acid, itself is only hydrolysed slowly under these conditions.
The reasons for the differing behavior of the enol esters
produced initially (8 undergoing hydrolysis to glycolic acid 10,
versus 3 undergoing ketonisation to 4) are not evident.
However, the main difference appears to lie in the fact that 3
has an internal C=C bond, while this bond is in a terminal
position in 8. In fact, enol ethers with the corresponding
structural characteristics show a drastic difference with
respect to the rate of hydrolysis.'> 'l If, in the case of a
terminal C=C bond, hydrolysis occurred by protonation at
carbon, as one expects for the ketonisation of the enol esters,
the enol ether case would present an interesting analogy.

The formation of small amounts of a secondary product,
3-carboxyglutaric acid (12), which has been identified by its
mass spectrum (trimethylsilylation, GC-MS) and by compar-
ison with the reference material, has been observed in the
acetic acid system (Figure 3). It is proposed that the precursor

s ]
T T

N
T

[3-Carboxyglutaric acid] / 10 mol dm3

L !
100 200

Dose / Gy

Figure 3. Formation of 3-carboxyglutaric acid as a secondary product in
the radiolysis of N,O-saturated acetic acid (3 x 10~ moldm~?) solutions (e,
pH 3.4; 0, pH 7.0). For comparison: at a dose of 50 Gy, the concentration of
the primary product succinic acid has reached values of 107> moldm3 (cf.
Figure 2).

| |
300 400

of this compound is the primary product 7 whose rate constant
for the reaction with *OH [reaction (16), Scheme 3] is about
an order of magnitude larger than that of acetic acid.l's! The
recombination of the succinic acid radical (11) with the acetic
acid radical then gives rise to 12 [reaction (17), Scheme 3].
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COoH COH COH
CH, *OH/- H,0 H-C- *CH,CO,H H-C-CH;CO-H
CHy (16) CH, an ¢y
CO,H CO,H CO.H
7 1 12
Scheme 3.

An explanation for the pH effect: With regard to the pH-
dependence of product formation, the inflexion point in the
acetic acid system is at pH ~ 5 and at pH = 5.8 in the malonic
acid system. These values mirror the pK, values of the
corresponding radical, in the case of malonic acid that of its
second pK, value [equilibrium reactions (18) and (20),
Scheme 4]. The first pK, of the malonic acid radical [equili-
brium reaction (19)] is either considerably below two, or its

0 -H® 0
CH=C. *CH,—CLo
OH  (18) (¢}
O+ -0 -H® Oo.. 0 -H® O 0
c-¢=C, C—Cc-cge e>C~-C~Cgo
HO" §; OH 9 HO | © @ O | ©
Scheme 4.

determination by pulse radiolysis has failed because of the
spectral similarities of the monoprotonated and fully proto-
nated radicals.” The fact that the pK, values of the parent and
of their corresponding radicals are found to be very close in
those cases for which the latter are observable, suggests that
the first pK, value of the malonic acid radical should also not
be far from that of the parent, namely pH 2.8. The absence of
any feature in this pH region (Figure 1) leads to the suggestion
that the reactivity pattern of the malonic acid radical does not
change at pK, in contrast to the situation near pK,, at which
the mesomeric state of the malonic acid radical changes in
such a way that in the dicarboxylate form the expression of the
radical function in one of the carboxyl groups is essentially
suppressed as the carbonyl moiety of the latter loses its
identity in the dissociated state. As the second carboxyl group
becomes deprotonated, the free-radical function in the
malonic acid radical is frozen onto the methine carbon atom.
By analogy, in the acetate system the radical is highly
delocalised when protonated, but much less so in the anionic
state.

Implications of the postulate of transient enol forms: The
C—O-linked termination product (of the a-alkylcarboxy acid-
type) is more stable in the malonic acid than in the acetic acid
system. In the former case, an alkaline pH and an elevated
temperature are required to hydrolyse this product into the
indicator product to be analysed, namely, hydroxymalonic
acid. In the acetic acid system, on the other hand, glycolic acid
is observed directly at ambient temperature upon analysis of
the irradiated solution. This last observation, in conjunction
with the fact that the relevant reference material, acetoxy-
acetic acid, under these conditions undergoes hydrolysis
relatively slowly (i.e., on a timescale of many hours), suggests
that the C—O-linked termination product is generated in the
enol form 8, which presumably hydrolyses more rapidly, as the
reaction scheme indeed demands (Scheme 2). The malonic-
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acid-derived compound would not suffer the same fate if, in its
case, carbonyl —enol tautomerisation is sufficiently fast and if
the equilibrium strongly favours the carbonyl 4 over the enol 3
form.

The initial, though transient, presence of the C—O-linked
recombination product in the enol form may give rise to
secondary products (the appearance of such enols may in fact
be of some relevance to minor behavioral details of malonic
acid/bromate-type chemical oscillators). This process would
be initiated by the addition of the a-carboxyalkyl radical to
the C=C bond and subsequent disproportionation or recom-
bination of this adduct radical. This may lead, for instance, to
a structure with a hemiacetalic function that is expected to
hydrolyse. In principle, a variety of products could be formed
in this manner. The more highly carboxylated such a
compound is, the longer is its ion-chromatographic retention
time, and therefore the greater the difficulty of detecting it at
small concentrations.

This leads back to the question of the nature of the
unknown product (A in Figure 1). Its ion-chromatographic
behaviour suggests that it might actually carry three carboxyl
groups rather than two, since its retention time (7.0 min)
under the present analytical conditions exceeds that of
another tricarboxylic reference compound, citric acid
(6.0 min), preceding (the also tricarboxylic) monomalonyl
malonate (8.0 min) by a similarly narrow margin. In any case,
the fact that its pH dependence parallels that of the C—O-
linked recombination product monomalonyl malonate, indi-
cates that it owes its existence to either a C—O or an O—O
linkage.

Importance of fragmentation reactions in the context of
malonic acid/bromate chemical oscillators: It has been seen
above that in the oxidation of malonic acid by the OH radical,
decarboxylation, that is, fragmentation of the carboxymethyl-
carboxyl radical, is practically absent. The data shown in the
Table 1 of ref. [19] implies that Ce! does not oxidise malonic
acid at the carboxyl group, but that the CO, evolution is the
result of the decarboxylation of certain oxidation products of
malonic acid that are more reactive towards Ce!v in this
respect. Attack at carboxyl group apparently occurs more
readily with methylmalonic acid for which the formation of
the decarboxylation product pyruvic acid has already been
observed.s! Of course, for ketomalonic and oxalic acids,?! this
pathway is the only one possible. The formation of dibromo-
acetic acid, which is an important (secondary) product in
addition to bromomalonic acid (primary product) in the Ce™™-
catalyzed malonic acid/bromate system,[! may also involve
this type of process [reactions (21) and (22) in Scheme 5],
which appears to be more facile in bromomalonic than in
malonic acid."”]

COH g cerryt O3 . Br
- Ce¥, . Bry/-
H—¢-Br —a H—(:Z—Br igz H-C-Br r22/3 B H—C:,‘—Br
to.H ) toy @@ tog B Lo,H
Scheme 5.

On the other hand, dibromoacetic acid is also formed by
decarboxylation of dibromomalonic acid; in acidic solutions
this is a relatively slow process (¢;,~ 1 h in 1 molar H,SO,)?4
which might, in principle, be capable of being differentiated
from a free-radical process by following the kinetics of its
accumulation.
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A Common Carbanion Intermediate in the Recombination and
Proton-Catalysed Disproportionation of the Carboxyl Radical Anion,
CO, , in Aqueous Solution

Roman Flyunt,'* " Man Nien Schuchmann,®! and Clemens von Sonntag*[?]

Abstract: The carboxyl radical anion,
CO,"~, was produced by the reactions of
OH radicals with either CO or formic
acid in aqueous solution. The
pK,("CO,H) was determined by pulse

constant ionic strength. The yields of the
products of the bimolecular decay of the
carboxyl radicals, CO, and the oxalate
anion were found to depend strongly on
the pH of the solution with an inflection

point at pH 3.8. This pH dependence is
explained by assuming a head-to-tail
recombination of the CO,"~ radicals
followed by either rearrangement to
oxalate or a protonation of the adduct,

radiolysis with conductometric detec-
tion at pH~2.3. The bimolecular decay
rate constant of CO,” (2k=x14x
10° dm*mol~!s~!) was found to be inde-
pendent of pH in the range 3-8 at

- radicals

Introduction

The carboxyl radical, CO,"", is one of the most widely used
species in free-radical studies because of its excellent reducing
properties [E(CO,/CO,)=—1.9 V]I and its facile genera-
tion in aqueous solutions by ionising radiation.?! For example,
this radical may be produced by the reactions of hydroxyl
radicals and H atoms with formic acid/formate ion, of
hydroxyl radicals with carbon monoxide or of solvated
electrons with carbon dioxide.* 4! In neutral to basic solutions,
oxalate was found to be the main product of the bimolecular
decay of CO, .3 However, in acidic solutions CO, is
formed instead.l>” In the present work we have reinvesti-
gated the reactions of CO,"~ by means of pulse radiolysis and
product analysis with the aim of finding an explanation for the
surprising pH dependence of product formation upon its
bimolecular decay.
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which subsequently leads to the forma-
tion of CO, and formate. The recombi-
nation of CO,"" to give oxalate directly
is estimated to have a contribution of
<25%.

Experimental Section

Aqueous solutions of the substrates (concentrations typically 1 x
10 moldm~ for sodium formate) were prepared in Milli-Q-filtered
(Millipore) water and saturated with N,O. The pH of the solutions was
adjusted to the desired value with NaOH or HCIO,. y-Radiolyses were
carried out in a panoramic **Co source at a dose rate of 0.16 Gys™ to total
doses of up to 150 Gy (i.e., the conversion of the substrate remained below
10%; the dose of 1 Gy equals 1J of radiation energy deposited in a
substrate mass of 1 kg, here 1 dm~* of solution).

Oxalic acid was analysed by ion chromatography (Dionex DX-2010i) on an
AS14 column (4 x 250 mm with a 4 x 50 mm AG14 pre-column, ASRS-
ULTRA suppressor). The eluent was an aqueous solution of Na,CO; and
NaHCO; (1.8 x 10-* moldm 3 and 1.7 x 10~* moldm~3, respectively) at a
flow rate of 1 mLmin~L. The retention time was 13.6 min.

CO, was scrubbed from irradiated samples with argon as the carrier gas and
measured by GC on a 3.2 m Porapak-9 capillary column.

Pulse radiolysis was carried out with a 2.8 MeV Van-de-Graaff accelerator
delivering electron pulses of 0.4 us duration. Intermediates were monitored
by optical detection. The pulse radiolysis set-up has been described
previously.®! For dosimetry, a N,O-saturated 102 moldm~ thiocyanate
solution was used for optical detection, with G x ¢((SCN), ") =4.8 x
104 m?J-! at 480 nm!! (although more recently a 10% higher value for
G x ¢ has been redetermined,'” for consistency with our previous
measurements the lower value was used).

Results and Discussion

The radical-generating system: Hydroxyl radicals are gener-
ated during the radiolysis of water [reaction (1)]. The

H,O _onsing
2 _—

radiation

€., ‘'OH, H', H*, H,0,, H, 1)
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radiation-chemical yields (G values) of the primary radicals
are G("'OH)=G(e,,)=28x10"7, G(H')=0.6 x10"7 and
G(H,0,)~0.7 x 107 molJ-!. N,O is used to convert the
solvated electron into *OH [reaction (2)]. In acidic solutions,

€, +NO+H,0 — "‘OH+OH" +N, 2)

protons also compete with N,O for the solvated electron
[reaction (3)]. The OH radical and the H atom will react with

e +HY — H 3)

formic acetic/formate anion [pK,(HCO,H) =3.75] to yield the
carboxyl radical or its anion, ‘CO,H/CO,"~ [reaction (4)].

“OH (H') + HCO,H/HCO,~ — H,0 (H,) + ‘CO,H/CO,™ @)

Alternatively, the reaction of *OH with carbon monoxide can
be used to generate ‘CO,H/CO,~ [reaction (5)].l'!1 At a
formate concentration of 1x 1073 moldm~3, the radiation-
chemical yield, G value, is G(CO,"") ~ 6.2 x 107" molJ~!, and
a material balance can be based on this value.

CO+'OH — “CO,H )

“CO,H==CO," +H* (©)

The ‘CO,H radical is an acid [equilibrium reaction (6)].
There is considerable uncertainty as to its pK, value. Fojtik
et al.l"!l have produced this intermediate by the reaction of
*OH with CO [reaction (5)], and from pulse radiolysis with
conductometric detection they concluded that the pK, value is
~3.9. By following the optical absorption change of the
CO,"7/*CO,H radical at 1=250nm in a pulsed irradiated
solution of formic acid/formate ion as a function of pH, Buxton
and Sellers!'? obtained a pK, value of 1.4. An even lower value
of —0.2 has been determined by Jeevarajan et al.'¥! by measur-
ing the change in the '*C hyperfine constant as a function of pH.

We have repeated the experiments by Fojtik et al.l'! and
arrived at a value of pK, ~2.3 (Figure 1), which is significantly
lower than that given by Fojtik et al., but still considerably
higher than those of the other studies.

1.0 ——n—nn
D on
L n
0.8 .4
2] 3 S
c
S 06 o
c |
5 04
021
. | . ! !
2 4 6
pH

Figure 1. Pulse radiolysis of N,O/CO (4:1 v/v)-saturated aqueous solu-
tions. Conductivity changes as a function of pH (A: original experimental
data; e: experimental data corrected for the loss of OH radicals by
competition of protons with N,O for the solvated electrons; —: pK, curve
based on pK,=2.3).
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In the light of the present pK, value of ~2.3, its previous
determinations deserve a comment. The data reported by
Buxton and Sellersl!? have been remeasured, and the
inflection point near pH 1.4 was found to have been an
artefact (G. V. Buxton, private communication). Jeevarajan
et al.l¥ stated that their data could be also consistent with a
higher pK, value if their measured changes of the '3C
hyperfine constants were the result of the protonation of
*CO,H, and the 3C hyperfine constants of CO,"~ and *CO,H
were identical. Our pK, value of 2.3 is supported by the
(empirical) Pauling rule of pK, values of oxoacids of the
general form XO,(OH),.'I This rule indicates that the pK,
value of an oxoacid is largely determined by the number of
oxygen atoms at the central atom and that the latter has only
moderate influence (pK,=8— 5p). Thus all mono-oxo acids
should have pK, values of ~3.0. Within a certain range, this is
indeed the case: CO(OH), (3.6), HC(O)OH (3.75), OCIOH
(2.0), ONOH (3.15) OP(OH); (2.2) OAs(OH); (2.25),
OSe(OH), (2.46) and OTe(OH), (2.48). As to the discrep-
ancies of our data with those reported by Fojtik et al.l']l, there
is no obvious explanation, since both are based on the same
system and obtained with the same technique.

We have redetermined the rate of the bimolecular decay of
CO,"~ by monitoring the absorption decay at A =250 nm at a
constant ionic strength of 0.5 moldm~3, and found that this
rate constant practically does not vary over the pH range 3-9
(Figure 2, 2k ~ 1.4 x 10° dm*mol~'s~!). This agrees fairly well
with the reported values of 1.5 x 10°,[4 9.0 x 103,11 1.0 x 10°3]
and 7.6 x 108 dm*mol~'s.1”l The latter two values were
obtained at zero ionic strength. These authors also found no
change in the bimolecular decay rate constant of CO,*~ within
a pH range of 3-7.

It is generally believed that CO,~ only reacts by a
recombination at carbon to give oxalate [reaction (7)].*57]

2C0O,~ — (COy ), (7)

Indeed, when product studies were carried out in neutral
and alkaline aqueous solutions, oxalate was practically the

-
[}

- =" u

» u ] L]

- L n u

s

(22}

[=)

-

T 1.0

r A B
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FEosl~ - q{b

(&) o ] 23

+ > 0.41 % 2

i 051-¢ kY <2

o ~ 0.2} 5
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x
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Figure 2. Pulse radiolysis of N,O-saturated aqueous solutions of formic
acid (10 moldm=3) in the presence of 0.5 moldm— NaClO,. Rate
constant of the bimolecular decay as a function of pH. Inset A: Decay of
the absorption at A =270 nm as a function of time, pH 4.6, 26 Gy per pulse.
Inset B: The inverse of the first half-life of absorption decay of CO,"~ at
A=270 nm as a function of the CO,'~ concentration at pH 4 (o) and pH 5

(4).
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N

Gvalue /107 mol J
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35 4.0 4.5
pH
Figure 3. y-Radiolysis of formate (1 x 10~ moldm~?) in argon-saturated
solution. G values of oxalate (a) and CO, (0) as a function of pH. The sum
(&) of these two products is also plotted as function of pH. Some oxalate
measurements were also carried out in N,O-saturated solutions.

only product with G(oxalate) =3.5 x 107" molJ !
[0.5G(*OH+H")]. We observed that G(oxalate)=2.7 x
10" molJ~! at pH 4.6, and the oxalate yield drops as the pH
is decreased (Figure 3). At pH 3 its yield is negligible (Fig-
ure 3). In this system, one has to recall that when N,O is used
to convert e,, into "OH [reaction (2)] a chain reaction takes
place to yield CO, as a chain product [reaction (8)].['] Hence,
for most of the experiments, the system was saturated with
argon, and e,, was converted into H* according to reaction (3)

CO," +N,0+H,0 — CO,+N,+ ‘OH +OH- ®)

We also found that the yield of CO,, in contrst to that of
oxalic acid, increased with increasing proton concentration
(Figure 3), in excellent agreement with a previous report.[’l As
shown in Figure 3, these two yield curves cross at the
inflection point of pH 3.8.

Disproportionation between two HCOO- radicals [reac-
tion (9))] is generally assumed to be responsible for the
formation of CO, in acidic solutions of formic acid (for a
review see ref. [16]). Similarly, the cross-termination between
*CO,H and CO,"~ could give the same products [reaction (10)]

“CO,H + *CO,H — CO,+HCO,H )

“CO,H + CO,~ — CO,+HCO," (10)

However, our results show that the above simple mecha-
nism [reactions (7), (9) and (10)] as generally proposed, is
inadequate to explain the observations in the pH range of
Figure 3. In order for the displacement of the pH for the cross-
over in yields of CO, and oxalate from the radical pK, of 2.3
(cf. Figure 1) to 3.8 (Figure 3) to be explained, the rate
constants of reactions (9) and (10) would have to be about
18 times higher than 2k, The bimolecular rate constant of
CO,~, 2k;~1.4 x 10° dm® mol~! s~! (Figure 2, the slight var-
iation over the pH range shown is within experimental error),
is already close to diffusion controlled. Moreover, a value of
2ky=1.7 x 10° dm® mol~'s~! determined at pH O has been
reported.l'”]

To account for our results we propose the mechanism
represented by reactions (11)-(16) in Scheme 1. The major

798 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001
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Scheme 1.

aspect of this mechanism is that the CO, "~ radicals react
mainly (>90%) by a head-to-tail recombination, and that the
rearrangement reaction (12) competes with the H'-assisted
disproportionation reactions (13) —(16) (Scheme 1).

The CO,"~ radical can be represented by two mesomeric
forms, one with the spin at carbon and one with the spin at
oxygen. We now suggest that the CO,"~ radicals react with one
another by a head-to-tail recombination [reaction (11),
Scheme 1]. The resulting carbanion may rearrange into
oxalate [reaction (12)]. When protonated [reactions (13)
and (14), followed by reaction (15)], however, the mixed
anhydride decomposes into carbon dioxide and formic acid
[reaction (16)]. Although the latter product cannot be deter-
mined under our experimental conditions (formic acid was
used as the source for CO,*), it is inferred that two CO,"~
radicals give rise to either one molecule of oxalate or one
molecule of CO, plus one molecule of formic acid. The sum of
G(oxalate)+ G(CO,) should be constant over the whole pH
range and equal to 3.1 x 107" molJ~! [0.5 G("OH~+H")]. This
material balance is indeed obtained (Figure 3).

Protonation at a heteroatom is fast (between 5 x 10° and
5x 10" dm*mol~'s7!); however, protonation at carbon is
typically slower.l'’l Thus, reaction (13) should be faster than
reaction (14) (Scheme 1), but once protonated at oxygen
[reaction (13)] subsequent intramolecular protonation at
carbon [reaction (15)], possibly assisted by a molecule of
water, may speed-up the protonation at carbon. If the rate
constant for the relevant protonation reaction is taken as
1x10"dm’mol-'s! and the inflection point at pH 3.8
([H*]=1.6 x 10~*moldm—3), then the competing reac-
tion (12) must have a rate constant of ~1.6 x 10°s~!. A slower
rate of protonation would require a longer lifetime of the
postulated carbanion [reaction (11)].

This mechanistic scheme depicted by reactions (11) - (16)
(Scheme 1) requires that the oxalate yield vanishes in a
sigmoidal fashion at low pH. The solid lines in Figure 3 were
calculated on the basis of the competition between reac-
tion (12) versus reaction (13)/(14) with an inflection point at
pH 3.8. Taking our pK, value of 2.3 (cf. Figure 1), the ‘CO,H
radical concentration at pH /3.3 is 2 10 % of the total CO,"~/
*CO,H radical concentration. In this pH range, the potential
contribution of *CO,H to product formation [cf. reactions (9)
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and (10)] will be of the same magnitude. This would explain
the fact that the experimental oxalate data are somewhat
lower than the calculated curve at pH < 3.5.

One expects that reaction (7) occurs in competition with
reaction (11) (Scheme 1). However, if there were a substantial
contribution from reaction (7) (>25 %) then the oxalate yield
at low pH should be noticeably higher than the calculated
curve.

In water, unusual disproportionation reactions are not
uncommon. For example at pH 12, the hydroxymethyl radical,
which at these conditions is fully deprotonated (pK,=10.7)
and is present as *CH,O, only disproportionates into form-
aldehyde and methanol, despite the fact that no S-hydrogen is
available for a straightforward disproportionation reaction.['®!
Furthermore, the radicals derived from acetic acid
(*CH,CO,H <~ CH,=C(0O")OH), which show structural sim-
ilarities to the CO,'~ radicals (spin density at oxygen),
undergo disproportionation, despite the absence of S-hydro-
gens, in addition to the expected recombination at carbon
(formation of succinic acid). It was concluded that a labile
head-to-tail dimer must be the intermediate on the route to
disproportionation.” Similarly, head-to-tail dimers play a
major role in the free-radical chemistry of malonic acid.!*’]
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A Possible Mechanism for Enantioselectivity in the Chiral Epoxidation of
Olefins with [Mn(salen)] Catalysts**

Heiko Jacobsen!™ and Luigi Cavallo*!#!

Abstract: The origin of enantioselectiv-
ity in the Jacobsen-Katsuki reaction
has been investigated by applying den-
sity functional calculations in combina-
tion with molecular mechanics method-
ologies. The calculations suggest that a
high enantiomeric excess is connected to
three specific features: 1) a chiral dii-
mine bridge, which induces folding of

idene)ethylenediamine), and hence the
formation of a chiral pocket; 2) bulky
groups at the 3,3’-positions of the salen
ligand, which cause a preferential ap-

Keywords: asymmetric catalysis -
density functional calculations -
epoxidations - homogeneous cataly-
sis - molecular modeling

proach from the side of the aromatic
rings; and 3) m conjugation of the
olefinic double bond, which confers
regioselectivity and, consequently, enan-
tioselectivity. In combination with ex-
perimental studies, the model also pro-
vides a rationale for the decrease in ee
values when one of these components is
missing.

the salen ligand(H,salen = bis(salicyl-

Introduction

Stereoselective oxidation of prochiral olefins using [Mn-
(salen)]-based catalysts (Hsalen = bis(salicylidene)ethylene-
diamine) represents one of the most elegant and effective
techniques developed for the formation of carbon—oxygen
bonds in asymmetric synthesis.I" 2l The resulting chiral epox-
ides are usually obtained with enantiomeric excesses higher
than 90%. Over the last decade, numerous experimental
studies have furnished a detailed knowledge of such catalytic
systems.>71 It is now possible to control the reaction profile of
the [Mn(salen)]-mediated epoxidations by tuning the steric
and electronic properties of the ligand system. The two main
structural features required to achieve good enantioselectivity
are an unsymmetrical diimine bridge derived from a C,-
symmetric diamine, and bulky substituents at the 3,3'-
positions of the salen ligand.

Despite the synthetic success of [Mn(salen)] systems, the
exact mechanism of this complex reaction still remains
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unclear.’l Among the aspects that have to be considered are
the mode of oxygen transfer, the possibility of the reaction
proceeding on the energy hypersurfaces of triplet or quintet
spin states, and the way in which the chiral information is
transferred from the catalyst to the olefin during the
enantioselective step.

The relevance of different electronic states in the oxidation
step has recently attracted some attention in the literature.
Results of density functional calculations on suitable simpli-
fied models of the real catalytic species have been reported:
the geometric and electronic features of [Mn(salen)] com-
plexes,®! and the elementary steps of the epoxidation reac-
tionl'> 11 were analyzed. According to Svensson and co-
workers,l'%l the epoxidation occurs on the quintet surface
without the formation of a radical intermediate (which
instead is predicted to exist on the triplet surface). In contrast,
our previous work indicates that the epoxidation most
probably occurs on the triplet surface, and that a radical
intermediate is indeed involved (which should also be present
on the quintet surface).!' The main difference between these
two mechanistic models is the assumption that a free or an
occupied coordination site is located trans to the oxo group.
The coordination chemistry of [Mn(salen)] complexes and the
effects of axial ligation have also recently been investigated by
electrospray tandem mass spectrometry in combination with
hybrid density functional calculations.'’”! As already noted by
Strassner and Houk,! the presence of a trans ligand has a
significant influence on the coordination geometry of the
salen framework, which in turn has implications on the
induction of stereoselectivity during the oxidation step.

Seminal ideas about the mechanism of the enantioselective
reaction have been proposed by Katsuki and Houk.[* 31 They
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independently observed that the salen ligand has two sp?
carbon atoms that link the remaining sp? centers, and
suggested that the salen ligand might adopt a folded structure.
In particular, Houk and co-workers observed that the
presence of the two sp? C atoms could induce a preference
for a gauche conformation of the diimine bridge. This feature
in turn would cause the salen ligand to fold. The role of the
stereogenic C atoms of the linkage is to favor only one of the
two possible gauche conformations.

Besides these steric influences, electronic factors might also
play an important role. Jacobsen clearly showed that enantio-
selectivity is related to the position of the transition state (TS)
along the reaction coordinate, which is affected by subtle
electronic effects owing to different substituents at the 5,5'-
positions of the salen ligand.[']

To get a more detailed understanding of some of the ideas
mentioned above, we performed combined QM/MM calcu-
lations, addressing the issue of chirality transfer. The oxida-
tion of cis-B-methylstyrene (CBMS) by the [Mn(salen)]
complex 1 has been investigated. Our previous studies!']
support the idea that a stepwise mechanism involving a
radical intermediate is favored in the epoxidation reaction.
They further suggest that a triplet is the electronic config-
uration of the system involved in the epoxidation reaction.
Under this general framework, it is widely accepted that the
configuration of the C atom of the olefin that attacks the

Abstract in Italian: L’origine della enantioselettivita nella
reazione di Jacobsen— Katsuki ¢ stata studiata mediante un
approccio basato sulla teoria del funzionale densita combinata
con tecniche di meccanica molecolare. I calcoli effettuati
suggeriscono che alti eccessi enantiomerici sono connessi a tre
caratteristiche specifiche: 1) un ponte diimminico chirale che
induce un ripiegamento del ligando salen, e che porta alla
formazione di una tasca reattiva chirale; 2) gruppi ingombranti
sulle posizioni 3,3 del ligando salen, che inducono un
approccio preferenziale dal lato degli anelli aromatici; 3)
coniugazione 1 del doppio legame olefinico, che conferisce
regioselettivita e di conseguenza enantioselettivita. Questo
modello fornisce una razionalizzazione per i ridotti ee che si
ottengono sperimentalmente in assenza di una di queste tre
specifiche.

Abstract in German: Die Ursache fiir die Enantioselektivitiit in
der Jacobsen — Katsuki Reaktion wurde mit Hilfe von Dichte-
funktionalrechnungnen in Kombination mit Kraftfeldmetho-
den untersucht. Die Ergebnisse der Berechnungen lassen den
Schluss zu, dass ein hoher enantiomerer Uberschuss drei Kriterien
bedingt: 1) Eine chirale Diimin Briicke, welche eine Faltung
des Salen Liganden, und damit die Ausbildung einer chiralen
Reaktionstasche bewirkt; 2) sperrige Gruppen in den 3,3
Positionen des Salen Liganden, die zu einem bevorzugten Angriff
iiber die Seiten der aromatischen Ringe fiihren; und 3) w-Konjuga-
tion der olefinischen Doppelbindung, wodurch Regioselektivi-
tit und folglich auch Enantioselektivitit induziert wird. In
Verbindung mit experimentellen Studien vermag dieses Modell
auch die Verringerung der erhaltenen ee Werte zu erkliren, wenn
eines der drei erwihnten Charakteristika nicht gegeben ist.
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Mn=O linkage is established in the first irreversible step
leading to the radical intermediate.['’! The present study is
then centered on the transition state of the first C—O bond
formation leading to an intermediate triplet radical.

Models and computational details

Models: All the models that we considered correspond to the
TS for CBMS attack at the Mn=0O moiety of the neutral
complexes 1-1d of Scheme 1. The elements of chirality which
are relevant to the present discussion are briefly recalled here.

lgb =180°

auche
R"o () g )
$ =000 /=N N= $ =90° \u/
—> L Mn_ -«
(o] o}
Cl
T¢ =0 4 2
gauche(-)
o\
N ._N\“/N_
/Mn\
o} e}
Cl
1a 1b
R _R
O
N\(l?/N_ —N\n/N—
Mn_
Jd| o
Cl
1c

Scheme 1. The investigated Mn" catalysts, and the four different ap-
proaches for CBMS attack at the Mn=O linkage.

First, to denote the absolute configuration of the chiral C
atoms of the bridge, we use the standard R,S CIP nomencla-
ture. Only models with an R,R chiral bridge have been
considered in the present work. This particular chirality
induces a preferential gauche (—) conformation on the
diimine bridge in order to have the N atoms in equatorial
positions. For models comprising the ligand 1a, which does
not have a chiral bridge, we considered only situations with a
gauche (—) conformation at the bridge, for the sake of
comparison with the other models. Other elements of chirality
are the two enantiofaces of the prochiral CBMS olefin. To
denote the two enantiofaces, we adopted the Re,Si nomen-
clature,!'¥ in order to avoid confusion with the chirality of the
ligand. Furthermore, since the chirality of the two CBMS
enantiofaces is unequivocally determined by the chirality of
one olefinic C atom only, we decided to denote the two
enantiofaces by using the chirality of the C(CH;)atom only,
that is, the atom that will attack the Mn=O linkage.

Various parameters and nomenclature systems have been
proposed to describe the geometry of the approach of the
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Ph olefin to the Mn=O linkage.

Deviations from the idealized
parallel side-on approach of the
olefin!'%l are measured by the
skew angle o ¥ (Mn-O-C(CHs)-
C(Ph)) (Scheme 2), already de-
fined by Jacobsen and co-work-
ers.[' 201 We note that for attack
of the Si and Re CBMS enan-
tiofaces, the parallel approach corresponds to values of o
equal to —90° and 90°, respectively.

Various nomenclature systems have also been proposed for
directions of olefin approach to the Mn=0 moiety.> * 3l To
put the discussion on more quantitative grounds, we adopted
the definition of Houk and co-workers.!'¥] The olefin approach
to the Mn=O0 linkage is described by the dihedral angle ¢,
defined as X (Xpo-Mn-O-C(CH,)), X being the midpoint of
the two O atoms of the salen ligand. Thus, values of ¢ equal to
0°, —90°, 180° and 90° correspond to directions e, c, a and ¢’
shown in Figure 1 of reference [3].

Scheme 2. The skew angle o
for side-on attack of the olefin
at the Mn=0 linkage.

¢ [deg]

Figure 1. Rotational pure MM energy profiles, as a function of the angle ¢,
for approximated models of CBMS approach at the Mn=0O moiety of
complex 1. The full and dashed lines correspond to attack of the Si and Re
enantiofaces of CBMS, respectively.

Since several directions have been proposed for olefin
attack at the Mn=0 linkage, we performed MM calculations
based on this issue. With this aim, we calculated the rotational
profiles around the angle ¢, incremented by steps of 10°. The
profiles are shown are in Figure 1. The MM geometry of all
the points of the profiles has been optimized with the
exclusion of the C(CH;)—O distance, and of the Mn-O-
C(CH,) angle (fixed at 2.0 A and 122° on the basis of our
previous calculations!') and of the skew angle o (fixed at
|90 °). Furthermore, we kept the coordination of the salen
ligand in 1 around the Mn strictly planar. The MM force field
AMBERY952! was adopted for these calculations. Parameters
which are not part of AMBERDY9S5 were taken from the UFF
force field.??

Both curves of Figure 1 clearly indicate that a few minimum
energy approaches are available to both CBMS enantiofaces,
and that they roughly correspond to values of ¢ equal to 0°,
£90° and 180°. The relative stability of the minima is not
reliable, owing to the approximations that we made. Never-
theless, on the basis of our experience with MM calculations
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on organometallic compounds,>-?! it is our opinion that only
the few approaches suggested by these MM calculations are
possible, and that they can easily be reached from approaches
starting from the “idealized” and unbiased attacks at ¢° equal
to 0°, £90° and 180°. Here, ¢° is the dihedral angle for the
initial attack, which should be differentiated from the final TS
dihedral angle ¢. A much more reliable estimate of the energy
and geometry corresponding to the various approaches is
found in the next section by using the more refined QM/MM
method.

Computational details: Stationary points on the potential-
energy surface were calculated with the Amsterdam density
functional (ADF) program system,?®! developed by Baerends
et al.?>3 The electronic configuration of the molecular
systems were described by a triple- STO basis set on
manganese for 3s, 3p, 3d, 4s, and 4p. (ADF basis set IV
augmented with two 4p functions). Double-¢ STO basis sets
were used for chlorine (3s,3p), oxygen, nitrogen, and carbon
(2s,2p), and hydrogen (1s), augmented with a single 3d, 3d,
and 2p function, respectively (ADF basis set I1T).8] The inner
shells of manganese and chlorine (including 2p), and oxygen,
nitrogen, and carbon (1s), were treated within the frozen core
approximation. Energies and geometries were evaluated by
using the local exchange-correlation potential by Vosko
etal.,B) augmented in a self-consistent manner with
Becke’sP? exchange-gradient correction and Perdew’sB 34
correlation-gradient correction.

The ADF program was modified by one of us®! to include
standard molecular mechanics force fields in such a way that
the QM and MM parts are self-consistently coupled.’®) The
model QM system and the real QM/MM systems are structure
2, and structures 1, and la-d, respectively, as shown in
Scheme 1. The partitioning of the systems into QM and MM
parts only involves the skeleton of the salen ligand. Hence, the
olefins under consideration are always composed entirely of
pure QM atoms. Our previous study,'') and a DFT study of
Schiff’s base complexes of cobalt performed by Henson and
co-workers,?"l indicate that within the chosen computational
approach, the simplified system 2 is an appropriate model for
the description of the main electronic features of the full salen
complexes 1-1d.

The connection between the QM and MM parts occurs by
means of the so-called “capping” dummy hydrogen atoms,
which are replaced in the real system by the corresponding
“linking” carbon atom.P>*l In the QM/MM optimizations,
the ratio between the C—C bonds crossing the QM/MM
border, and the corresponding optimized C—H distances, was
fixed at 1.36. A more detailed description of the coupling
scheme, as well as further comments on the methodology, can
be found in previous papers.’>2531 The AMBERY5 force
field?!l was used for the MM potentials, except for Mn, which
was treated with the UFF force field.?? To eliminate spurious
stabilizations by the long-range attractive part of the Len-
nard-Jones potential,** 3] we used an exponential expression
fitted to the repulsive part of the Lennard-Jones poten-
tial.[24’ 26, 39, 40]

The following structures are all stationary points on the
combined QM/MM potential surface. TS geometries were

0947-6539/01/0704-0802 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 4





Chiral Epoxidation of Olefins

800-807

approached by a linear-transit procedure, using the distance
between the C(olefin) and O(Mn=0) atoms, which form the
new C—O bond, as the reaction coordinate, while optimizing
all the other degrees of freedom. Full transition-state searches
were started from geometries corresponding to maxima along
the linear-transit curves. At the end of each transition-state
search, the approximated Hessian presented one negative
eigenvalue. To further check for the true nature of the
transition states, we also performed geometry optimizations
by relaxing several transition-state geometries on both sides,
and we checked that they converged into the reactants and the
products.

Optimized geometries and final energies of all structures
reported in this work can be found in the Supporting
Information.

Results and Discussion

Before we address the problem of enantioselectivity, the
regioselectivity of olefin attack at the Mn=0O bond has to be
established. Based on the geometries obtained in our previous
studies," we localized the TS for attack at both the C(CHj;)
and C(Ph) position of the C=C bond. The simplified Mn
complex 2 was used as a model for the catalyst in order to
avoid the possible influence of steric effects, and to focus on
electronic contributions only. In agreement with experi-
ments’®l and similar theoretical studies,'®! attack at C(CHs;)
is favored (by 12 kI mol!) since the radical being formed has
an unpaired electron mostly localized on the C(Ph) atom, and
is stabilized by the adjacent phenyl group.

We then localized the TS of attack of both the enantiofaces
of CBMS at the oxo center of 1; the salen ligand was given the
R,R configuration. As a starting point for the preliminary
linear transit calculations, we set the distance d.., between
the C(CH;) and O (Mn=0) atoms at 5.0 A. As discussed in
the previous section, the angle ¢° for initial attack was set at
0°, £90°, and 180°. During the linear transit approach, only
dc..o was kept fixed, while ¢ was always optimized.

Attack at the Si enantioface of the olefin is clearly favored
from ¢°= —90°, and the geometries resulting from ¢° equal to
180°, 90° and 0° are higher in energy by 10 to 20 kJmol™!
(Table 1). On the other hand, attacks at the Re enantioface,
with ¢°=—90° and 90° are almost isoenergetic, with a slight
preference for ¢°=90°. The approach along ¢°=0° and 180°
is clearly disfavored by about 5 to 10 kImol~! (Table 1). Of

Table 1. Relative energies AE [kJmol~'] of the transition states of CBMS
attack at the oxo center of catalyst systems 1, and 1a—d.

Olefin ¢ [°] Catalyst

Enantioface 1 1la 1b 1c 1d
Si -90 0 0 0 0 0
Si 180 19 - - - -
Si 90 21 - - - -
Si 0 9 - - - -
Re -90 11 12 9 9 10
Re 180 21 22 19 - -
Re 90 10 10 8 5 10
Re 0 16 18 6 - -
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paramount importance, however, is the fact that the most
favorable TS corresponding to the attack of the Si enantioface
(along ¢°=—90°) is 10 kJmol~! more stable in energy than
the TS corresponding to the easiest attack of the Re enantio-
face (along ¢°=90°). This is in agreement with the exper-
imental finding that catalysts with the R,R configuration favor
the formation of the R,S epoxide (generated by attack of the
Si enantioface), when oxidation of CBMS is performed.?*4

The structures of the most favored TS for attack of the Si
and Re enantiofaces are shown in Figure 2. They strongly
resemble the putative TS predicted by Jacobsen (compare
Figures2a—c of this paper with Figures2A-C in refer-

b)

c)

Figure 2. QM/MM geometry (distances in pm) of the transition states
corresponding to attack of the Si, part a, and of the Re, parts b and c,
enantiofaces of CBMS at the Mn=O linkage of complex 1. Attack of the Si
enantioface (part a) is along the ¢° = — 90° direction, while attack of the Re
enantioface (parts b and c) is along the ¢°=—90° and 90° directions,
respectively.
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ence[2]). For both enantiofaces, the approach along directions
¢°=180° and 0° is hampered by the repulsive interactions
with either the diimine bridge or the bulky fert-butyl groups.

A close inspection of the most favored structure (Figure 2a)
explains why the Si approach along ¢° = —90° is the preferred
mode of attack of the olefin at the Mn=0O bond when the
catalyst has the R,R configuration. The two flat aromatic
subunits of the salen ligand do not lie in the equatorial
coordination plane defined by the N and O atoms, but are
folded away in opposite directions. This slight distortion is a
consequence of different hybridizations of the N and C atoms
of the N-C-C-N linkage.* -4 It ensures a minimum-energy
gauche conformation around the sp?-sp®> C—C bond of the
diimine bridge, and it preserves planarity around the sp> N
atoms. The degree of folding amounts to approximately 20°, if
measured by the angle between the plane of the aromatic
rings of the salen ligand and the equatorial mean plane of
coordination around the Mn atom.

The chelating group evidently binds to the metal center in a
flexible way, and a distortion of its coordination around the
metal to meet geometric constrains does not require much
energy. This can also be observed in the solid-state structure
of such systems. The examination of several X-ray structures
of [Mn'(salen)] complexes indicate that both planar and
slightly folded geometries are common. >

The actual directions of attack ¢ that result from the initial
“ideal” approaches are shown in Figure 3, and are reported in
Table 2. In addition, the skew angles ¢ are also given in

N 200 33 “Re
Figure 3. Sketch of the resulting directions ¢ of CBMS attack at the Mn=0O
linkage of complex 1. The dotted and dashed lines refer to the Si and Re
enantiofaces of CBMS, respectively.

Table 2. In terms of the approach angle ¢, substantial
deviations from the “ideal” values (vide supra) are found. In
particular, the initial approach from ¢°=0° results in a TS
vector close to £30°, which is commonly known as “approach
d” in the literature.[’) This indicates how the bulky zert-butyl
groups are able to shield the metal center from a ¢°=0°
approach. Positive and negative deviations from the idealized
vectors for attacks from ¢°=490°are found for both the Si
and Re CBMS enantiofaces. These deviations amount to
approximately 15°, and the resulting direction for the favored
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Table 2. Side-on geometriesl® of the transition state of CBMS attack at the
oxo center of 1.

Olefin Attack angle Skew Angle
Enantioface @° ¢ ¢ —¢° o’ o o—o’
Si -90 -70 20 -90 -77 13
Si 180 180 0 -90 —61 29
Si 90 106 16 -90 - 87 3
Si 0 -29 -29 -90 -89 1
Re -90 -9 —4 90 90 0
Re 180 164 —16 90 116 26
Re 90 83 -7 90 85 -5
Re 0 33 33 90 93 3

[a] Angles in °.

Si olefin attack is somewhere between “approaches ¢ and d”.F!
The two competitive attacks of the unfavorable Re CBMS
enantioface occur from directions quite close to “approaches
c and ¢”.BI

In most cases, the skew angle o comes close to the ideal
absolute value of |90|° for the parallel side-on approach.
Larger deviations are found in situations in which the olefin is
in close proximity to the chiral diimine bridge. However, the
main conclusion here is that the calculated structures are
consistent with, and support, the side-on mechanism.['-1% 45-47]

Previous MM calculations of Houk and co-workers sug-
gested that the preferred direction of approach of the olefin to
the Mn=O0 linkage should occur from situations quite close to
¢ =0°"1 In contrast, our results indicate that attack from
¢°=0° is shielded by the bulky zerz-butyl groups (vide infra).
Considering the limited amount of computational details
given by Houk and co-workers in their preliminary commu-
nication, it is difficult to rationalize these differences.

Finally, the linear-transit calculations along the C(CH;) -+
O coordinate indicate that the potential energy surface in the
1.9-2.2 A region is substantially flat. In fact, within this range
of the C—O distance, the energy variations from the TS are
usually smaller than 3 kJmol~'. This implies that the exact
position of the transition state, which determines enantiose-
lectivity, is prone to subtle electronic effects owing to different
substitution patterns at the salen ligand. This aspect conforms
with the experimental work carried out by Jacobsen and co-
workers, who established a strong correlation between AAH*
and the electronic character of the catalyst.['¥

In order to elucidate the role played by the different
functional groups of the salen ligand, we performed additional
TS searches on systematically simplified ligand systems 1a, b,
as well as on the catalyst with additional methyl groups at the
2,2"-positions of the diimine bridge (1¢), or with additional
tert-butyl groups at the 5,5 -position of the aromatic rings (1d;
Scheme 1). In the first set of calculations, the cyclohexyl
bridge was replaced with an ethyl bridge, complex 1a, and the
second set of calculations was performed on the model system
1b, in which the fert-butyl groups at the 3,3'-positions were
substituted by simple H atoms. Again, a gauche (—) con-
formation was adopted for the diimine bridge.

For the Si enantioface, only attack from ¢°=—90° was
considered, and was the reference state at 0 kJmol~2, since it
represents the most favored approach. For the Re enantioface,
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all four approaches with ¢° equal to 0°, £90°, and 180° were
investigated, and their energies were calculated relative to the
energy of the TS corresponding to attack of the Si enantioface,
¢"=0°. All the energy values related to these calculations are
reported in Table 1.

These calculations reveal that the model systems 1 and 1a
behave in essentially the same manner. The relative energies
of the attack of the Re enantioface along the four directions,
as calculated for complex 1a, are virtually identical to the
results obtained for the full system 1. This suggests that the
cyclohexyl ring does not directly contribute to the discrim-
ination of the olefin enantioface. Its only role is to confer
stereorigidity to the catalyst. On the contrary, when going
from 1 to 1b, attack of the Re enantioface becomes less
disfavored, the relative energies being higher by about 5 to
20 kJmol~". In particular, the approach of the Re enantioface
along ¢°=0° competes with the attack of the Si enantioface.
This finding is in qualitative agreement with the well-known
fact that bulky groups at the 3,3'-positions are needed to
achieve good enantioselectivity.

In order to further validate the conclusions obtained so far,
we performed additional calculations on complex 1¢, which
possesses two methyl groups at the 2,2’-positions of the
diimine bridge. Experimentally, this substitution resulted in
an unexpected decrease in enantioselectivity.*s! According to
our calculations, the energy difference between the TS of the
most favored attacks of the Si and Re enantiofaces of CBMS
(along ¢°=—90° and 90°, respectively) amounts to only
5 kJmol~! in favor of the Si enantioface. This value has to be
compared with the AFE value obtained for complex 1
(11 kJ mol™'). The decreased preference for the Si enantioface
is due to repulsive interactions between the incoming olefin
and one of the additional methyl groups. As shown in
Figure 4, this methyl group occupies an axial position at the

Figure 4. QM/MM geometry (distances in pm) of the transition state
corresponding to attack of the Si enantioface of CBMS at the Mn=0O
linkage of complex 1¢. Attack of the Si enantioface is along the ¢° = —90°
direction.

diimine bridge, and points directly towards the olefin. To
relieve the steric pressure, the angle O-C(CHj;)-C(Ph) opens
from 96° to 100° (Compare Figure 2a and Figure 4). This
result is also consistent with the hypothesis that the initial
attack occurs at ¢°=—90° with an R,R catalyst. It would be
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rather difficult to rationalize the decreased enantioselectivity
of complex 1e¢ if the preferred approach were to occur from
the side of the bulky tert-butyl groups (¢°=0°).

Our calculations for attack of CMBS at the MnY-oxo
complex derived from Jacobsen’s catalyst 1d lead to essen-
tially the same energetic discrimination that was found for the
model system 1. The distance between the tert-butyl groups at
the 5,5"-positions of the aromatic ring and CBMS is too large
(ca. 67 A for both attacks at ¢° ==+ 90°, see Figure 5) so that

Figure 5. QM/MM geometry (distances in pm) of the transition state TS
corresponding to attack of the Re enantioface of CBMS at the Mn=O
linkage of complex 1d. Attack of the Re enantioface is along the ¢° = —90°
and ¢°=90° directions, parts a and b, respectively.

these groups cannot exert any steric influence on the C—O
bond-formation reaction. The ligands at the 5,5'-positions
probably only allow for an electronic tuning of the catalyst,
without any steric effect.*’] This is, in principle, the same
conclusion that emerged from the mechanistic study of
Jacobsen et al.l'¥

The last point we want to address is the oxidation of cis-1-
cyclohexylpropene (CCP) by complex 1. Epoxidation of this
olefin results in lower ee values than that of CBMS, although
both substrates can be considered to offer similar steric
hindrance.! Here, we had to review the question of the
regioselectivity of the olefin attack, since the forming radical
is not stabilized by an adjacent aromatic group. For the attack
along the favorable ¢°=—90° direction, the energetic pref-
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erence for the Si enantioface of CCP amounts to only
5 kJmol-.

The lower energy difference than in CBMS is caused by the
similar reactivity of the two C atoms of the double bond, and
the attack of CCP at the Mn=0 linkage is hardly regioselec-
tive. The Si enantioface reacts at C(CHj3) of the double bond,
whereas for the Re enantioface, C—O bond formation takes
place at C(Cy). The lowest energy structure of the TS
corresponding to the Re enantioface is shown in Figure 6.5

Figure 6. QM/MM geometry (distances in pm) of the transition state
corresponding to attack of the Re enantioface of CCP at the Mn=0 linkage
of complex 1. Attack of the Re enantioface is along the ¢° = —90° direction.

This result explains the well-known fact that substantial
enantioselectivity requires an aryl, alkenyl or alkynyl group in
conjugation with the double bond to be oxidized, and that
very low enantioselectivity is generally observed in the
epoxidation of isolated cis-disubstituted alkenes. 4

Conclusion

The model for chirality transfer in the catalytic epoxidation of
prochiral olefins with [Mn(salen)] complexes, which we
developed in the present work, relates the enantioselectivity
to three specific features: 1) The two sp? centers of the chiral
diimine bridge induce a preference for gauche conformations
of the bridge, which in turn causes the salen ligand to fold
slightly. This folding shapes a chiral pocket, and the role of the
chiral bridge is to favor only one of the two possible gauche
conformations, thus conferring stereorigidity to the [Mn-
(salen)] complex; 2) the bulky groups at the 3,3'-positions
restrict access to the reactive chiral pocket from one side only;
3) the aryl, alkenyl, or alkynyl substituents on the olefin confer
regioselectivity, and therefore enantioselectivity.”'! When one of
these features is missing, our model is able to rationalize the
experimentally observed decrease in enantioselectivity.
Calculations on a model system derived from Jacobsen’s
catalyst suggest that substituents at the 5,5'-positions do not
exhibit any steric influence, and thus allow for the tuning of
the electronic properties of the catalytic system. Finally, a
qualitative agreement is found between the shallow potential
surface around the TS for olefin attack at the Mn=0O bond,
and the strong correlation between the enantioselectivity and
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the electronic character of the catalyst owing to different
substitution patterns of the salen ligand.
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Towards a Better Understanding of the Cisplatin Mode of Action
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Abstract: We have studied how plati-
num()  complexes  [Pt(dien)Cl]Cl,
[Pt(en)Cl,] and cisplatin react with hy-
brid molecules that contain sulfur and
nitrogen ligands, in particular Phac-Met-
linker-p5'dG (Phac = phenylacetyl),
Phac-His-linker-p5'dG, Phac-His-Met-
linker-pS'dG and Phac-His-Gly-Met-
linker-pS'dCATGGCT. The progress of
the reactions was monitored by HPLC,
and by ['H,N]-HSQC NMR when ®N-
cisplatin was used. The products were

zymatic and chemical reactions and
spectroscopic techniques (UV and/or
NMR spectroscopy, electrospray or
MALDI-TOF mass spectrometry). The
combined use of digestion with proteas-
es and reaction with hydrogen peroxide
followed by mass spectrometric analysis
indicated the platinum coordination po-

Keywords: cisplatin - nucleic acids
- peptide —oligonucleotide hybrids -
peptides - platinum

sitions on the peptide moiety of the
largest hybrid. Monofunctional Pt-S
adducts were transformed into Pt—N
complexes in which Pt—N7 bonds were
formed preferentially. Most of the che-
lates isolated had Pt—S bonds, and, in the
case of cisplatin complexes, loss of the
ammine frans to sulfur gave rise to the
formation of tricoordinate species with
platinum-mediated peptide —nucleotide
cross-links.  1,2-Intrachain  platinum
GpG adducts were only obtained in

isolated and characterised by using en-

Introduction

Cisplatin [cis-diamminedichloroplatinum(r)], by far one of
the most studied metal complexes, is a highly effective
anticancer drug presently in clinical use, although it is not
without side effects. Its therapeutic effect is believed to result
from the formation of a macrochelate with two adjacent
guanines in a DNA chain.[!

On the basis of competition studies with monofunctional
platinum complexes ([Pt(dien)]**; dien=2-aminoethyl-1,2-
ethanediamine) which have shown that platinum may migrate
from the sulfur atom of methionine to the N7 of guanine, it
has been suggested that proteins might act as a reservoir of
cisplatin and thus mediate its transfer to DNA."! Studies with
peptides that contain histidine and methionine have shown
that [Pt(dien)]** can migrate from sulfur to imidazole,”! and
that the bifunctional [Pt(en)]** (en=12-ethanediamine)
complex can form macrochelates in which the metal is
coordinated to sulfur and one of the imidazole nitrogen
atoms.” Finally, our own studies on the reaction of cisplatin
with a histidine —deoxyguanosine nucleopeptide have shown
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Facultat de Quimica, Universitat de Barcelona
Marti i Franques 1-11, 08028 Barcelona (Spain)
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E-mail: grandas@qo.ub.es
[b] Prof. V. Moreno
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Facultat de Quimica, Universitat de Barcelona (Spain)
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very small amounts (1-4%).

that platinum can also simultaneously coordinate the N7 of
guanine and either the Nzt or N7 imidazole ring atoms.[ ¢

To get a deeper insight into the actual behaviour of cisplatin
we were interested in assembling the different pieces of the
puzzle together in one molecule. To this end we synthesised,”
besides the simplest hybrid models Phac-Met-linker-p5'dG (1)
(Phac =phenylacetyl) and Phac-His-linker-p5'dG (2), two
peptide — (oligo)nucleotide hybrids that contain histidine,
methionine and deoxyguanosine: Phac-His-Met-linker-
p5'dG (3), and Phac-His-Gly-Met-linker-pS’'dCATGGCT
(4). We report here on the study of the reaction of these
hybrids with [Pt(dien)]** and [Pt(en)]**, as well as with the
actual anticancer drug, cisplatin.

Results

Aqueous solutions of the hybrids were mixed with aqueous
solutions of the platinum(i) complexes, and, unless otherwise
indicated, the reactions were carried out without any further
pH adjustment. [Pt(en)Cl,] and cisplatin were solubilised by
heating the aqueous suspension at 90 °C for 10— 15 min, which
is known to cause partial hydrolysis of cisplatin.l®l

Complexation reactions of hybrid 1: The reactions of the Pt!!
complexes with hybrid 1 are summarised in Scheme 1. The
reaction of 1 with [Pt(dien)]** and [Pt(en)]** gave the
expected results:>°! platinum migrated from sulfur (1a) to
the guanine N7 (1b) in the first case, and the [Pt(en){(1)-
S,N7}]* chelate (1¢) was formed in the second case.
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Three products were detected at the beginning of the
reaction of 1 with cisplatin: the monofunctional Pt—S adduct
(1d), the monofunctional Pt—N7 adduct (1e), and the Pt-
S,N7 chelate (1f). As the reaction proceeded, 1d and 1le
disappeared and a new product (1g) was formed. Adduct 1g
was identified, by mass spectrometry and 'H and ['H,"N]-
HSQC NMR experiments, as a Pt—S,N7 chelate in which the
ammine frans to the sulfur atom had been lost. We could not
identify which ligand replaced the ammine group, but this
position might be occupied by the O6 of guanine, or by a
water molecule, which, in turn, might establish a hydrogen
bond with the O6 atom of the guanine base.'”) Adduct 1g did
not react with YdGMP (5-monophosphate of 2’-deoxygua-
nosine).

Complexation reactions of hybrid 2: The reactions of the Pt"
complexes with hybrid 2 are summarised in Scheme 2.
[Pt(dien)]** reacted only with the N7 atom of 2 to give
adduct 2a. Two chelates were obtained when 2 reacted with
[Pt(en)]?*, in which platinum was coordinated to the N7 of
guanine and one of the imidazole nitrogen atoms (2b,2¢).

The reaction of 2 with cisplatin initially yielded four
products, the monofunctional Pt—N7 complex 2d, a bifunc-
tional complex in which the metal was linked to the N7 atoms
of two hybrids 2 e, and the two chelates 2 f (Pt—N7,Nx) and 2¢g
(Pt—N7N7). The relative proportions changed as the reaction
progressed, until the complete disappearance of 2d. Neither
the monofunctional nor bifunctional Pt—N7 complex was
obtained in an analogous previous experiment,l® but that
reaction had been carried out at slightly basic pH. The
reaction of 2 with cisplatin at pH 8 gave rise to the formation
of only 2f and 2g.
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Complexation reactions of hybrid 3: The reactions of the Pt
complexes with hybrid 3 are summarised in Scheme 3. Hybrid
3 was almost immediately and quantitatively transformed into
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Scheme 1. Reactions of the Pt" complexes with hybrid 1 (Phac-L-Met-
linker-5'dG).
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the Pt—S complex 3a upon reaction with [Pt(dien)]**. From
3a, the Pt—N7 (3b) and Pt—NIm (3¢; Im =imidazole, NIm =
any of the imidazole nitrogen atoms) complexes were formed,
complex 3b in larger amounts. The reaction between 3 and
[Pt(en)]** (Figure 1 and Figure 2) afforded an intermediate
(3d) that evolved into the Pt—S,N7 chelate (3e). Complex 3d
had the mass of a chelate ([Pt(en)(3)]"), its UV spectrum
(Amax> shape) showed that platinum was not linked to the
guanine N7 and it did not react with H,O,, an indication of
Pt-S coordination. These data suggested that 3d could be
either the Pt—SN*(Met) or the Pt—SNIm complex. It has
been reported™ that the reaction of histidine- and methio-
nine-containing peptides with [Pt(en)]** yields both types of
complex and that, depending on the reaction conditions,
either both are formed simultaneously or the Pt—SN*(Met)
complex is formed first. Since we did not detect Pt— S,N*(Met)
chelates in any other reaction, while we have evidence of the
formation of the Pt—S,NIm complex (4e€) in the case of 4 (see
below), we conclude that 3d is probably the Pt—SNIm
chelate. In any case, transformation of 3d into 3e must have
occurred by cleavage of a Pt—N bond and formation of the
Pt—N7 bond. Such surprising behaviour would mean that Pt"
could migrate to guanine not only from a thioether group but
also from either the N“ of methionine or from the side chain of
histidine.

Cisplatin gave rise to a much more complex mixture upon
reaction with 3 (Figure 1 and Figure 2), and some of the trends
previously found with 1 and 2 were reproduced. Many
products were detected over the first 4 h, which, on the basis
of UV spectroscopy, MS, chemical behaviour (stability
throughout the reaction process or to reaction with H,0O,)
and ['H,N]-HSQC NMR data were inferred to be the Pt—S
and Pt—N7 monofunctional complexes 3f and 3g, respec-
tively, and the Pt—S,NIm (3h), Pt—S,N7 (3i) and Pt— NIm,N7
(3j) chelates. Chelate 3i was the main product at a reaction
time of 4h (more than 50%), and its disappearance was
accompanied by the formation of the main final products.
After 16 h, signals corresponding to the ammine trans to the
sulfur atom were no longer detected. When a stationary
situation was reached (after 3 days), the main products
present in the reaction mixture (3k-3n) were isolated and
characterised. All products have the same molecular formula,
which corresponds to [Pt(NH;)(3)]", and have a UV bath-
ochromic shift. These data, together with the information
from the CH;, H8, H2 and H5 'H chemical shifts, suggest that
in 3k-3n platinum is coordinated to one ammine, and to
methionine, histidine and guanosine. Since the metal can be
linked to either the Nz or the N7 imidazole nitrogens, and two
diastereomers may originate from coordination to sulfur, four
isomers can be formed.

Complexation reactions of hybrid 4: The reactions of the Pt
complexes with hybrid 4 are summarised in Scheme 4. Before
we began this study, we examined the reaction between the
oligonucleotide moiety of hybrid 4, 5dCATGGCT, and the
three platinum(i) complexes. The reaction with [Pt(dien)]**
afforded a product which was platinated at the 5'G nucleo-
base, and the reactions with [Pt(en)]** and cisplatin gave, as
expected, the intrachain Pt—N7/5'G,N7/3'G chelates.
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Figure 1. HPLC profiles of the reaction mixtures at different reaction times. 1) 3 and [Pt(en)]**, A: 1 h, B: 1 h 45 min, C: 6 h, D: 5 days; 2) 4 and [Pt(en)]**,
A:7 min, B: 45 min, C: 5 h 30 min, D: 3 days; 3) 3 and cisplatin: A: 1 h, B: 3 h 30 min, C: 24 h, D: 3 days; 4) 4 and cisplatin: A: 20 min, B: 1 h 45 min, C: 8 h,

D:24h.

Two new products were quickly formed upon reaction of 4
with [Pt(dien)]**, the Pt—S complex (4a) and the Pt—N7/5G
complex (4b). As the reaction progressed, two doubly
platinated species appeared in which two [Pt(dien)]** units
were linked to the 5'G nucleobase and either methionine or
histidine, complexes 4 ¢ and 4d, respectively. At the beginning
of the process (0—2 h) 4a predominated over 4b, whereas at
48 h the relative proportion was reversed.

Six products different from 4 were detected throughout its
reaction with [Pt(en)]** (Figures1 and 2). Platinum was
coordinated to the side chains of histidine and methionine

Chem. Eur. J. 2001, 7, No. 4
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(4e) in the first main chelate formed, while in the other
chelates coordination was established with the imidazole
nitrogens and either the N7 of 5'G (4f, 4g) or that of 3'G (4h,
4i). The product resulting from coordination to the two
guanine residues (4j) was detected (4%) only after 48 h.
Hence, 4 only partially reproduces the behaviour of the
simpler model 3. In both cases the Pt—SNIm chelate was
formed, but the evolution of the reaction with [Pt(en)]** was
different. Hybrid 3 gave the Pt—S)N7 chelate (3d), whereas
the main products found upon reaction with 4 were the Pt—
NIm,N7 macrochelates (4 f—4i).
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Figure 2. Time dependence of species formation for the reactions 1) 3 and [Pt(en)]?*, 2) 4 and [Pt(en)]**, 3) 3 and cisplatin and 4) 4 and cisplatin.

As with 3, HPLC monitoring of the reaction of 4 with
cisplatin showed that a very complex process was taking place
(Figure 1 and Figure 2). The two main products formed at the
beginning of the reaction were identified as the Pt-S
monfunctional adduct (4k) and the Pt—SNIm chelate (41).
Adduct 4k predominated at short reaction times, then
decreased as the concentration of 41 increased. Both then
subsequently disappeared. After 9 h, signals corresponding to
ammine trans to sulfur were no longer detected, and at 24 h
the stationary situation was virtually reached. Isolation of the
different final products was difficult. In at least four of the
products obtained (4m—4p) platinum was coordinated to one
ammine, sulfur, one of the imidazole nitrogen atoms and the
N7 of the 5'G nucleobase. Two products were isolated (minor
proportion) which only differed in that coordination was
established with the 3'G nucleobase (4q, 4r). In a third group
of complexes (4s, 4t) platinum was coordinated to one
ammine, histidine and the two guanines. Finally, we isolated a
product (1.4%) in which two ammine groups and the two
guanines were linked to platinum (4u).

812 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Discussion

The kinetic preference of platinum for sulfur ligands and the
preference for the 5'G in GG sequences found in the above-
described experiments agree with previously described re-
sults.> '] The preference of the metal for the N7 of guanine
rather than the nitrogen atoms of the imidazole ring is also
clear.

The most important conclusions that can be drawn from
the above-described results concern the use of [Pt(dien)]**
and [Pt(en)]** as models of the monofunctional products
formed upon reaction with cisplatin and of cisplatin, respec-
tively.

The previously described migration of [Pt(dien)]** from the
sulfur of methionine to the N7 of guanine or to the imidazole
nitrogens was reproduced in this study. However, when the
methionine-containing hybrids reacted with cisplatin, forma-
tion of Pt—S monofunctional complexes was followed by
formation of chelates, which, in turn, yielded tricoordinate
products that in most cases still maintained the Pt—S bond
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Scheme 4. Products formed in the reaction between the Pt" complexes and hybrid 4 (Phac-L-Met-Gly-L-His-

linker-pS'dCATGGCT).

(3k-3n, 4m—4r). Only the formation of 4s and 4t (which
were obtained in low amount) can be explained by a sulfur to
nitrogen migration. Consequently, the hypothesis that cispla-
tin might be transported from proteins to DNA as a result of S
to N7 migration should be reconsidered.

With respect to the use of [Pt(en)]* as a model of cisplatin,
reactions with the latter are much more complex than with the
former. Only stable chelates are formed in the reaction with
[Pt(en)]**, whilst cisplatin gives rise to the formation of
monofunctional complexes, chelates and even bifunctional
and trifunctional adducts; also the ammine trans to sulfur may
be lost.
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Loss of the ammine trans to
sulfur in reactions with cisplatin
is not at all unexpected,'” but
its consequences have to some
extent been underestimated.
Different reaction paths might
account for the formation of
Pt-S,NIm,N7 trifunctional
complexes such as 3k—3n or
4m-4t. The ammine group
may be lost from the monofunc-
tional Pt—S adduct or from Pt—
S,NIm or Pt—S,N7 complexes,
and the Pt—N7 bond can be
formed either by S to N7 mi-
gration or by introduction of
the guanine ligand at the posi-
tion previously occupied by
ammine. Such processes taking
place in a biological medium
might give rise to platinum
cross-linked protein—DNA tri-
functional adducts whose bio-
logical significance is still un-
clear. It might be possible that
trifunctional adducts are in-
volved in one of the roles sug-
gested for cisplatin, the hijack-
ing of proteins away from their
normal binding sites,'¥ and
may also account for some of
the effects of the drug. Certain-
ly only a small fraction of the
products isolated from in vivo
and in vitro experiments seems
to correspond to DNA-Pt—
protein complexes,®] but no
data are available on their re-
pair efficiency, nor concerning
their stability in cells or on the
conditions used to isolate plat-
inum-containing products from
cell cultures.

We would also point out that
for the structural analysis of the
most complex adducts we have
used, for the first time, infor-
mation from mass spectrometric analysis after treatment with
proteases or reaction with H,O, to infer which platinum—
amino-acid bonds had been established. Adducts with Pt—
NIm linkages remained stable after digestion with either
papaine or pronase, whereas the Phac-His-Gly fragment was
removed from the complex when platinum was coordinated to
the methionine side chain. Adducts with amino-acid—
Pt(dien) linkages had slightly different behaviour; pronase
cleaved Pt—S bonds in 30 min and, therefore, removed the
entire peptide moiety. The NIm—Pt(dien) bond was cleaved
after a 24 h treatment with pronase. A short reaction with
nuclease S1 provided information on whether chelates with an

N7-Pt(dien)

Pt
4 Cop

Pt

HsN  NHg
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an amino-acid—metal—nucleobase cross-link had been
formed.

Finally, assuming that the GG —cisplatin complex is re-
sponsible for the therapeutic effect, the results obtained upon
reaction with 4 are consistent with loss of large amounts of the
drug upon in vivo administration, since only a very small
amount of the “therapeutic complex” 4u was formed. Further
studies with more complex hybrids and also in the presence of
rescue agents/? will be helpful both to get a deeper insight into
their mode of action and to design more specific platinum-
derived anticancer drugs.

Experimental Section

Reaction between the hybrids and platinum(@) complexes: Complexation
reactions were carried out in H,O at 37°C. The required volume of a 10mm
aqueous solution of platinum(i) complex was added to the hybrid,
previously liophylised in an eppendorf tube and dissolved in H,O, so that
the relative proportion hybrid/platinum(i) complex was 1:0.95. The
solutions were 1.5mM in hybrid in reactions with [Pt(dien)Cl|Cl and 1 mm
in reactions with [Pt(en)CL,] and cisplatin. [Pt(en)Cl,] and cisplatin were
solubilised and aquatised by heating for 10—15 min at 90°C, and the
required amount of the resulting solution was immediately added to the
solution of the hybrid. The pH of the reaction mixtures was checked and
found to be slightly acidic (pH 4 -6). No further pH adjustment was made
except in one of the reactions of 2 with cisplatin, which was carried out at
pHS.

The evolution of the hybrid - [Pt" complex] reaction (37 °C) was monitored
by reversed-phase HPLC with on-line UV detection. The aliquots
separated from the reaction mixture were kept frozen (after KCl addition
in the case of the reactions with cisplatin) until they were analyzed.
Reactions with N-cisplatin were also monitored by ['H,”"N]-HSQC NMR.
5N-Cisplatin was prepared by reaction of K,PtCl, with [99 % '"N]-NH,OAc
following described procedures.'!! 'H and ['H,""N]-HSQC NMR experi-
ments were carried out at 500 MHz (Varian VXR or Bruker Advance
DXR), except for the measurement of the 3/ or “/py; coupling constants
which were made at 100 MHz (Bruker). These data allowed the platinum
coordination site at the imidazole ring of 2f and 2g to be unequivocally
established.

HPLC analysis of the reaction crudes was carried out on Nucleosil C18
columns (250 x 4 mm, 10 pm), at 1 mLmin~!, with aqueous ammonium
acetate (0.01m) as solvent A and acetonitrile as solvent B, and one of the
following linear gradients: a) from 15 to 30% of B in 30 min, from 30 to
60 % of B in 30 min, and from 60 to 100 % of B in 1 min; b) from 5 to 25%
of B in 15 min and from 25 to 100 % of B in 30 min; c¢) from 5 to 25 % of B in
15 min and from 25 to 100% of B in 20 min; d) from 5 to 25% of B in
35 min and from 25 to 100 % of B in 1 min; ¢) from 5 to 25 % of B in 40 min
and from 25 to 100 % of B in 1 min. Gradient a) was used for the analysis of
the reaction 1 with [Pt(dien)]**; gradient b) to monitor the reactions of 1,2
and 3 with [Pt(en)]**; gradientd) to monitor the reactions of 4 with
[Pt(dien)]** and [Pt(en)]**; gradient e) in the case 4 and cisplatin, and
gradient c) in all the other cases.

Isolation of the platinum adducts: Platinum adducts were generally isolated
after several HPLC runs by using analytical separation conditions, but a
semipreparative Kromasil C18 column (250 x 10 mm, 10 pm, 3 mLmin')
and the same gradient were used to isolate adducts from reactions of 2 with
cisplatin, 4 with [Pt(dien)]** and 4 with [Pt(en)]**.

tg (min, analytical conditions): 1a 15.3,1b 29.1,1¢24.1,1d 18.8,1e 21.0, 1 f
23.3,1g14.3;2a23.3,2b23.1,2¢24.4,2d 19.0,2e 24.1,2£21.6,2g22.4; 3a
23.0,3b26.1, 3¢ 24.5,3d23.8,3e 26.0,3£18.9, 3g 20.7, 3h 21.4, 3i 22.8, 3j
23.7, 3k/31 21.8/21.9 (these adducts were collected together), 3m 23.2, 3n
26.5;4a171,4b21.0,4¢19.7,4d 19.5,4¢ 17.6,4£/4g 17.1/18.5 (these adducts
coeluted in the semipreparative purification conditions used and were
characterised together), 4h 15.5, 4i 15.9, 4j 23.9, 4k 17.5, 41 16.8, 4m 14.4,
4n 14.9, 40 16.1, 4p 16.6, 4q/4r 18.1/18.4 (these adducts were collected
together), 4s 20.8, 4t 21.3, 4u 22.1.
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Characterisation of the platinum adducts formed from 1, 2 and 3: All of the
isolated products were characterised by either MALDI-TOF or electro-
spray mass spectrometry, with detection in the positive mode (some spectra
were also obtained in the negative mode).

Ultraviolet spectra were recorded for all the products isolated from the
reaction of 1, 2 and 3 with the Pt" complexes. Coordination to the N7 of
guanine shifted the absorption maximum from 252 to 258 nm, with small
differences in compounds 1g (256 nm), 2f (260 nm), and 3k and 3l
(256 nm).

Stability to snake venom phosphodiesterase (1b, 1¢, 1le-1g, 2a, 2e-2g,
3b, 3e,3k—3n) was an additional indication of a Pt—N7 bond (1a, 1d, 3a,
3¢ and 3d were degraded).

'"H NMR (500 MHz), in particular the chemical shifts of the methyl group
of the methionine residue, of the H2 and H5 imidazole protons and of the
guanine HS8, was also used for the structural analysis of compounds 1a-1¢,
1g, 2a, 2e-2g, 3b, 3e and 3k-3n. Coordination to the N in 2f was
inferred from the Pt—H J values of the imidazole protons (H2: 3/ =20 Hz,
H5: 47 =8 Hz); in the case of Pt—Nrt isomer 2g the two coupling constants
were similar (15-20 Hz). The “NH; chemical shifts obtained from
['H,"N]-HSQC experiments showed the presence of ammine groups
placed trans to either sulfur or nitrogen atoms (1d, 1f, 1g, 2e, 2f, 3f, 3h).
This NMR experiment showed the absence of ammine trans to sulfur in the
final products of the reaction mixtures of 1 and 3 with cisplatin.
Invariability of the imidazole 'H chemical shifts at different pH values
indicated coordination of the metal to the histidine residue (2f, 2g, 3n).

If an m/z value 16 units higher than that of the parent compound was not
found after treatment with H,O,, we inferred that platinum was linked to
the sulfur of methionine (3d, 3e, 3h, 3i).

Characterisation of the platinum adducts obtained from hybrid 4: Mass
spectrometric data (MALDI-TOF, negative mode) were used for the
structural analysis of all the platinated products obtained from the most
complex hybrid, 4. Structural information was also obtained from treat-
ment with different enzymes (phosphodiesterases or proteases) or reaction
with H,O, followed by mass spectrometric analysis. ['H,’"’N]-HSQC NMR
experiments provided evidence of the presence of ammine trans to sulfur at
the beginning of the reaction with cisplatin (4k and 41).

Treatment with snake venom phosphodiesterase (30 min): indiscriminate
cleavage of the oligonucleotide moiety indicated absence of coordination
to any of the guanines (4a, 4e), removal of the fragment pGpCpT denoted
coordination to the 5'G nucleobase (4b—4d, 4f, 4g, 4m—4p) and elimination
of pCpT indicated coordination to the 3'G nucleobase (4h-4j, 4q—4u).

Nuclease S1 treatment (10 min) of chelates with a peptide —Pt—oligonu-
cleotide linkage (4f-4i, 4m—4t) afforded, among others, a product with
an m/z ratio 18 units higher than that of the parent compound; this
corresponded to the cleavage of a single phosphodiester bond with the
subsequent addition of one water molecule. The m/z value 18 units higher
than that of the parent compound was not found when 4e, 4j and 4u were
submitted to digestion with nuclease S1.

Removal of the fragment Phac-His-Gly upon reaction with papaine
(30 min) indicated no Pt—Im coordination (4a-4c, 4j, 4k, 4u), whereas
compounds with Pt—~NIm bonds were stable to this enzyme (4d-4i, 41—
4t).

Complexes with Pt—NIm bonds (4d-4i, 4m-4t) were not degraded by a
30 min treatment with pronase, but a 24 h treatment was able to cleave the
Pt(dien) —imidazole bond (4d). Pronase digestion yielded the linker-
oligonucleotide fragment either when platinum was linked to the oligonu-
cleotide (4b, 4j, 4u) or from compounds with S—Pt(dien) bonds (4a, 4c¢).

No reaction with H,O, confirmed coordination of platinum to sulfur in 4a,
4¢ and 4m—4r; compounds with an m/z ratio 16 units higher, correspond-
ing to oxidation of the “unprotected” thioether to sulfoxide, were obtained
from 4s, 4t and 4u.

Additional evidence of Pt—NIm,N7,N7 coordination in compounds 4s and
4t came from MS analysis after a 48h treatment with calf spleen
phosphodiesterase, after which time a fragment with a mass corresponding
to [Phac-His-Gly-Met(O)-OH+pGpG+Pt(NH;)] was found (thioether to
sulfoxide oxidation took place under those conditions).
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Efficient Charge Separation in Porphyrin-Fullerene-Ligand Complexes
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Abstract: Photoprocesses  associated
with the complexation of a pyridine-
functionalized C,, fullerene derivative
to ruthenium- and zinc-tetraphenylpor-
phyrins (tpp) have been studied by time-
resolved optical and transient EPR
spectroscopies. It has been found that
upon irradiation in toluene, a highly
efficient triplet—triplet energy transfer

fer (ET) from the porphyrin to the
fullerene prevails in polar solvents.
Complexation of [Zn(tpp)] by the full-
erene derivative is reversible and, fol-
lowing excitation of the [Zn(tpp)], gives
rise to very efficient charge separation.

Keywords: electron transfer - EPR
spectroscopy - fullerenes - ion pairs

In fluid polar solvents such as THF and
benzonitrile, radical-ion pairs (RPs) are
generated both by intramolecular ET
inside the complex and by intermolecu-
lar ET in the uncomplexed form.
Charge-separated states have lifetimes
of about 10ps in THF and several
hundred of microseconds in benzonitrile
at room temperature.

governs the deactivation of the photo-

. . - porphyrins
excited [Ru(tpp)], while electron trans-

Introduction

The study of the individual steps of natural photosynthesis is a
very complicated matter, and their full comprehension is still
a formidable task. For example, it is known that in bacterial
photosynthetic reaction centers, for which detailed structural
information is available, a series of efficient electron-transfer
(ET) events occur.l'* The long-lived charge-separated spe-
cies evolve to generate a cross-membrane potential that
governs subsequent fundamental biochemical reactions. Ow-
ing to the importance and complexity of this phenomenon,
suitable simpler models are necessary.*®l In this context,
photoactive supramolecular systems, in which a donor and an
acceptor moiety are noncovalently linked, are particularly
appealing.”? In such systems, a rapid photoinduced ET
should be followed by a diffusional splitting of the charge-
separated radical pair, mimicking a key step in natural
photosynthesis. Recently, fullerene Cg has emerged as a
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new three-dimensional acceptor moiety and has been studied
under a variety of conditions.'*'"I Driven by an exceptionally
low reorganization energy,' 1 ET to Cg, proceeds rapidly
relative to comparable two-dimensional electron acceptors.
More importantly, this effect leads to a significant decrease in
the rate of back electron transfer (BET). In this paper we
describe the synthesis and photophysical properties of two
fullerene-porphyrin dyads, 1 and 2, in which the two
chromophores are linked together through axial ligation.
Zinc- and ruthenium-porphyrin complexes have been inves-
tigated and ligation to the porphyrin metal has been ensured
using a pyridine-containing fulleropyrrolidine.?*-22

Results and Discussion

Ligand 3 (Scheme 1) was prepared by azomethine ylide
cycloaddition to Cg,?*?4 by using sarcosine and 4-pyridine
aldehyde as the starting materials.> The [Ru(tpp)(CO)Cq]
complex 1 was prepared by reaction of commercially available
[Ru(tpp)(CO)ROH] 4 and pyridine 3. [Ru(tpp)(CO)ROH] 4
has one alcohol molecule very weakly bound to the metal. In
the presence of a stronger ligand, such as pyridine, the alcohol
is immediately displaced.’ Thus the reaction between 3 and 4
takes place instantaneously at room temperature, affording
the new complex 1 in quantitative yield (Scheme 1). The
formation of the complex is easily followed by 'H NMR
spectroscopy: the pyridine protons adjacent to nitrogen are
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Scheme 1. Reaction scheme for the formation of 1.

Abstract in Italian: /n questo lavoro viene riportato il
comportamento fotoindotto di due diadi, ottenute attraverso
coordinazione di un derivato fullerenico contenente un fram-
mento piridinico a una rutenio o a una zinco tetrafenilporfi-
rina. I processi sono stati studiati mediante due diverse
spettroscopie risolte nel tempo: ottica ed EPR. Mentre in
toluene, in seguito a irraggiamento, si osserva il trasferimento
di energia dalla porfirina al fullerene, in solventi piu polari
prevale il trasferimento elettronico. Nel caso della [Zn(tpp)]
dallo stato eccitato si ottiene un’efficiente separazione di carica
sia in processi intramolecolari (nella forma complessata) che in
processi intermolecolari (nella forma non complessata). Per la
[Zn(tpp)], i tempi di vita delle coppie ioniche generate sono
notevoli, alcuni microsecondi in THF e diverse centinaia di
microsecondi in benzonitrile a temperatura ambiente.

Chem. Eur. J. 2001, 7, No. 4
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shifted from 6 =8.7 in 3 to d = 1.5 in 1.7l When pyridine was
used instead of 3, the [Ru(tpp)(CO)py] complex (5) was
obtained,! which was used as a reference in ground state and
photoinduced studies.

Tg

=

A

O

The UV-visible absorption spectrum of dyad 1 displays
strong absorptions due to both the porphyrin-ruthenium
complex and the fullerene moieties. As a matter of fact, the
electronic spectrum of 1is the virtual superposition of the two
independent chromophores, with no detectable interaction
between the two centers (Figure 1). The IR spectrum shows
typical carbonyl absorption at 1962 cm™.

To avoid fast charge recombination by taking advantage of
complex dissociation (vide infra), a weaker fullerene-por-
phyrin complex was also investigated. The square-planar
compound [Zn(tpp)] forms on-
ly weak complexes with pyri-
dine-based ligands. Typically,
these complexes have equilibri-
um constants (K) on the order
of 5000m 1.2 The ligand coor-
dination to the metal in these
complexes has been rational-
ized in terms of m back-bond-
ing, which strengthens the
Ru—N coordination bond. In
the case of [Zn(tpp)], the =

1 back-bonding is absent and the

complexation is only governed

by the much weaker ¢ bonding.

With the objective of probing

the complexation of the full-

erene ligand, the absorption

spectrum of [Zn(tpp)] (6) was measured with different
concentrations of 3. In toluene, for example, the two O-band
transitions at 549 nm and 589 nm, upon addition of variable
amounts of the fullerene ligand, undergo a noticeable red-
shift to 552 nm and 598 nm, respectively. Also the Soret band
is affected, but gives rise to a less relevant shift. Figure 2 shows
the interesting area of the O band of 6 at various concen-
trations of fullerene 3. Because of the absorption of com-
pound 3 in the 550-650 nm region, titration of the complex
formation is made difficult. Figure 2 (top) shows the un-
corrected titration and also the absorption of the fullerene
ligand at the same concentration. Subtracting the fullerene
absorption produces the spectrum shown in Figure 2 (bot-
tom). Two isosbestic points are now evident at 587 and 557 nm
(Figure 2 bottom), for which an equilibrium constant of
5900M~! was derived. In contrast, a similar addition of a
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Figure 1. UV/Vis absorption spectra of [Ru(tpp)(CO)py] (5) (3.5 x 10-6m,
top), Cg, derivative 3 (1 x 10~°m, middle), and complex 1 (2.5 x 107°m,
bottom) in DCM.
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Figure 2. Top: Absorption spectra of [Zn(tpp)] (6, 5 x 10~°Mm) with and
without fullerene ligand 3 (from 1x 10 M to 5x 10~*m). Solid line
represents the absorption of pure ligand 3 at 5x 10~>M concentration.
Bottom: Corrected absorption spectrum of [Zn(tpp)] (6, 1 x 10~>M) in the
presence of fullerene ligand 3 by using the corresponding pure fullerene 3
solutions at the same concentrations as reference samples.
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noncomplexing fullerene derivative (e.g., a dicarbetoxy-
methanofullerene or N-methylfulleropyrrolidine) does not
affect the singlet ground-state absorption of the porphyrin
and the spectral features of the fullerene derivative and
[Zn(tpp)] become virtually superimposable. This leads us to
conclude that complexation in 2 occurs through the pyridine
nitrogen at an axial coordination site of [Zn(tpp)] with, for
example, the unoccupied d,. orbitals. In the more polar and
coordinating solvents such as THF and benzonitrile, no
dependence of the spectral features of [Zn(tpp)] on the
fullerene 3 concentrations was observed; this indicates a
competition in the coordination of Zn between the fullerene
pyridine and the solvent.

Semiempirical (PM3) minimization gave an edge-to-edge
distance of 4.5 A between the chromophores or a center-to-
center distance of 9.5 A in system 2.

Ruthenium-porphyrin optical spectra: Emission yields of the
¥(;—m*)[Ru(tpp)] chromophore in complex 1 in various
aerated solvents were compared with those of the model
[Ru(tpp)(CO)py] (5).2%) In general, the emission of the
photoexcited chromophore in 1 is noticeably quenched in
any of the tested solvents (Table 1). However, a detailed

Table 1. Relative emission yields and lifetimes for [Ru(tpp)(CO)py] (5)
and [Ru(tpp)(CO)Cq] (1) in solution at room temperature.

Solvent Conditions 5 1

toluene (¢ =2.39) oxygen 11 1.1 (85 ps)
nitrogen 94 1.3

THF (e =7.6) oxygen 14 2.7 (460 ps)
nitrogen 100 17

DCM (¢=10.19) oxygen 13 1.6 (511 ps)
nitrogen 91 1.6

benzonitrile (e =25.9) oxygen 14 2.8 (404 ps)
nitrogen 98 24

analysis of the solvent dependence reveals a surprising trend.
While the porphyrin emission in nonpolar toluene is
quenched by nearly 99 and 90% in deareated and aerated
solutions of 5, respectively, the corresponding emission in
benzonitrile, a solvent of a much higher dielectric constant
(£=25.9), gives rise to a remarkable increase of the emission
yield (Figure 3). The Born formula predicts a strong impact of
the solvent polarity on the driving force (—AG°) for an
intramolecular ET reaction.” In contrast to the observed
solvent dependence, the exothermic nature of (—AG°) is
expected to increase as the solvent dielectric constant
increases. This may indicate a different quenching mechanism
of photoexcited 1 in the two different solvents.

Furthermore, a red-shift of the emission is noted in going
from toluene to benzonitrile, which may be attributed to a
more polar surrounding leading to larger Stokes shifts.
However, we cannot rule out that a partial change of axial
ligation may have taken place, that is, substitution of some of
the metalloporphyrins axial ligands.

To follow up on this argument, we complemented the
emission experiments of 1 and § with measurements in
dichloromethane (DCM) and THF. In particular, DCM was
chosen because its moderate polarity makes it possible to
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Figure 3. Fluorescence spectra (4. =532 nm) of solutions of [Ru(tpp)-
(CO)py] (5) in toluene (1) and of [Ru(tpp)(CO)Cq] (1) (2x 10-5M) in
benzonitrile (2), THF (3), DCM (4), and toluene (5) at room temperature.

increase the driving force (— AG®) for an intramolecular ET
reaction relative to toluene. At the same time, the insignif-
icant coordinating character of DCM preserves the coordi-
nation of the fullerene ligand. Indeed, the porphyrin emission
is subject to a marked reactivation relative to the toluene
case; this supports the view of a different quenching
mechanism. In contrast THF is known to be a coordinating
medium, as is benzonitrile. Thus it is not surprising that the
emission of 5 in THF was found to be similarly strong to that
in benzonitrile.

In cases where the solvent molecules (i.e., THF and
benzonitrile) may actually displace the fullerene ligand from
the ruthenium porphyrin, omitting oxygen from the solutions
is expected to have a profound effect on the porphyrin
emission. While in toluene and DCM the emission intensity
remains virtually unchanged upon substituting oxygen with
nitrogen, in THF and benzonitrile a nearly ten-fold increase in
emission was registered. It should be noted that, in compar-
ison to a deoxygenated solution of 5, the emission of 1 is,
however, still noticeably quenched.

In order to shed further light into the deactivation processes
and, more fundamentally, to characterize the transient
intermediates evolving from the supposedly intramolecular
dynamics we probed reference porphyrin 5 and dyad 1 in
transient spectroscopy. In particular, the transient differential
absorption changes following either a 18 ps or 6 ns laser pulse
(both at 532 nm) should ensure the exclusive formation of the
photoexcited chromophore, *(mt—m*)[Ru(tpp)(CO)py], al-
lowing us to measure its lifetime and, in the case of dyad 1,
to visualize the nature and kinetics of the intramolecular-
transfer reaction.

