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Cellulose Crystallites

Keiran Fleming,'”! Derek G. Gray,! and Stephen Matthews*!?!

@ 0

Abstract: This article discusses advances in understand-
ing the structural and physicochemical characteristics of
suspensions of cellulose crystallites prepared by acid
hydrolysis of natural cellulose fibres. Consideration of
recent developments in visualization of crystallite ultra-
structure may provide clues to suspension behavior. In
addition, novel applications in a diverse range of fields
are presented, from iridescent pigments to biomolecular
NMR studies.

Keywords: carbohydrates - cellulose - liquid crystals -
NMR spectrosco
\_ Y Py j

Introduction

Almost fifty years ago, the production of colloidal suspensions
of cellulose by the sulfuric acid hydrolysis of cellulose fibres
was first reported by Ranby.[! Electron microscope images of
the dried suspensions showed rod-like species, often aggre-
gated; electron diffraction from the rods demonstrated that
they had the same crystal structure as the original fibres.
Development of the acid degradation of cellulose by Battis-
tal?l led to the commercialization of microcrystalline cellulose
(MCC). Because of its useful characteristics, including zero
toxicity, good hygroscopicity, chemical inactivity, and rever-
sible adsorbency,’! MCC, derived from high-quality wood
pulp, has found widespread use in the multi-billion dollar
pharmaceutical industry as a tablet excipient. With its
excellent compression, permeability, and binding properties,
MCC is utilized extensively as a binder and filler in solid
dosage forms.* 3l MCC is also widely used in food production,
being found in reduced-fat salad dressings, dairy products,
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frozen desserts, and bakery products owing to its properties as
a stabilizer, texturizing agent, and fat replacer.’! These
applications have been described in extensive detail by other
authors.’-1%

Most grades of MCC are made by hydrolysis with hydro-
chloric acid, and in high shear fields form colloidal dispersions
with a range of particle sizes. In contrast, hydrolysis with
sulfuric acid can result in the introduction of sulfate esters at
the surface of the cellulose crystallites, leading to added
electrostatic stabilization of the suspensions. At sufficiently
high concentrations of such suspensions, birefringent, or-
dered, fluid phases were observed.'!l Subsequent work on
carefully hydrolyzed and purified samples demonstrated that
a chiral nematic-ordered phase formed above a critical
concentration.!'?!

The spontaneous formation of chiral nematic phases from
aqueous colloidal suspensions of cellulose crystallites is reviewed
briefly here. Applications to date range from the formation of
iridescent films from dried suspensions[’®l to the magnetic
alignment of proteins in biomolecular NMR spectroscopy.['¥

Native Cellulose as Raw Material for Crystallites

The biosynthesis of cellulose in species, such as cotton,
proceeds by the building up of glucose units into long, slender
monocrystalline microfibrils. The cellulose molecules in the
microfibrils are arranged in parallel with a twofold screw
symmetry along their length achieved by f-[1,4]-linkage of D-
Glc subunits, and are deposited in a parallel fashion to form
larger fibrillar structures. The degree of polymerization (DP)
along the chains in native cellulose is very high, with values up
to 13000 for native cotton cellulose claimed by some
authors.™! Microfibrils are arranged into lattices within the
cell wall; this results in a highly crystalline structure that is
insoluble in water and resistant to reagents. However, areas of
the lattice contain unstructured regions that are caused by the
presence of amorphous cellulose, or which arise as a result of
small crystalline units being imperfectly packed together.
Non-cellulosic polysaccharides (e.g., hemicelluloses such as
xyloglycans, glucomannans, glucuronoxylans) exhibit a strong
interaction with the microfibril surface and further lead to an
apparent disorder.['®]

Stresses present during biosynthesis have been implicated
in the formation of two different “allomorphs” of cellulose: Ia
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and IS (which were originally discovered by analysis of
spectral line splitting in solid-state '3C cross-polarization/
magic angle spinning (CP/MAS) NMR spectroscopy!'’l and
later confirmed by electron diffraction and FTIR[®l), Both
allomorphs possess symmetry that is very close to twofold
screw symmetry; this leads to the conclusion that the repeat
unit along the chain is cellobiose (i.e., two glucose units). The
structure of Ia is defined by a one-chain triclinic and I8 by a
two-chain monoclinic unit cell. Essentially, these structures
are very similar and interconversion between them is
achieved by the slipping of intersheet hydrogen bonds
between cellulose sheets,[] to give a slightly different pattern
of cellobiose repeats. The differences in proportional compo-
sitions of Ia and IS help explain the diverse structural
characteristics seen in different organisms; bacterial and algal
celluloses tend to be richer in la (e.g., in Valonia, the
proportion of Ia:I8 is ~65:35), and higher plants contain a
greater relative amount of I5.

Results from studies performed on Microdictyon®! dem-
onstrate that it is possible for Ia and IS to exist within the
same microfibril; however, detailed AFM images have
suggested that only the triclinic (Ia) structure is present at
the surface of Valonia cellulose crystals. Detection of differ-
ences in topographical features, that is, the alternating C2—C3
and O5—CS5 faces, along the cellulose chain allowed observa-
tion of protruding hydroxymethyl groups on the O5—CS5 face
that could be differentiated from hydroxyls on the C2—C3
face. The particular cellobiose repeat pattern was identified as
the triclinic unit cell. Monoclinic I3 was not observed in these
studies, raising the possibility that this allomorph may only be
present inside the crystallite structure. Enzymatic degradation
studies support this observation," ! as does electron micro-
diffraction.! Solid-state NMR spectroscopy on sugar-beet
pulp has estimated that the average number of cellulose
chains in the core of a microcrystal is 25.

Preparation: Individual crystallites are prepared through acid
hydrolysis of cellulose-containing materials under strictly
controlled conditions of time and temperature. Typically,
concentrated mineral acids, such as sulfuric or hydrochloric,
are used; the cellulose starting material comes from many
sources, including wood pulp,l?l cotton,?¥! Valonia (green
alga),™ and sugar-beet pulp.'®! The purity of cellulose
contained in these materials differs to a great extent, for
example, cotton-seed fluff is composed of <94 % cellulose
(wood contains <55%). Initial acid action removes poly-
saccharide material closely bonded to the microfibril surface,
resulting in an overall decrease of amorphous material.
Subsequent hydrolysis breaks down those portions of the
long glucose chains in accessible, non-crystalline regions. A
levelling-off degree of polymerization is achieved; this
corresponds to the residual highly crystalline regions of the
original cellulose fibre. When this level is reached, hydrolysis
is terminated by rapid dilution of the acid. A combination of
centrifugation and extensive dialysis is employed to com-
pletely remove the acid, and a brief sonication completes the
process to disperse the individual particles of cellulose and
yield an aqueous suspension (see Figure 1).1?] The cellulose
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Figure 1. Positively stained electron micrograph of cotton cellulose
crystallites (derived from Whatman filter paper) at a concentration of
~0.1% (w/w). The scale bar corresponds to 400 nm.

rods that remain after this treatment are almost entirely
crystalline and as such are termed “crystallites”.

The precise physical dimensions of the crystallites depend
on several factors, including the source of the cellulose, the
exact hydrolysis conditions, and ionic strength. Additionally,
complications in size heterogeneity are inevitable owing to
the diffusion-controlled nature of the acid hydrolysis. Typical
figures for crystallites derived from different species vary:
20 x (100-2000) nm for Valonia,?® (3—5) x 180475 nm for
bleached softwood kraft pulp,?”! and 7 x (100-300) nm for
cotton.?®l The high axial (Iength to width) ratio of the rods is
important for the determination of anisotropic phase forma-
tion.

Ultrastructure: Beyond the nanometre resolution afforded by
electron microscopy, the ultrastructure of individual crystal-
lites has only recently been investigated thoroughly. Indeed,
several techniques have provided information at the sub-
nanometre level, including high resolution solid-state NMR
spectroscopy,l'® atomic force microscopy (AFM),? 3% small
angle neutron scattering (SANS),P! and small angle X-ray
scattering.’> 331 AFM has perhaps provided the most detailed
description so far, with a high-resolution picture of the surface
of cellulose crystallites derived from a green alga, Valonia (see
Figure 2). Topographical images gained by using AFM have
revealed corrugations across the surface of each crystal, with
three spacings relating to the 0.52 nm glucose interval, the
1.04 nm cellobiose repeat distance, and an ~0.6 nm repeat
matching the intermolecular spacing between chains (see
Figure 3). This represents the first direct imaging of crystallo-
graphic features on the surface of cellulose crystallites.

At present, the internal structural features of cellulose
microcrystals remain undetermined, although some NMR
spectroscopic evidence indicates that the interior may exhibit
a greater degree of organization.’* ! The studies performed
to date, however, have allowed a greater understanding of
cellulose crystallite ultrastructure, with a view to understand-
ing the fundamental characteristics exhibited by such suspen-
sions.
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Figure 2. Backbone trace of several cellulose chains in the monoclinic (I5) conformation, showing the alternation of O5—C5 and C2—C3 faces at one surface.
Approximately one in ten surface hydroxymethyl groups are substituted with sulfate esters.
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Figure 3. Schematic diagram of the two allomorphs of cellulose I present in crystallites. Each oval represents a
glucose sugar unit. The difference in alignment of adjacent chains leads to either a staggered pattern in the
monoclinic (I8) unit cell or a diagonal pattern in the triclinic (Ie) unit cell.

an explanation for this phenom-
enon, through anionic stabiliza-
tion due to attraction/repulsion
forces of electrical double lay-
ers.!!l The analysis revealed a
sulfur content of 0.73% (w/w),
which suggests sulfur deposi-
tion on the surface of the rods
as a result of a side reaction
during hydrolysis. In fact, the
acid reacts with hydroxymethyl
groups at the crystallite surface

Chiral nematic properties: Rod-shaped species, for example,
tobacco mosaic virus,*! fd phage,?”! and poly(tetrafluoro-
ethylene) “whiskers”*¥l have been demonstrated to display
nematic order, whereas suspensions of cellulose crystallites
spontaneously form a chiral nematic phase.' The chiral
nematic, or cholesteric, phase consists of stacked planes of
molecules aligned along a director (n), with the orientation of
each director rotated about the perpendicular axis from one
plane to the next, as shown in Figure 4a. The source of the
chiral interaction is thought to arise from the packing of
screwlike rods (see Figure 4b), as postulated by Straley’s
hypothesis,*! and indeed a SANS study is claimed to support
this.PY

Interestingly, the phase-forming ability of a cellulose
crystallite suspension depends on the mineral acid chosen
for the initial hydrolysis. Use of either sulfuric or phosphoric
acid yields a chiral nematic phase, but hydrochloric acid
hydrolysis gives a viscous suspension that forms a birefrin-
gent, glassy phase after a “post-sulfation” treatment. %

For crystallites prepared from the action of concentrated
sulfuric acid on bleached kraft wood pulp, the axial ratio of
the rods is in the range of 20 to 40. According to phase
equilibrium theory for rodlike particles,*!l this should corre-
spond to a critical concentration for ordered phase formation
of 0.2 to 0.5. However, phase separation has been observed at
an approximately tenfold lower, 1-2%, volume fraction.
Elemental analysis performed on these crystallites has offered
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to form sulfate esters, and it has
been estimated that ~10 % of the anhydroglucose units on the
surface contain sulfur. Post-sulfated hydrochloric acid prep-
arations have a sulfur content approximately one third less
than this,* and thus provide further evidence that charge on
the crystallite surface is imperative for phase stability.
Quantitative interpretations of the changes in composition
of the isotropic and anisotropic phases in the concentration
range in which both phases coexist have been attempted as a
function of electrolyte concentration*’l and nature of the
counterion.”¥! Interestingly, the chiral nematic pitch was
found to decrease (the phase became more highly twisted)
as the salt concentration increased.?! Recently, Heux et al.[*l
succeeded in preparing cellulose crystallite suspensions in
organic media, stabilized by surfactant, and found evidence
for chiral nematic ordering.

The self-assembly of chiral nematic phases by suspensions
of cellulose crystallites has received an increased amount of
attention for its potential applications. Chiral nematic liquid
crystals whose pitch is of the order of the wavelength of visible
light reflect circularly polarized light of the same handedness
as the chiral nematic phase.™ The wavelength of this
selectively reflected light changes with viewing angle, leading
to an iridescent appearance. That cellulose derivatives can
form iridescent liquid and solid phases has long been
known.[*! By simply casting films from suspensions of
cellulose crystallites, cellulose films with the optical properties
of chiral nematic liquid crystals can also be prepared.['”]
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Figure 4. a) Schematic representation of the chiral nematic phase. Each
nematic plane, containing aligned, rodlike cellulose crystallite molecules,
exhibits an orientation that differs slightly from adjacent planes due to
rotation of the magnetic director (n) about the perpendicular cholesteric
axis. b) Schematic representation of the tight packing achieved by chiral
interaction of screwlike rods. Alignment of the “thread” of one rod with the
“groove” of its neighbour results in closer packing than is observed if the
long axes of the rods are parallel to one another.

Tailoring of the films to give different colors of reflected light
was achieved by altering the salt content of the suspension for
a given source of cellulose and set of hydrolysis conditions.
Possible areas of application include optically variable films
and ink pigments for security papers, as the optical properties
cannot be reproduced by printing or photocopying.*”}

While cellulose crystallite suspensions of low ionic strength
allowed to dry in a relaxed state usually take a chiral nematic
structure, evaporation under shear of a suspension of cellulose
crystallites from the green alga Cladophora sp. gave a film
with highly oriented uniaxial structure.[!

Alignment in a magnetic field: When a suspension of tunicate
cellulose microcrystals from Halocynthia roretzi was allowed
to dry in a homogeneous 7 T magnetic field, the crystallites
exhibited an alignment with their long axes perpendicular to
the direction of the field, indicating a negative diamagnetic
susceptibility anisotropy.*’! Since the particles re-oriented
across, rather than along the field, the field does not untwist
the chiral nematic structure, but rather lines up the chiral
nematic axis along the direction of the field.?* > The process
of magnetic alighment occurs over a period of hours to days
owing to the viscosity of cellulose crystallite suspensions, and,
therefore, applications in areas such as liquid crystal displays
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are unlikely. However, immediate alignment is not always a
requirement. For example, reinforced polymers may be
achieved through polymerization within a magnetic field,
and increased strength is a characteristic which is much sought
after in the textile industry.

Recently, a novel application in the field of structural
biology makes use of both the anisotropy of the cellulose
crystallite, the stability of the suspensions, and the orientation
of the suspension in a magnetic field. Elucidating the structure
of nucleic acids and proteins is one of the key activities in
molecular biology. Nuclear magnetic resonance (NMR)
spectroscopy is a technique that may be used for the
elucidation of three dimensional macromolecular structure
in aqueous solution. One of the limiting factors for this
technique is the size of the macromolecule studied. However,
the application of several liquid crystal phases, including fd
phagel¥! and surfactant bicelles,*! has led to improvements in
both structural precision and the maximum size of proteins
amenable to study. The small degree of molecular alignment
that these dilute phases induce in solution allows the
measurement of residual dipolar couplings, a phenomenon
not normally observed under isotropic conditions. Use of
aligning phases is likely to become standard in NMR
structural determination. There is a requirement for a
ubiquitous medium in which to align the macromolecules,
yet media described to date have various disadvantages. For
example, phage show a degree of interaction with charged
areas of proteins, and bicelles, which are stable over narrow
temperature ranges, exhibit a delicate phase equilibrium that
may be disrupted by the presence of soluble macromolecules.
However, cellulose crystallites have been demonstrated to
fulfil the role of molecular alignment,!'* yet show no
interaction with a highly basic protein (intimin, pl=38.9),
despite their negative surface charge (see Figure 5).

In addition, the observation that cellulose crystallites align
perpendicular to the direction of a magnetic field is in direct
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Figure 5. Schematic showing alignment of macromolecules in a magneti-
cally aligned anisotropic phase of cellulose crystallites. Molecules in the
vicinity of cellulose crystallites experience preferential alignment (repre-
sented in the broken box). This results in a change in spectral line splitting,
for example from 92.7 Hz to 105.6 Hz.
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contrast to existing alignment technologies, all of which
exhibit a positive diamagnetic susceptibility anisotropy and,
therefore, align parallel to the field.

Conclusion

Cellulose crystallites in the form of microcrystalline cellulose
are currently utilized widely industrially. However, as yet
unexploited features, such as the ability to form chiral nematic
phases at relatively low concentrations in water and the
alignment of such suspensions in magnetic fields, has paved
the way for future applications in other diverse areas. Central
to this expansion will be an improved appreciation of the
structure of the crystallites themselves and the factors that
govern the stability and structure of the ordered phases. The
desirable characteristics of cellulose crystallites, such as the
abundant and renewable nature of the starting material, their
inertness and absence of toxicity, and the relative stability of
the suspensions suggest that this media is likely to find an even
wider range of uses in the near future.
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Abstract: The matrix isolation and
spectroscopic characterization of two
C¢F, isomers, the perfluorinated o-ben-
zyne 4 and the m-benzyne §, is reported.
UV photolysis of tetrafluorophthalic
anhydride 6 in solid argon at 10 K results
in the formation of CO, CO,, and 1,2-
didehydro-3,4,5,6-tetrafluorobenzene

(4) in a clean reaction. On subsequent
350 nm irradiation 4 is carbonylated to
give the cyclopropenone 7. 1,3-Didehy-

synthesized by UV irradiation of 1,3-
diiodo-2,4,5,6-tetrafluorobenzene  (8)
via 2,3,4,6-tetrafluoro-5-iodophenylrad-
ical 9. Photolysis of 8 in solid neon at 3 K
produces good yields of both radical 9
and benzyne §, while in argon at 10 K no
reaction is observed. Thus, the photo-

Keywords: benzyne didehydro-
benzene - IR spectroscopy - matrix
isolation - radicals

chemistry in neon at extremely low
temperature markedly differs from the
photochemistry in argon. The formation
of 5 from 8 via 9 is reversible, and
annealing the neon matrix at 8§ K leads
back to the starting material 8. The
benzynes 4 and 5 and the radical 9 were
characterized by comparison of their
matrix IR spectra with density func-
tional theory (DFT) calculations.

dro-2,4,5,6-tetrafluorobenzene (5) was

Introduction

The didehydrobenzenes (benzynes) 1-3 (Schemes 1, 2, and 3,
respectively) are reactive CsH, molecules that have been
studied by trapping in solution as well as by a variety of

(0]
(0]
(i) hv, Ar, 8 K ' hv, Ar, 8K 7
(0] -2CO0O, -2CO NS
(e]

O 1

Scheme 1. Matrix isolation of o-benzyne (1).

spectroscopic and theoretical methods. The renewed interest
in the benzynes during the last few years results from the
discovery of biologically highly active molecules with deriv-
atives of 3 and related diradicals as key intermediates,! but
also from the challenge to theoretical chemistry by these
unusual molecules. The intense interest in o-didehydroben-
zene (1; Scheme 1) is illustrated by the wealth of information

[a] Prof. Dr. W. Sander, H. H. Wenk
Lehrstuhl fiir Organische Chemie II der Ruhr-Universitét
44780 Bochum (Germany)
Fax: (+49) 234-3218593
E-mail: sander@xenon.orch.ruhr-uni-bochum.de
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which has been gained with a broad spectrum of experimental
and theoretical methods. These include gas-phase UV/Vis
spectroscopy,”! mass spectrometry,®! matrix isolation IR
spectroscopy,l’) microwave,®! photoelectron,” and negative-
ion photoelectron spectroscopy (NIPES),® 1 collision-in-
duced dissociation threshold,'” and NMR spectroscopy!*!l.
Recent theoretical calculations were performed by using
CCSD(T)!'2131 and CASPT2.'I The singlet —triplet splitting
was determined to be 37.5 kcalmol~! by NIPES.®]

The fact that the knowledge about m-didehydrobenzene (2;
Scheme 2) is scarcer than that of 1 can be attributed partially to

oo

1.300 °C
Ar, 1OK © 2.Ar, 10K

Scheme 2. Matrix isolation of m-benzyne (2).

O
/U\,o

its higher reactivity and partially to the lack of synthetically
feasible precursors. As a consequence, reports of a direct
spectroscopic observation of 2 are relatively new™ with the
exception of an early gas-phase UV/Vis and mass spectro-
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metric study.’] The singlet—triplet splitting of 21.0 kcal
mol !B is lower than that of 1, leading to a more pronounced
diradicaloid character. The parent benzyne 2 (Scheme 2) and
a few derivatives were investigated by direct spectroscopic
methods. 5-Fluoro- and 5-methyl-m-didehydrobenzene were
prepared by UV photolysis of the corresponding [2.2]meta-
paracyclophanediones in argon matrices;!™) however, the
synthesis of the precursors is tedious and limited to sterically
favorable cases. 2,4-Didehydro-
phenols were synthesized from
diazoquinone carboxylic acids
by a reaction path which is
unique to OH-substituted m-
didehydrobenzenes.'®) An in-
teresting mass spectrometric
method for the investigation of
the chemistry of m-benzynes in
the gas phase has recently been
developed.!'”)

The generation and matrix
isolation of p-didehydroben-
zene 3 from two different pre-
cursors (Scheme 3) was report-
ed recently.™ Given the low
C-1 bond dissociation energy,
diiodobenzenes should be ideal
precursors of the benzynes.
However, photolysis of para-
diiodobenzene, matrix-isolated
in argon at 10 K produces no
detectable trace of 3, and in
neon at 5 K only very low yields
of 3 are obtained. Evidently, the
thermal in-cage recombination
of the photochemically gener-
ated radical pairs (iodine atoms
and phenyl radicals) leads to
the low overall yields in these
reactions.
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studies are restricted to solution-trapping chemistry with a
wide range of reagents (Scheme 4).'%24 In general, these
reactions of 4 resemble those of the unsubstituted o-benzyne
1] but as a consequence of the electron-withdrawing
fluorine substituents the yields of 1,4-addition products with
dienes are increased drastically.?%!

The only theoretical study on perfluorinated benzynes is
based on semiempirical INDO calculations and was published

F
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Scheme 4. Chemistry of the perfluorinated o-benzyne 4 from trapping reactions.
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Scheme 3. Matrix isolation of p-benzyne (3).

1,2-Didehydro-3,4,5,6-tetrafluorobenzene (4) is the only
C¢F, isomer that has been studied experimentally. These

F
F
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in 1970.%") The singlet — triplet splittings AEg were calculated
to be 83.0 and 55.0 kcalmol™' for 4 and 5, respectively.
However, the same study predicts a AEgy value of
12.5 kcalmol™! for o-benzyne (1) and —26.5 kcalmol™! for
m-benzyne (2), which does not agree with the experimentally
determined data.

Here we describe the matrix isolation and spectroscopic
characterization of the two perfluorinated benzynes 4 and 5.

Results and Discussion

1,2-Didehydro-3,4,5,6-Tetrafluorobenzene (4): The UV pho-
tolysis of matrix-isolated phthalic anhydride has been shown
to produce o-benzyne, CO, and CO, in a clean reaction.[
Analogously, tetrafluorophthalic anhydride 6 should be a
suitable precursor for the synthesis of 1,2-didehydro-3.,4,5,6-
tetrafluorobenzene (4; Scheme 5). UV irradiation (254 nm) of
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Scheme 5. Synthesis of benzyne 4 by photolysis of anhydride 6, and reaction of 4 with CO to give the

cyclopropenone 7.

tetrafluorophthalic acid anhydride 6, matrix-isolated in solid
argon at 9 K, results in the decrease of the IR bands of 6 and
formation of CO (21443 cm™!) and CO, (658.6 and
2342.2 cm™'). Simultaneously a new compound with the
strongest IR absorptions at 1488.6, 1076.2, and 972.7 cm~! is
formed (Table 1, Figure 1). These new absorptions are in
excellent agreement with the IR spectrum of the fluorinated
o-benzyne 4, calculated at the BLYP/6-311++G(d,p) level of
theory.

Table 1. Observed and calculated IR bands of 4.

Mode Symm. Vexp. [cm]tl L., exp.lb] Vearea [cm 1]t L1, caea
10 b, 465.6 0.04 449.3 0.04
11 b, 586.6 0.07 545.4 0.03
12 b, - - 590.9 0.00
13 a, - - 632.9 0.00
14 b, - - 634.0 0.00
15 a, - - 672.2 0.02
16 b, 972.7 0.55 927.9 0.48
981.4 0.14
17 a, 1073.5 0.18 1023.1 0.22
1076.2 0.32
18 b, - - 1143.4 0.04
19 a; 1289.0 0.01 1239.7 0.01
20 a; 1459.1 0.30 1382.2 0.29
21 b, 1483.4 0.41 1420.3 1.00
1488.6 1.00
22 a, 1495.9 0.16 1420.5 0.04

[a] Argon, 9 K. [b] Relative intensities based on the strongest absorption.
[c] Calculated at the BLYP/6-311++G(d,p) level of theory. Band posi-
tions are unscaled. The assignment is based on band positions and
intensities.
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Figure 1. Photochemistry of tetrafluorophthalic anhydride 6 in solid argon.
a) Difference spectrum. Bands pointing upwards appear on irradiation of 6
with 254 nm. b) Calculated (BLYP/6-311++G(d,p), unscaled) spectrum of
1,2-didehydro-3,4,5,6-tetrafluorobenzene (4).
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The most intense absorption

F in the IR spectrum of 4 is a
o} combined in-plane ring defor-

F mation/C—F stretching mode at
1488.6 cm~!, which is split into

7 several components. A similar

splitting of matrix IR absorp-
tions was reported by Radzis-
zewski etal. for the parent
benzyne 1, generated by photolysis of phthalic anhydride.[
This effect was attributed to the interactions of 1 with CO and
CO,, isolated in the same matrix cage (pressure induced van
der Waals complex).

The C=C stretching vibration could not be identified in the
IR spectrum of 4. Denstiy functional theory (DFT) calcu-
lations (BLYP/6-311++G(d,p)) predict this vibration to be of
very low intensity (0.6 kmmol~!, compared to 621 kmmol~!
calculated for the most intense band) at 1935.6 cm~L. For the
parent benzyne 1 the C=C stretching vibration was assigned to
a very weak absorption at 1846 cm~".[%d

The electronic structure of benzyne 1 resembles more that
of a strained alkyne or a cumulenel'!l than that of an open-
shell diradical, and is thus well described by single-determi-
nant methods. Therefore the calculated geometry of 4 is
rather insensitive to the theoretical method employed (BLYP,
B3LYP, or CASSCF, Figure 2). The hybrid functional B3LYP

o B Y
125.5 1127 1217 120.5 119.1 1204
1269 1112 1218 119.8 1209 118.7
126.9 1111 1219 120.2 119.9 119.5

1.403
1.405
1.396

o B Y o B Y
1259 1111 1221 121.0 1184 120.6
127.2 1104 1224 1209 1188 1203
127.3 1102 1224 121.0 1186 1204

Figure 2. Calculated geometries of singlet (left) and triplet (right) o-
didehydrobenzenes 1 and 4. C—C Bond lengths in A, bond angles in degrees
(bold: CASSCF(8,8)/cc-pVDZ; regular: BLYP/6-311++G(d,p); italic:
B3LYP/6-311++G(d,p)).
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predicts a slightly shorter C,=C, bond length than the other
methods. The singlet—triplet splitting of 4 is at all levels of
theory calculated to be several kcalmol~! larger than that of 1
(see Table 5). Both BLYP and B3LYP predict nonplanar C,
symmetric structures for triplet 4, whereas CASSCF predicts a
planar molecule with C,, symmetry.

Subsequent irradiation of the photoproducts with 350—
450 nm light results in a decrease of the bands assigned to 4
(but not those of remaining 6) and formation of new bands.
These bands excellently match the calculated spectrum of
tetrafluorobenzocyclopropenone 7, which is formed by addi-
tion of carbon monoxide to 4 (Table2, Figure 3). This
carbonylation of 4 requires a photochemical activation and

Table 2. Observed and calculated IR bands of 7.

Mode Symm. Vexp. [cm~!]tal [rel.,exp.[b] Veatea [l L., catea
12 a, 548.1 0.06 532.1 0.01
13 b, 580.6 0.01 560.9 0.01
14 a, - - 573.6 0.00
15 b, 623.2 0.08 597.0 0.04
16 b, - - 620.0 0.00
17 b, 691.0 0.04 657.6 0.02
18 a, - - 672.6 0.00
19 b, 818.1 0.22 774.4 0.10
20 a, 884.6 0.05 850.0 0.02
21 b, 1050.2 0.19 996.6 0.16
22 a; 1108.4 0.23 1048.8 0.11
23 b, - - 1212.5 0.03
24 a; 1288.7 0.08 1236.4 0.04
25 a; - - 1358.6 0.02
26 a, 1470.7 0.79 1395.8 0.38
27 b, 1494.4 1.00 1419.2 0.67
28 b, 1605.6 0.05 1541.4 0.01
29 a, 1610.5 0.05 1553.1 0.03

1859.8 0.16
30 a; 1894.1 0.22 1869.0 1.00

1904.4 0.35

1920.3 0.25

[a] Argon, 9 K. [b] Relative intensities based on the strongest absorption.
[c] Calculated at the BLYP/6-311++G(d,p) level of theory. Band posi-
tions are unscaled. The assignment is based on band positions and
intensities.

30 29 2725 24
)

all |

2221 20 19 1‘7115 12

b

2000 1700 1400 1100 800
— vicem'
Figure 3. Irradiation (350-450 nm) of 1,2-didehydro-3.,4,5,6-tetrafluoro-
benzene (4) generated by photolysis of tetrafluorophthalic anhydride 6.
a) Difference spectrum. Bands pointing upwards appear on irradiation.
b) Calculated (BLYP/6-311++G(d,p), unscaled) spectrum of tetrafluoro-
benzocyclopropenone (7).
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does not occur thermally on annealing the matrix at 30 K. A
similar reaction was observed with 3,3,6,6-tetramethylcyclo-
hexyne, which is photocarbonylated in CO-doped argon
matrices to give the corresponding cyclopropenone.®! For
the parent o-benzyne (1) a photochemical equilibrium
between cyclopentadienylideneketene and 1 + CO was
observed.® The irradiation of matrix-isolated phthalic anhy-
dride produces benzocyclopropenone as a byproduct, the
direct formation from 1+ CO was not reported in this case.>
The different reactivity of 1 and 4 towards CO might result
from the higher electrophilicity of 4, caused by the electron
withdrawing fluorine substituents.

1,3-Didehydro-2,4,5,6-tetrafluorobenzene (5): Our first at-
tempts to generate 1,3-didehydro-2.4,5,6-tetrafluorobenzene
(5) were made by flash vacuum pyrolysis (FVP) of 1,3-diiodo-
2,4.5,6-tetrafluorobenzene (8) and subsequent trapping of the
products in solid argon at 10 K (Scheme 6). However, the only

F F F
! 254 nm ! . 254 nm . .
A
F F A F F F F
F F F
8 9 5

Scheme 6. Synthesis of the perfluorinated m-benzyne 5 by stepwise loss of
iodine atoms of diiodobenzene 8.

detectable products were SiF, (reaction with the quartz
pyrolysis tube) and traces of CF, and CF;, indicating complete
breakdown of the aromatic ring system. This is in accord with
an unsuccessful attempt to generate pentafluorophenyl rad-
ical by FVP of pentafluoroiodobenzene.’” In contrast, FVP of
the parent 1,3-diiodobenzene produces hex-3-ene-1,5-diyne as
the major product./'s!

UV irradiation of 8 in solid argon does not result in any
change in the IR spectrum, indicating the highly efficient in-
cage recombination of the radical pairs under these condi-
tions. In solid neon at 3 K, however, 254 nm irradiation rapidly
generates a new compound A with the strongest IR absorp-
tions at 1030.4, 1073.4, and 1484.4 cm~! (Figure 4, Table 3).

27 26 25 24 22 21 2019 18

T

b

L

1700 1500

1300 1100 900 700

«— viem'
Figure 4. Photochemistry of 1,3-diiodotetrafluorobenzene (8) in a neon
matrix at 3 K. a) Difference spectrum. Bands pointing upwards appear on

irradiation (10 min) with 254 nm light. b) Calculated (BLYP/CEP-31G(d),
unscaled) spectrum of 3-iodotetrafluorophenyl radical 9.
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Table 3. Observed and calculated IR bands of 9. Table 4. Observed and calculated IR bands of 5.
Mode Symm. Vexp. [cm -]kl [rel.,exp.[b] Veatea [0 L., catea Mode Symm. Vexp. [em~1]te] Irel.‘exp.[b] Peatea [cM '] L1, catea
18 a’ 837.0 0.21 782.8 0.22 9 b; 488.2 0.05 469.4 0.02
19 a’ 1030.4 0.40 983.6 0.30 10 b, 511.6 0.07 506.9 0.03
20 a’ 1073.4 0.48 1023.5 0.23 11 a, - - 512.9 0.00
21 a’ - - 1149.1 0.02 12 a, - - 542.1 0.00
22 a’ - - 1303.5 0.13 13 a, - - 608.5 0.00
23 a’ - - 1339.7 0.04 14 b, 649.1 0.05 624.3 0.03
24 a’ 1416.6 0.18 1370.3 0.21 15 b, - - 643.8 0.00
25 a’ 1484.4 1.00 1433.3 1.00 16 a, 952.3 1.00 897.0 0.74
26 a’ 1562.3 0.19 1524.8 0.16 17 b, 981.3 0.44 942.8 0.67
27 a’ 1636.8 0.06 1595.4 0.04 992.7 0.62
lative i . h B 18 a, - - 1116.2 0.00
[a] Neon, 3 K. [b] Relative intensities based on the strongest ab.sgrptlon. 19 b, 12685 0.19 12212 022
[c] Calculated at the BLYP/CEP-31G(d) level of theory. Band positions are 12733 012
unscaled. The assignment is based on band positions and intensities. 20 a, _' _' 1385.9 0.00
21 b, 1497.0 0.19 1387.4 0.06
22 a 1534.2 0.92 1449.3 1.00
Prolonged irradiation results in formation of a second photo- 23 b, 1605.4 0.93 1568.3 0.52
product B with intense bands at 952.3, 981.3, 992.7, 1534.2, 24 a }gg; g;é 17944 0.68

1605.4 and 1823.8 cm~! (Figure 5, Table 4). The spectra of the
two products can be clearly differentiated by plotting the band

19 18
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Figure 5. Prolonged irradiation of 1,3-diiodotetrafluorobenzene (8) in
solid neon at 3 K. a) Difference spectrum (5.5 h — 4 h irradiation). Bands
pointing upwards appear on irradiation with 254 nm light. b) Calculated
(BLYP/6-311++ G(d,p), unscaled) spectrum of 1,3-didehydro-2,4,5,6-
tetrafluorobenzene 5.

intensity versus irradiation time (Figure 6). The concentration
of A rapidly increases at short irradiation times (<1 h),
reaches a maximum, and slightly decreases on prolonged
irradiation (several hours). The concentration of B rises much
slower at short irradiation times, and only traces of B are
present after 10 min. At longer irradiation times, when the
concentration of A already decreases, the concentration of B
still increases, until finally a photostationary equilibrium of 8,
A, and B is reached. This indicates a reaction sequence 8 —
A — B with A being the precursor of B.

On warming the matrix from 3 to 7.5 K both products A and
B disappear (the latter faster than the former) and 1,3-
diiodotetrafluorobenzene 8 is formed back again. These
observations are in accord with the consecutive photochem-
ical cleavage of the two C—I bonds in 8: breaking of the first
C—Ibond leads to the 3-iodo-2,4,5,6-tetrafluorophenyl radical
(9: compound A) and an iodine atom, and breaking of the

Chem. Eur. J. 2001, 7, No. 9
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[a] Neon, 3 K. [b] Relative intensities based on the strongest absorption.
[c] Calculated at the BLYP/6-311++G(d,p) level of theory. Band posi-
tions are unscaled. The assignment is based on band positions and
intensities.
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Figure 6. Relative intensity of IR absorptions versus irradiation time for
the species formed on photolysis of 1,3-diiodotetrafluorobenzene (8) in
solid neon.

second C—I bond finally produces benzyne S and a second
iodine atom (see Scheme 6). The iodine atoms remain in the
proximity of 9 and §, respectively. Annealing of the matrix
leads to a higher mobility of trapped species and thus to the
thermal radical recombination.

The yield of 9 and of 5 is much dependent on the matrix (in
argon the yield of both radicals is essentially zero) and on the
matrix temperature. While in solid neon at 7 K radical 9 is
formed exclusively, the yields of 9 and 5 (estimated from the
IR intensities) are almost equal after prolonged irradiation at
3 K. The formation of 9 and § requires radical pairs separated
by the matrix, otherwise the thermal recombination is rapid
even at low temperatures. Evidently, the smaller neon atoms
are more suitable for the separation of radical pairs than
argon atoms; however, details of these matrix effects are still
not understood.

1841
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The assignment of the photoproducts A and B to 9 and 5,
respectively, is confirmed by comparison of the experimental
with the DFT-calculated IR spectra. The IR spectrum of 9,
calculated at the (BLYP/CEP-31G(d)) level of theory, nicely
reproduces the matrix (neon, 3 K) IR spectrum of A (Fig-
ure 4). The dominant absorption is an in-plane ring deforma-
tion mode at 1484.4 cm™! (calculated at 1433.3 cm™!). Al-
though in argon at 10 K the concentration of 9 is too low to be
observable by IR spectroscopy, an EPR signal indicates the
formation of low concentrations of a radical, most likely 9, in
an argon matrix.

The assignment of the secondary photoproduct B to
benzyne 5 is also supported by DFT calculations of the IR
spectrum. The diradical character of m-benzynes is higher
than that of o-benzynes, and the best agreement of the
experimental IR spectrum of 2 with calculations was obtained
by using the computationally expensive CCSD(T) method.!'?!
On the other hand, it was shown that DFT methods perform
surprisingly well for the calculation of open-shell singlet
molecules.P'3 Whether pure DFT (BLYP)B or hybrid HF/
DFT (B3LYP)P! is more adequate for these systems is still
controversial. For m-benzynes 2 and 5 B3LYP seems to
overestimate the interaction of the radical centers resulting in
a bicyclic rather than diradicaloid structure with a very short
C(1)—C(3) distance and a very small bond angle at the carbon
atom C(2) connecting the radical centers (Figure 7). This

o B Y 5 [ B b 8
107.0 130.0 1186 1158 118.0 121.7 119.4 119.7

904 1440 1144 1127 1200 1204 119.0 119.8

79.4 153.6 1109 111.7 117.9 122.1 1186 120.1

o B Y ) o B Y 8
105.2 1311 1181 116.2 1156 124.0 117.8 120.8
939 1404 1162 113.0 115.1 1249 1167 1215
73.3 1585 109.0 111.6 1149 1250 116.8 121.4

Figure 7. Calculated geometries of singlet (left) and triplet (right) m-
didehydrobenzenes. C-C Bond lengths in A, bond angles in degrees (bold:
CASSCF(8,8)/cc-pVDZ; regular: BLYP/6-311 ++ G(d,p); italic: B3LYP/
6-311++G(d,p)).
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problem can be overcome by using an UB3LYP wavefunc-
tion.l?> 3 To reproduce the IR spectra of m-benzyne UB3LYP
and BLYP perform similarly well, and for the sake of
compatibility to earlier publications in this field we only
discuss IR spectra calculated at the BLYP level of theory.

A characteristic absorption at 1823.8 cm™~! (calculated at
1794.4 cm™') corresponds to an a; symmetrical ring stretching
vibration (Figure 8, mode 24). The precursors 8 and 9 do not

™
\
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Mode 10 Mode 24
Figure 8. IR modes 10 and 24 of 1,3-didehydro-2,4,5,6-tetrafluorobenzene
(5.

exhibit vibrations above 1700 cm~'. An asymmetrical in-plane
ring deformation mode with a large contribution of the radical
centers (Figure 8, mode 10) has been shown to be character-
istic of m-benzynes (547 cm~! in 2, 543 cm~! in 1,3-didehy-
dro-5-fluorobenzenel™). In tetrafluorobenzyne 5 this vibra-
tion is assigned to a weak absorption at 511 cm~L. The splitting
of modes 17, 19 and 24 into several components indicates
matrix site effects, most likely interactions with the iodine
atoms.

As a consequence of the multi-configuration character of
m-benzynes the calculated geometries of 2 and 5 depend more
on the level of theory than in the case of o-benzynes 1 and 4.
The CASSCEF calculations, which include higher configura-
tions, give a larger bond angle at C(2) and a longer C(1)—C(3)
distance (Figure 7) than the DFT methods. While CASSCF
and BLYP calculations give a shorter C(1)—C(3) distance for 5
than for 2, B3LYP predicts this distance to be shorter in 2.
Despite this fact and the difference of 0.2 A for d(C(1)—C(3))
between the two DFT methods the infrared spectra calculated
by BLYP and B3LYP are very similar except for the blue-shift
generally observed for B3LYP calculations. As for o-benzynes
1 and 4 an increase of the singlet—triplet splitting from the
unsubstituted 2 to the tetrafluoro derivative § is predicted by
all methods. For triplets T-2 and T-5, which can be seen as
models for noninteracting diradicals, d(C(1)—C(3)) is 0.343
and 0.505 A longer than for singlets S-2 and S-5, respectively.
The differences between the computational methods are
smaller for T-2 and T-5.

Comparative calculations (BLYP/6-311++G(d,p)) of dif-
ferent fluorine-substituted m-benzynes indicate that the
geometry is more sensitive to substitution in the 4- and 6-
than in the 2- and 5-position. All calculated substituted m-
benzynes have a shorter d(C(1)—C(3)) than unsubstituted 2.
The other C—C bonds are hardly affected by substitution with
the difference compared to 2 lying well below 0.1 A.
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Conclusion

A general problem of the photochemical synthesis of radicals
and other species of similar reactivity in rare gas matrices is
the thermal in-cage recombination of the primarily formed
radical pairs. Thus, while the photolysis of aryl and alkyl
iodides in the gas phase yields the corresponding radicals in
clean reactions, photolysis in argon matrices results in no net
reaction. The radicals formed by cleavage of the C—I bond are
trapped in the same matrix cage and thermally recombine
back to the precursor molecule. This excludes many readily
available precursors of radicals. To avoid the in-cage recom-
bination, precursors have to be used that extrude highly stable
molecules such as N,, CO, or CO,.

This approach was used for the synthesis of the perfluori-
nated o-benzyne 4. Photolysis of tetrafluorophthalic anhy-
dride 6 in an argon matrix produces CO, CO,, and 4 in a clean
reaction. This is completely analogous to the previously
described synthesis of o-benzyne (1) from phthalic anhy-
drideP?) and demonstrates that phthalic anhydrides provide
reliable photochemical precursors of o-benzynes. o-Benzynes
are of comparatively low reactivity and react with CO only
after photochemical activation. A reaction with CO, has not
been observed.

m-Benzynes exhibit a higher radicaloid reactivity und thus
more likely undergo secondary thermal reactions with other
species trapped in the same matrix cage. In addition, cleavage
of m-disubstituted benzenes produces in most cases radicals
(if the substituents in m-position are not linked together as,
for example, in metacyclophanes) and not stable molecules.
This explains why the UV irradiation of 1,3-diiodobenzenes
such as 8 in argon at 10 K does not result in any photo-
chemistry. It is thus amazing that 8 is an excellent precursor of
both the radical 9 and m-benzyne 5 if it is irradiated in solid
neon at 3 K. An explanation of this could be that the radicals
are formed with enough excess energy to leave the matrix
cage in neon, but not in argon. A slight increase of the
temperature of the neon matrices immediately results in
radical recombination reactions. o-Benzyne 4 and m-benzyne
5 are the only C,F, derivatives that have been isolated and
spectroscopically characterized, so far. By combination of
matrix IR spectroscopy with DFT calculations the IR spectra
could be assigned.

The photochemistry of aryliodides in solid neon at very low
temperatures is clearly distinct from that in argon. We are
currently investigating the scope of this method for the
generation of a variety of radicals.

Experimental Section

General: Tetrafluorophthalic anhydride was purchased from Aldrich and
used as supplied. 1,3-Diiodotetrafluorobenzene was prepared by oxidative
iodination of 1,3,4,5-tetrafluorobenzene according to a literature procedure
by Neenan et al.’"]

Matrix isolation: Matrix isolation experiments were performed by standard
techniques with a Sumitomo Heavy Industries RDK-408D closed cycle
refrigerator (neon matrix experiments) or an APD CSW-202 Displex
closed cycle cryostat (argon matrices). Matrices were produced by co-
deposition of a large excess of rare gas (argon or neon, Messer-Griesheim,
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99.9999%) and the trapped species on a cold CsI window. For argon
matrices the cold window was retained at 30 K during deposition in order to
obtain optically clear matrices and subsequently cooled to 9 K. Neon
matrices were deposited at 3 K.

Infrared spectra were recorded with a Bruker IFS66 or Bruker Equinox 55
FTIR spectrometer with a standard resolution of 0.5 cm™! in the range of
400-4000 cm~". Irradiations were carried out with a Gréntzel low pressure
mercury lamp (254 nm) and Osram HBO 500 W/2 high-pressure mercury
arc lamps in Oriel housings with quartz optics and a dichroic mirror (350 -
450 nm).

Theoretical methods: Calculations were performed with the GAUSS-
TIANO9S suite of programs.*®! Geometries and vibrational spectra were
calculated using the BLYP functional with a 6-3114++G(d,p) basis set. For
3-iodotetrafluorophenyl radical 9 the CEP-31G(d) basis set was applied.
Geometry optimizations of benzynes 1, 2, 4 and 5 were also performed at
the B3LYP/6-311 ++ G(d,p) and CASSCF(8,8)/cc-pVDZ level of theory
(Table 5). The active space for the CAS calculation consisted of the m
orbitals of the aromatic ring and the symmetric and antisymmetric
combination of the o orbitals at the radical centers.

Table 5. AEg ¢ [kcalmol™!] of unsubstituted and perfluorinated didehy-
drobenzenes.

4 1 5 2
CASSCF(8,8)/cc-pVDZ 37.6 33.5 187 15.4
BLYP/6-3114+-+G(d,p) 376 354 258 19.6
B3LYP/6-311++G(d,p) 36.3 313 237 144
exptl.?! - 37.6 - 21.0
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The Synthesis of (+)-Allopumiliotoxin 323B’

Choon-Hong Tan!>"! and Andrew B. Holmes*!?!

Abstract: This paper describes the syn-
thesis of (+)-allopumiliotoxin 323B’ (1)
using the intramolecular [3+ 2]-cyclo-
addition reaction of the (Z)-N-alkenyl-
nitrone 4. This synthesis began with
(R)-tert-butyl-3-hydroxy-pent-4-enoate

[(R)-13] which was obtained by enzy-
matic resolution with Amano PS lipase.

action to give the isoxazolidine 3 as the
major cycloadduct. Isoxazolidine 3 pro-
vided the piperidinone 24 which upon
diastereofacial selective addition of
MeMgBr gave the required tertiary
alcohol 25. Formation of the indolizidine
core 2 was achieved by an intramolecu-
lar S\2 reaction. The side chain was

assembled from a Wittig reaction be-
tween the phosphorane 8 and the enan-
tiomerically pure aldehyde 9. Further
modifications afforded the aldehyde 7
which underwent an aldol condensation
with the potassium enolate of the indo-
lizidone core 2. Dehydration gave the
enone 37 which was converted into the

A series of manipulations gave inter-
mediate 17 and in situ coupling with
4-benzoyloxybutanal lead to the (Z)-N-
alkenylnitrone 4 which underwent an
intramolecular [3 + 2]-cycloaddition re-

nylnitrone -
products -

Introduction

The neotropical poison arrow frogs contain a remarkable
diversity of alkaloids including histrionicotoxins, epibatidines,
gephyrotoxins and the steroidal batrachotoxins. Such alka-
loids, released onto the skin surface from the cutaneous
granular glands, serve as a passive “chemical defense” against
predators. The pumiliotoxin A class of alkaloids was first
isolated from the skin extracts of one of these species,
Dendrobates pumilio.l'! This class has been subdivided into
three subclasses, the pumiliotoxins, the allopumiliotoxins and
the homopumiliotoxins. The pumiliotoxins and allopumilio-
toxins are indolizidines with an alkylidene side chain. The
allopumiliotoxins differ by having an additional C-7 hydroxy
group on the indolizidine ring and the homopumiliotoxins by
having a quinolizidine core instead of an indolizidine.
Individual alkaloids within each subclass differ from one
another by the nature of the side chain attached to C-11 of the
alkylidene moiety. The allopumiliotoxins are mildly toxic and
exhibit cardiotonic and myotonic activities. Being the most
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anti-diol 38 by intramolecular hydride
reduction. Finally, deprotection of the
BOM protecting group gave (+)-allopu-
miliotoxin 323B’ (1).

natural

complex members of this series of alkaloids, the allopumilio-
toxins have been the subject of many attempted syntheses. To
date, several successful total syntheses of allopumiliotoxins
have been reported.?®l However, the only previous synthesis
of allopumiliotoxin 323B’ (1) (Figure 1) was accomplished by

12 1
15 A 11
17 1 -
OH 18

Figure 1. (+)-Allopumiliotoxin 323B’ 1.

Overman using iodide-promoted iminium ion-alkyne cycli-
sation chemistry.

So far, all the syntheses of the allopumiliotoxins have used
L-proline or its analogues as the starting material, providing
the five-membered ring of the indolizidine core and one
stereocentre. Herein we report a different approach to the
asymmetric synthesis based on the proposal that the indoli-
zidone core 2 can be synthesized from the isoxazolidine
cycloadduct 3, which in turn can be derived from an intra-
molecular [3+ 2]-cycloaddition reaction of the (Z)-N-alke-
nylnitrone 4 (Figure 2).

We have previously shown that the preferred folding of N-
pentenylnitrones bearing an internal allylic alkoxy substituent
follows a chair like transition state in which the substituent
prefers to be axial.l’) Subsequent investigation into the effects
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Figure 2. Retrosynthetic analysis of (+)-allopumiliotoxin 323B’ 1.

of various alkenyl substituents was also carried out.[' The
choice of (Z)-N-alkenylnitrone 4 which had the correct allylic
ether would deliver the correct enantiomer of the indolizi-
done core 2 as well as the relative stereochemistry of the
required substituents in isoxazolidine 3. After the allylic ether
had fulfilled its initial stereodirecting role, it was lost by
oxidation in the formation of the indolizidone core 2. We have
described in a preliminary report, this approach to the
indolizidone 2" and herein we report a full account of the
relevant details relating to the synthesis of (+)-allopumilio-
toxin 323B’ (1).

Results and Discussion

Synthesis of the indolizidone core: The synthesis began with
reactions designed to obtain the S-hydroxy-ester (R)-13. The
aldol reaction of the lithium enolate of fert-butyl acetate with
acrolein afforded the racemic -hydroxy-ester 13.1> 131 Enzy-
matic resolution of 13 was achieved by incubating a solution
of the ester in pentane with Amano PS lipase at 30°C
(Scheme 1). The progress of the reaction was monitored by
gas chromatography (GC) and the reaction was stopped after
3 h, when 50% conversion was reached. In the absence of
molecular sieves, the rate of reaction slowed considerably.
The enantiomeric excess was determinded to be 92 % using
the (§)-Mosher ester of (R)-13. An even higher enantiomeric
excess (>99 % ee) was obtained if the yield was sacrificed by
stopping the reaction at 55% conversion. The absolute

1846 ——
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o) . O OH

=

tBuO)J\ tBuO)J\/\/
12 13
b

O OAc O OH
L

tBuO + [BUO)K/'\%

14 (R)-13

Scheme 1. Enzymatic resolution of S-hydroxyester 13. a) LDA, THF then
acrolein (46 %); b) PS Amano lipase, pentane, 30°C, 4 A MS, vinyl acetate
[(R)-13,47 %, 92% ee; 14, 49%].

configuration of the resolved alcohol (R)-13 was assigned
using the model presented in the literature.['+'°

The next few steps of the synthesis were designed to obtain
the (Z)-N-alkenylnitrone 4 and subsequently to subject it to
the cycloaddition conditions. The (R)-S-hydroxyl ester (R)-13
was protected to provide the silyl ether 15 (Scheme 2) and

o OH a o OTBDMS
IBUOW BUOW
(R)-13 15

\b
HO,
“N  OTBDMS O OTBDMS
| ¢ =
= DE—
16 5
‘d
OBz
HO,
NH OTBDMS e -O\+/
= N”  OTBDMS
=
17 4

Scheme 2. Synthesis of (Z)-N-alkenylnitrone 4. a) TBDMSCI, imidazole,
CH,Cl, (98 %); b) DIBAL, toluene, —78°C (79 %); c) H,NOH - HCI, H,0/
EtOH, NaOAc (98%); d) NaBH;CN, MeOH/HCI, MeOH; ¢) 6, CH,Cl,.

reduction with diisobutylaluminium hydride at low temper-
ature gave the aldehyde 5. On a larger scale (=25 g) reaction,
5-10% overreduction occurred owing to localised warming.
This could not be avoided even with a low concentration of
substrate, slow addition of diisobutylaluminium hydride
(DIBAL) using a dropping funnel and vigorous mechanical
stirring. However, the alcohol could be separated easily by
flash chromatography and was converted into the aldehyde
using pyridinium chlorochromate. Treatment of the aldehyde
5 with hydroxylamine gave the oxime 16 in high yield.
'H NMR analysis revealed that the oxime consisted of a
mixture (1.1:1) of geometrical isomers. The oxime was
subsequently subjected to a two-step reduction-—condensa-
tion procedurel”) to give the (Z)-N-alkenylnitrone 4. The
reduction of the oxime with sodium cyanoborohydride was
carried out in MeOH/HCI at a pH 3. This was carefully
controlled since, at a higher pH, it was expected that a
dialkylhydroxylamine would be formed.!'8! After the reduc-
tion was completed, as shown by the disappearance of the
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starting material, the reaction mixture was made strongly
alkaline at —50°C and the intermediate hydroxylamine 17
was extracted into pre-cooled CH,Cl, in the presence of salt/
ice-water mixture. The hydroxylamine was treated immedi-
ately with 4-benzoyloxybutanal (6), prepared in two steps
from 1,4-butanediol,™ to form the (Z)-N-alkenylnitrone 4
[0=6.67 (t, J=6.0 Hz, 1H, "N=CH)]. Only a single isomer
was observed, and this was assumed to be the thermodynami-
cally favoured (Z)-isomer. Although it was possible to isolate
the (Z)-N-alkenylnitrone for analytical purposes, purification
generally resulted in a poor yield when the reaction was
executed on a larger scale.

The intramolecular [3 + 2]-cycloaddition reaction was car-
ried out by heating a dilute solution of the unpurified nitrone
4 in toluene for 18h at 70°C to give four isoxazolidine
cycloadducts 3, 18, 19 and 20 (32:5:8:8) in a combined yield of
53 % from the oxime 16 (Scheme 3). The major product 3 was

OBz
—O\+/J/v

N OTBDMS

W
|

OTBDMS
2
~34 TBDMSO N
10N 5 !
A —0
BzO 117 BzO
3 18
4 3 2
TBDMSO o TBDMSO%N
5
6 "Z_lO
9 L
OBz
19 0Bz 20 11

Scheme 3. Intramolecular [3 + 2]-cycloaddition reaction of (Z)-N-alkenyl-
nitrone 4. Toluene, 70°C (5, 32%; 18, 5%; 19, 8 %; 20, 8% from 16).

identify by 'H NMR, NOE studies and X-ray crystallographic
analysis!'” and this also supported the assignment of the
configuration of the (Z)-N-alkenylnitrone 4. The isoxazol-
idines 19 and 20 were separated by flash chromatography
from 3. The equatorial isomer 18 could not be isolated in a
pure form. The origin of the four products can be explained
using a chair-like transition state.l'” i) The major product 3
[0=4.00 (brs, 1H, H-4)] arose from the regiochemical
preference for incorporation of the newly formed C—C bond
in a six-membered ring which places the O-tert-butyldime-
thylsilyl (OTBDMS) group in an axial orientation.” ii) The
minor product 18 [6=4.17 (d, J=71Hz, 1H, H-4)] arose
from the alternate folding in a chair-like transition state with
the OTBDMS group equatorial. iii) The minor cycloadduct 19
[0=3.83(ddd,/=4.2,5.8,10.0 Hz, 1 H, H-4)] also folded with
an equatorial OTBDMS but with an alternative regiocontrol
in which the new C—C bond resided in a seven-membered
ring. iv) The cycloadduct 20 [6 =3.89 (ddd,J=4.2,5.9,9.8 Hz,
1H, H-4)] arose from a similar regiocontrol as cycloadduct 19

Chem. Eur. J. 2001, 7, No. 9
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but with the corresponding (E)-N-alkenylnitrone which was
apparently formed by nitrone isomerisation"-2"! during the
reaction.

Elaboration of the isoxazolidine 3 into the indolizidone
core 2 was conducted through a series of reactions described
below. Hydrogenolysis of the isoxazolidine 3 and protection
of the resulting free amino group with benzyl chloroformate
(abbreviated as Z) gave the hydroxymethyl Z-protected
piperidine 21 (Scheme 4). At this stage, the cleavage product

OTBDMS OTBDMS
a e~
N OH o8
C - OB
Bzo— © N
3 Z 21
j b
OTBDMS OTBDMS
~c “se ;
,,,//\/OBZ oy NO,
N o
23 Z 2
d
OTBDMS OTBDMS
(0] e ‘
- "IOH
N wy OBz wy ~_-OH
NEa
Z24 Z 25
f
OTBDMS
9 “nOH
I — \N ,,///\/OTS
VA
26
h
OH (0]
ZOH ) mOH
H i H
N N
28 2

Scheme 4. Synthesis of the indolizidone core 2. a) H,, 10% Pd/C, MeOH
then Z-Cl, Et,0, ag. NaHCO; (90 %, two steps); b) nBu;P, pNO,PhSeCN,
THF (75%); ¢c) mCPBA, CH,Cl, (85%); d) O;, CH,Cl, then Ph;P (88%);
e) MeMgBr, THF (90%); f) TsCl, DMAP, Et;N, CH,Cl, (97%); g) 10%
Pd/C, NH,'HCO,, MeOH, 40°C (96%); h) TBAF, THF (83%);
i) (COCl),, DMSO, CH,Cl,, —78°C then Et;N (60 %).

of the isomer 18 could be removed by flash chromatography.
In order to produce the tertiary alcohol, it was necessary to
functionalise the piperidine 21. Our preference was to
eliminate the primary alcohol, epoxidize the resulting alkene
and reductively open the epoxide. Unfortunately, the epox-
idation occurred on the opposite face of the alkene and
subsequent ring opening of the epoxide afforded the tertiary
alcohol with the methyl group trans to the silyl ether at C-7.01]
It was therefore expected that the preferred approach of a
methyl Grignard reagent to the ketone 24 would be from the
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same face as the peracid during
epoxidation. The dehydration
of the primary alcohol to form
the exocyclic alkene 23 was
carried out by formation of the
selenide 22 using o-nitrophenyl
selenocyanate and tri-n-butyl-
phosphinel! followed by oxi-

OBOM B

dation with one equivalent of 33
m-chloroperoxybenzoic  acid lg
(mCPBA). The rapid oxidation

of the selenide gave the selen- X
oxide intermediate which at oBOM  :
ambient temperature elimi- 34

nates slowly to give the alkene
23. Thus all the mCPBA was
used up before the alkene 23
was liberated. Ozonolysis of the
alkene 23 yielded the ketone
24. Diastereofacial selective nu-
cleophilic addition with an excess of MeMgBr afforded the
ketone 25 in which the exclusive attack from the top face had
occurred with concomitant removal of the benzoyl group.
Selective tosylation of the primary alcohol of the piperidine 25
gave the tosylate 26. Catalytic transfer hydrogenolysis re-
moved the benxyloxycarbonyl protecting group and the
resulting secondary amine underwent intramolecular ring
closure to form the indolizidine 27. Desilylation and oxidation
of the resulting secondary alcohol 28 gave the indolizidone
core 2 {[a]® =—51.6 (¢c=0.06, CHCL,); lit.:Fl [a]¥ =—44.2
(c=4.7, CHCL;)}, which was identical in all respects with the
data reported by Overman.

NMO, CH,CL, (94 %).

Selectivity of methyl Grignard addition on the ketone 24: The
stereochemical control in the formation of tertiary alcohol 25
was remarkably high. The ketone may adopt the chair
conformations 24A and 24B (Figure3) in which the
OTBDMS group is axial or equatorial respectively. The N-
benzyloxycarbonyl group imposes A, s-strain?>?) on piper-
idine derivatives leading to a general preference for the a-
substituents to occupy a pseudoaxial position (i.e., 24B).
Attack of MeMgBr from the less hindered upper face in

OTBDMS
/ N OTBDMS
ZN o o
BzO 24A BzO 248
Nu~ Nu~
2 ) M)
z RQ_o TBDMSO  Q_.O
O N
‘ )
H zZ 4
OTBDMS R
24A' 24B'

Figure 3. Conformation 24 A and 24B of piperidinone 24 and transition
states 24 A’ and 24 B’ arising from attack by a nucleophile at the carbonyl

group.
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2 6 8
NS f = e 1 3 7
WOTBDPS - /\‘)\/\:/\OTBDPS /\’ 2 : : OTBDPS

oH o 10

NS
~o

OBOM H
7

Scheme 5. Synthesis of the side chain, aldehyde 7. a) TBDPSCI, DMF, imidazole (96%); b) DMSO, NaCN,
120°C (90%); c) DIBAL, toluene, 0°C (80 % ); d) 8, toluene, 90°C (85 %); e) (R)-CBS catalyst, CH,Cl,, —40°C,
catecholborane (73%); f) BOMCI, toluene, iPr,EtN, Bu,NI, reflux (97%); g) TBAF, THF (90%); h) TPAP,

conformation 24B would give the observed product 25. A
further enhancement of the selectivity would arised from the
Cieplak hypothesis.?!! A stereoelectronic factor favouring the
axial attack on the preferred conformation 24B is that the
developing o* of the transition state (TS) is stabilised by the
antiperiplanar donor ocy and oc¢ (TS 24B’). No such
stabilisation is possible for an axial attack on the conforma-
tion 24A as a result of the poor donating power of 0co
antiperiplanar to the incoming nucleophile (TS 24 A’). Thus
conformation 24 B may be the most populated and also the
more reactive conformation.

Synthesis of the side chain: With the indolizidone core 2 in
hand, the stage was set for the synthesis of the side chain and
the completion of (+)-allopumiliotoxin 323B’ (1). The side
chain can be assembled from a Wittig olefination of two
fragments, the aldehyde 9 and the phosphorane 8. The
synthesis of the aldehyde 9 began with the commercially
available (S)-bromoalcohol 11 (Scheme 5).

Silylation of the alcohol gave the fert-butyldiphenylsilyl
(TBDPS) ether 29 and subsequent displacement of the
bromide with sodium cyanide provided the nitrile 30. This
was reduced by DIBAL to the aldehyde 9.1 The phosphor-
ane 8 was synthesised from 3-pentanone 10 through mono-
bromination with molecular bromine and acetic acid?®> 2" and
treatment of the resulting bromoketone with triphenylphos-
phine in benzene to give the phosphonium salt 35 which was
converted to the phosphorane 8 using 20% NaOH solution
(Scheme 6). A one pot procedure in which the phosphorane 8
was generated in situ from the phosphonium salt 35 with
various bases such as lithium diisopropylamide (LDA) and

o o ., (e}
a, b PPh3 c PPh3
— B

1 35 8

Scheme 6. Synthesis of the phosphorane 8. a) AcOH, H,O, Br,, 65°C
(42%); b) Ph;P, benzene (47 %); ¢) 20% NaOH (83 %).
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potassium bis(trimethylsilyl)amide gave poor yields in the
succeeding Wittig reaction. This may be due to the presence of
other acidic a-keto protons in the salt. Heating the vacuum
dried phosphorane 8 with the aldehyde 9 at 90°C in toluene
for 14 h gave the trans-octene 31 as the only product. The
geometry of 31 was confirmed by NOE studies on the octenol
32 (7% gradient NOE between H-3 and H-5), which was
obtained by catalytic asymmetric reduction using the (R)-CBS
oxazaborolidine catalyst and catecholborane.?® 2] The stereo-
chemistry was assigned according to Corey’s model. The
diastereometric ratio was determined to be 9:1 based on
13C NMR of the alcohol 32. The absolute stereochemistry was
confirmed by ozonolysis of the alkene 32 and measurement of
the optical rotation of the resulting (S)-3-hydroxypent-2-one
{[a]y =+48 (c=0.05, CHCL); lit..® [a]=+52 (c=7,
CHCL;)}. Benzylation of the allylic alcohol 32 with NaH/
THF was capricious and often did not proceed to completion
even after extended reaction time. The yield could not be
improved even when an aprotic solvent such as DMF was
used. At elevated temperatures or when NaH was replaced by
KH, side products began to appear with no improvement of
yield. The benzyloxymethoxy (BOM) protecting group pro-
vided a better alternative as it was easier to introduce.P!] The
BOM protection reaction proceeded with an excellent yield
and with the additional advantage that the diastereoisomers
were separable using column chromatography. Finally, the
BOM ether 33 was treated with tetra-n-butyl ammonium
fluoride (TBAF) to remove the silyl protecting group and the
resulting alcohol was oxidized with tetrapropylammonium
perruthenate/N-methylmorpholine-N-oxide (TPAP/NMO)F2
to give the octenal 7.

This efficient synthesis (eight steps, 30 % from bromoalco-
hol 11) provided a ready supply of the side chain, aldehyde 7
for the aldol condensation with the indolizidone core 2.

Synthesis of (+)-allopumiliotoxin 323B": With both the
indolizidone core 2 and the side chain, aldehyde 7 synthesized,
conditions to bring these two fragments together were
investigated. Initial attempts at the aldol condensation of
indolizidine core 2 with the aldehyde 7 were carried out with
trityllithium that was prepared from triphenylmethane and
nBuLi.?¥l However, this base proved to be capricious and with
much experimentation, potassium bis(trimethylsilyl)amide
(Scheme 7) and the use of a mixed solvent hexamethylphos-
phoric triamide/tetrahydrofuran (HMPA/THF) was found to
be the condition of choice. Owing to the possibility of
racemisation of the a-methyl aldehyde 7 with an excess of
base, a very small amount of fluorene was added to the
reaction to enhance the end point of the enolisation of the
ketone. A pink colouration was observed at the end point. The
crude products of the aldol reaction were passed through a
plug of silica to remove baseline materials as well as the
nonpolar compounds such as fluorene. The diastereisomers
were used without further purification.

The dehydration of these diastereoisomers 36 to the enone
37 proceeded smoothly with trifluoroacetic anhydride
(TFAA) buffered with diazabicycloundecane (DBU). The
elimination proceeded through an Elcb mechanism and gave
the more thermodynamically favourable S-cis conformation
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Scheme 7. Synthesis of (+)-allopumiliotoxin 323B’ 1. a) KHMDS, THF/
HMPA, 0°C then 7; b) DBU, TFAA, DMAP, —50°C, CH,Cl, (42 %, two
steps); ¢) Me,;NBH(OAc);, acetone, AcOH (89%); d) LiDBB, THF,
—78°C (88%).

leading to the exclusive formation of the (E)-enone. The anti-
diol 38 was prepared by the hydroxyl-assisted intramolecular
hydride reduction of a-hydroxy ketone 37. The use of
tetramethyammonium triacetoxyborohydride and a catalytic
amount of acetic acid in acetoneP* took six days for
completion, and gave the anti-diol 38 as the only observable
product. A more reactive reagent, sodium triacetoxyborohy-
dride, shortened the reaction time to three days but a
selectivity of 3:1 (anti:syn) was unsatisfactory. In order to
complete the synthesis of (+)-allopumiliotoxin (1), a mild
condition was required to remove the BOM protecting group
from its ether 38 without affecting its highly functionalised
core and double bonds. Initially, hydrogenolysis with Pd(OH),
as the catalyst was used in an attempt to remove the
protecting group; however, contrary to expectation® 3 the
trisubstituted double bonds did not survive this condition.
Finally, the synthesis of (+)-allopumiliotoxin 323B’ (1) was
completed with the removal of the BOM protecting group
under reductive conditions using lithium di-tert-butylbiphenyl
(LiDBB).B” 31 Synthetic (+)-allopumiliotoxin 323B’ (1)
{la]lf =+24.9 (c=0.55, MeOH); lit.: [a]y =+22.3 (c=1.0,
MeOH)} had characteristics in accordance with the data
published by Daly®®- %1 and spectra provided by Overman.[!]

Conclusion

The synthesis of allopumiliotoxin was achieved in 20 steps
from the -hydroxyester (R)-13 with an overall yield of 1.7 %.
The key step of the synthesis was the intramolecular [3 + 2]-
cycloaddition reaction of the (Z)-N-alkenylnitrone 4. The
choice of the correct allylic silyl ether and the alkenyl
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substituents in the (Z)-N-alkenylnitrone 4 proved to be
crucial. This controlling stereocentre created the correct
enantiomer of the indolizidone core 2 and the stereochemistry
of its substituents by directing the folding of the chair-like
transition state in the intramolecular [3 + 2]-cycloaddition
reaction. This synthesis was also significantly different from
other previous syntheses by using starting material other than
L-proline or its derivative, providing an alternative route to
functionalised enantiomerically pure indolizidines. This syn-
thesis also demonstrated the viability of this strategy in the
construction of enantiomerically pure piperidines and more
importantly, an enantiomerically pure azabicyclic system of
which indolizidine is one example. One area which will be
explored will be the quinolizidine family which include a
number of interesting and biologically active natural products.

Experimental Section

General techniques: '"H NMR spectra were recorded on the Bruker DPX-
250 (250 MHz), Bruker AM-400 (400 MHz) and Bruker DRX-500
(500 MHz) instruments using deuterochloroform as reference and internal
deuterium lock. The multiplicity of the signal is indicated as: s - singlet, d -
doublet, t - triplet, q - quartet, qn - quintet, m - multiplet, dd - doublet of
doublets, dt - doublet of triplets, etc. Broad peaks are denoted as: brs -
broad singlet, etc. Aromatic protons are indicated with arom. Coupling
constants (J) are given in Hz. ®*C NMR spectra were recorded on the
Bruker DPX-250 (62.5 MHz) and Bruker WM-400 (100 MHz) instruments
in the solvent indicated. Infrared spectra were recorded on a Perkin—
Elmer 1600 FTIR spectrometer. The sample were prepared as a thin film
or as a solution in the solvent indicated. Mass spectra are recorded either by
Mass Spectrometry Services of the University of Swansea or the University
of Cambridge. Microanalyses were carried out by the staff of the
Cambridge University Chemical Laboratories Microanalytical Depart-
ment. Optical rotations were measured using a Perkin—Elmer 241 polar-
imeter, in a cell of 1 dm path length. c is expressed as g100 cm—and [a]¥
are quoted in implied units of 10" degem?g~". All solvents used were
freshly distilled. Et,O(s)NH; refers to diethyl ether saturated with
ammonia. PE: petroleum ether, b.p. 60-80°C. All reactions were
performed under an inert atmosphere of nitrogen with dried glassware
unless otherwise indicated.

(R)-tert-Butyl-3-hydroxy-pent-4-enoate [ (R)-13], (S)-tert-butyl-3-acetoxy-
pent-4-enoate (14): Vinyl acetate (83.72 mL, 0.546 mol) was added to a
solution of 13 (31.33 g, 0.182 mol) in pentane (600 mL). Amano PS-D lipase
(20 g) and 4 AMS (30 g) were added and the suspension was stirred at
30°C. The reaction was monitored by GC and after 25 h, 52% conversion
was achieved. The lipase and sieves were filtered and were washed with
Et,0. The solvent was removed and the crude product was purified by FC
(PE/EtOAc 7:3) to give both (R)-13 (15.3 g,47 %) and 14 (18.48 2,49 %) as
colourless oils: (R)-13, [a]y =+77 (¢=3.58, CHCl;); IR (CDCL): 7=
3503, 2982, 1715, 1646 cm™!; '"H NMR (250 MHz, CDCl;): 6 =5.84 (ddd,
J=5.4, 105, 172 Hz, 1H, CH=CH,H,), 5.24 (dd, J=1.0, 172 Hz, 1H,
CH=CH,H,), 5.10 (dt, J=1.0, 10.5 Hz, 1H, CH=CH H,), 4.50-4.41 (m,
1H, CHOH), 320 (d, J=4.3Hz, 1H, OH), 2.52-2.34 (m, 2H, Bu-
CO,CH,), 143 (s, 9H, tBuO); *C NMR (62.5 MHz, CDCl;): 6 =171.6 (s),
139.0 (d), 115.1 (t), 81.3 (s), 69.0 (d), 42.2 (t), 28.1 (s); CIMS: m/z (% ): 190
(50) [M+NH,]*, 173 (20) [M+H]", 134 (100); HRMS: calcd for CoH,,0;:
173.1178; found: 173.1178 [M+H]"; elemental analysis calcd (%) for
CoH,,0; (172.2): C 62.8, H 9.4; found: C 63.1, H 9.6. 14: [a]5 =—5.6 (c=
3.88, CHClL;); IR (250 MHz, CDCLy): 7=2982, 1735, 1647, 1245 cm™;
'"H NMR (CDCly): 6 =5.81 (ddd, J=6.2, 10.5, 172 Hz, 1H, CH=CH,H,),
5.52 (m, 1H, CHOACc), 5.21 (dd, J=1.0, 172 Hz, 1H, CH=CH,H,), 5.11
(dd, /=1.0, 10.5 Hz, 1H, CH=CH H,), 2.57-2.39 (m, 2H, rBuCO,CH,),
2.00 (s, 3H, CH;0,), 1.35 (s, 9H, tBuO); *C NMR (62.5 MHz, CDCL,;): 6 =
169.5 (s), 168.8 (s), 135.2 (d), 117.1 (t), 80.8 (s), 70.9 (d), 40.6 (t), 27.9 (q),
20.9 (q); EIMS: m/z (%): 237 (70) [M+Na]*, 181 (30); HRMS: calcd for
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C;H,30,Na: 237.1103; found: 237.1099 [M+Na]*; elemental analysis calcd
(%) for C;;H 30, (214.3): C 61.7, H 8.5; found: C 61.7, H 8.3.
(R)-tert-Butyl-3-(tert-butyldimethylsilyloxy)-pent-4-enoate (15): A solu-
tion of (R)-13 (15.3 g, 88.3 mmol) in CH,Cl, (250 mL) was stirred for 4 h
with imidazole (18.14¢g, 0.27 mol) and tert-butyldimethylsilylchloride
(16.07 g, 0.11 mol). The reaction was quenched with sat. aq NH,Cl
(125 mL) and the aqueous phase was extracted with CH,Cl,. The combined
organic phases were dried over Na,SO, and were evaporated to give a
crude product which was purified by FC (PE/CH,Cl, 6:4) to yield 15
(25.03 g,98 %) as a colourless oil: [a]F = +3.5 (¢ =1.94, CHCl;); IR (neat):
7=2930, 1722, 1472, 1368, 1255 cm~'; "TH NMR (250 MHz, CDCl;): 6 =5.81
(ddd,J=6.2,10.5,172 Hz, 1H, CH=CH,H,), 5.18 (dt,/=172,14 Hz, 1H,
CH=CH,H,), 5.02 (dt, J=10.5, 1.4 Hz, 1H, CH=CH H,), 451 (m, 1H,
CHOSI), 2.43 (dd, /=73, 14.7 Hz, 1H, tBuCO,CH,H,), 2.30 (dd, J=5.8,
14.7 Hz, 1H, rBuCO,CH H,), 1.41 (s, 9H, OtBu), 0.85 (s, 9H, tBuMe,SiO),
0.04, 0.02 (2s, 2 x 3H, rBuMe,SiO); C NMR (62.5 MHz, CDClL;): 6 =
170.2 (s), 140.5 (d), 114.3 (t), 80.3 (s), 70.8 (d), 44.7 (t), 28.1 (q), 25.8 (q),
25.6 (q), 18.1 (s); CIMS: m/z (%): 287 (20) [M+H]*, 248 (100), 231 (50);
HRMS: caled for C,;sH3 O5Si: 287.2042; found: 287.2042 [M+H]*; elemen-
tal analysis calcd (% ) for C;sH;,05Si (286.5): C 62.9, H 10.6 ; found: C 63.1,
H 10.6.

(R)-3-tert-Butyldimethylsilyloxy-pent-4-enal (5): A solution of DIBAL
(105 mL, 1.0M in hexane, 105 mmol) was added dropwise to a solution of 15
(25.03 g, 87.4 mmol) in toluene (500 mL) at — 78 °C. Following the addition,
the reaction was stirred for 30 min. The reaction was quenched by dropwise
addition of a sat. NH,CI (50 mL). After allowing the reaction mixture to
reach RT, a saturated solution of Rochelle salt (200 mL) was added. The
mixture was poured into brine (250 mL) and more Rochelle solution was
added (150 mL) before it was extracted with EtOAc. The combined organic
phases were dried and evaporated to a crude product, which was purified
by FC (PE/Et,0 9:1) to yield 5 (14.84 g, 79 %) as a colourless oil: [a]¥ =
+3.0 (¢ =2.58, CHCL,); IR (neat): #=2990, 1728, 1472,1254 cm~'; 'HNMR
(250 MHz, CDCly): 6=9.74 (t, J=2.3 Hz, 1H, CHO), 5.84 (ddd, J=5.7,
10.5,17.0 Hz, 1H, CH=CH,H,), 5.23 (dt,/=1.0,17.0 Hz, 1H, CH=CH,H,)),
5.08 (dt, /=10, 10.5 Hz, 1H, CH=CH H,), 4.62 (m, 1H, CHOSI), 2.60
(ddd, J=2.5, 6.5, 155Hz, 1H, CH,H,CHO), 2.50 (ddd, J=2.0, 5.0,
15.5 Hz, 1H, CH ,H,CHO), 0.85 (s, 9H, tBuMe,SiO), 0.04, 0.02 (25,2 x 3H,
tBuMe,SiO); ¥C NMR (62.5 MHz, CDCl;): d =201.5 (s), 139.9 (d), 114.8
(t),69.3 (d), 51.2 (t),25.7 (q), 18.0 (s), —4.4 (q), — 5.1 (q); elemental analysis
caled (%) for C,;H»,0,Si (214.4): C 61.6, H 10.3; found: C 61.4, H 10.3.
(Z/E)-(R)-3-(tert-Butyldimethylsilyloxy)-pent-4-enal oxime (16): Sodium
acetate (1.95g, 23.7 mmol) and hydroxylamine hydrochloride (1.65 g,
23.7 mmol) were added to a solution of 5 (1.70 g, 7.9 mmol) in EtOH
(16 mL) and H,O (16 mL). The reaction mixture was stirred for 14 h at RT.
The solvent was evaporated and the aqueous phase was saturated with
brine. The aqueous phase was extracted with CH,Cl, and the combined
organic extracts were dried over Na,SO,. The solvent was evaporated to
yield the crude oxime which was purified by flash chromatography
(CH,CL/EtOAc 9:1) to give the oxime 16 (1.78 g, 98 %) as a colourless
oil: IR (neat): #=3250, 3095, 1645, 1254 cm~'; 'H NMR (200 MHz,
CDCl,), 2 geometrical isomers in approximately 1.1:1 ratio: major isomer,
0=9.99 (brs, 1H, OH), 6.82 (t,/=5.0 Hz, 1H, NHOH), 5.80 (ddd, J =5.7,
10.5, 171 Hz, 1H, CH=CH,H,), 5.19 (ddt, /=15, 5.7, 171 Hz, 1H,
CH=CH,H,), 5.06 (brs, /=104 Hz, 1H, CH=CH,H,), 437 (m, 1H,
CHOSI), 2.58 (t, J=6.0Hz, 2H, NHCCH,), 0.88 (s, 9H, tBuMe,SiO),
0.06, 0.04 (25, 2 x 3H, BuMe,SiO); minor isomer, 0 = 9.68 (brs, 1 H, OH),
742 (t, J=6.5Hz, 1H, NHOH), 5.80 (ddd, /J=5.7, 10.5, 171 Hz, 1H,
CH=CH,H,), 5.19 (ddt, /=15, 5.7, 171 Hz, 1H, CH=CH,H,)), 5.06 (brs,
J=10.4 Hz, 1H, CH=CH_ H,), 4.29 (m, 1H CHOS:I), 2.39 (t,/ =6.0 Hz, 2 H,
NHCCH,), 0.88 (s, 9H, tBuMe,Si0O), 0.02, 0.05 (2s, 2 x 3H, rBuMe,SiO);
3C NMR (100 MHz, CDCl;): major isomer: d = 148.9 (s), 140.3 (s), 114.6
(d), 70.5 (t), 33.3 (t), 25.7 (q), 18.1 (s), —4.6 (q), —5.0 (q); minor isomer:
0=149.3 (s) 140.2 (s), 114.7 (d), 71.8 (1), 37.8 (), 25.7 (q), 18.1 (s), — 4.6 (q),
—5.0 (q); CIMS: m/z (%): 230 (30) [M+H]"*, 214 (100), 171 (60), 132 (20),
82 (75); HRMS: caled for C;H,,NO,Si: 230.1576; found: 230.1576
[M+H]"; elemental analysis calcd (%) for C;;H;NO,Si (229.4): C 57.6, H
10.1, N 6.1; found: C 57.9, H 10.1, N 6.0.

(4R,5R 8S)-8-(3-Benzoyloxy-propyl)-4-(tert-butyldimethylsilyloxy)-7-oxa-
1-aza-bicyclo[3.2.1]octane  (3): Sodium cyanoborohydride (1.64 g,
26.2 mmol) was added to a solution of 16 (4.0 g, 17.4 mmol), five drops of
methyl orange solution and ten drops of HCI (50 % in MeOH) in MeOH
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(40 mL) at —10°C. The colour of the reaction was kept pink (acidic) by the
addition of more HCIl. After the pink colour persisted, the reaction was
stirred for 30 min and the reaction mixture was cooled to —50°C before
being made strongly alkaline by the addition of 20 % NaOH. The reaction
mixture was subsequently poured into iced brine in a separating funnel.
The aqueous phase was extracted with pre-cooled CH,Cl, and the
combined organic extracts were added to a solution of benzoyloxybutanal
6 (3.35 g, 174 mmol). The reaction mixture was stirred for 1 h at 0°C with
MgSO,. The crude product was obtained after filtration and the evapo-
ration of the solvent. MgSO, (5.0 g) was added to a solution of crude 4 in
toluene (500 mL) and the resulting mixture was heated at 70°C for 24 h.
The solvent was removed and the product was purified by flash
chromatography (PE/EtOAc 7:3) to give a mixture of cycloadducts
(3.7 g, 53% for three steps from 16) containing 3 (2.25 g, 32% from 16),
18 (0.35g,5%), 19 (0.56 g, 8 %) and 20 (0.55 g, 8 %) as colourless oils. The
cycloadduct 3 could be crystallised from EtOAc. 3: M.p. 44.5-46.0°C;
[a]® =—1.93 (c=0.88, CHCL;); IR (neat): # =2930, 1720, 1602, 1452, 1275,
1107 em™'; 'H NMR (500 MHz, CDCl;): 6 =8.03 (d,/ =7.5 Hz,2H, arom.),
754 (t, J=75Hz, 1H, arom.), 742 (t, /=75 Hz, 2H, arom.), 4.35 (t, J=
6.6 Hz,2H, H-11), 4.00 (brs, 1H, H-4),3.82 (d, /=74 Hz, 1 H, H-6), 3.76 (t,
J=6.3Hz, 1H, H-6),3.64 (t,/ =72 Hz, 1 H, H-8), 3.23 (dd, /= 6.5, 14.0 Hz,
1H, H-2a), 3.01 (ddd, J=5.0, 13.0, 14.0 Hz, 1H, H-2b), 2.44 (t, J =4.50 Hz,
1H, H-5), 2.02-1.90 (m, 2H, H-3b, H-10b), 1.88-1.77 (m, 1H, H-10a),
1.62-1.52 (m, 1H, H-9b), 1.38-1.36 (m, 2H, H-3a, H-9a), 0.89 (s, 9H,
tBuMe,SiO), 0.05 (s, 6H, rBuMe,SiO); *C NMR (62.5 MHz, CDCL;): 6 =
166.6 (s), 132.8 (d), 130.4 (s), 129.5 (d), 128.3 (d), 69.9 (t), 68.6 (t), 64.7 (d),
53.7 (1), 49.8 (d), 28.1 (1), 26.9 (1), 25.9 (t), 25.7 (q), 63.3 (d), 18.0 (s), —4.8
(q); CIMS: m/z (%): 406 (100) [M+H]*; HRMS: calcd for C,,H;NO,Si:
406.2414 [M+H]"; found: 406.2414; elemental analysis caled (%) for
C,H;sNO,Si (405.6): C 652, H 8.7, N 3.5; found: C 64.9, H 8.6, N 3.6.

(48,58,7R)-7-(3-Benzoyloxy-propyl)-4-(tert-butyldimethylsilyloxy)-8-oxa-
1-aza-bicyclo[3.2.1]Joctane (19): [a]y =-5.6 (c=0.64, CHCL); IR
(CDCL): #=2931, 1714, 1602, 1452, 1278 cm™'; 'H NMR (250 MHz,
CDClL): 0 =431 (dt, J=6.3, 0.9 Hz, 1H, H-11), 417 (dd, /=42, 6.8 Hz,
1H, H-5), 3.83 (ddd, J=4.2,5.8,10.0 Hz, 1 H, H-4), 3.26 (ddd, J =4.5, 114,
14.3 Hz, 1H, H-2), 3.02 (ddd, /=52, 8.3, 12.4 Hz, 1H, H-7), 2.80 (dd, /=
5.8,14.4 Hz, 1H, H-2),2.49 (dd, J=8.4,12.5 Hz, 1 H, H-6a), 1.99-1.44 (m,
6H, H-10, H-9, H-3), 0.84 (s, 9H, tBuMe,SiO), 0.03 (s, 6H, BuMe,SiO);
3C NMR (62.5 MHz, CDCl;): 6 =166.6 (s), 132.8 (d), 130.4 (s), 129.5 (d),
128.3 (d), 79.7 (d), 66.5 (d), 64.8 (t), 63.6 (d), 54.2 (t), 35.4 (t), 33.7 (t), 26.7
(t),26.4 (),25.7(q), 179 (d), — 4.6 (q), — 4.5 (q); CIMS: m/z (% ): 406 (100)
[M+H]*, 284 (30), 152 (50); HRMS: calcd for C,H;NO,Si: 406.2414;
found: 406.2420 [M+H]*.

(4S,5S,7S)-7-(3-Benzoyloxy-propyl)-4-(tert-butyldimethylsilyloxy)-8-oxa-
1-aza-bicyclo[3.2.1]octane (20): [a]5 =+6.3 (¢=0.78, CHCl;); 7#=2931,
1716, 1602, 1452, 1277 cm™'; 'H NMR (250 MHz, CDCL;): 6 =8.00-7.35
(m, 5H, arom.), 4.32 (t,/=6.0 Hz, 2H, H-11), 4.17 (dd, J=3.7, 7.0 Hz, 2H,
H-5), 3.89 (ddd, /=42, 5.9, 9.8 Hz, 1H, H-4), 343 (qn, /=79 Hz, 1H,
H-7), 3.23 (ddd, J=4.9, 11.6, 14.9 Hz, 1 H, H-2), 2.98 (dd, /=6.1, 15.0 Hz,
1H, H-2), 2.21 (ddd, /=70, 8.1, 12.2 Hz, 1H, H-6b), 1.98-1.60 (m, 6H,
H-3, H-6a, H-9, H-10), 1.40 (m, 1 H, H-3), 0.83 (s, 9H, tBuMe,Si0O), 0.01 (s,
6H, BuMe,SiO); C NMR (62.5 MHz, CDCl;): 6 =166.5 (s) 132.9 (d),
130.2 (s), 129.5 (d), 128.3 (d), 79.0 (d), 66.7 (d), 64.5 (1), 64.2 (d), 48.3 (1),
34.0 (t), 27.7 (t), 274 (t), 25.7 (q), 25.4 (t), 179 (s), —4.6 (q), —4.5 (q); m/z
(%): 406 (100) [M+H]*, 286 (90), 210 (60), 152 (30); HRMS: calcd for
C,,H3NO,Si: 406.2414; found: 406.2414 [M+H]".

(4R,5R,8S)-N-Benzyloxycarbonyl-2-(3-benzoyloxy-propyl)-4-(tert-butyldi-
methylsilyloxy)-3-hydroxymethyl-piperidine (21): A solution of 3 (3.0 g,
7.4 mmol) in MeOH (150 mL) and Pd/C (1.5 g, 20 mol % ) was stirred under
an atmosphere of H, for 48 h and was filtered through Celite with ample
washes of MeOH. After evaporation, the crude product was taken up in
Et,0 (120 mL) and NaHCO; (60 mL). The reaction mixture was cooled to
0°C before benzyl chloroformate (6.3 g, 37 mmol) was added. After stirring
for 20 h, the reaction mixture was added to brine and the aq. phase was
extracted with Et,O. The organic phases were dried over MgSO, and after
evaporation, the crude product was purified by FC (PE/EtOAc 7:3) to give
the product 21 (2.88 g, 90%) as a colourless oil: [a]y =—16.7 (¢=0.71,
CHCL); IR (neat): 7=3478, 2955, 1694, 1429, 1276 cm™!; 'H NMR
(250 MHz, CDCl;, broadening due to a mixture of rotamers): 0 =8.02—
723 (m, 10H, arom.), 5.13 (m, 1 H), 4.60 (m, 1H), 4.26 (brs, 3H), 3.84 (m,
2H), 3.50 (brs, 1H), 2.82 (m 1H), 2.63 (d, /=6.1 Hz, 1H), 1.87 (m, 2H),
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1.59 (m, 4H), 0.87 (s, 9H, tBuMe,Si), 0.07 (s, 6H, tBuMe,Si); 3C NMR
(50 MHz, CDCly): 6 =166.6 155.4, 136.7, 132.9, 130.3, 129.5, 128.5, 128.4,
128.0, 127.4,126.9, 70.1, 67.3, 65.0, 64.4, 63.4, 52.7,49.3, 37.3, 35.4,25.7,25.2,
222,179, —3.8, —4.8; CIMS: m/z (%): 542 (15) [M+H]*, 408 (40), 228
(80), 108 (100); HRMS: calcd for C;)H,,O¢NSi: 542.2938; found: 542.2938
[M+H]"; elemental analysis calcd (%) for C;H,;;04NSi (541.8): C 66.5, H
8.0, N 2.6; found: C 66.5, H 8.2, N 2.6.

(4R,5R 8S)-N-Benzyloxycarbonyl-2-(3-benzoyloxy-propyl)-4-(tert-butyldi-
phenylsilyloxy)-2-(o-nitrophenylselanylmethyl)piperidine (22): o-Nitro
phenylselenocyanate (0.49 g, 2.15 mmol) followed by tri-n-butylphosphine
(0.45 mL, 1.82 mmol) was added to a solution of 21 (0.75 g, 1.11 mmol) in
THF (20 mL). The reaction mixture was stirred for 2h and after
evaporation of solvent, the crude product was purified by FC (PE/EtOAc
9:1) to give of the product 22 (50.9 mg, 72 %) as a yellow oil: [a]F = —25.1
(¢=0.85, CHCLy); IR (neat): #=3019, 1794, 1690, 1215 cm™!; '"H NMR
(250 MHz, CDCl;, broadening due to a mixture of rotamers): 6 = 8.38-7.26
(m,24H, arom.), 5.10 (s, 2H), 4.73 (brs, 1 H), 4.22 (brs, 2H), 3.99 (brs, 1 H),
3.84 (dt, J=4.6, 104 Hz, 1H), 3.70 (dd, J=2.8, 12.1 Hz, 1H), 2.58 (brt,
1H), 2.33 (brt, 1H), 2.17 (brs, 1H), 1.65-1.32 (m, 6H), 1.09 (s, 9H,
tBuPh,Si); BC NMR (62.5 MHz, CDCl;): d =166.5, 155.2, 146.9, 136.5,
135.9,135.8,133.9,133.6,133.3,132.9,130.2, 130.1, 129.9, 129.5, 129.0, 128.5,
128.3, 128.0, 127.9, 127.7, 125.6, 125.4, 71.4, 67.3, 64.2, 60.4, 53.2, 37.4, 35.3,
271,25.4,24.9,19.4,14.2; FAB: m/z (%): 851 (90) [M+H]", 794 (60), 453
(60), 258 (60), 197 (100); HRMS: caled for C,HsN,O;SiSe: 851.2630;
found: 851.2600 [M+H]*.

(2S,3R 4R)-N-Benzyloxycarbonyl-2-(3-benzoyloxy-propyl)-4-(tert-butyldi-
methylsilyloxy)-3-methylene-piperidine (23): A solution of 22 (0.12 g,
0.16 mmol) in CH,Cl, (10 mL) and mCPBA (0.06 g, 0.34 mmol) was stirred
for 5 min and was quenched by the addition of aq. Na,SO;. The reaction
mixture was stirred for another 1 h. The aqueous layer was extracted with
CH,(l, and the combined organic extracts were washed with sat. NaHCO;
until benzoic acid was no longer detected by TLC. The extracts were dried
with Na,SO, and the solvent was removed to give the crude product which
was purified by FC (PE/EtOAc 7:3) to afford the product 23 (0.075 g, 85 %)
as a colourless oil: [a]y =+5.8 (¢=0.48, CHCl;); IR (CDCly): 7=2956,
1690, 1427, 1277 cm~!; 'H NMR (250 MHz, CDCl;, broadening due to a
mixture of rotamers): 6 =8.04 -7.33 (m, 10H, arom.), 5.00 (m, 5H), 4.19 (m,
4H), 3.09 (brq, /=112 Hz, 1H), 1.74 (brs, 6H), 0.91 (s, 9H, tBuMe,Si),
0.07 (s, 6H, rBuMe,Si); *C NMR (62.5 MHz, CDCl;): 6 =166.5, 155.1,
147.1, 132.9, 129.5, 128.5, 128.3, 128.0, 127.8, 109.4, 68.5, 67.2, 136.7, 64.5,
59.2, 38.7, 36.6, 29.7, 27.7, 25.8, 18.3, —4.9, —5.0; FAB: m/z (%): 546 (90)
[M+Na]*, 524 (100) [M+H]*, 466 (40), 348 (90), 316(80); HRMS: calcd for
C;0H,,OsNSi: 524.2816; found: 524.2832 [M+H]";elemental analysis calcd
(%) for C3H, OsNSi (647.9): C 68.8, H 7.9, N 2.7; found: C 68.6, H 7.8, N
2.6.

(2S,3R 4R)-N-Benzyloxycarbonyl-2-(3-benzoyloxy-propyl)-4-(zert-butyldi-
methylsilyloxy)-piperidin-3-one (24): Ozone was bubbled into a solution of
23 (0.98 g, 1.87 mmol) in CH,Cl, (150 mL) until the solution became blue.
The excess ozone was removed by purging the solution with N,.
Triphenylphosphine (0.98 g, 3.74 mmol) was added and the reaction
mixture was stirred for 2 h at RT. The solvent was removed and the crude
product was purified by FC (PE/EtOAc 7:3) to give the product 24 (7.9 mg,
88%) as a colourless oil: [a]F =+20.1 (¢=0.91, CHCL); IR (neat): 7=
2954, 1715, 1424, 1275 cm™'; '"H NMR (250 MHz, CDCl;, broadening due
to a mixture of rotamers): 0 = 8.03—7.32 (m, 10H, arom), 5.14 (m, 1 H), 4.75
(brs, 1H), 4.30 (m, 4H), 3.25 (brt,J=12.5 Hz, 1H), 2.17 (m, 1H), 2.00 (td,
J=438,12.7Hz, 1H), 1.81 (brs, 4H), 0.89 (s, 9H, tBuMe,Si), 0.13, 0.03 (2s,
2 x 3H, BuMe,Si); PC NMR (62.5 MHz, CDCl;): 6 =205.1, 166.4, 155.0,
133.0, 130.2, 129.6, 128.6, 128.4, 128.2, 128.0, 73.1, 67.8, 63.9, 63.4, 38.0, 35.0,
272,257,252, 184, —4.6, —5.5; FAB: m/z (%): 526 (100) [M+H]*, 482
(50), 424 (50), 307 (30), 272 (30); HRMS: caled for Cp,oH,,ONSi: 526.2625;
found: 526.2625 [M+H]"; elemental analysis calcd (%) for C,;H3OsNSi
(650.0): C 66.3, H 7.5, N 2.7; found: C 66.2, H 7.5, N, 2.7.