In the case of the porphyrin reference 5 excitation leads to
the instantaneous bleaching of the Q-band absorption cen-
tered around 535 and 565 nm. The wavelength region above
600 nm is, on the other hand, governed by the strong
absorptions of the excited state (not shown). In this context,
it should be mentioned that on the monitored timescale,
50-4000 ps, the generated species is the triplet excited state,
3 (mr-v*)[Ru(tpp)(CO)py], rather than the initially formed
and very short-lived singlet excited state, *(;t—m*)-
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[Ru(tpp)(CO)py] (z<35ps) [Eq.(1)].”® Coordination of
the ruthenium by the H,TPP macrocycle in combination

[Ru(tpp)(CO)py] 2 **(m—m*)[Ru(tpp)(CO)py] 0
#(n—7*)[Ru(tpp)(CO)py]

with the axial ligand (e.g., carbonyl group) has been proposed
to be the key step for the rapid intersystem crossing (ISC) of
the photoexcited ruthenium-porphyrin complex. Extension of
the monitored timescale to the nano-/microsecond time
regime allowed us to determine a lifetime of 30 ps for the
triplet excited state, which is in good agreement with
previously published values.

A similar excitation of the porphyrin antenna is noticed in
picosecond-resolved experiments carried out with dyad 1, by
employing a 532 nm laser pulse. In toluene, the characteristic
¥#(;—n*)[Ru(tpp)] absorption transforms rapidly into a
broadly absorbing species with a lifetime of 85ps. The
spectrum of the latter is displayed in Figure 4 showing a clear
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Figure 4. Time-resolved difference absorption spectra of [Ru(tpp)-
(CO)Cq] (1) (2.0 x 107°m) recorded 200 ps after excitation (532 nm) in
oxygen free toluene (1) and 600 ps after excitation (532 nm) in oxygen free
benzonitrile (2).

maximum around 710 nm, followed by an energetically lower
lying shoulder (820 nm). These features remarkably resemble
the triplet excited state of the fullerene core,?!l and suggest an
intramolecular energy transfer to the long-lived and highly
reactive fullerene triplet state, as shown in Equation (2).

(@ -7*)[Ru(tpp)(CO)Ce] — [Ru(tpp)(COY*(Cq)] @

By probing a similar solution in nanosecond experiments
the determination of the lifetime and also the quantum yield
of the fullerene triplet was achieved. Relative to the non-
coordinated fullerene ligand 3, which served as an internal
standard (@ =0.96), the photoexcited dyad gave rise to a
somewhat smaller triplet quantum yield (& =0.65). In addi-
tion, a lifetime of 43 ps, also similar to a directly excited
fullerene, further confirms the energy-transfer route. The
efficiency observed relates well with the short separation
between the two moieties (edge-to-edge distance of 4.5 A),
for which a triplet-triplet energy transfer is expected to be
most effective.

As stated above, the emission quenching in benzonitrile
follows a surprising trend. Pico-/nanosecond experiments
were performed in benzonitrile to relate them to those
performed in toluene. The differential absorption changes
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recorded immediately after the 18 ps laser pulse (532 nm) are
superimposable on those described above: bleaching of the Q-
band absorption and broad absorption greater than 600 nm
are indicative of **(7—7t*)[Ru(tpp)(CO)Cg]. In line with the
emission studies, the excited porphyrin decays with a lifetime
of 404 ps and, accordingly, noticeably slower than in toluene.
The transient absorption changes in the monitored wave-
length region are nonetheless distinctly different from the
fullerene triplet state, lacking the characteristic maximum in
the visible region at 710 nm (see Figure 4). In contrast, the
differential absorption changes show, besides bleaching at
550 nm, a set of new peaks at 565, 610, and 670 nm.

To characterize these transient absorption changes, a
complementary pulse radiolytical oxidation experiment of
[Ru(tpp)(CO)py] (5) in oxygenated DCM solutions was
carried out. The resulting radicals, such as "OCHCl, and
‘OCH,Cl, are fairly oxidative species® and provide the
means for oxidation of the ruthenium-porphyrin complex
(Eip=+40.81V versus SCE). Under aerobic conditions
[Eq. (3)] pulse radiolysis of the tested [Ru(tpp)] led to a

[Ru(tpp)(CO)py]+ "OCHCL/"OCH,Cl — [Ru(tpp**)(CO)py] (3)

differential absorption spectrum, recorded 100 ps after the
electron pulse, with intense ground state bleaching in the
region corresponding to the O band and broad absorptions in
the 550-750 nm wavelength region. It is well documented
that ligand centered oxidation of porphyrins gives rise to a
broad absorption in the red region (700-840nm).! In
contrast, changes in the redox state of the metal in a
metalloporphyrin are known to result in minor shifts of the
Soret and Q bands without strong absorption in the red.”! On
the basis of this precedent, the broad absorption observed
upon radiolysis of [Ru(tpp)(CO)py] is ascribed to an oxida-
tion process that occurs on the TPP ligand, yielding the -
radical cation [Eq. (3)].

This m-radical cation absorption is virtually superimposable
with those transient changes developing during the pico-
second experiments in benzonitrile. Based on this spectral
reminiscence we postulate the photoinduced ET mechanism
shown in Equation (4).

(@ —7*)[Ru(tpp)(CO)Ce] — [Ru(tpp™*)(CO)(Ce)] “)

The difference in reactivity, namely, energy versus electron
transfer, can be best interpreted by calculating the driving
force (—AG®°) for an ET mechanism in the two different
solvents by employing the dielectric continuum model. This
model handles the charge-separated radical pair as two
spherical ions separated by a distance (R), submerged into a
solvent of a static dielectric constant (¢).? 3 The energy level
of the [Ru(tpp ")(CO)(Cq )] radical pair is at 1.59 eV and
1.02 eV in toluene and benzonitrile, respectively. In compar-
ison, the energy of the fullerene triplet (1.50 V)P is nearly
solvent independent, revealing that in toluene an energy-
transfer mechanism evolving from the 3*(;t—m*)[Ru(tpp)]
(1.73 eV) is the thermodynamically more favorable process.
On the other hand, in benzonitrile —AG®° appears to be
reasonably large (—0.71 eV) and more importantly, substan-
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tially greater than —AG° for a possible energy transfer
(—0.23 eV) activating the ET route. It should be noted that
both electron- and energy-transfer processes are very likely to
be in the normal region of the Marcus curve.

A closer look at the diagnostic NIR region for the ful-
lerene m-radical anion in Figure 5 yielded support, for
example, a distinct maximum at 1010 nm, for the photo-
induced generation of a charge-separated radical pair,
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Figure 5. Transient absorption spectrum recorded after 50 ns upon flash
photolysis of 2.5 x 10~>M [Ru(tpp)(CO)Cy] (1) at 532 nm in deoxygenated
toluene (1), and benzonitrile (2).

[Ru(tpp*)(CO)(Cg")]. The m-radical anion absorption is
particularly stable and decays on a timescale of about 50 ps.
This lifetime is remarkable, since similarly spaced donor—
acceptor systems, but which are covalently linked at the
meso-position of the macrocycle, are subject to an intra-
molecular BET typically on the order of a few nanosec-
onds.B% 31 However, the currently investigated donor-ac-
ceptor system differs in that the weak nature of the Ru—N
coordination bond in principle enables bond detachment. This
has been demonstrated in some earlier work on various
[Ru(tpp)py] complexes with dissociation rates of up 2.0 x
10% s~1.081

Complementary measurements in the visible region, which
is expected to be governed by the strong metalloporphyrin -
radical cation absorption (550-750 nm), reveals the spectral
signature of a porphyrin ligand that has undergone one-
electron oxidation as well as similar Kinetics, further sub-
stantiatiating the long-lived and, presumably, separated
radical pair [Eq. (5)].

[Ru(tpp *)(CO)(Ces )] — [Ru(tpp *)(CO)]+(Cep™) &)

The quantum yield for the dissociated free
[Ru(tpp")(CO)(Cg*7)] couple is 0.1, as measured by the
comparative technique. Furthermore, the lifetime of this
couple is strongly affected by the dyad concentration.
Typically, lifetimes (best fit to a single exponential decay)
are on the order of 28.6, 579, and 92.5 us at complex
concentrations of 1.0 x 10~*mM, 7.5 x 10°M, and 5.0 x 107 M,
respectively. This dependence clearly points to a charge
recombination mechanism that follows second-order kinetics,
probably through reassociation of the [Ru(tpp)(CO)Cg]
complex. In this context it is interesting to note that the
absorption spectra of 1 in benzonitrile, before and after
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excitation, were absolutely identical and were also an
excellent match to those of 1 in DCM and toluene.

After investigating the two “extreme” (with regard to their
dielectric constants) solvents, it seemed to be important to
study a solution of dyad 1 in DCM in time-resolved flash
photolysis experiments. Despite the unmistakable occurrence
of an ET, as evidenced by the formation of the
[Ru(tpp*)(CO)(Cg )] pair with a time constant of 511 ps,
DCM is insufficient to promote cleavage of the Ru—N
coordination bond after the ET event. In particular, a lifetime
of <4 ns, which was derived from the picosecond experiments,
suggests that a fast charge recombination prevails over the
cleavage of the Ru—N coordination bond. This is in line with
the complementary nanosecond experiments, which did not
provide any spectral evidence for a charge-separated radical
pair. This can be rationalized in terms of the thermodynamic
driving force being more exothermic in benzonitrile (AG° =
—0.71 eV) than in DCM (AG° =—-0.41 eV).

Ruthenium-porphyrin EPR spectra: Figure 6 shows the EPR
spectrum of dyad 1 in toluene matrix recorded at 120 K after
illumination of the sample with a 580 nm laser pulse. For
comparison we included the computer-simulated spectrum,

325 335 345 355

B,/ mT

Figure 6. Experimental (solid line) and calculated (dashed line) EPR
spectra of dyad 1 detected 0.4 ps after the laser pulse at 120 K in glassy
toluene. ZFS parameters of D=-885mT and E=-1.05mT, and
population ratio (p, —p,)/(p, — p.) =2.36 (p..p, > p.) were used for fitting.
Positive and negative signals indicate absorptive (a) and emissive (e)
polarizations.

which was obtained according to a reported procedure.*! In
agreement with the optical results (see above) and based on
the zero-field splitting (ZFS) values and the spin-polarization
pattern, the spectrum is attributed to the triplet excited state
of the fullerene.*! Following the initial excitation event, a
rapid intersystem crossing (ISC) into the corresponding triplet
states [}(D*— A) for TPP and 3(D - A*)] for fullerene occurs,
with kg rate constants.

That only the EPR spectrum of the fullerene triplet was
detected suggests that efficient energy transfer from the
porphyrin to the fullerene prevails in dyad 1. The buildup of
the transient signal is, however, too rapid with regard to our
instrumental time resolution (~ 150 ns). The spin-polarization
pattern of the fullerene EPR spectrum is indicative of a singlet
excited-state precursor. On the other hand, the lack of the
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EPR spectrum of the TPP triplet would point to an energy-
transfer mechanism.

To unravel the spin multiplicity of the precursor state we
examined the spin polarization of the acceptor molecule
(fullerene) in detail. Since the spin angular momentum is
conserved during a triplet—triplet energy transfer, if the
transferred polarization pattern evolves from the TPP triplet,
the relative populations of the triplet acceptor sublevels
should be proportional to the squares of the projection of the
donor principal magnetic axes on the acceptor magnetic
axes.*'#] Spin polarization is, however, not known for the
triplet of [Ru(tpp)(CO)py] (5) in a toluene glassy solution,
and we were not able to detect this species. Thus, energy
transfer from the photoexcited triplet state of the porphyrin
moiety to the fullerene triplet state, as found in the transient
absorption measurements (see above) cannot be confirmed by
the TREPR measurements. In a more polar solvent like DCE,
we found no evidence of a charge-separated state. It is likely
that the short lifetime may prevent detection of the EPR
signal. In fact, the lifetime of around 4 ns of the radical pair in
a similar solvent (DCM) was obtained by optical methods (see
above).

Zinc-porphyrin optical spectra: [Zn(tpp)] displays a high-
lying (2.06 V) and, in contrast to [Ru(tpp)(CO)py] (5), a
long-lived singlet excited state.*!! Furthermore, based on the
strong fluorescence of "*(mt—n*)[Zn(tpp)] (@ =0.04), the
emission of [Zn(tpp)] can be conveniently employed as a
sensitive probe for dynamic and static excited state quench-
ing. For example, solutions of [Zn(tpp)] (6; 1.0 x 105 M) in
toluene and DCM in the presence of 3 (1.3 x 10-5M) had
significantly smaller quantum yields with @ of 0.0156 and
0.0152, respectively. To further quantify a possible intra-
molecular deactivation process, a detailed investigation was
necessary. Therefore, the steady state emission of the singlet
excited metalloporphyrin 6, '*(5t—n*)[Zn(tpp)], was record-
ed as a function of fullerene ligand 3. Figure 7 compares the
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Figure 7. Emission yields of [Zn(tpp)] (6, 1.0 x 10°M) in deoxygenated
toluene solutions in the presence of variable concentrations of fullerene
ligand 3 (1) and methanofullerene (2).

dependence for two solutions of [Zn(tpp)] in toluene on
fullerene concentration, one with variable concentrations of
fullerene ligand 3 and a second one with various quantities of
dicarbethoxymethanofullerene. In weakly coordinating sol-
vents, such as toluene and DCM, the emission yields show
strong decrements with increasing fullerene concentration.
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This leads to the assumption that the '*(t—u*)[Zn(tpp)] state
is subject to excited state quenching by the electron accepting
fullerene moiety, through the possible participation of elec-
tron transfer [Eq. (6)]. The intramolecular dynamics of the

P —a*)[Zn(tpp)Ceo] — [Zn(tpp ) (Ceo)] (6)

resulting dyad 2 in toluene (5.5 x 10°s7!) and DCM (7.1 x
10° s7!) were determined by extrapolation of the quenching
correlation at high fullerene concentrations to ensure com-
plete complexation conditions (>95 %). In light of the strong
interactions noticed between the two redox-active moieties, it
is feasible to assume that the pyridine-fullerene ligand may
indeed coordinate to the metal and accelerate the quenching
step.

To prove this hypothesis, a fluorescence experiment was
performed by freezing the equilibrium between the [Zn(tpp)]
center and the Cyq, ligand. While the investigated system,
composed of 3 (1.0 x 10>m) and 6 (5.0 x 10~°m), shows only a
moderate loss of emission (30%) at room temperature, it
reveals a quantitative quenching of the '*(;—m*)[Zn(tpp)]
emission (97 %) at liquid nitrogen temperature.

Time-resolved irradiation into the porphyrin O-band ab-
sorption (532 nm) yielded the characteristic *(;w—m*)-
[Zn(tpp)] absorptions. This state decayed, in the absence of
any fullerene ligand 3, with a lifetime of 2.5 ns by internal
conversion into the energetically lower lying 3*(m—m*)-
[Zn(tpp)] state (Figure 8a). As a consequence of a systematic
addition of fullerene ligand 3 to 6 (5.0 x 10~°wm), the singlet
lifetime suffered a substantial shortening. For example, in
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Figure 8. Time-resolved difference absorption spectra of a) [Zn(tpp)] (6,
1.0 x 10 M) recorded (1) 20 ps after excitation (532 nm) and (2) 4000 ps
after excitation (532 nm) oxygen free toluene solution and b) dyad 2 (1.0 x
10~m) recorded (1) 20 ps after excitation (532 nm) and (2) 2000 ps after
excitation (532 nm) in oxygen free DCM solution.
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both toluene (1.24 x 10°m (3): k=1.2x10°s7') and DCM
(118 x 105Mm (3): k=1.8 x 10°s7!), decay rates were deter-
mined that are in fairly good agreement with the emission
studies. More importantly, these picosecond studies unequiv-
ocally establish that the singlet excited-state absorption
transforms into a product with minima at 552 and 590 nm
and broad absorption features in the red around 715 nm
(Figure 8b). However, these are different from those of the
porphyrin and fullerene singlet and triplet excited states.
Differential absorption changes in the visible region,
recorded upon nanosecond laser excitation of 2 in DCM
[ie., 5.0x10m (3) and 5.0 x10°m (6)], are shown in
Figure 9. They confirm the similarity of the transient product
with the one developing through the picosecond timescale.
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Figure 9. Transient absorption spectrum recorded 50 ns upon flash pho-
tolysis (532 nm) of 2 (2.5 x 10~°m) 1) in deoxygenated dichloromethane and
2) in deoxygenated benzonitrile and [Zn(tpp)] (6) (1.0 x 10°m) 3) in
oxygen-free toluene solution.

The nature of the photoproduct, a charge-separated radical
pair ([Zn(tpp+)(Cg>7)]), was successfully identified in DCM
by a familiar NIR pattern. Two new transitions at 960 and
1010 nm clearly distinguish the fullerene m-radical anion
(similar to the spectral changes depicted in Figure 5). On the
other hand, the strong fullerene triplet excited-state absorp-
tion around 700 nm, stemming from a possible energy trans-
fer, could not be detected. This leads us to conclude that an
intramolecular electron transfer indeed prevails over an
energy transfer. Moreover, the absorption characteristics of
the radical pair, for example, the porphyrin m-radical cation
absorption (600-800 nm) and the fullerene m-radical anion
band (1010 nm) were independently confirmed by performing
pulse radiolysis. Oxidation [in oxygenated DCM solution; see
Eq. (3)] and reduction (in a deoxygenated toluene/acetone/2-
propyl alcohol mixture 8:1:1 v/v) experiments were carried
out with the [Zn(tpp)] and fullerene ligand centers, respec-
tively.

The diagnostic NIR absorption is also a valuable aid in the
determination of the lifetime and quantum yield of the
charge-separated radical pair. It is safe to assume that the
excess photonic energy of the charge-separated radical pair
(~0.9 eV), relative to the precursor *(;t—m*)[Zn(tpp)] state
(2.06 €V), promotes the bond dissociation and leads to the
subsequent separation of the radical pair. A potential com-
plex dissociation at room temperature is further favored by
the existing equilibrium. In particular, a half-life of 6 us
observed in DCM represents an efficient retardation of the
charge recombination. It should be noted that parallel blank
experiments with N-methylfulleropyrrolidine and dicarb-
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ethoxymethanofullerene in DCM, despite measurable
quenching of the '(x—m*)[Zn(tpp)] or **(;x—m*)[Zn(tpp)]
state, did not result in any detectable m-radical cation
absorption ([Zn(tpp *)]) or m-radical anion absorption
(C¢>") throughout the monitored visible and NIR range,
respectively. This points to the key function of complex
formation (association) as the rate-determining step in the
sequence of charge-transfer, charge-separation, and finally
charge-recombination processes.

The situation is quite different in a more nucleophilic
solvent such as benzonitrile, which based on the cyano-group
can be regarded to be a fairly strong ligand. This points to a
competition between the solvent molecule (benzonitrile) and
the pyridine-based fullerene (3) to coordinate with the metal
center in 6. A much higher fluorescence quantum yield (@ =
0.032) was noted for [Zn(tpp)] 6 (1.0 x 10~5M) in the presence
of 3 (1.3 x 10->M) in benzonitrile than in toluene (& = 0.0156)
and DCM (@ =0.0152). Also, the differential absorption
changes, particularly in the NIR, reveal the participation of
two components in the formation of the fullerene m-radical
anion absorption (Cgy*"). The faster process clearly evolves on
a subnanosecond timescale, while the slower one occurs on
the timescale of several microseconds and probably involves
intermolecular quenching of the energetically lower lying
3#(—n*)[Zn(tpp)] state. The same two-step formation ki-
netics apply for the visible range, unquestionably yielding
[Zn(tpp**)] with minima at 560 and 600 nm concomitant to a
broad maximum at 730 nm, shown in Figure 9.

A possible rationale for this observation is based on the
interference of the solvent molecule, which competes with the
fullerene ligand for the axial coordination sites of the metal
center in the rate-determining step enabling the rapid intra-
molecular ET. In conclusion, while in toluene and DCM
intramolecular quenching predominates the deactivation of
the " (mt—n*)[Zn(tpp)], in benzonitrile the two-step forma-
tion suggests both intra- and intermolecular ET involving
the " (;—z*)[Zn(tpp)] state in the former case and the
¥(m—n*)[Zn(tpp)] state in the latter. For the intermole-
cular reaction in benzonitrile a quenching rate constant of
1.7 x 10"M~!'s~! was found.

Kinetic analysis of the 1010 nm transient absorption (Cgy*")
gives rise to a remarkable lifetime of the separated radical
pair in deoxygenated benzonitrile of several hundred micro-
seconds. The BET obeys second order kinetics with a rate
constant of about 1.5 x 10°M~1s~L

No significant degradation of either the [Ru(tpp)(CO)py]
or [Zn(tpp)Cy] complex was measured upon several hundred
repetitions of the photoinduced complex dissociation (charge
separation) and association (charge recombination) cycles,
which result in efficient reconstitution of the ground state
complexes.

Finally, a comparison between the quantum yields of the
[Ru(tpp**)(CO)(Ce)] and [Zn(tpp™)(Cyo™)] couples should
be made. We concluded that in the case of [Ru(tpp)] only
benzonitrile solutions favor a complex dissociation. This is
different for the zinc analogue. In essence, all solvents, except
the nonpolar toluene, give appreciable yields of the radical
pair, with quantum yields ranging from 0.14 to 0.19 (see
Table 2).
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Table 2. Quantum yields (@) for the formation of a charge-separated
radical pair in metalloporphyrin-fullerene dyads as derived from transient
absorption measurements.

Solvent [Ru(tpp)(CO)Cy] (1) [Zn(tpp)Ce] (2)
toluene energy transfer 0

DCM 0.14

THF 0.015 0.19
benzonitrile 0.10 0.17

Zinc-porphyrin EPR spectra: Based on the results obtained
by transient absorption spectroscopy, the time-resolved EPR
(TREPR) technique, applied to irradiation of complex 2 in
polar solvents should lead to the detection of radical pairs
generated in the intermolecular ET (see above). The time
domain of our instrumentation, in fact, does not allow the
detection of species with lifetimes shorter than 0.1 us and
accordingly only the triplet-born radical pair should be
observed.

The TREPR spectrum of 2, namely an equimolar mixture
of 3 and 6 dissolved in a toluene matrix, is virtually the
superposition of two triplet EPR spectra (not shown). These
are due to the porphyrin and the Cg triplet excited states, both
carrying the typical spin polarization following ISC from the
corresponding singlet excited precursors. The signal intensi-
ties of both triplets have similar grow-in dynamics, ruling out a
possible energy-transfer process between the two moieties in
the microsecond domain.

The TREPR spectrum of the same mixture (3 and 6)
dissolved in THF (1 x 10~*m) 1 ps after the laser pulse is
shown in Figure 10 (180 K). The broad spectrum extends over
about 4 mT, a much smaller spectral width than that observed
in the toluene matrix (about 20 mT), and includes a much
narrower component.

335 340 345
B,/mT

Figure 10. TREPR spectrum (solid line) observed 1 ps after the laser pulse
excitation of dyad 2 dissolved in THF at 180 K. Positive and negative signals
indicate absorptive (a) and emissive (e) polarizations. The broad TREPR
spectrum was attributed to triplet-born *[Zn(tpp**)(Cg )] radical-ion pairs
generated by intermolecular ET when partners of RPs are still close
together (see later). The remaining narrow derivative-like a/e doublet was
ascribed to a second 3[Zn(tpp*+)(Cy )] triplet-born RP state arising from
intermolecular ET between unlinked [Zn(tpp)] and C4, molecules at larger
distances (see later). Its calculated (dashed line) spectrum was obtained
with zero mean dipolar contribution and positive spin exchange J constant
of +0.05mT. Linewidth of a/e doublet lines is B =0.1 mT. Microwave
frequency: w/2m=9.5256 GHz. Microwave field: B;=0.023 mT. 2/ is
defined as the energy difference between the RP singlet state and the
average value of the three zero-field levels of the RP triplet state.
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The small spectral width of the two spectra in Figure 10
rules out the involvement of localized triplet excited states.
Thus, in accordance with the optical results (see above) they
are attributed to radical-ion pairs (RP) evolving from ET. The
broad component of the spectrum should be noted, which
carries an initial nonzero spin polarization, presumably an
indication of the 3*TPP state as its origin.

Radical ion pairs born in the triplet state have previously
been reported that exhibit similar spectral features.*”! In the
present case, the broad spectrum manifests a structure that is
due to an electron —electron dipolar splitting. The separation
between the outermost lines amounts to 2|D |, where D
denotes the dipolar coupling constant. Upon applying the
classical expression of a point dipole model [Eq. (7)], a

D/gug =314 gug(r* — 322)/r° ~— 1.5 gug/r (@)

center-to-center distance (r) between the cation and the anion
of 11.7A is estimated from the measured D/gu; value
(—1.72mT). In this context, the calculated value of 9.5 A
for the center-to-center distance in the [Zn(tpp)Cq] complex
should be considered. Thus, we assign the broad spectrum to a
RP in which the cation and the anion radicals are slightly
more weakly bound than in the complex. It would, however,
represent a rather tightly bound RP in an uncomplexed form.

The spin-polarized EPR spectra of a mixture of 3 and 6 in
THEF, detected at different time delays after the laser pulse,
are summarized in Figure 11. Initially a broad spectrum,
consisting of four individual lines with an asymmetric shape
and a partially emissive character at low fields, was detected.
At longer times this transforms into a completely absorptive
spin-polarization pattern of polarized lines.

210l

)

X,y
2
z Xy

e LN
e) 76:/\//\—
" 39pus

c) L‘LJ\/\\ﬁ

b)W

oaps o~

a)

1 " 1 " 1 . 1
337 339 34 343
B,/mT

Figure 11. Spin-polarized EPR spectra of dyad 2 in THF detected at 180 K
at different (indicated) delay times after the laser pulse. The turning points
in the powder-like broad spectrum correspond to the canonical orientations
By||x', y', or z’ for dipolar splittings in 3[Zn(tpp**)(Cg'~)]. As delay time
increases, the early spectrum with partially emissive lines at low field
evolves into a completely absorptive spectrum. Measured dipolar coupling
constant | D |=1.72 mT. Microwave frequency: w/2rt = 9.5256 GHz. Micro-
wave field: B; =0.023 mT.
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This time dependence can be explained in terms of a
radical-pair mechanism,*’l in which the initial ET event from a
triplet precursor is followed by an efficient singlet—triplet
(S-T) mixing within the spin states of the RP. The overall
mixing leads to a redistributing population among the triplet
sublevels and hence a change in the spin polarization carried
by the EPR spectra.

Figure 12 illustrates the sequence of processes, ETand S-T
mixing with interconverting spin polarizations in the RP
levels. Selective population of the **TPP spin levels (reported
in column “a” of Figure 12) is succeeded by a rapid ET, which
essentially transfers population onto the RP spin levels that
acquire an initial spin polarization. As a direct consequence,
the triplet RP state shares its population with a nearly
isoenergetic singlet state affording an S-T mixing.

a) b) c)

= AT
a a
T T
ET S-Tmixing
Bz -a— T. Bz 4T
21_}742 =y § 211745 —y 5
x\y e Xy A
T T

Figure 12. Zeeman energy levels and excess spin populations for the three
canonical orientations of the triplet states **[Zn(tpp)(Cq)] (D >0) and
3[Zn(tpp*)(Ce)] (D <0, E=0). a)Initial high-field populations of
3#[Zn(tpp)(Cey)] due to spin-selective ISC;*l x,y,z are the principal axes
of the ZFS tensor. b) Initial populations of 3[Zn(tpp**)(Cg")] caused by
spin-polarization transfer from **[Zn(tpp)(Cg)]. Assuming for RP the
same structure as in the complex, the z’ axis of the ZFS tensor of the RP lies
along the line joining the centers of the porphyrin and Cg, moieties, and it is
assumed, to a rough approximation, parallel to the z axis of the ZFS tensor
of 3*[Zn(tpp)(Cg)]. Therefore the whole polarization (B,||z) of
3[Zn(tpp)*(Cy)] is transferred to the z’ orientation of 3[Zn(tpp*+)(Cg )]
c) Qualitative description of the evolution of the populations of
3[Zn(tpp+)(Cg )] due to the different recombination rates of the triplet
sublevels (S-T, and S—T, mixing) and spin relaxation.

In general, the spectral features of RPs depend on the sign
of the spin exchange constant J defined as 2J= E(S) — E(T)
(i.e., the difference in energy between the singlet and triplet
states). Net emissive spectra have been observed in RPs in the
presence of large negative J coupling.*’] Under these con-
ditions, both S—T; and S-T_ mixing are feasible and selective
depopulation from these states affords, in accordance with
their singlet character, a totally emissive EPR spectrum. This
expectation is, however, in sharp contrast to the net absorp-
tive spectrum reported in Figure 11. A positive J value is
observed, as depicted in Figure 12, which is further accom-
panied by an efficient spin relaxation. The latter is capable of
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restoring the populations between the T, and T_ spin states
for the absorptive transition. As a final result a spin-polar-
ization pattern in the triplet sublevels is established that yields
a net absorption EPR spectrum, as shown in Figure 11. It is
worth noting that in this case, />0 is a reasonable assump-
tion. A recently published hypothesis suggests that the sign of
the J constant in short-lived radical-ion pairs depends on the
Marcus free energy. Accordingly, in a scenario in which the
potential surfaces of the RP and ground states cross at the
Marcus inverted region, a positive J is possible.[*]

To obtain more detailed information about the dynamics of
the ET process we recorded the kinetic traces of the EPR
signal for the magnetic field B, aligned with the principal axes
x',y', and 7’ of the electron dipolar tensor of the RP triplet, as
indicated in Figure 11. The traces of the low-field and high-
field x" and y" peaks in the EPR spectrum were fitted by the
same set of parameters,*’] and a triplet ET rate constant of 2 x
10°s~! (at 180 K) was extracted from fitting the traces of
Figure 13. From fitting the long-lived tails of the transient
EPR signal an RP lifetime of 10 us was estimated.

[ ESPUS SIS WS S (N TN VET ST S S SR S TS S (N W T S ! B0 |

0 5 10 15 20
t/us

Figure 13. Kinetic traces of the low-field and high-field x',y’ transitions of
the EPR signals of 3[Zn(tpp**)(Cg )] at 180 K. Positive signal indicates
absorption and negative emission respectively. Both kinetic traces,
corresponding to the transitions T, < T, and Ty« T_ in the RP spectra
were fitted with the same set of rate constants by using the set of
Equations (26) of ref. [59]. Extracted value for ET rate constant kgr=2 X
10°s~1. Microwave field: B, =0.023 mT.

In Figure 10, the central part of the spectrum shows a
narrow derivative-like EPR signal with an antiphase a/e spin-
polarization pattern (a and e being absorption and emission,
respectively), which can be attributed to a spin correlated
radical-ion pair (SCRP)! ! #I that consists of the porphyrin -
radical cation and the fullerene m-radical anion. Recently, a
similar spectrum was reported for a charge-separated state
generated by intramolecular ET in a hydrogen-bonded
porphyrindinitrobenzenezinc(i) complex.! The spin system
is described as two unpaired electrons weakly coupled by a
small spin exchange (J) and additional electron-electron
dipolar (D) interactions. When the difference in the Zeeman
energies for the two radicals is larger than the corresponding J
and D constants, two doublets centered at the g factors of the
two radicals in the SCRP are expected with an antiphase spin-
polarization pattern.*!l In our case, the low-field doublet,
centered at a g value of 2.0026 [Zn(tpp*+)],P” is too broad to
be detected because of its large linewidth, which is caused by
unresolved hyperfine structure.s! Thus, only the high-field
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doublet at a g value of 1.9998 (C4, ") is detected. The best-fit
simulation, shown in Figure 10, was obtained by allowing a
zero anisotropic dipolar contribution to the spectrum and an
isotropic J/gug value of +0.05 mT (ug is the Bohr magneton).
In this case the narrow spectrum width (0.1 mT) supports the
view that the strength of dipolar interaction is markedly
reduced, as in an uncomplexed or loosely bound RP, with
respect to RP responsible for the broad spectrum. In fact, it
gives rise to a negligible contribution to the 2[J — {D(cos*6 —
1/3)}] splitting within the a/e doublet.’) However, the effect
cannot be ascribed solely to the averaging out of dipolar
interaction caused by molecular tumbling because the same
should be true for the broad spectrum where dipolar
interaction is still visible.

Thus, the a/e doublet spectrum was attributed to the RP
generated by ET between uncomplexed [Zn(tpp)] and Cg,.
Since the a/e spin-polarization pattern is compatible with
either />0 and a triplet precursor or with J <0 and a singlet
precursor, the triplet excited state of the porphyrin was
assumed to be the precursor state rather than the singlet one
as previously proposed.”” In fact, it is likely that in the
uncomplexed form, the singlet excited state of the porphyrin
molecule has enough time to convert into the corresponding
triplet excited state before ET can take place. We note that
the common origin of the RPs is supported by the fact that a
positive J value was used in the simulation of both species.
This, of course, was done with the assumption that for radical-
ion pairs an inversion in the relative position of triplet and
singlet energy levels is feasible.[ "]

EPR results obtained for the RPs in THF necessitate two
final comments. First, the EPR experiments undoubtedly
reveal the presence of RPs generated from a triplet precursor
in which the two partners of the RP remain at an average
distance of 11.7A from each other. It is feasible that
stabilization of the latter is gained by Coulombic attraction.[
Secondly, according to the SCRP theory!*! % the narrow EPR
spectrum, characterized by an antiphase spin polarization (see
Figure 10) and assigned to another unlinked RP, provides
evidence that the two ions, held together at an even larger
distance, preserve their spin correlation during the time
window (microseconds) open for EPR experiment.

In our case two microscopic structures formed by pairs of
negatively and positively charged ions at increasingly larger
distances are stabilized in the fluid phase. Therefore, even at
large distances, a stable structure of the radicals in the
separated RP is sustained, characterized by an equilibrium
distance and a corresponding binding energy. These results
are supported by the observation of long-lived radical pairs
formed by acetone ketyl radicals in alcohols at low temper-
ature (—70°C).l However, in general, attention should be
paid to the presence of long-lived radical pairs in fluids. In
fact, recently, the origin of the antiphase structure (APS)
observed in the transient EPR spectra of short-lived RPs in
micelles®! or other confined environments and even in
liquids(®! has been questioned, and an alternative mechanism
for APS production has been proposed.’ In this model the
presence of APS is also expected for freely diffusing pairs of
radicals and the lifetime of APS is determined by the lifetime
of the radicals or by the relaxation time.
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Conclusion

In conclusion, we have shown that the complexation of a
pyridine-fullerene derivative to a [Ru(tpp)(CO)] unit produ-
ces a relatively stable dyad complex that gives rise to primarily
intramolecular energy transfer from the photoexcited por-
phyrin to the fullerene in toluene. To a small extent intra-
molecular charge-separated states are observed in a more
polar solvent like benzonitrile. However, these recombine
rapidly. More interestingly, complexation of a pyridine-full-
erene derivative to a [Zn(tpp)] complex is reversible and gives
rise to very efficient charge separation upon irradiation. In a
polar solvent intra- and intermolecular ET generate charge-
separated states with radical-ion pairs that have lifetimes of
about 10 ps (in THF) and several hundreds of microseconds
(in benzonitrile). EPR spectra provide evidence that two
long-lived radical-ion pairs with comparable lifetimes exist in
THF and are characterized by a different mean distance
between charged radicals. We are currently using structurally
different fullerene-pyridine derivatives to investigate the
influence of the geometry of the complex on the photo-
induced processes. On the other hand, the example reported
here demonstrates the potential utility of these noncovalently
linked systems in photovoltaic devices. The lifetime of the
charge-separated species is in fact long enough to envision
utilization of the relative chemical energy. Work along these
lines is underway.

Experimental Section

General: Details regarding instrumentation used in this paper have been
described elsewhere.” Compound 3 was prepared according to our
previous report.’l All other reagents were used as purchased from Fluka
and Aldrich.

Synthesis of complex 1: Solutions of 3 (54.3 mg, 0.063 mmol) and 4
(approximately 50.5 mg, 0.063 mmol) in chloroform were combined under
stirring. After 30 minutes the solvent was evaporated, the residue was
dissolved in methylene chloride, and the product was precipitated by
addition of methanol, yielding 91.5mg (90%). 'H NMR (200 MHz,
CDCl;): 6=8.55 (m, 8H), 8.21 (m, 4H), 7.86 (m, 4H), 7.70 (m, 8H), 7.59
(m, 4H), 5.80 (m, 2H), 4.47 (d, J=9.5Hz, 1H), 3.79 (s, 1H), 3.71 (d, J=
9.5 Hz, 1H), 1.94 (s, 3H), 1.59 (m, 2H); *C NMR (50 MHz, CDCl;): 6 =
179.8,155.1,152.9, 151.2, 150.6, 147.3, 146.3, 146.2, 146.1, 146.1, 145.9, 145.9,
145.4,145.3,145.2,145.2,145.0, 144.6,144.3,144.3,144.2,143.7,143.4,143 4,
143.1,142.8,142.7,142.6, 142.6, 142.5, 142.0, 142.0, 141.9, 141.8, 141.6, 141.5,
141.3, 141.0, 140.0, 140.0, 139.3,139.3, 135.9, 135.2, 134.2, 134.0, 131.8, 127.2,
126.5, 126.2, 121.8, 121.7, 80.3, 75.4, 69.3, 68.4, 39.1; IR (NaCl): 7 =3564,
3457, 3018, 2778, 1962, 1596, 1438, 1350, 1176, 1072, 1006, 751, 702,
526 cm~!; ES-MS (THF/MeOH 1:1): m/z: 855 [M+H]*; elemental analysis
caled (%) for C;;3H3;sN4O Ru: C 85.01, H 2.40, N 5.26; found C 84.38, H
2.38,N 5.24.

Association constant measurement: Solutions of [Zn(tpp)] (6) were mixed
with appropriate amounts of a solution of fulleropyrrolidine (3,3 x 10~*m
in toluene) in order to achieve a final [Zn(tpp)] (6) concentration of 1 x
10-°M and relative ratios 3:6 of 1.4,2.7,3.9, 5.0, 6.0, 6.9, 7.7, 8.6, 9.3, and 10.0
(Figure 2 bottom). The reference cuvette in the spectrophotometer
contained the exact concentration of fullerene present in the sample
cuvette. The binding isotherm was obtained by plotting the absorbance at
550 nm against the concentration of 3 and the results were fitted using the
program HOSTEST I1.5°

Laser flash photolysis: Picosecond laser flash photolysis experiments were

carried out with 532 nm laser pulses from a mode-locked, Q-switched
Quantel YG-501 DP Nd:YAG laser system (pulse width 18 ps, 2—3 mJ/
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pulse). Passing the fundamental output through D,0/H,O generated the
white continuum picosecond probe pulse. The excitation and the probe
were fed to a spectrograph (HR-320, ISDA Instruments) with fiberoptic
cables and were analyzed with a dual diode array detector (Princeton
Instruments) interfaced with an IBM-AT computer. Nanosecond laser flash
photolysis was performed with laser pulses from a Quanta-Ray CDR
Nd:YAG system (532 nm, 6 ns pulse width, 5—10 mJ per pulse) in a front-
face excitation geometry. The photomultiplier output was digitized with a
Tektronix 7912 AD programmable digitizer. A typical experiment con-
sisted of 5—10 replicate pulses per measurement. The averaged signal was
processed with a LSI-11 microprocessor interfaced with a VAX-370
computer. The details of the experimental set ups and their operation
have been described elsewhere.["7)

Pulse radiolysis: Pulse radiolysis experiments were performed by utilizing
50 ns pulses of 8 MeV electrons from a Model TB-8/16-1S electron linear
accelerator. Basic details of the equipment and the data analysis have been
described elsewhere.”) Dosimetry was based on the oxidation of SCN- to
(SCN), ", which in aqueous N,O-saturated solutions takes place with G =6
(G denotes the number of species per 100eV, or the approximate
micromolar concentration per 10J of absorbed energy). The radical
concentration generated per pulse amounts to (1-3) x 10~°wm for all of the
systems investigated in this study.

EPR spectroscopy: Transient EPR measurements were carried out by
using a Bruker ER 200D X-band EPR spectrometer, equipped with a fast
microwave preamplifier and a broad band video amplifier (band width
100 Hz-6.5 MHz) CW-TREPR, in direct detection (DD) mode with
interface to a pulsed dye laser. The sample was irradiated at a repetition
rate of 20 Hz by a Lambda Physik LPX 100 XeCl excimer laser coupled to a
modified FL 200 dye laser using Rhodamin 6G dye laser (pulse width 8 ns,
energy per pulse ~5 mJ). Light emitted at 580 nm was conveyed into a
rectangular standard TE,, microwave cavity with optical access. The
response time of the EPR detection was 150 ns. The temperature was
controlled by a variable-temperature nitrogen flow dewar inside the EPR
resonator. The EPR spectrum was obtained by following the signal
generated by the laser light as output of a boxcar integrator (EG&EG
equipped with 162 plug-in), while sweeping the magnetic field under
constant microwave irradiation. A time window of 50 ns was used at a fixed
delay of 0.5 s from the laser pulse. A transient recorder (LeCroy 9450A)
digitized traces of the transient EPR signal, a fast digital oscilloscope
operating at maximum acquisition rate of 400 megasampless~! synchron-
ized with the laser pulse. Data collection was controlled by a personal
computer, which allowed control of the magnetic field, the setting of the
digital oscilloscope, and data acquisition. At each magnetic field value
typically 300 transient signals containing 400 points each were averaged
and stored in the computer memory before stepping to the next field value.
The field sweep was performed in 128 steps. The 400 x 128 matrix gave a
two-dimensional surface (time-field) spectrum, from which either a field-
swept spectrum or a transient signal was extracted.
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Nucleobase-Containing Metallated Polymeric Resins as Artificial
Phosphodiesterases: Kinetics of Hydrolysis, pH Dependence,

and Catalyst Recycling

S. G. Srivatsan, Sandeep Verma*!?!

Abstract: Two metallated polymeric
resins that contain the nucleobase ad-
enine have been investigated for their
ability to catalyze the hydrolysis of
model phosphodiester substrates. These
resins behave in a catalytic manner and
display classical Michaelis—Menten ki-

reusability that permits catalysis of mul-
tiple hydrolytic reactions, after resin
recovery and a simple washing step,
without significantly compromising the
reaction rate. Involvement of a hydro-
Iytic mechanism for phosphodiester
cleavage is proposed on the basis of

pH versus hydrolytic rate profiles for the
two resins. We have also been able to
demonstrate temperature-dependence,
solvent effects, and inhibitory nature of
vanadate ions on the observed rate of
hydrolytic reaction aided by the resins.
In conclusion, metallated nucleobase

netics. Consequently, parameters such as
Kobss Ky Vimax, and k., were determined
for the two resins for both of the
substrates. The most attractive feature
of our nucleolytic system is its facile

nucleobases -
resins

Introduction

Enzyme-assisted phosphate ester hydrolysis is of considerable
importance owing to its central role in key cellular process-
es.lll Efforts to mimic this important biochemical reaction
have lead to the exploration of numerous functional models
that catalyze phosphate ester hydrolysis,”! and many recent
studies have sought understanding of the mechanism of rate
enhancement by these reagents.’! Most of the model systems
for phosphate ester cleavage utilize inner or outer transition
metal complexes!l and the acceleration of hydrolytic reaction
is either through metal-ion-assisted activation of water
molecules or the generation of reactive radical species. In
the former scenario, an increase in the observed rate of
phosphate ester hydrolysis is generally attributed to the ability
of ligand-bound metal ions to polarize water molecules; this
makes them more acidic compared to free water molecules
and thus facilitates attack at the phosphorus center.’] In
contrast, the oxidative free-radical mechanism may follow a
Fenton-type reaction, for the generation of hydroxyl radicals,
that leads to phosphate ester cleavage.[®!

[a] Dr. S. Verma, S. G. Srivatsan
Department of Chemistry
Indian Institute of Technology—Kanpur
Kanpur-208016 (UP) (India)
Fax: (+91)512-597436 or 590260
E-mail: sverma@iitk.ac.in
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resins represent a new class of nucleo-
lytic reagents and these systems have the
potential to be further developed for
multifarious applications in chemical
biology.

hydrolysis

We have recently reported preliminary observations of
copper-metallated polymeric resin, containing adenine, which
possess the ability to cleave phosphate monoesters with
catalytic efficiency.”] In these resins, an N-allyl group replaces
the sugar residue at purine N9 position and nonhydrolyzable
cross-linkers are used, instead of a phosphate backbone, to
generate a molecular framework to hold multiple adenine
residues in the polymeric matrix.[’¥! Metallation of adenine
sites in the polymeric matrix is based on previous documented
interactions of purines with metal ions such as Cu?*, Mn?*,
Zn?*, and Co**.”! Copper metallation of the resin results in a
constellation of multiple metal sites within the polymeric
matrix. It is surmised that, akin to previously reported
synthetic metallophosphatases, metal ions coordinated to
adenine could also mitigate negative charges during the
reaction, besides providing a metal-bound hydroxide for
attacking phosphorus center!!'”! or a reactive oxygen species
for phosphate ester cleavage.)

Both of the resinous catalysts were insoluble in all the
common solvents studied and thus their application is
heterogeneous in nature; this is in contrast to many synthetic
dephosphorylation reagents reported to date. Remarkable
rate enhancements have been observed with these resins,
containing different cross-linkers, for the hydrolysis of two
model phosphodiester substrates. Detailed kinetic analysis of
resin-assisted cleavage, catalyst recycling, pH effect, inhib-
itory action of vanadate ions, and a proposed model for
hydrolytic mechanism are presented in this report.
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Results and Discussion

Characterization of metallated nucleobase resins: Adenine-
containing polymeric resins were prepared by AIBN-medi-
ated free-radical polymerization (AIBN = azobisisobutyroni-
trile) of 9-allyladenine with a cross-linker, 1,4-divinylbenzene
(DVB; D" or ethyleneglycol dimethacrylate (EGDMA; 2),
in the presence of copper salts. The metallated resins were
made rigid by taking higher equivalence of cross-linker so that
they could withstand higher temperature and rugged reaction
conditions. The extent of nucleobase incorporation was
determined by elemental analysis, while the copper content
in metallated resins was estimated by atom absorption
spectrometry (AAS) or inductively coupled plasma (ICP)
analysis.'” Tt was interesting to observe a differential copper
loading pattern for resins 1 and 2. We suspect that it could
be due to the presence of other functional groups in EGDMA
in contrast the to DVB cross-linker. Metallated resins
were further characterized by EPR spectroscopy and by
preliminary magnetic susceptibility studies. Polymer 2 dis-
played a rhombic symmetry with g =2.229, g,=2.076,
and g;=2.031 (Figure 1). Moreover, magnetic studies with

DPPH

<R jf“

[P

gs

1 i 1 L . 2 i n J
2500 2700 2900 3100 3300 3500
H/Gauss —»
Figure 1. EPR spectrum of 2.

metallated resins indicated paramagnetic nature of copper in
resin 2. Interestingly, metallated resin 1 was found to be
diamagnetic and the presence of EPR peaks in its spectrum
indicated the presence of trace amount of oxidized copper
species within the polymeric matrix (data not shown). Both of
the metallated resins were completely insoluble in common
solvents and, thus, the catalysis of hydrolytic reactions was
heterogeneous in nature.

Kinetic evaluation of phosphodiester hydrolysis and temper-
ature dependence: We have extensively studied the hydrolysis
of routinely used phosphodiester substrates such as bis(p-
nitrophenyl) phosphate (bNPP) and 2-hydroxypropyl-p-nitro-
phenyl phosphate (hNPP), assisted by resins 1 and 2. While
bNPP acts as a phosphodiester substrate for an intermolecular
hydrolytic reaction, hNPP acts as a RNA-like substrate,
containing a phosphodiester linkage, for an intramolecular
hydrolytic reaction, through possible activation of an internal
nucleophile.

Chem. Eur. J. 2001, 7, No. 4

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Significant rate enhancements were observed for the
hydrolysis of both diester substrates by the two resins.
Pseudo-first-order rate constants (k,,,) were determined from
InA_/A, — A, versus time plots and for bNPP hydrolysis, it
was found that resins 1 and 2 displayed a 4.81 x 10%- and
2.05 x 10%-fold rate enhancement, respectively, relative to the
uncatalyzed reactions (Table 1).41 Two-million-fold acceler-
ation of bNPP hydrolysis by resin 2 is at par with previously
reported rate enhancements for this substrate by employing
metallated ligands or by direct addition of metal ions."]
Similarly, k,, values for hNPP hydrolysis for resins 1 and 2
were found to be 5.68 x 10> min~' and 7.19 x 103 min~%,
respectively, which correspond to 2.87 x 10°- and 3.63 x 103-
fold rate enhancement over the uncatalyzed reaction.

Table 1. Composition and pseudo-first-order rate constants for resins 1
and 2.2

9AAcross-linker:CuCl,  Substrate> kg [min~!] k.,

1 DVB (1:3:1) bNPP 3.75x 10 4.81 x 10°
hNPP 5.68 x 1073 2.87 x 10°
2 EGDMA (1:4:1) bNPP 1.6 x 1073 2.05 x 10°
hNPP 7.19 x 1073 3.63 x 10°

[a] All hydrolytic reactions were performed in duplicate in 3 mL of 0.01m
N-ethylmorpholine buffer in 50 % aqueous methanol (pH 8.0; 30°C). The
reference cell contained substrate without polymer to correct for back-
ground hydrolysis. [b] Weight of resins 1 and 2 were 1 mgmL~!, corre-
spondingly the concentration of bNPP was 7.0 and 10.0mwm, respectively.

Saturation kinetics of bNPP hydrolysis was observed using
a Michaelis—Menten plot, in which substrate concentration
was plotted against initial velocity of hydrolysis (Figure 2).
Resins 1 and 2 were further subjected to detailed kinetic

=N Nw
2 = o it
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[ ]

V;x107%/ mMmin™'
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~
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=]
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£
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Figure 2. Michaelis—Menten plot for bNPP hydrolysis in which substrate
concentration is plotted against initial velocity of hydrolysis.

analysis in order to derive Michaelis —Menten parameters, K,
and V.., and the turnover number, k., for both of the
substrates by using the Lineweaver—Burk plots (Table 2). For
bNPP hydrolysis, with resin 1 as a catalyst, K, Vi, and ke,
were found to be 372mmM, 6.76 x 10> mMmin~!, and 6.78 x
10~° min~!, respectively. While for resin 2, corresponding
values were 6.09mm, 571 x10mMmin~!, and 1.66 x
10~> min~! (Figure 3). These parameters were also obtained
for the hydrolysis of RNA model substrate, hNPP. For resin 1,
the respective K, Vi, and kg values were found to be
1.32mmMm, 2.35 x 10*mMmin~!, and 2.26 x 10~* min~!, while
these values for resin 2 were 3.94mm, 1.08 x 103 mMmin~,
and 9.23 x 10~ min~!, respectively (Figure 4). At this point, it
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Table 2. Michaelis-Menten kinetic parameters for resins 1 and 2.1%

Table 3. Effect of temperature of resin 2 catalyzed bNPP hydrolysis.?]

Substrate K, [mMm] Vinax [MM min~!] Koy [min~!]
10 bNPP 372 6.76 x 1073 6.78 x 10>
hNPP 1.32 2.35x 107 2.26 x 104
2l¢] bNPP 6.09 571 %1073 1.66 x 10—3
hNPP 3.94 1.08 x 1073 9.23 x 1074

[a] All hydrolytic reactions were performed in duplicate in 3 mL of 0.01m
N-ethylmorpholine buffer in 50 % aqueous methanol (pH 8.0; 30°C). The
reference cell contained substrate without polymer to correct for back-
ground hydrolysis. Polymer weights were 1 mgmL~!, corresponding to 1.0
and 3.54mwm of copper, if the polymeric resins 1 and 2 were completely
soluble in the buffer; [b] Concentrations of bNPP and hNPP for resin 1
were 3.0-7.0mm and 0.25-1.0mm, respectively; [c] Concentrations of
bNPP and hNPP for resin 2 were 1.01-5.0mM and 0.25-1.0mm,
respectively.

2 -
TE 1.5
2 .
£
E 1]
mO [ ]
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= 0.5 -
~
=
-0.2 0 0.2 0.4 0.6 0.8 1
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Figure 3. Lineweaver—Burk plots for bNPP hydrolysis catalysed by 1 (e)
and 2 (e).
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Figure 4. Lineweaver—Burk plots for hNPP hydrolysis catalysed by 1 (&)
and 2 (e).

is important to state that unmetallated cross-linked polymers
were used as controls and under similar conditions they failed
to promote phosphate ester hydrolysis over an extended
period of time. Moreover, enhancement in the hydrolytic
rates was not observed even if the substrates were incubated
in buffer alone. All of the hydrolytic reactions were per-
formed in duplicate and for over four half-lives of each
substrate.

The effect of temperature on the rate of bNPP hydrolysis
catalyzed by resin 2 was evaluated. Pseudo-first-order rate
constants were determined at four different temperatures
(30-60°C) and the relative increase in k., values was nearly
twofold for every 10°C rise in temperature (Table 3).
Arrhenius parameters, E, and A, were calculated from In k,
versus 1/T (Figure 5). The energy of activation was found
to be 13.38 kcalmol~!, while the frequency factor was

830 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

T[°C] Kops [min~!] Relative increase

in kg, for a 10°C rise

30 1.6 x 1073 -

40 3.16 x 1073 1.98
50 7.74 x 1073 2.45
60 11.01 x 103 1.42

[a] All hydrolytic reactions were performed in duplicate in 3 mL of 0.01m
N-ethylmorpholine buffer in 50% aqueous methanol at pH 8. 0. The
reference cell contained substrate without polymer to correct for back-
ground hydrolysis. Weight of the resin 2 used was 1 mgmL~' for each
reaction. The substrate concentration was fixed at 10mm.

7
o 6
E-3
S
X
=
I 5 o
[
4 T T !
3 3.1 3.2 3.3

1/Tx1073/K"
Figure 5. Plot of Ink,, versus 1/7 for 2 and bNPP.

7.31 x 10° min—'. Akin to most chemical reactions,*! this data
confirms temperature dependence of resin-catalyzed hydrol-
ysis of a model phosphodiester substrate. It is important to
note that prolonged use of resins at higher temperatures did
not alter their catalytic efficiency, thus reinforcing our claim
of the rugged nature of these resins.

pH dependence and solvent effects: Effect of pH on the
activity of metallated resins was investigated by using bNPP
as a substrate. Cleavage of bNPP, in the presence of resin 1 or
2, was studied between pH range of 7.3-9.2, and pH versus kK,
plots were generated for both of the resins. It was interesting
to note that a sigmoidal rate profile was obtained for both of
the cases, suggesting a definite pH dependence on phospho-
diester bond cleavage (Figures 6 and 7). Similar profiles have
been previously reported in the literature for phosphate ester
hydrolysis promoted by Cu?* Y1 Zn?* 151 and Co*[' com-
plexes. As proposed in these reports, a sigmoidal rate profile is
indicative of a hydrolytic mechanism, mediated by a metal-
hydroxy or a metal-alkoxy intermediate, rather than a radical-
induced cleavage. In this context, the ability of transition
metal ions in lowering the pK, value of water and attack of

54
T:
.E 4
~
T
e
. 3
x
2 , : :
7 75 8 85 9

pH

Figure 6. pH versus k,, plot for the cleavage of bNPP in the presence of
resin 1.
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Figure 7. pH versus k,, plot for the cleavage of bNPP in the presence of
resin 2.

water-bound hydroxyl at the phosphorus center in phosphate
ester hydrolysis is already documented.P! As all of our studies
were performed in 50 % aqueous methanol system, we also
became interested in evaluating the effect of solvent on
phosphodiester bond cleavage.

Preferential activation of attacking nucleophiles by metal-
lated resins was determined by performing solvolytic reac-
tions in water, ethylene glycol, and in 50 % aqueous ethylene
glycol with bNPP as a substrate. Ethylene glycol was used
instead of methanol due to insufficient solubility of bNPP
(disodium salt) in pure methanol. Pseudo-first-order rate
constants were determined for the three systems (Table 4).
Relative to the rate of solvolysis in pure ethylene glycol, a

Table 4. Effect of solvent on resin 2 catalyzed bNPP solvolysis.!

Solvent kyps [min~!] K,
ethylene glycol (100 %) 0.40 x 1073 1.0
water/ethylene glycol (1:1) 0.80 x 1073 2.0
water (100 %) 217 x1073 5.4

[a] All hydrolytic reactions were performed in duplicate in 3 mL of 0.01m
N-ethylmorpholine buffer in respective solvents (pH 8.0, 30°C). The
reference cell contained substrate without polymer to correct for back-
ground hydrolysis. Weight of the resin 2 used was 1 mgmL~' for each
reaction. The substrate concentration was fixed at 10mm. [b] Relative rates
are reported with respect to k,,, obtained for pure ethylene glycol.

twofold increase in k,, was found for 50 % aqueous ethylene
glycol system, while the rate enhancement was over fivefold if
the reaction was performed in water alone. These observa-
tions clearly confirm efficiency of a metal-bound hydroxide
ion in aiding bNPP hydrolysis, when compared to an
intermolecular transesterification reaction facilitated by met-
al-bound alkoxy intermediate, as in the case of ethylene glycol
(or methanol). However, alkoxide-ion-assisted transesterifi-
cation is feasible and this approach has been briefly explored
by Morrow et al. using a macrocyclic lanthanide complex that
contained hydroxyethyl groups.'”l It will be of interest to
perform detailed experiments to determine the course of
intramolecular splicing of natural RNA substrates catalyzed
by these resins, in order to decipher the role of metal ions
present in our resins for the activation of the 2’-OH group
present in RNA.

Recycling experiments: Polymer-based reagents for phos-
phate ester hydrolysis offer an attractive paradigm for catalyst
design.l'®l However, the most unique feature of the resins

Chem. Eur. J. 2001, 7, No. 4
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described in this report is their facile recovery and reusability.
Due to the insolubility of these polymeric matrices in common
solvents and, therefore, the heterogeneous nature of catalytic
reaction, it is quite simple to recover the resins by centrifu-
gation after the completion of a hydrolytic reaction. In a
typical procedure, the recovered resin is washed by 50 %
aqueous methanol (6 x 5mL), methanol (3 x5mL), and
acetone (2 x5mL), and air-dried. We found that recycled
resins 1 and 2 could continuously catalyze several hydrolytic
reactions for different substrate (bNPP and hNPP) concen-
trations and, more importantly, it was found that the initial
velocities obtained for recycling experiments were similar to
those observed when fresh catalysts were used (Table 5).
These experiments demonstrate the rugged and truly catalytic
nature of the resins that can be exploited for accelerating
several hydrolytic reactions without losing catalytic efficiency.
After three cycles of hydrolytic reactions, the copper content
in resin 2 was determined by using AAS. No significant loss in
the concentration of copper from the polymeric matrix was
observed for the recycled resin, and indication of its robust
molecular structure (data not shown).

Table 5. Recycling kinetics with resins 1 and 2.1%

Substrate  Substrate
concentration [mm]

V, [mMmin~!]
fresh polymer recovered poylmer

1 DbNPP 3.0 5.09 x 10-¢ 7.93 x 10-¢
4.0 6.28 x10°¢ 6.66 x 10-¢
5.0 8.57 x10°° 8.94 x10-¢

2 DbNPP 2.0 1.14 x 10-° 1.06 x 103
3.0 2.09 x 103 1.78 x 1073
4.0 243 %107 23x10°°

2 hNPP 0.25 0.65 x 104 0.63 x 104
0.5 1.17 x 10~* 123 x 10~
0.75 1.74 x 10~* 1.88x10°*

[a] All hydrolytic reactions were performed in duplicate in 3 mL of 0.01m
N-ethylmorpholine buffer in 50 % aqueous methanol (pH 8.0; 30°C). The
reference cell contained substrate without polymer to correct for back-
ground hydrolysis. Weight of the resins used were 1 mgmL~' for each
reaction.

Inhibition of resin-assisted hydrolysis by vanadate ions: The
vanadate ion is a potent inhibitor of phosphatases and related
enzymes due to its ability to mimic the transition state of
phosphate ester hydrolysis.'”l In this vein, we decided to
evaluate the effect of vanadate on the catalytic activity of our
polymeric resins. The pseudo-first-order rate constant was
determined for bNPP hydrolysis catalyzed by resin 2, in
absence and presence of 0.4mM ammonium vanadate at
pH 8.3, under standard buffer conditions. A comparison of
ks values obtained for resin 2 in the absence (2.47 x
10° min~!) and in the presence of vanadate anion (8.35 x
10~*min~!) revealed a threefold decrease in the observed
reaction rate. Although the reduction in k, is not dramatic,
the observations may be attributed to the mimicry of the
transition state for phosphate ester hydrolysis, as mentioned
before. In another scenario, Cu** ions present in the resin
might get complexed to vanadate ions, thereby rendering
catalyst ineffective toward phosphate ester hydrolysis. We
are currently in the process of determining the basis of

0947-6539/01/0704-0831 $ 17.50+.50/0 — 831





FULL PAPER

S. Verma, S. G. Srivatsan

vanadate-induced inhibition of hydrolytic reaction catalyzed
by these resins for devising a model for the inhibitory effect
observed.

Conclusion

Synthesis and catalytic activity of metallated adenine-con-
taining resins have been described. Remarkable rate enhance-
ments were observed for the hydrolysis of two model
phosphodiester substrates, and the fact that these resins are
also amenable to facile recovery and recycling adds to their
catalytic potential and broad utility. A possible model of
substrate binding to metallated adenine nucleobases within
the polymeric matrix, through hydrogen bonding, is shown in
Figure 8. It resembles other proposals for metal ion-assisted
hydrolysis of phosphodiester substrates.['8

RO

©
OH .0y,
N

H e
e % N
N ////6“\\\\\\ N
S N
NN
N OH, N

Polymeric Matrix

Figure 8. A possible model of substrate binding to metallated adenine
nucleobases within the polymeric matrix.

We hope that this new heterogeneous catalytic system will
lead to the development of better nucleolytic reagents for
chemistry and biology. We intend to further probe the
mechanism of catalytic action of these resins and apply this
system to other substrates like cyclic nucleotides, dinucleo-
tides, and phosphoanhydrides. Moreover, we are also devising
strategies to engineer specificity in polymeric resins for
sequence-selective and targeted cleavage of natural sub-
strates, such as dsSDNA and ssRNA.

Experimental Section

Instrumentation: The amount of copper in the metallated-nucleobase
polymer was determined by ICP analysis on Integra XL AAS spectrometer
(GBC) at the FEAT Laboratory, IIT-Kanpur. EPR spectra were recorded
on a Varian 109E Line Century Series, X-band spectrometer, at liquid
nitrogen temperature. Elemental analyses were performed at the Regional
Sophisticated Instrumentation Centre, Lucknow. Reaction kinetics was
performed on a Shimadzu UV-160, UV/Vis spectrophotometer.

Chemicals and reagents: Ethyleneglycol dimethacrylate (EGDMA) was
purchased from Fluka (Switzerland) and washed with 10 % aqueous NaOH
prior to use. AIBN (Ajax Chemicals, India) was recrystallized from

832 ——— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

methanol. CuCl,-2H,0 (Merck, India) and pNPP (SRL, Mumbai) were
used as supplied. The sodium salt of bNPP (Fluka, Switzerland) was
prepared from the commercial sample and used for kinetic assays. N-
Ethylmorpholine, methanol (spectroscopic grade), and ethylene glycol
were from S.D. Fine Chemicals (India) and were distilled prior to use.
Triply distilled water was used in all assays.

Syntheses:

Cross-polymer of 9-allyladenine (9-AA) and EGDMA: AIBN-initiated
free-radical polymerization was employed for the synthesis of metallated
nucleobase polymers. 9-AA (0.1 g, 0.57 mmol, 1 equiv), EGDMA (0.4 mL,
2.1 mmol, 3.7 eq), and AIBN (0.1g) were dissolved in chloroform/
methanol (5:3, 12 mL), and the reaction mixture was purged with oxy-
gen-free N, gas for 45 min. Polymerization was performed at 55-60°C for
15 h. The white glassy solid formed was filtered, washed with methanol
(5 x 20 mL), chloroform (2 x 15 mL), and benzene (2 x 15 mL), and air-
dried to afford 0.4 g of the cross-linked polymer. Elemental analysis found
(%): C 53.5, H 6.47, N 0.92. From nitrogen analysis, it was concluded that
every gram of resin contains 22.9 mg of 9-AA; this corresponds to a value
of 0.13 mmol.

Metallated cross-polymer of 9-AA and EGDMA (2): 9-AA (04 g,
229 mmol, 1.0 eq), EGDMA (1.73mL, 9.16 mmol, 4.0 equiv), and
CuCl,-2H,0 (0.391 g, 2.29 mmol, 1 eq), were dissolved in chloroform/
methanol (5:3, 44 mL), and the reaction mixture was purged with oxygen-
free N, gas for 45 min. Polymerization was performed at 55-60 °C for 30 h.
The residue was filtered, washed with methanol (5 x 20 mL), chloroform
(2x25mL), and benzene (2x25mL), and air-dried. The metallated
polymer was obtained as a green amorphous powder (0.215 g) and was
found to be insoluble in common organic solvents and water.

Characterization of polymer 2: Elemental analysis found (%): C 29.06, H
2.89, N 22.65. From nitrogen analysis, it was concluded that every gram of
resin contains 566 mg of 9-AA; this corresponds to a value of 3.2 mmol.
EPR spectroscopy: The EPR spectrum of polymer 2, at liquid nitrogen
temperature (77 K), displayed a rhombic symmetry with g, =2.229; g,=
2.076, and g;=2.031. Atomic absorption spectroscopy: The amount of
copper in metallated resin 2 was estimated by AAS and was found to be
225 mg of copper per gram of polymer.

Kinetics of hydrolysis: All hydrolytic reactions were performed in duplicate
in centrifuge tubes thermostatted at 30°C. The assay mixture contained
3 mL of substrate solution of appropriate concentration prepared in 0.01m
N-ethylmorpholine buffer (pH 8.0) in 50 % aqueous methanol. The amount
of polymer was 1 mgmL~! of buffered substrate solution and the concen-
tration of the catalyst corresponded to the amount of copper present in the
polymeric matrix. Initial velocities were determined as a function of time-
dependent release of p-nitrophenolate anion (g4 =1.65x 10*M~' cm™").
Michaelis — Menten parameters were calculated from corresponding Line-
weaver—Burk plots. The pseudo-first-order rate constants were derived
from InA_ /A, — A, versus time plots. All of the hydrolytic reactions were
performed at least over four half-lives of each substrate.
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NaZn(H,0),[BP,04] - H,0: A Novel Open-Framework Borophosphate and
its Reversible Dehydration to Microporous Sodium Zincoborophosphate
Na[ZnBP,0;] - H,O with CZP Topology

Insan Boy,” Frank Stowasser,[‘! Gerd Schifer,*! and Riidiger Kniep*!?!

Abstract: Crystals of NaZn(H,O),-
[BP,Og¢] - H,O were grown under mild
hydrothermal conditions at 170°C. The
crystal structure (solved by X-ray single-
crystal methods: hexagonal, P6,22 (no.
178), a =946.2(2), c =1583.5(1) pm, V=
1227.8(4) - 10° pm?, Z = 6) exhibits a chi-
ral octahedral-tetrahedral framework
related to the CZP topology and con-
tains helical ribbons of corner-linked
borate and phosphate tetrahedra. Inves-
tigation of the thermal behavior up to

phosphates -

analogues

Introduction

Our recent research on compounds with framework struc-
turest!l is focussed on borophosphates (intermediate phases in
systems M,0,-B,0;-P,05-(H,0)).”l Although systematic in-
vestigations on borophosphates have started only in the last
few years,’ a broad spectrum of new compounds has already
been characterized with various anionic partial structures,
such as oligomeric units,™ chains,? 3! ribbons [ layers,[) and
three-dimensional frameworks.[¥] Systematic treatments of the
structural chemistry of borophosphates have also been
approached.? In relation to microporous and zeolite-analo-
gous systems such as alumosilicates,”” aluminium/alumophos-
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180°C shows a (reversible) dehydration
process; this leads to the microporous
compound Na[ZnBP,O;]-H,0, which
has the CZP topology. The crystal struc-
ture of Na[ZnBP,O;]-H,0O was deter-
mined by X-ray powder diffraction by

Keywords: boron . microporosity -
reversible dehydration
. solid-state structures

using a combination of simulated
annealing, lattice-energy minimiza-
tion, and Rietveld refinement proce-
dures (hexagonal, P6,22 (no. 178),
a=954.04(2), ¢=147780(3) pm, V=
1164.88(5) - 10° pm?, Z=6). The essen-
tial structural difference caused by the
dehydration concerns the coordination
of Zn** changing from octahedral to

zeolite tetrahedral arrangement.

phates,'%! substituted variants") and gallium/gallo-l'"l and
zincophosphates,['¥ we have succeeded in characterizing new
open-framework structures based on boro- and zincoboro-
phosphates. With the syntheses of A[ZnBP,O;] (A=K,
NH, ", Rb*, Cs*) a new class of compounds with tetrahedral
frameworks has been realized, whose topologies display a
close relationship to alumosilicates (feldspar family and
gismondine)."™ A chiral octahedral-tetrahedral framework
related to the CZP topology!™ is present in the crystal
structures of compounds M'M''(H,0),[BP,O¢] - yH,O (M": Li,
Na, K; M": Mn, Fe, Co, Ni, Zn; y: 0.5, 1),> %l which contain
helical ribbons of corner-linked borate and phosphate tetra-
hedra. Here, we report on the crystal structure of NaZn-
(H,0),[BP,0O;] - H,O, which shows a remarkable thermal
behavior up to 180°C. NaZn(H,0),[BP,O;] - H,O reversibly
releases (and reabsorbs) water, a process which is accompa-
nied by a change of Zn" coordination as the essential
structural consequence. The dehydrated compound (Na-
[ZnBP,O4] - H,0) is characterized by a microporous, chiral
tetrahedral framework of CZP topology.

Results and Discussion

NaZn(H,0),[BP,04] - H,0: The crystal structure of NaZn-
(H,0),[BP,0O4]-H,O reveals an infinite one-dimensional
anionic partial structure. The condensation of BO, and PO,
tetrahedra through common vertices leads to tetrahedral
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ribbons of {[BP,O4]*"}, which are arranged around 6, screw
axes to form helices (Figure 1). The helical ribbons are built
up from four-membered rings of tetrahedra in which BO, and

Figure 1. Linkage of borophosphate helices in the crystal structure of the
hydrated phase NaZn(H,0),[BP,Og] - H,O through ZnO,(H,0), octahedra
(BO, tetrahedra: blue, PO, tetrahedra: red, Na*: grey spheres, H,O in the
helical channels: yellow spheres, Zn!' octahedral: turquoise). For further
details see text.

Abstract in German: NaZn(H,0),[BP,0y] - H,O wurde unter
milden hydrothermalen Bedingungen bei 170°C dargestellt.
Die Kristallstruktur (Einkristalldaten, hexagonal, P6,22 (Nr.
178), a=946.2(2), ¢=1583.5(1) pm, V=12278(4)-10° pm’,
Z =06) enthilt einen makromolekularen Anionenverband aus
eckverkniipften Borat- und Phosphat-Tetraedern, die sich um
6,-Schraubenachsen zu Helices anordnen. Die Verkniipfung
der Anionenteilstruktur iiber gemeinsame Ecken mit Zn'-
Oktaedern fiihrt zu einem dreidimensionalen Geriist, dessen
Topologie derjenigen des CZP-Types nahe verwandt ist.
Thermische Untersuchungen bis 180°C belegen einen (rever-
siblen) Dehydratisierungsprozess, der zur mikropordsen Ver-
bindung Na[ZnBP,Og] - H,O mit CZP-Topologie fiihrt. Die
Kristallstruktur von Na[ZnBP,Og] - H,O wurde aus Rontgen-
pulverdaten iiber den kombinierten Einsatz von Methoden der
Gitterenergie-Minimierung, Simulated Annealing und Riet-
veld-Verfeinerungen aufgeklirt (hexagonal, P6,22 (Nr. 178),
a=954.04(2), c=1477.80(3) pm, V=1164.88(5) - 10° pm’®, Z =
6). Die durch den Dehydratisierungsprozess verursachte
wesentliche strukturelle Anderung betrifft die Umgebung von
Zn?**, dessen Koordinationszahl von sechs (oktaderisch) auf
vier (tetraedrisch) verringert wird.

Chem. Eur. J. 2001, 7, No. 4
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PO, groups alternate. Each BO, tetrahedron is joined to the
adjacent four-membered rings of PO, tetrahedra along the
ribbon in such a way that all vertices of the BO, groups
participate in bridging functions with PO, tetrahedra. The
phosphate groups occupy the borders of the ribbons with two
terminal oxygen atoms, which act as ligands to complete the
coordination sphere around Zn?*.

The free loops of the borophosphate helices are occupied
by Na*, which are fixed by an irregular arrangement of eight
[6+2] oxygen atoms from adjacent phosphate groups (O3,
0O5) and water molecules (02,0, O6y,0). A double helix
J{Na[BP,Og)*"} is completed; it forms a central channel
running along the 6, screw axis, which is filled with water
molecules (O6y,0) resulting in the formula {Na[BP,Og]*" -
H,0}. The water molecules form hydrogen bonds (O6y,
064,60 =293 pm) with each other along the helix. The Zn?*" ion
is coordinated by the oxygen atoms of PO, groups (O3, O5)
and water molecules (O2y,); this results in octahedral
coordination, Zn(O,),(Oy,0),-

The remarkable organization of the crystal structure of
NaZn(H,0),[BP,O;] - H,O can be recognized in a view along
the ¢ axis (Figure 2, left), which shows the arrangement in
radial shells: central O6y ¢ helix (diameter ~254 pm), B helix
(diameter ~502 pm), P helix (diameter ~ 640 pm), Na helix
(diameter ~633 pm), followed by a helix of coordination
water O2y,, (diameter ~809 pm), and finally a Zn helix
(diameter ~946 pm).

Figure 2. Sections of the crystal structure of the hydrated phase NaZn-
(H,0),[BP,04] - H,O (left) and the dehydrated phase Na[ZnBP,Og] - H,O
(right) as viewed along the hexagonal ¢ axis (BO, tetrahedra: blue, PO,
tetrahedra: red, Na*: grey spheres, H,O: yellow spheres, Zn>*: turquoise
spheres).

The helical tetrahedral ribbons are linked by ZnO,(H,0),
coordination octahedra, giving a chiral octahedral-tetrahedral
framework related to the CZP topology (IZA structure
designation CZP), which has been previously observed in the
crystal structures of NaZnPO,- H,OU!®l and its cobalt-substi-
tuted”! variant (tetrahedral frameworks). In comparison to
these crystal structures, boron in the title compound replaces
the position of Znl in NaZnPO,- H,O.

Na[ZnBP,04] - H,0: The crystal structure of the dehydrated
phase Na[ZnBP,O;] - H,O exhibits mainly differences in Zn**
and Na' coordination due to the release of H,O ligands
(coordination water O2y,, in the crystal structure of NaZn-
(H,0),[BP,0O4] - H,O). With respect to the hydrated phase the
unit cell has a contraction in volume of 5%. This amount of
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shrinkage is achieved from the reduction of the c¢ lattice
parameter by 7%, while the hexagonal basis is slightly
enlarged (see Tables 1 and 4 in the Experimental Section).

The octahedral coordination of Zn?** (hydrated phase)
changes to tetrahedral environment (dehydrated phase)
because of the release of the Zn-coordinating O2y,, (Fig-
ure 3). The coordination number of Na* at the same time
decreases from [6+2] to [6]. This change in coordination is
only affected by minor translations of the remaining oxygen
positions. Besides the loss of O2y,, the major structural
change concerns the displacement of the water molecules
O6y,0, which are shifted remarkably out of positions inside
the channels towards the inner walls; this results in nearly
empty channels and the formation of a microporous phase
Na[ZnBP,Oq] - H,O (Figure 2, right).

Figure 3. Linkage of borophosphate helices in the crystal structure of the
dehydrated phase Na[ZnBP,Og]-H,O through ZnO, tetrahedra (BO,
tetrahedra: blue, PO, tetrahedra: red, Na*: grey spheres, H,O in the
helical channels: yellow spheres, Zn'" tetrahedral: turquoise). For further
details see text.

Experimental Section

Synthesis and analytical characterization: NaZn(H,0),[BP,O4] - H,O was
prepared under mild hydrothermal conditions in teflon autoclaves (internal
volume 20 mL). For this ZnCl, (1.05 g), Na,B,0;-10H,0 (1.46 g), and
Na,HPO,-2H,0 (4.83 g) (molar ratio 2:1:7) were heated at 80°C in
demineralized water (10 mL) and treated under stirring with 37% HCI
(5 mL), until the components were completely dissolved. The clear solution
was concentrated to about 12 mL by heating to give a highly viscous gel
(pH 1), which then was transferred to a teflon autoclave (degree of filling
about 55%) and stored at a temperature of 170°C for periods up to two
weeks. The crystalline reaction products were separated from the mother
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liquor by vacuum filtration, washed with demineralized water, and dried at
60°C. Single crystals (hexagonal bipyramids) were grown under these
conditions to a size up to 0.6 mm. Analytical characterizations carried out
by using energy dispersive X-ray analyses (SEM JEOL JSM 6400, EDX-
System Link ISIS300) and atomic absorption spectrometry (Perkin— Elmer
AS4000) resulted in a molar ratio of sodium:zinc:boron:phosphorous of
1:1:1:2. X-ray powder investigations identified the compound to be a
member of the isotypic series M'M''(H,0),[BP,O;] - yH,0 (M': Li, Na, K;
M!: Mn, Fe, Co, Ni, Zn; y: 0.5, 1).2> ¢l

Thermal investigations and identification of dehydrated phases: Differ-
ence-thermoanalytical/thermogravimetric ~ studies on NaZn(H,0),-
[BP,Og] - H,O up to temperatures of 800 °C were carried out on a Netzsch
409TG/DTA analyzer (heating rate 5 Kmin™!, system open to air,
corundum crucibles) and indicated a dehydration process running over
two distinct stages. In the first step (105-180°C), two moles of H,O per
formula unit are released corresponding to a weight loss of 9.98%
(calculated weight loss 10.48 % ). Further weight loss of 3.91 % between 185
and 347°C is consistent with the release of most of the remaining H,O
(maximum one mole, calculated weight loss 5.24 % ). Powder-diffraction
investigations of the reaction product after the DTA/TG experiment
(maximum temperature 800°C) indicated the presence of an amorphous
solid.

After the first dehydration step the solid material obtained has a perfect
X-ray powder pattern that could be used for a successful structure
determination (see next section and Figure 5 later). The dehydrated phase
Na[ZnBP,0;]-H,O is already (partially) rehydrated to NaZn(H,O),-
[BP,Og] - H,O during cooling down inside the TA equipment (system open
to air) and by keeping the TA crucible at room temperature for a period of
only one hour before starting the next heating experiment. Figure 4
displays two successive DTA/TG measurements (7}, =165°C, heating
rate 3 Kmin~!, system open to air); the first heating run (green lines)
exhibits a weight loss of 9.98 % (calculated 10.48 %) and already shows a
slight increase of weight during the cooling process. The weight loss during
the second heating experiment (dashed blue line) is only 7.93 %. This lower
value is evidently caused by incomplete rehydration of the sample within
the small TA container (only one hour at air at room temperature; small
free surface area (diameter of the TA container)). A complete rehydration
is obtained by exposing the powdered, dehydrated phase to moist air over a
period of 12 hours (see section on “Rehydrated phase”).

DOTA § uVing T *C T
B FLog
1.1
1,208 2 = 103
15 ) dpdd Msan
0.1 } =7.93a 10| [100
£T:)
(1] ] 1}
1]
iL] L]
o 1ot Heas e
n g
" -4 . B ]
- Elit al
" : i BE
i 40 (] &0 ] Ta.

Figure 4. Two successive DTA/TG measurements (Netzsch, heating rate
3 Kmin! (red line: temperature), system open to air, T, = 165°C). First
cycle (green lines), second cycle (dashed blue lines). For further details see
text.

Crystal structure determinations

Hydrated phase—single-crystal structure analysis: A suitable single crystal
of NaZn(H,0),[BP,Og]-H,0O was investigated by taking rotation and
Weissenberg photographs (Cug, radiation); these showed the reflection
pattern of a primitive hexagonal lattice. The interference conditions—
reflections (000!) only for / =6 n—suggested the possible space groups P6,,
P65, P6,22, and P6522. The hexagonal unit-cell parameters were obtained
on the basis of 52 centered reflections, by using the least-squares method.
The reflection intensities were measured on a Siemens automated
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diffractometer (graphite-monochromator, Moy, radiation). Details of the
data collection and refinement are summarized in Table 1.8

The crystal structure of NaZn(H,0),[BP,Og]-H,O was solved by direct
methods which led to the positions of zinc, phosphorous, sodium, and some
of the oxygen atoms. The positions of the remaining oxygen and boron
atoms were derived by subsequent least-squares and difference Fourier
syntheses.'") Positional parameters and anisotropic displacement parame-
ters were refined by full-matrix least-squares for all atoms (see Table 2).

Table 1. Crystallographic data of NaZn(H,O),[BP,0;] - H,O.

crystal system hexagonal
space group P6,22 (No. 178)
a [pm] 946.2(2)

¢ [pm] 1583.5(1)

cell volume [10° pm?] 1227.8(4)

zZ 6

Pealed [gcm—S] 2.736

crystal color, habit
crystal size [mm?]

colorless, hexagonal bipyramids
0.30 x 0.15x 0.15

T[°C] 20

u(Mog,) [mm~!] 3.499

0 range [°] 5<260<60

index range —1<h<12,-13<k<14, -1<I<22
scan mode 3

measured reflections 3217

independent reflections 1196

observed reflections [F, >4 0(F,)] 1020

Ry 0.0615

corrections Lorentzian polarization and absorption

structure solution

(empirical, y-scan)
direct method SHELXS-86!!)

structure refinement SHELXL-931
parameters 75
goodness-of-fit on F? 1.142

Flack parameter —0.01(3)

R values [F, > 40(F,)] R1=0.0409, wR2 =0.0828
R values (for all data) R1=0.0544, wR2 =0.0905
residual electron density 0.676/ —0.552
[ex10-°pm3]
Table 2. Atomic coordinates and equivalent displacement factors

[x 10* pm?] in the crystal structure of NaZn(H,O),[BP,Og] - H,O.

Wyckoff position x y z Uy
Na 6b 0.1931(3)  0.3861(5)  0.2500 0.049(1)
Zn  6b 0.54946(4)  0.09891(9) 0.2500 0.0140(2)
B 6b 0.8469(4)  0.6938(9)  0.2500 0.014(1)
P 12 0.3893(1)  0.1684(1)  0.41444(8) 0.0113(2)
01 12c 0.2152(4)  0.0206(4)  0.4003(2)  0.0155(7)
02 12 0.2935(4)  0.4908(4)  0.1124(2)  0.0190(7)
03 12 0.3853(4)  0.3151(4) 0.3799(2)  0.0166(7)
04 12c 0.4187(4)  0.1834(4)  0.5124(2)  0.0135(6)
05 12c 0.6201(4)  0.1371(4)  0.1234(2)  0.0157(7)
06  6a 0.1340(9)  0.0000 0.0000 0.097(4)

The equivalent isotropic displacement parameter of O6y,, (located within
the channels of the framework) is relatively high (0.0974). Detailed
investigations carried out on a single crystal of the isotypic compound
NaNi(H,0),[BP,O;] - H,O by using polarization microscopy and X-ray
single crystal investigations at low temperature (198 K) revealed no
indications for twinning or disorder, because the equivalent isotropic
displacement parameter of O6y,, drops significantly at lower temperature
(0.063)." Therefore, the relatively high equivalent isotropic displacement
is to be interpreted as thermal motion of the water of crystallization O6y,q,.
Bond lengths and angles of the BO,, PO,, and ZnO,(H,0), groups in the
title compound are consistent with those in related borophosphates>®l and
zinc phosphates?” (see Table 3).

Dehydrated phase— structure determination from X-ray powder data: X-ray
powder diffraction measurements were carried out on a Stoe Stadi-P
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Table 3. Selected interatomic distances [pm] and angles [°] in the crystal
structure of NaZn(H,0),[BP,Oq] - H,O.

B-O1 146.6(1) 2 x 01-B-O1 102.8(5)

B-04 147.4(1) 2 % 01-B-04 112.5(2)2 x
01-B-04 113.5(2)2 x
04-B-04 102.6(5)

P-O1 155.4(3) 01-P-03 105.8(2)

P-03 151.0(3) 01-P-04 107.8(2)

P-0O4 157.0(3) 01-P-05 111.1(2)

P-05 150.4(3) 03-P-04 111.1(2)
03-P-05 115.4(2)
04-P-05 106.5(2)

Zn-02 222.0(3)2 x 02-Zn-02 88.2(2)

Zn-03 206.6(3)2 x 02-Zn-03 1742(1)2 x

Zn-05 208.8(3)2 x 02-Zn-03 88.1(1)2 x
02-Zn-05 81.2(2)2 x
02-Zn-05 86.3(2)2 x
03-Zn-03 95.8(2)
03-Zn-05 102.2(1)2 x
03-Zn-05 89.4(1)2 x
05-Zn-05 162.8(2)

Na—02 238.5(4) 2 x

Na—05 253.2(6) 2 x

Na—06 260.0(5) 2 x

Na—03 303.6(5) 2 x

06--- 06l 293

[a] O2: H,O-ligands of the Zn-coordination octahedra. O6: H,O molecules
at the inner walls of the channels. [b] Hydrogen bond within the
Jchannels.

diffractometer with Cug,, radiation (dg,; = 154.059 pm, Ge monochroma-
tor) and a linear position-sensitive detector (PSD) in Debye-Scherrer
geometry by using the capillary technique (diameter 0.1 mm). The
preparation of the dehydrated phase Na[ZnBP,O;] - H,O (heat treatment
of the hydrated phase at 180°C for two hours) was carried out in a glove
box under argon atmosphere. No correction for absorption has been
applied to the data.

The X-ray powder data of the dehydrated phase Na[ZnBP,O;] - H,O could
be indexed by using the program ITO.?' The parameters of the primitive
hexagonal lattice with a =954.04(2), ¢ =1477.80(3) pm and V =1164.88(5) x
10°pm® (values from final Rietveld structure refinement) led to the
conclusion that the unit cell contains six formula units (assuming 12 x
10° pm® required space per non-hydrogen atom; data are summarized in
Table 4). The systematic absences from the X-ray powder pattern (0001, ] =
6n) led to the extinction symbol P6;, which corresponds to the possible
space groups P6,, P6s, P6,22, and P6s22. A structure solution procedure
was then carried out by using the program TOPAS.??l First of all, a
Pawley® fit without a structure model was performed for all possible space
groups individually in order to get lattice and peak shape parameters for
the energy-minimization/simulated-annealing calculations. The best fitting
of the powder pattern was achieved in P6,22. With this space group a
Rietveld refinement that included additional refineable functions for
structure solution was carried out. By using the Lenard-Jones potential
equation for the lattice energy minimization in combination with a
simulated annealing process (for details of this process seel?? and
references therein) a satisfying result was obtained. The energy potentials
were set-up assuming mean bond lengths calculated from the single-crystal
structure refinement. During the refinement, parameters for the profile,
background (values from the Pawley fitting were used), site occupation,
and temperature factors were fixed. while zero-point and lattice parameters
were refined. As a result a minimum was found (within three hours
calculation time on a PII 300 MHz Pentium PC), but still with differences
between the observed and calculated intensities. Unusually small bond
lengths between cation—cation and anion-—anion pairs close to special
crystallographic positions could be identified as atoms occupying special
positions. After setting-up the right positions a Rietveld refinement was
carried out without using energy-minimization/simulated-annealing equa-
tions. All positions were checked for occupation and in a final Rietveld
refinement all positional and displacement parameters were refined for all
atoms independently (TableS), while hydrogen atoms of the water
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Table 4. Crystallographic data of the dehydrated phase Na[ZnBP,Oy]-
H,O and rehydrated phase NaZn(H,0),[BP,0Og] - H,O.

Dehydrated Rehydrated
formula Na[ZnBP,Og]-H,0O NaZn(H,0),[BP,04]-H,0
M [gmol] 307.15 341.16
crystal system hexagonal
space group P6,22 (no. 178)
diffractometer Stoe STADI P
monochromator Ge(111)

A [pm] 154.06

T [°C] 20

a [pm] 954.04(2) 946.395(8)

¢ [pm] 1477.80(3) 1581.68(2)

V [10° pm?] 1164.88(5) 1226.86(3)

zZ 6 6

0 range 9°<26<103.5° 9.5°<26<103°
no. data points 4701 4676

no. reflections 308 325

positional parameters 19 22

profile parameters 7 7

background parameters 8 6

Ry, 0.052 0.074

Rexp 0.031 0.033

goodness of fit 1.70 224

Rprage 0.064 0.069

Table 5. Atomic coordinates and isotropic displacement factors

[x 10* pm?] in the crystal structure of the dehydrated phase Na[ZnBP,Og]-
H,O0.