(28,3R AR)-N-Benzyloxycarbonyl-2-(3-hydroxypropyl)-4-(tert-butyldime-

thylsilyloxy)-3-hydroxy-3-methylpiperidine (25): Methylmagnesium bro-
mide (2.37 mL, 3.0M in Et,0) was added dropwise into a solution of 24
(0.89 g, 1.69 mmol) in THF (30 mL) maintained at 0°C. The reaction
mixture was stirred for 2 h and was quenched with sat. NH,Cl (10 mL). The
aqueous layer was extracted with EtOAc and the combined organic
extracts was dried with MgSO,. The solvent was removed and the crude
product was purified by FC (PE/EtOAc 7:3) to give the product 25 (0.67 g,
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90%) as a colourless oil: [a]f =+2.6 (¢c=0.46, CHCL;); IR (neat): 7=
3436, 2954, 1682, 1434, 1111 cm™!; 'H NMR (250 MHz, CDCl;, broadening
due to a mixture of rotamers): 0 =7.34 (m, 5H, arom.), 5.12 (s, 2H), 4.18
(brs, 2H), 3.84 (dd, /=54, 11.5 Hz, 1H), 3.61 (brs, 2H), 2.90 (brt, J=
11.9 Hz, 1H), 2.05 (s, 1H), 1.92 (brs, 1 H), 1.65-1.44 (m, 6H), 1.81 (s, 3H,
Me), 0.89 (s, 9H, tBuMe,Si), 0.09, 0.07 (25, 2 x 3H, tBuMe,Si); *C NMR
(62.5 MHz, CDCl;): 0 =156.0, 136.7, 128.5, 128.0, 72.4, 67.3, 60.3, 37.4, 31.8,
29.4,25.7,21.1,20.7, 18.0, —73.7, 4.2, 62.5, —4.8; CIMS: m/z (%): 438 (60)
[M+H]*, 304 (30), 132 (30), 108 (100); HRMS: calcd for C,;H,,OsNSi:
438.2675; found: 4382676 [M+H]"; elemental analysis caled (%) for
C,3H30Os5NSi (437.7): C 63.1, H 9.0, N 3.2; found: C 62.9, H 8.9, N 3.1.
(28,3R,4R)-N-Benzyloxycarbonyl-2-(3-tosyloxypropyl)-4-(tert-butyldime-
thylsilyloxy)-3-hydroxy-3-methyl-piperidine (26): Triethylamine (1.84 mL,
13 mmol) and DMAP (1.59 g, 13 mmol) were added to a solution of the diol
25 (0.57 g, 1.3 mmol) dissolved in CH,Cl, (30 mL). This was followed by
TsCl (0.37 g, 19 mol) and the reaction mixture was stirred for 3 h. The
solvent was removed and the crude product was purified by FC (PE/EtOAc
1:1) to give the product 26 (0.75 g, 97 %) as a colourless oil: [a]y =+5.3
(c=0.43, CHCL); IR (neat): #=3538, 2955, 1694, 1428, 1360 cm™';
'H NMR (250 MHz, CDCl;, broadening due to a mixture of rotamers):
0="778-1731(m,9H, arom.), 4.10 (m, 2H), 3.99 (brs,2H), 3.77 (dd, J = 5.3,
11.5 Hz, 5.09 (s, 2H), 1H), 2.81 (brs, 1H), 2.4 (s, 3H), 1.96 (s, 1H), 1.87
(brd, J=4.6 Hz, 1H), 1.13 (s, 3H, Me), 0.89 (s, 9H, rtBuMe,Si), 1.67-1.42
(m, 5H), 0.09, 0.07 (25, 2 x 3H, tBuMe,Si); *C NMR (62.5 MHz, CDCl,):
0=155.8,144.6, 133.2, 129.8, 128.5, 128.1, 127.9, 73.5, 72.3, 70.3, 67.4, 60.0,
373, 31.7, 25.8, 25.7, 21.6, 20.7, 18.0, —4.1, —4.8; FAB: m/z (%): 614 (10)
[M+Na]*, 592 (50) [M+H]*, 534 (20), 458 (40), 307 (100); HRMS: calcd
for C3)H,O;NSiS: 592.2764; found: 592.2749 [M+H]*.
(8R,8a.S,7R)-T7-(tert-Butyldimethylsilyloxy)-8-hydroxy-8-methyl-octahy-
droindolizidine (27): Piperidine 26 (0.75 g, 1.26 mmol) was dissolved in
MeOH (30 mL) containing ammonium formate (0.4 g, 6.3 mmol). 10 % Pd/
C (1.48 g) was added and the reaction mixture was heated at 40°C for
30 min. The reaction mixture was filtered through Celite and washed with
MeOH/Et,0/NHj; 1:1:0.1. The solvent was removed and the crude product
was purified by FC (hexanes/Et,0/NHj; 3.9:6:0.1) to give the product 27
(0.35 2,96 %) as a colourless oil: [a]3 = —29.4 (¢ =0.97, CHCL); IR (neat):
7=3476, 2954, 1462, 1256 cm~'; "TH NMR (500 MHz, CDCl,): 6 =3.14 (brs,
1H, OH), 3.56 (t, J=2.4Hz, 1H, H-7), 3.00 (dd, /=53, 82Hz, 1H,
H-3eq), 2.74 (ddd, J =1.6, 5.0, 10.6 Hz, 1H, H-5eq), 2.32 (ddd, J =2.7, 7.7,
12.9 Hz, 2H, H-8ax, H-5eq), 2.20 (dd, 1H, J=8.9, 17.1 Hz, H-3ax), 2.05
(tdd, J=13.1, 5.1, 2.7 Hz, 1H, H-6ax), 1.73-1.64 (m, 4H, H-1, H-2), 1.48
(dd,J=14.1,2.2 Hz, 1 H, H-6eq), 1.09 (s, 3H, H-9), 0.09 (s, 9H, tBuMe,Si),
0.05 (s, 6 H, tBuMe,Si); *C NMR (62.5 MHz, CDCL): 6 =73.1 (d), 70.9 (s),
65.1 (d), 54.6 (t), 47.1 (t),29.7 (t), 25.8 (q), 23.0 (t), 21.5 (q), 20.8 (t), 17.9 (s),
—5.0 (q), —4.4 (q); FAB: m/z (%): 286 (100) [M+H]*; HRMS: calcd for
C,5H;,0,NSi: 286.2202; found: 286.2195 [M+H]*.
(8R,8a.S,7R)-7,8-Dihydroxy-8-methyl-octahydroindolizidine (28): A solu-
tion of 27 (20 mg, 79 pmol) in THF (1 mL) and TBAF (0.7 mL, 0.7 mmol,
1M in THF) was stirred for 3 d. The solvent was removed and water
(0.5 mL) was added. The aqueous layer was extracted with ether and the
solvent was removed. The crude mixture was purified by FC (EtOAc/
MeOH/NH; 9.0:0.8:0.2) to give the product 28 (10.1 mg, 83%) as a
colourless oil: [a]y =—72 (¢=0.36, CHCL;); IR (neat): ¥=3691, 3624,
3460, 2950, 1669, 1602 cm~'; "H NMR (500 MHz, CDCl,): 6 =3.62 (t, /=
2.7Hz, 1H, H-7), 3.16 (brs, 1H, OH), 3.04 (m, 1H, H-3eq), 2.83 (ddd, J =
1.4, 4.0, 10.3 Hz, 1H, H-5eq), 2.35-2.30 (m, 2H, H-8ax, H-5ax), 2.22 (dd,
J=9.0, 172 Hz, 1H, H-3ax), 2.15 (tdd, J=3.2, 5.1, 14.5 Hz, 1H, H-6ax),
1.78-1.66 (m, 3H, H-1, H-2), 1.61 (dd, J=1.6, 14.4 Hz, 2H, H-6eq), 1.47
(brs, 1H, OH), 1.18 (s, 3H, H-9); *C NMR (62.5 MHz, CDCl,): 6 =72.8
(d), 70.4 (s), 65.1 (d), 54.6 (t), 47.0 (1), 29.4 (t), 22.9 (t), 21.0 (q), 20.8 (t);
CIMS: m/z (%): 172 (80) [M+H]*, 154 (30), 70 (90), 44 (100); HRMS:
caled for CoH;;O,N: 171.1259; found: 171.1248 [M]*.
(8R,8aS)-8-Hydroxy-8-methyl-7-octahydroindolizidone (2):*! A solution
of (COCl), (81 uL, 0.93 mmol) in CH,Cl, (1.5 mL) was cooled to —50°C.
DMSO (99 pL, 1.4 mmol) was added dropwise and the reaction mixture
was stirred for 20 min. The diol 28 (80.0 mg, 0.47 mmol) was added
dropwise as a solution in CH,Cl, (0.3 mL) and the reaction mixture was
stirred for a further 20 min. Triethylamine (0.65 mL, 4.67 mmol) was added
and the reaction mixture was stirred at RT. for a further 30 min. EtOAc was
added and CH,Cl, was removed before the reaction mixture was filtered.
The crude mixture was purified by column chromatography (Et,O/NHj;
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9.8:0.2) to give 2 (47.4 mg, 60 % ) as a colourless oil: [a]3 = —51.6 (c = 0.06,
CHCly); lit.: [a]3 = —44.2 (¢ =4.7, CHCL); IR (neat): 7 = 3430, 2936, 2799,
1722,1124 cm™'; 'H NMR (500 MHz, CDCl;): 0 =3.77 (brs, 1H, OH), 3.26
(dd, J=177, 9.6 Hz, H-3eq), 3.16 (t, J=7.5 Hz, 1H, H-5eq), 3.06 (ddd, J =
7.5,12.5, 14.4 Hz, 1 H, H-6ax), 2.30 (m, 2H, H-8, H-3ax), 2.23 (dd, J =2.7,
14.6 Hz, 1H, H-6eq), 2.16 (t, J=8.1 Hz, 1 H, H-5ax), 1.84—1.75 (m, 4H,
H-1, H-2), 1.18 (s, 3H, H-9); *C NMR (62.5 MHz, CDCl;): 6 =209.5 (s),
75.4 (s), 72.3 (d), 54.0 (t), 50.1 (t), 36.4 (t), 23.5 (1), 22.8 (1), 16.8 (q); CIMS:
miz (%): 170 (50) [M+H]", 154 (30), 98 (20), 70 (100); HRMS: calcd for
CyH,40,N: 170.1181; found: 170.1186[M+H]*.
(2R,4E)-1-(tert-Butyldiphenylsiloxy)-2,5-dimethyl-4-octen-6-one (31): Al-
dehyde 9! (7.18 g, 21 mmol) was added to a solution of triphenyl(1-
propionylethylidene)phosphorane (8, 8.17 g, 23.6 mmol) in toluene
(150 mL) and was heated at 90°C for 6 h. The solvent was removed and
crude mixture was purified by FC (EtOACc/PE 2:8) to give the product 31
(6.3 g, 85%) as a colourless oil: [a]y =+9.6 (c=3.6, CHCL); IR (neat):
7=2932,1673,1428,1112 cm!; 'H NMR (500 MHz, CDCl;): 6 =7.66-7.37
(10H, arom.), 6.60 (t, J=7.2 Hz, 3H, H-5), 3.55, 3.50 (dd, J=5.6, 9.9 Hz,
1H, H-8), 2.61 (q, /=73 Hz, 2H, H-2), 2.43 (m, 1H, H-6), 2.11 (m, 1H,
H-6),1.87 (m, 1H, H-7), 1.77 (s, 3H, H-9), 1.07 (s, 12H, H-1, tBuPh,Si), 0.95
(d,J=6.7 Hz,3H, H-10); *CNMR (62.5 MHz, CDCl,): d =202.4 (s), 140.6
(d), 137.7 (s), 135.6 (d), 133.8 (s), 129.6 (d), 127.6 (d), 68.3 (t), 36.1 (d), 32.6
(1),30.3 (1), 26.9 (q), 19.3 (s), 16.8 (q), 11.5 (q), 8.9 (q); FAB: m/z (%): 431
(50) [M+Na]*, 407 (25), 351 (80), 331 (80); HRMS: calcd for CysH;,0,-
SiNa: 431.2382; found: 431.2378 [M+Na]*; elemental analysis calcd (%)
for C,xH;,0,Si (408.7): C 76.4, H 8.9; found: C 76.3, H 8.8.
(2R,6S,4E)-1-(tert-Butyldiphenylsiloxy)-2,5-dimethyl-4-octen-6-0l  (32):
Ketone 31 (1.09 g, 2.66 mmol) and (R)-CBS catalyst (1.0M in toluene,
0.4 mL, 15mol%) was azeotroped twice with toluene before CH,CI,
(16 mL) was added. The reaction mixture was cooled to cooled to
—40°C before catecholborane (0.64 g, 5.33 mmol) in CH,Cl, (4.0 mL)
was added dropwise. The reaction mixture was quenched with MeOH
(1.0 mL) after 24 h and was allowed to be warmed to RT. The solvent was
removed and crude mixture was purified by FC (EtOACc/PE 2:8) to give the
product 32 (0.8 g, 73%) as a colourless oil: [a]F = +9.0 (¢ =0.82, CHCL);
IR (neat): 7=3384, 2960, 1428, 1112 cm~'; '"H NMR (250 MHz, CDCl,):
0="778-741 (10H, arom.), 5.39 (t,/ =73 Hz, 1 H, H-5), 3.91 (t,/ = 6.7 Hz,
3H, H-3), 3.54 (dd, J=1.0, 5.9 Hz, 2H, H-8), 2.22 (m, 1H, H-6), 1.96 (m,
1H, H-6), 1.79 (m, 1 H, H-7), 1.60 (s, 3H, H-9), 1.57-1.50 (m, 2 H, H-2), 1.06
(s, 9H, tBuPh,Si), 0.95 (d, J=6.6 Hz, 3H, H-10), 0.82 (t, /=7.1 Hz, 3H,
H-1); BCNMR (62.5 MHz, CDCl,): 6 =137.9 (s), 135.7 (d), 134.1 (s), 129.6
(d), 127.6 (d), 125.3 (d), 79.6 (d), 68.5 (t), 36.5 (d), 31.2 (t), 27.6 (t), 26.9 (q),
19.4 (s), 16.7 (q), 11.2 (q), 10.2 (q); FAB: m/z (%): 433 (100) [M+Na]*, 393
(35), 353 (20), 199 (100); HRMS: calcd for C,;H;30,SiNa: 433.2539; found:
433.2566 [M+Na]*; elemental analysis calcd (% ) for C,sH3,0,Si (410.7): C
76.0, H 9.3; found: C 76.2, H 9.3.
(2R,6S,4F)-6-Benzyloxymethyloxy-1-(zert-butyldiphenylsiloxy)-2,5-di-
methyl-4-octene (33): Hiinigs base (13.5mL, 78 mmol), followed by
BOMCI (2.17 mL, 15.6 mmol) were added to a solution of 32 (3.2 g,
7.8 mmol) in toluene (100 mL) containing a catalytic amount of Bu,NI
(100 mg). The reaction mixture was heated at reflux for 14 h. The solvent
was removed and the crude mixture was purified by FC (Et,O/PE 1:9) to
give 33 (4.03 g,97 %) as a colourless oil: [a]f = —53.7 (c=0.3, CHCl;); IR
(neat): 7=2931, 1454, 1428, 1112, 1027 cm~'; '"H NMR (250 MHz, CDCl;):
0=1779-742 (15H, arom.), 5.47 (t,J =7.0 Hz, 1H, H-5),4.85-4.55 (m, 4 H,
OCH,0CH,Ph), 3.99 (t, /=70 Hz, 1H, H-3), 3.59 (dd, J=2.7,5.9 Hz, 2 H,
H-8), 2.31 (m, 1H, H-6), 2.04 (m, 1H, H-6), 1.87-1.63 (m, 3H, H-2, H-7),
1.62 (s,3H, H-9), 1.17 (s, 9H, tBuPh,Si), 0.99 (m, 6 H, H-1, H-10); ®*C NMR
(62.5 MHz, CDCl,): 0 =138.3 (s), 135.7 (d), 134.5 (s), 134.1 (s), 129.6 (d),
128.6 (d), 128.5 (d), 128.2 (d), 128.0 (d), 127.8 (d), 127.7 (d), 91.3 (t), 83.6 (d),
69.5 (), 68.6 (t),36.5 (d), 31.3 (), 27.0 (q), 26.5 (t), 19.4 (s), 16.7 (q), 10.9 (q),
10.6 (q); EIMS: m/z (%): 553 (20) [M+Na]*, 453 (30), 413 (35), 381 (40);
HRMS: caled for C3H,05SiNa: 553.3114; found: 553.3107 [M+Na]*;
elemental analysis caled (% ) for C3,H,0;Si (530.8): C 76.9, H 8.7; found: C
771, H 8.6.

(2R,6S,4F)-6-Benzyloxymethyloxy-2,5-dimethyl-4-octen-1-0l (34): Tetra-
butylammonium fluoride (1.0M in THF, 14 mL) was added to a solution of
33 (4.03 g, 7.6 mmol) in THF (20 mL). The reaction mixture was stirred for
2 h and the solvent was removed. The crude mixture was purified by FC
(Et,O/PE 1:1) to give the product 34 (1.98 g, 90%) as a colourless oil:
[a]ly ==923 (¢=0.9, CHCLy); IR (neat): 7=3380, 2961, 1454, 1380,
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1036 cm~!; 'TH NMR (250 MHz, CDCl;): 6 =7.34 (5H, arom.), 5.41 (t,J=
6.7 Hz, 1H, H-5), 4.73-4.50 (m, 4H, OCH,OCH,Ph), 3.90 (t, J =70 Hz,
1H, H-3), 3.46 (dd, J = 6.0, 10.6 Hz, 2H, H-8), 2.13 (m, 1 H, H-6), 1.96 (m,
1H, H-6), 1.72-1.56 (m, 3H, H-2, H-7), 1.55 (s, 3H, H-9), 0.91 (m, 6 H, H-1,
H-10); “C NMR (62.5 MHz, CDCL,): 6 =138.1 (s), 134.8 (s), 1284 (d),
127.9 (d), 127.6 (d), 83.6 (d), 69.5 (t), 68.0 (t), 36.3 (d), 31.3 (t), 26.3 (t), 91.4
(t), 16.5 (q), 10.9 (q), 10.4 (q); CIMS: m/z (%): 310 (10) [M+NH,]*, 172
(100), 155 (20), 106 (55); HRMS: calcd for C;sH3;,NO;: 310.2382; found:
310.2377 [M+NH,]*; elemental analysis calcd (% ) for C;sHx0; (292.4): C
73.9, H 9.7; found: C 74.0, H 9.5.

(2R ,6S,4E)-6-Benzyloxymethyloxy-2,5-dimethyl-4-octen-1-al (7): A solu-
tion of 34 (43.5 mg, 0.14 mmol) in CH,Cl, (4.0 mL) was stirred with NMO
(48 mg, 0.41 mmol) and TPAP (1.6 mg, 10 mol %) for 30 min. EtOAc was
added and CH,Cl, was removed before the reaction mixture was filtered.
The solvent was removed in vacuo and the crude mixture was purified by
FC (Et,0O/PE 1:1) to give 7 (40.8 mg, 94%) as a colourless oil: [a]} =
—101.93 (¢ =0.83, CHCl;); IR (neat): 7#=2964, 1728, 1454, 1100, 1038 cm™';
'H NMR (500 MHz, CDCl;): 6 =9.65 (d, J=0.8 Hz, 1H, CHO), 735 (m,
SH, arom.), 537 (t, J=63Hz, 1H, H-5), 471 (d, /=118 Hz, 2H,
OCH,0), 4.66 (m, 2H, OCH,Ph), 4.52 (d, J=11.8 Hz, 2H, OCH,0), 3.91
(t,/J=70Hz, 1H, H-3),2.42 (m, 2H, H-7, H-6), 2.18 (m, 1H, H-6), 1.56 (s,
3H, H-9), 1.52 (m, 1H, H-2), 1.09 (d, /=7.0 Hz, 1.63 (m, 1H, H-2), 3H,
H-10), 0.88 (t,J =74 Hz, 3H, H-1); *C NMR (100 MHz, CDCl;): 6 =204.5
(s) 138.1 (s), 136.3 (s), 127.9 (d), 127.8 (d), 127.6 (d), 125.4 (d), 91.4 (t), 83.2
(d), 69.5 (t),46.5 (d), 28.6 (t),26.3 (t), 13.1(q), 11.0 (q), 10.4 (q); CIMS: m/z
(%): 308 (10) [M+NH,]*, 125 (30), 106 (100), 91 (35), 61 (35); HRMS:
caled for C;gH;)NO;: 308.2226; found: 308.2225 [M+NH,]".

(8R,8aS,6E)-8-Hydroxy-8-methyl-6-[ 2R ,4E,6S)-2,5-dimethyl-6-benzyloxy-
methyloxy-4-octenylidene Joctahydroindolizin-7-done (36): A solution of 2
(52.4 mg, 0.31 mmol) in 10 % HMPA/THF (5.0 mL) with fluorene (1.0 mg)
was cooled to 0°C before KHMDS (1.36 mL, 0.5M in toluene) was added
dropwise. The reaction mixture was stirred for 15 min and 7 (99 mg,
0.30 mmol) was added as a solution of THF (1.0 mL). The reaction was
quenched with sat. NH,Cl after stirring for a further 15 min and was
adjusted to pH 11 with conc. NH; solution. The aqueous layer was
extracted with diethyl ether and the combined organic layers were dried
with K,COj;. The solvent was removed in vacuo and a plug of silica gel was
used to remove fluorene and base line impurities. The crude products
(119 mg, 83%) and DMAP (0.158 g, 1.3 mmol) were then dissolved in
CH,Cl, (8.0mL) and were cooled to —50°C before DBU (0.19 mL,
1.3 mmol), followed by TFAA (0.109 mL, 0.77 mmol) were added. The
reaction mixture was maintained at this temperature for 1h and was
allowed to stir for a further 0.5 h at 0°C. The solvent was removed and the
crude products were purified by FC (Et,0) to give the product 36 (57 mg,
50%, 42 % over two steps): [a]® = —74.4 (¢ =0.32, CHCl;); IR (neat): 7 =
3690, 2966, 1710, 1602, 1455, 1364 cm~'; 'H NMR (500 MHz, CDCl;): 6 =
7.33 (5H, arom.), 6.50 (d, J=10.5 Hz, 1H, H-10), 5.28 (t, /=7.0 Hz, 1H,
H-13), 470 (d, /=117 Hz, 1H, OCH,0), 4.58 (s, 2H, OCH,Ph), 4.45 (d,
J=11.7Hz, 1H, OCH,0), 3.97 (d, /=14.0 Hz, 1H, H-5eq), 3.88 (t, J=
7.0 Hz, 1H, H-15), 3.64 (brs, 1H, OH), 3.17 (t, J=6.7 Hz, 1H, H-3), 2.97
(dd, J=2.5, 14.0 Hz, 1H, H-5ax), 2.45 (m, 1H, H-11), 2.36 (t, J=8.1 Hz,
1H, H-8a), 2.26 (q,/=9.2 Hz, 1 H, H-3),2.11 (t,/ =7.1 Hz, 2H, H-12), 1.90
(m, 1H, H-1), 1.78 (m, 4H, H-16, H-2, H-1), 1.62 (m, 1 H, H-16), 1.51 (s, 3H,
H-19), 1.21 (s, 3H, H-9), 1.04 (d, J=6.6 Hz, 3H, H-18), 0.88 (t, /=74 Hz,
3H, H-17); ®C NMR (62.5 MHz, CDCL;): d =196.9 (s), 146.8 (d), 138.1 (s),
135.1 (s), 129.8 (s), 128.4 (d), 128.3 (d), 128.0 (d), 127.9 (d), 127.6 (d), 127.0
(d), 91.0(t), 83.0 (d), 73.0 (s), 69.4 (1), 68.8 (d), 55.1 (), 51.9 (t), 34.5 (1), 33.3
(d),26.3 (t),23.5 (t),22.7 (1), 19.6 (q), 17.7 (q), 10.8 (q), 10.5 (q); EIMS: m/z
(%): 464 (100) [M+Na]*, 442 (35) [M+H]*, 413 (10); HRMS: calcd for
C,;H;30O,NNa: 464.2777; found: 464.2798 [M+Na]*.

(78,8R 8a.S,6 E)-78-Dihydroxy-8-methyl-6-[ 2R ,4E,6S)-2,5-dimethyl-6-

benzyloxymethyloxy-4-octenylidene]octahydroindolizine (37): Acetone
(4.0 mL) and acetic acid (0.1 mL, 1.87 mmol) were added to Me,NB-
H(OACc); (0.25 g, 0.935 mmol) and stirred as a suspension for 20 min at RT.
Enone 36 (41.3 mg, 0.094 mmol) was added as a solution in acetone
(1.0 mL). The reaction mixture was stirred for 6 d before it was quenched
with sat. NH,CI (0.5 mL). Most of the acetone was removed by blowing a
gentle stream of nitrogen over the surface. Water (0.5 mL) was added and
the aqueous layer was extracted with EtOAc. The combined organic layers
were washed with NaHCOj; and were dried with K,COj;. The solvent was
removed under vacuo and the residue was purified by FC (Et,O(s)NH;) to
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give the product 37 (37.3 mg, 89 %) as a colourless oil: [a]F =+104 (c=
0.51, CHCL,); IR (neat): #=3462, 2961, 1594, 1454, 1312 cm™'; 'H NMR
(500 MHz, CDCl;): 6=1736-729 (SH, arom.) 522 (d, /=9.9Hz, 1H,
H-10), 5.18 (t, J=6.9 Hz, 1H, H-13), 4.66 (d, /=6.8 Hz, 1H, OCH,Ph),
4.65 (d, J=6.8 Hz, 1H, OCH,Ph), 4.65 (d, J=11.4 Hz, 1H, OCH,0), 4.51
(d, J=11.4 Hz, 1H, OCH,0), 3.82 (t, J=7.1 Hz, H-15), 3.56 (s, 1 H, H-7),
3.55 (d, J=11.8 Hz, 1 H, H-5¢eq), 2.98 (brs, 1H, H-3), 2.81 (brs, 1H, OH),
2.60 (d, J=12.0 Hz, 1H, H-5ax), 2.53 (m, 1H, H-11), 2.33 (s, 2H, H-8«,
OH), 2.15 (q,J =8.3 Hz, 1 H, H-3), 2.07-2.00 (m, 2H, H-12), 1.70~ 1.62 (m,
6H, H-16, H-1, H-2), 1.50 (s, 3H, H-19), 1.16 (s, 3H, H-9), 1.01 (d, /=
6.6 Hz, 3H, H-18), 0.86 (t, /=74 Hz, 3H, H-17); *C NMR (62.5 MHz,
CDCl,): 6 =1376 (s), 1374 (d), 133.5 (s), 129.3 (d), 128.5 (d), 128.4 (d),
127.8 (d), 91.0 (t), 84.1 (d), 80.5 (d), 70.4 (t), 69.5 (), 65.1 (d), 54.1 (t), 48.9
(t),35.3(t),32.4(d),26.1 (t),22.6 (t),21.2 (q), 21.1 (1), 20.6 (q), 10.6 (q), 10.4
(q); EIMS: m/z (%): 444 (100) [M+H]*, 349 (20), 305 (10); HRMS: calcd
for C,;H,,O,N: 444.3114; found: 444.3111 [M+H]".

(78,8R 8a.S,6 E)-7,8-Dihydroxy-8-methyl-6-[ (2R 4E,6S)-2,5-dimethyl-6-hy-
droxy-4-octenylidene Joctahydroindolizine, allopumiliotoxin 323B’ (1):
139411 A stock solution of LIDBB was made from 4,4'-di-tert-butylbiphenyl
(1.0 g, 3.7 mmol) and Li (52 mg, 7.4 mmol). The mixture was sonicated at
0°C in a solution of THF (4.0 mL) for 2 h. LIDBB was added dropwise to
37 (1.7 mg, 3.8 umol) in a THF solution at —78 °C until a green colouration
persisted for 5 min. The reaction was quenched with sat. NH,CI (0.5 mL)
and was allowed to warm to RT before NaHCO; (1.0 mL) was added. The
aqueous layer was extracted with CHCl; and the combined organic layers
were dried with K,COj; before being removed in vacuo. The crude products
were purified by FC (CHCl/MeOH/NH; 9.6:0.2:0.2) to give (+)-allopu-
miliotoxin 323B’ (1, 1.1 mg, 88%) as a colourless oil: [a]} =+24.9 (c=
0.55, MeOH); lit. [a]F = +22.3 (¢ =1.0, MeOH); IR (neat): 7 = 3396, 2960,
1312, 1018 cm~'; 'TH NMR (500 MHz, CDCl;): 6 =5.28 (d, /=10.0 Hz, 1H,
H-10), 5.24 (t,J=75Hz, 1H, H-13), 3.87 (t,/=6.9 Hz, 1 H, H-15), 3.69 (s,
1H, H-7), 3.57 (d, J=12.2 Hz, 1 H, H-5¢q), 3.03 (m, 1H, H-3), 2.87 (s, 1 H,
OH),2.69 (d,/=12.2 Hz, 1 H, H-5ax), 2.54-2.49 (m, 2H, H-11, H-8a), 2.27
(q,/=79 Hz, 1H, H-3),2.07-1.94 (m, 3H, H-12, OH), 1.67-1.77 (m, 6 H,
H-16, H-1, H-2), 1.55 (s, 3H, H-19), 1.19 s, 3H, H-9), 1.04 (d, J=6.5 Hz,
H-18), 0.83 (t, /=74 Hz, H-17); *C NMR (62.5 MHz, CDCl;): 6 =137.5
(d),137.2(d), 133.7 (s), 125.8 (d), 80.9 (d), 80.2 (d), 70.3 (s), 65.2 (d), 54.3 (1),
49.3 (1), 35.3 (1), 32.6 (d), 27.7 (), 22.6 (), 21.2 (1), 20.9 (q), 20.5 (q), 10.9 (q),
10.1 (q); EIMS: m/z (%): 346 (25) [M+Na]*, 324 (100) [M+H]*, 306 (15),
186 (5); HRMS: calcd for C,oH3,0ON;: 324.2533; found: 324.2519 [M+H]*.
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Trapping Reactions of an Intermediate Containing
a Tungsten — Phosphorus Triple Bond with Alkynes

Michael Schiffer and Manfred Scheer*!?!

Dedicated to Professor Kurt Dehnicke on the occasion of his 70th birthday

Abstract: The thermolysis of the phos-
phinidene complex [Cp*P{W(CO);s},]
(1) in toluene in the presence of
tBuC=CMe leads to the four-membered
ring complexes [[{>-C(Me)C(:Bu)}Cp*-
(COYW(us-P){W(CO)}]{y* " sp!-P(W-

(CO)s)WCp*(CO)C(Me)C(1Bu)}] (4) as
the major product and [[W{Cp*(CO),}-
W(CO),WCp*(CO){n'n'-C(Me)C(1Bu)}]-
(u,P > ' -Po{W(CO)s}] (5). The reac-
tion of 1 with PhC=CPh leads to

(CO)s)W{Cp*(CO),JC(Ph)C(Ph)]] (6).
The products 4 and 6 can be regarded
as the formal cycloaddition products of
the phosphido complex intermediate
[Cp*(CO),W=P — W(CO);] (B), formed
by Cp* migration within the phosphini-
dene complex 1. Furthermore, the reac-

Keywords: alkynes - cycloaddition
- intermediates - P ligands - tung-

tion of 1 with PhnC=CPh gives the minor
product [[{r*:n!-C(Ph)C(Ph)},{W(CO),}]
{17! y1-P{C(Me){C(Me)}:C(Me) | O(Ph))-
{C(Ph)}] (7) as a result of a 1,3-dipolaric
cycloaddition of the alkyne into a phos-
phaallylic subunit of the Cp*P moiety of
1. Compounds 4-7 have been charac-
terized by means of their spectroscopic
data as well as by single-crystal X-ray
structure analysis.

[[W(CO)-CPR)CERGr W= o

Introduction

In 1995 the first isolable complexes with a metal — phosphorus
triple bond were synthesized and structurally character-
ized.l'?l In these complexes, the metal —phosphorus triple
bond is kinetically stabilized through the sterically demanding
substituents at the amido ligands. Thus, these complexes react
predominantly with the lone pair of electrons on the
phosphido phosphorus atom to coordinate Lewis-acidic com-
pounds in an end-on manner.’) Our interests have been
focussed on the synthesis of phosphido complexes of the type
[(RO);W=P — M(CO);] (R=1Bu, 2,4,6-Me,CH;; M=Cr,
W). In these stable complexes, the lone pair of electrons on
the phosphido phosphorus atom is coordinated by M(CO);
(M =Cr, W), which stabilizes the overall complex. Further-
more, the flexibility of the alkoxide ligands open a high side-
on reactivity.! Additionally, we were interested in obtaining
compounds containing metal—phosphorus triple bonds as
highly reactive intermediates. Thus, starting from
[Cp*P{W(CO)s},] (1; Cp* = CsMes) we recently developed a
novel synthetic approach to a highly reactive intermediate

[a] Prof. Dr. M. Scheer, Dr. M. Schiffer
Institut fiir Anorganische Chemie der Universitdt Karlsruhe
76128 Karlsruhe (Germany)
Fax: (49)721-661921
E-mail: mascheer@achibmé6.chemie.uni-karlsruhe.de
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that possesses a tungsten—phosphorus triple bond.P! This
approach is based on the migration of the o-bound Cp* ligand
at the phosphinidene phosphorus atom in 1 to a #>-Cp* ligand
at a tungsten atom by thermolysis (Scheme 1). In a side
reaction, the initially formed intermediate of the type
[{Cp*W(CO);}P{W(CO);}] (A) undergoes C—H activation to
give the phosphane complex [(CO);W(>-CsMe,CH,)P(H) —
W(CO)s] (2; Scheme 1). Further loss of CO leads to the highly
reactive phosphido complex intermediate of the type
[Cp*(CO),W=P — W(CO)s] (B). The dimerization of B
results in the major product [Cpi(CO),W,(u*:n'-
P,{W(CO);}] (3). This novel synthetic approach to the highly
reactive intermediate B opens unconventional routes to a
large variety of unprecedented metallaphosphaheterocycles.
Herein we report for the first time on the use of this in situ
generated phosphido complex intermediate in trapping re-
actions with different alkynes.

Results and Discussion

The thermolysis of [Cp*P{W(CO)s},] (1) in the presence of
tBuC=CMe leads to 4 as the major, and 5 as the minor product
[Eq. (1)]. The thermolysis of 1 with PhnC=CPh affords the
complexes 6 and 7 [Eq. (2)]. In both reactions, small amounts
of 2 (=5 %) were detected by *P{!H} NMR spectroscopy of
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P‘\‘ -CO rBu / N~
@4/ c— I~ W / C
\/COCO pOC/l co €O \
® /c Me co Me
P(- 110 °C, 2h B 5
1
d@ toluene Ph
Ph-
1 ocC
L »
PhC=CPh Ph

W)= w(co)s ~

Cp* = r]s-CsMeS

3O
P o ~
@f -zco oc'-:;vlv\ \@

oc co
1 A

W)= W(CO)s l co

Cp* = n°-CsMes

ocC co

B

Scheme 1. Proposed reaction pathway of the thermolysis of 1.

the crude reaction mixture. No signals were observed for 3,
which indicates an almost quantitative reaction of the triple
bond intermediate B with the alkynes. Furthermore, the
SIP{'H} NMR spectrum of the reaction mixture of 1 with
PhC=CPh in toluene contains, in addition to the signals for 6,
7, and 2, two further doublets at 6 =—98.3 and 6 =—232.0
(Mpp=413 Hz, 'Jyp=208 Hz). These chemical shifts and
coupling constants are in good agreement with a complex
similar to 5 (0 = —79.6 and —220.5, \Jp», =407 Hz) which was
obtained by the reaction between 1 and tBuC=CMe. Un-
fortunately, this compound could not be isolated either by
column chromatographic work-up, which was possible for the
isolation of 4, 6, and 7, or by fractional crystallization as in the
case of 5.

Spectroscopic properties: The products are black (4 and 5),
red (6), and yellow (7) crystalline compounds. All compounds
are readily soluble in toluene and dichloromethane. They
were fully characterized on the basis of their spectroscopic
data and by single-crystal X-ray structural analysis. The IR
spectra of the products show CO stretching frequencies of
terminal ligands. In the mass spectra of all compounds, no
molecular ion peak was observed. In all cases, it is diminished
by carbonyl groups as well as by Cp* and by RC=CR moieties.

1856 ——

=}
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The 3'P{!H} NMR spectrum

of 4 exhibits two singlets at 6 =

H . 199 and 6=-492, corre-

S sponding to the two chemically
nonequivalent phosphorus
OCEI)C/ \co H atoms, which do not couple
2 over the connecting W(2) atom

(see Figure 1). Even though
both phosphorus atoms bind to
three tungsten atoms, only two
pairs of '8W satellites per sin-
glet can be observed. The sin-
glet at 6=19.9 belongs to the
\~co phosphorus atom P(2) and pos-
co sesses two yp values of 192

3 and 84 Hz. The other singlet at

0 =—49.2 belongs to the phos-

phorus atom P(1) and possesses

two Jyp values of 207 and 52 Hz. The larger coupling
constant is consistent with the bonding of the phosphorus
atom to the [W(CO);] moiety. The chemical shift of the P(1)
atom is in good agreement with the comparable complex 8,
which shows a doublet at 6 = — 64.6 ('Jyp =195 and 63 Hz) for
the ring phosphorus atom P, .1 The 3'P{'"H} NMR spectrum of
5 reveals two doublets at 6 = —79.6 and d = —220.5 with a /pp
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coupling constant of 407 Hz, which is in good agreement with
P -P multiple-bond character. A coupling of the phosphorus
atoms with tungsten cannot be observed in the spectrum,
which is a general feature of known P,W, tetrahedral cores.
The 3'P{'"H} NMR spectrum of 6 shows a singlet at 6 = —2.8
with Jyp coupling constants of 202 and 88 Hz. As in 4 (atom
P(1)) and 8 (atom P,), the larger Jy value is consistent with
coupling constants of the phosphorus center to a [W(CO)s]
unit; the smaller one seems to correspond to the coupling to
the ring W atom W(1) and not to the capping W(2) atom,
likely due to the higher s character of the first mentioned
bond. The 3P{'"H} NMR spectrum of 7 reveals a singlet at § =
18.4 with a '/ value of 232 Hz.

Crystal structure analysis: Details of the crystallographic data
are given in Table 1. The molecular structure of 4 (Figure 1)
reveals a “kitelike” distorted WC,P ring consisting of the
atoms W(2), P(1), C(2), and C(3). This WC,P ring system
results formally from the [2+2] cycloaddition of the inter-
mediate [Cp*(CO),W=P — W(CO)s] (B) with rBuC=CMe.
This moiety is further capped by a tungsten carbonyl group of
a second molecule of B (P(1)-W(2) 2.462(2), P(1)-W(3)
2.484(2) A), and forms a W—W single bond (2.858(9) A). The
P(1)—C(3) bond length (1.829(9) A) is characteristic of a P—C
single bond and is comparable to the P—C single bond lengths
in the four-membered ring of 9 (d(P-C) 1.814(5),
1.822(5) A).4l The C(2)—C(3) bond length (1.366(14) A)
corresponds to a slightly elongated C—C double bond. The
WPGC, ring is almost planar with a folding angle of 169.5° along

Table 1. Crystallographic data for compounds 4-7.

Figure 1. Molecular structure of 4 (showing 50 % probability ellipsoids;
hydrogen atoms are omitted for clarity). Selected bond lengths [A] and
angles [°]: W(1)—P(1) 2.594(2), W(2)—P(2) 2.336(3), W(2)—P(1) 2.462(2),
W(2)-C(2) 2219(9), W(2)-W(3) 2.8546(9), W(3)—C(2) 2.303(8),
W(@3)-C(3) 2.438(9), W@B)—P(1) 2.484(2), W(@3)—-P(2) 2.508(3),
W4)-P(2) 2311(3), P(1)—C(3) 1.829(9), C(2)—C(3) 1.366(14),
C(9)—C(10) 1.304(13); C(3)-P(1)-W(2) 86.4(3), C(2)-W(2)-P(1) 63.2(3),
C(3)-C(2)-W(2) 109.7(7), C(2)-C(3)-P(1) 99.7(7), W(3)-P(2)-W(4)
116.90(11), W(3)-P(2)-W(2) 72.12(7), W(2)-P(2)-W(4) 170.93(13).

the P(1)--- C(2) axis. The phosphorus atom P(1) coordinates
to a W(CO); group. The P(1)~W(1) bond (2.594(2) A) is longer
than the bonds in comparable compounds such as [Ph;P —
W(CO)s] (d(W—P) 2.544 A)ll and [(rBuO);W=P — W(CO);]
(d(W—P) 2.476(4) A).*) Another important structural feature
of 4 is the u;-bridging phosphorus atom P(2) which connects

4 5-0.5CH,, 6 7
formula CyHs,040P, W, Cs05H47010P, Wy Cy7H;350,PW; CyH3505PW,
M, 1540.21 1444.05 1326.27 1114.41
crystal size [mm] 0.34 x 0.15 x 0.08 0.11 x 0.08 x 0.04 0.20 x 0.10 x 0.10 0.18 x 0.04 x 0.01
T [K] 220(1) 210(1) 293(2) 190(1)
space group P2(1) (no. 4) P1 (no. 2) Pbca (no. 61) P2,/n (no. 14)
crystal system monoclinic triclinic orthorhombic monoclinic
a[A] 11.643(2) 11.285(2) 11.173(2) 18.547(4)
b [A] 14.409(3) 12.185(2) 19.581(4) 9.479(19)
c[A] 14.460(3) 19.715(4) 42.117(8) 23.964(5)
a[°] 90.00 76.54(3) 90.00 90.00
AI°] 97.49(3) 90.00 90.00 102.81(3)
v [°] 90.00 64.20(3) 90.00 90.00
Vv [A%] 2405.1(8) 2393.3(8) 9215(3) 4108.2(14)
V4 2 2 8 4
Peatea [ €M) 2.127 2.053 1.912 1.802
u [em™] 0.9653 0.9696 0.7559 0.5688
radiation [A, A] 0.71073 0.71073 0.71073 0.71073
diffractometer STOE IPDS STOE IPDS STOE IPDS STOE IPDS
20 range [°] 5.08 <260 <54.86 3.80<260<54.54 3.86 <26 <44.68 4.64 <20 <51.94
index range —14<h<14, —-13<h<12, —11<h<11, —22<h<14,
—-17<k<17, —14<k<14, —-19<k<20, —11<k<11,
—-17<1<17 —24<1<22 —44<1<44 —28<1<29
data/restrains/parameters 8243/1/554 8461/0/462 5860/0/526 7139/0/519

independent reflections with /> 20([) 7932 (R;,,=0.0991)
goodness-of-fit on F? 1.085

R R, [1>20(1)] 0.0296, 0.0764
R, R, [all data] 0.0315, 0.0799

4071 (R, = 0.1220)
0.898

0.0817, 0.1934
0.1546, 0.2206

3673 (Ryy, = 0.1798)
1.128

0.0923, 02175
0.1402, 0.2359

5308 (R, = 0.0579)
0.901

0.0332, 0.0702
0.0531, 0.0748

largest diff peak and hole [e /A~ 1722, - 1.047 2378, —3.327 3.010, —2.369 1199, —1.267
[a] R=Z| Fy| — |F.| /2| Fy]. [b] wRy = [Zw(F3 — FEPV[Z(F3)]™.
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three W fragments. The W(4)-P(2)-W(3) unit seems to result
from a second [Cp*(CO),W=P — W(CO)s] (B) molecule
coordinating to the WPC, cycloaddition product by loss of
three CO molecules. One molecule of the alkyne coordinates
to the Cp*(CO)W fragment of the W(4) atom. The
C(9)—C(10) bond length (1.304(13) A) of the side-on-coordi-
nated alkyne at the Cp*W(CO) unit corresponds to a C—C
double bond length, revealing a four-electron donating
alkyne. The P(2)~-W(2) (2.336(3) A) and P(2)-W(4) bond
lengths (2.311(3) A) are short in comparison to the
P(2)-W(3) bond length (2.508(3) A) and are therefore in
the range of the W—P multiple bond lengths, as found, for
example, in 10 (2.272(2) A and 2.293(3) A).*I Consequently,
4 shows an almost linear arrangement along the W(2)-P(2)-
W(4) axis with an angle of 170.93(13)°. The W(2)—W(3) bond
length (2.8546(9) A) is comparable to other W—W single
bonds. It is shorter than the W—W bond in 11 (3.0920(7) A)5!
and in [{CpW(CO),}»(u.7>-P,)] (3.0026(11) A),”! but compa-
rable to the W—W bonds in 10 (2.8738(6) A)! Furthermore,
the W(2)-P(1)-W(3)-P(2) moiety adopts an almost planar
arrangement; the two three-membered rings reveal a folding
angle of 179.08°.

The X-ray structure of 5 (Figure 2) shows a W,P, as well as a
W,C, tetrahedron sharing one common tungsten atom on an
edge and forming an additional P—W bond between P(1) and

Figure 2. Molecular structure of 5 (showing 50% probability ellipsoids;
hydrogen atoms are omitted for clarity). Selected bond lengths [A] and
angles [°]: W(1)—P(1) 2.510(7), W(1)—P(2) 2.447(8), W(1)—W(2) 3.014(2),
W(1)-W(3)2.641(2), W(1)—C(12) 2.39(4), W(1)—C(13) 2.16(2), P(2)-W(4)
2.557(8), P(2)-W(2) 2.472(8), P(2)—P(1) 2.152(10), W(3)-P(1) 2.466(7),
W(3)—C(12) 1.99(5), W(3)—C(13) 2.40(3), C(12)—C(13) 1.40(4); W(2)-P(2)-
W(4) 145.1(3), W(2)-P(2)-W(1) 75.6(2), W(2)-P(2)-P(1) 65.9(3), W(2)-
P(1)-W(3) 125.0(3), W(2)-P(1)-W(1) 73.5(2), W(2)-W(1)-P(1) 53.5(2),
W(2)-W(1)-P(2) 52.6(2), W(2)-W(1)-W(3) 102.95(5), W(2)-W(1)-C(12)
113.1(6), W(2)-W(1)-C(13) 148.5(8), W(4)-P(2)-W(1) 135.2(3), W(4)-P(2)-
P(1) 134.6(4), P(2)-P(1)-W(3) 118.6(3), P(1)-W(3)-W(1) 58.8(2), P(2)-
W(1)-C(12) 145.9(11), P(2)-W(1)-C(13) 150.0(10), P(2)-W(1)-W(2)
52.6(2), P(2)-W(1)-P(1) 51.4(2), P(1)-W(1)-W(3) 57.1(2), P(1)-W(1)-
C(12) 94.6(10), P(1)-W(1)-C(13) 116.2(7), W(3)-W(1)-C(12) 46.3(13),
W(3)-W(1)-C(13) 59.1(7).

W(3). This complex can be regarded as the dimerization
product of two phosphido ligand intermediates [Cp*-
(CO),W=P — W(CO);] (B), and an alkyne tBuC=CMe coor-
dinates side-on to the W atoms W(1) and W(3), which form a
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metal —metal bond. The P—W bond lengths in 5§ are between
2.447(8) and 2.557(8) A and correspond to P—W single bonds.
The W(1)-W(2) bond (3.014(2) A) is slightly longer than
other W—W single bonds, whereas the W(1)-W(3) bond
(2.641(2) A) in the W,C, tetrahedron reveals multiple-bond
character and is comparable to the W—W bond length in
[W,(OCMe,),(PhCCPh),] (2.677(1) A).Bl The C(12)—C(13)
bond (1.400(4) A) and the P(1)—P(2) bond (2.152(10) A) are
shorter than corresponding single bonds (for a P—P single
bond compare -P, (2.190-2.212 A)). The latter one is
comparable to the P—P bond lengths in known W,P,
tetrahedral complexes.!

The molecular structure of 6 (Figure 3) reveals a WPC,
ring, which results from the [242] cycloaddition of inter-
mediate [Cp*(CO),W=P — W(CO);s] (B) with PhC=CPh.

Figure 3. Molecular structure of 6 (showing 30% probability ellipsoids;
hydrogen atoms are omitted for clarity). Selected bond lengths [A] and
angles [°]: W(1)-P 2.523(8), W(1)—-C(11) 2.24(3), W(3)-P 2.531(8),
P-C(10) 1.72(3), C(10)—C(11) 1.48(4), W(2)—P 2.531(8), W(1)-W(2)
2.9342(17), W(2)—C(10) 2.38(3), W(2)—C(11) 2.31(3), W(2)-C(24)
2.07(3), W(2)—C(25) 2.08(3), C(24)—C(25) 1.35(4); W(1)-P-C(10) 86.8(9),
W(1)-P-W(3) 144.4(3), P-C(10)-C(11) 104.3(18), W(1)-C(11)-C(10)
104.3(18), P-W(1)-C(11) 63.8(8).

This almost planar four-membered ring is further capped by a
[W(CO),{n*C(Ph)C(Ph)}] unit and slightly bent by 9.53°
along the P---C(11) axis. Within the ring all bond lengths
correspond to slightly shortened single bonds. The
W(1)-W(2) bond length (2.9342(17) A) represents a W—W
single bond.

The X-ray structure analysis of 7 (Figure 4) reveals a W,C,
unit in which the W—W bond is bridged by a phosphorus atom
of a 1-phosphabicyclo[3.3.0Joctane unit. The phosphorus
atom possesses a distorted tetrahedral geometry. The mole-
cular structure of 7 can be regarded as the reaction product of
two molecules of PhC=CPh with 1. The first molecule of
PhC=CPh is added to a phosphaallylic system of the PCp*
unit, formed by the atoms P, C(11), and C(12), and the second
molecule is coordinated at both W atoms. The resulting W—W
bond (3.0045(7) A) corresponds to a longer single bond. The
carbon atom C(34) of this alkyne is bound through a longer
bond to the atom W(1) (2.451(6) A) and through a shorter
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Figure 4. Molecular structure of 7 (showing 50 % probability ellipsoids;
hydrogen atoms are omitted for clarity). Selected bond lengths [A] and
angles [°]: W(1)-W(2) 3.0045(7), W(1)—C(34) 2.451(6), W(1)—C(33)
2.517(7), C(33)—C(34) 1.382(10), W(2)—C(34) 2.249(6), W(2)-P
2.4493(18), W(1)-P 2.5508(17), P—C(12) 1.881(7), P—C(9) 1.809(5),
C(9)—-C(10) 1.351(10), C(10)—C(11) 1.543(9), C(11)—C(12) 1.509(9);
W(2)-P-W(1) 73.84(5), W(2)-P-C(9) 124.8(2), W(2)-P-C(12) 125.9(2),
W(1)-P-C(9) 1173(2), W(1)-P-C(12) 12740(19), W(2)-C(34)-W(1)
79.34(19).

bond to W(2) (2.2493(18) A). The resulting asymmetry at the
tungsten atoms is balanced by the longer bond of the atom
C(33) to the atom W(1) (2.517(7) A). Thus, the alkyne is
coordinated to the tungsten atom in a #!- and #»*-fashion.
Within the bent bicyclic ring of 7, a delocalization of the -
electron system is found between the atoms C(13), C(14), and
C(15) (d(C13—C14) 1.449(10) A; d(C14—C15) 1.351(8) A).

Discussion of the possible reac-
tion pathway: Although, at first
glance, the structures of the

isolated products 4—7 seem to S /@ 110°C
be complicated, the central  —CL—
[WPC,] moiety of the major (V'_@ -2€0
. toluene
products 4 and 6 of reactions
(1) and (2), respectively, pro- 1
vides evidence for the forma- ®)-wco)s
tion of an intermediate B of the Cp* = 1°-CsMes
formula [Cp*(CO),W=P —
W(CO)s] with a tungsten-—
phosphorus triple bond ,“’VE P—>
(Scheme 2), which undergoes °Cco
[242] cycloaddition reactions B
with the alkynes. Thus, one
can propose that the thermoly- +A
sis of the phosphinidene com- + (BuC=CMe
plex 1leads to Cp* migration to
initially form the intermediate
A, which acts as a precursor to Cf’* co
. . W/
the CH-actlvated phosphine 2 @\P /P\‘ ~
as a side product of these reac- ~ —
) |/ =w=_\/
tions, as well as after subse- W /N =C
.. . Cp /W co CO
quent CO elimination to the ocC Clo
triply bound intermediate B. s

From here, the main pathway
involves [2+2] cycloadditions
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of B with the corresponding alkyne to form four-membered
[WP,C] ring moieties. These heterocycles need additional
stabilization. Consequently, for the reaction of 1 with
PhC=CPh [Eq. (2)], the four-membered heterocycle reacts
with a tungsten carbonyl unit, which caps this ring. The
tungsten carbonyl unit probably resulting from a molecule 1,
which was cleaved by the reaction with an alkyne. In the case
of the reaction of 1 with fBuC=CMe [Eq. (1)], the formed
heterocycle reacts with a second molecule of B by use of its
[W(CO)s] unit which caps the four-membered moiety. The
phosphido phosphorus atom of this second molecule is
thereby incorporated into the final coordination core of 4.
In both cases alkynes additionally coordinate to W carbonyl
units to give the final products 4 and 6, respectively. The
formation of the bistetrahedral cluster 5, traces of which were
also observed in reaction (2) with the PhC=CPh analogue, can
be exaplained by the reaction of the intermediates A and B
with a subsequent coordination of a molecule of the alkyne.
Due to the absence of the dimerization product 3 in the
reactions (1) and (2), one can speculate that the cyclization
reactions of the intermediate B with the alkynes are faster
than the dimerization of B to form complex 3 (Scheme 1),
which was found in the thermolysis reaction of 1 without any
additional reagent.

In summary, the major reaction pathway occurs by the
formation of the reactive intermediates A and B, the latter
one containing a tungsten —phosphorus triple bond. Further-
more, the isolated bicyclic product 7 of the reaction of 1 with
PhC=CPh indicates the existence of other reaction channels
as shown in Scheme 2. Here, the Cp*P unit of 1 acts as a

i
¥ C“H
Wre | — —~®
oco I\ K
oC CO ocqd %o
A
2
- co
co* o /@
+ R'C=CR oc— ’ =l"
—
2+2 loadditi Cc—cC
[2+2] cycloaddition R ~Rr
R=R'=Ph R=Bu,R'=Me
+ W(CO), +B
+ PhC=CPh + tBuC=CMe
Ph
Cp% €O
Ph\cﬁlc/ co \W/\C_Me
\ Cp*
. 0CNd_co \vL/%P/ A
—tBu Ve
A @Yo
Cpro g TS \/%C'Oco
ocC tBu
6 4

Scheme 2. Proposed reaction pathway of the thermolysis reaction of 1 with different alkynes.
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source of a 1,3-dipolaric reagent to add the alkyne in a formal
[243] cycloaddition.

Conclusion

The results show that [Cp*P{W(CO)s},] (1) is an efficient
source for generating highly reactive phosphido complex
intermediates; the triple bond intermediate [Cp*(CO),-
W=P — W(CO);] (B) seems to play a key role. Thus,
predominantly [2+2] cycloaddition products are formed in
its trapping reactions with asymmetrically as well as sym-
metrically substituted alkynes. In continuation of our research
in this field, we are currently investigating the reactivity of 1in
the presence of phosphaalkynes, nitriles, and isonitriles. Our
interest has also focused on obtaining formally [442] cyclo-
addition products as well as introducing these intermediates
into a rich coordination chemistry. In addition, we are
currently extending these investigations to the corresponding
arsenic and antimony compounds [Cp*E{M(CO)s},] (M =Cr,
W; E = As,ll% Sblll]), Moreover, the occurrence of 7 as the
result of a possible 1,3-dipolaric cycloaddition of the Cp*P
subunit of 1 gives rise to a variety of different reaction
pathways of 1.

Experimental Section

All reactions were performed under an atmosphere of dry argon with
standard vacuum, Schlenk, and glove box techniques. Solvents were
purified and degassed by standard procedures. NMR spectra were recorded
at 25°C on a Bruker AC 250 ('H: 250.133 MHz, *'P: 101.256 MHz; standard
Me,Si (‘H), 85% H;PO, (*'P)). IR spectra were recorded in KBr on a
Bruker IFS28 FT-IR spectrometer. Mass spectra were recorded on a
Finnigan MAT 711 spectrometer at 70eV. Elemental analysis were
performed by the analytical laboratory of the Institute.

Reagents: Unless otherwise stated, commercial grade chemicals were used
without further purification. The alkynes were distilled before use in the
trapping reactions. [Cp*P{W(CO)s},] (1) was prepared by literature
methods.l'"> 3] Column chromatography was carried out under argon on a
column (/=40 cm, & =1.5 cm), packed with silica gel (Merck 60), which
was deactivated beforehand by heating under high vacuum (102 Torr) at
200°C for two days.

Crystal structure analysis: Crystal structure analyses of 4-7 were
performed on a STOE IPDS diffractometer with Mo, radiation (1=
0.71073 A). Machine parameters, crystal data, and data collection param-
eters are summarized in Table 1. The structures were solved by direct
methods with the program SHELXS-93,"% and full-matrix least-squares
refinement on F? in SHELXL-971'l was performed with anisotropic
displacements for non-hydrogen atoms. Hydrogen atoms were located in
idealized positions and refined isotropically according to a riding model.
Complex 4 crystallizes in the acentric space group P2(1) in an enantiomeric
pure compound [flack parameter = —0.016(12)]. The relatively long ¢ axis
of 6 proved to be problematic and may account for the rather limited
number of observed reflections in a comparably small 20 range as well as
the relatively poor quality of the data set due to the overlap of some
reflections. From several reactions of the synthesis of 5, only poor quality
crystals were obtained leading only to a moderately wR, value. For these
reasons, the atoms C(3) and C(8) for 5 and C(26) for 4 could not be refined
anisotropically.

Crystallographic data (excluding structure factors for the structures)
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-151392 (4),
CCDC-151393 (5), CCDC-151394 (6), and CCDC-151395 (7). Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
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Road, Cambridge CB2 1EZ, UK (Fax: (+44)1223 -336033; e-mail: deposit
@ccdc.cam.ac.uk).

Thermolysis of [Cp*P{W(CO)s},] (1) in the presence of rBuC=CMe,
synthesis of 4 and 5: A solution of rBuC=CMe in n-pentane (0.047 g,
0.48 mmol) was added to a solution of 1 (0.394 g, 0.48 mmol) in toluene
(30 mL) and refluxed for 2 h until the color of the solution changed from
deep blue to brown. The volume of the toluene solution was reduced to
3mL. Compound 5 crystallized at —25°C as black platelets (0.052 g,
0.036 mmol, 15%). The remaining solution was evaporated to dryness in
vacuo, and the resulting brown residue was transferred onto silica gel and
separated by column chromatography. Elution with n-hexane/toluene
(10:1) gave a yellow fraction containing 4, which was recrystallized from
toluene to give black rods (0.221 g, 0.15 mmol, 60%). 4: ¥P{'"H} NMR
(CeDg): 6=19.9 (s, Jwp 192 Hz, 84 Hz), —49.2 (s, Jwp 207 Hz, 52 Hz);
'"H NMR (CyDy): 6 =1.88 (s, 15H, CH;(Cp*)), 1.69 (s, 15H, CH;(Cp*)),
1.64 (s, 9H, CH;C), 1.51 (s, 3H, CH3;), 1.40 (s, 9H, CH;C), 1.19 (s, 3H, CHs);
IR (KBr) 7=2070 (w), 2063 (w), 1992 (sh), 1939 (br) cm~'; MS (EI): m/z
(%): 1388 (1) [MT—(CO),MeCCtBu], 1244 (1) [M*— WCp*], 1036 (8)
[Cp*(CO)WP{W(CO)s}MeCCtBu(CO),W+], 854 (11) [Cp*(CO)WP{W-
(CO)s}MeCCrBu(CO),"], 742 (4) [W,(CO),PC,(C,Hy)(CH;)Cp**], 714
(31) [Cp*(CO)WCP{W(CO)s}*]; elemental analysis (%) caled for
C,Hs,0,P,W,: C 34.30, H 3.50; found: C 35.06, H 4.43. 5: 3'P{'H} NMR
(CsDg): 6=—79.6 (d, Jpp 407 Hz), —220.5 (d, Jpp 407 Hz); '"H NMR
(CsDg): 6=1.88 (s, 15H, CH;3(Cp*)), 1.82 (s, 3H, CHj;), 1.68 (s, 15H,
CH;(Cp*)), 1.40 (s, 9H, CH;C); IR (KBr): #=2061 (s), 1977 (s), 1934
(sh) cm~'; MS (EI): m/z (%): 1120 (8) [M*—W(CO)s], 1092 (3) [M*—
W(CO);], 1064 (1) [M+—W(CO),], 1036 (15) [M™— W(CO)s], 1008 (7)
[M* — W(CO),]; elemental analysis (%) calcd for C;;H4,0,,P,W,: C 30.76,
H 2.90; found: C 31.22, H 3.31.

Thermolysis of [Cp*P{W(CO)s},] (1) in the presence of PhC=CPh,
synthesis of 6 and 7: PhC=CPh (0.082 g, 0.46 mmol) was added to a
solution of 1 (0.375 g, 0.46 mmol) in toluene (20 mL) and refluxed for 2 h
until the color of the solution changed from deep blue to brown. The
solvent was completely removed in vacuo, and the resulting brown residue
was transferred onto silica gel and separated by column chromatography.
Elution with n-hexane/dichloromethane (4:1) gave a yellow fraction
containing 7, which was recrystallized from n-hexane to give yellow rods
at room temperature (0.154 g, 0.14 mmol, 30 %). Elution with n-hexane/
dichloromethane (1:1) resulted in a dark red fraction containing complex 6
(0.122 g, 0.09 mmol, 20%). 6: 'P{'H} NMR ([Dg]THF): 6 =—2.8 (s, Yywp
202; 88 Hz); 'H NMR ([Dg]THF): 6 =7.65-6.50 (m, br, 20H, Ar-H), 1.92
(s, 15H, CH;3(Cp*)); IR (KBr): #=2050 (s), 1992 (s), 1910 (s), 1850
(sh) ecm™; MS (EI): m/z (%): 1136 (12) [M* —2CO — C;iH,4], 968 (26)
[M*—8CO — C(Hy,], 756 (49) [M* — W(CO),— C,(H,4]; elemental anal-
ysis (%) caled for Cy;;H350,PW;: C 42.53, H 2.66; found: C 41.95, H 2.30. 7:
3IP{'H} NMR (CyDy): 6 =184 (s, Jy,p 232 Hz); '"H NMR (C¢Dy): 6 =6.97 -
6.88 (m, br, 20H, Ar-H), 1.82 (s, 3H, CHj;), 1.69 (s, 3H, CH3), 1.53 (s, 3H,
CH,), 1.49 (s, 3H, CH,), 143 (s, 3H, CH,); IR (KBr): #=2075 (m), 2046
(m), 1973 (sh), 1942 (s), 1903 (s) cm~'; MS (EI): m/z (%): 980 (2) [M* —
2CO(C4Hs)], 758 (10) [M* —2(PhCCPh)]; elemental analysis (% ) calcd for
CyH3503PW,: C 49.58, H 3.17; found: C 49.95, H 2.85.

Acknowledgements

We are grateful to the Deutsche Forschungsgemeinschaft and the Fonds der
Chemischen Industrie for comprehensive financial support. M. Schiffer
appreciates the Fonds der Chemischen Industrie for a PhD fellowship.

[1] Reviews: a) M. Scheer, Coord. Chem. Rev. 1997, 163,271 -286; b) M.
Scheer, Angew. Chem. 1995, 107, 2151 -2153; Angew. Chem. Int. Ed.
Engl. 1995, 34, 1997-1999.

a) C. E. Laplaza, W. M. Davis, C. C. Cummins, Angew. Chem. 1995,
107, 2181-2183; Angew. Chem. Int. Ed. Engl. 1995, 34, 2042 -2043;
b) N. C. Zanetti, R. R. Schrock, W. M. Davis, Angew. Chem. 1995, 107,
2184-2186; Angew. Chem. Int. Ed. 1995, 34, 2044 —2046.

a) M. Scheer, J. Miiller, M. Hiser, Angew. Chem. 1996, 108, 2637 —
2641; Angew. Chem. Int. Ed. Engl. 1996, 35, 2492 -2496; b) M. J. A.

2

—

3

[t

0947-6539/01/0709-1860 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 9





Trapping Reactions of W=P Complexes with Alkynes

1855-1861

Johnson-Carr, P. M. Lee, A. L. Odom, W. M. Davis, C. C. Cummins,
Angew. Chem. 1997, 109, 110-113; Angew. Chem. Int. Ed. Engl. 1997,
36, 87-91; ¢c) M. J. A. Johnson, A. L. Odom, C. C. Cummins, Chem.
Commun. 1997, 1523-1524; d) J. A. Johnson-Carr, N. C. Zanetti,
R. R. Schrock, J. Am. Chem. Soc. 1996, 118, 11305-11306; ¢) M.
Scheer, J. Miiller, G. Baum, M. Hiser, Chem. Commun. 1998, 1051 —
1052.

[4] a) M. Scheer, P. Kramkowski, K. Schuster, Organometallics 1999, 18,
2874-2883; b) M. Scheer, K. Schuster, T. A. Budzichowski, M. H.
Chisholm, W. E. Streib, J. Chem. Soc. Chem. Commun. 1995, 1671 —
1672; c¢) P. Kramkowski, G. Baum, U. Radius, M. Kaupp, M. Scheer,
Chem. Eur. J. 1999, 5, 2890 —-2898.

[5] M. Scheer, E. Leiner, P. Kramkowski, M. Schiffer, G. Baum, Chem.
Eur. J. 1998, 4, 1917 -1923.

[6] M. . Aroney, L. E. Buys, M. S. Davies, T. W. Hambley, J. Chem. Soc.
Dalton Trans. 1994, 2827 —-2834.

[7] J. E. Davies, M. C. Klunduk, M. J. Mays, P. R. Raithby, G. P. Shields,
P. K. Tompkins, J. Chem. Soc. Dalton Trans. 1997, 715.
[8] E A. Cotton, W. Schwotzer, E. S. Shamshoum, Organometallics 1983,
2,1167-1171.
[9] A. Simon, H. Borrmann, J. Horakh, Chem. Ber./Recueil. 1997, 130,
1235-1240.
[10] B.P. Johnson, M. Schiffer, M. Scheer, Organometallics 2000, 19,
3404 -3409.
[11] M. Schiffer, B. P. Johnson, M. Scheer, Z. Anorg. Allg. Chem. 2000, 626,
2498 -2504.
[12] a) R. Kroos, PhD thesis, Universitit Bielefeld, 1989; b) P. Jutzi, R.
Kroos, J. Organomet. Chem. 1990, 390, 317 -322.
[13] G. M. Sheldrick, SHELXS-93, University of Gottingen, 1993.
[14] G. M. Sheldrick, SHELXL-97, University of Géttingen, 1997.

Received: November 6, 2000 [F2852]

Chem. Eur. J. 2001, 7, No. 9

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

0947-6539/01/0709-1861 $ 17.50+.50/0 1861






FULL PAPER

Photosensitization of Crystalline and Amorphous Titanium Dioxide by
Platinum(@v) Chloride Surface Complexes

Wojciech Macyk and Horst Kisch*!?!

Abstract: Anatase, rutile, and amor-
phous titania powders were surface-
modified by grinding with PtCl, and
H,[PtCls]. Only the anatase modifica-
tion afforded hybrid photocatalysts ca-
pable of degradation of 4-chlorophenol
(4-CP) with visible light, with sufficient
stability  towards  decomplexation.
Grinding with K,[PtCl,] produced ma-
terials of only low photocatalytic activ-
ity. Most efficient photocatalysts con-

surface loading the excess fraction of the
complex is desorbed into the aqueous
solution. Scavenging experiments with
benzoic acid and tetranitromethane re-
vealed that hydroxyl radicals are pro-
duced by the primary reduction of oxy-
gen by conduction band electrons gen-

Keywords: amorphous materials
photochemistry - platinum - sol-—
gel processes - titanium

erated through electron injection from a
postulated surface platinum(in) com-
plex. It is proposed that the latter is
formed from a charge-transfer ligand-to-
metal (CTLM) excited state through
homolysis of the Pt—Cl bond. Accord-
ingly, the primary oxidation of 4-CP may
occur by adsorbed chlorine atoms, the
intermediary existence of which was
demonstrated by scavenging experi-
ments with phenol.

tained up to 2wt% of Pt'V. At higher

Introduction

Semiconductor photocatalysis of chemical reactions by titania
has progressed from basic research and reached technical
applications like solar purification of air and water from
organic and inorganic pollutants.!l Although titania absorbs
only about 3% of solar light, this is high enough to induce
reasonable photodegradation rates of these compounds,
present only in trace amounts. However, for this and other
applications a more efficient utilization of solar light is
desirable. Accordingly, many efforts have been made to
sensitize titania for visible light induced photocatalytic
reactions. Recently we have used Na,[PtCls] and other metal
chlorides like AuCl; and RhCl; to prepare amorphous micro-
porous titania (AMM-Ti) modified in the bulk.>* These
hybrid photocatalysts catalyzed the photomineralization of
4-chlorophenol (4-CP) with visible light. Apparent disappear-
ance quantum yields reached 1.3 x 1073 at 546 nm and
increased to 4.5x 1073 at 366 nm. The most active photo-
catalysts contained 3% Pt!Y. Photoelectrochemical experi-
ments proved the semiconductor nature of the powders; the
action spectrum of the photocurrent extended down to about
600 nm." These novel materials were prepared by a sol —gel

[a] Prof. Dr. H. Kisch, Dipl.-Chem. W. Macyk
Institut fiir Anorganische Chemie
Universitit Erlangen-Niirnberg
Egerlandstrasse 1, 91058 Erlangen (Germany)
Fax: (+49)9131-8527363
E-mail: kisch@anorganik.uni-erlangen.de
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procedure affording high specific surface areas of 160-—
200 m?>g~!. According to extended X-ray absorption fine
structure (EXAFS) results, isolated PtCl, molecules are
homogeneously distributed in an almost exclusively amor-
phous matrix of titania.

It was postulated that the photocatalytic activity of Pt/
AMM-Ti in the visible originates from local excitation of the
platinum(v) chloride chromophore affording an adsorbed
chlorine atom and Pt'" as an intermediate species. Charge
separation was assumed to proceed through electron injection
from Pt into the conduction band of titania, followed by
reduction of oxygen, while the surface-trapped chlorine atom
may oxidize 4-CP to the radical cation. Degradation of the
latter should follow the mechanism as proposed for unmodi-
fied titania.>7! This mechanistic proposal was based, inter
alia, on analogy with the photochemistry of chlorocopper (!
and chloroplatinum(iv) complexes in aqueous solution. The
broad CTLM bands extending from the UV to the visible
region overlap with ligand field bands at approximately
350 nm and are characteristic for [PtCl,(H,O)¢_]** (x =4-6)
species. 19 [PtCls]>~ in aqueous solutions exposed both
to UV or visible light irradiation undergoes photoaqua-
tion. The reaction is initiated by photodissociation of a
chlorine atom [Eq.(1)], followed by chain reactions.

hv

[PUVCI P~ 2 [PUICL] + CI )

Chloride substitution takes place with quantum yields of 13.4
to 0.87 in the wide range of irradiation wavelength from 270 to
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450 nm." The corresponding thermal reaction requires
several days for completion.!'!]

Although the proposed mechanism for these amorphous
titania photocatalysts, doped in the bulk, seemed reasonable,
it raised some important questions. For instance, unexpectedly
no reduction of PtCl, to elemental platinum occurred during
the photodegradation, a reaction well known for unmodified
titania irradiated in the presence of reducing agents like
citrate, acetate, or methanol.'> ' This process finds applica-
tion in metallic platinum deposition on TiO, surfaces, but also
can be useful for platinum recovery from diluted solutions of
Pt"V. Furthermore, it was unknown whether an amorphous
titania phase and volume doping are necessary to obtain the
visible light activity or whether crystalline phases and surface
doping would accomplish the same. In the following we
therefore report on the photocatalytic activity of the two
crystalline modifications, anatase (P25) and rutile (TiO,-R),
and one amorphous phase, (TiO,-a), all surface-doped with
platinum(iv) chloride complexes. Mechanistic experiments in
the presence of scavengers for electrons and OH radicals
provide basic information on the initial stages of the photo-
degradation.

Results and Discussion

Preparation and stability of surface-modified titania: Surface-
modified photocatalysts were prepared by grinding the two
crystalline titania powders P25 and TiO,-R and the amor-
phous TiO,-a with various amounts of PtCl, and H,[PtCly].
The specific surface area of 50 m?>g~! of unmodified P25
increases to 65 m?g~! for 1% PtCl,/P25. According to trans-
mission electron micrography, the morphology closely resem-
bles that of P25 as indicated by the presence of 0.2 to
1 micrometer aggregates, composed of small particles with an
average diameter of 20 nm." The diffuse reflectance spec-
trum of 3% PtCl,/P25 is shown in Figure 1. Compared to the
spectrum of P25 a long tail-absorption extends into the visible

Abstract in German: Verreiben von Anatas, Rutil und
amorphem Titandioxid mit PtCl, und H,[PtCl,] ergibt ober-
flichenmodifizierte Hybridphotokatalysatoren. Diese sind nur
im Falle der Anatasmodifikationen stabil genug, um einen
effizienten Abbau von 4-Chlorphenol mit sichtbarem Licht zu
ermoglichen. Die aktivsten Katalysatoren besitzen bis zu 2
wt% Pt bei hoherer Beladung wird der iiberschiissige
Komplex in die wifirige Losung desorbiert. Als Mechanismus
der photoinduzierten Ladungstrennung wird vorgeschlagen,
daf} Lichtabsorption des Oberflichenplatin(iv)komplexes iiber
einen Charge-Transfer-Ligand-to-Metal (CTLM)-Zustand zur
Homolyse der Pt—Cl-Bindung fiihrt. Das dabei gebildete
Chloratom oxidiert 4-Chlorphenol, wihrend die gleichzeitig
entstandene Platin(in)zwischenstufe ein Elektron in das Lei-
tungsband von Titandioxid injiziert. Letzteres reduziert an-
schlieffend Sauerstoff zu Superoxid, welches schliefslich zur
Bildung von OH-Radikalen fiihrt. Abfangversuche mit Ben-
zoesdure, Tetranitromethan bzw. Phenol bestitigen das Auf-
treten dieser intermedidren Radikale bzw. Chloratome.
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Figure 1. Diffuse reflectance spectra of 3% PtCl,/P25 (dashed line), P25
(solid line), and PtCl, (dotted line).

region, as also observable in the spectrum of solid PtCl,. Since
surface modification of P25 with K,[PtCl,] resulted in a
material at least 50% less active in 4-CP degradation (4>
455 nm) than the analogous PtCl,/P25 catalyst, we conclude
that the oxidation state of the photoactive platinum species is
+1v, in accordance with the previously reported bulk-doped
Pt"Y/AMM-Ti photocatalyst.

To investigate the stability of the modified samples with
respect to desorption of the platinum component, aqueous
suspensions were stirred in the dark for five days. Formation
of [PtCl,(H,O),_,J** (x =4-6) complexes was monitored by
measuring the strong absorbance at 259 nm. In order to have
predominantly the [PtCls]>~ complex present, as indicated by
the absorption spectrum, the filtrates were acidified with HCI
(2Mm) before measurement. For P25 materials with PtV
contents below or equal to 2% only less than 1% of the total
platinum amount appeared in solution, while 11 and 50 %
were found for 1% PtCl/TiO,-R and 1% PtCl/TiO,-a,
respectively. The good stability in the former case suggests
that chemisorption has taken place during or after grinding,
most likely by formation of Ti—O—Pt bonds. This type of
bonding was also postulated for [Pt!(bpy)] complexes (bpy =
2,2'-bipyridine).[’) When H,[PtCl;] was employed, the result-
ing materials suffered stronger desorption than PtCl,-modi-
fied P25, suggesting a smaller fraction of chemisorbed
complexes. It is expected, that chloride substitution by surface
[Ti]— O~ U in [PtCl]* should be slower than water
substitution in [PtCL(H,O)¢_]** (x=4, 5), the species
generated from PtCl,.['"l The results are also consistent with
the reactivity of platinum(iv) chlorides in thermall'l and
photoaquation!'”) reactions. The amount of chemisorbed
complexes can be increased upon irradiation with visible
light as demonstrated for 1% H,[PtCl]/P25. The initial
amount of dissolved platinum complex present in an aqueous
suspension decreased from about 4.5% to below 3% after
irradiation with A4 > 400 nm for 30 min.

Photodegradation of 4-chlorophenol: Figure 2 displays the
photodegradation curves of 4-CP for four typical catalysts
upon irradiation with visible light (4;,>455nm) in the
presence of air. Whereas the rutile and amorphous titania
based samples, 1% PtCl,/TiO,-R and 1% PtCl,/TiO,-a, were
almost inactive, the anatase-containing powders PtCl,/P25
and H,[PtCl]/P25 induced initial decomposition rates even
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Figure 2. Photodegradation of 4-CP catalyzed by various [PtCL]**/TiO,-
modified materials upon irradiation at 4;, > 455 nm. m 1 % PtCl,/P25, @ 1%
HL[PtCI,/P25, & 3% PtCl,/TiO,-a, 4 1% PtCL,/TiO,-R.

50-60% higher than those observed for amorphous bulk-
doped Pt"Y/AMM-Ti under the same experimental condi-
tions.23! Similar to the latter, mineralization occurred as
indicated by formation of carbon dioxide and hydrochloric
acid; accordingly the pH value changed from approximately 7
to 2.7. The catalytic nature with respect to platinum chloride
follows from the apparent turnover number of 10 as calcu-
lated for a single run from the amount of 4-CP degraded,
divided by the amount of platinum present in 1% PtCl,/P25.
Making the reasonable assumption that for mineralization of
one 4-CP molecule more than one photocatalytic cycle is
required, the true turnover number should be much higher.
When after complete disappearance of 4-CP a new 4-CP
portion was added to the suspension up to the same initial
concentration, the rate decreased by about 60%. The lower
rate may be due to a loss of catalyst through multiple sample
withdrawing and catalyst deactivation.

The influence of the platinum content on the reaction rate
of surface-doped P25 was investigated with a series of n %
PtCl,/P25 catalysts (n=0.5, 1.0, 1.5, 2.0, 2.5, 3.0). The rate of
degradation of 4-CP increased with increasing platinum
content up to about 3 wt% (Figure 3). However, this is an
apparent value, since a considerable part is due to the known
homogeneous reaction of the dissolved platinum complex
formed by desorption (Figure 3). Accordingly the semicon-

0.12 -

0.10 -
E 008 §
£ g
€ 0.06 - =
& g
O Q
4 004+ [
<

0.02 -

L]
0.00 L . Lo

00 05 10 15 20 25 30
Pt¥ content / wt %

Figure 3. Amount of 4-CP decomposed after irradiation with visible light
for 6.5 h (m) and desorption of Pt'Y complexes after five days in the dark (@)
as function of increasing surface loading; 0-3 % PtCl,/P25.
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ductor-catalyzed reaction exhibits the maximum rate when
the platinum(iv) content is about 2 wt %.

Surprisingly, no photoreduction of PtV to Pt® was observ-
able under the experimental conditions mentioned above,
irrespective of whether visible or UV light (4;, > 335 nm) was
employed. This differs significantly from UV irradiation of
unmodified TiO, in the presence of aqueous [PtCly]*>~ which
produces Pt° even in the absence of any reducing agent.['8-20]
Reduction to Pt" seems also unlikely, since in the presence of
air, adsorbed [PtCl,]?" is easily oxidized to the Pt'Y complex.?!]
Only when 4-CP was replaced by methanol in high concen-
tration (50 vol %) was elemental platinum formed upon UV
or long-term visible irradiation, according to a well-known
reaction.[’] The resulting gray powder induced an initial rate
of degradation of 4-CP about 70% lower than that of
untreated 1% PtCl,/P25.

Figure 4 shows results of photooxidation of 4-CP in sunlight
in various systems based on PtCl,/TiO, materials. The highest
rate of 4-CP degradation was observed in the case of undoped
P25 even though it is active only in UV light. This
phenomenon will be discussed later.

0.25

" 0.20

©

©

€ 0.15- °

£

T 0.101 .

Q

< 5,051 : §
0.00 —— —=,

0 80 120 180
t/ min

Figure 4. 4-CP degradation upon solar irradiation of e 1% PtCl,/P25,
A 3% PtCl,/P25, m P25 suspensions.

Mechanism: Since the photodegradation of 4-CP catalyzed by
crystalline surface-doped P25 completely corresponds to the
results observed for the bulk-doped amorphous titania Pt'/
AMM-Ti, the same mechanism may operate in both reactions.
It was proposed that visible light CTLM excitation of the
platinum(1v) chloride surface complex affords a Pt™ species
and a weakly bound chlorine atom.?*# Chloroplatinum(iir)
complexes have been generated in homogeneous solution
through photolysis of [PtClg]*"?2 2] and at the surface of P25
powders through oxidation of K,[PtCl,] by valence band holes
or OH radicals.?" For the latter case an average lifetime of a
few microseconds was evaluated from diffuse reflectance flash
photolysis. For the present system it is assumed that subse-
quent electron injection from Pt into the conduction band of
titania regenerates Pt'. This mechanistic pathway is termed
indirect sensitization. It is supported by the fact that mod-
ification of the bulk-doped amorphous titania by PtBr,
afforded less active photocatalysts.’! However, the alterna-
tive, direct electron transfer sensitization by electron injection
from the excited surface platinum complex without preceding
Pt—Cl cleavage cannot be excluded at the present. It would
correspond to the well-established sensitization by bipyridyl
complexes of Ru'! and Fe'. In this case electron injection
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occurs from a CTML excited state.[>28 Although an analo-
gous mechanistic pathway cannot be ruled out, it seems rather
unlikely since the CTLM states of chloroplatinum(1v) com-
plexes in solution are known to undergo bond cleavage rather
than electron transfer. Furthermore, unlike ruthenium and
iron, the resulting higher oxidation state, in this case PtY, is
known only from complexes with more electronegative
ligands, like in [PtFg] .?% Irrespective of the detailed mech-
anism, the electron injected into the titania conduction band is
expected to reduce oxygen to superoxide, which in turn is
transformed into hydrogen peroxide and OH radicals
(Scheme 1).5%34 This mechanistic proposal is corroborated

L Pt"---Cl ArOH
0, hv, vis
- A L PtCl ArO +H
0; CB
l TiO,

ArQO +H ArOH

Scheme 1. Proposed mechanism of TiO, sensitization by [Pt'VCL]**
complexes. CB and VB denote conduction and valence band edge,
respectively.

by experiments in the presence of scavengers for OH radicals
and electrons. Thus, when the standard photodegradation
(A>400 nm, 1% PtCl,/P25) was performed in the presence of
benzoic acid (1072M), substantial amounts of salicylic acid
were detected. Although this suggests that the OH radicals
are formed through the proposed O, reduction pathway, it
does not exclude an oxidative pathway via an hitherto
unknown strongly oxidizing surface platinum complex. To
answer this question and to have a more simple system, 4-CP
was omitted in the further experiments. As depicted in
Figure 5, upon irradiation with visible light salicylic acid
formation was observed only when oxygen was the electron
scavenger. When the latter was tetranitromethane (10-2m)
only trace amounts of salicylic acid were detectable, and the

3
N
L 1

{salicylic acid] / umol dm’

A A
T T T T T 1
120 180 240 300 360 420

t/ min
Figure 5. Formation of salicylic acid upon irradiation of 1% PtClL,/P25 in
aerated suspension in the presence of benzoic acid (4;, > 400 nm, m); in Ar-
saturated suspension in the presence of C(NO,), (4;, > 400 nm, A and A, >
335 nm, @). For details see text.
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relatively stable yellow C(NO,);” anion was identified
through its typical absorbance at 350 nm.*>*"] In contrast, a
fast formation of salicylic acid occurred when the latter
experiment was conducted with UV light (4 >335 nm). In this
case light absorption by the titania matrix generates valence
band holes which oxidize water or surface hydroxyl groups to
the OH radical, whereas the conduction band electrons still
reduce tetranitromethane. These experiments clearly demon-
strate that upon excitation with visible light the OH radical is
formed by the reductive pathway. Furthermore, the unexpect-
ed observation that in the solar degradation experiments
undoped P25 induced a slightly faster reaction than the two
modified samples (Figure 4), may be now rationalized. Upon
UV excitation additional OH radicals are formed by water
oxidation through light absorption of the titania matrix. This
effect should be more efficient in unmodified P25, since no
platinum surface complex can act as a light filter as in
modified P25. Thus, the beneficial role of the modified surface
in the visible spectral region apparently does not counter-
balance its negative influence in the UV.

When sensitization of titania proceeds through the indirect
electron transfer mechanism, some of the chlorine atoms are
expected to undergo addition to the substrate. To test for this
possibility, phenol was used instead of 4-CP in the standard
irradiation experiment employing visible light (1 >455 nm).
In this reaction at least 3% of the total Cl content was
converted to CP, proving the existence of intermediary
chlorine atoms (Figure 6). This side reaction may explain

4.0
1.00-
L35
£ 095 130 E
2 5
E 25 §
= 0.90- =
E% Log £
0.85-
L15
0.80+ x . . . : : 1.0

0 20 40 60 80 100 120 140

t/ min

Figure 6. Phenol degradation (@) and 4-CP formation (m) at 1 % PtCl,/P25
(A'irr > 455 nm)- [Pt]mml =25 1M, [Cl]lolal =100 M.

the partial deactivation of the photocatalyst observed upon
multiple use. Free chlorine atoms are slightly weaker oxidants
than OH radicals (E°qq_=2.6 V,P% E°qon- = 2.8 VIS
and therefore should oxidize phenol®*! and 4-CP but not
water or surface hydroxyl groups. Thus, in agreement with the
scavenging experiments we propose as a working hypothesis
that upon excitation with visible light with the hybrid photo-
catalyst, 4-CP is oxidized to the corresponding phenoxyl
radical and a proton by intermediate chlorine atoms, gener-
ated by homolytic Pt—Cl bond cleavage in the CTLM state of
a chloroplatinum(iv) surface complex and by OH radicals
originating from the reduction of oxygen (Scheme 1). Further
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oxidation proceeds via hydroquinone, benzoquinone, and addi-
tional intermediates finally to CO,, H,O, and HCL[ 4 ¢ 34 4]

The results summarized in Figure 2 for photodegradation
with visible light demonstrate the strong influence of the
titania modification. Only anatase afforded photocatalysts of
satisfying activity, whereas the rutile and amorphous phase
based materials were almost inactive. Accordingly, calcination
of TiO,-a at 300-350°C produced an anatase-containing
material, which after surface modification showed activity
similar to that of the modified P25 photocatalyst. This distinct
difference in the degradation with visible light may be
partially due to the smaller fraction of chemisorbed platinum
complexes present at the rutile and amorphous phase surface.
Furthermore, the much higher activity of anatase relative to
rutile resembles the difference generally observed for these
two crystal modifications in photooxidation processes driven
by UV light. It was assumed that faster recombination of
electron-hole pairs in the case of rutile, due to its poorer
adsorption properties for O,, is responsible for the lower
photocatalytic activity.*!] A further reason could be the higher
electron mobility of anatase as compared to rutile.>*] The
latter difference can also rationalize the much higher activity
of the surface-modified anatase materials upon excitation
with visible light, when it is postulated that electron injection
and oxygen reduction proceed at different surface sites. In this
case recombination of the injected electron with the chlorine
atom competes with electron trapping at the oxygen adsorp-
tion site. In the modified rutile materials electron trapping
may be too slow to compete with recombination.

Experimental Section

Materials: 4-Chlorophenol (4-CP, Fluka) was purified by distillation at low
pressure. The fraction boiling at 355 K (p =35 Torr) was collected. Triply
distilled water was used during all manipulations. The modified TiO,
powders 1% K,[PtCL]/TiO,, x % PtCl,/TiO,, and x % H,[PtCl]/TiO, were
prepared by grinding various amounts of K,[PtCl,] (Merck), PtCl,
(Degussa), or H,[PtCls] (Fluka), respectively, in an agate mortar with
Degussa P25 (ca. 70 % anatase, 30 % rutile), TiO,-R (Aldrich, rutile); the
procedure was reproducible within +10 % as indicated by the correspond-
ing photodegradation rates of 4-CP. The amorphous TiO,-a, which was
prepared by a sol—gel procedure described elsewhere,®! was also ground
with PtCl,. As proven by X-ray diffraction analysis anatase can be also
formed from TiO,-a by heating at 620 K for 17 h under air. The platinum
contents (given in wt % of Pt) of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 wt % were
calculated under the assumption of complete adsorption.

Irradiation of 1% PtCl,/P25 (0.5 gL"') in methanol/water (1:1 v/v) with
UV light (A >320 nm) resulted in reduction of Pt' to Pt” and significant
darkening of the catalyst. In visible light (1 >455 nm) this process was
observed only after long irradiation times (ca. 20 h).

Instruments: Diffuse reflectance spectra of the solids were recorded on a
Shimadzu UV-3101PC UV/Vis-NIR scanning spectrophotometer equipped
with a diffuse reflectance accessory. Samples were spread onto an Al,O;
plate, the background reflectance of which was measured prior to
measurement. Reflectance was converted by the instrument software to
F(R.) values according to the Kubelka—Munk theory. Electronic absorp-
tion spectra were recorded on the same apparatus, fluorescence spectra on
a Perkin Elmer LS 50B luminescence spectrometer. An HPLC (Kroma-
System 2000 controller, Kontron 320 autosampler with 430A photodiode
array detector) was used to determine concentrations of 4-CP. A reverse-
phase C-18 column (Kontron, Spherisorb 5 ODS 2) and water — methanol
eluent (40/60, v/v) were employed. Absorbances at 280 and 220 nm were
measured for the detection of 4-CP and phenol, respectively. Specific
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surface areas have been determined with a Gemini 2370 instrument
according to Brunauer— Emmett—Teller theory.

Photodegradation procedure and product analysis: The photocatalytic
degradation of 4-CP was carried out in a jacketed cylindrical 15 mL quartz
cuvette attached to an optical train. Irradiation was performed with an
Osram XBO 150 W xenon arc lamp (I, (400-520 nm) =2 x 10-° Einstein
s'cm™?) installed in a light-condensing lamp housing (PTI, A1010S).
Appropriate cut-off filters were placed in front of the cuvette. Running
water was circulated through the jacket to ensure constant temperature of
the reaction mixture, which was stirred magnetically.

In the standard experiment, a pure or modified TiO, suspension (14 mL,
0.5 gL~!) containing 4-CP (2.5 x 10~* mol L) was sonicated for 15 min and
then transferred to the cuvette. During an illumination run, the reaction
solution (approximately 1.0 mL) was sampled at given time intervals. The
samples were filtered through a Millipore membrane filter (0.22 um) and
then subjected to HPLC analysis.

For carbon dioxide determination a IR gas cuvette (10 cm) was inserted
into the system in such way that circulation of the reaction atmosphere
through the quartz and IR cuvettes was enabled with help of a small gas
pump (Crouzet SK0251). The CO, concentration was determined through
the strong absorption at 2362 cm~'. The initial 4-CP concentration was ten
times larger than in the standard photodegradation experiment. In the case
of 1% PtCl/P25 (0.5gL"") approximately 45 pumol CO, (>22% of
theoretical amount) was found after 29 h of irradiation with visible light
(>455nm) and a further >80 umol (>38%) after 7 h of UV irradiation
(>320 nm).

Solar illuminations were carried out simultaneously on a May afternoon in
Erlangen (49.5° N Lat.). The catalysts (0.5 gL~!) were suspended in 4-CP
solution (40 mL, 2.5 x 10~* molL~') in Pyrex glass reactors with magnetic
stirring. HPLC analysis was performed as described above.

Scavenging of OH radicals: Benzoic acid (1072Mm) was added to the
standard photodegradation experiment. Samples were withdrawn as
described above and salicylic acid was detected through the strong
fluorescence signal at 400—420 nm when excited at 300 nm;*! shape and
maximum of emission was identical with an authentic sample. When
necessary, argon was bubbled for 40 min prior and during irradiation.
Experiments in the absence of 4-CP were conducted analogously. When
C(NO,), (1072m) was used as an electron scavenger, after filtration the
nonionic substances were extracted with CH,Cl, and the solvent was
evaporated. The residue was dissolved in water and subjected to
quantitative analysis by fluorescence spectroscopy. Formation of
C(NO,);~ anion was proved by UV spectroscopy at 350 nm.[*=7! Salicylic
acid was also found as the result of a much slower thermal oxidation of
benzoic acid with H,O, in aqueous solution.

Scavenging of Cl atoms: Phenol (10-3M) was used instead of 4-CP in the
standard irradiation experiment, and disappearance of phenol and
formation of CP were monitored by HPLC as described above.

Pt"V-desorption experiments: Aqueous suspensions of x % PtCl,/TiO, and
1% H,[PtCls]/TiO, (5 mg in 2.5 mL of water) were sonicated for 15 min
and then kept in the dark for five days. After filtration through the
Millipore filter, the filtrate (1.8 mL) was added to HCI (0.6 mL, 2m). The
resulting solution was left for another six days for thermal equilibration.
Thereafter the absorbance at 259 nm was compared with that of standard
solutions of PtCl, in HCI (0.5M); the extinction coefficient at 259 nm was
determined as 11.8 x 10° mol~' dm?cm~! as compared to 400 mol~' dm?*cm™!
found for the corresponding Pt complex.
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Derivatization of Glucose and 2-Deoxyglucose for Transition Metal
Complexation: Substitution Reactions with Organometallic *™Tc¢ and
Re Precursors and Fundamental NMR Investigations

Jeannine Petrig,'*! Roger Schibli,**! Cécile Dumas,*! Roger Alberto,”! and

P. A. Schubiger*!?!

Abstract: Synthetic strategies for the
bifunctionalization of glucose and 2-de-
oxyglucose at position C-1 for transition
metal coordination are reported. In
particular organometallic technetium
and rhenium complexes for potential
use in diagnostic nuclear medicine were
synthesized and investigated. Specifical-
ly, a common iminodiacetic acid (IDA)
moiety was O-glycosidically connected

cose). Reaction of the sugar derivatives
with the organometallic precursor
[M(H,0)(CO);]* (M=%"Tc, Re) pro-
duced single products in high yield,
which are water-soluble and water-sta-
ble. The displacement of the three water
molecules of the metal precursor and
thus the tridentate coordination of the

Keywords: bioinorganic chemistry -

metal-tricarbonyl core exclusively via
the amine and the two carboxylic acid
functionalities of the IDA chelate was
verified by means of 1D and 2D
'H NMR spectroscopy, mass spectrom-
etry, and IR spectroscopy. The radio-
active-labeled products (*™Tc) proved
their excellent stability in vitro in phys-
iological phosphate buffer (pH=74)
and human plasma over a period of

through an ethylene spacer group to
produce the pure a- (in case of 2-deoxy-
glucose) and S-anomer (in case of glu-

carbohydrates
netium -

Introduction

The coordination chemistry of transition metals with carbo-
hydrate-based ligand systems in general has become a very
active field in recent years. Even the reaction of native glucose
with various transition metals produces complexes, which
exhibit interesting biological features.'*! However, nonfunc-
tionalized carbohydrates are generally weak ligands; there-
fore, functionalization with chelating groups leads to stronger
metal-binding compounds. Such carbohydrate derivatives
often contain polyamine-chelating systems such as tris(2-
aminoethyl)amine,[*°! diaminopropane (dap), and diethyl-
enediamine.”® In most of these compounds at least one sugar
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hydroxy group is directly involved in the coordination sphere.
Only recently a Pt complex with a glucose derivative was
reported in which the metal is exclusively coordinated
through a dap chelate and not through hydroxy function-
alities.”” The complex showed similar biological activity as
cisplatin. All these examples are classical Werner-type com-
plexes that exhibit no direct metal —carbon bond. The class of
organometallic carbohydrate complexes has only recently
attracted greater attention.l® This, despite the fact that sugar
moieties could enhance water-solubility useful, for example,
for the development of water-soluble catalysts and the
biocompatibility of traditionally hydrophobic organometallic
compounds.” ') On the other hand, organometallic metal
cores often exhibit advantages in terms of kinetic inertness,
stability, and size and thus could lead to the development of
more efficient and stable compounds compared to “classical”
inorganic complexes.

In terms of developing novel drugs for use in diagnostic and
therapeutic nuclear medicine, it would be of great interest to
label glucose with the transition metal isotope *™Tc to
substitute the expensive but readily used '8F-labeled 2-deoxy-
glucose (8F-FDG) for localization of tumor and metastatic
tissue. Due to the almost ideal decay properties (¢,,=6h, y
energy = 150 keV), low cost of production, and on-site avail-
ability, ®™Tc is the most frequently used radioisotope in
nuclear medicine today. However, complexes of Tc and
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glucose and its derivatives are mentioned only sporadically in
the literature.""-'4l The actual structures of these products
were only poorly investigated and none of the complexes
showed biological activity similar to ®F-FDG, presumably
due to the direct interactions/coordination of the hydroxy
groups of the glucose with the TcV center. Our group has
recently developed an elegant synthetic strategy to produce
low-valent, organometallic *™Tc and ¥¥Re complexes of the
general formula [M(H,0);(CO);]* (M =%"Tc, '%Re) for the
radioactive labeling of small biomolecules such as central
nervous system (CNS) receptor ligands or peptides (Sche-
me 1A).['> 191 The low-spin d-electron configuration of the

A) co " B) OH
OC/,,,.'\LI.“\\L HO o
oc” | L HO O~ ,—COOH
L R N
\—COOH
M = 99"Tc Re R=0H®6,H12
L= Hgo

Scheme 1. A) Structure of organometallic precursor [M(H,0);(CO);]*
(M ="mTc, Re). B) Structure of glucose/deoxyglucose derivatives for the
labeling with organometallic precursor.

metal center gives rise to complexes of high kinetic inertness.
The three substitution-labile water molecules are readily
exchanged for suitable chelating systems containing amines
and carboxylic acids. On the other hand the three CO ligands
are stable to substitution and protect the metal center from
ligand attack and/or back oxidation. Both properties give the
complexes a high stability in biological environments. For the
purposes of labeling glucose and 2-deoxyglucose with *™Tc
and Re tricarbonyl a hydrophilic and simple iminodiacetic
acid (IDA) moiety was attached to position C-1 separated by
an ethylene linker (Scheme 1B). The corresponding com-
plexes are the first examples of organometallic carbohydrate
compounds of Group 7 metals reported. The structure and the

OAc OAc OAc

substitution behavior of the corresponding rhenium com-
plexes were investigated by means of 1D and 2D 'H NMR
spectroscopy and mass spectrometry. Preliminary results of
the in vitro stability of the corresponding radioactive *™Tc
complexes are briefly mentioned.

Results and Discussion

Ligand synthesis: The bifunctionalization of glucose and
2-deoxyglucose at position C-1 with an iminodiacetic acid
(IDA) moiety was accomplished in five steps (Scheme 2). All
products were unambiguously characterized by means of 'H
and ¥C NMR spectroscopy and mass spectrometry. For the
synthesis of compound 6 acetobromoglucose was used as the
starting material. A standard Konigs—Knorr glycosylation
using mercury(il) bromide and ethylene glycol gave the
desired alcohol 1. The glycosylation of tri-O-acetyl-p-glucal
with ethylene glycol yielded the corresponding alcohol of the
deoxyglucose (7). Both compounds 1 and 7 were tosylated to
give 2 and 8, respectively, and afterwards converted into the
corresponding azides 3 and 9 using NaNj;. The reduction of
the azides with hydrogen in the presence of Lindlar catalyst
gave the corresponding amines 4 and 10 in almost quantitative
yields. Finally the transition metal chelate was built up in one
step by a double alkylation of the amine with methyl
bromoacetate (5 and 11, respectively). Deprotection of the
acetates with K,CO; in methanol, which is suitable for
hydrolyzing the methyl esters, unfortunately led to the
hydrolysis of 5/11 at position C-1. Therefore, the deprotection
was performed in two steps. First the acetates were removed
with sodium methylate and then the esters were hydrolyzed
with NaOH to form the disodium salt of the products 6 and 12.
In case of compound 6 the pure $-anomer and in case of 12 the
pure a-anomer were produced. The compounds proved to be
stable as solids for several weeks at room temperature in a
desiccator.

a OH
ACO% . AcO Q L, AcO& i, HO o)
AcO AcO (0] AcO (0] COOMe
Ac Ao VR A ANEE HO O~ —COONa
N

OAc
. o) X 0
AcO ———0 —— AcO 0 AcO HO
AcO AcO AcO _—COOMe HO
N
o\

o\
7R =0H
CI: 8 R =0Tos ]d

e[ 9R=N;
10 R = NH,

\—CcoOoMe HO
6

\—COONa

OH

_,—COONa

N
\—CcOoOMe O/\/ \—COONa

12

Scheme 2. Bifunctionalization at position C-1 with an IDA moiety. a) Diethylene glycol, HgBr,, molecular sieves, CH,Cl,, 71 %; b) Diethylene glycol, acid
resin, molecular sieves, acetonitrile, 40%; c) TosCl, pyridine, CH,Cl,, 72%; d) NaN;, DMF, 92%; e) H,, Lindlar catalyst, EtOH, 90%; f) methyl
bromoacetate, NEt;, THF, 50 %; g) 1.) NaOMe, MeOH 2.) NaOH, H,0, quantitatively.
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NMR investigations: The "H NMR spectra of compounds 6
and 12 revealed beside the signals of the sugar the singlet of
the four equivalent protons of the IDA moiety at approx-
imately 0 =3.2 and additional signals of the protons of the
ethylene spacer as expected (Figure 1 A). Interestingly, two of

A)
A
4.4 4.0 36 ppm |32
B C A/X
B)
Vx
A
INEL]"
4.4 4.0 36 ppm 3.2 238
——9
A X
”———
B C D/E

Figure 1. A) '"H NMR spectrum (left) and three-dimensional (3D) model (right) of compound 6. The proton
signal of the metal chelate IDA and the ethylene linker with assignments (based on COSY experiments) are
labeled. B) 'H NMR spectrum (left) and 3D model (right) of complex 13a. The AX spin system formed by the
IDA protons is partially overlaid by signals of the sugar and/or the linker protons. Signals of [NEt,]" originate

from the organometallic precursor.

the four protons of the spacer in compounds 6 and 12 are
nonequivalent and show multiplets centered around 6 =3.9
and 0 =3.3. Coupling with each other and the two other
ethylene protons at 6 =2.86 was verified in the 2D spectra.
Based on the chemical shifts, the resonance at 0 =2.86 can be
assigned to NCH, protons and those at 0 =3.9 and 3.3 to the
OCH, protons. The asymmetry of the environments of the
protons close to the sugar moiety originates from the
restrained rotation around the glycosidic bonds.

The bifunctionalized glucose derivatives 6 and 12 were
treated with the organometallic precursor [NEt,],[Re(CO);-
Br;] in water at 50°C (Scheme 3). The coordination of the
Re(CO); core and, thus, the formation of the carbohydrate
complexes 13a and 14 a, takes place almost instantaneously as
verified by means of HPLC (monitored at 254 nm) and from
proton NMR spectra. The formation of side products was not
observed. As a blank experiment, underivatized glucose and
2-deoxyglucose were also treated with [NEt,],[Re(CO);Br;].
In this case, no formation of stable products was observed
under the same reaction conditions.

1870
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The tridentate coordination of the metal core through the
IDA chelate was first verified in the NMR experiment. The
coordination of the Re! center causes the resonance of the
four equivalent protons of the IDA moiety to disappear. At
the same time the formation of an AX spin system with
coupling constants around 16 Hz
and an intensity equivalent to
four protons was observed, shift-
ed downfield by approximately
0.7ppm  (Figure 1B).  The
NCH,COO protons of the IDA
moiety become nonequivalent
upon rigid coordination to the
metal center by virtue of their,
now different chemical environ-
ments (see structure in Fig-
ure 1B (right)). Similar observa-
tions were reported in case of the
complexes [Re(dppm)(NCMe)-
(CO);]CI0, (dppm = Dbis(diphe-
nylphosphanyl)methane) or
[Re(PADA)(CO);] (PADA=
picolylamine N, N-diacetic
acid).'> 71 In the '"H NMR spec-
trum of 13a the AX pattern
reveals additional splitting (v,:
1.3 Hz and 3 Hz; vx: 1.3 Hz).
These couplings are presumably
because of long-range couplings
with protons of the ethylene
linker and/or the glucose unit.
The 'H NMR spectrum of the
complex 14a showed an AX spin
system with a coupling constant
of 16.5 Hz. Since the signals are
relatively broad, it can be as-
sumed, that long-range cou-
plings exist also in this complex
but are not resolved.

Due to the electronic influence of the Re'! center
also the resonance of the linker NCH, protons at 6 =2.8
is shifted significantly downfield (approx. 1ppm) com-
pared to those in compounds 6 and 12, respectively (Fig-
ure 1). Therefore, it is reasonable to assume that these pro-
tons are closer to the metal center. The signal of the linker
protons closer to the sugar moiety shifted only slightly (0.1—
0.2 ppm).

Since the hydroxy functionalities of a sugar are essential for
biorecognition, the Tc/Re tricarbonyl center should not
interfere with these functional groups. Coordination of the
metal center to the hydroxy functionalities would be defi-
nitely observable in the 'H NMR spectra due to significant
chemical shifts of the anomeric protons. As evident from the
'H NMR spectra of compounds 13a and 14a the Re(CO);
center has only a small effect on the ring protons. Thus, the
metal center must be coordinated through the IDA moiety
and not through hydroxy groups. Extension of the linker
between sugar and chelating moiety can presumably minimize
these influences even more.

0947-6539/01/0709-1870 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 9





“mTc and Re Glucose and 2-Deoxyglucose Derivatives

1868—-1873

OH -

”Oﬁ& ¢
HO

o o]
HO \/\N,,,,’JA,‘\\CO
)fo’ | ~>co

o co

M = Re 13a, %™Tc 13b
a, b

OH

% ﬁ
HO O, COOH
R \/\N

N\—COOH
R=OH 6, H 12

a, b

OH -

HO
HO o)

o\/\l\i( (')..nco

M
;o’ | ~>co
o Cco

M = Re 14a, ™Tc 14b

Scheme 3. a) [NEt,],[Re(CO);Br;], H,O 50°C, 2h; b) [*"Tc(OH,)s-
(CO);]*, 10~*m, 70°C, 30 min, PBS buffer pH =7.4.

Mass spectrometric and IR spectroscopic investigations:
Analysis of the mass spectra of compounds 13a and 14a
showed intensive signals of the intact complex at m/z 606/608
and m/z 590/592, respectively. The difference of two mass
units originates from the fact that rhenium exists as mixture of
the two isotopes '®Re/'®’Re with almost similar natural
abundance. In addition the mass spectrum of complex 14a
shows distinct fragmentations providing further evidence that
the metal center is coordinated in the proposed fashion.
Fragmentation of the compound 14a occurs at position C-1,
which produces the signals of m/z 428/430 ([M — 160]) lacking
the sugar moiety. Further signals at m/z 400/402 correspond to
the 'Re(IDA)(CO); fragment without the ethylene linker.

The pattern of the C-O stretching frequencies in the IR
spectra confirm the facial arrangement of the three CO
ligands in 13a (2024 and 1906cm~') and 14a (2022 and
1892cm™!). In addition a single, strong absorption of the
carboxylate functionalities with a significant blue-shift, due to
the coordination of the metal, could be observed at 1636cm™!
in both complexes.

In vitro characterization and stability of radioactive-labeled
compounds: For fundamental radiopharmaceutical evalua-
tion, the compounds 6 and 12 were also treated with the
radioactive precursor [*™Tc(H,0);(CO);]* under physiolog-
ical conditions (Scheme 3). Analysis of the products 13b and
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14b by radioactive HPLC (the standard tool to characterize
and analyze radioactive-labeled compounds) showed similar
retention times as for the corresponding rhenium complexes
13a and 14a. Thus, it can be concluded that compound 6 and
12 produce with [*"Tc(H,0);(CO);]* complexes that are of
identical structure to those of the rhenium analogues even
under high diluted and nonstoichiometric conditions. The
radioactive complexes 13b and 14b were tested in vitro in 1IN
physiological phosphate buffer (PBS, pH=74) and human
serum at 37°C for 24 h. Only minor decomposition of the
complex or back oxidation of the metal center to *™TcO,~
was observed (< 5%) during this time. For an eventual
application of these of similar compounds in diagnostic
nuclear medicine, this stability would be sufficient. Details
of the in vitro experiments will be published elsewhere.

Conclusion

Herein we present a synthetic strategy for the functionaliza-
tion of glucose and 2-deoxyglucose at position C-1 with a
nitrogen-containing side chain. The strategy can presumably
be applied to functionalize other positions of monosacchar-
ides and polysaccharides. Particularly the synthetic intermedi-
ates 4 and 10 may be useful for the formation of amine-
containing ligand systems tailor-made for different metal
centers. The usefulness of the bifunctionalization of the sugars
for metal coordination with simple ligand systems was
exemplified by reacting the derivatives with the organo-
metallic precursors [M(H,0);(CO);]* (M=%"Tc, Re).
Whereas in the case of underivatized glucose and 2-deoxy-
glucose no formation of stable compounds was observed, the
functionalized derivatives produced with [M(H,0);(CO);]*
single products in good yields. The novel organometallic
PmTc/Re carbohydrate complexes exhibit excellent stability
under physiological in vitro conditions. These fundamental
results provide the stimulus for future in vitro and in vivo
experiments to determine biological affinity and activity of
corresponding compounds. Furthermore, we believe that
these results on labeled carbohydrate derivatives will provide
additional insight for the progress and concept of bioinorganic
(bioorganometallic) chemistry.

Experimental Section

General: All chemicals were purchased from Fluka or Aldrich and used
without further purification. Solvents were purified and dried by standard
procedures. [NEt,],[Re(CO);Br;] was prepared as described in the
literature.l"s! The rhenium precursor dissolved readily in H,O by substitu-
tion of all three bromides by water molecules to form [Re(H,0);(CO);]" as
described previously by our group.!'8! All reactions were monitored by TLC
on Silica Gel 60 F,5, (Merck). Column chromatography was carried out on
silica gel 60 0.062—200 mesh (Fluka). HPLC (gradient elution TEAP
buffer/methanol) was done with a Merck/HITACHI L-600 Intelligent
Pump with a UV detector Merck/HITACHI L-4000A and a radioactivity
detector Berthold LB 506 C-1. Nucleosil 100—-5 C-18 was used for the
column. The NMR spectra were measured on a 300 MHz Varian Gemini
2000 spectrometer, and the peaks of the solvents were used as standard.
The IR spectra were recorded on a Perkin-Elmer FT-IR 16PC. Mass
spectra were measured on a Micromass VG Trio 2000 Operator or were
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done by the MS service of the Organic Chemistry Department of the
Federal Institute of Technology Zurich.

Synthesis of [*™Tc(H,0);(CO);]*. The synthesis is described in detail in
reference [15]; briefly: a sealed vial containing NaBH,, Na,K-tartrate, and
Na,CO; was flushed for half an hour with CO gas. Afterwards TcO,~ was
added in 0.9 % saline. The mixture was heated at 70 °C for 30 min and then
neutralized with 1M HCI. Yield > 98 %.

Radioactive-labeling procedure: To 900 uL of a 10~* M solution (physio-
logical phosphate buffer pH =74) of compounds 6 and 12, respectively,
100 uL. of a solution containing [*™Tc(H,0);(CO);]* was added. The
mixture was heated at 70°C for 30 min. The products were analyzed for
their radiochemical purity (> 95%) by HPLC.

2-Hydroxyethyl 2,3,4,6-tetra-O-acetyl-f-D-glucopyranoside (1): Powdered
molecular sieves (UOP type 3A) and ethylene glycol (2.7mL, 3.02 g,
48.6 mmol) were added to a-p-acetobromoglucose (2 g, 4.8 mmol) in dry
CH,(C], (25 mL). After 15 min mercury(1) bromide (1.75 g, 4.8 mmol) was
added and the mixture was stirred overnight. The mixture was diluted with
CH,CIl, (150 mL) and filtered over a pad of celite. The organic phase was
washed with 5% KI (3x15mL) and water (3 x15mL), dried over
Na,SO,, and the solvent was evaporated. This yielded a 1 as a slightly
yellowish oil (1.35 g, 71 %) that was sufficiently pure for further synthesis.
'H NMR (CDCl;, 25°C): 6 =5.22-4.976 (m, 3H), 4.55 (d,/=8.0 Hz, 1H;
H-1),4.19 (d,/=4.1Hz, 1H), 3.78 (dd, J,,=4.7Hz J,;=41.2 Hz, 1H; dd,
Ji,=39Hz J,;=32.7Hz, 1H), 3.76-3.69 (m, 1H), 2.09 2.05 2.03 2.00 (s,
12H; H;CC=0);"*C NMR (CDCl;, 25°C): 6=171.3 170.9 170.1 170.0
(H;CC-0),102.1 (C-1),73.7,73.3,72.6, 72.0, 69.2, 67.0, 62.7, 62.6, 21.3, 21.2
(H;CC=0). The spectroscopic data correspond to that in the literature.['”]

2-p-Tolylsulfonyloxyethyl 2,3,4,6-tetra-O-acetyl-f-D-glucopyranoside (2):
Toluene-4-sulfonyl chloride (1.3 g, 6.8 mmol) was added in small portions
to1(1.34 g, 3.4 mmol) in CH,Cl, (15 mL) and pyridine (1.5 mL) at 0°C, and
the solution was stirred overnight at room temperature. The mixture was
diluted to 60 mL and washed with 1N HCI, saturated NaHCO;, and water.
The organic phase was dried over Na,SO, and the solvent evaporated.
Column chromatography (SiO,, ethyl acetate/isohexane 1:1) gave 2 as a
white solid (1.23 g; 66 % ). '"H NMR (CDCl;, 25°C): 6 =7.76 (d, J=8.5 Hz,
2H; CH arom.), 7.35 (d, J=8.0 Hz, 2H; CH arom.), 5.12 (dd, J,;=9.6 Hz
J34=41.9 Hz, 1H; H-3), 5.09 (dd, J,s=9.3 Hz J;, =42.0 Hz, 1 H; H-4), 4.92
(dd, J,,=8.0 Hz J;3=9.6 Hz, 1H; H-2), 4.50 (d,/ =8.0 Hz, 1H; H-1), 4.25 -
4.06 (m, 4H), 400-3.94 (m, 1H), 3.83-3.75 (m, 1H), 3.69-3.64 (m,
1H),2.07 2.04 2.01 1.99 (s, 12H; H;CC=0); *C NMR (CDCl;, 25°C): 6 =
171.3 170.8 170.1 170.0 (H,CC=0), 145.7 133.6 (C arom.), 130.6 128.6 (CH
arom.), 101.5 (C1-H),73.3, 72.5, 71.6, 69.2, 68.9, 67.9, 62.5, 22.3 (H;CC,;om.)s
21.4 212 (H;CC=0O) The spectroscopic data correspond to that in the
literature.!

2-Arzidoethyl 2,3,4,6-tetra-O-acetyl-f-pD-glucopyranoside (3): Compound 2
(1g, 1.83 mmol) and NaN; (0.48 g, 7.32 mmol) in DMF (20 mL) were
heated overnight at 60 °C. After cooling, the mixture was diluted with water
(50 mL) and extracted with CH,Cl, (3 x 20 mL). The combined organic
phases were dried over Na,SO,. Evaporation of the solvent yielded 3 as a
yellowish solid (0.72 g; 94%). '"H NMR (CDCl;, 25°C): 6=5.20 (t, J=
9.3 Hz, 1H; H-4), 5.10 (t, /=9.6 Hz, 1H; H-3), 5.01 (dd, J;,=79 Hz J,; =
9.5 Hz; H-2), 4.59 (d, J=8.0 Hz, 1H; H-1), 4.25 (dd, Js,;s=4.7 Hz Jg5, =
12.4 Hz, 1H; H-6a), 4.15 (dd, Jg,s =2.5 Hz J,q, = 12.4 Hz, 1H; H-6b), 4.02
(ddd, J.=3.5Hz J,;,=5.7Hz J,,=10.4 Hz, 1H), 3.73-3.65 (m, 2H),
3.53-3.44 (m, 1H), 3.28 (ddd, J,,,=3.5 Hz J,, = 4.6 Hz ], = 13.5 Hz, 1 H),
2.08 2.04 2.02 2.00 (s, 12H; H;CC=0); C NMR (CDCl;, 25°C): 6 =171.3
170.9 170.0 (H,CC=0), 101.4 (C1-H), 73.5, 72.6, 71.8, 69.2, 69.0, 51.2, 21.4
21.3 21.2 (H;CC=0) The spectroscopic data correspond to that in the
literature.”?'!

2-Aminoethyl 2,3,4,6-tetra-O-acetyl-f-D-glucopyranoside toluene-4-sul-
fonic acid salt (4):*? Toluene-4-sulfonic acid (0.73 g, 3.85 mmol) and
Lindlar catalyst (0.88 g) were added to a solution of 3 (1.46 g, 3.5 mmol) in
ethanol (40 mL). The mixture was hydrogenated at 1 atm H, for 30 h. The
mixture was diluted with ethanol and the catalyst was filtered off over a pad
of celite. The evaporation of the solvent gave 4 as a white solid (1.8 g;
90%). 'H NMR (CDCl;, 25°C): =772 (d, J=8.0 Hz, 2H; CH arom.),
7.67 (brs,2H; NH,), 7.18 (d, /=8.0 Hz, 2H; CH arom.), 5.10 (t,/=9.3 Hz,
1H; H-4), 499 (t, J=9.6 Hz, 1H; H-3), 4.90-4.84 (m, 1H; H-2), 4.46 (d,
J=8.0Hz, 1H; H-1), 432-4.30 (m, 1H), 4.02-3.95 (m, 1H; 3H), 3.65-
3.60 (m, 1H),3.20-3.10 (m, 2H), 2.37 (s, 3H; C,;om-CH3), 2.02, 2.00, 1.97 (s,
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12H; H;CC=0); C NMR (CDCl;, 25°C): §=171.7 170.7 170.4 170.0
(H;CC=0), 142.1 141.4 (C arom.), 129.7 126.6 (CH arom.) 101.7 (C1-H),
73.3, 72.6, 71.6, 69.2, 68.6, 62.0, 41.0, 22.0 (H;CC,y) 214 21.3 21.2
(H,CC=0); IR (KBr): 7#=3034 br, 1744 vs, 1624 w, 1526 w, 1440 w, 1374 s,
1268 vs, 1236 vs, 1126 s, 1090 s, 1040 vs, 11010 s, 908 w, 816 w, 682 m, 568
m cm~'; MS (ES): m/z (%): 392 (100) [M+1].

1-O-[2-(Dimethyl iminodiacetato)ethyl]-2,3,4,6-tetra-O-acetyl-#-D-gluco-
pyranoside (5): Triethylamine (1.2 mL, 0.88 g, 8.7 mmol) and methyl
bromoacetate (0.54 mL, 0.9g, 5.88 mmol) were added to 4 (1.58¢g,
2.8 mmol) in THF (30 mL) and the solution was refluxed overnight. After
cooling, the mixture was filtered, diluted with CH,Cl, (30 mL), and washed
with water. The organic phase was dried over Na,SO, and the solvent was
evaporated. Column chromatography (SiO,, ethyl acetate/isohexane 2:1)
gave 5 as a yellowish solid (0.98 g; 65% ). 'H NMR (CDCl;, 25°C): 6 =5.17
(t,/J=9.3Hz, 1H; H-4),5.06 (t,/=9.6 Hz, 1H; H-3), 4.95 (dd, J,,=8.0 Hz
J3=9.6 Hz, 1H; H-3), 457 (d, J=8.0 Hz, 1H; H-1) 4.26-4.10 (m, 2H;
H-6),3.97-3.92 (m, 1H, H-5), 3.71-3.65 (m, 2H), 3.68 (s, 6H; COOCHs),
3.59 (s, 4H; NCH,COOCH,), 3.01-2.94 (m, 2H), 2.07 2.03 2.00 1.98 (s,
12H; H;CCOO); *C NMR (CDCl;, 25°C): 6 =172.2 (COOCHj;), 171.3
170.9 170.1 170.0 (H;CC=0), 101.2 (C1-H), 73.6, 72.4, 772.0, 69.9.7, 69.1,
62.6, 56.1, 54.4, 52.2, 21.4 21.3 (H;CC=0); IR (KBr): 7#=2960 w, 2894 vw,
1758 vs, 1434 m, 1378 m, 1226 s, 1172 s, 1062 s, 1036 s, 946 w cm~'; MS
(FAB): m/z (%): 536 (100) [M+1].
[2-(Iminodiacetato)ethyl]-3-D-glucopyranosyl disodium salt (6): Sodium
methanolate (0.067 g, 1.23 mmol) was added to a solution of 5 (0.66 g,
1.23 mmol) in dry methanol (33 mL). After the mixture had been stirred for
4 h at room temperature, glacial acetic acid (0.07 mL, 0.074 g, 0.37 mmol)
was added and the solvent evaporated. The residue was dissolved in water
(33mL) and 1M NaOH (2.5mL) was added. The mixture was stirred
overnight at room temperature and the solvent was evaporated. After
drying in a desiccator, 6 was obtained as an amorphous yellowish solid
(0.56 g; 98 % ). The product was sufficiently pure for the labeling. 'H NMR
(D,0, 25°C): 6 =4.47 (d, /=797 Hz, 1H; H-1), 405-3.98 (m, 1H; H-B),
391 (dd, /=19 Hz J'=12.4 Hz, 1H; H-6), 3.79-3.69 (m, 2H; H-6' H-C)
3.51 (t, J=9.1Hz, 1H; H-3), 3.48-3.72 (m, 1H; H-5), 3.39 (t, /=9.1 Hz,
1H; H-4),3.33-3.27 (m, 1H; H-2), 3.26 (s, 4H; H-A/X), 2.87 -2.84 (m, 2H;
H-D/E), 1.91 (s, 3H; NaOAc); IR (KBr): # =3424 br, 1584 5, 14105, 1334 w,
1222 w, 1162 vw, 1078 m, 1040 m, 626 w cm~'; MS (ES): m/z (% ): 338 (100)
[M —2Na+1].
(2-Hydroxyethyl)-3,4,6-tri-O-acetyl-2-deoxy-a-D-arabino-hexopyranoside
(7):] Preparation of the acid resin: Ag S0W-X2 (50 g, H* form, 100 -200
mesh, moisture content 72-84 %) was washed with water (3 x 100 mL)
until the filtrate was colorless and then with acetonitrile (10 x 70 mL).
Afterwards it was dried in a desiccator over phosphorus pentoxide for 24 h
to give the dry resin. Tri-O-acetyl-p-glucal (3 g, 11 mmol) and dry LiBr
(3.35 g, 38.57 mmol) were dissolved in dry acetonitrile (36 mL). Powdered
molecular sieves (2.4 g, UOP type 3A) and the acid resin (4.56 g) were
added. After the mixture had been stirred for a few minutes, ethylene
glycol (6.45 mL, 7.18 g, 275.47 mmol) was added. The mixture was stirred
for a further 5h and then filtered, the solution was neutralized with
triethylamine, and the solvent was evaporated. The residue was dissolved in
CH,Cl, and washed once with ice cold 1M HCI and once with saturated
NaHCO;. The organic phase was dried over Na,SO, and the solvent was
evaporated. Column chromatography (SiO,, ethyl acetate/isohexane 2:1)
gave 7 as a colorless oil (1.48 g; 40%). '"H NMR (CDCl;, 25°C): 6 =5.31
(ddd, J=5.5Hz J'=9.3 Hz, 1H; H-3), 4.99 (t, /=9.6 Hz, 1H; H-4; br d,
J=33Hz, 1H;H-1),4.27 (dd, Jss, = 4.7 Hz J,, = 12.1 Hz; H-6a), 4.06 (dd,
Jsop =22 Hz, Jg,,=12.1 Hz, 1H; H-6a), 4.03-3.98 (m, 1H; H-5), 3.76-
3.70 (m, 2H), 3.61-3.55 (m, 1H), 2.28 (dd, Jipeq. =4.1 HzZ J3oq 20 = 12.9 Hz;
dd, J=6.6Hz J'=13.2Hz, 1H; H-2equiv), 2.08 2.03 2.01 (s, 9H; 3
H;CCOO), 1.83 (dd, Jizx =8.0 Hz Jyeqr0 =132 Hz; dd, J=154Hz J' =
12.9 Hz, 1H; H-2ax.); “C NMR (CDCl;, 25°C): 6=171.3 170.8 170.5
(H,CC=0), 98.0 (C1-H), 70.3, 70.0, 69.6, 68.7, 63.1, 62.4, 35.6, 21.6 21.4
(H;CC=0); IR (CHCl;): # =2942 w, 1740 vs, 1370 m, 1239 vs, 1138 m, 1080
m, 1044 s, 1002 m, 984 m, 604 wcm™!; MS (ES): m/z (%): 357 (100)
[M+Na].

2-p-Tolylsulfonyloxyethyl  3,4,6-tri-O-acetyl-2-deoxy-a-D-arabino-hexo-
pyranoside (8): Compound 8 was prepared according to the procedure
described for 2. Yield: 78%. 'H NMR (CDCl;, 25°C): 6=779 (d, /=
8.5Hz, 2H; CH arom.), 7.36 (d, /=82 Hz, 2H; CH arom.), 5.22 (dd /=
5.5Hz J'=115Hz; dd, J=52Hz J'=115Hz, 1H; H-3), 496 (t, /=
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9.6 Hz, 1H; H-4), 4.90 (br d, J=4.1 Hz, 1H; H-1), 4.25 (dd, Jsc,=4.7 Hz
Jesn = 12.3 Hz; H-6a), 4.17 (t,J=4.7 Hz, 2H; CH,), 4.00 (dd, J55, = 2.5 Hz,
Joasp =123 Hz, 1H; H-6a), 3.94-3.88 (m, 1H; H-5), 3.85-3.77 (m, 1H),
3.67-3.60 (m, 1H), 2.44 (s, 3H; C,,-CH;) 2.17 (dd, Jypeq =4.1Hz
Jreqrae. =13.0 Hz; dd, J=6.6 Hz J'=12.9 Hz, 1H; H-2 eq.), 2.07 2.03 1.99
(s, 9H; 3 Hy;CCOO), 1.83 (dd, J15,x. = 8.0 HZ J5.q 20 = 13 Hz; dd, /=152 Hz
J'=12.9 Hz, 1H; H-2ax.); C NMR (CDCl;, 25°C): 6 =171.3 170.7 170.5
(H;CC=0), 145.7 133.5 (C arom.), 130.6 128.6 (CH arom.), 97.8 (C1-
H),69.8, 69.4, 96.3, 68.8, 65.8, 62.8, 353, 223 (H;CC,,n), 21.5 21.4
(H;CC=0); IR (CHCly): 7=2926 w, 1742 vs, 1368 m, 1194 m, 1176 m,
924 w, 602 w cm~!; MS (ES): m/z (%): 511 (100) [M+Na].

2-Azidoethyl 3,4,6-tri-O-acetyl-2-deoxy-a-D-arabino-hexopyranoside (9):
Compound 9 was prepared according to the procedure described for 3.
Yield: 80%. '"H NMR (CDCl;, 25°C): 6 =5.33 (dd J=5.5Hz J'=11.6 Hz;
dd,/J=52HzJ' =11.6 Hz, 1H; H-3),5.01 (t,/=9.6 Hz, 1H; H-4; br d,J =
4.1Hz, 1H; H-1), 4.31 (dd, Js, =4.7 Hz J,q, = 12.1 Hz; H-6a), 4.08 (dd,
Jsep =2.5 Hz, Jguq,=12.1 Hz, 1H; H-6a), 4.05-3.98 (m, 1H; H-5), 3.86-
3.80 (m, 1H), 3.65-3.58 (m, 1H), 3.43 (t, J=5.1 Hz, 2H; CH,), 2.31 (dd,
Jieq =41 Hz Jpeqp =13.1 Hz; dd, J=6.6 Hz J'=12.9 Hz, 1H; H-2 eq.),
2.09 2.05 2.02 (s, 9H; 3 H;CCOO), 1.85 (dd, Jip =797 Hz Jyeqrax =
13.1Hz; dd, J=154Hz J'=129 Hz, 1H; H-2ax.); “C NMR (CDCl;,
25°C): 0=171.1 170.5 (H;CC=0), 979 (C1-H), 69.9, 69.5, 68.9, 67.2, 63.0,
51.1, 35.5, 21.6 21.4 (H;CC=0); IR (CHCl;): 7=2108 s, 1742 vs, 1370 m,
1136 m, 1052 s, 984 w, 602 w cm™'; MS (ES): m/z (%): 382 (100) [M+Na].
2-Aminoethyl-3,4,6-tri-O-acetyl-2-deoxy-a-D-arabino-hexopyranoside tol-
uene-4-sulfonic acid salt (10): Compound 10 was prepared according to the
procedure described for 4. Yield: 95%. 'H NMR (CDCl;, 25°C): 6 =7.87
(brs,2H;NH,), 7.70 (d,/=8.0 Hz, 2H; CH arom.), 7.09 (d, /=77 Hz, 2H;
CH arom.), 5.24-5.16 (m, 1H; H-3), 4.90 (t, /=9.6 Hz; H-4), 4.81 (br d,
J=2.5Hz, 1H; H-1), 420 (dd, Js,=4.1 Hz J4,=12.4 Hz, 1H; H-6a),
3.93-3.86 (m, 2H; H-5 H-6b), 3.77-3.73 (m, 1 H), 3.58 -3.49 (m, 1H), 3.10
(brs,2H), 2.34 (s, 3H; C,;on-CH;), 2.22-2.16 (m, 1H; H-2 eq.), 2.02 1.95
1.94 (s, 9H; H;CC=0), 1.65-1.56 (m, 1H; H-2ax.); *C NMR (CDCl;,
25°C): 0=171.3, 170.8, 170.5 (H;CC=0), 141.9, 141.2 (C arom.), 129.6,
126.6 (CH arom.) 97.9 (C1-H), 69.8, 69.6, 68.6, 64.1, 62.7, 40.0, 35.0, 22.0
(H3C-C,rom.) 21.6,21.4,21.3 (H;CC=0); IR (KBr): 7 =3450 br, 1744 vs, 1370
m, 1234 vs, 1126 s, 1038 s, 1012 s, 820 w, 686 m, 602 m cm~'; MS (ES): m/z
(%): 334 (100) [M+1].
2-(Methyliminodiacetato)ethyl-3,4,6-tri-O-acetyl-2-deoxy-a-D-arabino-
hexopyranoside (11): Compound 11 was prepared according to the
procedure described for 5 and 10. Yield: 66 %. 'H NMR (CDCl;, 25°C):
0=5.27(dd,J=55HzJ'=11.5Hz; dd, /J=52Hz J'=11.3 Hz, 1H; H-3),
4.97 (t, J=9.6 Hz; H-4), 494 (br d, /=19 Hz, 1H; H-1), 4.31 (dd, Js¢, =
44 Hz Jge=12.1Hz, 1H; H-6a), 4.02 (dd, Js¢,=2.2 Hz Jg,=12.1 Hz,
1H; H-6b), 3.99-3.94 (m, 1H; H-5), 3.79-3.72 (m, 1H), 3.70 (s, 6H;
COOCH,;), 3.62 (s, 4H; N-CH,-COO-), 3.52-3.50 (m, 1H) 2.98 (t, J=
5.5Hz, 2H) 2.20 (dd, Jypeq =44 HZ Jyq20 =129 Hz; dd, J=6.6 Hz J' =
12.2 Hz, 1H; H-2 eq.), 2.07 2.02 1.99 (s, 9H; 3 H;CCOO), 1.80 (dd, J 5., =
81Hz Jyqra =12.7Hz; dd, J=154Hz J'=129Hz, 1H; H-2ax.);
3C NMR (CDCl;, 25°C): 0 =172.4 (COOCHs;), 171.4 170.7 (H;CC=0),
977 (C1-H), 73.6, 70.4, 69.7, 67.6, 63.0, 56.3, 54.3, 52.3, 35.6, 21.6, 21.4
(H;CC=0): IR (CHCLy): 7=1742 vs, 1368 w, 1050 m cm~!; MS (FAB): m/z
(%): 478 (100) [M+1].
2-(Iminodiacetato)ethyl-2-deoxy-a-D-arabino-hexopyranoside  disodium
salt (12): Compound 12 was prepared according to the procedure described
for 6. Yield: 98 %. 'H NMR (D,0, 25°C): 6 =5.00 (d, /=3.3 Hz, 1H; H-1),
3.91-3.90 (m, 1H; H-3) 3.87 (dd, /=22 Hz J'=12.4 Hz, 1H; H-6), 3.83 -
3.74 (m, 2H; H-6' H-B), 3.68-3.56 (m, 2H; H-5 H-C), 3.34 (t,J=9.5 Hz,
1H; H-4) 3.27 (s, 4H; H-A/X), 2.89-2.85 (m, 2H; H-D/E) 2.20-2.14 (m,
1H; H-2), 1.92 (s, 3H; NaOAc), 1.74-1.64 (m, 1H; H-2'); IR (KBr): =
3422 br, 1584 vs, 1410 s, 1334 m, 1266 w, 1196 m, 1126 m, 1064 m cm~'; MS
(ES): m/z (%): 322 (100) [M —2Na+1].
[2-(Iminodiacetato)ethyl]-$-D-glucopyranosyltricarbonylrhenate  sodium
salt (13a): The disodium salt 6 (42 mg, 0.09mmol) was dissolved in water
(5 mL), and [NEt,],[Re(CO);Br;] (70 mg, 0.09 mmol) was added. After2 h
at 50°C the solvent was evaporated and the residue was dried overnightin a
desiccator. CH,Cl, was added to the residue to dissolve most of the formed
tetraethylammonium bromide. The precipitate was filtered and dried in
vacuum. Yield 90%. '"H NMR (D,0, 25°C): 6 =4.53 (d, /=8.0 Hz, 1H;
H-1), 434-4.23 (m, 1H; H-B), 410-4.01 (m, 1H; H-C) 400 (2 d, J=
16.8 Hz, 2H; H-A), 3.97 (dd, /=19 Hz J'=12.4 Hz; 1H, H-6), 3.82 (2d,
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J=16.8 Hz,2H; H-X), 3.82-3.74 (m, 3H; H-6' H-D/E), 3.54 (t,/ =9.1 Hz,
1H; H-3) 3.53-3.48 (m, 1H; H-5), 3.44 (t,/=9.1 Hz, 1H; H-4) 3.38-3.33
(m, 1H; H-2), 1.91 (s, 3H; NaOAc) IR (KBr): 7 = 3444 br, 2024 vs, 1906 vs,
1636 vs, 1396 m, 1076 m, 1038 m cm~!; MS (ES): m/z (%): 606, 608 (100)
[(M7].
2-(Iminodiacetato)ethyl-2-deoxy-a-D-arabino-hexopyranosyltricarbonyl-
rhenate sodium salt (14a): Compound 14a was prepared according to the
procedure described for 13a. Yield: 81 %. 'H NMR (D,0, 25°C): 6 =5.06
(d, J=2.5Hz; 1H), 4.06 (d, J=16.5Hz, 2H; H-A),4.00-3.89 (m, SH),
3.58-3.72 (m,4H),3.75 (d,J =16.5 Hz, 2H; H-X), 3.69-3.63 (m, 1 H), 3.34
(t, J=9.5Hz, 1H; H-4), 2.25-2.20 (m, 1H; H-2a), 1.78-1.72 (m, 1H;
H-2b); IR (KBr): 7=3422 br, 2022 s, 1892 vs, 1636 s, 1394 m, 1062 m, 1028
mem~!; MS (ES): m/z (%): 592, 590 (100) [M~], 430, 428 (80)
[CoHgNOsRe .
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Synthesis, Reactivity, and Structure of Strictly Homologous 18 and 19 Valence
Electron Iron Nitrosyl Complexes**

Dieter Sellmann,*#! Nicole Blum,?! Frank W. Heinemann,'?! and Bernd A. Hess*!"!

Abstract: The 18 and 19 valence elec-
tron (VE) nitrosyl complexes [Fe(NO)-
(pyS{)JBF, ([1]BF,) and [Fe(NO)-
('pySy)] (2) have been synthesized
from [Fe('pyS))]. ('pyS,* =2,6-bis-
(2-mercaptophenylthiomethyl)pyridine-
(2-)) and either NOBF, or NO gas.
Complex [1]BF, was also obtained from
[Fe(CO)('pyS,)] and NOBF,. The cat-
ion [1]* is reversibly reduced to give 2.
Oxidation of 2 by [Cp,Fe|PF, afforded
[Fe(NO)('"pyS4)]PFs ([1]PF4). The mo-
lecular structures of [1]PF; and 2 were

determined by X-ray crystallography.
They demonstrate that addition of one
electron to [1]* causes a significant
elongation of the Fe-donor atom bonds
and a bending of the FeNO angle.
Density functional calculations show
that the unpaired electron in 2 occupies
an orbital, which is antibonding with

Keywords: density functional calcu-
lations - iron - nitrosyl complexes -
S ligands - structure elucidation

respect to all Fe-ligand interactions. As
expected from qualitative Molecular
Orbital (MO) theory, it has a large
contribution from a st* type NO orbital.
The v(NO) frequency decreases from
1893 cm~!in [1]BF, to 1648 cm~!in 2 (in
KBr). The antibonding character of the
unpaired electron explains the ready
reaction of 2 with excess NO to give
[Fe(NO),('pyS4)] (3), the facile NO/CO
exchange of 2 to afford [Fe(CO)-
('pyS,)], and the easy oxidation of 2 to
.

Introduction

The specific electronic, structural, and reactivity features of
transition metal nitrosyl complexes have aroused interest
since the early days of coordination chemistry. More recent is
the interest in nitrosyl complexes as potential waste gas
purification catalysts,['! as drugs that release the neurotrans-
mitter and mammalian bioregulator NO,? or as model
complexes for metal enzymes such as the nitrile hydratase,’!
cytochrome oxidase,[ and nitrogenases.’] For example, NO
strongly inhibits N, fixation®! and in a few cases, NO
complexes served as precursors for N, complexes,® which
are taken to represent the primary species when N, binds to
the active sites of FeMo, FeV, or FeFe nitrogenases.?!
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Most nitrosyl complexes are 18 valence electron (VE)
complexes.[®® 71 In a very few cases, such complexes could be
reduced to give 19 VE species.” 8! In this context a funda-
mental question with regard to the electronic structure and
reactivity of 19 VE nitrosyl complexes is the character of the
orbital populated by the single electron. For the few accessible
and investigated 19 VE nitrosyl complexes, the discussion
ranges from NO-centered to metal-centered and to coligand-
centered orbitals."!

To the best of our knowledge and despite the long history of
nitrosyl complexes a couple of structurally characterized
homologous 18 and 19 VE nitrosyl complexes have never
been described. However a true understanding of the
electronic situation is only possible when the correct molec-
ular structures of the discussed species are known.

Here we want to describe the evidently first couple of 18
and 19 VE nitrosyl complexes that have strictly identical
donor atom sets as well as atom connectivities, and could
be characterized by X-ray structure analysis. These
complexes are part of the results obtained in attempts
to synthesize nitrosyl complexes of the [Fe('pyS,)] frag-
ment as precursor compounds for N, complexes. The
[Fe('pyS,)] fragment contains the recently described penta-

dentate ligand  2,6-bis(2-mercaptophenylthiomethyl)pyr-
idine(2—) ('‘pyS4* ).l Tts bis-

methylene pyridine unit enforces O

the trans coordination of the thi- N

olate donors as indicated by for- S ‘ —1S

mula A. ©IS/ Fe‘3’©
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Results and Discussion
Syntheses and reactions of [Fe(L)('pySs)] complexes:
Scheme 1 summarizes the syntheses and reactions of [Fe(L)-
('pySy)] complexes. The first target complex was [Fe(NO)-
('pySy)|BF; ([1]BF,). In a straightforward reaction, light
[FeNO)(pyS4)]

f) +exc. NO g) +exc. NO

.
@ |
i
[Fe(pyS 4]y N0L (QIG=> fe <HNO*

N
e}
e)-e ||d)yt+e
¢)+NO

S/ e‘S

~———— [Fe(CO)(pyS4)]

/—%—CO/ NO

Scheme 1. Syntheses and reactions of [Fe(L)('pyS,)] complexes:
a) CH,Cl,, NOBF,, 25°C; b) CH,Cl,, NOBF,, 0°C; c) CH,Cl,, 1 equiv of
NO (g), 25°C; d) CH,Cl,, N,H,, NH;, NaNH,, NEt,N;, BuNH,, MeOH, or
DMF, 25°C; e) CH,Cl,, [Cp,Fe]PF, —78°C; f) CH,Cl,, excess NO (g),
25°C; g) CH,Cl,, excess NO (g), 25°C; h) CH,Cl,, excess NO (g), 25°C.

j}

N\O

brown [1]BF, formed when a suspension of the parent
complex [Fe('pySy)]. in CH,Cl, was treated with one molar
equivalent of NOBF, (Scheme 1, reaction a). The solid-state
structure of [Fe('pySy)], could not be determined yet,
however, x is probably 2.1% !l The formation of [1]BF, could
be monitored by its »(NO) IR band at 1901 cm~! in CH,CL,.
Complex [1]BF, also formed when a solution of [Fe(CO)-
('pyS4)] in CH,Cl, was treated with NOBF, at 0°C according
to reactionb. This procedure, however, required more
purification steps and gave lower yields of [1]BF,.

Treatment of [Fe('pyS,’)], with one molar equivalent of NO
gas gave the neutral 19 VE complex [Fe(NO)('pyS,))] (2),
which exhibits a »(NO) IR band at 1670 cm~! in CH,Cl,
(Scheme 1, reaction c). In this synthesis, the use of the exact
stoichiometric amount of NO proved to be essential in order
to avoid the formation of by-products such as [Fe(NO),-
('pySs)] (3) (see below).

Complexes [1]BF, and 2 are soluble in CH,Cl,, acetone, or
DMF. The 19 VE complex 2 is paramagnetic. Its magnetic
moment of u.;=1.71 ug (293 K) corresponds to one unpaired
electron. Diamagnetic [1]BF, exhibits a 'H NMR spectrum
which is typical for the [M('pyS,’)] fragment,!'*-*l which shows
the benzene and the pyridine proton signals in the range of
0 ="7.80-"7.20 and two doublets for the methylene CH, groups
at 0=5.56 and 0 =4.95. The C NMR spectrum shows one
signal for the methylene groups at  =51.6 and only nine
aromatic signals between 6 = 156.3 and 122.8. The number of
ten signals in total in the “C NMR spectrum indicates C,
symmetry of [1]* in solution.

Chem. Eur. J. 2001, 7, No. 9
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The mass spectra of both [1]BF, and 2 exhibit relatively
weak peaks for the [Fe(NO)('pyS,)]* cation at m/z =471 and
strong peaks for the fragment ion [Fe('pyS,)]* and the dimer
[Fe('pySs)],* at m/z =441 and 882; these spectra indicate a
ready NO dissociation as well as dimerization of [Fe('pyS,)]
fragments.

The cyclic voltammograms (CV) of [1]BF, and 2 are
identical. Figure 1 exemplarily shows the CV of 2 in DMF. The
reversible redox wave in the anodic region at £, =0.11 V can

0.04 099 144

L . 1 " ! s | " L . 1

1.0 05 00 -05 -1.0 -15
E/V (vs. NHE)
[Fe(NO)('pyS,)] in DMF

Figure 1. Cyclic
(v=100 mVs™).

voltammogram  of

be assigned to the redox couple [Fe(NO)(pyS,)]”*. The
redox wave in the cathodic region at E;, = —0.99 V becomes
reversible upon increasing the scan rate to 500 mVs~' and
reversing the current at —1.23 V. The resulting redox wave at
E,,=—-0.95V indicates that the 19 VE complex 2 can be
reduced further to give [Fe(NO)('pyS,)]~. This species may
be considered as a 20 VE complex or as an 18 VE complex, in
which a two-electron NO~ ligand binds to a 16 VE [Fe('pyS,)]
fragment. The [Fe(NO)('pyS4)]~ species evidently is very
labile. Its decomposition products might give rise to the
irreversible redox wave at —1.44 V.

The redox interconversion of [1]BF, and 2 was also
achieved chemically. Complex [1]BF, was readily reduced
by hydrazine to give 2 (Scheme 1, reaction d). Vice versa,
[Cp.Fe]PF, oxidized 2 to afford [Fe(NO)('pyS,)]PF¢ ([1]PF,)
according to reaction e. The formation of [1]PF could be
monitored by solution IR spectroscopy, which showed the
decrease of the v(NO) band of 2 at 1670 cm~' and the
simultaneous increase of the »(NO) band of [1]PF at
1902 cm~! (Figure 2).

The complex salts [1]PF; and [1]BF, have practically
identical properties. Complex [1]PF, could be obtained in
single crystalline form, which enabled the X-ray structural
characterization and comparison of the cation [1]* with its
neutral counterpart 2 (see below).

The high v(NO) frequency of [1]BF, (1901 cm~! in CH,Cl,,
1893 cm™' in KBr) made the [1]* cation a candidate for
attempts to convert the NO into a N, ligand by addition of
nitrogen nucleophiles to the nitrosyl N atom.[®® ¢l For this
purpose, [1]BF, was treated with NH;, NaNH,, or NEt,N;.
However, in none of these cases did a nucleophilic addition to
the NO ligand take place, and the nucleophiles acted rather as
reductants yielding 2. Subsequent experiments revealed that
even nBuNH, or solvents such as MeOH or DMF could
reduce the cationic [1]* to give neutral 2.

Monitoring the reactions of [1]BF, with NH;, NaNH,,
NEt,N;, or MeOH by IR spectroscopy showed that in
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Figure 2. IR spectroscopic monitoring in CH,Cl, of a) [Fe(NO)('pyS,)],
b) 1 min, and c¢) 20 min after addition of [Cp,Fe]PF,.

addition to 2 another nitrosyl species formed exhibiting two
v(NO) bands of equal intensity at 1785 and 1755 cm™ in
CH,Cl,. The identical species formed as the main product in
syntheses in which [Fe('pySy)], or [Fe(CO)('pyS,))] were
treated with an excess of NO gas (Scheme 1, reactions f and
g). A brown, sparingly soluble product formed whose
elemental analysis and spectroscopic data were compatible
with those for [Fe(NO),('pySs)] (3). As judged from its
'H NMR spectrum, 3 is diamagnetic and possesses C,
symmetry. The formation of 3 can be rationalized by the
lability of the 19 VE complex 2, which is the primary product
in the reaction between [Fe('pyS))], and NO (Scheme 1,
reaction c). The lability of 2 may cause dissociation of one or
more iron ligand donor bonds, and the dissociation gives rise
to coordinatively unsaturated 17 or 15 VE species. The 15 VE
species can be saturated by addition of a second NO molecule,
for example, according to Scheme 2.

oS

—Te<s g—Fe—S = SFe % “Fe—NO
X A S,
5 o O X o 3
19 VE 17 VE 15 VE 18 VE

Scheme 2. Equilibria between 19, 17, 15, and 18 VE complexes. Saturation
of the 15 VE species by addition of a second NO molecule.

Proof of such bond dissociation reactions was obtained
when 2 was treated with an excess of CO gas at standard
conditions (Scheme 1, reaction h). A rapid and complete NO/
CO exchange took place, and the reaction yielded [Fe(CO)-
('pySy)], which was identified by its »(CO) IR band at
1976 cm~' in CH,Cl,. This reaction is one of the very rare
examples of substituting NO by CO. Usually, only the reverse
exchange of CO for NO is possible.['¥] A precedent for a NO/
CO exchange was found with [Fe(NO)('tBuSs’)], which is
closely related to 2 ('rBuSs?~ = 2,2"-bis(2-mercapto-3,5-di-tert-
butylphenylthio)-diethylsulfide(2 — )).["

1876 ——
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X-ray structure determination of [Fe(NO)(pyS,)]PF;
([1]PF,) and [Fe(NO)(pyS4)]-2CH,CI, (2-2CH,Cl,): Com-
plexes [1]PF, and 2 yielded single crystals upon recrystalliza-
tion. Complex 2 was obtained as the solvate 2-2 CH,Cl,. The
X-ray structure determinations showed that both compounds
contain discrete cations, anions, or molecules. Figure 3 depicts

Figure 3. Molecular structures of a)the cation of [Fe(NO)('pyS,)]PF,
([1]PF,); b) [Fe(NO)('pySy)] -2 CH,Cl, (2 -2 CH,Cl,) (H atoms and solvate
molecules omitted; the O atoms of the disordered NO ligand in 2 -2 CH,Cl,
are indicated by O1A and O1B).

the molecular structures of the cation of [1]PF¢ and of
neutral 2. Table 1 lists selected distances and angles.

In both complexes, the Fe centers are pseudo-octrahedrally
coordinated and exhibit identical connectivities such that the
thiolate S donors adopt trans positions. The NO ligand in 2 is

Table 1. Selected distances [pm] and angles [°] of [Fe(NO)('pyS,)]PF,
([1]PF4) and of [Fe(NO)('pyS,’)]-2 CH,Cl, (2-2CH,CL).

[1JPF,  2-CH,Cl, [1JPF,  2-CH,ClL,
Fel-N1  2005(3) 2167(2) OI-N2-Fel  179.5(33)  150.4(5)
Fel-S1  2313(2) 2297(1) OIB-N2-Fel - 143.8(5)
Fel-S2  225.6(2) 230.1(1) NI-Fel-N2  1788(2) 179.5(2)
Fel-S3  2254(2) 230.0(1) SI-Fel-S4  176.72(4) 172.90(3)
Fel-S4  2312(2) 229.7(1)  S2-Fel-S3  168.58(4) 162.90(3)
Fel-N2  1634(3) 1712(3)  SI-Fel-S2 90.05(4)  89.34(3)
N2-O1  114.1(3) 1158(6)  SI-Fel-S3 89.93(4)  89.99(3)
N2-O1B - 121.1(7)  N1-Fel-S1 87.24(8)  86.11(6)
SI-C10  175.1(4) 175.0(3) Nl-Fel-S2 84.67(8)  81.41(7)
S2-C15  177.7(4) 178.0(3)  N2-Fel-S1 91.82)  93.4(1)
N2-Fel-S2 96.0(2)  98.4(1)
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disordered. Two different orientations of the oxygen atom
were refined, with an occupancy of 57 and 43 %.

The comparison of [1]* with 2 demonstrates that the
unpaired electron in 2 causes significant effects in the Fe—N
(pyridine), Fe—N (nitrosyl), Fe—S (thioether), and N—O
distances. They all are elongated. Of the [Fe(NO)('pyS,)]
core distances, only the Fe—S (thiolate) distances remain
practically unchanged and they decrease very slightly from
[1] to 2. The Fe—N (pyridine) distance exhibits the most
pronounced elongation and it increases by about 16 pm
(216.7(2) versus 200.5(3) pm). This increase is followed by the
approximately 8 pm increase of the Fe—N (nitrosyl) and the
approximately 4.5 pm increase of the Fe—S (thioether)
distances. Figuratively speaking, the addition of one electron
to [1]* inflates the [FeN,S,] core into an ellipsoidal shape.

As a consequence thereof, relevant angles also change. In
[1]* and even more so in 2, the Fe centers are located below
the base plane of the square pyramid formed by the pyridine
N and the four S atoms of the 'pyS,?~ ligand. This is indicated,
for example, by the S1-Fel—S4 and S2—Fel—S3 angles.
Whereas in [1]* the angles are 176.72(4) and 168.58(4)°, in 2
the corresponding angles decrease to 172.90(3) and
162.90(3)°. The most important difference between [1]* and
2 with regard to angles is the Fe—N—O angle. It is 179.5(3)° in
[1]*, which indicates a practically linear FeNO entity, and it
decreases to 150.4(5) and 143.8(5)° in 2. The latter values are
“halfway” between linear MNO and 120° MNO angles
expected for complexes in which NO ligands with sp?
hybridized N atoms bind to 16 VE metal complex fragments.
Thus, the NO ligand in 2 can be anticipated to have
experienced a considerable reduction from NO* (or NO) to
NO~. Such a reduction is possible only if the nineteenth
electron occupies an antibonding 7* (NO) orbital.

Density functional calculations: In order to determine the
details of the electronic structure and, in particular, the nature
of the bonding in [1]* and 2, we carried out density functional
calculations on these compounds. We used the program
TURBOMOLE™! and employed the BP86 functionall'®* bl
with a triple-zeta valence-polarized Gaussian basis set!'”] for
the structure determination, and the B3LYP functional*®! for
the calculation of the Fe—NO binding energies in [1]* and 2.

The theoretical structure determination (geometry optimi-
zation) yielded bond lengths in good agreement with the
X-ray structure determination (Table 2). However, in contrast
to the X-ray structure determination, we found two inequiv-

Table 2. Comparison of experimentally observed and calculated distances
[pm] and FeNO angles [°] in [1]* and 2.

[1]* (theor.) [1]* (exp.) 2 (theor.) 2 (exp.)
Fel-N1 204.5 200.5(3) 216.6 216.7(2)
Fel-S1 233.8 231.3(2) 2323 229.7(1)
Fel-S2 2282 225.6(2) 226.4 230.1(1)
Fel-S3 2283 225.4(2) 236.3 230.0(1)
Fel-S4 2334 231.2(2) 233.9 229.7(1)
Fel-N2 164.0 163.4(3) 170.9 1712(3)
N2-01 115.0 114.13) 1182 115.8(6)
O1-N2-Fel 1798 179.5(3) 149.0 150.4(5)
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alent Fe—S (thioether) bond lengths of 226.4 and 236.3 pm for
2; the bent FeNO moiety pointed in the direction of the
shorter Fe—S bond (Figure 4a).

o1
a) -

N2

236.3 2264
pm_ o pm

S3

S2

Figure 4. a) Short and long Fe—S (thioether) distances in the plane defined
by the Fe, N, and thioether S atoms; b)Multicenter bonding and
antibonding interactions in the [Fe(NO)(S2)(S3)] plane.

This inequivalence of the Fe—S (thioether) distances was
not revealed by the X-ray structure analysis because the
NO ligand is disordered so that only the average of the Fe—S
(thioether) distances (230.0(1) pm) could be observed. The
experimental average is very close to the theoretical average
of 231.3 pm.

The different Fe—S (thioether) distances are plausibly
explained by a bonding multicenter interaction between the
Fel, N2, and S2 atoms. This bonding interaction is supple-
mented by an antibonding interaction between N2 and S3
lobes on the opposite side (Figure 4b).

A calculation of the harmonic force field results in a
frequency of 1698 cm~! (exp. 1648 cm~!) for the »(NO) band
in2,and 1923 cm™! (exp. 1893 cm~') in [1]*. The differences in
total energy of the complex fragment [Fe('pyS,)], [1]*, and 2
lead to Fe—NO bond energies of 455 kI mol~! and 91 kI mol~},
respectively. In agreement with the experimental findings we
thus encounter a substantially weaker Fe—~NO bond in the
case of 2.

The Kohn-Sham molecular orbitals were used for analyz-
ing the electronic structure of our complexes. The §? value in
the unrestricted Hartree — Fock wave function of 2 and also a
limited multiconfiguration self-consistent field calculation in a
smaller basis set do not indicate substantial multi-reference
character for both compounds, which would render such an
analysis questionable.

An analysis of the electronic structures of [1]* and 2 by
means of shared-electron numbers!'” shows that in 2 all bonds
of Fe to its ligands are weakened due to antibonding
interactions in the SOMO (Singly Occupied Molecular
Orbital), which at the NO ligand has mainly st* orbital
character, in agreement with qualitative MO theory.?) Due
to the lack of exact symmetry (and the inclination of the
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Fe—NO bond with respect to the pseudo-tetragonal axis in 2),
the molecular orbitals are mixed heavily, and the picture is
considerably more complex than in textbook examples. We
found immediately below the HOMO (Highest Occupied
Molecular Orbital) a quasiband of energetically closely
spaced orbitals with strong metal —sulfur hybridization. The
same holds true for the lowest unoccupied molecular orbitals,
which are separated from the HOMO by a small energy gap.

In both complexes [1]* and 2, we can identify linear
combinations of local o and local st character at the NO,
which describe bonding and antibonding interactions in line
with qualitative theory. For example, in the case of [1]*, these
interactions add up to a shared-electron number of 1.56 for
the Fe—NO bond, which indicates almost a double bond; this
number is diminished to 0.81 in 2, which can be interpreted as
a weak single bond. We find non-negligible multicenter
character of most bonds at the iron center, and even two-
center shared-electron numbers of about 0.04 for the inter-
action of the sulfur atoms with the nitrogen of NO, which also
adds up to the observed bonding interaction. Moreover,
substantial electron donation of the sulfur atoms to the iron
center leads to a partial charge at the Fe atom. This charge is
slightly negative in [1]* when determined by means of three
different methods of analysis (Mulliken population analysis,
Roby - Davidson— Ahlrichs population analysis, and charge
determination by means of Generalized Atomic Polar Ten-
sors).!

Although these charges do not represent observables, they
provide an explanation for the bonding differences in [1]" and
2. In [1]F the [FeL,] metal ligand bonding is composed of
covalent interactions enhanced by a substantial amount of
ionic (Coulomb) interactions (semipolar bonds). In 2, the
ionic interactions are significantly reduced, and the remaining
bonding is mainly covalent according to the following formula
(formula B).

S— S+ 0 0
Fe— Ly ——» Fe— Ly
1+ 2
Conclusion

The present work has shown that reactions of [Fe('pyS,’)], or
[Fe(CO)('pySy)] with either NOBF, or NO gas yielded the
corresponding 18 and 19 valence electron complexes [Fe(NO)-
(pySy)IBF, ([1]BF,) and [Fe(NO)('pyS)] (2). Complex-
es [1]BF, and 2 can be converted into each other by electro-
chemical or chemical redox reactions. Complex 2 is one of the
rare 19 VE nitrosyl complexes which could be isolated and
structurally characterized. Other structurally characterized
19 VE complexes are [CpW(NO),PR;],?! [Fe(NO)(TPP)-
(4-methylpiperidine)],? and [Fe(NO)('NyS,)],/ but in these
cases the structures of the 18 VE counterparts have remained
unknown. The molecular structures of isolated 19 VE nitrosyl
complexes such as [Ru(NO)(py),CIJL* [Ru(NO)(py),Cl]-
PF,,»! [Fe(NO)(CsH,[As(Me),),),CIJPF, 1 and [Fe(NO)-
('/BuSs)]® 4l have not been determined.

The X-ray structural characterization of [1]PF, and 2 thus
enabled us to compare directly and apparently for the first
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time the structural differences of strictly homologous 18 and
19 VE nitrosyl complexes. The metal donor distances of 2
versus [1]* indicate that the unpaired electron of 2 populates a
molecular orbital with metal donor antibonding character.
DFT (Density Functional Theory) calculations supported the
experimental findings and, in addition, revealed structural
details such as different Fe—S (thioether) distances in 2. The
DFT calculations also confirm the antibonding character of
the unpaired electron in 2. In both [1]" and 2, the occupied
orbitals close to the HOMO form a “valence band” of
energetically closely spaced orbitals that provide flexibility
for different binding modes of the FeNO moiety as well as the
[Fe('pyS,)] core.

The antibonding character of the nineteenth electron
rationalizes the high reactivity of 2, which enables the rare
NO/CO exchange reaction and the ready redox interconver-
sion of [1]* and 2. The relatively high stability of 2, on the
other hand, could explain why so far no nucleophilic addition
reactions with [1]" have been achieved, in spite of its high
frequency »(NO) band.

Experimental Section

General remarks: Unless noted otherwise, all reactions and operations
were carried out under nitrogen using standard Schlenk techniques.
Solvents were dried and distilled before use. As far as possible, reactions
were monitored by IR or NMR spectroscopy. Spectra were recorded on the
following instruments: IR (KBr discs or CaF, cuvettes, solvent bands were
compensated): Perkin Elmer 983, 1620FTIR, and 16PCFTIR; NMR: Jeol-
JNM-GX 270, EX 270, and Lambda LA 400 with the protio-solvent signal
used as an internal reference. Spectra were recorded at 25 °C. Mass spectra:
Jeol MSTATION 700 spectrometer; elemental analysis: Carlo Erba
EA 1106 or 1108 analyzer; magnetic susceptibility: Johnson Matthey
susceptibility balance; cyclic voltammograms: EG&G potentiostat PAR
model 264 A with glassy carbon working electrode, Pt counterelectrode, and
Ag/AgCl reference electrode. Conducting electrolyte: NBu,PF¢ (0.1m).
Potentials were referred to NHE (Normal Hydrogen Electrode) with
Cp,Fe’* as internal standard (Cp,Fe”+ =0.40 V vs. NHE.). Anhydrous
hydrazine,” [Fe('pyS))].!'Y and [Fe(CO)('pySy)]'” were prepared by
literature methods. NEt,N; was synthesized from NEt,Cl and NaNj; in
MeOH and recrystallized from acetone.

[Fe(NO)('pyS,)IBF, ([1]BF,)

a) From [Fe(CO)('pyS))]-MeOH and NOBF,: At 0°C, solid NOBF,
(29 mg, 0.24 mmol) was added to a red solution of [Fe(CO)('pyS,)]-
MeOH (115 mg, 0.24 mmol) in CH,Cl, (15mL). The green-brown
reaction mixture was warmed up to room temperature within 5 h, stirred
for another 10 h, and filtered. The filtrate was evaporated to give an oily
residue. Extraction with CH,Cl, (3 mL) and Et,0O (10 mL) afforded a
brown powder, which was separated and washed with additional Et,0
(10 mL). The brown powder was redissolved in CH,Cl, (12 mL) and Et,0
(4 mL) to give a green—brown solution. Upon cooling to —20°C, a slight
amount of brown solid precipitated and it did not exhibit a ¥(NO) band.
This solid was removed by filtration, and the green—brown filtrate was
reduced in volume to 2 mL and combined with n-hexane (10 mL). A light
brown solid precipitated, which was separated and dried in vacuo. Yield:
65 mg (49%).

b) From [Fe('pyS,)], and NOBF,: Under stirring, solid NOBF, (43 mg,
0.37 mmol) was added to a red — brown suspension of [Fe('pyS,’)], (163 mg,
0.24 mmol) in CH,Cl, (20 mL). After 24 h, the green-brown reaction
mixture was filtered. The filtrate was reduced in volume to 1 mL and
combined with THF (15 mL). The resultant light brown precipitate was
separated and dried in vacuo. Yield: 155 mg (75%).

'H NMR (269.6 MHz, CD,Cl,): d =7.20-7.80 (m, 10H; aryl), 7.63 (t, 1H;
H,, pyridine), 5.56 (d, 2H; CH,), 4.95 (d, 2H; CH,); “C{'H} NMR
(100.4 MHz, CD,Cl,): 6 =156.3,148.6,137.9,129.7,129.4, 127.5, 126.0, 124.7,
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122.8 [C(aryl)], 51.6 [CH,]; IR (KBr): 7= 1893 cm~! (NO), 1084 (BF,); MS
(FD, CH,CL,): m/z (%): 471 [Fe(NO)('pySy)]*; elemental analysis calcd
(%) for C;oH;sBF,FeN,OS, (558.26): C 40.88, H2.71, N 5.02, S 22.97; found
C 41.06, H2.77, N 4.88, S 22.81.

[Fe(NO)(pyS))] (2)

a) From [Fe('pyS,)], and NO: By means of a syringe, NO gas (6.4 mL,
0.26 mmol) was injected into a stirred red-brown suspension of [Fe-
('pySy)], (115 mg, 0.26 mmol) in CH,Cl, (20 mL). After 24 h, the resulting
red —brown reaction mixture was filtered. The filtrate was reduced in
volume to 1mL and combined with Et,0O (30mL). A brown solid
precipitated, which was separated after 10 min and dried in vacuo. Yield:
90 mg (84%).

b) From [Fe(NO)('pyS))]|BF, and N,H,: Upon addition of N,H, (11 uL,
0.38 mmol) to a stirred green—brown solution of [Fe(NO)('pyS,)]BF,
(105 mg, 0.19 mmol) in CH,Cl, (20mL) a deep red-brown solution
resulted. After 20 min, it was reduced in volume to 1 mL. After addition of
MeOH (20 mL), a brown powder precipitated, which was separated,
washed with MeOH and n-hexane (10 mL each), and dried in vacuo. Yield:
65 mg (75%).

'"H NMR (269.6 MHz, CD,Cl,): 6 =2.8, 3.7, 4.2, 6.1, 23.0, 26.0; IR (KBr):
7=1648 cm~' (NO); MS (FD, CH,CL): m/z (%): 471 [Fe(NO)('pyS.)]*;
elemental analysis calcd (%) for C,,H,sFeN,OS, (471.46): C 48.40, H 3.21,
N 5.94, S 2720; found C 48.24, H 3.35, N 5.70, S 27.03; u.;=1.71 BM.
(297 K).

[Fe(NO)(pyS,)IPF, ([1]PF,): At —78°C, solid [Cp,Fe]PF, (49 mg,
0.15 mmol) was added to a red-brown solution of [Fe(NO)('pyS,)]
(70 mg, 0.15 mmol) in CH,Cl, (15 mL). The reaction mixture was kept at
—78°C for 20 min, subsequently warmed to room temperature, and filtered
after 1 h. The green-brown filtrate was reduced in volume to 3 mL.
Addition of Et,0 (10 mL) precipitated a brown powder, which was
separated after 20 min, washed with Et,0 (20 mL), and dried in vacuo.
Yield: 80 mg (88 %).

'"HNMR (269.6 MHz, CD,Cl,): 6 =7.20-7.70 (m, 11 H; aryl, pyridine), 5.47
(d, 2H; CH,), 4.70 (d, 2H; CH,); BC{'H} NMR (100.4 MHz, CD,CL,): 6 =
158.2, 150.8, 139.8, 131.6, 129.7, 127.9, 126.9, 124.7 [C(aryl, pyridine)], 55.8
[CH,]; IR (KBr): #=1893 cm~! (NO), 836 (PFs); MS (FD, CH,Cl,): m/z
(%): 471 [Fe(NO)('pyS,)]*; elemental analysis calcd (%) for C,oH,sPF¢Fe-
N,OS, (661.42): C 37.02, H 2.45, N 4.54, S 20.81; found C 37.31, H 2.57, N
4.53, S 21.24.

[Fe(NO),(pyS))] (3)

a) From [Fe('pyS,)]. and NO: By means of a syringe, NO gas (11.0 mL,
0.46 mmol) was injected into a stirred red—brown suspension of [Fe-
('pySy)]. (101 mg, 0.23 mmol) in CH,Cl, (15 mL). After 3 h, an excess of
NO gas (4 mL) was added, and the resulting red — brown reaction mixture
was filtered after a total of 5.5 h. The filtrate was reduced in volume to
2 mL. After addition of Et,O (20 mL), a brown powder precipitated, which
was separated after 10 min, washed with Et,0 (5 mL), and dried in vacuo.
Yield: 84 mg (73 %).

b) From [Fe(CO)('pyS,)]- MeOH and NO: NO gas was bubbled through a
red solution of [Fe(CO)('pyS,)]-MeOH (80 mg, 0.16 mmol) in CH,Cl,
(30 mL) for 4.5 h. The resulting red—brown reaction mixture was stirred
under an atmosphere of NO for an additional 12 h, filtered, and reduced in
volume to 2mL. After addition of Et,0 (20 mL), a brown powder
precipitated, which was separated and dried in vacuo. Yield: 30 mg (38 %).

'"HNMR (269.6 MHz, CD,Cl,): 6 =7.00-7.65 (m, 11 H; aryl, pyridine), 4.40
(m,2H; CH,), 4.20 (m, 2H; CH,); IR (KBr): #=1812 (sh), 1779, 1751 cm™!
(NO); MS (FD, CH,ClL,): m/z (%): 441 [Fe('pySy)]", 882 [Fe('pyS))],™;
elemental analysis calcd (%) for C;oH;sFeN;0,S, (501.46): C 45.51, H 3.01,
N 8.38, § 25.58; found C 45.78, H 3.02, N 8.10, S 25.30.

X-ray structure analysis: At room temperature, dark brown single crystals
of [1]PF, formed from a saturated solution in THF/Et,O (7:1 by volume)
over the course of three weeks. Brown single crystals of 2-2 CH,Cl, were
grown from a solution of 2 (70 mg) in CH,Cl, (8 mL) at —20°C over the
course of four weeks.

Suitable single crystals of [1]PF, and 2- CH,Cl, were sealed under N, in
glass capillaries without drying. Data were corrected for Lorentz and
polarization effects. Absorption effects were corrected using Psi-scans for
2-CH,Cl,, while for [1]PF¢ no correction was made (see Table 3). The
structures were solved by direct methods (SHELXTLNT 5.1).21 Full-

Chem. Eur. J. 2001, 7, No. 9

matrix least-squares refinement was carried out on F2 (SHELXTLNT 5.1).
All non-hydrogen atoms were refined anisotropically. The anion in [1]PF, is
disordered. Two different orientations were refined, which gave an
occupancy of 59% (F13A-F16A) and 41 % (F13B-F16B). In 2- CH,Cl,,
the NO ligand was disordered. Two different orientations were refined for
the oxygen atom, with an occupancy of 57 % for O1A and 43 % for O1B.
The compound crystallized with two molecules of CH,Cl, per unit. Both
solvent molecules were disordered. Two orientations for each CH,Cl, mo-
lecule were refined. For the hydrogen atoms, only the main orientations
were taken into account. The positions of all hydrogen atoms in [1]PF, and
2 - CH,(CI, were taken from the difference Fourier map and refined with a
common isotropic displacement parameter. Selected crystallographic data
are summarized in Table 3.5

Table 3. Selected crystallographic data for [Fe(NO)('pySy)|PF, ([1]PFs)

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

and [Fe(NO)(‘pyS,)] -2 CH,Cl, (22 CH,CL).

[1]PF, 2
formula C,yHsF;FeN,OPS, C,H,,Cl,FeN,OS,
M, [gmol~!] 616.39 641.27
crystal size [mm] 0.60 x 0.40 x 0.30 0.60 x 0.50 x 0.38
F(000) 2480 650
crystal system orthorhombic triclinic
space group Pbca Pl
a [pm] 1466.9(4) 848.8(1)
b [pm] 1376.2(4) 1195.4(2)
¢ [pm] 2387.9(7) 1353.1(2)
a[°] 90 78.62(2)
B°] 90 76.09(1)
v [°] 90 85.32(2)
V [nm?] 4.821(2) 1.3056(3)
V4 8 2
Peated [gem™] 1.699 1.631
u [mm~1] 1.101 1.326
diffractometer NicoletR 3m/V Siemens P4

radiation [pm]
temperature [K]

Moy, (A =71.073)
298

Moy, (1 =71.073)
200

scan technique w-scan w-scan

20 range [°] 4.4-54.0 4.2-54.0

scan speed [°min~] 8 8

measured reflections 6395 6932

independent reflections 5266 5673

Ry 0.0303 0.0215

observed reflections 2765 4180

o criterion F>4.00(F) F>4.00(F)

R1; wR2 0.0402; 0.0870 0.0386; 0.0915

refined parameters 389 394

abs. correction T/ Tinax none 0.2392/0.3030
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Calcium Oxalate Crystals in Tomato and Tobacco Plants:
Morphology and in Vitro Interactions of Crystal-Associated Macromolecules

Nikolaos Bouropoulos, Steve Weiner, and Lia Addadi*!?!

Abstract: Plants form calcium oxalate
crystals with unique morphologies under
well-controlled conditions. We studied
the morphology of single calcium oxa-
late monohydrate (whewellite) crystals
extracted from tomato and tobacco
leaves. These crystals have a pseudo-
tetrahedral shape. We identified the
(101), (101) or (102), (110), and (hk0)
faces as stable faces. The morphology is

and bougainvillea leaves contain macro-
molecules rich in Gly, Glx, and Ser.
Crystal-associated macromolecules ex-
tracted from tomato and tobacco influ-
ence the morphology of calcium oxalate
monohydrate crystals grown in vitro,
promoting preferential development of
the {120} faces. Furthermore, crystal-

associated macromolecules from tobac-
co promote nucleation of calcium oxa-
late monohydrate crystals, whereas
model polypeptides do not have any
significant effect on nucleation. These
results imply an active role of the
crystal-associated macromolecules in
the formation of pseudotetrahedral
shapes in vitro, and these properties
may in part be responsible for the

chiral with unique handedness. We also
show that calcium oxalate monohydrate
crystals isolated from tomato, tobacco,

cium oxalate

Introduction

Mineral formation in plants is a widespread phenomenon. The
most abundant minerals formed by plants are amorphous
silica (phytoliths), amorphous calcium carbonate (cystoliths)
and calcium oxalate.ll In higher plants calcium oxalate is
probably the most commonly formed mineral.”l Calcium
oxalate crystals may form in most tissues and organs such as
roots, bark, stems, leaves, flowers, fruits, and seeds.'d The
most commonly proposed function of these crystals is the
storage of calcium in an insoluble form, such that the low
levels of calcium required within the cell cytosol can be
maintained.'¢3 Other functions that have been ascribed to
calcium oxalate crystals in plants are those of a protective
mechanism against herbivores ['“4 and improving the me-
chanical properties of the tissues.P]

Calcium oxalate exists in two forms in plants: calcium
oxalate monohydrate (COM or whewellite) and, less com-
monly, calcium oxalate dihydrate (COD or weddelite).[! The
crystals adopt several different morphologies. These are
described as raphides, styloids, druses, crystal sand, and
variously shaped prisms.'¢ 'l Extensive morphological studies

[a] Prof. L. Addadi, Dr. N. Bouropoulos, Prof. S. Weiner
Department of Structural Biology
Weizmann Institute of Science
Rehovot 76100 (Israel)
Fax: (+972)8-934-4136
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unique chiral morphology of the natural

crystal .
pyramidal-shaped crystals.

show that these morphologies are quite different from the
morphologies of calcium oxalate crystals produced in vitro.
Furthermore, each plant species always forms crystals with the
same morphologies at the same tissue site, implying that
morphology is under genetic control.l'“! The amount of
crystals formed at a site varies and is influenced by environ-
mental conditions such as light intensity, temperature, and/or
soil nutrients.!!

Calcium oxalate crystals form inside the vacuoles of
specialized cells called idioblasts. In some cases one crystal
is formed per vacuole, whereas in other cases many crystals
are formed within a vacuole. In the latter case, each crystal
still forms within a membrane-delineated space, usually
termed the crystal chamber.['®-3°l This microenvironment is
believed to play an important role in crystal nucleation and
morphology.[']

In biomineralization, the microenvironment in which
crystallization occurs is the key to exerting control over
nucleation and crystal growth in mineralized tissues.['!l This is
achieved by accurate design of the size and shape of the space
in which the crystals form, of the chemistry and structure of
the framework that delineates the space, and of the macro-
molecules and ions that are present in the solution within the
space.l''*121 Tt has been shown in vitro that some macro-
molecules extracted from mineralized tissues are able to
control specifically nucleation, growth and cessation of
growth of crystals, provided they are in an appropriate
microenvironment.'3 A study of the raphide crystal-associ-
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ated macromolecules in leaves of Vitis shows that there are
many different glycoproteins that make up a structurally
coherent organic matrix. The results suggested that the matrix
is responsible for determining crystal morphology.l'l The
specific functions of crystal-associated matrix macromole-
cules in calcium oxalate nucleation and control of morphology
in plants is, as yet, unknown. This is the focus of our study.

We chose to examine the calcium oxalate monohydrate
crystals extracted from tomato (Lycopersicon esculentum)
and tobacco (Nicotiana tabacum) leaves. Tobacco and tomato
are both members of the family Solanaceae. The crystals form
inside vacuoles as accumulations of numerous individual
small crystals (crystal sand); they adopt pseudotetrahedral or
cordate (heart-shaped) morphologies.'”] The pseudotetrahe-
dral shape presents a challenging conceptual problem.
Because of the total lack of morphological symmetry, the
crystals have a chiral morphology. Their morphological
symmetry is thus lower than the monoclinic symmetry of the
crystal lattice, suggesting the influence of external chiral
elements on crystal growth. For more than a century this
paradox has inspired studies of the exact crystal faces of these
pyramids.l'] An elegant explanation, based on crystal twin-
ning, was suggested by Cody and Horner,'*! who also studied
crystals from plants belonging to this family. The crystals we
observed were not, however, all twinned. Franceschi de-
scribed the formation of crystal sand in Beta vulgaris L. leaves
(sugar beet).”) The crystals are formed in vacuoles within
idioblastic cells. Membranes are synthesized in the vacuole
and are organized into chambers or vesicles. Calcium oxalate
precipitates within the membrane chambers.”]

Here we identify the faces of these unusual single pyrami-
dal-shaped calcium oxalate crystals from tomato and tobacco
leaves. Our study is focused only on crystals that are shown by
electron diffraction not to be twinned. We have also extracted
the macromolecules associated with these calcium oxalate
crystals and shown that they are able to interact specifically
with growing COM crystals in vitro, and preferentially induce
crystal nucleation from a supersaturated solution. These
observations may explain in part the manner in which the
unusual crystal morphology is achieved in vivo.

Results

Morphological analysis of natural crystals: Crystals extracted
from tobacco and tomato leaves were identified as calcium
oxalate monohydrate by X-ray diffraction and FTIR spectros-
copy. It is important to note that indexing of the diffraction
patterns, and in general any crystallographic notation, was
performed using the structure of calcium oxalate monohy-
drate as proposed by Deganello and Piro (P2,/n, a=9.9763,
b=14.5884, c=6.2913 A, f=107.05°).7) Figures 1A and 2A
are scanning electron micrographs representative of the
crystals we chose to study, isolated from tobacco and tomato
leaves respectively. They all have the pseudotetrahedral
morphology and their size is between 1-5 um. We stress that
most of the crystals in the leaves are twinned, as noted by
Cody and Horner,!"> and they often display concave dihedral
angles and well-defined boundaries on the crystal faces. These
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Figure 1. Morphological analyses of representative COM crystals from
tomato leaves. A) SEM micrograph showing the pseudotetrahedral
morphology (note that this micrograph was not taken at tilt=0). B)
Proposed morphological model based on the dihedral angle analyses
(Table 1) and electron diffraction patterns. C) TEM micrograph and D) the
corresponding electron diffraction pattern from the thin edge of the crystal.
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Figure 2. Morphological analyses of a representative COM crystal from
tobacco leaves. A) SEM micrograph and B) proposed morphological
model based on the dihedral angle analyses (Table 1) and electron
diffraction patterns.

properties clearly show that they are not single crystals. The
crystal twinning can be easily detected by the doubling of the
diffraction spots, or by the presence of two independent
diffraction patterns in electron diffraction. In contrast, when
smaller crystals with homogeneous morphologies were se-
lected, electron diffraction performed at different locations
on different crystal edges demonstrated that they were indeed
single crystals.

Characterization of the faces of these crystals is problem-
atic as individual crystals are too small for single-crystal X-ray
diffraction analysis, but too large and hence thick for
obtaining an electron diffraction pattern from an entire
crystal. Furthermore, they are also beam-sensitive when
examined in a TEM microscope at ambient temperatures. In
the present study we combined information from dihedral
angle measurements from SEM images and electron diffrac-
tion patterns taken from thin edges of the crystals maintained
under cryoscopic conditions, in order to identify the dominant
crystal faces. Figures 1C and D show a typical TEM image of a
crystal isolated from tomato leaves and its corresponding
electron diffraction pattern. The indexing corresponds to the
[101] zone axis of calcium oxalate monohydrate, showing that
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the crystal lies on the (101) face. The angles of the crystal
projection in the TEM correspond to the angles measured in
the SEM (at tilt angle =0).

The measured and calculated dihedral angles for crystals
isolated from tomato are shown in Table 1 and the proposed
morphological model is shown in Figure 1B. The differences

Table 1. Measured and calculated dihedral angles for calcium oxalate
monohydrate crystals isolated from tomato and tobacco.

Tomato (n=15)

Dihedral Angle Measured Calculated

(101) (101) 704+1.1 63.5

(101) (hk0) 454+54 -

(101) (110) 67.0+£42 73.8

(110) (hk0) 96.6 2.1 104.0 for (120)

(110) (101) 482+12 54.4

(101) (hkO) 69.9+4.5 65.0 for (120)
Tobacco

Dihedral Angle Measured Calculated

(107) (102) 50.0+£2.7 51.9

(101) (hk0) 433+7.6 -

(101) (110) 82.5+9.1 73.8

(110) (hk0) 88.5+0.8 94.2 for (120)

(110) (102) 46.0+14 63.3

(102) (hk0) 69.0+1.3 71.0 for (120)

we observed between the measured and calculated dihedral
angle values are assumed to be within experimental error.
When the dihedral angles are from the same pair of planes, for
example between (101) and (110), or (101) and (101), the
value is the average of ten measurements. Three faces were
identified unequivocally: the basal (101), (101), and (110).
The fourth face is labeled (hk0), because no solution
consistent with all the measured dihedral angles could be
found. We note, however, that indexing this face as (120) is
consistent with the dihedral angles measured for the lateral
faces, albeit not with the basal face.

Tobacco crystals exhibited similar morphological character-
istics to those in tomato crystals, but were more heteroge-
neous in shape. Table 1 shows the measured and calculated
dihedral angles, and Figures 2A and B show a typical SEM image
of a crystal isolated from tobacco leaves and the proposed
morphological model, respectively. These crystals are also cha-
racterized by having a (101) basal plane, (110) face on the left-
hand side, and an (#k0) front face. The right-hand face, how-
ever, is (102), in contrast to the tomato crystals. Our suspicion
that the front face is (120) was confirmed by some electron
diffraction patterns taken from crystals lying on a different
basal face. The larger standard deviations are attributed to the
presence of minor faces, which we observed in some crystals at
these locations. It is also conceivable that some crystals do
have different pseudotetrahedral morphologies.

In order to verify whether the chiral crystal morphologies
are racemic or enantiomerically unique, we examined more
than 50 crystals from both tobacco and tomato in the SEM.
These crystals all had the appropriate angles for the basal face
(at 0° tilt). All of them also had the same handedness, namely

Chem. Eur. J. 2001, 7, No. 9

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

the (101) or (102) face on the right side and the (110) face on
the left-hand side when observed as in Figure 1.

The crystal-associated macromolecules extracted from the
calcium oxalate crystals: Table 2 shows the amino acid
compositions of the total soluble matrix extracted from

Table 2. Amino acid compositions of the soluble proteins associated with
calcium oxalate crystals isolated from tobacco, tomato, and bougainvillea
leaves. Concentrations are expressed in mole %.

Samplel? Tobacco Tomato Bougainvillea
1 4 1 2 3 1
AsxIP] 7.3 7.8 7.2 8.9 6.9 5.9
Thr 4.0 43 3.1 5.1 42 4.7
Ser 8.4 18.8 9.9 15.3 18.4 10.5
Glxl 12.6 17.9 11.2 14.9 17.0 10.9
Pro 52 3.1 6.0 44 3.6 4.4
Gly 17.5 17.1 21.5 16.9 17.9 17.6
Ala 12.6 10.0 10.7 8.6 10.1 122
Cys - - - - - 3.0
Val 4.8 34 4.1 4.8 3.6 4.5
Met 1.2 0.8 42 1.0 0.9 0.8
Ile 3.7 2.0 5.1 3.1 1.9 3.0
Leu 6.1 2.6 5.0 52 2.7 4.9
Tyr 2.1 1.3 1.8 1.6 1.5 2.1
Phe 3.1 1.5 22 2.6 1.6 2.8
Lys 4.9 3.5 2.6 34 3.6 4.8
His 23 4.7 3.0 23 4.8 4.5
Arg 42 1.2 24 1.9 1.3 34

Weight % 0.03 0.10 0.02 0.08 0.06 0.03

[a] Each analysis is from a different aliquot of leaves. [b] Asx =combina-
tion of Asp and Asn. [c] Glx = combination of Glu and Gln.

calcium oxalate crystals isolated from the leaves of tobacco,
tomato, and bougainvillea. The last was selected as a
reference for plant calcium oxalate crystals with a different
morphology. In general the compositions are all similar, being
dominated by hydrophilic amino acids. Interestingly, there are
significant variations in the Ser and GIlx contents between
extracts from different aliquots of leaves. When the Ser
content is high, so is the Glx content. This suggests that in the
preparation procedures different proportions of Ser- and Glx-
rich proteins are extracted. The total soluble protein matrix
consists of 0.02—0.10 % of the crystal weight. The treatment of
the crystals with 1M KOH at 75° C for 30 min removes all the
proteins adsorbed on the surface of the crystals. The amount
of proteins isolated after this treatment was 60 % of the total
soluble protein, showing that the intracrystalline proteins
comprise up to at least 60 % of total soluble protein.

FTIR spectra of the soluble matrices of tobacco and tomato
extracts (Figure 3) show that the Amide I peak absorbs
around 1630 cm~!, which may indicate that a significant
proportion of the proteins adopt the -sheet composition. It
is noteworthy that the Amide II absorption is absent. A
similar phenomenon has been noted in mollusk shell matrix
proteins.'"¥ The infrared spectra also show that the macro-
molecules extracted from the tomato crystals contain more
polysaccharides (indicated by the wide band at 1050-—
1100 cm™') than those from the tobacco crystals.
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Figure 3. Infrared spectra of the soluble assemblage of crystal-associated
macromolecules extracted from COM crystals isolated from A) tobacco
and B) tomato leaves.

Interaction of the macromolecules with calcium oxalate
crystals: Crystals of calcium oxalate monohydrate (COM)
were grown by means of the diffusion growth technique in the
presence of macromolecules extracted from the tomato and
tobacco crystals. Bougainvillea (Bougainvillea sp.) macro-
molecules were used for comparison. Two versions of the
experiment were performed: one in which the oxalate
solution was placed in the dialysis bag and the calcium
outside, and one in which calcium was placed inside the bag
and oxalate outside. The morphologies of the crystals were
then examined in the SEM. The crystals grew inside the
solution and not attached to the membrane. Consistent
changes in morphology in comparison with control crystals
grown in the absence of matrix macromolecules are an
indication of specific interactions between at least some of the
macromolecules and certain faces of the growing crystals.[""]
Specific effects were only obtained when the oxalate solution
was placed in the dialysis bag and the calcium solution
outside, indicating that the kinetic effects resulting from
protein adsorption occur in excess of oxalate. The results for
the oxalate-rich environment are shown in Figure 4. In all
cases, crystals developed a prismatic habit with {101}, {010},
and {120} as the principal faces. In the absence of plant
macromolecular additives, the crystals were elongated along
the [101] direction (Figure 4A). In the presence of the soluble
matrix macromolecules the crystals were less elongated and
the development of {120} faces was favored (Figure 4A —D).
This implies that at least some of the macromolecules interact
selectively with {120} faces. In order to quantify this effect, the
ratio Dy)/Dp10y Was measured in more than 30 crystals for
each plant. Dy, and D, are the respective perpendicular
distances between the edges of the {120} and {010} faces
measured on the (101) plane (Figure 5). The results are shown
in Figure 6. The ratios obtained from the tomato and tobacco
crystals were consistently lower than those from the control
and bougainvillea crystals. In all cases the values were
significantly different from the control (t-test at the 0.05
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Figure 4. SEM micrographs of COM crystals grown by the diffusion
technique with oxalate placed initially inside the dialysis bag. A) Control
crystal grown in the absence of additives. B) Crystal grown in the presence
of macromolecules extracted from tomato leaf crystals (protein concen-
tration 15.7 pgmL~!). C) Crystals grown in the presence of macromolecules
extracted from tobacco leaf crystals (protein concentration 16.2 ugmL").
D) Crystals grown in the presence of macromolecules extracted from
bougainvillea leaf crystals (protein concentration 17.6 pgmL™"). Note that
the crystals grown in the presence of additives are much smaller than the
control crystals. Scale bars: one micron.

[RLLIN]

Figure 5. A) Schematic representation of the morphology of a COM
crystal showing the expressed faces. B) Morphological characterization of
COM crystals grown in vitro. Dy, and Dy, are the respective
perpendicular distances between the edges of the {120} and {010} faces
measured on the (101) plane.
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Figure 6. Effect of soluble macromolecules on the morphologies of crystals
grown in the presence of various additives as expressed by the Dy1/D;10
ratio. The lower values of the ratio compared with the controls indicate
inhibition of {120} faces by the additives.

level). The calcium oxalate crystals grown in the presence of
matrix extracted from bougainvillea were characterized by
rounded edges and stepped faces, indicating nonspecific
inhibition of crystal growth in all directions. Interestingly,
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the effect is not concentration-dependent, indicating that low
macromolecular concentrations lead to maximal selective
adsorption, above which nonspecific adsorption on all faces
occurs.

Effect of the crystal-associated macromolecules on calcium
oxalate monohydrate nucleation: The diffusion growth ex-
periments described above also indicated that the assemb-
lages of macromolecules from the tobacco and tomato crystals
had an effect on the nucleation of the crystals, in that more
and smaller crystals (Figure 4) were nucleated in the presence
of the protein than in the controls. In order to verify this
nucleation effect, we performed spontaneous precipitation
experiments in the presence and absence of macromolecules.
The nucleation effect is expressed as f,/t;, where ¢, is the
induction time for crystallization in the absence of additive,
and ¢ the induction time in the presence of the additive. The
induction time was measured as the time elapsed between the
creation of the supersaturation conditions and the appearance
of turbidity in the solution, measured by absorbance
(620 nm). According to classical nucleation theory the
induction time is inversely proportional to the nucleation
rate.”’”) The influence of macromolecules extracted from
tobacco and three control polypeptides (BSA, polyaspartic
acid, and polylysine) on COM nucleation is shown in Figure 7.

3.0+

. o 4ugml’
2.5 % X 2ugml’
%

2.0

Nucleation Efficiency (f/t)

Tobé\cco BéA p-Alsp p-llys
Figure 7. Effect of soluble macromolecules and polypeptides from tobacco
on COM nucleation at two different concentrations. ¢, = induction time for
crystallization in the absence of protein. #=induction time for crystal-
lization in the presence of protein. Values of the ratio ,/t;> 1 thus show
promotion of nucleation, whereas values <1 show inhibition.

Tobacco-soluble matrix at a concentration of 4 pgmL~!
increases the nucleation efficiency by about 2.5 times
compared with the three controls. The increase in nucleation
efficiency of the tobacco macromolecules at a concentration
of 2 ygmL~" is also significantly greater than the controls.

Discussion

We have shown that calcium oxalate monohydrate crystals
extracted from tomato and tobacco leaves exhibit a pyramidal
morphology delimited by (101), (101) or (102), and (110)
faces. The fourth face was indexed in both cases as (hk0), and
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is most probably (120). In no case were the enantiomorphous
morphologies observed (namely (101), (101), (110), and
(hk0)), or could the data be fitted to any alternative
combination of faces with opposite handedness. The(101) or
(102) faces are not normally expressed in calcium oxalate
monohydrate crystal morphology, implying that they are
somehow stabilized in the environment of the plant vacuoles.
We have also shown that the assemblage of macromolecules
associated with these crystals is able in vitro to promote
nucleation of calcium oxalate monohydrate. Some or all of
these macromolecules are able to interact in vitro with the
(120) face of growing COM crystals.

Calcium oxalate monohydrate crystallizes in the monoclinic
space group P2/n.'1 In this centrosymmetric space group
there is a center of inversion, and in theory the crystals should
express the symmetry-related faces. The fact that the symme-
try-related faces, for example (120) and (120), are not
developed in these crystals is an indication that some chiral
external factor is determining their morphology. The individ-
ual crystals do grow in specialized chambers, and it may well
be that the shape and the structure of the surfaces of these
chambers are important in determining the precise crystal
morphologies.

A conceivable scenario in agreement with all the reported
data is that nucleation of the biogenic crystals occurs within
the vacuoles selectively from the normally unexpressed
planes, (101) for tomato and (102) for tobacco. The reduction
in symmetry would then be determined during the nucleation
step, by macromolecules on the vacuole wall surface, that are
able to distinguish between the opposite sides of the same
plane. The crystals would then grow “normally” by complet-
ing their morphology with the development of faces that, by
and large, crystals grown from standard solutions also develop
(namely (101), (110), and (120)). We note that nucleation
from these planes may also occur in the twinned crystals, even
though we have not identified the faces developed in these
crystals. It is especially interesting that the putative nucleation
plane is the only one that is developed with different indices in
the two plants, thus suggesting precise genetic control.
Analogous phenomena of reduction in morphological sym-
metry have been observed in biogenic crystals in sponge
spicules,?!) coccoliths,??l and the magnetite crystals formed by
magnetotactic bacteria.®! In molecular crystals, reduction in
morphological as well as in lattice symmetry through additive
incorporation has been demonstrated.?! Some of these
examples may be explained by enantioselective nucleation,
others would be better explained by enantioselective adsorp-
tion during crystal growth. The adsorption of antifreeze
proteins to certain faces of ice crystals, but not to the
symmetry-related faces, is another example of enantioselec-
tive adsorption in nature.’]