Wyckoff position — x y z Uy
Na 6b 0.195(1) 0.390(1) 0.2500 0.190(5)
Zn 6b 0.5149(2)  0.0298(2)  0.2500 0.009(2)
B 6b 0.834(2) 0.668(2) 0.2500 0.032(9)
P 12¢ 0.3886(6)  0.1581(6)  0.4019(3) 0.011(2)
o1  12c 0.214(1) 0.011(1) 0.394(6) 0.011(3)
03  12c 0.367(1) 0.295(1) 0.3673(7)  0.022(5)
04 12c 0.444(1) 0.183(1) 0.5082(6)  0.001(1)
05 12c 0.634(1) 0.160(1) 0.1401(5)  0.024(5)
06 6a 0.238(2) 0.0000 0.0000 0.190(1)

molecules were omitted. Large values for the thermal motion were
obtained for Na and O6y;,, (same labelling as in the crystal structure of the
hydrated phase); this was also observed in the single-crystal structure of the
hydrated phase. Global R values, low Ry, factor (Table 4), reasonable
bond lengths and angles (Table 6),['%- 1724 and the difference plot (Figure 5)

Table 6. Selected interatomic distances [pm] and angles [°] in the crystal
structure of the dehydrated phase Na[ZnBP,O;] - H,O.[?!

B-O11 154.9(3) 2 x 01-B-01 93.6(3)
B-04 149.1(3) 2 x 01-B-04 114.5(4) 2 x
01-B-04 115.7(4) 2 x
04-B-04 103.3(3)
P-O1 155.2(4) 01-P-03 103.6(4)
P-03 150.5(4) 01-P-04 109.1(4)
P-04 163.8(4) 01-P-05 121.6(4)
P-05 144.2(4) 03-P-04 110.3(4)
03-P-05 109.9(4)
04-P-05 102.3(4)
Zn-03 196.3(3) 2 x 03-Zn-03 126.6(2)
Zn-05 201.6(3) 2 x 03-Zn-05 100.5(1) 2 x
03-Zn-05 107.5(1) 2 x
05-Zn-05 115.1(2)
Na—O5 265.2(6) 2 x
Na—06 209.0(5) 2 x
Na—03 283.0(5) 2 x

[a] O6: H,0 molecules at the inner walls of the .!channels.
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Figure 5. Observed (blue), calculated (red), and difference (black) X-ray
powder diffraction profiles for the dehydrated phase Na[ZnBP,Oy] - H,0,

Cug,, radiation.

verify a successful structure determination. All other possible space groups
were carefully checked and used in the same way as described, but none of
them gave a sufficiently good structural model compared with the one
found above.

Rehydrated phase—structure determination from X-ray powder data: The
rehydrated phase was obtained by exposing the powdered, dehydrated
compound to moist air for a period of 12 hours. The powder data of the
rehydrated phase NaZn(H,0),[BP,Og]-H,O could also be indexed by
using the program ITO.’!l The parameters of the primitive hexagonal
lattice with a = 946.395(8), ¢ = 1581.68(2) pm and V = 1226.86(3) x 10° pm?
(values from final Rietveld structure refinement) are in good agreement
with the single-crystal data. The systematic absences from the X-ray
powder pattern (000/, [=6n) led to the extinction symbol P6,, which
corresponds to the possible space groups P6,, P6s, P6,22, and P6522 and fits
very well to the single-crystal X-ray structure data. A Rietveld refinement
of the structure using the program TOPASP? was carried out with the space
group P6,22, because the structure of the single crystal was solved in this
space group. Moreover, the same atomic position data were used as for the
starting model. Positional parameters were refined for all atoms independ-
ently (Table 7), while hydrogen atoms of the water molecules were omitted.

Table 7. Atomic coordinates and isotropic displacement factors [ x 10* pm?]
in the crystal structure of the rehydrated phase NaZn(H,0),[BP,Og] - H,O.

Wyckoff position  x y z Uy
Na  6b 0.1913(3)  0.3826(3) 0.2500 0.029(2)
Zn 6b 0.5497(1)  0.0994(1) 0.2500 0.003(1)
B 6b 0.8395(8)  0.6790(8) 0.2500 0.002(1)
P 12¢ 0.3917(3)  0.1694(3) 0.4144(1)  0.002(1)
o1 12c 0.2105(6)  0.01992(5)  0.3984(3)  0.005(1)
02 12c 0.2896(5)  0.4892(5) 0.1120(3)  0.010(2)
03  12c 0.3866(5)  0.3186(5) 0.3760(3)  0.005(1)
04  12c 0.4284(6)  0.1862(5) 0.5087(2)  0.005(1)
05 12¢ 0.6157(5)  0.1386(6) 0.1268(3)  0.005(1)
06 6a 0.1513(9)  0.0000 0.0000 0.165(1)

Isotropic displacement parameters were constrained to be equal for the
tetrahedrally coordinated B and P and for the oxygen atoms labeled 1, 3, 4,
and 5, while the others were refined unconstrained. This led to a very good
refinement and the structural parameters were in good agreement with the
X-ray single-crystal result. Global R values, low Rp,,,, factor (Table 4), and
the difference plot (Figure 6), which shows only minor deviations, indicate
a successful structure refinement. No other phases or impurities in the
X-ray data could be found. Remarkably high displacement parameters
again were calculated for Na and O6y,. This has been also observed in the
single-crystal investigation and accounts for only weak bonds between the
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Figure 6. Observed (blue), calculated (red), and difference (black) X-ray
powder diffraction profiles for the rehydrated phase NaZn(H,0),[BP,Og] -
H,0, Cug,, radiation.

coordination partners. The other possible space groups were checked in
order to give a better structural model for the observed powder pattern, but
these attempts failed.
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Molecular Carpentry: Piecing Together Helices and Hairpins

in Designed Peptides

Chittaranjan Das, S. Channaveerappa Shankaramma, and Padmanabhan Balaram*!?!

Abstract: The design of a peptide that
contains two distinct elements of second-
ary structure, helix and p-hairpin, is
described. Two designed 17-residue pep-
tides:  Boc-Val-Ala-Leu-Aib-Val-Ala-
Leu-Gly-Gly-Leu-Phe-Val-p-Pro-Gly-
Leu-Phe-Val-OMe (I) and Boc-Leu-
Aib-Val-Ala-Leu-Aib-Val-Gly-Gly-
Leu-Val-Val-p-Pro-Gly-Leu-Val-Val-

ment. The choice of the secondary-
structure modules is based upon prior
crystallographic and spectroscopic anal-
ysis of the individual modules. Analysis
of 500 MHz 'H NMR data, recorded as
solutions in methanol, suggests that the
observed pattern of chemical shifts,
3Jun-cn Values, temperature coefficients
of the NH chemical shifts, and backbone
inter-residue nuclear Overhauser effects

favor helical structures for residues 1-7
and f-hairpin structures for
dues 10-17. The spectroscopic data are
compatible with termination of the heli-
cal segment by formation of a Schellman
motif; this restricts Gly(8) to a left-
handed a-helical conformation. Gly(9)
is the only residue with multiple con-
formational possibilities in ¢, space.
Possible orientations of the two second-

resi-

OMe (II) have been conformationally
characterized by NMR spectroscopy.
Peptides I and II contain a seven-residue
helical module at the N terminus and a
eight-residue S-hairpin module at the C
terminus, which are connected by a
conformationally flexible Gly-Gly seg-

structures

Introduction

In protein structures, distinct secondary structural elements,
such as helices and strands, are assembled into a compact fold
that is stabilized by a complex network of tertiary interactions.
The driving force for the compaction of protein sequences is
solvophobic in nature, with nonpolar side chains tending to
cluster in the interior of globular structures and the conse-
quent exclusion of the solvent, water, from the protein core.[!
In attempts to design synthetic polypeptide mimics for protein
structures, a specifically designed patterning of polar and
apolar residues along the synthetic sequence is generally
employed in order to direct the orientation of secondary-
structural elements.’J These approaches have led to signifi-
cant success in the design of synthetic helical bundles that
possess specific binding and catalytic properties.’l Recent
work has also emphasized the importance of specific S-turn
segments in nucleating $-hairpins and multistranded, S-sheet

[a] Prof. P. Balaram, C. Das, S. C. Shankaramma
Molecular Biophysics Unit, Indian Institute of Science
Bangalore 560 012 (India)

Fax: (+91)80-3600683, (+ 91) 80-3600535
E-mail: ppb@mbu.iisc.ernet.in
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Keywords: f-hairpin -
tional analysis - helical structures -

peptides - synthesis design - tertiary

ary-structure modules are considered.
This study validates the use of stereo-
chemically rigid peptide modules as
prefabricated elements in the construc-
tion of synthetic protein mimics.

conforma-

structures.”! Unlike native proteins, the designed structures
possess poorly packed interiors and generally resemble
molten globule states in their physical properties.?

We have been pursuing an alternate approach to the
construction of complex polypeptide structures, in which a
primary goal has been to design molecules of defined shape
that are soluble in poorly interacting organic solvents. In this
approach, the driving forces that determine polypeptide-chain
folding are enthalpic in nature and consist primarily of
hydrogen bonding and van der Waals interactions. The key to
this strategy is the ability to construct well-defined units of
secondary structure, such as helices, reverse turns, and
hairpins. Subsequent assembly of these relatively rigid,
prefabricated modules of secondary structures can, in princi-
ple, be achieved by careful choice of linking segments. The
construction of complex polypeptides by using well-defined
conformational modules may be termed a “Meccano- or
Lego-set approach” to peptide design.l! The construction of
individual elements such as helices and S-hairpins may be
achieved by using conformationally constrained amino acids
to nucleate specific backbone conformations.”! Peptide heli-
ces (3;/a) are readily obtained by incorporation of a,a-
dialkylated amino acid residues, most notably a-amino-
isobutyric acid (Aib). Aib-containing peptides have been
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extensively investigated, and cylindrical helical conformations
have been well characterized by X-ray diffraction in peptides
ranging in length from 7-16 residues.”®! B-Hairpins are
generated by positioning a central D-Pro-Gly segment in a
synthetic sequence.['”) The tendency of D-Pro-Xxx sequences
to adopt typeII' fS-turn conformations is important for
nucleation of a tight turn of appropriate stereochemistry ;']
this then facilitates hairpin formation, stabilized by cross-
strand hydrogen bonding. Indeed, p-hairpins have been
observed in crystals of a synthetic octapeptide with a central
D-Pro-Gly sequence.l'® The use of multiple D-Pro-Xxx
segments for the nucleation of three- and four-stranded (-
sheets has also been reported.le=f

In this report, we examine the conformations of charac-
terized helical and hairpin segments that are connected by a
glycylglycine (Gly-Gly) linking segment. This study has been
undertaken to establish the conformational integrity of the
individual modules when they are inserted into larger
structures. Two 17-residue sequences: Boc-Val-Ala-Leu-Aib-
Val-Ala-Leu-Gly-Gly-Leu-Phe-Val-p-Pro-Gly-Leu-Phe-Val-
OMe (I) and Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-Gly-Gly-
Leu-Val-Val-p-Pro-Gly-Leu-Val-Val-OMe (II) have been
chosen for spectroscopic analysis. The helical module used
in peptide I, Val-Ala-Leu-Aib-Val-Ala-Leu, has been exten-
sively characterized in crystals of peptides of varying
lengths.'?l This module contains only a single, centrally
positioned Aib residue. As a consequence, it possesses some
degree of conformational fragility. The helical module used in
peptide II, Leu-Aib-Val-Ala-Leu-Aib-Val, which contains
two helix-stabilizing Aib residues, has been conformationally
characterized by X-ray diffraction in crystals of two decapep-
tide sequences: Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-Ala-Leu-
Aib-OMe and Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-p-Ala-D-
Leu-Aib-OMe.[®l A superposition of the observed helical
fold for the module is shown in Figure 1a. The hairpin module
Leu-Val-Val-pD-Pro-Gly-Leu-Val-Val used in peptide II has
also been independently characterized in crystals. (See Fig-
ure 1b for a superposition of the two crystal-state conforma-
tions.)'%! The octapeptide Leu-Phe-Val-D-Pro-Gly-Leu-Phe-

N =

~ G
o~ -
™, X
ﬁ E I."--.-
p#-'i\ o (
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Figure 1. a) Superposition of two backbone conformations of the fragment
Leu-Aib-Val-Ala-Leu-Aib-Val obtained in the crystal structures of Boc-
Leu-Aib-Val-Ala-Leu-Aib-Val-Ala-Leu-Aib-OMe and Boc-Leu-Aib-Val-
Ala-Leu-Aib-Val-p-Ala-pD-Leu-Aib-OMe.[*l b) Superposition of two back-
bone conformations obtained in the crystal structure of Boc-Leu-Val-Val-
D-Pro-Gly-Leu-Val-Val-OMe. The peptide crystallized in the triclinic
system with two independent molecules per asymmetric unit.['%

Chem. Eur. J. 2001, 7, No. 4

Val, which is analogous to the hairpin module in peptide II,
has been shown by NMR spectroscopy to adopt a -hairpin
structure (unpublished results). The choice of Gly-Gly as the
linking segment was dictated by the possibility that the achiral
Gly residue at position eight would act as a helix terminator
by facilitating formation of the Schellman motif;!l this
requires positive ¢, values in the left-handed helical (a;)
region of conformational space.'™! Gly(9) would then, in
principle, be the sole conformationally flexible residue in the
two peptide sequences. The NMR results described in this
paper establish that both helical and hairpin modules retain
their conformational integrity and that a relatively small
number of conformational possibilities occur at Gly(9); this
determines the spatial orientation of the two rigid modules of
secondary structure.

Results and Discussion

Peptides I and II were freely soluble in a variety of organic
solvents. In chloroform, both peptides had NMR spectra that
revealed significant overlap of NH resonances and some
evidence for aggregation-induced broadening of resonances.
In dimethyl sulfoxide, peptide IT had a well-resolved 'TH NMR
spectrum. However, preliminary studies revealed that several
expected inter-residue NOEs, characteristic of hairpin seg-
ments, were absent. In methanol, both peptides had well-
resolved '"H NMR spectra with excellent dispersion of NH
and C“H resonances. The observed line widths suggest the
absence of aggregation effects. The detailed conformational
analysis of peptides I and II is therefore restricted to
methanolic solutions. Sequence-specific assignments of back-
bone- and side-chain-proton resonances were readily
achieved by using a combination of TOCSY and ROESY/
NOESY experiments. The relevant chemical shifts and
coupling constants are summarized in Table 1. Figures 2 and
3 illustrate nuclear Overhauser effects observed between
backbone protons of I and II, respectively. In helical segments,

Table 1. Characteristic 'H NMR parameters for peptides I and ILE

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

o [ppm] do/dT Jun-can
NH CH [ppb K7'] [Hz]

Residues!! 1 I 1 I I 11 1 11
Val/Leu(1) 7.05 713 3.6 3.84 10.0 103 39 50
Ala/Aib(2) 854 857 413 - 8.3 9.0 37 -
Leu/Val(3) 772 738 415 3.74 43 1.0 6.0 64
Aib/Ala(4) 7.61 758 - 4.06 1.3 -09 - 5.1
Val/Leu(5) 7.78 788 3.80 4.11 5.6 69 49 6.0
Ala/Aib(6) 791 770 416 - 4.0 29 39 -
Leu/Val(7) 7.89 7.66 4.44 4.09 3.0 48 713 72
Gly(8) 8.07 8.04 4.01 391 4.0 3.0 - -
Gly(9) 810 8.14 3.85,4.00 3.80,4.03 43 55 - -
Leu(10) 761 779 444 4.51 23 28 715 81
Phe/Val(11) 813 793 520 4.66 9.7 98 9.0 9.0
Val(12) 880 873 448 4.48 8.7 69 93 9.0
D-Pro(13) - - 4.40 4.34 - - - -
Gly(14) 835 835 3.79,4.01 3.67,4.01 10.7 92 - -
Leu(15) 811 816 4.62 4.62 4.0 26 87 88
Phe/Val(16) 855 824 4.59 4.48 12.3 102 78 9.0
Val(17) 824 865 423 4.42 43 74 92 88

[a] Solvent: CD;OH, T=300 K. [b] Residues for peptide I and II, respectively.
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Figure 2. Partial 500 MHz NOESY spectra of peptide I in
CD;OH at 270 K. The top panel shows C*H<=NH NOEs, and
the lower panel shows NH<=NH NOEs. Residue numbers are
used to label the cross-peaks. Underlined cross-peaks refer to
inter-residue connectivities. Long-range NH=NH NOEs diag-
nostic of S-hairpin conformation in the segment10—17 are
boxed.

intense sequential NH=N, ;H (dyy) connectivities
are expected, while the inter-residue CfH=N, H
(d,N) connectivity is generally weaker than the
corresponding intra-residue C¢#=NH (dy,) NOE.
p-Hairpin segments are characterized by long-range,
interstrand NH = NH and C*H = C“H connectivities,
while the f-turn segment can be recognized by the
inter-residue dyy connectivity for the residue “i+2”
[Gly(14)] in peptides I and IL In addition, the
extended strand segments are expected to exhibit
strong inter-residue d,y connectivities. Inspection of
the spectra in Figures 2 and 3 reveal that all the crucial
backbone connectivities expected for the helical and
hairpin segments in both peptides are, indeed, ob-
served. The NOE data that relate intra-residue and
sequential backbone protons for both peptides are
schematically summarized in Figure 4. Clearly, the
characteristic NOEs expected for helices are present
across the segment that contains residues 1 -7, while
the diagnostic NOEs for $-hairpins are observed for
the segment 10-17. Figure 5 illustrates the cross-
strand C*H = C“H NOE between residues 11 and 16
in the C-terminal hairpin of both peptides.

9 M ots |
:
Ld

The backbone /iy coupling constants listed in Table 1
establish that low values of J (<6.4 Hz) are observed for
residues 1 -6 in both the peptides. Significantly higher vicinal-
coupling constants (3.J =7.5 Hz) are observed for the C-ter-
minal residues; this suggests that the N-terminal-helical and
C-terminal-strand segments are clearly delineated.'! The
NMR evidence presented thus far supports the original
premise behind our design strategy: that the chosen modules
of secondary structure would retain their conformations in a
larger assembly. A critical question which arises at this point is
the nature of the conformation of the Gly-Gly segment, which
will ultimately define the orientation of the two modules.

In order to probe the possible involvement of the Gly NH
groups in intramolecular hydrogen bonding, the temperature
dependence of NH chemical shifts in methanol were deter-
mined.l'%+ 171 The observed temperature coefficients are
summarized in Table 1. As anticipated for the helix, the
resonances of residues 1 and 2 in both peptides have high
do/dT values (>8 ppb K1), characteristic of solvent-exposed
groups. Residues 3, 4, 6, and 7 have low dd/dT values
(<5 ppbK); this suggests that they are involved in intra-

16l17 ‘5“3 % 10/10 45

Qs orim 0

15h6"

T T T T
5 8.5 8.0 7.5

Figure 3. Partial 500 MHz ROESY spectra of peptide II in CD;OH at 300 K. The top
panel shows C*H=NH NOEs, and the lower panel shows NH—=NH NOEs. The
cross-peaks are labeled with residue numbers. Underlined cross-peaks highlight inter-
residue connectivities.
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Figure 4. Summary of intra-residue and sequential NOEs observed between backbone protons for peptides I (a) and II (b) in CD;OH. NOEs which could
not be observed due to resonance overlap are indicated by an asterisk.

——
4.0

—
) 4.5
Figure 5. C*H <= C"H cross-strand NOEs observed for peptides I and Il in

CD;OH at 300 K: a) Portion of the ROESY spectra of peptide I, b) portion
of the ROESY spectra of peptides II.

molecular hydrogen bonding. Residue 5 has a moderately
high dd/dT value; this indicates greater solvation of the helix
in this region. In the hairpin segment (residues 10—17), the
NH groups of residues 10, 15, and 17 have relatively low
coefficients, suggestive of their participation in cross-strand
interaction. The NH groups of residues 11, 14 (“i 4 2” residue
of the S-turn), and 16 are expected to be exposed to solvent

Chem. Eur. J. 2001, 7, No. 4
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and, indeed, exhibit extremely high dd/dT values. The NH
groups of Val(12), to some extent, and Val (17) in peptide IT
exhibit moderately high d6/dT values; this may indicate some
solvent invasion of the $-hairpin. A hydroxylic solvent, such
as methanol, may be expected to compete for hydrogen
bonding.

A qualitative idea of the involvement of peptide NH groups
in intramolecular hydrogen bonds was also obtained from an
H/D exchange experiment['® 7] carried out by dissolving the
peptides in CD;OD. Figure 6b shows the course of the
disappearance of the NH resonances in peptide II. The NH
groups involved in helical hydrogen bonding: Val(3), Ala(4),
Aib(6), Val(7), and, to a lesser extent, Leu(5) exchange at a
slower rate than the remaining NH groups. In the hairpin
segment, Val(12) and Val(17), which are expected to be
internally hydrogen bonded, have lower rates of exchange.
The behavior of the Val(11) and Val(16) NH groups is
anomalous. It should be noted that the anomalous exchange
rates and solvent dependence of NH chemical shifts in
extended strands may be a consequence of the proximity of
the CO group of the same residue in “stretched out”
conformations. Indeed, the C; interaction has been considered
to be a hydrogen bond in fully extended peptides.'®! Stereo-
electronic considerations would dictate the approach of
solvent to NH groups in such a situation, with the approach
of a solvent molecule being impeded by the proximal carbonyl
group.l't 1 A similar experiment carried out with peptide I
(Figure 6a) reveals that two of the NH groups that are
expected to be involved in cross-strand hydrogen bonding,
those on Val(12) and Val(17), exchange slowly. In this peptide
as well, the Phe(11) NH exchanges anomalously slowly.
Interestingly, in peptide I, the helical segment that contains
only a single Aib residue at the 4-position is appreciably more
fragile, with the NH groups of Leu(3) and Aib(4) exchanging
rapidly. Indeed, the Val(5) NH is the only group in this
segment to exchange very slowly. Studies of the isolated
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preceding residue. Interesting-
ly, the Gly(9) NH also has a low
do/dT value, consistent with its
involvement in intramolecular
hydrogen bonding. In the an-
ticipated structure, Gly(8) is

a) b)
t =150 min
t = 120 min =31 min

V5

el

expected to adopt a left-handed
helical (a;) conformation, this
results in helix termination by
formation of a Schellman mo-
tif.'415-2] In such a structure,

t =20 min
L15
[ m

t =3 min
A
- 6 L7/VS
\v17 \
| L10

Fl6 LI5/G9

the Gly(9) NH should be in-

volved in a 6—1 hydrogen
V7/U6 bond with the CO group of
residue at the 4-position. The
NMR data thus support helix
termination by Gly(8) forming
the site of chiral reversal. In the
crystal structures of peptides
that adopt the Schellman motif,
the dihedral angle, $(N—C*), of
the Thr(1) residue is consider-
ably larger in magnitude
(~ —100°). Interestingly, in
both peptides, the Jyy-cy for
residue seven is significantly
greater (~7 Hz) than the values
observed for the preceding res-

T T T T T T I T
9.0 8.5 8.0 7.5 70 6 85

Figure 6. Partial 500 MHz 'H spectra of peptides I (a) and II (b) in CD;0D, which illustrate the rate of exchange

idues in the helix.
8.0 K

Possible conformations: The

of NH groups. Peptides I and II (~ 1 mg) were dissolved in 500 pL of precooled CD;OD (at 270 K for peptide I;

277 K for peptide II), and the one-dimensional spectra at different time intervals were acquired as indicated. The
lowest spectra in a) and b) correspond to the spectra of peptides I and II recorded in CD;OH at 270 and 277 K,
respectively. The letters correspond to the standard abbreviations for amino acids with U for Aib.

heptapeptide module Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-
OMe have indeed demonstrated significant fragility of the
helix in crystals and in solution.?l Most importantly, a crystal
structure determination of peptide I reveals that the two N
terminus residues, Val(1) and Ala(2), adopt unfolded, ex-
tended conformations and are involved in intermolecular
hydrogen-bond formation in the solid state.!]

The integrity of the S-hairpin in peptide I is also supported
by the observation of a resonance anomalously shifted to high
field that corresponds to the H2/H6 protons of Phe(16) (inset,
Figure 7). Such a shift of the Phe ring protons is possible only
if there is a strong cross-strand interaction that allows the ring
current of one of the Phe residues to influence the chemical
shifts of the proximal aromatic protons. A schematic con-
formation for the hairpin segment, based on the crystal
structure of peptide LY is shown in Figure 7. The significant
upfield shift suggests that the majority of the residues 10—-17
are in a $-hairpin conformation in peptide L

The Gly(8) NH has very little temperature dependence of
chemical shifts. The observed do/dT values for this residue in
both peptides I and II strongly support structures in which the
NH group is solvent shielded; this suggests that the helical
hydrogen-bonding pattern extends to the NH group of Gly
(8), a feature which implies a helical conformation at the

844 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

NMR results clearly establish

that residues 1-7 in both pep-

tides I and II adopt a largely

helical folding pattern, while
| IS

:- L W - i
(b

" ®
| --

'

FI6 A J

Figure 7. Model for the $-hairpin component of peptide I built with ¢ and
¥ values obtained from the crystal structure,?!! which illustrates the
orientation of aromatic residues in the strands. Inset: the upfield shift of the
Phe(16) ring protons, H2 and H6, marked with an asterisk.
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residues 10—17 favor a fS-hairpin conformation. The helical
segment in peptide I is considerably more fragile; this suggests
solvent invasion of the backbone. The solvent-shielded nature
of the Gly(9) NH group constrains Gly(8) to an «; con-
formation (¢ ~+ 60°, 1 +30°). The orientation of the helical
and hairpin segments are then determined solely by the confor-
mation at Gly(9). Four major conformational possibilities
may be envisaged at this residue: ag (¢ ~—65°, y ~—35°),
ap (¢ ~+65° yp~+35°), B (p~—150°, 9 ~4+150°) or f'
(¢p ~+150°, 9 ~—150°), which lie in the four quadrants of the
Ramachandran map.?! The 8 and 8’ conformations become
closely related as the residue approaches a fully extended
conformation (¢ ~ 180°, 1 ~180°). Figure 8 illustrates ribbon

) Ol K‘k

¢ o

Figure 8. Four distinct stereochemical alternatives for the helix-linker
hairpin peptides, I and II. Ribbon representations of the backbone
conformations are highlighted. This figure was generated by using the
program MolMol.[?l Idealized backbone ¢ and vy values at Gly 9 (a, =
+65°, 4+35% ag = —65° —35%; f=—150°, +150°; B’ = +150°, — 150°) were
used to arrive at these models. In all these cases, Gly (8) was fixed in the
ideal a; conformation. Residues 1-7 were placed in the ay conformations,
while for residues 10—12 and 15-17, ideal extended strand values of ¢ =
—130° and y = +130° were used. The 5-turn segment at residues 13 and 14
was fixed in ideal type II' geometry (¢, =+60°°, ¥; =—120"; ¢in=
—80°%, 9., =0°).

representations of the molecule; these were obtained by using
idealized values for Gly(9) in the four broad conformational
regions. The Gly-Gly linker conformations o,/ and o’ lead
to very similar overall folds. The a; a; conformation, however,
leads to a different orientation of the strands with respect to
the helix, while the a; ag linker results in a distinct orientation.
In three of the conformational families, the 5-hairpin axis and
the helix axis are orthogonal, while the a; ay linker results in a
more elongated conformation in a direction parallel to the
helix axis. Significantly, a crystal structure determination of
peptide I reveals the a; ' conformation at the linking Gly-Gly
segment, with the helical and hairpin segments lying perpen-
dicular to one another.?!l The possibility that the peptide can
assume a more compact structure than the conformations
illustrated in Figure 8 is excluded, because there is only a
single linking residue, Gly(9), between the two secondary
structure segments. The NMR data show that the conforma-
tions of Gly(8) are constrained. At the present level of
analysis, the possibility of dynamic interconversion between
the conformational families cannot be excluded.

Chem. Eur. J. 2001, 7, No. 4
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Circular Dichroism: CD spectra for peptides I and II in
methanol are shown in Figure 9. Both peptides exhibit intense
CD bands in the region below 230 nm; this is indicative of the
presence of the substantial secondary structure. The differ-
ence in the spectra of peptides I and II may arise from the

30

Molar Ellipticity x 10/ deg cm? dmol!

200 220 240 260
Wavelength /nm
Figure 9. CD spectra of peptides I and II in methanol (300 K).

contribution of the two Phe residues to the far-UV CD
spectrum of peptide I. Aromatic contributions to the far-UV
CD spectra of peptides cannot be ignored? and, in the
present case, the proximity of Phe(11) and Phe(16) in a f-
hairpin may be expected to significantly distort the spec-
trum.! Inspection of the spectra in Figure 9 suggests that
both helical and hairpin components are indeed contributing.
While short helical segments are expected to have a weak
band at 218 —220 nm, which accompanies a relatively strong
band at 205-208 nm,?% B-hairpins exhibit a broad negative
band at 214220 nm. [0 100]

Conclusion

The results presented in this report establish that conforma-
tionally well-defined modules of peptide secondary structure
can be covalently assembled into larger units, without
significantly altering the local conformation of the module.
The structural analyses described in the present work have
been carried out in methanol and generally support both
isolated helical and hairpin conformations. In less polar
media, such as chloroform, aggregation, presumably by
association of the outer faces of the f-strands, becomes
important. In a more strongly solvating medium such as
DMSO, solvent invasion of the peptide backbone limits the
extent of secondary-structure formation. Strategies for
achieving globularity may be important in protecting intra-
molecular hydrogen bonds from disruption by strongly
interacting solvents. The ability to construct short peptide
segments that adopt relatively robust helical and B-hairpin
conformations may be used to advantage in developing a
“Lego” approach to the elaboration of synthetic polypeptides
that adopt complex folding patterns. The use of backbone
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conformational constraints as a means of nucleating specific
conformations allows design strategies to be dictated by the
appropriate choice of amino acid building blocks. This
approach places fewer demands on solvent forces in main-
taining peptide-folding patterns. In its present state of
development, this approach may be termed “molecular
carpentry” as it results in polypeptide objects of reasonably
well-defined shapes. Extension by the positioning of func-
tionally active residues on these scaffolds may allow evolution
of this strategy to the domain of molecular engineering.
Indeed, small peptides that possess pre-organized S-turn and
p-hairpin scaffolds have been used to generate moderately
enantioselective peptide catalysts for acyl-transfer reac-
tions.7!

Experimental Section

Peptide synthesis: Peptides I and II were synthesized by conventional
solution-phase methods!'*f! by using a fragment condensation strategy. The
tert-butyloxycarbonyl (Boc) group was used for N-terminal protection,
while the C terminus was protected as a methyl ester. Deprotections were
performed with 98% formic acid and saponification for the N and C
termini, respectively. Couplings were mediated by dicyclohexylcarbodi-
imide/1-hydroxybenzotriazole (DCC/HOB?t). The final couplings of both of
the 17-residue peptides were achieved by the fragment condensation of
Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-OH and H-Gly-Gly-Leu-Phe-Val-p-
Pro-Gly-Leu-Phe-Val-OMe for peptide I and Boc-Leu-Aib-Val-Ala-Leu-
Aib-Val-OH with H-Gly-Gly-Leu-Val-Val-pD-Pro-Gly-Leu-Val-Val-OMe
for peptide II with DCC/HOB as coupling agents. All the intermediates
were characterized by 'H NMR (80 MHz) and thin-layer chromatography
(TLC) onsilica gel and used without further purification. The final peptides
were purified by reverse-phase, medium-pressure liquid chromatography
(Cis, 40-60x) and by HPLC on a reverse-phase Ciz column (5-10 u,
7.8 mm x 250 mm) with methanol/water gradients. The purified peptides
were analyzed by mass spectrometry on a Kratos PC-Kompact MALDI-
TOF mass spectrometer: MNag,, peptide I, 1794.8 (M, 1771.2); MNa g
peptide II, 1712.1 (M_,¢q 1689.3). Both peptides were fully characterized by
500 MHz 'H NMR.

NMR spectroscopy: NMR studies were carried out on a Bruker DRX-500
spectrometer. All two-dimensional experiments were done in the phase-
sensitive mode with time-proportional phase incrementation. DQF-CO-
SY, TOCSY,” NOESY,* and ROESYP! experiments were performed
by collecting 1000 data points in 2 and 512 data points in f1 with a spectral
width of 5500 Hz. Solvent suppression was achieved by using presaturation
(with a 55 dB pulse in recycle delay of 1.5s). Data were processed on a
Silicon Graphics Indy work station with Bruker XWIN NMR software.
Typically, a sine-squared window function, phase shifted by /2 radians, was
applied in both dimensions. Data in f1 were zero-filled to 1000 points.
Mixing times of 300 ms were used in NOESY experiments. A spin-lock
mixing time of 300 ms was used in ROESY experiments and a 70 ms mixing
time was used for TOCSY experiments. The sample concentration was
~3mMm and the probe temperature was maintained at 300 K or 270 K as
desired. Coupling constants were measured from resolution-enhanced one-
dimensional spectra.

Circular dichroism (CD): CD spectra were recorded on a JASCO J-715
spectropolarimeter. The instrument was calibrated with D(+)-10-camphor
sulfonic acid. The path length used was 1 mm. The data were acquired in
the wavelength scan mode, with a 1 nm band width and a step size of
0.2 nm. Spectra were acquired at 300 K with peptide concentrations of
0.1 mgmL~". Typically, 8 scans were acquired from 260-195 nm by using a
scan speed of 50 nmmin~!. The resulting data were baseline-corrected and
smoothed.
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Abstract: The preparation and structur-
al characterization of scandium and f-
element complexes derived from the
disiloxanediolate dianion, [(Ph,SiO),0*-,
are reported. Reactions of in situ pre-
pared Ln[N(SiMes),]; (Ln=Eu, Sm,

LiBrLi(thf)(Et,0)}},] (4). Treatment of
3 with Ph,Si(OH), in the presence of
acetonitrile yielded the dilithium trisil-
oxanediolate derivative [{Ph,Si(OSiPh,-
0),}{Li(MeCN)},], (5), which according
to an X-ray analysis displays an Li,O,
heterocubane structure. The trinuclear

Me; = i’-pentamethylcyclopentadienyl)
with (Ph,SiOH),0 in a 3:2 molar ratio.
Selective formation of the colorless
uranium(vi) derivative [U{Ph,Si(OSi-
Ph,0),},{(Ph,Si0),0}] (7) was observed
when uranocene, U(73-CgHy),, was al-

Gd) with (Ph,SiOH),0 in different stoi-
chiometries afforded the lanthanide di-
siloxanediolates  [Eu{[(Ph,SiO),O]Li-
(ELO)] (1), [{{(Ph,Si0),0}Li(dme)),-
SmCl(dme)] (2), and [{{(Ph,SiO),O}Li-
(thf),},GdN(SiMe;),] (3). In situ formed
(Ph,SiOLi),0 reacted with anhydrous
NdBr; (molar ratio 3:1) to give poly-
meric [{Nd{(Ph;SiO),0}{u-Li(thf)},{u,-

reaction of

scandium -
uranium

Introduction

The chemistry of metallasiloxanes derived from silanediols,
disiloxanediols, and related Si—OH species is an area of
vigorus research activities!'! because such compounds are
valuable precursors for metal oxides and silicates? 3 as well as
models for silica-supported heterogeneous catalysts.[ 451 A
particularly useful ligand is the readily available tetraphenyl-
disiloxanediolate dianion, [(Ph,SiO),0]*>-, which gives rise to
a variety of unusual and unexpected structures especially
when combined with alkali metals®) and early transition
metals.”> 7 The starting material tetraphenyldisiloxanediol,
Ph,Si(OH)OSiPh,(OH), is readily accessible from cheap
starting materials.®! Hydrolysis of Ph,SiCl, in the presence
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scandium complex
(acac),},Sc(acac)] (6) was obtained by
[(CsMes)Sc(acac),]  (Cs-

[{{(Ph,Si0),0}Sc-

Keywords: disiloxanediolates
silicon -

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

lowed to react with (Ph,SiOH),0. An
X-ray diffraction study of the solvated
derivative [U{Ph,Si(OSiPh,0),},{(Ph,-
Si0),0}]-Et,0-TMEDA (TMEDA =
N,N,N',N'-tetramethyl-ethylenediamine)
(7a) revealed the presence of both the
original [(Ph,SiO),O* dianion as well as
the ring-enlarged [Ph,Si(OSiPh,0),]*"
ligand in the same molecule.

lanthanides -

of ammoniumcarbonate afforded tetraphenyldisiloxanediol in
yields up to 51 %. Minor by-products in this synthesis are
diphenylsilanediol, Ph,Si(OH), (6 % ) and hexaphenyltrisilox-
anediol, Ph,Si(OH)OSiPh,0SiPh,(OH) (18 % ). The dilithium
derivative of tetraphenyldisiloxanediol, Ph,Si(OLi)OSi-
Ph,(OLi), can be prepared and isolated in the presence of
various Lewis bases such as THF, pyridine, or 1,4-dioxane.
Interesting supramolecular structures have been found in the
crystalline  adducts  Ph,Si(OLi)OSiPh,(OLi)-2py® and
Ph,Si(OLi)OSiPh,(OLi) - 3 dioxane.' In the former, dimeric
self-assembly leads to the formation of a ladder-structure
comprising three four-membered Li,O, rings, while the latter
is polymeric in the solid state. Such well-defined Lewis base
adducts of Ph,Si(OLi)OSiPh,(OLi) can be used as precursors
for the preparation of transition metal derivatives of tetra-
phenyldisiloxanediol. However, a more convenient prepara-
tive route involves in situ formation of Ph,Si(OLi)OSiPh,-
(OLi) by treatment of tetraphenyldisiloxanediol with two
equivalents of n-butyllithium in THF followed by reaction
with the appropriate main group or transition metal halides.
Various metallasiloxanes containing six-membered MSi,O;
rings M =Ti, Zr, Hf, V, Cr, Mn, Co, Cu, Mg, B, Sn) have
been synthesized using this method. In these complexes the
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disiloxanediolate ligand can either be chelating,''-*3l bridg-
ing,'42! or chelate-bridging,*> %! with the latter two coordi-
nation modes being generally preferred over simple chelation.
The coordination chemistry of silanediolate, [R,SiO,]*~, and
a,w-siloxanediolate, [(Ph,SiO),0]*", ligands has been sum-
marized in a most recent review article by Sullivan et al.?¥
Apparently the [(Ph,SiO),0O]>~ ligand has not yet been
employed in f-element chemistry.™ To our knowledge,
(u-OSiMe,0SiMe,0)[(CsMes),Sm(thf)], is the only closely
related rare earth siloxane derivative reported in the liter-
ature. This compound was first obtained from a reaction of the
highly reactive organosamarium hydride [(CsMes),Sm(u-H)],
with dimethylsilicone joint grease. A more straightfor-
ward preparation involves treatment of [(CsMes),Sm(u-H)],
with hexamethylcyclotrisiloxane in THF solution.?! Some-
what related are a series of highly interesting lanthanide
complexes containing cyclo(poly)siloxanolate ligands which
were reported by Zhdanov et al.?’l We describe here the
synthesis of novel lanthanide complexes derived from
[(Ph,Si0),0]*>~ as well as the first scandium and uranium
derivatives.

Results and Discussion

Our initial investigations in this field were focussed on the
preparation of lanthanide complexes containing the tetraphe-
nyldisiloxanediolate ligand. It was soon discovered that a
“silylamide route”?%] was the method of choice for preparing
such species. This synthetic method involves the reaction of
lanthanide bis(trimethylsilylamides) with acidic substrate

Abstract in German: Es wird iiber die Darstellung und
strukturelle Charakterisierung von Scandium- und f-Element-
Komplexen des [(Ph,SiO),0[*~-Dianions berichtet. Reaktio-
nen von in situ hergestelltem Ln[N(SiMe;),]; (Ln= Eu, Sm,
Gd) mit (Ph,SiOH),0 in unterschiedlichen Stochiometrien
liefern die Lanthanoiddisiloxandiolate Euf{(Ph,SiO),0}Li-
(Et,0)]; (1), [{(Ph,SiO),0}Li(dme)],SmCl(dme) (2), und
[{(Ph,Si0),0} Li(thf),[,GdAN(SiMe;), (3). In situ gebildetes
(Ph,SiOLi),0 reagiert mit wasserfreiem NdBr; (Molverhdltnis
3:1) zum polymeren {u-LiBrLi(thf)(Et,O)}[Nd{(Ph,SiO),-
OJ}s{Li(thf)}.], (4). Die Umsetzung von 3 mit Ph,Si(OH), in
Gegenwart von Acetonitril fiithrt zum Dilithiumtrisiloxandio-
lat-Derivat [{Ph,Si(OSiPh,0),}{Li(MeCN)},], (5), welches nach
der Rontgenstrukturanalyse eine Li,O ,Heterokubanstruktur
besitzt. Der dreikernige Scandiumkomplex [{(Ph,SiO),0}-
Sc(acac),],Sc(acac) (6) ist durch Reaktion von [(CsMes)Sc-
(acac),] (CsMes=1p-Pentamethylcyclopentadienyl) mit (Ph,-
SiOH),0 im Molverhiltnis 3:2 zugdnglich. Bei der Reaktion
von U(ns-CsHg), mit (Ph,SiOH),0 erfolgt selektiv die Bil-
dung des farblosen Uran(vy)-Derivats [U{Ph,Si(OSiPh,0),},-
{(Ph,Si0),0}] (7). Eine Rontgenstrukturanalyse des Solvats
[U{Ph,Si(OSiPh,0),},{(Ph,Si0),0}] - Et,O - TMEDA

(TMEDA = N,N,N',N'-Tetramethyl-ethylenediamin) (7 a) zeigt
das Vorliegen sowohl des urspriinglichen [(Ph,SiO),0]*~-
Dianions als auch des ringerweiterten [Ph,Si(OSiPh,0),]* -
Liganden im selben Molekiil.

Chem. Eur. J. 2001, 7, No. 4
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molecules such as alcohols, phenols, thiols, phosphines, cyclo-
pentadienes, or alkynes in a general Scheme (1).2%?] The
silylamide route offers several preparative advantages over
classical salt metathesis routes: The reactions can be carried
out in non-coordinating solvents at ambient temperature and
the volatile by-product HN(SiMe;), is easily removed togeth-
er with the solvent. Most important, however, is the fact that it
is a salt-free route which allows the preparation of base-free
products without retention of, for example, alkali metal halide
by-products. The latter would lead to the formation of ate
complexes, a phenomenon which is quite common in organo-
lanthanide chemistry.[?]

Ln-N(SiMes); + HL —— LnL + HN(SiMes),
L =0R, SR, PR;, Cp, C=CR etc.

Scheme 1. The silylamide route in organolanthanide chemistry.

According to Bradley et al. the silylamide precursors
[Ln{N(SiMe;),}5{LiCl(thf);};] (Ln=Eu, Gd, Sm) are readily
accessible by treating anhydrous lanthanide trichlorides with
three equivalents of LiN(SiMe;), in THEF Salt-free com-
plexes of the type Ln[N(SiMe;),]; can be obtained by
sublimation of the crude products. For our purposes, however,
these silylamides were prepared in situ and subsequently
treated with Ph,Si(OH)OSiPh,(OH) in different stoichiome-
tries according to Scheme 2.

Phy | O,
Lr{N(SiMes)a}s{LiC I(thf)}s] Si— Q== Li
+ DME o Si—OQSm_.T--O/P
. o
» Phsi—Osiph, tn=Sm o S=0L_ I

OH OH n=2 Si_O//LI\

Phy _g O-

E%0 Ln=Eu -t

= o
n=3 Ln= GanHF 3,71%
n=2
p Ph, (thf)

EtzO\Li h?/erS_P P 2 SiMes
th_ /\O / iPhy fo) /Si—OQGd_N..-"
/S'_Ov.,' | ..-'0\ o s ”~7 “NSiMes

o} yEu Li-OEt, e o>l
PhoSi-07 Ng Phy (th),
I~ .
L0 Y, Sffe 2, 74%
PR~
1,41%

Scheme 2. Synthesis of the lanthanide disiloxanediolates 1-3 (in the
formulas of 2 and 3 four phenyl substituents are omitted for clarity).

It was found that in all cases novel heterobimetallic
lanthanide complexes are formed which formally contain
lithium disiloxanediolate ligands acting as mono-anionic
ligands. Thus it is important to employ the silylamide
precursors prepared in situ which still contain a large amount
of lithium chloride. This is in marked contrast to all previous
cases in which the silylamide route was employed to prepare
salt-free lanthanide complexes.”) In our hands, control
experiments using sublimed Ln[N(SiMe,),]; precursors thus
far did not produce any characterizable lanthanide disilox-
anediolates. Another interesting result of the present study is
the finding that the nature of the products strongly depends
on both the stoichiometry of the precursors and the size of the
Ln** ion. The three complexes 1-3 have been isolated in the
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form of colorless crystalline solids which are moderately
moisture-sensitive and dissolve freely in various organic
solvent including diethyl ether, THF, DME, or toluene. They
were fully characterized by elemental analyses, spectroscopic
data, and X-ray-crystallography. In the case of trivalent
europium as central ion a homoleptic complex was obtained.
The X-ray structural analysis of 1 (Figure 1) revealed the

Figure 1. X-ray structure of 1in the crystal. Selected interatomic distances
[pm] and bond angles [°]: Eu—O1 234.9(2), Eu—0O3 229.3(2), Eu—04
233.0(2), Eu—06 234.1(2), Eu—07 255.3(2), Eu—09 219.3(2), Li1-06
186.8(5), Lil—0O7 193.8(5), Li2—O1 186.5(5), Li2—07 192.0(5), Li3—O3
186.5(6), Li3—04 184.8(6), O1-Eu-O3 83.2(1), O4-Eu-06 82.1(1), O7-Eu-
09 81.2(1), 06-Li1-O7 101.1(2), O1-Li2-O7 98.7(2), O3-Li3-O4 97.1(3).

presence of a heterobimetallic metallasiloxane, in which the
Eu** ion is surrounded by three mono-anionic chelating
(Et,O)Li[(Ph,SiO),0] units. Thus, the molecule comprises
three inorganic EuSi,O; heterocyclic ring systems. The lithium
ions are only tricoordinate with one diethyl ether ligand
completing the coordination sphere around each Li. The
molecular structure of this EuLi; heteronuclear species bears
some close structural resemblance to Shibasaki’s well-known
and widely used heterobimetallic binaphthol complexes of the
type M;[Ln(H,O)(binol);] B or the related THF adducts
Li;[Ln(R-binol);]-6 THF as reported by Aspinall et al.
(Scheme 3). B2 However, differences in the connectivity
between lithium and the siloxanediolate oxygen atoms make
the overall molecular structure of 1 less symmetrical than the

(Y4
AW,

(thf)zlii—o‘ :__Q\Li(thf)z

Scheme 3. Schematic representation of the heterobimetallic binaphthol
reagents Li;[Ln(R-binol);]:6 THF (M =alkali metall; Ln=lanthanide,
R-H,binol = R-binaphthol).*
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binaphthol complexes. Four oxygen atoms are coordinated to
one Li (tricoordination around O) while one oxygen is
engaged in two Li—O bonds (tetracoordination around O).
The remaining oxygen is not bonded to lithium at all and is
thus dicoordinate. This situation is reflected in the different
Li—O distances which are 232.8(3) pm (av) for the tricoordi-
nate oxygens and 255.3(2) pm in the case of the tetracoordi-
nate oxygen atom O7. The shortest Li—O distance is found for
the dicoordinate oxygen atom O9 with 219.3(2) pm.

Even more remarkable are the molecular structures of the
gadolinium and samarium derivatives 2 and 3. According to
the X-ray analyses, both compounds are disubstituted lantha-
nide metallasiloxanes containing two lithium disiloxanedio-
late units while retaining one functional ligand [Cl or
N(SiMe;),, respectively] (Figures 2 and 3). The Sm—Cl

Figure 2. X-ray structure 2. Only the ipso-carbon atoms of the phenyl
substituents are shown. Selected interatomic distances [pm] and bond
angles [°]: Sm—Cl 271.7(1), Sm—O1 232.2(2), Sm—03 231.9(2), Sm—04
231.3(3), Sm—06 235.1(2), Sm—0O7 266.5(3), Sm—O8 261.8(3), O1-Sm-O4
76.2(1), O1-Sm-03 85.2(1), O3-Sm-06 72.1(1), O4-Sm-06 83.6(1), O7-Sm-
08 63.3(1), Sm-O1-Li2 94.4(2), Sm-O4-Li2 93.8(2), O1-Li2-O4 94.8(3),
080-Li-O81 81.0(3), Sm-O3-Lil 91.9(2), Sm-O6-Lil 91.2(2), O3-Li1l-O6
92.0(3), O90-Li-O91 82.4(3).

distance in 2 is 271.1(1) pm while the Sm—O(Si) distances are
in the range of 231.3(3)-335.1(2) pm. Average Sm—Cl
distances in structurally characterized bis(cyclopentadienyl)-
samarium chlorides are 276.9 pm in [{(tBuCsH,),Sm(u-
C1},]P¥ and 273.7 pm in [(CsMes),SmCI(thf)].B* The Sm—O
bond lengths to the coordinated dimethoxyethane ligand are
262.8(3) and 266.5(3) pm, respectively.

For 3, a Gd—N distance of 234.1(3) pm has been deter-
mined, while the average Gd—O bond length is 237.2(3) pm.
For structurally characterized gadolinium oxo-alkoxides
Gd—O distances ranging from 208(2) to 267.4(8) pm have
been reported in the literature, the order of variation
being Gd—OR < < Gd—u,;-O < < Gd—u-OR << Gd—u3-OR < <
Gd—O(Et,0).5> 3

The value found for 2 can be favorably compared with the
Gd—u;-OrBu  distance of 235(1) pm reported for Na,-
[(BBuOGd),(us-OrBu)g(us-0)] . The remaining functional
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Figure 3. X-ray structure 3. Only the ipso-carbon atoms of the phenyl
substituents are shown. Selected interatomic distances [pm] and bond
angles [°]: Gd—O1 226.5(2), Gd—0O3 228.7(2), Gd—N 234.1(3), N—Si3
170.8(2), Li—0O1 199.4(5), Li—03 196.7(5), Li—04 196.0(6), Li—O5 2.011(6),
01-Gd-03 77.9(1), Gd-O1-Li 93.8(2), Gd-O3-Li 93.8(2), O1-Li-O3 92.5(2),
04-Li-05 99.5(2).

ligands in the new disiloxanediolate complexes 2 and 3 should
make these compounds suitable candidates for carrying out
derivative chemistry. The most striking structural feature of
the species, however, is their similarity with certain lanthanide
metallocenes such as [(CsMes),LnN(SiMe;),] (cf.2) or
[(CsMe;),LnCl(thf)] (cf. 3).) Such organolanthanide com-
plexes are important as catalyst precursors or highly active
catalysts in a variety of organic transformations.’”) It can be
anticipated that the lithium disiloxanediolate units in the
“inorganic metallocenes” 2 and 3 are quite robust “spectator”
ligands as they involve only lanthanide — oxygen coordination.
Thus there might be a chance of using these materials to
prepare organolanthanide catalysts which are less sensitive to
air and moisture than the catalytically active lanthanide
metallocenes. In the literature there is only one previous
report on Li-containing anionic ligands formally replacing the
CsMe;s ligands in lanthanide metallocenes, that is the
[Li(DAD)]~ units (DAD =BuNCH=CHN:Bu?>").’¥ There

are interesting structural paral-

rBu\N (Ot lels between the “inorganic
Q\/\;‘k . metal?ocen.es” reported here
L and diazadiene complexes such
<l as [{(dad)Li(OEt,)},LnCl]
N -~ .
&l \\Li(oaz) (Ln=Y, Lu) as shown in

Scheme 4. The latter were pre-
pared by treating anhydrous
lanthanide trichlorides with
two equivalents of the DAD
dianions. They also comprise
two Li-containing anionic chelate ligands while retaining a
reactive chloro function.

While the reactions of tetraphenyldisiloxanediol with the
lanthanide silylamide reagents as described above proceed in
a clear and straightforward manner, a completely different
picture is observed when anhydrous lanthanide trihalides are
treated with Ph,Si(OLi)OSiPh,(OLi). Some products result-
ing from these reactions still remain to be fully characterized,

Scheme 4. Disubstituted lan-
thanide complexes containing
[(DAD)Li(OEt,)]~ ligands
(Ln=Y, Lu).
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but it appears that they are all different from those shown in
Scheme 2. An interesting example in which retention of
lithium halide leads to a self-assembled polymeric structure is
the product obtained from the reaction of anhydrous NdBr;
with three equivalents of Ph,Si(OLi)OSiPh,(OLi) in THF
solution according to Scheme 5. Extraction of the crude
product with diethyl ether afforded the heterobimetallic
neodymium disiloxanediolate 4 as a blue crystalline solid.

! _q pn
- /0\ Et,0
thf Ph lthf s,i’Ph 2

\ | L~
Ph Ph 1 ' _f--Br—"
Ph " 1. THF Pl H—R L o
Si—OLi Si=—-Oy¢ [ S T t
2. Et,O 0/ ", o Li
! N /
30 + NdBr; ————» |0 d—Qq
Ngi—o - LiBr /S\i——'(\/ N ph
ey L /0\ i “Ph
/T o
b Bt Pt “ph
— .
4

Scheme 5. Preparation of the polymeric neodymium disiloxanediolate 4.

According to the X-ray analysis, the neodymium complex 4
contains a central core which is closely related but not
identical with to that of the monomeric europium derivative 1
(Figure 4). Three formally mono-anionic lithium disiloxane-

Figure 4. X-ray structure 4. Selected interatomic distances [pm] and bond
angles [°]: Nd—O1 242.1(3), Nd—O3 232.3(3), Nd—04 231.6(3), Nd—06
246.7(3), Nd—O7 237.1(3), Nd—09 233.9(3), Lil-Brl 247.9(13), Li1—O12
193.7(15), Li1—013 194.5(16), Li2—Br1 277.8(9), Li2—06 201.5(9), Li2—O9
194.0(9), Li2—011 192.2(10), Li3—Br1 241.8(9), Li3—03 186.2(19), Li3—06
197.1(9), Li4—0O1 191.2(9), Li4—0O7 195.5(9), Li4—010 189.8(10), Li5—Br2
237(2), Li5—04 202.5(19), Li5—0O7 212(2), O1-Nd-O3 80.9(1), O4-Nd-O6
86.2(1), O7-Nd-0O9 87.7(1).

diolate ligands are coordinated to Nd and the coordination
sphere of two lithium ions is completed by an additional THF
ligand. In contrast to the molecular structure of 1 there are
four three-coordinated disiloxanediolate oxygen atoms while
two are four-coordinate. The Nd—O distances fall in the range
between 231.4(3)-242.1(3) pm for the tricoordinate oxygen
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atoms. In the case of the tetracoordinate oxygens the Nd—O
distances are 246.7(3) pm for O6 and 237.1(3) for O7. A fairly
large number of structurally characterized neodymium(in)
alkoxides P! and aryloxides*! has been reported in the
literature. Nd—O distances comparable to those in 4 are
236(4) pm  (Nd—u-OR) and 245(5) (Nd—u;-OR) in
[Ndg(OiPr),;]JCIP%1 as well as 238.9(4) and 235.9(4) in
[Nd,(OCHBu,)s(MeCN)]*°1. In 4 a polymeric superstructure
results from retention of lithium bromide, which connects
these monomeric units to give a linear chain polymer (Fig-
ure 5). Clearly more structural investigations are needed to

Figure 5. Polymeric structure of 4.

lization from acetonitrile. Spectroscopic data and X-ray
diffraction analysis revealed that the complex is the acetoni-
trile solvate of the dilithium derivative of hexaphenyltrisilox-
anediol, [{Ph,Si(OSiPh,0),{Li(MeCN)},], (5, Scheme 6).

As shown in Figure 6, the product [{{Ph,Si(OSiPh,0),}-
{Li(MeCN)},},] (5) is self-assembled in the solid state in the
form of a heterocubane-type dimer. The molecular structure
consists of a Li,O, heterocubane in which one acetonitrile
ligand is coordinated to each lithium ion. The two hexaphe-
nyltrisiloxanediolate ligands are arranged in a perpendicular
fashion with respect to each other. The reaction leading to 5 is
of interest as a deliberate way
of achieving the ring-enlarge-
ment [(Ph,SiO),0]*>~ — [Ph,Si-
(OSiPh,0),]*~ starting from a
tetraphenyldisiloxanediolate
and a monosilicon building
block. In addition, the dilithium
derivative 5 may well serve as a
useful reagent for the prepara-

Y B o, "
—si  thf \ / O~
corroborate the nature of lan- h c|) SI\O /thf P\h —Si_ P‘kéi/ s‘\‘
. . . - i—
thanide disiloxanediolates re- on Ssi_ o /L /‘Siizs +2Ph,Si(OH), 'B-Si /9 7 /L‘ Ao
. . ~ I
sulting from reactions of anhy- /Gd\ N si—ca (|) A1 o | /

. . . thf—Li — P, MeCN I S
drous lanthanide trihalides with / /0 C{ i, CH, \ A-Li- Tyo 1|>h Ph
the lithium reagent 7. A further tf & §i ™) 0~ 14

. Ph P!~ \ PR &N
structural variety can be ex- [ - Ph A
pected when other alkali metal A = MeCN

derivatives of tetraphenyldisil-
oxanediol are employed.

The remaining functional
groups in the “inorganic metal-
locenes” 1-3 [Cl or N(SiMe,),, respectively] should lead to
some interesting derivative chemistry. The replacement of
these ligands by other reactive groups such as alkyl, alkynyl,
or hydride functions is currently under intense investigation in
our lab. Especially the preparation of related o-alkyl and
hydride derivatives are of interest as they could lead to
potential catalytically active species. As an initial reactivity
study we report here on an attempted ring enlargement
reaction involving the gadolinium derivative 2. The formation
of ring-enlarged products containing the hexaphenyltrisilox-
anediolate ligand [Ph,Si(OSiPh,0),]*>~ is a particularly inter-
esting phenomenon frequently encountered in the chemistry
of metal disiloxanediolates, especially in the case of early
transition metals.®*7 This anion can be coordinated to the
metal either as a simple chelating ligand or in a chelate-
bridging coordination mode, that is, in certain heterobimetal-
lic complexes. For example, Sullivan et al. reported that the
ring-expanded bis-chelate hafnium complex [Ph,Si(OSi-
Ph,0),],Hf(py), was the only product when HfCl, was treated
with three equivalents of Ph,Si(ONa)OSiPh,(ONa) followed
by addition of pyridine.Us In order to achieve a ring-enlarge-
ment reaction with a lanthanide derivative we studied the
reaction of 2 with diphenylsilanediol, Ph,Si(OH),. In fact,
ring-enlargement did occur, but in a rather unexpected way.
Treatment of 2 with two equivalents of Ph,Si(OH), resulted in
the formation of a colorless crystalline solid after recrystal-

852 ——
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Scheme 6. Ring-enlargement reaction leading to compound 5.

Figure 6. X-ray structure 5. Only the ipso-carbon atoms of the phenyl
substituents are shown. Selected interatomic distances [pm] and bond
angles [°]: Li—O2 191.3(3), Sil—O1 162.2(1), Si2—O1 164.2(1), Si2—02
158.8(1), Li-N 203.8(3), N—C19 113.7(2), C19—-C20 145.2(3), O2-Li-N
119.7(2), Li-N-C19 157.7(2), N-C19-C20 179.0(2).

tion of other metal hexaphenyltrisiloxanediolates. This option
is under current investigation in our laboratory.

Another promising reaction pathway involving the “inor-
ganic metallocenes” such as 2 and 3 would be the replacement
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of the lithium ions by other metal centers leading to
interesting novel trinuclear or heterotrinuclear metallasilox-
anes. This preparative concept as exemplified with the
gadolinium derivative 2 is outlined in Scheme 7.

Phy. (thf) Phy.
o ;‘__09\—;“ SiMey +2CIML, O/;L—()Q\eMLn .SiMe;
/ ~Gd—N_ / TGd—N_
o. Si_o/\/u SsiMes g O\Si—oQ SiMe;
S—0" -4THF Si—0-—MLn
Phy (thf); Phs

Scheme 7. Proposed synthesis of heterotrinuclear metallasiloxanes
through lithium/metal exchange reactions, ML,=Mn(CO);, Ir(COD),
Rh(CO),, Ti(CsMes),, Ln(CsHs), etc.

While a metathetical synthesis using suitable metal ex-
change reactions as outlined in Scheme 7 has not yet been
achieved, a trimetallic disiloxanediolate complex has been
prepared in the case of scandium via a rather unexpected
synthetic route. (Pentamethylcyclopentadienyl)scandium-bis-
(acetylacetonate), [(CsMes)Sc(acac),],* was treated with 1
(molar ratio 3:2) in refluxing toluene according to Scheme 8.

Ph,
Si\
0o ph, Qs 56 e
Ph _Si _ —Sc¢ (acac),
Ph\ I /\ e— o~
/Sx —OH toluene o Si ~ , CH,
3 CsMe;Sc(acac), + 2 0\ Ph, O=—28¢ -
Si—OH -3 CMcH . -
7\ Si 07}
Ph pp - Hacac Ph, Sc (acac), CH,
6

Scheme 8. Synthesis of the trinuclear scandium disiloxanediolate complex 6.

Recrystallization of the crude product from diethyl ether
afforded the trinuclear scandium disiloxanediolate [{(Ph,Si-
0),0},Sc;3(acac)s] (6) in 72% yield. Apparently, no related
group 3 metal disiloxanediolate complex has been reported in
the literature. /627

During the course of this reaction the pentamethylcyclo-
pentadienyl ligand in the starting material was completely
replaced upon protonation by tetraphenyldisiloxanediol. An
X-ray structure analysis of 6 (Figure7) confirmed the
presence of a trinuclear scandium complex containing the
tetraphenyldisiloxanediolate ligand in a novel chelate-bridg-
ing coordination mode involving three scandium ions.

Finally, another surprising result was achieved when the
study of metal disiloxanediolates was extended to uranium as
a representative element of the actinide series. Just like the
rare earth elements, actinides were virtually nonexisting in
metallasiloxane chemistry until recently. In this context it is
interesting to note that even the chemistry of simple uranium
trialkylsilanolates is very little developed and no structural
information is available. The few existing reports in the
literature are mainly concerned with uranium(v) and ura-
nium(vi) siloxides such as U(OSiR;)s (R=Me, Et) or
U(OSiR;)¢ (R=Me, Et).[**] It was found that reactions of
UCI, with two or three equivalents of (Ph,SiOH),O were
always accompanied by complete decolorization of the
reaction mixtures, indicating oxidation to uranium(vi) species.

Chem. Eur. J. 2001, 7, No. 4
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Figure 7. X-ray structure of 6. Selected interatomic distances [pm] and
bond angles [°]: Sc—O(acac) 209.5(2) (av), Sc—O(u-OSi) 213.0(2) (av),
Si—O(u-OSi) 164.9(2) (av), O-Sc-O(acac) 81.3(1) (av), O1-Sc1-06 77.2(1),
Sc1-01-Sc2 104.2(1), Sc1-06-Sc2 102.9(1), O1-Sc2-06 75.7(1), O1-Sc2-O3
90.6(1), O4-Sc2-06 90.2(1), O3-Sc2-04 77.0(1), Sc2-03-Sc3 102.1(1), Sc2-
04-Sc3 102.2(1), O3-Sc3-04 78.6(1).

However, it proved difficult to isolate pure compounds from
these mixtures. Finally this became possible by employing a
salt-free synthetic route starting with the long-known uranium
sandwich complex uranocene, (COT),U (COT = ’-CgHj).[*
Treatment of uranocene with an excess of tetraphenyldisilox-
anediol in toluene solution resulted in clean formation of the
colorless uranium(vi) complex [U{Ph,Si(OSiPh,0),},{(Ph,-
Si0),0}] (7) according to Scheme 9.

Phis. O—S\lth
Ph, 0
pn PR ASisg, § s,
CSi—OH  +(COT),U 0 QO
40 Si/ori o .
.Si—OH Ph, o SiPh,
Ph by MhSi O
0-S§iPh,

Scheme 9. Synthesis of the uranium(vi) complex 7.

This reaction and the nature of the product are quite
remarkable in several ways. First of all, the replacement of
both cyclooctatetraenyl ligands upon treatment with the
disiloxane reagent is an unprecedented reaction pathway for
uranocene. Secondly, clean oxidation to uranium(vi) readily
takes place in the presence of (Ph,SiOH),O and not even
traces of uranium(iv) disiloxanediolate species have been
detected. Finally, an X-ray structure analysis revealed that 7
represents the first example of a mixed-ligand metallasiloxane
containing both the original tetraphenyldisiloxanediolate
dianion and the ring-expanded hexaphenyltrisiloxanediolate
chelating ligand (Figure 8). Thus, the monomeric molecule
contains one six-membered and two eight-membered metal-
lasiloxane ring systems. The mean U—O distance in 7 is
214.0(5) pm.

In summarizing these results it becomes clear that the
chemistry of f-element complexes containing disiloxanedio-
lates is quite diverse and gives rise to a variety of interesting
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Figure 8. X-ray structure of 7a. Hydrogen atoms and solvent molecules
have been omitted for clarity. Only the ipso-carbon atoms of the phenyl
substituents are shown. Selected interatomic distances [pm] and bond
angles [°]: U—01216.3(4), U—03 212.2(4), U—04 213.9(3), U—07 214.5(5),
U—-08 213.1(4), U—011 213.7(5), Si-O-U 1.615(5), O1-U-O3 84.9(1), O4-
U-07 89.8(2), 08-U-0O11 90.9(2).

and novel structures. Especially noteworthy is the finding that,
given the right choice of rare earth metal and metal-to-ligand
ratio, heterobimetallic lanthanide complexes are accessible
which exhibit a structural resemblance to certain catalytically
active lanthanide metallocenes. Future investigations will
show if such “inorganic metallocenes” of the rare earth
elements are valuable precursors to new types of organo-
lanthanide catalysts. This work also shows that not all
seemingly simple reactions in this field are easily predictable.
The unexpected high-yield formation of the mixed-ligand
uranium(vi) derivative 7 is a good example of the surprises
which this area of metallasiloxane chemistry offers.

Experimental Section

General methods: All reactions were carried out in an atmosphere of dry
nitrogen either in a dry box (M. Braun, Labmaster 130 and MB 150B-G) or
with the use of standard Schlenk techniques. Solvents were dried over Na/
benzophenone and freshly distilled under nitrogen prior to use. IR spectra
were recorded on a Perkin — Elmer FTIR Spectrometer System 2000. NMR
spectra were recorded on a Bruker DPX FT-NMR spectrometer ('H
400 MHz, 3C 101 MHz, Si 79.5 MHz). Chemical shifts are reported in
ppm and referenced to residual solvent resonances (‘H, 1*C) or an external
standard (¥Si, TMS 6 =0). Elemental analyses were performed at the
Chemistry Department of the Otto-von-Guericke-Universitit using a Leco
CHNS 932 apparatus. Melting and decomposition points were measured on
a Electrothermal IA 9100 apparatus. The following starting materials were
prepared according to literature procedures: Anhydrous LnCl; (Ln=Eu,
Sm, Gd),* NdBr;,®! LiN(SiMe;),,*! (Ph,SiOH),0,8! Ph,Si(OH),,"
[(CsMes)Sc(acac),] *! and (COT),U. 1!

[Eu{{(Ph,Si0),0}Li(Et,0)};] (1): At room temperature, LiN(SiMe;),
(2.50 g, 15 mmol) was added as a solid to a suspension of anhydrous EuCl,
(1.30 g, 5 mmol) in diethyl ether (200 mL) and the mixture was stirred for
24 h. During this time the solution turned bright orange, indicating the
formation of Eu[N(SiMe;),];. Addition of solid (Ph,SiOH),0 (6.22 g,
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15 mmol) resulted in complete decolorization. After stirring for another
24 h the solvent was removed in vacuo and the white residue was washed
with hexane (20 mL). The crude product was placed on a filter frit and
continuously extracted with diethyl ether (80 mL). Cooling of the extract to
—20°C afforded 1 as colorless crystals (3.35 g,41 % ). M.p. 116°C (dec.); IR
(Nujol): #=3134w, 3087w, 3067m, 3047m, 3020m, 3006(sh)m, 2999m,
2976m, 2965(sh)m, 2930m, 2904(sh)m, 2878(sh)m, 2856m, 1962w, 1891w,
1832w, 1734w, 1655w, 1611w, 1590m, 1566w, 1546w, 1484w, 1448w, 1428s,
1389w, 1306m, 1261m, 1244(sh)m, 1183m, 1153m, 1120vs, 1095s, 1065s,
1038vs, 1022vs, 991vs, 963vs, 917s, 800m, 742s, 713vs, 701vs, 684m, 670w,
664w, 620w, 558(sh)m, 531vs, 495s, 466m, 452m, 433m, 401s, 377m, 297m,
284m, 245w cm~'; '"H NMR ([Dg]THF, 400 MHz): 6 =8.82 (brs, 24H, o-
Ph), 7.53 (t, 12H, p-Ph), 7.39 (t, 24H, m-Ph), 3.40 (q, 12H, OCH,), 1.13 (t,
18 H, CHj;); elemental analysis calcd (%) for CgHgEuLi;O,,Si (1632.88):
C 61.79, H 5.55; found C 60.32, H 5.89.

[{{(Ph,Si0),0}Li(dme)}],SmCl(dme)] (2): In a similar manner as decribed
for 1, Sm[N(SiMes),]; was prepared in situ from anhydrous SmCl; (1.28 g,
5 mmol) and LiN(SiMe;), (2.50 g, 15 mmol) and treated with (Ph,SiOH),0
(4.15 g, 10 mmol). The final reaction mixture was heated under reflux for
3 h and the extraction was carried out with DME (80 mL) to afford 2 as
colorless crystals (4.60 g, 71 % ). M.p. 135°C (dec.); IR (Nujol): #=3061m,
3050m, 3017w, 3005w, 2998w, 2962m, 2948(sh)m, 2928m, 2883(sh)m, 2853w,
2838(sh)w, 1963w, 1896w, 1831w, 1735w, 1636w, 1607w, 1590w, 1560w,
1541w, 1457w, 1428m, 1367w, 1261m, 1193w, 1172w, 1150(sh)m, 1121vs,
1084s, 1056s, 1033(sh)s, 1028(sh)s, 1019s, 996m, 970s, 859w, 831w, 818w,
802w, 745m, 715m, 701s, 633m, 668m, 526s, 493m, 485m, 388m, 332w, 317m,
302m, 277w, 257w, 243w, 224m, 145m cm~!; 'H NMR ([Dg]THF, 400 MHz):
0 =762 (brs, 16H, o-Ph), 7.17 (t, 8H, p-Ph), 7.09 (t, 16 H, m-Ph), 3.48 (s,
12H, OCH,), 3.31 (s, 18H, OCHj;); elemental analysis caled (%) for
CgH7CIL1,0,S1,Sm (1295.20): C 55.64, H 5.45; found C 55.32, H 6.04.

[{{(Ph,Si0),0}Li(thf),},GdN(SiMe;),] (3): Following the procedure out-
lined for 2, anhydrous GdCl; (1.30g, 4.9 mmol) was treated with
LiN(SiMe3), (2.50 g, 15 mmol) and subsequently treated with (Ph,SiOH),0
(4.15 g, 10 mmol). Extraction with THF yielded 3 as colorless crystals
(520 g, 74%). M.p. 102°C (dec.); IR (Nujol): 7=23134w, 3086w, 3067m,
3047m, 3018(sh)m, 3009(sh)m, 3000m, 2974(sh)m, 2956m, 2932(sh)m,
2891m, 2877(sh)w, 2854w, 1960w, 1892w, 1832w, 1736w, 1655w, 1612w,
1590m, 1567w, 1546w, 1484w, 1459w, 1428s, 1383w, 1306w, 1257m, 1184m,
1156w, 1120vs, 1035vs, 1018vs, 961vs, 935(sh)s, 893m, 840m, 804(sh)w, 743s,
713vs, 701vs, 684s, 668s, 654m, 607w, 579w, 530vs, 510(sh)s, 492s, 466(sh)m,
442s, 406s, 393s, 382(sh)m, 368m, 347m, 318m, 307m, 238w cm~!; no
interpretable 'H NMR data could be obtained due to the presence of the
paramagnetic Gd** ion; elemental analysis caled (%) for C;HyGdLi,.
NO,(Sis (1445.10): C 58.18, H 6.28, N 0.97; found C 56.65, H 6.43, N 0.43.
[{Nd{(Ph,Si0),0};{u-Li(thf)},{u,-LiBrLi(thf) (Et,0)}},] (4): LiN(SiMe;),
(1.61 g, 9.6 mmol) was added as a solid to a solution of (Ph,SiOH),O
(2.0 g, 4.8 mmol) in THF (50 mL) and the mixture was stirred for 1 h at
20°C. Solid NdBr3; (0.62 g, 1.6 mmol) was added, and stirring was continued
for 12 h. After evaporation to dryness the residue was washed with pentane
(2 x 10 mL) and redissolved in diethyl ether (ca. 50 mL). The solution was
filtered and concentrated to a total volume of about 25 mL. Upon storage
at 2°C over a period of 14 d pale blue-violet crystals of 6 formed, which
were collected by filtration (1.30 g, 43%). M.p. 105°C (dec); IR (Nujol):
7 =3135w, 3068m, 3047m, 3017(sh)m, 3000m, 2978m, 2881m, 1961w, 1892w,
1831, 1774w, 1618w, 1591m, 1568w, 1486w, 1459w, 1428s, 1376w, 1306w,
1263m, 1186m, 1119vs, 1039vs, 1018vs, 995vs, 954vs, 743s, 714vs, 701vs, 684s,
620m, 534vs, 492vs cm~'; '"H NMR ([Dg]THF, 400 MHz): 6 =7.85-7.00 (m,
Ph), other resonances could not be assigned due to strong broadening as an
effect of the paramagnetic Nd** ion; ¥C NMR ([Dg]THF, 101 MHz): 6 =
138.0-126.0 (Ph), 67.3 (OCH,, THF), 65.8 (OCH,, Et,0), 24.5 (CH,,
THF), 15.2 (CH;, Et,0); elemental analysis calcd (%) for CgsHouBr,Lis-
NdO,;Sis (1866.97): C 56.61, H 5.07; found C 55.97, H 5.11.

[{{Ph,Si(0SiPh,0),}{Li(MeCN)},},] (5): Ph,Si(OH), (0.22 g, 1.0 mmol) was
added in small portions over a period of 30 min to a stirred solution of 3
(0.7 g, 0.5 mmol) in THF (40 mL). After about one-half of silanediol had
been added, a gelatinous white precipitate started to form. THF (10 mL)
and acetonitrile (5 mL) were added to the mixture, which was then allowed
to stand undisturbedly at room temperature. During this time large
colorless crystals grew on the walls of the Schlenk tube, which were isolated
by decanting the supernatant solution together with the gelatinous parts.
The crystals were washed with diethyl ether (20 mL), dried, and scraped off
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Table 1. Summary of crystal structure determination data.

1 2 3 4
formula CgHgEuLi;O,Sig CH7CIL1,0,,51,Sm C;0HgyGdLi,NO,(Sis (CggHgyN5Br,LisNdO,5Si),,
x 0.5 nC,H,,0
M, 1632.88 1295.20 1445.10 1303.99
habitus, color colorless plate colorless prism colorless column blue-violet prism
crystal dim. [mm?] 0.40 x 0.30 x 0.10 0.55 x 0.40 x 0.30 0.80 x 0.30 x 0.25 0.59 x 0.52 x 0.48
crystal system triclinic monoclinic monoclinic monoclinic
space group P1 P2/c C2lc Cc
unit cell constants
a[A] 13.6639(2) 17.349(1) 22.258(1) 14.7655(6)
b [A] 14.5015(2) 17.3002(2) 14.4469(8) 23.9431(3)
c[A] 24.2934(2) 21.2440(3) 23.486(2) 27.275(1)
a[’] 83.541(2) 90 90 90
AN 86.713(2) 98.133(1) 106.427(6) 97.803(3)
v [°] 61.980(2) 90 90 90
v [A% 42223 63123 7244.0 9553.4
V4 2 4 4 4
Pearea [gem ™3] 1.284 1.363 1.325 1.324
u [mm~1] 0.89 1.11 1.07 1.51
F(000) 1692 2668 3004 3904
T[°C] —100 —100 —100 =175
20 ax 56.6 52.9 50 56.6
number of reflexes
measured 51321 36094 13420 31437
independent 20536 12814 6377 21040
Ry 0.039 0.040 0.035 0.020
refined parameters 961 727 407 1032
wR(F?, all data) 0.094 0.145 0.073 0.112
R(F>40(F)) 0.039 0.056 0.030 0.046
S 1.07 1.12 0.98 1.10
max. Alo —0.003 —0.001 —0.001 —0.003
max. Ap [A-3] 1.48 2.77 0.64 1.18
5 6 7
formula CgH7,Li,N,OgSis C;3H750,45¢;S1, CosHgyO1,SigU
x CgH;0 x CgH N,
M, 1413.72 1455.57 2062.68

habitus, color
crystal dim. [mm?]

colorless prism
0.50 x 0.40 x 0.25

colorless prism
0.38 x0.32 x 0.16

crystal system tetragonal monoclinic
space group 14//a P2\/n

unit cell constants

a[A] 21.9947(3) 14.7916(4)
b [A] 21.9947(3) 21.3585(5)
c[A] 15.6767(2) 23.5117(5)
a ] 90 90

AN 90 95.311(1)
v [°] 90 90

V [A%] 7583.9 7396.1

V4 4 4

Pearea [gem ™3] 1.238 1.307

u [mm™1] 0.17 0.40
F(000) 2960 3040

T [°C] —120 —130
26,2 56.6 56.4
number of reflexes

measured 30932 48659
independent 4700 18019

R 0.062 0.074
refined parameters 232 875

wR (F?, all data) 0.103 0.122

R (F>40(F)) 0.044 0.062

S 1.05 1.03

max. Alo —0.001 —0.001
max. Ap [A-3] 0.335 0.522

colorless prism
0.46 x 0.38 x 0.23
monoclinic

Cc

25.0349(5)
14.6569(2)
29.4351(5)
90
109.869(1)
90

10158

4

1.349

175

4224
—100

56.6

34298
16973
0.023
1118
0.060
0.026
1.07
—0.001
0.762
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the glass walls to give colorless 5 (0.42 g, 59%). M.p. 185°C (dec.); IR
(Nujol): 7=3129w, 3067m, 3047m, 3025m, 2927s, 2855m, 2263m, 1965w,
1893w, 1827w, 1590m, 1568w, 1460w, 1427s, 1380w, 1264m, 1188m, 1119vs,
1037vs, 1015vs, 994vs, 898m, 855m, 742s, 722vs, 698vs, 678m, 619w, 530vs,
4875, 457m cm™'; 'H NMR ([D]THF, 400 MHz): 6 =7.5-7.0 (m, 60H, Ph),
1.81 (s, 12H, CH,CN); "C NMR ([Dy|THF, 101 MHz): 6 =1372-1283
(Ph), 118.3 (CN), 1.7 (CHj;); elemental analysis calcd (%) for CgH,,Li,.
N,O4Siy (1413.72): C 67.96, H 5.13, N 3.96; found C 67.78, H 5.03, N 4.15.

[{{(Ph,Si0),0}Sc(acac),},Sc(acac)] (6): Toluene (40 mL) was added to
(CsMes)Sc(acac), (1.20 g, 2.64 mmol) and (Ph,SiOH),0 (0.75 g, 1.80 mmol)
and the mixture was stirred at reflux temperature for 24 h. All volatiles
were removed in vacuo, the white residue was washed with pentane
(20 mL) and recrystallized from toluene to afford 6 (0.91¢g, 71%) as
colorless crystals. M.p. 226 °C (dec); IR (Nujol): ¥ = 3130w, 3082w, 3069m,
3046m, 3021m, 3004(sh)m, 2994m, 2970m, 2965(sh)m, 2930m, 2921m,
1961w, 1891w, 1833w, 1732w, 1657w, 1613w, 1594m, 1567w, 1546w, 1525w,
1484w, 1447w, 1427s, 1386w, 1307m, 1265m, 1243m, 1183m, 1152m, 1119vs,
1095s, 1064s, 1039vs, 1022vs, 990vs, 963vs, 917s, 800m, 743s, 714vs, 702vs,
684m, 670w, 663w, 621w, 558(sh)m, 530vs, 496s, 466m, 452m, 433m, 402s,
375m, 297m cm~'; '"H NMR ([Dg]THF, 400 MHz): 6 =7.90-7.00 (m, 40H,
Ph), 4.91 (s, 5H, CH;-CO-CH-CO-CHs;), 1.87 (s, 30H, CH;-CO-CH-CO-
CH;); ®C NMR ([Dg|THF, 101 MHz): 6 =191.91, 191.73 (CH;-CO-CH-
CO-CH;), 139.18-126.85 (Ph), 105.59, 103.10 (CH;-CO-CH-CO-CHs),
26.56, 26.15 (CH;-CO-CH-CO-CHj;); elemental analysis caled (%) for
C3H750,4S¢;8i, (1455.58); C 60.24, H 5.19; found C 60.24, H 5.31.

[U{Ph,Si(0SiPh,0),},{(Ph,Si0),0}] (7) and [U{Ph,Si(0SiPh,0),},{(Ph,-
Si0),0}]:-Et,0-TMEDA (7a): Uranocene (0.45g, 1.0mmol) and
(Ph,SiOH),0 (2.0 g, 5.0 mmol) were dissolved in toluene (25 mL) and
the mixture was stirred for 12 h at 110°C, resulting in a color change from
deep green to nearly colorless. The solvent was removed in vacuo and the
residue was washed with hexane (3 x 10mL). The crude product was
redissolved in toluene (about 20 mL). Cooling of the solution to 0°C for 7 d
afforded colorless microcrystalline 7 (1.40 g, 75%). M.p. 236°C (dec.);
elemental analysis calcd (%) for CygHgO4;SigU (1872.42): C 61.52, H 4.29;
found C 60.73, H 4.43. Subsequent recrystallization from diethyl ether/
TMEDA 9:1 gave well-formed colorless crystals of the composition
[U{Ph,Si(OSiPh,0),},{(Ph,Si0),0}] - Et,0O - TMEDA (7a). IR (Nujol):
7=3131w, 3076(sh)w, 3069m, 3049m, 3023m, 3002m, 2924s, 2853m,
1964w, 1892w, 1827w, 1591m, 1568w, 1486w, 1462w, 1429s, 1377w, 1307w,
1263m, 1188m, 1119vs, 1037vs, 1015vs, 994vs, 925(sh)s, 898m, 850(sh)m,
742s, 722vs, 698vs, 678m, 619w, 527vs, 487s, 457(sh)m cm~'; 'H NMR
([Dg]THEF, 400 MHz): 6 =8.2-6.4 (brm, 80H, Ph), 3.37 (q, 4H, CH,—O,
Et,0),2.20 (s,4H, CH,~N, TMEDA), 2.02 (s, 12H, CH;—N, TMEDA), 1.11
(t, 6H, CHj;, Et,0); *C NMR ([Dg]THF, 101 MHz): 6 =142-125 (Ph),
66.22 (CH,—0O), 54.36 (CH,~N), 44.00 (CH;—N), 15.59 (CH;); elemental
analysis calcd (% ) for C,osH;4sN,O1,SisU (2062.68): C 61.74, H 5.18, N 1.36;
found C 60.65, H 4.72, N 1.58.

X-ray data collection and structure refinement: The measurements on 1, 2,
4, 5, 6, and 7 were performed on a Siemens SMART CCD system with
Moy, radiation (A =0.71073 A) and graphite monochromator. The data on
3 were collected on a SiemensP4 diffractometer (Mo, radiation; 1=
0.71073 A). Selected crystals of 1—7 were coated with mineral oil, mounted
on a glass fiber and transferred to the cold nitrogen stream (Siemens LT-2
attachment for both devices). In case of the CCD data collections full
hemispheres of the reciprocal space were scanned by w in three sets of
frames of 0.3°. For 1, 2, 4, 5, 6, and 7 as an absorption correction the
SADABS routine was applied. For 3 psi-scans were collected and a
semiempirical absorption correction was applied. The crystal structures
were solved by direct methods (1, 2, 4, 5, 6, and 7) or by the heavy atom
method (3). For structure solution and refinement of 1, 2, 3, 5, and 7 the
programs SHELXS86 and SHELXL93; for 4 and 6 the programs
SHELXS97 and SHELXL 9755% 51 were used. For 4 and 7, the absolute
structures could not be determined reliably (4: x=0.243(7); 7: x=
0.580(3)).

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-141064 (4),
-141065 (5), -141066 (6), and refcodes QACZAV (1), QACZEZ (2),
QACZID (3), QACZOJ (7). 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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Abstract: Kinetic studies of thrombin
inhibition by antithrombin in the pres-
ence of heparin have shown that throm-
bin binds to heparin in a preformed

heparin mimetics, which structurally are
very similar to the genuine polysacchar-
ide. Their inhibitory properties with
respect to factor Xa and thrombin pro-

arin the thrombin binding domain must
be located at the nonreducing end of the
antithrombin binding domain to observe
thrombin inhibition. As expected, fac-

heparin—antithrombin complex. To
study the relative position of the throm-
bin binding domain and the antithrom-
bin binding domain on a heparin mole-
cule we have designed and synthesized

Introduction

Heparin, a complex anionic polysaccharide of animal origin,!
contains an antithrombin binding domain (A-domain) that
mediates binding and activation of the coagulation inhibitor
through an allosteric mechanism.? The activated antithrom-
bin then inhibits irreversibly the procoagulant proteinase
factor Xa. Heparin-activated antithrombin also inhibits
thrombin, another blood coagulation enzyme, which accord-
ing to a template mechanism where thrombin attracted by the
thrombin binding domain (T-domain) of heparin is trapped by
A-domain bound antithrombin. Dissociation of the transient
ternary complex formed with factor Xa or thrombin regener-
ates heparin which, as a whole, acts as a catalyst.?!

While the A-domain of heparin has been well character-
izedP the T-domain is less well defined, and according to
current knowledge a heparin molecule (Figure 1) may be
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vide experimental evidence that in hep-
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tor Xa inhibition is not affected by
elongation of the antithrombin binding
pentasaccharide sequence, regardless of
the position in which this elongation
takes place.

glycosy-

viewed as an A-domain surrounded by two T-domains. When
antithrombin binds to the A-domain, its inhibitory loop points
to a well defined direction, and only one of the two T-domains
is adequately positioned to facilitate thrombin inhibition,
which is the domain we wanted to identify. Following
molecular modeling of the ternary heparin-antithrombin—
thrombin complex, conjugates of an A-domain and a T-do-
main connected by a flexible spacer have been synthesized®
and shown to display thrombin inhibition. However, due to
the flexibility of the spacer used to connect the two domains,
the moderatel”l inhibition observed may merely result from an
increase in local thrombin concentration; although this does
not prove that the T-domain must be placed at the non-
reducing end of the A-domain in heparin. While the present
work had been in progress, an X-ray analysis of an analogue of
the A-domain in a complex with heparin was obtained.®!
Similar to the above modeling studies, this suggests the
elongation of the A-domain at the nonreducing end to obtain
thrombin inhibition.

The aim of the present workl® was thus to prove exper-
imentally the relative position of these two domains by
comparing the inhibitory properties of heparin mimetics with
similar charge density and charge distribution to heparin, and
specific A- and T-domains in the two possible arrangements.

Results and Discussion

General considerations on the structures of the heparin
mimetics: The structure of our synthetic mimetics had to fulfil
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Figure 1. Structure of heparin and synthesized heparin mimetics. A heparin molecule (upper line) contains an antithrombin-binding domain (A-domain)
prolonged at both ends by repeated trisulfated disaccharide sequences that constitute thrombin binding domains (T-domain). Compounds 1a-c¢ and 2 were
designed to probe the structure of the ternary antithrombin-heparin—thrombin complex, which is a prerequisite for efficient thrombin inhibition by
antithrombin. They contain an A-domain which is closely related to the natural compound in heparin and T-domains which does loosely mimick the

corresponding sequences in heparin (see Figure 2).

two conflicting criteria: On the one hand it had to be close
enough to that of genuine heparin to apply the conclusions
from structure —activity relationship studies to heparin itself
(this particularly holds for the presence of the A-domain); on
the other hand it had to be simpler than that of heparin, so
that our mimetics could be obtained in a straightforward
synthetic procedure which would allow a scale-up for further
drug development. These considerations led us to select two
kinds of structural modifications with respect to heparin
structure:

1. Regarding the substituents: We replaced the N-sulfonated
glucosamine units of heparin by O-sulfonated glucose
units, and used O-methyl instead of hydroxyl groups
(Figure 1). We knew from previous work that these
modifications do not affect the highly specific recognition
of heparin by antithrombin;!% this is also in agreement
with the crystallographic data which showed that the
interaction of antithrombin and the A-domain mainly
involves the charged groups from the pentasaccharidic
backbone.!

2. Regarding the ring structure: We used 2,6-di-O-sulfonato-
p-D-glucose instead of 2-O-sulfonato-a-L-iduronic acid in
the T-domain. Considering the elaborate synthesis of these
iduronic acid units as part of the A-domain, and the fact
that the binding of thrombin to heparin is mainly a matter
of electrostatic attraction of the anion binding exo-site 11 of
the protein!'l by the anionic polysaccharide, we thus kept
the same density of charge (number of charges per
saccharide unit) as in heparin, whereas the chemistry was
largely simplified.

Notably in order to ensure an efficient recognition of

antithrombin, we selected a high affinity analogue of the
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antithrombin binding sequence of heparin as the A-domain['?!
(DEFGH, Figure 1) containing uronic acid residues
(units E and G) that are a condition precedent to biological
activity.

Based on the molecular modeling and crystallography data
we assumed that compounds with a T-domain at the non-
reducing end of the A-domain would be active as thrombin
inhibitors, and therefore selected 1a—c as our first targets. We
chose to synthesize three compounds instead of one so we
could assess the influence of size of the T-domain on the
activity. The size of the shortest compound was fixed to 15
saccharidic units because previous data suggested that at least
14 saccharidic units are necessary to observe thrombin
inhibition in the presence of antithrombin.

Molecular modeling of the T-domain: We wanted to obtain a
picture of the distribution in space of the charges on the
T-domain of our mimetics, in comparison with the regular
region of heparin.'!' A heparin model derived from NMR
studies!®! was selected for this comparison. This model was
slightly adjusted to obtain perfect two-fold helix geometries
with torsional angles (@, ¥) at the glycosidic linkage between
2-N-sulfonato-6-O-sulfonato-a-pD-glucosamine and 2-O-sulfo-
nato-a-L-iduronic acid of (108°, —158°) and (90°, —150°) for
the models with iduronic acid adopting the 2S, and 'C, ring
conformation, respectively. For the interglycosidic linkage at
the reducing side of 2-O-sulfonato iduronic acid we found
values of (—60°, —107°) and (—80°, —110°) for the same two
models. This results in helical repeats of p=17.6 A (i.e., the
advance per dimer is 7 =8.8 A) for the 2S, ido containing
model and p=16.8 A (h=8.4 A) for the 'C, ido containing
model.
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The polymer consisting of repeating a- and S-2,6-O-
sulfated glucose units has been built to reproduce the 8.8 A
advance per disaccharide repeat. Conformation at the a-
linkage is characterized by @ =110° and ¥ = — 120° and at the
p-linkage by @ = —77° and ¥= —177°. Both these conforma-
tions belong to the lowest energy regions of the maltose and
cellobiose maps, respectively.'l Tt has been checked previ-
ously that the (@, ¥) energy maps of the di-sulfated glucose
do not differ significantly from the one of maltose and
cellobiose (data not shown) as a result of the flexibility of the
substituents. Furthermore, full optimization of each constitut-
ing sulfated disaccharide with the use of a force-field adequate
for sulfated polysaccharide!™ confirmed that these particular
conformations do correspond to stable energy minima that
do no generate steric hinderance between the pendent
groups.

The helices of both the natural heparin and the synthetic
analogue adopt a flat ribbon shape with waves (Figure 2). The
sulfate groups are located on the external side of this ribbon.
In spite of the sterochemistry of the D-gluco monomer being
different from that of L-ido, the mimetics have a global shape
and localization of negative charges very similar to that of
heparin. This appears to be almost independent from the
shape of the idose since it is observed in models containing
only 'C, or 25, idose ring shapes as well as in model containing
arandom distribution of ring shapes (see Figure 2B, C and D);
though the latter one displays a less perfect flat-ribbon shape.

Strategy for the synthesis of 1a—c: Our strategy (Scheme 1)
relied on the preparation of fully protected precursors 43, 45,
and 46 of the target oligosaccharides, in which benzyl ethers
and acetyl esters protect the positions to be sulfonated; the
carboxylates of the glucuronic and iduronic acids (units E and
G) are masked as benzyl esters. This way deprotection and
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sulfonation give the final compounds in three high-yield steps,
thus avoiding tedious and costly purifications at this late stage
of the synthesis.

Because of the presence of uronic acid derivatives solely in
the A-domain, we decided to prepare the precursors of the A-
and T-domain separately. The two would then be connected in
a highly stereoselective reaction by formation of a -p-gluco
interglycosidic bond using a participating group at position 2
of the glycosyl donor. To avoid possible cleavage of the
molecule through S-elimination during the last but one step of
the synthesis (saponification) it was critical to introduce
benzyl esters for the protection of the uronic acid groups. In
this way the carboxylates are deprocted before the saponifi-
cation step, thus rendering the glycosidic bonds at position 4
of the uronic acids much less prone to cleavage by fj-
elimination.'l To optimize the use of the various building
blocks we first synthesized 43, the precursor of the 15-mer. To
obtain 17-mer or 19-mer the two or four saccharide units were
added to 43. These last additions were thus effected in one
step, saving as much as possible of the precious elaborated
15-mer synthon.

Using the tetrasaccharidic intermediate 33 the synthesis of
the 19-mer 46 requires the formation of fifteen interglycosidic
bonds. Seven of these bonds have a -pD-gluco configuration
and can be elaborated in a stereospecific way using glucosyl
donors bearing a participating ester group at position 2
(position to be sulfonated). The remaining eight bonds are
of the a-D-gluco type, and are obtained using non-participat-
ing benzyl ethers (positions to be sulfonated) or methyl ethers.
These are mostly prepared from reactions that require
chromatographic purification of the mixture of anomers
obtained. For these reasons a-glucosylations were carried
out as early as possible while final assembly of the elaborated
synthons only involved stereospecific 5-couplings.

| ]

Figure 2. Graphical representations of the heparin mimetics described herein A), heparin molecules with iduronic acid units all adopting the 25,
conformation B), the 'C, conformation C), and a random distribution of these two conformations D). For each molecule, three orthogonal views are
displayed. Partial Connoly surfaces are color coded by atom-type. For clarity, hydrogen atoms are not displayed in the stick part of the model.
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Scheme 1. Retrosynthetic analysis. The fully protected 43 is a precursor of 1a. The synthesis of the A-domain is outlined in the upper part of the Scheme

while the lower part shows the T-domain derived from 3-O-methyl-pD-glucose.

Synthesis of the T-domain (Scheme 2): Since all the glucose
units of the T-domain are methylated at position 3, commer-
cially available 3-O-methyl-p-glucose (3) was chosen as the
starting material for synthesis of this part of the molecule.
From 3 we first elaborated the a-linked disaccharidic synthon
15a. To this end, a mixture of the a- and S-allyl glycosides of 3
was first prepared in a Fischer glycosidation reaction using
triflic acid to yield 4.'Y Benzylidenation of this crude mixture
was performed in N,N-dimethylformamide with dimethoxy-
toluene in the presence of p-toluenesulfonic acid as a catalyst.
The predominant (a:f=3:2) a-anomer Sa (H-1: §=4.95,
Ji1,=3.5Hz) could be in part crystallised in methanol while
column chromatography was required to recover the f-
anomer 5b, also crystalline (H-1: 6 =4.54, J;,=7.5 Hz) that
was used for the continuation of the present work. Acetyla-
tion and reductive opening of the benzylidene ring using
triethylsilane in the presence of trifluoroacetic acid and

Chem. Eur. J. 2001, 7, No. 4
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trifluoroacetic anhydridel' in dichloroethane gave 6-O-
benzyl ether 7b (82%); this was shown by a 'H NMR
spectrum through the observed coupling (/ =2.2 Hz) between
H-4 and the hydroxylic proton. The other anomer 7a required
for the synthesis of 2 was obtained similarly. Its structure was
proved by '"H NMR spectroscopy after addition of trichlor-
oacetyl isocyanate to extract the H-4 signal (shifted to 6 =
5.02) from the complex multiplet at 6 =3.62-3.82 (H-3, H-5,
and H-6,6H’).

In a parallel route we prepared the glycosyl donor 14. The
knownl'8l 1,2 4,6-tetra-O-acetyl-3-O-methyl-S-pD-glucopyra-
nose (8) was treated with ethanethiol in the presence of
boron trifluoride to give a mixture of the expected a- (9a;
H-1: 6=5.64, J,,=5.6Hz) and - (9b; H-1: 6=4.39, J;,=
9.5 Hz) thioglycosides in which the 8 anomer largely predo-
minated. Following a series of classical transformations
(deacetylation, benzylidenation, benzylation, opening of the
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Scheme 2. Synthesis of the building blocks required for the construction of the T-domains of 1a—c and 2. a) EtSH, BF; - Et,0, toluene, 90 min, 2 % (9a) and
57% (9b); b) MeONa, MeOH/CH,Cl,, 30 min, Dowex H* resin; then ¢c) PhnCH(OMe),, CH;CN, CSA, 90 min, 81 % overall; d) BnBr, NaH, DMF, 2 h, 97 %,
e) Et;SiH, CICH,CH,Cl, TFAA/TFA, 2 h, 60 %; f) LevOH, EDCI, DMAP, 3.5 h, 93%; g) CH,~CHCH,OH, TfOH, 120°C, 2 h; h) PnCH(OMe),, TsOH,
DMEF, 80°C, 1 h,57% (5aand 5b); 1) Ac,O, pyridine, 2 h, quantitative; j) Et,SiH, CICH,CH,Cl, TFAA/TFA, 4 h, 82 %; k) CICH,CH,Cl, NIS/TfOH, —25°C,
5 min, 52% (15a) and 15% (15b); 1) (1,5-cyclooctadiene)bis(methyldiphenylphosphine)iridium(r) hexafluorophosphate, THF, H,, 10 min, 76 %; m) HgO/
HgCl,, acetone/H,0, 1 h, 90 %; n) CI;CCN, K,CO;, CH,Cl,, 16 h, 87 %; o) NH,NH,/AcOH, EtOH/toluene, 1 h, 97 %; p) from 16 and 17, TMSOTHT, toluene,
0°C, 20 min, 44 %. From 16 and 19, TBDMSOTT, CH,Cl,, —20°C, 10 min, 80 %; q) see 1), then NBS, CH,CL,/H,0, 5 min, 71 %; r) NH,NH,/AcOH, EtOH/
toluene, 1 h, 86 %; s) CLLCCN, K,CO;, CH,Cl,, 16 h, 90 %; t) TBDMSOTT, CH,Cl,, — 25°C, 25 min, 85 %; u) NH,NH,/AcOH, EtOH/toluene, 1 h, 90 %; v) see
q), 78 %; w) CL,CCN, K,CO;, CH,Cl,, 16 h, 80 %.

benzylidene ring as for 7, and levulinylation) the glycosyl
donor 14 was obtained in 44 % yield from 9b.

Condensation of 7b and 14 using the activating system NIS/
triflic acid,!'l gave a mixture of the anomeric disaccharides
(a:f 3.5:1) easily resolved by column chromatography to give
15a (52% from 7; the a configuration was confirmed by

862 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

'H NMR spectroscopy: 6 =5.47, H-1', J,, =3.6 Hz), and 15b
(15%; 6=4.42, H-1', J,, =7.6 Hz).

Based on the work[®! by Sinay et al. and later Boons et al.l?!]
it seemed tempting at the time to elaborate all our target
oligosaccharides using the allyl glycosides as glycosyl accept-
ors and the vinyl glycosides as glycosyl donors. We therefore
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resulted in an upfield shift of about 33

1 ppm for H-4" which was observed
around 0 =4 in 16.

As expected, the two disaccharides
16 and 17 reacted in toluene in the
presence of trimethylsilyl triflate to give tetrasaccharide 20.
The structure of 20, and particularly the anomeric linkage of
the newly formed interglycosidic bond, was ascertained using
'H NMR (6 =4.38, H-1", J,.,,=7.7 Hz). However, in spite of
attempted improvements, the yield of this reaction (44 %)
remained too low to provide efficiently the large amount of
tetrasaccharide required for the remaining part of our syn-
thesis.

We therefore tried to find a more efficient glycosyl donor
than 17 and in the process turned our attention to the imidate
method of glycosylation.?!! The trichloroacetimidate 19 (a:8
3:2) could be obtained from 17 after cleavage of the vinyl
group using mercury salts®! (90 % ) followed by reaction with
trichloroacetonitrile in the presence of potassium carbo-
natel®®! (87 %). Reaction of 19 and 16 in dichloromethane in
the presence of tert-butyldimethylsilyl triflate gave 20 in a
much better yield (80 % ) than using the vinyl glycoside 17 as a
glycosyl donor.

Using the same methods as above for the transformation of
15a, the tetrasaccharide 20 was converted in part into the
alcohol 21 (86 %) and into the rather unstable imidate 23
(64 % from 20). Removal of the levulinyl ester in 21 was, as for
16, confirmed by the large upfield shift observed for H-4 of
the nonreducing end glucose unit Glc™. The two tetrasac-
charides 23 and 21 reacted in dichloromethane in the presence
of tert-butyldimethylsilyl triflate to give the octasaccharide 24,
which was isolated easily (85%) through gel-permeation
chromatography followed by silica gel column chromatogra-
phy. The configuration of the newly established anomeric
center in 24 was confirmed by 'H NMR spectroscopy (two
doublets at 6=4.23, with J,,=7-8Hz, H-1 of Glcv and
Glc).

The octasaccharide 24 was then converted into the a,f3-
imidate 27 (63%) as proven by the chemical shift of the
anomeric protons at 6 =6.50 (d, J,,=3.7 Hz) and 5.79 (d,
J1,=72 Hz). We thus had all the synthons required for the
elaboration of the T-domain part of 43, 45, and 46, the fully
protected precursors of 1a—c in hands.

Elongation of the A-domain: We initially planned to elongate
the A-domain through glycosylation of the pentasaccharidic
alcohol derived from 34 after removal of the levulinyl group at
position 4 of the nonreducing end unit. The synthesis of 34 is
depicted in Scheme 3. The glycosyl acceptor 33 was first
prepared in 75% yield by condensation of the two known

Chem. Eur. J. 2001, 7, No. 4
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Scheme 3. Synthesis of the pentasaccharide 34. a) CH;COCI, pyridine, 0°C, 2 h, 80 %; b) LevOH, EDCI,
DMAP, dioxane, 3.5 h, 87 %; c¢) H,SO,, Ac,0, AcOH, —20°C, 30 min, 66 %; d) EtSH, BF; - Et,0, toluene,
4 h, 47 %; e) NIS/TfOH, CH,CL/Et,0, —25°C, 35 min, 27 %.

disaccharide building blocks methyl (benzyl 2,3-di-O-methyl-
a-L-idopyranosyluronate)-(1 — 4)-2,3,6-tri-O-benzyl-a-D-glu-
copyranosidel?” and benzyl 4-O-levulinyl-2,3-di-O-methyl-j-
D-glucopyranosyluronate-(1 — 4)-3,6-di-O-acetyl-2-O-ben-
zyl-a/B-p-glucopyranosyl trichloroacetimidate, followed by
delevulinylation.

The monosaccharide required to complete the sequence of
34 was synthesized from methyl 2,3-di-O-methyl-a-D-gluco-
pyranoside.?”) Selective acetylation of the primary alcohol
function was carried out at 0°C in pyridine using a slight
excess of acetyl chloride. The monoacetate 29 was thus
isolated together with a small amount of the known[
diacetate. The position 4 of 29 was then protected as a
levulinyl ester; acetolysis of the methyl group provided the
diacetate 31 which gave a mixture (a:f 7:3) of the anomeric
thioglycosides 32 with ethanethiol in the presence of boron
trifluoride. As anticipated, the ketone of the levulinyl group
was partially and temporarily converted during this step into
the corresponding thioketal (observed by TLC). The incom-
plete reversal of this reaction may explain the rather low yield
(47 %) in 32.

Reaction of the monosaccharide 32 with the tetrasacchari-
dic alcohol 33 under classical conditions (NIS, triflic acid
activation) gave, although in low yield (27 %), the expected
pentasaccharide 34. Comparison with other glycosylation
reactions, in which the position 4 of 33 was involved, led us to
suspect that the levulinyl group present at position 4 of the
activated glucose unit could be responsible for the low yields.
We therefore decided to test the reactivity towards 33 of the
trisaccharide 40, where the levulinyl group is removed from
the reactive center. This alternative would also provide an
efficient way to our target oligosaccharides through the
heptasaccharide 42.

The trisaccharide 40 required for this synthesis could be
obtained (Scheme 4) from disaccharide imidate 19 and phenyl
thioglycoside acceptor 39, which was obtained straightfor-
ward from acetate 8. The reaction was completed within
10 min in dichloromethane in the presence of tert-butyldime-
thylsilyl triflate to give 40 isolated in 68 % yield after gel-
permeation and silica gel column chromatography. The
structure of 40 was confirmed by 'H NMR analysis (0=
4.46, H-1', J,, =8 Hz).

The phenyl thioglycoside 40 was then used as a glycosyl
donor. It was treated with the tetrasaccharide 33 in diethyl
ether in the presence of NIS and triflic acid to give the
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excess) to yield the nonadeca-
saccharide 46 (59 % ). Reaction
conditions were not optimized.
In each case the product was
easily isolated by gel-permea-
tion chromatography by using
Toyopearl HW 40 columns in
1:1  dichloromethane/ethanol

OBn OBn OBn cOO0Bn
R o o 0, o
41 | Lev OMe OMe OMe OMe
hLha2|n b o o
OMe

mixtures.

The fully protected precur-
sors were then submitted to
deprotection. First the benzyl
groups were removed by cata-
lytic hydrogenation (Pd/C in

+27

OMe

AcO | n

Scheme 4. Synthesis of the heptasaccharide 42 (precursor of an extended A-domain), addition of various lengths
T-domains, and final conversion into 1a—e¢. a) PhSH, BF; - Et,0, toluene, 50°C, 1 h, 17 % (35a) and 45 % (35b);
b) NaOMe/MeOH, CH,Cl,, 1 h; ¢) PhCH(OMe),, CH;CN, CSA, 1 h; d) Mel, NaH, DMF, 30 min, 94 % from
35a; e) Et;SiH, CICH,CH,Cl, TFAA/TFA, 16 h, 80 %; f) TBDMSOT{, CH,Cl,, —20°C, 10 min, 68 %; g) NIS/
TfOH, CICH,CH,CI/Et,0, —25°C, 30 min, 64 %; h) NH,NH,/AcOH, EtOH/toluene, 1 h, 84 %; i) TBDMSOTT,
j) NH,NH,/AcOH, EtOH/toluene, 1 h, 75 %; k) H,, Pd/C, AcOH, 5 h; 1) NaOH,
MeOH, 3 h; m) Et;N-SO;, DMF, 55°C, 24 h, 80 % from 43; n) see i, 56 %; o) see k—m, 80 % from 45; p) see i),

CH,Cl,, —25°C, 10 min, 76 %;

59%; q) see k)—m), 80 % from 46.

heptasaccharide 41 (64%). The « configuration of the
new disaccharide linkage was confirmed by '"H NMR analysis
(0=5.57, H-1 GlcY, J,,=3.7Hz). Some 8 anomer (isolated
in a slightly impure state in 7% yield) was also formed
during this reaction (60=4.12, H-1 GlcY, J,,=79 Hz). Re-
moval of the levulinyl group of 41 provided 42 (84 %), the
precursor of the A-domain, ready for the connection with the
T-domain.

Final assembly and functionalization: With all building blocks
in hand, we proceeded (Scheme 4) to the preparation of the
fully protected precursors 43, 45, and 46 that took place as
planned: Thus, reaction of octasaccharide imidate 27
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(o] OMe OMe ) O £ OAc
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glacial acetic acid). Then sap-

onification in methanol/water
OBn gave the products ready to be
sulfonated. At this stage high-
field 'H NMR spectrum was
OMe OBn used to check that all the
protective groups had been
cleaved. Finally, sulfations
were carried out in DMF with
triethylamine/sulfur  trioxide
complex as a sulfating agent.
This way the three target com-
pounds 1la, 1b, and 1c¢ were
obtained in 80-88% overall
yield from 43, 45, and 46 re-
spectively. High field "H NMR
and mass spectrometry were
used to control the structure
and assess the purity of the compounds which were shown to
be over 90 % homogeneous.

Synthesis of 2: The synthesis of 2 is depicted in Scheme 5.
Reaction of tetrasaccharide imidate 23 and octasaccharide 25
(easily obtained by removal of the levulinyl ester of the
octasaccharide 24) in toluene in the presence of fert-butyldi-
methylsilyltriflate provided dodecasaccharide 47. This reac-
tion was carried out in two steps, because thin-layer chroma-
tography control had shown that the reaction had stopped
while about 40 % of the glycosyl acceptor was still present. At
that point, gel-permeation chromatography of the crude reaction
mixture on Toyopearl HW40S delivered a mixture of both the
desired product 47 and unreacted 25. After a new treatment of
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Scheme 5. Synthesis of the inverted 18-mer 2 (T-domain at the reducing end of the A-domain). a) TBDMSOTf, CH,Cl,, —20°C, 30 min, 34 %;
b) TBDMSOTH, toluene, —25°C, 30 min, 86 %; c) (1,5-cyclooctadiene)bis(methyldiphenylphosphine)iridium(i) hexafluorophosphate, THF, H,, 10 min, then
NBS, CH,Cl/H,0, 5 min, 58 %; d) CL,CCN, K,CO;, CH,Cl,, 16 h, 60%; e¢) NH,NH,/AcOH, EtOH/toluene, 1 h, 85%; f) TBDMSOTH, toluene, —20°C,
15 min, 54 %; g) NH,NH,/AcOH, EtOH/toluene, 1 h, 58 %; h) TBDMSOT{, CH,Cl,/Et,0, —20°C, 2 h, 86 %; 1) H,, 5 % Pd/C, AcOH, 16 h;j) NaOH, MeOH,
2 h; k) Et;N-SO;, DMF, 55°C, 20 h, 88 % from 56.

the mixture of 25 and 47 with the imidate 23, we obtained the
dodecasaccharide 47 in 86 % yield from 25. The configuration
of the new interglycosidic bond in 47 was deduced from
'H NMR analysis which revealed six resonances at 6 =5.48
assigned to anomeric protons of a-linked gluco units. Alcohol
48, required for the synthesis of 2, was finally obtained (85 %)
after removal of the levulinyl protecting group of 47.

To obtain 56 we then had to construct the A-domain part of
the molecule. Based on previous observations we designed a
strategy to avoid important loss of elaborated material during
nonspecific glycosidation reactions. Thus we first established
the a-interglycosidic bond between the known['®! disaccharide
imidate 49 and alcohol 7a. The
resulting trisaccharide 50 ob-
tained in low yield (34 %) was

the levulinyl group (58 % from 48). Finally the nonreducing
end trisaccharide was introduced by reaction with the known
imidate 55.5Y Using the reverse addition method? the
octadecasaccharide 56 could be isolated in excellent yield
(86 % from the precious 54) after a new two-step glycosyla-
tion. The first step involved 54 while the second was carried
out on the mixture of 54 and 56 easily obtained by gel
filtration of the first reaction mixture. Finally 2 was obtained
in 88 % yield after deprotection and sulfation.

Biological activities: The biological properties of 2 (Table 1)
were compared with those of 1a, 1b, and 1c¢. The affinity for

Table 1. Biological properties of 1a—¢, 2, and heparin. Affinity for AT IIL*) factor Xa inhibition,*!l and
thrombin inhibition*?! were determined with published procedures.

deallylated and converted into

the imidate 52; this trisacchar-
ide was treated with the alcohol
48 to give the pentadecasac-
charide 53. The purification of
53 contaminated with unreact-
ed 48 was tedious, and finally
part of 53 could be recovered as
the alcohol 54 after removal of
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1b 1c 2 Heparin

number of saccharide units 17 19 18 ~10-50
molecular weight 6378 7139 6698 ~ 15000
affinity for AT III 1.6+0.3 33+08 12+ 02 73+ 14 254+ 0.2
(Kyin nM £SD, n=3)
factor Xa inhibition 370+ 9 270+ 8 290+ 29 230+ 16 180
(units in mg~'+SD, n=3)
thrombin inhibition 41 (38-44) 53(5-54) 1.7 (1.3-2.3) 164 (158-171) 33(3-4)
(ICsy in ngmL1)
(95% confidence interval)
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AT III and the anti-factor Xa activity were in the same range
for all the compounds. Thrombin was inhibited in the
presence of 1a—c¢ and the potency increased with the size of
the compounds. In contrast, 2 hardly inhibited thrombin in the
presence of AT III (a hundred times weaker on a weight
basis), confirming that the TBD must be located at the
nonreducing end of the ABD to obtain efficient thrombin
inhibition. Noteworthy, the nonadecamer 1¢ was as potent as
the most active fractions isolated from a standard heparin
preparation,®?! thus constituting a good lead compound for
structural modifications aimed at improving the biological
profile of this new family of antithrombotics.

Experimental Section

General: All compounds were homogeneous by TLC analysis and had
spectral properties consistent with their assigned structures. Melting points
were determined in capillary tubes in a Mettler or a Biichi 510 apparatus,
and are uncorrected. Optical rotations were measured with a Perkin—
Elmer model 241 digital polarimeter at 22 +3°C. Compound purity was
checked by TLC on silica gel 60 F,s, (E. Merck) by detection with charring
with sulfuric acid. Unless otherwise stated, column chromatography was
performed on silica gel 60, 40-63 or 63-200 um (E. Merck). '"H NMR
spectra were recorded with Bruker AM250, AC300, or AM500 instru-
ments. Before analysis in D,0, samples were passed through a Chelex (Bio-
Rad) ion-exchange column. Chemical shifts are relative to external TMS
(CDCL) or to external TSP (D,0). MS analyses were performed on a
Nermag R 10-10 or a ZAB-2E instrument (Fisons). Elemental analyses
were performed by the Département d’Analyse de la Recherche Amont
(DARA) using a Fisons elemental analyzer.

Molecular modeling

Nomenclature: The torsional angles of the interglycosidic linkages of the
heparin molecule and the mimetics are defined as @ = @(0-5i-C-1i1i-C-4j),
and ¥ = O(C-1i-O-1i-C-4j-C-5j), and their signs are in agreement with the
TUPAC-IUB conventions.

Model building: The heparin molecules with the iduronate ring in the 25,
and 'C, ring conformations were taken from a NMR-derived model
available in the protein databank (1HPN).’S) Dihedral angles at each
linkage were slightly adjusted in order to obtain perfect helical geometry
for both conformations. The starting 2,6-di-O-sulfonato-pD-glucose mono-
saccharide was taken from the Monosaccharide Database on the internet
(http://www.cermav.cnrs.fr/databank/monosaccharides/index.html). The al-
ternating a—f sulfonated Glc molecule was built by using the glycosidic
linkage energy maps of maltose and cellobiose.l'¥l Several combinations of
(@, W) values at each linkage were tested in order to obtain a two-fold helix
with a repeat of 17.6 A. Final adjustments were performed using the PFOS
programP® which allows for energy calculations of carbohydrate together
with determination of helical parameters. Energy optimization of the
hydrogen atoms and side chain were performed using the new version of
the PIM parameterization of the TRIPOS force field.’”! These parameters
are adapted for carbohydrate and also take into account O and N sulfation.
All calculations were performed on SGI workstations. Molecular editing
and graphics were done with the Sybyl software.’® The MOLCAD
program?! was used for calculating and displaying the accessible surfaces.
Allyl 4,6-O-benzylidene-3-O-methyl-a-D-glucopyranoside (5a), and allyl
4,6-O-benzylidene-3-O-methyl-$-D-glucopyranoside (5b): Triflic acid
(1.1 mL, 12 mmol) was added at 0°C to a suspension of 3-O-D-methyl-
glucose (3) (135 g, 0.7 mol) in allyl alcohol (1 L). The mixture was warmed
to 120°C, and after 2 h, triethylamine (2 mL) was added, then the mixture
was concentrated. The crude allyl 3-O-methyl-p-glucopyranoside (4) was
benzylidenated with benzaldehyde dimethyl acetal (136 mL, 0.9 mol) in the
presence of p-toluenesulfonic acid (25 g, 0.13 mol) in dry DMF (2 L). The
mixture was warmed to 80°C under vacuum. After 1h, triethylamine
(21 mL) was added. The reaction mixture was extracted with EtOAc,
washed with H,O, dried, and concentrated to give a mixture (a:f 3:2) of
anomers (144 g, 57%). The a/f mixture was crystallized (MeOH) to give
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pure 5a (60 g, 26 % ). M.p. 139°C (MeOH); [a]p = +129 (¢ =1 in CH,CL,);
'H NMR (250 MHz, CDCL,): 6 =7.50~7.26 (m, 5H, Ph), 5.95-5.85 (m, 1 H,
OCH,CH=CH,), 5.54 (s, 1H, CHPh), 5.37-5.23 (m, 2H, OCH,CH=CH,),
495 (d, 1H, J=3.5Hz, H-1), 4.31-421 (m, 3H, 2H-6, OCH,CH=CH,),
4.13-4.03 (m, 1H, OCH,CH=CH,), 3.91-3.80 (m, 1H, H-5), 3.67 (s, 3H,
OMe); C,;H,,0q: calcd for C 63.34, H 6.88; found C 63.43, H 6.82.

Column chromatography of a portion of mother liquor (3:1 cyclohexane/
EtOAc) gave first 5b (7.56 g) then the a/f mixture (6.78 g), and finally
another portion of pure a isomer (1.36 g). 5b: M.p. 131°C; [a],=—-43 (c=1
in CH,Cl,); '"H NMR (250 MHz, CDCl;): 6 =7.50-7.26 (m, 5H, Ph), 5.90—
5.80 (m, 1H, OCH,CH=CH,), 5.54 (s, 1H, CHPh), 538-5.22 (m, 2H,
OCH,cH=CH,), 454 (d, 1H, J=75Hz, H-1), 448-431 (m, 1H,
OCH,CH=CH,), 4.20-4.12 (m, 1H, OCH,CH=CH,), 3.67 (s, 3H, OMe),
2.63 (d, 1H,J=2.2 Hz, OH); C;;H,,0¢: calcd for C 63.34, H 6.88; found C
63.59, H 7.06.

Allyl 2-0-acetyl-4,6-O-benzylidene-3-O-methyl-f-D-glucopyranoside
(6b): Et;N (6.4mL, 46.4 mmol), 4-dimethylaminopyridine (440 mg,
3.6 mmol), and Ac,0 (4 mL, 42.8 mmol) were added to a solution of 5b
(11.5g, 35.7mmol) in CH,Cl, (100 mL). After 2h, the mixture was
successively washed with 5% aq KHSO,, H,O, sat. aqg NaHCO;, H,0, and
dried (Na,SO,). The compound crystallized upon concentration (12.3 g,
95%). M.p. 115°C; [a]p=—68.5 (c=1 in CH,Cl,); 'H NMR (250 MHz,
CDCl;): 6=750-726 (m, 5H, Ph), 5.93-5.77 (m, 1H, OCH,CH=CH,),
5.57 (s, 1H, CHPh), 5.32-5.15 (m, 2H, OCH,CH=CH,), 499 (dd, 1H, J =
79, 8.8 Hz, H-2), 4.47 (d, 1H, J=79 Hz, H-1), 4.39-4.29 (m, 3H, 2H-6,
OCH,CH=CH,), 4.12-4.04 (m, 1H, OCH,CH=CH,), 3.67 (s, 3H, OMe),
2.12 (s, 3H, Ac); LSI-MS (positive mode; thioglycerol, +NaCl or +KF):
miz: 387 [M+Na]t, 403 [M+K]*; CyH,,0;: caled for C 62.63; H 6.64;
found C 62.46; H 6.73.

Allyl 2-0-acetyl-6-O-benzyl-3-O-methyl-a-D-glucopyranoside (7a): Et;N
(0.64 mL, 4.64 mmol), 4-dimethylaminopyridine (44 mg, 0.36 mmol) and
Ac,0 (04mL, 428 mmol) were added to a solution of 5a (1.15g,
3.57 mmol) in CH,Cl, (10 mL). After 2 h, the mixture was successively
washed with 5% aq KHSO,, H,O, sat. aqg NaHCO;, H,O, dried (Na,SO,)
and concentrated to give crude allyl 2-O-acetyl-4,6-O-benzylidene-3-O-
methyl-a-D-glucopyranoside (6a). Triethylsilane (2.13 mL, 13.3 mmol) was
added under argon to a solution of the above residue in dry dichloroethane
(5 mL), followed by a dropwise addition of a solution of trifluoroacetic
anhydride (30.6 uL, 0.21 mmol) in trifluoroacetic acid (1.02 mL,
13.3 mmol). After 4 h, the mixture was diluted with EtOAc and 1M aq
NaOH was added until pH 9. The product was extracted with EtOAc, and
the organic layer washed with H,O, dried (Na,SO,), and concentrated.
Column chromatography (8:5 cyclohexane/acetone) afforded 7a as a syrup
(0.95g,80%). [a]p = +113 (¢ =11in CH,Cl,); '"H NMR (250 MHz, CDCl;):
0=1735-1725 (m, 5H, Ph), 6.01-5.85 (m, 1H, OCH,CH=CH,), 5.32-5.18
(m, 2H, OCH,CH=CH,), 5.05 (d, 1H, J=3.7 Hz, H-1), 420-4.14, 4.03 -
3.98 (2m, 2H, OCH,CH=CH,), 3.58 (s, 3H, OMe); ESI-MS (positive
mode): m/z: 389.2 [M+Na]*; 405.2 [M+K]*; C;gH;40;: caled for C 62.27, H
7.15; found C 62.06, H 7.22.

Allyl 2-O-acetyl-6-O-benzyl-3-O-methyl-f-D-glucopyranoside (7b): A sol-
ution of trifluoroacetic anhydride (306 uL, 2.1 mmol) in trifluoroacetic acid
(10.2 mL, 133 mmol) was added dropwise, under argon, to a solution of 6b
(12.15 g, 33.3 mmol) and triethylsilane (21.3 mL, 133 mmol) in dry di-
chloroethane (50 mL). After 4 h of stirring, the mixture was diluted with
EtOAc and 1M aqg NaOH was added until pH 9. The product was extracted
with EtOAc. The organic layer was washed with H,O, dried (Na,SO,), and
concentrated. Column chromatography (8:5 cyclohexane/acetone) afford-
ed 7b (10 g, 82%) as a syrup. [a]p, = —40 (c=1.06 in CH,CL); 'H NMR
(250 MHz, CDCly): 6=735-725 (m, 5H, Ph), 590-5.81 (m, 1H,
OCH,CH=CH,), 529-5.14 (m, 2H, OCH,CH=CH,), 493 (dd, 1H, J=
79, 8.9 Hz, H-2), 4.62, 4.56 (2d, 2H, J=12 Hz, CH,Ph), 443 (d, 1H, J=
79 Hz, H-1), 430-4.25 (m, 1H, OCH,CH=CH,), 4.09-4.02 (m, 1H,
OCH,CH=CH,), 3.66 (ddd, /=94, 8.9, 48 Hz, H-4), 3.51 (s, 3H, OMe),
3.30(dd, 1H,J=8.9Hz, H-3),2.8 (d,/=2.2 Hz, 1H, OH); C,yH,,0;: calcd
for C 62.28, H 7.15; found C 62.42, H 7.14.

Ethyl 2,4,6-tri-O-acetyl-3-O-methyl-1-thio-a-D-glucopyranoside (9a) and
ethyl 2,4,6-tri-O-acetyl-3-O-methyl-1-thio-f-D-glucopyranoside (9b): A
solution of BF;-Et,0 in toluene (1M, 190 mL) was added dropwise to a
stirred solution of 1,2,4,6-tetra-O-acetyl-3-O-methyl-3-D-glucopyranose (8,
69 g, 0.19 mol) and ethanethiol (28 mL, 0.38 mol) in toluene (580 mL).
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After 90 min of stirring, solid NaHCO; was added. The solution was
filtered, washed with H,O, dried, and concentrated to give a o/ mixture of
anomers. Column chromatography (2:1 cyclohexane/EtOAc) gave first 9a
(115 g, 1.7%). M.p. 85°C (Et,Olcyclohexane); [a],=+183 (¢=1.05 in
CH,CL,); 'H NMR (250 MHz, CDCl;): 6 =5.64 (d, 1H, J=5.6 Hz, H-1),
5.05-4.94 (m, 2H, H-2, H-4), 4.38-4.22 (m, 2H, H-5, H-6), 3.62 (dd, J=
9.54 Hz, H-3), 3.50 (s, 3H, OMe), 2.54 (m, 2H, SCH,CHs;), 2.10, 2.09, 2.06
(3s,9H, 3 Ac), 1.26 (t, 1 H, SCH,CHs;); C;sH,,04S: calcd for C49.43, H 6.64,
S 8.79; found C 49.29, H 6.64, S 8.55.

Then was eluted 9b (37 g, 57%): m.p. 67°C (Et,O/cyclohexane); [a]p, =
~32 (c=1.1 in CH,CL); 'H NMR (300 MHz, CDCL): 6 =5.04—4.95 (m,
2H, H-2, H-4),4.39 (d, 1 H,J =9.5 Hz, H-1), 426 - 4.07 (m, 2 H, H-6, H-6),
3.60 (m, 1H, H-5), 3.50 (t, 1H, J=9.5 Hz, H-3), 3.41 (s, 3H, OMe), 2.75—
2.60 (m, 2H, SCH,CH3), 2.12, 2.11, 2.09 (3s, 9H, 3Ac), 1.25 (t, 1H, J=
74 Hz, SCH,CH,); C,;5sH,,04S: caled for C 49.43, H 6.64, S 8.79; found C
49.43, H 6.71, S 8.37.

Ethyl 4,6-O-benzylidene-3-O-methyl-1-thio-f-D-glucopyranoside (11): A
freshly prepared solution of MeONa (16 g) in MeOH (150 mL) was added
to a solution of 9b (37 g, 0.1 mol) in 2:1 CH,Cl,/MeOH (1.5L). After
30 min of stirring, Dowex 50 H* resin was added until neutral pH. After
filtration, the solution was concentrated to give crude ethyl 3-O-methyl-1-
thio-f-p-glucopyranoside (10). Benzaldehyde dimethyl acetal (30 mL,
0.2 mol) and a catalytic amount of (+)-10-camphor sulfonic acid (CSA)
(2.3 g, 10 mmol) was added to a solution of the residue in dry acetonitrile
(1L). After 90 min of stirring, the mixture was neutralised with triethyl-
amine (1.4 mL) and concentrated. The residue was precipitated in diethyl
ether to give 11 as a solid (27 g, 81 %). M.p. 126°C (cyclohexane/EtOAc);
[a]p=—59.5 (¢c=1.63 in CH,Cl,); '"H NMR (300 MHz, CDCl,): 6 =7.51—
7.36 (m, 5H, Ph), 5.55 (s, 1H, CHPh), 4.56 (d, 1H, J=9.5 Hz, H-1), 3.59 (s,
3H, OMe), 2.75-2.60 (m, 2H, SCH,CH3), 2.51 (brs, 1H, OH), 1.32 (t, 1H,
J =174 Hz, SCH,CHs;); C,;H,,0;S: calcd for C 58.88, H 6.79, S 9.82; found C
58.99, H 6.74, S 9.75.

Ethyl 2-O-benzyl-4,6-O-benzylidene-3-O-methyl-1-thio-$-p-glucopyrano-
side (12): NaH (2 g, 86 mmol) was slowly added to a cooled (0°C) solution
of 11 (23 g, 71 mmol) and BnBr (11 mL, 93 mmol) in DMF (200 mL). After
2h of stirring at room temperature, MeOH was introduced, and the
mixture was poured into H,O (300 mL). The product was extracted with
EtOAc, washed with H,O, dried, and concentrated. A precipitation in Et,0
gave 12 as a solid (18.8 g, 63 % ). Chromatography of the mother liquors
(4:1 cyclohexane/EtOAc) yielded an additional portion of 12 (10 g, 34 %).
M.p. 123°C; [a]p = —42 (¢ =1.34 in CH,Cl,); '"H NMR (250 MHz, CDCl,):
0=751-730 (m, 10H, 2Ph), 5.55 (s, 1H, CHPh), 4.88, 479 (2d, 2H,
CH,Ph), 4.54 (d, 1H, J=9.7 Hz, H-1), 3.66 (s, 3H, OMe), 3.34-2.71 (m,
2H, SCH,CHj), 1.32 (t, 3H, SCH,CHj); C,;H305S: caled for C 66.32, H
6.78, S 7.70; found C 66.25, H 6.79, S 7.54.

Ethyl 2,6-di-O-benzyl-3-O-methyl-1-thio-f-D-glucopyranoside (13): A sol-
ution of trifluoroacetic anhydride (0.65 mL, 4.5 mmol) in trifluoroacetic
acid (16 mL, 0.21 mmol) was added dropwise, under argon, to a solution of
12 (28.8 g, 69 mmol) and triethylsilane (33 mL, 0.21 mmol) in dry dichloro-
ethane (120 mL). After 2 h, the mixture was diluted with EtOAc and 1M aq
NaOH was added until pH 9. The product was extracted with EtOAc. The
organic layer was washed with H,O, dried (Na,SO,), and concentrated. The
residue was purified by flash column chromatography (3:1 then 2:1
cyclohexane/EtOAc) to give 13 (174¢g, 60%). [a]lpb=—47 (c=1 in
CH,Cl,); '"H NMR (250 MHz, CDCl;): 6 =7.45-725 (m, 10H, 2Ph), 4.88,
4.79 (2d, 2H, J=12 Hz, CH,Ph), 4.58 (s, 2H, CH,Ph), 442 (d, 1H, J=
9.2 Hz, H-1), 3.66 (s, 3H, OMe), 2.75-2.60 (m, 2H, SCH,CHs;), 2.55 (brs,
1H, OH), 1.32 (t, 1H, J =74 Hz, SCH,CH;); C,3H;,05S: calcd for C 66.00,
H 7.22, S 7.66; found C 65.62, H 7.28, S 7.21.

Ethyl 2,6-di-O-benzyl-4-O-levulinyl-3-O-methyl-1-thio-#-D-glucopyrano-
side (14): Levulinic acid (9.6 g, 83 mmol), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (16 g, 86 mmol), and 4-dimethylamino-
pyridine (1 g, 8.3 mmol) were added at room temperature to a solution of
13 (17.3 g, 41.4 mmol) in dry dioxane (400 mL). After 3.5 h of stirring, the
mixture was diluted with EtOAc (400 mL) and successively washed with
5% aq KHSO,, H,O, sat. ag NaHCO;, H,O, dried (Na,SO,), and
concentrated. Flash chromatography (6:1 toluene/EtOAc) of the residue
gave 14 (19.9 g,93 %) as a syrup. [a]p = — 5.1 (¢ = 1.46 in CH,CL,); '"H NMR
(300 MHz, CDCl,): 6 =7.45-7.25 (m, 10H, 2Ph), 4.98-4.88 (m, 1H, H-4),
488, 479 (2d, 2H, J=12Hz, CH,Ph), 444 (m, 1H, H-1), 2.76-
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248 (m, 6H, O(C=0)CH,CH,(C=0)OCH,, SCH,CH,), 2.16 (s, 3H,
O(C=0)CH,CH,(C=0)OCH), 132 (t, 1H, J=74 Hz, SCH,CH,); LSI-
MS (positive mode; thioglycerol, +NaCl of + KF): m/z: 539 [M+Na]*, 555
[M+XK]*; Cy;;H340,S: caled for C 65.09, H 7.02, S 6.21; found C 65.30, H 7.03,
S 5.75.

Allyl (2,6-di-O-benzyl-4-O-levulinyl-3-O-methyl-a-D-glucopyranosyl)-
(1 — 4)-2-0-acetyl-6-O-benzyl-3-O-methyl-f-D-glucopyranoside (15a)
and allyl (2,6-di-O-benzyl-4-O-levulinyl-3-O-methyl-f-D-glucopyranosyl)-
(1 — 4)-2-0-acetyl-6-O-benzyl-3-O-methyl-f-p-glucopyranoside (15b): A
mixture of thioglycoside 14 (174 g, 33.7 mmol), acceptor 7b (10.3 g,
28.1 mmol), and 4 A molecular sieves (17 g) in CICH,CH,Cl (150 mL)
was stirred under argon for 15 min at 25°C, and then cooled to —25°C. To
this mixture, a solution of NIS (8.3 g, 33.7 mmol) and triflic acid (0.3 mL,
3.3 mmol) in 1:1 CICH,CH,CVEt,0 (415 mL) was added dropwise during
25 min. After 5min of stirring, solid NaHCO; (0.3 g) was added, the
mixture was filtered, and successively washed with 1M aq Na,S,0;, aq
NaHCO; and water, then the organic layer was dried and concentrated.
Flash chromatography (14:1, 11:1, then 6:1 CH,Cl,/EtOAc) gave first 15a
(11.7 g, 52%). [a]lp=+38 (¢c=1.01 in CH,Cl,); 'H NMR (300 MHz,
CDCl;): 0 =745-725 (m, 15H, 3Ph), 5.90-5.81 (m, 1 H, OCH,CH=CH,),
547 (d, 1H, J=3.6 Hz, H-1 Glc"), 5.28-5.14 (m, 2H, OCH,CH=CH,),
5.04-4.97 (m, 2H, H-4 Glc", H-2 Glc'), 4.42 (d, 1H, J=7.6 Hz, H-1 Glc!),
3.54, 335 (2s, 6H, 20Me), 2.70-245 (m, 4H, O(C=0)CH,CH,
(C=0)OCH,), 2.16, 2.10 (2s, 6H, O(C=0)CH,CH,(C=0)OCHj;, Ac);
CysHscO,y4: caled for C 65.84, H 6.88; found C 65.74, H 6.90.

Then was eluted 15b (3.5g, 15%); [alp=-2.7 (¢c=1.11 in CH,Cl,);
'H NMR (500 MHz, CDCl;): § =7.45-7.25 (m, 15H, 3Ph), 5.90—5.81 (m,
1H, OCH,CH=CH,), 5.28-5.14 (m, 2H, OCH,CH=CH,), 4.42 (2d, 2H,
J=17.6Hz, H-1 GIc!, H-1 Glc"), 3.51, 3.44 (25, 6H, 20Me), 2.70-2.45 (m,
4H, O(C=0)CH,CH,(C=0)OCHs), 2.16, 2.09 (2s, 6H, O(C=0)CH,CH,-
(C=0)OCH;, Ac); CysHscO,: caled for C 65.84, H 6.88; found C 66.05, H
6.91.

Allyl 2,6-di-O-benzyl-3-O-methyl-a-D-glucopyranosyl-(1 — 4)-2-O-acetyl-
6-0-benzyl-3-O-methyl-#-D-glucopyranoside (16): Hydrazine acetate
(1.74 g, 19 mmol) was added to a solution of 15a (3.11 g, 3.8 mmol) in 2:1
EtOH/toluene (7.9 mL). After 1 h of stirring, the solution was concentrated
and the residue purified by flash chromatography (19:1 then 10:1 CH,Cl,/
acetone) to give 16 (2.7 g,97 % ). [a]p = +24.5 (¢ = 1.7 in CH,CL,); '"H NMR
(300 MHz, CDCly): 0=745-725 (m, 15H, 3Ph), 590-5.81 (m, 1H,
OCH,CH=CH,), 5.50 (d, 1H, J=3.5Hz, H-1 Glc"), 524 (dd, 2H,
OCH,CH=CH,), 442 (d, 1H, J=7.6 Hz, H-1 Glc'), 412-3.96 (m, 2H,
OCH,CH=CH,, H-4 Glc"), 3.65, 3.36 (25, 6H, 20Me), 2.11 (s, 3H, Ac):
LSI-MS (positive mode; thioglycerol, +NaCl or +KF): m/z: 745 [M+Na]*,
761 [M+K]*; C4Hs500,,: caled for C 66.47, H 6.97; found C 66.31, H 7.24.

Prop-1'-enyl 2,6-di-O-benzyl-4-O-levulinyl-3-O-methyl-a-D-glucopyrano-
syl-(1 — 4)-2-0-acetyl-6-O-benzyl-3-O-methyl-f-D-glucopyranoside  (17):
1,5-Cyclooctadiene-bis[methyldiphenylphosphine]-iridium hexafluoro-
phosphate (5.8 mg, 0.7 umol) was added to a solution of 15a (1.36 g,
1.66 mmol) in peroxide free THF (4.3 mL). The stirred solution was
degassed, placed under dry argon, and H, was introduced. After 10 min the
solvent was evaporated and the residue was dissolved in CH,Cl,. The
solution was washed with saturated aqg NaHCO;, H,O, dried (Na,SO,), and
concentrated. Column chromatography (3:1 toluene/EtOAc) of the residue
gave 17 (1.04g, 76%). [a]p=+447 (c=1.16 in CH,ClL); 'H NMR
(300 MHz, CDCly): 0=745-725 (m, 15H, 3Ph), 6.21-6.16 (m, 1H,
OCH=CHCHs;), 544 (d, 1H, J=3.5Hz, H-1 Glc"), 5.30-4.95 (m, 3H,
OCH=CHCHj, H-4 Glc", H-2 Gl¢'), 4.58 (d, 1 H, J = 7.6 Hz, H-1 GIc'), 3.54,
3.35 (2s, 6H, 20Me), 2.70-2.45 (m, 4H, O(C=0)CH,CH,(C=0)OCH,),
2.16, 2.09 (2s, 6H, O(C=0)CH,CH,(C=0)OCH;, Ac), 1.55 (dd, 1H,
O(CH=CH)CHs;); LSI-MS (positive mode; thioglycerol, +NaCl or + KF):
miz: 951 [M+Na]*, KF 967 [M+K]*; C4sHscO,4: caled for C 65.84, H 6.88;
found C 66.21, H 6.92.

2,6-Di-O-benzyl-4-O-levulinyl-3-O-methyl-a-D-glucopyranosyl-(1 — 4)-2-

0O-acetyl-6-0O-benzyl-3-O-methyl-D-glucopyranose (18): A solution of
HgCl, (3.9¢g, 143 mmol) in the 5:1 acetone/H,O (26 mL) was added
dropwise to a mixture of HgO and compound 17 (7.8 g, 9.53 mmol) in 5:1
acetone/H,O (80 mL). After 60 min of stirring, the solution was filtered,
and concentrated. The residue was dissolved in CH,Cl, and washed with
saturated aq KI, H,O, dried (Na,SO,), and evaporated. Flash column
chromatography of the residue (10:1, 8:1 then 4:1 CH,Cl,/acetone) gave 18
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(6.7g, 90%). tg=031 (14:1 CH,Clyacetone); [a]p=4+92 (¢=1.37 in
CH,Cl,); '"H NMR (300 MHz, CDCl;): § =7.45-7.25 (m, 15H, 3Ph), 5.46
(d, 1H, J=3.5Hz, H-1 Glc"), 5.37 (d, 0.7H, J=3.6 Hz, H-1a Glc"), 5.03
(dd, 1H, J=9.7 Hz, H-4 Glc), 4.58 (d, 0.3H, J = 8.0 Hz, H-18 Gl¢'), 3.52,
3.39 (2s, 6H, 20Me), 2.70-2.45 (m, 4H, O(C=0)CH,CH,(C=0)OCHs;),
2.16,2.12 (2s, 6 H, O(C=0)CH,CH,(C=0)OCHj;, Ac); C;,H5,0,4: calcd for
C 64.60, H 6.71; found C 65.09, H 6.82.

2,6-Di-O-benzyl-4-O-levulinyl-3-O-methyl-a-D-glucopyranosyl-(1 — 4)-2-
0O-acetyl-6-O-benzyl-3-O-methyl-D-glucopyranose  trichloroacetimidate
(19): Trichloroacetonitrile (3.9 mL, 38.8 mmol) and K,CO; (1.6g,
11.6 mmol) were added under argon to a solution of 18 (5 g, 6.4 mmol) in
CH,Cl, (50 mL). After 16 h of stirring, the solution was filtered, and
concentrated. Column chromatography (30:1 then 25:1 CH,Cl,/acetone)
afforded a mixture (a:6 3:2) of imidates 19 (522 ¢g, 87%). 'H NMR
(300 MHz, CDCl;): 6 =8.62, 8.59 (2s, 1H, a, # N=H), 7.37-723 (m, 15H,
3Ph), 6.51 (d, J=3.7 Hz, H-1a Gl¢'), 5.81 (d, /= 7.1 Hz, H-1§ Glc'), 5.50
(d, 1H, J=3.5 Hz, H-1 Glc"), 3.55, 3.41, 3.37 (3s, 9H, 30Me), 2.75-2.40
(m, 4H, O(C=0)CH,CH,(C=0)OCH,), 2.16, 2.07, 2.04 (3s, 6H, 1Ac,
O(C=0)CH,CH,(C=0)OCHj;); C,4H5,CI;NO,,: calcd for C 57.12, H 5.66,
N 1.51; found C 57.31, H 5.87, N 1.55.

Levulinyl tetrasaccharide 20: From 17 and 16: Disaccharides 17 (745 mg,
0.9 mmol) and 16 (651 mg, 0.9 mmol) were dissolved in toluene (16 mL)
containing 4 A molecular sieves (870 mg) and the mixture was stirred at
room temperature under argon for 30 min. The mixture was then cooled to
0°C and a solution of TMSOTSf in toluene (0.1m, 9 mL) was added
dropwise. After 20 min of stirring, the mixture was diluted with CH,Cl,,
filtered, and washed with sat. aq NaHCO;, water, dried (Na,SO,), and
concentrated. Sephadex LH-20 column chromatography (1:1 CH,Cly/
EtOH), followed by silica gel chromatography (1:2 toluene/Et,0) gave
tetrasaccharide 20 (593 mg, 44 %).

From 19 and 16: A solution of TBDMSOTY in CH,Cl, (1M, 0.9 mL) was
added, under argon, to a stirred, cooled (—20°C) solution of imidate 19
(4.22 g,4.56 mmol) and acceptor 16 (2.63 g, 3.64 mmol) in CH,Cl, (140 mL)
containing 4 A molecular sieves (5g). After 10 min of stirring, solid
NaHCO; (150 mg) was introduced. The solution was filtered, washed with
NaHCO;, water, dried (Na,SO,), and concentrated. Flash column chro-
matography (3:2 then 1:1 toluene/Et,O) provided pure tetrasaccharide 20
(431g, 80%). [alp=+52 (¢=0.66 in CH,Cl); 'H NMR (500 MHz,
CDCly): 6 =7.37-723 (m, 30H, 6Ph), 5.90-5.78 (m, 1H, OCH,CH=CH,),
547 (2d, 2H, J=3.5Hz, H-1 GIc", H-1 GlIc"), 525-5.06 (m, 2H,
OCH,CH=CH,), 5.04 (dd, 1H, J=10.1 Hz, H-4 GIc"), 438 (d, 1H, J=
7.7 Hz, H-1 GIc'), 430 (d, 1H, J=8.0 Hz, H-1 Glc'"), 428, 4.08 (2m, 2H,
OCH,CH=CH,), 2.75-2.40 (m, 4H, O(C=0)CH,CH,(C=0)OCH,), 2.15,
2.09, 1.86 (3s, 9H, O(C=0)CH,CH,(C=0)OCHj, 2 Ac); LSI-MS (positive
mode; thioglycerol, +NaCl or KF): m/z: 1507 [M+Na]*, 1523 [M+K]*;
Cg,H0O»s: caled for C 66.29, H 6.78; found C 66.10, H 6.79.

Tetrasaccharide 21: Hydrazine acetate (0.4 g, 4.3 mmol) was added to a
solution of 20 (1.3 g, 0.87 mmol) in 2:1 EtOH/toluene (183 mL). After 2h
of stirring, the mixture was evaporated, and the residue dissolved in
CH,Cl,. The solution was washed with sat. aq NaHCO;, H,O, dried
(Na,S0,), and concentrated. Flash column chromatography of the residue
(2:1 then 3:2 toluene/EtOAc) gave 21 as a foam (1.05 g, 86 % ). [a]p = +40
(¢=0.6 in CH,Cl,); '"H NMR (500 MHz, CDCl;): 6 =7.36-723 (m, 30H,
6Ph), 5.90-5.78 (m, 1H, OCH,CH=CH,), 5.50 (d, H, J=3.5Hz, H-1
Glcv), 547 (d, H, J=3.6Hz, H-1 Glc"), 525-515 (m, 2H,
OCH,CH=CH,), 4.38 (d, 1H, J=6.5Hz, H-1 Glc"), 431 (d, 1H, J=
6.5 Hz, H-1 GIc'), 4.28, 4.08 (2dd, 2H, OCH,CH=CH,), 3.59 (m, 1H, H-4
GlclY), 3.67, 3.53, 3.39, 3.29 (4s, 12H, 40Me), 2.09, 1.86 (2s, 6H, 2 Ac).

Tetrasaccharide 22: 1,5-Cyclooctadiene-bis [methyldiphenylphosphine]-
iridium-hexafluorophosphate (9 mg, 0.10 pmol) was added to a solution
of 20 (2.3 g, 1.54 mmol) in peroxide free THF (6 mL). The stirred solution
was degassed, placed under argon, and H, was introduced. After 10 min of
stirring, a solution of NBS (0.3 g, 1.7 mmol) in CH,Cl, (15 mL) and water
(5.5 mL) was added to the above mixture. After 5 min the solution was
washed with sat. ag NaHCO;, H,0, dried (Na,SO,), and concentrated.
Flash column chromatography (3:2 toluene/EtOAc) gave 22 (a:f 3:2) as a
foam (1.57 g, 71% over the two steps). [a]p =+69 (c=0.87 in CH,CL,);
'"H NMR (500 MHz, CDCL;): d =7.37-7.23 (m, 30H, 6 Ph), 5.47 (d,2H,J =
3.5 Hz, H-1 GIc", H-1 GIc'Y), 5.36 (d, 0.6 H,J = 3.6 Hz, H-1a Glc'), 5.05 (dd,
1H, J=9.7 Hz, H-4 GIcv), 4.50 (d, 0.4H, J=28.0 Hz, H-1/ Glc"), 4.36 (d,
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1H, /J=8.0Hz, H-1 Glc"), 2.75-240 (m, 4H, O(C=0)CH,CH,-
(C=0)OCHs), 2.16,2.13,2.12,1.86 (4, 9H, O(C=0)CH,CH,(C=0)OCH,,
2 Ac); CiyHgsOps x 0.86 H,O: caled for C 65.64, H 6.69; found C 65.09, H
6.68.

Imidate 23: Trichloroacetonitrile (0.63 mL, 6.22 mmol) and K,CO; (0.26 g,
1.87 mmol) were added under argon to a solution of 22 (1.5 g, 1.04 mmol) in
CH,Cl, (15mL). After 16 h of stirring, the solution was filtered and
concentrated. This rather unstable compound was rapidly gel filtrated on
silica gel (4:1 toluene/acetone containing 1 % Et;N) and used directly in the
next reaction (1.47 g, 90%).

Levulinyl octasaccharide 24: A mixture of acceptor 21 (842 mg,
0.53 mmol), imidate 23 (1.17 g, 0.74 mmol), and 4 A molecular sieves
(840 mg) in dry CH,Cl, (23 mL) was stirred for 1 h at room temperature
under argon. A solution of TBDMSOTf in CH,Cl, (1M, 190 pL, 0.19 mmol)
was added at — 25 °C and the mixture was stirred for 25 min. Solid NaHCO;
was added, and the mixture was filtered, washed with H,O, dried (Na,SO,),
and concentrated. Toyopearl HW50 (1:1 CH,CL/EtOH, 3.2 x 110 cm)
column chromatography, followed by silica gel column chromatography
(2:3 toluene/Et,0) provided 24 (144 g, 85%). [a]p=+57 (¢=1.01 in
CH,CL,); 'H NMR (500 MHz, CDClL): 6=735-720 (m, 60H, 12Ph),
590-5.80 (m, 1H, OCH,CH=CH,), 548 (m, 4H, J=3-4Hz, H-1
Glc!hvviviihy 525513 (m, 2H, OCH,CH=CH,), 5.05 (dd, H-4 Glcv),
437 (d, 1H, J=7-8 Hz, H-1 Gl¢'), 4.29 (d, 1H, J=7-8 Hz, H-1 Glc'"),
4.23 (m, 2H, J=7-8 Hz, H-1 Glc""), 3.59, 3.56, 3.51, 3.47, 3.33, 3.26 (65,
24H, 80Me), 2.75-2.35 (m, 4H, O(C=0)CH,CH,(C=0)OCHj;), 2.15,
2.09, 1.85, 1.86 (4s, 15H, O(C=0)CH,CH,(C=0)OCHj3;, 4 Ac); LSI-MS
(positive mode; thioglycerol, + NaCl or +KF): m/z: 2837 [M+Na]*; 2853
[M+K]*"; Ci56047H;gs: caled for C 66.56, H 6.73; found C 66.22, H 6.75.

Octasaccharide 25: Hydrazine acetate (66 mg, 0.725 mmol) was added at
room temperature to a solution of 24 (400 mg, 0.142 mmol) in 2:1 EtOH/
toluene (30 mL). After 1h of stirring, the solution was concentrated.
Column chromatography (4:1 toluene/EtOAc) yielded 25 (348 mg, 90 % ).
[a]lp =+ 54 (¢=1.02 in CH,CL,); '"H NMR (500 MHz, CDCl;): 6 =7.35-
7.20 (m, 60H, 12Ph), 5.90-5.80 (m, 1H, OCH,CH=CH,), 5.50 (d, H, /=
3.5 Hz, H-1 Glc¥'™), 5.48 (m, 3H, J =3 -4 Hz, H-1 GIc""'VV!), 5.25-5.13 (m,
2H, OCH,CH=CH,), 437 (d, 1H, J=8.1 Hz, H-1 Glc'), 430 (d, 1H, /=
8.3 Hz, H-1 Glc"™), 4.23 (m, 2H, J=8.1 Hz, H-1 Glc¥'"), 3.59, 3.56, 3.51,
3.47,3.33,3.26 (65, 24H, 8OMe), 2.66 (brs, 1H, OH), 2.09, 1.85, 1.86 (3s,
12H, 4 Ac); ESI-MS (positive mode): m/z: 2704 [M+Na]*, 2756 [M+K]*.

Levulinyl octasaccharide 26: 1,5-Cyclooctadiene-bis [methyldiphenyl phos-
phine]-iridium hexafluorophosphate (1.6 mg) was added to a solution of 24
(720 mg, 0.25 mmol) in peroxide free THF (1 mL). The stirred solution was
degassed, placed under dry argon, and H, was introduced. After 10 min, N-
bromosuccinimide (60 mg, 0.34 mmol), and H,O (1 mL) were added. After
5 min of stirring, the mixture was diluted with CH,Cl,, washed with H,O,
dried (Na,SO,), and concentrated. Flash column chromatography (3:2 then
4:3 toluene/EtOAc) gave crude 26 (555 mg, 78 %), which was used without
further purification. t; =0.43 (1:1 toluene/EtOAc).

Imidate 27: A mixture of compound 26 (540 mg, 0.195 mmol), trichloro-
acetonitrile (121 uL, 1.21 mmol), and K,CO; (50 mg, 0.36 mmol) in
CH,Cl, (3mL) was stirred for 16 h at room temperature. The solution
was then diluted with CH,Cl,, filtered, and concentrated. Flash column
chromatography (3:2 toluene/EtOAc with 1% Et;N) gave 27 (455 mg,
80%). 1t =0.48 (3:2 toluene/EtOAc); 'H NMR (500 MHz, CDCl;): d =
8.60,8.59 (2s,1H, a, f=NH), 7.35-7.21 (m, 60H, 12 Ph), 6.50 (d, /= 3.7 Hz,
H-1a Glc'), 5.79 (d, /=72 Hz, H-15 Glc'), 5.51 (d, 1H, J=3.7 Hz, H-1
Gle), 5.48 (d, 3H, J =3.6 Hz, H-1 GIc!%ViVil) 429 (d, 1H, J =78 Hz, H-1
Glc'™), 425 (m, 2H, J=78Hz, H-1 Glc"V), 2.75-2.40 (m, 4H,
O(C=0)CH,CH,(C=0)OCHj;), 2.16, 2.06, 2.04, 1.85, 1.84 (5s, 15H,
O(C=0)CH,CH,(C=0)OCHj, 4 Ac).

Methyl 6-O-acetyl-2,3-di-O-methyl-a-D-glucopyranoside (29): Acetyl
chloride (3.3 mL, 45.5 mmol) was added dropwise at 0°C to a solution of
methyl 2,3-di-O-methyl-a-pD-glucopyranoside (28, 9.20 g, 41.4 mmol) in dry
pyridine (30 mL). After 2 h, pyridine was evaporated and the residue was
diluted with EtOAc, washed with 10% aq KHSO,, brine solution, dried
(Na,S0,), and concentrated. The residue was purified by flash column
chromatography (2:1 toluene/acetone) to give first the diacetate (0.87 g,
7%) then 29 (8.75g, 80%). [a]p =485 (¢=1.02 in CH,CL,); 'H NMR
(250 MHz): 6=4.89 (d, 1H, J,,=3.52Hz, H-1), 447 (dd, 1H, Js54=
4775Hz, Jg¢=12Hz, H-6), 430 (dd, 1H, J54=2.18 Hz, Jo4 =12 Hz,
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H-6'), 3.83-3.76 (m, 1 H, H-5), 3.67 (s, 3H, OMe), 3.56-3.36 (m, 5H, H-3,
H-4, OMe), 3.26 (dd, 1H, J,;=9.11 Hz, H-2), 2.14 (s, 3H, Ac); C;;H,0;:
caled for C 49.99, H 7.63; found C 49.87, H 7.73.

Methyl 6-0-acetyl-4-O-levulinyl-2,3-di-O-methyl-a-D-glucopyranoside
(30): Levulinic acid (2.61g, 22.5 mmol), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (4.32 g, 22.5 mmol) and 4-dimethylami-
nopyridine (0.275 mg, 2.25 mmol) were added, at room temperature, to a
solution of 29 (2.98 g, 11.27 mmol) in dry dioxane (112 mL). After 3.5 h, the
mixture was diluted with EtOAc (400 mL) and successively washed with
5% aq KHSO,, H,O, sat. ag NaHCO;, H,O, dried (Na,SO,), and
concentrated. Flash chromatography (6:1 toluene/EtOAc) of the residue
gave pure 30 (3.55¢, 87%). [a]p=+98 (¢c=1.01 in CH,Cl,); 'H NMR
(250 MHz, CDCl;): 6=4.95 (dd, 1H, J=9.8 Hz, H-4), 489 (d, 1H, J=
3.6 Hz, H-1),4.25 (dd, 1H,J=5.1,12 Hz, H-6), 4.09 (dd, 1H,J=2.1,12 Hz,
H-6'),3.92-3.85 (m, 1H, H-5),3.57 (dd, 1 H, J = 9.8 Hz, H-3), 3.55, 3.46 (2,
6H, 20Me), 3.32 (dd, 1H, H-2), 2.81-2.55 (m, 4H, O(C=0)CH,CH,-
(C=0)OCH,), 2.21, 2.10 (2s, 6H, Ac, O(C=0O)CH,CH,(C=0)OCH,);
C,sHy60y: calcd for C 53.03, H 7.23; found C 53.30, H 7.28.

1,6-Di-O-acetyl-4-O-levulinyl-2,3-di- O-methyl-D-glucopyranose 31):
Compound 30 (2.79 g, 7.69 mmol) was dissolved in acetic acid (73 mL). A
mixture of conc. H,SO, in acetic anhydride (8.0 mL, 1% H,SO,, v/v) was
added to the cooled (—20°C) solution. After stirring for 30 min at —20°C,
the mixture was diluted with CH,Cl, and subsequently washed with
saturated aqueous NaHCOj;, water, dried (Na,SO,), and concentrated to
give, after column chromatography (10:12 toluene/EtOAc), a mixture of
a:f (7:3) anomers (0.750 g, 25%) and pure a anomer (1.240g, 41%).
[a]p =+85 (¢=1.05 in CH,Cl,); '"H NMR (250 MHz, CDCl;): 6 =6.34 (d,
1H, J=3.6 Hz, H-1), 499 (dd, 1H, J 9.52 Hz, H-4), 423 (dd, 1H, /=22,
12 Hz, H-6), 4.06-3.99 (m, 2H, H-5, H-6'), 3.55, 3.47 (25, 6 H, OMe), 3.40
(dd, 1H, J=9.5Hz, H-2), 2.81-2.55 (m, 4H, O(C=O)CH,CH,-
(C=0)0OCH,), 2.19,2.17,2.06 (3s, 9H, Ac, O(C=0)CH,CH,(C=0)OCH,);
C7H540,: caled for C 52.3, H 6.71; found: C 52.09, H 6.75.

Ethyl 1,6-di-O-acetyl-4-O-levulinyl-2,3-di- O-methyl-1-thio-D-glucopyrano-
side (32): A solution of BF;-Et,0 (1M in toluene, 384 pL) was added
dropwise to a stirred solution of 31 (150 mg, 0.384 mmol) and ethanethiol
(57.0 pL, 0.77 mmol) in toluene (1.5 mL). After 2 h, ethanethiol (29.0 pL)
and additional BF;+Et,O (192 uL) were added. After 2 h, solid NaHCO;
was introduced. The solution was filtered, washed with H,O, dried
(Na,S0,), and concentrated to give, after column chromatography (2:1
toluene/EtOAc), an a:f 7:3 mixture of anomers (72 mg, 47%). 'H NMR
(250 MHz, CDCL,): 6 =5.54 (d, 0.7H, J=5.0 Hz, H-1), 494 (dd, 1H, /=
9.11,9.80 Hz, H-4), 4.36 (d,0.3H,J =9.75 Hz, H-1), 4.32-4.05 (m, 3H, H-5,
H-6, H-6"), 3.63-3.41 (m, 8H, 20Me, H-2a, H-3a), 3.31 (dd, J=8.80 Hz,
H-3p), 3.12 (dd, H-2f), 2.84-2.55 (m, 6 H, O(C=0)CH,CH,(C=0)OCHj,
SCH,CH;), 2.17, 2.04, 2.03 (3s, 6H, Ac, O(C=0)CH,CH,(C=0)OCH,;),
1.28 (t, 1H, J=740 Hz, SCH,CH;); ESI-MS (positive mode): m/z: 415
[M+Na]*; 431 [M+K]*; C;H305S: caled for C 52.03, H 7.19, S 8.17; found
C52.19, H 7.32.

Tetrasaccharide 33: A solution of TMSOTS (1m, 2.51 mL, 2.51 mmol) in
toluene was added dropwise under argon to a stirred, cooled (—20°C)
solution of methyl (benzyl 2,3-di-O-methyl-a-L-idopyranosyluronate)-
(1 — 4)-2,3,6-tri-O-benzyl-a-D-glucopyranoside (3.26 g, 4.29 mmol) and
benzyl 4-O-levulinyl-2,3-di-O-methyl-f-p-glucopyranosyluronate-(1 — 4)-
3,6-di-O-acetyl-2-O-benzyl-a/B-D-glucopyranosyl trichloroacetimidate
(4.48 g, 5.10 mmol) in toluene (180 mL) containing 4 A powdered molec-
ular sieves (3.80 g). The mixture was stirred for 10 min, and filtered
(Celite). The organic phase was washed with 2% aqueous NaHCOj; and
H,O, dried, and concentrated. Purification of the residue by column
chromatography (3:2 cyclohexane/EtOAc) gave the expected tetrasacchar-
ide (5.47 g,85.5%).

Hydrazine acetate (3.39 g, 36.70 mmol) was added at room temperature to
a solution of this tetrasaccharide (5.47g, 3.67 mmol) in a 2:1 mixture of
EtOH/toluene (720 mL). After 1h, the solution was concentrated. The
reaction mixture was diluted with CH,Cl,, washed with 10% aq KHSO,,
H,O, sat. ag NaHCO;, and H,O, dried, and concentrated. Purification of
the residue by chromatography (3:2 toluene/EtOAc) yielded 33 (4.46 g,
88%): [a]p =441 (¢=0.57 in CH,CL,). 'H NMR (500 MHz, CDCl,): 6 =
7.36-7.24 (m, 30H, 6Ph), 5.28 (d, 1H, J=6.8 Hz, H-1 IdoUA"), 5.18 (d,
1H, J=3.9 Hz, H-1 Glc™), 4.56 (d, 1H, J=3.9 Hz, H-1 GIc'), 4.15 (d, 1H,
J=179 Hz, H-1 GIcUA), 3.45,3.44, 3.43, 3.36, 3.22 (5s, 15H, 5OMe), 2.54
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(d, 1H, J=2.5 Hz, OH), 1.96, 1.90 (25, 6 H, 2 Ac); ESI MS (positive mode;
+NaCl or +KF): m/z: 1412.1 [M+Na]*, 1428.2 [M+K]"; C;sHgsO,s: caled
for C 64.83, H 6.38; found C 64.62, H 6.42.

Pentasaccharide 34: A solution of NIS (7.0 mg, 31 umol) and TfOH
(0.23 pL, 3 pmol) in 1:1 CH,Cl,/diethyl ether (1.10 mL) was added under
argon to a cooled (—20°C) and stirred mixture containing donor 32
(10.2 mg, 26 pmol) and acceptor 33 (30.0 mg, 21 umol) in the presence of
4 A molecular sieves (40 mg) in CH,Cl, (0.370 mL). After 20 min, addi-
tional donor 32 (2.54 mg, 6.5 pmol) was added as well as a solution of NIS
and TfOH in 1:1 CH,Cl,/diethyl ether (93 pL). After 15 min, the mixture
was filtered, diluted with CH,Cl,, washed with aq 10% Na,S,0;, H,O,
dried (Na,SO,), and concentrated to give 34 (10.3 mg, 27 %) after column
chromatography (1:1 then 2:3 cyclohexane/EtOAc). '"H NMR (500 MHz,
CDCl;): 6 =740-720 (m, 30H, Ph), 5.58 (d, 1H, J=3.6 Hz, H-1 GlcV),
5.37 (dd, 1H, J=9.6 Hz, H-3 Glc"), 5.30 (d, 1H, J = 6.0 Hz, H-1 IdoUA"),
4.89-4.85 (m, 2H, H-4 GlcY, CH,Ph), 4.56 (d, 1H, J=3.5 Hz, H-1 GIc'),
444 (d, 1H, J=10Hz, H-5 I1doUA"), 4.11 (d, 1H, J=7-8 Hz, H-1
GIcUAY), 3.54, 3.53, 3.49, 3.45, 3.44, 3.36, 317 (7s, 21H, 70OCH,), 2.80 -
2.38 (m, 4H, O(C=0)CH,CH,(C=0)OCHs), 2.14, 2.08,1.99, 1.88 (4s, 12H,
3 Ac, O(C=0)CH,CH,(C=0)OCHj).

Phenyl 2,4,6-tri-O-acetyl-3-O-methyl-1-thio-a-D-glucopyranoside (35a)
and phenyl 2,4,6-tri-O-acetyl-3-O-methyl-1-thio-f-D-glucopyranoside
(35b): A mixture of 1,2,4,6-tetra-O-acetyl-3-O-methyl-$-p-glucopyranose
(8) (5.2 g, 144 mmol), thiophenol (3 mL, 28.8 mmol), and BF;-Et,O
(1.78 mL, 28.8 mmol) in toluene (45 mL) was stirred for 1 h at 50°C. The
mixture was treated with sat. ag NaHCO; and diluted with CH,Cl,. The
organic layer was washed with H,O, dried (Na,SO,) and concentrated.
Column chromatography (5:2 cyclohexane/EtOAc) gave first 35a (1 g,
17%). tg =0.44 (3:2 cyclohexane/EtOAc); [a]p =+230 (c=1 in CH,Cl,);
'H NMR (250 MHz, CDCl;): 6 =7.50-7.36 (m, 5H, Ph), 5.89 (d, 1H, /=
5.6 Hz, H-1), 5.05-4.95 (m, 2H, H-2, H-4), 4.49-4.42 (m, 1H, H-5), 3.66
(dd, 1H,J=9.5 Hz, H-3), 3.51 (s, 3H, OMe), 2.16,2.12,2.00 (3s,9H, 3 Ac);
ESI-MS (positive mode): m/z: 435 [M+Na]*, 451 [M+K]*; C;oH,,0O4S:
calcd for C 55.33, H 5.87, S 7.77; found C 55.25, H 5.90, S 7.83.

Then was eluted 35b (2.7 g, 45%); 1t =0.30 (3:2 cyclohexane/EtOAc);
[a]p=—27 (c=0.95 in CH,CL); 'H NMR (300 MHz, CDCL): 6 =7.50—
727 (m, SH, Ph), 5.02-4.94 (m, 2 H, H-2, H-4), 4.62 (d, 1 H, J = 10 Hz, H-1),
3.48 (t, 1H, J=9.2 Hz, H-3), 339 (s, 3H, OMe), 2.12, 2.07, 2.00 (35, 9H,
3Ac); ESI-MS (positive mode): m/z: 435 [M+Na]*, 451 [M+K]*";
C1oH,,058: caled for C 55.33, H 5.87, S 7.77; found C 55.45, H 5.86, S 7.47.

Phenyl  4,6-O-benzylidene-2,3-di-O-methyl-1-thio-a-D-glucopyranoside
(38): Sodium methoxide (2M in methanol, 3.5 mL) was added to a solution
of 35a (970 mg, 2.35 mmol) in 2:1 methanol/CH,Cl, (18 mL). The mixture
was stirred for 1 h at room temperature, neutralized with Dowex 50 H*
resin, filtered, and concentrated. Benzaldehyde dimethylacetal (0.7 mL,
4 mmol) and (£)-10-camphorsulfonic acid (51 mg, 0.22 mmol) were added
to a solution of the residue (36) in CH;CN (22 mL). The mixture was stirred
for 1h at room temperature under argon, and neutralised with Et;N
(0.5mL), and concentrated to give crude 37 (tz =0.30, 2:1 cyclohexane/
EtOAc), which was directly used in the next step.

Methyl iodide (163 pL, 2.6 mmol) was added at 0°C to a mixture of crude
37 (860 mg, 2.2 mmol) and NaH (73 mg, 2.8 mmol) in DMF (9 mL). The
mixture was stirred for 0.5 h at room temperature, and MeOH was added.
The product was extracted with EtOAc, washed with H,O, dried (Na,SO,),
and concentrated. Compound 38 crystallized upon concentration (840 mg,
94% ). M.p. 178 °C (from EtOAc); [a]p = +330 (c =1 in CH,Cl,); '"H NMR
(200 MHz, CDCl,): 6 =7.50-724 (m, 10H, 2Ph), 5.71 (d, 1H, J=3.4 Hz,
H-1),5.52 (s, 1H, CHPh), 4.40-4.32 (m, 1H, H-5), 3.62 (s, 3H, OMe), 3.55
(s, 3H, OMe); ESI-MS (positive mode; +NaCl or +KF): m/z: 411.4
[M+Nal]*, 4274 [M+K]*; C;;H,,05S: caled for C 64.92, H 6.23, S 8.25;
found C 64.87, H 6.17, S 7.85.

Phenyl 6-O-benzyl-2,3-di-O-methyl-1-thio-a-D-glucopyranoside (39): A
solution of trifluoroacetic anhydride (19 uL, 0.13 mmol) in trifluoroacetic
acid (624 pL, 8.1 mmol) was added dropwise, under argon, to a solution of
38 (792 mg, 2 mmol) and triethylsilane (1.3 mL, 8.1 mmol) in dry dichloro-
ethane (5 mL). The mixture was stirred overnight, then 1m aq NaOH was
added until pH 9, diluted with CH,Cl,, washed with H,O, dried (Na,SO,)
and concentrated. The residue was purified by flash column chromatog-
raphy (7:2 then 2:1 cyclohexane/EtOAc) to give 39 (318 mg, 80%). [a]p =
+243 (c=1 in CH,CL,); '"H NMR (300 MHz, CDCl;):  =7.52-7.22 (m,
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10H, 2Ph), 5.71 (d, 1 H, J=5.2 Hz, H-1), 4.60 and 4.50 (2d, 2H, J =12 Hz,
CH,Ph), 3.61, 3.46 (2s, 6H, 20Me), 3.36 (dd, J=9.0, 9.3 Hz, 1H, H-3);
ESI-MS (positive mode): m/z:+NaCl, 413 [M+Na]*;+KF, 429 [M+K]*;
C,H505S. 1% H,0: caled for C 64.00, H 6.75, S 8.21; found C 64.05, H
6.88, S 7.87.

Trisaccharide 40: A mixture of glycosyl donor 19 (436 mg, 0.47 mmol),
acceptor 39 (153 g, 0.39 mmol), and 4 A molecular sieves (0.5 g) in CH,Cl,
(8 mL) was stirred under argon for 40 min at room temperature, and then
cooled at —20°C. TBDMSOTT in CH,Cl, (1™, 79 uL) was added dropwise
to this mixture. After 10 min of stirring, solid NaHCO; was added. After
filtration, the mixture was concentrated. Sephadex LH-20 column chro-
matography (1:1 CH,Cl,/EtOH), then silica gel column chromatography
(20:1 CH,Cl,/acetone) gave 40 (309 mg, 68%). [a]p=+144 (c=1 in
CH,Cl,); '"H NMR (250 MHz, CDCl;): 6 =7.52-722 (m, 25H, 5Ph), 5.73
(d, 1H, J=5.2 Hz, H-1 GIc'), 5.48 (d, 1H, J =3.5 Hz, H-1 GIc"), 5.04 (dd,
1H, J=9.1, 10.2 Hz, H-4 Glc'"), 4.88 (dd, 1H, J=8.0 Hz, H-2 GlIc"), 4.46
(d, 1H, J=8 Hz, H-1 Glc"), 3.57, 3.54, 3.5, 3.31 (4s, 12H, 40OMe), 2.70—
2.41 (m, 4H, O(C=0)CH,CH,(C=0)OCH,;), 2.16, 2.01 (2s, 6H, Ac,
O(C=0)CH,CH,(C=0)OCH;); ESI-MS (positive mode): m/z: 1175
[M+Na]*, 1191 [M+K]*; C3H7045S: caled for C 65.61, H 6.64, S 2.78;
found C 65.02, H 6.60, S 2.72.

Levulinyl heptasaccharide 41: A solution of NIS (92 mg, 0.38 mmol) and
TfOH (375 pL, 0.038 mmol) in 1,2-dichloroethane/diethyl ether (1:1,
22 mL) was added under argon to a cooled (—25°C) mixture containing
donor 40 (451 mg, 0.39 mmol) and acceptor 33 (434 mg, 0.31 mmol) in the
presence of 4 A molecular sieves (400 mg) in 1,2-dichloroethane (7.5 mL).
After 30 min of stirring, solid NaHCO; was added. The solution was
filtered, washed with Na,S,0; then H,O, dried (Na,SO,), and concentrated.
Sephadex LH-20 column chromatography (1:1 CH,Cl,/EtOH) followed by
silica gel column chromatography (1:1 then 2:3 cyclohexane/EtOAc) gave
pure 41 (487 mg, 64%). [a]pb=+63 (¢=0.54 in CH,Cl,); 'H NMR
(500 MHz, CDCl;): 0=1738-720 (m, 50H, 10Ph), 557 (d, 1H, J=
3.7Hz, H-1 GlcY), 547 (d, 1H, J=3.7Hz, H-1 Glc'"), 530 (d, 1H, J=
6.8 Hz, H-1 IdoUA™"), 5.18 (d, 1H, J=3.7 Hz, H-1 Glc""), 5.05 (t, 1H, H-5
Glc'™), 457 (d, 1H, J=3.6 Hz, H-1 Gl¢'), 429 (d, 1H, J=8.0 Hz, H-1
Glc'"), 4.08 (d, 1H, J=7.7 Hz, H-1 GIcUA"), 3.56, 3.52, 3.48, 3.46, 3.44,
342, 339, 330, 3.17 (9s, 27H, 90CH;), 2.75-240 (m, 4H,
O(C=0)CH,CH,(C=0)OCHj;), 2.15, 198,197, 1.87 (4s, 12H, 3Ac,
O(C=0)CH,CH,(C=0)OCHs); ESI-MS (positive mode): m/z: 2454
[M+Na]*; 2469 [M+K]*.

Heptasaccharide 42: Hydrazine acetate (94.5 mg, 1.02 mmol) was added to
a solution of 41 (498 mg, 0.2 mmol) in 2:1 EtOH/toluene (42 mL) at room
temperature. After 1h of stirring, the solution was evaporated. Flash
column chromatography (4:5 cyclohexane/EtOAc) of the residue gave 42
(402 mg, 84 %). [a]p =+ 64 (¢ =1 in CH,Cl,); "H NMR (500 MHz, CDCl,):
0="738-720 (m, 50H, 10Ph), 5.55 (d, 1H, J=3.7 Hz, H-1 GlcV), 5.49 (d,
1H, J=3.7 Hz, H-1 Glc""), 5.30 (d, 1H, /= 6.8 Hz, H-1 IdoUA"), 5.18 (d,
1H, J=3.7 Hz, H-1 Glc™), 4.56 (d, 1H, J=3.6 Hz, H-1 GIc'), 4.31 (d, 1H,
J=8.1Hz, H-1 Glc"), 4.08 (d, 1H, J=7.9 Hz, H-1 GIcUA"), 3.67, 3.52,
3.49, 3.46, 3.44, 3.42, 3.40, 3.28, 3.17 (7s, 27H, 9O0CH;), 2.65 (d, 1H, J=
2.14 Hz, OH), 1.98,1.97, 1.87 (35, 9H, 3 Ac); ESI-MS (positive mode): m/z:
2352.9 [M+NH,]*; C,H,5,04,: calcd for C 65.34, H 6.56; found C 65.40, H
6.62.

Oligosaccharide 43: A mixture of glycosyl donor 27 (340 mg, 1.16 mmol),
acceptor 42 (256 mg, 1.09 mmol) and 4 A molecular sieves (280 mg) in dry
CH,C], (5 mL) was stirred under argon at room temperature for 1 h, and
then cooled to —25°C. A solution of TBDMSOTT in CH,Cl, (1M, 33 puL)
was added to the mixture. After 10 min of stirring, solid NaHCO; was
added. After filtration and concentration, the residue was purified with a
Toyopearl HW 40 column chromatography (1:1 CH,CL/EtOH, 3.2 x
70 cm) to give 43 (421 mg, 76%). [a]p =+65 (c=1 in CH,Cl,); 'H NMR
(500 MHz, CDCl;): 6 =7.38-7.18 (m, 105H, 21 Ph), 5.55 (d, 1 H, J=3.6 Hz,
H-1 GlcY), 5.48 (m, 5H, J=3.7 Hz, H-1 GIcVIMXXIXILXV) '53() (d, 1H, J =
6.8 Hz, H-1 IdoUA!), 5.18 (d, 1H, J=3.7 Hz, H-1 Glc™), 4.56 (d, 1H, J =
3.6 Hz, H-1 Glc'), 4.29 (m, 4H, J =7.8 Hz, H-1 GIcVI:XXILXIV) 427 (d, 1H,
J=178 Hz, H-1 Glc'"), 4.08 (d, 1H, /=79 Hz, H-1 GIcUA"), 3.67, 3.52,
3.49,3.46,3.44,3.42, 3.40, 3.28,3.17 (7s,27H, 9OCH,), 2.75-2.40 (m, 4H,
O(C=0)CH,CH,(C=0)0OCH,), 2.15, 1.97, 1.95, 1.87, 1.84, 1.83 (65, 24H,
7 Ac, O(C=0)CH,CH,(C=0)OCHj;); ESI-MS (positive mode): monoiso-
topic mass: 5088.2, average mass: 5091.7, experimental mass: 5090.3 +
2.6 am.u.
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Oligosaccharide 44: Delevulinylation of 43 (342 mg, 0.067 mmol) was
prepared as described for the preparation of 21 to yield 44 (253 mg, 75%).
[alp=+359 (¢=0.92 in CH,Cl,); '"H NMR (500 MHz, CDCl;): 6 =7.34-
7.20 (m, 105H, 21Ph), 5.55 (d, 1H, J=3.6 Hz, H-1 Glc"), 5.50 (d, 1H, /=
3.5 Hz, H-1 GIcXY), 5.48 (m, 4 H, H-1 GlcVIMXXIXI) /548 (d, 1H, J =3.5 Hz,
H-1 GlcY™), 5.30 (d, 1H, J=6.8 Hz, H-1 IdoUA!), 5.18 (d, 1H, J=3.7 Hz,
H-1 Glc'™),4.56 (d, 1H,J=3.6 Hz, H-1 Glc'), 4.30 (d, 1H, J=7-8 Hz, H-1
GIcXY), 422 (m, 4H, H-1 GIcVIVILXXI) 408 (d, 1H, J=79 Hz, H-1
GIcUAY), 2.93 (dd, 1H, J=6.8, 7.8 Hz, H-2 IdoUA"), 2.66 (d, 1H, J=
2.3 Hz, OH), 1.97, 1.95, 1.87, 1.85, 1.84, 1.83 (6s, 21H, 7 Ac); ESI-MS
(positive mode): monoisotopic mass: 4990.13; average mass: 4993.6;
experimental mass: 4992.9 +£0.9 a.m.u.