Calcium oxalate crystals isolated from tomato and tobacco
leaves contain very small amounts of crystal-associated
macromolecules, namely up to 0.1 weight percent protein.
These macromolecules are presumably located both on the
crystal surface and within the crystal itself. This amount of
protein is comparable to the total intracrystalline matrix
content of sea-urchin skeletons 2 and mollusk shells.’” In
contrast, the amount is very low compared with the matrix

0947-6539/01/0709-1885 $ 17.50+.50/0 1885





FULL PAPER

L. Addadi et al.

contents of calcium oxalate stones, which can reach 2—-5% of
the total weight.”®! The amino acid compositions of the matrix
protein assemblages in tomato and tobacco crystals are rich in
Gly, GIx, and Ser. This composition is similar to that of the
protein assemblage extracted from amorphous calcium car-
bonate of ascidian antler spicules and the amorphous calcium
carbonate layer of triradiate sponge spicules.”’l Most of the
macromolecules found in urinary stones and many other
nonpathological mineralized tissues are rich in aspartic acid
and often phosphorylated residues as well.?%» 3% Recently the
first basic protein in calcium oxalate stones was reported.B!
Webb et al.l'] demonstrated by gel electrophoresis that there
are many different crystal-associated macromolecules in
raphides in grape leaves, and
that they are generally glyco-
sylated.

We have shown here that the
assemblage of crystal-associat-
ed macromolecules from tobac-
co leaves promotes nucleation
of calcium oxalate in vitro. In
contrast three model polypep- it
tides, polyaspartate, polylysine,
and bovine serum albumin, do
not have any significant influ-
ence on nucleation. The role of
macromolecules in nucleation
is variable. They may have a
dual function as promoters
when adsorbed on surfaces, or
as inhibitors when present in
solution B2l The protein albu-
min has a polyelectrolyte char-
acter due to the presence of
relatively large numbers of acidic and basic residues on its
surface. It is reported to act as a promoter of nucleation of
calcium oxalate crystals at concentrations higher than
5 pgmL~! not only when immobilized on a solid surface, but
also when in solution.?® These results are consistent with our
findings, since we observed a weak enhancing effect of
albumin at much lower concentrations than those used in
the previous experiments. Polylysine is a basic polypeptide,
which is often used as a general representative for positively
charged macromolecules. Polyaspartic acid is an acidic pep-
tide that has been reported to favor the formation of calcium
oxalate dihydrate.? None of these proteins or peptides had
any effect, thus strengthening our conclusion that the
observed nucleation effects are not due to nonspecific
induction by charge or electrostatic potential.

The interaction between macromolecules extracted from
plant crystals and calcium oxalate in vitro was investigated by
comparing the morphology of crystals grown in the presence
and in the absence of the matrix macromolecules. We showed
that macromolecules extracted from crystals isolated from
tobacco and tomato specifically inhibit the {120} faces of
calcium oxalate monohydrate in vitro. In contrast the macro-
molecules associated with bougainvillea, which forms raph-
ides (long rod-shaped crystals elongated in [101]), inhibited
growth in all directions, yielding rounded crystals with steps
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on the surface. This may be a result of nonspecific adsorption
of macromolecules on calcium oxalate faces, or of the
presence of many macromolecules specifically interacting
with different crystal surfaces. We noted that specific inter-
actions with the {120} faces occurred only when the oxalate
solution was placed in the dialysis bag and not vice versa. We
do not understand the reason for this; it could conceivably be
related to the conformational and/or aggregation states of the
interacting macromolecules, or to the presence of excess
oxalate, as opposed to excess calcium, on the growing surfaces
of the crystals.

The molecular structures of the (101), (102), (101) and of
the (110), (120) faces, are shown in Figure 8. The (101) face is
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Figure 8. Molecular structure of a COM crystal showing A) (101), (102), and (101) faces. B) A different view of
the COM crystal showing the (110) and (120) faces. Yellow atoms correspond to calcium, dark grey to carbon, red
to oxygen from carboxylates, and blue to oxygen from the water molecules.

characterized by two types of oxalate ions, one emerging
oblique to the face and one lying parallel to the face. It is a
very stable face, and is thus the main face developed by
crystals grown under standard conditions. Either four {120} or
four {110} faces are generally developed in control crystals.
These are flat faces with balanced charge, where the
carboxylates emerge without particular geometrically defined
stereochemistry. In a study of mollusk matrix macromolecular
interactions with other calcium dicarboxylates, it was shown
that specific interactions occur with faces in which the two
oxygens of the carboxylate groups emerge perpendicular to
the plane of the face such that the coordination polyhedron
around the calcium ion can be optimized.['] These conditions
are fulfilled here only in the case of the (101) face, and to a
lesser extent by (102). This observation strengthens the
suggestion that there is something specific to the faces
interacting with the nucleating macromolecules. The growth
modulation in vivo may (or may not) be due to different
macromolecules that specifically interact with the {120} faces.
The in vitro experiments do show that at least some of the
crystal-associated macromolecules have conformations that
enable them to interact specifically with calcium oxalate
crystals as the latter are forming. In vivo they may well
function when adsorbed onto the crystal-chamber walls. It is
also conceivable that these specifically interacting proteins
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are occluded within the forming crystals on specific planes,
and that their function is to alter the mechanical or possibly
chemical properties of the crystals.

The importance of calcium oxalate formation in urinary
stones has stimulated numerous studies of the effect of
synthetic and natural macromolecules on the nucleation,
morphology, and growth of calcium oxalate.[?s» 3] However,
very little is known about specific interactions of macro-
molecules with calcium oxalate crystals. Nefrocalcin, an acidic
glycopeptide, has been observed to adsorb stereospecifically
on the (101) face,*) and morphological studies of the effect of
synthetic glycosaminoglycans on COM showed inhibition of
(101) faces."! Significantly, specific interactions with the {120}
faces were not observed. This may therefore be a unique
attribute of calcium oxalate crystal-associated proteins from
plants.

Conclusion

The morphologies of calcium oxalate crystals in plants are
under genetic control. Here we have shown that, in the case of
pseudotetrahedral-shaped crystals, the faces expressed indi-
cate that at least part of this control must be exerted by the
microenvironment in which the crystals grow, and is not only a
function of the oxalate structure and growth kinetics. The
observed chiral morphology of these crystals and the presence
in each crystal type of one face that is normally not expressed
suggest that control of the nucleation event is of particular
importance. Furthermore, the assemblage of macromolecules
associated with these crystals is able to promote nucleation in
vitro, and to interact specifically with certain faces of the
growing crystals. This mode of interaction in vitro is unlikely
to reflect the in vivo environment, but does show that the
proteins have structures that enable them to interact specif-
ically with calcium oxalate surfaces.

Experimental Section

Materials: Tomato (Lycopersicon esculentum) and tobacco (Nicotiana
tabacum) leaves were collected from the greenhouses of the Department of
Plant Sciences, Weizmann Institute of Science. Bougainvillea (Bougainvil-
lea sp.) leaves were collected from a local garden. All the samples were
collected during winter.

Isolation of calcium oxalate crystals from the leaves: Fresh leaves
(approximately 200-300 g) were washed thoroughly with tap water and
then with deionized water (DW). They were placed for two hours in a
beaker filled with DW containing 1 mwm sodium azide, washed, and air-
dried. Dry leaves were blended for two minutes in a laboratory blender
(Waring) with absolute ethanol (200 mL) to minimize dissolution of the
crystals, and the resulting mixture was filtered through four layers of gauze
filter. The latter removes the coarse organic fraction. The filtrate was
transferred to 50 mL polypropylene centrifuge tubes and centrifuged with
absolute ethanol at 4000 rpm (5 min). The supernatant was removed and
the pellet was resuspended and vortexed in ethanol. This was repeated
twice, and then again three times with DW at 4000 rpm (5 min). The pellet
was mixed with sodium polytungstate (3Na-WO,-9WO;-H,0) (20 mL)
of 1.7 gmL~" density and centrifuged three times at 4000 rpm (10 min). The
supernatant, together with organic material that does not pellet under these
conditions, was discarded and the pellet was resuspended, vortexed, and
centrifuged again three times with DW at 3000 rpm (5 min), then with
absolute ethanol under the same conditions, and air-dried. If the purity of
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the crystals was not adequate (as determined by FTIR spectroscopy) the
centrifugation with the heavy liquid was repeated using a density of
1.9 gmL-L

Characterization of calcium oxalate crystals: The isolated crystals were
characterized by X-ray powder diffraction (Rigaku D/max-B rotating
anode diffractometer with CuKa radiation at 40 kV, and 100 mA) and
FTIR spectroscopy (MIDAC, Costa Mesa, CA, USA), with pure synthetic
calcium oxalate monohydrate (COM) and calcium oxalate dihydrate
crystals (COD) used as standard materials. The synthetic crystals were
prepared by procedures described previously,*! with minor modifications
as follows: Pure COM was prepared by the simultaneous dropwise addition
of 0.04M sodium oxalate (250 mL) and 0.04M calcium chloride (250 mL)
into DW (1000 mL) at 75°C. The rate of addition was approximately
2 mLmin~! and the solution was magnetically stirred. The suspension was
stirred (2 h), filtered through 0.8 um Millipore membrane filters and
washed with DW. The crystals were dried in a desiccator under vacuum.
COD was prepared by the rapid addition (mixing time <2s) of 0.05M
sodium oxalate (16 mL) into a solution containing 0.01mM sodium citrate
(400 mL) and 0.2M calcium chloride (32 mL). The suspension was stirred
(2 min), filtered through 0.8 um Millipore membrane filters and air-dried.

Dissolution of extracted crystals: Clean, dry crystals (approximately 60—
70 mg) were suspended in DW (6 mL) containing 1 mm sodium azide and
sonicated (15 min). Equal volumes of suspension were poured into 3
dialysis bags (Spectra/Por; molecular weight cut-off 3500 daltons, diameter
11.5 mm). Each bag was placed in a 50 mL centrifuge tube filled with two-
thirds DW and one-third Dowex SOWXS cation exchange resin (Sigma, H*
form, mesh 50-100) prewashed with deionized water. The tubes were
rotated continuously at 18 rpm in a propeller-like mode to allow close
contact between the resin and the suspension inside the bag. The DW inside
the tube was changed twice a day and the resin was changed every 3 days.
After 9-10 days the contents of the bags were mixed and centrifuged at
4000 rpm (5 min). The supernatant was filtered through 0.22 pm membrane
filter, dialyzed against four changes of DW over 2 days, and stored at —4°C
for further analysis. In order to reduce the volume (if it was necessary) the
sample was concentrated in a vacuum concentrator (Savant Speed Vac) or a
lyophilizer.

Amino acid analysis: Aliquots of the soluble matrix were lyophilized and
hydrolyzed under vacuum in 6N HCI (0.3 mL) at 110°C (22 h) after
flushing twice with nitrogen. The mixture of amino acids obtained by
hydrolysis was derivatized with AccQ Tag reagent (Waters) and analyzed
by reverse-phase separation on an HPLC (Waters 2690).

Morphological analysis of natural crystals:

Scanning electron microscopy: Glass cover slips (diameter 12 mm) were
coated with gold on both sides and mounted on an aluminum stub with a
double-sided carbon tape. One drop of a very dilute suspension of crystals
extracted from the leaves was placed on the slide, air-dried, and sputtered
with gold. The crystals were examined in a Jeol 6400 SEM. The specimen
was rotated and tilted in turn in positions such that the faces that define
each dihedral angle in a single crystal were both edge-on. The dihedral
angles were measured from the corresponding SEM micrographs.

Transmission electron microscopy: A small amount of dry crystals was
placed in a centrifuge tube containing 100 % ethanol (2 mL), vortexed, and
sonicated for 2 min. One drop of the suspension was placed on carbon-
baked 600 mesh nitrocellulose-coated nickel grids and allowed to settle for
30 s. The supernatant was removed with filter paper and air-dried. The grid
was mounted on a cryoholder (Gatan cryotransfer system model 626),
inserted into the microscope and cooled to —175°C with liquid nitrogen.
Images and electron diffraction patterns of individual crystals were
recorded with a Philips CM120 transmission electron microscope. The
thin edges of the crystal were used for electron diffraction. Diffraction
patterns from different parts of the same crystal were essentially identical.
The spot size of the beam was 1.4 pm. Calibration for d-spacing was
performed using a gold standard and correction for axial rotation was
performed using a molybdenum trioxide standard.

In vitro assay of protein- calcium oxalate crystal interactions: Crystal
formation in vitro was allowed to occur in the presence and in the absence
of extracted macromolecules by the diffusion growth technique in two
different environments: a calcium-rich environment and an oxalate-rich
environment. In the first case, 1.8 x 10?>M calcium chloride (1.1 mL)
containing the additive was placed in a membrane (Spectra/Por 3;
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molecular weight cut-off of 3500 daltons, diameter 11.5 mm). The mem-
brane was closed and placed in a 50 mL polystyrene tube containing
5.10~*M sodium oxalate (40 mL). In the second case the oxalate was poured
inside the membrane and the calcium was outside, in the same concen-
trations as previously. Control experiments in the absence of the additives
were run in parallel. The tubes were not moved. After three days the
suspensions inside and outside the membrane were filtered through
0.22 ym membrane filters and the morphology of the crystals produced
was characterized by scanning electron microscopy.

Nucleation assay: Spontaneous precipitation experiments were conducted
using the method described by Hennequin et al.*} with minor modifica-
tions. Stock solutions of sodium chloride, sodium oxalate, and calcium
chloride were prepared from the corresponding solids (Merck, Pro analysis
reagents). Bovine serum albumin, poly(L-aspartic acid) (MW: 5000-
15000), and poly(p-lysine) (MW: 4000-15000) were purchased from
Sigma. Experiments were carried out at 25 °C, pH 5.5, ionic strength 0.15M
NaCl, and oxalate/calcium molecular ratio 10:1. Briefly, 2m NaCl (0.15 mL)
was mixed with 0.02M sodium oxalate (0.33mL) in a polystyrene
spectrophotometric cuvette (Sigma) and the appropriate amounts of
additive and DW were added to a final volume of 1.67 mL. An aliquot of
0.002 M calcium chloride (0.33 mL) was added to the above solution and the
absorbance at 620 nm was monitored with an LKB Biochrom Ultrospec II
spectrophotometer. Control experiments without additives were also run.
All solutions were filtered twice through 0.22 pm membrane filters before
use, and each experiment was repeated 3-5 times. The time elapsed
between the creation of the supersaturation and the change in absorbance
(620 nm) of the solution is defined as the induction time (f) and the
nucleation effect is expressed as #/t;, where f,, is the induction time in a pure
solution and ¢ the induction time in the presence of the additive.
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Identification of Sequence Selective Receptors for Peptides

with a Carboxylic Acid Terminus
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Abstract: Split-and-mix libraries of resin-bound “tweezer” receptors have been
prepared and screened to identify receptors for dye-labelled tripeptides. The
receptors incorporate a diamidopyridine unit to serve as a specific recognition site

for the CO,H group, leading to strong and selective receptors for peptide guests with
a CO,H terminus. The role of the dye-label, attached to the peptide guest to allow
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visualisation of selective recognition events in the screening experiments, has also
been examined and was found to have a significant influence on the binding

selectivities.

Introduction

The ability to prepare synthetic receptors for specific ligands
is a highly desirable goal. In particular, selective receptors for
specific peptide sequences would have potential applications
for separation of peptide mixtures, as biosensors and as new
therapeutics, as well as providing model systems for biological
protein —peptide complexes. Much recent work in the area of
peptide receptors has focused on “tweezer” receptorsl:?
which, despite their inherent flexibility, have proved to be
highly selective for certain peptide sequences in both non-
polarP! and aqueous solvent systems.[Y Many of these tweezer
receptors have been screened against combinatorial libraries
of resin-bound peptides allowing a rapid evaluation of the
binding properties of the receptor.> %l The reverse process,
that is screening of a library of receptors with a chosen peptide
substrate, has been less well developed, although such a
strategy was pioneered by Still, some years ago.!

The basic design of tweezer receptors incorporates a “head
group” or “hinge” bearing two side arms which incorporate
appropriate functionality for binding with the backbone of
suitable substrates (Figure 1). In contrast to many of the
tweezer receptors reported to date we are interested in
incorporating a “head group” with a specific recognition site
for the terminal functional group of the peptide guests.**
Incorporation of such a binding site or “anchor point”, in
addition to binding interactions from the tweezer side arms,
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Figure 1. a) Schematic of a tweezer receptor with “hinge” or “head group”
and side arms which provide binding interactions with a suitable guest
substrate. b) Schematic of a tweezer receptor with a carboxylic acid binding
site (CBS) as the “head group”.

should greatly increase the binding affinity of such tweezer
receptors with suitable substrates, and should ultimately lead
to receptors for the C-terminal sequence of larger peptides.
We recently described® our preliminary studies with a
combinatorial library of “tweezer” receptors, incorporating
a 2,6-diamidopyridine unit(’! as the tweezer “head group”,
thus providing a binding site for the carboxylic acid terminus
of peptide guests. Both arms of the tweezer were themselves
simple peptides, which can potentially provide selective
interactions with the backbone of the guests. This library
was successfully screened to identify a sequence selective
receptor for a dye-labelled peptide guest with a carboxylic
acid terminus. We have now extended our studies to evaluate
the binding properties of such libraries with several peptide
guests, both side chain protected and unprotected and with
several different dye-label attachments. These studies dem-
onstrate the power of the combinatorial approach in identify-
ing sequence selective receptors for tripeptides in non-polar
solvents, with this class of tweezer compounds, but the role of
the attached dye in the recognition process cannot be ignored.
Herein we describe these studies in full as well as providing
full details of the synthesis of the tweezer libraries.
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Results and Discussion

Synthesis: In order to prepare libraries of tweezer structures
we synthesised a 2,6-diamidopyridine derivative suitably
functionalised with a carboxylic acid moiety to allow attach-
ment to resin beads. In our initial work, such a diamidopyr-
idine derivative, 6, was prepared by first converting chelida-
mic acid 1 to the trisbenzyl derivative 2, followed by
aminolysis of the resulting benzyl esters and subsequent
Hofmann rearrangement to give diaminopyridine 3, in 50 %
overall yield (Scheme 1).18] Treatment of 3 with N,O-bis(tri-

o) OBn
a X
fi fl fl
HO,C CO,H BnO,C COBn  HoN
H
1 2 71% 3 71%
J j
OBn
o X 0
Ph N7 ONT NN ph |
BocHN Ill Ili NHBoc (Boc)oN N(Boc),
4 76% 7 91%
l f.g J kg
0 Co,Bn 0" Co,Bn
N o h,d, e N
P - |
Ph ,T‘ N ITI ~ "Ph (Boc),N N N(Boc),
BocHN H H NHBoc 8 98%
5 75%
h,i, f 0" COH
| =
N — R
0~ “COH Ph NSNS “Ph
‘ BN o FmocHN H H NHFmoc
9 12%
Ph N7 ONT N N ph °
BocHN Ill l—‘i NHBoc
6 90%

Scheme 1. a) K,CO;, BnBr, acetone, reflux; b) NH;, MeOH; c) KOH,
Br,, 90°C; d) N,O-bis(trimethylsilyl)acetamide; ¢) Boc-Phe-F; f) 10 % Pd/
C, NH,CO,H, MeOH; g) BrCH,CO,CH,Ph, K,CO;, DMF; h)20%
CF;CO,H, CH,Cl,; i) Fmoc-ONSu, Na,CO;, H,O, dioxan; j) (Boc),0,
DMAP, CH;CN; k) H,, 10% Pd/C, EtOH.

methylsilyl)acetamide, followed by addition of Boc-phenyl-
alanine acid fluoride!"” gave 4 in 76 % yield. Hydrogenolysis
of the benzyl ether, and alkylation with benzyl bromoacetate
gave 5, and finally further hydrogenolysis of the benzyl ester,
gave 6 in 68 % overall yield from 4. An alternative approach
to 6 was achieved by treatment of the diaminopyridine 3 with
Boc-anhydride, to give 7, followed by hydrogenolysis of the
benzyl ether and alkylation with benzyl bromoacetate as
before to give 8, which is a convenient intermediate for the
preparation of a range of diamidopyridine derivatives. For
example, 8 was readily Boc deprotected using TFA and
acylated with Boc-phenylalanine acid fluoride. Hydrogenol-
ysis of the benzyl ester then gave the desired diamidopyridine
6 for use in library synthesis.

In initial studies the Boc-protected diamidopyridine deriv-
ative 6 was successfully coupled directly to TentaGel resin

1890
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(without a linker) and after removal of the Boc-protecting
groups, standard solid-phase “split-and-mix” synthesis, ']
using eight Fmoc-amino acids (Gly, L-Ala, L-Val, L-Phe,
D-Phe, L-Leu, L-Glu(OrBu), L-Ser(fBu)) gave a 512-mem-
bered library of tweezer receptors with tetrapetide side arms.
Attempted sequencing of individual beads using Edman de-
gradation was, however, only partially successful (typically only
the first two amino acids could be unambiguously identified)
and we concluded that under the conditions of the Edman
degradation the amide bonds to the diamidopyridine core
were being cleaved, leading to loss of the peptide side arm.['?]

In order to circumvent this problem we adopted a strategy
using a peptide coding strand, and with the tweezer attached
via the Rink-amide linker,["] which would be cleaved and
washed away, under the conditions for the Edman sequencing
of the coding strand. The use of the acid labile Rink linker is
not compatible with Boc protection of the diamidopyridine
derivative 6 for attachment and library generation. Instead we
prepared the Fmoc-protected diamidopyridine derivative 9,
which was accomplished by Boc deprotection of 5 followed by
reprotection with Fmoc (Scheme 1). A peptide coding strand
was conveniently incorporated by first coupling Aloc phenyl-
alanine onto 10% of the amine sites on TentaGel-NH, resin
beads followed by coupling Fmoc-Rink amide linker®l to the
remaining 90 % of amine sites (Scheme 2). Removal of the

NH2

gNHZ a-d, f,c HZN\)I\N/\O/\N

ora,eg
10% 90% NH2
10: X= HZCO

11: X=CH,

th/_,t
o
Ph
Y
O )
<Ph

Q

HN

o}
RNHAA4AA3AAZCONH-<:
Ph

RNHAA*AASAAZPhe CONH
Coding strand

RNHAA“AA3AA2CONH

o

~

12: R = Fmoc

13: R=H

Scheme 2. a) Aloc-Phe-OH, HOBt, DIC, DMAP, CH,Cl, (10% of amine
sites); b) Fmoc-Rink amide linker, HOBt, DIC, DMAP, CH,CL,; c) 20%
piperidine, DMF; d) 9, HOBt, DIC, DMAP, CH,Cl,; e) 6, HOBt, DIC,
DMAP, CH,Cl,; f) Pd(PPh;),, dimedone, CH,Cl,, THF; g) 20 % CF;CO,H,
CH,Cl,; h) three-fold split-and-mix Fmoc-peptide synthesis using Gly,
L-Ala, L-Val, L-Phe, L-Leu, L-Lys(Boc), L-Pro, L-Glu(OrBu), L-Ser(Bu),
L-Met, L-Trp, L-Asn, L-Gln.

C
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Fmoc group from the Rink linker was followed by coupling of
diamidopyridine 9 and further deprotection of both the Fmoc-
and Aloc-protecting groups to yield resin 10 ready for library
generation. Further studies revealed that attachment of the
tweezer receptors to the solid support via a linker was not
necessary as neither its presence, nor its apparent degradation
under Edman sequencing conditions, compromised the read-
ing of the coding strand. Thus, after coupling of Aloc-
phenylalanine onto 10% of the amine sites, Boc-protected 6
was attached directly to the remaining 90 % of amine sites,
and after deprotection yielded, again, a resin 11 ready for
library generation.

A 2197-member library of Fmoc-protected tweezers 12 was
prepared by a three-fold coupling of thirteen Fmoc-protected
amino acids (Gly, L-Ala, L-Val, L-Phe, L-Leu, L-Lys(Boc), L-
Pro, L-Glu(OtBu), L-Ser(:Bu), L-Met, L-Trp, L-Asn, L-Gln) to
the free amine groups of both 10 or 11, using the “split-and-
mix” strategy.l'¥] A second library of tweezers, 13, with free
terminal amino groups, was prepared by treatment of a
portion of library 12 with piperidine.

Screening experiments and binding studies: Screening experi-
ments were carried out with the tweezer libraries using a
range of dye-labelled peptide guests 14-19.1 In a typical
screening experiment a sample of 4 -5 mg (4000 - 5000 beads)
of the library was equilibrated in a chosen solvent system
(160 pL) for 24 h, followed by addition of dye-labelled tripep-
tide, as a solution in the same solvent system (160 pL), and in-
cubation for a further 24 h. Beads were analysed in flat-bottom-
ed glass pots under a Leica inverted DML microscope (magni-
fication x 40). For screening experiments with a dansylated
(DNS) guest, a filter cube that contained a suppression filter
at 425 nm and excitation filter at 340380 nm was employed.
The screening experiments are simple, and allow rapid
evaluation of the binding potential and selectivity of the
libraries with the guest, in a range of solvent systems.
Several control tests were also carried out. In order to show
that any observed selectivity was not a consequence of inter-
action of the tripeptide guest simply with the peptide side arm
of the tweezer receptor, or with the coding strand on the library
beads, a simple 2197-membered peptide library 20 directly
attached to TentaGel resin (analogous to the coding strand)
was prepared. Incubation of this library with the dye-labelled
peptide guests showed no selectivity. Similarly incubation of
the guests with a library 21 of diamidopyridines with a single
tweezer side arm showed no selectivity. In order to probe the
role of the dye in the recognition process the simple acetylated
dansyl and red-dye substrates 22 and 23 were prepared, but
incubation of these compounds with the tweezer libraries
again showed no selective binding properties. Taken together
these results confirm that any observed selectivity in the
screening of the tweezer libraries with the dye-labelled
peptide guests are a consequence of selective binding between
the tweezer and the dye-labelled peptide guest as desired.
Finally, screening the libraries with the methyl esters of
peptide guests 14 and 15, showed no selective binding,
confirming that the observed selectivity with the analogous
peptide guests, with a free carboxylic acid at the C-terminus,
(see below) was critically dependent on the presence of the
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carboxylic acid functionality, presumably interacting with the
diamidopyridine moiety as desired.

Our initial studies focussed on using libraries 12 and 13 and
the protected tripeptide DNS-L-Glu(OrBu)-L-Ser(fBu)-L-Val-
OH (14) as the guest.l' In practice we observed no selective
binding with either of the guest-library combinations in a
range of buffered aqueous solvents. With chloroform as
solvent, however, good selectivity was observed for DNS-L-
Glu(OrBu)-L-Ser(fBu)-L-Val-OH with both the protected
library 12 and deprotected library 13 (approximately 1% of
beads were highly fluorescent in both cases against a back-
ground of low fluorescence beads).
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From each of the successful screening experiments highly
fluorescent beads were selected and sequenced by Edman
degradation.”] (Edman sequencing was carried out in all
cases for a fourth cycle, which always showed the presence of
phenylalanine for all beads, which was expected as it was
introduced by the synthesis, and provided a useful check that
the coding strand was operating correctly). The results of the
sequencing experiments had the highest level of consensus for
screening of DNS-L-Glu(OrBu)-L-Ser(tBu)-L-Val-OH against
the protected library 12 (Table 1) with the sequence Phe-Val-
AA3-Trp found for six of the ten beads analysed, and more
specifically Phe-Val-Leu-Trp was found for three of the beads.
With the deprotected library 13 (Table 2) a strong consensus
for valine or leucine at the second and third positions was also
found, but the terminal amino acid residue was less well
defined with phenylalanine detected for four of the beads.
Significantly tryptophan was not detected at the terminal
position for any of the beads from deprotected library 13.

The effect of solvent polarity on the binding selectivity of
these libraries could be readily established by simple addition
of more polar solvents to the screening experiments set up in
CHCI; solution. Thus, addition of DMSO led to a rapid loss of
selective fluorescence, with both protected and deprotected
libraries 12 and 13, when the solvent composition reached
10% DMSO/90% CHCI;. Likewise addition of 10% MeOH
effectively destroyed the selectivity. Addition of CH;CN,
however, did not have any noticeable effect on the selectivity
observed for the screening of DNS-L-Glu(OrBu)-L-Ser(fBu)-
L-Val-OH with the Fmoc-protected library 12, although
addition of 50% CH;CN did destroy the selectivity for the
screening with the deprotected library 13. Indeed, screening

Table 1. Sequencing data for ten fluorescent beads selected from screening
experiment of DNS-L-Glu(OrBu)-L-Ser(:Bu)-L-Val-OH (14) with protect-
ed library 12 in CHCl;.

Bead AA! AA? AA? AA*
1 Phe Val Leu Trp
2 Phe Val Leu Trp
3 Phe Val Leu Trp
4 Phe Val Ala Trp
5 Phe Val Val Trp
6 Phe Val Met Trp
7 Phe Val Gly Phe
8 Phe Val Ala Val
9 Phe Val Gly Val

10 Phe Gln Val Gln

Table 2. Sequencing data for ten fluorescent beads selected from screening
experiment of DNS-L-Glu(OrBu)-L-Ser(rBu)-L-Val-OH (14) with depro-
tected library 13 in CHCl;.

DNS-L-Glu(OrBu)-L-Ser(tBu)-L-Val-OH against the Fmoc-
protected library 12 in neat CH;CN showed good selectivity
(again, approximately 1% of beads were highly fluorescent).
Selection of five highly fluorescent beads from this screening
experiment and sequencing by Edman degradation gave the
identical consensus sequence, Phe-Val-Leu-Trp, as found for
the same screen in CHCl;, for two of the five beads, and Phe-
Val-Met-Trp for a third bead (Table 3). The strong consensus

Table 3. Sequencing data for five fluorescent beads selected from screen-
ing experiment of DNS-L-Glu(OrBu)-L-Ser(tBu)-L-Val-OH (14) with
protected library 12 in CH;CN.

Bead AA! AA? AA3 AA*

1 Phe Val Leu Trp

2 Phe Val Leu Trp

3 Phe Val Met Trp

4 Phe Phe Val Ala

5 Phe Phe Met/ Met/
Val Trp

for tryptophan at the terminal position when screening with
the Fmoc-protected library 12 in both CHCl; and CH;CN, the
absence of tryptophan at the terminal position when screening
with the deprotected library 13 in CHCI; and absence of any
selectivity for the latter screen in CH;CN, suggests that the
combination of Fmoc-protecting group and the tryptophan
residue play an important role in binding of this peptide guest.

From these preliminary, and highly encouraging results we
sought to establish that the observed binding with resin-bound
tweezers was also operating in free solution. Thus tweezer 24
was prepared by solid-phase synthesis (Scheme 3), as a single
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4 Phe Val Leu Leu Ph © H o ~

5 Phe Val Gly Ala N

6 Phe Val Met Met 24 H

7 Phe Leu Val Phe L

3 Phe Leu val Phe Scheme 3. a) 20% piperidine, DMF; b) 9, HOBt, DIC, DMAP, CH,Cl,;

9 Phe Phe Val Phe ¢) Fmoc-L-Val-OH, HOBt, DIC, DMAP, CH,Cl,; d) Fmoc-L-Leu-OH,
10 Phe Ala Ala Phe HOBt, DIC, DMAP, CH,Cl,; e) Fmoc-L-Trp-OH, HOBt, DIC, DMAP,

CH,Cl,; f) 1% CF;CO,H, CH,Cl,.
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compound, with tetrapeptide side arms Phe-Val-Leu-Trp,
corresponding to the most commonly found sequence in the
screening experiments. The synthesis of 24 was most easily
achieved using the Sieber amide resin,['®! which ultimately
allowed cleavage of the tweezer from the resin with 1%
CF;CO,H in CH,CI, (Scheme 3). Unfortunately tweezer 24
was essentially insoluble in neat CDCI; or neat CD;CN and
therefore did not allow NMR studies on the formation of a
complex with DNS-L-Glu(OrBu)-L-Ser(fBu)-L-Val-OH. A
solution of 24 in 2%DMSO/CHCI; could, however, be
prepared and allowed us to study the complexation of 24
with DNS-L-Glu(OrBu)-L-Ser(fBu)-L-Val-OH, by fluores-
cence spectroscopy. The intensity of the fluorescence emission
maximum (at 494 nm) for the dansyl group of the peptide
guest decreased as aliquots of the tweezer receptor 24 were
added and the drop in intensity exhibited typical saturation.
The data from this experiment showed a good fit for the
presumed 1:1 binding and allowed an estimation of the
binding constant as 2.6 x 10°M~! (= AG, =30.4 kJmol1).'7]

Although the experiments with DNS-L-Glu(O¢Bu)-L-Ser-
(rBu)-L-Val-OH gave pleasing results with good selectivity,
the proximity of the dansyl dye on the peptide guest clearly
raises questions about the role of the dye in the overall
recognition process. Furthermore the observed binding was
with a peptide guest with side chain protecting groups and
therefore it was of interest to establish whether these tweezers
could selectively bind deprotected peptides. Thus we carried
out screening experiments with the additional guest mole-
cules, red dye-spacer-L-Glu(O¢Bu)-L-Ser(:Bu)-L-Val-OH
(15), DNS-spacer-L-Glu(OrBu)-L-Ser(tBu)-L-Val-OH (16),
red dye-spacer-L-Glu-L-Ser-L-Val-OH (17), DNS-spacer-
L-Glu-L-Ser-L-Val-OH (18) and Ac-L-Lys(DNS)-p-Ala-D-
Ala-OH (19).0'81

Screening of library 12 with red dye-labelled protected
peptide 15 gave particularly good selectivity. Four beads were
sequenced and three gave identical results for the tweezer side
arm structure: Phe-Val-Ala-Pro; and the fourth bead yielded
the closely related sequence Phe-Val-Met-Pro (Table 4).

As before, with dansylated peptide 14, in order to establish
that the observed binding of a red dye-labelled peptide, with
resin-bound tweezers, was also operating in free solution, we
synthesised tweezer 25 with side arm sequence Phe-Val-Ala-
Pro, using the oxime resin;!” this type of resin allowed
cleavage of the tweezer using dodecyl amine (Scheme 4). The
presence of the dodecyl chain meant that 25 was soluble in
CHCI;, as hoped, although the '"H NMR spectrum of 25 in
CDCl; (2 mm solution) was poorly resolved, presumably due
to aggregation. Binding studies were carried out by titrating
aliquots of the red dye-labelled peptide in to a solution of

Table 4. Sequencing data for four red beads selected from screening

Ph—,
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NH

0 _
/N\OJK/OQN
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i

NO, Ph

\ d,cecfg

25
Scheme 4. a) 6, PyBOP, DIPEA, CH,Cl,; b) Ac,0, DIPEA; ¢)20%
CF;CO,H, CH,Cl,; d)Boc-L-Val-OH, HOBt, DIC, DMAP, CH,Cl,;
e) Boc-L-Ala-OH, HOBt, DIC, DMAP, CH,Cl,; f) Boc-L-Pro-OH, HOBY,
DIC, DMAP, CH,Cl,; g) CH;(CH,);;NH, (0.5M in CHC,).

tweezer 25 in CHCl,, (final concentration of tweezer 25 was
~(0.01 mMm, with no detectable aggregation at this concentra-
tion) and monitoring the change in UV at 240 nm. The data
from this experiment gave an excellent fit for the presumed
1:1 binding and allowed an estimation of the binding constant
as 9.1 x 10°m~!' (— AG,=22.6 kImol™").['7

The binding constant for tweezer 25 with peptide 15 is
somewhat lower than the binding constant for tweezer 24 with
peptide 14, although the difference in binding energies
(=8 kJmol!) can be accounted for with just two hydrogen
bond interactions. Alternatively, binding of the dansylated
peptide may be strengthened by a specific interaction of the
dansyl group with the Fmoc-Trp terminus of the tweezer side
arm—a reasonable assumption in view of the strong con-
sensus for this residue in the screening experiment (Table 1).

Screening of the same library 12, but using the analogous
dansyl-labelled protected peptide 16 gave somewhat poorer
selectivity and, rather surprisingly, different tweezer struc-
tures were identified. Thus from seven beads, three beads
gave the sequence Phe-Val-Glu(OrBu)-Leu and two others
with the sequence Phe-AA?-Val-Ala (Table 5).

Table 5. Sequencing data for seven fluorescent beads selected from
screening experiment of dansylated peptide 16 with protected library 12
in CHCl;.

1 2 3 4
experiment of red dye-labelled peptide 15 with protected library 12 in Bead AA AA AA AN
CHCl;. 1 Phe Val Glu Leu

2 Phe Val Glu Leu

1 2 3 4

Bead AR AN AN AN, Phe Val Glu Leu
1 Phe Val Ala Pro 4 Phe Leu Glu Ala
2 Phe Val Ala Pro 5 Phe Leu Val Ala
3 Phe Val Ala Pro 6 Phe Trp Val Ala
4 Phe Val Met Pro 7 Phe Met Leu Lys
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Screening library 12 with the red dye-labelled, side chain
deprotected peptide 17 also gave good selectivity, but
significantly different sequences for the tweezer side arms
were identified in comparison with the screening results with
the structurally related red dye-labelled protected peptide 15.
Ala was found at the fourth position in each of five beads
sequenced, and Val or closely related Leu at the third position
in each case (Table 6). For this peptide, however, Val was not

Table 6. Sequencing data for five red beads selected from screening
experiment of red dye-labelled peptide 17 with protected library 12 in
CHCl;.

Bead AA! AA? AA3 AA*
1 Phe Ala Leu Ala
2 Phe Ala Leu Ala
3 Phe Gln Leu Ala
4 Phe Gln Val Ala
5 Phe Met Val Ala

found at the second position with any of the beads as it had
been for some or all selected beads in each of the previous
screening experiments. Of course, with the deprotected
peptide 17, the free acid of the glutamic acid side chain may
now be bound to the diamidopyridine in preference to the
C-terminus carboxylic acid group, leading to the different
sequences observed in this experiment. Nonetheless, it is clear
that selective binding of the side chain deprotected peptide 17
is possible with this set of tweezers.

Screening of the same library but using the analogous
dansyl-labelled deprotected peptide 18, on the other hand,
gave poor selectivity as did the screening of either 17 or 18
with library 13. Again, with the deprotected peptides 17 and
18, the free acid of the glutamic acid side chain may now
compete for the diamidopyridine binding site so a different
mode of binding for these guests may be operating in
comparison with the protected peptides 15 and 16.

With Ac-L-Lys(DNS)-p-Ala-D-Ala-OH 19 as the guest
tripeptide no selectivity was observed when screened with
the Fmoc-protected library 12, but high selectivity was again
observed when screened against the deprotected library 13
(approximately 1-2% of beads were highly fluorescent,
although there were also a number of beads with intermediate
levels of fluorescence suggesting that the library was less
selective for this peptide guest than for some of the other
guest peptides assayed previously). Indeed Edman sequenc-
ing of nine selected beads from this latter screen showed only
a moderate overall consensus, but there was considerable
consensus for the third position with seven of the nine
sequences having Asn or Gln (Table 7). Significantly the
observed sequences were essentially completely different to
those found for the screening with dye-labelled-L-Glu(OrBu)-
L-Ser(rBu)-L-Val-OH, which confirms that the tweezer re-
ceptors are selective for different peptide substrates.

Interpretation of these results is not straightforward. The
different selectivities observed for the binding of different
guests clearly supports the notion that binding involves
selective recognition of the tripeptide structure. Furthermore
the control experiments clearly confirm that the observed
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Table 7. Sequencing data for nine fluorescent beads selected from screen-
ing experiment of Ac-L-Lys(DNS)-p-Ala-D-Ala-OH (19) with deprotected
library 13 in CHCl;.

Bead AA! AA? AA3 AA*
1 Phe Trp Asn Gly
2 Phe Trp Asn Gly
3 Phe Trp Val Phe
4 Phe Leu Val Phe
5 Phe Leu Gln Leu
6 Phe Val Gln Leu
7 Phe Phe Gln Val
8 Phe Gln Gln Gln
9 Phe Met Gln Lys

selectivity in the screening experiments is not a consequence
of selective binding to the dye moiety on its own. However,
comparison of binding results with the two dansylated
peptides 14 and 16 show that binding selectivity is very
sensitive to the location of the dye-label and changing the
structure of the dye moiety in two otherwise identical peptide
guests 15 and 16 clearly shows that even when the dye is
removed from the peptide by an appropriate spacer, the dye
label plays a significant role in the recognition process. In fact
these observations are not so surprising and the notion that
the tweezer will bind the peptide organised in a linear strand
with the dye as a remote spectator is probably unrealistic.
Instead, particularly in non-polar solvents, both the peptide
guest and the tweezer structure are likely to form a variety of
folded structures stabilised by intramolecular hydrogen bonds
and binding between the two is likely to be much more
complicated than that represented in Figure 1b. In addition,
in free solution and removed from a resin, the tweezers can be
anticipated to form aggregated structures, borne out by the
low solubility of tweezer 24 in non-polar solvents (see above)
and the poorly resolved '"H NMR spectrum of 25.

Dye-labelled substrates have been used by several groups
to screen libraries of receptors for selective binding,?-! and
selectivity assays have been developed using competitive
binding with a red dye-labelled substrate and a blue dye-
labelled substrate.> 20 In these latter experiments it was
reported that observed binding selectivities were not a
consequence of differential binding of the different dye
moieties, but our results described here show that this cannot
be taken for granted. A practicable solution to this problem is
to attach a fluorescent dye reporter group to the receptor
rather than the guest molecule as has been demonstrated by
several groups recently.!: 22l Nevertheless, the combinatorial
synthesis of receptor libraries does provide a powerful
method for identifying selective receptors for a chosen dye-
labelled guest molecule, and the incorporation of diamido-
pyridine unit into our tweezer structures does lead to the
identification of potent receptors for dye-labelled peptides—
both side chain protected and deprotected. Our continuing
efforts in this area are now directed at the preparation of
larger libraries of tweezers with non-identical side arms, which
should allow the discovery of even more selective receptors
for biologically relevant peptide sequences in both organic
and aqueous solvent systems.
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Experimental Section

Materials and general methods: Whenever possible all solvents and
reagents were purified according to literature procedures. Solvents for
peptide syntheses were purchased from Rathburn Chemicals, HPLC grade
solvents from Riedel-de-Haén. TentaGel-S-NH, resin was used as solid
support in screening experiments and in peptide syntheses unless otherwise
indicated and purchased from Rapp Polymere, Germany. Oxime resin,
Fmoc- and Boc-amino acids as well as coupling reagents were purchased
from NovaBiochem. All other chemicals were purchased from Aldrich or
Fluka. Peptide and library syntheses on solid phase were performed in glass
vessels with scinter frits or polypropylene filtration tubes with polyethylene
frits on a Visiprep SPE Vacuum Manifold from Supelco. The reaction
containers were agitated either on a shaker (Stuart Scientific Flash Shaker
SF1) or on a blood-tube rotator (Stuart Scientific Blood Tube Rotator
SB1). Thin-layer chromatography (TLC) was performed on aluminium-
backed plates Merck silica gel 60 Fs,. Sorbsil C60, 40—60 mesh silica was
used for column chromatography. All melting points were determined in
open capillary tubes using a Gallenkamp electrothermal melting point
apparatus and are uncorrected. Infrared spectra were recorded on a
Perkin—Elmer 1600 FT-IR spectrophotometer or on a Bio-Rad FT-IR
spectrometer. Proton NMR spectra were obtained at 300 MHz on a Bruker
AC 300 and at 400 MHz on a Bruker DPX 400. Carbon NMR spectra were
recorded at 75 MHz on a Bruker AC 300 and at 100 MHz on a Bruker DPX
400. Chemical shifts are reported in ppm on the 0 scale relatively to TMS as
internal standard or to the solvent signal used. Coupling constants are given
in Hz. The multiplicities of the signals were determined using the
distortionless enhancement by phase transfer (DEPT) spectral editing
technique. Mass spectra were obtained on a VG analytical 70-250-SE
normal geometry double focussing mass spectrometer. All electrospray
(ES) spectra were recorded on a Micromass Platform quadrupole mass
analyser with an electrospray ion source using acetonitrile as solvent.
Fluorescence titration experiments were carried out on a Perkin—Elmer
LS-5 fluorescence spectrometer using four way quartz cells. UV titration
experiments were recorded on a Shimadzu UV-1601 UV/Visible spectro-
photometer. UV absorbance of ninhydrin tests were measured on a
Hewlett — Packard 8452A diode array spectrometer using two way quartz
cells. Values were read at 570 nm.

Abbrevations: Boc, fert-butyloxycarbonyl; DIC, N,N'-diisopropylcarbodi-
imide; DIPEA, diisopropylethylamine; DMAP, 4-(dimethylamino)pyri-
dine; DNS, dansyl; Fmoc, 9-fluorenyloxycarbonyl; HOBt, 1-hydroxyben-
zotriazole; PyBOP, benzotriazole-1-yl-oxy-tris-pyrrolino-phosphonium
hexafluorophosphate; TBTU, 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetrame-
thyluronium tetrafuoroborate.

Dibenzyl 4-(benzyloxy)-2,6-pyridinedicarboxylate (2): Chelidamic acid
(4.47 g, 22 mmol), dry potassium carbonate (13.8 g, 0.1 mol) and benzyl
bromide (8.9 mL, 75 mmol) were refluxed in dry acetone for 3 d. After
addition of hydrochloric acid (2N, 100 mL) the aqueous layer was extracted
with ethyl acetate (3 x 150 mL) and the combined organic layers were dried
over magnesium sulfate. The solvent was removed under reduced pressure
to give a yellow oil. After trituration of the resulting oil with petrol ether 2
was obtained as light yellow solid (7.08 g, 71 % ). M.p. 65°C; IR (KBr): 7=
1725, 1716, 1597, 1351, 1072cm~"; "H NMR (300 MHz, CDCl,): 6 =778 (s,
2H, ArH), 742-732 (m, 15H, ArH), 5.40 (s, 4H, CO,CH,), 5.11 (s, 2H,
ArOCH,); 3C NMR (75 MHz, CDCl;): 6 =166.7 (0), 164.5 (0), 150.2 (0),
135.6 (0), 134.8 (0), 129.1 (1), 128.9 (1), 128.7 (1), 128.6 (1), 128.5 (1), 127.9
(1),115.0 (1), 70.9 (2), 67.9 (2); MS (ES™): m/z (%): 454 (45) [M+H]*, 929
(100) [2M+Na]*; elemental analysis caled (%) for CxH,3NOs (453.5): C
74.16, H 5.11, N 3.09; found: C 74.21, H 5.07, N 3.03.

4-Benzyloxy-2,6-pyridinediamine (3): Dibenzyl ester 2 (5.0 g, 11 mmol)
was stirred in a saturated solution of ammonia in methanol (60 mL) for 3 h
at room temperature. The solvent was removed under reduced pressure to
give the corresponding diamide as white powder (5.56 g, 93%). M.p.
>220°C; IR (KBr): #=3431, 1696, 1662, 1576, 1560cm~'; '"H NMR
(300 MHz, [D¢]DMSO): 6 =9.34 (s, 2H, ArH), 7.75 (s, 4H, NH,), 7.43 (m,
5H, C4Hs), 4.85 (s, 2H, CH,); ¥C NMR (75 MHz, [D¢]DMSO): 6 =166.9
(0), 165.2 (0), 151.3 (0), 135.9 (0), 128.7 (1), 128.3 (1), 127.8 (1), 110.6 (1),
69.9 (2); MS (ES*): m/z (%): 272 (33) [M+H]*, 295 (87) [M+Nal*, 565
(100) [2M+Na]*.

The diamide (5¢g, 18.44 mmol) was added to an aqueous solution of
potassium hydroxide (5m, 50 mL) and bromine (2.4 mL, 46 mmol). The
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resulting reaction mixture was heated to 90 °C for 5 h. After extraction with
dichloromethane (7 x 75 mL) the combined organic layers were dried over
magnesium sulfate and the solvent was removed under reduced pressure to
yield 3 as light brown solid (3.04 g, 76 % ). M.p. 164-166°C; IR (KBr): 7=
3433, 1634, 1446, 1184cm™'; 'H NMR (300 MHz, [D4]DMSO): 6 =7.40—
720 (m, SH, OCH,ArH), 5.35 (s, 2H, CsH,N), 5.30 (s, 4H, NH,), 4.90 (s,
2H, OCH,Ar); 3C NMR (75 MHz, [D4]DMSO): 6 =167.0 (0), 160.0 (0),
1372 (0), 128.4 (1), 127.8 (1), 127.5 (1), 82.4 (1), 68.3 (2); MS (ES*): m/z
(%): 216 (100) [M+H]*.
4-Benzyloxy-2,6-bis(/N-tert-butoxycarbonyl-L-phenylalaninylamino)pyri-
dine (4): Diamine 3 (162 mg, 0.5 mmol) was dissolved in dry acetonitrile
(S5mL). After addition of N,O-bis(trimethylsilyl)acetamide (123 pL,
0.5 mmol) the reaction mixture was stirred at room temperature for 2 h.
Then, N-Boc-phenylalanyl fluoride!'”! (326 mg, 1 mmol) and a catalytic
amount of TBAF (10 pL) were added and the reaction mixture was stirred
for additional 12 h. The solvent was removed under reduced pressure and
the residue redissolved in dichloromethane (40 mL). The organic layer was
washed with an aqueous solution of sodium hydrogencarbonate (5%, 2 x
40 mL), hydrochloric acid (4N, 2 x 40 mL), and water (40 mL) and dried
over magnesium sulfate. The solvent was removed under reduced pressure
to yield 4 as orange solid (269 mg, 76%). M.p. 88-90°C; [a]p,=6.2
(ethanol, c=1); IR (KBr): 7#=3429, 1685, 1440, 1165, 699cm™!; '"H NMR
(300 MHz, CDCly): 6 =8.75 (brs, 2H, NH), 7.30 (brm, 7H, OCH,CH;,
ArH,), 713 (m, 10H, CHCH,C:H;), 543 (s, 2H, NH), 498 (s, 2H,
OCH,Ph), 3.17 (brs, 2H, CHCH,H,Ph), 2.95 (brs, 2H, CHCH,H,Ph),
1.32-1.25 (brs, 18 H, C(CHj);); *C NMR (75 MHz, CDCL,): 6 =170.6 (0),
168.0 (0), 156.1 (0), 150.2 (0), 136.6 (0), 136.0 (0), 129.5 (1), 128.8 (1), 128.7
(1),128.3 (1),127.9 (1),127.1 (1), 96.9 (1), 80.7 (0), 70.2 (2), 56.8 (1), 38.4 (2),
28.5 (3); MS (ES*): m/z (%): 710 (100) [M+H]*; elemental analysis calcd
(%) for C,oH,;;N5O; (709.8): C 67.68, H 6.67, N 9.87; found: C 67.17, H 6.70,
N 9.80.

Benzyl 2-{[2,6-bis(/V-tert-butoxycarbonyl-L-phenylalanylamino)-4-pyridyl]-
oxy} acetate (5): Benzyl ether 4 (640 mg, 0.9 mmol), 10% palladium on
charcoal (150 mg) and ammonium formate (300 mg) were suspended in dry
and degassed methanol (15 mL) and refluxed for 30 min. The reaction
mixture was filtered over celite and the solvent removed under reduced
pressure to give the corresponding diamidopyridone as a white solid
(523 mg, 94 %) which was recrystallised from ethanol. M.p. 115-118°C;
[a]p =68.0 (DMSO, ¢ =1); IR (KBr): 7 = 3400, 1684, 1455, 1440, 1165 cm™;
'H NMR (300 MHz, [D¢]DMSO): 6 =10.65 (s, 1H, NH,,), 9.95 (s, 2H,
NH,.iq0), 740-715 (brm, 12H, ArH), 4.45 (brm, 2H, CHCH,Ph), 3.05-
2.77 (m, 4H, CHCH,Ph), 129 (s, 18H, C(CH;);); *C NMR (75 MHz,
[Dg]DMSO): 6 =171.6 (0), 167.0 (0), 155.6 (0), 151.1 (0), 138.0 (0), 129.4 (1),
128.1 (1), 126.4 (1), 97.1 (1), 78.3 (0), 56.6 (1), 37.1 (2), 28.2 (3); MS (ES™):
miz (%): 620 (100) [M+H]*, 1240 (20) [2M+H]*; elemental analysis calcd
(%) for C,oH;zNsO; (709.8): C 63.99, H 6.67, N 11.30; found: C 63.89, H
6.62, N 11.14.

Potassium carbonate (41 mg, 290 mmol) and benzyl bromoacetate
(46.5 pL, 290 mmol) were added to a solution of the pyridone (200 mg,
323 mmol) in DMF (5mL) and stirred 15h at room temperature. The
solvent was removed under reduced pressure and the residue purified by
column chromatography (20—30% ethyl acetate in petroleum ether) to
yield benzyl ester 5 as white solid (186 mg, 75 %) which was recrystallised
from ethanol/water. M.p. 65-67°C; [a], =4.2 (ethanol, c=1); IR (KBr):
7=3441, 1691, 1586, 1513, 1437, 1161 cm~!; '"H NMR (300 MHz, CDCl,):
0=9.03-8.60 (brs, 2H, ArNHCO), 7.60-7.00 (m, 17H, ArH), 5.52 (brs,
2H,NHCO,),5.24 (s,2H, OCH,CO), 4.67 (s,2H, OCH,Ph), 4.55 (brs,2H,
NHCHCO), 3.10 (m, 4H, CHCH,Ph), 1.33 (s, 18 H, C(CH;);); *C NMR
(75 MHz, CDCl;): 6 =170.5 (0), 167.8 (0), 167.1 (0), 156.0 (0), 150.2 (0),
136.5 (0), 135.2 (0), 129.9 (1), 129.6 (1), 129.5 (1), 128.1 (1), 128.6 (1), 127.1
(1),96.7 (1), 80.7 (0), 67.3 (2), 65.1 (2), 56.7 (1), 38.3 (2), 28.4 (3); MS (ES*):
milz (%): 768 (100) [M+H]*; elemental analysis calcd (% ) for C,,H,yN5Oq
(767.9): C 65.70, H 6.43, N 9.12; found: C 66.05, H 6.34, N 8.80.

2-[2,6-Bis(/N-tert-butoxycarbonyl-L-phenylalanyl)-4-pyridyloxy] acetic
acid (6): Benzyl ester 5 (527 mg, 0.686 mmol) was refluxed in degassed
methanol (20 mL) in the presence of ammonium formate (1 g) and 10%
palladium on charcoal (70 mg) for 1 h. The reaction mixture was filtered
over celite and the solvent removed under reduced pressure to give acid 6
as white solid (422 mg, 90 % ). M.p. 100-102°C; IR (KBr): 7 = 3440, 2360,
1684, 1436, 1163cm~!; 'H NMR (300 MHz, [D¢]DMSO): 6 =9.90 (s, 1H,
COOH), 747 (s,2H, CsH,N), 745-7.10 (brm, 14H, OCH,ArH, NH), 6.46
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(brs, 2H, CONHCH), 4.38 (s, 2H, OCH,CO), 3.10-2.50 (brm, 4H,
CHCH,Ph), 1.11 (brs, 9H, C(CH,)5); *C NMR (75 MHz, [D¢]DMSO): 6 =
171.7 (0), 170.2 (0), 167.5 (0), 155.6 (0), 151.1 (0), 138.0 (0), 129.4 (1), 128.1
(1), 126.4 (1), 962 (1), 78.3 (0), 65.0 (2), 56.5 (1), 37.1 (2), 282 (3); MS
(ES*): mlz (%): 678 (100) [M+H]"; HRMS calcd for C;sHyNsOq [M+H]*:
678.3139, found: 678.3149; elemental analysis calcd (%) for C;sH3NsO,
(677.8): C 62.03, H 6.40, N 10.33; found: C 61.47, H 6.20, N 9.99.

2-{2,6-Bis[ N-(9-fluorenylmethoxycarbonyl)-L-phenylalanyl]-4-pyridyloxy}
acetic acid (9): TFA (5 mL) was added to a solution of 5 (1 g, 1.3 mmol) in
dichloromethane (25 mL) and stirred for 30 min at room temperature.
Toluene (25 mL) was added to the reaction mixture and the solvent and
excess TFA were removed under reduced pressure to give a yellow oil.
Trituration with diethyl ether gave the corresponding TFA salt (532 mg,
51%) as a white solid. IR (KBr): 7= 3429, 1675, 1437, 1200cm'; '"H NMR
(300 MHz, [Dg]DMSO): 6=8.47 (s, 6H, NH;*), 7.61-7.10 (brm, 19H,
ArH, NHCO), 5.73 (s, 2H, OCH,CO,), 4.95 (s, 2H, OCH,Ph), 4.60—4.30
(brm, 2H, COCHNH;*), 3.30-2.95 (brm, 4H, CHCH,Ph); *C NMR
(75 MHz, [D¢]DMSO): 6 =168.2 (0), 168.0 (0), 166.8 (0), 158.5 (q, J =38,
0), 151.0 (0), 137.9 (0), 135.5 (0), 129.6 (1), 129.4 (1), 128.7 (1), 128.6 (1),
128.0 (1), 127.4 (0), 115.1 (q, J =293, 0), 97.0 (1), 66.4 (2), 64.9 (2), 54.1 (1),
372 (2); MS (ES*): mlz (%): 568 (100) [M+H]*.

N-Fmoc-succinimide (250 mg, 0.75 mmol) in 1,4-dioxane (5 mL) was added
to a solution of the TFA salt (500 mg, 0.63 mmol) in an aqueous solution of
sodium carbonate (9%, 10 mL) at 0°C. The reaction mixture was allowed
to warm to room temperature and stirring was continued for 15 h. After
extraction with ethyl acetate (4 x 50 mL) the combined organic layers were
dried over magnesium sulfate and the solvent was removed under reduced
pressure to give a yellow oil. After purification by column chromatography
on silica gel (dichloromethane) the Fmoc-protected system (248 mg, 39 %)
was obtained as a white solid. M.p. 94-96°C; IR (KBr): 7=3424, 1695,
1585, 1437, 1215cm~!; '"H NMR (300 MHz, [Ds]DMSO): 6 =797 (d, /=7,
2H, ArH), 7.64 (t, /=7, 2H, ArH), 7.50-7.18 (brm, 29H, ArH, NH), 5.23
(s,2H, OCH,CO,), 4.98 (s,2H, OCH,Ph), 4.61 (m, 2H, CHCH,Ph), 425
4.10 (brm, 6H, OCH,CH), 2.95-2.80 (brm, 4H, CHCH,Ph); C NMR
(75 MHz, [Dg]DMSO): 6 =171.8 (0), 168.1 (0), 166.6 (0), 156.1 (0), 151.3
(0), 143.8 (0), 140.7 (0), 137.9 (0), 135.6 (0), 129.4 (1), 128.6 (1), 128.2 (1),
128.0 (1), 127.7 (1), 127.1 (1), 126.5 (1), 125.4 (1), 125.3 (1), 120.2 (1), 96.0
(1),66.3(2),65.8(2),64.7 (2),56.8 (1),46.6 (1),37.1 (2); MS (ES*): m/z (%):
1012 (40) [M+H]"*.

10% Palladium on charcoal (5mg) was added to a solution of Fmoc-
protected benzyl ester (51 mg, 0.05 mmol) in dichloromethane (5 mL) and
methanol (5 mL). The solution was degassed and then stirred in a hydrogen
atmosphere for 1h at room temperature. The catalyst was removed by
filtration and the solvent removed under reduced pressure to give 9 as a
white solid (28 mg, 60 % ). M.p. 143 -145°C; [a]p = 8.2 (DMSO, ¢ =0.3); IR
(KBr): 7=3020, 1686, 1450, 1216, 770cm~'; 'H NMR (300 MHz,
[Dg]DMSO): 6 =7.80-710 (brm, 28H, ArH), 4.68 (s, 2H, OCH,CO,),
4.50 (m, 2H, CHCH,Ph), 435-4.08 (brm, 6H, OCH,CH), 3.25-2.75
(brm, 4H, CH,Ph); BC NMR (75 MHz, [Ds]DMSO): 6 =173.0 (0), 172.7
(0), 169.0 (0), 159.0 (0), 152.2 (0), 145.1 (0), 142.5 (0), 138.3 (0), 130.6 (1),
129.5 (1),128.8 (1), 128.1 (1), 127.8 (1), 126.1 (1), 120.9 (1), 97.7 (1), 68.1 (2),
67.0 (2), 58.0 (1), 39.0 (1), 28.6 (2); MS (ES*): m/z (%): 922 (50) [M+H]",
944 (20) [M+Na]*; HRMS calcd for CssHgNsOg [M+H]™: 922.3452, found:
922.345; elemental analysis calcd (%) for CssHyNsOo-H,O (940.0): C
70.28, H 5.25, N 7.45; found: C 69.68, H 4.88, N 7.37.

4-Benzyloxy-2,6-bis[bis(N-tert-butoxycarbonyl)amino |pyridine(7):  4-Di-
methylaminopyridine (298 mg, 2.45 mmol) and a solution of di-zert-butyl
dicarbonate (6.7 g, 30.6 mmol) in acetonitrile (10 mL) was added to a
solution of 4-benzyloxy-2,6-diaminopyridine (1.315g, 6.12 mmol) in a
mixture of acetonitrile (25 mL) and dichloromethane (25 mL). The
resulting reaction mixture was stirred for 24 h at room temperature. The
solvent was removed under reduced pressure and the residue purified by
column chromatography on silica gel (dichloromethane+1 % methanol to
dichloromethane+5 % methanol) to give 7 as colourless solid (3.42 g,
91%). M.p. 148°C; IR (CH,CL,): 7#=2982, 1783, 1770, 1735, 1714, 1601,
1572,1368, 1306, 1251, 1153, 1101, 1002, 848, 736 cm~'; '"H NMR (400 MHz,
CDCl;): 6 =741 (m, 5H, Ph), 6.81 (s, 2H, PyrH), 5.13 (s, 2H, CH,), 1.43 (s,
36H, C(CH,;);); *C NMR (100 MHz, CDCLy): 6 =167.76 (0), 152.51 (0),
151.32 (0), 135.76 (0), 129.21 (1), 128.91 (1), 127.94 (1), 106.97 (1), 83.51(0),
70.78 (2), 2826 (3); MS (ES*): m/z (%): 616.3 (100) [M+H]*, 638.2 (99)
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[M+Na]*, 6542 (24) [M+K]*; HRMS caled for C3,HN;Oy [M+H]*:
615.31558, found: 615.31776.

Benzyl 2-{[2,6-bis(bis(N-tert-butoxycarbonyl)amino) ]-4-pyridyloxy} ace-
tate (8): 10% Palladium on charcoal (450 mg, 0.43 mmol Pd) was added
to a solution of 7 (2623 mg, 4.27 mmol) in a mixture of ethanol (20 mL) and
dichloromethane (10 mL). The reaction mixture was stirred vigorously for
18 h at room temperature under a hydrogen atmosphere. The catalyst was
separated by filtration through a plug of celite. Evaporation of the solvent
and drying of the residue at high vacuum yielded the corresponding
pyridone as a colourless solid (2.24 g, 99 %). M.p. >230°C; IR (CH,CL,):
7=2979, 1773, 1749, 1728, 1715, 1613, 1367, 1308, 1276, 1247, 1153, 1116,
854,778, 738cm~'; 'TH NMR (400 MHz, CDCl,): 6 =8.42 (brs, 1H, NH),
6.68 (brs, 2H, CH), 1.45 (s, 36 H, C(CH,);); *C NMR (100 MHz, CDCl,):
0=166.50 (0), 151.80 (0), 151.28 (0), 108.68 (br, 1), 83.45 (br, 0), 27.82 (3);
MS (ES*): m/z (%): 526 (54) [M+H]", 548 (100) [M+Na]*, 564 (18)
[M+XK]*; HRMS caled for C,sH3N;Oo [M-+H]*: 525.26863, found:
525.26675.

Benzyl bromoacetate (1.12 g, 4.9 mmol) was added to a suspension of the
pyridone (2.24 mg, 4.26 mmol), potassium carbonate (2.47 g, 17.9 mmol)
and tetrabutylammonium bromide (1.37 g, 4.26 mmol) in DMSO (30 mL).
The resulting reaction mixture was stirred for 18 h at room temperature
and then partitioned between diethyl ether (200 mL) and water (200 mL).
After separation of the organic layer, the aqueous layer was extracted with
diethyl ether (200 mL). The combined organic layers were washed with
water (2 x 200 mL) and dried over magnesium sulfate. Evaporation of the
solvent and drying of the residue at high vacuum yielded 9 (2.39 g, 99 %) as
a colourless solid. M.p. 114-117°C; IR (CH,Cl,): #=2982, 1782, 1753,
1740, 1707, 1600, 1395, 1366, 1284, 1251, 1152, 950, 850cm~'; 'H NMR
(400 MHz, CDCl;): 0 =738 (m, 5H, Ph), 6.77 (s, 2H, PyrH), 5.25 (s, 2H,
OCH,CO,), 4.71 (s, 2H, OCH,Ph), 1.44 (s, 36H, C(CHj;);); “C NMR
(100 MHz, CDCL,): 6 =167.24 (0), 166.34 (0), 152.11 (0), 150.75 (0), 134.78
(0), 128.74 (1), 128.56 (1), 128.50 (1), 105.76 (1), 83.20 (0), 67.39 (2), 65.11
(2), 27.83 (3); MS (ES*): m/z (%): 675 (100) [M+H]*, 697 (85) [M+Na]*,
1370 (20) [2M+Na]*; HRMS calcd for C;,H;;N;0,, [M+H]*™: 673.32106,
found: 673.32052.

Synthesis of tweezer receptor library 12: A solution of N-Aloc-phenyl-
alanine (8.25 mg, 33 umol) and HOBt (22 mg, 0.17 mmol) in dichloro-
methane (25 mL) was added to TentaGel S NH, resin (1.00 g, 0.33 mmol
NH,) followed by DIC (26 uL, 0.17 mmol) and DMAP (10 mg, 82 umol).
The suspension was shaken by a nitrogen stream for 3 h. A solution of Rink
amide linker (178 mg, 0.33 mmol) and HOBt (223 mg, 1.65 mmol) in
dichloromethane (25 mL) was added to the resin followed by DIC (260 uL,
1.65 mmol) and DMAP (10 mg, 82 pmol) and the suspension was shaken by
a nitrogen stream for 3 h. Subsequent Fmoc deprotection was achieved
with a solution of 20% piperidine in DMF. A solution of 9 (275 mg,
0.3 mmol) and HOBt (203 mg, 1.5 mmol) in dichloromethane (25 mL) was
added to the resin followed by DIC (235 pL, 1.5 mmol) and DMAP (10 mg,
82 pumol) and the suspension was shaken by a nitrogen stream for 3 h. This
coupling cycle was repeated to give a negative ninhydrin test. The resin was
suspended in a mixture of THF/methanol (1:1, 40 mL) and shaken by an
argon stream. A degassed solution of Pd(PPh;), (190 mg, 0.17 mmol) and
dimedone (462 mg, 3.3 mmol) was added to the resin suspension and
mechanical shaking was continued for 15 h shielding the reaction vessel
from strong light. The reagents were washed off with a solution of
diethyldithiocarbamic acid sodium salt (0.5 g) and DIPEA (0.5mL) in
DMF (100 mL). The Fmoc groups were removed with 20% piperidine in
DMEF. The resulting resin was divided in 13 equal portions. To each resin
portion one of the following Fmoc-amino acids was added: Gly, Ala, Val,
Phe, Leu, Lys(Boc), Pro, Glu(OrBu), Ser(:Bu), Met, Trp, Asn, Gln (average
mass: 371 gmol~!, two amino sites per diamidopyridine unit: 0.66 mmol
NH, per g resin =50 mg amino acid per resin portion), along with HOBt
(70 mg, 0.66 mmol), DIC (50 pL, 0.66 mmol) and DMAP (1 mg) in
dichloromethane (3 mL). The reaction mixtures were shaken for 15 h.
Ninhydrin tests were carried out to check all transformations were
complete. The resin was mixed and the terminal Fmoc groups removed
with 20% piperidine in DMF. The resin was split again into 13 equal
portions and the procedure repeated twice in order to build up the tweezer
receptor library 12. After a final Fmoc deprotection with 20 % piperidine in
DMF a sublibrary 13 with free amino terminus was obtained.

Preparation of tweezer receptor 24: A solution of 9 (690 mg, 0.75 mmol)
and HOBt (101 mg, 0.75 mmol) in dichloromethane (5 mL) was added to
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pre-swollen Sieber amide resin (250 mg, 0.15 mmol NH,) followed by DIC
(117 pL, 0.75 mmol) and DMAP (10 mg). The suspension was shaken for
3h at room temperature. Removal of the Fmoc groups with 20%
piperidine in DMF and subsequent coupling of the Fmoc-protected amino
acids valine, leucine and tryptophan, using the same methods and
conditions as described for the library synthesis above, yielded the resin-
bound receptor 24. Cleavage from resin was achieved by treatment of the
resin with a solution of 2% TFA in dichloromethane (50 mL) for 15 h.
Removal of solvent and purification by column chromatography on silica
gel (dichloromethane+1 % methanol to dichloromethane+5 % methanol)
gave tweezer receptor 24 (44 mg, 17 %) as a white solid. M.p. 210-212°C;
IR (KBr): 7 =3447, 2365, 1684, 1617, 1576, 1509 cm~'; 'H NMR (300 MHz,
[Dg]DMSO): 6 =10.80 (s,2H, NH,), 10.19 (s, 2H, NH(Trp)), 8.30-6.90 (m,
48H, ArH, NH), 4.85 (m,2H, COCHNH), 4.46 (s,2H, OCH,CO), 4.32 (m,
4H, OCH,CH), 417 (t, /=8, 2H, OCH,CH), 4.15-4.05 (m, 6H,
COCHNH), 3.10-2.80 (m, 8H, CH,Ar), 1.92 (m, 2H, CHCH(CH,),),
1.60-1.40 (m, 6H, CH,CH(CHj3),), 0.90-0.75 (m, 24H, CH;); *C NMR
(75 MHz, [D¢]DMSO): 6 =171.9 (0), 171.6 (0), 171.0 (0), 170.8 (0), 168.7
(0), 166.7 (0), 155.8 (0), 151.1 (0), 143.7 (0), 140.6 (0), 137.2 (0), 136.1 (0),
129.1 (0), 128.0 (1), 127.6 (1), 127.3 (1), 127.1 (1), 126.3 (1), 125.3 (1), 123.8
(1),120.8 (1),120.0 (1), 118.6 (1), 118.2 (1), 111.3 (1), 110.3 (0), 96.0 (1), 66.3
(2), 65.7 (2), 57.3 (1), 55.4 (1), 54.3 (1), 51.1 (1), 46.6 (1), 40.5 (2), 37.2 (2),
30.9(1),277(2),24.1(1),23.0(3),21.7 (3),19.1 (3), 179 (3); MS (ES*): m/z
(%): 1718 (10) [M+H]", 1741 (10) [M+Na]*.

Preparation of tweezer receptor 25: A solution of 6 (80 mg, 0.12 mmol) and
PyBOP (61 mg, 0.12 mmol) in dichloromethane (4 mL) was added to pre-
swollen oxime resin (200 mg, 0.12 mmol NH,) followed by DIPEA (41 puL,
0.24 mmol). The suspension was agitated on a tube rotator for 48 h, drained
and then washed with dichloromethane (3 x 10 mL), DMF (3 x 10 mL),
and dichloromethane (3 x 10 mL). In order to cap remaining free amino
functions the resin was agitated on a tube rotator for further 18 h after
addition of a solution of acetic anhydride (223 pL, 2.36 mmol) in dichloro-
methane (5 mL). Subsequent washing with dichloromethane (3 x 10 mL),
DMF (3 x 10 mL), and dichloromethane (3 x 10 mL) and drying yielded a
resin which gave a negative ninhydrin test. Removal of the Boc groups was
achieved by adding a solution of 25% TFA in dichloromethane and
agitating for 2 h. Subsequent washing with dichloromethane (3 x 10 mL),
DMF (3x10mL), methanol (3 x10mL), and dichloromethane (3 x
10 mL) and drying yielded a resin which gave a positive ninhydrin test. A
solution of BocVal (51 mg, 0.24 mmol), TBTU (76 mg, 0.24 mmol), HOBt
(36 mg, 0.24 mmol), and DIPEA (93 pL, 0.53 mmol) in DMF (5 mL) was
added to the pre-swollen resin and the resulting suspension was agitated on
a tube rotator for 18 h. After washing with dichloromethane (3 x 10 mL),
DMF (3 x 10 mL), and dichloromethane (3 x 10 mL) the coupling cycle
was repeated to yield a resin which gave a negative ninhydrin test.
Subsequent Boc removal as described above followed by coupling cycles
using Boc-Ala-OH and Boc-Pro in alteration with Boc deprotection, each
coupling and deprotection step monitored by ninhydrin tests, yielded the
resin-bound tweezer receptor 25 with Boc-protected N-terminus. Cleavage
from solid support was achieved by agitating the pre-swollen resin with a
solution of dodecylamine (0.5M) in chloroform. The resin beads were
filtered off and washed with dichloromethane (3 x 10 mL) and methanol
(3 x 10 mL). Concentration of the filtrate under reduced pressure yielded
an yellowish oil (166 mg). Further purification by column chromatography
on silica (dichloromethane+10% methanol) produced a colourless film
(25 mg, 15%). Characterisation was achieved after purification by semi-
preparative reverse-phase HPLC (Phenomenex Prodigy ODS(3) C-18,
250 x 10 mm using a linear gradient from water+0.1% TFA to
acetonitrile+0.042% TFA over 40 min, acetonitrile+0.042% TFA for
10 min, a linear gradient from acetonitrile40.042 % TFA to water+0.1%
TFA over 5 min, and water+0.1% TFA for 5 min, with a flow rate of
2.5 mLmin~!, monitoring at 220 nm. Under these conditions receptor 25
eluted after 45.93 min. "H NMR (300 MHz, CDCl;) (poorly resolved due to
Boc-proline rotamers): 0 =7.70-6.95 (m, 21H, ArH, NH), 4.85-3.85 (m,
10H, COCHNH, OCH,CO), 3.45-2.90 (m, 10H, CH,Ph, CONHCH,,
CH,NBoc),2.20-1.10 (m, 54 H), 0.80-0.60 (m, 15H, CH,CH;, CH(CH;),);
MS (ES*): m/z (%): 1379 (8) [M+H], 1401 (8) [M+Na]*.
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Formation of Ternary Complexes by Coordination of (Diethylenetriamine)-

Platinum(1) to N1 or N7 of the Adenine Moiety of the Antiviral Nucleotide

Analogue 9-[2-(Phosphonomethoxy)ethyl]adenine (PMEA):

Comparison of the Acid - Base and Metal-Ion-Binding Properties of PMEA,

(Dien)Pt(PMEA-NT), and (Dien)Pt(PMEA-N7)#*

Gunnar Kampf,!* " Marc Sven Liith, Larisa E. Kapinos,'*! Jens Miiller,™ Antonin Holy,!*!
Bernhard Lippert,**! and Helmut Sigel**!

Abstract: The synthesis of (Dien)-
Pt(PMEA-NI), where Dien=diethyl-
enetriamine and PMEA?~ =dianion of
9-[2-(phosphonomethoxy)ethyl]ade-

nine, is described. The acidity constants
of the threefold protonated Hs[(Dien)-
Pt(PMEA-NI)]** complex were deter-
mined and in part estimated (UV spec-
trophotometry and potentiometric pH
titration): The release of the proton
from the (N7)H' site in Hs[(Dien)-
Pt(PMEA-NI)]** occurs with a rather
low pK, (=0.52£0.10). The release of
the proton from the -P(O),(OH)~ group
(pK,=6.69 +0.03) in H[(Dien)-
Pt(PMEA-NI)]" is only slightly affected
by the N1-coordinated (Dien)Pt** unit.
Comparison with the acidic properties
of the H[(Dien)Pt(PMEA-N7)]" species
provides evidence that in the (Dien)-
Pt(PMEA-N7) complex in aqueous sol-
ution an intramolecular, outer-sphere
macrochelate is formed through hydro-
gen bonds between the -PO3~ residue of
PMEAZ?~ and a Pt"-coordinated (Dien)-
NH, group; its formation degree
amounts to about 40%. The stability
constants of the M][(Dien)Pt(PMEA-

NI)]** complexes with M?*=Mg**,
Ca’*, Ni*, Cu** and Zn>" were meas-
ured by potentiometric pH titrations in
aqueous solution at 25°C and /=0.1m
(NaNOs;). Application of previously
determined  straight-line plots of
log K¥r-po, versus pKiir-po,) for simple
phosph(on)ate ligands, R-PO3~, where
R represents a non-inhibiting residue
without an affinity for metal ions, proves
that the primary binding site of (Dien)-
Pt(PMEA-NI) is the phosphonate
group with all metal ions studied; in
fact, Mg?*, Ca?>* and Ni** coordinate
(within the error limits) only to this site.
For the Cu[(Dien)Pt(PMEA-NT)]** and
Zn[(Dien)Pt(PMEA-NI)J** systems al-
so the formation of five-membered che-
lates involving the ether oxygen of the
—CH,—O—CH,—PO3" residue could be
detected; the formation degrees are
about 60 % and 30 %, respectively. The
metal-ion-binding properties of the iso-

Keywords: acidity constants - DNA
- metal-ion complexes - nucleotides
- stability constants

meric  (Dien)Pt(PMEA-N7) species
studied previously differ in so far that
the resulting M[(Dien)Pt(PMEA-N7)]>*
complexes are somewhat less stable, but
again Cu** and Zn** also form with this
ligand comparable amounts of the men-
tioned five-membered chelates. In con-
trast, both M[(Dien)Pt(PMEA-NI/
N7)]** complexes differ from the parent
M(PMEA) complexes considerably; in
the latter instance the formation of the
five-membered chelates is of signifi-
cance for all divalent metal ions studied.
The observation that divalent metal-ion
binding to the phosphonate group of
(Dien)Pt(PMEA-NI) and (Dien)-
Pt(PMEA-N7) is only moderately in-
hibited (about 0.2-0.4 log units) by the
twofold positively charged (Dien)Pt**
unit at the adenine residue allows the
general conclusion, considering that
PMEA is a nucleotide analogue, that
this is also true for nucleotides and that
consequently participation of, for exam-
ple, two metal ions in an enzymatic
process involving nucleotides is not
seriously hampered by charge repulsion.
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ATP*, adenosine 5'-triphosphate; av, average; dAMP?~, 2’-deoxy-
AMP?*; dATP*, 2'-deoxy-ATP*; dCMP?*-, 2'-deoxycytidine
5’-monophosphate; dGMP?-, 2’-deoxy-GMP?~; dGuo, 2'-deoxyguano-
sine; Dien, diethylenetriamine = 1,4,7-triazaheptane; En, ethyl-
enediamine = 1,2-diaminoethane; GMP?~, guanosine 5'-monophos-
phate; IMP?-, inosine 5'-monophosphate; K,, acidity constant; L,
general ligand; M?*, general divalent metal ion; 9MeA, 9-methylade-
nine; 1MeC, 1-methylcytosine; PMEA?-, dianion of 9-[2-(phospho-
nomethoxy)ethyl]adenine (see Figure 1); PMEApp*-, diphosphory-
lated PMEA?-; R-PO?%-, simple phosphate monoester or phosphonate
ligand with R representing a non-coordinating residue (see also legend
of Figure4); TSP, sodium 3-(trimethylsilyl)-1-propanesulfonate;
UMP?-, uridine 5'-monophosphate. Species given in the text without
a charge either do not carry one or represent the species in general
(i.e., independent from their protonation degree); which of the two
possibilities applies is always clear from the context.
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1. Introduction

The dianion of 9-[2-(phosphonomethoxy)ethyl]adenine
(PMEAZ?") can be considered as an acyclic-nucleoside phos-
phonate analogue of (2'-deoxy)adenosine 5-monophosphate
[(d)AMP?-]; it has remarkable antiviral properties,['l induces
apoptosis in human leukemia cell lines?! and exhibits
cytostatic activity in rat and mouse carcinomas and sarco-
mas.’l PMEA, also called Adefovir,!!l is phosphorylated in the
cell™ to the diphosphate derivative, PMEApp*-, an analogue
of (d)ATP*. In in vitro experiments it was shown that
PMEApp inhibits cellular DNA polymerases;> 9 it also acts
as a substrate/inhibitor for reverse transcriptases,*° for
example, of the avian myeloblastosis virus, and its incorpo-
ration into the growing DNA chain results in chain termi-
nation. The oral prodrug of PMEA, that is its bis(pivaloyloxy-
methyl)ester (also named Adefovir dipivoxil or Preveon),lis
currently being evaluated in patients infected with human
immunodeficiency viruses (HIV-1 and HIV-2) or the hepati-
tis B virus (HBV).IL7

Recently it was suggested®® that the reason why
PMEApp*- has a greater affinity for several (viral) polymer-
ases than dATP* 1% is due to the increased basicity!' of the
phosphonyl group (compared with a phosphoryl group) and
the possibility of a metal ion (e.g., Mg?*) coordinated to the P,,
group of the diphosphophosphonate chain to form a five-
membered chelatel'l with the ether oxygen of the acyclic
chain (Figure 1). Both properties facilitate the binding of two
metal ions to the diphosphophosphonate chain, one being a
and the other one being f,y-bound, thus giving the M(a) -

NH,
</7 |56\1N
9 43)
N
O
N
O—P—C
| H

Pt
N\
</7 |5 S\lN HZNJ
9 lla
3)
N N
O
O
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\Pt/NHZ
N— NH,
Ha \N
A
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>
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| /O\)
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(o]

Figure 1. Chemical structure of the dianion of 9-[2-(phosphonomethoxy)-
ethyl]adenine (PMEAZ?"; top) and of its corresponding ternary complexes
formed by (Dien)Pt?* coordination to N1 and N7 of the adenine moiety
giving (Dien)Pt(PMEA-NT) (middle) and (Dien)Pt(PMEA-N7) (bottom).
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M(p,y) coordination pattern needed for the enzyme-catalyzed
incorporation of the substrate in the growing DNA chain (see
[9] and references therein). Indeed, it has been known for
years'?l that the presence of the ether oxygen is crucial for an
antiviral activity and the existence of the intramolecular
Equilibrium (1) for M(PMEA) complexes in solution is well
established.!!! 13-

H O
(R [ ]
H—C—R—O0
R—0—C—P—0, — / M
| g R—0, O
H O g2

The observations summarized above prompted us to
combine the antiviral PMEA with platinum(), also in view
of the fact that cisplatin, cis-(NH;),PtCl,, is a powerful
antitumor drugl'® and that PMEA exhibits remarkable
cytostatic properties.'® We selected diethylenetriamine
(Dien) as a primary ligand for Pt*>* because in the resulting
ternary complex with PMEA?~ the metal ion has a saturated
coordination sphere (Figure 1). The complex initially pre-
pared had the (Dien)Pt** unit coordinated to N7 of the
adenine residue, (Dien)Pt(PMEA-N7);!'"l its antiviral and
cytostatic properties were tested, but no hint for a useful
biological activity was observed.'”l Therefore, the subse-
quently synthesized N1-linkage isomer, (Dien)Pt(PMEA-NT)
(Figure 1) was not tested.

However, after having studied the acid—base and metal-
ion-binding properties of PMEAZ~ (cf.>!L158]) and of
(Dien)Pt(PMEA-N7),l"l we could now also quantify the
corresponding properties of the N1 isomer. Consequently, we
can report a comparison of the qualities mentioned of
PMEA?, (Dien)Pt(PMEA-N7), and (Dien)Pt(PMEA-NI)
(Figure 1) with special attention on the position of Equili-
brium (1) in their corresponding metal-ion complexes. In
addition, evidence is provided (and quantified) for outer-
sphere macrochelate formation in aqueous solution through
intramolecular hydrogen bonding between the phosphonate
residue and one of the coordinated Dien-NH, groups in the
(Dien)Pt(PMEA-N7) complex. Such a macrochelate does not
exist in the (Dien)Pt(PMEA-NI) isomer.

2. Results and Discussion

The ternary (Dien)Pt(PMEA-NI) complex, the properties of
which are investigated in this study (Figure 1), was prepared
by mixing aqueous solutions of [(Dien)Pt(H,O)](NOs;), and
PMEA, both adjusted to a pH value of about 4.5. Under these
conditions the most basic N site of the adenine residue of
PMEA, namely N1, is to the largest part deprotonated (see
Table 1; entry 5, column 5) and hence, easily accessible for
(Dien)Pt?>* coordination, thus giving the target compound
(Section 4.1). Coordination of (Dien)Pt>* to N1 of the
adenine residue of PMEA was proven by 'H,'H-ROESY
and Pt,'H-HMQC NMR spectroscopy (Section 4.2).
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2.1. Acidity constants: Definitions, results, and site attribu-
tions: From the structure of (Dien)Pt(PMEA-NI) (see Fig-
ure 1) it is evident that this species can accept three protons,
two at the phosphonate group and one at the N7 site of the
adenine residue.'! A further protonation at N3, after the N1
and N7 sites are blocked, appears in principle possible,
however, the basicity of such an N3 site is certainly very low;
for example, deprotonation at (N3)H* in Hjs(adenine)**
occurs?! with pK, ~ — 4.2 and such extreme acidic conditions
are not of relevance in the present study. Consequently, the
following three deprotonation reactions need to be consid-
ered:

H;[(Dien)Pt(PMEA-NI)]** = H,[(Dien)Pt(PMEA-NI) |t + H* (2a)
[H,[(Dien)Pt(PMEA-NI)]*"][H"]

KE;,[(Dicn)Pl(PMEA-NI)] = [Hﬂ(Dien)Pt(PMEA-NZ)]M] (Zb)
H,[(Dien)Pt(PMEA-NI)]** = H[(Dien)Pt(PMEA-NI)|* + H* (3a)
H[(Dien)Pt(PMEA-NI)]"][H*

KEZ[(Dien)Pl(PMEA—NI)] :[ [< 19f'1> ( >] HH ] (3]3)
[H,[(Dien)Pt(PMEA-NI)]"]
H[(Dien)Pt(PMEA-NI)]* == (Dien)Pt(PMEA-NI) + H' (4a)

Dien)Pt(PMEA-NI)][H*
KE[(Dlen)Pt(PMEA-NIj]:[( len) ( )][ ] (4b)

[H[(Dien)Pt(PMEA-NI)]"]

From previous experiencel®! (see also Table 1 below) we
expected that Equation (2) occurs at a rather low pH due to
the release of the proton from the (N7)H' site of H;[(Dien)-
Pt(PMEA-NI)]**. If this assumption is correct, it should then
be possible to determine the corresponding acidity constant
through UV spectrophotometry because protonation/depro-
tonation reactions at the adenine residue are reflected in
absorption changes in the 200-300 nm region.'’] Indeed,
Figure 2 shows that the expected spectral changes do occur,
which proves that the acid—base reaction takes place at the
adenine residue and from Figure 3 it is evident that the

Absorption

=
@ ®» Qg
S © ©
: ! |

~ pH -0.86
0.40 |

0.20 -

0.00 1, : . : : :
200 220 240 260 280 300
Wavelength/ nm

Figure 2. UV absorption spectra measured in 2cm cells of (Dien)-
Pt(PMEA-NI) (2.5 x 10—°M) in aqueous solution in dependence on pH;
i.e., the pH values were varied from — 0.86, —0.64, —0.37, —0.16, 0.01, 0.16,
0.30, 0.39, 0.50, 0.57, 0.65, 0.75, 0.87, 1.04, 1.18, 1.41, 1.70, 2.05 to0 2.30 (25°C;
1=0.1m, NaClO,, for [HCIO,] < 0.1M; see also Section 4.4).
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Figure 3. Evaluation of the dependence of the UV absorption of (Dien)-
Pt(PMEA-NI) at 204, 219, 235, 260 and 280 nm on pH in aqueous solution
(see Figure 2) by plotting the absorption A versus pH. The evaluation of
this experiment led to the following acidity constants at the mentioned
wavelengths: 204 nm, pKH picnpipmea-vy =0-48+0.05; 219 nm, 0.50+
0.04; 235 nm, 0.63+£0.06; 260 nm, 0.56 +0.07; 280 nm, 0.48 £0.06 (10),
which gives the weighted mean pKij,pienpepmea-nn = 0.52£0.08 (30) as
the result for this experiment. The solid curves shown are the computer
calculated best fits at the mentioned wavelengths through the experimental
data points obtained at pH —0.86, —0.64, —0.37, —0.16, 0.01, 0.16, 0.30,
0.39, 0.50, 0.57, 0.65, 0.75, 0.87, 1.04, 1.18, 1.41, 1.70, 2.05 to 2.30 (from left to
right) by using the mentioned average result (Section 4.4).

determination of the corresponding pK, value with a curve-
fitting procedure is straight-forward, giving the final result,
PKH, (ienprpmea-nn = 0.52 £ 0.10, from two independent ser-
ies of experiments.

Potentiometric pH titrations in the pH range above 3 only
led to the determination of a single acidity constant, that is
PKH|Dienypepmea-ny) = 6.69 £ 0.03, which is to be attributed to
the release of a proton from the -P(O),(OH)~ group of the
H[(Dien)Pt(PMEA-NI)]* complex [Eq.(4)]. Indeed, the
release of a proton from the twofold protonated phosphonate
group, -P(O)(OH),, is expected to occur in the pH range 1-2;
however, access to this pH range is difficult to achieve with
potentiometric pH titrations and if reached, large quantities
of a compound are needed. Since these were not available the
acidity constant according to Equation (3b) was estimated as
described in footnote [g] of Table 1.

The acidity constants obtained in this study for H;[(Dien)-
Pt(PMEA-NI)]** are listed in Table 1, together with other
related data.”>? Indeed, comparison of the acidity constants
summarized in columns 3, 4 and 6, with the present results
confirms the site attributions given above (see also footnote
[h] of Table 1).

2.2. Acid-base properties of the adenine residue in the
(Dien)Pt(PMEA-NI) and (Dien)Pt(PMEA-N7) isomers: In
free H,(PMEA)* the proton from the adenine moiety is
released with pKE, pvea) =4.16 (Table 1; entry 5, column 5).
Coordination of (Dien)Pt** to either N1 or N7 of PMEA leads
to an acidification and the proton is now released with pK, =
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Table 1. Negative logarithms of the acidity constants of H;[(Dien)Pt(PMEA-NI)]**, H;[(Dien)Pt(PMEA-N7) >+
and Hy(PMEA)>*, together with the corresponding values of some related systems as determined, unless noted
otherwise, by potentiometric pH titrations in aqueous solution (25°C; I =0.1m, NaNOj).[2"]

0.01) — (1.93+£0.08) = 2.17+
0.08 and ApKiy, =(—037+
0.06) — (0.45+0.09) = —0.82 +

No.l Protonated

pK, for the sites

0.11; both differences are in

species (N7)H* P(O)(OH), (N1)H* P(0),(0H)-  perfect accord with those ob-
1 H,(UMP) 07 103 615+ 001 tained for Fhe PMEA systems.
2 CH,OP(O)(OH), 1.1 £02 6.36+0.01 However, in the case of the
3 CH,P(O)(OH), 2.1040.03 7.51+£0.01 9MeA systems it had been pos-
4 Hy(AnP) 13 £02 6.49+0.02 sible?! to estimate the micro
5 H,(PMEA )+ —035+0.54 12240134 416+0.02  6.90+0.01 o
6 H,[(Dien)Pt(PMEA-N7)J* 078+0.131  180+0.10¢  6.46-+0.01 acidity ionStam for  the
70 H,[(Dien)Pt(PMEA-NI)J* 0.52+0.106 1.4 4028 669+003  H(OMeA)" tautomer in which
8 H,(9MeA)> —0.37 £0.06!! 4.10+0.01 N1 is free and the proton is at
9 H[cis-(NH;),Pt(1IMeC)(9MeA-N7)|** 1.93 £ 0.081¢! N7; that is, pANR N1 momea) =

10 Hcis-(NH,),Pt(IMeC)(OMeA-NI)*  0.45+0.091

2.43+£0.30. Application of this

[a] The error limits given are three times the standard error of the mean value or the sum of the probable
systematic errors, whichever is larger. [b] So-called practical or mixed acidity constants are listed (see the second
to the last paragraph in Section 4.5). [c] Entry 1 is from ref. [22]; 2 from [23]; 3 and 4 from [24] [H,(AnP)=
acetonylphosphonic acid = CH;-C(O)-CH,-P(O)(OH),]; 5 from [19] (see also [11]); 6 from [17]; 7 this work; 8-
10 from [21]. [d] Determined by '"H NMR shift measurements. Of course, />0.1M under the experimental
conditions needed for the determination of the values listed in column 3 (see, e.g., Section 4.4). [e] Determined by
UV spectrophotometry. [f] Estimated value; for details see footnote [15] in ref. [17]. [g] Estimated value: There is
much evidencel® ! that the difference ApK, = pK¥H o), (on — PKHFo)om, is constant for a set of related phosphoric/
phosphonic acids like those given in entries 1 -4, for which ApK,=5.3 +£0.2 (30) results. Application of this value
to the related acid H,[(Dien)Pt(PMEA-NI)]** (note, the adenine residue is not yet protonated) gives
PK¥o)0m), = PKbo),0m — ApK, = (6.69 £ 0.03) — (5.3 +0.2) = 1.4 £ 0.2. [h] The pK, values 0.52, 1.4 and 6.69 refer

to Equations (2), (3) and (4), respectively.

1.80 from H,[(Dien)Pt(PMEA-N7)]** and pK,=0.52 from
H;[(Dien)Pt(PMEA-NI)J**. However, a more detailed com-
parison by taking the various N sites into account reveals that
the situation is more difficult: In H,[(Dien)Pt(PMEA-N7)]**
the (Dien)Pt?* unit is at N7 and hence, protonation occurs at
N1 and therefore a direct comparison between the acidity
constants of this complex and H,(PMEA)* is possible; note,
that the charge difference between these species is two in
accord with the addition of (Dien)Pt** to N7. The acidification
amounts in this case to  ApK,ni =PpKil pmea) —
PKR, (Dien)prpmea-n7) = (4.16 £0.02) — (1.80 +0.10) = 2.36 £ 0.10.

The analogous comparison for the Hj[(Dien)Pt(PMEA-
NI)]** complex and the (N7)H*' site gives ApK;n;=
PKiLemea) — PKIL Dienpipmea-vy = (—035+0.5) —(0.52+
0.10)=—0.87+0.51 and the negative sign of the result
suggests that complex formation of Pt>* at N1 makes N7
more basic. However, this conclusion is misleading? since
the two species compared, H,(PMEA)** and H;[(Dien)-
Pt(PMEA-NI)J*, differ only by a single charge unit, even
though the N1-added (Dien)Pt?* carries a charge of two; the
reason is that in H,(PMEA)* the N1 site is already proto-
nated, increasing the charge and therefore acidifying the
(N7)H* site. For a meaningful comparison the micro acidity
constant pAN Y1/ /m,emea) Of that Hy(PMEA)* tautomer is
needed in which the N1 site is free and the proton resides at
N7; with such a value the effect of (Dien)Pt** coordinated at
N1 could truly be evaluated, but it is experimentally not
accessible because N1, due to its higher basicity, is always
protonated first, that is prior to N7.

Exactly the same difficulty is experienced with the 9-methyl-
adenine (9MeA) systems,?!l the values of which are summar-
ized in entries 8—10 of Table 1. Here one obtains for the
analogous comparisons made above ApK,;=(4.10+
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value gives ApK,n;=(2.43+
0.30) — (0.45+£0.09) =2.0+0.3;
a result which is identical within
the error limits with ApK,n; =
2.17 £0.08. Hence, the acidify-
ing effect of Pt** coordinated at
N1 on the (N7)H' site equals
that of N7-coordinated Pt?>* on
(N1)H™.

The above conclusion regard-
ing the 9MeA systems is con-
firmed by another previously
reported example of this kind, that is, for the 9-methylhypo-
xanthine systems.?’! Hence, we can now use these observa-
tions and argue that the acidifying effect of (Dien)Pt** at N1
on the (N7)H' site of PMEA must be identical to that of
(Dien)Pt** at N7 on the (N1)H* site. Since the latter value is
known for the PMEA systems, namely ApK,n; =2.36 +0.10
(see above), we can now calculate the micro acidity constant,
PAEN N1 /1, (pMea)» for the Hy(PMEA)* species in which the
proton at the adenine residue is at N7 and not at N1; one
obtains  pANKYNi//m, emea) = PKH, (Dienprpmea-n) HAPKan =
(0.52+0.10) 4 (2.36 +0.10) =2.88 + 0.14. Indeed, this micro
acidity constant quantifying the acidity of the (N7)H' site in
the H;(PMEA)" tautomer compares favorably with the value
pKil, pmea) =4.16 £0.02 (Table 1), which quantifies the acid-
ity of the N1 site in H,(PMEA)*. Evidently, N1 is more basic
than N7 by ApK,=1.2840.14;%% this quantitative result
confirms earlier more qualitative conclusions!!® 2 2% 3] about
the basicity order of the nitrogens in the adenine residue.

2.3. Acid-base properties of the -P(0),(OH)~ group in the
(Dien)Pt(PMEA-NI) and (Dien)Pt(PMEA-N7) isomers:
Comparison of the acidity constants listed in column 6 of
Table 1 shows that the phosphate group is less basic than the
phosphonate group (cf. entries 2,3), but that the basicity of the
latter one may be reduced by inserting electronegative oxygen
atoms in the neighborhood of the phosphonate group, like a
carbonyl oxygen in the case of acetonylphosphonate (AnP?~;
entry 4) or an ether oxygen as in PMEA?~ (entry 5). That the
coordination of the twofold positively charged (Dien)Pt** unit
to the adenine residue of H(PMEA)~ also acidifies the
-P(O),(OH)~ group (entries5-7) is expected. However,
considering that the distance from the N1 or N7 positions to
the phosphonate group is quite alike, if PMEA is stretched out
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and the chain orientated away from the adenine residue (i.e.,
not as shown in Figure 1), it is surprising to observe that the
effect differs in the two complexes:

APK i pypo, = (6.90 +0.01) — (6.69 +0.03) =0.21 +0.03 )
APK yr-poypo, = (6.90 £ 0.01) — (6.46 +0.01) = 0.44 + 0.01 ()

Interestingly, in the related quaternary H]cis-(NH;),Pt-
(dGuo-N7)(dGMP-N7)]* complex the -P(O),(OH)-
group is also acidified:®!  ApK,w;pyro, = PKHucme) —
pKEis-(NHs)th(dGuo-N7)(dGMP-N7)] = (6.29£0.01) — (5.85+0.04) =
0.44+0.04. Similar observations have been made for the
average acidification of the -P(O),(OH)~ groups in H,[cis-
(NH;),Pt(dGMP-N7),] (ApK,=0.36+0.04)F and in
H,[(En)Pt(GMP-N7),] (ApK,., =0.38 +0.06).5334 All these
ApK, values are similar to the one given in Equation (6),
whereas the average -P(O),(OH)- acidification in H,[cis-
(NH,),Pt(dCMP-N3),] (ApK,, =0.14 £0.03)] is closer to
the result of Equation (5). These differences have previously
been explained®? with outer-sphere macrochelate formation
through Pt(NRH,):-- OsP hydrogen bonds; such a macro-
chelate formation is not possible for steric reasons in cis-
(NH,),Pt(dCMP-N3)3-, but it is possible in cis-(NH;),Pt-
(dGMP-N7)3~ and its relatives.?*?

Indeed, already more than 15 years ago Martin et al.l*!]
concluded for the complexes formed between (Dien)Pd* and
AMP?-, IMP?~ or GMP?- that in aqueous solution macro-
chelate formation occurs to some extent between the 5'-
phosphate group and coordinated Dien-NH, sites. Meanwhile
this kind of interaction has been proven? for the
(En)Pt(GMP-N7), complexes by X-ray crystallography in
the solid state, and it was also verified by '"H,””"N-NMR shift
and '"H,>'P-NOE measurements in solution. Analogous results
have been presented®® for the (['’N;]Dien)Pt(GMP-N7)
complex, for which it was shown that deprotonation of the
monoanionic phosphate group favors the described outer-
sphere macrochelate formation.

The summarized results provide the confidence needed to
attribute the different acidifications observed for the
-P(O),(OH)~ groups in the H[(Dien)Pt(PMEA-NI)]*
[Eq. (5)] and H[(Dien)Pt(PMEA-N7)]" [Eq. (6)] complexes
to outer-sphere macrochelate formation between the phos-
phonate residue and a Dien-NH, group in the latter-men-
tioned deprotonated complex. Clearly, such a macrochelate
can be formed with (Dien)Pt(PMEA-N7) as can be seen in
Figure 1, where this complex is drawn in such a way as to help
to visualize the interaction, but no corresponding hydrogen-
bond formation is possible in the (Dien)Pt(PMEA-NI)
isomer.

To conclude, the results of Equations (5) and (6) can be
used for a quantitative evaluation of the formation degree of
the macrochelate in (Dien)Pt(PMEA-N7) in aqueous solu-
tion because the difference log A4 =(0.44+0.01) —(0.21 +
0.03) =0.23 +0.03 is a reflection of this degree of formation.
By using described procedures'® 23] one calculates for the
dimension-less equilibrium constant K;=0.70 £0.12 and for
the formation degree of its hydrogen-bonded, outer-sphere
macrochelated species 41 £4 %. This result may be a lower
limit because any hydrogen-bond formation occurring with
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the monoprotonated -P(O),(OH)~ group (and this is possi-
ble)P”! is not reflected in the calculation. Indeed, for
(Dien)Pd(AMP-N7) and (Dien)Pd(IMP-N7) Martin,?! using
a different approach, concluded recently that about 80% of
the complexes are intramolecularly hydrogen-bonded and
that the degree of formation of the outer-sphere macrochelate
with the monoprotonated phosphate group amounts to about
40 % PV If these 40 % are on top of the present result also an
overall value of about 80% is obtained. In any case, it is
satisfying to note that the lower limit of 41+4% now
obtained is in excellent agreement with the formation degree
of 41+5% calculated for the macrochelate in the cis-
(NHj;),Pt(dGuo-N7)(dGMP-N7) complex (see Section 3.4 in
ref. [32]) and the 40+7 % in the cis-(NH;),Pt(dGMP-N7)3-
species (see Section 3.2 in ref. [32]); this latter value reflects
the average situation for each of the two possibilities which
exist for the macrochelate formation in the cis-
(NH;),Pt(dGMP-N7)3~ complex. These values also prove
that there is no significant difference between a phosphate
and a phosphonate group as far as the kind of hydrogen
bonding indicated is concerned.

2.4. Stabilities of mixed metal-ion complexes formed with
(Dien)Pt(PMEA-NI): The potentiometric pH titrations car-
ried out in aqueous solution (25°C; I=0.1m, NaNO;) with
(Dien)Pt(PMEA-NI) in the presence of Mg?*, Ca%t, Ni**,
Cu?* or Zn** can be completely accounted for by considering
Equilibria (4a) and (7a) provided the evaluation of the

M2+ + (Dien)Pt(PMEA-NT) = M[(Dien)Pt(PMEA-NI)]*+ (7a)

K _ [[M(Dien)Pt(PMEA-NI)]"] -
M][(Dien)Pt(PMEA-NI)] — [M“][(Dien)Pt(PMEA—NI)} ( )

experimental data is not carried into the pH range where
hydroxo species are formed; this, however, was evident from
the titrations in the absence of ligand (Section 4.5). The
measured (exptl) stability constants according to Equa-
tion (7b) are listed in the second column of Table 2; none of
these constants has been determined before.

Table 2. Comparisons for the M[(Dien)Pt(PMEA-NI)]** complexes be-
tween the stability constants [Eq. (7)] determined by potentiometric pH
titrations (exptl) and the calculated constants (calcd) based on the basicity
of the phosphonate group in (Dien)Pt(PMEA-NT) (pKiipienpepmea-ni) =
6.69 +0.03, Table 1) and the baseline equations established previously [see
Eq. (8) and Figure 4],"-2 3] together with the stability differences
log Avyienypepmeans, as defined by Equation (9) (aqueous solution;
25°C; I=0.1m, NaNO;).l2

M log KM[(Diul])Pl(PMEA-A’I)] log AyypienypipmEA-NT)
exptl caled

Mgt 1.544+0.05 1.66 4 0.04 —0.12+0.06

Ca’* 1.29 +0.04 1.514+0.05 —0.22+0.06

Ni%+ 1.894+0.10 2.06 £0.05 —0.17+0.11

Cu?* 3.33+0.10 3.10+0.06 0.23+0.12

Zn** 2.29+0.07 2.29 +£0.06 0.00 £ 0.09

[a] For the error limits see footnote [a] of Table 1. The error limits (30) of
the derived data, in the present case for column4, were calculated
according to the error propagation after Gauss.
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The simple fact that these stability constants can be
measured proves that M[(Dien)Pt(PMEA-NI)]** complexes
are formed. How can these stability data be evaluated? In
earlier studies!'>?? a linear relationship was established
between the logarithms of the stability constants of
M(R-PO;) complexes, log K}r-ro,), and the negative loga-
rithms of the acidity constants of the corresponding mono-
protonated H(R-POs)~ species, pKf{r-ro,), for several simple
phosphate monoester ligands,? including methyl phos-
phate.! The points for the complexes formed with phospho-
nates such as methanephosphonate (MeP?~) or ethane-
phosphonate (EtP2-) also fall on the same straight reference
line for a given metal ion.'! The parameters for the
corresponding straight-line equations, which are defined by
Equation (8), have been tabulated,!!" '8 28.38] that is the slopes

log K¥i(r-po,) =M pKiir-ro,) +b (®)

m and the intercepts b with the y axis [Eq. (8)]. Hence, with a
known pK, value for the deprotonation of a -P(O),(OH)"
group an expected stability constant can be calculated for any
phosph(on)ate-metal-ion complex.

Plots of log K} r-po, Versus pKHr-po, according to Equa-
tion (8) are shown in Figure 4 for the 1:1 complexes of Ca’",
Ni?* and Cu?*, as examples, with the data points (empty
circles) of the eight simple ligand systems used'!l for the
determination of the straight baselines. The three solid points
refer to the corresponding M[(Dien)Pt(PMEA-NI)]** com-
plexes; those for the Ca?* and Ni** species are below their
reference line indicating a reduced stability due to charge
repulsion of (Dien)Pt?>* at N1. However, the data point for
Cu[(Dien)Pt(PMEA-NI)J** is clearly above its reference line,
proving an increased complex stability, which must mean!*’
that the phosphonate-coordinated Cu** is interacting with a
further binding site. Since N3 and N7 of the adenine residue
(see Figure 1) are close to the (Dien)Pt(N1)?* site, it is not
likely that chelates with one of these nitrogens are formed
because this would lead to an increase in charge repulsion.
Hence, one has to conclude that the ether oxygen allowing the
formation of five-membered chelates, as indicated in Equili-
brium (1), is the most likely site responsible for the increase in
stability. Indeed, this agrees with the properties observed
earlier for the M(PMEA) complexes,™ !l and in accord
herewith it is evident from Figure 4 that all M(PMEA)
complexes are more stable than expected from their reference
line and also than the M[(Dien)Pt(PMEA-NI)]** species,
whereas all of the M[(Dien)Pt(PMEA-N7)]** complexes are
even less stable.

2.5. Evaluation of the stabilities of the M[(Dien) Pt(PMEA -
NI)]** complexes and comparisons with related species: With
Equation (8) and the corresponding parameters!'’- 2% 3l stabil-
ity constants can be calculated (calcd) which reflect the
stability of the complexes expected solely on the basis of the
basicity of the -PO3~ group in (Dien)Pt(PMEA-NI); these
values are listed in column 3 of Table 2. Comparison of the
measured and calculated constants according to Equation (9)
furnishes the stability differences listed in the final column of
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Figure 4. Evidence for a reduced stability of the M[(Dien)Pt(PMEA-
NI)]** (@) and M[(Dien)Pt(PMEA-N7)]** (®) complexes compared with
the enhanced stability of the M(PMEA) complexes (®) based on the
relationship between log K¥r-po,) and pKiig-po,) for M(R-PO;) complexes
of some simple phosphate monoester and phosphonate ligands (R-PO%~)
(0): 4-nitrophenyl phosphate (NPhP2-), phenyl phosphate (PhP*-), uridine
5’-monophosphate (UMP?"), p-ribose 5-monophosphate (RibMP?"), thy-
midine [= 1-(2-deoxy-S-D-ribofuranosyl)thymine] 5’-monophosphate
(dTMP?), n-butyl phosphate (BuP?>-), methanephosphonate (MeP?"),
and ethanephosphate (EtP?-) (from left to right). The least squares lines
[Eq. (8)](1*182.28.38] are drawn through the corresponding eight data sets (0)
taken from [22] for the phosphate monoesters and from [11] for the
phosphonates. The points due to the equilibrium constants for the M?*/
(Dien)Pt(PMEA-NI) systems (@) are based on the values listed in Tables 1
and 2; those for the M>*/(Dien)Pt(PMEA-N7) (®) and the M>*/PMEA
(®) systems are taken from refs. [17] and [11], respectively. The vertical
broken lines correspond to the stability differences to the reference lines;
they equal log Ayypienpipmeansy as defined in Equation (9) for the
M[(Dien)Pt(PMEA-NI)]** complexes; the analogous definition holds for
the other complexes. All the plotted equilibrium constants refer to aqueous
solution at 25°C and /=0.1m (NaNQO;).

Table 2; they correspond to the broken vertical lines seen in
Figure 4.

log 4 M/(Dien)Pt(PMEA-NI) = log KM[(Dien)P\(PMEA-N])]exp\]

—log K :\\j[[[(Dien)Pt(PMEA-NIJ]calcd )

The negative stability differences for the M[(Dien)-
Pt(PMEA-NI)]>** complexes of Mg*", Ca?*and Ni?* are
identical within their limits of error (Table 2, column 4),
giving on average log 4,,=—0.17 £0.06. It appears that this
value reflects the repulsion between M?* coordinated at the
-PO3%~ group and the twofold positively charged (Dien)Pt>*
located at N1 of PMEA?". Of course, this (Dien)Pt>* unit also
has an effect on the deprotonation of the -P(O),(OH)-
residue as already discussed in Section 2.3, but as one might
expect, this repulsive effect is somewhat larger on the binding
of dipositively charged metal ions than on that of the singly
charged proton. Therefore, the data points for the three
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mentioned quaternary complexes fall below the reference
lines (Table 2, column 4) as seen for the examples (Ca?*/Ni2+)
in Figure 4.

However, the Ca* and Ni?*complexes of (Dien)Pt(PMEA-
N7) are even less stable than the corresponding M[(Dien)-
Pt(PMEA-NI)J?** species (Figure 4). In fact, the data points
for the M[(Dien)Pt(PMEA-N7)]** complexes of Mg?*, Ca’",
Mn?**, Co**, Ni** and Cd** are on average —0.42 +£0.04 log
units below their reference lines,'”! that is all of these
complexes behave identically, only again the Cu?>* and Zn**
complexes show an increased stability which is attributable to
a contribution from the chelated species in Equilibrium (1).1'7]

If one considers only those complexes where the metal ion
coordinates solely to the -PO3%~ group, one is faced with the
striking observation that for M][(Dien)Pt(PMEA-N7)]**
log 4,,=—0.42+0.040"! and for M[(Dien)Pt(PMEA-NI)J**
log 4,,=—0.17 +0.06; that is the (Dien)Pt** unit at N1 affects
metal-ion binding at the phosphonate group by 0.25 £ 0.07 log
units less than the same unit at N7 of PMEA?". This difference
is difficult to explain because the inhibitory effect for the
M(cis-(NH;),Pt(dGuo-N7)(dGMP-N7)]** complexes is with
—0.2 log unitBY also very moderate despite the N7-bound
platinum(i). Possibly the access of the metal ion to the
phosphonate group is especially hindered by the outer-sphere
macrochelate in (Dien)Pt(PMEA-N7) (see Section 2.3). In
any case, more examples are needed before a conclusive
explanation can be offered. At this point it needs to be re-
emphasized that the log Aypyea Values [defined in analogy to
Eq. (9)] are positive for all M(PMEA) complexes studied, that
is for the metal ions Mg?*, Ca?*, Sr**, Ba>*, Mn?*, Co?*, Ni?*,
Cu?*, Zn?* and Cd>+.> 11

The above considerations regarding the log 4,, values for
the M[(Dien)Pt(PMEA-NI/N7)]** complexes tend to suggest
that the inhibitory effect of the (Dien)Pt>* unit in a given
system should be the same for all metal ions; in fact, this was
already confirmed for the M[(Dien)Pt(PMEA-N7)]** com-
plexes.l'm To evaluate the situation for the M][(Dien)-
Pt(PMEA-NI)[** complexes we have listed the stability
enhancements log Ayypyer in column 2 of Table 3 [defined

Table 3. Stability constant comparison, log 4., (column5), for the
M[(Dien)Pt(PMEA-NI)]** complexes between the potentiometrically
measured stability constants [exptl; Eq.(7)] taken from column?2 in
Table 2 and the calculated as well as for the metal-ion-ether oxygen
interaction corrected stability constants (calcd/corr) (aqueous solution;
25°C; I=0.1m, NaNO3).l2l

M2+ log Ayyener" log KM[(Dicn)Pl(PMEA-NI)] log Ao
exptl caled/corrl®

Mg+ 0.16 +0.04 1.54 +0.05 1.82 £0.06 —0.28+0.08

Ca?+ 0.12+0.05 1.29+0.04 1.63 £0.07 —0.34+0.08

Ni2*+ 0.14 +0.07 1.89 +£0.10 2.20+0.09 —0.31+0.13

Cu?* 0.48 £0.07 3.33+0.10 3.58 +0.09 —0.25+0.13

Zn** 0.29 +0.07 2.29+0.07 2.58 +0.09 —0.29+0.11

[a] For the error limits (30) and the error propagation see footnote [a] of
Table 2. [b] These differences are defined in analogy to Equation (9); they
are taken from Table IV in [41]. [c] The corrected, calculated stability
constants were obtained by adding to the calculated values given in
column3 of Table2 the stability enhancements, log Aypver (col-
umn 2),PI# which result from the M?*—ether oxygen interaction
[Eqg. (1)] in M(PME-R) complexes. [d] These values correspond to the
differences between columns 3 and 4.
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in analogy to Eq. (9)], which are due to complexes formed
with a 2-(phosphonomethoxy)ethyl chain with a non-coordi-
nating residue R of the approximate size of a nucleobase.[*!]
These log Ayypme.r Values differ somewhat for the various
metal ions as one would expect because the formation degree
of the chelate in Equilibrium (1) should depend on the kind of
metal ion involved.

If the log Ayypyer Values (Table 3, column 2) are added to
the calculated values based on Equation (8) (Table 2, col-
umn 3) one obtains the “corrected” stability constants listed
in column 4 of Table 3. These values reflect the expected
stabilities of M(PMEA) complexes in which no nucleobase —
metal-ion coordination occurs. Formation of the difference
between these values and those determined experimentally
(Table 3, column 3) reflects then the charge repulsion of
(Dien)Pt** at N1 on the overall stability of the M(PMEA)
complexes involved in Equilibrium (1).

Of course, introduction of a positive charge at the adenine
residue of PMEA?" should affect complex formation with all
divalent metal ions to the same extent as already indicated
above. In fact, all the values given for log 4., in column 5 of
Table 3 are identical within their error limits, the arithmetic
mean of the five values being log A .y =— 0.29 £0.05 (30).
This proves that the stability of all M[(Dien)Pt(PMEA-NI)]**
complexes is diminished to the same extent, provided the
overall stability of the M(PMEA) complexes occurring in
Equilibrium (1) is used as a basis for comparison. It is
interesting to note that log 4., =—0.59+£0.05 for the
M[(Dien)Pt(PMEA-N7)]** series of complexes;'”l hence, we
have again a difference in the effects of the (Dien)Pt>* unit
between the N1- and N7-coordinated types, which is of the
same order [0.30 £0.07=(—0.29 £ 0.05) — (— 0.59 £0.05)] as
the one discussed above (0.25 +0.07).

2.6. Comparison of the extent of chelate formation in the two
isomeric M[(Dien)Pt(PMEA-NI1/N7)]** complexes and in
the M(PMEA) species: The insights gained in Section 2.5 now
allow to further evaluate the results listed in column 4 of
Table 2. The value log 4,,=—0.17+0.06 (see Section 2.5)
obtained from the Mg?*, Ca*" and Ni** complexes formed
with (Dien)Pt(PMEA-NI) reflects the decrease in stability
expected if only the “open” (op) isomer in Equilibrium (1) is
formed. This means that the difference of the differences
according to Equation (10) is a reflection of the formation
degree of the chelate in Equilibrium (1).

Alog A=log AM/(Dicn)Pt(PMEA—NI) —log AM/(Dicn)l’t(l’MEAJV])/av (10)

The corresponding values for the Cu?* and Zn>" systems are
given in entries 2 and 3 of Table 4.

If we term the chelated isomer in Equilibrium (1) as
“closed” (cl), the intramolecular equilibrium constant, K,
for Equilibrium (1) is defined by Equation (11a) which is
given as Equation (11b) in a more general form:

_ [M[(Dien)Pt(PMEA-NI)]?]

K= - (11a)
[M[(Dien)Pt(PMEA-NI)]3}]
_ M) (i1b)
M(L),]
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The stability enhancement, Alog A4 [Eq. (10)], due to chelate
formation, is connected with K; by Equation (12),/1% 28 33, 40]
K =10%024 _ | (12)
and the percentage of the closed species follows from
Equation (13):
% M(L)q =100+ K/(1+K;) (13)
The corresponding results for the Cu[(Dien)Pt(PMEA-NI)[**
and Zn[(Dien)Pt(PMEA-NI)]** complexes are listed in
columns 5 and 6 of Table 4 (entries 2, 3); related results are
summarized in entries 4—13.11:17]

Table 4 allows several interesting comparisons, for exam-

ple: i) The formation degree of the chelate in Equilibrium (1)
is identical within the error limits for the Cu?* complexes of

Table 4. Extent of chelate formation according to Equilibrium (1) for the
M[(Dien)Pt(PMEA-NI)]**, M[(Dien)Pt(PMEA-N7)]** and M(PMEA) complexes
as quantified by the dimensionless equilibrium constant K; [Egs. (11) and (12)] and
the percentage of the chelated isomer M(L), [Eq. (13)] (aqueous solution; 25°C;
I=0.1M, NaNO,).l

No. Ligand (L) M Alog AP K; % M(L),
1 (Dien)Pt(PMEA-NI) [c]
2 Cu**  040+0.13 1.514+0.75 60+ 12
3 Zn** 0174011 0.48+0.37 32417
4 (Dien)Pt(PMEA-N7) [c]
5 Cu**  0.324+0.08 1.094+0.38 52+9
6 Zn**  0.17+0.09 0.48+0.31 32+14
7 PMEA*™ [d]
8 Mg>*  0.16 £0.05 0.45+0.17 3148
9 Ca**  0.11£0.078 0.29+0.21 22413
10 Mn?*  0.21 £0.08L 0.62+0.29 38+11
1 NiZ  030+£007¢  (seeref.[9]) 508
12 Cu**  0.77£0.07¢ (seeref. [9]) 83 +3Mf
13 Zn**  0.30£0.10¢  1.0040.46 50+12

[a] For the error limits (30) and the error propagation see footnote [a] of Table 2.
[b] Defined according (or in analogy) to Equation (10). [c] No evidence was found
for chelate formation [Eq. (1)] for the (Dien)Pt(PMEA-NT1) complexes with Mg>*,
Ca?* and Ni?* (this work), and also not for those of (Dien)Pt(PMEA-N7) with Mg?*,
Ca**, Mn?>*, Co**, Ni** and Cd?>*.'l [d] Chelate formation according to Equili-
brium (1) also occurs in the PMEA?- complexes of Sr?*, Ba**, Co?* and Cd*+.l% 1]
[e] These values are defined in refs. [9, 11] as log Ayypmea- [f] For the Ni(PMEA)
and Cu(PMEA) systems the situation is somewhat more complicated!': '8 because
in addition a third isomer exists in which the metal ion is bound to the phosphonate
group, the ether oxygen and also to N3 of the adenine moiety (hence, there are two
chelate rings in this isomer);* %! from the percentages given above 31 +14% and
494+ 10% are due to this third isomer in the case of Ni(PMEA) and Cu(PMEA),
respectively (for further details refs. [9] and [25] should be consulted, but note, the
ether oxygen is also involved in this third isomer). [g] Estimated value (see also
refs. [9, 11]]).

(Dien)Pt(PMEA-NI) and (Dien)Pt(PMEA-N7) (entries 2,
5). The same is true for the corresponding Zn>* complexes
(entries 3, 6). ii) For all other M[(Dien)Pt(PMEA-NI1/N7)]**
complexes studied no indication for chelate formation exists.
Points i) and ii) are in accord with other observations*’! and
indicate that the affinity of Cu?>* and Zn?* toward ether
oxygen is especially pronounced; this is also evident from the
values listed for log Ayypmp.r in column 2 of Table 3.[41]
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It is further worthwhile to point out that in the absence of
the (Dien)Pt?* unit either from N1 or N7, that is if “free”
PMEAZ? is considered, all ten metal ions studied so farl® !
undergo chelate formation with the ether oxygen (Table 4,
entries 7-13); even in the case of the Sr?* or Ba** complexes
still a formation degree of about 15% is reached for the
chelate.> 1]

3. Conclusion

The absolute stability constants of the M[(Dien)Pt(PMEA.-
NI)]?* and M[(Dien)Pt(PMEA-N7)]** complexes for a given
metal ion differ somewhat (see, e.g., Figure4) but the
structures of these complexes in solution are quite alike
(Table 4). For the complexes with Cu?* and Zn?** Equilibri-
um (1) is of some relevance, whereas for all the other metal-
ion complexes only the open isomer with a sole phospho-
nate — M?* interaction is of significance. This is rather different
for the various parent M(PMEA) complexes for which the
chelated species are always of importance even though their
formation degree varies between about 15 and 80% (Ta-
ble 4).1° 11.25]

However, the most important result of this study, in a
general sense, is the fact that both complexes, (Dien)-
Pt(PMEA-NI) and (Dien)Pt(PMEA-N7), can still act as
ligands by binding metal ions through their phosphonate
groups. Considering that PMEA?~ is a nucleotide analogue, it
is evident that this result also applies to purine-nucleoside
monophosphates and indeed, for some GMP complexes with
an N7-bound Pt" this is also known.B" 32l Taking together the
present and the earlier!!” 3! 32 results, one may conclude that
the affinity of the phosph(on)ate group toward divalent metal
ions is reduced only by some modest 0.2-0.4 log units by
binding of another divalent metal ion to one of the nitrogens
of a purine nucleobase. This observation is important because
it means that the participation of two (or possibly even more)
metal ions in an enzymatic process or in a ribozyme catalysis is
not seriously hampered by charge repulsion.

4. Experimental Section

4.1. Synthesis of [(Dien)Pt(PMEA-NI)]-HNO;-0.5NaNO;-2H,0: The
materials for the synthesis were the same as used previously!'”) for the
preparation of (Dien)Pt(PMEA-N7).

A solution of [(Dien)Pt(H,O)](NO;), (0.413 mmol), obtained from
[(Dien)PtI]I* and AgNOj; (2 equiv) in water (20 mL) in the dark (24 h
at 35°C) and subsequent cooling to 4 °C followed by filtration of Agl, was
brought to pH about 4.5 with 1M HNO;. An aqueous solution (10 mL) of
PMEA (0.413 mmol) was adjusted to the same pH. The PMEA solution
was then slowly added over a 3 h period to the above-mentioned reaction
mixture and the resulting solution stirred for 24 h at 35°C before being
brought to dryness (room temperature, N, stream). The pale yellow residue
was treated twice with methanol (12 h, ambient temperature) and filtered.
Isolated yield 41 %.

Elemental analysis, potentiometric pH titrations and NMR measurements
were consistent with the composition of [(Dien)Pt(PMEA-NI)]-HNO;-
0.5NaNO;+2H,0. Anal. caled (%) for C;;H,4NysO,,sPPtNays: C 20.3, H
4.0, N 18.7; found: C 20.3, H 3.8, N 18.3; '"H NMR (D,O; pD 6.4; TSP as
internal standard): 0 =8.60 (s, H2; PMEA), 8.27 (s, H8; PMEA), 4.43 (t,
N-CH,; PMEA), 3.93 (t, O-CH,; PMEA), 3.56 (d, O-CH,-PO;, PMEA).
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4.2. Determination of the structure of (Dien)Pt(PMEA-NI) by NMR
experiments: Figure 5 shows the 'H,'"H-ROESY spectrum of the above
compound at pD 6.4. In this spectrum, the cross peak between the H8

|
8 7 6 5 4 38

Figure 5. 'H,'H-ROESY spectrum of (Dien)Pt(PMEA-NI) in D,O at

pD 6.4 (mixing time 300 ms) with cross-peaks between H8 and N-CH,.

proton and the N9-bound methylene moiety is observed at 6 =8.27 and
4.43. Consequently, the other signal in the aromatic region at = 8.60 has to
correspond to the H2 proton. This assignment agrees with the observations
made for the N7-coordinated compound synthesized previously!'”) and also
with the longitudinal relaxation time 7 as determined by an inversion
recovery experiment, which is about three times larger for the signal of the
H2 proton at 6 =8.60 compared with the one of the H8 proton at d =8.27.
This increased relaxation time is typical for adenine H2 protons.[¥l The
platinum(tr)-facilitated H-D exchange observed!'”! for the H8 proton of
(Dien)Pt(PMEA-N7) is not observed in the '"H NMR spectra of the N1-
coordinated compound studied now.

In the 'Pt,'H-HMQC spectrum, the '"H NMR signal detected at lowest
field (6 =8.60) is assigned to H2 because it couples with the Pt NMR
signal, thus proving that the platination site is N1. A further indication that
the assignment of the platination site is correct, stems from the close
similarity of the 'H and '“Pt NMR data obtained now and the data
published for the (Dien)Pt(adenosine-N1) complex.*

A further interesting feature of the Pt NMR spectrum is that the signal of
the N1-linkage isomer is split (0, =— 2939, d, =— 2923; relative intensities
ca. 2:1). A similar splitting could not be detected unambiguously with the
N7-coordinated complex. Such a splitting of Pt NMR resonances at
ambient temperature was observed before with the (Dien)Pt** complexes
of adenosine (both linkage isomers)* and was tentatively attributed to a
conformational change of the Dien ligand and/or a restricted rotation
about the platinum—nucleoside bond (with Dien in a fixed conformation).

4.3. Materials, equipment and methods: Besides the complex described in
Section 4.1, all the other materials needed in the spectrophotometric
measurements (Section 4.4) and the potentiometric pH titrations (Sec-
tion 4.5) were identical with those used before.['”! This is also true for the
equipment and the calculation procedures.

The stock solutions of the ligand, i.e., of (Dien)Pt(PMEA-NT), were freshly
prepared daily by dissolving the compound (Section 4.1) in ultrapure water
with one equivalent NaOH and adjusting pH 8.5; the exact concentration
was newly determined each time by the evaluation of the corresponding
titration pairs described below in Section 4.5.

4.4. Spectrophotometric determination of the first acidity constant of
H;[(Dien)Pt(PMEA-NI)I*": The acidity constant, K pienpipmea-nr)
[Eq. (2)], which refers to the deprotonation of the (N7)H* site (Figure 1),
was determined by recording UV spectra (sample beam: HCIO,, NaClO,
and [(Dien)Pt(PMEA-NI)]=2.5 x 107°M or 2.7 x 107> M; reference beam:
HCIO, and NaClO,) in aqueous solutions at 25°C in dependence on pH
with 2 cm quartz cells. The ionic strength was adjusted to 7 =0.1m (NaClO,)
in those instances where [HClIO,] <0.1M; no adjustment was made in
solutions with pH <1, i.e., where [HCIO,] > 0.1m. For further details see
ref. [17]; an example of an experimental series is shown in Figure 2 and the
corresponding evaluation of the data is exemplified in Figure 3. The final
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result given in Table 1 is the average of two independent experimental
series.

To obtain a well defined absorption of the threefold protonated species,
H;[(Dien)Pt(PMEA-NI)J**, it was necessary to record spectra in rather
strong acidic solutions. Since the activity coefficients of HCIO, in higher
concentrations differ significantly from 1, the procedure described pre-
viously!"”! was also used now to obtain the interrelation between the
concentration of HCIO, and the H* activity which provides the pH of the
corresponding solution. In the following list the first value refers to the
calculated pH and second one given in parentheses to the concentration of
HCIO,: pH=-0.86 ([HCIO,]=4.84™), —0.64 (3.63M), —0.37 (2.42m),
—0.16 (1.69m), +0.01 (1.21m), 0.16 (0.91m), 0.30 (0.67Mm), 0.39 (0.54 ™), 0.50
(0.42Mm), 0.57 (0.36Mm), 0.65 (0.30m), 0.75 (0.24m), 0.87 (0.18 M), and 1.04
(0.12m). It may be added that the values measured with the glass electrode
were used starting from pH 1.18 ([HCIO,] = 0.0605 M) (see also the second
to the final paragraph in Section 4.5).

4.5. Determination of equilibrium constants by potentiometric pH titra-
tions: The acidity constant Kijpicpemea-ny [Eq. (4)] of H[(Dien)-
Pt(PMEA-NI)]* was determined by titrating 30 mL of an aqueous
0.0008M HNO; in the presence and absence of 0.00041m (Dien)-
Pt(PMEA-NI) under N, with 1mL 0.03m NaOH (25°C; [=0.1m,
HNO;). In a second set of experiments the same acidity constant was
determined by titrating 30 mL of an aqueous 0.0008M HNO; in the
presence and absence of 0.00025 to 0.00029M (Dien)Pt(PMEA-NT) under
N, with 1.5 mL 0.02m NaOH (25 °C; I=0.1M, NaNOj;). The acidity constant
was calculated as described in ref. [17].

The stability constants KVipienppmea-vy [EQ. (7)] of the M[(Dien)-
Pt(PMEA-NI)]** complexes were determined either under the conditions
given in the preceding paragraph for the acidity constant with NaNOj; being
partly or fully replaced by M(NOs), (I=0.1m; 25 °C), or the solutions used
for the determination of the acidity constant, Kipicnpypmea-vry» Were used
again because only small amounts of (Dien)Pt(PMEA-NTI) were available;
i.e., the solutions were acidified with the equivalent amount of HNO; as
NaOH had been used in the titration for the acidity constant, and then
M(NO;), was added (volume 50 mL; /=0.1M, NaNO;) and the titration
repeated with NaOH (of course, the various dilutions were taken into
account in the calculations).

The M?*:ligand ratios employed in the experiments were approximately
88:1 for Mg?*, 81:1 for Ca?*, 58:1 or 41:1 for Ni?*, 65:1 or 46:1 for Zn>* and
13:1 or 8:1 for Cu?*. The stability constants of the M[(Dien)Pt(PMEA-
NI)]** complexes were calculated with the “apparent” acidity constants as
in ref. [17].24 4]

The final result for the acidity constant, Kipienypipmea-vn) [EQ- (4)], is the
average of eight independent pairs of titrations. It may be added that the
direct pH-meter readings were used in the calculations of the acidity
constants (see also Section 4.4), i.e., these constants are so-called practical,
mixed or Brgnsted constants.*) Their negative logarithms may be
converted into the corresponding concentration constants by subtracting
0.02 from the listed pK, values;*! this conversion term contains both, the
junction potential of the glass electrode and the hydrogen ion activity.[4¢ 47]
As the difference in NaOH consumption between pairs of solutions, i.e.,
with and without ligand (see above),*! is evaluated, the ionic product of
water (K,) and the conversion term mentioned do not enter into the
calculations.

The stability constants, KM pienpipmea-vy [EQ. (7)], of the M[(Dien)-
Pt(PMEA-NI)]** complexes are as usual concentration constants. The
stability constants calculated individually for the various experiments
showed no dependence on the metal-ion concentration. The final results
are in each case the averages of at least two different pairs of titrations.
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Structure and Thermoelectric Properties of the New Quaternary Bismuth
Selenides A, M, ,Bi;;, . Se,;; (A=K and Rb and Cs; M =Sn and Pb)—
Members of the Grand Homologous Series K, (MSeg),,(Ms_,Sey_,)

Antje Mrotzek,'®! Duck-Young Chung,®! Nishant Ghelani, Tim Hogan,™ and

Mercouri G. Kanatzidis*?!

Abstract: Several members of the new
family A, M, .Bi;;;.Se;,; (A=K, Rb,
Cs; M =Sn, Pb) were prepared by direct
combination of A,Se, Bi,Se;, Sn (or Pb),
and Se at 800°C. The single-crystal
structures of K 5,Sn;5,Biji465€5, K
Pb; gsBii1465€21, Rby 69Pb3 60Bi11315€51,
and CsjsPb;¢sBij355¢e,, were deter-
mined. The compounds A, _ M, Bi; .
Se,; crystallize in a new structure type

in which building units of the Bi,Te; and
NaCl structure type join to give rise to a
novel kind of three-dimensional anionic
framework with alkali-ion-filled tunnels.
The building units are assembled from
distorted, edge-sharing (Bi,Sn)Se4 octa-

Keywords: bismuth - selenium -
semiconductors - structure elucida-
tion - thermoelectric materials

hedra. Bi and Sn/Pb atoms are disor-
dered over the metal sites of the chalco-
genide network, while the alkali site is
not fully occupied. A grand homologous
series K,,(M¢Seg),,(Ms.,Sey.,) has been
identified of which the compounds A,_,
M,_,Bi,;. . Se,; are members. We discuss
here the crystal structure, charge-trans-
port properties, and very low thermal
conductivity of A;_ M,_Bi;;, Se,;.

with the monoclinic space group C2/m,

Introduction

There is a strong interest in developing chemical concepts!!
for the design of new materials® with superior thermoelectric
properties.’] The efficiency of a thermoelectric material is
assessed by the figure of merit ZT= S%0/k with the Seebeck
coefficient S, the electrical conductivity o, and the thermal
conductivity k. The best known materials are optimized Bi, Te;
alloys with a ZT of ~1.1 Our approach focuses on an
exploratory investigation of ternary and quaternary bismuth
chalcogenides. The examples of CsBi, Tes> 9 and B-K,BigSe, 5> 7!
show that the modification of the Bi,Te;-type framework, by
incorporation of alkali metals or A,Q (A=K, Rb, Cs; Q=S,
Se, Te) into Bi,Te;- and Bi,Se;-type frameworks, can lead to
thermoelectric materials with promising properties. Accord-
ing to Slack’s phonon glass electron crystal concept!'*! the
alkali atoms can reduce the thermal conductivity by under-
going “rattling” motion in tunnels or cages in the anionic
framework. However, the low crystal symmetry and structural

[a] Prof. M. G. Kanatzidis, Dr. A. Mrotzek, Dr. D.-Y. Chung
Department of Chemistry
and Center for Fundamental Materials Research
Michigan State University, East Lansing, MI 48824 (USA)
Fax: (+1)517-353-1793
E-mail: kanatzid@cem.msu.edu

[b] Prof. T. Hogan, N. Ghelani
Department of Electrical Engineering
Michigan State University, East Lansing, MI 48824 (USA)
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complexity of these systems also play a crucial role in
suppressing the thermal conductivity.

Encouraged by these results we expanded our synthetic
investigations to the quaternary systems in order to study the
effect of structural complexity and mass fluctuation on the
physical properties. The investigation of the systems A/Pb/Bi/
Se (A =K, Rb, Cs, Sr, Ba, Eu) led to the compounds K, ,sPb; 5
Bi;,sSe;s, B RbPbBi;Se,, a- and S-CsPbBisSe;,”! Sr,Pb,BicSe, 5,1
Ba;Pb;BisSe;s, ' Ba;PbBigSe;3,I' and Eu,Pb,Bi¢Se ;% They
exhibit considerable structural diversity brought about by
combining fragments excised out of the Bi,Te; and NaCl
structure types. K,,sPb;sBi;»sSe;s is a member of a distinct
class of quaternary solids with the general formula A, M, _,,
M, Se;s (A=K, Rb; M=Pb, Sn; M’ =Bi, Sb).¥l The same
structure type is adopted also by Ba;Pb;BisSe;s,['” while the
compounds Sr,Pb,Bi¢Se,;, Ba;PbBi¢Se,;,[''l and Eu,Pb,Bi,Se;;
6] crystallize in the Sr,BigSe,; structure type. The isostructural
compounds, RbPbBi;Ses and 5-CsPbBi;Seg, have Bi,Te;-type
slabs in which the alkali ions are incorporated. In contrast, a-
CsPbBi;Se, crystallizes in a three-dimensional structure that is
related to galenobismute (PbBi,S,).'”] Pb atoms have the
tendency to disorder with Bi atoms or alkali metal atoms on
the same crystallographic sites depending on the local
coordination environment. Site-occupancy disorder on a
particular lattice position generates randomness of the mass,
size, and charge of the atoms that can strongly scatter heat-
carrying lattice phonons.
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Because K, ,sPb;sBi;,sSe;s*l is an encouraging thermoelec-
tric material, we investigated the system K/Sn/Bi/Se for
analogues. In addition to the isostructural K, Sn, ,Bi;,,
Ses,B1 we also discovered K,_,Sns_,Bi;;,,Se,¥ and K,_,
Sn,_,Bi;;..Se,; and the isostructural analogues Rb; ,Sn, .
Biy,.Sey, Cs,_Sn, Biy,,Sey, K ,Pb, Bij,Se;, Rb,
Pb,_.Bi;;,,Se,;, and Cs,_Pb, Bi;, Se,. We describe here
the crystal structure, charge transport properties, and thermal
conductivities of the new family A,_M,_,Bi;; . Se,;. We also
place in perspective the relationship between these various
families and other previously reported systems.

Figure 1. The structure of K;s,Sn;5,Bi;;4Se,; with atom labeling.

‘-‘N “'I‘ ] i"“l?“ - ‘\‘\ ‘ .“‘ 'F

Results and Discussion

Structure description: The compounds A; M, Bi;, Sey
(A=K, Rb, Cs; M =Sn, Pb) crystallize in a new structure
type in the monoclinic space group C2/m with two formulas
per unit cell. Figure 1 shows a (001) projection of the structure
that is composed of two distinct building units derived from
the Bi,Te; and NaCl structure type, respectively. These
building units, which are highlighted in Figure 2, are infinitely
long in the b direction. They are arranged parallel to one
another to form a three-dimensional anionic framework with
straight tunnels, running along
the b axis, filled partially by
alkali metal atoms. The struc-
ture of A;_ M, _Bi;;,,Se,; (A=
K, Rb, Cs, M = Sn, Pb) is closely
related to that of K, ,Sns_,
Bi;;,Sex,?l whose composi-
tion differs by one SnSe per
formula unit. As depicted in
Figure 2, both structure types
have the similar building blocks
but are arranged slightly differ-
ent.

The following description is
focused on K s,Sn;5,Bi;; 465€s
and discusses the mixed occu-
pancy of the Bi and Sn sites and
its consequences. The analo-
gous interatomic distances for
the isostructural compounds
K146Pb30sBi1465€21, RbggoPbsgo
Bij518€51, Csg65Pbs65BinasSen
can be found in Tables 4, 6, 8,
and 10 in the Experimental
Section.

The Bi,Te; building units in
the structure are five Bi octa-
hedra wide along the ¢ direction
and they are joined in an offset

B

Figure 2. Comparison of the structure of K s,Sn; 5,Bi;; 465€,; (A) with the structure of K, ¢Sn, ¢Bi;135¢,, (B) viewed down the b axis. Small white spheres:
Se, large light-gray spheres: K, middle-gray spheres: Bi, black spheres: Sn. The archetypal Bi, Te;- and NaCl-type building units are highlighted as rectangular

blocks in both structures.

1916 —
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fashion to form a step-shaped
layer that extends in the bc
plane. The connection point of
these fragments is found at the
octahedral Bil site. In contrast,
the same building units, which
are also offset, are joined
through the edge of an octahe-
dron in K, Sn,gBijs8ex,
see Figure 2. The lone pairs of
the Bi** and Sn?* atoms pre-
sumably cause a distorted coor-
dination with three near and
three more remote Se atoms in
the edge-sharing (Bi,Sn)Ses
octahedra. The interatomic
(Bi,Sn)-Se distances range .
from 2.733(4) A to 3.176(4) A. 241
The octahedral sites with a

more regular coordination,

Bil, Bi2, and Bi4, are fully

occupied by Bi. The Sn/Bi dis-

.

Bi1-G, BiV

$

order is found in the more {oi— .' L '
distorted sites Bi3 and BiS, - L

which contain 15% and 18 %
Sn, respectively. These sites
connect the Bi,Tes-type layers
with the NaCl-type blocks by
common selenium atoms.

The NaCl-type blocks are identical to those found in the
structure of K,_,Sns_Bi;;.,Sey. These blocks are three Bi
octahedra wide parallel to the direction of the Bi,Te;-type
layers and one Bi octahedron high perpendicular to this
direction. The NaCl-type blocks connect to the Bi,Te;s-type
blocks through M —Se interactions. All metal positions in this
block show mixed Bi/Sn occupancy. The fraction of Sn
increases at the periphery of the NaCl-type block. The Bi7
site has an extremely distorted octahedral coordination and
contains 25% Sn. The sites Bi6 and Snl with 34% Sn and
16 % Bi, respectively, are surrounded by selenium atoms in
five-coordinate square-pyramidal environments. However, if
the three more remote selenium atoms (dpig_ses = 3.57 A (x 2),
dpig-se7 =3.92 A (x1) and dgy-sea=3.75 A (%2), dgpser=
3.85 A (x 1)) are counted in the coordination sphere then
we have a bi-capped trigonal prism. Typical coordination
polyhedra are shown in Figure 3. The different Bi/Sn
distribution in the NaCl-type building units in Ks5,Sn;s,
Bi; 465, and K Sn,,BiqsSe,, affects the average metal —
Se distances. For example, consistent with the higher Sn
content in the Bi6 and Bi7 sites in K;5,Sn;5,Bi;; 4Se, the
mean Bi—Se bond lengths (d =3.24 A, d=2.94 A) are slightly
shorter than in K, Sn,oBi;; sSex (d=3.26 A, d=2.95 A). A
higher Bi fraction (16 % Bi) in the Sn1 site in K s5,Sn;5,Bi;; 46
Se,, results in a greater distortion at this site with longer Sn1 -
Se bond lengths (d =3.28 A) than in K ¢Sn, 5,Bi;155€5, (11 %
Bi, d=3.24 A).

The alkali metals are found in distorted tri-capped trigonal
prismatic sites in the tunnels created by parallel arrangement
of the Bi,Te;- and NaCl-type building units to a three-

Chem. Eur. J. 2001, 7, No. 9
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Figure 3. Local coordination environments of the metal and Se atoms in K 5,Sn; 54Bi;; 465€,;. Small white spheres:
Se, large light-gray spheres: K, middle-gray spheres: Bi, black spheres: Sn.
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dimensional framework. The observed large atomic displace-
ment parameters could be due to either “rattling” of the alkali
atoms on their crystallographic sites or, more likely, positional
disorder along the tunnel, since the position is only about 1/3
occupied.

Homologous series: The structure of K,_.Sn, Bi,;  Se, is
closely related to those of -K,BigSe 5> 7 K, sBigsSe IS K,
Sn,_,,Bi;,,Seys,®l and K,_,Sns_,Bi;;,,Sex. [ The local envi-
ronment of alkali metal ions, and the size of the NaCl- and Bi,
Te;-type building units are very similar in K,_,Sn,_,Bi;.,Se,,
and K,_,Sns_,Bi,.,Se,,, see Figure 2. Only the arrangement
of the Bi,Tes-type units in a step-shaped layer is different in
each compound. In K,_ Sn,_ Bi;;,,Se,, the Bi,Te;-type blocks
share one Bi atom, while the similar building units are
connected through two common Se atoms in K,_,Sns_ Bi;y,,
Se,,. The relationship between the two compounds can be
understood if the formulas are broken down into two parts,
the anionic framework and the alkali metal cations in the
tunnels. The K* ions stabilize the anionic framework where
mixed site occupancies with Bi and Sn atoms are found.
Therefore, the formula of K,_,Sn,_,Bi;;, Se,, can be written as
K*[Sn,Bi;;Se,;]~ or K*[M;5Se ]~ (M =Sn + Bi in the anionic
framework). Similarly K,_,Sns_,Bi,;,,Se,, can be expressed by
K*[SnsBiy;Se,, ]~ or KH[M;4Sex]~ (M =Sn + Bi in the anionic
framework). Therefore a neutral “MSe” unit must be added
to K¥[M;sSe,;]~ to produce K,_,Sns_,Bi;,,Se,, (or K [M4-
Se,]7). A similar relationship® was found between $8-K,Big-
Se 5,0 1K, sBigsSey4,1% and K ,5Pb; sBi;,sSe 5.8l The latter are
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derived by successively adding neutral “MSe” units to K,Big
Sey; (or K*[M,Se 5] 7) as follows:

[MSe! [MSe!

K*[M,Seys]~ —’]K+[M105314]7 —>]K*[M115615]’

Furthermore, the structure of K;, .M, , Bi,,,Se;s (M =Sn,
Pb) is closely related to that of K,_,Sns_Bi;;,,Se,,, as they
possess the same type of step-shaped layer, but differ in the
size of the NaCl-type units. To understand the relationship of
these two families, we can break down the formula of the
anionic framework of K,_Sns_,Bi;; . Se,, in two parts, one
associated with the Bi,Te;-type layers and one representing
the NaCl-type rods, as follows:

KH[M;6Se]~ =K [MSes] [MyoSeyy]

rod layer

Consequently, K, Sn,_,Bi; . Se;s is derived from K;_,Sn;s_,
Bi,;, Se,, by doubling the NaCl-type block, according to

K? [Mlzselﬁ]27 [MyoSe ] = K3 [M,,Ses0]*~ =2 x K [M;;Se;s]~

rod layer

This is a useful relationship because it places five different
structure types, 5-K,BigSe s, K, sBigsSe s, K., Sn,_»,Bi; . Se;s,
K, ,Sn,_.Bi;;,,Se,;, and K;_,Sns_,Bi;;,,Sey, in same context
as shown in Figure 4. In fact all compounds are members of
the homologous series K,,(MgSeg),,(Ms, .Seo,,,). The different
step-shaped layers of the selenides are derived by successively
adding of MSe units to a (M;Se,) layer. Linking the layers by
NaCl-type (M4Seg),, units generates the various structure
types we observe.

It would be interesting to search for other homologues
predicted by the K,,(MgSey),,(Ms,,Se,,,) series. According to
the scheme a compound with the formula, K*[M,,Se,],
charge-balanced with composition KSn;Bi;;Se,,, is predicted
to be a member. This hypothetical compound and K, sBigsSe 4
should show the same relationship as K, ,Sn,_, Bi,, . Se5 does
with K,_Sns_/Bi;;, Se,;. We can also predict the charge-
balanced formulas KSnBi;;Ses (m =1, n=1) and K,Sn;Bi,
Se,y (m =2, n=4) as missing members of the homologous
series K,,(M¢Sey),,(Ms,,.Sey,,,). It would be worthwhile to
attempt to prepare these compounds.

Charge transport properties and energy gaps: The temper-
ature dependence of electrical conductivity and thermopower
of K,_,Pb,_,Bi,;,,Se;, Rb,_,Sn,_Bi;;,,Se;;, Rb,_,Pb,_Bij,,
Se,;, and Cs,_.Pb,_,Bi;, Se,; were measured on polycrystal-
line ingots, see Figures 5 and 6. Table 1 summarizes the room
temperature values for the electrical conductivity of A;_M,_,
Bi;; ., Se;; (A=K, Rb, Cs; M =Sn, Pb) and the thermopower
obtained on polycrystalline samples between 300 and 400 K.
The electrical conductivity of polycrystalline samples as a
function of temperature are displayed in Figure 5. Rb,_,Pb,_,
Bi,;,,Se,; has the highest electrical conductivity with values
starting around 1050 Scm~! at 80 K and falling to 530 Scm™!
at 300 K. In comparison, the Sn analogue is less conductive
with an electrical conductivity of 450 Scm~' at 80 K and
160 Scm~! at 400 K. The change from Rb to K or Cs causes a
drop in the electrical conductivity to 150 Scm™ at 350 K for

1918
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Table 1. Thermoelectric properties, band gaps and melting points for A, _,
M,_,Bi,;,,Se, measured on polycrystalline samples.

o S0k Siox  power factor E, M.p.
[Sem™!] [WVK!] [WVK'] [uWem 'K 2] [eV] [C]

K, Sn, Bi,.Se, 1800 -52  —75 49 - 673
Rb, .Sn, Bi,,Se; 200 -51  —-73 05 0.50 679
Cs, Sn, Bi, .Sex 170 —69  —-96 08 0.52 690
K, Pb, Bi, .Sey 260 -19  —37 0.1 - 674
Rb, ,Pb, Biy Seyl 530 —45 - 11 0.62 630
Rb, Pb, Bi,..Se,d 250 —-63 —-80 1.0 0.62 680
Cs, Pb, Bi,.Se,, 160 -56 —73 05 0.62 687

[a] Different batches.

Cs,_,Pb,_,Bi,,,Se, and, less drastic, to 230 Sem~! at 400 K for
K,_,Pb,_Bi;;,,Se,. The electrical conductivity of these sele-
nides is four orders of magnitude higher than that of the
quaternary lead-bismuth selenides, RbPbBi;Ses and fS-
CsPbBi;Se, (both 0.3 Scm™! at room temperature), described
earlier.’! The observed temperature dependencies are similar
in all four analogues consistent with the behavior of a
degenerately doped semi-metal or a narrow band-gap semi-
conductor.

The compounds A,_M,_,Bi;; . Se,; possess moderate See-
beck coefficients, see Table 1. Variable temperature thermo-
power data from polycrystalline ingots of K,_.Pb,_ Bi,, Se,,
Rb,_,Sn, ,Bi,,,Se,, Rb,_,Pb, Bi,Se,, and Cs,_Pb, .
Bi;; . Se,; indicate negative Seebeck coefficients and nearly
linear dependence, see Figure 6. With rising temperature, the
Seebeck coefficient decreases from —14 uVK-! at 75K to
—72uVK-! at 400K for Rb,_,Sn,_,Bi,,,Se, and Cs,_,Pb,_,
Bi; . Se,;, respectively. We observed smaller Seebeck coef-
ficients for K,_,Pb,_,Bi;,,,Se,; and Rb,_,Pb,_.Bi,;;  Se,, start-
ing from —4 yVK-'at 75 K to —35 pVK-! at 400 K and from
—12uVK1tat75 Kto —45 pV K1 at 300 K, respectively. The
change from a lighter alkali metal to a heavier one results in
higher thermopower for A,_,Pb,_,Bi;; .Se,;. However, due to
different doping levels in the samples from preparation to
preparation we occasionally observed even higher thermo-
power values, see Table 1. Therefore, we expect these com-
pounds to be sensitive to doping and work to improve the
charge transport properties is in progress. The Seebeck
coefficients found here are significantly smaller than those
of RbPbBi;Se, (—560 uVK-!) and [-CsPbBi;Seq
(=550 uWWK1),1l and this is consistent with the higher
electrical conductivity. The negative values indicate n-type
behavior with electrons as the dominant charge carriers.

The infrared absorption spectra of the compounds A,;_ M, _,
Bi;;..Se,;; (A=K, Rb, Cs; M = Sn, Pb) were recorded at room
temperature in the range of 0.1 to 0.7 eV. A typical spectrum
of Rb,_,Sn,_,Bi,;,.Se,; is shown in Figure 7, while the detected
optical band gaps are summarized in Table 1. The band gaps
of K,_,Sn,_.Bi,,,Se,; and K,_,Pb,_,Bi;;,,Se,, could not be
reliably determined. The narrow band gaps between 0.5 and
0.6 eV are consistent with the semiconducting behavior of
A, M, ,Bi;; Se, (A=K, Rb, Cs; M =Sn, Pb) revealed by
their charge transport properties. According to DTA experi-
ments the compounds A;_M,_,Bi;; . Se, melt and recrystal-
lize without structural change;the melting points are listed in
Table 1.
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Figure 4. The homologous series K,,(MgSes),,(Ms,,Seq,,,). A member-generating scheme illustrating successive additions of MSe units to a M;Se, layer.
Small white spheres: Se, large light-gray spheres: K, middle-gray spheres: M.

Thermal conductivity: The temperature dependence of the Except for K,_,Pb,_,Bi;;,,Se,;, which exhibits a slightly higher

thermal conductivity was measured on polycrystalline ingots thermal conductivity, all samples possess very low thermal
of K,_.Pb,_Bi; . Se;;, Rb,_.Sn,_Bi,,,Se,, Rb,_Pb, Bij, conductivity around 1 Wm~! K~! at room temperature. This is
Se,;, and Cs,_,Pb, Bi;;,Se,, and are shown in Figure 8. attributed collectively to the extensive disorder of the metal
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Figure 5. Variable-temperature electrical conductivity data from polycrys-
talline ingots of K, _,Pb, Bi,, Se,, Rb, ,Sn, ,Bi;;,,Se,;, Rb,_Pb, Bij.,,
Se,, and Cs,_/Pb,_ ,Bi;.Se,. The reason for the apparent metallic
dependence of the electrical conductivity is the highly doped nature of
the samples. Adventitious impurities act as dopands and give rise to a one-
band conduction mechanism. This is common in narrow band semi-
conductors that include Bi,Tes.

atoms in the anionic framework, the large unit cells, the low
crystal symmetry, and possibly the “rattling” of the alkali ions
in the tunnels of the chalcogenide framework. The observed
values for A;_M,_Bi,;,,Se,, are among the lowest reported
for materials with potential thermoelectric interest. Opti-
mized Bi,Te; alloys have a thermal conductivity of
~1.5 WmK~! which is about 50% higher than those of
A M, Bi;; ,Se, (A=K, Rb, Cs; M =Sn, Pb). Because of
their very low thermal conductivity it seems worthwhile to
study systematically A-A’ or Pb-Sn solid solutions in order to
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Figure 6. Variable-temperature thermoelectric power data from polycrys-
talline ingots of K,_,Pb,_Bi;;, Se,,, Rb,_,Sn, Bi,, Se,, Rb,_Pb, Bij,,
Se,;, and Cs,_,Pb, ,Bi;;,,Se,;.
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Figure 7. Infrared absorption spectrum of Rb,_,Sn,_,Bi,;,,Se,, obtained at
room temperature. The semiconductor band gap is indicated in the
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Figure 8. Variable-temperature thermal conductivity data from polycrystalline ingots of A) K;_,Pb,_Bi;;,.Se,;,
B) Rb,_,Sn,_,Bi;;;,Sey, C) Rb,_Pb,_Biy,,Sey, and D) Cs,_,Pb, Bi;;, Sey,.
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chalcogenide network; this may be responsible for the
stability of the structure. This, together with the large, low
symmetry unit cells and the possible “rattling” of alkali atoms,
also gives rise to the remarkably low thermal conductivity of
these compounds. These materials are n-type narrow band-
gap semiconductors with moderate electrical conductivity and
thermopower. Despite the moderate electrical conductivity
and thermopower of A, M, Bi;Se,, their very low
thermal conductivity makes them interesting for further
investigations aimed to increase the thermoelectric power.

Experimental Section

Synthesis: All manipulations were carried out under a dry nitrogen
atmosphere in a Vacuum Atmospheres Dri-Lab glovebox. Bi,Se; was
obtained by reaction of stoichiometric amounts of the elements (99.999 %
purity) in evacuated quartz glass ampoules at 800 °C for three days. K,Se,
Rb,Se, and Cs,Se were prepared by stoichiometric reaction of alkali metal
and selenium in liquid ammonia.

A, M, Bi;;, . Se;; (A=K, Rb, Cs; M=Sn, Pb): A mixture of A,Se
(0.5 mmol), Sn or Pb (4 mmol), Se (4 mmol), and Bi,Se; (5.5 mmol) was
loaded in a carbon-coated quartz tube (9 mm diameter) and sealed at a
residual pressure of < 10~ Torr. The starting materials were heated over
24 hours to 800°C and kept at this temperature for a further 24 hours,
followed by slow cooling to 400 °C at a rate of 0.1 °Cmin~! and then to 50°C
over a period of 10 hours. A silver, shiny, polycrystalline ingot of pure A,_,
M,_Bi;,Se,; was obtained after washing away any impurities with
dimethylformamide (DMF), methanol, and diethyl ether. Only Cs;_,Sn,_,
Bi;;,Se,; was obtained in a mixture (70:30) with a compound of the
composition “Cs,;_,Sns_ Bi;;,,Se,”.

A quantitative microprobe analysis with a SEM/EDS system, performed on
different crystals, gave the average compositions KsSn, sBij; sSe,;, K, oPbs;
Bij;35€5, RbyoSnysBijgsSes, RbgsPbysBijgsSes, CsosSnysBijeSen, and
Csy7Pby sBijgeS¢es-

Physical measurements

Electron microscopy: Quantitative microprobe analyses of the compounds
were performed with a JEOL JSM-35C SEM equipped with a Tracer
Northern energy dispersive spectroscopy (EDS) detector. Data were
acquired by using an accelerating voltage of 25 kV and a 60 s accumulation

Table 2. Summary of crystallographic data and structural analysis.

time. The quantitative microprobe analyses have a standard deviation of
about 2-5%.

Differential thermal analysis: Differential thermal analysis (DTA) was
performed with a computer-controlled Shimadzu DTA-50 thermal ana-
lyzer. A sample of ground crystalline material (~20 mg total mass) was
sealed in a carbon-coated silica ampoule under vacuum. A silica ampoule
containing alumina of equal mass was sealed under vacuum and placed on
the reference side of the detector. The sample was heated to 900°C at
10°Cmin~!, maintained at this temperature for 5 min, cooled at 10°Cmin~!
to 150°C, and finally to room temperature by rapid cooling. Running
multiple heating/cooling cycles monitored the stability/reproducibility of
the sample. The DTA sample was examined by powder X-ray diffraction
after the experiment.

Infrared spectroscopy: Diffuse reflectance measurements were made on
finely ground samples at room temperature. The spectra were recorded in
the region 6000-400cm~" with the use of a Nicolet MAGNA-IR 750
spectrometer equipped with a collector diffuse reflectance accessory from
Spectra-Tech.['?]

Charge transport measurements: A four-sample measurement system was
used to measure electrical conductivity, thermoelectric power, and thermal
conductivity!'®! of polycrystalline ingots. To fully characterize the figure of
merit, these three properties were simultaneously measured for each
sample over the selected temperature range of interest, that is, 77 K to
320K (system capability is 42 K to 475K). To alleviate offset error
voltages and increase the density of data points, a slow ac-technique was
used with a heater pulse period of 720 s.l'”l The pulse shape was monitored,
in situ, to determine temperature stabilization, and the sample chamber
was maintained at a pressure less than 1073 Torr for the entire measurement
run. Samples were mounted in the standard four-probe configuration for
both the electrical and thermal conductivity, and the heater current was
adjusted for an average temperature gradient of 1 K. The sample stage and
radiation shield were made of gold-coated copper to minimize radiation
effects and maintain temperature uniformity. All electrical leads were
25 um in diameter with lengths greater than 10 cm to minimize thermal
conduction losses. Data acquisition and computer control of the system was
maintained under the LabView™ software environment.

In addition, the Seebeck coefficient of polycrystalline samples was
measured between 300 and 400 K by using a SB-100 Seebeck Effect
Measurement System, MMR Technologies; room temperature conductivity
measurements were performed in the usual four-probe geometry.

Powder X-ray diffraction: Powder patterns of all starting materials and
products were obtained by using a Rigaku-Denki/Rw400F2 (rotaflex)
rotating-anode powder diffractometer and a CPS 120 INEL X-ray powder

formula K54S0 54Bi11.465€2

Ki1.46Pb3.0sBl11.465€5

Rbl).(w‘)PbSAﬁgBil 1.31 SeZl

Cs0,65Pb3,65B111355€21

crystal habit silver lath

space group C2/m
a[A] 31.910(8)
b [A] 4.146(1)
c[A] 17.311(4)
A1 112.064(4)
V4 2

VIA3] 21226
Pene [gem 7] 7.030

T [K] 293

2 (Moy,) [A] 0.71073
« (Mog,,) [em™] 67.34
20, [°] 5743
relections measured 7828
unique reflections 2755
observed reflections [/ >20([)] 1607

parameters 128

final R1/WR2 [%]® 5.37/18.98
largest difference peak/hole [e A3 2.33/—2.94
goodness of fit 1.163

silver lath

silver ribbon

silver lath

C2/m C2/m C2/m
31.883(5) 31.991(5) 32.172(9)
4.1863(7) 4.1937(7) 4.159(1)
17.387(3) 17.481(3) 17.499(5)
112.098(3) 112.519(3) 112.672(6)
2 2 2

2150.2 2166.4 2160.5
7.485 7.384 7.394

293 293 293
0.71073 0.71073 0.71073
78.28 78.17 77.09
56.98 57.45 56.45

8855 6684 12666
2829 2845 2975

2267 1943 2039

121 116 119
5.83/11.53 5.00/9.24 4.63/8.52
11.56/ —3.54 3.80/ —2.88 353/-321
1.101 1139 0.983

[a] RU=Z[[F)| — |F|[/Z]F, |, wR2 = {Z[w(F§ — F2)2//Z[w(F3)"]}".
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Table 3. Fractional atomic coordinates (y=0) and equivalent atomic
displacement parameter (U,,)"*! values in 10~ A? for Kgs54Sn554Biy; 465¢5
with estimated standard deviations in parentheses.

Table 5. Fractional atomic coordinates (y=0) and equivalent atomic
displacement parameter (U,,)* values in 1073 A2 for K, 4sPbs Bl 465€x"!
with estimated standard deviations in parentheses.

X z occupancy Uy X z occupancy Uy,

Bil 0.5 0.5 1 27.8(5) Bil 0.5 0.5 1 19.7(3)
Bi2 0.03080(5) 0.71839(8) 1 22.9(3) Bi2 0.02977(4) 0.72070(6) 1 19.0(3)
Bi3/Sn3’ 0.44520(5) 0.05262(8) 0.85(2)/0.15 21.5(5) Bi/Pb3ll 0.44492(4) 0.05131(6) 1 19.6(3)
Bi4 0.07703(5) 0.17206(7) 1 21.6(3) Bi/Pb4ll 0.07678(4) 0.17126(6) 1 17.9(3)
Bi5/Sn5’ 0.39416(5) 0.60742(8) 0.82(2)/0.18 22.1(5) Bi5 0.39696(4) 0.60808(7) 1 24.4(3)
Bi6/Sn6’ 0.21984(5) 0.19477(9) 0.66(2)/0.34 25.4(5) Bi6/Ke6' 0.22018(4) 0.19394(8) 0.887(8)/0.113 26.1(5)
Bi7/Sn7’ 0.19970(5) 0.91481(8) 0.75(2)/0.25 21.1(5) Bi7/K7' 0.19984(4) 0.91786(8) 0.855(8)/0.145 20.8(4)
Snl1/Bil’ 0.16477(9) 0.6326(1) 0.84(2)/0.16 39.2(9) Pb/Bil/K1' 0.15572(7) 0.6392(1) 0.898(9)/0.102 41.3(6)
K1 0.250(3) 0.531(7) 0.27(4) 248(64) K1 0.248(2) 0.494(4) 0.37(4) 159(4)

Sel 0.0497(1) 0.4496(2) 1 22.6(8) Sel 0.0492(1) 0.4493(2) 1 19.6(6)
Se2 0.4786(1) 0.7793(2) 1 17.9(7) Se2 0.4785(1) 0.7793(2) 1 16.4(5)
Se3 0 0 1 20(1) Se3 0 0 1 16.4(8)
Se4 0.4249(1) 0.3340(2) 1 24.0(8) Se4 0.4266(1) 0.3336(2) 1 19.2(6)
SeS 0.0976(1) 0.8904(2) 1 24.5(8) Se5 0.0973(1) 0.8908(2) 1 21.0(6)
Se6 0.3782(1) 0.8809(2) 1 19.7(7) Se6 0.3783(1) 0.8805(2) 1 19.0(6)
Se7 0.1464(1) 0.3326(2) 1 20.7(7) Se7 0.1451(1) 0.3346(2) 1 20.7(6)
Se8 0.3199(1) 0.4617(2) 1 38(1) Se8 0.3272(1) 0.4575(2) 1 33.7(8)
Se9 0.2582(1) 0.6885(2) 1 29.4(9) Se9 0.2553(1) 0.6903(2) 1 27.5(7)
Sel0 0.3083(1) 0.2105(2) 1 23.3(8) Sel0 0.3087(1) 0.2061(2) 1 23.1(6)
Sell 0.2920(1) 0.9578(2) 1 20.1(7) Sell 0.2915(1) 0.9564(2) 1 21.2(6)

[a] U, is defined as one-third of the trace of the orthogonalized U tensor.

[a] U,, is defined as one-third of the trace of the orthogonalized Uj tensor.
[b] Formula obtained according to charge balance requirements of the
general formula K, Pb, , Bi;;,Se,;. [c] Bond-valence calculations suggest
that this position is most likely mixed occupied with Bi and Pb. Bi/Pb3 =
2.83, Bi/Pb4 =2.83, Pb/Bil/K1 =2.44. Site Bil, Bi2, Bi5, Bi6 and Bi7 gave
>2.96.

Table 4. Selected interatomic distances [A] for K54Sn; 5,Bi}; 46S€,,. Because of the mixed Bi/Sn occupancy on all metal sites, these distances represent only
average values.

Bil —Sel x4 2.935(2) Bi2 —Se4 x2 2.842(2) Bi3 —Se5x2 2.855(2)
—Se4 x2 2.970(4) —Ses 2.939(4) —Seb 2.939(4)
—Sel 3.073(4) —Se2 3.011(4)
—Se2 x2 3.083(2) —Se3 x2 3.063(1)
Bi4 —Se7 2.829(4) Bi5 —Se8 2.736(4) Bi6 —Sel0 2.733(4)
—Se6 x 2 2.856(2) —Se7x2 2.838(2) —Se9 x 2 2.794(3)
—Se2 x2 3.046(2) —Sel x2 3.132(2) —Sell x2 3.266(3)
—Se3 3.068(2) —Se2 3.176(4) —Se6 x 2 3.567(3)
—Se7 3.924(3)
Bi7 —Sell 2.754(4) Snl -Se9 2.766(5) K1 —K1x2 2.073(1)
-Sel0 x 2 2.942(2) —Se8 x 2 2.793(3) -Se8 2.555(4)
—Sell x2 2.965(2) —Sel0 x 2 3.264(3) -Se9 3.175(3)
-Se5 3.124(4) —Sed x 2 3.752(3) -Se8 x 2 3.291(3)
—Sel 3.845(4) -Se7 3.484(4)
-Se9 x 2 3.792(3)
—-Se7 4.054(3)
Sel -Bil x2 2.935(2) Se2 -Bi3 3.011(4) Se3 -Bi3 x 4 3.063(1)
-Bi2 3.073(4) —Bi4 x2 3.046(2) —Bid x 2 3.068(2)
-Bi5 x2 3.132(2) -Bi2 x2 3.083(2)
—-Snl 3.845(4) -Bi5 3.176(4)
Se4 -Bi2 x2 2.842(2) Se5 -Bi3 x 2 2.855(2) Se6 —Bid x 2 2.856(2)
-Bil 2.970(4) -Bi2 2.939(4) -Bi3 2.939(4)
—Sel0 3.527(5) -Bi7 3.124(4) —Sell 3.478(4)
—Snl x2 3.751(3) -Bi6 x 2 3.568(3)
Se7 -Bi4 2.829(4) Se8 -K1 2.555(4) Se9 —Snl 2.766(5)
—Bi5x2 2.838(2) -Bi5 2.736(4) -Bi6 x 2 2.794(3)
-K1 3.484(4) -Sn1 x2 2.793(3) K1 3.175(3)
—Se9 x 2 3.814(4) —K1x2 3.291(3) —Se8 x 2 3.523(4)
—Se8 x 2 3.905(4) —Se9 x 2 3.523(4) -K1x2 3.792(3)
-Bi6 3.924(3) —Se7 x2 3.905(4) —Se7 x 2 3.814(4)
—Sel0x2 3.827(4)
Sel0 -Bi6 2.733(4) Sell -Bi7 2.754(4)
—-Bi7 x2 2.942(2) -Bi7 x2 2.966(2)
—Snl x2 3.264(3) -Bi6 x2 3.266(3)
—Se4 3.527(5) —Se6 3.478(4)
—Se9 x 2 3.827(4)
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Table 6. Selected interatomic distances [A] for K, 4Pb; ,sBij; 4Se,; . Because of the mixed Bi/Pb occupancy on all metal sites, these distances represent only

average values.

Bil —Sel x 4 2.943(2) Bi2 —Sed x 2 2.863(2) Bi3 -Se5 x2 2.867(2)
—Sed x 2 2.959(3) -Se5 2.930(3) ~Se6 2.930(3)
—Se2 %2 3.060(2) -Se2 3.034(3)
—Sel 3.079(3) —Se3 x2 3.073(1)
Bi4 —Se7 2.856(3) Bi5 —Se8 2.724(4) Bi6 —Sel0 2.751(4)
~Seb x 2 2.865(2) —Se7 x2 2.859(2) ~Se9 x 2 2.803(2)
—Se2 x 2 3.058(2) —Sel x2 3.100(2) —Sell x2 3.259(2)
—Se3 3.062(1) —Se2 3.134(4) —Seb x 2 3.586(3)
-Se7 4.015(3)
Bi7 —Sel1 2.772(3) Pbl —Se8 x 2 2.861(3) K1 —K1x2 2.093(1)
~Sel0 x 2 2.949(2) -Se9 2.957(4) —Se8 2.825(4)
—Sell x2 2.958(2) ~Sel0 x 2 3257(3) -Se9 3.250(3)
—Ses 3.093(3) —Sed x 2 3.526(3) —Se7 3.496(3)
—Sel 3.741(4) —Se8 x 2 3.516(3)
~Se9 x 2 3.856(3)
—Se7 4.075(3)
Sel —Bil x2 2.943(2) Se2 -Bi3 3.034(3) Se3 -Bi3 x 4 3.062(1)
-Bi2 3.079(3) —Bid x 2 3.058(2) —Bid x 2 3.073(1)
“Bi5 x 2 3.100(2) -Bi2 x2 3.060(2)
—Pbl 3.741(4) -Bi5 3.134(3)
Sed “Bi2 x2 2.863(2) Ses -Bi3 x2 2.867(2) Se6 —Bid x 2 2.865(2)
—Bil 2.959(3) -Bi2 2.930(3) -Bi3 2.930(3)
-Sel0 3.526(3) -Bi7 3.093(3) —Sell 3.487(4)
—Pbl x2 3.573(4) -Bi6 x 2 3.586(3)
Se7 -Bi4 2.856(3) Se8 -Bis 2.724(4) Se9 —Bi6 x 2 2.803(2)
“Bi5x 2 2.859(2) -K1 2.825(4) -Pbl 2.957(4)
-K1 3.496(4) —Pbl x2 2.861(3) -K1 3.250(3)
—Se9 x 2 3.962(4) —K1x2 3.516(3) —Se8 x 2 3.581(4)
—Se8 x 2 3.978(4) —Se9 x 2 3.581(4) ~Sel0 x 2 3.815(4)
-Bi6 4.015(3) ~Se7 x 2 3.978(4) -K1x2 3.865(3)
~Se7 x2 3.962(4)
Sel0 -Bi6 2.751(4) Sell -Bi7 2.772(3)
“Bi7x2 2.949(2) —Bi7x2 2.958(2)
—Pbl x2 3257(3) -Bi6 x 2 3259(2)
—Se4 3.573(4) -Se6 3.487(4)
—Se9 x 2 3.815(4)

Table 7. Fractional atomic coordinates (y=0) and equivalent atomic
displacement parameter (U,,) values in 102 A? for RbyPb; ¢Bi; 35¢ey
[l with estimated standard deviations in parentheses.

X z occupancy Uy

Bil 0.5 0.5 1 18.7(3)
Bi/Pb2l] 0.03035(3) 0.72151(6) 1 18.9(2)
Bi/Pb3l] 0.44434(3) 0.04938(6) 1 20.0(2)
Bi4 0.07659(3) 0.17211(6) 1 17.3(2)
Bi5 0.39809(3) 0.60809(6) 1 20.9(3)
Bi6 0.22032(4) 0.19270(7) 1 26.3(3)
Bi7 0.19850(3) 0.91787(6) 1 21.0(3)
Pb/Bil' 0.15457(5) 0.64067(8) 1 42.5(4)
Rbl 0.2468(4) 0.4965(8) 0.69(2) 132(8)

Sel 0.04918(9) 0.4503(2) 1 20.4(6)
Se2 0.47922(8) 0.7910(1) 1 16.8(6)
Se3 0 0 1 18.0(8)
Se4 0.42687(9) 0.3329(2) 1 19.7(6)
Se5 0.09699(9) 0.8916(1) 1 23.0(6)
Se6 0.37817(9) 0.8777(2) 1 19.7(6)
Se7 0.14407(9) 0.3363(2) 1 18.3(6)
Se8 0.3292(1) 0.4554(2) 1 35.0(8)
Se9 0.25432(9) 0.6921(2) 1 22.2(6)
Sel0 0.30880(8) 0.2052(1) 1 17.6(6)
Sell 0.29159(8) 0.9566(2) 1 16.9(6)

[a] U, is defined as one-third of the trace of the orthogonalized Uj; tensor.
[b] Formula obtained according to charge balance requirements of the
general formula Rb,_,Pb, Bi;;,.Se,;. [c] Bond-valence calculations indi-
cate that this position is most likely mixed occupied with Bi and Pb. Bi/
Pb2 =2.80, Bi/Pb3 =Bi/Pb3 =2.78, Pb/Bil’ =2.46.
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diffractometer equipped with a position-sensitive detector. The purity and
homogeneity was confirmed by comparing the X-ray powder diffraction
pattern to that calculated from single-crystal data by using the CERIUS?
software. 18]

Single-crystal X-ray crystallography: Single crystals of K, _ Sn,_Bi;;, Se,,,
K,_Pb,_Bi; ., Se,, Rb,_Pb, Bi,,Se,, and Cs,_Pb, Bi, Se, were
mounted on the tip of a glass fiber. The intensity data were collected on a
Siemens SMART Platform CCD diffractometer with graphite mono-
chromatized Moy, radiation and the SMART software!'! for data
acquisition. The extraction and reduction of the data were performed with
the program SAINT.?l The observed systematic absences led to the space
group C2/m. An analytical absorption correction using the program
XPREPP! was followed by a semi-empirical absorption correction based
on symmetrically equivalent reflections that was done for each data set with
the program SADABS.?? The crystal structures were solved with direct
methods (SHELXS-972!). All structure refinements were performed using
the SHELXTL package of crystallographic programs.??!]

Twenty crystallographically independent positions (Bil -7, M1, Sel-11,
and A1) were found situated on mirror planes (y =0 and 1/2). This gives the
ideal charge-balanced formula AM,Bi;;Se,, assuming A*!, M*2 Bi*?, and
Se2 The elemental composition (determined by EDS), charge balance
requirements, and anomalous thermal atomic displacement parameters
(ADPs) occurring in all refinements of the isostructural compounds
indicated site occupancy disorder of the metal atoms.

Ky 54Sn;35,Bij; 465€,: The structure refinement revealed relatively high
thermal displacement parameters for the Bi3, and Bi5 - Bi7 sites; therefore
we introduced a disorder model with mixed Bi/Sn occupancies for these
sites. In contrast, a small thermal displacement parameter of the Snl site
indicated higher electron density on this site. This led to a disorder model of
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Table 8. Selected interatomic distances [A] for Rby4Pbs ¢Bi;; 31Se,; . Because of the mixed Bi/Pb occupancy on all metal sites, these distances represent only

average values.

Bil —Sel x4 2.945(2) Bi2 —Sed x 2 2.859(2) Bi3 —Se5x2 2.874(2)
—Sed x 2 2.962(2) -Se5 2.920(3) -Se6 2.936(3)
—Se2 x2 3.075(2) -Se2 3.036(2)
—Sel 3.105(3) —Se3 x2 3.081(1)
Bi4 —Se7 2.856(3) Bi5 -Se8 2.734(3) Bi6 -Sel0 2.754(3)
—Seb x 2 2.866(2) ~Se7 x 2 2.857(2) ~Se9 x 2 2.804(2)
—Se2 x 2 3.062(2) —Sel x 2 3.099(2) —Sell x2 3.255(2)
—Se3 3.067(1) -Se2 3.140(2) ~Seb x 2 3.588(2)
-Se7 4.118(3)
Bi7 —Sell 2.790(3) Pbl —Se8 x 2 2.856(3) Rb1 -Rb1 x2 2.106(2)
~Sel0 x 2 2.949(2) -Se9 2.966(3) -Se8 2.99(2)
—Sell x 2 2.963(2) -Sel0 x 2 3.258(2) -Se9 333(1)
—Ses 3.100(3) ~Sed x 2 3.510(3) -Se7 3.40(1)
—Sel 3.721(3) ~Se8 x 2 3.54(1)
-Se9 x 2 3.90(1)
-Se7 x 2 4.16(1)
Sel —Bil x2 2.945(2) Se2 -Bi3 3.036(2) Se3 -Bi4 x 2 3.067(1)
—Bi5 x 2 3.099(2) —Bid x 2 3.062(2) -Bi3 x4 3.081(1)
-Bi2 3.105(3) -Bi2 x 2 3.075(2)
-Pbl 3.721(3) -Bi5 3.140(2)
Sed -Bi2x 2 2.859(2) Ses -Bi3 x2 2.874(2) Se6 -Bi4 x 2 2.866(2)
-Bil 2.961(4) -Bi2 2.920(3) -Bi3 2.937(3)
—Pbl x2 3.510(3) -Bi7 3.100(3) —Sell 3.536(4)
—Sel0 3.577(4) -Bi6 x 2 3.587(2)
Se7 -Bi4 2.856(3) Se8 -Bi5 2.735(3) Se9 -Bi6 x 2 2.804(2)
-Bi5 x 2 2.857(2) -Pbl x2 2.857(3) -Pbl 2.966(3)
-Rb1 3.40(1) -Rbl 2.90(2) -Rbl 333(1)
—Se8 x 2 3.999(3) -Se9 x 2 3.592(3) ~Se8 x 2 3.592(3)
-Rbl x2 3.54(1) -Sel0x 2 3.805(4)
-Se7 x 2 3.999(3) ~Rb1 x2 3.90(1)
Sel0 -Bi6 2.754(3) Sell -Bi7 2.790(3)
—Bi7x2 2.948(2) -Bi7 x2 2.963(2)
—Pbl x2 3.258(2) -Bi6 x 2 3255(2)
—Se4 3.577(4) -Se6 3.536(4)
-Se9 x 2 3.805(4) -Sel0 x 2 3.969(3)
—Sell x 2 3.969(3)

Table 9. Fractional atomic coordinates (y=0) and equivalent atomic
displacement parameter (U,) values in 10~ A2 for CsygsPbs Bl 355€, )
with estimated standard deviations in parentheses.

X z occupancy U,

Bi/Pbl1l 0.5 0.5 1 13.7(3)
Bi/Pb2l] 0.03053(3) 0.72200(5) 1 10.9(2)
Bi/Pb3 0.44421(3) 0.04952(5) 1 12.0(2)
Bi/Pb4l] 0.07665(3) 0.17129(5) 1 10.5(2)
Bi5 0.39884(3) 0.60987(5) 1 15.2(2)
Bi/Pb6l! 0.22112(3) 0.19283(5) 1 18.5(2)
Bi7 0.19835(3) 0.91768(5) 1 13.0(2)
Pb/Bil'll 0.15362(4) 0.63990(6) 1 34.0(3)
Csl 0.2489(2) 0.4960(4) 0.65(1) 90(3)

Sel 0.04884(7) 0.4492(1) 1 13.1(5)
Se2 0.47925(7) 0.7817(1) 1 8.6(4)
Se3 0 0 1 9.0(6)
Se4 0.42670(7) 0.3332(1) 1 12.5(4)
Se5 0.09760(7) 0.8919(1) 1 14.9(5)
Se6 0.37754(7) 0.8779(1) 1 12.0(4)
Se7 0.14407(7) 0.3360(1) 1 12.4(4)
Se8 0.3310(1) 0.4561(2) 1 37.5(8)
Se9 0.25268(8) 0.6916(1) 1 15.8(5)
Sel0 0.30906(7) 0.2055(1) 1 11.6(5)
Sell 0.29098(7) 0.9563(1) 1 10.3(4)

[a] U, is defined as one-third of the trace of the orthogonalized Uj tensor.
[b] Formula obtained according to charge balance requirements of the
general formula Cs, ,Pb, Bij;,,Se, . [c] Bond-valence calculations indi-
cate that this position is most likely mixed occupied with Bi and Pb. Bi/
Pbl =2.85, Bi/Pb2 =2.71, Bi/Pb3 =2.70, Bi/Pb4 =2.85, Bi/Pb6 =2.89, Pb/
Bil’'=2.49.
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Sn and Bi occupying this site. The refinement resulted in 15 % Sn in the Bi3
site, 18 % Sn in the Bi5 site, 34 % Sn in the Bi6 site, 25 % Sn in the Bi7 site,
and 16 % Bi in the Sn1 site. The thermal displacement parameter of the K1
site remained high with 248 A2 after the refinement of the occupancy of this
site that converged to 0.27(2), that is, equal to 1/4 occupied. The final
formula K 5,Sn; 5,Bi;; 4sSe,; was obtained by restraining the occupancies to
be charge balanced. After anisotropic refinement the R1 and wR2 values
dropped from 7.5 % and 13.0 % to 5.4 % and 9.6 %, respectively. The results
of the structure refinement and other crystallographic data are given in
Tables 2, 3, and 4.

K.46PbsgsBij465€5: Bi and Pb are not distinguishable by X-rays therefore
the disorder model of K, 5,Sn;s,Bi;; 45€,; was applied as a starting point to
the lead compound. Furthermore, we refined the sites Bil -7 and Pbl1 as
fully occupied with Bi or Pb, respectively, although charge balance requires
mixed occupancies with Bi and Pb for several metal sites. Relatively high
thermal displacement parameters of the Bi6—7 and Pbl sites lead to
refinement of the occupancy of these sites; this caused a significant drop of
the R values from 6.2% and 13.2% to 5.8 % and 12.2 %, respectively. This
introduced a disorder model with Pb and K occupying the same site. The
refinement converged with the following mixed occupancies, Bi5 (11 % K),
Bi6 (15% K), and Pbl (10 % K). The final formula K, 44Pb; osBi;; 4S€,; was
obtained according to charge-balance requirements. Several Bi sites must
contain Pb to fulfill this requirement. Valence-bond calculations indicate
that the positions Bi2, Bi3, and Pbl are most likely to have mixed
occupancies (VaList program available from ftp://ftp.ill.fr/pub/dif/valist).
An elongated shape of the diffraction spots indicated twinning, which
probably caused the residual electron density of 11.85 e A= 1.59 A away
from Sel0 and a higher wR2 than the other structure refinements. The
results of the structure refinement and other crystallographic data are given
in Tables 2, 5, and 6.
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Rby Pb;6Bij39€,: A high thermal displacement parameter of Rbl
indicated a statistical disorder of the alkali metal similar to the K
compounds. The structure refinement converged at a partial Rb occupancy
of 0.343(10) equal to about 1/3 occupied. Charge balance according to the
general formula Rb,_Pb, Bi;;,,Se,, requires mixed occupancies with Bi
and Pb for several sites, but they cannot be refined by means of X-ray
measurements. Valence-bond calculations suggest that the Bi2, Bi3, and
Pb1 sites have mixed Bi and Pb occupancies. The results of the structure
refinement and other crystallographic data are given in Tables 2, 7, and 8.
CssPbssBij3s9€;: A high thermal displacement parameter of the Csl
site followed the same disorder model as for the above described
compounds. The final refinement, constrained with charge balance require-
ments, gave Cs,_ Pb,_ Bi;;, Se,; withc x~0.35. According to valence-bond
calculations the Bil -4, Bi6 and Pbl sites are most likely to have mixed Bi
and Pb occupancies. The results of the structure refinement and other
crystallographic data are given in Tables 2, 9, and 10.

Further details on the crystal structure investigations may be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopolds-
hafen, Germany (fax: (+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.
de), on quoting the depository numbers CSD-411653 (Cs,sPbs 6sBij;355¢€,1),
CSD-411654 (K, 46PbssBi;;465¢€2), CSD-411655 (K 5,Sn;5,B1;465¢,) and
CSD-411656 (Rb 4Pb; ¢Bi;;3,Se,;).
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Theoretical Characterization of Photoisomerization Channels of
Dimethylpyridines on the Singlet and Triplet Potential Energy Surfaces

Zexing Cao,*!?! Qianer Zhang,'*! and Sigrid D. Peyerimhoff!™!

Abstract: Photoexcitations and photo-
isomerizations due to low-lying nmt* and
nie* excited states of dimethylpyridines
are investigated by density functional
theory, CASSCF, CASPT2 and MRCI
methodologies. Mechanistic details for
the formation of Dewar dimethylpyri-
dines and the interconversions of dime-
thylpyridines are rationalized through
the characterization of minima and tran-
sition states on the singlet and triplet
potential energy surfaces of relevant
intermediates. Our present theoretical
schemes suggest that Mobius dimethyl-

products, respectively. The calculations
suggest that an S;(7z*)/S, conical inter-
section in dimethylpyridines 2 is in-
volved in the formation of 14. An
azabenzvalene 10 might be formed
through S,(smtst*)/S,(nst*) interaction fol-
lowed by an S,/S, decay in dimethylpyr-
idine 6. Calculated barriers of isomer-
izations from 14 to Dewar dimethylpyr-
idine 7 and from 10 to 4 are 8.4 and
28.5 kcalmol~! at the B3LYP/6-311G**
level, respectively. In the suggested

Keywords: ab initio calculations -

triplet multistage transposition mecha-
nism, an out-of-plane distorted geome-
try 19 due to vibrational relaxation of
the T,(®B,) excited state of 3,5-dimeth-
ylpyridine 6 is a precursor of the inter-
conversion of 6 to 2,4-dimethylpyridine
4. The formation of a triplet azapreful-
vene 21 with a barrier of 20.7 kcal mol~!
is a key step during the triplet migration
process leading to another out-of-plane
distorted structure 27. Subsequent re-
aromatization of 27 completes the inter-
conversion of 6 with 4. Present calcula-
tions provide some insight into the

pyridine intermediate 14 and azabenz-
valene intermediate 10 can serve as
possible precursors to Dewar dimethyl-
pyridines and singlet phototransposition

photochemistry
ization

Introduction

Pyridine and its methyl derivatives are important heteroar-
omatic molecules. The photophysics and photochemistry of
these nitrogen heterocycles have both received considerable
attention experimentally.l'"® In recent experiments, Pavlik
et al.l¥ studied the photochemistry of dimethylpyridines 1-6
in the vapor phase and in solution by irradiation at 254 nm and
discovered new features in the photoisomerization reactions.
For example, when 2,3-dimethylpyridine (2) is irradiated at
254 nm in CD;CN at —30°C, only the Dewar pyridine isomer
7 resulting from 3,6-bonding (Scheme 1) was observed by
'H NMR spectroscopy. Irradiation of dimethylpyridine 6
vapors at 254 nm results in the formation of methyl trans-
position products 3 and 4 (Scheme 2) in yields of 14.7% and
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isomerization - photochemistry of dimethylpyridines at
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12.7 %, respectively. On the other hand, when the reactant 6 is
irradiated at wavelengths >290 nm, no isomerization occurs.

Since the m-electronic structures of dimethylpyridines are
similar to those of pyridine, the photoexcitations of the six
different dimethylpyridines should be comparable to those of
pyridine. Extensive experimental and theoretical investiga-
tions into the electronic spectrum of pyridine show that the
two lowest singlet n—nt* and m—m* excitations occur at 4.59
and 4.99 eV,7-1l and the lowest triplet—singlet absorptions
appear in the region 3.7-4.1 eV,®l even though the assign-
ment of the lowest triplet state as mx* or nm* depends on
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Scheme 2. Irradiation of 6 at 254 nm.

details of the theoretical approaches.['"- 1] Methyl substitution
in pyridine might change the energy of excited states slightly
due to the methyl hyperconjugation, but the basic photo-
excitation features are not expected to change significantly.
For example, the observed excitations from the ground state
to S;(nm*) and S,(mm*) states in 2,6-dimethylpyridine (1)
occur at 4.36 and 4.58 eV, respectively,'? that is 0.23 eV and
0.41 eV lower than the singlet n—st* and ;t—t* excitations in
pyridine.

In consideration of the mechnanistic aspects, Pavlik et al.[
proposed a scheme for the photochemical reaction of 6 to 4,
involving electrocyclic ring closure, nitrogen migration
around the sides of the cyclopentenyl ring, and rearomatiza-
tion. In this scheme, an azaprefulvene species with biradical
character, originating from the excited state S,(mm*), is
suggested to be a precursor in the interconversion of the
dimethylpyridines (Scheme 3). Similar mechanisms were
previously used to explain photoisomerization of five- and
six-membered heteroaromatic compounds and isomeric cya-

1928
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azaprefulvene

Scheme 3. Proposed mechanism for the formation of 4 from 6 via an
azaprefulvene.

notoluenes.!'> 4 A recent study of femtosecond dynamics as
well as theoretical calculations of pyridine by Zewail and
ChachisvilisP®! explored the photochemical dynamics of the
S,(nt*) excited state leading to formation of the azapreful-
vene isomer. The reaction path on the S,(mm*) potential
energy surface (PES) was found to be the lowest path for the
formation of the azaprefulvene isomer at the CASSCF(8,7)/
STO-3G level.l!

Formation of Dewar pyridine intermediates was assumed to
occurl® by intersystem crossing with a triplet excited state T;.
In an earlier study, Caplain and Lablache — Combier!l sug-
gested a ring-transposition mechanism involving azaprismane
intermediates in order to rationalize the observed photo-
isomerizations. However, this azaprismane intermediate-
mediated scheme may cause some mechanistic ambiguities.©!
Since the observed excitation energy to the lowest triplet state
ranges from 3.69¢eV (336 nm) to 4.1eV (302 nm)B? in
pyridine, the critical irradiation light of 290 nm for the
photoreaction of 6 corresponds to an energy of 4.27 eV, that
is higher than the onset of the triplet state if the same location
is assumed as in pyridine. If excitation of dimethylpyridines
with light of 254 nm populates the lowest triplet state T}, this
state is expected to have excess vibrational energy. This excess
vibrational energy may be important for photoisomerization
reactions.

Previous theoretical calculations!™ at the UHF/STO-3G
level investigated the formation of this azaprefulvene species
via the S,(mz*) state of pyridine, crossing both the S;(nm*) and
S, states along a concerted pathway. In an MC-SCF study on
the photoreaction of benzene,l'® a similar biradical preful-
vene of benzene was found to be a transition state, whilst this
azaprefulvene structure was characterized as a minimum in
previous studies.'> 1] The reaction path (IRC) from preful-
vene in the benzene reaction leads to a minimum structure,
termed prebenzvalene. This metastable prebenzvalene has
almost the same energy and geometry as the prefulvene
structure. The conversion from this prebenzvalene to a more
stable photoproduct benzvalene is quite facile.') CASSCF
and MP2 calculations by Johnson and Daoustl'”l show that the
conversion from Dewar benzene to benzene can occur on the
singlet PES via a Mobius-benzene intermediate.

To rationalize these photochemical processes, we per-
formed a theoretical investigation of the photoisomerizations
of dimethylpyridines outlined in Schemes 1 and 2. Relevant
valence-shell electronic spectra were determined by CASPT2
and MRCI calculations. Conical crossing structures leading to
the Mobius-dimethylpyridine intermediate and azabenzva-
lene intermediate were characterized. Plausible reaction
pathways and singlet and triplet intermediates involved in
the photoisomerization are proposed.
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Computational Details

Geometry optimizations and vibrational analyses for stationary points on
the potential energy surfaces (PESs) of the singlet and triplet states have
been performed based on density functional theory (DFT), specifically the
Becke’s three-parameter hybrid exchange functional'® and the Lee-
Yang - Parr correlation functionall™ (B3LYP). For the triplet states and
the singlet biradical structures, the Hartree — Fock exchange potential from
the unrestricted wavefunction is employed in the Becke’s hybrid exchange
functional (UB3LYP). For comparison with the B3LYP calculations, the
CASSCF method was also used for geometry optimization of the
dimethylpyridine isomers (1-6). In this case, the CASSCF active space
consists of six 7 orbitals and a lone pair (sp>-like hybrid orbital) of nitrogen,
so that eight electrons were allowed to be distributed into seven molecular
orbitals, denoted as CAS(8,7). The location of conical crossing structures
and the optimization of singlet biradical azaprefulvene and preazabenzva-
lene structures were determined by CAS(6,6) calculations. This choice
seemed sufficient because the lowest and highest molecular orbitals in the
active space of the CAS(8,7) calculations were found to have negligible
contribution to the CASSCF wavefunction. Excitation energies for
relevant singlet and triplet excited states were calculated by CASPT2(
and MRCI methods.?!! In the MRCI calculations, the core and lowest five
valence molecular orbitals are always kept doubly occupied so that
32 valence electrons are active. The threshold value for configuration
selection was generally 107 hartree. A Davidson-type procedure was
employed to estimate the full CI limit.”? All DFT and CASSCF
calculations were performed with the Gaussian 94 package!®! employing
the 6-311G** basis set.l?> 2V MOLCAS 4.0 and DIESEL-CI programs’!
were used for the CASPT2 and MRCI calculations. In these cases the 9s5p/
5s3p®! for carbon and nitrogen augmented with one d-polarization
function (exponent 0.75) was employed, since this basis set has been found
to perform very successfully for electronically excited state. For hydrogen
atoms, the STO-6G basis set was considered here. The smaller standard 6—
31G basis set was used for the search of selected excited states and conical
intersections in the CAS(6,6) calculation.