Sulfonated oligosaccharide 1a: A solution of 43 (50 mg, 9.8 umol) in glacial
acetic acid (3.5 mL) was stirred for 5h under a hydrogen atmosphere
(5 bar) in the presence of Pd/C (100 mg). After filtration and concentration
the product was directly engaged in the next step. 5M aq NaOH (400 pL)
was added to a solution of the preceding residue in MeOH (3.5 mL). After
3 h of stirring, the mixture was diluted with MeOH (2 mL) and was passed
through a Sephadex G-50 column (2.2 x 70 cm) eluted with H,O. The
fractions with the expected compound were pooled, concentrated, and
passed through a Dowex 50 H resin column. Lyophilisation gave the fully
deprotected compound. The complete removal of protective groups was
checked by 'H NMR. Triethylamine/sulfur trioxide complex (69 mg,
0.378 mmol) was added to a solution of the preceding polyol (18.6 mg,
6.8 pmol) in dry DMF (1.5mL). After 24 h of stirring at 55°C with
protection from light, the solution was passed through a Sephadex G-50
column (250 mL) equilibrated with 0.2 M NaCl. The fractions containing the
expected compound were concentrated and desalted using the same
column equilibrated with H,O. Lyophilisation gave 1a (31 mg, 80% over
the three steps). [a]p =439 (¢=0.51 in H,0); 'H NMR (500 MHz, D,0):
0=5.69 (d, 1H, J=33Hz, H-1 GIc*), 545 (m, 4H, J=34Hz, H-1
GIcVIMXXIXIN "5 43 (d, 1H, J=3.4 Hz, H-1 GlcY), 541 (d, 1H, J=3.4 Hz,
H-1 Glc"), 5.15 (d, 1H, J=3.3 Hz, H-1 GIc'), 5.06 (d, 1H, /=12 Hz, H-1
IdoUA"), 479 (d, 1H, J=78Hz, H-1 GIc*), 475 (m, 4H, H-1
GIlcVIVILXXIN “4 65 (d, 1H, J=7.3 Hz, H-1 GIcUA"Y); ESI-MS (negative
mode): monoisotopic mass: 5613.3, average mass: 5617.7, experimental
mass: 5616.5 a.m.u.

Oligosaccharide 45: Glycosyl imidate 19 (16.8 mg, 18.15 pmol) and glycosyl
acceptor 44 (86.5 mg, 17.3 pmol) in CH,Cl, (670 uL) were prepared as
described for the preparation of 43. The residue was passed through a
Toyopearl HW 50 column (750 mL; 1:1 CH,CL,/EtOH) to give a mixture of
the expected 17-mer 45 together with unreacted 44 (76 mg). To this mixture
dissolved in CH,CI, (600 pL) were added 4 A molecular sieves (25 mg) and
imidate 19 (9 mg, 9.7 umol), followed after cooling at —25°C under argon
by TBDMSOTTf in CH,Cl, (1M, 9 uL). After 10 min, solid NaHCO; was
added, and the solution was filtered and concentrated. The residue was
purified by Toyopearl HW 50 column chromatography (750 mL) to give
pure 45 (39 mg, 39 % ). Column chromatography (39:10 toluene/acetone) of
the fraction (31.7 mg) containing a mixture of 45 and unreacted 44 gave
additional 45 (17mg, 17%). [a]pb=465 (c=1 in CH,ClL); 'H NMR
(500 MHz, CDCl;): 6 =7.34-7.18 (m, 125H, 25Ph), 5.55 (d, 1 H,J=3.5 Hz,
H-1 GlcY), 5.48 (m, 6 H, H-1 GlcVIMXXLXULXVXVID 15 3() (d, 1H, J=6.6 Hz,
H-1 1doUAM), 5.17 (d, 1H, J =3.5 Hz, H-1 Glc'"), 4.56 (d, 1H, J=3.5 Hz,
H-1 GIc'), 428 (d, 1H, J=73Hz, H-1 GIc*"), 422 (m, 5H, H-1
GIcVIVILXXILXIVY "4 08 (d, 1H, J=7.7 Hz, H-1 Glc"), 3.56, 3.51, 3.48, 3.47,
3.46, 3.41, 3.38, 3.36, 3.26, 3.17 (10s, 57H, 190CHs;), 2.75-2.40 (m, 4H,
O(C=0)CH,CH,(C=0)OCH;), 2.15, 1.97, 1.95, 1.87, 1.84, 1.83 (6s, 27H,
8 Ac, O(C=0)CH,CH,(C=0)OCH;); ESI-MS (positive mode): monoiso-
topic mass: 5752.5, average mass: 5756.4, experimental mass: 5754.5 +
1.9 am.u.

Sulfonated oligosaccharide 1b: A solution of 45 (48 mg, 8.34 pmol) in
glacial acetic acid (3 mL) was stirred for 5 h under an hydrogen atmosphere
(Sbar) in the presence of 5% Pd/C (96 mg). After filtration and
evaporation the residue (36.5 mg) was dissolved in MeOH (0.7 mL), and
5™ aq NaOH (0.075 mL) was added. After stirring for 3 h, the mixture was
diluted with MeOH (2 mL) and passed through a Sephadex G-50 column
(250 mL) equilibrated with H,O. The fractions with the expected com-
pound were pooled, concentrated, and passed through a Dowex 50 H* resin
column. Lyophilisation gave the expected deprotected derivative. The
complete removal of protective groups was checked by 'H NMR. To a
solution of the preceding polyol (14.5 mg, 4.7 pmol) in dry DMF (2 mL)
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was added triethylamine/sulphur trioxide complex (137 mg, 0.75 mmol).
After 24 h of stirring at 55°C with protection from light, the solution was
passed through a Sephadex G-50 column (250 mL) equilibrated with 0.2m
NaCl. The fractions containing the expected compound were concentrated
and desalted using the same column equilibrated with H,O. Lyophilisation
gave 1b (26.5 mg, 88 % over the three steps). [a]p = +39 (¢ =0.91 in H,0);
'H NMR (500 MHz, D,0O): 6 =5.70 (d, 1H, J=3.3 Hz, H-1 GIcX'"), 5.45
(m, 5H, J=3-4Hz, H-1 GIcVIMXXIXILXV) 543 (d, 1H, J=3-4 Hz, H-1
GlcY), 541 (d, 1H, J=3-4Hz, H-1 Glc™), 5.17 (d, 1H, J=3.3 Hz, H-1
Glc!), 5.06 (brs, 1H, J = 1-2 Hz, H-1 IdoUA"), 4.78 (d, 1 H, J = 7.8 Hz, H-1
GIcXVY), 475 (m, 5H, J=7-8 Hz, H-1 GIcVWVIIXXIXIV) 4 64 (d, 1H, J=
73 Hz, H-1 GIcUAY); ESI-MS (negative mode): monoisotopic mass:
6373.17; average mass: 6378.31; experimental mass: 6373.5 a.m.u.

Oligosaccharide 46: A solution of imidate 23 (32.7 mg, 20.6 umol) and
glycosyl acceptor 44 (80.7 mg, 16.3 umol) in CH,Cl, (600 pL) containing
powdered 4 A molecular sieves (20 mg) was treated as described for the
preparation of 43 with TBDMSOTY in CH,Cl, (1M, 9 pL). The residue was
purified by Toyopearl HW 40 column chromatography (750 mL; 1:1
CH,CL/EtOH) to give 46 (60 mg, 59%). [a]p =+61 (c=0.82 in CH,CL,);
'H NMR (500 MHz, CDCl,): 6 =7.36-7.19 (m, 140H, 28 Ph), 5.55 (d, 1H,
J=3.5Hz, H-1 GlIcV), 5.48 (m, 7H, J =3.5 Hz, H-1 GlcVMXXIXILXV.XVILXIX)
5.30 (d, 1H, J=6.6 Hz, H-1 IdoUA"), 5.17 (d, 1H, J=3.5 Hz, H-1 Glc"),
4.56 (d, 1H,J=3.5 Hz, H-1 Gl¢'), 428 (d, 1H,J =73 Hz, H-1 GIcXVIl"), 4.22
(m, 5H, J=7-8 Hz, H-1 GIcVIWIXXILXIVXVI) "4 08 (d, 1H, J=7.7 Hz, H-1
Glclv), 3.56, 3.51, 3.48, 3.47, 3.46, 3.41, 3.38, 3.36, 3.26, 3.17 (10s, 63H,
210CH;), 2.75-2.40 (m, 4H, O(C=0)CH,CH,(C=0)OCH;), 2.15, 1.97,
1.95, 1.87, 1.84, 1.83 (65, 30H, 9 Ac, O(C=0)CH,CH,(C=0)OCH,); ESI-
MS (positive mode): monoisotopic mass: 6416.8; average mass: 6421.2;
experimental mass: 6418.0+£0.7 a.m.u.

Sulfonated oligosaccharide 1¢: A solution of 46 (50 mg, 7.9 umol) in glacial
acetic acid (3 mL) was stirred for 5h under an hydrogen atmosphere
(5bar) in the presence of 5% Pd/C (100 mg). After filtration and
concentration, the product (30 mg, 7.9 umol) was dissolved in MeOH
(1.4 mL), and 5m aq NaOH (156 pL) was added. After 2 h of stirring, water
was introduced and the mixture was acidified with Dowex 50H" resin.
After filtration and concentration, the residue was passed through a
Sephadex G-50 column (250 mL) equilibrated with water. Lyophilisation
gave the expected polyol (27 mg). To a solution of the latter (27 mg,
7.8 umol) in dry DMF (3 mL) was added triethylamine/sulphur trioxide
complex (257 mg, 1.420 mmol). After 24 h of stirring at 55°C with
protection from light, the solution was passed through a Sephadex G-50
column (250 mL) equilibrated with 0.2 m NaCl. The fractions containing the
expected compound were concentrated and desalted using the same
column equilibrated with H,O. Lyophilisation gave 1¢ (44.5 mg, 80 % over
the three steps): [a]p = +40.5 (c=0.79 in H,0); "H NMR (500 MHz, D,0):
0=571 (d, 1H, J=3.3 Hz, H-1 GIcXX), 548 (m, 6H, J=3.4 Hz, H-1
GIcVIMXXIXULXVXVIN °5 46 (d, 1H,J=3.4 Hz, H-1 GlcVY), 5.44 (d, 1H,J=3-
4 Hz, H-1 Glc"), 517 (d, 1H, J=3.3 Hz, H-1 Glc'), 5.08 (brs, 1H, J=
1.2 Hz, H-1 IdoUA™), 4.81 (d, 1H, J=7.8 Hz, H-1 GIcXV'), 4.78 (m, 6H,
J =18 Hz, H-1 GIcVIVHIXXILXIVXVI) "4 67 (d, 1H, J =73 Hz, H-1 GIcUAY);
ESI-MS (negative mode): monoisotopic mass: 7138.06; average mass:
7138.9; experimental mass: 7137.26 a.m.u.

Oligosaccharide 47: A solution of TBDMSOT( (1M, 18.3 pL, 18.3 pmol) in
toluene was added under argon to a stirred, cooled (—25°C) solution of
glycosyl acceptor 25 (166 mg, 61 umol) and imidate 23 (97.2 mg, 61 umol) in
toluene (5.6 mL) containing 4 A powdered molecular sieves (176 mg).
After 30 min, solid NaHCO; was introduced, then the mixture was filtered
and concentrated. Toyopearl HW40S column (300 mL, 1:1 CH,CL/EtOH)
of the residue gave a mixture of expected 47 together with unreacted 25
(240 mg). To the above mixture in toluene (4 mL) containing 4 A powdered
molecular sieves (80 mg), was added imidate 23 (30 mg, 18 umol). After
cooling (—25°C), a solution of TBDMSOTf (1M, 5.6 pL, 5.6 umol) in
toluene was added under argon. After 15 min, solid NaHCO; was added
under stirring, and the mixture was filtered and concentrated. Toyopearl
HW40S column chromatography (300 mL; 1:1 CH,CL/EtOH) followed by
silica gel column chromatography (3:1 then 2:1 CH,CL/Et,0) gave pure
dodecasaccharide 47 (0.225g, 86%). [a]p = +47 (c=1 in CH,ClL,);
'"H NMR (500 MHz, CDCl,): 6 =7.35-720 (m, 90H, 18 Ph), 5.90-5.78 (m,
1H, OCH,CH=CH,), 5.48 (m, 6 H, H-1 GIcMVVIVILXXID) 555 _5.06 (m, 2 H,
OCH,CH=CH,), 5.05 (dd, 1H, H-4 GlcX"), 4.81 (dd, 1H, H-2 Glc'), 430
4.26 (m, 2H, H-1 GIcX!, OCH,CH=CH,), 4.37 (d, 1H,J = 8.1 Hz, H-1 GIc'),
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425 (m, 4H, H-1 GIcWVVIIX) 275240 (m, 4H, O(C=0)CH,CH.,-
(C=0)OCH,), 2.16, 2.09, 1.85, 1.84 (4s, 21H, 6Ac, O(C=0)CH,CH,-
(C=0)OCHs;); ESI-MS (positive mode): monoisotopic mass: 4140, average
mass: 4144.4, experimental mass: 4144.7 a.m.u.

Oligosaccharide 48: Hydrazine acetate (22.4 mg, 0.24 mmol) was added at
room temperature to a solution of 47 (202 mg, 0.048 mmol) in a mixture of
2:1 EtOH/toluene (9.9 mL). After 1h, the solution was concentrated.
Column chromatography (7:1 CH,Cl,/acetone) yielded 48 (176.6 mg,
85%); 'H NMR (500 MHz, CDCL): 6=735-720 (m, 90H, 18Ph),
5.90-5.78 (m, 1H, OCH,CH=CH,), 5.50 (d, 1H, J=3.5 Hz, H-1 GIcX"),
5.48 (m, 5H, H-1 GIcMVVIVILXXID) '5 95 - 5.06 (m, 2H, OCH,CH=CH,), 4.95
(dd, 1H, H-2 Glc'), 4.30-4.26 (m, 2H, H-1 GlcX!, OCH,CH=CH,), 4.37 (d,
1H, J=8.1Hz, H-1 Glc"), 431 (d, 1H, J=8.3 Hz, H-1 GIcX!), 422 (m, 4H,
H-1 GIc"VVILX) 12,65 (brs, 1H, OH), 2.09, 1.85 (25, 18H, 6 Ac); LSI-MS
(positive mode; thioglycerol +NaCl): m/z: 4069 [M+Na]*.

Levulinyl trisaccharide 50: TBDMSOTT (218 pL, 0.218 mmol) was added
dropwise under argon to a stirred, cooled (—20°C) solution of 7a (440 mg,
1.2 mmol) and 49 (1.283 g, 1.44 mmol) in CH,Cl, (20 mL) containing 4 A
powdered molecular sieves (1.3 g). After 30 min solid NaHCO; was
introduced under stirring. After 5 min CH,Cl, was added, the solution
was filtered, washed with saturated aqg NaHCO;, H,O, dried (Na,SO,), and
concentrated. Column chromatography (3:2 then 5:4 toluene/EtOAc)
yielded 50 (452mg, 34%). [alp=+59 (c=1 in CH,ClL); 'H NMR
(300 MHz, CDCly): 0=735-720 (m, 30H, 6Ph), 590-5.78 (m, 1H,
OCH,CH=CH,), 5.48 (d, 1H, J=3.5 Hz, H-1 Glc"), 5.41 (dd, 1H, J=9.5,
9.7 Hz, H-3 Glc'), 5.04-5.00 (m, 2H, H-1 Glc', H-4 IdoUA™), 4.94 (d, 1 H,
J=4.5 Hz, H-1 IdoUA™), 3.42, 3.40, 3.37 (3s, 9H, 30Me), 3.04 (dd, 1H,
H-2, IdoUA™), 2.75-2.40 (m, 4H, O(C=0)CH,CH,(C=0)OCHs;), 2.13,
2.12, 2.07, 1.92 (4s, 12H, 3 Ac O(C=0)CH,CH,(C=0)OCH;); ESI-MS
(positive mode): m/z: 1117 [M+Na]*, 1133 [M+K]*; CssH7,05, x 1.1 H,0:
calcd for C 60.32, H 6.53; found C 60.38, H 6.26.

Trisaccharide 51: 1,5-Cyclooctadiene-bis[methyldiphenylphosphine]-iridi-
um hexafluorophosphate (1 mg) was added to a solution of 50 (423 mg,
0.386 mmol) in free peroxide THF (5mL). The stirred solution was
degassed, placed under argon, and H, was introduced. After 10 min, the
solvent was evaporated and the residue was dissolved in CH,Cl,, then NBS
(89.3 mg, 0.5 mmol) and H,O (1.9 mL) were added. After 10 min, CH,Cl,
was added, the solution was washed with sat. aqg NaHCO,, H,0O, dried
(Na,S0,) and concentrated. Column chromatography (2:3 toluene/EtOAc)
yielded 51 (236 mg, 58%). [a]p, = +51 (¢=1.04 in CH,Cl,); 'H NMR
(300 MHz, CDCl,): 6 =7.35-7.20 (m, 15H, 3Ph), 5.45-5.35 (m, 3H, H-1a
Glc!, H-1 Glc", H-3 Glc'), 4.94 (d, 1H, J=4.5 Hz, H-1 IdoUA"), 4.60 -
4.55 (m, H-15 GIc', 1 CH,Ph), 3.42, 3.40, 3.37 (35, 9H,30Me), 3.04 (dd, 1 H,
H-2 IdoUA™); ESI-MS (positive mode): m/z: 1117 [M+Na]*.

Imidate 52: Trichloroacetonitrile (120 uL, 1.18 pmol) and K,CO5(50 mg,
0.36 mmol) were added under argon to a solution of 51 (209 mg,
0.198 mmol) in CH,Cl, (1.5 mL). After 16 h, the solution was filtered and
concentrated. Column chromatography of the residue (3:1 toluene/acetone
+1% Et;N) afforded 52 (142 mg, 60 %). tr =0.40 (3:1 toluene/acetone);
"H NMR (300 MHz, CDCl;): 6 =8.60 (1s,1H, a =NH), 7.35-7.21 (m, 15H,
3Ph), 6.27 (d, J=3.7 Hz, H-1a GIc'), 5.47 (d, 1H, J=3.5 Hz, H-1 GIc"),
5.04 (m, 1H, H-4 IdoUA™), 4.94 (d, 1H, J=4.5 Hz, H-1 IdoUA™), 3.42,
3.40, 337 (3s, 9H, 30Me), 2.75-2.40 (m, 4H, O(C=O)CH,CH,-
(C=0)OCHs;), 2.13, 2.12, 2.07, 1.92 (4s, 12H, 3 Ac, O(C=0)CH,CH,-
(C=0)OCHs;); ESI-MS (positive mode): m/z: 1220 [M+Na]*, 1236
[M+K]*.

Oligosaccharide 53: A solution of TBDMSOTTY (1M, 13.4 pL, 13.4 pmol) in
toluene was added dropwise under argon to a stirred, cooled (—20°C)
solution of glycosyl acceptor 48 (140 mg, 34.5 umol) and imidate 52 (54 mg,
45 ymol) in toluene (3 mL) containing 4 A powdered molecular sieves
(1.3 g). After 15 min of stirring, solid NaHCO; was introduced, the reaction
mixture was diluted with CH,Cl,, filtered, and concentrated. Toyopearl
HW 40S chromatography (1:1 CH,CL/EtOH) then silica gel chromatog-
raphy (8:11 then 2:3 cyclohexane/EtOAc) yielded 53 (92.9 mg, 54 %) then a
mixture of 53 and recovered 48 (25 mg). '"H NMR (500 MHz, CDCL,): 6 =
735-720 (m, 105H, 21Ph), 5.90-5.78 (m, 1H, OCH,CH=CH,), 5.48 (m,
7H, H-1 GIcMVVIVIEXXILXIVY 5525515 (m, 2H, OCH,CH=CH,), 5.05-
4.98 (m, 2H, H-2 GIc!, IdoUAXY), 4.95 (d, 1H, J=4.0 Hz, H-1 IdoUAXV),
437 (d, 1H, J=8.1 Hz, H-1 Glc'), 4.22 (m, 5H, H-1 Glc"V"VILIXIX) "4 17 (d,
1H, J=83Hz, H-1 GlcX™), 2.70-2.40 (m, 4H, O(C=O)CH,CH,-
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(C=0)OCHj;), 2.13, 2.09, 2.04, 194, 185, 184 (6s, 30H, 9Ac,
O(C=0)CH,CH,(C=0)OCH;); ESI-MS (positive mode): monoisotopic
mass: 5080.16, average mass: 5083.71, experimental mass: 5083.0 £0.77
a.m.u.

Oligosaccharide 54: Hydrazine acetate (13 mg) was added at room
temperature to a mixture of 53 and 48 (140 mg) in 2:1 EtOH/toluene
(5.7mL). After 1h, the solution was concentrated. Column chromatog-
raphy (4:5 then 2:3 cyclohexane/EtOAc) of the residue gave first 48
(15.2 mg), then 54 (99.4 mg, 58 % from 48). 'H NMR (500 MHz, CDCl,):
0="735-720 (m, 105H, 21Ph), 5.90-5.78 (m, 1H, OCH,CH=CH,), 5.48
(m, 6H, H-1 GIcMVVIVILXXILXIVY '5 25 515 (m, 2H, OCH,CH=CH,), 4.90
(brs, 1H, J=1-2 Hz, H-1 IdoUAXY), 437 (d, 1H, J=8.1 Hz, H-1 Glc!),
4.22 (m, 5H, H-1 GIc"VVILXIX) 417 (d, 1H, J =8.3 Hz, H-1 GIcX"), 2.09,
2.04, 1.93, 1.85, 1.84 (5s, 27H, 9 Ac); ESI-MS (positive mode): monoiso-
topic mass: 4982.13, average mass: 4985.61, experimental mass: 4984.99 +
0.42 a.m.u.

Oligoasaccharide 56: A solution of imidate 55 (19.2 mg, 18 umol) in CH,Cl,
(250 uL) was added dropwise, during 45 min, under argon to a stirred,
cooled (—20°C) solution of glycosyl acceptor 54 (92 mg, 18 umol) in 1:2
CH,CL/Et,0 (2.7 mL) containing 4 A powdered molecular sieves (60 mg)
and TBDMSOTf (1M, 0.082 mL, 0.36 umol). After 1h, an additional
portion of imidate 55 (9.6 mg, 9 pmol) in CH,Cl, (250 uL) was added
dropwise to the reaction mixture. After 15 min, solid NaHCO; was
introduced under stirring, and the solution was filtered, then concentrated.
Toyopearl HW 50S chromatography column (600 mL; 1:1 CH,ClL,/EtOH)
gave a 3:2 mixture of the expected octadecasaccharide 56 and unreacted
pentadecasaccharide 54. The mixture of saccharides was dissolved in 1:2
CH,CL/Et,0 (2.7mL) and a solution of TBDMSOTf in CH,Cl, (0.1m,
18 uL) was added, followed by a dropwise addition of a solution in CH,Cl,
(0.3 mL) of imidate 55 (9.8 mg). After 30 min solid NaHCO; was added
under stirring, and the solution was filtered and concentrated. Toyopearl
HW 50S chromatography column (600 mL; 1:1 CH,CL/EtOH) gave pure
56 (93.3 mg, 86%); '"H NMR (500 MHz, CDCl;): 6 =7.35-7.20 (m, 105H,
21Ph), 5.90-5.78 (m, 1H, OCH,CH=CH,), 5.50 (d, 1H, J=3.7Hz, H-1
GIcXVI) 5,48 (m, 6 H, H-1 GIc!MVVIVILXXID |5 41 (brs, 1 H, H-1 GIc*Y"), 5.10
(d, 1H, J=3-4 Hz, H-1 GIcX"V), 4.97 (d, 1H, J=6.5 Hz, H-1 IdoUAXY),
4.22 (m, 5H, H-1 GIc"VVILIXXT) "4 37 (d, 1H, J=7.9 Hz, H-1 Glc'), 4.17 (m,
1H, H-1 GIcX™), 411 (d, 1H, J=8.0 Hz, H-1 GIcUA*Y™), 2.13, 2.09, 2.04,
1.94, 1.85, 1.84 (65, 30H, 12 Ac); ESI-MS (positive mode): monoisotopic
mass: 5862.52, average mass: 5884.7, experimental mass: 5861.19 +
0.05 a.m.u.

Sulfonated oligosaccharide 2: A solution of 56 (63.2 mg, 0.0107 mmol) in
glacial acetic acid (2.5 mL) was stirred for 16 h under hydrogen atmosphere
(5 bar) in the presence of 5% Pd/C (126 mg). After filtration, the crude
compound was directly engaged in the next step. To a solution of the latter
(41.3 mg) in MeOH (1.2 mL) was added 5m aq NaOH (129 uL). After 2 h,
the mixture was passed through a Sephadex G-50 F column (250 mL)
eluted with water. After Dowex SOH* resin column (1.5 mL), lyophilisation
gave deprotected octadecasaccharide (34.7 mg). To a solution of the
preceding polyol (20 mg) in dry DMF (3 mL) was added triethylamine/
sulfur trioxide complex (185 mg, 1.02 mmol). After 20 h of stirring at 55°C
with protection from light, the solution was passed through a Sephadex
G-50 column (250 mL) eluted with 0.2m NaCl. The fractions containing the
expected compound were concentrated and desalted using the same
column eluted with H,O. Lyophilisation gave 2 (36.7 mg, 88% over the
three steps). [a]p =+39.5 (¢c=1.02 in H,0); 'H NMR (500 MHz, D,0):
0=>5.75 (brs, J ~3-4 Hz, H-1 GIcXV"), 5.51 (brs, H-1 Glc"), 5.48 (m, 6H,
H-1 GIcVVEVHLXXILXVI /5 44 (brs, 1 H, H-1 GIcX!), 5.05 (brs, 1 H, J ~2 Hz,
H-1 IdoUAXY), 493 (brs, 1H, H-5 IdoUAXV), 477 (m, 6H, H-1
GIcMVVILIXXLXIT © 4 67 (m, 2H, H-1 Glc!, H-1 GIcUAX'™), 1.6 (m, 2H,
OCH,CH,CHs;), 0.9 (t, 1H, /=7 Hz, OCH,CH,CH,;); ESI-MS (negative
mode): monoisotopic mass: 6693.22, average mass: 6698.61, experimental
mass: 6696.59 +1.59 a.m.u.
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Structural Phase Transitions in CaC,

Michael Knapp!™ <! and Uwe Ruschewitz*!?!

Abstract: Pure CaC,, free of CaO im-
purities, was obtained by the reaction of
elemental calcium with graphite at
1070 K. By means of laboratory X-ray
and synchrotron powder diffraction ex-

modification CaC, 1V (Fm3m, Z=4)
and the well-known tetragonal modifi-
cation CaC, 1 (I4/mmm, Z=2), a low-
temperature modification CaC, II (C2/c,
Z=4) that crystallizes in the ThC,

structure type and a metastable modifi-
cation CaC, III (C2/m, Z =4) that crys-
tallizes in a new structure type were
found. It was shown that phase transi-
tion temperatures as well as the relative

periments, the phase diagram was inves-
tigated in the temperature range from
10 K to 823 K; this confirmed the liter-

; phase transitions
ature data that reported the partial
A ¢ ‘ dificati structures
coexistence of up to four modifications. diffraction

Aside from a cubic high-temperature

Introduction

CaC, was prepared for the first time in 1890 by the reaction of
calcium oxide or carbonate with carbon and magnesium.ll A
few years later, it was shown that CaC, can also be synthesized
in an electrical arc by reacting calcium oxide or carbonate
with sugar coal.?] In the first structural investigation a body
centered tetragonal unit cell was found,?! and it then followed
that calcium carbide crystallizes in a distorted rock-salt
structure with C, dumbbells aligned along the tetragonal ¢
axis. This was confirmed later on by neutron powder and
X-ray single-crystal diffraction experiments.[**] Franck and
co-workers[® 7 and, in more detail, Bredigl® investigated the
phase diagram of CaC,. Aside from the tetragonal room-
temperature modification named CaGC, I, they found a cubic
high-temperature modification CaC, 1V, a low-temperature
modification CaC,II, and a fourth modification CaC, III,
which was assumed to be metastable. CaC,IV can be
described as a rock-salt structure with Ca®* in the Na*
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synchrotron powder

amounts of the various CaC, modifica-
tions depend upon the size of the
crystallites, the thermal treatment, and
the purity of the sample, as a comparison
with technical CaC, confirmed.

carbides
solid-state

positions and the centers of gravity of the disordered C,
dumbbells in the Cl- positions. 1% The crystal structures of
CaGC, II and III were investigated by means of single-crystal
X-ray diffraction.l'> '] On the assumption that CaC, II and
CaG, III were changed by mistake in these publications, the
low-temperature modification II was refined in the space
group B2,/c (Z=8) and the metastable modification III in the
space group Cl (Z=38). But careful examination of these
results!'? shows that CaC, IT can be described in the space
group C2/c and is isotypic to the room-temperature modifi-
cation of ThC,.["™! This was also assumed in a recent
publicationl! based on the indexing of a X-ray powder pattern
and is further confirmed by the low-temperature modifica-
tions of SrC,['¥ and BaC,,["] which also crystallize in the ThC,
structure type. A close inspection of the refinement results on
metastable CaC, III suggests that a twinned crystal was
investigated, as several unusual reflection extinctions can be
found in the published F,/F, list.'") This is further confirmed
by the fact that a powder pattern calculated from the resulting
crystal structure is not in agreement with the original data.l’]
Therefore the crystal structure of metastable CaC, II1 is still
unknown.

As several publications have shown that the existence of the
different modifications of CaC, is highly dependent upon
impurities like oxygen, nitrogen, or sulfur,'’! a new synthesis
was developed which allows the preparation of polycrystalline
CaC, almost free of any impurities. Extensive structural
investigations on these powders using temperature-dependent
laboratory X-ray and synchrotron diffraction methods al-
lowed the determination of the crystal structure of metastable
CaC, III as well as a description of the stability ranges of the
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different modifications, which were compared with technical
CaC,. The results of these investigations will be given in the
following section.

Results and Discussion

Crystalline powders of CaC, almost free of any impurities
were obtained by the reaction of elemental calcium with
graphite. The resulting samples are gray to almost white; the
color depends upon the reaction conditions. X-ray powder
investigations (Huber G645) on these samples at 295 K
revealed that CaC, exists in at least three modifications at
ambient conditions. Most of the remaining reflections, which
could not be assigned to the well-known modification I
(1Almmm, Z =2, a=388.6 pm, ¢ =640.1 pm), were indexed in
a monoclinic C-centered cell (a =664.4 pm, b =419.9 pm, c =
733.1 pm, 5 =107.3°). In agreement with our results on SrC,!4l
and BaG, [ it was assumed that this unit cell represents the
low-temperature modification II of CaC,, which crystallizes
in the ThC, structure type.'¥] This was confirmed by a
Rietveld refinement. A powder pattern calculated from these
structural results reproduced nicely the pattern given in the
literature.l! But there were still some reflections, which could
not be assigned to CaC, 1 and II or any possible impurity
phase. To get more information about this unknown phase,
high-resolution powder diffraction measurements using syn-
chrotron radiation were taken at beamline B2 (Hasylab,
Hamburg/Germany). A comparison of the laboratory and
synchrotron X-ray data is shown in Figure 1. These sections of
the resulting powder patterns show nicely the better reso-
lution and reflection/background ratio of the synchrotron
data. From these data, a monoclinic C-centered unit cell was
found for the remaining reflections (a=722.9 pm, b=
385.2 pm, ¢ =737.6 pm, 3 =107.3°). The volume was in agree-
ment with four formula units CaC, per unit cell, and the
extinction conditions made the space groups C2/m, C2, and
Cm possible. Le Bail extraction!'” in the space group C2/m

Abstract in German: Durch Umsetzung von elementarem
Calcium mit Graphit bei 1070 K konnte reines CaC, frei von
CaO-Verunreinigungen erhalten werden. Mit Hilfe von Ront-
gen- und Synchrotronpulverbeugungsuntersuchungen wurde
das Phasendiagramm im Temperaturbereich zwischen 10 K
und 823 K untersucht, wobei Literaturangaben bestiitigt wer-
den konnten, die von der teilweisen Koexistenz von bis zu vier
Modifikationen ausgegangen waren. Neben einer kubischen
Hochtemperaturmodifikation CaC, IV (Fm3m, Z =4) und der
wohlbekannten tetragonalen Modifikation CaC, I (I4/mmm,
Z =2) wurden eine Tieftemperaturmodifikation CaC, II (C2/c,
Z=4), die im ThC,-Strukturtyp kristallisiert, sowie eine
metastabile Modifikation CaC,IIl (C2/m, Z=4) gefunden,
die in einem neuen Strukturtyp kristallisiert. Es konnte gezeigt
werden, daf3 die Phasenumwandlungstemperaturen als auch
die relativen Anteile der verschiedenen Modifikationen von der
Kristallitgrofle, der thermischen Vorbehandlung als auch der
Reinheit der Proben abhdngen, wie durch einen Vergleich mit
technischem CaC, belegt werden konnte.
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Figure 1. Comparison of sections of powder patterns of CaC, taken with
laboratory X-ray (Huber G645) and synchrotron radiation (B2, Hasylab) at
ambient temperature. The reflections of the modifications CaC, I, II, and
IIT are assigned. The range of each powder pattern was chosen so that,
despite the different wavelengths of the experiments, the corresponding
reflections could be compared (B2: 18.5° <26 <25.5°; Huber G645:
24.36° <26 < 33.68°).

using the respective routines in the GSAS program packagel's]
and subsequent direct methods using Sirpow 9201 led to the
solution of the crystal structure. In contrast to the crystal
structure, which was obtained by Vannerberg,'”l a powder
pattern calculated on the basis of these structural results
reproduces the data given in the literature.’! In Table 1, the
results of the Rietveld refinement on CaC, at ambient
temperature are summarized, and some interesting inter-
atomic distances are given in Table 2.0

The crystal structures of the four modifications of CaC, can
be described as a more or less distorted cubic close packing of
Ca atoms with the C, dumbbells in the octahedral holes. In the
cubic high-temperature modification IV (Fm3m, a=
589.11(6) pm at 803 K, Z=4), these dumbbells are disor-
dered. From powder diffraction data, it is not straightforward
to distinguish between a static orientational and a dynamic
rotational disorder. But as the halfwidths of the reflections of
modification [V are slightly larger than the reflections of
modifications I and III just below the transition temperature
(see Figure 9), a static disorder can be assumed. In Figure 2,
this static disorder of the C, dumbbells is depicted, but it has
to be mentioned that this is a preliminary picture and more
experiments, for example *C-MAS NMR investigations, are
necessary to shed light upon the nature of the disorder of the
C, dumbbells in the high-temperature modifications IV of
CaC,, SrC,, and BaGC,.

In the well-known room-temperature modification CaC, I,
the C, dumbbells are aligned along the [001] axis which leads
to a distortion of the cubic unit cell to a tetragonal unit cell.
The atomic arrangement is shown in Figure 3. For a better
comparison, the pseudocubic unit cells are shown in Figures 3,
5, and 6 with a Ca4 octahedron emphasized. The directions of
the axes of the correct unit cells are given at the bottom of
each figure. In two theoretical investigations it was found that
this ordering of the C, dumbbells leads to the most stable
structures,? 2?1 but it must be stated that tilting of the
dumbbells to a small extent, especially towards a face of the
octahedron, produces only slightly less stable structures.?!l
The low-temperature modification CaC, II crystallizes in the
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Table 1. Results and details of X-ray powder investigations on CaC, at 295K [synchrotron radiation,

A=117.38 pm, powder diffractometer at beamline B2, Hasylab, Hamburg (Germany)].

Data range 18.5° <260 <61°, 10624 data points
WRp, Rp, no. of refined parameters 0.1590, 0.1264, 41
CaC, 1 tetragonal, I4/mmm (no. 139), Z=2

lattice constants [pm]

pcalcd [gcm—S]
Rg, no. of refined reflections

Ca on 2(a)

Con 4(e)

CaC, 11

lattice constants [pm, °]

a=388.582(4), c = 640.05(1)

2.2026(1)
0.0883, 17
x y 4 Uiso/prn2
0 0 0 341(6)t
0 0 0.3987(6) 70(10)1

monoclinic, C2/c (no. 15), Z=4
a=16064.35(2), b=419.94(1), ¢ =733.07(2), =107.257(1)

coordination that leads to a
coordination number 248 (Ta-
ble 2). In CaGC,II, again each
Ca atom is surrounded by four
side-on and two end-on coordi-
nated C, dumbbells, but the
distortion of the structure leads
to a coordination that is better
described as a 4+442 coordi-
nation (Table2). In MgGC,,
each Mg atom is also coordi-
nated by two C, dumbbells in

Peea [gem ] 2.1798(2)
Ry, no. of refined reflections 0.1126, 69 an end-on and by four dumb-
x y z U,/pm? bells in a side-on fashion, but
Ca on 4(e) 0 0.1852(6) 1/4 341(6)1 the coordination number is
[b] .
C on 8(f) 0.284(1) 0.145(1) 0.0581(8) 70(10) better described as 2444,
CaC, III monoclinic, C2/m (no. 12), Z=4

Therefore, in this simple pic-

lattice constants [pm, °] a="722.86(3), b=385.24(1), c =737.64(3), $ =107.338(3)

Peatea [gem ] 2.1712(3) ture, CaC,II lies in-between

Ry, no. of refined reflections 0.1490, 82 CaC, I and MgC,, which seems
_ x ¥ 2 Usso/pm? to point to the fact that mainly

Ca on 4(i) 02086(6) 0 0.2486(9) 3416 the size of the cations influ-

Cl1 on 4(i) 0.439(2) 0 0.065(3) 70(10)M! * .

C2 on 4(i) 0.925(2) 0 0.447(2) 7010y ences the stability of the differ-

ent structures.

[a] Constrained. [b] Constrained.

ThC, structure typel’¥ with C, dumbbells that also point
towards a corner of the Cay octahedron with a small tilt angle
of 12.8°. The definition of the tilt angle a is given in Figure 4.
In contrast to theoretical predictions, this tilting leads to an
arrangement, in which the C, units point towards an edge of
the Caq octahedron, but the tilt angle is very small and the
octahedron itself very strongly distorted. The main difference
between CaC, I and CaGC, II is the fact that the C, dumbbells
in modification I are aligned along one direction, whereas in
modification II they lie in a plane perpendicular to one axis.
This arrangement is very similar to the one found for
MgC,.l['2 2] Both structural arrangements are compared in
Figure 5. In CaG, I, each Ca atom is surrounded by four C, 4
dumbbells in a side-on and two C, dumbbells in an end-on I

Table 2. Selected interatomic distances [pm] in the modifications I, II, and
III of CaC, at different temperatures [synchrotron powder diffraction data,
powder diffractometer at beamline B2, Hasylab, Hamburg (Germany)].

Figure 2. Crystal structure of the cubic high-temperature modification

83K 295K 640K CaC, IV (dark circles: calcium; light circles: carbon). The unit cell and one
CaC, 1 Ca—=C 2 x, end-on 260.5(6) 255.2(4) 261.2(5) Cag octabhed‘ron are outlined. The disorde.r .Of the C, dumbbells is depicted
8 x, side-on 279.8(1) 282.3(1) 283.7(1) as a static disorder on several carbon positions (see text).
c-C 119(1) 1297(8)  116(1)
GGl CaC 2x,end-on  2581(5)  256.3(5) The atomic arrangement of the previously unknown crystal
;i EZEZZ igfgg ig;;g; structure of metastable CaC, III is depicted in Figure 6. The
) x: side-on 281, 6(5) 282:6(5) existence of two crystallographic independent sites for the C,
2 x, side-on  308.0(7)  309.7(7) dumbbells is the characteristic feature of this crystal structure,
c-C 118.7(9)  122(1) which represents to our knowledge a new structure type.
CaG,I  Ca=Cl  end-on 268(2) 244(2) 264(3) Again both dumbbells are tilted compared with the dumbbells
iij side-on ;;38; iggg; iizgg in CaG, I, but their tilting is different. The (C1), dumbbell is
Ca=C2  2x end-on  268(1) 2633(9)  268(1) pointing towards a corner of the Ca,4 octahedron with a very
side-on 242(2) 285(2) 281(3) small tilt angle of only 4.7° from the ideal orientation, and
side-on 290(2) 270(2) 280(3) hence this arrangement is comparable to the one found for
C1=C1 127(4)  148(4)  106(7) CaC,1. Unlike the (C1), dumbbell with an orienta-
Cc2-C2 118(3) 113(2) 107(4)

tion towards a corner of the octahedron, the (C2), dumbbell in
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Figure 3. Crystal structure of the tetragonal modification CaC,1 (dark
circles: calcium; light circles: carbon). A pseudocubic unit cell and one Cag
octahedron are outlined. The directions of the lattice parameters of the
tetragonal unit cell can be seen at the bottom left.

CaG, Illis pointing towards an edge of the Ca4 octahedron
with a tilt angle of 39.9°. According to the theoretical
calculations,? 22 this arrangement should be unfavorable,
which could hence be an explanation for the metastable
nature of modification III. But it should be mentioned that
the theoretical calculations are based on simplified structures
using an undistorted Ca4 octahedron. However, in the real
structures these Caq octahedra as well as the surrounding Cag
cubes are strongly distorted, as can be seen in Figures 5 and 6.
For CaC, I1I, a new coordination of the Ca atoms is found.
Each Ca atom is surrounded by five C1 and four C2 atoms.

Figure 4. Definition of the tilt angle a.

Chem. Eur. J. 2001, 7, No. 4

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Figure 5. Crystal structures of the low-temperature modification CaC, II
(on the left; dark circles: calcium; light circles: carbon) and MgC, (on the
right; dark circles: magnesium; light circles: carbon). Pseudocubic unit cells
and one Ca(Mg), octahedron are outlined. The directions of the lattice
parameters of the monoclinic (CaC, II) and the tetragonal (MgC,) unit
cells can be seen at the bottom.

Figure 6. Crystal structure of the metastable modification CaC, III (dark
circles: calcium; light circles: C1; gray circles: C2). A pseudocubic unit cell
and one Cag octahedron around C1 (on the left) and C2 (on the right) are
outlined. The directions of the lattice parameters of the monoclinic unit cell
can be seen at the bottom.

Three of the C, dumbbells are coordinated side-on and three
end-on so that the coordination number 9 results (Table 2).
Again this different coordination seems to display the unusual
structural properties of metastable CaC, I11.

To obtain more information about the phase diagram of
CaG,, temperature-dependent powder diffraction patterns
with laboratory X-ray instruments (Huber G644, G645) were
measured between 10 K and 823 K. Furthermore, two high-
resolution powder diffraction patterns were recorded at 83 K
and 640 K using synchrotron radiation (B2, Hasylab). To get
an impression of the quality of the data, the refinement results
of the low-temperature investigation are shown in Fig-
ure 7.
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Figure 7. Synchrotron powder diffraction pattern of CaC, at 83 K (Hasy-
lab, powder diffractometer at beamline B2). The observed (+) and
calculated patterns (solid line) as well as the difference between the two
are shown. Vertical bars mark the positions of reflections of CaC, III,
CaG, II, and CaC, I (from above).

The experiment with synchrotron radiation at 83 K re-
vealed that CaGC, [, II, and III also coexist at this temperature,
but their relative amounts had changed.?* The results are
given in Table 3. It is evident that CaC, 1 transforms into

Table 3. Composition [wt.%] of pure and technical CaC, at different
temperatures.

CaC, 1 CaC, 11 CaG, 111 CaO
pure CaC,
83K 14.8(2) 62.5(2) 22.7(2) -
295K 32.2(2) 46.3(2) 21.5(2) -
640 K 57.3(2) - 42.7(3) -
technical CaC,
10K 71.0(3) 20.0(8) 1.7(9) 7.3(5)
295K 78.0(2) 14.8(7) 1.9(8) 5.3(4)

CaC, II with decreasing temperature, whereas the relative
amount of CaC, III does not change. This is in agreement with
the results on SrC, and BaC,, for which a transformation of
modification I into II was also found at low temperatures. But
a complete transition into modification II was never observed.

The refinement of the synchrotron data taken at 640 K[’
showed that modification II had completely transformed into
modification I and III so that at this temperature only CaC, I
and CaG, III coexist (Table 3). But it has to be mentioned that
the relative amounts as well as the transition temperatures of
the different modifications of CaC, do not only depend upon
the purity of the sample, but also on the size of the crystallites
in the powder and the thermal treatment. The size of the
crystallites mostly affects the I —1II transition, as already
mentioned by Bredig® and in our work on SrGC™ and
BaC,.[" Therefore all synchrotron measurements were per-
formed on samples from the same preparation.

Most of the resulting C—C bond lengths are in good
agreement with the expected value for a C—C triple bond
(120 pm)P°! taking the respective standard deviations into
account (Table 2). The smaller values that result from the
high-temperature data are indicative of an increasing disorder

878 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

of the C, dumbbells around their center of gravity. However,
the C—C bond lengths for CaC, I (295 K) and CaC, III (295 K)
are surprising. We think that this is an artifact of the
refinement because of strong overlaps of some reflections.
Furthermore, an anisotropic reflection broadening was found
for CaC, I, which was especially marked at ambient temper-
ature. Even when using the appropriate functions in the
GSAS program,!8 perfect refinement was not obtained,
which could account for the unusual distances. The aniso-
tropic reflection broadening of CaC, I is similar to the one
found for SrC, I; this is even stronger for the latter and has
been discussed elsewhere.'! As the standard deviations for
the interatomic distances in CaC, III are very high (Table 2),
we do not discuss the changes in the Ca—C distances caused by
temperature in too much detail, but the data seem to point to
an unusual reorientation of the structure upon cooling.

To follow the influence of the thermal treatment, a sample
was heated in a capillary in a Guinier diffractometer
(Huber G644) from 323K to 823K in steps of 10K and
cooled to 333 K again in steps of 10 K. The volumes of the
modifications I, III, and IV as a function of the temperature
are given in Figure 8 for the heating cycle (for a better
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Figure 8. High-temperature phase transition of CaC,. The temperature
dependence of the cell volume of CaC, I (volume doubled), CaC, I1I, and
CaC, IV is shown.

comparison the volume of CaC, I was doubled). It can be seen
that the volumes increase with increasing temperature, and
that at the transition temperature of about 763 K a jump in the
curve is observed; this points to a first-order transition for the
I—IVandIII — IV transitions. These transition temperatures
seem to be slightly different, which is not evident from the
diffraction experiments, but it is suggested by preliminary
DSC (differential scanning calorimetry) measurements and
results by Meyer and Glaser.””) Another interesting feature of
Figure 8 is the fact that the volume of CaC, III is larger than
the volume of CaC, I at all temperatures investigated. Thus,
CaCG, I has the highest density; the densities of CaC, II and III
are almost the same.

In Figure 9, a contour plot of the diffraction patterns taken
between 323 K (N=1), 823 K (N=51), and 333 K (N=100)
is shown; the strongest reflections of CaGC, I, III, and IV are
marked. The transitions I -1V and III = IV can be seen
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data are not corrected (see Experimental Section).

nicely. Furthermore, it is evident that after cooling the relative
amounts of CaC, I and CaGC, III have changed: the strongest
reflection of CaC,I (110) has decreased in its intensity,
whereas the strongest reflection of CaC,III (111) has
increased in its intensity. This seems to be indicative of
Ostwald step rule behavior, and this means that on slow
cooling the metastable modification CaC, III is obtained first.
This effect has been investigated in more detail by Meyer and
Glaser, and has resulted in a sample that contained CaC, III
almost free of any other CaC, modifications.?”)

After the crystal structures of all CaC, modifications had
been solved and their relative amounts in the pure sample
determined, it was interesting to compare these results with
technical CaC,. This is shown in Table 3. The relative amounts
of the different modifications in pure CaC, have already been
discussed, but it is intriguing that technical CaC, consists, at
ambient temperature, mainly of CaC, I with minor amounts of
CaGC, I1, I1I, and CaO. This changes only slightly upon cooling
and heating. These results were confirmed by Raman
spectroscopic investigations at ambient temperature. For
technical CaC,, only one signal for the C—C stretching
vibration was found (1860 cm~!), which was therefore as-
signed to modification I. For the pure sample, a similar value
with a medium intensity was found (1858 cm™') so that the
stronger signal at 1869 cm~! had to be assigned to CaC, II. No
signals were found for modification III as they are either too
weak or they overlap with the signals of the other modifica-
tions. These assignments are in agreement with the data given
in the literature.P!

To summarize the results on CaC,, the phase diagrams of
CaG,, SrC,, and BaC, are given in the simplified picture of
Figure 10. If we keep in mind that the phase transition
temperatures depend upon the purity and the crystallite sizes
of the sample, the picture given can only be a qualitative one,
but it is still very conclusive. For all compounds, a cubic high-
temperature modification IV exists, which transforms into a
tetragonal modification I. The latter transforms to a mono-
clinic low-temperature modification II, which is isotypic with
ThC,. But a complete transition was never observed so that I
and II coexist. Only for CaC, was a fourth modification III
found, which is also produced from the cubic high-temper-
ature modification IV and can coexist with I and Il in different
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Figure 10. Phase diagrams of CaC,, SrC,, and BaC,.

ratios that depend upon the thermal treatment. This confirms
Bredig’s assumption that CaC, III is metastable.®! Further-
more it can be seen in Figure 10 that only BaC, I is obtained in
pure form at ambient temperature.

Experimental Section

CaG, of high purity was synthesized by the reaction of elemental calcium
(Alfa, 99.99 %) with graphite (Fluka, 99.9 %) in a graphite cylinder, which
was closed with a graphite lid. The graphite cylinders were made from
electrode graphite (about 99 % ). Prior to the reaction, the raw graphite, the
cylinder, and the lid were heated to 1070 K in a dynamic vacuum for about
24 hours. In a typical experiment, calcium (0.2318 g, 5.783 mmol) and
annealed graphite (0.1384 g, 11.523 mmol) were mixed in a glove box
(argon atmosphere) and pressed to pellets of ¢ =10 mm. These pellets
were transferred into the graphite cylinder, which was closed with the lid.
Under an argon atmosphere, the cylinder was heated in a horizontal tube
furnace to 1070 K for about sixteen hours. The products were allowed to
cool down and transferred to a glove box, in which all further handling was
carried out. The resulting powder was gray to almost white; the color
depended upon the reaction conditions. No impurities were detected by
X-ray powder diffraction. Technical CaC, was purchased from Aldrich
(pieces, ~8 mm thick, tech.).

Low-temperature X-ray diffraction experiments were carried out on a
Huber G645 diffractometer (Cug,, radiation, Ge monochromator, scintil-
lation counter, closed-cycle cryostat) in the temperature range 29810 K in
steps of 20 K. A flat sample holder designed for air-sensitive samples was
used, which was filled in a glove box. Usually patterns were only taken in a
selected 26 range, but at 298 K and 10 K a complete pattern was recorded
(5°<26<100°). All data were analyzed with the GSAS software.['®]

For the high-temperature X-ray diffraction experiments, a Huber G644
diffractometer (Cug,, radiation, Ge monochromator, Stoe OED detector,
Huber furnace) was used. The sample was sealed in a capillary (¢ =
0.3 mm) under argon. Patterns were taken between 323 and 823 K in steps
of 10 K; both heating and cooling cycles were in the range 22.40° <26 <
36.78° (pure CaC,) and 20.56° <26 < 34.94° (technical CaC,). Because of
the special camera geometry (Guinier diffractometer with a linear PSD
detector), the measured 26 values had to be corrected with calibrated data.
No Rietveld refinement was performed with these corrected data. Instead
the 26 value of each reflection was determined by using a single-peak-fit
procedure. The unit cells were refined with the resulting 26 values. In
Figure 9 the noncorrected data are shown.

High-resolution experiments were performed on the powder diffractom-
eter at beamline B2 (Ge(111) double monochromator, focused beam, Nal
scintillation counter with analyzer crystal)?®! at Hasylab, Hamburg
(Germany). The samples were measured in capillaries (¢ =0.7—-1.0 mm)
sealed under argon. For the low-temperature measurement, a closed-cycle
He cryostat was used. As problems with the cooling system occurred, only a
minimum temperature of 83 K was achieved. For the measurement at
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640 K a Stoe furnace was used. More details can be found in the
refs. [20], [24], and [25]. All data were analyzed with the GSAS software.['¥]

The Raman spectra were obtained with a BIO-RAD FT-Raman spec-
trometer (Nd-YAG laser, A =1064 nm, 50 mW laser power). The samples
were sealed in NMR tubes (“Economy”, Fa. Wilmad) under argon.
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Syntheses of Halogenated Ethenyl Isocyanide Chromium Complexes as
Organometallic Precursor Molecules for Ethenyl and Ethynyl Isocyanides

Marco Balbo-Block, Christoph Bartel, Dieter Lentz,* and Dagmar Preugschat!?!

Abstract: The radical alkylation of tet-
raethylammonium pentacarbonyl(cya-
no)chromate 1 yielded the halogenated
ethyl isocyanide complexes [(CO)sCr-
(CN—CCIX—CCIYF)] 3 (a, X=Cl, Y=
F; b, X=F Y=F and ¢, X=Y=Cl).
Dehalogenation of 3 using zinc in dieth-
yl ether gave [(CO)sCr(CN—CX=CFY)]
4. The compounds 4a, b reacted with
various nucleophiles exclusively at the
difluoromethylene group. The unstable
phosphorane 5, which is formed on
reaction of 4b with trimethylphosphane,
decomposed thermally and on hydroly-
sis yielding pentacarbonyl(1,2-difluoro-
ethenyl isocyanide)chromium (6). The

the § position of the isocyanide function
by reaction of 4a,b with potassium
cyanide, leading to the formation of
[(CO)sCr(CN—CX=CF—CN)] (7). Reac-
tions of 4a, b with organolithium or
organomagnesium compounds yielded
[(CO)sCr(CN-CX=CF-R)] (8) and
[(CO)sCr(CN—CF=CF—C=C—CF=CF—
NC)Cr(CO)s] (10). The trimethylsilyl
group in 8a, b, d could be removed by
a solution of potassium carbonate in
methanol leading to [(CO)sCr(CN—

Keywords: alkenes - alkynes - chro-
mium -isocyanides - interstellar mol-
ecules

CX=CF—C,—H)] (11) (n=2, 4). Octa-
carbonyldicobalt reacted with 8e under
coordination of the C—C triple bond to
the hexacarbonyldicobalt fragment, re-
sulting in the cluster compound 12. The
crystal and molecular structure of 8i,
11a, b, and 12 were elucidated by X-ray
crystallography. The alkenyl and alkynyl
isocyanides CN—CCI=CF, (13a), CN—
CF=CF, (13b), CN—CCI=CCIF (13¢),
CN-CF=CFH (14), CN—CC-H (15),
CN-CC—CN (16), and CN—CCI=CF—
CN (17) were obtained by flash vacuum
pyrolysis of 4a, 4b, 4¢, 6, and 7a,
respectively.

cyano substituent can be introduced in

Introduction

Ethenyl isocyanide was prepared by Matteson and Bailey!!
almost 100 years after the synthesis of the first isocyanides,
ethyl isocyanide by Gautier? and phenyl isocyanide by
Hofmann.B!' The first fluorinated ethenyl isoycanide,
F,C=CF-NC, was synthesized in 1992[4 and its structure was
recently elucidated by low-temperature X-ray crystallogra-
phy.Pl Fehlhammer et al. reported on chloroethenyl isocya-
nides synthesized and stabilized by a pentacarbonylchromium
fragment in 1989. Nevertheless, methods for the synthesis of
halogenated ethenyl isocyanides are still rare.

In 1991 we reported on the preparation, microwave
spectroscopic study, and structure of the the first alkynyl
isocyanide, ethynyl isocyanide, H-C=C-NC, by vacuum
pyrolysis of a suitable organometallic precursor molecule,

[a] Priv.-Doz. Dr. D. Lentz, M. Balbo-Block, Dr. C. Bartel,
Dr. D. Preugschat
Fachbereich Chemie
Institut fiir Chemie - Anorganische und Analytische Chemie
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Fabeckstrasse 34 —36, 14195 Berlin (Germany)
Fax: (+49)30-83852424
E-mail: lentz@chemie.fu-berlin.de

Chem. Eur. J. 2001, 7, No. 4

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

[(CO)sCr(CN—CCI=CCI(H)]."" Shortly after the rotational
constants of this molecule were published, Kawaguchi et al.
succeeded in detecting H-C=C-NC in TMC-1 (taurus
molecular cloud) by radioastronomy.®! H-C=C—NC has been
subsequently studied by Hel and Hell photoelectron spec-
troscopy,”) millimeter-wave spectroscopy,!'” high-resolution
FTIR spectroscopy,'!! and NMR spectroscopy.'?l Recently
the very unstable CN—C=C—CN molecule which had only
been obtained before in an argon matrix and characterized by
IR spectroscopy™ was synthesized, and a broad study has
been performed by a collaborative effort.'¥! Propynyl iso-
cyanide is the only other alkynyl isocyanide which has been
obtained thus far in preparative quantities and studied by
various spectroscopic methods.['> 1% Recently, Thaddeus et al.
succeeded in generating H—(C=C),—NC (n=2,3) (approxi-
mately 0.1 to 1 picomole) along with large amounts of other
compounds by electrical discharge in a molecular beam of
butadiyne, propynenitrile, or others seeded in Ne.l'>:'7l The
detection of the isocyanopolyyne molecules was based solely
on Fourier transform microwave spectroscopy in combination
with ab initio calculations. Fehlhammer et al. successfully
synthesized and stabilized H-C=C—-NC, Me;Si—C=C-NC,
and C;H;—C=C-NC in a transition metal complex.['¥! How-
ever, no attempt has been made to obtain the free isocyanides.
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Thus far all methods for the preparation of halogenated
alkenyl isocyanides were based on the radical halogenation of
tetracthylammonium(pentacarbonyl)chromate in a suitable
halogenated alkane. This method requires suitable halogen-
ated alkanes and therefore is limited to molecules with a
relatively short chain length. Consequently only a few alkenyl
and alkynyl isocyanides could be prepared by pyrolysis of (1,2-
dichloroalkenyl isocyanide)(pentacarbonyl)chromium com-
plexes. Although Fehlhammer’s method for the synthesis of
metal complex stabilized alkynyl isocyanides is promising it
has been demonstrated on three examples only and was not
successful in an attempt to synthesize [(CO)s;Cr(CN—C=C—
Bu)]¥ or [(CO)sCr(CN—C=C—CF;)].! Furthermore, it
requires alkynyl(phenyl)iodonium salts which are not gener-
ally available.?"!

Recently, we observed that pentacarbonyl(trifluoroethenyl
isocyanide)chromium behaves like a fluoroalkene. For exam-
ple, it dimerizes on heating leading to a four-membered
ring.'l Highly fluorinated alkenes are very electrophilic
systems. Therefore they can be easily attacked by nucleo-
philes resulting in an intermediate carbanion which can
undergo further reactions to the final products.?? In principle
there are several different possibilities for nucleophilic attack
on pentacarbonyl(trifluoroethenyl isocyanide)chromium (see
Scheme 1) such as at the carbonyl or isocyanide carbon atoms,

NC
F ———> carbene complexes Nu
(o X C
X e co NP g
T = carbene complexes (l:
N N
Ifl CF, . Il
(|: + Nu’ ——== substituton —— (|:
'l"'-cr‘-“‘ , "cr““
RS cr - ah
——— ligand substitution
4a,b X=Cl,F

a X=Cl;b X=F
Scheme 1. Different possible sites for nucleophilic attack on pentacarbo-
nyl(trifluoroethenyl isocyanide)chromium and their outcome.

which would lead to carbene complexes,?’! or at the metal
atom, which would give substitution products. In a recent
communication!'"¥ we have shown that the nucleophilic attack
occurs solely at the CF, group of pentacarbonyl(trifluoro-
ethenyl isocyanide)chromium and related compounds, which
allows a systematic variation of the substituent in the f
position to the isocyano group. In continuation of our work on
alkynyl isocyanides as molecules of radioastronomical inter-
est, we report herein in detail on the synthesis and structure
determination of halogenated alkenyl isocyanide complexes
as organometallic precursor molecules for the synthesis of
alkenyl and alkynyl isocyanides.

Results and Discussion

Our synthetic strategy based on the systematic modification
of halogenated ethenyl isocyanides requires their synthesis on

882 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

a metal complex framework as outlined in Scheme 2. The

pentacarbonyl chromium fragment fulfils several purposes:

1) It allows the synthesis of the halogenated pentacarbonyl-
(isocyanide)chromium complexes based on the radical
alkylation of pentacarbonyl(cyano)chromate discovered
by Fehlhammer et al.l?4]

x 7
Cla: G
\(I:/ \"F
m o]
H-CCIX-CCIFY
N(C,H Cr(CO)s(CN
[N(C2H;),] [Cr(CO)5(CN)] [CoHoN,] BF w1
1 .Cr
v | ~
2| a b ¢
3
X Cl F CI
Y F F CI
Y
3
i
N
Zn / CH,COOH 1]
3 c
Et,0 o, (|: -
Cd r\
4

Scheme 2. The synthesis of halogenated ethenyl isocyanides on a metal
complex framework.

2) It serves as a protecting group stabilising the halogenated
isocyanides which otherwise tend to polymerize even at
low temperatures,®! making it possible to modify the
organic moiety.

3) It serves for the dehalogenation of the alkenyl isocyanide
during the pyrolysis.

Reaction of tetraecthylammonium(pentacarbonyl)(cyano)-
chromate 1 with phenyldiazonium tetrafluoroborate in the
solvents 1,2,2-trichloro-1,1-difluoroethane (2a), 1,2-dichloro-
1,1,2-trifluoroethane (2b), and 1,1,2,2-tetrachloro-1-fluoro-
ethane (2¢) yields the perhalogenated ethyl isocyanide
complexes 3 (Scheme 2) which can be converted to the
corresponding ethenyl isocyanide complexes 4 by dehaloge-
nation using zinc.

As very electrophilic systems highly fluorinated alkenes can
be easily attacked by nucleophiles.’?l On the other hand
carbonyl and isocyanide complexes have other electrophilic
centers such as the carbonyl and isocyanide carbon atoms and
the metal center which might give raise to by-products as
outlined in Scheme 1.

The nucleophilic attack on the complexes 4 occurs exclu-
sively at the difluoromethylene group in the j position to the
isocyanide nitrogen atom. No by-products from the other
possible reaction channels were observed so far, although
pentacarbonyl(trifluoromethyl isocyanide)chromium is read-
ily attacked by nucleophiles resulting in the formation of
carbene complexes.?]

Reaction of 4b with trimethylphosphane results in the
formation of a thermally unstable phosphorane § via nucle-
ophilic attack of the S-carbon atom followed by fluoride
migration to the phosphorus center (Scheme 3). Similar to the
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Scheme 3. Reaction of 4b to give 5§ and the subsequent reaction to give 6.

previously described phosphoranes F;C—CF=CF-PFR,*"] and
FsS—CF=CF—PFR,,®l 5 could not be isolated but it could be
characterized by low-temperature '°F and 3P NMR spectros-
copy of the reaction mixture. The 3'P{'H} NMR spectrum
exhibits three resonances at 0 = —14.7 (t, J(*’F'P) =536 Hz;
PF,(CH,);), —61.4 (s; P(CH,);), and —77.8 (d, J(°F3'P) =
555 Hz, 5). The YF NMR spectrum shows three resonances in
at 0=19.3 (d, PF), 1382 (J(F"F)=128 Hz; CF), and
—141.8 which can be assigned to the product 5 besides the
signals of starting material and decomposition products. As
both spectra recorded at — 50 °C exhibit signals of the starting
materials, 5, and the decomposition product 6, no attempts
were made to isolate the phosphorane 5. Thermal decom-
position and hydrolysis with H,O or D,O yields the 1,2-
difluoroethenyl isocyanide complexes 6 and [D]-6, respec-
tively.
(E/Z)-Pentacarbonyl(1-chloro-2-cyano-2-difluoroethenyl

isocyanide)chromium (7a) and (E/Z)-pentacarbonyl(2-cyano-
1,2-difluoroethenyl isocyanide)chromium (7b) were obtained
from 4a and 4b, respectively, and potassium cyanide in
acetonitrile; this route also provided a facile route to '*C- and
>N-labeled compounds (Scheme 4).

:
X c
~NeZ Yen
I
KCN N
4 il
CH,CN /45 °C c
o, I o
a X=Cl C
b X=F ”- | ~
7 ab

Scheme 4. Reaction of 4a, b with KCN to give 7a, b.
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Several organic substituents could be introduced in the j
position to the isocyanide nitrogen atom (Scheme 5) in
complexes 8 by using various organolithium or -magnesium
compounds as nucleophiles. The organic substituents range

R F
! !
X\Cé NE X\Cé SR
| |
N N
I Ml
4 — ¢ + c
4, I ,‘\\ "l, I “‘\
“Cr “Cr
' | d | >
(E)-8 (2)-8
8| a b c d e f g h i
X1 cl F Cl F Cl F Cl F F

R|c,siMe, C,SMe, C,SiMe, C,SiMe, C,Me C,Ph Me Me OMe

Scheme 5. Introduction of organic substituents into the S position to the
isocyanide nitrogen atom give rise to complexes 8.

from methyl to trimethylsilylbutadiynyl and it appears that
this reaction is a quite general and depends only on the
availability of the organolithium or Grignard compound.
Consequently, attempts to prepare [(CO)sCr(CN—CF=CF—
C=C—CN)] and [(CO);Cr(CN—CF=CF—C=C—COOMe)] from
HC=C-CN and HC=C—COOMe failed. [(CO)sCr(CN—
CF=CFOMe)] (8i) was the only product isolated from the
reaction of HC=C-COOMe with lithium diisopropylamide
(LDA) and 4b. However, 4b reacts with methanol in the
presence of potassium carbonate forming the addition prod-
uct [(CO)sCr(CN—CHF—CF,0OMe)] (9). Organomagnesium
compounds give higher yields than organolithium compounds.
This might be due to lower fluoride concentrations in the
reaction mixture, as high fluoride concentrations lead to a
complete decomposition of 4a and b to unidentified products.
Deprotonation of ethynyltributylstannane with butyllithium
and subsequent reaction with 4b yields the dinuclear chro-
mium complex 10 (Scheme 6). Removal of the trimethylsilyl

F Cr(CO),
| F c
T g Il
1 NAZ TN
c Ca |
i Bu,SNCCH, Buli [ Sc_ ¢
c = ' N ~c7 F
o d I |
/l ~ (o F
Cr(CO);
4b (Z-2)-10

+ small amounts of the (E-Z) and (E-E) isomers

Scheme 6. Reaction of 4b and ethynyltributylstannane and butyllithium to
give 10.

protecting groups in 8a—d by using potassium carbonate in
methanol (Scheme 7) yields 11a—c. However, it is extremely
difficult to control the desilylation by using tetrabutylammo-
nium fluoride in THF. After a reaction time of a few minutes
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R |H H C,H

Scheme 7. Removal of the protecting groups on 8a, b, d to give 11.

only traces of the starting materials or products could be
detected by YF NMR spectroscopy. This observation again
demonstrates the sensitivity of the ethenyl isocyanide com-
plexes towards fluoride ions. Complexes 11a and b can also be
prepared directly from 4a and b, respectively, and HCCMgBr,
however, it is difficult to control the yields and purity of the
products. All nucleophilic substitution reactions of 4a and b
result in mixtures of the £ and Z isomers.

The chromium complexes 3-10 are crystalline materials
with low melting points and high volatility. They are very
soluble in most organic solvents. Both the solutions and the
crystals can be handled in air without significant decomposi-
tion for short periods of time. However, they should be kept
under argon in a cold place for longer term storage. The
unprotected alkynyl compounds 11 are much more sensitive
and should be handled in an inert gas atmosphere. (E/Z)-
Pentacarbonyl(1-chloro-2-fluoropent-1-en-3-ynyl  isocyani-
de)chromium [(CO);Cr(CNCCICFC,CHj;)] (8e) reacts with
octacarbonyldicobalt to give a typical alkyne complex 12 with
the expected dimetallatetrahedrane structure (Scheme 8) in
the form of dark red air-stable crystals.

All complexes were fully characterized by spectroscopic
methods. Mass spectra usually exhibit the molecular ion as
well as fragment ions assigned to the successive loss of the five

(CO)Cr
c
A\
CH N% cl
3 CJ\/\/’“

8e hexane C / /
[Co,(CO)]

(CO),Co

™~

12
Scheme 8. Reaction of [Co,(CO)g] with 8e to give 12.

Co(CO),

carbonyl ligands together with those of smaller fragments.
Although the pentacarbonylchromium fragment possesses
local C,, symmetry, the assignment of the CO vibrations is not
easy due to strong coupling with the CN stretching mode.

NMR spectra are an effective analytical tool in character-
izing these compounds. The 3/(*F,'°F) coupling constants of
the compounds 4b, 6, 7b, 8b, d, f, h, i, 11a, b allow an easy
assignment of the resonances of the E and Z isomer,
respectively. Selected chemical shift values and J(1*C,F)
and 2J(*C,”F) coupling constants are listed in Table 1. From
these values a general trend can be found:

The resonance of the -fluorine atom of the E isomer with
the fluorine atoms in trans position is observed at about
10 ppm higher field than that of the Z isomer. 3C chemical
shift values of the alkene carbon atoms of the E isomer are
observed at lower field than that of the Z isomer. J(3C,"°F)
coupling constants of the S-fluorine atom vary but those of the
E isomer are about 10 Hz smaller than those of the Z isomer
for the same compound. The opposite trend is observed for
the 2J(*3C,"F) coupling constants of the S-fluorine atom. A
similar trend is observed for the chloro-substituted com-
pounds 4a, 7a, 8a, ¢, e, g and 11a (Table 1 bottom part); this
allows an assignment of the resonances to the E and Z isomer,
respectively. The correctness of this assignment is proven by

Table 1. Selected chemical shift values [ppm] and '*C,"F coupling constants [Hz]. -Fluorine substituents frans to a halogen substituent are labeled E. The
assignment of the resonances in the upper part of this table is unambiguous due to the F,'F coupling constant.

0 PF(B) 0 BC(B) Yer 0 PC(a) Jer
(E) (2) A (E) (2) A () 2 A (E) (2) A (£) (2) A
4b - 1125 —101.0 —-11.5
6 —170.6 —160.2 —-10.4 138.3 259 133.9 39
7b —165.8 —156.9 -99 1237 1213 24 240 251 11 1375 1358 1.7 45 38 7
8b —1443 —134.8 -95 1323 130.6 1.7 237 246 9 1348 1331 1.7 54 45 9
8d —146.9 —137.2 -9.7 1323 130.7 1.6 247 136.3 1343 2.0 45
8f —1434 —133.6 -938 1328  131.0 18 236 245 9 1340 1325 1.5 55 46 9
8h —1343 —126.1 -8.3 147.8 1447 31 255 260 5
8i —155.8 —150.2 —5.6 151.5 1508 0.7 277 286 9 119.0 1185 0.5 67 58 9
11b — 1475 —137.8 -9.7 1322 130.5 1.7 237 246 9 1359 1337 2.2 53 43 10
11c — 1485 —138.6 -99
4a —89.6 —-823 -3 294 300 6 51 39 12
Ta —-131.7 —123.8 -7.9 1319 1313 0.6 256 259 3 117.5 1152 2.3 46 33 13
8a —109.6 —105.2 —4.6 1422 140.7 15 250 254 4 109.5  108.8 0.7 56 43 13
8c —-112.3 —107.3 -5.0 1422 140.6 1.6 250 252 2 111.6  110.6 1.0 55 42 13
8e —106.4 —101.9 —-4.5 1434 1414 2.0 251 253 2 1082 107.7 0.5 57 46 1
8g -97.9 -934 —-4.5 1593 158.1 1.2 267 271 4 102.7  102.2 0.5
11a —110.5 -934 -5.0 1422 1404 18 251 254 3 110.8  109.9 0.9 52 40 12
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the X-ray crystal structure determination of (E)-8a (see
below). The alkyne proton of 11a and b are observed at 6 =
4.00 ((E)-11a), 3.97 ((Z)-11a) and 4.11 ((E)-11b), 3.92 ((2)-
11b), respectively. The signals are split into a doublet and a
doublet of doublets due to scalar coupling with fluorine ((E)-
11a, “Jyr=3 Hz; (Z)-11a, “Jyr=4 Hz; (E)-11b, *J; =3 Hz,
SIur=3Hz; (Z)-11b, “Jyr=3 Hz, /=1 Hz), respectively.
In 11d even a %y coupling is observed.

The C NMR spectra give further information, especially
on the ligand properties of the halogenated isocyanides. The
interpretation of the spectra is usually straightforward due to
scalar coupling with fluorine or proton substituents. In the
case of the ¥C- or "N-labeled compounds additional *C,"3C,
BN,YF, and *C,>N coupling constants can be determined.
Missing information is derived from two-dimensional F,*C
and 'H,”C HMQC spectra.

In complexes of the type [(CO)sCrL] the resonances of the
carbonyl ligands give rise to signals around 6 =200 in the
13C NMR spectra in an intensity ratio of 4:1. With a few
exceptions the signal of the trans carbonyl carbon atom is
registered at higher frequency than that of the cis carbonyl
ligands. Only for very strong sm-acceptor ligands like CS,?
CSe,?l CNCN,* and CF;NC,P! is the resonance of the trans
carbonyl ligand observed at the same frequency or at lower
frequency than the cis carbonyl ligand. The difference in
chemical shift values of the halogenated ethyl isocyanide
complexes 3a—c decreases with the number of fluorine
substituents (for 3b it is only
0.1 ppm). Thus the m-acceptor
ability of the 1,2-dichloro-1,2,2-
trifluoroethyl isocyanide ligand
approaches that of the carbonyl
ligand. The differences in
chemical shift values between
cis and trans carbonyl ligands is
much larger for all of the al-
kenyl isocyanide complexes
studied, which is in agreement
with structural data that show
these isocyanides are weaker -
acceptor ligands.

In most cases the ratio of the
E and Z isomers is very close to
one (Table 2). Depending on
the reaction conditions the 1,2-
difluorethenyl complex 6 is
formed predominantly as the
E isomer. This may be due to
the almost exclusive formation
of (Z)-5 which has the fluorine
substituents in frans position.

cH

decomposition of 5 seems to be greater than that obtained by
hydrolysis of §. Unexpectedly, reaction of 4b with 4-trime-
thylsilylbutadiynyllithium results in an at least sixfold excess
of the Z isomer. Even more striking is the almost exclusive
formation of decacarbonyl[(Z,Z)-1,2,5,6-tetrafluoro-1,6-iso-
cyano-hexa-1,5-dien-3-yne|dichromium  ((Z,Z2)-10) which
makes it difficult to determine the spectroscopic data of the
other two isomers although the FE,Z isomer should be
statistically favored. As the R; values of the isomers using
different eluents turned out to be very similar, no attempts
were made to separate the isomers by chromatography.
However, in some cases the difference in solubility and
volatility of the E and Z isomer allowed a separation by
fractional crystallization or sublimation.

X-ray crystal structure determinations

The crystallographic data of 11a, 11b, 8i, and 12 are
summarized in Table 3. Selected bond lengths and angles
are compared in Table 4. ORTEP drawings of the molecules
are given in Figure 1, Figure 2, and Figure 3, respectively. In
all of the complexes studied by X-ray crystallography the
chromium atom is coordinated almost octahedrally by the five
carbonyl ligands and the isocyanide ligand. The chromium -
carbon bond lengths to the carbonyl ligands vary slightly
ranging from 1.895 to 1.918 A with no significant shortening of
the bond trans to the isocyanide ligand. Cr—C bond lengths to

Cc10 C10

c9 co

Cc8 F1 (& [02:]

c7 F2

N1

ﬁ)ce

o1

The excess (E)-6 in the thermal  Figure 1. Molecular structure (ORTEPH)) of 11a (left) and 11b (right).

Table 2. Ratio of the E and Z isomers formed as determined by integration of the ’F NMR spectra of the reaction mixtures.

6 6 7a 7b 8a 8b 8c 8d 8e 8f 8¢g 8h 8i
EiZ 50 601 0.77 0.77 0.8 0.8 2.0 0.15 13 0.8 1.4 0.8 0.71
[a] Obtained by thermal decomposition of 5. [b] Obtained by hydrolysis of 5.
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Table 3. Crystal data and structure refinement for 11a, 11b, 8i, and 12.
11a 11b 8i 12
empirical formula C,\HCICrFNOj4 C,HCrF,NO4 CyH;CrF,NOq C,;H;CICo,CrFNO;
M, 321.57 305.12 311.12 621.51
T [K] 163(2) 123(2) 153(2) 293(2)
2 [A] 0.71073 0.71073 0.71073 0.71069
crystal system monoclinic monoclinic triclinic monoclinic
space group P2,/n P2/c Pi C2/c
a[A] 6.7242(12) 7.0088(4) 6.4969(4) 24.063(5)
b [A] 11.730(2) 6.2563(4) 9.6269(6) 9.693(2)
c[A] 15.359(3) 25.7584(15) 10.2481(6) 20.680(4)
al’] 90 90 81.1150(10) 90
AN 91.615(4) 94.5440(10) 78.0610(10)° 105.650(16)
v [°] 90 90 73.3140(10) 90
v [A% 1210.9(4) 1125.93(12) 597.60(6) 4644.8(17)
V4 4 4 2 8
Pearea [Mgm3] 1.764 1.800 1.729 1.778
u [mm~1] 1.192 1.059 1.005 2.050
F(000) 632 600 308 2432
Crystal size [mm?] 0.40 % 0.30 x 0.15 0.30 x 0.21 x 0.08 0.5x0.3x0.3 0.38 X 0.30 x 0.15
Omax [°] 27.53 31.03 31.46 25.00
index ranges —8<h<8, —-9<h<9, —-9<h<9, —24<h<28,
0<k<15, 0<k<9, —13<k<14, —6<k<11,
0<I<19 0<1<36 —-14<i<14 —24<1<9
reflections collected 11481 13436 7107 4666
independent reflections/R;,, 2792/0.1023 3445/0.0304 3524/0.0144 4107/0.0107]
completeness to 6., [%]  99.9 96.0 89.0 100.0
absorption correction empirical SADABS empirical SADABS empirical SADABS empirical PSI scan
T max! Tin 0.96/0.81 0.9422/0.7440 0.695/0.554 0.970/0.805
refinement method full-matrix least-squares on F? full-matrix least-squares on F? full-matrix least-squares on F? full-matrix least-squares on F?
data/restraints/parameters  2792/0/176 3445/0/176 3524/0/184 4107/0/307
goodness-of-fit on F? 0.935 1.034 1.033 1.018
R/WR, [1>20(1)] 0.0400/0.0623 0.0257/0.0677 0.0235/0.0673 0.0284/0.0753
R\/WR, (all data) 0.0853/0.0692 0.0362/0.0717 0.0254/0.0684 0.0619/0.0848
AP Mowin [€ A3 0.320 and —0.329 0.379/ - 0.532 0.396/ — 0.527 0.263/ —0.248
Table 4. Selected bond lengths [A] and angles [°] for 11a, 11b, 8i, 12. to the isocyanide carbon atom,
11a 11b 8i 12 since the C—N bond is part of a
Crl—Cl 1.897(3) 1.9108(13) 1.9048(11) 1.895(3) ConlugaFed system. However,
Cr1—C, 1.897(3)-1.917(3) 1.9082(13) - 1.9184(13) 1.9058(12) - 1.9158(12) 1.901(3)-1.916(4) the conjugation effects on the
Cr1-Cé6 1.942(3) 1.9338(13) 1.9466(11) 1.959(3) bond lengths are very small and
RS 13562010 L3680 L3600 seem o be most pronounced
Cll-C7 1719(3) 1725(3) 'for 111.). As found f([);] most
F1-C7 1.3376(14) 1.3449(13) isocyanide complexes'*!  the
F1-C8 1.365(3) 1.349(3) C6-N1-C7 bond angles deviate
F2-C8 1.3503(15) 1.3352(14) less than 20° from 180°. Owing
(C:;:gg 1'?&2?2 }'iigfggg 1.3225(16) Sgiéi; to the coordination to the two
C3-06 13222(13) .cobalt[ at.om.s.the C9—C10 bond
C9—C10 1.173(4) 1.1859(19) 1.339(4) in 12 is significantly longer than
Co2—Co3 2.4573(7) the C—C triple bond in 11a and
Co=C9(10) 1.949(3)-1.966G3)  11b. The C8-C9-C10 and C9-
C6-N1-C7 175.3(3) 167.66(13) 176.91(12) 165.0(3) C10-C11 bond angles in 12 are
E}ggl 116.3(2) Hason 40010 114.9(2) significantly smaller than 180°.
FI-C8-C9  116.8(3) 115.6(3) The Co-Co bond length of
F2-C8-C9 116.47(11) 2.4573(7) A compares well with
C10-C9-C8  178.1(4) 177.74(15) other hexacarbonyl(u,-1*-alky-

the isocyanide ligand range from 1.934 to 1.959 A. The

substituent at the isocyanide nitrogen atoms are in an almost
eclipsed position to one of the carbonyl ligands; the C-Cr-C7-
X (X=Cl, F) torsion angles lie between 5.4 and 16.4°. This is
the only conformation that allows an effective & back bonding
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Pyrolysis experiments
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ne)dicobalt complexes structur-
ally studied.!

Pyrolysis experiments in which the compounds 4a, b, ¢, 6, 7a,
8e, and 11a were used to obtain the free isocyanides were
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Figure 3. Molecular structure (ORTEP*)) of 12.

partially successful. Flash vacuum pyrolysis of 4b yields the
first perfluorinated alkenyl isocyanide 13b as a colorless gas
(Scheme 9). Compound 13b is stable at low temperature, in
the gaseous phase at low pressure, or in dilute solution. It
decomposes readily even below 0°C in concentrated solution
or as a neat substance. Vapor pressure measurements between
189 K and 225K result in Inp =—24736/RT+17.13 and an
extrapolated boiling point of 18°C.

The mass spectrum of 13b exhibits the molecular ion and
smaller fragment ions. The IR spectrum shows absorption at
2111 and 1801 cm~! due to NC and C=C stretching modes. The
YF NMR spectrum of 13b (Figure 4) consists of an ABC
pattern similar to 4. However, an additional splitting into 1:1:1
triplet is observed for the resonance of the fluorine atom in
the geminal position to the nitrogen atom. Generally, free
isocyanides although quite unsymmetrical can have small
electric field gradients at the nitrogen atom which allows the
observation of the 'H,"N or YF¥N coupling and results in
small line width in the N NMR spectra.*l The structures of

Chem. Eur. J. 2001, 7, No. 4
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trifluoroethenyl isocyanide 13b and its isomer trifluoracrylo-
nitrile were determined recently by X-ray crystallography.©!
All attempts to obtain fluoroethynyl isocyanide by pyrolysis
of 4a, 4b, or 4c failed. According to the IR spectra (v(NC)
2111 vs, v(C=C) 1744 vs and v(NC) 2104 vs, v(C=C)
1654 s cm™') CN—CCI=CF, (13a) and CN—CCI=CCIF (13c¢)
are formed on pyrolysis of 4a and 4¢ at 250°C, respectively.

C
N

Ry

c=—C

/ =
Fa FC

WJ JL% W.V,JLLHM ol

5,=-1015 §,=-1125 5.=-157.6

Figure 4. "F NMR spectrum of 13. 2J("F,,"°F,) =53 Hz, 3J("F,,"“F,) =
50 Hz, 3J(°F,,"UF,) = 113 Hz, 2/(**N,F,) = 10 Hz.

As expected pyrolysis of 6 yields the ethenyl isocyanide 14
as a mixture of the E and Z isomers. The ratio of the isomers is
equivalent to that of the precursor complex 6. All spectro-
scopic data are consistent with 6. The F NMR spectrum
exhibits additional splitting due to coupling to the nitrogen
isotope 'N. Nevertheless the product contained a more
volatile material which was easily identified as ethynyl
isocyanide 15 by comparing the mass and IR spectra with
those of previously prepared samples (Scheme 9).7 Although
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this undesired side reaction made the purification of 6
difficult, this result was important because it clearly demon-
strated the possibility of alkyne formation by a defluorination
reaction.

Consequently, we have synthesized 7, 8, and 11 as potential
precursor molecules for cyanoisocyanoacetylene and isocya-
nopolyynes. However, the results of the pyrolysis experiments
of 7, 8, and 11 are different. Apart from the fact that the
pyrolysis of 7 is less efficient than that of [(CO)s;Cr(CN—
CCI=CCIH)] it yields cyanoisocyanoacetylene 16 in amounts
sufficient to record all necessary spectroscopic data
(Scheme 9). As the cyano group is introduced in the final
step, isotopic labeling of the cyano group by "N or 3C can be
performed easily, and this provides a sufficient number of
rotational constants of the isotopomers for a reliable structure
determination.!'Y The expected by-product 1-chloro-2-cyano-
2-fluoroethenyl isocyanide (2-chloro-3-fluoro-3-isocyanopro-
pennitrile) (17) was purified by fractional condensation under
vacuum and identified by mass, IR, and NMR spectra. Again
a mixture of the E and Z isomers was obtained. In almost all
pyrolysis experiments using 11a an explosive decomposition
of the chromium complex was observed, leading to the
formation of a dark brown material which filled the complete
vacuum line. Occasionally HCEC—C=C—C=N could be de-
tected by comparison of the IR spectrum with literature
valuesP®! and by millimeter-wave spectroscopy.P?! Attempts
using 8 e were equally unsuccessful.

Conclusion

The cross-coupling reaction of pentacarbonylchromium-pro-
tected halogenated ethenyl isocyanides with various carbon
nucleophiles is a very effective method for the synthesis of
various isocyanides. Vacuum pyrolysis of some of these
complexes is still the only preparative route for alkynyl
isocyanides. To generalize our synthesis strategy it is necessary
to develop more facial dehalogenation methods as well as
easier methods for the removal of the pentacarbonylchromi-
um protecting group.

Experimental Section

General: All reactions were carried out under dry argon by using standard
Schlenck and vacuum techniques. Volatile materials were handled in a
conventional glass vacuum line and amounts were determined by PVT
techniques. Moisture-sensitive compounds were handled in an automatic
dry box (Braun) under dry argon. 'H, 2D, *C, and "N NMR spectra were
recorded by using a JEOL FX 90Q or JEOL LAMBDA 400 instrument
with TMS or solvent signals (‘H, 2D, '*C), nitromethane ("*N) and CFCl,
("F) as standards. Infrared spectra were taken on a Perkin Elmer 883,
Nicolet 5SXC or a Bruker Vector 22 instrument. Raman spectra were
recorded by using a Bruker RFS 100 or SPEX1403 instrument. Mass
spectra were obtained on a Varian MAT 711 (80 eV) or a Balzers QMS 200
instrument. Tetraecthylammonium pentacarbonyl(cyano) chromate 1 was
prepared following the literature procedure;*”] however, sublimed hex-
acarbonyl chromium and freshly sublimed sodium bis(trimethylsilyl)amide
were used to get a maximum yield of 95% and to avoid the formation of
pyrophoric by-products. K[Cr(CO)s(C®N)] was prepared according to
literature procedures.*¥! 1,2-Dichlorotrifluoroethane (Hoechst and Du-
Pont), 1,1,2-trichlorodifluoroethane (Hoechst and DuPont), and 1,1,2,2-
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tetrachlorofluoroethane (PCR) were used as received. The chlorofluoro-
ethanes employed were purified by distillation using a spinning band
column for reuse.

Pentacarbonyl(1,1,2-trichloro-2,2-difluoroethyl isocyanide)chromium (3 a):
Tetraecthylammonium pentacarbonyl(cyano)chromate (9.40 g, 27.0 mmol)
was suspended in 1,1,2-trichloro-2,2-difluoroethane (80 mL). Phenyldiazo-
nium tetrafluoroborate (25 mmol) was added at —78°C. On warming to
ambient temperature the light yellow suspension turned to dark brown,
while nitrogen gas was evolved. After 2h at ambient temperature the
solvent was removed in vacuum into a trap kept at —196°C for reuse. The
residue was extracted several times with pentane. The solvent was removed
in vacuum. The remaining product was purified by column chromatography
(silica/pentane). Sublimation in vacuum (35°C/0.1 Pa) yielded 3a as a
yellow solid. Yield: 5.52 g (14.3 mmol, 53 % ); m.p. 62 °C; elemental analysis
for CgCL,CrF,NOs (%): caled: C 24.86, N 3.62; found: C 24.94, N 3.94; MS
(EI 80 eV): m/z: 385,329, 301, 273, 245 (100 %), 210, 175, 52; IR (pentane):
7=2005 sh, 1985 vs, 1956 sh cm™!; IR (KBr): #=2185 m, 2120 s, 1955 vs,
1190s,1160s,1100s, 1018 s, 1002 m, 841 s, 773 s, 676 vs, 648 vs, 545 s, 522 w,
441 s cm™'; Raman: 7= 2184 vw, 2110 w, 2002 vs, 1942 w, 1101 w, 1018 w,
1001 vw, 841 vw, 774 vw, 679 vw, 648 vw, 625 vw, 545 vw, 526 vw, 500 vw, 454
w, 442 w, 388m, 551 w, 312 vw, 293 vw, 252vw, 229 vw, 169 vw, 105 m cm™!;
BC NMR: 0 =84.8 (t, 2/ =37 Hz; CCl,), 124.6 (t, 'Jor =303 Hz; CCIF,),
202.5 (s; NC), 212.1 (s; CO), 212.6 (s; CO,p); “F NMR: 6 = —66.82 (s;
CCIF,).

Pentacarbonyl(1,2-dichloro-1,2,2-trifluoroethyl isocyanide)chromium (3b):
The compound 3b was prepared similarly to 3a using 1,2-dichloro-1,2,2-
trifluoroethane (100 mL). Yield: 4.3 g (11.6 mmol, 46.4%) as a yellow
solid; m.p. 39°C; elemental analysis for CsCL,CrF;NOs (% ): caled C 25.97,
N 3.79; found C 2728, N 3.77; MS (EI, 80 eV): m/z: 369, 306, 257, 229, 194
(100%), 52; IR (pentane): 7=2010 w, 1983 vs, 1952 m cm~!; BC NMR: 6 =
1015 (dt, Yer=270 Hz, %Jcr=38 Hz; CCIF), 122.7 (dt, 'Jor=303 Hz,
2Jcp=38 Hz; CCIF,), 208.1 (s; NC), 211.8 (s; CO,;), 211.9 (s; CO,4ps); ¥F
NMR : 6 =-283.0 (dd, *Jcr=9 Hz, 3z =10 Hz; CFCl), —70.1 (dd, 2Jcp=
165 Hz, *Jcr=10Hz; CF,Cl), —69.3 (dd, Jcg=165Hz, */cx=9 Hz;
CF,Cl).

Pentacarbonyl(1,1,2,2-tetrachloro-2-fluoroethyl isocyanide)chromium
(3¢): The compound 3¢ was prepared similarly to 3a using 1,1,2,2-
tetrachloro-2-fluoroethane (100 mL). Yield: 0.79 g (2.0 mmol, 34%) as a
yellow solid; m.p. 71 °C; elemental analysis for CgCl,CrFNOs (% ): caled: C
23.85, N 3.48; found: C 23.86, N 3.38; MS (EI, 80 eV): m/z: 403, 291, 263,
191, 52; IR (pentane): 7= 1978 vs br cm~!; ¥C NMR: 6 =88.95 (d, ¥/cp=
35 Hz; CCl,), 120.6 (d, 'Jcr=310 Hz; CCLF, major conformer), 121.6 (d,
Jer=311 Hz; CCLF, minor conformer), 199.9 (s; NC), 212.3 (s; CO,),
212.9 (s; COyyns); YF NMR : 6 = — 64.4 (major conformer), —52.9 (minor
conformer).

Pentacarbonyl(1-chloro-2-difluoroethenyl isocyanide)chromium (4a): A
solution of 3a (3.80 g, 9.8 mmol) in diethyl ether was cooled to 0°C and zinc
powder (6.40 g, 98.0 mmol) and acetic acid (2mL) were added. The
reaction mixture was stirred for 6 h at ambient temperature. After filtration
the solvent was removed in vacuum at — 20 °C. The residue was purified by
column chromatography (silica, pentane). Sublimation in vacuum (35°C/
0.1 Pa) yielded 4a as yellow crystals. Yield: 2.47 g (7.8 mmol, 80 % ); m.p.
60°C; elemental analysis for CgCICrF,NOs (%): caled: C 30.45, N 4.44;
found: C 30.58, N 4.68; MS (EI, 80 eV): m/z: 315, 287, 259, 231, 203, 175
(100%), 78, 52; IR (KBr): #=2125m,2051 s, 1942 br, vs, 1733 5,1336 5, 1187
m, 1145 vw, 1029 s, 685 s, 650 vs, 572 vw, 539 w, 507 vw, 490 vw, 464 w, 445
m cm~'; IR(pentane): 7=2116 w, 2029 m, 1977 vs, 1946 w, 1902 vw, 1731
m cm~'; Raman (solid): 7#=2370 vw, 2119 m, 2027 s, 1997 s, 1968 w, 1942 vw,
1734 w, 1188 m, 1145 vw 1029 vw, 683 m, 647 vw, 572 m, 537 w, 506 vw, 464
vw, 435 w, 390 vs, 345 vw, 326, vw, 270 w, 191 w, 166 m cm~!; BC NMR: 6 =
86.3 (dd, /=51 Hz, /o =39 Hz; CCl), 156.8 (dd, 'Jor=300 Hz, Jcr=
294 Hz; CCF,), 191.2 (s; NC), 213.2 (s; CO,;), 214.6 (s; CO,s); F NMR:
0=-289.63 (d, 2Jpr=11 Hz), —82.31 (d, /pr =11 Hz).

Pentacarbonyl(trifluoroethenyl isocyanide)chromium (4b): The compound
4b was prepared similarly to 4a using 3b (Yield: 0.78 g (2.6 mmol, 89 % ) as
yellow crystals; m.p. 38 °C; elemental analysis for C4CrF;NOs (% ): caled: C
32.12, N 4.68; found: C 33.41, N 4.55; MS (EI, 80 eV): m/z: 299, 271, 243,
215,187,159 (100 %), 52; IR (pentane): ¥ =2114 w, 2020 m, 1973 vs, 1944 m,
1774m cm™!; BC NMR: 6 =1171 (dt, V=297 Hz, %/ =49 Hz; CF),
1523 (Vep=286 Hz, V=293 Hz, */cx=49 Hz; CF,), 199.3 (s; NC),
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213.0 (s; CO,), 2142 (5; CO,ne); “FNMR: 6 = — 152.9 (dd, 2/ = 46.4 Hz,
3Jep=112Hz; CCIF), —111.6 (dd, Yep=46 Hz, *Jop=53.7 Hz; CF,),
—100.5 (dd, 3/ =112 Hz, 3/ =53.7 Hz; CF,).

Pentacarbonyl(1,2-chloro-2-fluoroethenyl isocyanide)chromium (4¢): The
compound 2¢ was prepared similarly to 4a using 3¢ (1.03 g, 2.6 mmol).
Yield: 0.65 g (2.9 mmol, 75 %) as yellow crystals containing both isomers;
m.p. 55 °C; elemental analysis for CyCL,CrFNOs (%) caled: C28.94, N 4.22;
found: C29.62, N 4.27; MS (EIL, 80 eV): m/z: 331, 303, 275, 245, 219, 191, 52;
IR (pentane): 7=2023 m, 1972 s, 1940 w,sh cm~!; 3C NMR: 6 =101.25 (d,
2Jcp=49 Hz; CCl), 102.83 (d, /=38 Hz; CCl), 146.08 (/=309 Hz;
CCIF), 14798 ("Jcr=312 Hz; CCIF), 190.3, 191.12 (s; NC), 213.11, 213.12
(5;CO.;), 214.46, 214.64 (s; CO,,); “F NMR: 6 =—778 (s), —84.3 (s).

(EIZ)-Pentacarbonyl(1,2-difluoro-2-A5-fluorotrimethylphospharanylethen-
yl isocyanide)chromium (5): Compound 4b (60 mg, 0.2 mmol) was
dissolved in [Dg]toluene (1 mL) in a Smm NMR tube and cooled to
—78°C. Trimethylphosphane (0.2 mmol) was condensed onto the solution.
After mixing at —78°C the tube was brought into the NMR spectrometer
and allowed to warm to —50°C. YF and 3'P NMR spectra were recorded at
—50°C and exhibited signals of trimethylphosphane, 3b, 5, 6, and
difluorotrimethylphosphorane. 3P NMR: 6 =—77.1 (d, Jpr =552 Hz) 5;
—614 (s), PMe;; —14.7 (t, Jpr=536 Hz) PF,Me;; "F NMR: 6 =—97.7
(dd), —109.8 (dd), —150.7 (dd) 4b; — 166.6 (dd), — 142.7 (d) (E)-6; —137.77
(dd, 2Jpr =12 Hz, Jgg 128 Hz), —134.26 (d, Jpr 128 Hz), 23.26 (d, Jpr=
552 Hz) 5; —4.0 (d, 'Jpr =536 Hz) PF,Me;.

Pentacarbonyl(1,2-difluoroethenyl isocyanide)chromium (6): Trimethyl-
phosphane (4 mmol) was added by vaccum transfer to a solution of 4b
(450 mg, 1.5 mmol) in pentane (5mL) at—78°C. After stirring for three
hours the yellow suspension was allowed to warm to —40°C and water
(0.36 mL, 20 mmol) was added. After stirring for an additional two hours
the solvent was removed in vacuum at —10°C and the residue was
extracted with pentane. The pentane extract was purified by PTLC (silica,
pentane, first fraction, R;=0.42). Sublimation in vacuum (25°C, 0.1 Pa)
yielded 6 as a colorless crystalline solid of both isomers. Yield: 172 mg
(0.6 mmol, 40%) m.p. 35°C; elemental analysis for CGHCrF,NOs (% ):
caled: C 34.18, H 0.36, N 4.98; found: C 34.35, H 0.80, N 4.76; MS (EIL,
80 eV): m/z: 281,253, 225,197,169, 141, 52; IR (pentane): 7 =2116 m, 2020
s, 1975 vs, 1944 sem™'; IR (KBr): 7= 3128 w, 2122 m, 2036 s, 1951 vs, 1864 m,
1701 w, 1325 m, 1221 m, 1159 m, 880 m, 796 w, 653 s, 441 m cm™'; (E)-6:
'H NMR: 6=730 (dd, */yr=72Hz, *Jyr=4Hz, 1H; CHF); BC{'H}
NMR: 6=133.9 (dd, Ycr=244 Hz, %Jcx=39 Hz; CF), 1383 (dd, Jcr=
259 Hz, 2J.z=69 Hz; CHF), 1977 (s; NC), 213.0 (s; CO), 214.3 (s;
CO,s); "F NMR: 6 =—170.6 (dd, */gy =72 Hz, 3/ =130 Hz; CHF),
—143.4 (d, 3Jzr =130 Hz; CF); (£)-6: '"H NMR: 6 = 6.80 (dd, %/ =70 Hz,
3ur=12 Hz, 1H, CHF); F NMR: 6 =—160.2 (d, %/g; =70 Hz; CHF),
—116.6 (d, /gy =13 Hz; CF). [D]-6: D,0O was used in the hydrolysis step.
(E)-[D]-6: °D NMR: 6 =713 (d, ?Jpr=11 Hz), “F NMR: 6 = —143.6 (d,
CF, *Jgr =130 Hz), —171.1 (dt, CDF, %/ = 130 Hz, 2J;, = 11 Hz); (Z)-[D]-
6: D NMR: 0=6.58 (dd, */pr=11Hz, *Jpr=19 Hz), F NMR: 6=
—116.9 (s; CF), —160.6 (t, CDF, 2/, =11 Hz).

(E/Z)-Pentacarbonyl(1-chloro-2-cyano-2-fluoroethenyl isocyanide)chro-
mium (7a): Complex 4a (966 mg, 3.1 mmol) was dissolved in acetonitrile
(20 mL) and heated to 45°C. Potassium cyanide (586 mg, 9.0 mmol) was
added. The progress of the reaction was monitored by "F NMR
spectroscopy. After about 45 min the mixture was placed on a silica
column and eluted with pentane. This resulted in two fractions, the first of
which contained 4a the second the product (R;=0.10) 7a. Sublimation in
vacuum (35°C, 0.1 Pa) yielded 7a as an orange solid composed of both
isomers. Yield: 706 mg (2.2 mmol, 71 % ); m.p. 64 °C; elemental analysis for
CyCICrFN,Os (%): caled: C 33.51, N 8.68; found: C 33.80, N 8.51; MS (EI,
80 eV): m/z: 322,294, 266, 238, 210, 182 (100 %), 78, 52; IR (KBr): 7 =2235
vw, 2222 vw, 2117 5,2025 s sh, 1950 vs br, 1626 vs, 1272 5,1190 s, 1163 m, 1076
vw, 1015 vw, 980 m, 931 w, 865 vw, 682 s, 649 vs, 577 w, 539 w 437 m, 386 w,
338 vw cm™!; IR (pentane): 7=1987 vs, 1977 m sh, 1955 sh cm~!; Raman
(solid): 7 =2254 vw, 2235 w, 2222 w, 2115 w, 2002 vs, 1984 m 1959 w, 1949 w,
1628 s, 1600 vw, 1271 m, 1191 m, 1160 w, 980 vw, 931 vw, 730 vw, 678 w, 664
w, 625 w, 539 w, 510 w, 432 m, 387 vs, 338 vw, 209 vw, 195 vw, 171 vw 110
vscm™!; (E)-7a: *CNMR: 0 =108.9 (d, ’/cr =40 Hz; CN), 117.5 (d, ?Jcp =
46 Hz; CCl), 131.9 (d, 'Jcr =256 Hz; CF), 202.4 (d, /=5 Hz NC), 212.0
(s; CO), 212.6 (5; COpuns); “F NMR: 6=-131.73 (s; CF); (Z)-7a:
3C NMR: 6=109.4 (d, 2Jcg=40 Hz; CN), 115.2 (d, 2J.z=33 Hz; CCl),
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1313 (d, Yep=259 Hz; CF), 203.8 (d, “/cp =6 Hz, NC), 212.0 (s; CO,,),
212.8 (s; CO,ne); F NMR : 8 = —123.80 (s; CF).

(E/Z)-Pentacarbonyl(1,2-difluoro-2-cyanoethenyl isocyanide)chromium
(7b): The compound 7b was prepared similarly to 7a using 4b. Yield:
16 mg (0.05 mmol, 20%); m.p. 35°C; elemental analysis for CyCrF,N,O5
(%): caled: C 35.31, N 9.15; found: C 35.02, N 8.76; MS (EI, 80 eV): m/z:
306, 278, 250, 222, 194, 166 (100%), 52; IR (hexane): 7 =2015 w, 1986 vs,
1964 sh m cm~'; IR (KBr): 7 =2227 w, 2115 w, 1966 vs, 1684 w, 1311 m, 1264
m, 1240 m, 1110 w, 1079 m, 1022 w, 865, vw, 804 w, 728 m, 650 s, 613 vw, 599
vw, 522 w, 436 m, 382 vw, 305 vw cm~!; Raman (solid): 7 =2229 w, 2115 vw,
2024 w, 2004 m 1978 vw 1961 vw, 1691 w, 1677 sh, 1314 m 1262 w, 727 vw, 615
vw, 527 vw, 431 w, 387 vs, 395 vw, 323 vw, 305 vw, 297 vw, 244 w, 175 vw, 146
vw, 115 vsem™'. (E)-7b: *C NMR: 6=108.1 (dd, 2/cr=37Hz, 3Jcr=
10 Hz; CN), 123.7 (dd, YJcr=240 Hz, %/ =62 Hz; CF—CN), 1375 (dd,
Jer=264 Hz, ’Jor =45 Hz; CN-CF), 209.2 (s; NC), 211.5 (s; CO,;), 211.6
(35 COpans); YF NMR : 6 =—165.8 (d, 3Jgr=128 Hz; CF—CN), —114.8 (d,
3Jgr=128 Hz; CN—CF); (Z)-5b: C NMR: 0=109.0 (dd, 2/ =36 Hz,
3Jcp=3Hz; CN), 121.3 (dd, Jcr=251 Hz, 2Jcr=38 Hz; CF—CN), 135.8
(dd, Ycr=282 Hz, 2.z =37 Hz; CN—CF), 212.9 (s; NC), 211.6 (s; CO),
211.6 (55 CO,ys); Y’FNMR : 0 = —156.7 (d, *Jgr =3 Hz; CF-CN), —90.0 (d,
3Jgr =3 Hz; CN—-CF).

[(CO)sCr(CNCCICF®CN)] (7c) and [(CO)sCr(CNCCICFC¥N)] (7d): The
compounds 7 ¢ and 7d were prepared similarly to 7a by using *C-KCN and
SN-KCN. Additional spectroscopic data, only those vibrationational
spectroscopic data are listed which show significant changes: 7¢: IR
(KBr): 7 =2175w cm™!; Raman (solid): 7 = 2175 w, 926 vw, 531 w cm~!, (E)-
7c: Uee=113Hz, 2Jcc =11 Hz; (Z)-7¢: =116 Hz, 2Jo =13 Hz. 7d:
IR (KBr): #=2214 vw, 2200 vw cm~!; Raman (solid): #=2214 vw, 2198
wcm™!; BN-NMR: 6 {second isomer} = — 90.54{ — 91.86} (s; C"N).

[(CO)sCr(C*NCCICFCN)] (7e): The compound 7e was prepared from
NEt,[Cr(CO)s(C"®N)]. Additional spectroscopic data: (E)-5e: "N NMR :
0=-2044 (d, Jpn=3Hz); PC NMR: Yo ((N-C) =30 Hz, Jen(CN) =
22 Hz, Jex=7Hz; F NMR : 6 =— 131.79 (d, ¥yx=3 Hz; CF); (Z)-Te:
N NMR: 6=—202.1 (d, Jpy=3Hz); "C NMR: Jey(N-C)=30 Hz,
Jen(CN) =22 Hz, 2en=2Hz; “F NMR: 6 =—123.89 (d, ¥pn=3 Hz;
CF).

(E/Z)-Pentacarbonyl(1-chloro-2-fluoro-4-trimethylsilyl-but-1-en-3-ynyl
isocyanide)chromium [(CO)sCr{CNCCICFC,Si(CH,);}] (8a): Ethynyl(tri-
methyl)silane (2.1 mL, 15 mmol) was slowly added to a solution of
methylmagnesium bromide (10 mmol, 4.2 mL of a 2.4 M solution in diethyl
ether) in THF (20mL) at 0°C forming a colorless precipitate. The
suspension was allowed to warm to ambient temperature and stirred for
2 h. Complex 4a (1.028 g, 3.3 mmol) was added and the solution turned
dark brown. After 20 min pentane (50 mL) was added and the reaction
mixture was filtered through a silica pad (/=3 cm, d=1cm) and eluted
with pentane. The solvent was removed in vacuum at —20°C. The residue
was sublimed in vacuum (35°C, 0.1 Pa). Yield: 862 mg (2.2 mmol, 64 % ) of
both isomers. Elemental analysis for C;;HyCICtFNO;Si (%): caled: C
39.66, H 2.30, N 3.56; found: C 39.78, H2.93, N 3.74; MS (EL 80 eV): m/z:
393,337,309, 281, 253,73, 52; IR (pentane): 7 =2117 m, 2026 s, 1976 vs, 1945
mcm™'; IR (KBr): 7=2963 w, 2923 w, 2852 vw, 2159 vw, 2116 m, 2042 s,
1961 vs, 1940 vs, 1616 w, 1251 m, 1154 w, 990 m, 850 s, 763 w, 727 m, 705 vw,
659 s, 648 s, 567 vw, 533 vw, 486 m cm~!; Raman (solid): 7 =2967 w, 2904 w,
2299 vw, 2242 vw, 2159 m, 2113 m, 2015 vs, 1997 s, 1972 w, 1938 vw, 1622 s,
1617 s, 1259 m, 1153 m, 854 vw, 765 vw, 725w, 705 vw, 665 w, 644 vw, 628 w,
616 w, 567 vw, 512 vw, 490 vw, 437 m, 387 vs, 275 w, 212 vw, 167 w cm~". (E)-
8a: 'H NMR: 6=027 (s, 9H; CH;); *C NMR: 6=— 0.5 (gh, Yey=
122 Hz, 3y =2 Hz; CH;), 90.2 (d, 2Jcr=35 Hz; CF—C), 109.5 (d, 2Jcr=
56 Hz; CCl), 113.8 (m, */cr=1Hz, *Jcy =3 Hz; C-Si), 142.2 (d, Jep=
250 Hz; CF), 186.9 (s; CN), 213.3 (s; CO,), 214.8 (s; CO,,,,); "F NMR:
0=-109.63 (s); (Z2)-8a: 'H NMR: 6 =0.27 (s, 9H; CH;); *C{'H} NMR:
0=— 0.9 (s; CH;), 90.7 (d, 2Jcr=34 Hz; CF—C), 108.8 (d, ?J-r=43 Hz;
CCl), 115.3 (dd, 3Jcr=4 Hz; C-Si), 140.7 (d, 'Jor =254 Hz; CF), 192.4 (s;
CN), 213.1 (s; COy), 214.9 (s; CO,4p); F NMR: 6 = —104.99 (s).

(E/Z)-Pentacarbonyl(1,2-difluoro-4-trimethylsilyl-but-1-en-3-ynyl isocya-
nide)chromium [(CO);Cr{CNCFCFC,Si(CHj;);}] (8b): The compound 8b
was prepared similarly to 8a by using the Grignard reagent of ethynyl-
(trimethyl)silane (10.0 mmol) and 4b (1495 mg, 5.0 mmol). The product was
purified by sublimation in vacuum (35°C/ 0.1 Pa). Yield: 1610 mg
(4.3 mmol, 85%) of both isomers as a yellow solid. Elemental analysis
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for C;3HyCrF,NOsSi (%): caled: C 41.38, H 2.40, N 3.71; found: C 41.60, H
2.63, N 3.71; MS (EI, 80 eV): m/z: 377, 321, 293, 265, 237, 203 (100 %), 73,
52; IR (KBr): 7=2969 w, 2159 w, 2115 s, 2037 vs, 1982 vs, 1960 vs, 1939 vs,
1414 w, 1289 w, 1250 m, 1234 s, 1094 m, 1071 w, 1019 vw, 860 s, 847 s, 774 m,
762 w, 668 s, 657 vs, 647 vs, 584 w, 497 vw, 437 m cm~'; IR (pentane): 7=
2113 vw, 2014 w, 1981 vs, 1950 m cm~'; Raman (solid): 7#=2971 vw, 2908 w,
2328 vw, 2158 m, 2113 s, 2017 vs, 2002 s, 1984 w, 1958 vw, 1945 w, 1968 m,
1416 vw, 1288 s, 1259 vw, 1093, vw, 850 vw, 774 vw, 639 w, 610 w, 598 vw, 584
vw, 433 w, 385 m, 271 vw, 223 vw, 178 vyw 108 m cm™". (E)-8b: 'H NMR: 6 =
0.24 (s, 9H; CH;); B¥C NMR: 6=1.0 (q, Jcy=120 Hz; CHj;), 88.5 (dd,
2Jep=32Hz, 3Jcx=10 Hz; CF—CC), 1170 (s; CC=Si), 132.3 (dd, Y=
237 Hz, %Jp= 58 Hz; CF—C), 134.8 (dd, 'Jor=252 Hz, %J.r=54 Hz, N—
CF), 201.6 (d, 3/cr=9 Hz, NC), 212.8 (s; CO,;), 2142 (s; COppun); “°F
NMR: 6 =—144.27 (d, 3Jgr =127 Hz; CF—CC), —128.23 (d, 3/gz =127 Hz,
N-CF); (Z)-8b: '"H NMR: 6 =0.24 (s, 9H; CH;); BC NMR: 6 =-1.0 (q,
Yen=120Hz; CH;), 89.2 (d, Jcx=31Hz; CF—CC), 113.3 (s; CC-Si),
130.6 (dd, 'Jop=246 Hz, %/-=33 Hz; CF-C), 133.1 (dd, V=266 Hz,
2Jcp=45 Hz, N—CF), 195.0 (s; NC), 213.0 (s; COy;), 214.1 (s; CO,a); “F
NMR: 6=-134.80 (d, *Jgr=3 Hz; CF-CC), —110.12 (d, 3/gr=3 Hz,
N-CF).

(E/Z)-Pentacarbonyl(1-chloro-2-fluoro-6-trimethylsilyl-hex-1-en-3,5-diyn-
yl isocyanide)chromium [(CO);Cr{CNCCICFCSi(CH;);}] (8c): Methyl-
lithium (1.5 mL of a 1.6M solution in diethyl ether) was added to a solution
of 1,4-bis(trimethylsilyl)butadiyne (585 mg, 3 mmol ) in diethyl ether
(10 mL) and stirred for 1 h at ambient temperature. Complex 4a (505 mg,
1.6 mmol) was added. After 5 min the reaction mixture was cooled with
liquid nitrogen. The reaction mixture was allowed to warm to ambient
temperature and the solvent was removed under vacuum. The dark brown
residue was extracted with pentane to give a dark orange-brown solution.
The solvent and volatile by-products were pumped off under vacuum at
30°C. The residue was dissolved in pentane and filtered through a pad of
silica yielding a orange solution. After the solvent had been removed under
vacuum, 8¢ (335 mg, 50 % ) was isolated as a dark yellow solid (m.p. 50°C)
containing a mixture of both isomers. MS (EI, 80 eV): m/z: 417, 374, 361,
333,305,277 (100 %), 179, 156, 73, 52; IR (KBr): 7= 2962 m, 2900 vw, 2116
vw, 2099 vw, 2067 m 2023 w, 1967 s, 1735 w 1636 w 1413 w, 1335 vw, 1249 s,
1176 w, 1101 vw, 1036 vw, 846 s, 765 m, 704 w, 648 s, 554 m, 446 w, 380
m cm!; IR (n-hexane): 7 =2114 vw, 2102 vw, 2018 w, 1977 s, 1946 vw cm™};
(E)-8¢c: '"H NMR: 6=0.22 (s, 9H; CH;); BC{"®F} NMR: 6=-0.91 (q,
YJen=121Hz; CH;), 61.99 (d, /cx=38 Hz; CF—CC), 8520 (d, /cr=
3 Hz; CC=Si), 89.58 (d, 3Jcp=6 Hz; CF—CC), 101.74 (m, 3Jcy=2.5Hz,
’Jer=0.8 Hz; CC-Si), 111.61 (d, 2Jcr =55 Hz, N—CCl), 142.19 (d, Jcr=
250 Hz; CF), 189.44 (d, Jcr=4Hz; CN), 213.00 (s; CO), 214.61 (s;
CO,uns); "F NMR: 6 = —112.27; (Z)-8¢: '"H NMR: 6 =0.24 (s, 9H; CH,);
3CNMR: 6 = —0.84 (q, Ye =121 Hz; CHy), 62.46 (d, 2 =35 Hz; CF—
CC), 85.48 (d, “Jcp =4 Hz; CC-Si), 90.40 (d, 3/cx=35 Hz; CF—CC), 101.47
(m, 3y =2.8 Hz, Jcp=1.3 Hz; CC-Si), 110.64 (d, /o =42 Hz, N-CCl),
140.60 (d, Jcr=252 Hz; CF), 194.23.7 (d, “/cz="7 Hz; CN), 212.94 (s;
CO,y), 214.63 (s; CO,); YF NMR: 6 = —107.32 (s).

(E/Z)-Pentacarbonyl(1,2-difluoro-6-trimethylsilyl-hex-1-en-3,5-diynyl iso-
cyanide)chromium [(CO);Cr{CNCFCFC,Si(CH;);}] (8d): Methyllithium
(6.0 mmol, 1.5M in diethyl ether) was added to a solution of bis(trimethyl
silyl)butadiyne (1552 mg, 8.0 mmol) in diethyl ether (30 mL). After the
solution had been stirred for 3 h at ambient temperature, 4b (1495 mg,
5.0 mmol) was added. After 15 min water (0.2 mL) was added to stop the
reaction. The remaining suspension was diluted with pentane (30 mL) and
filtered through a pad (5 cm) of silica. The solvent was removed in vacuum
at —20°C and the residue purified by column chromatography (silica/
pentane) and sublimation in vacuum (45°C, 0.1 Pa). Yield: 2113 mg
(5.8 mmol, 72%) of both isomers as a yellow solid. M.p. 43°C; elemental
analysis for C;sHyCrF,NOsSi (% ): caled: C 44.89, H 2.26, N 3.49; found: C
45.01,H2.59,N 4.02; MS (EI 80 eV): m/z: 401, 345, 289, 261(100 %), 73, 52;
IR (KBr): 7=2963 vw, 2195 w, 2114 m, 2105 m, 2023 vs, 2004 vs, 1948 vs,
1704 vw, 1653 m, 1345 w, 1274 5, 1252 m, 1132 m, 1004 w, 985 w, 958 m, 848's,
762 w, 706 m, 648 s, 540 w, 436 m cm~'; IR (pentane): 7 =2199 vw, 2113 sh,
2106 vw, 2012 w, 1982 vs, 1951 sh m cm~!; Raman (solid): 7 =2965 vw, 2903
vw, 2194 vs, 2112 w, 2016 m, 1997 s, 1945 w, 1653 s, 1342 w, 1332 w, 1267 m,
1132 w, 985 vw, 957 vw, 849 vw, 762 vw, 703 w, 631 m, 604 m, 574 vw, 540, vw,
507 vw, 485 w, 432 m, 385 s, 331 vw, 272 vw, 237 vw, 219 vw, 178 vw cm L. (E)-
8d: 'H NMR: 0=0.24 (s, 9H; CH;); BC{"F} NMR: 6=-0.9 (q, Jeu=
121 Hz; CH3;), 60.2 (s; CF—CC), 85.5 (s; CC—Si), 92.8 (s; CF—CC), 101.7 (s;
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CC-Si), 132.3 (s; CF—C), 136.3 (s; N—CF), 203.9 (s; CN), 212.5 (s; CO,y,),
2138 (s; CO,u); F NMR: 0=—146.94 (d, *Jpr =127 Hz; CF-CC),
—12530 (d, ¥pp=127 Hz, N-CF); (Z)-8d: '"H NMR: 6=0.22 (s, 9H;
CH,); PC NMR: 6 = —0.9 (q, Yoy =121 Hz; CHy), 61.2 (d, 2cp =34 Hz;
CF-CC), 85.4 (s; CC-Si), 89.2 (s; CF—CC), 100.5 (s; CC-Si), 130.7 (dd,
V=247 Hz, 2o =35 Hz CF-C), 1343 (dd, V=270 Hz, 'Jop =45 Hz,
N—CF), 198.7 (s; CN), 212.6 (s; CO,y), 213.7 (s; COyune); '°F NMR: 8 =
— 13722 (s; CF—CC), — 104.18 (s; N—CF).

(E/Z)-Pentacarbonyl(1-chloro-2-fluoro-pent-1-en-3-ynyl isocyanide)chro-
mium [(CO);Cr(CNCCICFC,CHj;)] (8e): The complex 8e was prepared
similarly to 8a using the Grignard reagent of propyne (4.5 mmol) and 4a
(500 mg, 1.6 mmol). After filtration through a pad of silica (2 cm) and
elution with pentane the solvent was removed in vacuum and the residue
was distilled under vacuum (0.1 Pa) at 30 to 40°C using a microdistillation
apparatus with a small cup at the bottom of the condensation finger.
Compound 8 e was isolated as yellow orange oil containing a mixture of the
E and Z isomer. Yield: 350 mg (66 % ). MS (EI, 70 eV) : m/z: 335, 279, 251,
223,195 (100%), 160, 89, 71, 52; IR (KBr): 7 =2954 vw, 2913 vw, 2118 m,
2102 s, 2070 s, 2026 s, 2011s, 1950 vs, 1633 m, 1575 w, 1439 vw, 1426 w, 1366
vw, 1263 vw, 1188 vw, 1159 m, 1056 m, 1040 m,10113 m, 885 w, 713 w, 651 s,
626 m, 515 s, 494 m, 468 m 442 m cm~!; IR (pentane): ¥ = 2234 vw, 2216 w,
2029 m, 1976 vs, 1944 w cm~!; Raman (solid): 7 =2924 w, 2847 vw, 2331 vw,
2230 m, 2116 s, 2028 s, 2005 s, 2946 w sh, 1620 s, 1427 vw, 1375 w, 1297 w,
1169 s, 1062 vw, 1039 vw, 1022 vw, 880 w, 826 vw, 732 vw, 664 w, 632 vw, 611
w, 572 vw, 546 w, 521 w, 438 w, 386 vs, 343 vw, 326 vw, 302 vw, 254 vw, 183
vw em ™ 'H NMR: 6 =2.157 (d, Jyr=4.6 Hz), 2.164 (d, °Jyr=4.8 Hz);
the assignment of the 3C resonance is based on F,'*C correlation spectra
(HMQC and HMBC); (E)-8e: *CNMR: 0 =4.98 (q, /oy =133 Hz), 68.06
(dq, ¥cy =5 Hz, 2Jy =37 Hz; CF—CC), 105.24 (q, ?Jcy = 11 Hz; CF—CC),
108.22 (d, 2Jcr=57 Hz; CCl), 143.42 (d, =251 Hz; CF), 185 (s; CN),
213.58 (s; COy), 21512 (s; CO,y); F NMR: 6 = —106.39 (qua, *Jyp=
4.6 Hz); (Z£)-8e: C NMR: 6 =5.26 (q, Yoy =133 Hz), 68.41 (dq, ¥Jcy=
5 Hz, 2Jcp=35Hz; CF—-CC), 104.17 (q, ?Jcx =11 Hz; CF—CC), 107.72 (d,
2Jcp=46 Hz; CCl), 141.41 (d, V=253 Hz; CF), 190.8 (s; CN), 213.39 (s;
CO.), 215.25 (85 CO,us); Y“F NMR : 0 =—101.94 (q, °Jyr=4.8 Hz).

(E/Z)-Pentacarbonyl(1,2-difluoro-4-phenyl-but-1-en-3-ynyl isocyanide)-
chromium [(CO);Cr(CNCFCFC,C¢H;)] (8 f): Methylmagnesium bromide
(2 mmol, 3Mm solution in diethyl ether) was slowly added to a solution of
ethynylbenzene in THF (10 mL) at 0°C leading to a colorless suspension
which was allowed to warm to ambient temperature and stirred for 90 min.
Addition of complex 2b (300 mg, 1.0 mmol) resulted in a brown reaction
mixture. After the mixture had been stirred for 30 min, pentane (100 mL)
was added to the dark brown suspension. After filtration through a pad of
silica the product was purified by crystallization from pentane at —30°C.
The less soluble E isomer crystallized first as orange crystals (m.p. 105°C).
Almost pure Z isomer was obtained as yellow crystals (m.p. 62°C) by
sublimation of the compound that remained in solution in vacuum (35°C,
0.1 Pa). Elemental analysis for C;,¢H;CrF,NOs (%): calcd: C 50.41, H 1.32,
N 3.67; found: C 50.27, H 1.67, N 3.79; MS (EL 80 eV): m/z: 381, 353, 325,
297,269, 241 (100 %), 189, 151, 52; IR (KBr): #=2211 w, 2113 w, 2000 sh,
1941 vs br, 1489 w, 1444 vw, 1341 vw, 1267 m, 1184 m, 1168 m, 1074 m, 1024
vw, 820 w, 756 m, 685 s, 647 vs, 586 w, 522 w, 496 vw, 435 m cm~!; Raman
(solid): 7= 3067 vw, 2208 s, 2157 vw, 2111 m, 2041 s, 1993 vs, 1946 w, 1670 vs,
1596 m, 1489 w, 1341 w, 1270s, 1167 m, 1074 w, 1025 vw, 998 w, 821 vw, 755
vw, 688vw, 647 w, 598 m, 522 w, 432 m, 388 vs, 365 w, 334 vw, 250 vw, 177 w,
116 vs cm™!; '"H NMR: 6 =7.52-732 (m, 5H; Ph); (E)-8f: IR (pentane):
7=2212 w, 2114 vw, 2014 m, 1981 vs, 1950 m cm~'; BC{'"H} NMR: 6 =74.5
(dd, 2Jcr=33 Hz, *Jcz=11 Hz; CF—CC), 108.1 (dd, Jcr=12Hz, Jcr=
6 Hz; CF—CC), 120.3 (s; Ph—C1), 128.6 (s; Ph—C2), 130.4 (s; Ph—C4), 131.7
(s; Ph—C3), 132.8 (dd, Jcr=236 Hz, %J-r=58 Hz; CF—CC), 134.0 (dd,
Uerp=251 Hz, %y =55 Hz, N-CF), 201.3 (s; NC), 212.8 (s; CO,;), 214.2 (s;
CO,uns); *C {F} NMR: (3Jcy=5Hz; CF—CC), (¥Jcy=38 Hz, Ph—C1),
(=163 Hz, 2]y =7 Hz, Ph—C2), (=163 Hz, /oy =7 Hz, Ph—C4),
(Jen=164 Hz, *Jcy=7Hz, Ph—C3); “F NMR: 0=—-143.42 (d, *Jgr=
126 Hz; CF-CC), -128.35 (d, *Jgr =126 Hz, N—CF); (Z)-81f: IR (pentane):
7=2212w,2115 w, 2018 m, 1981 vs, 1950 w cm~!; *C{'H} NMR: 6 =75.0 (d,
%Jer=33 Hz; CF—CC), 104.5 (dd, *Jcr =7 Hz, “Jcz =6 Hz; CF—CC), 119.9
(s; Ph—C1), 128.7 (s; Ph—C2), 130.5 (s; Ph—C4), 131.0 (dd, 'Jop=245 Hz,
%Jcr=58 Hz; CF—CC), 131.9 (s; Ph—C3), 132.5 (dd, 'Jor =266 Hz, /o=
46 Hz, N—CF), 195.7 (s; NC), 212.9 (s; CO,), 214.1 (s; CO,,,,); *C{"F}
NMR: (Jeu=5Hz; CF—CC), (¥Jcy=8Hz, Ph—Cl), (Jcy=161Hz,
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2]y =7 Hz, Ph—C2), (Jey =162 Hz, 2J¢;;=8 Hz, Ph—C4); "FNMR : 6 =
—133.62 (s; CF—CC), —110.73 (s; N—CF).

(E/Z)-Pentacarbonyl(1-chloro-2-fluoro-prop-1-enyl isocyanide)chromium
[(CO)sCr(CNCCICFCH;3)] (8g): Methylmagnesium bromide (1.5mL,
3.0 mmol, 2™ in THF) was added to a solution of 4a (630 mg, 2.0 mmol)
in diethyl ether (30 mL) and heated to reflux. After 15 min pentane
(100 mL) was added and the solution was filtered through a pad of silica.
The solvent was removed in vacuum at —20 °C and the residue was purified
by PTLC. The first fraction contained 4a, the second the product 8g, which
was eluted with dichloromethane and sublimed in vacuum (25°C, 0.1 Pa)
yielding both isomers as a light yellow solid (443 mg, 1.4 mmol; 71 %). M.p.
43°C; elemental analysis for CoH;CrCIFNOs (% ): caled: C 34.69, H 0.97, N
4.50; found: C34.92, H 1.80, N 4.94; MS (EIL 80 eV): m/z: 311, 255,227,199,
171 (100 %), 78, 71, 52; IR (KBr): #=2129 s, 2058 vs, 1945 vs, 1666 m, 1428
w, 1384 m, 1267 m, 1260 m, 1166 s, 1143 m, 1036 s, 952 m, 943 m, 918 m, 678 s,
653 vs, 633 m, 535 vw, 517 vw, 489 vw, 446 s cm~!; IR (pentane): 7=2118 m,
2037 s, 2007 m, 1975 vs, 1942 m cm~'; Raman (solid): 7 =2974 vw, 2934 w,
2325 vw, 2123 m, 2035 s, 1993 m, 1988 m, 1972 m, 1927 w, 1667 w, 1434 vw,
1384 w, 1259 w, 1166 m. 1141 w, 1036 vw, 916 vw, 671 m, 651 vw, 633 m, 562
vw, 547 w, 535 vw, 517 vw, 501 vw, 444 m, 390 vs, 326 vw, 262 w, 179 w cm .
(E)-8g: '"HNMR: 6 =2.24 (d, *Jyr=16 Hz, 3H; CH;); "C NMR: 0 =15.8
(dgq, Yer=131Hz, %J.p=24 Hz; CH;), 102.7 (not resolved, CCl), 159.3
(dq, Yerp=267 Hz, 2]y =8 Hz; CF), 184.9 (s; CN), 213.5 (s; COyy), 215.2
(5; COptans);'’F NMR: 6 = —97.91 (q, *Jgy =16 Hz; CF); (£)-8g: '"H NMR:
0=2.17(d,*/yr=16 Hz,3H; CH;); *CNMR: 0 =15.1 (dq, 'Jc =131 Hz,
2Jcp=24 Hz; CHj;), 102.2 (not resolved, CCl), 158.1 (dq, 'Jcr=271 Hz,
2Jcu=8Hz; CF), 184.8 (s; CN), 213.6 (s; CO,), 215.6 (3; CO4py); “F
NMR: 6 = —93.35 (q, *Jpy =16 Hz; CF).

(E/Z)-Pentacarbonyl(1,2-difluoro-prop-1-enyl isocyanide)chromium
[(CO)sCr(CNCFCFCHj;)] (8h): Compound 8h was prepared similarly to
8¢ by using 4b (600 mg, 2.0 mmol).Yield: 524 mg (1.8 mmol, 89 %) of both
isomers as a colorless solid. M.p. 46°C; elemental analysis for
CoH;CrF)NO;5 (%): caled: C 36.63, H 1.03, N 4.75; found: C 36.82, H
1.56, N 5.12; MS (EI, 80 eV): m/z: 295, 267, 239, 211, 183, 155 (100 %), 78,
71, 52; IR (KBr): 7 =2927 vw, 2126 s, 2055 vs, 1939 vs, 1729 s, 1431 w, 1388
m, 1278 w, 1239 s, 1228 m, 1119 m, 1035 vw, 966 w, 734 m, 649 vs, 562 w, 525
vw, 489 w, 443 m, 386 vw cm~!; IR (pentane): 7 =2116 w, 2055 w, 2031 m,
2009 w, 1976 vs, 1945 w cm~!; Raman (solid). 7#=2931 vw, 2121 m, 2035 s,
1998 s, 1966 w, 1935 vw, 1730 w, 1443 vw, 1388 w, 1279 w, 1238 w, 1121 vw,
1032 vw, 732 w, 669 w, 647 vw, 562 w, 533 vw, 440 w, 390 vs, 346 vw, 265 vw,
209 w em~L. '"H NMR: 6 {2nd isomer}=2.16 {2.12} (s; 3H, CH,); (E)-8h:
BC {¥F} NMR: 6 =13.0 (q, Yy =130 Hz; CH3), 130.0 (s; CN—CF), 147.8
(q, Yy =8 Hz; CF—CH,), 193.3 (s; CN), 213.3 (s; CO,;), 215.0 (55 COpams) s
BC {H} NMR: 6=13.0 (dd, ¥cr=23 Hz, *J.x=3 Hz; CH;), 147.8 (dd,
YJep=255Hz, Ycp=56 Hz; CF-CH;); “F NMR: 0 =—143.09 (q, ¥J/gr=
126 Hz, N—CF), — 134.44 (dq, 3Jgr =126 Hz, /g, = 16 Hz, CF-CH,); (Z)-
8h: BC{¥F} NMR: 6=13.0 (q, Ycu=130Hz; CH;), 128.8 (s; CN—
CF),144.7 (q, ¥Jcu =8 Hz; CF—CH,),191.7 (s; CN), 213.3 (s; CO,,), 214.7
(85 COpans); BC {'H} NMR: 6=13.0 (d, /cz=23 Hz; CH,), 144.7 (dd,
YJep=260, 2Jcp=21, CF-CH;); “F NMR: 0 =—126.05 (q, /gy =16 Hz;
CF-CHj;), —124.88 (s; N — CF).

[(CO)sCr(CNCFCFOCH;)] (8i): Complex 8i was the only isolated product
in experiments to deprotonate propiolic acid methyl ester with LDA and
reaction with 4b. Propiolic acid methyl ester (0.9 mL, 10.0 mmol) was
dissolved in diethyl ether (30 mL) at 0°C and lithium diisopropylamide
(4 mL, 8.0 mmol, 2M in THF) was added. After five minutes 4b (1495 mg,
5.0 mmol) was added. The reaction mixture was filtered through a pad of
silica after 10 min. The solvent was removed in vacuum at —20°C and the
residue purified by column chromatography (silica, pentane) and crystal-
lized from pentane at —30°C. Yield: 701 mg (2.3 mmol, 45%) of both
isomers as a white solid. M.p. 57°C; elemental analysis for CyH;CrF,NOy
(%): caled: C 34.75, H 0.97, N 4.50; found: C 34.81, H 1.57, N 5.04; MS (EI,
80 eV) : m/z:311,283,255,227,199, 171 (100 %), 78, 52; IR (KBr): 7 =2960
w, 2864 vw, 2123 s, 2046 vs, 1944 vs, 1745 m, 1453 m, 1384 vw, 1290 m, 1266 s,
1178 w, 1124 s, 950 m, 757 m, 653 vs, 576 w, 544 w, 494 vw, 441 m cm~'; IR
(pentane): 7=2116 w, 2036 m, 1999 vw, 1975 vs, 1944 w, 1746 wcm™;
Raman (solid): 7 =2960 vw, 2119 s, 2035 s, 1999 m, 1970 w, 1938 vw, 1744 w,
1260 m. 1126 vw, 949 vw, 755 w, 668 w, 650 vw, 634 vw, 574 vw, 544 vw, 495
vw, 440 w, 391 vs, 265 vw, 210 vw cm~.. (E)-8i: 'H NMR: 6 =3.93 (s, 3H;
OCH,;); BC NMR: 0=59.8 (q, Yey =149 Hz, OCH,;), 119.0 (dd, Jer=
236 Hz, %J .y =67 Hz, N—CF), 151.5 (dd, Jcx =277 Hz, %/ =48 Hz; CF—
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0), 193.2 (NC), 213.4 (s; COy), 215.3 (s; CO,n); “F NMR: 6 = — 155.82
(d, e =114 Hz), — 114.44 (d, 3/ = 114 Hz); (Z)-8i: 'H NMR: 6 =3.92 (s,
3H; OCH,); 3C NMR: 0=59.7 (q, Jeu=149 Hz; OCH,), 118.5 (dd,
1 ep =241 Hz, 2] p = 58 Hz; N—CF), 150.8 (dd, V=286 Hz, 2/ p =42 Hz;
CF-0), 193.0 (NC), 2134 (s; CO.), 215.1 (s; CO,u); “F NMR: 6=
—150.20 (d, /=18 Hz), —103.93 (d, ¥/ = 18 Hz).

Pentacarbonyl(1,2,2-trifluoro-2-methoxyethen-1-yl isocyanide)chromium
[(CO)sCr(CNCHFCF,0CHj;)] (9): Potassium carbonate (28 mg, 0.2 mmol)
was added to a suspension of 4b (415 mg, 1.5 mmol) in methanol (4 mL).
Within a few minutes the yellow suspension turned into dark brown. After
15 min the mixture was placed on a pad of silica and the product fraction
was eluted with dichloromethane. The solvent was removed in vacuum at
20°C leaving 9 as a yellow oil. Yield: 387 mg (1.2mmol, 84 %); m.p. 14°C;
CoH,CrF,NOy (%): caled C 32.65, H 1.22, N 4.23; found: C 32.64, H 1.52, N
4.73; MS (EL 80 eV): m/z =331, 303, 275, 247,219, 191 (100%), 78, 52; IR
(KBr): 7=2970 w, 2871 vw, 2145 s, 2045 vs, 1946 b, 1457 m, 1375 w, 13355,
1303 m, 12595, 12355, 1161 s, 1124 m, 1091 vs, 1051 s, 1021 m, 974 m, 826 m,
737 m, 723 m, 653 vs, 590 m, 567 w, 531 w, 496 w, 443s cm~!; Raman (solid):
7=2971 vw, 2872 vw, 2145 w sh, 2127 w, 2040 m, 2005 s, 1943 w sh, 1458 vw,
1376 vw, 1335 w, 1259 vw, 1090 vw, 973 vw, 826 vw, 804 vw, 736 vw, 722 vw,
665, vw, 590 vw, 568 vw, 534 vw, 497 vw, 441 w, 386 vs, 321 vw, 259 vw cm~;
"H NMR: 6 =3.72 (s; 3H, CHs), 5.53 (d, 2/, =50 Hz, 1H; CHF); *C{'H}
NMR: 0 =51.5 (t, 3/cr =7 Hz; CH;), 86.8 (dt, /o =221 Hz, /o =42 Hz;
CFH), 1182 (dt, /=270 Hz, °/cx =27 Hz; CF,), 188.5 (s; CN), 213.4 (s;
CO,y), 214.5 (s; COys); PC{F} NMR: 6 =51.5 (q, V=149 Hz; CH,),
86.8 (d, V=179 Hz; CFH), 118.2 (s; CF,), 188.5 (s; CN), 213.4 (s; CO,;),
214.5 (s; COpane); ’F NMR: 0 =—159.70 (dt, %/gy =50 Hz, Jgr =12 Hz;
CHF), —92.19 (ddd, %/gr =138 Hz, */gr =12 Hz, *Jy =3 Hz; CF,), —90.81
(dd, 2Jgr =138 Hz, 3Jrr =12 Hz; CF,).

[(CO)sCr(CNCFCFC,CFCFNC)Cr(CO)s] (10): n-Butyllithium (1.5 mL,
3.0 mmol, 2M in pentane) was slowly added to tributyl(ethynyl)stannane
(945 mg, 3.0 mmol) dissolved in diethyl ether (40 mL) at —50°C. After 1 h
the solution was allowed to warm to —20°C and 4b (900 mg, 3.0 mmol) was
added. The solution was allowed to warm to ambient temperature over
30 min, pentane (20 mL) was added, and the reaction mixture filtered
through pad of silica. Crystallization from pentane yielded the Z,Z isomer
as an orange solid, while 4b and small amounts of the other isomers were
still dissolved. Yield: 100 mg (0.2 mmol, 11%); elemental analysis for
CCr,F,N,O,, (%): caled: C 37.01, N 4.80; found: C 37.76, N 5.32; MS (EI,
80 V) : m/z: 584,472, 444, 416, 388, 360, 332,304 (100 %), 71, 52; (Z,Z)-10:
m.p. 121°C; IR (KBr): #=2115 m, 2040 vs, 2005 vs, 1943 vs, 1666 m, 1373 w,
12755,1219 s, 1108 m, 862 vw, 797 m, 695 m, 645 vs, 586 w, 565 w, 499 vw, 472
vw, 440 m, 424 m, 386 vw, 349 vw cm~!; IR (pentane): 7 =2114 vw, 2017 w
sh, 2008 w, 1987 vs, 1970 s cm~!; Raman (solid): 7 =2207 w, 2114 w, 2040 vw,
1998 vs, 1975 vw, 1948 m, 1668 m, 1658 m, 1290 m, 1201 m, 1109 vw, 1046 vw,
795 vw, 701 vw, 651 vw, 586 w, 564 vw, 527 vw, 499 vw, 470 vw, 429 w, 387 vs,
360 vw, 288 vw, 237 w, 163 w cm 1, BCNMR: 6 =89.6 (d, /o =36 Hz; CF—
CC), 129.6 (dd, Yep=245Hz, %Jcz=35Hz; CF-CC), 134.5 (dd, Ycr=
272 Hz, %Jr=43 Hz, N—CF), 201.7 (s; CN), 213.0 (s; CO.), 213.6 (s;
CO,,us); Y’FNMR: 6 = —140.95 (s; CF—CC), — 100.56 (s; N—CF); (E,E)-10:
YF NMR: d=—-140.04 (d, 3Jgr=124 Hz; CF—CC), —120.50 (d, 3Jgr=
124 Hz, N—CF); (E,Z)-10: "F NMR: 6 = —151.31 (d, ¥cp= 126 Hz,(E)-
CF=CF-C), —141.97 (s; (Z)-CF=CF—-C), —140.04 (d, 3Jr=126 Hz, (E)-
CF=CF—-C), —101.95 (s; (Z)-CF=CF—C).

(E/Z)-Pentacarbonyl(1-chloro-2-fluoro-but-1-en-3-ynyl isocyanide)chro-
mium [(CO);Cr(CNCCICFC,H)] (11a): Potassium carbonate (40 mg,
0.3 mmol) was added to a suspension of 8a (709 mg, 1.8 mmol) in methanol
(4 mL) at ambient temperature. The desilylation was completed within a
few minutes and the black solution was purified by PTLC (silica 1mm,
pentane). The first fraction was eluted with dichloromethane. The solvent
was evaporated in vacuum at —20°C and the residue sublimed in vacuum
to yield 426 mg (1.3 mmol, 74 %) of both isomers as a yellow, air- and light-
sensitive solid. Elemental analysis for C;,,HCrCIFNOs (% ): calcd: C 37.35,
H 0.31,N 4.36; found: C37.20, H 1.58, N 4.60; MS (EIL, 80 eV): m/z: 321,293,
265, 237,209, 181 (100%), 78, 52; IR (KBr): #=3295 m, 2119 m, 2035 vs,
1945 br, 1609 w, 1264 w, 1176 m, 1034 vw, 977 w, 936 w, 678 s, 651 vs, 557 vw,
526 m, 497 vw, 442 m cm~'; IR (pentane): 7 =2117 w, 2021 m, 1978 vs, 1947
w cm™'; Raman (solid): 7 =2335 vw, 2105 m, 2029 m 2015 s, 2004 s, 1941 w,
1671 vw, 1624 m, 1271 w, 1170 m, 976 vw, 933 vw, 684 sh, 673 w, 606 vw, 558
m, 528 vw, 437 w, 388 m, 335 vs, 288 vw, 272 vw, 208 vw, 140 m cm~!; (E)-
11a: '"H NMR: 6 =4.00 (d, “Jyr=3 Hz, 1H; CC-H); *C NMR: 6=70.9
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(dd, ¥cy=51Hz, 2Jcx=27Hz; CCH), 932 (dd, Jcy=261Hz, 3J =
5Hz; CH), 110.8 (d, ¥/cx=52 Hz; CCl), 142.2 (dd, V=251 Hz, /=
5 Hz; CF), 189.0 (s; CN), 213.2 (s; COy;), 214.5 (s; COpans); F NMR: 6 =
—110.54 (d, “Jgy =3 Hz; CF); (Z)-11a: 'HNMR: 6 =3.97 (d, /yr=4 Hz,
1H, CC—H); BC NMR: 6=71.3 (dd, ¥/cy =51 Hz, %Jcy=25Hz , CCH),
94.2 (dd, Yoy =261 Hz, 3J.r=5Hz; CH), 109.9 (d, 2J.r=40 Hz; CCl),
140.4 (dd, /=254 Hz, 3]y =6 Hz , CF), 193.7 (s; CN), 213.0 (s; CO,;),
214.6 (s; CO,u); '°F NMR: 0 = —105.50 (d, /gy =4 Hz; CF).
(E/Z)-Pentacarbonyl(1,2-difluoro-

but-1-en-3-ynyl isocyanide)chromium

[(CO)sCr(CNCFCFC,H)] 11b):

102.05 (d, >Jer=48 Hz; CCI)/101.38 (d, Jer=61 Hz; CCl), 156.61 (d,
Jep=254 Hz; CF)/155.76 (d, Jer =249 Hz; CF), 18744/194.53 (s; CN),
197.89 (br, Co(CO)), 213.41/213.06 (s; CO;), 215.27/1214.66 (s; CO,,); F
NMR: d (major/minor isomer) = — 90.42/ — 96.82 (s).

Trifluoroethenyl isocyanide (13b): The pyrolysis tube (/=500 mm, od =
16 mm) of an apparatus as shown in Figure 5 was heated to 350 °C without
cooling the traps and evacuated for 2 h. Then the oven temperature was
lowered to about 200 to 240 °C, the first trap was cooled to —78°C, and a

Compound 11b was prepared similar-
ly to 11a by using 8b (755mg, - B 0 -4
2.0 mmol). Yield: 531 mg (1.7 mmol,
87%) of both isomers as a air- and
light-sensitive brown solid. Elemental
analysis for C;(HCrF,NOs (% ): calcd:
C 39.35, H 033, N 4.59; found: C
39.62, H 0.78,N 4.59; MS (EL 80 eV) :
m/z: 305, 277, 249, 221, 193, 165
(100%), 90, 71, 52; IR (pentane): 7=
3309 m, 2119 w, 2110 w, 2014 m, 1981
vs, 1951 scm™!; Raman (solid): 7=
2105 s, 2038 m, 2028 m, 1998 s, 1989
s, 1948 w, 1667 m, 1292 m, 1249 vw,
1227 w, 1083 vw, 730 vw, 650 vw, 604 w,
527 vw, 433 w, 388 s, 285 vw, 232 vw,
190 w, 154 w, 116 vscm™'; (E)-11b: 'H NMR: 6 =4.11 (dd, “/yr=3 Hz,
’Jur=3 Hz, 1H, CC-H); ¥C NMR: 6 =69.2 (ddd, 2Jcy=51Hz, Jcp=
35 Hz, *Jcx=10 Hz; CCH), 96.2 (ddd, 'Jciy =260 Hz, 2Jcr=12 Hz, 3/cp=
6 Hz; CH), 132.2 (ddd, Jcr=237 Hz, 2Jcr=58 Hz, *J- =5 Hz; CF—C),
135.9 (dd, Jep=254 Hz, %Jr =53 Hz, N—CF), 202.7 (d, */cr =9 Hz, NC),
212.7 (s; COy), 213,9 (s; CO,,); YF NMR: 6 = — 14753 (dd, 3/ = 127 Hz,
Jrn=3Hz; CF-CC), —12741 (d, *Jgr=127Hz, N—CF); (Z)-11b:
'H NMR: 6 =3.92 (dd, /=3 Hz, °Jyr=1Hz, 1H, CC-H); *C NMR:
0=70.1 (dd, 2Joy =51 Hz, 2Jy =34 Hz; CCH), 92.8 (ddd, Jc; =261 Hz,
3Jep=6Hz, ‘Jcx=6Hz; CH), 130.5 (ddd, 'Jor=246 Hz, %J-r=34 Hz,
*Jen=5Hz; CF-C), 133.7 (dd, 'Jcr=265 Hz, %Jcz =43 Hz, N—CF), 197.8
(s;NC), 212.9 (s; CO,y), 213.8 (55 CO,ys), “F NMR: 0 = — 137.82 (d, Vg =
3 Hz; CF-CC), —108.32 (s; N—CF).

(E/Z)-Pentacarbonyl(1,2-difluoro-hex-1-en-3,5-diynyl isocyanide)chromi-
um [(CO);Cr(CNCFCFCH)] (11d): Compound 11d was prepared sim-
ilarly to 11a by using 8d (160 mg, 0.4 mmol) but was obtained in small
yields. (E)-11d: 'H NMR: 6=3.01 (d, Jyz=2Hz, 1H; C-H); 'H
BC NMR(HMOQC): 6=80 (YJey=245Hz; CC—H); “F NMR: 6=
—148.50 (dd, *Jgr =126 Hz; CF—CC), —124.43 (d, *Jgr =126 Hz, N—CF);
(Z)-11d: '"H NMR: 6=291 (dd, Jyr=1Hz, Jyr=2Hz, 1H, C-H); 'H
BC NMR(HMQC, HMBC): 6=66 (3JJcy=44Hz; CC-H), 79 (Jeu=
245 Hz; CC-H), 89 (CCC—H); "°F C NMR(HMQC): 6 =60.5 (CF—CC),
130.3 (CF—CC), 1344 (N—CF); YF NMR: 0=-138.64 (s; CF—CC),
—103.00 (s; N—CF).

Octacarbonyl{u,-pentacarbonyl[ (E/Z)-1-chloro-2-fluoropent-1-en-3-ynyl iso-
cyanide]chromium}dicobalt  [Co,(CO)4f{u,-(CO)sCr(CNCCICFC,CH;)}]
(12): Octacarbonyldicobalt (150 mg, 0.44 mmol) and 8e (150 mg,
0.45 mmol) were dissolved in n-hexane (5mL) and stirred at ambient
temperature for 12 h. The solution was filtered through thin pad of silica
using hexane as eluent. Most of the solvent was removed under vacuum.
Crystallization at —30°C yielded 12 (180 mg, 66 %) as dark red crystals
(m.p. 102°C) as a mixture of the £ and Z isomer. Elemental analysis for
C;H;CIC0,CrFNOy; (%): caled: C 32.85, H 0.49, N 2.25; found: C 32.79, H
1.34,N 2.71, MS (EL, 80 eV) : m/z: 621, 593, 565, 537, 509, 481, 453, 425, 397,
369, 341, 313, 279, 220, 195, 108, 80, 52; IR (KBr): 7#=2920 vw, 22852 vw,
2117 w, 2101 s, 2027 s, 1951 vs, 1633 w, 1575 vw, 1439 vw, 1426 vw, 1264 vw
1159 w, 1057 w, 1040 vw, 1014 vw, 851 vw, 714 vw, 653, s, 627 w, 516 m, 495 m,
468 w, 445 m cm™'; IR (hexane): 7= 2102 w, 2066 w, 2045 m, 2035 m, 2020
vw, 1974 scm™'; 'H-NMR: 6 (major/minor isomer)=2.772/2.854; the
assignment of the '*C resonance is based on “F,PC correlation spectra
(HMQC and HMBC) and signal intensities; *C NMR: 6 (major/minor
isomer) =22.35 (q, Jey=131Hz)/21.79 (q, Yenw=131Hz), 69.10 (d,
2Jcp=45Hz; CF—CC)/68.84 (d, 2J.r=48 Hz; CF—CC), 94.89 (m, ¥Jcy=
9 Hz, 3Jcr=9 Hz; CF—CC)/ 93.74 (m, %Jo; =9 Hz, 3J-r=9 Hz; CF—CC),
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Figure 5. Schematic representation of the pyrolysis apparatus.

test tube containing a small magnetic stirring bar (which allowed the
adjustment of the sample tube within the pyrolysis tube) was charged with
pentacarbonyl(trifluoroethenyl isocyanide)chromium (4b; 1.9 g, 6.4 mmol)
and placed into the pyrolysis tube by opening the Teflon fitting at the rear
end. The apparatus was then evacuated immediately. Unreacted 4b was
trapped at —78°C. An optimum pyrolysis temperature (250°C) and
pressure (0.1 to 1 Pa) was obtained by adjusting the position of the sample
using a magnet. After a few hours all of 4b had sublimed. The product 13b
was collected in a trap cooled to — 196 °C. The amount of 13b (2 to 4 mmol)
obtained in the —196°C trap was sufficient for vapor pressure determi-
nation measurements, which gave an extrapolated boiling point of 18(6) °C.
The data fit the linear equation Inp = —24736(442)/RT+17.1301(2562)
giving an enthalpy of vaporization of 24.7(5) kJ mol~!. An IR spectrum was
recorded in a 100 mm infrared gas cell. To record the NMR spectra the
compound was condensed into an ordinary glass NMR tube containing
deuterochloroform (0.7 mL) and sealed under vacuum. NMR spectra were
recorded at ambient temperature. YF NMR (CDCl;): 6 =-101.5 (dd,
Jep=53Hz, 3Jgr=50Hz), —112.5 (dd, *Jgg=53Hz, 3Jgz=113 Hz),
—157.6 (dd, *Jgr =50 Hz, *Jgz =113 Hz, Jyz=10 Hz); IR (gaseous): 7=
2111 s (CN), 1801 s (C=C), 1363 s, 1279 vs, 1212 m, 1147 vs, 936 w cm~}; MS
(80 eV, EI): m/z: 107 [M]*, 88 [C;F,N]*, 76 [C,F,N]* and smaller fragment
ions; high-resolution MS: [M]" calcd: 106.99829, found: 106.99827.
(ElZ)-1,2-Dichloro-2-fluoroethenyl isocyanide [CN—CCI=CFCI] (13c):
Experimental conditions were as described above, using precursor 4¢ and
a pyrolysis temperature of 250 °C. The pyrolysis products were trapped at
—196°C. IR (gaseous): 7 =2104 vs (CN), 1654 s (C=C), 1280 w, 1215 s, 1207
s, 1153 m, 1147 m, 1120 s, 1111 s, 962 w, 931 m, 876 s, 786 w, 780 w, 729
wem™l; MS (80eV, EI): m/z: 139 [M]*, 104 [C;CIFN]* and smaller
fragment ions; high-resolution MS: [M]* caled: 138.93913, found:
138.93919.

1-Chloro-2,2-difluroethenyl isocyanide (13a): Experimental conditions
were as described above, using precursor 4a and a pyrolysis temperature
of 250°C. The pyrolysis products were trapped at —196°C. IR (gaseous):
7=2111 vs (CN), 1744 vs (C=C), 1354 s, 1346 s, 1173 s, 1056 vs, 1051
vs cm™; F NMR (CD,Cl,, —50°C): 6 =—79.9 (d, 2Jgr=7 Hz), — 86.6 (d,
2Jgr=7Hz); C NMR (CD,Cl,, —50°C): 6=1571 (dd, Jcr=292 Hz,
Jer=301 Hz), 175.5 (s; CN).

(ElZ)-1,2-Difluoroethenyl isocyanide [CN—CF=CFH] (14): Experimental
conditions were as described above, using precursor 6 (250 mg, 0.9 mmol)
and a pyrolysis temperature of 230 °C. The pyrolysis products were purified
by fractional condensation and trapped at — 196 °C. MS (EI, 80 eV): m/z: 89
(100%), 70, 51; IR (gas): 7= 3128 w, 2106 vs, 1720 w, 1558 w, 1332 m, 1322
m, 1243 vs, 1230 vs, 1186 vs, 1179 vs, 1171 vs, 903 vw, 831 w, 795 m cm™,
additional absorption due to HCCNC 15 were observed at 3339, 2219, 2037,
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1229, 621 cm™Y; (E)-4: 'H NMR: 0 =726 (dd, 2/yr=72 Hz, 3Jyr=3 Hz,
1H; CHF); “F NMR : 6 = —167.0 (dd, 2Jgy =71 Hz, 3/gr =129 Hz; CHF),
—143.4 (dd, 3Jgr =129 Hz, 3Jgy =3 Hz, 2Jpx =10 Hz; CF); (Z)-4: 'H NMR:
0=6.83 (dd, 2Jyr =69 Hz, *Jyr =12 Hz, 1H; CHF); “FNMR : 6 = —155.2
(ddt, /gy =69 Hz, 2Jpy =5 Hz, 3Jgr=2 Hz; CHF), —121.7 (dt, vbr, 2/gx=
10 Hz, 3Jpy =12 Hz; CF).

Isocyanopropynenitrile (16) and (E)/(Z)-3-Chloro-2-fluoro-3-isocyanopro-
penenitrile (17): Experimental conditions were as described above, using
precursor 7a and a pyrolysis temperature of 240 °C. The pyrolysis products
were collected in a trap kept at —196°C and purified by fractional
condensation under vacuum (0.001 Pa) through traps cooled to —78°C,
—100°C, and —196°C. Compounds 16 and 17 were collected in the trap
kept at —196 °C and — 100 °C, respectively.(E)-17: BC{F} NMR (CD,Cl,) :
0=108.9 (d,%J-r=39 Hz; CN), 134.7 (d, 'J.r =261 Hz; CF), 181.1 (s; NC);
YF NMR: 0 = —121.13 (s; CF); (£)-17: *C{F} NMR: 6 =109.1 (d, */cp=
39 Hz; CN), 133.2 (d, /=271 Hz; CF); YF NMR : 6 = —114.47 (s; CF).
16: IR (gas): 7 =2296 w, 2210 s and 2053 cm™!; MS: m/z: 76 [M]*, 50 [C;N]*
and smaller fragment ions.

Crystallography: Crystal data and details of the structure determinations
are presented in Table 4. The intensity data were collected using a Bruker
AXS Smart (11a, 11b, 8i) and a STOE (12) diffractometer, respectively.
Corrections for Lorentz polarization and absorption effects were applied to
the data. The structures were solved by Patterson and direct methods
(SHELXS-97), respectively. Hydrogen atoms were found in subsequent
difference maps 11a, b and refined isotropically and refined in calculated
positions 81i and 12 with isotropic thermal parameters. Anisotropic thermal
parameters were applied to all non-hydrogen atoms. Refinement for all
structures on F? were achieved by using the SHELXL-97 system.*”]
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 numbers CCDC-145286
(11a), CCDC-115287 (11b), CCDC-145288 (8i) and CCDC-145289 (12).
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (Fax: (+44)1223-336-033;
e-mail:deposit@ccdc.cam.ac.uk).
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Fluorescent and Electroactive Cyclic Assemblies from Perylene
Tetracarboxylic Acid Bisimide Ligands and Metal Phosphane Triflates

Frank Wiirthner,*?! Armin Sautter,?! Dietmar Schmid,® and Peter J. A. Weber!*!

Abstract: Tetraaryloxy-substituted per-
ylene tetracarboxylic acid bisimides with
one or two 4-pyridyl receptor substitu-
ents at the imide functionality were
synthesized and employed in transition
metal directed self-assembly with Pd"
and Pt" phosphane triflates. Upon mix-
ing of the components, quantitative for-
mation of functional molecular square-
type complexes containing four dye
molecules and model complexes of a
2:1 (perylene bisimide ligand:transition
metal ion) stoichiometry was observed.
The isolated metallosupramolecular
squares were characterized by 'H and

cyclic dye assemblies (molecular weight
(3a) =8172, Pt—Pt corner diagonal ca.
3.4 nm). Studies of the optical absorp-
tion and fluorescence properties and the
electrochemistry and spectroelectro-
chemistry of both the perylene bisimide
ligands and the perylene bisimide metal
complexes show that Pt coordination
does not interfere with the optical and
electrochemical properties of the per-
ylene bisimide ligands; this gives squares
with high fluorescence quantum yields
(D (32)=0.88) and three fully rever-
sible redox couples. The latter could be
unambiguously related to quantitative

formation of perylene bisimide radical
cations (E;,=+0.93 V vs. Fc/Fct), rad-
ical anions (E;,=—1.01V vs. Fc/Fc"),
and dianions (E,, = — 1.14 V vs. Fc/Fc™);
these redox reactions change the charge
state of the cyclic assembly from +12 to
zero. In contrast, Pd! coordination in-
fluenced the electrochemical properties
of the assembly because of an irrever-
sible palladium reduction at FE,=
—1.15 V versus Fc/Fc*'. Finally, dynamic
ligand exchange processes between dif-
ferent metallosupramolecular assem-
blies were investigated by multinuclear
NMR and electrospray mass spectrom-

SIP {'H} NMR spectroscopy as well as
conventional electrospray ionization
(ESI) and ESI-FTICR mass spectrome-
try, which gave evidence for the struc-
ture and the high stability of these giant

voltammetry

Introduction

The elucidation of the light-harvesting complex of purple
bacteria revealed cyclic arrangements of chromophores as a
fundamental structural feature for its functionality.l! Therein,
an important aspect is the way that nature assembles a
considerable number of chlorophyll and S-carotene dyes by
purely noncovalent interactions between the dye molecules
and the proteins. This process may be exemplified by Figure 1,
where the circles represent the proteins and the rectangles the

[a] Dr. F. Wiirthner, A. Sautter
Abteilung Organische Chemie II, Universitdt Ulm
Albert-Einstein-Allee 11, 89081 Ulm (Germany)
Fax: (+49)731-5022840
E-mail: frank.wuerthner@chemie.uni-ulm.de
[b] D. Schmid
Institut fiir Organische Chemie, Universitét Tiibingen
Auf der Morgenstelle 18, 72076 Tiibingen (Germany)
[c] Dr. P.J. A. Weber
Fakultét fiir Biowissenschaften, Pharmazie & Psychologie
Institut fiir Biochemie, Universitét Leipzig
Talstrasse 33, 04103 Leipzig (Germany)

894 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Keywords: chromophores
fluorescence
N ligands - supramolecular chemistry

etry. These studies confirmed the rever-
sible nature of the pyridine—Pt"/Pd"

cyclic o
coordination process.

g

[y =

Figure 1. Self-assembly of chromophores to cyclic structures by noncova-
lent interactions, as in the light-harvesting complex of purple bacteria
where n=8l'd and n =94 are the numbers of chlorophyll units organized
in the B80O ring.

eightlle (or nine)!*? chlorophyll dyes of the B800 unit (weakly
coupled dyes), respectively, in the crystallographically re-
solved examples (f-carotenes and a second ring of 16 or
18 chlorophyll units (strongly coupled dyes) were omitted for
simplicity). Indeed, this kind of structure formation is not only
elegant for economic reasons (only one protein has to be
encoded at the genetic level for a huge quaternary structure)
but results in an assembly of high symmetry that makes all
chromophores within the ring structurally and energetically
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equal. This property seems to be important for the energy
transfer capabilities of these systems.

Since the discovery of these natural light-harvesting sys-
tems, several groups have explored the possibilities for the
arrangement of dye molecules in high symmetry in a cyclic
fashion by self-assembly.> The concept of molecular squares
introduced by Fujita and Ogura! proved to be especially
powerful in the preparation of macrocycles in quantitative
yields by a thermodynamically controlled self-assembly
process between linear bridging ligands and cis-coordinating
transition metal ions. Recently, cyclic porphyrin assemblies
and luminescent rhenium containing molecular squares were
reported,Ps * 31 which show the rapidly increasing interest in
the introduction of functional properties in such systems.
Indeed, optical and electrochemical addressability in combi-
nation with guest inclusion should open up ways toward
nanoreactors, in which it might become possible to specifically
trigger the reactivity of the enclosed guest molecules.[
Herein, we present the synthesis and characterization of a
new class of molecular squares based on highly fluorescent
and electroactive perylene tetracarboxylic acid bisimides that
bear 4-pyridine receptor substituents.>¥1 Coordination of
these ligands to cis-Pd" and Pt metal ions results in the
formation of cyclic arrangements of four perylene bisimide
chromophores in close vicinity in a highly symmetric molec-
ular square-type structure of considerable size in the nano-
meter regime. For reasons of comparison and simplicity, we
also prepared model complexes that contain two monotopic
perylene bisimide ligands coordinated to one metal ion
corner. We investigated the fluorescence, electrochemical as
well as spectroelectrochemical properties of the perylene
bisimide ligands and the assemblies containing two and four
dyes. Finally, dynamic ligand exchange experiments in mixed
systems were evaluated to prove the reversibility of the
metal —ligand coordination process, which is of fundamental
importance in supramolecular self-organization.

Results and Discussion

Synthesis and characterization of perylene bisimide ligands
and perylene bisimide metal complexes: The ditopic perylene
bisimide ligands 2 were synthesized by condensation of the
corresponding perylene bisanhydrides 1! with 4-aminopyr-
idine in quinoline with catalytic amounts of zinc(if)acetate.
The same reaction afforded the monotopic perylene bisimide
ligand 6 if a mixture of 1la and 5, obtained by partial
saponification of the corresponding N,N'-dibutyl perylene
bisimide (see Experimental Section), was allowed to react
(Scheme 1). The monotopic ligand 6 could be separated from
2a by chromatography.

The perylene bisimide metal complexes were prepared in
nearly quantitative yields by simply mixing the perylene
bisimide ligands with [M(dppp)][(OTf),] (dppp = 1,3-bis-(di-
phenylphosphano)propane;  OTf=trifluoromethanesulfo-
nate) in dichloromethane at room temperature (Scheme 1).
Precipitation with diethylether afforded analytically pure
complexes 3, 4, 7, and 8 that were characterized by elemental
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analyses, 'H and *'P {'H} NMR spectroscopy, and electrospray
mass spectrometry (ESI-MS).

The 'H NMR spectra of all complexes show species of high
symmetry with only a single set of signals for both the dppp
moieties and the perylene bisimide ligands and characteristic
changes in the chemical shifts for the a- and S-pyridyl protons
(A6~0.3 ppm) with respect to the free ligands (Figure 2a).l*]
AlL3'P {'H} NMR spectra show only one sharp singlet that is
shifted upfield by about Ad =10 ppm with respect to the
uncomplexed precursor complexes [M(dppp)][(OTf),] M =
Pt>*/Pd?*) (Figure 2b).® In addition, '““Pt-*'P spin-spin
coupling results in Pt satellites in the spectra of 3 and 7. The
a-pyridyl protons and the protons of the dppp ligand exhibit
rather broad '"H NMR signals both in the 2:1 model complexes
(7, 8) and the molecular squares (3a, b, 4). As no concen-
tration dependence but a distinct temperature dependence
could be observed, we attribute this line broadening to
conformational flexibility of the dppp unit and not to complex
dissociation. A temperature-dependent '"H NMR study of Pd"
complex 8 revealed a coalescence temperature of around
300 K. Below that temperature, each of the broad singlets is
split into three signals. At higher temperatures, the broad
singlets sharpen notably. Similar observations have already
been reported for related metal-dppp—pyridine complex-
es.’ < The respective X-ray crystal structures revealed that
the dppp phenyl rings and the complexing pyridine rings are
within the distance of i —m interaction;®! thus this restricts the
conformational flexibility of the dppp ligand and explains the
observed temperature-dependent broad 'H NMR signals of
the a-pyridyl and dppp protons.

ESI-MS allowed us to unambiguously prove the existence
of perylene bisimide platinum squares 3a and 3b. Addition-
ally, 3a was investigated by using an Electrospray Fourier
Transform Ion Cyclotron mass spectrometer (ESI-FTICR-
MS). This technique was used because of both its capability of
achieving extremely high mass resolution and the possibility
of measuring with a very high mass accuracy.l'y With this
method, signals that arise from the isotopic distribution of
multiply charged large molecules generated by ESI can be
resolved. From the isotopic pattern, the charge state can be
derived, and thus the molecular weight can be calculated. In
view of the high degree of symmetry of molecule 3a, it is
important to prove that the signal is not caused by a species
with a lower charge state but with the same m/z value.

In the overview spectrum (solution of 3a in acetone), the
main signals are the differently charged intact square species
[3a—30T{P*, [3a—4O0OTf]**, [3a—50Tf]’*, and [3a-—
60Tf]** generated by the successive loss of triflate anions
(Figure 3). The very high resolution power of FTICR-MS
allows unambiguously the assignment of all these signals by
way of their characteristic peak separation of 1/3 mass unit for
the [3a — 30Tf]** species, 1/4 mass unit for the [3a — 4OTf]**
species, 1/5 mass unit for the [3a — 5OT{]>* species, and 1/6
mass unit for the [3a—60Tf]** species. The experimental
masses and isotopic patterns closely match the calculated ones
and, with the exception of the signals that are marked with
asterisks in Figure 3, all other signals in the spectrum of 3a
could be assigned to fragments of 3a, for example, loss of one
perylene bisimide ligand L ([3a— 1L]*", n=2, 3; m/z 3368.4,
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Scheme 1. Synthesis of mono- and ditopic perylene bisimide ligands (2, 6) and formation of perylene bisimide metal squares (3, 4) and model complexes (7,
8): a) 4-aminopyridine, Zn(OAc),, quinoline, 180°C, 16 h, argon, 59-66%; b) [M(dppp)][(OTf),], CH,Cl,, RT, 24 h, argon, 88-94%; c) [M(dppp)]-

[(OTf),], CH,Cl,, RT, 24 h, argon, 71 -89 %.
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Figure 2. a) 'H NMR spectra of 2a (top) and 3a (bottom); b) 3'P {'H}
NMR spectra of [Pt(dppp)][(OTf),] (top) and 3a (bottom).

2195.9), loss of one platinum phosphane corner C ([3a — 1C]"",
n=2,4;mlz 3484.3,1667.6), and loss of both ([3a— 1L — 1CJ**,
miz 2915.9).

In Figure 4, the comparison of the measured and calculated
spectra of a) the species [3a— 60T{]** and b) [3a — SOT{]>*
with a resolution of 60000 to 50000 (FWHH, full peak width
at half peak height) leaves no doubt about the results. In
addition, the 6 + and 5+ charge states of the two species are
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Figure 3. ESI-FTICR-MS of perylene bisimide platinum square 3a
(solution in acetone).

not multiples of other possible charge states other than 1 + or
3+ and 1+, respectively, so that overlapping with other
signals could be excluded. This was confirmed by measuring
the species [3a—S5OTf]’* with a resolution of 600000
(FWHH) in the ultra high resolution mode.

Nonetheless, owing to the less stable Pd—N bond, ESI-MS
characterization of the Pd square 4 failed and was difficult for
the Pd model complex 8 as thermal and collision dissociation
of the Pd complexes predominated in the spectrometer under
the applied ESI conditions.
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Figure 4. Comparison of the calculated (top) and measured (bottom)
spectra a) of the [3a— 60Tf]** and b) [3a — SOT{]** species.

Functional properties of perylene bisimide ligands: The
optical absorption and fluorescence properties of the ligands 2
and 6 and their relative fluorescence quantum yields @ were
investigated. For 2a, we also studied the electrochemical and
spectroelectrochemical properties. All perylene bisimide
ligands show an absorption maximum at 585+4 nm and an
emission maximum at 618 &3 nm in dichloromethane; this
shows the negligible effect of the different phenoxy and imide
substituents in 2 and 6 on the absorption and emission
properties of the tetraphenoxyperylene bisimide chromo-
phore. The UV/Vis and fluorescence spectra of 2a are shown
in Figure 5. The relative fluorescence quantum yields @y are
very high and range between 0.88 £0.05 (6) and 0.94 +0.05
(2a) in chloroform.

Ala.u. 11 - //au.

400 600 800

Alnm
Figure 5. UV/Vis absorption and fluorescence spectra of ditopic perylene
bisimide ligand 2a (—) (¢ =3.5 x 10> M) and the corresponding perylene
bisimide platinum square3a (----) (¢c=19x10"°M) in CH,CIL,
(Aex =550 nm).

The electrochemical properties of 2a were investigated by
cyclic voltammetry in dichloromethane (Figure 6). The cyclic
voltammogram (CV) of the ditopic perylene bisimide ligand
2a shows two reversible reductions at E,;,=—1.08V and
E.,=—123YV, versus ferrocene/ferrocenium (Fc/Fc*), but the
oxidation process is irreversible, and this causes adsorption of
2a on the platinum electrode. A similar irreversible oxidation
process was observed for other azaaromatic conjugated
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Figure 6. Cyclic voltammogram of ditopic perylene bisimide ligand 2a in
CH,Cl, (sweep rate 100 mVs™).

systems and attributed to oxidation processes that involve the
nitrogen lone pairs.[*4

To assign the redox couples, 2a was studied by spectroelec-
trochemistry, and pronounced changes in the UV/Vis-NIR
absorption spectra were observed when a negative potential,
that was increased in a stepwise manner, was applied. In the
vicinity of the first reduction of 2a, the absorption bands of
the neutral species 2a diminish (585 nm, 544 nm, 454 nm),
while new bands in the NIR appear with a very intense
absorption at 792 nm and less intense absorptions at 977 nm
and 1085 nm, typical for radical anionic species (Figure 7a).
After a further increase of the potential towards the second
reduction process, the absorption bands of 2a*~ completely
disappear, while a broad absorption of tetraphenoxy perylene
bisimide dianionic species 2a?~ appears at 678 nm (Figure 7b).
Thus, 2a is reduced by two one electron reductions via its
radical anionic states 2a*~ to the dianionic species 2a?".

0.50
T 025

0.75
0.50
0.25

0.00% 600 800 1000 1200

Figure 7. Spectroelectrograms of ditopic perylene bisimide ligand 2a in
CH,C],. Stepwise increase of the applied potential to a) the first reduction
(radical anionic perylene bisimide species 2a‘~) and b) second reduction of
2a (dianionic perylene bisimide species 2a%").

Functional properties of perylene bisimide metal complexes:
Upon Pd" and Pt" metal coordination, bathochromic shifts of
5-7nm in the UV/Vis and fluorescence spectra of the
perylene bisimide ligands 2 and 6 are observed (Figure 5).
For the complexes 3, 4, 7, and 8, no new optical transitions
related to the metal phosphane corners or metal—perylene
bisimide charge-transfer bands could be observed in the
visible region. As there are no significant changes or new
bands in the spectral fine structure, strong excitonic coupling
of the complexed perylene bisimide dyes is unlikely.']
Relative fluorescence quantum yields of @y=0.8840.05
(3a) and 0.86+£0.05 (4) for the perylene bisimide metal
squares were determined. In our opinion, this maintenance of
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the highly desired fluorescence properties of the perylene
bisimide ligands in the metal-coordinated state is due to an
electronic decoupling of the coordination sites of the metal-
coordinating 4-pyridine unit from the HOMO and LUMO of
the perylene bisimide chromophores.” 12l As a consequence,
the excitation energy is emitted as fluorescence and not
quenched by coupling to low-lying MLCT (metal-ligand-
charge-transfer) transitions.

The CV of the perylene bisimide platinum square 3a
(Figure 8) exhibits two reversible waves in the reductive cycle
(Eip=-—1.01 Vand E,, = — 1.14 V vs. Fc/Fc*). Upon platinum
coordination, both reductions are shifted by about —70 to
—90mV with respect to the perylene bisimide ligand 2a.

45 40 05 00 05 10
EIVvs.Fe/F¢ ——

Figure 8. Cyclic voltammogram of perylene bisimide platinum square 3a
in CH,Cl, (sweep rate 100 mVs™).

Notably, it is possible to reversibly oxidize 3a at a potential of
E,,=+093V, whereas 2a was irreversibly oxidized and
adsorbed onto the platinum electrode. This is probably a
consequence of the pyridine platinum coordination, which
blocks the nitrogen lone pairs in a sense that they are no
longer susceptible to adsorption and facile oxidation. The
perylene platinum 2:1 complex 7 shows a similar CV with two
reversible reductions (E,,=—1.15V and E;,=—129V vs.
Fc/Fct) and one reversible oxidation wave (E,,=+0.82V).
Most interestingly, within the applied potential range, the
platinum phosphane corners are not involved in the redox
processes.

Further insight into the nature of the redox processes was
given by spectroelectrochemical studies of perylene bisimide
platinum square 3a, which could be compared with the
experiments of the corresponding perylene bisimide ligand
2a. An increase in the potential in a stepwise manner
towards the first reduction potential of 3a resulted in a
decrease of the UV/Vis absorption bands of 3a, whereas new
transitions in the NIR region appeared with a maximum
absorption at 791 nm and weaker transitions at 976 and
1082 nm (Figure 9a). Based on identical changes for the
ligand 2a (Figure 7), these new transitions are unambiguously
assigned to perylene bisimide radical anionic species. When
the potential is increased to the second reduction potential of
3a, the UV/Vis-NIR absorption bands of the perylene
bisimide radical anionic species completely disappear, while
a single broad absorption at 679 nm arises (Figure 9b). Again,
the same changes were observed for ligand 2a (Figure 7) and
therefore assigned to the perylene bisimide dianionic species.
When a positive potential is applied, new bands appear in the

898 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

400 600 800 1000 1200

AmM ——

Figure 9. Spectroelectrograms of perylene bisimide platinum square 3a in
CH,Cl,. Increase of the applied potential to a)the first reduction,
b) second reduction, and c) first oxidation process of 3a; this generates
radical anionic (a), dianionic (b), and radical cationic (c) perylene bisimide
species.