Results and Discussion

Geometry and stability of dimethylpyridines: The optimized
geometries of the dimethylpyridines (1-6) as obtained for the
DFT/B3LYP calculations are displayed in Figure 1. The
CAS(8,7) calculations for dimethylpyridines give almost the
same equilibrium parameters. Relative energies at different
levels of theory are shown in Table 1. The 2,6-dimethylpyr-

Table 1. Relative energies [kcalmol™'] of dimethylpyridines.

Species SCF CASSCEF(8,7) B3LYPLI
1 0.00 0.00 0.00

2 3.38 2.73 2.36(2.77)
3 271 1.82 1.91(2.01)
4 1.28 1.20 1.30(1.41)
5 4.22 3.34 3.38(3.92)
6 4.70 3.29 3.61(3.80)

[a] Values in parentheses from zero-point vibrational energy correction.

idine (1) is predicted to be the most stable isomer in all
treatments. Furthermore, it is seen that the relative energies
of the B3LYP calculations are in good agreement with the
results of the more demanding CAS(8,7) calculations. All
isomers are within an energy range of 4 kcalmol~! from each
another. The second most stable isomer 4 lies only
1.4 kcalmol~! above the lowest energy structure, while
isomers 5 and 6 are the least preferred arrangements

Chem. Eur. J. 2001, 7, No. 9
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according to the present calculations. From Table 1 it is seen
that a relatively large zero-point energy effect exists in the
isomers 2 and 5. This can be ascribed to a crowded arrange-
ment of two methyl groups in both isomers.

Electronic spectra of valence-shell excitations: Excitation
energies and oscillator strengths due to m-n* and n-m*
transitions in dimethypyridines 2 and 6 as determined by
CASPT?2 and MRCI calculations are given in Table 2. At the
CASPT2 (MRCI) level, the lower n—x* and ;- 7t* excitations

Table 2. Selected vertical excitation energies [eV/nm] and oscillator
strengths of dimethylpyridines 2 and 6.

State CASPT2 MRCI f(CASPT2/MRCI)
dimethylpyridine 2

21A T — 5.11/242.6 5.13/242 0.031/0.117
21A” n— 5.19/238.9 5.21/238 0.002/0.006
21A” n— g 5.52/224.6 5.711217 0.00005/0.00002
13A’ T — 4.14/299.5 4.32/287

13A” n— 4.28/289.7 4.35/285

dimethylpyridine 6

1B, n— * 4.45/278.6 4.78/259.4 0.019/0.006
1B, T — 4.89/253.6 4.83/256.7 0.033/0.047
1A, n— m* 5.99/207.0 /0.0
1A, T —m* 6.83/181.5 /0.862
13B, n— * 4.29/289.0 4.39/282.4

13A, T — 4.33/286.3 4.37/283.7

13B, T — 4.52/274.3 4.91/252.5

13A, n— m* 5.12/242.2 5.90/210.2

in 6 occur at 4.45 (4.78) and 4.89 (4.83) eV, respectively. For 2,
the n—a* and w—x* bands are predicted to center at 5.19
(5.21) and 5.11 (5.13) eV, respectively. Hence the S; excited
state in 6 arises from the n—m* excitation, and in 2 from the
nt—m* excitation. On the other hand, the separation between
the st and not* states in 2 and 6 is only 0.08 (0.08) and 0.44
(0.05) eV at the CASPT2 (MRCI) level, respectively. In a
previous theoretical study on pyridinel!!l the CASPT? calcu-
lated transition energies are generally in very good agreement
with the experimental data for most excited states, although
deviations within £0.3 eV occur for some excited states,
including n—mt* excitations.

The vertical singlet—triplet n—m* transition from the
ground state 'A; of 6 to the excited state B, occurs at
4.29 eV/289 nm (4.39 ¢V/282 nm) at the CASPT2 (MRCI)
level. The singlet—triplet m—m* transition lies at 4.33 eV/
286 nm (4.37 €V/284 nm). Both nn* and mw* triplet excited
states are found to be nearly degenerate in energy. A similar
feature for the triplet excited states of dimethylpyridine 2 is
seen (Table 2). Considering the effect of methyl substitution
on excitation energies, both vertical singlet—triplet excita-
tions should be comparable with the experimental bands
found between 3.7-4.1 eV for the singlet —triplet excitation of
pyridine.’> ! These singlet and triplet states are accessible
energetically by the irradiation light of 254 nm (4.88 V) used
in the recent study of vapor-phase photochemistry of di-
methylpyridines,®! and are thus expected to be involved in the
photoisomerization of dimethylpyridines at 254 nm. As ex-
pected, the m—m* transitions have the largest transition
probabilities.
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Figure 1. B3LYP/6-311G**-optimized geometries [A, °] of singlet (1-18) and triplet states (19-28).
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Geometrical features of the excited states: To gain some
insight into the geometry of the nz* and si* excited states of
dimethylpyridines, we optimized the S,(nn*) excited state 'A’
of 2 and the S,(n7t*) excited state 'B, of 6 by CAS(8,7)/6-31G
calculations. These lowest nnt* and ™ excited states play an
important role in the suggested schemes for the formation of
intermediates 14 and 10 (vide infra). Figure 2 shows the
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Figure 2. CASSCF-optimized geometries [A, °] of the excited states.

geometries of both excited states. Compared to the geom-
etries of the ground states of 2 and 6 in Figure 1, the m—m*
excitation results in stretching dimethylpyridine CC and CN
bonds in the excited state 'A’, while the n—nt* excitation leads
to the excited state 'B; of 6 with shorter 2—-3 and 5—6 bonds
and longer 1-2, 1-6, and 3-4, 4-5 bonds. This is in
agreement with the bonding features of molecular orbitals &t
and m* presented in previous study by Sobolewski and
Domcke.”] The geometric behavior of the mm* and nm*
states in the other isomers is expected to show the equivalent
trends. Vibrational frequency calculations show that both
excited states S; and S, are stable minima on the PESs. The
significant change in geometry between the ground and
excited states will result in a considerable difference between
the adiabatic and vertical transition energies. This relatively
low adiabatic transition energy was also seen in the CASPT2
calculation of pyridine.!'!]

Formation of intermediates Mobius dimethylpyridine and
dimethylazabenzvalene structures: Mobius benzene and
benzvalene were proposed as photoproducts of benzene,
and precursors to other benzene valence isomers.['”>2°30 A
prefulvene structure was proposed to be involved in the
formation of benzvalene.l'® Previous calculations by Sobo-
lewski and Domckel!" on pyridine and pyrazine, and recent
experimental studies by Zewail and co-workersl™! on pyridine
suggest the existence of a similar azaprefulvene structure in
pyridine photochemistry involving the S,(mm*) excited state.
The existence of a Mdobius pyridine structure in photoisom-
erization, however, has not been confirmed so far.

Using an approach similar to that employed by Sobolewski
and Domcke,[”! we located an azaprefulvene structure in
dimethylpyridine by exchanging the alpha HOMO and the
alpha LUMO in the UB3LY/6-311G** calculation. Despite
the lack of any geometrical restriction (i. e. C; symmetry was
employed), the optimized geometry of this azaprefulvene
shows basically C, symmetry. Frequency calculations show
that this azaprefulvene structure is a transtion state. Consid-
ering the biradical character of azaprefulvene, we reoptimized

Chem. Eur. J. 2001, 7, No. 9
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the azaprefulvene structure with the CASSCF method. The
CASSCEF optimization within C; symmetry located an aza-
prefulvene structure (Figure 3) with almost the same equilib-
rium geometry as the previous UB3LYP approach, but
CASSCEF frequency analysis shows that this azaprefulvene is a

Amiprefulven:
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Figure 3. CASSCF-optimized geometries [A, °] of azaprefulvene, preaza-
benzvalene, and the conical intersection minima.

stable minimum on the PES. This finding is consistent with
previous studies on benzene and pyridine.'* The ground
state of this structure correlates according to the CASSCF
wavefunction with the S; (nmt*) configuration in the parent 6.
The first and second excited states in this structure are close in
energy, and correlate with the S,(mm*) and the Sy(m?)
configuration of the parent 6, respectively. This observation
suggests that the excited azaprefulvene corresponds to an
S, (ser*)/Sy(m?) conical intersection or is located near an S,/S,
crossing surface.

In the vicinity of the azaprefulvene, a preazabenzvalene
structure (Figure 3) was also found by the CASSCF calcu-
lation to be minimum on the PES. The preazabenzvalene and
azaprefulvene intermediates are basically isoenergetic even
though a significant difference in the out-of-plane angle exists.
Analogous prefulvene and prebenzvalene structures connect-
ed by a relatively flat PES in the prefulvene biradical region
has also been documented in an MC-SCF study of photo-
chemical reactions of benzene.['?l

In a subsequent search for the conical intersection of 6 by
CAS(6,0) calculations, an azabenzvalene-like structure (Fig-
ure 3) was found, and CASSCF calculations characterized it
as an S;(nm*)/Sy(n?) conical minimum. This S;(nm*)/S, is
about 44 kcalmol~! higher in energy than the azabenzvalene
10. Thus, the azabenzvalene-like S; (nm*)/S, is likely to
transform to the photoproduct azabenzvalene 10.
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To correlate formation of relevant intermediates with the
low-lying excited states and to get some qualitative features of
the adiabatic correlation of Sj, S;, and S, in the photo-
isomerization process of 6, we performed CAS(10,7) energy
calculations along the path to the azabenzvalene-like struc-
ture S, (n7*)/Sy(7?). The adiabatic potential energy curve of S,
rises along this path. The close-lying S; and S, show an
interaction at the beginning of this pathway that is of a similar
nature to that found by Sobolewski and Domckel"! for
pyridine (rising nit* and descending stst* curve). This is then
followed at a late stage on the path by the S;(nmt*)/Sy(s?)
conical crossing. These results suggest that the intermediate
10 is likely to be formed after excitation via the S,/S;
interaction followed by an S,/S, decay. As mentioned before,
the structure of excited azaprefulvene bears the character of
an S,/S, conical intersection. Thus, the azaprefulvene inter-
mediate could be expected to be involved in the formation of
the intermediate 10. Recent experimental studies by Zewail
et al.;! indicate that the azaprefulvene structure due to the
S,(mm*) is involved in the photoreaction of pyridine.

In the photoreaction of parent 2, an S;(mm*)/S, conical
intersection structure has been found along the path to
Mobius dimethylpyridine 14. This structure arises from the
isomerization of the wm* excited state S; in 2. Figure 3 shows
the geometries of the azaprefulvene, preazabenzvalene, and
conical intersection minima leading to the Mobius dimethyl-
pyridine intermediate 14 and azabenzvalene intermediate 10.

Formation of Dewar dimethylpyridine: Of three possible
Dewar dimethylpyridines only 7 (Scheme 1) was detected by
'"H NMR spectroscopy. At the B3LYP/6-311G** level, 7 was
found to be more stable than 8 and 9 by 0.5 and 7.4 kcalmol !,
respectively. Figure 4 displays the relative energies for sta-

TC —=JT% —_—

243 nm

/
N

- 2
Figure 4. Relative energetics [kcalmol™'] of the formation of Dewar
dimetylpyridines.

tionary points on the PES from dimethylpyridine 2 to Dewar
dimethylpyridines 7 and 9. If dimethylpyridine 2 is excited to
the n* excited state S;, isomerization to Mobius dimethyl-

1932
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pyridine 14 can occur involving an S,/S, conical intersection.
In the present calculation, the m—mt* vertical excitation occurs
at 243 nm, slightly higher than the irradiation light of 254 nm.
Considering a significant relaxation in geometry of the mm*
excited state S; and an accuracy of no more than 0.2 eV, S; is
certainly populated upon 254 nm irradiation. Isomerization to
the Dewar form can involve the Mobius form 14, or it can
proceed directly from excited dimethylpyridine 2 to the
Dewar forms 7 and 9 by 3—-6 or 1-4 bonding as has been
studied for the isomerization of benzene and [n]paracyclo-
phanes (n =35, 6, 7) to their Dewar-analogues.*] Formation of
7 from 14 proceeds via a transition state 16 with a low barrier
of 8.2 kcalmol~! at the B3LYP level, while 9 is formed through
a transition state 17 with a barrier of 14.4 kcalmol~!. Dewar
dimethylpyridine 7 is more stable than 9 by 7.4 kcalmol~-!.
These results show that the isomerization reaction to 7 is both
kinetically and thermodynamically more favorable than the
process to 9. This is in agreement with the experiment in
which only Dewar dimethylpyridine 7 was observed after
irradiation of 2 at 254 nm in liquid solution.[!

Another Mobius dimethylpyridine isomer, 15, was also
located (Figure 1), 1.4 kcal mol~! higher than 14 at the B3LYP/
6-311G** level. Isomer 15 could be converted into Dewar
pyridines 8 via 2,5-bonding. A conceivable pathway, namely
that Dewar pyridine is formed from the intermediate 10 is
very unlikely. Structure 18 displays the transition state from 10
to Dewar pyridine, which occurs with a very high barrier of
89 kcalmol~'. Hence, this process is much less favorable than
other reactions involving structure 10 as we will see (vide
infra).

Singlet migratory-insertion mechanism: The azabenzvalene
intermediate 10, originating from the S,/S, decay subsequent
to the S,/S; mixing, might serve as a precursor of selective
nitrogen migratory-insertion. Figure 5 shows the relative

S, 120

13
——"" 8S1/So0 " _11_, 104.3

0.0 00 "3

Figure 5. Relative energetics [kcalmol™'] of the singlet phototransposition
of 6 with 4 on the singlet potential energy surface.

0947-6539/01/0709-1932 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 9





Photoisomerization Channels of Dimethylpyridines

1927-1935

energies of photoisomerization from 6 to 4 as well as
reformation of 6 through 10. In the suggested transposition
mechanism, the reaction from 6 to 4 may proceed by
generation of the intermediate 10 first, followed by nitrogen
shifting insertion and rearomatization. The barrier is
28.6 kcalmol~! for the formation of 4 from 10. A slightly
lower barrier of 24.6 kcalmol~! is responsible for the isomer-
ization from 10 back to 6. Presumably, similar phototranspo-
sition processes from 4 to 6 and from 4 to 3 can take place via
similar mechanisms. Scheme 4 displays the interconversion

~
s
B

3

6
U T
J O
N N

Scheme 4. Interconversion mechanism of 6 with 4 and 3.

e

ESSS

N 10

mechanism of 6 with 4 and 3. Notably, the mechanism shown
in Scheme 4 is selective and no direct pathway connects 6 with
3. This suggests that the existence of 4 is prerequisite for
coexistence of 6 and 3 in photoisomerization products.
Inspection of the photoproducts of 2 formed after irradiation
at 254 nm shows that both 6 and 4 indeed do not exist, whilst
the photoproducts were accompanied by the formation of 3.0

Triplet migratory-insertion mechanism: Two triplet 3(nsm*)
and *(;ur*) states of pyridine with different intrinsic lifetimes
are observed experimentally.’) A strong vibronic coupling of
the nearly degenerate 3(nt*) and 3(nt*) states may give rise
to a pseudo Jahn-Teller type of interaction between these
two states. This results in a double minimum in the lowest
triplet surface, yielding a vibrationally relaxed triplet state
with a boat-shaped geometry.®*! Full CI and MP4 calculations
with small basis sets show that the *(nst*) state is slightly more
stable than the 3(;m*) state. In the present work, it is found
that higher nm* and niz* states of dimethylpyridine are also
very close in energy (Table 2). In Table 3 we list energy
minima and transition states that have been located by
UB3LYP calculations for various forms involved in dimethyl-
pyridine 6 isomerization. To judge the accuracy of the
calculations and the radical character of these triplet sta-
tionary points on the PES, the spin population of these DFT
calculations are also given.

The 3A, (nt*) state of 6 in planar geometry was found not
to be a stable state at the UB3LYP level. Three imaginary
frequencies correspond to in-plane deformation of the ring,
the nitrogen out-of-plane distortion and wagging of aryl-H
between the two methyl groups, respectively. The *B,(nsm*)
state 28 in planar geometry was found to be a transition state
at the UB3LYP/6-311G** level, which leads to an out-of-
plane distortion geometry 19 following the imaginary mode.
A similar triplet boat-shaped structure of pyridine was
reported in a previous theoretical study.*’]

Figure 6 shows the relative energetics on the triplet PES
along the assumed photoisomerization path from 6 to 4. The
triplet state T,(°B,) in Figure 6 may be formed by either the
direct S,— T, excitation or by intersystem crossing (ISC) from
S;—T, and from S,— T,. The S,-T, transition is formally
spin forbidden, but can be enhanced by spin-orbit perturba-
tion. Results of previous experimental studies show that the

Table 3. UB3LYP relative energies [kcalmol~'], total spin and spin densities on nitrogen of triplet structures of dimethylpyridine 6.

Species 19 20TS 21 22TS 23 24TS 25 26TS 27

AE 0.0 20.7 9.4 18.0 6.4 18.9 114 232 -1.6
s? 2.02 2.01 2.03 2.05 2.08 2.05 2.03 2.02 2.02
pos(N) 1.01 0.68 1.06 1.49 1.85 1.50 1.08 0.72 1.00

N

@N
L

27

81.8 "

N
2

N L4

23

Figure 6. Relative energetics [kcalmol~'] of the triplet phototransposition of 6 with 4 on the triplet potential energy surface calculated at the B3LYP/6—

311G** level.
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T,(°B,) state can be populated by ISC with a significant
quantum yield.['?

In the present triplet transposition path, the triplet struc-
ture 19, which is due to vibrational relaxation of the °B,
excited state, can be considered as a precursor in the triplet
phototransposition from 6 to 4. First, 19 proceeds to the
azaprefulvene structure 21 via the transition state 20 with a
barrier of 20.9 kcalmol~! (but only slightly above the energy
of the 3B; state), followed by conversion from 21 to a more
stable intermediate azafulvene 23 with a low barrier of
8.6 kcalmol~! (Figure 6). Then, another azaprefulvene 25 is
formed through the transition state 24 with a barrier of
12.5 kcalmol~'. Despite carefully searching for a direct
transition state accounting for nitrogen shift from 21 to 25,
all attempts always find transition states 22 and 24. This
suggests that there should be no direct nitrogen migration
from 21 to 25. Finally, the azaprefulvene 25 is converted into
the out-of-plane distortion geometry 27, and subsequent
rearomatization results in the formation of dimethylpyridine
4. A similar triplet mechanism for the phototransposition of 4
to 3 could be schemed. This multistage transposition mech-
anism on the triplet PES is very likely since there are
relatively low barriers for each step on the triplet PES, and
furthermore the highest calculated barrier only requires an
energy of 8 kcalmol~! above that of the 3B, state.

Conclusion

Plausible photochemical mechanisms of representative di-
methylpyridines 2 and 6 have been suggested. In summary, a
Mobius dimethylpyridine intermediate 14, originating from
photochemistry of the mm* excited state S, of 2, may serve as
the precursor to Dewar pyridine 7. The isomerization to the
product 7 is favored both kinetically and thermodynamically
over the formation of other Dewar dimethylpyridines. The S,/
S, decay subsequent to the S,/S; interaction in 6 yields an
azabenzvalene intermediate 10 first, followed by nitrogen
migration and rearomatization leading to 4. Dimethylpyridine
4 may proceed to 3 by similar mechanisms with transposition
of 6 with 4. Electronic spectra due to valence-shell excitations
in dimethylpyridines 2 and 6 have been estimated by CASPT2
and MRCI calculations. The vertical excitation energies of
low-lying 3(stse*) and 3(nm*) excited states are compared
with the irradiation light of 254 nm. The *(nst*) photochem-
istry might be responsible for the interconversion of 6 with 4
on the triplet PES. A suggested multistage mechanism for
selective nitrogen insertion involves electrocyclic ring closure,
nitrogen migration around the sides of the cyclopentenyl ring,
and rearomatization. Stable triplet intermediates, such as the
out-of-plane distortion structures 19 and 27 originating from
vibrational relaxation of the 3(nm*) excited state, triplet
azaprefulvene biradicals 21 and 25, and azafulvene 23 are all
involved in the conversion from 6 to 4. The photoisomeriza-
tion channels proposed in the present study may be used to
rationalize recent results from the photochemistry of di-
methylpyridines and their analogues.
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Solvated CH;" in Liquid Superacid

Per Ahlberg,*?! Annika Karlsson,!?! Alain Goeppert,*! Sten O. Nilsson Lill,'?!
Peter Dinér,'*! and Jean Sommer!®!

Abstract: The transition states for
methane activation in liquid superacid
have been studied by experimentally
determined secondary kinetic deuteri-
um isotope effects (SKIEs) and compu-
tational chemistry. For the first time, the
SKIEs on hydrogen/deuterium ex-
change of methane have been measured

solution by using NMR spectroscopy.
Density functional theory (DFT) and
high-level ab initio methods have been
employed to model possible intermedi-
ates and transition states, assuming that
the superacids involved in the exchange
reactions are H,F" ions solvated by HF.
Only the unsolvated superacid H,F™ is

found to be strong enough to protonate
methane, yielding the methonium ion
solvated by HF as a potential energy
minimum. In contrast, the (HF),-solvat-
ed H,F' superacids (x=1-4) do not
appear to be strong enough to yield
stable solvated methonium ions. How-
ever, such ions show up as parts of the

by using the methane isotopologues in
homogeneous liquid superacid (*HF/
SbFs). To achieve high accuracy of the
SKIEs, the rate constants for pairs of
methane isotopologues were simultane-
ously measured in the same superacid

tems

Introduction

Methane is abundant on earth. It is the major component of
natural gas and is produced on a short timescale through the
biological conversion of biomass.l'! During the last decades,
much effort has been applied to the challenge of converting
methane into useful products.>! One approach is electro-
philic activation, which relies on the o basicity of the C—H
bond, that is, its ability to react with strong electrophiles.® 71 In
liquid superacid® Hogeveen and co-workers® 'l and Olah
and co-workers[': 12l have observed protium/deuterium ex-
change with methane, and the methonium ion was suggested
as an intermediate or transition state [Eq. (1)].

C'H, + 2HF/SbF; — C'HyH + 'HF/SbF; )

Olah and co-workers have also reported ESCA (electron
spectroscopy for chemical analysis) evidence for the presence
of the methonium ion in a superacid matrix.'¥l Hogeveen and

[a] Prof. P. Ahlberg, Dr. A. Karlsson, S. O. Nilsson Lill, P. Dinér
Organic Chemistry, Department of Chemistry
Goteborg University, 41296 Goteborg (Sweden)
Fax: (+46)31-772-2908
E-mail: per.ahlberg@oc.chalmers.se

[b] A. Goeppert, Prof. J. Sommer
Institut de Chimie, Université Louis Pasteur
4, rue Blaise Pascal, 67070 Strasbourg (France)
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transition states of the exchange in
which the methonium ions are solvated
by (HF),. The calculated DFT activation
barrier is in good agreement with that
experimentally observed.

co-workers studied the exchange reaction with mono-deuter-
ated methane in a HF/SbF; solution (9 mol % SbFs) at a high
pressure (7 atm) over a temperature interval (—10-25°C).
Deviations in methane solubility were experienced upon
changing the temperature. Olah and co-workers observed the
hydrogen exchange with both C'H, and C*H, under atmos-
pheric pressure at room temperature in FSO;'H/SbFs and
FSO;?H/SbFs (1:1). Upon elevation of the temperature to
140°C, the dissociation products CH;™ and H, were suggested
to have formed.

The methonium ion (CHs") was first discovered by mass
spectrometry.'* 51 A number of theoretical studies have
shown its shallow potential-energy surface.['6-2!]

The eclipsed C, conformer, Cy(e) (Figurel), is now
accepted as being the lowest on the potential-energy surface,
although the barriers for rearrangements are extremely small.
The barrier for methyl rotation to a staggered C; conforma-
tion, C,(s), is approximately 0.1 kcalmol~!, and the exchange
between two eclipsed C; structures via a flipped transition

Ly [ah Ly (5] T

Figure 1. Calculated conformations of the methonium ion, CHs".
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structure (TS) with C,, symmetry is approximately
0.8 kcalmol~'. Addition of zero-point energy (ZPE) suggests
that the energy difference is almost negligible.') A recent
high-resolution infrared spectrum in the gas phase seems to
confirm that the parent alkonium ion CHj" is highly fluxional
and that its structure may not be described by a single nuclear
configuration, although no assignment of peaks was possi-
ble.?l Retardation of the degenerate rearrangement has been
achieved by trapping CHs" in clusters with H,, CH,, Ar or
N,.[235] Characterisation of such clusters, both theoretically
and by spectroscopy, have been performed, and the results
have supported the C structure for the parent CHs" ion. A
mass spectrometry study by Heck et al. on the other hand
indicates that the isotopologues CH.H* and C*H,H* do not
rearrange.’* Schreiner et al. has reported a theoretical
study of methane and the electrophile NO*."% However, little
is still known about the detailed reaction mechanism for the
hydrogen exchange in liquid solution.

To obtain information about the rate-limiting activated
complexes involved in the hydrogen exchange we have, in the
present study, experimentally determined the secondary
kinetic isotope effects (SKIEs) for the exchange by NMR
spectroscopy by using the methane isotopologues in homoge-
neous liquid 2HF/SbFs. In order to achieve the required SKIE
accuracy, experiments were designed in which rate constants
for pairs of methane isotopologues were measured simulta-
neously in the same superacidic solution. To interpret the
results, a theoretical study of possible intermediates and
activated complexes has been performed by using density
functional theory (DFT: B3LYP) and ab initio methods (MP2,
QCISD). The theoretical results show that in the activated
complexes, the methonium ions are strongly hydrogen bonded
by (HF), polymers.

Computational Details

Compounds were optimised at B3LYP/6-311 ++ G(3df,2p),*"*! here
denoted B3LYP/BS2, MP2(full)/6-311 + G(d,p), here denoted MP2/
BS1,l or QCISD(full)/BS21"#1 levels of theory, as implemented in
Gaussian 98.1 Optimisations with a very tight convergence criteria, as well
as a finer grid (grid = —96032), were used for the SKIE calculations with
DFT. All geometries were characterised as minima or saddle points on the
potential-energy surface (PES) by using the sign of the eigenvalues of the
force-constant matrix obtained from a frequency calculation. Transition
states with one imaginary frequency were confirmed to describe the correct
movement on the PES by a mode analysis. IRC (intrinsic reaction
coordinate) calculations™ ¥ were performed, in selected cases, to connect
the TS with its corresponding reactant and product. Secondary kinetic
isotope effects (SKIE) were calculated by using Gibbs free-energy values
from the Gaussian program. A scaling factor of 1.00 was applied to the
frequency calculations. Different scaling factors were tested at BALYP/BS2
(0.96) and MP2/BS1 (0.94) as suggested by Scott and RadomP?! leading to
changes in the secondary kinetic isotope effects of less than 1%. Energies
given in the text refer to B3LYP/BS2.

Results and Discussion
The superacid solutions that were used for the methane
activation in the present work are mixtures of HF and SbFs.

Experimentally, it has been shown that such mixtures ionise
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into (HF), solvated H,F* ions and SbF,~ or larger anionic
species (Sb,F;;~ or SbyF;¢7).5*"1 The number, x, of HF solvate
molecules per H,F* has been found to decrease with increas-
ing SbFs concentration. The composition of the superacids is
thus determined by the concentration ratio of HF and SbF;
through a complex set of equilibria. Studies of (HF),-solvated
H,F* ions by various techniques (X-ray diffraction, molecular
dynamics and ab initio methods) have shown that they form
linear, zigzagged chains held together by strong hydrogen
bonds.’*-¢l Recent ab initio molecular dynamics simulations
by Kim and Klein show that the solvated H,F* ion and the
SbF,~ counterion are parts of a fully separated ion pair.[*

Protium/deuterium exchange reactions of alkanes catalysed
by superacids have been studied by a number of groups.® %31 In
the strongest superacid system HF/SbFs;, the hydrogen
exchange rate has been shown to be much larger than the
ionisation rate of isobutane.*) Hogeveen and co-workers
have reported the activation parameters for the exchange of
methane.[%] In the literature, we have not been able to find
any kinetic isotope effects (KIE) for the exchange reaction of
alkanes in superacids,['* % 9 but equilibrium isotope effects
on carbocations have been reported.®73 Kinetic isotope
effects for the protonation of isotopologues of bicyclo[4.4.4]-
tetradecane with trifluoromethanesulfonic acid (CF;SO5'H/
CF;SO4?H) and the accompanying dissociation of the carbo-
cation to H, and a carbenium ion has been reported by
McMurry and co-workers. Their results are supportive of a
pentacoordinated, nonlinear, activated complex with a car-
bonium ion as intermediate.’*7% Erhardt and Wuest, on the
other hand, have reported a linear activated complex or
intermediate upon protonation of perhydro-3a,6a,9a-triaza-
phenalene, followed by H, dissociation.[”l Schoofs et al. have
reported KIE for hydrogen exchange in the solid phase.[8! We
have now determined the secondary kinetic deuterium
isotope effects (SKIEs) for exchange of the parent alkane
methane, revealing information on the transition states and
possible intermediates. SKIEs have been shown to be useful in
excluding proposed reaction mechanisms and transition-state
structures.”

Neutral methane has been reported to be, at best, sparsely
soluble in superacids, if at all.l'¥] However, methane is found
to be soluble enough (approximately 0.005M) for direct
kinetic studies by NMR spectroscopy, for example, of isotope
exchange.

Rate constants for protium/deuterium exchange of the
isotopologous methanes shown in Equations (2)-(5) have
been determined in the superacid 2HF/SbF; (15 mol % SbFs)

BCIH, + 2HF/SbFs“%3C'H2H + 'HF/SbF; ©)
RCIHLH 4 HF/SbE;*2C'H,2H, + 'HE/SbF, )
12CIH,?H, + HF/SbF, 2% 2CIH?H, + 'HF/SbF, )
12CIHPH, + HF/SbFs—12C2H, + 'HF/SbF; ©)

at —20°C and the SKIEs have been calculated. The rate
constants k,, ky,, k. and k4 are defined as rate constants per
protium available for exchange with deuterium in the
methane isotopologue. The rate constants for the two
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pertinent methane isotopologues were measured simultane-
ously in the same superacidic solution in order to improve
SKIE accuracy. No condensation products could be detected
during the reaction.

Figure 2 shows one-pulse H decoupled 600 MHz '"H NMR
spectra, obtained at different reaction times, of a solution
containing initially approximately equimolar amounts of

12 2

clu,?n
12C 1H22H2

13,1
134 1H4 C'H,

Belu,?y Bely,2y

==

12C lH 2H 5

1341

c H22H2 13 1H22H2
b

13C 1H2H3 13,4 1.2

cluu,
S U\W\AAA,\,«

T T T T T T T T
0.15 040 005 000 -0.05 -0.10 -0.15 -0.20 ppm

Figure 2. 'H NMR spectra of a reaction mixture at different reaction times,
sec text.

BBC'H, and 2C'H;*H. Spectrum a, obtained after 8 min, shows
three major signals: the doublet originating from *C'H, and a
singlet from >C'H;?H, in addition to product signals from
3C'H,’H and ?C'H,’H, . These latter signals appear upfield of
the corresponding signals from the starting materials due to
deuterium-induced shifts. In spectrum b, recorded after
15 min, additional signals from the new products '*C'H,’H,
and '2C'H?H; have appeared. In spectrumc, the most
abundant isotopologues are no longer the starting materials.
After 35 min, the product C'H?Hj is visible in spectrum d.
The molar percentages (mol %) of the reagents and products
in the reaction mixture were calculated from the integrated
spectra and are plotted as a function of time in Figure 3a.
The two starting materials, *C'H, and ?C'H;’H, are both
found to disappear by first-order reactions, with rate constants
4k, and 3k, respectively. The rate constants k, and k; are
defined as rate constants per protium available for exchange
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Figure 3. Molar percentages (mol%) of methane isotopologues plotted
against time for the exchange reactions shown in Equations (2) —(5). The
reaction mixtures were initially composed of equimolar amounts of pairs of
labelled methanes. The following pairs were used in the experiments:
a) BC'H, and ?C'H?H,; b) ¥C'H, and '*C'H,’H,; c¢) *C'H, and ">C'H?Hj;.
The curves were simulated by using the rate constants shown in Table 1.

with the particular methane isotopologue (Table 1). The
SKIE k,/k, was calculated to be 0.96.

Similarly, by using the reagent pairs *C'H,/"?C'H,*H, and
BC'H,/"?C'H?H,; as starting materials, the results shown in
Figures 3b and c, respectively, were obtained. The calculated,
and statistically corrected first-order rate constants, k. and kg,
are also given in Table 1. The estimated SKIEs are 1.00 and
1.02, respectively.

At first glance we found the above-observed isotope effects
surprisingly small in view of the expected dramatic structural

Table 1. Experimentally determined rate constants at —20°C.

Substrate pair k, [s7'] ky [s7'] k. [s7] kq[s7!]
BC'H,/"?C'H;’H 321x10*  333x10* - -
BCH/PCHSH,  333x 104 — 333x104 -
BC'H,/"2C'H?H; 299 %10 - - 2.92 x 10~
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change in going from methane to the presumed carbonium-
ion-like activated complex. To interpret the results, DFT and
ab initio methods were used in order to optimise the
structures, energies of intermediates, activated complexes
and SKIEs. HF-solvated H,F" superacids, with 0—-4 HF
molecules in the solvating linear polymer, are the superacids
that have been employed in the present study. The theoretical
methods used were first verified on calculated systems in the
literature related to this study. These systems include the
CH;* (C(e) conformer), an adduct between CHst and H,,
and the HF dimer. The geometrical parameters are compared
in Table 2 and Figure 4.

Table 2. Theoretical geometrical parameters at various levels of theory.

CH;" (C,(e)) CCSD(T)/TZ2P +fi) CCSD(T)/BS2!) B3LYP/BS20"
C-H, 1.198 1.193 1.186
C-H, 1.197 1.192 1182
C-H, 1.106 1.104 1.109
H,-H, 0.945 0.949 0.988
CH,"-H, CCSD(T)/TZ2P+d“ MP2/aug-ccPVTZl B3LYP/B2M
C-H, 1.213 1.200 1210
C-H, 1.187 - 1.169
C-H, 1.103 1110 1.107
H,-H, 0.947 0.989 1.005
H-H/H, 1854 1.880 1.825
H¢-H, 0.749 - 0.751
HF, CCSD(T)/TZ2P(f,d)l CCSD(T)/TZ2P(f,d)l B3LYP/BS2"!
H,-F, 0.921 0.921 0.925
H,-F, 0.923 0.923 0.929
F,-F,l 2732 2.742 2.735

[a] Ref. [16]. [b] This work, BS2=6-311++ G(3df?2p). [c]Ref. [32].
[d] Ref. [33]. [e] Ref. [80]. [f] Ref. [81]. [g] Experimental value taken from
ref. [80]: 2.72 4+ 0.03 A.

H7
/\ Hao-Ha
H,- -H Heg S
N .~ F-Ho F N
C H \‘H/ Hy
HS\\\I\-I/ \H 4
4
CH5+‘H2 H2F2 CH5+

Figure 4. Calculated structures of CHs" - H,, the HF dimer, and CH;".

In CHs*, the H,—H, bond length is slightly overestimated
with B3LYP, compared to the CCSD(T) structures optimised
by Schreiner et al.: 0.988 and 0.945 A, respectively.'! This
underestimation of interaction makes the corresponding C—H
bonds too strong and thus too short by 0.012 and 0.015 A for
C—H, and C—H,, respectively. The CHs"-H, adduct was
found by Kim etal. to have a dissociation energy (D.) of
3.48 kcalmol ! at the CCSD(T)/TZ2P +d level of theory.[*
With B3LYP/BS2 we estimate this energy value to be
3.67 kcalmol~'. Roszak and Leszczynski estimated values of
3.69, 3.16, and 2.80 kcal mol~!, using MP2/aug-cc-pVTZ, MP4/
aug-cc-pVTZ, and CCSD(T)/6-311 + G(d,p), respectively.?
The experimental D, value was found to be 188+
0.10 kcalmol 1%  Kim etal. determined this to be
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1.46 kcalmol~!, while the present study gave 1.60 kcal mol—L
The B3LYP results are thus in agreement with CCSD(T) and
experimental results. The geometrical deviations (Figure 4
and Table 2) between these CCSD(T) and B3LYP calcula-
tions are similar to those for the parent CHs'. The distance
between the H, moiety and H;, in the CHjs" moiety is
underestimated by DFT by 0.029 A. As a result, the H,—H,
bond length is 0.058 A longer and that of C—H, is 0.018 A
shorter.

The HF dimer has been investigated by Schaefer I1I and co-
workers at the CCSD(T)/TZ2P(f,d) level of theory in two
studies, and the D, values were determined to be
4.94/4.73 kcalmol~!, while the D, values were found to be
3.07/2.94 kcal mol 1.5 81 The present work yields the energies
4.81 and 2.98 kcalmol~!, respectively. The experimental D,
value and D, values are estimated to be 4.47 and
3.04 kcalmol !, respectively.’!! The energetics for the HF
dimer are thus in agreement with both CCSD(T) and
experimental values. The H—F bond lengths are slightly
longer at B3LYP-level compared to the CCSD(T) level,
(+0.004 and +0.006 A for H—F, and H,—F,, respectively).
The F—F distance is overestimated by 0.003 A. In summary,
the comparison of the methods show that the energetics of
B3LYP are in agreement with the highest levels of theory and
experiment. The structure of the HF dimer is also in agree-
ment with CCSD(T) results, while the H,—H, interaction in
CH;" is underestimated by B3LYP.

Structures (Figure 5), potential energies (Figure 6) and free
energies have been calculated for intermediates and activated
complexes involved in the hydrogen exchange with the
different superacids.

The protonation of methane by H,F* (1) to yield the
strongly HF-hydrogen-bonded CHs" ion (2) (Figure 5) was
found to be barrierless by B3LYP/BS2 and MP2/BS1, and
lowered the potential energy by 29.0 kcal mol~'. The activated
complex 3 for the hydrogen exchange has been identified and
has a potential energy of only 1.9 kcalmol~! higher than that
of 2, that is, the exchange takes place without dissociation
within the complex. In 2, and in particular in 3, the methonium
ion moiety has a structure closely similar to the C; structure of
CH;". In 2, HF forms hydrogen bonds predominantly to one
of the hydrogens in the H, moiety of the ion; however, in the
activated complex 3, both of these hydrogens are hydrogen-
bonded by HF. Relative free energies are given in Table 3.

In contrast, B3ALYP/BS2 and MP2/BS1 models H;F," (4) as
an acid not strong enough to protonate methane. However,
strong hydrogen bonds are found to form between methane
and H;F,", yielding the asymmetric complex 5 as an inter-
mediate. All attempts to calculate the hydrogen-bonded

Table 3. Relative (B3LYP/BS2//B3LYP/BS2) free energies [kcal mol~!] of
(HF),H*- CH, and ((HF), - CHs*)* relative to (HF),H* + CH,.

(HF),H* + CH, (HF),H"-CH, ((HF),- CH;")*

ol

1 0 —2431 —-23.71
2 0 —6.36 +0.45
3 0 —2.40 +11.88
4 0 +0.38 +19.48
5 0 +1.65 +23.62
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Figure 5. DFT-optimised structures of superacids, intermediates and activated complexes in the exchange reactions studied. Selected bond lengths [A] are
displayed. Relative Gibbs free energies are given in Table 3 and potential energies in Figure 6.

methonium ion as a potential energy minimum failed. The
hydrogen-exchange activated complex 6 is 7.9 kcalmol ' less
stable than 5. In 6, the two hydrogens in the H, moiety are
hydrogen-bonded by a HF dimer. In Figure 5, results with the
acid HsF," are also shown. The structures of the CHs"
moieties of all the activated complexes are similar. Thus,
increased solvation by HF only results in small structural
changes. In a superacidic solution of HF containing 15 mol %
of SbF;, the most abundant acids are presumably H;F," and
HgFs". The calculated free-energy barriers at 298 K of HsF,*
and H¢Fs* are 19.1 kcalmol~! and 22.0 kcal mol~!, respective-
ly. From the free species (HsF," and HFs" and CH,) the
barriers at 253 K are 18.7 and 22.9 kcalmol~!, respectively.
These barriers are in agreement with the barrier
(18.8 kcalmol~! at 253 K) calculated from the experimentally
determined first-order rate constant by using standard
transition-state theory. The potential energy diagrams for
hydrogen exchange between methane and all different super-
acids studied are shown in Figure 6.

For the two isotopomers of C'H,?H* with deuterium in the
H, moiety we find a ZPE difference of 0.02 kcalmol~'. The
fluxionality of the CH;s" ion is found to be retained in the
transition-state structure. As an estimate of this, we have

1940

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

calculated the barrier for methyl rotation and hydrogen flip in
the TS and compared with the corresponding barriers for the
free CHs" ion, leading to the C(s) and C,, structures,
respectively (see Figure 1). For CHs* we calculate the
potential energy barriers to be +0.07 and +0.50 kcalmol -},
respectively. The corresponding values with HF coordinated
are +0.00 and —1.37 kcalmol™!, respectively, relative to 3.
The transition state that resembles the C,, transition state
contains only one hydrogen bond and which connects the
complexes 2 and 2’ without any hydrogen exchange is more
stable than transition state 3.

Marx and Parrinello have pointed out that for fluxional
molecules, harmonic analysis may be a severely limited tool.
Nevertheless, they found it instructive to compare—within
the Born — Oppenheimer approximation—the harmonic zero-
point vibrational energies of various isotopomers in the
ground-state C; structure of C'H,?H.”) They report ZPE
differences of 0.25-0.45 kcal mol~! between the isotopomers,
and our calculations give 0.25-0.42 kcalmol~, in good agree-
ment with their results. Below, results of deuterium isotope
effect calculations are presented and compared with those
obtained experimentally. The SKIE depends on the number
of deuterium atoms and their positions within the activated
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Figure 6. Potential energy diagrams for hydrogen exchange of CH, with different deuterated superacids.

complexes. SKIEs have been calculated for each of the
isotopomeric activated complexes containing one, two or
three deuteriums, respectively. The weighted-average values
are shown in Table 4 together with the experimentally
measured SKIEs. The calculated SKIEs are similar for all
superacids, both at DFT and MP2 levels (1.03-1.04, 1.07-1.10
and 1.11-1.15, respectively). The corresponding experimen-
tally determined values are 0.96, 1.00 and 1.02. With QCISD,

Chem. Eur. J. 2001, 7, No. 9
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the calculated SKIE for H,F* is reduced and if a similar
reduction in isotope effect applies to the longer acids, the
agreement with the experimental values would be closer. Due
to the computational demand, larger acids were not studied
with QCISD. However, the calculated values are systemati-
cally somewhat higher than those measured, a finding that
could result from a number of factors. In our calculations we
have used a semiclassical treatment, but in view of the
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Table 4. Experimental and calculated secondary kinetic isotope effects
(SKIE).

Acid k/ky, kilk. kalky
Experimental superacid 0.96 1.00 1.02
HFs* 1.020 1.061! 1.10!
1.031] 1.091°) 1.1300]
HF,* 1.03 1.076 1.110
1.03] 1.091°) 1.1300)
H,F;* 1.030 10812 1.130
1.031] 1.091°] 1.1300
H,F,* 1.030 1.081! 1.13
1.040] 1.10) 1.15M
H,F* 1.04/2 1.100 1.151
1.04] 1.10M 1.1510)
1.01 104l 1.07t!

[a] Calculated using B3LYP/BS2. [b] Calculated using MP2/BS1. [c] Cal-
culated using QCISD/BS2.

presence of shallow parts of the potential-energy surface, the
nuclear quantum effects should be included. Such studies
have been performed on CHj*, C'H/2H*, C'H?H," and
hydrogen fluoride by Marx and Parrinello and co-work-
ers,[1719:39. 8284 and on protonated hydrogen fluoride polymers
by Kim and Klein.®! Also, solvation of the CH; moiety of the
methonium ion may contribute to the observed isotope effect.
Due to computational demands, investigation into the effect
of the presence of anion has not been performed.

The calculated free energy of association of CHs" and (HF),
to yield the activated complex for the hydrogen exchange is
—13.7 kcalmol~.. Thus, our results indicate that CH;* is not an
intermediate in the exchange reaction, but rather it acts as a
part of the activated complex and is strongly solvated by
(HF),.

Experimental Section

The spectra in Figure 2 are one-pulse 2H decoupled 600 MHz spectra of a
mixture initially containing approximately equimolar amounts of *C'H,
and 2C'H;?H, in 2HF/SbF; (15 mol % SbFs) at —204 0.5 C. Spectra a, b, ¢
and d were recorded after 8, 15, 22 and 35 min of reaction, respectively, by
using a Varian INOVA 600 instrument equipped with four channels and a
Smm triple resonance PFG probe. The low-temperature system was
composed of a FTS system XR401 Air-Jet Crystal Cooler and a TC-84
controller. Sample temperatures in the probe were measured with a
calibrated methanol thermometer supplied by Varian. One-dimensional
proton spectra were recorded with a standard 'H pulse sequence with
deuterium decoupling during the acquisition by using channel 4. The
spectra were acquired with nonspinning tubes without deuterium field-
frequency locking. The following parameters were used: spectral width:
12000 Hz; number of transients: 1; acquisition time: 3 s. The NMR tubes
were 5 mm quartz tubes 507-PP from Wilmad. The preparation of the NMR
samples was performed in a nitrogen atmosphere. The NMR tube was
connected to a Schlenk apparatus and then placed in an ion generation
apparatus at a temperature set at —20 C.

Typically, 2HF/SbF; solution (700 pL) was added through a thin Teflon tube
to the NMR tube. An equimolar mixture of the labelled methanes was
prepared and the gas mixture (10 mL) was bubbled through the superacid
mixture by using a syringe. The void in the NMR tube was flushed with
argon, and the tube was sealed. After transfer of the tube to the NMR
probe, the first spectrum was recorded after 5Smin of temperature
equilibration. The labelled methanes *C'H, (99 % '3C), 2C'H;?H, (98 %
H), 2C'H,’H, (98 % ?H) and C'H?H; (98 % ?H) were purchased from
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Cambridge Isotope Laboratories. 'HF (>99.9 % ) was obtained from AGA
Gas and *HF (>98% 2H) was prepared as described earlier. SbFs (97 %)
from Allied Chemicals was triple distilled in a nitrogen atmosphere at
normal pressure. The superacid solution 2HF/SbF; (15 mol % of SbFs) was
prepared in a Kel-F tube under nitrogen. Freshly distilled SbFs was
transferred to the tube, which was then cooled to —78 C. An appropriate
amount of 2HF was condensed in the Kel-F tube, which was then capped
and allowed to reach ambient temperature. Mixing gave the homogeneous
liquid superacid used in all the experiments. The error in the isotope effects
are estimated to be less than 3%.
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An Unprecedented Type of Migratory Insertion Reactions of

Unsaturated C; Units into Rh—O and Rh—C Bonds
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Abstract: A series of iodo- and hydroxo-
rhodium() complexes of the general
composition trans-[RhX(=C=C=CRR’)-
(PiPr;),] (X=1I: 5-7, X=0H: 8-11)
was prepared from the related chloro-
rhodium() precursors. The hydroxo
compounds behave as organometallic
Brgnsted bases and react with acids like
MeCO,H, PhCO,H, PhOH, or TsOH by
elimination of water to give the substi-
tution products trans-[RhX'(=C=C=

yields. In contrast to the tosylates 17, 18,
which react with CO by cleavage of the
allenylidene —metal bond to give trans-
[Rh(OTs)(CO)(PiPrs),] (19), treatment
of the acetato and phenolato derivatives
12, 13 and 15, 16 with CO affords by
migratory insertion of the allenylidene
unit into the Rh—O bond the alkynyl
complexes  trans-[Rh{C=CCR(R")X'}-

Keywords: alkynes allenylidene

(CO)(PiPr3),] (X'=MeCO,: 20, 21;
X'=OPh: 22, 23). Similarly, the reac-
tions of the hydroxo compounds 8, 10,
and 11 with CH,(CN), and either CO or
CNMe yield the carbonyl and the iso-
cyanide complexes trans-[Rh{C=CCR-
(R)CH(CN)}(L)(PiPr;),] (L' =CO:
25-27; L' = CNMe: 28 -30), respective-
ly. By protolytic cleavage of the Rh—C o
bond the yp-functionalized alkynes
HC=CCR(R’)CH(CN), (31, 32) are gen-

CRR')(PiPr3),] (X'=MeCO,: 12, 13;
X'=PhCO,: 14; X'=PhO: 15, 16;
X'=TsO: 17, 18) in good to excellent

complexes -«
insertion -

Introduction

In the context of our studies on the chemistry of square-planar
rhodium(i) complexes containing vinylidenes as ligands, we
recently observed that the reaction of frans-[Rh(R’)-
(=C=CHR)(PiPr3;),] (where R’ is an alkyl, aryl, vinyl, or
alkynyl ligand) with CO leads to the formation of substituted
nl-vinylrhodium() compounds trans-[Rh{n!-(Z)-C(R')=CHR}-
(CO)(PiPr;),] by C—C coupling of the R’ and C=CHR units.["]
Even in the absence of CO, the corresponding methyl and
vinyl derivatives, trans-[Rh(CH;)(=C=CHR)(PiPr;),] and trans-
[Rh(CH=CH,)(=C=CHR)(PiPr;),] rearrange to give the iso-
meric #*-allyl- and #*-butadienylrhodium(i) complexes, re-
spectively.!®2

This unprecedented type of migratory insertion reaction
prompted us to prepare also the related allenylidene com-
pounds frans-[Rh(R’)(=C=C=CR,)(PiPr;),] from trans-
[RhCI(=C=C=CR,)(PiPr;),] and either Grignard reagents or
organolithium compounds as the precursors. Quite unexpect-

[a] Prof. Dr. H. Werner, Dr. R. Wiedemann, Dr. M. Laubender,
Dr. B. Windmiiller, Dr. J. Wolf
Institut fiir Anorganische Chemie der Universitdt Wiirzburg
Am Hubland, 97074 Wiirzburg (Germany)
Fax: (+931) 888-4605
E-mail: helmut.werner@mail.uni-wuerzburg.de
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hydroxo complexes -
rhodium

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

erated from 25, 26 and HCI in benzene.
The molecular structure of 22 was de-
termined by X-ray crystallography.

edly, all these attempts failed. We found, however, that the
chloro derivatives react with sodium azide to give by salt
metathesis the azido complexes trans-[Rh(N;)(=C=C=
CR,)(PiPr;),], which in the presence of CO undergo an
insertion of the allenylidene ligand into the Rh—N; bond.P!
For R = aryl, the insertion product (bearing the N; substituent
at the y-carbon atom) is rather labile and rearranges to the
metalated acrylonitrile compounds trans-[Rh{C(CN)=CR,)}-
(CO)(PiPr3;),] by elimination of N,.

The results presented herein illustrate that an unsaturated
C; unit cannot only be inserted into a Rh—N but also into a
Rh—O or a Rh—C bond. In this case, the precondition was the
synthesis of the hydroxorhodium(l) complexes trans-
[Rh(OH)(=C=C=CRR')(PiPr;),] which behave as organo-
metallic Brgnsted bases and react with Brgnsted acids to
afford the starting materials that undergo migratory insertion
reactions. A few results of this work have already been
communicated.[

Results and Discussion

Square-planar allenylidenerhodium(@ complexes with anionic
O-donor ligands: Taking the increasing lability of the Rh—X
bond in the order CI < Br < I into account, we considered the

0947-6539/01/0709-1959 $ 17.50+.50/0 1959
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iodo compounds trans-[RhI(=C=C=CRR')(PiPr;),| as useful
precursors for the preparation of related rhodium() com-
plexes with carboxylates, tosylate (OTs), or phenolate as
ligands. The synthesis of the iodo compounds 5-7 (Scheme 1)

L
KI / -
I—Rh=C=C=C
-KCl / ~
L
/L R 5-7
a—rhi=c=c=c{ —
/ R’
L
L
KOrBu Ho Rh/—c—c-—c/
-KCl TN
1,8 Ph  Ph - CaHs L
8-11
2,59 |Ph o-Tol
3,6,10 | Ph  Bu
4,7,11 | p-C;H,OMe

Scheme 1. L =PiPr;.

was straightforward and occurred by salt metathesis of the
chloro derivatives with KI in THF. The dark red, only
moderately air-sensitive solids, the spectroscopic data of
which are quite similar to those of 2-4, were isolated in
virtually quantitative yield.

However, in contrast to what we expected, the iodo
compounds proved to be rather inert and did not react with
CH;CO;Na or NaOTs by ligand substitution. The more

Abstract in German: Eine Reihe von lodo- und Hydroxo-
rhodium(I)-Komplexen der allgemeinen Zusammensetzung
trans-[RhX(=C=C=CRR')(PiPr;),] (X=1:5-7; X=0H: 8-
11) wurde aus den entsprechenden Chlororhodium(I)-Vorliu-
fern hergestellt. Die Hydroxo-Verbindungen verhalten sich wie
metallorganische Broensted-Basen und reagieren mit Siuren
wie z. B. MeCO,H; PhCO,H; PhOH oder TsOH unter
Abspaltung von Wasser mit guter bis sehr guter Ausbeute
zu den Substitutionsprodukten trans-[RhX'(=C=C=CRR')-
(PiPr3),] (X' =MeCO,: 12, 13; X'=PhCO,: 14; X' = PhO:
15, 16; X' =Ts0: 17, 18). Im Gegensatz zu den Tosylaten 17,
18, die mit CO unter Spaltung der Allenyliden-Metall-Bindung
zu trans-[Rh(OTs)(CO)(PiPr3),] (19) reagieren, fiihrt die
Einwirkung von CO auf die Acetato- und Phenolato-Derivate
12, 13 und 15, 16 unter Einschiebung der Allenyliden-Einheit
in die Rh-O-Bindung zu den Alkinylkomplexen trans-
[Rh{C=CCR(R')X'}(CO)(PiPr;),] (X' =MeCO,: 20, 21;
X =OPh: 22, 23). In analoger Weise liefern die Reaktionen
der Hydroxo-Verbindungen 8, 10 und 11 mit CH,(CN), und
CO oder CNMe die Carbonyl- bzw. Isocyanid-Komplexe
[Rh{C=CCR(R')CH(CN),}(L')(PiPr;),] (L'=CO: 25-27;
L'=CNMe: 28-30). Durch protolytische Spaltung der Rh-
C-o0-Bindung werden aus 25, 26 und HCI in Benzol die y-
funktionalisierten Alkine HC=CCR(R')CH(CN), (31, 32)
erhalten. Die Molekiilstruktur von 22 wurde kristallographisch
bestimmt.

1960
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appropriate starting materials are the hydroxo complexes
811 which can be prepared on two different routes. The most
convenient one consists of the reaction of the chloro
derivatives 1-4 with KOsBu in a mixture of benzene and
tert-butyl alcohol (ratio 10:1) as the solvent. Alternatively, the
organometallic hydroxides 8—11 can be obtained by treat-
ment of the precursors 1-4 in benzene with 40 % aqueous
NaOH in the presence of [PhCH,NEt;]Cl (TEBA) as phase-
transfer reagent. This preparative procedure is somewhat
similar to that for the syntheses of the dimers [Rh(u-
OH)(PR;),], (R =Ph,P! jPrl®l) and of the vinylidene analogue
trans-[Rh(OH)(=C=CHPh)(PiPr;),],["! which also proceed in
benzene/water under biphasic conditions. With regard to the
more efficient route (reaction of 1-4 with KOrBu) we note
that Bergman and Woerpel recently observed that the
hydroxoiridium(i) complex [(7>-CsMes)Ir(OH)(Ph)(PMe;)]
is accessible from the corresponding triflate [(7°-CsMes)-
Ir(OTf)(Ph)(PMe;)] and KOBu.Bl In either case (with
rhodium(l) or iridium(i11) as the metal center) it is reasonable
to assume that an M(OfBu) species is generated as an
intermediate which looses isobutene to give the final product.

The new hydroxo compounds 8—11 are deeply colored, air-
and moisture-sensitive solids which are soluble in most
organic solvents including pentane. While the chloro com-
plexes 1-4 are stable in benzene for days, the hydroxo
derivatives slowly decompose in C4Hgin 1224 h to give some
unidentified products. Characteristic spectroscopic features of
8-11 are the OH stretching mode at 3620—-3650cm™" in the
IR spectra, the single resonance (doublet) at 6 =40—42 in the
3P NMR spectra confirming the trans. disposition of the
phosphane ligands, and the two low-field resonances (both
doublets of triplets) at around 0 =220-250 in the C NMR
spectra assigned to the a- and f-carbon atoms of the
Rh=C=C=C chain.

The results of the reactivity studies of the hydroxo
complexes 8 and 9 toward OH-acidic substrates are summar-
ized in Scheme 2. The corresponding acid—base reactions
proceed in benzene or THF at room temperature and afford
the substitution products 12-18 in good to excellent yield.
Only for the preparation of the tosylates 17 and 18 it is
necessary to add the solution of the acid at —20°C in order to
avoid decomposition. Similarly to the Rh-OH precursors,
compounds 12—-18 are thermally quite stable and for short
period of times can be handled on air. The IR spectra of the
acetato derivatives 12 and 13 display a relatively strong band
at 1705 (12) or 1710 cm™! (13), which is assigned to the
asymmetric OCO stretching mode, and in agreement with
published datal” supports the monodentate coordination of
the OAc ligand. Related vinylidenerhodium(i) compounds
trans-[Rh(OAc)(=C=CHR)(PiPr;),] are also known but have
been prepared from the chelate complex [Rh(x?>-O,CMe)-
(PiPr;),] and terminal alkynes.'J Attempts to obtain the
allenylidene counterpart 12 on a similar route from [Rh(x?-
0,CMe)(PiPr;),] and HC=CCPh,OH remained unsuccessful.

The preparation of the phenolato complexes 15 and 16
deserves a particular comment. Since it is known['!l that
rhodium() and iridium({) compounds trans-[M(OR’)-
(CO)(PR;),] having an alkoxy or aroxy ligand OR’ can
be obtained either by salt metathesis from trans-

0947-6539/01/0709-1960 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 9
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L
)k / re Ph
R
MeCO,H PhCO,H
(R = Ph)
8
—~—

PhOH

,9
Ph
R
12,15,17 | Ph
13,16, 18

Scheme 2. L =PiPr;.

[MCI(CO)(PR;),] and NaOR’ or from related cationic
precursors, we equally attempted to prepare compound 15
from 1 or from trans-[Rh(acetone)(=C=C=CPh,)(PiPr;),|PF
and NaOPh. However, these attempts failed. Under the
conditions used for the synthesis of 15 from 8 (see Scheme 2),
there is also no attack of phenol at the allenylidene unit and
thus rhodium(i) compounds such as 22 with a functionalized
alkynyl ligand are not accessible from the corresponding
hydroxo complex as the starting material.

Insertion reactions of the allenylidene unit into Rh—O bonds:
Similarly to the azido complexes trans-[Rh(N;)(=C=C=
CR,)(PiPr3),], the tosylato, acetato, and phenolato derivatives
are also highly reactive toward carbon monoxide. Passing a
slow stream of CO through a solution of 12, 13 or 15-18 in
benzene at room temperature for 30s leads to a stepwise
change of color from orange (or brown) to green and light
yellow and, after removal of the solvent and recrystallization
of the residue from acetone, to the formation of compounds
19-23 (Scheme 3) in 80-90% yield. However, while the
analytical composition of 2023 corresponds to that of a 1:1
adduct between the starting material and CO, the data for 19
indicate that in the course of the reactions of 12 and 13 with
carbon monoxide the allenylidene ligand has been eliminated.

L
co / Ph
- R'O— Rh =C=C=C{_

(R'=Ts) L/ R

12,13,15-18

CO| (R = MeCO)

[e) L

O

o L

§—O—Rh=C=C=C

0 The product of the reactions of

)J\ /L Ph 12
/ ~N

and 13 with CO is the
tosylato complex 19 (isolated
L as an orange, practically air-
14 stable solid) of which the ana-
logue  trans-[Rh(OTs)(CO)-
(PiPr,Ph),] already exists.['”

The structure of the carbonyl
compounds 20-23, generated
from the acetato and phenolato
complexes 15-18 and CO, is
more noteworthy indeed. The
3C NMR spectra display two
signals (doublets of triplets) at
around 6 =125-127 and 114-
115 which by comparison with
other alkynylrhodium(l) com-
pounds can be assigned to the
carbon atoms of a C—C triple
bond.l'"> ¥ Since in agreement
with this, the IR spectrum of 20 exhibits a strong absorption at
2100 cm™! corresponding to a C=C stretching frequency, it is
reasonable to assume that treatment of 15— 18 with CO results
in a migration of the anionic ligand to the allenylidene unit
and that the acetate or phenolate group in the product is
linked to the y-carbon atom of the C; chain.

To substantiate the proposed stereochemistry, an X-ray
crystal structure analysis of 22 was carried out. The ORTEP
drawing (Figure 1) reveals that the rhodium is coordinated in
a slightly distorted square-planar fashion with the two
phosphane ligands in trans disposition. As expected, the
Rh—C1 distance (2.037(4) A) is significantly longer than in the
allenylidene complex 2 (1.855(5) A)l4l and nearly identical to
the Rh—C bond lengths in the bis(alkynyl)rhodium(ii)
compound [RhH(C=CCiPr,0H),(PiPr;),] (2.032(4) and
2.022(4) A).134 The Rh-C-C-C chain is almost linear with
only a slight bending at C1 and C2. The two phenyl groups at
C3 are orthogonal to each other, thus presumably minimizing
the repulsion between the C—-H units of the rings. The
distance Rh—C22 (1.830(4) A) is very similar to the Rh—CO
bond lengths in related carbonylrhodium(i) compounds.!'

The observation that treatment of 15 with CO in the
presence of excess acetate ions leads exclusively to the
formation of 22 and that (by using 3P NMR spectroscopy)
even no traces of 20 could be
detected, suggests that the mi-
gration of the coordinated phe-
nolate to the allenylidene unit
occurs intramolecularly. Since it
is known that four-coordinate
d® transition metal complexes
react with Lewis bases prefer-
entially by an Sy2-type mecha-

) / _Ph
| / R

17,18

Co
(R'=Ph)

L OC(O)M
/ (O)Me

/
0C— R —C=C—(

/ \>Ph
L 0] L R

nism,'%! we assume that in the
initial step of the conversion of
15 to 22 a five-coordinate inter-

L OPh

OC—Rh—C=C—C
/ \\RPh

19 20,21
Scheme 3. L =PiPr;.
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mediate [Rh(OPh)(CO)(=C=
C=CPh,)(PiPr;),] with an 18-
electron configuration at the

22,23
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A
‘/%/#Q

Figure 1. Molecular structure of 22. Principal bond lengths [A] and
angles [°], with estimated standard deviations in parentheses: Rh—C1
2.037(4), Rh—P1 2.333(1), Rh—P2 2.331(1), Rh—C22 1.830(4), C1-C2
1.205(5), C2—C3 1.478(5), C3—01 1.442(5), C22—02 1.147(5); C1-Rh-C22
175.8(2), P1-Rh-P2 168.80(4), C1-Rh-P1 89.4(1), C1-Rh-P2 90.8(1), P1-Rh-
C22 90.3(1), P2-Rh-C22 90.3(1), Rh-C1-C2 175.8(4), C1-C2-C3 173.0(4),
C2-C3-01 111.6(3), Rh-C22-02 178.1(5).

metal center is formed. This species could rearrange to the
more stable isomer 22, the driving force probably being the
preferred square-planar configuration of rhodium() com-
pounds. By taking into consideration that the Rh—OPh bond
is partially covalent in nature,['’] it seems less likely that in the
migratory process leading to 22 (in benzene as solvent) an
ionic intermediate [Rh(CO)(=C=C=CPh,)(PiPr;),]"OPh" is
involved. In this context it is interesting to note that in
contrast to the reaction of
[Pt(triphos)(OPh)]" with CO

alkyl or aryl derivatives (e.g. where X would be CHj, fert-
C,Hy, C¢Hs) from trans-[RhCl(=C=C=CRR')(PiPr3),]| failed,
we moved to the hydroxo compounds as the starting materials.
While there was no reaction of 8 with PhnC=CH to give trans-
[Rh(C=CPh)(=C=C=CPh,)(PiPr;),], passing a stream of
freshly generated HCN through a solution of 8 in benzene
leads to the formation of the cyanorhodium(i) complex 24
(Scheme 4). The red, slightly air-sensitive solid is thermally
quite stable (decomposition at 152°C) and shows in the IR
spectrum a strong absorption at 2100 cm~! for the C=N
stretching mode. As already mentioned for the acetato
derivatives 12 and 13, the cyano compound 24 could also
not be obtained by salt metathesis from 1 and NaCN.
Malodinitrile CH,(CN),, having a similar pK, (11.0) as
phenol (10.0),1 is also highly reactive toward 8, 10, and 11.
Addition of equimolar amounts of CH,(CN), to solutions of
the organometallic hydroxides in benzene causes a rapid
change of color from green (8, 10) or red (11) to blue or violet,
and gives, after evaporation of the solvent, oily residues, the
NMR spectra of which (in C4Dy) suggests that the anticipated
compounds trans-[Rh{CH(CN),}(=C=C=CRR')(PiPr;),] are
formed. Due to the lability of the products (and the failure to
crystallize the oily materials), we repeated the reactions of the
starting materials 8, 10, and 11 with CH,(CN), in the presence
of CO and obtained the alkynylrhodium() compounds 2527
in 82-90% yield. Methyl isocyanide behaves similarly to CO
and transforms the postulated intermediates trans-
[Rh{CH(CN),}(=C=C=CRR")(PiPr;),] into the corresponding
Rh(CNMe) derivatives 28—30 again with excellent yields.
Both the carbonyl and the isocyanide complexes are yellow
solids which are easily soluble (with the exception of pentane)
in common organic solvents. The IR spectra of 25-30 display
two strong absorptions at 2075-2095 (v(C=C)) and 1935-

L L )
which  affords  exclusively R HCN NC—R h/—C—C—C h
[Pt(triphos)(CO,Ph)] HO—Rh=C=C=C ®R-R=Ph) ST T
(triphos = bis[2-(diphenylphos- L L
phanyl)ethyl]phenylphos- 8,10,11 24
phane),l'¥! no insertion into the
Rh—OPh bond takes place ,
. 1) CHy(CN), |2) L
upon treatment of 15 with car-
bon monoxide.
CH(CN), CH(CN),
Reactions of the hydroxo- L‘-—Rl/~C=C~C HCI He=C—(
rhodium@ complexes with / T R L'=CO) AN
C-acids: Following the observa- L R 3132
tion that compounds of the 2530 '
general composition  trans- + trans-[RhCI(CO)L,] 33
[RhX(=C=C=CRR')(PiPr3),]
with N- or O-bonded anionic R R L
ligands X react with CO by 25|Ph Ph CO
migratory insertion of the allen- 26| Ph Bu CO
ylidene unit into. the Rh—X 27| p-CH,0Me CO
bpnd, we became interested to 58l Ph Ph CNMe
find out whether related com- 20 | pi N
plexes containing a C-bonded v c
ligand X would behave similar- 30 | p-CoH,OMe CNMe

ly. After attempts to prepare  Scheme 4. L=PiPr;.
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1945 cm~' (v(CO)) or 2055cm~! (v(CNMe)), while the
corresponding absorptions of the CN substituents at 2245—
2255 cm~! are of lower intensity. Characteristic features of the
13C NMR spectra of 2530 are the low-field resonance at 0 ~
195 for the CO and at ¢ ~ 163 for the CNMe carbon atom and
the two signals at around at 6 =110-130 for the carbon nuclei
of the alkynyl unit. Since the y-C atom of the RhC; chain of 26
is a center of chirality, the two CN groups of the CH(CN),
functionality are diastereotopic and therefore two singlets at
0=114.0 and 113.8 for the corresponding *C nuclei are
observed. The 'H NMR spectrum of 26 equally shows, in
contrast to that of 25 and 27, two resonances for the PCHCH,
protons thus confirming the proposed stereochemistry.

Upon treatment of a solution of 25 and 26 in CH,Cl, with a
solution of HCI in benzene the bond between rhodium and
the functionalized alkynyl ligand is split and the correspond-
ing alkynes HC=CCR(R")CH(CN), (31, 32) are generated
(see Scheme 4). The by-product is the chlororhodium(I)
compound 33.%1 The IR spectra of 31 and 32 show a typical
band at about 3300 cm~' for the alkyne C—H stretching mode,
while the ®C NMR spectra display two narrow signals at o =
82 and 79 for the alkyne carbon atoms. Although the available
quantities of 31 and 32 were quite small, some preliminary
experiments indicate that these novel functionalized alkynes
react with [RhCI(PiPr;),], to give m-alkyne and subsequently
the isomeric vinylidenerhodium(l) complexes.

Conclusion

Together with recent investigations from other laborato-
ries,? 22 the work presented herein illustrates that metal
allenylidenes offer a multifaceted chemistry indeed. As far as
rhodium and trans-Rh(PiPr;), as a molecular building block
are concerned, the important message is that besides trans-
[RhX(=C=C=CRR')(PiPr3;),] with X = Cl or F also the related
hydroxo complexes 8—11 can be used as starting materials to
incorporate anionic O-donor and C-donor ligands into the
coordination sphere. The acetato (12, 13), phenolato (15, 16)
and in situ generated substituted alkyl compounds trans-
[Rh{CH(CN),}(=C=C=CRR’)(PiPr3;),] react with CO by mi-
gratory insertion of the allenylidene moiety into the Rh—O
and Rh—C bond thus forming functionalized alkynyl ligands.
Acid-induced cleavage of the Rh—C o bond of the carbonyl
complexes 25 and 26 affords the respective alkyne
HC=CCPh(R")CH(CN), (R"=Ph, rBu). This synthetic route
supplements the recently reported preparation of vinylrho-
dium() complexes trans-[Rh{C(CN)= CRR'}(CO)(PiPr;),]
which upon treatment with acids generate acrylonitrile
derivatives.!

Experimental Section

General considerations: All experiments were carried out under an
atmosphere of argon by Schlenk techniques. Solvents were dried by known
procedures and distilled before use. The starting materials 1-4 were
prepared as described in the literature.> 14231

Physical measurements: NMR spectra were recorded at room temperature
or at the temperature mentioned in the appropriate procedure on Bruker

Chem. Eur. J. 2001, 7, No. 9
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AC 200 and Bruker AMX 400 instruments. Chemical shifts are expressed in
ppm downfield from SiMe, ('H and ®C) and (85%) H;PO, (°'P).
Abbreviations used: s, singlet; d, doublet; t, triplet; vt, virtual triplet;
N=3J(PH)+J(PH) or 'J(P,C)+3J(P,C); m, multiplet; br, broadened signal.
Coupling constants N and Jare given in Hertz. Mass spectra were measured
on a Finnigan MAT instrument. Melting and decomposition points were
determined by DTA.

Preparation of trans-| RhI{f=C=C=C(o-Tol) Ph}(PiPr;),] (5): A solution of 2
(110 mg, 0.17 mmol) in THF (5 mL) was treated with an excess of KI
(166 mg, 1.00 mmol) and stirred for 3 h at room temperature. The solvent
was removed in vacuo, and the residue was extracted with diethyl ether
(10 mL). The extract was evaporated to dryness in vacuo, the residue was
washed with pentane (2 x 1 mL; 0°C) and then recrystallized from acetone
(3mL) at —78°C. Red crystals were obtained which were separated from
the mother liquor, washed with pentane (—20°C), and dried; yield 116 mg
(93%); m.p. 155°C (decomp); IR (CHy): 7=1870 (v(C=C=C)) cm™};
'H NMR (200 MHz, CDCl,;): 6 =7.76 (br m, 9H; C,H, and C¢Hs), 3.18 (m,
6H; PCHCH;), 222 (s, 3H; CH,CH;), 147 (dvt, N=13.5, JHH)=
6.9 Hz, 36H; PCHCH;); *C NMR (50.3 MHz, CDCL): 6=244.7 (dt,
J(Rh,C) =16.0, J(P,C) =8.0 Hz; Rh=C=C=C), 218.7 (dt, J(Rh,C)=70.8,
J(P,C)=18.3 Hz; Rh=C=C=C), 155.1, 154.2 (both s; ipso-C,Hs and ipso-
C¢H,Me), 146.8 (br s; Rh=C=C=C), 132.5, 130.9, 128.1, 127.6, 124.9, 124.8,
124.0, 118.5, (all s; CsHs and C4H,), 25.0 (vt, N=31.4 Hz; PCHCH};), 20.9
(s; PCHCH3), 20.3 (s; C,H,CH;); P NMR (81.0 MHz, CDCl,): 6 =34.6 (d,
J(Rh,P) =1279 Hz); elemental analysis (%) for Cs;HsJIP,Rh (754.6):
calcd: C 54.12, H 7.21; found: C 54.46, H, 7.48.

Preparation of trans-[ RhI{=C=C=C(tBu)Ph}(PiPr;),] (6): This compound
was prepared as described for 5, from 3 (88 mg. 0.14 mmol) and excess KI
(500 mg, 3.01 mmol) as starting materials. Dark red crystalline solid; yield
108 mg (97%); m.p. 128°C (decomp); IR (CsHy): 7=1870
(v(C=C=C)) cm~!; 'H NMR (400 MHz, CDCL): 6=726 (m, 2H; o-
CsHs), 7.08 (m, 3H; m- and p-C4Hj), 2.82 (m, 6H; PCHCHj;), 1.19 (dvt, N=
13.4, J(H,H) =71 Hz, 36 H; PCHCH;), 1.08 (s, 9H; C(CHjs);); *C NMR
(100.6 MHz, CDCl;): 6=239.9 (dt, J(Rh,C)=704, J(P,C)=171Hz;
Rh=C=C=C), 231.6 (dt, J(Rh,C)=171, J(P,C)=6.3 Hz; Rh=C=C=C),
163.7 (br s; ipso-C¢Hs), 155.6 (br s; Rh=C=C=C), 126.8, 126.6, 117.8 (all
s; CeHs), 52.8 (s; C(CH,)3), 25.3 (vt, N=20.0 Hz; PCHCH;), 24.2 (s;
C(CHs)3), 20.20 (s; PCHCHS); *'P NMR (162.0 MHz, CDCl;): 6 =36.0 (d,
J(Rh,P) =128.9 Hz); elemental analysis (%) for C;HsIP,Rh (720.6):
calcd: C 51.67, H 7.83; found: C 51.44, H 7.88.

Preparation of trans-[RhI{=C=C=C(p-C;H,OMe),}(PiPr;),] (7): This
compound was prepared as described for 5, from 4 (78 mg, 0.11 mmol)
and excess KI (500 mg, 3.01 mmol) as starting materials. Red crystalline
solid; yield 75 mg (96%); m.p. 147°C (decomp); IR (C¢Hg): v=1880
(v(C=C=C)) cm™!; '"H NMR (400 MHz, C(Dg¢): 6="797, 6.48 (both d,
J(H,H)=8.8 Hz, 4H each; CH,), 3.17 (s, 6H; OCH;), 3.10 (m, 6H;
PCHCH;), 1.37 (dvt, N=13.6, J(H,H) =72 Hz, 36 H; PCHCH,); *C NMR
(100.6 MHz, C;Dg): 6 =233.5 (br d, J(Rh,C) =17.1 Hz; Rh=C=C=C), 219.6
(dt, J(Rh,C) =67.6, J(P,C) = 18.1 Hz; Rh=C=C=C), 159.1 (s; COMe), 148.2
(s; ipso-C¢H,), 141.1 (s; Rh=C=C=C), 125.8, 115.6 (both s; C¢H,), 54.9 (s;
OCH,), 26.0 (vt, N=19.9 Hz; PCHCHj;), 20.7 (s; PCHCHj;); *'P NMR
(162.0 MHz, C¢Dg): 6=35.1 (d, J(Rh,P)=129.9 Hz); elemental analysis
(%) for C;sH510,P,Rh (800.6): caled: C 52.51, H 7.05, Rh 12.85; found: C
52.22, H 6.91, Rh 12.90.

Preparation of trans-[Rh(OH)(=C=C=CPh,)(PiPr;),] (8): A solution of 1
(131 mg, 0.20 mmol) in a 10:1 mixture of C¢H—/BuOH (3 mL) was treated
with fBuOK (27 mg, 0.24 mmol) and stirred for 1 h at room temperature. A
change of color from red to dark green occurred. The solvent was removed
in vacuo and the residue was extracted with diethyl ether (15 mL). After
the extract was evaporated to dryness in vacuo, the remaining solid was
dissolved in diethyl ether (4 mL) and the solution was stored at —20 °C for
30 h. A green microcrystalline solid precipitated which was separated from
the mother liquor, washed with acetone (2 x 1 mL; —20°C), and dried;
yield 103 mg (82%); m.p. 138°C (decomp); IR (C4Hy): 7= 3620 (v(OH)),
1880 (v(C=C=C)) cm~'; '"H NMR (200 MHz, C;Dy): 6 =7.91, 7.46, 6.82 (all
m, 10H; C¢H;s), 2.74 (m, 6H; PCHCH;), 1.33 (dvt, N=13.4, JHH)=
7.0 Hz, 36 H; PCHCH,), signal of OH not exactly located; *C NMR
(100.6 MHz, CDg): 0=2474 (dt, J(Rh,C)=171, J(PC)=5.8Hz;
Rh=C=C=C), 221.8 (dt, J(Rh,C)=51.8, J(P,C)=18.2 Hz; Rh=C=C=C),
154.8 (br s; ipso-C¢Hs), 129.7 (br s; Rb=C=C=C), 130.2, 126.0, 123.2 (all s;
C¢Hs), 232 (vt, N=18.2 Hz; PCHCHj;), 20.2 (s; PCHCH;); *P NMR
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(81.0 MHz, C¢Dy): 6 =40.8 (d, J(Rh,P) = 143.0 Hz); elemental analysis (%)
for C3;3Hs3;OP,Rh (630.6): caled: C 62.85, H 8.47, Rh 16.32; found: C 62.49,
H 7.99, Rh 16.33. An alternative procedure for the preparation of 8 is as
follows: A solution of 1 (123 mg, 0.19 mmol) in benzene (3 mL) was mixed
with an aqueous solution of benzyltriethylammonium chloride (TEBA) in
40% NaOH (8 mL) and vigorously stirred for 2 h at room temperature.
After the aqueous phase was separated, the organic phase was washed with
water (3 x 5mL), then treated with diethyl ether (5 mL), and dried with
Na,SO,. The drying reagent was filtered and the filtrate was evaporated to
dryness in vacuo. The remaining residue was dissolved in diethyl ether
(5mL) and the solution was stored at —20°C for 12 h. Green crystals
precipitated which were washed with acetone (2 x1mL; —20°C) and
dried; yield 86 mg (72 %).

Preparation of trans-[Rh(OH){=C=C=C(o-Tol)Ph}(PiPr;),] (9): This com-
pound was prepared as described for 8, from 2 (128 mg, 0.19 mmol) and
tBuOK (27 mg, 0.24 mmol) as starting materials. Green microcrystalline
solid; yield 107 mg (85%); m.p. 119°C (decomp); IR (CsHy): 7=3620
(v(OH)), 1870 (v(C=C=C)) cm!; '"H NMR (200 MHz, C(Cy): 6 =7.48 (br
m, 9H; CiH, and CHs), 2.67 (m, 6H; PCHCH;), 2.07 (s, 3H; CH,CH;),
1.37 (dvt, N=13.4, J(H,H) =6.8 Hz, 36 H; PCHCH), signal of OH not
exactly located; *C NMR (50.3 MHz, C¢Dy): 6 =245.5 (dt, J(Rh,C) =12.1,
J(P,C)=5.7 Hz; Rhi=C=C=C), 224.2 (dt, J(Rh,C) =51.5, J(P,C) =18.4 Hz;
Rh=C=C=C), 153.6, 153.5 (both br s; ipso-C¢Hs and ipso-C;H,Me), 131.3 (t,
J(P,C)=2.5 Hz; Rh=C=C=C), 131.7, 130.2, 128.3, 127.8, 127.0, 125.7, 124.6,
123.9,119.9 (all s; CgH, and CgH,), 23.1 (vt, N = 18.4 Hz; PCHCHS), 20.2 (s;
PCHCHS,), 19.9 (s; C;H,CH,); 3P NMR (81.0 MHz, CDCL,): 6 =40.8 (d,
J(Rh,P) =142.5 Hz); elemental analysis (%) for C;HssOP,Rh (644.7):
caled: C 63.35, H 8.55; found: C 62.91, H, 8.55.

Preparation of trans-[Rh(OH){=C=C=C(tBu) Ph}(PiPr;),] (10): This com-
pound was prepared as described for 8, from 3 (131 mg, 0.21 mmol) and
KOrBu (45 mg, 0.35 mmol) as starting materials. After recrystallization
from pentane at —78°C dark green crystals were isolated; yield 117 mg
(92%); m.p. 62°C (decomp); IR (C¢Hy): 7=3635 (v(OH)), 1848
(v(C=C=C)) cm™'; 'H NMR (400 MHz, C¢Dy): 6 =7.11, 7.05, 6.90, (all m,
SH; C¢Hs), 2.55 (m, 6H; PCHCHj;), 1.28 (dvt, N=13.2, J(H,H) =6.0 Hz,
36H; PCHCH,), 1.12 (s, 9H; C(CHs;);), signal of OH proton not exactly
located; *C NMR (100.6 MHz, CsDg): 6=240.9 (dt, J(Rh,C)=51.3,
J(P,C)=18.1 Hz; Rh=C=C=C), 234.1 (dt, J(Rh,C)=13.1, J(P,C) =7.0 Hz;
Rh=C=C=C), 154.5 (br s; ipso-C¢Hs), 145.7 (br s; Rh=C=C=C), 126.8,
126.1, 120.0 (all s; C¢Hs), 49.9 (s; C(CH,)s3), 25.1 (s; C(CH,)3), 22.9 (vt, N=
18.1 Hz; PCHCH,), 20.1 (s; PCHCH5;); 3P NMR (162.0 MHz, C;Dg): 0 =
41.0 (d, J(Rh,P)=144.0 Hz); elemental analysis (%) for C;Hs;OP,Rh
(610.7): caled: C 60.97, H 9.41, Rh 16.85; found: C 60.57, H 9.42, Rh 17.54.
Preparation of trans-[Rh(OH){=C=C=C(p-C;H,OMe),}(PiPr;),] (11):
This compound was prepared as described for 8, from 4 (126 mg,
0.18 mmol) and KOrBu (35 mg, 0.31 mmol) as starting materials. After
recrystallization from diethyl ether at —78°C dark red crystals were
isolated; yield 108 mg (86 %); m.p. 83°C (decomp); IR (CsHy): 7=3646
(v(OH)), 1862 (v(C=C=C)) cm~'; 'TH NMR (400 MHz, C;D): 6 =7.94, 6.52
(both d, J(H,H) = 8.8 Hz, 4H each; C4H,), 3.23 (s, 6 H; OCH};),2.77 (m, 6 H;
PCHCH;), 1.36 (dvt, N=13.6, J(HH) =72 Hz, 36 H; PCHCH};), 1.16 (t,
J(PH)=5.6 Hz, 1H; OH); C NMR (100.6 MHz, CiDy): 6 =2377 (dt,
J(Rh,C)=13.1, J(PC)=5.0 Hz; Rh=C=C=C), 221.7 (dt, J(Rh,C)=52.3,
J(P,C)=18.1 Hz; Rh=C=C=C), 158.4 (s; COMe), 1479 (t, J(P,C) =2.0 Hz;
ipso-C¢H,), 129.7 (s; Rh=C=C=C), 125.4, 115.2 (both s; CiH,), 54.8 (s;
OCH,), 232 (vt, N=18.0 Hz; PCHCH,), 20.2 (s; PCHCHj;); 3'P NMR
(162.0 MHz, C¢Dg): 6 =40.7 (d, J(Rh,P) =143.7 Hz); elemental analysis
(%) for C35sHs;05P,Rh (690.7): caled: C 60.87, H 8.32, Rh 14.90; found: C
60.94, H 8.09, Rh 14.18.

Preparation of trans-[Rh(OA ¢)(=C=C=CPh,)(PiPr;),] (12): A solution of
8 (96 mg, 0.15 mmol) in benzene (3 mL) was treated with acetic acid
(14 uL, 0.27 mmol) and stirred for 1h at room temperature. After the
solvent was removed, the oily residue was dissolved in acetone (5 mL) and
the solution was again evaporated to dryness. The remaining solid was
recrystallized from acetone (3 mL) at —20°C to give green crystals which
were separated from the mother liquor, washed with acetone (2 x 1 mL;
—20°C) and dried; yield 95 mg (94 %); m.p. 93°C (decomp); IR (C¢Hg):
7=1855 (v(C=C=C)), 1705 (v(OCO,,)) cm~'; "THNMR (200 MHz, C;Dy):
6="1781,743,6.79 (all m, 10H; C¢H;), 2.67 (m, 6 H; PCHCHs;), 1.94 (s, 3H;
C(O)CH,), 1.36 (dvt, N=13.4, J(H,H) =7.1 Hz, 36 H; PCHCHj;); *'C NMR
(50.3MHz, C.D¢): 6=2450 (dt, J(Rh,C)=153, J(P,C)=70Hz;
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Rh=C=C=C), 204.8 (dt, J(Rh,C)=66.8, J(P,C) =178 Hz; Rh=C=C=C),
175.9 (s; C(O)CHy), 154.4 (br t, J(P,C) =2.5 Hz; ipso-C¢Hs), 134.8 (br t,
J(P,C)=2.5 Hz; Rh=C=C=C), 129.7, 126.5, 123.1 (all s; C¢Hs), 25.1 (s;
C(O)CH,), 24.4 (vt, N=18.4 Hz; PCHCHS,), 202 (s; PCHCH,); *'P NMR
(81.0 MHz, C¢Dg): 6 =40.2 (d, J(Rh,P) = 133.8 Hz): elemental analysis (%)
for C3sHssO,P,Rh (672.7); caled: C 62.49, H 8.24; found: C 62.28, H 8.06.

Preparation of trans-[Rh(OAc){=C=C=C(o-Tol)Ph}(PiPr;),] (13): This
compound was prepared as described for 12, from 9 (97 mg, 0.15 mmol) and
acetic acid (14 pL, 0.27 mmol) as starting materials. Green microcrystalline
solid; yield 93 mg (92%); m.p. 156°C (decomp); IR (C¢Hg): 7=1875
(V(C=C=Q)), 1710 (v(OCO,,)) cm™'; 'TH NMR (200 MHz, C;Dg): 6 =7.47
(br m, 9H; C¢H, and C¢Hj), 2.57 (m, 6H; PCHCHj;), 2.00 (s, 3H;
CH,CH;), 1.98 (s, 3H; C(O)CH,), 1.33 (dvt, N=13.4, J(H,H)=6.8 Hz,
36H; PCHCH,;); P NMR (81.0 MHz, C.D): 6=40.3 (d, J(Rh,P)=
133.8 Hz); elemental analysis (%) for C;Hs;O,P,Rh (686.7): caled: C
62.97, H 8.37; found: C 62.81, H 8.26.

Preparation of trans-[Rh{OC(O)Ph}(=C=C=CPh,)(PiPr;),] (14): This
compound was prepared as described for 12, from 8 (140 mg, 0.22 mmol)
and benzoic acid (27 mg, 0.22 mmol) as starting materials. After recrystal-
lization from ether at —20°C green crystals were obtained; yield 119 mg
(73%); m.p. 137°C (decomp); IR (CsHe): 7=1855(v(C=C=C)), 1610
(V(OCO,ym)), 1340 (v(OCOyy,,)) cm™'; '"H NMR (200 MHz, C¢Dg): 6 =
8.28, 7.83, 742, 717, 6.78 (all m, 15H; C¢H;), 2.63 (m, 6H; PCHCH,), 1.33
(dvt, N=13.1, J(H,H)=6.9 Hz, 36 H; PCHCH;); *C NMR (50.3 MHz,
CsDg): 0=246.3 (dt, J(Rh,C)=15.9, J(P,C) =7.0 Hz; Rh=C=C=C), 210.6
(dt, J(Rh,C)=66.1, J(P.C)=18.4 Hz; Rh=C=C=C), 171.0 (s, C(O)Ph),
154.4 (br t, J(P,C)=2.5Hz, ipso-C¢Hs); 136.4 (br t, J(P,C)=2.9 Hz;
Rh=C=C=C), 138.1, 130.3, 129.9, 127.8, 126.6, 123.2 (all s, C;Hs), 24.4 (vt,
N=18.4Hz; PCHCH,), 20.2 (s; PCHCH,); *P NMR (81.0 MHz, C(Dj):
0=40.2 (d, J(Rh,P) =135.1 Hz); elemental analysis (% ) for C4Hs,0,P,Rh
(734.7): caled: C 65.39, H 7.82; found: C 65.43, H 8.00.

Preparation of frans-[Rh(OPh)(=C=C=CPh,)(PiPr;),] (15): A solution of
8 (135 mg, 0.21 mmol) in benzene (4 mL) was treated with phenol (20 mg,
0.21 mmol) and stirred for 10 min at room temperature. A change of color
from green to dark brown occurred. The solvent was removed in vacuo, and
the residue was extracted with acetone (8 mL). After the extract was
concentrated to about 4 mL in vacuo, it was stored for 15h at —20°C. A
black microcrystalline solid precipitated wich was separated from the
mother liquor, washed with acetone (3 x 1 mL; —20°C) and dried; yield
138 mg (91%); m.p. 127°C; IR (CHy): 7=1865 (v(C=C=C))cm™;
'"H NMR (200 MHz, C¢Dy): 6 =7.86, 7.44, 7.31, 6.80, 6.72, 6.51 (all m,
15H; C¢Hs), 2.49 (m, 6H; PCHCH;), 1.25 (dvt, N=13.4,] (H,H) =70 Hz,
36H; PCHCH,;); *C NMR (50.3 MHz, C¢Dy): 6 =251.6 (dt, J(Rh,C) = 14.6,
J(P,C) =5.7 Hz; Rh=C=C=C), 229.8 (dt, J(Rh,C) =59.1, J(P.C) =18.4 Hz;
Rh=C=C=C), 169.4 (br s; ipso-OCsHs), 154.4 (t, J(P,C)=2.2 Hz; ipso-
C¢Hs), 136.3 (t, J(P,C) =2.2 Hz; Rh=C=C=C), 129.8, 129.0, 126.8, 123.6,
120.6, 113.8 (all s; C¢Hs), 24.0 (vt, N=18.4Hz; PCHCHj;), 202 (s;
PCHCH;); *'P NMR (81.0 MHz, CsDg): 6 =38.9 (d, J(Rh,P) =138.2 Hz);
elemental analysis (%) for C3Hs;OP,Rh (706.7): caled: C 66.28, H 8.13;
found: C 65.92, H 7.94.

Preparation of trans-[Rh(OPh){=C=C=C(o-Tol)Ph}(PiPr;),] (16): This
compound was prepared as described for 15, from 9 (130 mg, 0.20 mmol)
and phenol (19 mg, 0.20 mmol) as starting materials. Black microcrystalline
solid; yield 117mg (81%); m.p. 123°C; IR (CsHy): v=1865
(v(C=C=C) cm™'; '"H NMR (200 MHz, CiDy): 6 =711 (br m, 14H; C;H,
and C¢Hj;), 2.46 (m, 6H; PCHCH,;), 2.03 (s, 3H; C;H,CH;), 1.24 (dvt, N=
13.4, J(H,H) =70 Hz, 36 H; PCHCHj;); *C NMR (50.3 MHz, C¢Dy): 6 =
2492 (dt, J(Rh,C)=14.6, J(P,C)=5.7Hz; Rh=C=C=C), 230.5 (dt,
J(Rh,C) =58.5, J(P,C) =19.1 Hz; Rh=C=C=C), 169.3 (br s; ipso-OC¢Hj),
154.4, 153.2 (both t, J(P,C) =2.2 Hz; ipso-C¢H, and ipso-C4Hs), 136.3 (t,
J(P,C)=2.9 Hz; Rh=C=C=C), 131.7, 130.4, 129.0, 128.8, 127.4, 126.8, 124.7,
1242, 120.5, 120.0, 113.8 (all s; C¢H, and C¢Hs), 24.0 (vt, N=18.4 Hz;
PCHCH;), 20.2 (s; PCHCHj;); 3P NMR (81.0 MHz, CsDg): 6 =39.1 (d,
J(Rh,P)=1379 Hz); MS (70eV): m/z: 720 ([M*]), 627 ([M*— OPh]);
elemental analysis (%) for C,HsqOP,Rh (720.8): calcd: C 66.66, H 8.25;
found: C 66.43, H 8.61.

Preparation of trans-[Rh(OTs)(=C=C=CPh,)(PiPr;),] (17): A solution of 8
(91 mg, 0.15 mmol) in THF (3 mL) was treated at —20°C dropwise with a
0.38M solution of p-toluenesulfonic acid (TsOH) in THF (0.38 mL,
0.14 mmol) and, after warming, stirred for 30 min at room temperature.
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The solvent was removed in vacuo, the residue was washed with pentane
(2 x3 mL) and then dissolved in acetone (3 mL). After the solution was
stored for 30h at —20°C, orange crystals precipitated which were
separated from the mother liquor, washed with acetone (2x1mL;
—20°C) and dried; yield 60 mg (55%); m.p. 152°C (decomp); IR (CsHj):
7=1880 (v(C=C=C)) cm™!; 'H NMR (200 MHz, CiD¢): 6 =741 (br m,
14H; C¢H, and C4Hs), 2.51 (m, 6H; PCHCHS,), 2.32 (s, 3H; C¢H,CH;), 1.18
(dvt, N=13.5,7 (H,H)=6.9 Hz, 36 H; PCHCHj5); *C NMR (50.3 MHz,
C¢Dg): 6=245.0 (dt, J(Rh,C) =178, J(P,C) =6.4 Hz; Rh=C=C=C), 237.6
(dt, J(Rh,C) =682, J(P,C) 17.9 Hz; Rh=C=C=C), 152.9, 143.9, 139.4 (all s;
ipso-C¢H, and ipso-C¢Hs), 144.1 (s; Rh=C=C=C), 129.8, 128.3, 127.8, 126.9,
1243 (all s; CsHy and C4Hs), 24.6 (vt, N=19.1 Hz; PCHCH;), 21.1
(C¢H,4CH3), 20.3 (s; PCHCHj;); 3P NMR (81.0 MHz, CDCLy): 6 =41.5 (d,
J(Rh,P) =133.7 Hz); elemental analysis (%) for C,HsO;P,SRh (784.8):
calcd: C 61.21, H 7.58; found: C 60.83, H 7.86.

Preparation of trans-[Rh(OTs){=C=C=C(o-Tol)Ph}(PiPr;),] (18): This
compound was prepared as described for 17, from 9 (90 mg, 0.14 mmol)
and a 0.38M solution of TsOH in THF (0.38 mL, 0.14 mmol) as starting
materials. Orange crystals; yield 65 mg (61 % ); m.p. 141°C (decomp); IR
(C¢Hg): 7=1880 (v(C=C=C)) cm~!; 'H NMR (200 MHz, C¢Ds): 6 =8.01,
7.64, 702, 6.87, 6.71 (all m, 13H; C4H, and C4Hs), 2.70 (m, 6H; PCHCH,),
1.98,1.94 (both s; 3H each, C¢H,CH,;), 1.27 (dvt, N=13.7,J (H,H) =71 Hz,
36H; PCHCH,); P NMR (81.0 MHz, C(D,): 6=414 (d, J(Rh,P)=
133.4 Hz); elemental analysis (%) for C,H, OsP,SRh (798.9): caled: C
61.64, H 7.70, N 4.01; found: C 60.80, H 7.51, N 4.20.

Preparation of trans-[Rh(OTs)(CO)(PiPr;),] (19): A slow stream of CO
was passed for 30 s through a solution of 17 (75 mg, 0.10 mmol) in benzene
(3mL) at 10°C. A stepwise change of color from orange to green and
finally to light yellow occurred. After the solution was stirred for 5 min at
room temperature, the solvent was removed in vacuo, the oily residue was
dissolved in acetone (2 mL) and the solution was stored for 30 h at —30°C.
Light orange crystals precipitated which were separated from the mother
liquor, washed acetone (3 x 1 mL; —20°C) and dried; yield 48 mg (81 %);
m.p. 119°C (decomp); IR (CiHy): 7=1945 (v(CO))cm™'; 'H NMR
(400 MHz, C¢Dg): 6=795, 6.86 (both m, 4H; CsH,), 2.74 (m, 6H;
PCHCHj;), 1.97 (s, 3H; C,H,CH;), 1.23 (dvt, N=14.1, J(H,H) =72 Hz,
36H; PCHCH;); “C NMR (100.6 MHz, C¢Dy): 6 =191.2 (dt, J(Rh,C) =
717, J(P,C) =16.3 Hz; RhCO), 143.7 (s; ipso-CsH,), 139.8, 128.6, 126.8 (all
s; CHy), 25.0 (vt, N=20.2 Hz; PCHCHs;); 21.1 (s; C,H,CH;), 20.2 (s;
PCHCH5;); *'P NMR (162.0 MHz, CDy): 6 =51.3 (d, J(Rh,P) =119.1 Hz);
elemental analysis (%) for C,sH,O,P,RhS (622.6): caled: C 50.16, H 7.93;
found: C 50.70, H 7.91.

Preparation of trans-[Rh(C=CCPh,0Ac)(CO)(PiPr;),] (20): A slow
stream of CO was passed for 30 s through a solution of 12 (95 mg,
0.14 mmol) in benzene (3 mL) at 10°C. A stepwise change of color from
orange to green and finally to light yellow occurred. After the solution was
stirred for 5 min at room temperature, the solvent was removed in vacuo,
the remaning yellow solid was washed with acetone (3 x 2 mL; —20°C) and
dried; yield 89 mg (90%); m.p. 116°C (decomp); IR (C¢Hg): 7=2100
(v(C=C)), 1950 (v(CO)), 1750 (v(C=0)) cm~'; 'H NMR (200 MHz, C;Dy):
0="764,715,7.04 (all m, 10H; C{Hs), 2.43 (m, 6H; PCHCH,), 1.78 (s, 3H;
C(O)CHj;), 1.25 (dvt, N=13.8,J(H,H) =7.3 Hz, 36 H; PCHCH,); *C NMR
(50.3 MHz, C¢Dy): 6 =196.2 (dt, J(Rh,C) =59.1, J(P,C) = 14.0 Hz; RhCO),
167.2 (s; C(O)CH;), 145.6 (s; ipso-C¢Hs), 1277, 127.6, 127.0 (all s; C¢Hs),
125.5 (dt, J(Rh,C) =42.6, J(P,C) =20.3 Hz; RhC=C), 114.2 (dt, J(Rh,C) =
12.1, J(P,C) =2.5 Hz; RhC=C), 81.7 (s; RhC=C-C), 26.0 (vt, N=21.6 Hz;
PCHCHs;), 21.8 (s; C(O)CHj;), 204 (s; PCHCH;); *'P NMR (81.0 MHz,
C¢Dg): 0=553 (d, J(Rh,P)=126.4Hz); elemental analysis (%) for
Cy;H5;,0;P,Rh (700.7); caled: C 61.17, H 7.91; found: C 61.35, H 7.90.

Preparation of trans-|[Rh{C=CCPh(o-Tol)OAc}(CO)(PiPr;),] (21): This
compound was prepared as described for 20, from 13 (98 mg, 0.14 mmol)
and CO as starting materials. Yellow microcrystalline solid; yield 89 mg
(89%); m.p. 116°C (decomp); IR (CiHg): 7=1945 (v(CO)), 1745
(v(C=0)) em™!; '"H NMR (200 MHz, CsDg): 0=8.16, 7.54, 7.08 (all m,
9H; C¢H, and C¢Hs), 2.42 (m, 6H; PCHCH,), 2.21 (s, 3H; C(H,CH;), 1.77
(s, 3H; C(O)CHs;), 1.25 (dvt, N=13.7, J(H,H) =7.1 Hz, 18H; PCHCH,),
1.24 (dvt, N=13.4,J(H,H) =7.1 Hz, 18 H; PCHCH5); *'P NMR (81.0 MHz,
C¢Dg): 0=555 (d, J(Rh,P)=126.4 Hz); elemental analysis (%) for
C;;H;;05P,Rh (714.7): caled: C 62.18, H 8.04; found: C 61.81, H 8.01.
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Preparation of trans-[Rh(C=CCPh,OPh)(CO)(PiPr;),] (22): This com-
pound was prepared as described for 20, from 15 (85 mg, 0.12 mmol) and
CO as starting materials. Yellow microcrystalline solid; yield 80 mg (79 %);
m.p. 136°C; IR (C¢Hg): 7 =1940 (v(CO)) cm~!; '"H NMR (400 MHz, C¢Dj):
0 =781, 710, 6.72 (all m, 15H; C¢Hjs), 2.03 (m, 6H; PCHCHs;), 1.18 (dvt,
N=13.5, J(HH) =71 Hz, 36H; PCHCH,); *C NMR (100.6 MHz, C¢Ds):
0=196.2 (dt, J(Rh,C) =58.5, J(P,C) =14.0 Hz; RhCO), 157.2, 146.7 (both
s; ipso-C¢Hs), 128.7, 128.0, 127.8, 127.1, 120.4, 119.1 (all s; C¢Hs), 127.0 (dt,
J(Rh,C)=43.1, J(P,C)=20.6 Hz; RhC=C), 114.8 (dt, J(Rh,C)=12.2,
J(P,C)=3.0Hz; RhC=C), 823 (s; RhC=C-C)), 26.1 (vt, N=214Hz;
PCHCHs;), 20.4 (s; PCHCHj;); *'P NMR (162.0 MHz, C,D¢): 6 =54.9 (d,
J(Rh,P)=125.9 Hz); MS (70eV): m/z 734 ([M*]), 641 ([M*—OPh]);
elemental analysis (%) for C,Hs;,O,P,Rh (734.7); caled: C 65.39, H 7.82;
found: C 65.05, H 8.18.

Preparation of trans-[Rh{C=CCPh(o-Tol)OPh}(CO)(PiPr;),] (23): This
compound was prepared as described for 20, from 16 (97 mg, 0.13 mmol)
and CO as starting materials. Yellow microcrystalline solid; yield 80 mg
(79%); m.p. 136°C; IR (CHy): 7=1940 (v(CO))cm™!; 'H NMR
(200 MHz, CDg): 6 =8.52, 7.67, 7.30, 7.12 (all m, 14H; C.H, and CHj),
2.39 (m, 6H; PCHCH;), 2.29 (s, 3H; CH,CH;), 1.24 (dvt, N=13.8,
J(H,H)=72Hz, 18H; PCHCH;), 1.23 (dvt, N=13.7, J(H,H) =71 Hz,
18H; PCHCH,); P NMR (81.0 MHz, C,Dy): 6 =54.3 (d, J(Rh,P)=
126.5 Hz); elemental analysis (%) for C,HsyO,P,Rh (748.8): calcd: C
65.77, H 7.94; found: C 65.14, H 7.38.

Preparation of trans-[Rh(CN)(=C=C=CPh,)(PiPr;),] (24): A slow stream
of freshly generated HCN was passed for 30s through a solution of 8
(62 mg, 0.10 mmol) in benzene (3 mL) at room temperature. A rapid
change of color from dark green to dark red occurred. After the solution
was stirred for 5 min, the solvent was evaporated in vacuo, the residue was
dissolved in acetone (3 mL) and the solution stored for 12 h at —20°C. Red
crystals precipitated which were separated from the mother liquor, washed
with acetone (2 x 1 mL; —20°C) and dried; yield 57 mg (91 % ); m.p. 152°C
(decomp); IR (C4Hg): 7#=2100 (v(CN)), 1880 (v(C=C=C)) cm~'; '"H NMR
(200 MHz, CD¢): 6 =791, 746, 6.75 (all m, 10H; C¢Hs), 2.81 (m, 6H;
PCHCH;), 1.34 (dvt, N=13.7, J(H,H) =7.1 Hz, 36 H; PCHCH;); *'P NMR
(81.0 MHz, C;Dy):  =45.1 (d, J(Rh,P) =130.4 Hz).

Preparation of trans-[Rh{C=CCPh,CH(CN),}(CO)(PiPr;),] (25): A sol-
ution of 8 (85 mg, 0.14 mmol) in benzene (3 mL) was treated dropwise with
a 0.36 M solution of CH,(CN,) in benzene (0.38 mL, 0.14 mmol) at room
temperature. A rapid change of color from green to blue occured. After
about 15s a slow stream of CO was passed through the solution for 30 s
which led again to a change of color from blue to yellow. The solution was
stirred for 15 min and the solvent was evaporated in vacuo. The residue was
dissolved in benzene (2 mL), and the solution was chromatographed on
AL O; (neutral, activity grade V, height of column 10 cm). With benzene, a
yellow fraction was eluted which was brought to dryness in vacuo. The
remaining yellow solid was dissolved in pentane (4 mL) and the solution
was stored at —78°C for 12 h. Yellow crystals precipitated which were
separated from the mother liquor, washed with pentane (2 x 1 mL; —20°C)
and dried; yield 86 mg (90%); m.p. 152°C; IR (KBr): #=2253 (v(CN)),
2081 (v(C=C)), 1935 (v(CO)) cm~!; '"H NMR (400 MHz, CDCl;): 6 =7.35
(m, 10H; C¢Hs), 4.58 (s, 1H; CH(CN),), 2.43 (m, 6 H; PCHCH,;), 1.24 (dvt,
N=14.0,J(H,H) =72 Hz, 36 H; PCHCH,); *C NMR (100.6 MHz, CDCL):
0=1952 (dt, J(Rh,C)=584, J(P,C)=14.1 Hz; RhCO), 1414 (s; ipso-
CsHs), 128.2, 127.8, 127.6 (all s; C¢Hs), 126.7 (dt, J(Rh,C) =443, J(P,C) =
20.1 Hz; RhC=C), 112.4 (s; CH(CN),), 111.8 (dt, J(Rh,C) =13.1, J(P.C) =
3.0 Hz; RhC=C), 53.7 (s; RhC=C—C), 36.8 (s; CH(CN),), 25.8 (vt, N=
21.4 Hz; PCHCH;), 20.4 (s; PCHCH;); *'P NMR (162.0 MHz, CDCL,): 6
53.5 (d, J(Rh,P) =126.0 Hz); elemental analysis (%) for C;;Hs;N,OP,Rh
(706.7): caled: C 62.88, H 7,56; N, 3.96; found: C 62.59, H 7.62, N, 3.83.
Preparation of trans-[Rh{C=CCPh(sBu)CH(CN),}(CO)(PiPr;),] (26):
This compound was prepared as described for 25, from 10 (112 mg,
0.18 mmol) and a 0.36M solution of CH,(CN), in benzene (0.51 mL,
0.18 mmol) as starting materials. Yellow solid; yield 94 mg (88%); m.p.
123°C; IR (KBr): 7=2253 (v(CN)), 2077 (v(C=C)), 1946 (v(CO) ) cm™;
'H NMR (400 MHz, CDCl): 6=738 (m, 5H; CsHs), 446 (s, 1H;
CH(CN),), 2.66 (m, 6H; PCHCHy;), 1.34 (dvt, N=14.4, J(H,H) =72 Hz,
18H; PCHCHs), 1.33 (dvt, N=14.4,J(H.H) = 7.6 Hz, 18H; PCHCH,), 1.03
(s, 9H; C(CHj;)3); *C NMR (100.6 MHz, CDCL): 6 194.6 (dt, J(Rh,C) =
58.4, J(P,C) =15.1 Hz; RhCO), 139.0 (s; ipso-C¢Hs), 129.2, 127.4, 126.9 (all
s; CgHs), 123.2 (dt, J(Rh,C) =45.3, J(P,C) =19.1 Hz; RhC=C), 114.0, 113.8
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(both s; CH(CN),), 111.0 (d, J(Rh,C) = 13.1 Hz; RhC=C), 57.7 (s; RhC=C-
(), 39.5 (s; CH(CN),), 32.1 (s; C(CHa;);), 27.6 (s; C(CHs)s), 26.1 (vt, N=
21.2 Hz; PCHCHS,), 20.3 (s; PCHCH;); *'P NMR (162.0 MHz, CDCL,): 6
53.9 (d, J(Rh,P) =125.4 Hz); MS (70 ev): miz: 686 ([M*]), 658 ([M* —
CO]), 593 ([M*—CO —CH(CN),]); elemental analysis (%) for
C;sH5;N,OP,Rh (686.7): caled: C 61.22, H 8.37, N 4.08; found: C 60.99, H
8.40, N 3.87.

Preparation of trans-[Rh{C=CC(p-C;H,O0Me),CH(CN),}(CO)(PiPr;),]
(27): This compound was prepared as described for 25, from 11 (95 mg,
0.14 mmol) and a 0.36 M solution of CH,(CN), in benzene (0.38 mL,
0.14 mmol) as starting materials. Yellow solid; yield 86 mg (82%); m.p.
140°C; IR (KBr): 7#=2252 (v(CN)), 2088 (v(C=C)), 1943 (v(CO)) cm™;
'H NMR (400 MHz, CsD¢): 6 =741, 6.47 (both d, J(H,H)=8.8 Hz, 4H
each; CH,), 4.01 (s, 1H; CH(CN),), 3.30 (s, 6H; OCHj;), 2.45 (m, 6H;
PCHCHs;), 1.27 (dvt, N=14.0, J(H,H) = 7.2 Hz, 36 H; PCHCH,); *C NMR
(100.6, C¢Dg): 6=195.8 (dt, J(Rh,C)=584, J(P,C)=15.1 Hz; RhCO),
159.4 (s; COMe), 141.5 (s; ipso-C¢H,), 129.4, 113.7 (both s; C¢H,), 124.8 (dt,
J(Rh,C) =433, J(P,C) =20.1 Hz; RhC=C), 113.3 (s; CH(CN),), 113.2 (dt,
J(Rh,C)=12.1, J(PC)=4.0Hz; RhC=C), 54.8 (s; OCH,), 532 (s;
RhC=C-C), 372 (s; CH(CN),), 26.1 (vt, N=21.5 Hz; PCHCH,), 20.4 (s;
PCHCHs;); *'P NMR (162.0 MHz, C(Dy): 6 =54.0 (d, J(Rh,P) =125.4 Hz);
MS (70 ev): m/z: 766 ([M*]), 673 ([M*— CO — CH(CN),]); elemental
analysis (%) for C3Hs;N,O3P,Rh (766.8): caled: C 61.09, H 749, N 3.65;
found: C 61.53, H 7.80, N 3.65.

Preparation of trans-[Rh{C=CCPh,CH(CN),}(CNMe)(PiPr;),] (28): A
solution of 8 (78 mg, 0.12 mmol) in benzene (3 mL) was treated dropwise
with a 0.36 M solution of CH,(CN), in benzene (0.35 mL, 0.12 mmol) at
room temperature. A rapid change of color from green to blue occurred.
After about 15s, a 0.05Mm solution of CNMe in benzene (2.9 mL,
0.13 mmol) was added dropwise which led again to a change of color from
blue to yellow. The solution was stirred for 5min und worked up
analogously as described for 25. Yellow solid; yield 77 mg (86 %); m.p.
120°C (decomp); IR (KBr): #=2240 (v(CN)), 2080 (v(C=C)), 2045
(v(CN)) cm™'; '"H NMR (400 MHz, C;Dy): 6 =732 (m, 10H; C4Hs), 4.13
(s, 1H; CH(CN),), 2.47 (m, 6 H; PCHCHs;), 2.23 (s, 3H; CNCH;), 1.37 (dvt,
N=13.6, J(H,H) =72 Hz, 36 H; PCHCH,); C NMR (100.6 MHz, C¢Dj):
0=163.3 (dt, J(Rh,C)=53.3, J(P,C)=16.1 Hz; CNCH;), 142.9 (s; ipso-
CsHs), 130.4 (dt, J(Rh,C)=44.3, J(P,C) =20.1 Hz; RhC=C), 1284, 1282,
1274 (all s; C¢Hs), 113.3 (s; CH(CN),), 110.3 (d, J(Rh,C)=12.1 Hz;
RhC=C), 54.3 (s; RhC=C—C), 37.1 (s; CH(CN),), 28.2 (s; CNCH,), 25.8 (vt,
N=19.1 Hz; PCHCH3), 20.6 (s; PCHCHj;); *'P NMR (162.0 MHz, CDy):
0 =528 (d, J(Rh,P) =133.5 Hz); elemental analysis (% ) for C;3H5sN;P,Rh
(719.7): caled: C 63.41, H 7.84, N 5.84; found: C 63.29, H 748, N 5.70.
Preparation of trans-[Rh{C=CCPh(rBu)CH(CN),}(CNMe)(PiPr;),] (29):
This compound was prepared as described for 28, from 10 (106 mg,
0.17 mmol), a 0.36 M solution of CH,(CN), in benzene (0.48 mL,
0.17 mmol) and a 0.05 M solution of CNMe in benzene (3.6 mL, 0.18 mmol)
as starting materials. Yellow solid; yield 85mg (92%); m.p. 84°C
(decomp); IR (KBr): #=2253 (v(CN)), 2090 (v(C=C)), 2045 (v(CN)
)em™'; '"H NMR (400 MHz, CsDg): 6 =7.32 (m, 5H; C4Hs), 3.94 (s, 1H;
CH(CN),), 2.67 (m, 6H; PCHCHs;), 2.21 (s, 3H; CNCHs;), 1.44 (dvt, N=
13.6, J(HH)=6.8Hz, 18H; PCHCH;), 142 (dvt, N=13.6, JHH)=
6.8 Hz, 18H; PCHCH,), 1.02 (s, 9H; C(CH;);); *C NMR (100.6 MHz,
CsDg): 6=163.1 (dt, J(Rh,C)=52.3, J(P,C) =16.1 Hz; CNCHs;), 140.4 (s;
ipso-C¢Hs), 129.9, 1273, 1270 (all s; C¢H;) 126.9 (dt, J(Rh,C)=44.3,
J(P,C)=19.1 Hz; RhC=C), 114.7 (s; CH(CN),), 109.4 (d, J(Rh,C)=
12.1 Hz; RhC=C), 58.0 (s; RhC=C-C), 39.7 (s; CH(CN),), 32.7 (s;
C(CH;);), 28.3 (s; CNCH;), 28.0 (s; C(CHs);), 26.0 (vt, N=19.1 Hz;
PCHCHs;), 20.7 (s; PCHCH;); *'P NMR (162.0 MHz, C4Dg): 6 =53.0 (d,
J(Rh,P) =133.3 Hz); elemental analysis (%) for C;HgN;P,Rh (699.8):
caled: C 61.79, H 8.64, N, 6.01; found: C 61.51, H 8.37, N 5.91.

Preparation of trans-[Rh{C=CC(p-C;H,OMe),CH(CN),}(CNMe)(PiPr;),]
(30): This compound was prepared as described for 28, from 11 (105 mg,
0.15mmol), a 0.36 M solution of CH,(CN), in benzene (0.42mL,
0.15 mmol) and a 0.05 M solution of CNMe in benzene (3.2 mL, 0.16 mmol)
as starting materials. Yellow solid; yield 90 mg (75%); m.p. 93°C
(decomp); IR (KBr): #=2170 (v(CN)), 2097 (v(C=C)), 2058
(v(CNMe)) ecm™'; '"H NMR (400 MHz, C,Dg): 0=753, 6.77 (both d,
J(H,H) =88 Hz, 4H each; CiH,), 4.16 (s, 1H; CH(CN),), 3.31 (s, 6H;
OCH,;), 2.45 (m, 6H; PCHCH3), 2.22 (s, 3H; CNCHs;), 1.35 (dvt, N=13.6,
J(H,H) =72 Hz, 36 H; PCHCH,); ¥C NMR (100.6 MHz, C(Dy): 6 =163.4
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(dt, J(Rh,C) =53.3, J(P,C) =16.1 Hz; CNCH3), 159.3 (s; COMe), 135.2 (s;
ipso-C¢H,), 129.7, 113.6 (both s; C¢H,), 129.2 (dt, J(Rh,C) =50.3, J(P,C) =
20.1 Hz; RhC=C), 113.3 (s; CH(CN),), 1113 (br d, J(Rh,C)=12.1 Hz;
RhC=C), 54.8 (s; OCHj;), 53.3 (s; RhC=C?C), 37.6 (s; CH(CN),), 28.2 (s;
CNCH,;), 25.8 (vt, N=19.2 Hz; PCHCHj;), 20.6 (s; PCHCH;); 3P NMR
(162.0 MHz, C,Dg): 6 =529 (d, J(Rh,P) =133.6 Hz); elemental analysis
(%) for Cy,oHgN;O,P,Rh (789.9); caled: C 61.83, H 8.93, N 4.05; found: C
61.46, H 8.59, N 3.89.

Reaction of compound 25 with HCI: A solution of 25 (60 mg, 0.08 mmol) in
CH,Cl, (3mL) was treated at —60°C with a 0.17 M solution of HCI in
benzene (0.55mL, 0.09 mmol). After the solution was stirred for about
2 min, the solvent was removed in vacuo. The residue was extracted with
pentane (3 mL, —20°C) and the extract was evaporated to dryness in
vacuo. The pale yellow residue was characterized spectroscopically as a
mixture of HC=CCPh,CH(CN), (31) and trans-[RhCI(CO)(PiPr;),] (33).
Data for 31: IR (CH,CL): #=3300 (v(=CH)), 2135 (v(C=C))cm™;
'H NMR (400 MHz, CD,ClL): =745 (m, 4H; C¢Hs), 7.33 (m, 6H;
CHs), 4.96 (s, 1H; CH(CN),), 3.02 (s, 1H; C=CH); *C NMR (100.6 MHz,
CD,Cl,): 6 =138.6 (s; ipso-C¢Hs), 129.4, 129.3, 1274 (all s; CHs), 111.7 (s;
CN), 82.0 (s; C=CH), 79.0 (s; C=CH), 58.5 (s; C=C—C), 36.3 (s; CH(CN),).
Reation of compound 26 with HCI: This was carried out analogously as
described above with 26 (68 mg, 0.10 mmol) and a 0.17 M solution of HCl in
benzene (0.64 mL, 0.11 mmol) as starting materials. A mixture of
HC=CCPh(:Bu)CH(CN), (32) and 33 was obtained. Data for 32: IR
(CH,CL,): #=3300 (v(=CH)), 2244 (v(CN)), 2148 (v(C=C)) cm™!; 'H NMR
(400 MHz, CD,Cl,): 6 =758 (m, 2H; C¢Hs), 743 (m, 3H; C¢Hj), 4.61 (s,
1H; CH(CN),), 3.00 (s, 1H; C=CH), 1.14 (s, 9H; CH;); *C NMR
(100.6 MHz, CD,Cl,): 0 =136.3 (s; ipso-C¢Hs), 129.0, 128.7, 128.5 (all s;
C¢Hs), 113.0, 112.9 (both s; CN), 81.9 (s; C=CH), 78.8 (s; C=CH), 56.2 (s;
C=C—C), 39.4 (s; CH(CN),), 32.1 (s; C(CH,)5), 274 (s; C(CH,)5).

X-ray crystal structure determination of compound 22: Single crystals were
grown from an acetone/acetonitrile mixture at 0°C. Crystal data (from 23
reflections, 10° < ® <13°): monoclinic, space group P2,/c (no. 14); a=
12.819(4), b=14.633(3), c=21.020(7) A, B=92.36(2)°, V=3940(2) A3,
Z=4, Peea= 1239 gem=3, u(Mog,)=0.142cm!, T=293 K; crystal size
0.10 x 0.15 x 0.56 mm; Enraf-Nonius CAD 4 diffractometer, Mo, radia-
tion (0.70930 A), graphite monochromator, zirconium filter (factor 15.4);
320 scan, max 260 =48.00°; 6477 reflections measured, 6167 independent
reflections, 4328 regarded as being observed [F, >20(Fo)]; intensity data
were corrected for Lorentz and polarization effects, minimum transmission
was 96.44 % . The structure was solved by direct methods (SHELXS-86);12*
atomic coordinates and anisotropic thermal parameters of the non-
hydrogen atoms were refined by full-matrix least squares (418 parameters,
SHELXL-93).”] The positions of all hydrogen atoms were calculated
according to ideal geometry (C—H distance 0.95 A) and were included in
the structure factor calculation in the last refinement cycle. R=0.0368,
WR,=0.0899; reflex/parameter ratio 10.35; residual electron density
+0.400/-0.305 e A,

Ref. code NACSAL, Cambridge Structural Database System, 2000.
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Ternary Alkali Metal Transition Metal Acetylides A,MC,

(A =Na, K; M = Pd, Pt)
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Dedicated to Professor Wolfgang Jeitschko on the occasion of his 65th birthday

Abstract: Ternary transition metal acet-
ylides A,MC, (A =Na, K; M=Pd, Pt)
can be synthesised by reaction of the
respective alkali metal acetylide A,C,
with palladium or platinum in an inert
atmosphere at about 350°C. The crystal
structures are  characterised by
«[M(C,)35] chains, which are separated
by the alkali metals (P3m1, Z=1). The
refinement of neutron powder diffrac-
tion data gave C—C=1263(3) A for

value for a C—C triple bond (1.20 A). On
the basis of band-structure calculations
this can be attributed to a strong back-
bonding from the metal into the anti-
bonding orbitals of the C, unit. This was
further confirmed by Raman spectro-
scopic investigations, which showed that
the wavenumbers of the C—C stretching

Keywords: acetylides - alkali metals
- neutron diffraction - palladium -

vibrations in Na,PdC, and Na,PtC, are
about 100 cm~! smaller than in acety-
lene. BC MAS-NMR spectra demon-
strated that the acetylenic C, units in the
title compounds are very different from
those in acetylene. Electrical conductiv-
ity measurements and band-structure
calculations showed that the black title
compounds are semiconductors with a
small indirect band gap (approximately
0.2 eV).

Na,PdC, (Na,PtC,: 1.289(4) A), which

e platinum
is distinctively longer than the expected

Introduction

When in 1997 we showed that ternary alkali metal transition
metal acetylides are accessible by the reaction of Na,C, with
palladium or platinum, these black compounds were the first
structurally characterised examples of their class.['l Solution
and refinement of their crystal structures from X-ray powder
diffraction data showed that [M(C,)55,] chains (M =Pd, Pt)
are the characteristic structural feature. The only other details
we gave at that time were that the stretching frequency of the
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C—C bond was about 100 cm~! lower than that of acetylenel?
and that the measured diamagnetic behaviour was consistent
with the presence of Pd’. Since then we have found another
synthetic route to alkali metal transition metal acetylides
AM'C, (A = alkali metal; M!'= Cu,?4 Ag Pl Aul¥l) by heating
complex ternary hydrogen acetylides obtained in liquid
ammonia. These compounds are colourless to yellow and
exhibit typical salt-like properties. As the different colours
indicated differing properties of the ternary acetylides AM'C,
and Na,MC,, we investigated Na,PdC, and Na,PtC, in more
detail. The results of neutron diffraction experiments, spec-
troscopic investigations (Raman, *C MAS-NMR) and meas-
urements of the electrical conductivity are reported herein
and discussed on the basis of theoretical band-structure
calculations. The new compounds K,PdC, and K,PtC,, which
are isotypic with Na,PdC, and Na,PtC,, are also presented.

Results and Discussion

Na,PdC, and Na,PtC, can be synthesised by the reaction of
Na,C,! with palladium or platinum in an argon atmos-
phere.ll By the use of K,C,*? this procedure has been
extended to the synthesis of K,PdC, and K,PtC, under
analogous conditions (see Experimental Section). All the
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compounds were black, polycrystalline and sensitive to air
and moisture. With a slight surplus of the alkali metal,
acetylide products free of impurities detectable by X-ray
powder diffraction could be obtained, but neutron diffraction
and C MAS-NMR experiments revealed that smaller
amounts of the starting materials were still present (vide
infra). With a higher surplus of the alkali metal acetylide the
unreacted binary acetylides were detectable by X-ray powder
diffraction; a surplus of palladium or platinum led to PdC,['")
or unreacted platinum, respectively.

The evolution of the reaction could be monitored on a high-
temperature X-ray powder diffractometer by heating the
starting materials sealed in a capillary under argon. The
reaction of Na,C, with palladium in the range 50-550°C
(Figure 1) started at about 280 °C and was almost complete at
about 400°C. No intermediate products were visible in the
diffraction patterns. Similar reaction temperatures were
found for the other title compounds.

No comparable reaction of Na,C, or K,C, with nickel was
observed. Only Ni;C['"l could be obtained as a reaction
product. Similarly, the reaction of Li,C,['> ! with nickel,
palladium or platinum was unsuccessful: only known inter-
metallic lithium compounds were formed.['*!

The crystal structures of Na,PdC, and Na,PtC, had already
been solved and refined from X-ray powder diffraction data.l!l
K,PdC, and K,PtC, are isotypic with the sodium compounds;
the lattice parameters and some details of the X-ray powder
investigations are summarised in Table 1.

The ¢ axis is almost independent of the respective alkali
metal; this indicates a structural motif along this direction
which consists solely of carbon and the transition metal.
Indeed, in the resulting crystal structure (Figure 2)
«~[M(GC,)3] chains running along the crystallographic ¢ axis

Abstract in German: Ternire Ubergangsmetallacetylide der
Zusammensetzung A;MC, (A=Na, K; M= Pd, Pt) konnen
durch Reaktion der entsprechenden Alkalimetallacetylide A,C,
mit Palladium oder Platin in einer inerten Atmosphdre bei ca.
350°C dargestellt werden. Die Kristallstrukturen sind durch
JIM( C2)§72 [-Ketten charakterisiert, die durch die Alkalimetall-
ionen separiert werden (P3ml, Z=1). Auf Grundlage von
Neutronenbeugungsuntersuchungen wurde fiir Na,PdC, ein
C-C-Abstand von 1.263(3) A erhalten (Na,PtC,: 1.289(4) A),
der deutlich grofer ist als der Erwartungswert fiir eine C—C-
Dreifachbindung (1.20 A). Basierend auf Bandstrukturrech-
nungen kann dies auf starke Riickbindungen vom Metall in die
antibindenden Orbitale der C,-Einheit zuriickgefiihrt werden.
Dies wird ferner durch die Ergebnisse von ramanspektrosko-
pischen Untersuchungen bestdtigt, bei denen gefunden wurde,
daf3 die Wellenzahl der C—C-Streckschwingung in Na,PdC,
und Na,PtC, um ca. 100 cm™ kleiner ist als in Acetylen. Ferner
zeigen 3C MAS-NMR-Untersuchungen, daf sich die acetyli-
dischen C,-Einheiten in den terniiren Ubergangsmetallacetyli-
den deutlich von denen in Acetylen unterscheiden. Weiterhin
ergaben Messungen der elektrischen Leitfihigkeiten und
Bandstrukturrechnungen, daf3 die schwarzen Titelverbindun-
gen Halbleiter mit einer sehr kleinen indirekten Bandliicke von
ca. 0.2 eV sind.

Chem. Eur. J. 2001, 7, No. 9
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Figure 1. Formation of Na,PdC, from Na,C, and palladium with increasing
temperature as measured on an X-ray powder diffractometer (Huber
G644). The reflection assignments and the starting temperature of the
reaction are highlighted.

Table 1. Selected crystallographic data (STOE Stadi P2, 298 K) of ternary
palladium and platinum acetylides (P3m1, Z=1).

Na,PdC, Na,PtC, K,PdC, K,PtC,
a [A] 4.4638(1) 4.5031(3) 5.1033(2) 5.1218(1)
c [A] 5.2668(2) 5.2050(5) 5.2828(2) 5.2179(1)
|4 [A3] 90.883(7) 91.40(1) 119.150(9) 118.539(7)
wRp 0.0430 0.0450 0.0343 0.0412
Ry 0.0338 0.0359 0.0262 0.0319
Rerage 0.0623 0.0391 0.0691 0.0290
No. of reflections 39 50 63 67
26 range [°] 15-90 16-100 16-100 16-105

ap
Figure 2. Crystal structure of Na,PdC,. The unit cell, the C—C bonds, the
distorted trigonal prismatic surroundings of one Na atom, the linear carbon
coordination and the octahedral Na surroundings of one Pd atom are
emphasised.

are the characteristic structural feature. These chains are
separated by the alkali metals, which show an unusual
coordination, with three C atoms at a short distance and
three transition metals at a slightly longer distance, so that a
very distorted trigonal prism results. In the chains each
transition metal is coordinated by two C, dumbbells in an end-
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on fashion, and vice versa. The linear coordination of the
transition metal is in good agreement with the expected
coordination of Pd” or Pt® with a d'° electron configuration.

To obtain reliable atomic parameters for the light atoms
(sodium and carbon) and thus accurate bond lengths in the
transition metal carbon chains, neutron diffraction experi-
ments were performed on Na,PdC, and Na,PtC, (see Exper-
imental Section). Some resulting interatomic distances are
given in Table 2. The quality of the data and the refinement
can be estimated from the example in Figure 3.

Table 2. Selected interatomic distances [A] of Na,PdC, and Na,PtC,.

Na,PdC, Na,PtC,
Pd/Pt—C 2.002(2) 2 x 1.958(2) 2 x
Na—Pd/Pt 2.968(2) 3 x 2.967(3) 3 x
Na—C 2.631(1) 3 x 3.139(3) 3 x 2.652(1) 3 x 3.170(3) 3 x
c-C 1.263(3) 1.289(4)

Intensity/a.u.

—— 1 01O RV L T T Coa
O A R R e TR I 1 [ I | [

i A A, J. et

" v =

| | | | I | I | | |
60 80 100 120 140 160 180 200 220 240
d/pm

Figure 3. Neutron diffraction time-of-flight pattern (backscattering) of
Na,PdC, at 298 K, showing the observed (+) and calculated patterns (solid
line) as well as the difference between them. Vertical bars mark the
positions of the reflections of Na,C, (upper bars) and Na,PdC, (lower bars).

Among the interatomic distances in Table 2, the C—C bond
lengths are the most remarkable, since they deviate from the
expected value for a C—C triple bond (1.20 Al'*) by more than
0.06 A. This is discussed in more detail at the end of this
contribution. The Na—C distances are in good agreement with
the values found for Na,C, (2.617(4)-2.798(4) 6 x ).’! The
sample investigated by neutron diffraction contained small
amounts of Na,C,, which could not be detected by X-ray
powder diffraction (Figure 3). This is discussed in more detail
with the 3C NMR results below.

Another interesting feature is the temperature dependence
of the lattice parameters of Na,PdC, and Na,PtC, measured
between 10 and 298 K. The value of a increases, as expected,
with increasing temperature (Na,PdC,: a=4.4375(9) A at
10K, 4.4638(1) A at 298 K; Na,PtC,: a =4.484(1) A at 10K,
4.5031(3) A at 298 K), whereas ¢ decreases slightly (Na,PdC,:
c=5275(1) A at 10K, 5.2668(2) A at 298 K; Na,PtC,: c=
5.216(1) A at 10K, 5.2050(5) A at 298 K). This points to an

1954

increasing librational motion of the C, dumbbells around their
centre of gravity with increasing temperature which affects
the a axis (perpendicular to the dumbbell axis) more than the
c axis (parallel to the dumbbell axis). This effect is also well
known for several binary alkali metal and alkaline earth metal
acetylides.['?]

For the platinum compounds c is always about 0.06 A less
than ¢ for the respective palladium compounds (see Table 1).
This difference may be attributed to relativistic effects,!'”]
which should peak at the pair Ag— Au. Indeed, in AAgC,V!
and AAuC)/® (A=Li-Cs) with similar chain structures
¢ differs by more than 0.1 A (LiAgC,: ¢ =5.328(3) A; LiAuG;:
¢=5.194(7) A; both compounds crystallise in isotypic struc-
tures with [[M(C,)3),] chains).

BC MAS-NMR spectroscopy is a very useful tool for
characterising metal acetylides.” 2% The 3C NMR spectro-
scopic parameters of Na,C, and K,C,”) can be compared with
those of the new ternary palladium and platinum compounds
(see Experimental Section and Figure 4).

157 ppm (Na,PdC,)

172 ppm {Na,C,)

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

300 200 100 0 -100
S/ppm

Figure 4. 3C MAS-NMR spectrum of Na,PdC,: the centre bands at the
isotropic chemical shifts of Na,C, and Na,PdC, are marked. MAS
frequency 4320 Hz, n/2 pulse length 5 ps, 520 scans, time between RF
pulses 180 's.

It is surprising that two sets of resonance lines were
observed, as the structure of Na,PdC, contains only one
crystallographically independent carbon atom, but compar-
ison with the spectrum of Na,C,l” makes it clear that the
smaller signal must be assigned to the unreacted starting
material, Na,C,. Therefore, contrary to the results of X-ray
powder diffraction, the product is not free of impurities. Na,C,
contains only light elements which are almost invisible in the
X-ray powder diffraction patterns. With methods such as
B3C NMR spectroscopy or neutron powder diffraction, how-
ever, these impurities can be detected.

The spectra obtained for Na,PdC, and K,PdC, were
analysed for the intensities of their spinning side bands to
determine the shielding parameters (see Experimental Sec-
tion),”! which are summarised and compared with those
obtained for Na,C,, K,C, and solid C,H,? in Table 3 (for
Na,PtC, and K,PtC, the poor quality of the spectra did not
allow an analysis of the spinning side bands).
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Table 3. BC MAS-NMR parameters of binary and ternary acetylides and
solid acetylene.

Jiso [ppm ]! Ao [ppm]®! el
Na,PdC, 157 359 0.20
Na,PtC, 156 _ld] _ld]
K,PdC, 162 317 0.15
K,PtG, 162 _ld] _ld)
Na, G, 172 342 0.17
K,C,! 186 285 0.15
CH, 70 240 0

[a] Isotropic chemical shift (relative to external (CH;),Si): i, = — 0io =

—1/3(011 + 0+ 033)  With 033 — 0| > |011 — Gige| = |02 — Tisel; A(is0) <
+1ppm. [b]Shielding anisotropy: Ac=o03;—1/2(0,,+0y); A(Ac) <
+5ppm (for K,PdC,: +10ppm). [c] Asymmetry parameter: 7=
3/2(0y, — 011)/Ac; A7) <£0.05. [d] Not determined.

The isotropic chemical shifts of the binary and ternary
acetylides are similar, but they are markedly different from
that of acetylene. The deshielding of the binary acetylides is
slightly greater than that of the ternary transition metal
acetylides and increases as the number of electrons on the
alkali metal rises. The latter effect is also found for the ternary
acetylides, but it is less pronounced. The shielding anisotropy
Ao, however, decreases with an increasing number of
electrons. By far the smallest value of Ao was found for
acetylene. For an ideal axial symmetric environment around
the C atoms the asymmetry parameter  should be zero.
Consistently with the lack of axial symmetry around the C,
dumbbells in the given crystal structures, it was found that the
asymmetry parameters are significantly different from zero.
The difference between the components of the shielding
tensor in the plane perpendicular to the dumbbell axis
amounts to at least 30 ppm. For acetylene frozen in an argon
matrix® an asymmetry parameter of zero was obtained,
which is in agreement with the point symmetry of the C,H,
molecule.

To summarise the findings of
the C NMR experiments: the

NMR parameters of the binary 140 R
and ternary acetylides are com- _1.
parable, but they differ very :
much from those of acetylene; 120 - ‘

furthermore, the influence of
the alkali metal ion on the
NMR parameters is stronger
in the binary acetylides than in
the ternary compounds.

The magnetic susceptibilities
of A,MC, (A=Na, K;: M=Pd, 80 7
Pt) were measured on a Squid
magnetometer in the temper-
ature range 1.7-298K with 60
applied magnetic fields of up
to 5T. As expected for com-

100

served. Only below 20 K was a slight increase in the magnetic
susceptibilities obtained, probably due to small amounts of
unknown paramagnetic impurities.

Agreement between the mean values of the susceptibilities
observed between 100 and 298 K and the theoretical values
calculated from the respective diamagnetic incrementsi?® 24
(Table 4) is excellent for Na,PdC, and K,PtC, and reasonable
for the other two compounds.

The black colour of the title compounds suggested that they
are conductors or semiconductors. When their electrical
conductivity was measured by using a PPMS system (Quan-
tum Design; see Experimental Section), all four compounds
showed the typical behaviour of a semiconductor, namely,
decreasing resistivity with increasing temperature; an exam-
ple is shown in Figure 5. As the expected linear behaviour is
not observed in the In(1/R) =f(1/T) plot, it must be assumed
that two different conduction mechanisms exist. We suggest
that, as for many similar systems, at low temperatures the
conduction is mainly affected by defects, whereas at higher
temperatures the intrinsic conduction mechanism gains the
upper hand. The most linear behaviour was observed in the
In(1/R) =f(1/T) plot of K,PtC,. The activation energy (that is,
the band gap) from the high-temperature data was estimated
to be E,~0.18 eV, a value comparable with the band gap
obtained from band-structure calculations on Na,PdC, using
the LMTO (linear muffin-tin orbitals) method within density
functional theory (see Experimental Section).?> 20l

Table 4. Mean values of magnetic susceptibilities of ternary palladium and
platinum acetylides measured in the range 100-298 K and comparison
with theoretical values calculated using diamagnetic increments.

Amor(caled) [107"'m3 mol ]

Amoi(meas.) [107'' m3mol~']

Na,PdC, ~76 76
Na,PtC, ~79 —99
K,PdC, “124 —9%
K,PtC, _121 ~119
In(1/R)
40
4.2
4.4
461
-4.81 e
* v
5.0 ——
000 005 010 015 020 025 030

1/TIK?

pounds with transition metals in 40 . T
a d!° electron configuration, 0 50
temperature-independent dia-
magnetic behaviour was ob-

Chem. Eur. J. 2001, 7, No. 9
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100 150 200 250 300
TIK

Figure 5. Dependence of the electrical resistivity of Na,PdC, on temperature. Inset: In(1/R) = f(1/T).
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Figure 6 shows that Na,PdC, is a semiconductor with a
small indirect band gap (highlighted) of about 0.2 eV. For the
calculations the structural data of the neutron diffraction

" F]
e i —
| e L] n___
D |
el | T ——
- K -
S __-"'-ﬁa a;
S B e

Figure 6. Band structure of Na,PdC,. The Fermi level was chosen as the
zero-point energy. The indirect band gap is highlighted.

experiments were used with the lattice parameters of the low-
temperature X-ray investigations taken at 10 K (see above).
Density functional calculations typically provide band gaps
which are smaller than the experimental value,*”! but this
calculated value for Na,PdC, is in good agreement with the
estimated experimental band gap for K,PtC,.

The band structure of Na,PtC, looks very similar to that in
Figure 6, but the band gap is even smaller. Unfortunately, the
quantitative analysis of the electrical conductivity measure-
ments is not good enough to be compared with the results of
the band-structure calculations. No band structures were
calculated for K,PdC, and K,PtC,, as no reliable atomic
parameters were available from neutron diffraction inves-
tigations.

The conduction band of Na,PdC, between the points A and
L of the Brillouin zone, which is along the zone edge in the
a*,b* plane, shows a surprisingly large band width which was
deduced, from a fat-band analysis, to consist mainly of
contributions from Na 3s and C p,, orbitals, the latter having
a m antibonding character. A more detailed analysis showed
that Na—C interactions are weakly antibonding at A and
bonding at L, and the change between antibonding and
bonding behaviour leads to the observed large band width of
the conduction band between these points. Furthermore,
calculations with different C—C distances showed that shorter
distances lead to a smaller band width of the conduction band
between A and L and thus a larger band gap. It is surprising
that CsAgC,, which has a similar crystal structure with
«~[Ag(C,)3),] chains separated by the cesium atoms, is colour-
less and shows insulating behaviour (vide infra). It would

1956 ——
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therefore be interesting to synthesise and analyse the
electronic properties of compounds such as AT™™MC, (A=
alkaline earth metal; M =Pd, Pt). The electronic situation
should be comparable with that of Na,PdC,, but the crystal
structure should be similar to that of CsAgC,. Unfortunately,
our experiments in these systems, especially the reaction of
MgC,® 21 with palladium or platinum, have not yet been
successful and have led to new, probably intermetallic,
phases.P]

Vibrational spectroscopy was shown to be a helpful tool for
characterising the bonding in, for example, carbonyl com-
plexes, from the frequency of the C— O stretching vibration.B!
As the C, units are symmetrically surrounded in binary and
ternary acetylides, Raman spectroscopy has to be used to
obtain the frequencies of the C-C stretching vibrations,
which may well yield useful information about the bonding in
these compounds.

Several trends are evident in Table 5. The wavenumbers of
the C-C stretching vibration in binary alkali metal acetylides
and ternary palladium and platinum acetylides are very
similar to each other, but they differ by approximately
100 cm™! from that of acetylene, which, however, compares
quite well with the wavenumbers in ternary silver and gold
acetylides. The difference between the silver and palladium

Table 5. Raman spectroscopy: wavenumbers [cm~'] of C-C stretching
vibrations (¥~c) of binary and ternary acetylides.

AC, A,PdC, A,PtC, AAgC, AAUG,
A=Na 18451 1862 1845 196515 1997161
A=K 18211 1850 1840 196315 1997161
A=H 19740)

acetylides is explained below. Furthermore, the decrease in
the wavenumbers of the C—C stretching vibration with an
increasing number of electrons on the alkali metal is clear for
the binary acetylides, less pronounced for the palladium and
platinum compounds and negligible for the silver and gold
acetylides. At least for the binary acetylides, this is probably
attributable to a decreasing electronegativity from sodium to
potassium, which leads to a higher negative charge on the C,
dumbbell, which affects the C-C stretching vibration as
described.’? This effect seems to be less important in the
ternary compounds.

Whereas Na,PdC, and the other title compounds are black
and show semiconducting behaviour, CsAgC, and related
ternary acetylides with comparable |![M!(C,);/,] chain struc-
tures (M!=Cu, Ag, Au)*° are almost colourless and act as
insulators, as mentioned above. Among the properties of
Na,PdC, and CsAgC,,P! as typical examples of these classes of
compounds, summarised in Table 6, the most interesting is the
C—C bond length, which is in the range expected for a C—C
triple bond in CsAgC,, but it is more than 0.06 A longer in
Na,PdC,. We think that a stronger backbonding from
palladium into the antibonding orbitals of the C, unit is
responsible for this increase in the C—C bond length, which is
also demonstrated by a decrease in the respective C-C
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Table 6. Comparison of some properties of Na,PdC, and CsAgC, .

Na,PdC, CsAgC,
C-C[A] 1.263(3) 1.217(7)
M—C [A] (M =Pd, Ag) 2.002(2) 2.015(4)
sum radii M—C [A] 2.06 2.03
colour black colourless
conductivity semiconductor insulator
Peec [em™!] 1862 1965
iCOHP(M—C(x)) [eV per bond] 0.24 0.06

stretching vibration. This is confirmed by a comparison of the
calculated bond length for an M—C bond from theoretical
radiil"™! with the experimental value: the latter is much shorter
than the theoretical value for the Pd—C distance in Na,PdC,,
whereas in CsAgC, there is only a small difference between
these two values. Therefore the bonding can be represented
simply by the electron-dot structures in Equation (1), B in
which the left-hand structure describes more or less the
bonding in CsAgC,, whereas in Na,PdC, the right-hand
structure must also be considered.

.mM-C=C-M~-...= .. =M=C=C=M=... )

This is confirmed by analysis of the COHPs (crystal orbital
Hamilton populations)?®* of the n-M-C bonding—mainly
consisting of overlaps of the metal d - orbitals with carbon
p—n orbitals—in the band structures of Na,PdC, and
CsAgC,. The higher integrated value (iCOHP) for Na,PdC,
(Table 6) indicates a stronger backbonding in this compound.

Currently we are investigating the kinetics of the reaction of
Na,C, with palladium by diffraction methods. We have found
that an increase in the reaction temperature of about 20 K
increases the reaction time by a factor of 10. Furthermore we
were able to synthesise Rb,MC, and Cs,MC, (M =Pd, Pt) by
analogous reactions. This will be the subject of a forthcoming
contribution.!

Experimental Section

Preparation of compounds: The title compounds were prepared by
reaction of the respective alkali metal acetylide with palladium (Alfa,
99.9985 %) or platinum (ABCR, 99.9 %) powder in an inert atmosphere at
about 350 °C. Na,C, and K,C, were synthesised according to the procedures
given in the literaturel’) and their purity was checked by X-ray powder
diffraction. In a typical experiment, the alkali metal acetylide (1.2 mmol)
and the transition metal (1 mmol) were mixed in a glove-box (argon
atmosphere) and pressed to pellets (& = 10 mm), which were transferred in
a corundum crucible into a horizontal tube furnace, where they were
heated to 350°C in an argon atmosphere for about 15 h. The products were
allowed to cool and transferred back to the glove-box, where all further
handling was carried out. The resulting powders were black and sensitive to
air and moisture.

Crystal structure determinations: Room-temperature X-ray powder dif-
fraction was carried out on a STOE Stadi P2 powder diffractometer (Ge
monochromator, Cug,, radiation, linear position-sensitive OED detector).
The samples were measured in capillaries (& =0.3 mm) sealed in an argon
atmosphere.

For the low-temperature investigations a Huber G645 powder diffractom-
eter was used (Cug,, radiation, Ge monochromator, scintillation counter,
closed-cycle He cryostat). The samples were measured on a flat sample

Chem. Eur. J. 2001, 7, No. 9
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holder designed for air-sensitive compounds, which was filled in a glove-
box.

The high-temperature investigations were carried out on a Huber G644
powder diffractometer (Ge monochromator, Cug, radiation, linear
position-sensitive OED detector, Huber furnace). The samples were sealed
in capillaries (& = 0.3 mm) under argon.

The resulting patterns were indexed using the program TREOR90.5 A
starting model for the structure refinement, guessed from the resulting
lattice parameters, was refined by the Rietveld method using GSAS
software.¥’]

The neutron powder diffraction experiments were performed on the Rotax
time-of-flight diffractometer® at the ISIS spallation source (Rutherford
Appleton Laboratory, UK). The samples were measured in vanadium
cylinders (& =6 mm, height ~ 50 mm, wall thickness ~0.1 mm) with alu-
minium screw caps and air-tight indium seals.

Structure refinement of Na,PdC,: Crystal system: trigonal, space group
P3m1 (no. 164), a =4.4638(1), ¢ =5.2658(3) A, peyea=3.224 gem3, Z=1,
Pd on 1(a), C on 2(c) with z =0.3801(3), Na on 2(d) with z =0.2796(8), 32
reflections on the forward- and 282 reflections on the back-scattering bank,
five positional and thermal parameters refined, wRp =0.0393/0.0371, Rp =
0.0329/0.0342, Rpqp, =0.0241/0.1213; the investigated sample contained
8.5(2) wt % Na,C,.

Structure refinement of Na,PtC,: Crystal system: trigonal, space group
P3m1 (no. 164), a=4.5013(1), ¢ =5.2047(3) A, peea=4.819 gem 3, Z=1,
Pt on 1(a), C on 2(c) with z=0.3762(4), Na on 2(d) with z =0.275(1), 117
reflections on the forward- and 113 reflections on the back-scattering bank,
five positional and thermal parameters refined, wRp = 0.0376/0.0506, Rp =
0.0299/0.0413, Ry, =0.0331/0.0258; the investigated sample contained
14.6(3) wt % Pt and 7.8(1) wt % Na,C,.

All refinements were carried out with the GSAS suite of programs.”)

Further details of the crystal structure investigations may be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen
(fax: (4+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de) on quoting
the depository numbers CSD-411388 (Na,PdC,) and CSD-411389
(Na,PtC,).

NMR spectroscopy: The solid-state *C MAS-NMR spectra were recorded
at a resonance frequency of 75.5 MHz on a Bruker AC300 spectrometer
with an additional high-power unit and a 7 mm MAS probe. In a glove-box,
the samples were placed in air-tight rotors with Teflon caps. The spinning
side-band intensities were analysed with the Bruker WIN-FIT program.®

Magnetic and electrical property determinations: The magnetic suscepti-
bilities were measured with a Squid MPMS-5S (Quantum Design). The
powdered samples were sealed in a quartz capillary (& =2 mm; sample
fixed with a quartz sphere) under argon. The measured susceptibilities were
corrected for the diamagnetic contributions from the quartz capillary and
the quartz sphere. Measurements at five different magnetic fields revealed
that all the samples contained only minor amounts of ferromagnetic
impurities.

Electrical conductivity measurements were conducted on a PPMS (Quan-
tum Design) in the range 3.5-298 K. The ground sample (approximately
250 mg) was pressed with four copper wires (& =0.3 mm) to a powder
pellet (=12 mm, height ~1 mm). The copper wires were arranged in a
linear way, so no quantitative analysis could be performed.

Calculations: For electronic band-structure calculations, the LMTO
method® ! within the local density approximation (LDA), taking the
von Barth-Hedin approximation, was used.[*l Atomic-sphere radii were
chosen by an automated procedure for the TB-LMTO-ASA calculations.
Scalar relativistic corrections were included and the calculations were
checked for k-point convergence.

Raman spectroscopy: The Raman spectra were recorded on a Dilor XY
triple spectrometer with an argon laser (4 =514.5 nm, 2 mW laser power).
The powdered samples were pressed to pellets in a glove-box and
transferred into a sample holder designed for measurements on air-
sensitive compounds.
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Metal-Modified Nucleobase Sextet: Joining Four Linear Metal Fragments
(trans-a,Pt") and Six Model Nucleobases to an Exceedingly Stable Entity

Roland K. O. Sigel,'"! Susan M. Thompson,!*! Eva Freisinger,!!
Frank Glahé,”! and Bernhard Lippert!?!*

Dedicated to Professor Herbert Jacobs on the occasion of his 65th birthday

Abstract: Crosslinking of three differ-
ent model nucleobases (9-ethyladenine,
9-EtA; 9-ethylguanine, 9-EtGH;
1-methyluracil, 1-MeU) by two linear
trans-a,Pt! (a= NH; or CH;NH,) enti-
ties leads to a flat metal-modified base
triplet, trans,trans-[(NH;),Pt(1-MeU-N3)-
(u-9-EtA-N7,N1)Pt(CH;NH,),(9-EtGH-
NT)]** (4b). Upon hemideprotonation

the metalated nucleobase sextet 5,
[(4b) = (4b-H)]’*. In this dimeric struc-
ture a neutral and an anionic guanine
ligand, which are complementary to
each other, are joined through three H
bonds and additionally by two H bonds

Keywords: hydrogen bonds . mo-
lecular recognition - nucleobases -

between guanine and uracil nucleobases.
Four additional interbase H bonds main-
tain the approximate coplanarity of all
six bases. The two base triplets form an
exceedingly stable entity (Kp=2500+
150 Mm~! in DMSO), which is unprece-
dented in nucleobase chemistry. The
precursor of 4b and several related
complexes are described and their struc-

of the 9-ethylguanine base at the N1

" . . platinum
position, 4b spontaneously dimerizes to

Introduction

Metal ions with a preference for linear or trans-square-planar
coordination geometries such as Hg',ll Ag!?l and Cul'P®l are
among the earliest metal ions studied with regard to their
complex formation properties with DNA, RNA, and homo-
polynucleotides. A major motivation of this past work was to
understand the alterations of physicochemical properties, for
example, UV spectra or viscosity of these macromolecules in
the presence of the above metal ions. Subsequently phenom-
ena such as DNA aggregation and formation of regularly
metalated double-helical, as well as tetrastranded structures
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Fachbereich Chemie, Universitit Dortmund
44221 Dortmund (Germany)
Fax: (+49)231-755-3797
E-mail: lippert@pop.uni-dortmund.de
[b] Dr. R. K. O. Sigel
Department of Biochemistry and Molecular Biophysics
Columbia University, Black Building, Room 513
650 W 168th Street, New York, NY 10032 (USA)
[c] S. M. Thompson
Institut fiir Anorganische Chemie, Technische Universitdt Wien
Getreidemarkt 9/153, 1060 Wien (Austria)
[d] Dr. E. Freisinger
Department of Pharmacological Sciences

State University of New York at Stony Brook, Stony Brook
NY, 11794 (USA)
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tures and solution properties are report-
ed.

have become a major focus of interest. X-ray crystallography
of model compounds*® and NMR spectroscopy”! have
greatly assisted in improving our understanding of these
phenomena. Still, no conclusive picture of DNA crosslinking
patterns with these metal ions is available at present. The
enormous interest in the chemistry of cisplatin— DNA inter-
actions following the discovery of its antitumor activity® may
have contributed to this situation.

We have, initially with the aim of modeling DNA cross-
linking reactions brought about by another linear metal entity,
trans-a,Pt" (a=amine or ammine),/” synthesized and struc-
turally characterized a series of bisnucleobase complexes.!']
This work, carried out with kinetically inert Pt species, was
also considered to be relevant to the coordination chemistry
of the aforementioned other linear metal entities, at least as
far as structural aspects are concerned. The simple concept of
replacing hydrogen bonds between nucleobases in a base pair
by linear metal fragments (“metal-modified base pairs”)!!
has subsequently been extended to base triplets and base
quartets.'?l In the course of these studies we observed that
twofold metal coordination to N7 and N1 of purine bases
generates 90° angles between the metal-N vectors,'> ¥ a
feature facilitating formation of regularly shaped, flat nucle-
obase aggregates. Similarly, the 120° angle in dimetalated
pyrimidine nucleobases, for example, between M—N3 and
M—CS5 vectors of cytosine, has been utilized to prepare a
molecular hexagon.'! We could further demonstrate that
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Scheme 1. Strategy applied for the synthesis of a platinated nucleobase sextet IIb starting from a metalated nucleobase pair I (see also text). Other ways of

molecular recognition are also indicated.

coordinative metal binding in combination with interbase H
bonding leads to additional variations in the kind of aggre-
gations.> ] ITn a number of cases unexpected H bonding
patterns were observed, such as interguanine triple H bond-
ing,['l a reinforced Watson—Crick pairing scheme between
guanine and cytosine,”> " a new base pairing scheme
between guanine and cytosine,['™™ or H bonding involving
an aromatic proton (HS) of a cytosine nucleobase and an
imino group (N1) of a guanine base.['"®l Mingos and co-workers

Abstract in German: Die Verkniipfung dreier unterschiedli-
cher Modellnucleobasen (9-Ethyladenin, 9-EtA; 9-Ethylgua-
nin, 9-EtGH; 1-Methyluracilat, 1-MeU) iiber zwei lineare
trans-a,Pt!-Einheiten (a = NH; oder CH;NH,) fiihrt zu einem
flachen  metall-modifizierten  Basentriplett,  trans,trans-
[(NH;),Pt(1-MeU-N3)(u-9EtA-N7,N1)Pt(CH;NH,),(9-EtGH-
N7)P* (4b). 4b dimerisiert im Falle einer Hemi-Deprotonie-
rung der Guanin-N1 Position spontan zu einem Nucleobasen-
Sextett 5, [(4b)=(4b-H)]’*. Die beiden Triplett Strukturen
werden hierbei iiber 3 H-Briicken zwischen den komplemen-
tiren Guaninbasen sowie iiber zwei H-Briicken zwischen
jeweils einem Guanin- und einem Uracilliganden verkniipft.
Vier weitere H-Briicken zwischen Guanin und Adenin sowie
zwischen Adenin und Uracil fiihren zu anndhernder Copla-
naritit aller sechs Basen. Die Komplexbildung der beiden
Basentripletts ist mit K, =500+ 150 v~ (DMSO) so hoch wie
in keinem anderen bekannten Nucleobasenassoziat. Im folgen-
den werden ferner die Strukturen und das Losungsverhalten
der Vorstufe von 4b sowie mehrer verwandter Verbindungen
diskutiert.

Chem. Eur. J. 2001, 7, No. 9
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have adopted a similar approach and exploited the directional
interactions of H bonds between metal coordination com-
pounds in studies aimed at crystal engineering.[*")

Herein we report on a nucleobase sextet containing four
trans-a,Pt! fragments and multiple interbase H bonds, which
was built in a stepwise fashion and proved to be exceedingly
stable in solution.

Results and Discussion

Formation strategy: Scheme 1 provides the strategy applied
for the formation of the nucleobase sextet IIb. Starting from
the metalated base pair I, a dimetalated base triplet II was
synthesized. As previously demonstrated for I and II, these
complexes retain the ability of recognizing other bases,
thereby forming metalated forms of base triplets (Ial'-2!)
and base quartets (ITal'’» 1), respectively. On the other hand,
from guanine-containing complexes I and II, self-comple-
mentary species (Ib,l'%] I¢,l'8! and IIb) can be generated upon
semi- or full guanine deprotonation at the N1 position,
followed by dimerization through H bond formation. This
concept can be further extended to fully metalated nucleo-
base quartets (not shown). Outlined below is a description of
the various precursor compounds for the synthesis of the
nucleobase sextet.

Mixed adenine, thymine (uracil) precursors: We have pre-
viously reported the crystal structure of trans-[(NH;),Pt(1-
MeT-N3)(9-MeA-N7)](ClO,) - 2.5H,0 (1a; 1-MeT = 1-meth-
ylthymine; 9-MeA = 9-methyladenine),['!l and now present
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the preparation and structural characterization of three
closely related species, 1b-1d (9-EtA =9-ethyladenine,

trans-[(NHs),Pt(1-MeT-N3)(9-MeA-NT)|(NO,) - 2H,0  1b
trans-[(NH,),Pt(1-MeU-N3)(9-MeA-N7)|(NO,) - 2H,0  1¢
trans-[(NH,),Pt(1-MeU-N3)(9-EtA-N7)|(NO,)- 1.5H,0  1d

1-MeU = 1-methyluracilate). Apart from being precursors of
the type of compounds described below, we were particularly
interested in the association behavior of these compounds in
the solid state and in solution. Having observed the associ-
ation of two trans-[(NH;),Pt(1-MeC-N3)(9-EtG-N7)]" ions
(1-MeC = 1-methylcytosine; 9-EtG =9-ethylgunanine) to
a dimetalated base quartet and specifically formation of
CH --- N hydrogen bonds (Figure 1a),[!8! we reasoned that with

Figure 1. Quartet formation upon dimerization as observed in the crystal
structure of trans-[(NH;),Pt(1-MeC-N3)(9-MeG-N7)]* (a),'®! and as
anticipated for complexes 1a—-1d (b). R =Me, Et, R'=H, Me.

Table 1. Crystallographic data for compounds 1b, 1¢, 1d, 2a, 4a, and 5.

mixed 1-MeT (1-MeU)/9-RA compounds an analogous
association pattern could be realized (Figure 1b; 9-RA =
9-alkyladenine), possibly depending on factors such as
counteranions and water content. We were aware that
CH---N hydrogen bonds are generally rare and weak, and
that there is a difference between the previously observed
case and the one studied here: It refers to the sequence of
donor (D) and acceptor (A) sites in the two compounds, being
AADD in the case of the mixed guaninate, cytosine complex,
yet ADAD in the mixed adenine, thymine (uracil) com-
pounds. To summarize, 1a—1d do not form base quartets of
the type shown in Figure 1b, either in solution ([Ds]DMSO)
or in the solid state. The solubilities of 1a—1d did not permit
solution studies in solvents of poorer H bonding capacities.
Thus, although self-complementary in principle, the AADD
sequence, not unexpectedly is more favorable for interbase H
bond formation, possibly due to secondary electrostatic
interactions.? 221

Details concerning the crystals, the X-ray measurement,
and the refinement of the data are listed in Table 1. Table 2
provides a few selected structural details of the new com-
pounds 1b-1d. All four complexes form an intramolecular
hydrogen bond between the exocyclic amino group N6H, of
the adenine moiety and either O2' or O4’ of the pyrimidine
ligand (Figure 2). This distance is slightly longer than
normally expected in one of the two independent cations of
1a(3.15(1) A, cation 1)['l and in the other thymine compound
1b (3.238(7) A; 3.08(1)-3.09(2) A in 1a (cation 2), 1¢, and
1d). However, in each case it follows a distortion of the

1b 1c 1d 2a 4a 5
formula Ci,HuN,0O,Pt C;1Hp,N, O7Pt C12Hy3N Oy 5Pt CiyHuN O CLPL  CHyguN16020,CliPL  CypHgpN3Oo55ClsPy
formula weight [g mol™!] 615.5 601.48 606.49 1026.99 1345.9 1224.5

colorless blocks
0.39 x 0.37 x 0.20

crystal color and habit
crystal size [mm]

colorless plates
0.25 x0.25x0.19

colorless triangles
0.29 % 0.11 x 0.11

colorless sticks
0.25 % 0.13 x 0.13

colorless blocks
0.50 x 0.18 x 0.13

colorless triangles
0.25 % 0.25 % 0.06

T [K] 293(2) 293(2) 293(2) 293(2) 193(2) 293(2)

2 [A] 0.71069 0.71069 0.71069 0.71069 0.71069 0.71069
crystal system monoclinic triclinic orthorhombic monoclinic monoclinic monoclinic
space group P2/n Pl Pccn C2c P2/c P2lc

a[A] 8.950(2) 9.110(2) 22.486(4) 11.455(2) 12.648(3) 17.212(3)
b [A] 21.641(4) 10.901(2) 25.984(5) 20.392(4) 31.564(6) 17.551(4)
c[A] 11.167(2) 11.099(2) 7.278(1) 26.505(5) 12.188(2) 15.656(3)
a[°] 97.22(3)

A1°] 111.43(3) 108.96(3) 99.35(3) 113.63(3) 114.45(3)
[ 92.09(3)

V [A3] 2013.4(7) 1030.6(3) 4252.4(13) 6109.1(20) 4457.7(15) 4305.4(15)
V4 4 2 8 8 4 4

Peatca [gem ™3] 2.013 1.938 1.895 2.233 2.005 1.889
u(Mog,) [mm~1] 7.028 6.862 6.652 9.479 6.539 6.721
F(000) 1200 584 2360 3904 2624 2366

26 range [°] 43<20<525 6.3<260<483 5.0<20<495 9.2<26<51.3 3.5<20<545 46<20<41.8
reflections collected 4880 2009 12578 10614 17645 8013

reflections independent 4601 (R;,,=0.029) 2009 (R;,,=0.047) 3481 (R;,,=0.087) 5444 (R;,;=0.052) 9423 (R, =0.122) 4389 (R;,,=0.107)
reflections observed 3432 (I>20(1)) 1298 (I >20(1)) 1802 (I >20(1)) 3521 (I>20(1)) 3783 (I>20(1)) 1668 (I >20(1))
refined parameters 284 186 259 389 537 259

extinction coefficient - - - - - 2.4(5) x 10~
R, (obs. data) 0.0353 0.0567 0.0479 0.0306 0.0508 0.0589
wR,! (obs. data) 0.0764 0.1250 0.0877 0.0531 0.0787 0.1164

GoF 1.094 1.095 1.188 1.004 1.068 1.122

[a] R =Z||F,| — | Fe|[/Z] F, | [b] wRy = [Ew(F3 — F2)1Zw(F3)*]".
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Table 2. Comparison of selected bond lengths [A], hydrogen-bond lengths
[A], angles [°], and angles between pyrimidine/adenine planes [°] in the
complexes 1b-d.

1b 1c 1d
Pt—=N7 2.015(5) 2.01(1) 2.01(1)
Pt—N3' 2.018(5) 2.01(1) 1.99(1)
Pt—N10 2.043(5) 2.03(1) 2.011(8)
Pt—N11 2.051(5) 2.04(1) 2.047(8)
N7-Pt-N3' 176.0(2) 173.9(7) 172.7(4)
N10-Pt-N11 179.1(2) 177.3(8) 178.5(3)
N7-Pt-N10 90.9(2) 89.7(5) 91.0(4)
N7-Pt-N11 89.7(2) 90.3(5) 90.0(3)
N3'-Pt-N10 90.0(2) 89.8(9) 88.8(3)
N3'-Pt-N11 89.4(2) 90.4(6) 90.5(3)
Pt-N7-C5 126.5(4) 126(1) 127.2(8)
Pt-N7-C8 128.1(4) 129(1) 129.4(9)
Pt-N3'-C2' 120.6(4) 115(1) 115.7(8)
Pt-N3'-C4' 115.9(6) 122(2) 124.0(9)
NI11---O(pym)®! 2.954(7) 2.96(2) 2.93(1)
N10--- O(pym) - - 2.99(1)
N6--- O(pym)[®! 3.238(7) 3.09(2) 3.08(1)
N10---N1 3.054(8) 3.11(2) 3.24(1)
N11---N1 - - 3.22(1)
N11---N3’ - 3.12(2) -
pym/adenine 6.1(3) 11.2(8) 14.3(2)

[a] Intermolecular H bonds, O2"in 1b, O4' in 1¢ and 1d. [b] Intramolecular
H bonds, O4' in 1b, O2' in 1¢ and 1d.

platinum coordination sphere, that is N7 — Pt — N3’ is always
<180° on the side facing the intramolecular H bond. These
intramolecular hydrogen bonds also have an effect on the
coordination angles at N7 of the adenine and N3’ of the
pyrimidine ligands; those Pt — N7/N3' — C angles facing the
intramolecular N6H,---O2'/4" bond are always significantly
smaller than the ones on the opposite side. The dihedral angle
between the nucleobases is between 4.5° (in one cation of
1a)'" and 14.3(2)° in 1d.

As mentioned above, none of these complexes form a planar
quartet through dimerization. Nevertheless, several other forms
of dimers are formed through hydrogen bonding and stacking,
as shown in Figure 3 for complex 1c¢. The most common
feature found in all four complexes, is that of dimers (type I)
with two complexes connected through two H bonds between
the ammine ligands and O2' or O4’, respectively (lengths of H
bonds between 2.87(1) A (1a), and 2.96(2) A (1¢); see also
Figure 3). This pattern resembles the one described for
transplatinum complexes with two pyrimidine ligands or one
pyrimidine and one 7,9-dimethylguanine moiety,?! although
in these cases four hydrogen bonds are formed as a
consequence of the nature of the ligands. In compounds 1a,
1c, and 1d it is the carbonyl oxygen not involved in the

Figure 2. Cations of the complexes 1b (left), 1¢ (center), and 1d (right) together with their atomic numbering schemes. Anions and water molecules found in
the crystal structure are omitted for clarity. The ellipsoids are drawn at 50 % probability.

I

Chem. Eur. J. 2001, 7, No. 9

I

Figure 3. Dimers of types I, II, and III found in the crystal structure of compound 1¢ (see text for details).

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

1

0947-6539/01/0709-1971 $ 17.50+.50/0 1971





FULL PAPER

B. Lippert et al.

intramolecular bond with N6H,, which forms this contact to
the adjacent complex, whereas in 1b O4' is involved in both
the intra- and the intermolecular hydrogen bond.

Another pattern of dimerization involves two hydrogen
bonds between an ammine group of the transplatinum centers
and either N3 (type II) or N1 (type III) of the adenine
moieties (Figure 3). All hydrogen bonds involved in these
patterns are between 3.00(1) (1a) and 3.24(1) A (1d). A
dimer of type II (NHj;---N3) is only found in compound 1e,
whereas dimers of type III (NH;---N1) are formed between
cations of 1b, 1¢, and 1d. Compound 1a adopts a mixed
conformation, dimerizing through a NH;-+-N3 (3.00(1) A) as
well as a NH;--- N1 hydrogen bond (3.18(1) A). In addition,
dimer formation is reinforced by a stacking interaction
(33 A) between the two adenine moieties. This stacking
interaction is very similar to the one found in type II of 1¢
(Figure 3) or type III of 1d. In 1b, stacking is observed
between the adenine moiety and the nitrate anion (3.2 A).

Concentration-dependent 'H NMR measurements have
been performed in [D¢]DMSO solution with 1b, 1¢, and 1d.
Despite the fact that all complexes carry an overall charge of
+1 (as in the case of trans-[(NH;),Pt(1-MeC-N3)(9-EtG-
NT)]")8 and two of them have an aromatic H5' proton (and
not a methyl group), none displays a concentration depen-
dence of any proton resonance. Hence no evidence for a
quartet association in solution could be detected.

In [D¢]DMSO a singlet for C51'Hj; in 1b, or a doublet for
HS5' in 1¢ and 1d, respectively, is observed. In contrast, in D,O
the HS' resonances are doubled (0 =5.76, Ad = 0.02) suggest-
ing the existence of two uracil rotamers. Water, being a proton
donor as well as an acceptor, can form hydrogen bonds
simultaneously to the amino group of adenine and to O2’ (or
04') of uracil/thymine. As a consequence, rotation of 1-MeU
about the Pt—N3’ bond is expected to be slower. In contrast,
DMSO acts only as a proton acceptor and consequently can
only bind to N6H,. Thus, DMSO is expected not to stabilize a
particular rotamer and base rotation will therefore be less
hindered than in water. Consequently, if rotation is fast on the
NMR time scale only an averaged signal in the 'H NMR
spectrum is observed. It is feasible that such a rotation will be
a handicap for dimerization.

In the Pt NMR spectra of complexes 1¢ and 1d, no
doubling of the resonance is observed. This is not surprising
because the chemical environment of the Pt center does not
change with the rotation of the uracil ligand about the Pt—N3’
bond. However, there have been cases where distinctly
different signals due to rotamers have been observed.?

Intermediate complexes: Complexes 1b and 1d were allowed
to react with an excess of trans-[(CH;NH,),PtCl,] to give 2a
and 2b in 75 and 61 % yield, respectively. Crystals of 2a
suitable for X-ray structure determination were obtained by
recrystallization from water and slow evaporation at room
temperature.

trans,trans-[ (NH;),Pt(1-MeT-N3)(u-9-Me A-N7,N1)Pt(NH,CH,),Cl]|
(C10,),-2H,0 2a

trans,trans-[(NH;),Pt(1-MeU-N3)(u-9-EtA-N7,N1)Pt(NH,CH;),Cl]
(C10,),-3H,0 2b

1972
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Complex 2a crystallizes in the space group C2/c (Table 1).
X-ray crystallography reveals one water molecule spread over
two positions with occupancies of 75 and 25 %, respectively.
Selected bond lengths and angles are listed in Table 3. The

Table 3. Comparison of selected bond lengths [A], hydrogen bonds [A],
dihedral angles [°], and angles between different nucleobase/nucleobase
planes [°] in the crystal structures of complexes 2a, 4a, and 5.

2a 4a 5

Pt1-N3' 2.016(5) 2.013(7) 2.03(2)
Pt1-N7 2.001(5) 2.028(8) 2.01(2)
Pt2—N1 2.028(5) 2.041(8) 2.02(2)
Pt2—-N7gll 2.293(2) 2.009(8) 1.94(2)
N6--- 02'/04'] 2.883(7) 3.13(1) 3.35(3)
Noéa--- O6g - 3.019(9) 3.17(2)
N7-Pt1-N3' 171.7(2) 173.3(8) 176.9(9)
N1-Pt2-N7gl?) 178.9(2) 172.9(3) 176.6(9)
Pt1-N3'-C2 114.8(5) 120.6(7) 119(3)
Pt1-N3'-C4’ 124.0(5) 114.9(7) 121(2)
Pt1-N7-C5 122.3(4) 126.3(6) 125(2)
Pt1-N7-C8 132.1(4) 127.8(8) 128(2)
Pt2-N1-C2 117.5(4) 119.7(7) 119(2)
Pt2-N1-Co6 122.3(4) 118.5(6) 121(2)
Pt2-N7g-C5¢g - 121.4(7) 127(2)
Pt2-N7g-C8g - 133.2(7) 132(2)
pym/A 11.9(2) 17.0(4) 7.6(9)
AIG - 17.4(3) 10.4(6)
pym/G - 34.2(4) 3(1)

[a] In case of complex 2a this bond length refers to Pt2—Cl and the angle to
N1-Pt2-Cl. [b] O2' or O4’ in 2a and 5, O4' in 4a.

cations are connected through intermolecular hydrogen
bonds between O4' and one of the amine groups of the
monochloroplatinum center (2.805(7) A) to form infinite
chains as shown in Figure 4. A short intramolecular hydrogen

Figure 4. Two cations of 2a together with their atomic numbering scheme
and some intra- and intermolecular hydrogen bonds. Anions and water
molecules are omitted for clarity.

bond between O2' of thymine and N6H, of adenine
(2.883(7) A) correlates to an angle of 171.7(2)° for N3'-Ptl-
N7, which is noticeably smaller than the ideal angle of 180°.
Since no such intramolecular hydrogen bond can be formed at
the second platinum center (Pt2), the angle at this site is
virtually undistorted (179.5(2)°). A further consequence of
this intramolecular hydrogen bond is the reduction of external
ring angles at the platinum coordination sites of thymine-N3’
(Pt1-N3'-C2"  114.8(5)°) and adenine-N7 (Pt1-N7-C5
122.3(4)°) facing the hydrogen bond, whereas the bond angles
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at the outer side increase (Pt1-N3'-C4’ 124.0(5)° and Pt1-N7-
C8 132.1(4)°).

Owing to the described distortion at the N7 coordination
site of the adenine moiety, the angle formed between the two
platinum vectors N1—Pt2 and Pt1—N7 at the adenine is only
82.8(8)°. It is thus significantly smaller than the corresponding
angle in the diplatinated cation {trans-[(CH;NH,),PtCl],(u-9-
MeA-N1,N7)}?* (87.9(4)°),l> where the thymine ligand in 2a
is replaced by a chloro ligand.

It was not possible to unambiguously determine which
rotational isomer of the thymine ligand is preferred in the
solid state, that is, whether O2' or O4' forms the intra-
molecular hydrogen bond with N6H,. This is due to the
pseudo-twofold axis through N3’ and C6’ of the thymine base
and the very similar chemical environments of the C5-CH;
and the N1'-CH; groups, which makes a differentiation of C5’
and N1’ difficult. Both rotamers have been refined but gave
identical R values and similar atomic displacement factors for
N1" and C5', respectively. Therefore it is quite possible that in
the solid state both rotamers are present in a 1:1 ratio. We
note that even with the unplatinated Hoogsteen pair between
9-ethyladenine and 1-methythymine a similar disorder occurs,
leading to the reversed Hoogsteen pair.?!

Solution studies of 2a and 2b: As previously observed for
complexes 1¢ and 1d, the 'H NMR spectra of 2a and 2b in
D,O indicate hindered rotation of the pyrimidine moiety
around the Pt1—N3’ bond, suggesting the existence of the
intramolecular hydrogen bond between 02'/0O4’ and N6H,, or
again simultaneous H binding of a water molecule to O2'/0O4'
and N6H,. Thus, resonances of the N1'-CH; and H5" or C5'-
CH;, respectively, are both split in a 6:4 ratio, differing by
about 0.03ppm (2a) or 0.04 ppm (2b). All the other
resonances, that is, especially H6" of the pyrimidine ligand,
but also all of the adenine protons, show no doubling. Again,
as for complexes 1b—-1d, no indication for rotamers can be
observed in DMSO solution.

In all solvents used (D,O, [D,]DMF, and [D4]DMSO), the
1%5Pt NMR spectra of 2a and 2b unexpectedly showed only a
single broad peak at 6 =—2470 (2a) or —2461 (2b). In
[D¢]DMSO, however, a second peak evolved within an hour at
0=-3169 (2a) (0 = —3173; 2b) (Figure 5). The reaction was
complete after twelve hours. The latter resonance is assigned
to 3b . [dienPt(9-EtGH-N7)]** was used as platinum refer-
ence (0 =—2765).

trans trans-[ (NH;),Pt(1-MeU-N3)(u-9-EtA-N7,N1)Pt(NH,CHj;),
(DMSO)J* 3b

It is difficult to be sure whether the peak at 6 = —2461
diminishes during the reaction, that is, if the two platinum
resonances in 2b are really superimposed by coincidence.
Alternatively, there could be a broadening of the Pt2
resonance in 2a or 2b due to rapid relaxation.?®! Support in
favor of the first explanation comes from a comparison of '*>Pt
chemical shifts of 1¢ (PtN, coordination sphere) and trans-
[(NH;),Pt(7,9-DimeG-N1)CI]" (PtN;CI coordination sphere):
Both shifts are remarkably similar; 6 =—2466 (1¢) and

Chem. Eur. J. 2001, 7, No. 9
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Figure 5. Time course of the chloro ligand exchange in 2b by a solvent
molecule, giving 3b, as seen in Pt NMR spectra in [Dg]DMSO. The
standard refers to the signal of [dienPt(9-EtGH-N7)]** (6 = —2765).

—2458. Hence, substitution of a negatively charged chloro
ligand by a N3’ deprotonated pyrimidine ligand appears not to
have much effect on the Pt resonance. In contrast, Pt
centers with four neutral ligands are normally found at higher
field.?"]

Complex 2a behaves identically with respect to the Pt
NMR spectra and the exchange of the chloro ligand by a
[D¢]DMSO solvent molecule to give the cation 3a.

trans,trans-[(NH;),Pt(1-MeT-N3)(u-9-Me A-N7,N1)Pt(NH,CHj;),
(DMSO) P+ 3a

In the '"H NMR spectra, all the chemical shifts change
dramatically upon replacing the chloro ligand by a DMSO
molecule. For example, in complexes 3a and 3b, the
resonances of the CH;NH, group at Pt2 are both shifted
downfield by about 0.15 ppm (NH,) and 0.25 ppm (CHs)
compared to the chloro species. All other resonances are
shifted to higher field. It is not surprising that the aromatic
protons of the adenine moiety H2 and HS are affected most,
by 0.33 and 0.48 ppm in 3a and 0.35 and 0.54 ppm in 3b,
respectively. The aliphatic protons and the protons of the
pyrimidine ligand are shifted upfield in both DMSO com-
plexes between 0.09 and 0.04 ppm (for the detailed chemical
shifts of all species see Experimental Section).

Platinated nucleobase triplet: Reaction of the bisnucleobase
complexes 2a and 2b with 9-EtGH yielded 4a and 4b. The
latter could only be obtained in acidic solution and could not
be isolated, as always the hemideprotonated sextet 5 formed.

trans,trans-[(NH;),Pt(1-MeT-N3)(u-9-MeA-N7,N1)Pt(NH,CHj;),
(9-EtGH-NT)|(C10,);-52H,0  4a

trans,trans-[(NH;),Pt(1-MeU-N3)(u-9-EtA-N7,N1)Pt(NH,CHj;),
(9-EtGH-NT)[*  4b

{trans,trans-[(NH;),Pt(1-MeU-N3)(u-9-EtA-N7,N1)Pt(NH,CHs;),
(9-EtGH,-N7)|(CIO,),5s- 125 H,0), 5
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Crystals of 4a suitable for X-ray crystallography were
obtained upon recrystallization from aqueous solution and
slow evaporation at 4°C. Complex 4a crystallized in the space
group P2,/c (see Table1 for further details) with three
perchlorate anions and 5.2 water molecules, of which four
positions are fully occupied and the remaining 1.2 water
molecules are distributed over three positions with occupancy
factors of 0.6, 0.4, and 0.2. A view of the cation is shown in
Figure 6 and a selection of the most important bond lengths,

Figure 6. Cation of 4a together with its atomic numbering scheme. The
anions are omitted for clarity. The ellipsoids are drawn at 50 % probability.

angles and hydrogen bonds is listed in Table 3. Both Pt!
centers have an approximately square planar geometry with
Pt—N bond lengths in the normal range (2.009(8)-
2.055(8) A).

As discussed previously for complex 2a, both possible
rotamers have been refined and the one giving the better R
values and the more reasonable displacement factors for N1’
and C5 was accepted. In this case O4' is involved in
intramolecular hydrogen bonding with the exocyclic amino
group of the adenine ligand (3.13(1) A), very much as in the
thymine-containing complex 1b, yet in contrast to 1¢ and 1d,
where O2' forms this hydrogen bond (in 2a it can either be
02" or O4’). Although this hydrogen bond is longer in 4a than
in the three complexes just mentioned, its existence is
corroborated by the geometry about Ptl (N3'-Ptl-N7
173.8(3)°; Pt1-N3'-C4' 114.9(7)°; Pt1-N3'-C2’' 120.6(7)°). On
the other hand, the opposite angles at the adenine moiety Pt1-
N7a-C5a (126.3(6)°) and Pt1-N7a-C8a (127.8(8)°) are identi-
cal within the error limits.

As can be seen in Figure 6, the exocyclic amino group of the
adenine moiety is involved in a second intramolecular hydro-
gen bond with O6g of 9-ethylguanine (3.019(9) A). This H
bond also leads to a distortion at the platinum center involved
(N7g-Pt2-Nla (172.9(3)°). Again the angles at the coordinat-
ing Nla position of adenine are identical within the error
limits (Pt2-Nl1a-C2a 119.7(7)° and Pt2-Nla-C6a 118.5(6)°)
and thus do not contribute to the shortening of this hydrogen
bond. In contrast, the angle Pt2-N7g-C5g in the guanine
moiety that faces the intramolecular H bond, is significantly
smaller (121.4(7)°) than the one on the opposite site (Pt2-N7g-
C8g 133.2(7)°).
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The N1,N7-diplatinated adenine ligand forms a corner
angle of 83.0(3)° which is about the same as found in 2a
(82.8(1)°). This is in good agreement with various quartet
structures, which consist of adenine and guanine nucleobases
and trans-a,Pt?>* units, where angles are between 80.8(4)° and
91.6(4)°.'%1 The X-ray structure of the related nucleobase
quartet {trans,trans-[(NH;),Pt(1-MeU-N3)(u-9-EtA-N7,N1)-
Pt(CH;NH,),(9-EtGH-N7)=(1-MeC)]},[1-MeC=1-MeCHJ-
(Cl0,),45(NOs),5-8.7H,0 with two independent quartet
structures reveals angles of 82.5(6)° and 86.2(9)°.['"2

Two cations of 4a interact through head-to-tail stacking of
two 9-ethylguanines (3.36 A apart; Figure 7 top). The two
bases are exactly parallel since they are related by an

Figure 7. Head-to-tail stacking of two 9-ethylguanine ligands as observed
in the solid-state structure of 4a. View from the top (top) and from the side
(bottom). The cations adopt the shape of a shallow bowl.

inversion center between the two nucleobase planes. This
stacking interaction is the only contact between two neigh-
boring cations, so no direct hydrogen bonding is observed. All
donor and acceptor sites of the complexes, especially the
different am(m)ine groups at the Pt" centers and NH, of
9-EtGH, are occupied by water molecules and oxygen atoms
of the perchlorate anions. All hydrogen bond lengths are
within the normal range (2.86(1)-3.25(1) A), although one
between a water molecule and the N1H of 9-ethylguanine is
markedly shorter (2.75(1) A).

Figure 7 also shows that the nucleobase triplet is not planar;
both angles between the guanine and adenine planes and
between the adenine and the thymine planes are in the same
order (17.4(3)° and 17.0(4)°) and orientated in the same
direction. Thus, the angle between 9-EtGH and 1-MeT adds
up to 34.2(4)°, providing the impression of a shallow bowl
formed by the base triplet.

Solution studies of 4a and 4b: Whereas NMR investigations
of 4b have been performed in D,O only, 4a has also been
examined in [Dg]DMSO. To ensure full deuteration of the
guanine N1 position, all NMR spectra in D,0O have been
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recorded at slightly acidic pH. Assignments of H8 of 9-EtGH
and H8 and H2 of the adenine ligand as well as of the two
platinum resonances in each of the two complexes have been
achieved by 'H/'*Pt HMQC experiments.

Concerning the rotation of the pyrimidine ligand about the
Pt1 - N3’ axis, both complexes 4a and 4b behave as discussed
above for 1a—1d. In D,0 a doubling of the alkyl resonances
at the C1’ and C5 positions is observed, whereas in
[D¢]DMSO only a single set of signals is seen (see above).

The hydrogen bonding behavior of 4a towards 1-methyl-
cytosine in [D¢]DMSO and the determination of the stability
constant of the resulting quartet (through concentration-
dependent chemical shift measurements), where the cytosine
moiety is bound in a Watson - Crick fashion to the guanine
ligand, have been published earlier.?®!

Determination of pK, values: The pK, values of complexes
1c, 4a, and 4b have been determined by using pH-dependent
'H NMR measurements in D,O (20°C; I=0.1 M, NaNO,).
In the pH range from 2 to 12, the pD-dependent chemical
shift measurements of complex 1¢ show only one acid-base
equilibrium, which refers to the protonation of the N1 site of
the adenine ligand (Figure 8a). The resonances of the uracil
moiety are virtually unaffected by the change in pH, thus
ruling out any acid —base equilibria involving this ligand.

a)
9.0

&/ppm
oo
~J

8 10 12 14

pD

Figure 8. a) pH-dependent chemical shifts of complex 1¢ in D,O in the pD
range from 1 to 12. The resonances H2 (v), H8 (m) and CH; (A) of the
adenine residue are shown (from top to bottom); b) pD-dependent
chemical shifts of H2 from 9-EtA (¥) and H8 from 9-EtGH (e) of 4b in
the pD range from 4 to 14.

o
o~
=N

The changes in chemical shifts of all non-exchangeable
protons of the adenine resonances were evaluated with a
nonlinear least-squares fit after Newton — Gauss?® ) to give
three pK,* values which hold for a D,O solution (Table 4).

Chem. Eur. J. 2001, 7, No. 9
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Table 4. Chemical shifts of the 9-methyladenine protons for the NI-
protonated (dyyy) and deprotonated forms (Jy,) of 1e¢ as determined in
D,0 (20°C; I=0.1m, NaNOs;) from the experiment shown in Figure 8.2

OxpH Onp Ao, pK.*

ppm
H2 8.961+0.003  8.639+0.001 0.322+0.003  2.697 +£0.015
HS8 8.634+0.004  8.367 +0.001 0.267 +0.004  2.681 +0.017
C91H;  4.035+0.004  3.9294+0.001 0.106 £0.004  2.689 +0.019

[a] The individual results pK,* of the different evaluated protons for the
deprotonation of NlaH* are given with one standard deviation (10). The
chemical shifts were calculated by using the final pK, j,o value. The error
ranges given with the calculated shifts are twice the standard deviation
(20). The shift differences Ad, resulting from the increasing deprotonation
of the species are also listed: Ad; = np — Onp-

From these, the weighted mean was calculated to give
PK.p,0=2.69+£0.02 (30). This value was transformed to
aqueous solution®! to give the final result of pK, y,0 =2.21+
0.02. The error corresponds to three times the standard
deviation. The calculated shifts of the protonated/depro-
tonated forms of 1c¢ are listed in Table 4.

As the adenine N1 position is platinated in both triplets 4a
and 4b, no acid-base equilibria can be observed for this
position. However, two deprotonation processes are expected
in the pH range from 0 to 14: deprotonation of the guanine N1
position at pH~ 8 and deprotonation of the N6H, group of
the adenine ligand in more alkaline medium. Changes in
chemical shifts of all CH protons in the complexes due to the
change in pD were evaluated as mentioned above using an
equation which takes both equilibria into account.l?® 2! The
determination of the acidity constants of complex 4a has been
described®® and 4b was treated accordingly. The chemical
shifts of all non-exchangeable protons of the adenine and the
guanine moieties could be evaluated, although H8 of 9-EtA
disappeared at pD values greater than 12.2 due to isotopic
exchange for deuterium atoms from the solvent, resulting in a
smaller pD range for calculating the pK, values than for the
other protons. As examples, the chemical shifts of H2 of
9-EtA and HS of the guanine ligand in 4b are displayed in
Figure 8b. The calculated individual acidity constants (pK,*)
for each proton are listed in Table 5. The corresponding
chemical shifts of all protons evaluated in 4b are listed in
Table 6.

Table 5. Calculated negative logarithms of the individual acidity constants
pK,g* (for the deprotonation of N1gH) and pK, ,* (for the deprotonation
of N6aH,) for the complex 4b as determined in D,O (20°C, I=0.1Mm,
NaNO;, see also Figure 8). All errors correspond to one standard deviation

(10).

pK.c* pKaa*
A-H2 8.64 +0.59 12.63 +£0.013
A-HS8 8.45+0.27 12.65 +0.017
A-C91H, 8.87+0.25 12.61 £0.015
A —-C92H; 9.36 £0.59 12.63 +0.018
G-H8 8.61+£0.02 12.70 £ 0.358
G-C91H, 8.59+0.03 12.52+£0.042
G-C92H; 8.70 £0.05 12.68 +0.105
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Table 6. Chemical shifts of the protons for the undeprotonated, monodeprotonated, and twofold deprotonated
forms of 4b as determined in D,0O (20°C; I =0.1m, NaNOj, see also Figure 8).1%

tion of the uracil ligand is found
(65:35). The rotamer with N1'-

Oom, Onon Onp Ad, Ad, CH; pointing outwards is the

ppm dominant one. Due to the two
A-H2 9.007 +0.002 8.997 +0.002 8.431 +0.004 0.010+0.003 0ss6o004 ntramolecular hydrogen bonds
A-H8 8.917 £0.001 8.903 0.001 8.418+0.007 0.014 £0.001 0.485+0007 ~ Present 1n each nucleobase
A—C91H, 4.448 £0.001 4.439 £0.001 4239 £0.002 0.009 £ 0.001 020040003  triplet (04 ---Né6a, 3.35(3) A;
A—C92H, 1.562 £ 0.001 1.560 £ 0.001 1.481 +0.001 0.002 £0.001 00790001  Néa-- O6g, 3.17(2) A) the plat-
G-H8 8.569 £ 0.001 8.373 £0.001 8.386 = 0.002 0.196 £0.001 ~0013£0003  jyum coordination spheres are
G- C91H, 4247 £0.001 4210 £0.001 4.181£0.001 0.037 £0.001 00290001 o i h
G-C92H, 1.511 £0.001 1.496 + 0.001 1.480 £ 0.002 0.015 £0.001 0.016 £ 0.003 istorted square  planar wi

[a] The chemical shifts were calculated by using the final pK, o values. The error limits given correspond to two
times the standard deviation (20). The shift differences Ad, resulting from the increasing deprotonation of the

species are also listed: Ad; = Onprz — Onprs A2 = Onpr — Onp-

From the pK,* values the weighted means were taken to
give the acidity constants valid for D,O solution (pK,gp,0 =
8.61£0.08 (30), pK, am,0=12.62+£0.03 (30)). These values
were then transformed to the pK, values valid for water:>"
PK. 6o =8.04£0.08 (30), pK, am,0 =11.9940.03 (30). Both
values are very similar to those of complex 4a: pK, gm,0=
8.33+0.09 (30) and pK, om0 =12.06£0.10 (30).*"

With respect to the monoplatinated guanine moieties the
acidification of the N1H position by the N7-coordinated Pt!
unit can be determined by comparing the results obtained
with the pK, value of free 9-EtGH (pK, = 9.54 +0.08):*]

for 4a: ApK, = (9.54+0.08) — (8.33 £0.09) =121 +0.12
for 4b: ApK, = (9.54 +0.08) — (8.04 4+ 0.08) = 1.50 £ 0.11

Both ApK, values are close to data found in the literature
for other platinated guanine compounds.?!

The values for the deprotonation of the exocyclic N6H,
groups of the adenine ligands are identical within their error
limits in both complexes. Compared with the value for free
9-MeA (pK,=16.7), the acidification is very pronounced
and amounts to ApK,=16.7—12.0 (av of 4a and 4b)=4.7.
This result is not surprising, since the adenine nucleobase is
bound to two Pt** centers that have electron-withdrawing
effects.

Platinated nucleobase sextet: Recrystallization of 5 from
water with an excess of perchlorate gave crystals suitable for
X-ray crystallography. The asymmetric unit contains one
formula unit of the diplatinated nucleobase triplet trans,trans-
[(NH;),Pt(1-MeU-N3)(u-9-EtA-N7,N1)Pt(NH,CHj;),(9-
EtGH,5-N7)](ClO,),s- 1.25H,0; upon dimerization a nucle-
obase sextet is formed containing a homoguanine/guaninate
basepair as shown in Figure 9. The atoms of the half-occupied
perchlorate molecule are found on general positions and the
1.25 water molecules are distributed over three positions with
occupancy factors of 50, 50, and 25%. For further details
regarding structure and refinement see Table 1 and for some
selected bond lengths and angles as well as their comparison
with complexes 2a and 4a see Table 3.

As observed in the complexes described above, also in this
structure a mixture of two rotamers concerning the orienta-
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angles N7a-Pt1-N3’' and Nla-
Pt2-N7g of 176.6(9)° and
176.9(9)° (see also Table 3).