NIR at 809 and 908 nm along with a very broad band at
1225 nm (Figure 9c). Although we cannot compare these
changes to 2a, because of its irreversible oxidation, the
accompanying changes in the intensities of the perylene
bisimide UV/Vis bands let us believe that the perylene
bisimide radical cationic species are generated.

Two important conclusions are drawn from these spectro-
electrochemical studies: first, we note that the platinum
phosphane corner units are electrochemically inert within the
applied potential range between —1.3 and +0.9 V. They act
exclusively as structural building blocks that provide a 90°
angle for perylene bisimide ligand coordination. Second, from
the complete disappearance of the absorption bands of the
neutral and radical anionic species in the spectroelectrochem-
ical experiments we conclude that all four perylene bisimide
ligands are independently oxidized and reduced in the square,
and this allows us to reversibly switch the charge state of the
cyclic perylene bisimide-platinum framework from 0 to +12
in steps of four electrons.!'3]

The cyclic voltammograms of the palladium complexes 4
and 8 proved to be more complex, since an irreversible
palladium reduction is involved. Both the CVs of 4 and 8
display a reversible oxidation at E,,=+093V and E,,=
+0.84 V (vs. Fc/Fc*), respectively, due to the formation of
perylene bisimide radical cationic species. The reductions of
both complexes show irreversible processes, for example, in
the CV of 8 a cathodic peak at —1.15 V appears with no peak
in the back scan, followed by the two perylene bisimide
reductions (Figure 10). Successive scans resulted in negatively
shifted potentials in the respective CVs. We assign the wave at
—1.15 V to an irreversible palladium reduction, which might
be followed by changes in the coordination geometry of the
metal ion. The same occurs in the CV of 4, but the process is

0947-6539/01/0704-0898 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 4





Fluorescent and Electroactive Cyclic Assemblies

894-902

1A

AN

45 -0 £5 00 05 10
E/V v Fe/Fe' —

Figure 10. Cyclic voltammogram of perylene bisimide palladium model
complex 8 in CH,Cl,. The arrow indicates an irreversible palladium
reduction.

overlaid by a perylene bisimide reduction in this case, which
leads to a significantly more intense first reduction wave.
Therefore, the accessible reversible potential range of the
perylene bisimide palladium complexes is limited from —1 to
about +1V, which only allows us reversibly to switch the
charge state of the framework of square 4 between +8 and
+12.

Dynamic ligand exchange processes: The essentially quanti-
tative formation of the molecular square-type complexes is
only conceivable by self-assembly with reversible intermolec-
ular coordination interactions. Exchange processes between
competing topologies (cyclic vs. linear oligomers) allow self-
repairing until the system finally reaches its thermodynami-
cally most stable state under the given experimental con-
ditions. According to a substantial proportion of published
work, the rigidity of the building blocks, the linear bridging
ligands, the inherent 90° angle of the adjacent coordination
sites in the cis-protected square planar metal ions, and a low
activation energy for the breaking of the metal—pyridine bond
are considered to be important factors needed to drive the
assembly process to molecular squares to completion. Never-
theless, besides the consistently high yields, little proof of the
mechanism of reversible self-assembly is given in the liter-
ature of molecular squares so far. If, however, dynamic ligand
exchange processes could be observed in solutions of two
different squares that result in an equilibrium of different
“mixed” square species (as depicted in Figure 11), there are
strong arguments for the reversibility of the bond-formation-
bond-breaking equilibrium.

Interestingly, such dynamic exchange experiments could
rarely be observed for the significant number of squares
described in the literature so far. A possible explanation might
be the typically different length of the diazaaromatic ligands

g [ ) b2
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9 9 v @) @ 9
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Figure 11. Illustration of a ligand exchange equilibrium in solution after
mixing two molecular squares with different ditopic ligands.
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that were employed, and this gives preference to the square
species containing only ligands of the same type.’™ % 31 Our
bridging ligands 2a and 2b have the same length and differ
only in their alkyl groups at the phenoxy substituents.
Accordingly, we considered these ligands well-suited to study
exchange processes by ESI-MS and multinuclear NMR
spectroscopy.

In a first experiment, we mixed the two perylene bisimide
platinum squares3a and 3b in a 1:1 stoichiometry in
deuterated chloroform. As shown in Figure 12, the resulting

Ph\l
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Figure 12. Exchange experiment of perylene bisimide platinum squares 3a
and 3b. 'H NMR spectra (left) of the perylene bisimide core protons and
3P {'H} NMR spectra (right). Compound 3a in CDCl; (a), 3b in CDCI; (b),
and 1:1 mixture of 3a and 3b in CDCl, (c).

'H and 3P {{H} NMR spectra do not show a simple super-
position of the spectra of the two pure squares but reveal a
splitting of the signals (no coupling) without line broadening.
The fact that sharp signals in the 'H and *'P {'H} NMR spectra
still predominate and no endgroups could be detected rules
out the formation of long chain oligomeric or polymeric
mixtures. Figure 12 shows the signals of the perylene core
protons and the 3P {*H} signals of the pure squares 3a and 3b
and the mixture. If we assume that the limited resolution of
the spectrometer allows us only to differentiate between
corners with identical ligands and corners with unequal
ligands we would expect four singlets for the perylene core
protons in the '"H NMR spectrum and four singlets in the 3'P
{'H} NMR spectrum. For an ideal statistical mixture, we
would expect an integral ratio of 1:1 for corners of identical
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ligands to corners with unequal ligands for each of the two
perylene bisimide ligands.l'! Figure 12 shows that this is
exactly the case. We observe an integral ratio of 1:1 and a
splitting of each set of perylene core protons and of each set of
the phosphane 3'P signals into two signals of equal intensity;
this gives evidence of the postulated exchange process, which
rapidly equilibrated after mixing the two species. Further-
more, the chemical shifts are in accordance with this notion
because two of the four signals remain at the positions of the
respective pure square species.

In a second experiment, the equilibrium was directly
characterized by ESI-MS. The mass spectra were interpreted
by the comparison of the experimental masses and charge
states with the masses of all possible fragments that might
form from the different ligands 2a and 2b and the platinum
corners. Signals of the intact squares A, B, and F (for
assignment of A —F refer to Figure 11) minus three triflates
(z=3) as well as signals of the squares C and D and/or E (we
cannot differentiate between D and E as they exhibit the same
masses) minus one platinum corner minus three triflates were
detected (Table 1). These signals unambiguously prove the
existence of all squares A, B, C, D, E, and F in the equilibrium,
exactly as depicted in Figure 11. Smaller fragments with
different perylene bisimide ligands could also be detected, but
it is not possible to assign them to a distinct species as they
could have originated from different squares.

Table 1. Mixed species detected by ESI-MS in the exchange experiment of
3a and 3b (dioxane/acetone). The resolution of the spectrometer allowed
only the assignment of species with a maximum charge state of z=3.
Unresolved signals with a presumably higher charge state were not
evaluated.

mlz z n(Pt corners) n(2a) n(2b) m/z (calcd)
2801.1 3 4 1 3 2799.4
2876.9 3 4 0 4 28742
2574.9 3 4 4 0 2575.0
2348.1 3 3 3 1 2347.9
24227 3 3 2 2 24227
2043.9 3 3 1 2 2043.6
2461.9 2 3 1 1 2459.0
2687.5 2 2 1 2 2687.0
2005.0 2 2 1 1 2006.2
Conclusion

The synthesis of ditopic perylene bisimide ligands 2 enabled
us to introduce functional properties into Pd and Pt molecular
squares 3. Remarkably, the optical and -electrochemical
properties of the perylene bisimide ligands are completely
conserved in the metal-assembled state. Fluorescence quench-
ing by the metal ions is negligible, and the complexes exhibit
multiple reversible redox couples due to the formation of
perylene bisimide radical cations, radical anions, and dianions.
In the potential range of —1.3 to +0.95 V versus Fc/Fc*, the
Pt''—phosphane corners act purely as structural building
blocks that allow undisturbed switching of the perylene
bisimide ligands’ redox states. However, the reversible
potential range of the Pd square is limited to —1.1 V versus
Fc/Fct when Pd" undergoes an irreversible reduction process.
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Furthermore, we showed that dynamic ligand exchange
processes take place in solution at room temperature to yield
defined mixed molecular squares containing statistical
amounts of ligands 2a and 2b.

Experimental Section

Materials and methods: Solvents and reagents were purchased from Merck
unless otherwise stated and purified and dried according to standard
procedures.”l  N,N'-Dibutyl-1,6,7,12-tetra(4-tert-butylphenoxy)perylene-
3,4:9,10-tetracarboxylic acid bisimide, 1,6,7,12-tetra(4-tert-butylphenoxy)-
perylene-3,4:9,10-tetracarboxylic acid bisanhydride 1a, 1,6,7,12-tetra(4-
(1,1,3,3-tetramethylbutyl)phenoxy)perylene-3,4:9,10-tetracarboxylic  acid
bisanhydride 1b,® [Pd(dppp)][(OTf),]-2H,0 (dppp = 1,3-bis-(diphenyl-
phosphano)propane; OTf = trifluoromethanesulfonate),”® and [Pt(dppp)]-
[(OTY),] - 2H,0"! were synthesized according to the literature. Column
chromatography was performed on silica gel (Merck Silica 60, particle size
0.063-0.2 mm). UV/Vis spectra were recorded on a Perkin-Elmer
Lambda 40P spectrometer, and fluorescence spectra were recorded on a
Perkin-Elmer LSS50B fluorometer. Fluorescence quantum yields were
determined relative to N,N'-di(2,6-diisopropylphenyl)-1,6,7,12-tetraphen-
oxyperylene-3,4:9,10-tetracarboxylic acid bisimide (@ = 0.96, CHCI,)[5 %I
by the optically dilute method!"® (A <0.04) in chloroform. NMR spectra
were recorded on a Bruker DRX 400 and a Bruker AMX 500 spectrometer
with TMS as internal standard. Electrospray mass spectra were taken on a
Perkin-Elmer Sciex single quadrupol API1100 spectrometer. ESI-FTICR-
MS measurements were carried out with a passively shielded 4.7 Tesla
APEXII-ESI-FT-ICR mass spectrometer from Bruker Daltonik (Bremen,
Germany). A saturated solution of 3a in acetone was used. For mass
calculation, data acquisition, processing, and apodization, the mass
spectrometry software XMASS version 5.0.7 (Bruker Daltonik) was used.
The number of data points was 512 K for acquisition and 1M for processing
within a mass range of 500-4000 Da. To increase the signal-to-noise ratio,
100 scans were accumulated. For the external four-point calibration, an ES
Tuning Mix from Hewlett Packard (Waldbronn, Germany) was used. The
calculated m/z values corresponded to the average masses, and the
experimental (found) m/z values corresponded to the respective peak with
the highest intensity.

Electrochemistry: Cyclic voltammetry was performed with an EG&G
PAR273 potentiostat in a three-electrode single compartment cell with
dichloromethane as solvent (5mL). Working electrode: platinum disk;
counterelectrode: platinum wire; reference electrode: Ag/AgCl. All
potentials were internally referenced to the Fc/Fc* couple. The solutions
were purged with argon prior to use. The supporting electrolyte was 0.1m
[BuyN][PF,] (Fluka), which was recrystallized twice from ethanol/water
and dried in a high vacuum. The experimental setup for spectroelectro-
chemistry has been described by Salbeck.["]

Exchange experiments: For NMR experiments, solutions of the squares 3a
and 3b were prepared in CDCl; at a concentration of 5mM. The solutions
were mixed 1:1 by volume and kept overnight at room temperature before
the measurement.

For ESI-MS studies, solutions of approximately the same concentration of
the squares 3a and 3b were prepared in dioxane and mixed 1:1 by volume.
The resulting solution was diluted with acetone (1:1 by volume) and stored
at room temperature overnight in a sealed vial. ESI mass spectra were
recorded from this solution.

N,N'-Di(4-pyridyl)-1.6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-tetra-
carboxylic acid bisimide (2 a): 1,6,7,12-Tetra(4-tert-butylphenoxy)perylene-
3,4:9,10-tetracarboxylic acid bisanhydride 1a (296 mg, 0.3 mmol), 4-amino-
pyridine (Fluka, 94 mg, 1.0 mmol), and zinc(i)acetate (Fluka, 30 mg,
0.16 mmol) were stirred under argon at 180°C for 16h in quinoline
(10 mL). HCI (2N, 50 mL) was added, and the precipitate was collected,
washed with water and methanol, and dried. Column chromatography
(CH,Cl,/MeOH 98:2) afforded 2a (225 mg, 66 % ). M.p. >300°C; '"H NMR
(500 MHz, CDCl;, 25°C, TMS): 6=8.77 (d, *J(HH) =5.6 Hz, 4H; H,,,),
823 (s,4H), 724 (m, 12H; H,+Hj ,,), 6.84 (d, *J(H,H) = 8.7 Hz, 8H; H,,),
1.27 (s, 36 H; Hyp,); UV/Vis (CH,CL): A (€) =585 (46100), 545 (28000),
455 (17000), 268 nm (44900 mol-'dm*cm™"); fluorescence (CH,CL):
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Amax = 6018 nm; fluorescence quantum yield (CHCl;): @¢=0.94; FAB-MS
(m-NBA, m-nitrobenzyl alcohol): m/z (%): caled 1137.3; found 1137.6;
elemental analysis calcd (%) for C;,Hy,N,Og (1137.3): C 78.15, H 5.67, N
4.93; found C 77.90, H 5.68, N 4.94.
N,N'-Di(4-pyridyl)-1,6,7,12-tetra(4-(1,1,3 3-tetramethylbutyl)phenoxy)per-
ylene-3,4:9,10-tetracarboxylic acid bisimide (2b): The compound 1,6,7,12-
tetra(4-(1,1,3,3-tetramethylbutyl)phenoxy)perylene-3,4:9,10-tetracarbox-
ylic acid bisanhydride 1b (363 mg, 0.3 mmol), 4-aminopyridine (94 mg,
1.0 mmol), and zinc(i)acetate (30 mg, 0.16 mmol) were allowed to react
and worked up in the same way as described for 2a to give 2b (240 mg,
59%). M.p.>300°C; '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =8.77 (d,
*J(HH)=6.2 Hz, 4H; H,,,), 8.17 (s, 4H), 728 (d, *J(H,H) =8.7 Hz, 8H;
H,), 723 (d, *J(H,H)=6.2 Hz, 4H; H_,,), 6.88 (d, */(H,H)=8.7 Hz, 8H;
H,,), 1.71 (s, 8H; Hey,), 1.34 (s, 24H; Heygs), 0.75 (s, 36 H; Hyg,); UV/Vis
(CH,CL): Anay (e) =588 (48800), 547 (28800), 454 (17700), 268 nm
(46200 mol~!'dm?*cm™!); fluorescence (CH,CL): Ay =621 nm; MALDI-
TOF-MS (dithranol): m/z (%): caled 1361.8; found 1362.7; elemental
analysis caled (%) for CoyHggN,Oy (1361.8): C 79.38, H 7.11, N 4.11; found C
79.16, H 7.10, N 3.97.
N-(4-Pyridyl)-N'"-butyl-1,6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-
tetracarboxylic acid bisimide (6): Partial saponification of N,N'-dibutyl-
1,6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-tetracarboxylic ~ acid
bisimide (7.67 g, 7 mmol) with KOH (150 g, 267 mmol) in isopropyl alcohol
(1000 mL) and H,O (100 mL) under argon by stirring at reflux for 15 h,
followed by acidic workup, and thorough washing and drying, yielded a
mixture (5.8 g) of perylene bisanhydride 1a and perylene mono butylimide
monoanhydride 5 in a ratio of about 6:4. This mixture (1.48 g) was reacted
in the same way as described for 2a with 4-aminopyridine (0.47 g,
5.0 mmol) and zinc(i)acetate (0.18 g, 0.8 mmol) in quinoline (30 mL) at
180°C for 16 h. After workup and chromatography on a Merck-Lobar-C
(LiChroprep Si60) column (CH,Cl,/MeOH 98:2),2a (0.52 g) and 6 (0.38 g)
were isolated. Compound 6: m.p.>300°C; '"H NMR (500 MHz, CDCl,,
25°C, TMS): 6 =8.77 (d, *J(H,H) =5.9 Hz, 2H; H,, ), 8.24 (s, 2H), 8.23 (s,
2H), 726-721 (m, 10H; H,+Hg.,,), 6.84 (m, 8H; H,,), 4.12 (t, 2H), 1.66
(m, 2H), 1.39 (m, 2H), 1.29 (s, 18H; H,), 1.27 (s, 18 H; H;3,), 0.94 (t, 3H);
UV/Vis (CH,CL,): Ay (€) =581 (45200), 542 (27 800), 453 (17200), 286 nm
(45200 mol~'dm?®cm™!); fluorescence (CH,CL): A =615 nm; fluores-
cence quantum yield (CHCL;): @ =0.88; MALDI-TOF-MS (dithranol):
mlz (%): caled 1116.4; found 1116.4; elemental analysis calced (%) for
C;3HgN;O5 (1116.4): C 78.54, H 6.23, N 3.76; found C 78.32, H 6.25, N 3.43.

Perylene bisimide platinum square (3a): [Pt(dppp)][(OTf),]-2H,0
(141.3 mg, 0.15 mmol) and ditopic perylene 2a (170.6 mg, 0.15 mmol) were
stirred under argon at room temperature for 24 h in CH,Cl, (30 mL). After
filtration, the solution was concentrated to 5 mL, and diethylether was
added to precipitate 3a. The solid was collected by centrifugation, washed
twice with diethylether (5 mL), and dried in vacuo at 50 °C to afford a violet
solid (274 mg, 88%). M.p.>300°C; 'H NMR (500 MHz, CDCl;, 25°C,
TMS): 6=9.13 (brs, 16H; H,,), 8.12 (s, 16 H), 7.69 (brs, 32H; Hygppp))-
7.40 (m, 32H; Hyyppp))> 7-32 (m, 16 H; Hyygppp))> 7.20 (d, *J(HH) = 8.4 Hz,
32H;H,,),7.09 (d,*J(HH)=5.9 Hz, 16 H; Hy ), 6.77 (d, *J(H,H) = 8.4 Hz,
32H; H,,), 3.29 (brs, 16 H; Hp_cy,), 2.20 (brs, 8H; Heyp), 1.24 (s, 144H;
Hg,); *'P {'H} NMR (202 MHz, CDCl;, 25°C, 85% H;PO,): 6 =—-15.11
(s); UV/Vis (CH,CL): A, (¢)=591 (217000), 550 (135000), 459 nm
(72000 mol~'dm?®cm™!); fluorescence (CH,CL): A= 625nm; fluores-
cence quantum yield (CHCL;): @ =0.88; ESI-FTICR-MS (acetone): m/z
(%): caled for [M —20T{]**: 3936.969; found 3936.906; calcd for [M —
30TfP+: 2574.957; found 2574.779; caled for [M —4OTf]*: 1893.950;
found 1894.056; calcd for [M — SOT{]P*: 1485.346; found 1485.256; calcd
for [M — 60Tf]°*: 1212.944; found 1212.716; elemental analysis calcd (%)
for C,,HigN;6056F,4PgPt,Sg- 8H,O (8316.4): C 59.50, H 4.56, N 2.69, S
3.08; found C 59.29, H 4.59, N 2.54, S 3.03.

Perylene bisimide platinum square (3b): [Pt(dppp)][(OTf),]-2H,0
(47.1 mg, 0.05 mmol) and ditopic perylene 2b (68.1 mg, 0.05 mmol) were
allowed to react and worked up in the same way as described for 3a to give
a violet solid (104 mg, 91 %). M.p. >300°C; '"H NMR (500 MHz, CDCl;,
25°C, TMS): 6=9.13 (brs, 16H; H,,,), 8.04 (s, 16H), 7.67 (brs, 32H;
Harapppy)» 739 (M, 32 H; Hyrapppy)> 731 (M, 16 H; Hyygppp))> 725 (d, *J(HH) =
8.4 Hz, 32H; H,,), 707 (brs, 16H; Hp ), 6.82 (d, *J(H,H) =8.4 Hz, 32H;
H,),3.28 (brs, 16 H; Hp_cy,), 2.20 (brs, SH; Heyy,), 1.68 (s, 32 H; Heyyy), 1.32
(s, 96H; Heys), 0.70 (s, 144H; Hg,); *'P {'H} NMR (202 MHz, CDCl;,
25°C, 85% H;PO,): 6=-1547 (s); UV/Vis (CH,CL): Ap., (g)=592
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(214400), 551 (131700), 458 nm (71000 mol~'dm?®cm~'); fluorescence
(CH,CL): Apa =628 nm; ESI-MS (acetone): m/z (%): caled for [M —
30T(P+: 2874.2; found 2874.5; eclemental analysis caled (%) for
Cr6H 55N 1s056F24PgPt,Sg - 4H,O (9141.8): C 62.54, H 5.47, N 2.45, S 2.81;
found C 62.57, H 5.42, N 2.33, S 2.74.

Perylene bisimide palladium square (4): [Pd(dppp)][(OTf),]-2H,0
(128.0 mg, 0.15 mmol) and ditopic perylene 2a (170.6 mg, 0.15 mmol) were
allowed to react and worked up in the same way as described for 3a to give
a violet solid (280 mg, 94 %). M.p. 304°C (decomp); 'H NMR (500 MHz,
CDCl;, 25°C, TMS): 6 =9.09 (brs, 16 H; H,,,,), 8.12 (s, 16 H), 7.66 (m, 32 H;
Harappp)> 740730 (m, 48 H; Hyyapop) 720 (d, (H,H) =8.7 Hz, 32H; H,,),
7.04 (d, *J(H,H) = 5.6 Hz, 16 H; Hy,,,), 6.7 (d, *J(H,H) = 8.7 Hz, 32 H; H,,),
3.20 (brs, 16 H; Hp_cyp), 2.23 (brs, 8H; Heyy,), 1.24 (s, 144H; Hyg,); *'P {'H}
NMR (202 MHz, CDCl;, 25°C, 85% H;PO,): 6=6.66 (s); UV/Vis
(CH,CL):  Apae (e)=590 (218000), 549 (136000), 458 nm (74000
mol~!dm? cm™!); fluorescence (CH,CL,): 4.« = 624 nm; fluorescence quan-
tum yield (CHCl): @;=0.86; elemental analysis calcd (%) for
Cy1oH;0N1s056F24PsPd,Sg - 8H,O (7961.4): C 62.16, H 4.76, N 2.81, S 3.22;
found C 62.37, H 4.61, N 2.81, S 3.29.

Perylene bisimide platinum (2:1-complex 7): [Pt(dppp)][(OTf),]-2H,0
(38.0 mg, 0.041 mmol) and monotopic perylene 6 (89.3 mg, 0.08 mmol)
were allowed to react in CH,Cl, (20 mL) and worked up as described for 3a
to give a violet solid (90 mg, 71%); M.p.>300°C; '"H NMR (500 MHz,
CDCl;, 25°C, TMS): 6 =9.14 (brs, 4H; H,,,), 8.20 (s, 4H), 8.15 (s, 4H),
7.69 (brs, 8H; Hyyappp))s 7.38 (brs, 8H; Hyyappp))s 7.34 (brs, 8H; Hrappp))»
725-719 (m, 16H; H,,), 711 (brs, 16 H; Hy ), 6.82-6.79 (m, 16H; H,,),
4.11 (t,4H; Hg,), 3.29 (brs,4H; Hp_cyp,), 2.20 (brs, 2H; Hey,), 1.65 (m, 4H;
Hy,), 1.39 (m, 4H; Hp,), 1.29 (s, 36 H; Hyp,), 1.24 (s, 36 H; Hyg, ), 0.93 (t, 6 H;
Hj,); *'P {'H} NMR (202 MHz, CDCl;, 25°C, 85 % H;PO,): 6 = —15.14 (s);
UV/Vis (CH,CL,): Apay (€) =586 (99000), 547 (61 000), 455 (35000), 285 nm
(98000 mol~'dm?®cm™"); fluorescence (CH,Cl,): A, =619 nm; ESI-MS
(acetone): m/z (%): caled for [M —20Tf]**: 1420.1; found 1420.0;
elemental analysis calcd (%) for C,;sH,sN¢O,F.P,PtS,-2H,0 (3174.4):
C 66.21, H 533, N 2.65, S 2.02; found C 66.32, H 5.36, N 2.60, S 2.07.
Perylene bisimide palladium (2:1-complex 8): [Pd(dppp)][(OTf),]-2H,0
(16.3 mg, 0.02 mmol) and monotopic perylene 6 (42.5 mg, 0.038 mmol) in
CH,(C], (5 mL) were allowed to react and worked up as described for 3a to
yield of violet solid (52 mg, 89%); M.p. 285°C (decomp); 'H NMR
(500 MHz, CDCls, 25°C, TMS): 6 =9.10 (brs, 4H; H,.,,), 8.20 (s, 4H), 8.15
(s,4H), 7.65 (brs, 8H; Hyyappp))» 7.39-7.35 (m, 12H; H,y(gppp))> 721 (m, 16 H;
H,,), 7.05 (brs, 4H; Hg.,,), 6.80 (m, 16H; H,,), 4.11 (t, 4H; Hg,), 3.20 (brs,
4H; Hp_cypp), 2.22 (brs, 2H; Heyp), 1.65 (m, 4H; Hy,), 1.39 (m, 4H; Hg,),
1.29 (s, 36 H; Hg,), 1.24 (s, 36 H; Hyg,), 0.93 (t, 6H; Hg,); *'P {H} NMR
(202 MHz, CDCl;, 25°C, 85% H;PO,): 6 =6.61 (s); UV/Vis (CH,Cl,): A
(e)=584 (99000), 545 (61000), 455 (35000), 283 (98000), 267 nm
(122000 mol~'dm? cm™'); fluorescence (CH,CL,): A =618 nm; ESI-MS
(acetone): m/z (%): caled for (M —20Tf)**: 1376.8; found 1375.7;
elemental analysis calcd (%) for C,75H;6,NO,,FsP,PdS,-2H,0 (3085.8):
C 68.12, H 5.49, N 2.72, S 2.08; found C 68.31, H 5.45, N 2.71, S 2.10.
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Reactions of Difluoroenoxysilanes with Glycosyl Donors:
Synthesis of Difluoro-C-glycosides and Difluoro-C-disaccharides™*

Hatice Berber, Thierry Brigaud, Olivier Lefebvre, Richard Plantier-Royon,

and Charles Portella*[?!

Abstract: Difluoroenoxysilanes, prepared from acylsilanes and trifluoromethyltri-
methylsilane under fluoride activation, were glycosylated with some glycosyl donors

(acylglycosides, glycals) to yield difluoro-C-glycosides with a difluoromethylene
group in the place of the anomeric oxygen. This reaction strongly depends on the
substituent in the 2-position of the glycosyl donor. Application of this methodology

to a xylose-derived acylsilane led to the formation of difluoro-C-disaccharides as an

isosteric O-glycosyl mimetic.

Introduction

Difluoromethylene group has long been recognized as
isopolar and bioisosteric to oxygen.['l A lot of investigations
were devoted to the synthesis of difluoro analogues of oxygen
containing bioactive molecules, mainly of difluorophospho-
nates as phosphate mimics.?l It was not surprising that
carbohydrate chemists were interested in applying this con-
cept to synthesize various substituted fluorinated sugars and
nucleosides.’! Though several groups reported on C-difluoro-
methylene containing groups grafted in other positions,! the
grafting on the anomeric carbon to give difluoro-C-glycosides,
was much less investigated, in spite of the potential interest of
these compounds as non hydrolyzable glycoside mimics. Most
of the methods of synthesis of C-glycosides, recently re-
viewed,P! are not suitable for difluoro-C-glycosides, which
need more specific methodologies.

The synthesis of difluoro-C-glycosides was first undertaken
by Motherwell’s group and then by ours although to a lesser
extent than the Motherwell group. Motherwell’s approach
was based on derivatization of a 1-C-difluoromethylene sugar
either as a radical acceptor® or, better, as a radical donor!”!
after a suitable transformation (Scheme 1). The second way is
more effective for C—C bond formation. The stereoselectivity
of the radical addition is generally controlled by the config-
uration at C2.
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Scheme 1. Synthesis of difluoro-C-glycosides according to Motherwell’s
approach.

The strategy we adopted is completely different, using a
difluoroenoxysilane as a glycosyl acceptor. As we reported
recently, a difluoroenoxysilane may be prepared quantita-
tively by the reaction of trifluoromethyltrimethylsilane
(TFMTMS) with an acylsilane in a chain process initiated by
n-tetrabutylammonium difluorotriphenylstannate (DFTPS)
depicted in Scheme 2. The possibility to carry out the reaction
in methylene chloride as the ideal solvent for Lewis acid
activation of electrophilic substrates, allowed to form various
difluoromethylene containing compounds in a one-pot
process.[5-11

Among several reactions already described, the Mukaiya-
ma aldol reaction with ethanal dimethylacetall® and allylation
with prenyl esters!”) prompted us to apply our methodology to
glycoside and glycal derivatives, respectively, in order to have
access to the interesting class of difluoro mimics of glycosides
(Scheme 3).

In a preliminary account, we reported our initial results
with tri-O-acetyl-D-glucal as glycosyl donor.['2l We have since
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Scheme 2. Our strategy for the synthesis of difluorocarbonyl compounds
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Scheme 3. Application of the methodology to glycosyl donors.

investigated other glycosyl donors, and observed that the C2
substituent of the acylglycoside plays a crucial role in the
regioselectivity of the reaction. We report in this paper the full
details of this study.
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Results and Discussion

Acyl glycosides as glycosyl donors: Owing to its commercial
availability, we started our study with compound 1a. After
preliminary observations, it appeared that the best way for a
clean reaction would be to carry out two parallel preparations
of the difluoroenoxysilane 3 and the activated (with SnCl,)
sugar derivative and to mix the content of the two flasks.
Instead of the expected difluoro-C-riboside though, we
obtained a product after purification which obviously resulted
from a coupling with the non-anomeric carbon (Scheme 4,
Table 1). The benzoxyl group at C2 does not seem to be

Table 1. Reaction of difluoroenoxysilanes 3 with D-ribofuranosyl donors.

Donor Acceptor R! R? R3 R* 4 (%)l
la 3a (1 equiv) Bz Ph Ph Me 4a (55)
1a 3a (2 equiv) Bz Ph Ph Me 4a (61)
1a 3b (1.2 equiv) Bz Ph Ph tBu 4a (52)
la 3¢ (1.2 equiv) Bz Ph Me Me 4b (66)
1b 3a (1.2 equiv) Ac Me Ph Me 4c¢ (45)

[a] Isolated yield.

responsible for the observed regioselectivity since the corre-
sponding peracetylated ribose 1b gave similar results. In both
cases, the reaction was stereoselective, giving rise to exo
compounds as shown by NOE experiments on 4c¢. The
structure of the difluoroenoxysilane 3 seems to be of little

AcO

4c

o
R3)I\SiMe2R4
2a,b,c
CF3SiMez | nBusN* PhaSnF; cat
CH,Cl,, 0°C
OSiMe,R*
RS CF,
RO
3a,b,c o
o]
OR? OA/CFZCORa
R2
4a,b,c

Scheme 4. Reaction of difluoroenoxysilanes 3 with D-ribofuranosyl donors (see Table 1).
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importance, as similar regiose-
lectivity and yields are obtained
from both benzoylsilane and
acetylsilane.

If the nucleophilic attack of
the non-anomeric carbon is a
well known side reaction in the
Koenigs — Knorr syntheses of glycosides, the regioselectivity is
not a trivial question in C-glycosylation using enolsilyl ethers.
Contrasting results were reported for the reaction of 1a or its
tri-O-benzyl analogue with various silylenol ethers derived
from simple ketones'* ¥l or a-heteroatom substituted silyl-
enol ethers,” showing that the regioselectivity strongly
depends on the structure of the enol ether, mainly those
derived from acyclic ketones.

As a silicon—tin exchange was proposed to be responsible
for the non-anomeric attack on 1 activated with tin tetra-
chloride in non-fluorinated series,'S) we assumed a different
regioselectivity using boron trifluoride as activator. Unfortu-
nately, O-glycosylation rather than C-glycosylation occurred
with this Lewis acid.l'"!

Since the substituent at C2 is rather problematic for
C-glycosylation of difluoroenoxysilanes, it was interesting to
investigate the 2-deoxy series. Using the conditions which
converted compound 1 into the orthoester such as compound
4 (activation with SnCl,), acetyl 3,5-di-O-benzoyl-2-deoxy-D-
erythro-pentofuranoside (5)['") was converted in good yields
into the corresponding difluoro-C-glycoside 6 (Scheme 5).
The o anomer was obtained with a stereoselectivity greater
than 95 %, this reaction being more stereoselective than the
analogous hydrogenated enoxysilane derived from acetophe-
none.['® The a configuration was attributed by comparison of
NMR data with similar compounds!'®! and confirmed by NOE
experiments on analogue 13 (see below).

OBn
A
BnO ==

BnO
7

HO BzO

o o
ome 'ef-[17] OAc

OH OBz

5

1) sncl, BZzO o

CH,Cl,
5

2) 3a CF,COPh

OBz

6 (76%)

Scheme 5. Reaction of difluoroenoxysilane 3a with a 2-deoxy glycofur-
anosyl donor leading to a 2-deoxy difluoro-C-glycoside.

The glycosylations were also attempted on acyl pyrano-
sides. Penta-O-acetyl-D-glucopyranose treated with difluoro-
enoxysilane derived from 2a in the presence of tin tetra-
chloride proved to be unreactive. Acetyl tetra-O-benzyl-D-
glucopyranoside gave a complex mixture under the same
conditions. In the 2-deoxy pyranose series, acetyl 3,4,6-tri-O-
benzyl-2-deoxy-D-arabino-hexopyranoside (8) prepared from
tri-O-benzyl-p-glucal (7)!' gave the corresponding difluoro-
C-glycopyranoside 9 (Scheme 6) in moderate yields under
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O&w V8, o
ref. [19] CH,Cl,
27 BnO OAc BnO
— BnO BnO
2) 3a
8 ) CF,COPh

9 (49% o:B = 93:7)

Scheme 6. Reaction of difluoroenoxysilane 3a with a 2-deoxypyranosyl donor.

SnCl, activation. The major compound was observed to have
a configuration (93:7, as determined by F NMR spectros-
copy) which was further confirmed by NMR studies. The
vicinal coupling constants be-

tween H1 and H2 (6.3 and Bno
5.2 Hz) revealed no axial —ax- BnO Q
ial correlation (9 Hz) and irra- BnO

diation of the two axial protons
H3 and H5 induced a nuclear
Overhauser effect on the two
fluorine.

It is noteworthy that this C-glycosylation works only with
2-deoxy derivatives. We already observed that the reactivity
of difluoroenoxysilanes depends strongly on the structure of
the electrophilic substrate. For example, efficient coupling
were observed with a-methyl benzyl bromide and dimethyl-
allyl esters,””) but not with benzyl bromide and allyl esters,
respectively. These examples led us to conclude that the
reaction works with highly stabilized electrophilic substrates.
Similarly, an alkoxy group destabilizes the oxocarbenium
intermediate and the reaction is favored in the 2-deoxy
systems. This tentative qualitative explanation could be
further confirmed by computational treatment.

H
H \’CFZCOPh
NOE

9

Tri-O-acetyl-D-glucal as glycosyl donor: Glucals are good
electrophilic substrates for glycosylation of carbon nucleo-
philes.’] They were first used, for glycosylation of enoxysi-
lanes by Fraser-Reid’s group in 1981,2% who reported high
yields of the coupling product under boron trifluoride
activation. Further examples with 2-substituted glycalsi?!l as
well as with ketene silyl acetals??? show invariably a stereo-
selective a coupling. With glycals, the anomeric C—C bond
formation was concomitant to an allylic rearrangement, giving
2,3-unsaturated-C-glycosides.

We applied the above conditions to the glycosylation of
difluoroenoxysilanes in a fully one-pot procedure starting
from acylsilanes, as depicted in Scheme 7.

Tri-O-acetyl-D-glucal was converted in good overall yields
into 2,3-unsaturated-C-difluoro-glycosides 10. Regardless of
the starting acylsilane, the reaction gave a mixture of anomers
with a diastereomeric ratio similar to those already reported
by Fraser-Reid for the hydrogenated analogues. The a
configuration was attributed to the major diastereomer after

OAc
(0]
AcO — CF,COR

10a:R=Ph (60%, a:B = 75:25)
10b: R=CH3 (60%, a:p = 77:23)
10c: R = CgHy7 (63%, a:p = 80:20)

1) CF3SiMeg
cat. BusN*Ph3SnF,

OAc
AN
AcO =

(0]

R SiMe3
2) AcO

3) BFgeEt,0, -40°C to 1t
Scheme 7. Reaction of difluoroenoxysilanes with tri-O-acetyl-D-glucal.
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NMR analysis of separated anomers by analogy to the
hydrogenated analogues® and was confirmed by NOE
experiments. Irradiation of H1 induces a 8 % nuclear Over-
hauser effect on H5 in the case of the minor isomer, whereas
no effect was observed for the major one.

OAc
AcO (0] CF,COPh
AcO ——
|

H \/H
NOE

10a (minor g anomer)

These observations show that the difluoromethylene group
has no effect on the stereochemical outcome of the glyco-
sylation using D-glucal derivatives.

Application to the synthesis of difluoro-C-disaccharides: A
lot of methodologies are available for the synthesis of
C-disaccharides, which need a suitable functionalized sugar.P!
Except for the radical coupling proposed by Motherwell "]
there is no report on the synthesis of difluoro-C-disaccharides
as interesting nonhydrolyzable mimics of disaccharides. To
prepare such compounds with the methodology we report
here, we need difluoroenoxysilanes prepared from carbohy-
drate-derived acylsilanes. We reported the synthesis of this
type of acylsilanes some years ago,?* >l and we propose to
exemplify the feasibility of the synthesis of difluoro-C-
disaccharides starting from the acylsilane 11, which was
synthesized from D-xylose,*! and the two types of glycosyl
donors studied above. The results are depicted in Schemes 8
and 9.

The reaction with the acetyl 2-deoxy-p-erythro-pentofur-
anoside 5 gave the expected disaccharide 13 in a moderate
yield via the difluoroenoxysilane 12; the major product was
the a anomer (92:8, ’F NMR). The irradiation of H2 on the 8
face shows a NOE on H3 and H1 (10 %) but no effect on the
two fluorine atoms. On the other hand, irradiation of H2 on
the a face induces a significant NOE on the two fluorine
atoms.

The application of the methodology to the glucal donor
gave the C-disaccharide type compound 14 with a similar a
stereoselectivity. In the latter case, the reaction was optimized
by activation of the glycosyl donor prior to mixing with the in
situ prepared difluoroenoxysilane giving interesting overall
preparative yields for such a multistep process.

Conclusion

Several conclusions may be drawn from this work. Acylsilanes
precusors are good candidates for the synthesis of difluoro-C-
glycosides and -C-disaccharides. This family of compounds
has a a high potential as glycosides mimics to enhance the
biochemical properties. If glucal-type donors showed a similar
reactivity with difluoroenoxysilanes and their hydrogenated
analogues, the chemistry of acyl glycosides with these
difluorinated acceptors is more subtle and problematic, good

results being obtained only with 2-deoxy glycosides.
Although the results reported here are far from an
exhaustive investigation on the glycosyl donors and acceptors,
and activation conditions, one can consider that they are
representative of a new general strategy to reach the difluoro-
C-glycosidic linkage. This strategy is completely different
from the radical approach of

[ . B Motherwell. The availability of
(0] OSiMe3
CF3SiMes these two complementary meth-
MesSi™ | nBugN* PhaSnFy™ (cat)  |F,C o odologies should encourage bio-
OBn CHaCl, 0°C OBn organic chemists to undertake
Q 0 the evaluation of this undoubt-
OA( OA( edly interesting class of com-
1 L 12 - pounds.
BzO o BzO . .
oac 1) SnCls " Experimental Section
-20°C 2
OBz 2)12 OBz H\_D F OBn General.: Melting points are uncorl.'ect—
o ed. Optical rotations were determined
5 13 NOE o with a Perkin—Elmer Model241 polari-
37% (a:p = 92:8) meter. FTIR spectra were recorded on

Scheme 8. Application to a carbohydrate derived difluoroenoxysilane in the 2-deoxy furanose series.

1) BF3:Et,0,

OAc
ACQ&O) -40°Ctort ) o
AcO =

2) 12

OA(
14 75% (a:B = 80:20)

Scheme 9. Application to a carbohydrate derived difluoroenoxysilane in
the D-glucal series.
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a MIDAC Corporation Spectrafile
IR™ apparatus. 'H, *C and '"F NMR
spectra were recorded on a Bruker
AC250 or AC500 in CDCl; or CD;0OD as the solvent. Tetramethylsilane
(6 =0.00) or CHCl; (6 =7.27) were used as internal standards for 'H and
13C NMR spectra and CFCl; for ’F NMR spectra. MS data were obtained
on a JEOL D300 apparatus at 70eV in the electron impact mode.
Elemental analyses were performed with a Perkin—Elmer CHN 2400
apparatus. All reactions were monitored by TLC (Merck silica gel F254) or
GC. GC analyses were performed on a HP 6890 chromatograph equipped
with a polydimethylsiloxane HP ultral column and a flame ionization
detector. HPLC separations were performed on a HP1100 Series
chromatograph with a LiChrospher Si60 (5um) column. Silica gel
Merck 9385 (40-63 um) was used for flash chromatography. All reactions
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were carried out under dry argon atmosphere. THF was dried and freshly
distilled over sodium/benzophenone. Diethyl ether (SDS Purex for
analyses) and dichloromethane (Fluka over molecular sieves) were
obtained from commercial sources and used without further purifica-
tion.

Starting materials: The following starting materials were obtained from
commercial sources and were used without further purification: Acetyl-
2,3,5-tri-O-benzoyl-f-p-ribofuranose (1a), 1,2,3,5-tetra-O-acetyl--p-ribo-
furanose (1b), acetyltrimethylsilane (2¢), 3,4,6-tri-O-benzyl-p-glucal (7),
3.,4,6-tri-O-acetyl-D-glucal. The following starting materials were prepared
according to literature procedures: benzoyltrimethylsilane (2a),”% n-
tetrabutylammonium difluorotriphenylstanate,?”? Acetyl-3,5-di-O-benzo-
yl-2-deoxy-p-erythro-pentofuranoside (5),l'”1 acetyl-3,4,6-tri-O-benzyl-2-
deoxy-D-arabino-hexopyranose (8),”) 3-O-benzyl-5-deoxy-1,2-O-isopro-
pylidene-5-C-trimethylsilylcarboxy-a-p-arabino-pentofuranose (11).’]
General procedure for C-difluoro glycosylation

In situ preparation of the difluoroenoxysilane (3): A catalytic amount of n-
tetrabutylammonium difluorotriphenylstanate (54 mg, 0.075 mmol) was
added under argon and protected from light at —20°C to a solution of
acylsilane 2 (1.5 mmol) and trifluoromethyltrimethylsilane (TFMTMS)
(0.3 mL, 1.89 mmol) in CH,Cl, (5 mL). After stirring for 5 min at —20°C,
the reaction mixture was stirred for another 20 min at room temperature.
The formation of the difluoroenoxysilane was monitored by GC.

BF; - Et,0 activation of the glycosyl donor: A solution of glycosyl donor
(1 equiv) in CH,Cl, (5 mL) was added to a solution of difluoroenoxysilane
3 at room temperature and the reaction mixture was cooled to —20°C
before dropwise addition of BF;- Et,0O (2 equiv). The reaction mixture was
stirred at rt until completion of the reaction. The reaction mixture was
quenched by addition of a saturated NaHCO; solution (10 mL). The
aqueous phase was extracted with CH,Cl, (4 x 20 mL), and the organic
layer was washed with brine, dried over MgSO,, and the solvent was
evaporated under reduced pressure. The crude product was purified by
silicagel column chromatography.

SnCl, activation of the glycosyl donor: Tin tetrachloride (1.5 equiv, 1m
solution in CH,Cl,) was added dropwise under dry argon at rt to a solution
of glycosyl donor (1 equiv) in CH,Cl, (5 mL). After 30 min stirring at rt, a
solution of difluoroenoxysilane 3 was slowly added and the reaction was
monitored by TLC. After stirring overnight at rt, the reaction was
quenched by a saturated aqueous NaHCO; solution (10 mL). After
extraction with Et,O (4 x 30 mL), the organic layer was washed with brine,
dried over MgSO,, and the solvent was evaporated under reduced pressure.
The crude product was purified by silicagel column chromatography.
3,5-Di-0-benzoyl-1,2-0-[2,2-difluoro-3-oxo-1,3-diphenylprop-1-ylidene]-
a-D-ribofuranose (4a): The reaction was performed according to the
general procedure with SnCl, activation of the glycosyl donor from 1a
(1.5 mmol). Purification by flash chromatography (PE/EtOAc 9:1) yielded
a solid (0.55 g, 61%). M.p. 48—49°C; [a]? =+122.2 (c=1.01 in chloro-
form); "H NMR (250 MHz, CDCl;): 0=3.78 (ddd, *J(H,H)=9.2, 44,
3.3 Hz, 1H; H4), 427 (dd, *J(H,H)=123, 44 Hz, 1H; HS5), 4.50 (dd,
3J(H,H)=12.3,3.3 Hz, 1H; H'S), 4.94 (dd, *J(H,H) =9.2, 5.3 Hz, 1H; H3),
5.24 (dd, *J(H,H) =5.3, 42 Hz, 1H; H2), 6.18 (d, *J(H,H)=4.2 Hz, 1H;
H1),730-8.20 (m,20H;4Ph); B*C NMR (CDCl,): 0 =62.1 (C5), 72.5 (C4),
76.2 (C3), 79.6 (C2), 106.5 (C1), 110.5 (t, 2J(C,F) =27 Hz, C-acetal), 114.5
(t, J(CF)=263Hz, CF,), 127.6-134.8 (C-arom), 1653, 165.9 (C=0
benzoyl), 188.2 (t, /(C,F)=28.5Hz, C=0); “F NMR (CDCL): 6=
—110.8 (d, 2J(FF)=278.5Hz), —110.1 (d, 2J(FF)=278.5Hz); IR: 7=
1726 (C=0 ester), 1271 (C-0), 1097 cm™! (C-F); MS (70 eV, EI): m/z
(%): 600 (0.01) [M]*, 445 (49) [M —155]*, 201 (74), 105 (100); elemental
analysis calcd (%) for C;,H,O4F, (600.57): C 68.00, H 4.33; found C 67.86,
H 4.73.
3,5-Di-O-benzoyl-1,2-0-(2,2-difluoro-3-methyl-3-oxo-1-phenylprop-1-yl-
idene)-a-D-ribofuranose (4b): The reaction was performed according to
the general procedure with SnCl, activation of the glycosyl donor from 1a
(0.5 mmol). Purification by flash chromatography (PE/EtOAc 3:1) yielded
an oil (0.18¢g, 66%). [a]® =+145.5 (¢=1.12 in chloroform); 'H NMR
(250 MHz, CDCly): 6=2.20 (t, “/(H,F)=19 Hz, 3H; CHj;), 3.84 (ddd,
3J(HH) =92, 4.6, 3.4 Hz, 1H; H4), 431 (dd, J(H,H) =12.6, 4.6 Hz, 1H;
H5), 451 (dd, J(H,H)=12.6, 3.4 Hz, 1H; H'5), 4.99 (dd, J(H,H)=9.2,
53 Hz, 1H; H3), 533 (dd, 3J(HH)=5.3, 42Hz, 1H; H2), 6.29 (d,
3J(HH) =4.2 Hz, 1H; H1), 7.32-8.03 (m, 15H; 3Ph); *C NMR (CDCl;):
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0=26.2 (CH;), 62.2 (C5), 72.4 (C4), 76.2 (C3), 79.5 (C2), 106.5 (C1), 109.9
(t, 2J(C,F) =26.1 Hz, C-acetal), 1134 (t, J(C,F)=264.8 Hz, CF,), 127.1 -
134.1 (C-arom), 165.3, 165.8 (C=0 benzoyl), 196.9 (t, 2J(C,F) =28.7 Hz,
C=0); “F NMR (CDCl;): 6=-119.0 (d, 2J(FF)=263.2 Hz), —118.5 (d,
2J(FF)=263.2 Hz); IR: #=1730 (C=0O ester), 1278 (C-0O), 1140 cm™!
(C—F); MS (70 eV, EI): m/z (%): 538 (0.01) [M]*, 445 (74) [M —155]*,
201 (78), 105 (100); elemental analysis calcd (% ) for C,oH,,O4F, (538.14): C
64.68, H 4.49; found C 65.09, H 4.16.
3,5-Di-0-acetyl-1,2-O-[2,2-difluoro-1-methyl-3-0xo-3-phenylprop-1-yl-
idene]-a-D-ribofuranose (4 ¢): The reaction was performed according to the
general procedure with SnCl, activation of the glycosyl donor from 1b
(1.58 mmol). Purification by flash chromatography (PE/EtOAc 7:3) yielded
an oil (029 g, 44%). [a]%=+80.7 (¢c=0.71 in chloroform); 'H NMR
(250 MHz, CDCl,): 6 =1.71 (dd, “/(H,F)=1.9, 1.5 Hz, 3H; CHj), 2.08 (s,
3H, CH,), 2.11 (s, 3H, CH;), 4.13 (dd, *J(H,H)=12.2, 5.0 Hz, 1H; H5),
4.24 (ddd, *J(H,H)=9.2, 5.0, 2.3 Hz, 1H; H4), 4.37 (dd, */(H,H) =12.2,
2.3 Hz, 1H; H'5), 4.61 (dd, *J(HH)=9.2, 52 Hz, 1H; H3), 497 (dd,
3J(HH)=52,42Hz, 1H; H2),5.95 (d, *J(H,H)=4.2 Hz, 1 H; H1), 7.35-
8.10 (m, 5H; Ph); BC NMR (CDCl,): 6 =20.2, 20.3, 20.6, 61.9 (C5), 71.7
(C4),75.8 (C3),78.9 (C2),105.9 (C1), 111.0 (t, 2J(C,F) =25.6 Hz, C-acetal),
1155 (t, 'J(CF)=264.8 Hz, CF,), 128.5-134.3 (C-arom), 169.8, 170.5
(C=0 acetyl), 188.9 (t, 2J(CF) =276 Hz, C=0); ”F NMR (CDCl): 6 =
—112.8(d, JJ(EF) =278.5 Hz), —112.2 (d, 2/(FF) =278.5 Hz); IR: 7 = 1746
(C=0 ester), 1233 (C-0), 1136 cm™! (C—F); MS (70 eV, EI): m/z (%): 414
(13) [M]*, 368 (39), 259 (48) [M —155]*, 139 (69), 105 (100); elemental
analysis caled (%) for C;oH,O4F, (414.11): C 55.06, H 4.87; found C 54.71,
H 4.63.
(3,5-Di-O-Benzoyl-2-deoxy-a-D-erythro-pentofuranosyl)-2,2-difluoro-1-
phenylethanone (6): The reaction was performed according to the general
procedure with SnCl, activation of the glycosyl donor from 5 (1.54 mmol).
The reaction mixture was kept to — 78 °C. Purification by flash chromatog-
raphy (PE/EtOAc 9:1) yielded the a anomer (0.55g, 75%) as an oil.
[a]® =+60.1 (c=0.94 in chloroform); 'H NMR (250 MHz, CDCL): 6 =
2.52 (ddd, J(H.H) =145, 5.3, 40 Hz, 1H; H2), 2.94 (ddd, J(H,H) =145,
8.9, 78 Hz, 1H; H2), 446-4.66 (m, 3H, HS, H'S, H4), 4.97 (dddd,
3J(H,F)=15.3, 9.6, 3J(H,H)=8.9, 53, 1H; H1), 5.57 (dt, *J(H,H) =78,
3.8 Hz, 1H; H3), 7.20-8.20 (m, 15H; 3Ph); C NMR (CDCl;): 6 =322
(C2),64.4 (C4),75.0 (C5),78.0 (dd, 2J (C,F) =29.5,25.6 Hz, C1), 82.7 (C3),
116.6 (dd, 'J (C,F)=260.9, 256.9 Hz, CF,), 128.4-134.4 (C-arom), 166.1
(2C=0), 189.4 (t,%J (C,F) =27.6 Hz, C=0); “F NMR (CDCl;): § = —114.3
(dd, 2J(FF)=283.3, 3J(H,F)=15.7 Hz, 1F), —109.1 (dd, %J/(FF)=283.3,
3J(H,F) =9.7 Hz, 1F); IR: # =1723 (C=0), 1271 (C-0); 1098 cm~!' (C—F);
MS (70 eV, EI): m/z (%): 480 (14) [M]*, 460 (13), 421, 403, 236, 216 (100);
elemental analysis caled (%) for C,;H,,O¢F, (480.14): C 6748, H 4.62;
found C 67.10, H 4.46.
2-(3,4,6-Tri-O-benzyl-2-deoxy-a-D-arabino-hexopyranosyl)-2,2-difluoro-1-
phenylethanone (9): The reaction was performed according to the general
procedure with SnCl, activation from 0.5 mmol of 8. The reaction mixture
was kept to — 78 °C. Purification by flash chromatography (PE/EtOAc 9:1)
gave a mixture of anomers a:f=93:7 (determined by ’F NMR) an an oil
(0.14 g,49%). [a], = +14.4 (c=0.39 in chloroform); '"H NMR (250 MHz,
CDCly): 6=1.98 (ddd, J(HH)=14.1, 7.3, 5.3 Hz, 1H; H2), 2.38 (ddd,
J(HH)=14.1, 6.5, 42 Hz, 1H; H2), 3.56 (dd, J(H,H) =10.3, 3.8 Hz, 1 H;
H6), 3.58 (t, *J(H,H) = 6.0 Hz, 1H; H4), 3.66 (dd, J(H,H) =10.3, 5.0, 1H;
H'6), 3.93-4.03 (m, 2H; H3, H5), 430 (d, /(HH)=122Hz, 1H;
H-benzyl), 4.37 (d, 2/(H,H) =12.2 Hz, 1H; H-benzyl), 4.45 (d, 2/(H,H) =
12.4 Hz, 1H; H-benzyl), 4.42-4.54 (m, 1H; H1), 448 (d, J(HH)=
11.8 Hz, 1H; H-benzyl), 4.53 (d, 2J(H,H) =11.8 Hz, 1H; H-benzyl), 4.60
(d, %J(H,H) =12.4 Hz, 1H; H-benzyl), 7.12-8.10 (m, 20H; 4Ph); *C NMR
(CDCl,): 6 =25.8 (C2), 68.3 (C6), 69.8 (dd, %/ (CF)=30.5, 23.6 Hz, C1),
71.5 (CH, benzyl), 73.1 (CH, benzyl), 73.2 (CH, benzyl), 74.9 (C4), 75.0,
75.1 (C3, C5), 118.0 (dd, 'J (C,F) =263.8, 256.0 Hz, CF,), 127.5-138.2 (C-
arom), 190.0 (dd, %/ (C,F)=28.6, 26.6 Hz, C=0); F NMR (CDCL): «
anomer: 0 =—114.0 (dd, */(FF)=270.8, */(H,F) =19.1 Hz, 1F), —105.5
(dd, 2J(FF)=270.8, *J(H,F)=76 Hz, 1F);  anomer, 0 =—112.1 (dd,
2J(FF)=270.8, 3J(HF)=19.1Hz, 1F), —105.0 (dd, 2J(FF)=270.8,
3J(H,F)=76Hz, 1F); IR: #=1705cm™! (C=0); MS (70 eV, EI): m/z
(%):572 (3) [M]*, 481 (39), 356 (36), 267 (40), 209 (100); elemental analysis
caled (%) for C35H3,O5F, (572.65): C 73.34, H 5.93; found C 72.84, H 5.94.
2-(4,6-Di-O-acetyl-2,3-dideoxy-D-erythro-hex-2-enopyranosyl)-2,2-difluo-
ro-1-phenylethanone (10a): The reaction was performed according to the
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general procedure with BF; - Et,O activation of the glycosyl donor from tri-
O-acetyl-p-glucal (1.5 mmol). Purification by flash chromatography (PE/
EtOAc 80:20) gave compound 10a (60%) a mixture of anomers a:=
75:25 (determined by "F NMR) as an oil. '"H NMR (250 MHz, CDCl;):
major a anomer: d =2.00 (s, 3H; COCH,), 2.06 (s, 3H; COCH3), 4.01 —4.20
(m, 3H, H5, H6, H'6), 4.91 (ddd, 3/(H,F) = 18.8, 7.2 Hz, 3/(H,H) = 1.8 Hz,
1H; H1), 518 (dm, 3(H,H) =69 Hz, 1H; H4), 6.01-6.11 (m, 2H; H2,
H3), 7.43-8.10 (m, 5H, Ph); *C NMR (CDCL;): major a anomer, 6 =20.5
(CHa), 20.8 (CH,), 62.6 (C6), 64.4 (C4), 74.0 (C5), 74.8 (dd, 2] (CF) =30.5,
26.6 Hz, C1), 115.8 (dd, '/ (C,F) = 259.4, 251.3 Hz, CF,), 123.9 (C3), 128.6—
129.0 (C2, C-arom), 170.1 (C=0 acetyl), 170.5 (C=O acetyl), 188.8 (t, 2J
(C,F)=276 Hz, C=0); minor § anomer, 0 =20.5 (CH,), 20.8 (CH;),62.4
(C6), 63.9 (C4), 71.2 (C5), 71.6 (dd, 2J (C,F) =26.6, 22.6 Hz, C1), 116.9 (dd,
1J (CF)=264.8, 258.9 Hz, CF,), 1232 (C3), 128.6-129.0 (C2, C-arom),
170.1 (C=0 acetyl), 170.5 (C=0O acetyl), 189.8 (t, %/ (C,F) =27.6 Hz, C=0);
YF NMR (CDClL): major o anomer, 6=—112.5 (dd, %/(FF)=275.8,
3J(H,F) =18.8 Hz, 1F), —105.0 (dd, %J(EF)=275.8 Hz, 3/(H,F) =72 Hz,
1F); minor f anomer, 6 =—115.3 (dd, 2J(F,F)=270.8, 3/(H,F) =15.3 Hz,
1F); —108.5 (dd, 2J(EF)=270.8 Hz, 3/(H,F)=76 Hz, 1F); elemental
analysis caled (%) for C;sH;sO4F, (368.11): C 58.68, H 4.93; found C
58.69, H 4.70.

1-(4,6-Di-O-acetyl-2,3-dideoxy-D-erythro-hex-2-enopyranosyl)-1,1-difluoro-
propan-2-one (10b): The reaction was performed according to the general
procedure with BF;-Et,O activation of the glycosyl donor from tri-O-
acetyl-p-glucal (1.5 mmol). Purification by flash chromatography (PE/
EtOAc 85:15) gave compound 10b (60%) a mixture of anomers a:f=
77:23 (determined by YF NMR) as an oil. 'H NMR (250 MHz, CDCl;):
major a anomer: 6 =2.00 (s, 3H; COCHj;), 2.02 (s, 3H; COCHs;), 2.33 (d,
4J(HF) =19 Hz, 3H; CH;), 3.95-4.15 (m, 3H, HS, H6, H'6), 4.59 (ddd,
*J(H,F)=18.9, 5.0 Hz, 3J(H,H)=2.7 Hz, 1H; H1), 5.07 (dm, */(HH) =
72Hz, 1H; H4), 586 (dm, *J(HH)=10.7Hz, 1H; H3), 6.04 (dt,
3J(HH)=10.7, 2.3 Hz, 1H; H2); *C NMR (CDCl;): major a anomer:
0=20.5 (CH3;), 20.7 (CH3), 25.4 (CH,), 62.5 (C6), 63.8 (C4), 70.8 (dd, %/
(CF)=31.3,26.2 Hz, C1), 71.3 (C5), 115.1 (dd, 'J (C,;F) =163.9, 257.7 Hz,
CF,), 122.9 (C3), 129.0 (C2), 170.0 (C=O acetyl), 170.4 (C=O acetyl), 197.9
(dd, 2J (C,F) =31.5, 25.6 Hz, C=0); minor 5 anomer: ¢ =20.4 (CHj;), 20.7
(CHj;), 26.0 (CH3), 61.8 (C6), 64.3 (C4), 74.0 (C5), 114.0 (dd, 'J (C,F) =
260.0, 254.2 Hz, CF,), 123.5 (C3), 129.7 (C2), 169.8 (C=0 acetyl), 170.2
(C=0 acetyl); “F NMR (CDCl;): major a anomer: 6=—120.8 (dd,
2J(FF) =261.3, 3J(H,F) = 18.9 Hz, 1F), —110.8 (d, 2/(FF) =261.3 Hz, 1F);
minor 8 anomer: 0 =—123.2 (dd, 2J(FF)=265.1, 3J(H,F) =15.2 Hz, 1F),
—114.5 (d, 2J(FF) =265.1 Hz, 1F); IR: #=1726 cm~' (C=0); MS (70 eV,
EI): m/z (%): 445 (28) [M]*, 201 (24), 105 (100), 77 (27); elemental analysis
caled (%) for C3H,4O¢F, (306.09): C 68.00, H 4.36; found C 67.64, H 4.26.

1-(4,6-Di-O-acetyl-2,3-dideoxy-D-erythro-hex-2-enopyranosyl)-1,1-difluoro-
decan-2-one (10¢): The reaction was performed according to the general
procedure with BF;-Et,O activation of the glycosyl donor from tri-O-
acetyl-pD-glucal (1.5 mmol). Purification by flash chromatography (PE/
EtOAc 85:15) gave compound 10¢ (63%). The a and f isomers were
obtained in proportions 80:20, respectively. a Isomer was isolated by
recrystallisation in n-pentane and a fraction of pure -anomer was obtained
by flash chromatography. « Anomer: white solid; m.p. 48-49°C; [a]% =
+73.0 (¢=1.0 in chloroform); '"H NMR (250 MHz, CDCl;): 6 =0.88 (t,
3J(HH)=6.5Hz, 3H; CH;), 1.29 (m, 10H; 5CH,), 1.65 (tm, 3J(H,H) =
72 Hz, 2H; CH,), 2.06 (s, 3H; COCHj;), 2.10 (s, 3H; COCHs;), 2.72 (t,
3J(H,H) =72 Hz, 2H; CH,), 4.01-4.23 (m, 3H; H5, H'6, H6), 4.68 (ddd,
3J(H,F)=21.6, 5.3 Hz, 3J(H,H)=2.3 Hz, 1H; H1), 5.16 (dm, J(H,H)=
6.9Hz, 1H; H4), 599 (dm, *J(H,H)=10.7 Hz, 1H; H3), 6.09 (ddd,
3J(H,H)=10.7 Hz, */J(H,H) =23 Hz, 1H; H2); *C NMR (CDCL): 6 =
14.0 (CH;), 20.6 (CH;), 20.9 (CH;), 22.5, 22.6, 28.9, 29.0, 29.3, 31.8, 37.8
(CH,), 62.6 (C6), 63.9 (C4), 71.0 (dd, 2] (C,F)=29.5, 25.6 Hz, C1), 71.4
(C5), 115.4 (dd, 'J (C,F)=263.8, 257.9 Hz, CF,), 123.2 (C2), 129.0 (C3),
170.2 (C=0 acetyl), 170.5 (C=0O acetyl), 200.3 (dd, %/ (C,F) =30.5, 24.6 Hz,
C=0); YF NMR (CDCL): 6=-121.6 (dd, *J(FF)=2672, *J(HF)=
21.6 Hz, 1F), —110.4 (d, 2/(FF) =267.2 Hz, 1F); MS (70 eV, EI): m/z (%):
213 (30) [M —191]*, 141 (100), 111 (78). S-anomer: colourless oil; [a]R =
+28.0 (¢=0.3; chloroform); '"H NMR (250 MHz, CDCl,;): 6=0.89 (t,
3J(HH) =6.7 Hz, 3H; CH;), 1.28 (m, 10H; 5CH,), 1.60 (tm, *J(HH)=
71 Hz, 2H; CH,), 2.06 (s, 3H; COCH,), 2.10 (s, 3H; COCH,), 2.67 (t,
*J(H,H)=71Hz, 2H; CH,), 3.72 (dt, */(H,H) =9.1, 42 Hz, 1 H; H5), 4.18
(d, 3J(HH)=4.2Hz, 2H; H6, H'6), 4.66 (ddm, 3J(HJF)=155Hz,
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3J(H,H) =6.1 Hz, 1H; H1), 5.28 (dm, /(H,H) =9.1 Hz, 1H; H4), 5.93—
6.02 (m, 2H; H2, H3); ®C NMR (CDCl,): 6 =14.0 (CH,), 20.6 (CHj), 20.8
(CH,),22.4,22.6,28.9,29.0,29.3, 31.8, 38.4 (CH,), 62.7 (C6), 64.5 (C4), 74.1
(CS), 74.6 (dd, 2] (C,F)=315, 276 Hz, C1), 1142 (dd, 'J (C,F)=261.9,
254.0 Hz, CF,), 123.8 (C2), 129.0 (C3), 170.0 (C=0 acetyl), 170.5 (C=O
acetyl), 200.9 (dd, 2/ (C,F) =29.5, 25.6 Hz, C=0); F NMR (CDCL): 6 =
— 1244 (dd, 2J(FF)=261.1, 3J(H.F) =15.5 Hz, 1F), —114.2 (d, (FF) =
261.1 Hz, 1F); MS (70 eV, EI): m/z (%): 213 (30) [M — 191]*+, 141 (100), 111
(78).

2-(3,5-Di-O-benzoyl-2-deoxy-a-D-erythro-pentofuranosyl)-2,2-difluoro-1-
(3-O-benzyl-5-deoxy-1,2-O-isopropylidene-a-p-xylo-pentofuranosyl)-
ethanone (13): The reaction was performed according to the general
procedure with SnCl, activation from 5 (0.5 mmol). The reaction mixture
was kept to —20°C. Purification by flash chromatography (PE/EtOAc
85:15) gave a mixture of anomers o = 92:8 (determined by ’F NMR) as a
solid (0.13 g,37%). M.p. 45-47°C; [a]% = +21.1 (¢ =0.45 in chloroform);
'"H NMR (500 MHz, CDCL;): 6 =1.33 (s, 3H, CH3), 1.50 (s, 3H, CH;), 2.47
(ddd, J(H,H)=14.9, 5.2, 3.2 Hz, 1H; H9a), 2.78 (ddd, J(H,H) =14.9, 8.8,
76 Hz, 1H; H9p), 3.30 (d, J(HH)=6.8Hz, 2H; HS5, H'S), 4.10 (d,
3J(H,H) =32 Hz, 1H; H3), 4.35 (dd, J(H,H) =117, 3.8, 1H; H12), 4.41 -
4.49 (m, 3H; H11, H'12, H-benzyl), 4.59-4.75 (m, 4H; H2, H4, H8, H'-
benzyl), 5.50 (dt, 3J(H,H)=7.6, 3.2 Hz, 1H; H10), 5.88 (d, */(HH)=
3.8 Hz, 1H; H1), 7.12-8.03 (m, 15H; 3Ph); *C NMR (CDCl,;): 6 =26.2
(CH,), 26.8 (CHj;), 31.7 (C9), 37.3 (C5), 64.3 (C12), 72.0 (CH, benzyl), 74.9
(C10),75.3 (C4),77.6 (dd, *J (C,F) =32.1,25.5 Hz, C1), 81.7 (C3), 82.4 (C2),
83.0 (C11), 1045 (Cl1), 1117 (C-acetal), 114.6 (dd, J(CJF)=261.8,
254.0 Hz, CF,), 127.5-137.8 (C-arom), 166.0, 166.1 (C=0O benzoyl), 198.5
(dd, YJ(CF)=32.5, 26.5 Hz, C=0); “YF NMR (CDCl;): a anomer, 6=
—125.2 (dd, 2J(FF)=270.5, *J(H,F) =19.2 Hz, 1F), —112.7 (dd, 2J(FF) =
270.5, 3J(H,F) =6.0 Hz, 1F); f# anomer, 0 =—127.6 (dd, 2J(FF)=268.3,
3J(H,F) =18.5 Hz, 1F), —105.0 (dd, 2J(FF) =268.3, *J(H,F) =3.3 Hz, 1F);
IR: 7=1730 cm™! (C=0); MS (70 eV, EI): m/z (%): 665 (2) [M —H]*, 651
(13) [M —15]*, 501 (29), 447 (58), 428 (33), 337 (26), 325 (100), 277 (93);
elemental analysis caled (%) for C;HzcO,0F, (666.67): C 64.86, H 5.41;
found C 64.61, H 5.24.

2-(4,6-Di-O-acetyl-2,3-dideoxy-D-erythro-hex-2-enopyranosyl)-2,2-difluo-
ro-1-(3-O-benzyl-5-deoxy-1,2-O-isopropylidene-a-D-xylo-pentofurano-
syl)-ethanone (14): BF; - Et,0 (1.3 equiv, 0.39 mmol) was added dropwise
at —40°C under dry argon to a solution of tri-O-acetyl-p-glucal (1.1 equiv,
0.33 mmol) in CH,Cl, (3 mL). After 15 min stirring at —40 °C, a solution of
the difluoroenoxysilane 12 (0.30 mmol) was slowly added and the reaction
was monitored by TLC (PE/EtOAc 4:1). After stirring 3 h at —40°C, the
reaction was quenched by a saturated NaHCO; solution (30 mL). After
extraction with CH,Cl, (4 x 30 mL), the organic layer was washed with
brine, dried over MgSO, and the solvent was evaporated under reduced
pressure. The crude product was purified by silicagel column chromato-
graphy. Purification by flash chromatography (PE/EtOAc 4:1) gave 14 as a
mixture of anomers (a:5=80:20, F NMR) (0.13g, 75%). The two
diastereoisomers were separated by HPLC on silica gel (hexane/EtOAc
3:1) and were fully characterized. Major a anomer: white solid; m.p. 83—
84°C; [a]R =+23.9 (¢ =0.36 in chloroform); '"H NMR (250 MHz, CDCl,):
0=132 (s, 3H, CH3), 1.50 (s, 3H, CHj;), 2.04 (s, 3H, COCHs;), 3.29 (d,
3J(H,H) =6.9 Hz, 2H; H5, H'5), 4.00-4.08 (m, 3H, H12, H13, H'13), 4.13
(d, *J(H,H) =3.4 Hz, 1H; H3), 4.45 (d, */(H,H) = 11.8 Hz, 1 H; H-benzyl),
4.59 (d, 2J(H,H) =11.8 Hz, 1H; H-benzyl), 4.60 (d, *J(H,H) =3.8 Hz, 1H;
H2), 4.56-4.68 (m, 2H; H4, H8), 5.11 (m, 1H; H11), 5.85 (d, *J(H,H) =
3.8Hz, 1H; H1), 598 (dm, */(HH)=10.7Hz, 1H; H10), 6.09 (dt,
J(H,H) =10.7,2.3 Hz, 1H; H9), 7.20-7.35 (m, 5SH; Ph); *C NMR (CDCl;):
0=20.5 (COCH;), 20.9 (COCHj;), 26.2 (CHj), 26.8 (CHs), 37.2 (C5), 62.6
(C13), 63.9 (C11), 70.9 (dd, 2J (CF)=29.5, 25.2 Hz, C8), 71.5 (C12), 72.2
(CH, benzyl), 75.4 (C4), 81.7 (C3), 82.4 (C2), 104.4 (C1), 111.0 (C-acetal),
1152 (dd, 'J (C,F) =263.8, 257.9 Hz, CF,), 123.0 (C10), 127.8-128.4 (C-
arom), 129.2 (C9), 137.2 (C-arom), 170.1, 170.6 (C=0 acetyl), 197.9 (dd, 2J
(CF)=29.5, 25.6 Hz, C=0); “F NMR (CDCl;): 6 = —120.7 (dd, 2J(FF) =
263.8,%J(H,F) =20.8 Hz, 1F), —111.1 (dd, 2J(F,F) =263.8, *J(H,F) = 5.0 Hz,
1F); IR: #=1744 cm™' (C=0); MS (70 eV, EI): m/z (%): 554 (0.1) [M —
H]*, 539 (9) [M —15]+, 329 (27), 275 (95), 215 (66), 153 (100); HRMS (EI):
calcd for C,;H;,0,4F, 554.1963, found 554.1956; C,;H3,0,,F, (554.20): calcd
for C 58.46, H 5.82; found C 58.18, H 5.59. Minor  anomer: [a]? = —12.7
(¢=0.30 in chloroform); 'H NMR (250 MHz, CDCl;): 6=1.32 (s, 3H,
CH,), 1.51 (s, 3H, CHj;), 2.08 (s, 3H, COCH,), 3.19 (d, */(H,H) =6.9 Hz,
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2H; H5, H'S), 3.70 (ddd, 3/(H,H) =9.2, 5.0, 3.0 Hz, 1H; H12), 4.07-4.18
(m, 3H, H3, H13, H'13), 4.46 (d, >J(H,H) = 11.8 Hz, 1 H; H-benzyl), 4.58 -
473 (m, 4H; H2, H4, H8, H' benzyl), 530 (dm, J(H,H)=9.2 Hz, 1H;
H11), 5.87 (d, 3/(H,H)=3.8 Hz, 1H; H1), 5.94 (dm, 3/(H,H)=10.8 Hz,
1H; H10), 6.00 (dm, 3/(H,H) =10.8 Hz, 1H; H9), 7.23-7.38 (m, 5H; Ph);
3C NMR (CDCL): 6 =20.6 (COCH;), 20.9 (COCHs;), 26.3 (CH;), 26.8
(CHs), 37.8 (C5), 62.6 (C13), 64.5 (C11), 72.1 (CH, benzyl), 74.1 (C12), 74.4
(dd,?J (C,F)=31.5,25.6 Hz, C8),75.3 (C4), 81.9 (C3), 82.3 (C2),104.5 (C1),
111.7 (C-acetal), 113.9 (dd, 'J (C,F)=261.9, 254.0 Hz, CF,), 123.4 (C10),
127.8-128.0 (C-arom), 130.1 (C9), 137.2 (C-arom), 169.9, 170.7 (C=O
acetyl), 198.5 (dd, 2J(C,F) =33.5, 23.6 Hz, C=0); "°F NMR (CDCl,): 6 =
—125.4 (dd, 2J(FF) =263.1, *J(H,F) = 16.8 Hz, 1F), —113.9 (dd, 2J(FF) =
263.1,3/(H,F) =52 Hz, 1F); IR: #=1744 cm~! (C=0); MS (70 eV, El): m/z
(%): 554 (0.1) [M — H]*, 539 (9) [M — 15]*, 329 (27), 275 (95), 215 (66), 153
(100); elemental analysis calcd (%) for C,;H;,0,(F, (554.20): C 58.46, H
5.82; found C 58.08, H 5.57.
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Complex Formation of Ni", Cu", Pd", and Co™ with

1,2,3,4-Tetraaminobutane**

Anja Zimmer,*! Dirk Kuppert,*! Thomas Weyhermiiller,!"!
Iris Miiller,*! and Kaspar Hegetschweiler*!?!

Abstract: Complex formation of the
two tetraamine ligands (2S,35)-1,2,3,4-
tetraaminobutane (threo-tetraaminobu-
tane, ttab) and (2R,35)-1,2,3,4-tetraami-
nobutane  (erythro-tetraaminobutane,
etab) with Co™, Ni"l, Cu", and Pd" was
investigated in aqueous solution and in
the solid state. For Ni'" and Cu'", the pH-
dependent formation of a variety of
species [M" L H |®++ was established
by potentiometric titrations and UV/Vis
spectroscopy. In sufficiently acidic sol-
utions the divalent cations formed a

the metal cation was present in excess,
increase of pH resulted in the formation
of dinuclear complexes [M,L]**. Such a
species was found in the crystal structure
of [Cu,(ttab)Br,]-H,0. Excess ligand,
on the other hand, lead to the formation
of a series of mononuclear bis-com-
plexes [M9(H,L)(H,L)]@*"**, The crys-
tal structure of [Co(Hetab),][ZnCl,],Cl-
H,O with the inert, trivalent Co center
served as a model to illustrate the
structural features of this class of com-
plexes. By using an approximately equi-

molar ratio of the ligand and the metal
cation, a variety of polymeric aggregates
both in dilute aqueous solution and in
the solid state were observed. The
crystal structure of Cu,(ttab);Br,, which
exhibits a two-dimensional, infinite
network, and that of [Nig(stab),]-
Bris-17.5H,0, which contains discrete
chiral [Nig(ttab),,]'** cubes with approx-
imate 7 symmetry, are representative
examples of such polymers. The energy
of different diastereomeric forms of
such complexes with the two tetraamine

mononuclear complex with the doubly
protonated ligand of composition
[M(H,L)]**. An example of such a
complex was characterized in the crystal
structure of [Pd(H,ttab)CL]CL,-H,O. If

copper -
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ligands were analyzed by means of
molecular mechanics calculations, and
the implications of these calculations for
the different structures are discussed.

Introduction

The design of extended molecular networks is an important
field in modern chemistry and has been discussed extensively
in terms of crystal engineering, self-assembly processes, and
supramolecular chemistry.l' 2l The two most important types
of molecular interactions that have been utilized for the
construction of extended molecular architectures are hydro-
gen bonding®! and multiple binding of metal cations to
suitable ligands™* ! (formation of coordination polymers). The
design of chiral structures is of particular importance, because
a variety of interesting chemical and physical properties, such
as enantioselective catalytic activity, specific binding of chiral
guests, electrical and optical properties, depend upon crystal
polarity or chirality.[%7]

The use of specific chiral receptors for metal ions as
molecular building blocks would be a straightforward strategy
for the design of chiral polymers. However, it seems that this
approach has not been exploited systematically to any large
extent.] Linear primary polyamines of composition
H,N-CH,—(CH—NH,),—CH,—NH, with more than three
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NH, groups (n>2) are potentially chiral, and steric con-
straints dictate that these ligands cannot coordinate the entire
donor set to a single metal cation. These compounds thus have
the ideal prerequisites to serve as specific molecular building
blocks for chiral coordination polymers. In a previous
contribution we reported a facile synthetic route to such
polyamines.®! The amines can be prepared readily from the
corresponding polyalcohols (sugar alcohols), which represent
a rich, easily accessible, and inexpensive reservoir of chiral
and optically pure starting materials. Furthermore it has been
demonstrated that this conversion is completely stereo
specific.[® ¥ We have undertaken a comprehensive study of
the coordination chemistry of these compounds and we report
here on the solid-state structures of Co'™, Ni'l, Cu'!, and Pd"
complexes with the erythro- and the chiral threo-isomers of
1,2,3,4-tetraaminobutane (etab and ttab, respectively). In
addition, we have established the species composition and
stability constants of Cu' and Ni! complexes with these two
isomers in dilute aqueous solution.

Results

Preparation and structural characterization of solid com-
pounds: Single crystals of composition [Co(Hetab),][ZnCl,],-
Cl-H,0, [Pd(H,ttab)Cl,|Cl,- H,0, Cu,(ttab);Br,, [Cu,(ttab)-
Br,] - H,0, and [Nig(ttab),,|Br - 17.5 H,O were all grown from
aqueous solution and characterized by X-ray diffraction.
Views of their molecular structures are depicted in Figures 1 -
5, and graphical illustrations of the packing are provided as
Supporting Information.

[Co(Hetab),]>* was prepared by the usual aerial oxidation
of the corresponding Co" precursor in aqueous solution with
charcoal as catalyst; it was isolated as a chloride salt. The
BC NMR spectrum (16 major and several minor signals)
indicated the presence of a variety of diastereomeric com-
plexes with Co™-hexaamine coordination (UV/Vis: 4, at
329 and 459 nm).l'Y! Two different tridentate coordination
modes of this ligand must be taken into account (Scheme 1a):
coordination through N(1), N(2), and N(3) [(1,2,3)-mode]
giving one six-membered and two five-membered chelate
rings, and coordination through N(1), N(2), and N(4) [(1,2,4)-
mode] giving one seven-, one six-, and one five-membered
chelate ring. The combination of these modes generates three
different types of molecular structure: a bis-(1,2,3), a mixed
(1,2,3)-(1,2,4) and a bis-(1,2,4) structure. For each of the three
structures a variety of diastereomers must be considered. The
total number of possible diastereomers can be elucidated by
following the schematic representation shown in Scheme 1b:
The three coordinated nitrogen atoms of a ligand are labeled
as N(A), N(B), and N(C) with N(A)=N(1). Two such donor
sets define a trigonal CoNg antiprism. The complex is now
viewed along the pseudo-threefold axis of this antiprism, and
the donor set of the upper ligand is wound clockwise in the
order A-B-C and held fixed for the following considerations.
In the structures 1-3, the lower ligand also has a clockwise
orientation. If the two nitrogen atoms N(A) and N(A") of the
two ligands are placed in cis positions, the other nitrogen
atoms N(B)/N(B’) and N(C)/N(C") will also be positioned
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Scheme 1. The different isomers of a hexaamine [M?*(etab),]*" complex.
a) The two possible structures (1,2,3) and (1,2,4) for a tridentate coordi-
nation of the ligand. b) View along the pseudo threefold axis of the MNj
antiprism formed by the two donor sets of the bis-complex. N(1)=A,
N(2) =B and N(3) = C for the (1,2,3)-coordination and N(1) = A, N(2) =B,
N(4) =C for the (1,2,4)-coordination. The stereo descriptors refer to the
positions of related atoms in the two ligands (A-A’, B-B’, C-C’). The
symmetry labels (C;, C;, C,) and the symmetry elements (center of
inversion and twofold axis) refer to either a bis-(1,2,3) or a bis-(1,2,4)
complex. The six diastereomers with a (1,2,3)-(1,2,4)-structure are all
completely asymmetric (C;).

cis to each other; the resulting species (1) is labeled as the cis-
cis-cis isomer. Clockwise rotation of the lower ligand by 120°
generates the trans-trans-trans form (2). Further rotation
generates another cis-cis-cis form (3). In representation 4, the
lower ligand is wound anti-clockwise and the two nitrogens
N(A) and N(A") are again placed in cis to each other. Two
rotations by 120° give the two additional forms 5 and 6. For
the bis-(1,2,3)-structure, the two ligands have the same
coordination with N(B) =N(2) and N(C) =N(3). In this case
representation 3 is the mirror image of 1 and consequently a
total of five different diastereomers must be accounted for.
These diastereomers have C; (1), C; (2) or C, (4-6) symmetry.
Exactly the same considerations are valid for the bis-(1,2,4)
structure with the assignment N(B) =N(2) and N(C) =N(4),
that is, five diastereomers are possible. For the mixed (1,2,3)-
(1,2,4)-mode, the two ligands are inequivalent and, conse-
quently, the representations 1 and 3 refer to different
diastereomers. This gives six additional, completely asym-
metric (C,) isomers. Altogether, there is a total of 16 possible
isomers for [Co™(Hetab),]>*. Separation of different compo-
nents by chromatographic procedures (Sephadex) was not
successful, however, it was possible to crystallize one of the
main species as [Co(Hetab),][ZnCl,],Cl- H,O. Single-crystal
X-ray analysis showed the presence of two crystallographi-
cally independent [Co(Hetab),]>* cations in this structure
(Figure 1), both with a trans-trans-trans (2) bis-(1,2,3)-
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Figure 1. Ball and stick model of one of the [Co(Hetab),]>* cations with
numbering scheme. Selected bond lengths [A] and angles [°]: Co(1)-N(1)
1.956(7), Co(1)-N(2) 1.949(7), Co(1)-N(3) 1.974(7), N(1)-Co(1)-N(2)
83.2(3), N(1)-Co(1)-N(3) 84.8(3), N(1)-Co(1)-N(1A) 180.0, N(1)-Co(1)-
N(2A) 96.8(3), N(1)-Co(1)-N(3A) 95.2(3), N(2)-Co(1)-N(3) 85.6(3), N(2)-
Co(1)-N(2A) 180.0, N(2)-Co(1)-N(3A) 94.4(3), N(3)-Co(1)-N(3A) 180.0.

geometry. In accordance with the assigned C; symmetry both
Co™ centers are located on centers of inversion. Although the
two cations are crystallographically inequivalent, their mo-
lecular geometry does not differ significantly.

The crystal structure of [Co(Hetab),][ZnCL],Cl-H,O can
be described in terms of an extended, infinite, three-dimen-
sional framework of hydrogen bonds. The [Zn(1)ClL]*"
counter ions, the water molecules, and the non-coordinating,
protonated nitrogen atoms of the complex cations are
arranged into chains along the crystallographic a axis. These
chains are interlinked by interactions between [Zn(2)CL]*~
anions and N—H groups of coordinated nitrogen donors
generating additional chains along the b axis. Further
interactions between coordinated N-H groups and Cl counter
ions form chains along the ¢ axis. Views of this hydrogen-
bonded chain structure are shown in Figure S1 (see the
Supporting Information).

As in [Co(Hetab),]>*, the Pd" complex [Pd(H,ttab)CL,[** is
mononuclear and contains a partially protonated ligand
(Figure 2). This complex was obtained from an acidic aqueous
solution by the reaction PdCl(s) + ttab-4HCl—
[Pd(H,ttab)CL,]Cl, + 2HCI. Evidently, protonation of the
two non-coordinated amino groups prevents further binding
interactions of the ligand to additional Pd centers. The
complex cations are located on crystallographic twofold axes
(G, point symmetry), and exhibit the expected square-planar
cis-PdN,Cl, geometry (Figure 2). They are stacked along the ¢
axis with a Pd --- Pd separation of 3.39 A (Figure S2, Support-
ing Information). Such weak Pd-Pd interactions are well
established for square-planar Pd! complexes in the solid
state.l'l In agreement with simple electrostatic considerations
the two protons are bound to the two terminal amino groups
and the Pd center is coordinated to N(2) and N(3) (labeled as
(2,3)-coordination), forming a five-membered chelate ring.

Chem. Eur. J. 2001, 7, No. 4
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Figure 2. Molecular structure of [Pd(H,ttab)CL]Cl,- H,O (ball and stick
model). Selected bond lengths [A] and angles [°]: Pd—N(1) 2.025(2),
Pd—CI(1) 2.3022(6), N(1)—C(1) 1.483(4), C(1)~C(2) 1.506(4), C(1)-C(1A)
1.536(5), N(2)—C(2) 1.483(4), N(1)-Pd(1)-N(1A) 83.0(1), N(1)-Pd(1)-CI(1)
91.97(7), N(1)-Pd(1)-CI(1A) 174.81(9), CI(1)-Pd(1)-CI(1A) 93.11(3).

The complex [Cu,(ttab)Br,] - H,O has a polymeric structure
(Figure 3). As already indicated by its stoichiometry, each
ligand molecule binds two Cu!! cations, forming a chiral, C,-
symmetric [Cu,L]** moiety. This binding mode is labeled as
(1,2)-(3,4). The two Cu! centers, which are each additionally
bonded to two Br~ ligands, have a distorted square-planar
coordination environment (Cu—Br bond length: 2.41 A). The
Cu! centers are also connected through a weak binding
interaction to a Br~ ligand of a neighboring {Br,CuLCuBr,}
entity. The length of this Cu -+ Br interaction is 2.94 A, which
is significantly shorter than the sum of the van der Waals radii
(3.8 A);[121 also the Cu! center is slightly displaced out of the
mean N,Br, plane by 0.17 A towards the bridging Br~ ligand.
The entire coordination sphere of Cu'! can thus be described
as a square pyramid, with the loosely bonded Br~ in the apex.
The two types of linking interactions, that is, the Br—Cu--- Br
and the Cu-L-Cu bridges give rise to a three-dimensional
porous architecture. Five different types of structural motifs
can be recognized in this network.

1) Cu—Br:-- Cu—Br--- Cu—Br zigzag chains arranged par-
allel to either the a or b axis of the tetragonal crystal system.
The chains are aligned parallel to each other and form CuBr,
layers parallel to the ab plane, with an inter-chain Br---Br
distance of 3.82 A (corresponding to twice the van der Waals
radius of Br).["l

2) The CuBr, layers are interconnected by the bridging
tetraamine ligands that form an alternating stack of purely
“inorganic” (CuBr,) and “organic” (L, H,O) domains along
the ¢ axis.

3) Cu-L-Cu-Br:--Cu-L-Cu-Br chains wind around the
principal crystallographic 4, axes to form a helix.

4) Large Cu-Br-- Cu-L-Cu-Br-+- Cu-L-Cu-Br - Cu-Br---
Cu-L-Cu-Br--- Cu-L-Cu-Br cycles composed of a total of ten
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Figure 3. Crystal structure of [Cu,(ttab)Br,]- H,O (ball and stick model).
a) The [Br,Cu-L-CuBr,]-H,O unit together with two adjacent CuBr,
moieties; b) the Cu-L-Cu-Br helix; c¢) the Cu,,-Bry-L, ring structure; d) a
view of the entire packing. Selected bond lengths [A]: Cu—N(1) 2.023(6),
Cu—N(2) 2.014(6), Cu—Br(1) 2.414(1), Cu—Br(2) 2.412(1).

Cu atoms are formed. These rings are a result of the cross-
linking between the helices and the inorganic Cu-Br---Cu
chains.

5) A system of channels are formed that are arranged
parallel to the a and b axes. The channels are generated by the

920
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stacking of the Cu,, rings and are filled with water molecules.
Each water molecule is hydrogen bonded by two donating
O—H --- Brinteractions involving the non-bridging Br~ ligands
of the Cu—Br---Cu chains and by two accepting N—H---O
bonds from the two amino groups in the 2- and 3-position of
the tetraamine ligand.

In contrast to [Cu,(ttab)Br,] - H,O for which the Cu:L ratio
is 2:1, the complex Cu,(ttab);Br, contains a 1.5-fold excess of
the ligand (Figure 4). Both compounds have the same C,

Figure 4. Crystal structure of Cu,(ttab);Br, (ball and stick model). a) The
[CuL;]** entity; b) section of the two-dimensional sheet structure (hydro-
gen atoms omitted). Selected bond lengths [A] and angles []: Cu—N(1)
2.13(2), Cu~N(2) 2.18(1), N(1)-Cu-N(1A) 92.3(5), N(1)-Cu-N(2) 80.3(5),
N(1)-Cu-N(2A) 97.3(6), N(1)-Cu-N(2B) 168.1(6), N(2)-Cu-N(2A) 91.3(5).

-symmetric Cu,L unit with a bis-bidentate (1,2)-(3,4)-coordi-
nating ligand in common (Figure S3, Supporting Informa-
tion). In Cu,(ttab);Br,, however, each Cu center is coordi-
nated to three ligands and the resulting tris-chelate has
crystallographically imposed C; symmetry with a A(A44)
conformation (Figure 4a). Of the four different possible
forms, this conformation has been reported to have the
lowest energy.’! The combination of the (1,2)-(3,4)-bis-
bidentate binding mode of the ligand together with the tris-
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chelated Cu!! centers generates an infinite two-dimensional
honeycomb-type sheet structure of fused, puckered Cu¢L,
rings (Figure 4b). The crystallographic C; axes go through
the Cu!! centers and through the midpoints of the CugL rings,
while the C, axes go through the midpoints of the C(2)—C(3)
bonds of the tetraamine ligands. The entire structure can
finally be described as a stack of such chiral trigonal sheets
along the c axis; these sheets are staggered in that the Cu
cations of one sheet are placed above the centers of the CuyL
rings of the adjacent sheet and vice versa. With regard to the
Cu positions, the fused Cugl¢ rings have an ideal chair form
with Cu-Cu-Cu angles of 110° and a trans-decalin-type linking
(Figure S4, Supporting Information). This type of arrange-
ment is closely related to the rhombohedral modification of
the Group 15 elements P (high-pressure modification), As, Sb,
and Bi, in which the atomic positions E correspond to the Cu
positions and the E—E bonds have to be replaced by the bis-
bidentate tetraamine ligands.l' However, since this ligand is
chiral, all the improper elements of symmetry are no longer
operative. As a consequence, the Group 15 elements crystal-
lize in the centrosymmetric space group R3m, whereas
Cuy(rtab);Br, crystallizes in the acentric space group R32. It
is worth noting that R32 represents one of the maximal non-
isomorphic subgroups of R3m, in which all proper elements of
symmetry are retained.'S! In this sense, the structure of
Cu,(tab);Br, may be regarded as a chiral analogue of the
rhombohedral Group 15 element structure. In the rhombohe-
dral modification of the Group 15 elements every atom has
three nearest neighbors (the directly bonded atoms) at a
distance r; and in addition three neighbors in the next layer at
a somewhat greater distance r,. In accord with metallic
behavior increasing in the order P, As, Sb, Bi the ratio
ry:r, decreases (1.53, 1.25, 1.154, and 1.149, respectively).['¥
For Cu,(ttab);Br, r, is 707 A and r, is 8.00 A, giving a
ratio r,:r; of only 1.13, and with regard to a specific Cu atom
the six neighboring Cu atomic positions form an almost
regular octahedron. The two Br~ counter ions do not have any
direct interaction with the Cu centers. They are both
disordered and have partial occupancies. Br(2) is placed in
proximity to a threefold axis and is distributed over three
crystallographically equivalent sites, whereas Br(1) is located
in proximity to a twofold axis and is distributed over two
crystallographically equivalent sites. This disorder problem is
probably the reason for the somewhat high value of the R
index of 7.5 %.

An even more pronounced disorder was found in the Ni!!
complex [Nig(ttab),|Brs- 17.5H,0 (Figure 5). In this com-
pound, an octanuclear [Nig(ttab),,]'** cube could be located
and refined without problems. However, the Br~ counter ions
and several water molecules proved to be severely disordered.
Numerous attempts to grow crystals of better quality by using
a variety of different counter anions proved unsuccessful.
These problems prevented a satisfactory crystal structure
analysis as indicated by the final R index of 10.9%. The
structure determination was, however, sufficient to establish
unambiguously the connectivity of the [Nig(ttab),,]'°* cube.
All bond lengths and angles within this molecule fall in
expected ranges,['! and the structure is consistent with a
chemically sensible model. Owing to the rather interesting
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Figure 5. Molecular structure of the [Nig(ttab),]'** cube (ball and stick
model). The Ni—N bond lengths fall in the range of 2.08(2)-2.19(2) A.

properties of this molecule, we will discuss the connectivity of
this cluster here although the structural analysis cannot be
considered complete.

[Nig(tab),|Bry- 17.5H,0 has the same metal-to-ligand
ratio as the above-described rhombohedral Cu complex.
However, in contrast to this Cu complex, which forms an
infinite layered structure, the Ni! complex consists of discrete
octanuclear molecules (Figure 5). The eight Ni centers are
located on the vertices of a slightly distorted cube. The edges
of the cube are occupied by the twelve tetraamine ligands,
which exhibit a similar bis-bidentate (1,2)-(3,4) coordination
as already observed for the two Cu complexes. However, the
conformations of the ligands in the Ni complex on the one
hand and in the Cu complexes on the other show character-
istic differences. In the Ni complex the two chelate rings of a
ligand are approximately coplanar, whereas in the Cu
complexes they are tilted by an angle of about 60°. This
difference corresponds to an internal rotation around the
C(2)-C(3) bond as expressed by the value for the torsional
angle C(1)-C(2)-C(3)-C(4), which is about 180° for the two Cu
complexes but 66-74° for the Ni complex. As in Cu,-
(rtab);Br,, each Ni center is coordinated to three ligands and
exhibits distorted octahedral NiNg coordination. The eight Ni
centers have alternating A or A configuration, and the Nig
cube can be subdivided into two interpenetrating tetrahedra
in which all four Ni centers either have A or A configuration.
Due to the uniform chirality of the twelve ligand molecules,
the complex thus represents a chiral cube, adopting, approx-
imately, the rather rare tetrahedral T symmetry.'”) The entire
structure can be described as an alternating stack of layers of
Nig cubes. In each layer the cubes are arranged in such a way
that they form columns along the two face diagonals of the ab
plane (Figure S5, Supporting Information). The volume of
each cube is sufficient to accommodate additional molecules
such as H,O or some of the Br~ counter ions. However, it
seems that the cavity of the cube is too large for these entities
and consequently they showed considerable disorder. Sim-
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ilarly, some of the counter ions and water molecules that were
located between the cuboidal complex molecules are disor-
dered and are distributed over several sites with partial
occupancy. It was not possible to resolve the disorder problem
and to localize the Br~ counter ions or water molecules
unambiguously. Evidently, the unsatisfactorily high R index is
due to the relatively large amount of electron density which is
represented by these disordered moieties.

Speciation in dilute aqueous solution: The tetraamine ligands
ttab and etab are both tetravalent bases and can be isolated as
the fully protonated tetraammonium cations Hytab*t and
H,etab**, respectively.’! Values for the pK, for the chiral
H,rtab** are listed in Table 1. For comparison, the previously

Table 1. pK, values™ of the tetraammonium cations Hjetab** and
H,rtab* (25°C, 0.1 moldm—3 KCl).

H,etab** H,rtab**
pK, 1.4(1) 1.5(1)
pK, 5.03 5.02
PK; 8.40 8.41
pK, 9.65 9.66

[a] pK;=—1logK;; K;=[H,_,L][H][Hs_L]™'. [b] The estimated standard
deviations are 0.01 or less unless otherwise noted. [c] The data for H,etab**
are from ref. [8].

determined values of the achiral Hyetab*t are also shown.
Evidently, the acidity constants of the two diastereomers are
the same within experimental error. In the presence of Ni'f or
Cul, a large number of different metal complexes
[M,L,H,]*+)* are formed in dilute aqueous solution, and
an unambiguous elucidation of their composition, structure,
and stability has proved difficult. Moreover, the partially
protonated [Cu(H,rtab)]** is of such high stability that the use
of excess Cu or excess ligand resulted in almost complete
(>80%) complex formation even at acidic conditions (pH 3).
Consequently, in such solutions, the formation constant of this
species cannot be determined. Moreover, some of the species,
such as [{ML},]*"* and [M(HL),]**, are formed in the same pH
range (Figure 6, and Figures S6, S7, and S8 in the Supporting
Information), and the unambiguous evaluation of a single
titration curve is therefore not possible because the corre-
sponding formation constants are highly correlated; it is easily
possible to increase the value of one constant at the cost of the
other. One must also keep in mind that titration experiments
only provide information about the overall composition x,y,z
of a so called macrospecies [M,L,H ]*>*9*. However, as
shown in Scheme 2, for many of these macro species a variety
of different microspecies must be considered. This problem
has already been encountered when considering the large
number of isomers found for [Co(Hetab),]>*.

We used a multiple step procedure to shed light on the
species composition in aqueous solutions. In a first step, a
series of pH titration experiments was carried out with a large
excess of the metal. As shown for the Cu''-rtab system
(Figure 6¢) this system is relatively simple and comprises
mainly free CuZ, the protonated 1:1 complex [CuLH,]* at

aq»
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Figure 6. pH-dependent species distribution plot for the Cu'-stab system.
The distributions were calculated using the formation constants listed in
Tables 1 and 2. a) Equimolar concentrations of Cu and L (10~ moldm~3);
b) excess ligand (total L =107 moldm~3, total Cu=2.5x 10~* moldm~3);
¢) excess Cu (total L=1073 moldm3, total Cu=4x 10~ moldm3, the free
Cu?* which is here present in excess over the entire pH range is not shown).

the beginning, and the dinuclear [Cu,L]*" at the end of the
titration. Since each of these species dominated clearly at
different pH ranges, it was possible to determine the
equilibrium constant for the reaction [CuLH,]** + Cu**=
[Cu,L]** + 2H* unambiguously. In the next step, solutions
with a large excess of ligand were investigated. This allowed
the direct determination of a series of formation constants for
the 1:2 complexes [CuL,H,]®™* starting from [CuLH,]*".
Titrations with a Cu:L ratio of 1:1 were then evaluated by
using the previously determined equilibrium constants as
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Scheme 2. Equilibrium between different microspecies of composition
[MLJ** (a—d) and the polymeric [ML],** (e, f).

fixed values. The resulting constants for the 1:1 complexes
were then imported as fixed values for a re-evaluation of the
titration curves with excess ligand or excess metal. This
procedure was repeated until one consistent model was
obtained for the entire data set. Finally multiple titration
curves with different total concentrations (total metal: 0.12 -
4.05 mmol dm~3, total ligand: 0.10—1.00 mmol dm~3) or differ-
ent M:L ratios (1:4, 1:2, 1:1, 4:1) were evaluated simulta-
neously to consolidate the model. Altogether, the entire data
set that was used in the final evaluation was composed of a
total of 28 different titration curves. An analogous procedure
was used for the Cu'-etab, Ni-stab, and Ni-etab systems
(Table 2).

For Ni-etab, the titration data could be fitted with high
accuracy to the derived model, whereas for Ni-ttab, Cu—
etab, and Cu-rtab, the fit was remarkably poor, particularly
for the M:L =1:1 titrations. However, the fit could be

Table 2. Formation constantsl log8,,, for [M,L,H ]®+9* complexes with
L =etab, rtab and M =Ni"', Cu" (25.0°C, 0.1 moldm— KCl).

etab ttab
xyz Ni Cu Ni Cu
110 10.5(1)
111 18.0(1) 19.4(1) 17.4(1) 19.5(1)
112 23.5(1) 21.9(1) 24.0(1)
120 19.1(1) 20.5(1) 18.5(1) 19.9(1)
121 27.3(1) 29.0(1) 26.4(1) 28.5(1)
122 35.0(1) 37.0(1) 33.8(1) 36.1(1)
123 41.8(2) 38.8(2) 42.0(1)
124 46.8(1)
660 109.2(1)
662 118.4(1)
664 127.1(1)
330 52.5(1)
220 24.0(1)
221 38.6(1)
210 13.8(1) 19.4(1) 13.7(1) 19.1(1)

[a] By, = ML H, | [M]™*[L][H] =
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significantly improved by the consideration of polynuclear
species [(ML),]*"* (Figure 7). Therefore, in a subsequent

5,04
mononuclear

9

454 polynuclear

30 T T T
0 1 2 3

equivalents OH per ligand

Figure 7. Observed and calculated titration curves for a the Cu''-rtab
system (total L =total Cu=5 x 10~* moldm~?). The simulated curves are
shown as solid lines and correspond to the best fit model comprising only
mononuclear species or hexanuclear species as listed in Table 2.

refinement, some of the mononuclear 1:1 complexes were
replaced by corresponding polynuclear species, and the
nuclearity n was systematically increased until an optimal fit
was obtained.

In a third step, the potentiometric data of the Cu'-tab
system was supplemented with spectrophotometric measure-
ments. For this purpose, the titration cell was equipped with
an immersion probe for UV/Vis detection (diode array
spectrophotometer), and a spectrum was recorded automati-
cally prior to each addition of the titrant (Figure 8 and
Figure S9). Evaluation of the resulting series of spectra
confirmed the final model derived from the potentiometric
measurements. The formation constants obtained by the two
different methods were in close agreement and any differ-
ences generally fell within the range expected on the basis of
the estimated standard deviations. Moreover this method
allowed the calculation of the spectra for all the individual
species and provided valuable information for a structural
assignment. It is well known that in aqueous solution, Cu''—
amine complexes exhibit absorption in the range of 500-
700 nm. Although it has been pointed out that depending on
the geometry of the coordination sphere more than one
transition is to be expected for the d° configuration,!'8l usually
only a single broad band is observed at 25 °C in solution.!'% It
is also well known that for a tetragonally distorted octahedral
complex, successive replacement of the four aqua ligands in
the equatorial plane by nitrogen donors results in a contin-
uous shift of the observed transition to shorter wavelengths,
whereas the replacement of the axially, loosely bound water
ligands by nitrogen donors results in a red shift (“pentaam-
mine effect”).?>?!] Hathaway has demonstrated that the
spectral properties of polycrystalline Cu!' amine complexes
can be used as a diagnostic tool to get information on the
nature of the coordination sphere.’? Similar considerations
are also possible for solution samples. We performed a
comprehensive search for solution spectra of Cu'" complexes
with saturated polyamines with sp3-nitrogen donors or water
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Figure 8. a) Spectral changes for the Cu''-rtab system during a titration
experiment with total Cu=total L=10"2moldm™>; b)the calculated
spectra for the individual species of composition Cu,L,H, (labeled as xyz).

as the only ligands.”’] A graphical representation of this
search together with the spectral properties of some of the Cu-
ttab complexes is shown in Figure 9a. [Cu(H,L),]** exhibits
maximal absorbance at about 550 nm. This value is clearly
indicative of a square-planar (trans) CuN, chromophore with
one or two weakly bound water molecules at the apices. A
tentative structure could be a bis-(2,3) coordination mode
(Scheme 2) with both ligands having protonated amino
groups in the 1- and 4-position. It is interesting to note that
the successive deprotonation to [CuL,]** does not result in a
significant shift of 4,,,,. Evidently, a pentaammine effect is not
operative, and we can therefore exclude a tridentate (1,2,3)-
or (1,2,4)-coordination mode even for the completely depro-
tonated ligands. For [CuLH,]** 4, is about 670 nm. This
value is consistent with a cis-CuN, chromophore, and we
tentatively assign a (2,3)-structure to this species as well,
based on electrostatic arguments and by analogy with the
crystal structure of the corresponding Pd complex. After
deprotonation of the two amino groups a tridentate coordi-
nation mode would now become accessible. However, the
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Figure 9. Survey of A, for the visible spectra of a) Cu'- and b) Ni'—
amine complexes in aqueous solution. Only complexes with H,O and with
amines with sp*-nitrogen donors (aliphatic and alicyclic polyamines) as
ligands are considered. Literature datal®! of A, [Ni: *A,-°T,(F) tran-
sition] is shown for different chromophores as indicated. The number of
references for each chromophore is given in parentheses. Open boxes refer
to the entire range reported, black boxes represent the averages+one
standard deviation. The data are compared with A, observed for the
L =rtab complexes investigated in this study.

spectroscopic data are again in clear contradiction of such a
coordination mode. Because of the particular steric con-
straints of these tetraamine ligands, meridional coordination
can be excluded. Facial coordination should, however, result
in a red shift similar to the pentaammine effect (Figure 9a).
We observe a similar A,,,, for [CuLHJ**+ as for [CuLH,]*" and a
dramatic shift to shorter wavelength (more than 100 nm) for
“[CuL]**”. Evidently, [CuLHJ** retains its cis-CuN, structure
with bidentate coordination, whereas the dramatic shift to
about 550 nm for “[CuL]**” can only be explained by a
square-planar CuN, structure of the type already assigned to
the bis-complexes. Once more, considering the steric con-
straints of the tetraamine ligands, such a structure can only be
realized in the form of a polymeric species ({(1,2)-(3,4)}, or
{(1,3)-(2,4)}, in Scheme 2). As discussed in the previous
section the best model for fitting the potentiometric data of
the Cu—rtab system comprises the hexanuclear [CugL¢]'** unit
as the main species with a Cu:L ratio of 1:1. A tentative
structure for such a species is shown in Scheme 3. It must, of
course, be emphasized that it is not really possible to establish
such a complicated equilibrium system unambiguously. Al-
though the goodness of fit is best for [CusL¢]'**, a model with a
pentanuclear [CusLs]'®* or heptanuclear [Cu,L,]'** gives
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Scheme 3. Tentative structure (based on spectroscopic data, elemental
analysis and potentiometric data) for the hexanuclear Cu'-ttab complex.

almost the same result, and it seems reasonable that several
such polymeric aggregates could well coexist in solution. The
hexanuclear [CugL¢]'** should therefore rather be regarded as
a representative for small (4 <n <10) oligonuclear species.
However, the potentiometric data together with the spectro-
photometric measurements are a clear indication that the
amount of the mononuclear [CuL]?** (n=1) is negligible even
in dilute aqueous solution.

A similar comparison of the spectral properties of Ni'l—stab
complexes with literature data of octahedrally coordinated
Ni" complexes with an {NiN,(OH,),_,} coordination sphere
are shown in Figure 9b. Due to their low intensity (loge < 1),
the d—d bands of the Ni!! complexes are only observable in
fairly concentrated solutions ( > 0.1 moldm~?). Correspond-
ing spectra were, therefore, recorded for individual sample
solutions, in which the pH was adjusted to such a value that a
clear predominance of one species was achieved, and
consequently we cannot correlate the UV/Vis results directly
with the potentiometric measurements. This is of particular
significance for polymeric species, since the degree of
polymerization will be strongly dependent upon the sample
concentration. Of the three spin-allowed d—d transitions of
an octahedral (high-spin) Ni' —amine complex we focused on
the 3A,,—3T,(F) transition, which has an absorbance max-
imum in the range of 490 —700 nm.?* This transition is usually
readily detected and shows a characteristic increase with
increasing number x of coordinated nitrogen donors in the
chromophore. Although the ranges for different x show a
considerable overlap (Figure 9b), the differences for the
individual chromophores are sufficiently large to draw the
following conclusions: [Ni(HL),]** and its deprotonation
products [NiL(HL)]** and [NiL,]** all show an absorbance
maximum at about 525 nm and, therefore, adopt the same
hexaamine coordination. This is in contrast to the Cu' system
in which tetraamine coordination was observed for the bis-
complexes. It appears though that similarly to Co', the bis-
complexes of Ni'! are mononuclear with a bis-(1,2,3)-, bis-
(1,2,4)- or a mixed (1,2,3)-(1,2,4)-coordination mode with the
additional possibility for protonation of the non-coordinating
amino group. Moreover, the close agreement of the spectral
data for these species with [Ni(trap),]** (trap =1,2,3-triami-
nopropane) points to a bis-(1,2,3)-type structure with forma-
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tion of two five-membered chelate rings.””! Note that Ni!
hexaamine complexes with six-membered chelate rings ap-
pear at the low-energy end of the range observed for
hexaamine complexes.* 1 An other interesting result is the
steady shift to shorter wavelength in the series [Ni(H,ttab)]**
(628 nm), [Ni(Hrtab)]** (592 nm), and [Ni(stab)[** (563 nm).
The observed wavelengths for [Ni(Hytab)]** and [Ni-
(Hrtab)]** fit well with the expected NiN, and NiN; chromo-
phore.”)l However, the observed absorbance of [Ni(stab)]** at
563 nm can only be explained by the coordination of at least
four nitrogen donors, and, as in [Cu(ztab)]**, this complex
must have a polymeric-{(1,2)-(3,4)}, or -{(1,3)-(2,4)}, structure
(Scheme 2).

Discussion

Our solution study has clearly shown that in terms of
formation of different macrospecies [M,L,H |®*9*, in the
cases of Cu?* and Ni** relatively simple systems are only
observed either for sufficient excess of metal or sufficient
excess of ligand. For the intermediate range (0.5 < total
M:total L < 2) these systems become exceedingly complicated
owing to the formation of polymeric aggregates. Even in case
of excess M or L, the assignment of a molecular structure to
the individual complexes (i.e., the identification of micro-
species) proved at best difficult or even impossible. We
therefore carried out a variety of molecular mechanics (MM)
calculations to elucidate the relative energies of the different
isomers (Table 3). These results will be discussed here
together with the spectral properties, the stability constants
of the solution species, and the solid state structures to gain
further insight into the molecular architecture of tetraamino-
butane-complexes. The MM calculations were mainly per-

Table 3. Strain energies [kJmol~'] and distribution ratios for the different
isomers of [Co(etab),]** according to molecular mechanics calculations.

diastereomer!?! conformation U abundance [% ]
bis-(1,2,3)

cis-trans-cis A0, A0 85.2 8.9
trans-trans-trans A0, A0 85.3 8.8
cis-cis-trans A0, 10 85.9 6.8
cis-cis-cis A0, 10 85.9 6.7
trans-cis-cis A0, 16 85.2 8.9
bis(1,2,4)

cis-trans-cis chair, chair 87.5 3.5
trans-trans-trans chair, chair 92.4 0.5
cls-cis-cis chair, chair 88.3 2.6
cis-cis-trans chair, chair 87.9 3.1
trans-cis-cis chair, chair 85.4 8.4
(1,2,3)-(1,2,4)

cis-trans-cis chair, A0 86.3 5.7
trans-trans-trans chair, A0 86.5 53
cis-cis-cis chair, A0 86.3 59
cis-cis-trans chair, A0 86.3 5.8
trans-cis-cis chair, A0 85.8 7.2
cis-cis-cis* chair, A0 86.2 6.0

[a] For nomenclature, see Scheme 1. [b] 16 additional high-energy species
with a bis-(1,2,4) or a mixed (1,2,3)-(1,2,4) structure and a twisted boat
conformation of the six-membered ring have an abundance of <1%. The
total amount of these species accounts for the remaining 5.9 %.
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formed with Co' —hexaamine models, since the available
force field for this system is well established,?” and it has been
shown that the structure and energy of Co-hexaamine
complexes can be predicted with good accuracy for a broad
range of examples with different polyamine ligands.?"!

Complex formation in the presence of excess ligand: In
sufficiently acidic solutions, in which the tetraamine ligands are
mainly protonated (H,L*" and H;L*"), the doubly protonated
[M(H,L)]** complexes (L =rtab: M=Ni, Cu; L=ctab: M =
Cu) are formed upon addition of a metal salt. [Ni(H,etab)]**
seems not to be of sufficient stability to tolerate the high
electrostatic repulsion caused by the 4+ charge. Progressive
increase of the pH leads to an increasing amount of free
ligand, which allows the coordination of a second ligand and
subsequent deprotonation of the coordinated H,L. This leads
to a series of bis-complexes [Eq. (1)]:

[M(H,L),J* ™ [MHL)(H.L) )

P [M(HL),J* 2 [ML)HL) P ™ ML+ )

Only the Cu-rtab system is of sufficient stability to allow
significant formation of the fully protonated [M(H,L),]**. For
the other systems this species is not observed, most probably
because the high positive charge causes electrostatic destabi-
lization. Consistent with the non-observance of [Ni-
(Hyetab)]**, there is no evidence for the formation of the
triply protonated [Ni(HL)(H,L)]>*. A survey of the overall
stability constants (Table 2) shows the following general
trends:

1) Comparison of corresponding Ni and Cu complexes
[ML,H,]@* of the same ligand L, we note that for x=0
there is only a minor preference for Cu (Alogf=logpfc, —
log fx; =1.4). This behavior is remarkable as aliphatic poly-
amines usually show a much more pronounced affinity for
Cu™?] Tt can be explained in terms of the tridentate and
bidentate coordination for Ni and Cu, respectively. Evidently,
the intrinsically higher stability of the Cu!! complex is almost
completely compensated by the higher denticity of L in the
Ni complex. With increasing x, Alogf increases steadily.
Since the doubly protonated ligand must of course coordi-
nate in a bidentate fashion in both cases, [Cu(Hrtab)-
(H,rtab)]>* is, as expected, significantly more stable than
[Ni(Hrtab)(H,tab)]** (the value Alogf=3.2 is almost iden-
tical with the difference observed for [Cu(en)]** and
[Ni(en)]?*). It is also interesting to compare the evaluated
formation constants with those of 1,2-diaminoethane (en) and
1,2,3-triaminopropane (trap). [Ni(trap),]** is considerably
more stable than [Ni(en),]**, whereas [Ni(trap),[** and
[Ni(tab),]** are of similar stability (Table 4). This trend
clearly shows a significant stabilization of the Ni complex by
the tridentate coordination of the tri- or tetraamines. In
contrast [Cu(en),]*", [Cu(trap),]**, and [Cu(tab),]** all have
about equal stability, which once again points to bidentate
coordination of all four ligands.

2) Complexes with the same metal but different ligands
show very similar stability for the diastereomeric etab and
ttab. It seems that in the species [ML,H,]®"* with x < 2, the
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Table 4. Comparison of the overall formation constants log 3(ML,)? for
different linear polyamine ligands.[!

en 2,2-tri trap ttab etab
NiL, 13.4 18.6 17.4 18.5 19.1
CuL, 19.6 20.9 19.6 19.9 20.5

[a] AIML,) = [ML,][M]'[L]"% [b] en: 1,2-diaminoethane, 2,2-tri: 1,4,7-
triazaheptane (both ref. [32]); trap: 1,2,3-triaminopropane (ref. [8]); etab
and ttab: erythro- and threo-1,2,3,4-tetraaminobutane (this work).

etab derivatives are slightly more stable. This is in contrast to
complexes with x > 3 for which either the etab complex is less
stable or does not form at all.

3) Trends in the pK, values: for the inert [Co(Hetab),]**,
pK;=16.31(1) and pK,="7.01(1) could be determined directly.
They are assignable to the all-trans-bis(1,2,3) isomer as
identified by crystal structure analysis. For [CuH,(tab),]**
(pK,=4.8, pK,=5.9, pK;=176, pK,=8.6), [NiH;(rtab),]**
(pK,=5.0, pK;=74, pK,=179), [CuH;(etab),]’" (pK,=4.8,
pK;=38.0, pK,=8.5) and [NiH,(etab),]** (pK;=77, pK,=
8.2) corresponding values could be calculated from the
overall stability constants (Table 2); they refer to an average
of all the different microspecies.*”! We note that with respect
to Co™, the corresponding complexes of the divalent cations
are slightly weaker acids, as would be expected. The triply
protonated [Cu(Hetab)(H,etab)]’* is a considerably stronger
acid than [Cu(Hrtab)(H,rtab)]>*, whereas for the less proto-
nated species the reverse order is observed. Finally, for the
same ligand, the Nil complexes are generally more acidic than
the corresponding Cu'" complexes. As already discussed in 1)
above, this is a consequence of different denticity, and the
measured “pK,” value of [NiH;(tab),]>* refers to a two-step
reaction consisting of deprotonation and N —Ni bond forma-
tion. Tridentate coordination of L and HL in the bis-
complexes of Ni'! and corresponding bidentate coordination
of Cu" is indicated, therefore, not only by the spectroscopic
properties, but it can also be deduced from a careful analysis
of stability constants.

Our preparative work with Co™ showed that in the
presence of excess ligand a variety of different isomeric
hexaamine complexes are formed. For the ligand etab, a total
of 16 different isomers must to be taken into account
(Scheme 1) with either a different binding mode ((1,2,3) or
(1,2,4) coordination) or a different spatial orientation of the
two ligands (cis — trans isomerism). Moreover, different forms
with a 4 or 6 conformation (five-membered chelate rings) or a
chair or boat conformation (six-membered chelate rings)
must also be considered. Conformational flexibility is of
particular significance for the (1,2,4)-coordination mode,
which is considerably more flexible than the relatively rigid
(1,2,3) mode. For a total of 32 different geometries of
[Co(etab),]**, energy-minimized structures were calculated
by using MM methods (Table 3), and an isomer distribution
based on the difference in strain energy and statistical effects
(entropic stabilization) was then deduced.?”! These calcula-
tions showed the predominance of 12 species, each with an
abundance of 5-9%. Three additional species appear to the
extent of 2-4%. The rest corresponds to high energy
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structures each with less than 1% abundance. The calcula-
tions showed that the (1,2,3) mode with two five-membered
chelate rings predominates slightly. All five isomers with this
mode correspond to low-energy species. However, there are
also some species with a mixed (1,2,3)-(1,2,4) structure of only
minimally higher energy. The bis-(1,2,4) mode with five-, six-,
and seven-membered chelate rings seems to be less favored,
and there is only one low-energy species with this structure.
Three additional isomers of this type appear with about 2—
4% abundance (to be compared with 9% abundance of the
most stable species). Hence, it seems evident that the
difference in energy for several of these species is rather
small, and considering the limited accuracy of this method it is
not really possible to predict whether the (1,2,3) or (1,2,4)
structure would be more favorable in such a bis-complex. If
one regards solid-state phases, additional intermolecular
interactions based on the anion-cation packing will also
contribute to the overall energy and must be taken into
account. Nevertheless, it is noteworthy that the isomer in the
crystalline [Co(Hetab),][ZnCl,],Cl-H,0O does indeed corre-
spond to one of the three species of lowest energy.

For bis-bidentate coordination as observed in [CuL,|** with
its trans-CuN, chromophore, the situation is less complex.
Bidentate coordination of one tetraamine ligand gives rise to
two structures with a five-membered chelate ring (1,2) or
(2,3), one structure with a six-membered chelate ring (1,3) and
one structure with a seven-membered chelate ring (1,4). The
last structure is of very high energy and will not be considered.
Calculations for hexaamine Co™ complexes (in which the
remaining axial coordination sites were occupied by NH;
ligands) exhibited lowest energy for five-membered ring
structures. Although difference in energies for such isomers is
rather small for both tetraamine ligands the structure with a
bis-(2,3) mode seems to be favored.

Complex formation in the presence of excess metal: The
behavior of this system is particularly simple. As above, a
mononuclear, partially protonated 1:1 complex [MLH,]** or
(in the case of Ni-etab) [MLH]** is formed in sufficiently
acidic solution. However, with the addition of base, these
species are converted to the binuclear [M,L]** (Figure 6c). It
is noteworthy that protonation products are generally not
observed in the case of dinuclear species. Evidently, [M,L]*
has a similar bis-bidentate coordination as that observed in
the corresponding solid-state structures of the Cu! and Ni!!
complexes. Two different structures must be considered for
such species: a (1,2)-(3,4) mode with two five-membered
chelate rings or a (1,3)-(2,4) structure with two six-membered
chelate rings (due to the very unfavorable energy, a (1,4)-(2,3)
coordination with a seven- and five-membered chelate ring is
again excluded from further consideration). MM calculations
were performed for a hypothetical [(H;N),Co-L-
Co™(NH,),]°* (L =etab or rtab) complex to elucidate the
amount of strain in the two different coordination modes. The
(1,2)-(3,4)-mode exhibits considerable conformational flexi-
bility due to possible rotation around the C(2)—C(3) single
bond (Figure 10). The strain energy was analyzed as a
function of the C(1)-C(2)-C(3)-C(4) torsional angle ¢, which
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Figure 10. Overall strain energy XU (kJmol') as a function of the
torsional angle ¢ calculated by molecular mechanics methods for
a) [(H;N),Co"l-etab-Co"(NH;),]** and b) [(H;N),Co-stab-
COHI(NH3)4](’+.

exhibits minima for ¢ =60° and 180° and maxima for ¢ =0°
and 120°. The two diastereomeric tetraamines showed some
characteristic differences. The ¢=60° form represents a
global minimum for the threo isomer, but only a local
minimum for the erythro isomer, whereas the converse holds
for ¢ =180°. These findings can easily be explained in terms
of a maximization of the number of staggered orientations for
the non-hydrogen substituents at the C(2)—C(3) bonds for
lowest energy. It is worth noting that in the solid-state
structures of [Nig(stab),,|Brs- 17.5H,0, [Cu,(ttab)Br,]-H,O
and Cu,(tab);Br,, the Ni complex adopts the lowest energy
conformation (¢ =66-74°), while the two Cu complexes
correspond to the somewhat less stable ¢ = 180° structure. In
this particular case the ¢ =180° structure was evidently
stabilized by N—H --- O --- H-N hydrogen bonds. No evidence
has yet been found for a (1,3)-(2,4)-coordination mode with
two six-membered chelate rings. This mode would correspond
to the rather rigid decalin-structure with a cis-decalin
geometry for the threo, and a trans-decalin geometry for the
erythro isomer. MM calculations showed that for both ligands
the decalin-type [(H;N),Co™-L-Co™(NH,),]** structure is of
higher energy and that the (1,2)-(3,4) mode would be favored.
This is due, in particular, to unfavorable non-bonding
interactions between an axial NHj ligand and the axial C(3)
or C(4) hydrogen atoms. However, as expected for trans-
decalin, the (1,3)-(2,4) structure of the erythro isomer is less
destabilized. The difference in energy for the most stable
conformers of the (1,2)-(3,4) and the (1,3)-(2,4) mode is
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20 kJmol~! for the threo isomer, but only 14 kJmol~! for the
erythro isomer. If the octahedral Co™ center were to be
replaced by a metal cation with a square-planar coordination
geometry, further release of strain could be expected, and, at
least for the erythro isomer, the (1,3)-(2,4) mode could well be
formed.

Complex formation for 0.5 < M:L < 2: Acidic solutions of this
composition also contain the mononuclear, partially pro-
tonated 1:1 complex. As discussed above, a doubly protonated
[Ni(H,etab)]* is not observed, and the first step of complex
formation of this system involves the monoprotonated
[Ni(Hetab)]**+. For all other systems the doubly protonated
species is well established. According to MM calculations, the
lowest energy for a [M(H,L)]** complex should be observed
for the (2,3) structure with the two protonated nitrogens in the
1- and 4-positions. The Pd" complex found in [Pd(H,ttab)Cl,]-
Cl,-H,O is an illustrative example of this mode. Abstraction
of one proton leads to [M(HL)J**. According to the spectro-
scopic data, the Ni" and Cu" complexes of this type are still
mononuclear and adopt either tridentate (Ni) or bidentate
(Cu) coordination. For [CuLH]**, we expect a change to a
(1,2) structure with the remaining proton on N(4) (maximal
distance between the two positive charges). According to MM
calculations carried out on the hypothetical mononuclear
[Cu(rtab)]?+, the final step of this deprotonation sequence
would return to the (2,3) structure. We note, however, (and
this is probably the most important result of this paper) that
such an [ML]*" complex, carrying two additional free amino
groups, has capacity for further metal binding and could easily
form polymeric aggregates. It seems that a mononuclear
[M(ttab)]** complex is not stable even in dilute
(103 moldm~3) aqueous solution. This is also true for the
Cu - etab systems, although the potentiometric data provided
evidence that the tendency of the erythro isomer to form
polymeric aggregates is somewhat diminished. The lowest
tendency for polymerization was observed for the Ni-etab
system. The potentiometric data of a solution of Ni-etab
(10~3 moldm™3) could be fitted well by taking only mono-
nuclear species into consideration (models with polynuclear
species gave less satisfactory results).

A summary of experimental evidence for the formation of
polynuclear species [{ML},]*"* (n>1) for the Cu-ttab, Cu-—
etab,and Ni-rtab systems follows:

1) The potentiometric measurements showed that models
of only mononuclear species gave a significantly poorer fit
than those which invoked also polynuclear complexes.

2) The spectroscopic data for Ni-rtab indicate successive
coordination of two, three, and four nitrogen donors to the
metal center in the series [Ni(Hyttab)]*, [Ni(Hrtab)[*+, and
[Ni(rtab)]**, respectively. For the last species, two separate
ligand entities must be coordinated to one Ni center and, in
addition, two metal cations must be bound to each ligand to
achieve the 1:1 stoichiometry. Similarly the spectral data for
[Cu(rtab)]?>+ show the presence of a tetragonally elongated
trans-CuN4(OH,),-chromophore and, therefore, indicate the
presence of a polymer.

3) [Pd(H,rtab)CL]** proved to be unstable in aqueous
solution. A freshly prepared solution of [Pd(H,rtab)Cl,|Cl, -
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H,O showed a slow but steady drop in pH until a value was
reached that corresponded to the complete dissociation of the
two protons. Because the ammonium groups in an
[MH,L]@* complex generally behave as weak acids, the
complete release of the protons must be interpreted as the
substitution of the chloro ligands by amino groups, that is,
-+ PA"-L-Pd"-L-Pd" - formation.

d) The crystal structures of [Nig(ttab),|Bris- 17.5H,0 and
Cuy(ttab);Br, indicate either a discrete octanuclear complex
(Ni) or an infinite two-dimensional network (Cu) for com-
plexes with a ligand to metal ratio of 1.5:1. We have not yet
succeeded in isolating a macrocrystalline compound with an
exact M:L =1:1 composition. However, in the titration of a
solution of Cu(NOs;),/Hytab*  (0.01 moldm=; 25°C,
1 moldm~3 KNOs) we observed the quantitative precipitation
of a purple, microcrystalline solid after addition of 4.0 equiv of
KOH. The analysis for this solid indicated the composition
{Cu(rtab)(NOs;),} - 2H,0, and the diffuse reflectance spectrum
had an absorption maximum at 550 nm. Again, the maximum
below 600 nm is only consistent with a trans-CuN,O, chro-
mophore and, therefore, with a polymeric structure
(Scheme 3).

Conclusion

The results presented in this paper clearly confirmed our
contentions outlined in the previous contribution of this
series,®! that linear polyamines of composition H,N-CHS,-
(CH-NH,),-CH,-NH, with more than three NH, groups (n >
2) are powerful, potential chiral building blocks for coordi-
nation polymers. Our investigation provides evidence that
polymeric aggregates are not only formed in the solid state,
but are also present in dilute aqueous solution. Two different
strategies have been presented in this paper for the con-
struction of such polynuclear species:

1) The use of high metal to ligand ratios leads to the
exclusive formation of the [M,L]*" cation. This species can be
regarded as a chiral cationic building block, which can be
packed together with a suitable inorganic anion to form an
organic—inorganic hybrid material. [Cu,(rtab)Br,]- H,O is a
typical representative of such compounds.

2) If the metal and ligand are employed in comparable
amounts, each ligand molecule will bind to more than one
metal ion and each metal ion will coordinate to more than one
ligand. The consequence of this interlinking is either the
formation of discrete polynuclear species or aggregation,
giving rise to multidimensional infinite networks. In either
case, the chiral nature of the ligand will lead to a chiral
structure. Examples: [Nig(ztab);,|Bris- 17.5H,0, Cu,(ttab)s-
Br,.

The bis-bidentate-(1,2)-(3,4) coordination has been shown
to be the basic structural motif in both cases 1) and 2). The
conformational flexibility of this mode (rotation around the
C(2)—C(3) bond) is an important structure-determining factor
as can be seen by comparing the ¢ angles for [Nig(¢tab),,|Br;4-
17.5H,0 (66-74°) and Cu,(ttab),Br, (180°).
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Experimental Section

Safety note: Organic polyazides are highly explosive. They should only be
handled in dilute solutions and should not be isolated as pure substances.

Materials: Metal salts that were used for the potentiometric titrations were
of highest possible quality (from Fluka). All other chemicals were
commercially available products of reagent-grade and were used without
further purification. Dowex 50 WX2 (100-200 mesh, H* form) and
Dowex 2-X8 (50-100 mesh, Cl- form) were purchased from Fluka. The
OH~ form of the anion resin was obtained from the CI~ form by elution
with 0.3 moldm~3 NaOH, followed by extended rinsing with CO,-free
water until a neutral eluent was observed. SP-Sephadex C-25 (200 mesh)
cation-exchange resin was from Pharmacia Biotech.

NMR spectroscopy and analyses: 'H and *C NMR spectra were measured
in D,O or CDCl; on a Bruker DRX 500 NMR spectrometer. Chemical
shifts (in ppm) are given relative to sodium (trimethylsilyl)propionate
(D,0) or tetramethylsilane (CDCl;) as internal standard (6 =0). Concen-
trated solutions of NaOD and DClin D,0O were used for pD adjustment. C,
H, and N analyses were performed by H. Feuerhake (Universitit des
Saarlandes).

UV/Vis spectra: Single spectra of solution samples (H,0O) were measured
on a Uvikon 941 spectrophotometer (25+3°C). The collection of a pH-
dependent series of spectra (Figure 8 and Figure S9) of the Cu''-rtab
complexes was performed by equipping a titration cell (50 mL sample
solution, 0.01 moldm™ total Cu, 1 moldm—3 KNOs3, 25.0 £0.1°C) with an
immersion probe (HELLMA), which was connected to a diode array
spectrophotometer (J&M, TIDAS-UV/NIR/100-1). A home-built com-
puter program was used to control the addition of the titrant
(1 moldm—3 KOH). This program allowed registration of a sample spec-
trum prior to each addition of an increment of titrant. The diffuse
reflectance spectrum of the solid {Cu(ztab)(NOs),} - 2H,O was measured on
a UV/Vis-NIR Lambda 19 (Perkin Elmer) spectrophotometer.

Potentiometric measurements: Potentiometric titrations were carried out
with a Metrohm 713 pH/mV-meter and a Metrohm combined glass
electrode with an internal Ag/AgCl reference. The sample solutions
(50 mL) were titrated with KOH (0.1 moldm~3), by means of a Met-
rohm 665 piston burette. The stability of the electrode was checked by a
calibration titration prior to, and after, each measurement. All titrations
were performed at 25.0 0.1 °C under nitrogen (scrubbed with an aqueous
solution of 0.1 moldm~ KCl) at an ionic strength of 0.1 moldm= (KCl).
For the pK, determination of Hjtab*" and of [Co(Hetab),]’", several
alkalimetric titrations were carried out with analytically pure samples of
ttab-4HCI-0.75H,0 or of [Co(Hetab),]Cls-2H,O (total concentrations:
1073 or 5 x 10~* moldm™3, respectively). The formation constants of metal
complexes were determined by using solutions that contained the
tetrahydrochlorides of etab or rtab and the metal salt in a 4:1, 2:1, 1:1,
and 1:4 molar ratio with total L=1.0 x 10~ or 0.5 x 10~ moldm—. The
samples were made up by using standardized aqueous stock solutions of
etab-4HCI, rtab-4HCI, CuCl,-2H,0, and NiCl,-6H,0. At least three
separate titrations were performed for every sample solution. Complete
equilibration was always ensured by back titrations, which exhibited no
significant hystereses. Further details of the potentiometric measurements
and data evaluation are summarized in Tables S2 and S3 (Supporting
Information).

Calculations of equilibrium constants: All equilibrium constants were
calculated as concentration quotients. Potentiometric titrations were
evaluated by using the computer program SUPERQUAD.F! A value of
13.79 was used for pK,.*? The titration experiments of the metal complexes
were evaluated with fixed values for the total concentrations of M, L, and
H, and for the pK,’s of the ligands (Table 1). The spectrophotometric data
of the Cu complexes were evaluated with the computer program
SPECFIT. 3

Ligands: (2R,35)-1,2,3,4-Tetraaminobutane -4HCl was prepared as de-
scribed previously.l®! The same method was also used for the synthesis of
the threo isomer (25,35)-1,2,3,4-tetraaminobutane: p-Threitol was con-
verted into the tetrabenzenesulfonate (66 % ). Elemental analysis calcd (%)
for C,3H,60,,S, (682.75): C 49.26, H 3.84; found C 49.07, H 3.94; '"H NMR
(CDCl;): 6 =4.09-4.10 (m, 4H; CH,), 4.80 (m, 2H; CH), 7.54-7.82 (m,
20H; aryl-H); ¥C NMR: 6=66.1, 75.0, 128.0, 128.2, 129.5 (2C), 134.4,
134.6, 134.8, 135.0. The tetrabenzenesulfonate was then converted into the
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tetraazide. 'H NMR (CDCl;): § =3.57-3.62 (m, 6H); *C NMR: 6 =51.9,
61.4. A solution of the tetraazide in EtOH/Et,0 was finally hydrogenated
to give the tetraamine, which was isolated as the tetrahydrochloride -
0.75H,0 (from Dowex 50). Yield: 62% of a white solid. Elemental
analysis calcd (%) for C;H;9sCLLN,O, 75 (277.5): C 17.31, H 7.08, N 20.19;
found C 1746, H7.16, N 20.03; '"H NMR (D,O, pD <2): 6 =3.30-3.35 (2H;
CH,), 3.51-3.54 (2H; CH,), 3.73-3.77 (2H; CH); 'H NMR (D,O, pD >
12): 6=2.70-2.72 (m, 4H), 2.54—-2.56 (m, 2H); *C NMR (pD <2): 6 =
42.6, 53.0; *C NMR (D,0, pD > 12):  =46.0, 55.5.

[Co(Hetab),][ZnCL],Cl- H,0: An aqueous solution (60 mL) of etab-
4HCI (962 mg, 3.64 mmol) was placed in a two-neck round-bottomed
flask and small portions of aqueous NaOH (15 % ) were added until a pH of
7 was reached. CoCl,-6H,0 (434 mg, 1.82 mmol), dissolved in of H,O
(50 mL), and charcoal (50 mg) was then added. The flask was fitted with a
reflux condenser, the mixture was heated to 80°C for 48 h, and a gentle
steady stream of air was passed through the mixture. The charcoal was
removed by filtration, the filtrate was acidified with aqueous HCl to a pH of
1.6 and diluted with water to a total volume of 300 mL. This solution was
sorbed on Dowex 50, and the column was eluted successively with water,
0.1 moldm— HCl and 3 moldm~ HCI. The last fraction was evaporated to
dryness under reduced pressure and the remaining solid (821 mg) was
redissolved in water and sorbed onto Sephadex. Elution with 0.2 moldm~3
trisodium citrate gave one broad, orange band which was collected,
desalted on Dowex 50, and evaporated to dryness again. Yield 592 mg
(1.16 mmol). Crystallization of the resulting solid from 4 moldm~ aqueous
HCI gave a fraction which contained only one single component. 'H NMR
(D,0): 6=2.99-3.07 (m, 4H), 3.38—3.41 (m,4H), 3.46-3.48 (m, 2H), 3.58
(m,2H); BCNMR (D,0): 6 =40.7,43.1,57.3, 61.9; elemental analysis calcd
(%) for CgH;,ClsCoNgO, (510.61): C 18.82, H 6.71, N 21.95; found C 18.42,
H 6.93, N 21.77. Crystals of the tetrachlorozincate salt were obtained by
dissolving the complex (6 mg) in a few mL of H,O and adding a solution of
ZnCl, (124 mg dissolved in 1 mL of 3 moldm~ HCI). The crystals were
redissolved by heating to 60 °C, and slow cooling resulted in the deposition
of single crystals which were suitable for the X-ray diffraction study.
Elemental analysis calcd (%) for CgH;,ClyCoNgOZn, (765.15): C 12.56, H
4.22, N 14.64; found C 12.86, H 4.50, N 14.41.

[Cu,(rtab)Br,]- H,0: rtab-4HCI (65 mg, 0.246 mmol) was dissolved in
water (10mL) and deprotonated over Dowex 2-X8 (OH~ form). The
solution of the free amine (pH 10) was evaporated to dryness under
reduced pressure. The oily residue was then redissolved in water (5 mL)
and a solution of CuBr,-2H,0 (24.6 mg, 0.111 mmol) in water (5 mL) was
added. The resulting turquoise solution was evaporated to a volume of
about 3 mL and layered with EtOH. After a few months green crystals,
suitable for X-ray diffraction experiments appeared and were collected.
Elemental analysis calcd (%) for C;H,,Br,Cu,N,O (582.93): C 8.24, H 2.77,
N 9.61; found C 8.48, H 3.04, N 9.42.

Cu,(rtab);Br,: rtab -4 HCl-0.75H,0 (100 mg, 0.36 mmol) was dissolved in
water (10 mL) and deprotonated as described in the previous section. The
oily residue was redissolved in water (5 mL) and a solution of CuBr,-2H,0
(36 mg, 0.162 mmol) in water (5 mL) was added. The remaining solution
was layered with EtOH yielding a small crop of blue crystals which were
suitable for X-ray analysis.

Nig(rtab);,Br;s- 17Z.5H,0: ttab-4HCI1-0.75H,0 (100 mg, 0.36 mmol) was
dissolved in water (10 mL) and deprotonated as described above. The oily
residue was dissolved in water (SmL) and a solution of NiBr,-3H,0
(44 mg, 0.162 mmol) in water (5 mL) was added. The solution was layered
with EtOH yielding a small crop of tiny pink crystals. Larger crystals could
be grown by repeating this procedure and by using the small crystals for
seeding. This procedure was repeated several times until a few crystals of
acceptable size were obtained.

[Pd(H,tab)CL]Cl, - H,O: rtab-4HCI-0.75H,0 (51 mg, 0.184 mmol), dis-
solved in water (10 mL), and PdCl, (16 mg, 0.092 mmol) were refluxed for
3 h. After cooling a few mL of 6 moldm* aqueous HCl was added to the
clear solution. After about 30 min yellow needles appeared, which were
collected and dried in air. Elemental analysis calcd (% ) for C,H 3Cl,N,OPd
(386.43): C 12.43, H 4.70, N 14.50; found C 12.61, H 4.67, N 14.59.

{Cu(rtab)(NO;),} - 2H,0: An aqueous solution of KOH (0.4 mL,
1.0 moldm—3) was added to an aqueous solution (10 mL) of Cu(NO;),-
3H,0 (0.0l moldm~), tab-4HCl (0.0l moldm=3) and KNO;
(1 moldm=). A dark blue microcrystalline product precipitated. This was
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isolated by filtration, washed with three portions of cold water (0°C), and
dried in vacuo (1073 bar) at room temperature. Elemental analysis calcd
(%) for C;H,;3CuN4Oy (341.76): C 14.06, H 5.31, N 24.59; found C 14.14, H
4.73, N 24.02.

Molecular modeling calculations: These were carried out as described
previously®! by using the commercially available program MOMEC97.5%!
A validation of this force field for Co"!-hexaamine complexes is given in
ref. [28].

Crystal structure determinations:©**! Data were collected on the following
diffractometers (graphite-monochromated Moy, radiation 2 =0.71073 A):
STOE IPDS (Pd-complex), Siemens P4 (Cu,(tab);Br,), Nonius Kappa-
CCD (Co complex, Ni complex, Cu,(rtab)Br, - H,O). A compilation of the
crystallographic data is given in Table 5. The data were collected at ambient
temperature (Pd complex) or at 100(2) K (Co, Ni, Cu complexes).
Monitoring of standard reflections during data collection indicated no
significant crystal decay (< 2%). All data sets were corrected for Lorentz
and polarization effects. A face-indexed, numerical, or a semi-empirical
absorption correction was applied to the data of the Co complex, Pd
complex, and Cu,(rtab);Br,, respectively. Intensity data of [Cu,(ttab)Br,] -
H,O were corrected by using the program MulScanAbs, which is part of the
Platon99 program suite.””) Corresponding transmission coefficients Ty,
and T,,, are listed in Table 5. All structures were solved by Direct
MethodsP®! and refined by full-matrix least-squares calculations®! on F2.
Data quality of [Nig(stab),,]Brs - 17.5 H,0O was found to be poor for all three
measured specimens. A data subshell between 3 and 0.93 A was used and
the structure was solved in the orthorhombic space group €222 (No. 21).
The octanuclear cation is located on a crystallographic twofold axis and
appeared to be quite well defined, but most of the bromide anions and
water molecules are disordered, and their positions had to be split. All four
Ni positions, 20 of a total of 24 N positions, and the ordered Br and O
positions were refined with anisotropic displacement parameters. The
remaining non-hydrogen atoms (N12, N14, N44, N53, some of the partially
occupied Br and O, all C) were refined isotropically. The non-hydrogen
atoms of the Pd, Co, and the two Cu complexes were all refined with
anisotropic displacement parameters. The hydrogen atoms bound to C and
N of the Co, Ni, and the two Cu complexes were considered by using a
riding model and fixed isotropic displacement parameters with U;,, = 1.2 x
U, of the corresponding heavy atom. The hydrogen atomic position of the

water molecule of [Cu,(rtab)Br,] - H,O could be located from the difference
map and was isotropically refined. All hydrogen atoms of the Pd complex
could be located in a difference map. The H(-C) hydrogens were placed at
calculated positions (riding model) and refined with variable isotropic
displacement parameters. Atomic coordinates and individual U, values of
the H(-N) and H(-O) positions were refined freely.
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Table 5. Crystallographic data for [Co(Hetab),][ZnCl,],Cl - H,O, [Pd(H,tab)CL]Cl, - H,O, [Nig(ttab),,|Br;s - 17.5H,0, [Cu,(rtab)Br,] - H,O, and Cu,(rtab);Br,

[Co(Hetab),][ZnCl,,Cl-H,0 [Pd(H,ztab)CL]Cl,- H,0

[Nig(tab),,]Brs - 17.5H,0

[Cu,(ttab)Br,] - H,O

Cuy(ttab);Br,

formula C4H;,ClyCoNyOZn, C,H,;,CL,N,OPd CysH03B11¢NgNigO, 7 5 C,H,(Br,Cu,N,O C¢H,,Br,CuNg
habitus, color orange plate yellow needle pink prism green plate blue prism

M, 765.14 386.43 3481.82 582.93 400.65

T [K] 100(2) 293(2) 100(2) 100(2) 293(2)

crystal system monoclinic orthorhombic orthorhombic tetragonal rhombohedral
space group P2/c C222, C222 P4.2.2 R32

a[A] 10.046(1) 11.793(2) 20.893(4) 6.8042(8) 11.587(4)

b [A] 15.273(2) 15.793(3) 21.945(4) 6.8042(8) 11.587(4)
c[A] 16.918(3) 6.7700(10) 29.375(5) 29.612(3) 20.037(5)

a, B, v [°] 90, 92.08(3), 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 120
V[A3] 2594.1(6) 1260.9(4) 13468(4) 1371.0(3) 2329.9(14)

V4 4 4 4 4 6

Pearea [gem™?] 1.959 2.036 1.717 2.824 1.713

u [mm™] 3.413 2.297 5.903 14.742 6.536

crystal size [mm] 0.80 x 0.14 x 0.02 0.80 x 0.04 x 0.04 0.24 x 0.24 x 0.12 0.10 x 0.10 x 0.02 0.28 x 0.28 x 0.26
0 max [°] 22.50 26.49 22.49 29.99 23.74
transmssion min/max 0.296/0.933 0.878/0.938 0.355/0.723 0.229/0.357
data set —11/11, —18/18, —19/20 —14/14; —19/19, —8/8  —22/26, —23/21, —31/38  —4/10, —10/6, —26/43 0/11, 0/11, —22/22
total/unique data 24471/3389 4620/1277 46802/8587 3260/1952 828/452
observed reflns [1>20(1)] 1950 1186 6450 1655 308

Flack parameter(*] —0.07(6) 0.17(3) 0.05(4) 0.30(13)
parameters 273 91 476 72 54

R, WR, [I>20()] 0.059, 0.108 0.022, 0.054 0.109, 0.285 0.049, 0.113 0.075, 0.180
R, WR, (all data) 0.127, 0.130 0.023, 0.054 0.148, 0.349 0.062, 0.118 0.111, 0.221
largest difference peak/hole [e A%] 0.786/ —0.906 0.420/ — 0.489 1.990/ — 1.463 1.533/—-1.109 0.555/—0.397
max shift/error 0.001 0.017 0.003 0.003 0.009
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Modification and Inhibition of Vancomycin Group Antibiotics
by Formaldehyde and Acetaldehyde
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Abstract: It is shown that several van-
comycin group antibiotics (vancomycin,
eremomycin, and avoparcin) undergo
spontaneous chemical modifications
when kept at room temperature at
neutral pH in aqueous solutions con-
taining traces of formaldehyde or ace-
taldehyde. This chemical modification
predominantly results in a mass increase
of 12 Da in the reaction with formalde-

dinone moiety at the N-terminus of the
glycopeptide antibiotics, that is, near the
receptor binding pocket of the glyco-
peptide antibiotics. Bioaffinity mass
spectrometry shows that this ring-clo-
sure results in a dramatically decreased
affinity for the peptidoglycan-mimicking
D-alanyl-p-alanine receptor. Addition-
ally, in vitro inhibition measurements on
two different strains of bacteria have

revealed that the modified antibiotics
display reduced antibacterial activity.
The ring-closure is also shown to have
a dissociative effect on the dimerization
of the vancomycin-analogue eremomy-
cin. The spontaneous reaction of vanco-
mycin with formaldehyde or acetalde-
hyde may have implications not only for
the clinical use of this class of antibiotics,
but also for the effectiveness of these

hyde and 26 Da in the case of acetalde-
hyde. By using tandem mass spectrom-
etry the modification can unambiguous-
ly be identified as originating from the
formation of a ring-closed 4-imidazoli-

trometry -

Introduction

Glycopeptides of the vancomycin group are a class of
naturally occurring antibiotics produced by fermentation of
microorganisms.>2 They inhibit cell wall biosynthesis in
bacteria by forming a complex with the C-terminal p-alanyl-
D-alanine of growing peptidoglycan chains. Glycopeptides are
active against Gram-positive bacteria, including the major
pathogens. Of all the glycopeptides that have been discov-
ered, only a few—such as vancomycin and teicoplanin—are
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antibiotics when they are used in chiral
separation chromatography or capillary

electrophoresis.
- non-

vancomycin

on the market for clinical use. Vancomycin (vancocin,
vancoled) is clinically the most widely used glycopeptide
antibiotic and is administered intravenously and orally,
although the absorption is weak and penetration in the
cerebrospinal fluid (CSF) may be poor.

Herein we report the study of the glycopeptide antibiotics
vancomycin, eremomycin, and avoparcin. These three glyco-
peptide antibiotics, while structurally related, have distinct
characteristics that make them particularly interesting. Rel-
ative to vancomycin, eremomycin has an increased ability to
dimerize,’! which is believed to have a positive effect on its
antibacterial efficacy.*”1 Avoparcin is structurally more com-
plex than vancomycin.B'% Its major application has been as
an antibacterial growth-promoting food-additive, primarily
for pigs and poultry. The recent appearance of vancomycin-
resistant enterococci (VRE)[!':12 has been linked to the
widespread use of avoparcin by farmers. Consequently, the
use of avoparcin as an animal food additive has recently been
banned in the European Union.

Previous reports have shown that chemically modifying
natural glycopeptides makes it possible to increase their
activity against methicillin-resistant Staphylococcus Aureus
and coagulase-negative Staphylococci. Numerous chemical
modifications have been reported,> 3] several of which have
been made to the N-terminus of the backbone heptapeptide
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of the antibiotic.l!4!8! In some cases, N-terminal modification
of vancomycin group antibiotics led to a weak, but promising,
activity against Van A Enterococci, which are highly resistant
to natural glycopeptides.'> 191 Other modifications, particu-
larly those reducing the net charge on the N-terminus,
lessened the binding to the model receptor Ac-pD-Ala-D-
Ala.l'¥l In this report, we study chemical modification of the
glycopeptide antibiotics vancomycin, eremomycin, and avo-
parcin by formaldehyde and acetaldehyde in aqueous sol-
utions at physiological pH. We have elucidated the chemical
nature and kinetics of these modifications, primarily by mass
spectrometric methods. Additionally, the effect of these
chemical modifications on the antibiotics’ ability to recognize
model receptors, their in vitro efficacy, and their capability to
dimerize have been evaluated.

Results and Discussion

Observation of spontaneous modification of avoparcin in
water/methanol: In the course of ongoing studies in our
laboratory on the thermal degradation of glycopeptide anti-
biotics!l in aqueous/methanol solution, we observed that
after storage of the solution for prolonged periods,
[M+12] Da adducts had been formed as products (M being
the molecular weight of the antibiotic). Figure 1 shows two
ESI-MS spectra of 20um avoparcin in water/methanol, the
first taken directly after the solution was made (top spectrum)
and the second after storage at room temperature for seven
days (bottom spectrum). The top mass spectrum shows ions
originating from doubly protonated a- and (-avoparcin (at
approximately m/z 955 and 972, respectively). In the bottom
spectrum, in addition to these, the [M+12] Da adducts of a-
and f-avoparcin (at m/z 961 and 978, respectively) were
observed. These spectra revealed that, within a week,
approximately half of the fresh avoparcin had been converted
into the puzzling [M+12] Da products. A chemical modifica-
tion leading to a mass increase of 12 Da is rather rare,
although not unprecedented.” For example, modifications
leading to [M+12] Da products have been reported to occur
through reaction between formaldehyde and N-termini of

Chem. Eur. J. 2001, 7, No. 4
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peptides, leading to ring-clo-
sure and formation of a 4-imi-
dazolidinone,?»! as depicted
in Scheme 1 (in this case for
an N-methylated peptide N-ter-
minus, as found in vancomy-
cin). Repetition of the degrada-
tion experiments in ultrapure
water (using degassed water
without organic modifier) did
not result in the formation of
cion the [M+12] Da adducts, which

T - led us to believe that a possible
g o] formaldehyde impurity had
R2 - caused the formation of the

degradation products. To estab-
lish whether this hypothesis was

fresh sample

[B-avoparcin + 2H] 2*
{o-avoparcin + 2H] 2* /

" oo " il i AR

old sample [B-avoparcin + 12 Da + 2H] 2*

[o-avoparcin + 12 Da + 2H] 2+

N
\

i

I

|

i

[ J

920 940 960 980 1000

m/z

Figure 1. ESI-MS spectra of 20pm avoparcin in water/methanol taken
directly after the solution was made (fresh sample) and after storage at
room temperature for seven days (old sample). The top mass spectrum
shows ions originating from doubly protonated a- and f-avoparcin (at
approximately m/z 955 and 972, respectively). In addition, in the bottom
spectrum the [M+12] Da adducts of a- and f-avoparcin (at m/z 961 and
978, respectively) were detected.

N\
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Scheme 1. Proposed scheme for the reaction between an N-methylated
peptide N-terminus and acetaldehyde, proceeding through a ring closure to
form a 4-imidazolidinone moiety.

correct, aqueous buffered solutions of avoparcin and vanco-
mycin were incubated at room temperature and pH = 6.8 with
known concentrations of formaldehyde or acetaldehyde.
Nanoflow electrospray ionization mass spectra of these
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solutions were taken at various time intervals. Indeed,
[M+12] Da products were observed in all solutions containing
formaldehyde, while [M+26] Da products were observed in
solutions containing acetaldehyde.

Determination of the site of modification: To establish the site
in the molecule at which these modifications had taken place,
extensive comparative collision-induced dissociation MS/MS
experiments were performed on the doubly protonated ions
of a-avoparcin, f-avoparcin, vancomycin, and their corre-
sponding [M+12] Da or [M+26] Da reaction products. The
MS/MS spectra of these glycopeptide antibiotics were domi-
nated by the facile loss of the carbohydrate moieties.?"] All the
carbohydrate loss masses were identical in the cases both of
the unmodified and the modified antibiotics, showing that the
modification had not taken place in one of the carbohydrate
moieties. The MS/MS spectra showed only a few marker ions,
of low abundance; these could be used to identify unambig-
uously the site at which the modification had taken place. In
the MS/MS spectra of doubly protonated vancomycin, singly
charged fragment ions with m/z values of 185 Da and 299 Da
were formed. In the MS/MS spectra of the corresponding
[M+12] Da and [M+26] Da adducts, these fragment ions were
observed at 197 and 211 Da, and 311 and 325 Da, respectively,
representing mass shifts of 12 and 26 Da. The possible
structures of these fragment ions are given in Scheme 2. The

(s} " 0 CH, " o CHL,
AN y
{wl 1 Du [
HC 0 H CH, (¢] H /CHI
=0 H,C H HC A H
HN CH, CH,
M=299Da M-185Da
o HC n ] BCh
I S AT cu, s
NS N .l s % N .CH,
f I N ; 2 \ \H
/ H | ,/\H ‘ \\;N
H,C o] —N o
B CH, CH,
c=0 ?
H N/
> M=311Da M=197Da
)
9 N T BC u
| {3 % L cfy, CH, N o CH
# e N /\ , } N\ N 2
‘' A" i N H
A o [N, O md
Ly H,C CH, 3 CH,
c o
HN
* M=325Da M=211Da

Scheme 2. Mass (M) and proposed chemical structures of the marker ions
observed in the collision-induced dissociation MS/MS spectra of the doubly
protonated ions of vancomycin (top row) and the corresponding modified
[M+12] Da (middle row) and [M+26] Da (bottom row) products. The
arrows indicate the cleaved bonds.

exact mechanism of formation is probably quite complex and
not completely understood, as at least two bonds would have
to be broken to form these fragment ions. However, these
tandem mass spectrometry results do confirm that the
[M+12] Da and [M+26] Da modifications had indeed taken
place around the N-terminus of the glycopeptides. We can
therefore confirm that reaction with the formaldehyde/

912 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

aldehyde indeed results in the formation of a ring-closed
imidazolidinone moiety at the N-methylated N-terminus, as
illustrated in Scheme 1. Similarly, MS/MS experiments on
avoparcin and eremomycin also found fragment ions which
indicated that chemical modification had taken place exclu-
sively at the N-terminus. The 4-imidazolidinone ring forma-
tion is thought to be reversible,?> 23 with hydrolysis proceed-
ing by the same mechanism, but in the opposite direction. The
position of this equilibrium depends, of course, on the level of
aldehyde present and the pH and temperature of the solution.

Capillary electrophoresis: To establish that the ion intensities
measured by ESI-MS were valid indicators of the relative
quantities of vancomycin and modified vancomycin present in
solution, capillary electrophoresis (CE) was used as an
orthogonal method to determine the relative abundance of
the two components. CE has been used extensively for the
analysis of vancomycin.['® 27} Figure 2 shows the electrophero-

Vancomycin

l Marker and EOF

Il Modifie
)|
1

I
o rvu—fv\:»f“; \lw[\kw

4 5 6 7 8 9 10
Migration time / minutes

Figure 2. Top: Capillary electrophoresis electropherogram of vancomycin,
revealing one major signal. Bottom : Capillary electrophoresis electro-
pherogram of vancomycin that had been incubated for a few hours with a
formaldehyde solution (approximately 500 um). The bottom electrophero-
gram shows a new signal at a longer migration time, originating from an
[M+12] Da adduct of vancomycin.

grams of vancomycin and modified vancomycin. Vancomycin
(500 um) was incubated with formaldehyde (500 um) for a few
hours in a ammonium acetate solution at pH=7 The
electropherogram of vancomycin shows one major signal,
whereas the modified vancomycin solution shows a new signal
at a longer migration time. CE-MS analysis verified that this
new signal indeed originates from the modified [M+12] Da
vancomycin. In the modified vancomycin solution, the
relative abundance of the modified vancomycin is about
33%. In the ESI-MS spectrum of that particular modified
vancomycin solution (not shown) the modified vancomycin
ion signal contributed approximately 30% to the total ion
signal, indicating that ESI-MS is in this case a good indicator
for abundance of the species in solution. This assumption was
confirmed by studying different mixtures of modified and
unmodified vancomycin.

Impact of chemical modification on antibiotic binding to
receptor: In recent studies it has been shown that ESI-MS
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may be used to evaluate quan-
titatively the association con-
stants of vancomycin group an-
tibiotics with model receptor
peptides.[3 10.26.28,29] These
model receptor peptides, such
as N,N'-Ac,-L-Lys-D-Ala-D-Ala
or N,N'-Ac,-L-Lys-p-Ala-D-Ser,
have been shown to be reliable
indicators of the in vivo activity
of the antibiotics.?* 3! To eval-
uate whether the antibiotics’
efficacy could have been affect-
ed by the chemical modifica-
tion, the association constants
were determined by ESI-MS,
using aqueous ammonium ace-
tate (20mm) buffer solutions.
Figure 3 shows the ESI-MS
spectrum of a 20 um solution of
vancomycin, partially modified
by treatment with acetaldehyde
for 10 h at room temperature,
to which 25 uM of N,N'-Ac,-L-
Lys-pD-Ala-p-Ala had been add-
ed immediately prior to mass
analysis. The mass spectrum
shows ions originating from
vancomycin (approximately at
m/z 724), the [M+26] Da ad-
duct of vancomycin (approxi-
mately at m/z 737), and from
the noncovalent complex of
vancomycin with N,N'-Ac,-L-
Lys-p-Ala-p-Ala (at approxi-
mately m/z 910). Notably, no
ions could be detected for the
noncovalent complex of the
modified [M+26] Da adduct of
vancomycin with N,N'-Ac,-L-
Lys-p-Ala-pD-Ala, for which the
doubly protonated ions should
have appeared at approximate-
ly m/z 923 (indicated by the
dashed arrow in Figure 3). Us-

[vancomycin + 2H] 2* [vancomycin + 26 Da + 2H] *

[vancomyein + ac,-L-Lys-D-Ala-D-Ala + 2 H] 2*

— — T i

700 800 900 1000
m/z

Figure 3. ESI-MS spectrum of a 20 uM solution of vancomycin, partially modified by treatment with acetaldehyde
for 10 h at room temperature, to which 25 um N,N'-Ac,-L-Lys-D-Ala-p-Ala had been added immediately prior to
mass analysis. The mass spectrum shows ions originating from vancomycin (at approximately m/z 724), the
[M+26] Da adduct of vancomycin (at approximately m/z 737), and of the noncovalent complex of vancomycin
with N,N'-Ac,-L-Lys-D-Ala-D-Ala (at approximately m/z 910). The dashed arrow indicates where a signal would
be observed for the noncovalent complex of the [M+26] Da adduct of vancomycin with N,N'-Ac,-L-Lys-D-Ala-D-
Ala.

[B-avoparcin + 2] > [B-avoparcin + 12 Da + 2H] >

|B-avoparcin + ac,-L-Lys-p-Ala-p-Ser + 2H] >

/

[a-avoparcin + 2H] 2
[a-avoparcin + 12 Da + 2H] -

X [at-avoparcin + ac,-1-Lys-p-Ala-n-Ser + 2H] 2

~_ ¢
- I
L] -
viv
) LM L RS———" " .
925 975 1025 1075 1125 1175 1225
m/z

Figure 4. ESI-MS spectrum of a 10 um solution of avoparcin, partially modified by treatment with formaldehyde
for 2 h at room temperature, to which 25 um of N,N'-Ac,-L-Lys-D-Ala-D-Ser had been added just prior to mass
analysis. The mass spectrum shows ions originating from a- and S-avoparcin (at m/z 955 and 972, respectively),
the [M+12] Da adducts of a- and f-avoparcin (at m/z 967 and 984, respectively), and of the noncovalent
complexes of a- and S-avoparcin with N,N'-Ac,-L-Lys-D-Ala-D-Ser (at approximately m/z 1150 and 1167). The
dashed arrows indicate where signals would be observed for the noncovalent complexes of the [M+12] Da
adducts of avoparcin with N,N'-Ac,-L-Lys-D-Ala-D-Ser.

ing procedures described previously,'> ! we derived an
association constant K, of 825000 m~! (in close agreement
with literature data)?® 23! from the data in Figure 3 for the
binding of vancomycin to N,N'-Ac,-L-Lys-D-Ala-D-Ala. From
these data it is clear that the association constant of the
modified [M+26] Da adduct of vancomycin with N,N'-Ac,-L-
Lys-D-Ala-D-Ala must be weak (K, <500 M™1). Similar results
were obtained for avoparcin that had been treated with
formaldehyde. Figure 4 shows the ESI-MS spectrum of a
10 uMm solution of avoparcin, partially modified by treatment
with formaldehyde for 2 hours at room temperature in an
aqueous ammonium acetate (20mm) buffer solution, to which
25um of N,N'-Ac,-L-Lys-D-Ala-D-Ser had been added just
prior to mass analysis. The mass spectrum shows ions
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originating from a- and f-avoparcin (at m/z =955 and 972,
respectively), the [M+12] Da adducts of a- and -avoparcin
(at m/z 961 and 978, respectively), and of the noncovalent
complexes of a- and -avoparcin with N,N'-Ac,-L-Lys-D-Ala-
D-Ser (at approximately m/z 1150 and 1167). N,N'-Ac,-L-Lys-
D-Ala-D-Ser is known generally to be a more weakly binding
peptide,l'® 3 mimicking the C-terminus of the peptidoglycan
present in some vancomycin-resistant enterococci (VRE)
strains.®® Again, no ions could be detected for the non-
covalent complexes of the modified [M+12] Da adducts (their
expected m/z values are indicated by the dashed arrows in
Figure 4). ESI-MS bioaffinity results on other [M+12] Da and
[M+26] Da adducts of vancomycin, eremomycin, and a- and
pB-avoparcin all revealed that these modifications resulted in a
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complete deactivation of the antibiotic towards binding to
their natural peptide-mimicking receptors. A range of recep-
tor-mimicking peptides was used, including N,N'-Ac,-L-Lys-D-
Ala-p-Lac, which is known to be present in the peptidoglycan
of the most resistant VRE strains.''l As expected, neither the
unmodified nor the modified antibiotics showed any signifi-
cant binding towards the latter peptide. The deactivation of
the glycopeptide antibiotics by the ring-closure is not totally
unexpected in view of the dramatic structural changes in the
immediate vicinity of the vancomycin binding pocket. Evi-
dently, the ring closure results in the loss of important
hydrogen bonds. In addition, as revealed by the structure of
the related antibiotic A82846B bound to the pentapeptide cell
wall fragment,® the quite flexible leucine moiety at the
N-terminus of vancomycin folds around the back of the D-
Ala-p-Ala receptor, probably producing stabilizing hydro-
phobic interactions with the methyl groups in the receptor. In
the ring-closed, 4-imidazolidinone-modified vancomycin
there should be more stringent geometric constraints around
the leucine moiety, weakening the hydrophobic interactions.

Minimum inhibitory values of (un)modified antibiotics: The
observed loss of ability to bind to the N,N'-Ac,-L-Lys-D-Ala-
D-Ala receptor-mimicking peptide suggests that the modified
antibiotics may have lost their antibiotic activity. In order to
test this hypothesis, minimum inhibitory concentrations
(MICs) were determined for the modified and unmodified
antibiotics. Table 1 shows that, for both vancomycin and

Table 1. Minimum inhibitory concentrations (MICs) of modified and
unmodified vancomycin and avoparcin, determined for two different
strains of Gram-positive bacteria.

MICs [ug mL~!] M. flavus B. cereus
vancomycin 0.25 0.75
modified vancomycin 0.7512 2.00
avoparcin 0.08 0.08
modified avoparcin 0.16[" 0.16["

[a] When introduced into the broth the vancomycin was 100 % converted.
[b] When introduced into the broth the avoparcin was 75 % converted.

avoparcin, modification of the antibiotics indeed resulted in a
decrease by a factor of two or three in their antibiotic activity
against two Gram-positive indicator strains: Micrococcus
flavus and Bacillus cereus. In these experiments, 100 % of the
vancomycin and at least 75% of the avoparcin had been
converted (as determined by ESI mass spectrometry) to the
4-imidazolidinone ring-closed species prior to introduction
into the broths. The MIC values of the modified antibiotics
suggest that they still exhibit significant antibacterial activity,
although they do not exhibit a high affinity for the -p-Ala-D-
Ala receptor binding site. Although not studied here, we
hypothesize that this may be due to reversible 4-imidazolidi-
none ring-opening upon addition to the broth or, alternatively,
that the modified antibiotics still exhibit antibacterial efficacy.

Kinetic studies: To investigate the kinetics of the conversion
of vancomycin into the 4-imidazolidinone ring-closed modi-
fied species, vancomycin (20 um) and acetaldehyde (500 pm)
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were dissolved in a buffered aqueous ammonium acetate
(20mm) solution (pH = 6.7) and kept at room temperature. At
selected time intervals, 1 uL of this solution was analyzed by
ESI-MS. From these mass spectra, the percentage conversion
was calculated, using the integrals of the ion signals of the
unmodified and modified [M+26] Da vancomycin. In Fig-
ure 5, the solid line with circles indicates the percentage

100

% conversion

0 100 200 300 400

time / hours

Figure 5. Kinetics of the conversion of vancomycin into imidazolidinone
ring-closed vancomycin by reaction with acetaldehyde. The line with circles
shows the conversion (as monitored by ESI-MS) in a buffered aqueous
ammonium acetate (20 mm) solution (pH = 6.7) of vancomycin (20 um) and
acetaldehyde (500pm). The line with squares describes the kinetics in a
similar solution to which N,N'-Ac,-L-Lys-D-Ala-D-Ala (15um) had been
added at the start.

conversion of vancomycin into the 4-imidazolidinone ring-
closed product as a function of the reaction time. Under these
conditions, the determined half-life ¢, of vancomycin was
26 h. This half-life is in qualitative agreement with reaction
rates reported for the formation of 4-imidazolidinone adducts
of several peptides in similar reactions with acetaldehyde.?? >3
These reported studies revealed that reaction rates for
4-imidazolidinone adduct formation are highly dependent
on temperature and pH, with maximum rates occurring at 6 <
pH < 8 and higher temperatures. Although no exact reaction
rate constants were determined, it was found that conversion
is significantly faster with formaldehyde than with acetalde-
hyde. In separate experiments, no significant reactivity was
observed when vancomycin was allowed to react under similar
conditions with other aldehydes, such as methylglyoxal,
benzaldehyde, and hexylaldehyde.

Inhibition of 4-imidazolidinone formation by binding to
receptor: A kinetic study was performed similarly, albeit in
the presence of N,N'-Ac,-L-Lys-D-Ala-p-Ala. The conversion
of vancomycin was studied in an aqueous ammonium acetate
(20mm) solution containing vancomycin (20 um), N,N'-Ac,-L-
Lys-D-Ala-D-Ala (15um), and acetaldehyde (500um). The
solid line with squares in Figure 5 shows the percentage
conversion as a function of incubation time. It is evident from
the data shown that the reaction between acetaldehyde and
vancomycin is inhibited by N,N'-Ac,-L-Lys-D-Ala-D-Ala. We
hypothesize that the decreased conversion rate stems from the
fact that the vancomycin N-terminus is less accessible to
attack by acetaldehyde when bound to the N,N'-Ac,-L-Lys-D-
Ala-p-Ala ligand. A similar stabilization of vancomycin, by
binding to peptidoglycan analogues, with respect to its
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spontaneous isomerization into the degradation product
CDP-1 has been reported.!

Influence of reaction with acetaldehyde on dimerization of
eremomycin: Eremomycin is related to vancomycin, but has a
much greater ability to dimerize,! which is thought to have a
positive effect on its antibacterial efficacy.[* 3 In contrast to
the data for vancomycin, the ESI-MS spectra of eremomycin,
when measured from an aqueous buffer at pH="75, are
dominated by signals originating from the triply protonated
dimer.P! Previously, we showed that such ESI-MS data can
also be used to determine dimerization constants. A dimeri-
zation constant of approximately 2 x 10° M~'5l was found for
eremomycin, in agreement with the literature. To investigate
whether reaction with acetaldehyde would also occur in the
case of eremomycin, we monitored its reaction (40 um) with
acetaldehyde (2mMm) in an aqueous ammonium acetate
(20mm) buffer at pH = 7.5 by ESI mass spectrometry. Figure 6

100
90
80 —¢- monomer
! - A- monomer + 26 Da
70
—e— dimer
60 .
—m— dimer + 26 Da

50

40

% of total ion intensity

incubation time / days

Figure 6. Relative abundance of the ions detected in the ESI-MS spectra
of a solution of eremomycin (40pum) and acetaldehyde (2mMm) in an
aqueous buffer at pH="7.5 as a function of incubation time prior to mass
analysis.

shows the relative abundance of the ions observed in the ESI-
MS spectra of the eremomycin and acetaldehyde solution as a
function of the incubation time. At =0, only ions originating
from the eremomycin monomer and eremomycin dimer were
detected. At extended reaction times, new ion signals
originating from the eremomycin monomer +26 Da and the
eremomycin dimer + 26 Da appeared. No ion signals
originating from the dimer with double addition of 26 Da
could be detected. Therefore, it is evident that with eremo-
mycin a similar reaction to that with vancomycin occurs. The
reaction proceeded rather slowly as compared to vancomycin,
albeit that the dimeric species were gradually converted into
monomer moieties (with or without the 26 Da addition). By
summing all ion signals originating from the monomer species,
and all ion signals originating from the dimer species, we may
determine pseudo-dimerization constants for eremomycin
under these conditions. The determined dimerization con-
stants are shown in graph form in Figure 7. It is clear that the
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Figure 7. Eremomycin dimerization constants as determined by ESI-MS
mass spectrometry (see text for details) in a solution containing eremo-
mycin (40 um) and acetaldehyde (2mwm) in an aqueous buffer at pH="7.5 as
a function of incubation time prior to analysis.

dimerization constant of eremomycin drops dramatically
under these conditions, from a value of approximately
2700000 m~! to 100000 M~! over a time interval of 14 days.

Potential implications: The pharmacological effects of etha-
nol and its metabolite acetaldehyde have been well described
for numerous different drugs.¥ For instance, it is well known
that acetaldehyde forms adducts with proteins, thereby
altering the functions of mitochondria and of repair en-
zymes.’”) Additionally, the formation of imidazolidinone rings
upon treatment of peptides with aldehydes has been reported
for a number of specific, biologically significant, peptides
including enkephalins.?> 1 Indeed, the methodology has been
employed for the preparation of aminopeptidase-resistant
prodrugs.?> 232 Since acetaldehyde is a major metabolite of
ethanol, and therefore likely to be present in significant levels
in the liver and blood following alcohol consumption, a link
has been suggested between alcohol intake and the biological
activity of certain natural and non-natural peptides.?!l In
addition to this, there is speculation that antibodies to
imidazolidinone structures could be used to indicate levels
of alcohol intake.Y In view of this discussion, and the findings
reported herein, it is possible that a high alcohol intake may
reduce the efficacy of vancomycin and related antibiotics.
Additionally, the spontaneous modification of vancomycin by
traces of formaldehyde may have an effect on the efficiency of
vancomycin, and related antibiotics, when they are used as
chiral selectors in HPLC or CE, an area in which there is
growing interest. These results indicate that the use of organic
solvent containing traces of formaldehyde or acetaldehyde as
eluent or running buffer may have an effect on chiral
separation.

Conclusion
In conclusion, we have demonstrated that antibiotics of the
vancomycin group may be reversibly modified at the N-ter-
minus upon treatment with an aldehyde, through the forma-

tion of an imidazolidinone. These modifications result in the
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formation of a ring-closed 4-imidazolidinone moiety at the
N-terminus of the glycopeptide antibiotic. Bioaffinity mass
spectrometry has indicated that this ring-closure results in a
dramatically decreased affinity for the p-alanyl-p-alanine
receptor. These modified glycopeptide antibiotics also ex-
hibited a reduced efficacy against two tested strains of Gram-
positive bacteria. The spontaneous reaction of vancomycin
with formaldehyde or acetaldehyde at neutral pH and room
temperature may have implications for the clinical use of this
class of antibiotics. Additionally, the spontaneous modifica-
tion of vancomycin by traces of formaldehyde may have an
effect on the chiral selectivity of vancomycin, and related
antibiotics, when used as chiral selectors in HPLC or CE.

Experimental Section

Chemicals: The commercially available antibiotics vancomcyin and avo-
parcin were a generous gift from Dr. M. Siegel (Wyeth—Ayerst, NY
(USA)). The avoparcin used in this study consisted of a 1:2 mixture of two
products—a- and S-avoparcin —-that differed by the substitution of a Cl
atom for an H atom on one of the aromatic ring side chains. The 1:2 ratio
was confirmed by capillary electrophoresis analysis using UV detection.
Eremomycin was supplied by SmithKline Beecham (Harlow (UK)).
Formaldehyde used was of reagent ACS grade (37 % solution stabilized
with 15 % methanol, Acros, Geel (Belgium)). Acetaldehyde and N,N'-Ac,-
L-Lys-D-Ala-D-Ala were obtained from Sigma (St. Louis, MO (USA)).

Mass spectrometry: Measurements were performed on a tandem quadru-
pole time-of-flight (Q-Tof) instrument (Micromass Ltd., Manchester
(UK)) operating in positive ion mode, equipped with a Z-spray nano-
electrospray source. Nanoelectrospray needles were made from borosili-
cate glass capillaries (Kwik-Fil, World Precision Instruments Inc., Sarasota,
Florida (USA)) on a P-97 puller (Sutter Instrument Co., Novato, CA
(USA)). These needles were coated with a thin gold layer (approx. 500 A),
using an Edwards Scancoat six Pirani 501 sputter coater. The nano-ES
needles were positioned approximately 5 mm in front of the inlet of the
mass spectrometer. The potential between the needle and the inlet of the
mass spectrometer was typically set to 1100 V, while a voltage of 20 V was
set to the cone. Typically, 1 uL of the solutions of the glycopeptide
antibiotics (at approximately 15 um concentration) were introduced into
the nanoflow needles for mass analysis. For bioaffinity measurements,
samples were prepared in buffered aqueous ammonium acetate (20 mm)
solutions.

An electrospray quadrupole mass spectrometer (Platform, Micromass,
Manchester (UK)), equipped with a triaxial probe, was used for CE-MS
analysis. The sheath flow was of 20mM ammonium acetate in water/
methanol (1:1) with 0.1 % acetic acid at a flow rate of 4 pL min~!, using dry
nitrogen as nebulizing gas. It was necessary to use a higher pressure for the
injection (40 kPa, 0.4 min.) when the CE was coupled to the mass
spectrometer. A potential of +30kV was applied across the capillary.
The spray voltage at the mass spectrometer was approximately 4.00 kV.

Determination of antibiotic minimum inhibitory concentrations: Minimum
inhibitory concentrations (MICs) of Micrococcus flavus DSM 1790 and
Bacillus cereus P7 were determined by serial dilution in Mueller—Hinton
(Oxoid) broth for M. flavus or DN broth for B. cereus. In Microtiter plates
(U-form uncoated, Greiner) 1:1 dilution series of the appropriate antibiotic
were made, and each was well inoculated with a fresh culture of bacteria
(final 1--2 x 10° CFUmL"). The total volume per well was 200 uL. The
plates were incubated overnight at 30 C prior to recording MICs.
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