In addition to these four
intramolecular hydrogen
bonds, five intermolecular H
bonds holding the two triplets together are found. Three are
between the two 9-ethylguanine bases. Two of these are
between O6g and N2g (2.78(4) A) and one is between the
Nlg---Nlg atoms (2.90(5) A). Each amino group of the
9-EtGH, 5 ligands undergoes additional hydrogen bonding

a)

Figure 9. Top (a) and side (b) view of two diplatinated nucleobase triplets,
which are hemideprotonated at the guanine N1 position forming the
tetraplatinated nucleobase sextet 5 with the atomic numbering scheme.
Hydrogen bonds are indicated by dashed, and longer contacts by dotted
lines. The water molecules and the anions are omitted for clarity.

(3.01(4) A) with the nearby exocyclic carbonyl oxygen atoms
of the uracil bases (O4 or O2', respectively), thereby
reinforcing the linkage between the two cations. A further
contact between the two triplets is formed between N3g and
C1’H3 of the minor rotamer (2.9(1) A).

Contacts between two sextets are formed through two
hydrogen bonds around an inversion center involving the
amine ligands and N3a of the adenine moieties (3.12(2) A,
Figure 10). In this way infinite chains of sextets are formed
within the crystal.
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The sextet is almost planar, as depicted in Figure 9b. The
two 9-EtGH,s nucleobases are coplanar and the angles
between the 9-EtGH, 5/9-EtA and 9-EtA/1-MeU nucleobases
are 10.4(6)° and 7.6(9)°, respectively. The 9-EtGH, s and the
1-MeU ligands are almost parallel (3(1)°), even though they
are not coplanar.

a)

b)

Figure 10. Dimerization of cations of § around an inversion center through
two hydrogen bonds between amine ligands and N3 of the adenine
moieties. Views from the top (a) and from the side (b).

Two related sextet structures have been published recent-
ly;3 both consist of a diplatinated 9-methyladenine moiety
and two 9-methylguanine or 9-methylhypoxanthine ligands,
respectively. Dimerization of two triplets is in both cases
accomplished through two hydrogen bonds between two
hypoxanthine or guanine moieties as well as base stacking.
Since the guanines are not deprotonated, the sextets are not
planar.

The same triplet which leads to 5 also gives rise to a
nucleobase quartet upon hydrogen bonding formation with
1-methylcytosine in the solid state as well as in solution.!7% 28]

Solution studies of 5: NOESY experiments in [D;]DMF have
been carried out in order to prove the sextet formation in
solution. Indeed a NOE is found between H6' of the uracil and
the ethyl groups of the guanine ligands (data not shown)
which clearly indicates the dimerization.

It was also attempted to determine the association constant
of the dimerization of the two hemideprotonated triplets to
give 5 through concentration-dependent chemical shift meas-
urements in [D4]DMSO in analogy to the procedure described
in the literature,'® where the dimerization of trans-
[(NH;),Pt(1-MeC-N3)(9-EtG-N7)]* has been examined. Un-
fortunately the obtained data set allowed only a rough
estimation of the association constant, as the N1gH resonance
was too broad to be detected and evaluated, and the
resonances of N2gH, of 9-EtGH,s and H6' of the uracil
ligand are superimposed. Nevertheless, both resonances dis-
play concentration-dependent chemical shifts. Surprisingly,

Chem. Eur. J. 2001, 7, No. 9
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the resonance of one of the protons of the adenine N6aH,
group showed the most pronounced dependence in concen-
tration as can be seen from Figure 11, though this proton is

10.4 4
10.3 1
10.2 1

10.1 -L

&/ppm

7.8 A
7.7 4

6y ' )

7.5 T T T T T

Figure 11. Concentration dependence of the chemical shifts of 5 in
[Dg]DMSO in the concentration range 0—55 mM. The data from top to
bottom correspond to one proton of N6H, (m) and the resonances of N2H,
of 9-EtGH, 5 and H6' of 1-MeU (@) which are superimposed. The curve
corresponds to the fitl?] of the data with the estimated K, =500 M~! (6,=
10.305 and 7.586; o, = 10.006 and 7.685).

not directly involved in the intermolecular hydrogen bonding.
Furthermore, this proton is shifted upfield with increasing
concentrations, thus showing exactly the opposite behavior
one normally observes with the intermolecular association of
molecules through hydrogen bonding.?!l However, this find-
ing can be rationalized in the following way: Upon dimeriza-
tion of hemideprotonated 4b to the sextet 5, O6g of the
9-EtGH ;s ligand will be increasingly involved in intermolec-
ular hydrogen bonding with N2gH, of the opposite guanine
moiety. Consequently, the intramolecular hydrogen bond to
N6aH,! of 9-EtA is weakened and this proton should then
experience an upfield shift as is experimentally confirmed.
Comparison of H bond lengths between N6aH, and O6g in
the solid state indeed reveals that hemideprotonation of
guanine leads to a significant increase, from 3.019(9) Ain 4b
to 3.17(2) A in 5 (Table 3). The second proton, N6aH,?, is
almost unaffected by the change in concentration, thus it can
be concluded that it points towards the O2'/0O4’ carbonyl
oxygen of 1-MeU, as: 1) this hydrogen bond has been shown
to be nonexistent in the precursor compounds in [Dg]DMSO
solution (see above) and 2) in the crystal structure of 5, this
distance is even longer (3.35(3) A) than in the precursor
complexes (see Table 2 and Table 3). This concentration-
dependent splitting of the resonances of N6aH, closely
resembles that of N4'H, of the 1-MeC ligand in the dimeriza-
tion of trans-[(NH;),Pt(1-MeC-N3)(9-EtG-N7)]* .8
Evaluation of the chemical shifts of N2gH, and N6aH, did
not lead to unequivocal results, that is the values obtained for
K carried a very large error, as the shift differences are small
due to the high stability of 5. This means that the formation
degree of 5 is large under the given experimental conditions
(low concentrations). Hence, it was decided to vary Kj
systematically in the range of 200 to 800 m~! and to see which
of the values fitted the experimental data points in a
reasonable way. It turned out that a very satisfactory fit of
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both data series is obtained with K, =500wm"! (Figure 11).
Fits with values of 350 and 650 M~! were considerably less
satisfactory. Hence, the association constant K, of dimer 5
was estimated to be Kp=500+150 M~

However, despite the fact that only a rough estimate for Ky,
could be obtained, it is clear that dimerization of hemi-
deprotonated 4b through five intermolecular hydrogen bonds
gives rise to a rather stable dimeric adduct in [D4]DMSO.
Indeed, comparison of K=500+150m"! with the value
determined for the dimerization of trans-[(NH,),Pt(1-MeC-
N3)(9-EtG-NT7)|* (Kp=44.1+£32M! (20)), which is stabi-
lized through four hydrogen bonds, and with those for the
association of several platinated and non-platinated guanine
derivatives with 1-MeC in a Watson—-Crick type fashion
through three hydrogen bonds in the same solvent (Kgc
between 6.9+ 1.3 M7 ! and 22+ 10 M~ (20)),*¥) demonstrates
nicely the interrelation between the stability of the adducts
and the number of hydrogen bonds involved in their
formation.

Finally, the fact that only the hemideprotonated sextet §
and not the triplet 4b could be isolated from aqueous solution
even at pH 4 (i.e., a pH where N1 of 9-EtGH is expected to be
fully protonated) shows, that this entity is exceedingly stable.

Conclusion

Higher order architecture beyond duplex formation is an
emerging feature of nucleic acid chemistry.?* Thus in addition
to the well-known guanine quartets (G,) present in telomeric
DNA sequences,™ numerous other multistranded nucleic
acid structures with nucleobase triplets,?® quartets,?”) and
sextetsP®! have been discovered in recent years. In a number of
cases the pivotal role of alkali metal ions in stabilizing such
structures has been clearly established.’™ The nature of the
alkali metal ion may even influence the way base pairs
interact, thus behaving as a conformational switch.*Y More-
over, the specific folding of DNA aptamers in the presence of
K+ is believed to generate defined architectures responsible
for inhibition of crucial HIV enzymes.[*!]

Transition metal ions with their ability for coordinative
bond formation and hence crosslinking of nucleobases are
likewise expected to produce ordered multistranded oligonu-
cleotide structures, although this phenomenon has been
studied in the case of Ag* ions only.”?l Our studies with
complexes of model nucleobases and linear trans-diam(m)ine-
platinum(i1) entities strongly suggest that, in principle, any
metal ion with a linear coordination geometry might be
capable of producing regular multistranded structures. In
addition, if nucleobase deprotonation occurs, as reported for
oligonucleotides in the presence of Ag' and Hg!, for
example,l2] rather robust aggregates are expected to be
formed. Moreover, it is expected that interbase H bond
formation will be influenced. Here we have synthesized and
characterized a number of complexes, consisting of an
adenine and a pyrimidine ligand each, crosslinked by a linear
trans-a,Pt! moiety, which were potential candidates for
dimerization and thus quartet formation. Subsequent addition
of a trans-a,Pt! entity and guanine ligand as a third
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nucleobase led to two different triplet structures, which were
again studied by X-ray crystallography and whose pK, values
were determined by NMR spectroscopy. We have demon-
strated that one of these nucleobase triplets associates
through a hemideprotonated guanine pair to form an
extremely stable platinated sextet, which by far exceeds all
known nucleobase H bonding patters in strength.

Experimental Section

Materials: trans-[(NH;),PtCL]* and trans-[(CH;NH,),PtCL|*! were syn-
thesized from K,PtCl, (Hereaus, Hanau (Germany)) according to the
literature. 9-Ethylguanine was purchased from Chemogen, Konstanz
(Germany). 1-Methylthymine,*l 1-methyluracil,*! 9-ethyladenine,**!
9-methyladenine,”) and 1-methylcytosine*s! were prepared as described.
Compounds 1b-d have been synthesized in analogy to 1a, as described in
reference [11]. The synthesis of 2b has already been described!'? and 2a
was prepared analogously. The preparation of 5 is likewise reported in
reference [17a] All other chemicals used (either puriss or pro analysi) were
from Merck GmbH, Darmstadt (Germany), Fluka AG, Buchs (Switzer-
land) or Aldrich-Chemical Co. Ltd., Gillingham-Dorset (UK).
trans,trans-[ (NH,),Pt(1-MeT-N3)(u-9-MeA-N7,N1)Pt(NH,CHs),
(DMSO)]** (3a) and ftrans,trans-[(NH;),Pt(1-MeU-N3)(u-9-EtA-
NT,N1)Pt(NH,CH,),(DMSO)** (3b): Complex 2a or 2b, respectively
(11 mg, 10.5 pmol; 16 mg, 15.9 umol) were dissolved in [Dg]DMSO
(400 pL), and "Pt NMR spectra were recorded immediately. Additional
spectra were taken after 30, 40, 60, 70, 80, 100, 120 min, and one more after
12 h when the substitution reaction of the chloro ligand by a solvent
molecule was completed. Compounds 3a and 3b were not isolated.

3a: 'H NMR (200 MHz, [D¢]DMSO): 6 =9.7 (s; H,N6a), 8.620 (s; H8a),
8.319 (s; H2a), 7.326/7.319 (s, rotamers; H6"), 4.9 (m; H,N20, H,N21), 3.930
(s; HsN10, H3N11), 3.842 (s; H;C9a), 3.228 (s; H;C1'), 2.334 (t, 3/ =6 Hz;
H,C20, H;C21), 1.765/1.760 (s, rotamers; H;C51'); *Pt NMR (42.998 MHz,
[D¢]DMSO): 6 = —2470, —3169.

3b: '"H NMR (200 MHz, [Ds]DMSO): 6 = 9.9 (s; H,N6a), 8.680 (s; H8a),
8.315 (s; H2a), 7.410 (d, °J =6 Hz; H6'), 5.408 (d, 3/ =6 Hz; H5'), 4.9 (m;
H,N20, H,N21), 4.298 (q, *J =7 Hz; H,C91a), 3.9 (s; H;N10, H;N11), 3.266
(s; H;C1'), 2.364 (t, 3] = 6 Hz; H;C20, H;C21), 1.469 (t, 3] =7 Hz; H;C92a);
1Pt NMR (42.998 MHz, [D¢]DMSO): 6 = — 2465, —3173.

trans,trans-[ (NH;),Pt(1-MeT-N3) (u-9-MeA-N7,N1)Pt(NH,CH5,),(9-
EtGH-N7)](C10,); (4a): Compound 2a (400 mg, 383 umol) and AgNO;
(62 mg, 0.95 equiv) were stirred at 40°C in the dark overnight in H,O
(50 mL). After removal of AgCl, 9-EtGH (83 mg, 1.2 equiv) was added, the
solution adjusted to pH 4.0 (HNOs;) and stirred at 40°C for two days. The
solution was readjusted to pH 7 (NaOH) and slowly concentrated at room
temperature under a steady flux of N, during which excess of 9-EtGH was
removed by filtration. The residue remaining after evaporation was
recrystallized from water to give 4a (187 mg; 39 % yield).

4a: '"H NMR (200 MHz, D,0): 6 =9.020 (s; H2a), 8.850 (s; H8a), 8.556 (s;
H8g), 7.385 (s; H6'), 4.244 (q, J =7 Hz; H,C91g), 4.005 (s; H;C9a), 3.465/
3.953 (s, rotamers; H;Cl’), 2.123 (s; H;C20, H;C21), 1.961/1.895 (s,
rotamers; H;C51'), 1.510 (t, ¥%(HH)=7Hz; H;C92g); 'H NMR
(200 MHz, [D¢]DMSO): 6 =11.9 (s, H1lg), 10.30/10.07 (H,N6a), 8.887 (s;
H8a), 8.825 (s; H2a), 8.410 (s; H8g), 7.4 (H,N2g), 7.391 (s; H6'), 5.0 (m;
H,N20, H,N21), 4.126 (q, 3/ =7 Hz; H,C91g), 3.97-4.08 (H5N10, H5N11,
H;C9a, H3C1"), 3.348 (s; H;C1'), 1.446 (t, 3/ =7 Hz; H;C92g); Pt NMR
(42.998 MHz, D,0): 6 = —2500, —2621; FT-IR (KBr): 7 =3291, 3147, 1686,
1635, 1592, 1561, 1440, 1367, 1230, 1090, 781, 719, 684, 625, 463, 280 cm™;
elemental analysis caled (%) for C,;H3N,cO,5CL;Pt, (1252.16): C 20.14; H
3.14;N 17.90; found: C20.2; H 3.2; N 18.1 (anhydrous complex). According
to X-ray analysis, 5.2 water molecules are present in freshly prepared
crystals of 4a.

Determination of acidity constants: The pK, values of complexes 1c, 4a,
and 4b were determined using pH-dependent 'H NMR spectroscopic
measurements in D,0 (20°C; /=0.1 M, NaNO;). Changes in chemical shifts
of all non-exchangeable protons in the complexes due to the change in pD
were evaluated with a nonlinear least-squares fit after Newton — Gauss.? 2
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The obtained acidity constants were then transformed to the values valid
for water according to the literature.*"!

Determination of stability constants: Determination of the association
constant Ky, of the dimerization of the two hemideprotonated triplets of 4b
to give 5 was performed by using concentration-dependent chemical shift
measurements in [Ds]DMSO in analogy to the procedure described in the
literature.!'"!

Crystal structure analysis: Intensity data of 1b was collected on a Siemens
P4 four-circle diffractometer with graphite-monochromated Moy, radia-
tion (A =0.71069 A) using the w scan technique with variable scan speed
(3-15°min~"). Three standard reflections measured every 100 data points
showed no systematic variation in intensity. The data have been corrected
for absorption, Lorentz, and polarization effects using the data reduction
program XDISK.*! An empirical absorption correction was carried out
using azimuth () scans. For the data collection of 1¢, 1d, 2a, 4a, and 5, an
Enraf — Nonius KappaCCDF (Moy,, A=0.71069 A, graphite-monochro-
mator) was used. Sample-to-detector distances were 26.7 (2a), 28.7 (1c¢),
30.2 (4a), 30.7 (1d), and 32.2 (5), respectively. The whole sphere of
reciprocal space was covered by measurement of 360 frames rotating about
o in steps of 1°. The exposure times were 10 (2a), 60 (1d, 4a), 75 (1¢), and
100s (5) per frame. Preliminary orientation matrices and unit cell
parameters were obtained from the peaks of the first ten frames,
respectively, and refined by using the whole data set. Frames were
integrated and corrected for Lorentz and polarization effects using
DENZO.PY The scaling as well as the global refinement of crystal
parameters were performed by SCALEPACK.! Reflections, which were
partly measured on previous and following frames, are used to scale these
frames on each other. Merging of redundant reflections in part eliminates
absorption effects and also considers crystal decay if present.

The structures were solved by standard Patterson methods®? and refined
by full-matrix least-squares based on F? using the SHELXTL-PLUSI*I and
SHELXL-93 programs.¥l The scattering factors for the atoms were those
given in the SHELXTL-PLUS program. Transmission factors were
calculated with SHELXL-97.° Hydrogen atoms were included in calcu-
lated positions and refined with isotropic displacement parameters
according to the riding model, except for H8 in 1b, which could be
localized with difference-Fourier synthesis. Displacement factors for the
protons in structures 1¢ (except the methyl and ammine protons) and 5
were assigned according to U(H) = 1.3 U(Cyondea/Noonaea) in order to save
parameters because of the poor observed reflection to parameter ratios.
For the same reason a part of the ring atoms in 1¢ and 1d as well as all non-
hydrogens atoms except for the two Pt atoms in 5 were only refined
isotropically.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-150799
(1b), CCDC-150800 (1c¢), CCDC-150801 (1d), CCDC-150802 (2a),
CCDC-150803 (4a), and CCDC-150804 (5). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk).
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Synthesis and Structural Characterization of the Novel Cluster Compound
{[Mo;S,(dtp);],- B{(Hgls)3} - 4 H,O (dtp =S,P(OC,H;s), )

Jin Chen, Shao-Fang Lu,* Zi-Xiang Huang, Rong-Min Yu, and Qiang-Jin Wu!*!

Abstract: Reaction of [Mo;Y (u-S);(dtp),(H,O)] (Y=0, S; dtp=S,P(OC,Hs),")
with Hgl, gave the novel compound {[Mo;S,(dtp);],- I{(Hgls)s}-4H,O (1), which

contains a {[Mo;S,(dtp);],-1} tetramer and (Hgl;). Compound 1 has been
characterized by IR, Raman, UV/Vis, and NMR spectroscopy and single-crystal
X-ray diffraction analysis. It is shown that this formation process can be referred to as

Keywords: cluster compounds
mercury - molybdenum - polymer-
ization - structure elucidation

a new cluster reaction. The structure and spectroscopic data of the tetramer is also
compared with that of the related discrete cluster [Mo,S,(dtp);-1]. Crystal data:
space group F23, a=26.786(3) A, V=19218.7(4) A3, Z=4, R=0.059.

Introduction

The structural chemistry of [Mo;YS;] and [Mo;Y(S,);] (Y=O0,
S) clusters has been extensively studied.['! Herein we focus
on the reaction of [Mo;YS;] with another metal M’ or metallic
complex. It is anticipated that this study will stimulate some
new reactions and provide information on specific physico-
chemical properties for such clusters. To date, many cubane-
type clusters (sandwich cubanes and double cubanes) with a
[Mo;YS;M’] core have been generated by the incorporation of
a metal M’ in [Mo;YS;].% Most of the metals M’ are
transition metals and main group metals. As far as the metals
of Group 12 (Zn, Cd, Hg) with a filled d'° shell are concerned,
although the crystal structures of the sandwich cubane-type
clusters [(H,0)sMo;3S,HgS,Mo;(H,0),](CH;C¢HsSO5)5 -
20H,0 and [Mo;S,CdS,Mo;]** have been reported by Shiba-
hara et al.,> ' and the ionic clusters [Mo;S,(Et,PS,);(py);]-
[Znlpy]  and  [Mo;0S,(dtp)s(py)s][CdI(dtp),]  (dtp=
S,P(OC,Hs),™; py =pyridine) have been published by Keck
et al.l"l and ourselves,'? respectively, there are still relatively
few structurally characterized examples of such clusters.
Herein we report on the syntheis and structure of the novel
network-like cluster {[Mo;S,(dtp);],- IH{(Hgls):}-4H,O (1),
which represents the first cluster containing a {{[Mo;S,(dtp)],-
I} tetramer and (Hgl;)".
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State Key Laboratory of Structural Chemistry
Fujian Institute of Research on the Structure of Matter
Chinese Academy of Sciences, Fuzhou, Fujian, 350002 (China)
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Results and Discussion

Synthesis: The reaction of [Mo;(us-O,S)(u-S);(dtp),(H,0)]
with Hgl, and Bu,NI in a mixture of CH,Cl, and CH;CN gave
{[Mo5S,(dtp);]s - I}{(Hgl;);} - 4H,O (1). Compound 1 is also
formed in an analogous reaction mixture to which KBF, was
added.

Evidently, during the reaction the cluster core [Mo;(us-
0,S)(u-S);]* (Y=0, S) in the starting cluster is transformed
to [Mos(us-S)(u-S,);]** in 1. Such a conversion has been
observed previously in our reaction systems.['3] However, a
further tetramerization of [Mos(us-S)(u-S,);] as occurs in the
present case is noted for the first time. It is estimated that the
participation of Hgl, in the reaction causes the elimination of
the dtp bridging ligand from the starting {Mos} cluster. The
dtp ligands decompose to provide the sulfur atoms for the
sulfur-addition reaction. Although the mechanism of this
tetramerization is not yet clear, the reaction evidently
involves the recombination and polymerization of molybde-
num clusters. This reaction can therefore be referred to as a
recombination — polymerization reaction.

Structural features: The compound crystallizes in the highly
symmetrical cubic space group F23 (no. 196). The crystal
structure consists of [Mo;S,(dtp);]*™, I", and (Hgl;)~ ions and
water of crstallization.

The ORTEP drawing of the [Mo;S,;(dtp), - I,4]*** fragment
and the structure of the tetramer {[Mo,S,(dtp);],- I}’ are
shown in Figure 1 and Figure 2, respectively. It can be seen
from Figure 1 that the [Mo;S,(dtp);-I,,]*** unit contains a
typical [Mo;(us-S)(u-S,)s] cluster core,l'*'9 in which the u;-S
atom is located on the threefold axis, thus the three Mo atoms
form an equilateral triangle. The Mo—Mo bond length of
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Figure 1. Structure of [Mo;S,(dtp); - I,,]*¥* (ORTEP diagram with thermal
ellipsoids at 20 % probability).

Figure 2. The structure of the tetramer {{Mo;S;(dtp);],- I**.

2.734(2) A is slightly longer than that in the discrete
[Mo,S,(dtp);IJ(CH;C¢Hs)  molecule  (2.723(1) A).5The
bridging S,~ group can generally be described by S.,—S,,
where in this case S, refers to the S atom lying in the {Mo;}
plane (denoted S2), whereas S,, refers to the S atom lying out
of the {Mos} plane (denoted S3). The S.,—S,, bond length is
2.036(6) A, which is slightly shorter than that in the discrete
[Mo,S,(dtp),1] - (CH;C4Hs) molecule (2.055 A).

The first striking structural feature of the present molecule
is that four [Mo;S;(dtp);]* ions are tetramerized about a
common I atom; the I---S, distance of 3.590(4) A is
significantly longer than the value of 3.172 A found in the
discrete [Mo;S,(dtp),;1]- (CH;C¢Hs) molecule. This is attrib-
uted to the increase in the coordination number of the I atom
(12-coordinate, whereas the I atom is only three-coordinate in
the discrete cluster). As a result, a distorted S;, icosahedron is
formed by 12 symmetry-equivalent S3 atoms around the
central I" ion, which lies on a special position of the F23 space
group (Figure 3). This chiral polyhedron has true crystallo-

Chem. Eur. J. 2001, 7, No. 9
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Figure 3. The S;, icosahedron formed from 12 symmetry-equivalent S3
atoms about a central I atom. The I---S3 distance is 3.590(4) A, and the
S$3--- 83 distance is 3.197(8) A.

graphic 7 symmetry, which is an esthetically pleasing geo-
metrical feature.

Interestingly, if one [Mo;S;(dtp);]* unit is taken from each
of the four {{Mo;S;(dtp);],- I} tetramers, then the 12 symme-
try-equivalent S2 atoms from these four [Mo;S,(dtp);]™ units
can form a much larger distorted S,, icosahedron in a
tetrahedral cavity (Figure 4). Three Hgl;~ units are statisti-

|
2

Figure 4. The S;, icosahedron formed from 12 symmetry-equivalent S2
atoms connected with Hgl;~. The I1 -+~ S2distance is 3.405(5) A, the Hg—1
bond length is 2.645(2) A, and the I-Hg-I bond angle is 119.98(1)°.

cally located on three of the four faces of the tetrahedron and
form a weak interztction with [Mo,S;(dtp);]* throughal--- S,
contact (3.405(5) A). The Hg atom also lies on the threefold
axis and its displacement from the {I;} plane is 0.0389 A. Thus,
Hg is almost coplanar with the {I;} plane; the Hg—I bond
length is 2.645(2) A and the I-Hg-I bond angle is 119.98(1)°. In
addition, four oxygen atoms of the water of crystallization are
situated on four threefold axes of this tetrahedron.

All the I--- S distances are much longer than a I-S covalent
bond (~2.5 Al'l), but much shorter than the sum of the
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corresponding 1---S van der Waals radii (~4.0 A8)). The
[Mo,S,(dtp);]* units form a three-dimensional network with
I, (Hgl;)~ ions, and molecules of water of crystallization; the
tetrahedral meshes are held together by weak I---S inter-
actions as shown in Figure 5.

Figure 5. The network-like packing structure of {[Mo;S,(dtp);],-1}-
{(HgLy)s} - 4H,O (1).

To date, only the [MosS,] tetramer [MosS;(dtc)s],- (SO,), -
3THF has been reported in the literature (dtc=diethyldi-
thiocarbamate).l"”] The present crystal structure, however,
contains another metal compound (Hgl;)~ and exhibits the
uncommon interaction between the {[MosS;(dtp);], 1} tet-
ramer and (Hgl;)".

Spectroscopic characterization and I-.-S charge transfer:2’!
IR and Raman spectra reveal that the vibration band of
v(S—S) appears at 532545 cm™! and 541-544 cm™!, respec-
tively, slightly higher than those (530-544 cm~' and 537cm™!)
in the discrete cluster [Mo;S,(dtp),-1].2Y This indicates the
effects of the interaction of S,>~ with I~ and (Hgl;)~. The I---S
charge transfer leads to the increase of S.,—S,, force constant,
that is, the v(S—S) frequency. This is consistent with the
conclusion by Hegetschweiler et al. that the force constants of
S.;—S.x bonds are rather sensitive to the nature of the anion
and correlates with the S--- X distance (X =halogen).!') The
other bands for the [Mos(us-S)(u-S,);] core are assigned as
follows: v(Mo-us-S) 447cm~!, v(Mo—S,,) 397cm~!, v(Mo—S,,)
297cm~!, which is in agreement with the assignment by
Zimmermann et al.['’?l and Miiller et al.’?! In addition, the
v(Mo—Mo) band appears at 174 cm™! also in accordance with
that assigned by Saito et al.(170—-200 cm~').¥l The absorption
band at about 3450 cm~! is consistent with the presence of the
water of crystallization in the structure.

The electronic absorption spectra exhibit a high-energy
absorption at 242 nm (¢ =2.2 x 10°M~'em™!) and a shoulder at
352 nm (¢ =5.5 x 10*m~'cm™!). The former can be assigned as
an intraligand transition of dtp, while the latter is likely to be
characteristic of the [Mos(u5-S) (u-S,);] core.'> 15 The latter
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is red-shifted from that of the discrete cluster (=322 nm),
which is also due to the effect of I---S charge transfer.

In the Mo NMR spectrum, there is a sharp peak at 6 =
—511.5 with a linewidth of 681 Hz; the chemical shift is thus
9ppm less than that for {Mo;S;[S,P(OC;H,),];- 1} (6=
—502.3).%1 This is presumably due to the change of the
Mo—Mo bonding on tetramerization of the {MosS;} core.?
The *'P NMR spectrum is also very simple; a single resonance
is observed at 0=96.19 which is higher than that in
{Mo05S;[S,P(OC;H,),]5 - 1}(6 = 93.46).2%)

Conclusion

A novel cluster compound {[Mo;S,(dtp);],- IH{(Hgl);} - 4 H,O
has been obtained through a recombination — polymerization
reaction. Although the cluster cannot be considered to be an
addition cluster in a strict sense, the synthetic route is
apparently a new one. The I---S interaction between
{[Mo5S,(dtp);], - I} and (Hgl;)~ is of great significance in both
structurally and in terms of studies on the electromagnetic
properties. Efforts are currently underway to increase the
yield of the reaction and to study the structure—property
relationships.

Experimental Section

General procedure: All reactions were carried out in air. Reagents were
commercially available and used without further purification. C, H
elemental analyses were performed on an EA1110 CHNS-0 CE instru-
ment; Mo was analyzed with spectrophotometric determination; Hg, S
analyses were carried out with a Bruker SRS3400 fluorescence spectrom-
eter. IR spectra were recorded on a Nicolet Magna 750 FTIR spectrometer
with KBr discs (4000-600 cm™!) and CsI discs (600-100 cm~'). Raman
spectra were measured on a 910 laser Raman FT Spectrometer with SP
grade KBr. UV/Vis spectra were obtained on a Shimadzu UV-3000
spectrometer. NMR were measured on a Varian Unity 500 spectrometer at
ambient temperature (20°C). The samples were dissolved in CH,Cl,, the
chemical shifts were referenced to an external standard of Na,MoO, (2Mm)
in D,0 for the Mo NMR spectra and 80% H;PO, for the 3P NMR
spectra. ®C NMR spectra were measured in CDCly/CH,Cl,, and 'H NMR
spectra were measured in CDCl;.

Synthesis of 1: A mixture of [Mos(us-O)S;(dtp),(H,O)] and [Mos-
(u5-S)S5(dtp)4(H,O)] was prepared as previously reported.! This mixture
(0.116 g, ca. 0.1 mmol), Hgl, (0.182 ¢, 0.4 mmol), and Bu,NI (0.103 g,
0.28 mmol) were added to a solvent mixture of CH,Cl, (20 mL) and
CH;CN (20 mL). After the mixture had been stirred under reflux for about
one hour, the remaining solid was removed by filtration, and the filtrate was
allowed to evaporate at room temperature in air. Dark red-black crystals
formed over about one and half months. These were filtered off, washed
with ethanol and petroleum (60-90°C), and dried to give 1 (0.030 g,
19.3%). A subsequent X-ray structure analysis confirmed that the formula
was {[Mo;S;(dtp);]- I}{(Hgls);} - 4H,O. IR (KBr): 7= 532 (S,;—S.), 447
(Mo-u5-S), 397 (Mo—S,,), 297 (Mo—S,,), 174 cm~! (Mo—Mo); Raman (CsI):
=541 cm™ (S,;—S.,); "H NMR (499.8 MHz, CDCl;, 20°C, TMS): 6 = 1.4
(t, 3(H,H)=70Hz, 3H; CH;), 420 (q, 3/(H,H)=70Hz, 2H; CH,);
3C NMR (125.7 MHz, CDCly/CH,Cl,, decoupled, 20°C): 6 =15.8 (CHj;),
65.2 (CH,); *'P NMR (202.4 MHz, CH,Cl,, 20°C, 80 % H;PO,): 6 =96.19 ;
%Mo NMR (32.56 Mhz, CH,Cl,, 20°C, 2m Na,M0O,): d = —511.5; UV/Vis
(CH,CL):  Apu(e)=242nm  (22x10°m'em™), 352nm  (5.5x
10*M~'em™"); elemental analysis caled (% ) for CygH ,gHgsl,)M0,,045P,,Ss5:
C9.28, H 2.08, Hg 9.68, Mo 18.53, § 26.83; found: C 9.20, H 2.07, Hg 10.26,
Mo 18.5, S 24.35.
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Crystal structural analysis: A crystal of the dimensions 0.25 x 0.22 x
0.19 mm was attached to the end of a glass fiber by using neutral jelly
and then mounted on a Siemens SMART CCD diffractometer. The
structure was solved by direct methods by using Mogo radiation (4=
0.71073 A) with the SHELXTL-5 program.?'The non-hydrogen atoms
were located by successive difference Fourier syntheses. The structure was
then refined by full-matrix least-squares on F2. Anisotropic thermal factors
were applied for all the non-hydrogen atoms. The idealized positions of the
hydrogen atoms were located by using a riding model. The hydrogen atoms
were included in the structure factor calculations without refinement.
Details of structure analysis are summarized in Table 1. The final atomic

Table 1. Summary of the crystallographic data and data collection parameters
for the structure determination of {[Mo;S;(dtp);],-1}- (Hgls);-4H,O (1).

empirical formula

formula weight

crystal dimensions [mm]

crystal system

space group

a[A]

V [A3]

zZ

Pealed [gCl’l’l7 1]

(Mo, [mm

radiation, 4 [A]

scan mode

F(000)

temperature of measurement [K]
2emax [O]

no. of measured and independent reflections
no. of reflections included in refinement
method of refinement

no. of refined parameters
min./max. transmission
R(WR)[I>20(I)]1

goodness of fit indicator, S
Ap(max, min)[e A3

Alo
Flack parameter

CysHipsHgs110M01,0P 1S5,
6214.31

0.25 x0.22 x 0.19

cubic

F23 (no. 196)

26.7860(3)

19218.7(4)

4

2.148

5.454

0.71073

o —20

11704

293(2)

50.04

19353, 2846

2846

full-matrix least-squares on F?
129

0.7408/1.0000

0.0593 (0.1484)

0.858

1.111 (1.46 A from Hg)
—0.666 (1.46 A from S(3))
0

—0.02(2)

[a] R=Z(] |Fy| — |Fl)V/Z|F.
(0.1350P) + 180.2218P] L.
Nparam) ™.

WR = [EZw(F2 — F2)YZw(F2)?]"2.
P=(F3+2F2)/3. [b] S=[ZW(| F| — |F[}*(Nows —

w=[0*(F3) +

fractional coordinates and U, of all non-hydrogen atoms are listed in
Table 2 and selected bond lengths and angles are given in Table 3. Notably,
when the occupation probability of the Hg atom located in threefold axis

Table 2. Atomic coordinated and equivalent isotropic temperature factors
for non-hydrogen atoms of cluster 1.

Atom x y Z U( ! Occupancy
factor

Hg  06197(1) —011971) 011971) 0.110(1) 025

1 0.7500 0.2500 0.2500 0.055(1) 0.0833

(1)  05523(1) —0.11292) 0.1915(1) 0.1752) 075

Mo  0.6371(1) 0.1129(1)  0.1941(1)  0.047(1) 1

S(1)  0.6097(1) 0.1097(1)  0.1097(1)  0.053(2)  0.3333

S(2)  0.5618(2) 0.1661(2)  02096(2)  0.056(1) 1

S(3)  0.7250(1) 0.13002)  0.1958(2)  0.050(1) 1

S(11)  0.6487(2) 0.0896(2)  02856(2) 0.067(1) 1

S(12)  0.5842(2) 0.0365(2)  02018(2)  0.070(1) 1

p 0.6020(2) 0.0328(2)  02753(2) 0.072(1) 1

O(1) 0.6231(5) —00191(5)  0.2899(5)  0.083(4) 1

0(2) 0.5563(5) 0.0333(5)  03106(5) 0.081(4) 1

O(3) 0.6946(15) —0.1946(15) 0.1946(15) 0210(20) 0.3333

C(1)  0.6689(11) —0.0383(9) 02649(12) 0.122(10) 1

C(2)  0.6830(13) —0.0825(14) 02926(13) 0.164(15) 1

C(3)  0.5241(9) 0.0766(9)  03165(12) 0.108(9) 1

C(4)  0.5006(14)  0.0761(13) 03627(12) 0.152(12) 1

[a] Equivalent isotropic temperature factor U, [A?] is defined as one third
of the trace of the orthogonalized Uj tensor.

Acknowledgement

We gratefully acknowledge Associate Professor Y. Zheng, D.-X. Wu, and
Z.-R Wang for their help in measurement of the IR, Raman, NMR, and
UV/Vis spectra. Thanks are also due to the National Natural Science
Foundation of China (29673046, 29733090), the NSF of Fujian Province,
and the State Key Laboratory of Structural Chemistry for their support.

[1] J.-L. Huang, J.-Q. Huang, M.-Y. Shang, J.-X. Lu, Advances in Science
of China: Chemistry. 1990, 3, 155 -180.

[2] T. Shibahara, Coord. Chem. Rev. 1993, 123, 105-111.

[3] S.-F. Lu, L.-N. Zhang, J.-L. Huang, Some New Aspects of Transition-
Metal Cluster Compounds (Ed.: J.-X. Lu), Science Publishing House,
2000, pp. 212-255.

[4] T. Saito, Early Transition Metal Cluster with p Donor Ligands (Ed.:
M. H. Chisholm), VCH, New York, 1995, pp. 129 -139.

[5] A. Miiller, E. Krahn, Angew. Chem. 1995, 107, 1172-1179; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1071 -1078.

[6] G.Sakane, T. Shibahara, Transition Metal Sulfur Chemistry: Biological
and Industrial Significance (Eds.: E. 1. Stiefel, K. Matsumoto), The
American Chemical Society, 1996, pp. 225—-239.

and the I(1) atom in a general position
in the (Hgl;)~ ions were 0.333 and 1,
respectively, the temperature factors
were unexpectedly high. According to
the electrovalent balance principle,
therefore, their occupancy factors
were taken to be only three quarters
of their original values. Thus, (Hgl;)~
occupies statistically only three of the
four possible positions. Crystallo-
graphic data (excluding structure fac-
tors) for the structure reported in this
paper have been deposited with the
Cambridge Crystallographic Data
Centre as supplementary publication
no. CCDC-149896. Copies of the data
can be obtained free of charge on
application to CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK (fax:
(+44)1223-336033; e-mail: deposit@
ccde.cam.ac.uk).

Chem. Eur. J. 2001, 7, No. 9

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

Table 3. Selected bond lengths [A] and angles [°] for 112!

Mo—MoA™ 2.734(2) Mo—S1 2.378(5) Mo-S2 2.504(4)
Mo-S3 2.400(4) Mo—S2A™ 2.492(4) Mo-S3B" 2377(4)
Mo—S11 2.550(5) Mo—S12 2.499(5) S2-S3B* 2.036(6)
S12-P 2.003(8) S11-P 1.995(7) Hg-11 2.645(2)
183 3.590(4) $3.--83% 3.197(8) 182 3.405(5)
$1-Mo-S2 85.97(11) $1-Mo-S3 109.15(13) $1-Mo-S11 160.56(16)
$1-Mo-S12 82.73(16) $2-Mo-S2A" 172.04(16) $2-Mo-S11 94.50(16)
$2-Mo-S12 89.75(17) $2-Mo-MoB" 56.62(12) $3-Mo-S2 132.80(15)
$3B"-Mo-S2 4921(13) $3-Mo-S11 84.73(15) $3B"-Mo-S3 83.9(2)
S12-Mo-S11 77.84(16) S3-Mo-S12 135.31(18)

MoB™-Mo-MoA* 60.0

$3B"-82-Mo 62.13(16) MoB*-$2-Mo 66.35(12) MoB"-S1-Mo 70.15(17)
S2A*-$3-Mo 67.79(17) MoA*-83-Mo 69.82(13) P-S11-Mo 87.9(2)
P-S12-Mo 97.1(8) I1-Hg-11% 119.98(1)

[a] Symmetry transformations: #1: z +1/2, —x +1/2, —y; #2: —y+1/2, —z,x = 1/2;#3: y + 1/2, 2, x — 1/2; #4 z + 1/
2,x =112, y; #5: —x+3/2,y, —z+1/2.

0947-6539/01/0709-2005 $ 17.50+.50/0 2005





FULL PAPER

S.-F. Lu et al.

[7] S.-F.Lu,J.-Q. Huang, Y.-H. Lin, J.-L. Huang, Acta, Chim. Sini. 1987, 3,
191-208.
[8] a) S.-F. Lu, J.-Q. Huang, Academic Periodical Abstract of China, 1998,
11,1431 -1432 (in Chinese); b) S.-F. Lu, J.-Q. Huang, X.-Y. Huang, Q.-
J. Wu, R.-M. Yu, Inorg. Chem. 1999, 38,3801 -3805; ¢) R.-M. Yu, S.-F.
Lu, X.-Y. Huang, Q.-J. Wu, J.-Q. Huang, Inorg. Chem. 1999, 38,3313 -
3315.
[9] T. Shibahara, H. Akashi, M. Yamasaki, K. Hashimoto, Chem. Letters,
1991, 689 -692.
[10] G. Sakane, H.Kawasaki, M. Yamasaki, H. Adachi, T. Shibahara,
Chem. Letters, 1999, 631 -632.
[11] H. Diller, H. Keck, W. Kuchen, H. Wunderlich, Inorg. Chim. Acta
1994, 216, 177 -183.
[12] S.-E. Lu, J.-Q.Huang, X.-Y. Huang, Q.-J. Wu, Chinese J. Chem. 1997,
15(4), 296 -303.
[13] S.-E. Lu, J.-Q.Huang, Q.-J. Wu, X.-Y. Huang, Chinese J. Struct. Chem.
1996, 15(6), 415-421.
[14] A. Miiller, S. Pohl, M. Dartman, J. P. Cohen, J. M. Bennett, R. M.
Kirchner, Z. Naturforsch. B 1979, 34, 434 —436.
[15] For example, see: a) H. Zimmermann, K. Hegetschweiler, T. Keller,
V. Gramlich, H. W. Schmalle, W. Petter, W. Schneider, Inorg. Chem.
1991, 30, 4336-4341; b) V. P. Fedin, M. N. Sokolov, Yu. V. Mironov,
B. A. Kolesov, S. V. Tkachev, V. Y. Fedorov, Inorg. Chim. Acta 1990,
167, 39-45; c) K. Hegetschweiler, T. Keller, H. Zimmermann, W.
Schneider, H. Schmalle, E. Dubler, Inorg. Chim. Acta 1990, 169, 235 —
243; d) S.-F. Lu, J.-Q. Huang, Y.-T. Lin, J.-L. Huang, Acta Chim. Sini.
1987, 45, 842847 (in Chinese).
For example, see: a) T. R. Halbert, K. McGauly, W.-H. Pan, R.S.
Scernuszewicz, E. 1. Stiefel, J. Am. Chem. Soc. 1984, 106, 18491851,
b) A. Miiller, R. Josters, F. A. Cotton, Angew. Chem. 1980, 92, 921 —

[16

(17]
(18]

[19]

[20]
[21]
[22]
[23]
[24]
[25]

[26]

929; Angew. Chem. Int. Ed. Engl. 1980, 19, 875-882; c) H. Keck, W.
Kuchen, J. Mathow, H. Wunderlich, Angew. Chem. 1982, 82, 927-928;
Angew. Chem. Int. Ed. Engl. 1982, 21, 929-930; d) F. A. Cotton, R.
Llusar, D. O. Marler, W. Schwotzer, Inorg. Chim. Acta 1985, 102,
L25-1.27.

J. Q. Lee, M. L. Sampson, J. F. Richdson, M. E. Noble, Inorg. Chem.
1995, 34, 5055 -5064.

A.F. Wells, Structural Inorganic Chemistry, 4th ed. Clarendon,
Oxford, 1975, p. 233.

M. J. Mayor-Ldpez, J. Weber, K. Hegetschweiler, M. D. Meienberger,
F. Joho, S. Leoni, R. Nesper, G. J. Reiss, W. Frank, B. A. Kolesov, V. P.
Fedin, V. E. Fedorov, Inorg. Chem. 1998, 37, 2633 —2644.

Y. Peng, S-F. Lu, H.-J. Fan, Q.-J. Wu, R.-M. Yu, J.-Q. Huang,
Polyhedron, 2000, 19, 733 -738.

J. Chen, R.-M. Yu, S.-F. Lu, Spectroscopy and Spectral Analysis 2000,
6, 849-851 (in Chinese).

A. Miiller, R. Jostes, W. Jaegermann, R. G. Bhattacharyya, Inorg.
Chim. Acta, 1980, 41, 259 -262.

Y.-C. Liang, Master Thesis,the Fujian Institute of Structure on
Matter,Chinese Science Academy, 1998.

D.-X. Wu, Z. Chen, G.-T. Lu, G-H. Pan, H.-F. Sun, B.-T. Zhuang,
Chinese J. Magnetic Resonance, 1997, 14(5), 375-378 (in Chinese).
S.-F. Lu, M.-Y. Shang, J.-Q. Huang, J.-L. Huang, J.-X. Lu, Sci. Sinica B
1988, 31(2), 147 -160.

Simens, SHELXTL (Version 5.0, 1995), Reference Manual, Siemens
Industrial Autom, Inc. Analytical Instrumentation, USA.

Received: April 12, 2000
Revised version: December 12, 2000 [F2417]

2006 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0709-2006 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 9






FULL PAPER

Experimental Evidence Supporting a Cu'" Intermediate in Cross-Coupling
Reactions of Allylic Esters with Diallylcuprate Species

A. Sofia E. Karlstrom and Jan-E. Backvall*2]

Abstract: The reaction between an al-
lylic ester and a magnesium diallyl-
cuprate, or an allylic Grignard reagent
in combination with a catalytic amount
of a copper salt, has been studied. These
reactions yield a mixture of homo- and

bound to copper. When the reaction is
performed with a stoichiometric amount
of a preformed diallylcuprate, a homo-
coupling/cross-coupling ratio larger than
that predicted for a Cu' intermediate is
observed. However, on dilution this

ratio decreases and becomes close to
the predicted ratio. The deviation from
the predicted homo-coupling/cross-cou-
pling ratio was accounted for by an
olefin-induced homo-coupling, as dem-
onstrated in control experiments. The

cross-coupled 1,5-diene products. The
product ratios obtained are close to
those expected for a reaction proceeding
via a triallylcopper(i11) intermediate con-
sisting of three equivalent allyl groups

Introduction

Copper-mediated reactions are of great importance in syn-
thetic organic chemistry.!! The conjugate addition reaction to
a,B-unsaturated systems is regarded as one of the fundamen-
tal reactions in organic chemistry and has been well studied.[!
Another thoroughly studied reaction is the allylic substitution
reaction between an allylic electrophile and an organocopper
reagent.[ 2 Much attention has been devoted to the control of
the selectivity of this reaction [Eq. (1)], as well as to the
understanding of its mechanism.B-]

R
RX"X +RM —» RTX""R andior R)\V (1)
a, Sh2 7 82

However, despite extensive studies of this allylic coupling, and
other related copper(1)-mediated reactions, such as the con-
jugate addition to a,B-unsaturated carbonyl compounds, the
mechanistic course is still unclear. The study of the mecha-
nism of these reactions turned out to be rather difficult by

[a] Prof. Dr. J.-E. Bickvall, Dr. A. S. E. Karlstrom
Department of Organic Chemistry
Arrhenius Laboratory, Stockholm University
SE-106 91 Stockholm (Sweden)
Fax: (+46)8154908

E-mail: jeb@organ.su.se
Supporting information for this contribution [Derivation of Equa-

tion (2)] is available on the WWW under http://www.wiley-vch.de/
home/chemistry/ or from the author.
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possibility of the allylic ligands to coor-
dinate to the metal center in a 73 or !
fashion provides an opportunity for the
stabilization of the intermediate Cu'™
species.

direct methods. Intermediate T complexes with copper have
been observed for a,f-unsaturated compounds;”! however, it
has not been possible to detect any other intermediate before
the appearance of the final conjugate addition product. It has
been suggested that an organocopper(il) intermediate is
involved in Cul-mediated substitutions and conjugate addi-
tions,[°t & ] but skepticism has also been raised against such a
species as a reasonable intermediate.'”) Recent calculations
have shown that neutral trialkylcopper species are likely
intermediates in cuprate reactions provided that they are
stabilized by a donor, for example Et,Q.l'- 12

We have previously studied the copper-catalyzed allylic sub-
stitution reaction of allylic esters with Grignard reagents.” 1 The
mechanism of this reaction has been a matter of considerable
debate and today two principal pathways (one via a Cu''inter-
mediate and one via direct displacement) have been suggest-
ed for this transformation. 1141 We have now undertaken a
mechanistic study to shed some light on this mechanistic
problem. By performing reactions between allylic esters and
diallylcuprates we hoped to obtain indirect information about
a possible Cu! intermediate from the product composition. It
was argued that a triallylcopper(ii) intermediate, if formed,
would give a different product pattern to that of a direct
displacement mechanism. In the triallylcopper pathway
(path I, Scheme 1) a 2:1 ratio between cross-coupled and
homo-coupled product is expected, provided that the allyl
groups bound to copper behave in an equivalent manner. In
the direct displacement pathway, in which copper stays as Cu'
(path I1),31 only cross-coupled product would be produced
and no homo-coupled product should be formed.
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R~_X + (RWCUMgY

R. X R"
R N \
A path | /\/\CW\ .
CU\/\/ R - R
R~/
th i {
a
I? "
R\/\/\/\ R
cross-coupling reductive
elimination
RIWR' + RW R

homo-coupling cross-coupling

1 : 2
Scheme 1. Two possible mechanisms in the allylic substitution reaction, via

a copper(i))-intermediate (path I) and a direct displacement mechanism
(path II).

It has been argued that three R groups on a Cu' center do

not occupy equivalent structural positions due to the fact that
the Cu'-ligand environment is square planar. This would be
in accordance with the observation that many substitution
reactions give a very high yield of cross-coupled products. The
Cu™ intermediate is assumed to have a square planar
structure where the two groups originally present in the
cuprate occupy trans positions. Two groups involved in a
reductive elimination have to be cis to one another, and
therefore the last incoming group would always be involved in
the reductive coupling.'* 1 However, with a triallylcop-
per(i11) intermediate the situation could be different as a result
of the rapidly interconverting bis(o-allyl)(r-allyl)Cu™, which
may make the three allyl groups equivalent.

In general, the use of allylic Cu' reagents has been limited
due to their difficult preparation and limited thermal stabil-
ity.lll. The development of allylic “higher-order cyanocup-
rates” (cyano-Gilman reagents) by Lipshutz et al.,l'! and the
synthesis of highly reactive allylcopper from zerovalent
copper developed by Rieke and co-workers['’] have recently
made this class of reagents more accessible. Allylic copper
reagents derived from Grignard reagents have been success-
fully used in a number of reactions. Substitution reactions of
dienyl triflates,'® alkyl halides!" and 1,1-dibromo-1-al-
kenes,?” ring opening of epoxides?!! and lactones,??! addition
to imines,?! and conjugate additions? have been realized
either by employing a stoichiometric preformed cuprate, or a
catalytic amount of a copper salt together with the allylic
Grignard reagent. Some examples of allylic substitution
reactions employing (allyl)copper intermediates have also
appeared in the literature.!% 2>-27)

Results

We started our investigations with simple nonsubstituted allyl
Grignard reagents and y-alkyl-substituted allylic acetates. It
soon became obvious that allylic esters are very susceptible
towards attack on the carbonyl function by the allyl Grignard
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reagents, thus producing the corresponding allylic alcohol and
a tertiary alcohol. This reaction is very fast due to the
involvement of a cyclic six-membered transition state. This
side reaction took place even if magnesium diallylcuprates
were preformed before addition of the allylic substrate.

By adjustment of the reaction conditions, the undesired
reaction of the carbonyl function with the Grignard reagent
can be slowed down compared with the allylic substitution.
Allylic esters with a more sterically hindered leaving group,
for example a mesitoate (2,4,6-trimethylbenzoate, OC(O)-
Mes), are known to be less susceptible to carbonyl attack by
Grignard reagents?” and this was also the case in our system.
Further improvement was achieved by a change of solvent from
Et,0 to THF, and by use of allyIMgCl instead of allyIMgBr.
Thus, the carbonyl attack was suppressed completely in favor
for the allylic substitution reaction (Scheme 2).

nC5H11/\/\x + (/\/),CuMgY

Et,0
X =0Ac X OC(O)Mes
Y =Br Y =Cl

nCeHyy ™ ""0H  nCsHir """

carbonyl attack + isomers
allylic substitution

Scheme 2. Carbonyl attack or allylic substitution depending on the
reaction parameters.

With THF as solvent the Grignard reagent becomes less
reactive towards the carbonyl group and under these con-
ditions allyIMgCl did not attack the carbonyl of the allylic
acetate. The solvent effect can be explained in two ways:
i) coordination of THF to Mg blocks the coordination of the
carbonyl oxygen to the allyl Grignard reagent and ii) THF is a
better solvent for the precursor Cu! salt and the allylic copper
species formed, and therefore results in a more complete
cuprate formation compared with Et,O as the solvent. It has
recently been concluded from X-ray measurements that the
structure of Me,CulL.i is solvent dependent, Me,CuLi being
present as a dimer in Et,O, but as a monomeric ionic species
Me,Cu~ and Li* in THE.

With these optimized reaction conditions in hand we turned
to reactions with y-substituted allylic Grignard reagents.

Reactions involving preformed diallylcuprates: An allylic
ester and an allylic Grignard reagent containing y-alkyl
substituents of similar size were chosen for this study to
minimize the influence of the substituents on the product
distribution (Scheme 3, Table 1).

A diallylcuprate was generated from 2.3 equiv Grignard
reagent and 1.2 equiv Cu! salt in THF at —20 to —30°C. The
allylic ester (1 equiv) was subsequently added at the temper-
ature specified in Table 1. Cross-coupling a,a’ and homo-
coupling o’,a" predominated, but also minute amounts of «,a-
homo-coupling product originating from the allylic ester was
observed. A control reaction without any addition of allylic
ester was always run parallel to estimate the amount of o',a’-
homo-coupling products from decomposition reactions of the
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Table 1. Reactions between allylic esters and preformed diallyl cuprates.®

Entry Substrate Diallyl cuprate Cu source T [°C] Conversion [%] Product distribution!®!
5 6 7
1 la 3 CuBr-SMe, —60 100 40 56 (a',a) 4 (a,@)
2 1a fe] CuBr-SMe, —60 < 10 - - -
3 1a 4 CuBr-SMe, - 60 100 40 55 (a',a’) 5 (a,a)
4 la 3 CuBr-SMe, -20 90 50 43 (a',a) 7 (a,@)
5tel 1a 3 CuBr-SMe, -20 95 56 38 (a',a) 6 (a,a)
6 1la 3 Cul —60 100 44 50 (a',a) 6 (a,a)
7 1a 3 CuCl-2LiCl -30 100 38 57 (o)) 5 (o)
8 1b 3 CuBr-SMe, -20 95 49 41 (o',a') 9 (a,@)
9lel 1b 3 CuBr-SMe, 20 90 s8 37 (a,a) 5 (a,0)
10 2a 4 CuBr-SMe, —60 100 39 5 (a.q) 56 (o\a')
11 2a 4 CuBr-SMe, —20 100 42 5 (a,a) 53 (o,a')

[a] Unless otherwise noted, the reactions were run according with the general procedure stated in the Experimental Section. [b] Product ratios are after
subtraction of the amount of a’,a’-product formed in the control reaction. [c] A monoallyl copper species made from 1.3 equiv CuBr- SMe, and 1.3 equiv allyl
Grignard was used. [d] 3 equiv of allyl Grignard for each Cu. [e] Ten times more diluted reaction mixture. Reaction time 2 h.

nCsH11/\/\X + (nC3H7MCuMgCI
1a: X = OAc 3
1b: X = OC(O)Mes
CsH
nC5H11/Mn 37
5 (o,0')
C3H
,,CSH7/\/\/\/’7 37

THF 6 (orsat)

CsH
nCsHﬂ/\/Wn sh
7 (o)

ACaHy "Ny 4 (CsH e N"ScuMgel
2a:X = 0OAc 4
2b: X = OC(O)Mes

ﬁ’ 5 (a,a') + 6 (o) + 7 (o',x)

Scheme 3. Reactions between allylic esters and preformed diallylcuprates.

Grignard reagent or allylic copper species under the reaction
conditions. The product ratio stated was determined from
GC-analysis of the reaction mixture, and after subtraction of
the small amount of a',a’-homo-coupling product in the
control reaction in each case. It should be noted that careful
preparation of the allylic Grignard reagents gives a diallyl-
cuprate reagent free from these Wurtz-coupling-type prod-
ucts. However, these Grignard reagents have limited stability
and decompose slowly to give coupling products (complete
decomposition within a week).?”! They should therefore be
used shortly after preparation.® From the results of the
control reactions it could be concluded that the magnesium
diallylcuprates did not give any significant amounts of homo-
coupling products at low temperature (—60°C) under the
reaction conditions employed, but when the temperature was
raised, increasing amounts of homo-coupling were ob-
served.B!

All copper-mediated coupling reactions studied showed
high selectivity (=95%) for the straight-chain products, as
mixtures of E/Z-isomers,*2l with only minor amounts of other
regioisomers being formed. A similar selectivity was noted by
Linstrumelle et al.'*!l This is in contrast to the results of
Yamamoto et al.?®! for the reaction between allylic substrates

Chem. Eur. J. 2001, 7, No. 9
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and prenyl Grignard reagents mediated by CuCN - 2LiCl. The
latter reaction was y,a’-selective, with the prenyl unit reacting
at the least substituted terminus and the allylic electrophile
reacting in a Sy2’ fashion.

The reaction of allylic acetate 1a with diallylcuprate 3,
prepared from CuBr-SMe,, was studied under different
conditions. At —60°C (Table 1, entry 1) a mixture of cross-
coupling product 5 and homo-coupling products 6 (¢’,a’) and
7 (a,a) was formed in a ratio of 40:56:4. A monoallylcopper
species on the other hand resulted in a very poor reaction, less
than 10% conversion was achieved at —60°C (Table 1,
entry 2). Changing the stoichiometry of copper salt to
Grignard reagent to 1:3 resulted in a similar ratio compared
to that of the reaction with a diallylcuprate (Table 1, entry 3).
Performing the reaction between la and 3 at a higher
temperature (—20°C) gave a product ratio 5:6:7 of 50:43:7
(Table 1, entry 4). Apparently, a higher temperature gives a
ratio between the cross-coupling and homo-coupling products
slightly closer to the predicted ratio of 67:33:0 for a Cu'"
intermediate (Scheme 1). To investigate the effect of concen-
tration, reactions were also run under more dilute conditions
(10 times more diluted, 0.01m of 1a). At —60°C, the reaction
was very slow under these conditions, but at —20°C a
reasonably fast reaction was achieved (more than 90%
conversion after 2h) and 1a and 3 gave a product ratio
5:6:7 of 56:38:6 (Table 1, entry 5). This ratio is closer to the
predicted ratio than that obtained at higher concentration.
Changing the catalyst precursor to Cul had a minor influence
on the ratio (Table 1, entry 6). CuCl-2LiCl could also be used
as catalyst precursor with a similar result (Table 1, entry 7).
The reaction of allylic mesitoate 1b was also investigated
(Table 1, entries 8 and 9) and resulted in similar product ratios
as obtained for 1a. Also here, reaction under more dilute
conditions (entry 9) gave a ratio quite close to that predicted
by a Cu' intermediate.

As can be noted in Table 1, in all cases the reactions give
substantial amounts of a’,a’-homo-coupling product and also
small amounts of the a,a-product. Formation of the a',a'-
homo-coupling product is expected if the reaction proceeds
via a Cu'! intermediate with three equivalent allyl groups
(Scheme 1). With the alternative direct displacement mech-

0947-6539/01/0709-1983 $ 17.50+.50/0 1983





FULL PAPER

J.-E. Bickvall and A. S. E. Karlstrom

anism, not involving Cu'™ (path II, Scheme 1), only the cross-
coupling product a,o’ would be formed. However, the Cu'!
pathway should only result in 33% of a',a’ coupling. The
observation of an excess of «’,a’ product compared with the
model compound, and the formation of a,a-homo-coupling,
must be explained in a different way.

It is known that reductive elimination is favored by
electron-withdrawing ligands. For example, for organopalla-
dium and organonickel complexes it has been shown that
coordination of an electron-withdrawing olefin such as maleic
anhydride or allyl chloride can induce reductive elimination
resulting in a coupling product and a metal-olefin com-
plex.P3l We reasoned that the coordination of an allylic ester
to the diallylcopper(1) species can result in a similar effect, and
promote the a’,a’-homo-coupling reaction, before the oxida-
tive addition of the allylic ester would occur. To test this
hypothesis, the electron-withdrawing olefins maleic anhydride
and allyl ethyl ether were added to a diallylcuprate at —60°C
under the same conditions as for the reactions with allylic
esters (Scheme 4). The amount of homo-coupling was then

nC3H7/\/\/\/"C3H7
6 (o',a)
(nCaH™"fcumger — 2810 nCah TN A
3 THF, -60 °C nCsHz
8 (a'yy")
nC3H7j$
nCaH;” 7
9¢Y)

Scheme 4. Olefin-promoted homo-coupling in a diallyl cuprate.

compared with a control reaction without the olefin. The
solution of cuprate 3 turned bright red immediately upon
addition of maleic anhydride at —60°C. After 30 min at this
temperature, significant formation of «’,a’-product 6 was
noted; about 30% was formed in the presence of maleic
anhydride compared with less than 5% in the control
reaction. Also 10% of the a',y’-product 8 was formed in this
reaction. Interestingly, a considerable amount of y’,y’-product
9 was formed. Diene 9 could not be detected in the control
reaction, but increased to 30% in the presence of maleic
anhydride. With allyl ethyl ether a smaller, but nevertheless
significant effect was observed. 10 % each of the a’,a’-product
6 and «',y’-products 8 were formed together with 3% of the
y',y'-product 9. It should be noted that no conjugate addition
to maleic anhydride, or substitution reaction of allyl ethyl
ether could be detected under the reaction conditions
employed for these experiments. These results clearly show
that an olefin with electron-withdrawing properties can
interact with a diallylcuprate to promote coupling of the allyl
groups. The different regiochemistry of the coupling products
in the presence of maleic anhydride and allylic esters can not
be explained at the moment.

An explanation for the observation of the homo-coupling
product a,a is that there is incomplete formation of the diallyl-
cuprate.’¥ In this case free allyl Grignard reagent would be
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present in the solution. A reductive elimination from the Cu™

intermediate to give «',a’-homo-coupling then leaves an
R-allyl-Cu! species that can react with this free R’-allyl
Grignard reagent to give a mixed diallylcuprate. The latter
can then in turn react with the R-allylic ester to give rise to
a,0’- and a,a-products. This is further discussed for the
reactions involving a catalytic amount of Cu' (see below).
Similarly, any ligand-exchange processes between the remain-
ing diallylcuprate and the allylCu released after a reaction
cycle can also give rise to a mixed cuprate. Lipshutz et al. have
shown that Gilman cuprates readily exchange ligands in ether
solvents.B

To rule out that the above results are a consequence of the
different chain lengths of the substituents on the allyl
moieties, reactions were also performed using substrates with
the opposite substitution pattern (Table 1, entries 10 and 11).
Reaction of allylic acetate 2a with diallylcuprate 4 gave
results similar to those obtained for 1a and 3.

In addition, reactions were also run using the deuterated
allylic acetate 10 and the nondeuterated diallylcuprate 4 with
the same y substituent, nCsH;; (Scheme 5). The product

D. D
nc5H11/\)<OAc * (nCsH1 ™ "JcuMgC|
10 4
El _Ci
D D
CsH
nCSHﬁ/\)Wn 5114 42 33
11 (a,0)
CsH
nCsH11Mn 514 51 56
THF, -60 °C 7 (a',a")
D D
H
nC5H11/\>$(\V”C5 " 5 11
D D
12 (a0

Scheme 5. Reaction of a deuterated allylic acetate with a diallyl cuprate.

composition was evaluated using electron impact (EI), and
chemical ionization (CI) GC-MS, by comparison of the
molecular ion peaks for the deuterated and nondeuterated
products. The values obtained from EI and CI differ to some
extent, but the product ratios are comparable to those
obtained with nondeuterated substrates in Table 1.

Reactions with a catalytic amount of a copper() salt: A
reaction mediated by a catalytic amount of copper is expected
to give a slightly different product ratio compared with the
stoichiometric reaction. The reason is that after the first cycle
a’,a’-homo-coupling product from (R’-allyl),(R-allyl)Cu
would leave 33% of (R-allyl)Cu, in which the allyl group
now originates from the allylic ester. Reaction with the
Grignard reagent and subsequent oxidative addition would
give (R-allyl),(R’-allyl)Cu, which now would produce % of
cross-coupling (a,a’) and ' of a,a-homo-coupling. The cross-
coupled product should still make up for % of the total
product yield, but the relative amount of a’,a’-product should
decrease for each successive catalytic cycle and the relative
amount of a,a-product should increase. The product ratio
(a,0:0/,0:a,a) will be determined by Equation (2) and will
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approach approximately %5:%:% at high turnover numbers
according to this statistic analysis.’*) The catalytic reaction
was studied using 5 mol % of a Cu! salt as catalyst (Scheme 6,
Table 2). The predicted ratio 5:6:7 at 20 turnovers is 67:18:15
according to Equation (2).

(@, d' . o) 1<210>+1n 21 k=1 ke o
da,dd,aa),=—= =, - I —— —, _
n\3" 3 neg \3 3 L3¢ L3k

The Grignard reagent in THF was added over 30 minutes by
means of a syringe pump to minimize carbonyl attack by the
Grignard reagent (see above). For these catalytic experi-

nCsHir "X 4 nCaH;” ™ -"MgCl

1a: X = OAc 13
1b: X = OC(O)Mes
C3H
PRI e S S
5 (a,a")
1
5% Cu'Y n03H7/\/\/\/n03H7
THF 6 (o)
nCsHﬁ/\/\NnCsHﬁ
7 (o,0)

ACsH "X v nCeHirT " Mgel
2a: X = OAc 14
2b: X = OC(O)Mes

5% Cu'Y
_——
THF

Scheme 6. Reactions between allylic esters and allylic Grignard reagents
catalyzed by a copper(1)-salt.

5 (a,a) + 6 (o,a) + 7 (a',')

ments, the temperature is critical. At low temperatures
(=70 or —30°C) with Cul as catalyst, no reaction was
observed between allylic mesitoate 1b (R=nCsH;;) and
Grignard reagent 13 (R'=nC;H;). Even if the reaction
temperature is raised later, the reaction does not perform
well. At —20°C and at 0°C the allylic substitution reaction
goes to completion. At 0°C the reaction is fast, and full
conversion is achieved within one hour (Table 2, entry 1)
giving the cross-coupled product § and homo-coupled prod-
ucts 6 and 7 in the ratio 62:23:15. At —20°C the reaction is
slower and full conversion is reached within 3 h (Table 2,

entry 2). CuBr-SMe, could also be used as catalyst and at
0°C, and gave a similar result to that of Cul (Table 2, entry 3).

Reactions run with allylic mesitoate 2b (R =nC;H,) and
Grignard reagent 14 (R’ =nCsH,;) gave similar results. Thus,
opposite chain lengths compared with 1b and 13, as in the
stoichiometric reaction, did not affect the outcome of the
reactions (Table 2, entries 4 and 5). Allylic acetates were not
suitable substrates in the catalytic reaction and carbonyl
attack by the Grignard reagent was the main reaction.

The allylic mesitoate 1b did not react with CuCN -2 LiCl as
catalyst at low temperatures and the starting material was
recovered. At —20°C full conversion of 1b was achieved, but
the major reaction was carbonyl attack leading to the
formation of the corresponding allylic alcohol. Only when
the reaction was run at 0°C a reasonable selectivity for the
allylic substitution reaction was achieved (Table 2, entry 6),
but there was still a significant amount carbonyl attack under
these conditions. For this reason the ratio of homo- and cross-
coupled products deviated slightly to those observed for the
other catalysts studied (Cul and CuBr-SMe,). Again, there
was high selectivity for the straight chain products 5—7 in all
cases studied.

Notably the product ratios obtained under these catalytic
conditions are close to the ratio predicted by Equation (2).
Compared with the stoichiometric reactions, the catalytic
reactions give more of the a,a-, and less of the a',a’-homo-
coupling products. Especially the formation of more «,a-
homo-coupling product under the catalytic conditions, is a
strong indication for a Cu'"intermediate. It is also noteworthy
that the catalytic reaction, as observed for the preformed
cuprates, is highly selective for the straight chain 1,5-diene
products. Yamamoto et al.?*d have studied the CuCN -2 LiCl
catalyzed cross-coupling between allylic Grignard reagents
and allylic phosphates in THF. They found that the reaction
was selective for the y,a’-product. Only minor amounts of the
straight chain a,a’-products were formed. This is in sharp
contrast to our study with allylic mesitoate in THF where the
straight chain cross-coupling products dominate. Also, Yama-
moto et al. report high isolated yields (>89 %) of the cross-
coupling product without any mentioning of homo-coupling
as side reaction.?**dl We repeated this reaction and obtained
results similar to those of Yamamoto et al. Compound 16
(y,a’) was formed together with the a,a’-product 5 in a ratio of
95:5 (isolated yield 63 %) from allylic phosphate 1524 and
Grignard reagent 14 [Eq. (3)]. Less than 2% of homo-

Table 2. Allylic substitution between allylic esters and allylMgCl catalyzed by a Cu' salt.l?]

Entry Cu-catalyst Substrate/Grignard T [°C] Conversion [%] t [h] Product distribution!®
6 7

1 Cul 1b/13 0 100 1 62 23 (o)) 15 (o)
2 Cul 1b/13 ~20 100 3 59 25 (o) 16 (c)
3 CuBr-SMe, 1b/13 0 100 1 59 26 (o) 15 (a,a)
4 Cul 2b/14 ~20 90 4 62 19 () 19 (o0t')
5 Cul 2b/14 0 100 1 58 15 (a,q) 27 (o)
6 CuCN-2LiCl 1b/13 0 100 [ 1 60 30 (a',a) 10 (a,a)

[a] Unless otherwise stated, the reactions were run according with the general procedure in the Experimental Section. [b] Product ratios are after subtraction
of the amount of a’,a’-product formed in the control reaction. [c] Allylic substitution accompanied by carbonyl attack.
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coupling products from the Grignard reagent 14 was formed
and homo-coupling products from the allylic phosphate could
not be detected.

nCaHy " 0P(0)(OPh),

14, 5% CuCN-LiC! S nCsH;
————————» nCsgHqy
THF, -60 °C /\/\(
N

16 (y,a)

15 3)

However, as mentioned above, the less reactive allylic
mesitoate 1b did not react with CuCN-2LiCl as catalyst at
low temperatures. We interpret these results in the following
way: The very reactive allylic phosphate reacts with a lower-
order cyanocuprate, allylCu(CN)MgCl, formed from the
allylic Grignard reagent and CuCN at —78°C. At this
temperature the cyano diallylcuprate reagent®?” allyl,CuMgCl
-LiCN is not formed. The regioselective Sy2'-attack on the
allylic phosphate and the absence of homo-coupling products
supports that the active catalyst is a monoallylcopper species
which would favor formation of y product (see Scheme 7).
The unreactive mesitoate 1b, on the other hand, does not
react with these lower-order species, but at 0°C, a temper-
ature high enough for the formation of a cyano diallylcuprate,
a coupling reaction takes place. The more reactive diallyl-
cuprate reacts with 1b via a triallyl-Cu'" intermediate and a
mixture of homo- and cross-coupled products are formed.
Diallylcuprate would favor formation of the a product.
Attempts to react either 1a or 1b with preformed monoallyl
cyanocuprate 17 or cyano diallylcuprate 18 were unsuccessful.
Cuprate 17 did not react with 1a at —40 or —20°C and
decomposed immediately when warmed to 0°C. Cuprate 18
did react with 1b to some extent at 0 °C before decomposition,
resulting in products §, 6, and 7 in a ratio of 54:43:3. Reaction
of 18 with 1a was unsuccessful, leading to carbonyl attack and
recovery of the starting material.

nCaH " SSCUCNIMGCE (PCsH ST BCuMgCHLICN
17 18

The similarities in regioselectivity and product composition
in the reaction between 1b and 13 catalyzed by Cul and
CuCN -2 LiCl further support the view*”l that the cyano group
is not residing on copper in a “higher-order” cyanocuprate.

Discussion

Extensive studies by Kochi et al.*¥ of the reactions of gold
complexes RAU'L and R,Au'L have revealed that they react
with alkyl halides through an oxidative addition to yield an
Au' complex which on reductive elimination yields a cross-
coupled product and an Au! species. The oxidative addition of
alkyl halides to R,Au(L)Li gives the trans-product. The
square planar R;Au™L-complex can undergo reductive elim-
ination, through initial dissociation of L, as well as cis —trans
isomerization of the ligands. The reductive elimination
proceeds by loss of cis-alkyls from a T-shaped R;Au™
intermediate. Scrambling of groups between different
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R;Au™ML complexes has also been noted. However, Kochi
et al. also investigated the corresponding reaction of dimethyl-
cuprate with CD;l without finding any exchange of alkyl
groups or homo-coupled products. Only cross-coupled prod-
uct (CH;—CD;) was observed. A mechanism via Cu'™ with
reductive elimination of cis groups, similar to the gold
mechanism, was proposed, but a direct displacement via a
four-centered transition state could not be ruled out.%!

We and others have earlier proposed that the allylic
substitution reaction between an allylic ester and an organo-
cuprate proceeds through initial ;t complexation of Cu! to the
allylic double bond, followed by an Sy2'-selective oxidative
addition anti to the leaving group.® % % £ 31 The (o-allyl)-Cu'"
complex thus formed can undergo a fast reductive elimination
if one group on Cu is cyanide or halide (cf. the case of a lower-
order cyano cuprate, see above). Without an electron-with-
drawing group on Cu' (Y =R’ =alkyl or allyl), the reductive
elimination is delayed and an isomerization, presumably via a
(m-allyl)copper(1) intermediate can take place to a terminal
(o-allyl)copper(it1) species. Reductive elimination from this
species would give the product of formal Sy2 attack
(Scheme 7).

Q [R'CuY]”
R~ _sOCR"

o -
I
v | m-complex

Cu
Y/ \Rn

‘/reductive

R\/\ elimination RV\

H Y =CN,Cl =

/ Cu R
Y R ¥
n-allyl Cu Y = alkyl or allyl
Y/ -Rl
\ R reductive
| elimination
—_—————

R\/\"'R‘
o

Scheme 7. Proposed mechanism for the copper-mediated allylic substitu-
tion reaction (R’ =alkyl or allyl).

The results of the present study strongly support this
mechanistic proposal. The product ratios obtained from the
stoichiometric reactions differ slightly from the ratio predict-
ed by the Cu'! pathway (a,a’-cross-coupling and a’,a’-homo-
coupling in a ratio of 2:1) but our results can not be
accommodated by the direct displacement mechanism. It is
noteworthy that the results from the study with catalytic
amounts of copper give product ratios very close to those
predicted by the Cu! mechanism. For the stoichiometric
reactions with preformed diallylcuprates, a larger deviation
from the ratio predicted is observed. The excess a’,a’-homo-
coupling can be partly accounted for by an olefin-promoted
reductive elimination. The difference between the stoichio-
metric and catalytic reactions with respect to the relative
amount of a’,a’-homo-coupling product can also be accounted
for by the different concentrations of the organocopper
species. Indeed, stoichiometric reactions performed under
more dilute conditions resulted in product ratios closer to
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those expected from a Cu'! intermediate (Table 1, entries 5

and 9). These results imply that aggregation or other
concentration-dependent phenomena can be important for
the cuprate reactivity.

The possibility of the allyl group to form both o- and m-allyl
complexes] provides a way for equilibration of the different
allyl groups in a Cu™ intermediate (Scheme 8). Thus, by

R R

= R\/\/CUJ

Scheme 8. Equilibration of the ligands in a triallyl-Cu'! intermediate via
o-allyl - rt-allyl interconversions.

formation of a complex with two o-allyl ligands and one
m-allyl ligand, a 16-electron configuration is achieved. The
corresponding trialkyl Cu™ complexes do not match this
configuration, and the R;Cu 14-electron complex would need
stabilization from a donor ligand to give a 16-electron
complex.l"?l This would explain the lack of homo-coupling in
the reaction between dimethylcuprate and CD;1.%I Stabili-
zation could also be possible by dimerization through bridging
alkyl groups. In this case the three groups bound to the copper
will not be equivalent and a selective cross-coupling reaction
is achieved. Hutchinson and Fuchs proposed that the some-
times odd reactivity of lithium diallylcuprate, compared with
dialkylcuprates, is due to that the allyl ligands can act as 7,
4-electron ligands to Cul.*!

Conclusion

The copper-mediated allylic substitution reaction of allylic
esters with allylic Grignard reagents gives mixtures of differ-
ent homo- and cross-coupled 1,5-dienes. The ratio between
cross-coupling and homo-coupling product obtained rules out
a direct displacement mechanism and provide strong support
for a Cu' intermediate with three pseudo-equivalent allyl
groups. The latter intermediate would give the observed
mixture of 1,5-dienes through reductive elimination. The fact
that the experimental data from the copper-catalyzed cou-
pling reactions are in good agreement with the predicted
statistical distribution between the 1,5-dienes, lends strong
support to a copper(il) intermediate. The possibility of the
allylic group to form both o- and n-allyl complexes provides a

way for equilibration of the different allyl groups on Cu'.

Experimental Section

General methods: NMR spectra were recorded for CDCl; solutions (H at
300 or 400 MHz and *C at 100.5 or 75 MHz, using residual CHCI; as
internal reference (6 =7.26 in 'H, 6 =77.0 in *C NMR spectra). THF and
Et,0 were distilled from Na/benzophenone under a nitrogen atmosphere.
All glassware was oven-dried, or flame-dried under vacuum prior to use.
Low reaction temperatures were maintained by use of a cryostat or an

Chem. Eur. J. 2001, 7, No. 9
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acetone-dry ice bath. All reactions were run under an argon atmosphere.
Product compositions were evaluated by GC (with decane as internal
standard), GC-MS (Electron impact (EI) or chemical ionization (CI)), and
NMR-analysis.

Preparation of starting materials: (E)-2-Octen-1-0ll®?l was prepared by
DIBAL-H reduction®¥ of ethyl-trans-2-octenoate. Allylic chlorides (E)-1-
chloro-2-hexenel* and (E)-1-chloro-2-octenel*??! were prepared from the
corresponding allylic alcohols through reaction with NCS and Me,Si* or
PPh;.[¥1 Acetylation and mesitoylation of the allylic alcohols were
performed with acetic anhydride and mesitoyl chloride, respectively.*
Compounds 1a®! and 2al*l had spectral data in accordance with the
literature.

(E)-2-Octenyl-2 4,6-trimethylbenzoate (1b): '"H NMR (300 MHz): 6 =6.83
(s, 2H), 5.85 (m, 1H), 5.65 (m, 1H), 4.74 (dd, J = 6.6, 0.8 Hz, 2H), 2.28 (s,
6H), 227 (s, 3H), 2.06 (q, J = 6.9 Hz, 2H), 1.45—-1.20 (m, 6 H), 0.88 (1, J =
6.9 Hz,3H); *C NMR (75 MHz): 6 =169.8,139.0, 137.2, 134.9, 128.2,123.5,
65.6,32.3,31.4,28.6,22.6,21.2,19.8,14.1; IR: #=1725,1612 cm~'; MS (EI):
miz (%): 274 (6) [M]*, 176, 175, 164, 163, 147 (100), 146, 119, 91.
(E)-2-Hexenyl-2,4,6-trimethylbenzoate (2b): 'H NMR (400 MHz): 6 = 6.89
(s, 2H), 5.86 (dtt, J=15.3, 6.7, 1.1 Hz, 1H), 5.68 (dtt, /=153, 6.6, 1.5 Hz,
1H), 475 (dq, J=6.6, 0.9 Hz), 2.29 (s, 6H), 2.27 (s, 3H), 2.06 (brq, J =
74 Hz, 2H), 1.43 (sextet, J = 74 Hz, 2H), 0.91 (t, ] = 7.4 Hz, 3H); °C NMR
(100.5 MHz): 6 =169.7, 139.0, 136.9, 134.9, 130.9, 128.2, 123.7, 65.6, 34.4,
22.2,21.3,19.8, 13.8; IR: 7= 1725, 1612 cm™"; MS (EI): m/z (% ): 246 (18)
[M]+, 217, 203, 176, 175, 164, 163, 147, 146, 119, 91.

The deuterated allylic acetate 10 was prepared from ethyl-(E)-2-octenoate
by reduction with diisobutylaluminium deuteride*”) followed by standard
acetylation.

1,1-Dideuterio-(E)-2-octenol: 'H NMR (400 MHz): 6 =5.70 (dt, J=15.3,
6.3 Hz, 1H), 5.62 (brd,J=15.3 Hz, 1H), 2.04 (tdd, J=7.3, 6.3, 1.0 Hz, 2H),
143-123 (m, 6H), 0.89 (t, J=7.0 Hz, 3H); *C NMR (100.5 MHz): 6 =
133.9, 1288, 32.6, 31.8, 29.2, 22.9, 14.5; IR: #=3326 (br), 2187, 2085,
1668 cm™"; MS (EI): miz (%): 128 (3) [M]*, 113, 112, 97, 96, 84, 83, 82, 81,
80, 79, 71, 70, 69 (100), 68, 67.

1,1-Dideuterio-(E)-2-octenyl acetate (10): 'H NMR (400 MHz): 6 =5.77
(dt, J=15.4, 6.8 Hz, 1H), 5.55 (brd, J=15.4, 1H), 2.05 (s, 3H), 2.05 (m,
2H), 1.43-1.22 (m, 6H), 0.88 (1, J =6.8 Hz, 3H); C NMR (100.5 MHz):
0=170.7, 136,7, 123.4, 32.3, 31.5, 28.7, 22.6, 21.2, 14.2; IR: 7=2232, 2164,
2105, 1742 cm™.

Preparation of allylic Grignard reagents: Magnesium turnings (121 mg,
5 mmol) were flame-dried under vacuum for a few minutes in a Schlenk
tube. Vigorous stirring under argon overnight produced very active
magnesium. THF (0.5 mL) was added to the magnesium. (E)-1-Chloro-2-
hexene (119 mg, 1 mmol) was dissolved in THF (1.5 mL). A few drops of
this solution were added at room temperature to start the reaction. The
reaction mixture was then cooled to —15°C by means of an ice-salt bath.
The solution of allyl chloride was added dropwise during 1 h using a syringe
pump. The resultant grey-brown solution was stirred for 30 min. A GC-
analysis was made to ensure complete conversion. The molarity of the
Grignard reagent was then estimated by titration against an 1M solution of
2-butanol in xylene using N-phenyl-1-naphthylamine as indicator.[*! The
reagent usually had a concentration ranging between 0.42-0.45m, and was
best used the same day as it was prepared. Storage resulted in decom-
position and formation of Wurtz-type-coupling products.?’)

General procedure for reactions using preformed diallylcuprates: CuBr-
SMe, (37 mg, 0.18 mmol) was placed in a Schlenk tube. The tube was
evacuated and filled with argon. This procedure was repeated twice. THF
(I1mL) was added. The suspension was cooled to —20°C and allylic
Grignard reagent 3 (0.45M, 0.8 mL, 0.35 mmol) was added. The resulting
dark green-brown reaction mixture was stirred at this temperature for
15 min. The temperature was then adjusted to the given reaction temper-
ature (see Table 1). Substrate 1a (26 mg, 0.15 mmol) and decane (21 mg,
0.15 mmol) were dissolved in THF (1 mL) and added to the reaction
mixture through a cannula. GC samples were taken from the reaction
mixture at regular intervals and quenched in 2m HCI (aq). Usually the
reactions were complete within 1 h. The reaction was quenched by addition
of 2m HCl (1 mL) and Et,0 (2 mL). Extraction of the aqueous phase with
Et,0 followed by washing of the combined organic fractions, drying over
MgSO, and evaporation of all volatiles gave a mixture of the reaction
products that was analyzed by NMR and GC. A control reaction was
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prepared and treated in the same manner as the reaction, but excluding
addition of the allylic ester.

General procedure for reactions employing a catalytic amount of copper:
Cul (2 mg, 10 pmol), allylic ester 1b (55 mg, 0.20 mmol), and decane
(28 mg, 0.20 mmol) were placed in a Schlenk tube. The tube was evacuated
and filled with argon; this procedure was repeated three times. THF (2 mL)
was added. The suspension was cooled to the given reaction temperature
(see Table2) and the allylic Grignard reagent 3 (0.45M, 0.67 mL,
0.30 mmol) was added over 30 min by use of a syringe pump. After
complete addition, GC samples were taken at regular intervals. When the
reaction was completed the same workup procedure as above was
performed, except when CuCN was employed as catalyst, NH,Cl (aq)
was used to quench the reaction. A control reaction was prepared and
treated in the same manner as the reaction, but excluding the allylic ester.

Data for the substitution products: 1,5-Dienes 5—7 were synthesized by an
independent method and had the same spectral data and retention times as
the products obtained in the copper-mediated coupling reactions.
(E,E)-6,10-Tetradecadiene (5): '"H NMR (400 MHz): 6 =5.40 (m, 4H), 2.04
(m, 4H), 1.96 (m, 4H), 1.36 (sextet, J=7.3 Hz, 4H), 1.29 (m, 4H), 0.89 (t,
J=73Hz, 6H); *C NMR (100.5 MHz): 6 =130.6, 130.3, 129.8, 129.5, 34.8,
32.9,32.7,31.5,29.4,22.8,22.7,14.2, 13.8; MS: m/z (%): 194 (19) [M]*, 193,
152, 151, 138, 137, 124, 123, 110, 109, 96, 95, 82, 81, 79, 69, 67 (100).

(E, E)-4,8-Dodecadiene (6):*/ "H NMR (400 MHz): 6 =5.40 (m, 4H), 2.05
(m, 4H), 1.96 (m, 4H), 1.36 (sextet, J =73 Hz,4H), 0.89 (t,/ =7.3 Hz, 6 H);
BCNMR (100.5 MHz): 6 =130.3, 129.8, 34.8,32.9,22.8,13.8; MS: m/z (% ):
166 (9) [M]*, 165, 124, 123, 110, 109, 95, 82, 81, 79, 67 (100).
(E,E)-6,10-Hexadecadiene (7): '"H NMR (400 MHz): 6 =5.40 (m, 4H), 2.04
(m, 4H), 1.97 (m, 4H), 1.38-1.20 (m, 12H), 0.89 (t, J=6.9 Hz, 6H);
BC NMR (100.5 MHz): 6 =130.6, 129.6, 32.9, 32.7,31.5,29.4,22.7,14.2; MS:
miz (%): 222 (28) [M]*, 221, 152, 151, 138, 137, 123, 110, 109, 96, 95, 82, 81
(100), 79, 69, 68, 67.

3-Propyl-1,5-undecadiene (16): (isolated as a mixture of E- and Z-isomers,
with 5% of 6 and 8% of 7): 'H NMR (400 MHz): 6 =5.58 (m, 1H), 5.44 -
5.31 (m, 2H), 4.98-4.91 (m, 2H), 2.00 (m, 2H), 1.42-1.15 (m, 10H), 0.91 -
0.86 (m, 6H); MS: m/z (%): 194 (4) [M]*, 165, 151, 137, 123, 109, 96, 95, 82,
81, 79, 69, 67 (100).
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Studies of the Synthesis of SSZ-25 Zeolite in a ‘“Mixed-Template” System

Stacey 1. Zones,*!*! Son-Jong Hwang,™ and Mark E. Davis!"!

Abstract: The synthesis of aluminosili-
cate zeolite, SSZ-25, is described using a
two-component organic guest molecule
strategy. This method has been recently
described by us and is quite effective in
crystallizing a variety of aluminosilicate
zeolites with reduction in template cost.
In this instance the original organic
guest component used in the discovery
of SSZ-25, N',N',N'-trimethyl-2-ada-
mantammonium cation, is used in con-
junction with a variety of smaller
amines. The amine is the major organic
component in the synthesis and the
quaternary ammonium compound,
while a minor component, is essential
for structure direction to the desired
zeolite product. Studies here show that
the adamantyl component is preferen-
tially taken up during crystal growth.

synthesis resulted in a faster and cheaper
route to crystallizing SSZ-25. The SSZ-
25 has been described in the literature as
having the MWW topology and as such
has two different channel systems ac-
cessed by 10-ring openings; the channel
systems do not intersect. One set of 10-
rings open into large cavities. In this
study we used NMR spectroscopy to
examine the as-made materials and to
see if the two organic components are
used in different capacities in the syn-
thesis, probing if the admantyl compo-
nent is only found in these larger cav-
ities. The crystalline products could be
affected by solvent extraction with polar
solvents like dimethylformamide; the

Keywords: adamantane - amines -
NMR spectroscopy - template syn-

X-ray powder patterns and elemental
analyses changed with solvent treat-
ment. The solvent-treated crystals were
studied by NMR spectroscopy, elemen-
tal analysis, and argon adsorption. The
two-component organic guest approach
was also found to be quite flexible not
only with regard to the amine, but also
towards the quaternary ammonium
compounds. Non-adamantyl polycyclic
templates could be used, and polar but
non-quaternized adamantyl derivatives
also succeeded in directing towards
SSZ-25 formation. On the other hand,
in one instance it was shown that the
two-component approach favors SSZ-25
as the kinetic product but at longer run
times Ostwald ripening was observed,
leading to the disappearance of SSZ-25
and formation of ferrierite zeolite and

Our studies showed that the use of the
multi-organic component approach to

thesis -

Introduction

Zeolite SSZ-25 is one of a series of materials reported in the
literature as belonging to a topology described by the crystal
structure assigned to the zeolite MWW.['-1 SS7.-25 was the
first description of the discovery of this material where a
quaternary ammonium compound was used in the structure-
directing function of the guest molecule to be found within the
void spaces of the crystallized product.®! Other reports
utilized the cyclic amine hexamethyleneimine in the crystal-
lizing of aluminosilicates PSH-3" and MCM-22[8 and piper-
idine for the borosilicate ERB-1.) These zeolite descriptions
all pertain to the MWW structure, solved after all of the

zeolites
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quartz.

synthesis routes had been reported.['” This topology is indeed
one of the most complex and fascinating zeolite crystal
structures described to date. Just the initial crystallization
seems to produce an aluminosilicate structure whose bonding
is not yet complete. Higher temperature treatments of the
solid seem to produce the final bond-making,['!l generating a
material with large cages accessed by 10-ring apertures and
then a completely separate sinusoidal 10-ring channel se-
quence that winds its way around the large cavities, running
perpendicular to the long dimension (18 A) of the cages. A
representation of the MWW zeolite and these features is
given in Figure 1. With a high microporosity and such unusual
structural features, it is not surprising that this material would
have such an interesting and rich catalytic chemistry;l'>'* and
a commercial application for the production of ethylbenzene
has now been introduced.['”]

More recently Camblor and co-workers have made break-
throughs in the synthesis of all-silica materials, finding ways to
make relatively low-density (highly porous) zeolites without
extensive lattice substitution. Until their work, researchers
generally experienced a trend where very high silica syntheses
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Figure 1. Representation of the MWW zeolite. One 10-ring system within
the layer winds around the large cages but does not allow entrance into
them. The large cavities are formed by connectivity from one layer to the
next (our model shows just one), forming six adjacent 10-ring windows
which circumscribe the center of the large cavity. The model was generated
using FormZ and Electric Image software. We thank Kelly and Scott
Harvey for their creativity in generating the image.

produced structures rich in 5-ring building blocks and
containing relatively high framework densities.l'¥ Camblor
and co-workers discovered the all-silica version of the MWW
topology and termed it ITQ-1.['1 Their discovery utilized the
same organo-cation, N,N,N-trimethyl-2 adamantammonium,
which we had exploited in the initial discovery of SSZ-25 over
a decade ago. Our initial exploration of the use of organo-
cation derivatives was based simply on a desire to have a guest
molecule too large to fit into ZSM-5. The zeolite literature in
the 1980s had shown that a great many small amines and
flexible polar molecules functioned well in crystallizing ZSM-
5.081 The success of our approach was that zeolites SSZ-13
(CHA), -23 (STT), -24 (AFI), and -25 (MWW) were all
discovered. Inorganic components and their ratios often
dictated which crystalline structure was produced.!!”)

In 1998, Camblor’s group, in collaboration with Baerlocher,
published a comprehensive synthesis and structure study
pertaining to ITQ-1 and related zeolites, many produced as
mixtures in the studies with adamantyl quaternary ammonium
compounds.?”! One of their more exciting results was the
discovery that for all-silica, ITQ-1, the fastest crystallization
rates (and sometimes better phase purity) were produced
when a mixture of organic molecules was used. In their study
they probe the prospect of different organic components
performing the space-filling function of stabilizing the grow-
ing zeolite structure by virtue of unique residence areas within
the structure for the different organics. Once the MWW
structure had been revealed, it had been tempting to speculate
that the larger adamantyl derivatives occupy the larger cages
(as they do in the CHA structure, SSZ-13). So, the question
arose as to what might be stabilizing the 10-ring sinusoidal
regions.

This recent publication prompted us to expand upon similar
results obtained for the aluminosilicate SSZ-25, described by
one of us (SIZ) in a patent publication a few years ago. In that
work,?!l we described a number of zeolite systems in which
the structure-directing organo-cation could be used in very
small amounts and larger amounts of small amines could be

Chem. Eur. J. 2001, 7, No. 9
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added as a second organic component with the successful
crystallization of the desired zeolite. In the work we described
for SSZ-25, two important discoveries emerged in addition to
the success of the technique. As had been reported by
Camblor and colleagues,* we had also observed a crystal-
lization rate acceleration with the two organic component
synthesis; but we also observed that the adamantyl compo-
nent in the synthesis no longer had to be quaternary; both the
simple amine and alcohol derivatives also produced SSZ-25 in
the presence of additional polar amines.

In the present study we describe the additional data
collected for the two-component synthesis of SSZ-25 as we
have moved forward toward developing this approach for the
catalytically active form of this zeolite (all-silicon has no
acidic sites). As we were studying the aluminosilicate system,
there was also an opportunity to compare how the two organic
components may be able to function differently in this system
as compared with the all-silica, ITQ-1, case.

Results and Discussion

Flexibility of the reaction

Amines and templates: Table 1 above gives some reactant
ratios for the use of the two-organic approach to crystallizing
SSZ-25. Table 2 has a matrix of two-component systems. In

Table 1. Ratios applied in typical inorganic synthesis (with SiO, as=1).12]

Al/SiO, 0.06!°!
amine/SiO, 0.22
KOH/SiO, 0.20
H,0/Si0, 44
adamantyl/SiO, 0.06 (or less)

[a] Conditions: temperature 170°C, RPM =43. [b] Al source is Reheis
F2000 aluminum hydroxide gel (dried, 53 wt% Al,O53).

one set there is an adamantyl component. In the second set
there is a supplementary component used in excess over the
adamantyl derivative. The ratios are given in Table 1. Also,
the intent was to use the adamantyl component at levels low
enough that void filling during crystallization couldn’t simply
be accomplished by the adamantyl component alone. On the
other hand, there is a necessity for the adamantyl component.
Table 3 contains experiments aimed at clarifying the roles of
amine, template and seeding in rapidly synthesizing SSZ-25.
As can be seen in Table 3, where crystallization data for
selected experiments is shown that for reactions carried out
with seeding with SSZ-25, the two-component systems for
isobutylamine or piperidine, coupled with smaller amounts of
the N,N,N-trimethyl-2-adamantammonium cation (herein
referred to as template B; see Table 2), produce a product
faster than the template B alone. But, in the absence of the
template, neither amine produces the correct product;
piperidine yields ZSM-5 and is well known to be a good
organic additive for ferrierite synthesis.l”?! The free amine for
adamantane, as well as the alcohol, also produced SSZ-25
when used in conjunction with a smaller amine. The use of the
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Table 2. Matrix of comparative components.

N*Me @N+Me NH, oH
@ | | @ @
A B C D

NN
1 x X X X
N
NN
2 X
NN
NN
3 X
N o
O\
4 X
Nog”
O\
5 X
Ng”
NH

>_/ 6 X X X

Table 3. Crystallization rates for SSZ-25 using two organic components, with and
without seeding (standard synthesis conditions are from Table 1 unless noted).

Component 1

Component 2 Seeds

Days at temp. Product XRD

piperidine none no 6-7 ZSM-5
piperidine B no 5-6 SSZ-25
piperidine B yes 2-3 SSZ-25
cyclopentylamine none no 5-6 ZSM-5
cyclopentylamine B yes 3-4 SSZ-25
isobutylamine none no 7-10 SSZ-32 (Al-rich MTT)
isobutylamine B yes 2-3 SSZ-25
isobutylamine Bl no 4-5 SSZ-25
isobutylamine Bl no 6 SSZ-25
none B no 10 SSZ-25
none B yes 6 SSZ-25

[a] B/SiO, = 0.10. [b] B/SiO, =0.20.

hydrocarbon adamantane was not successful; and one diffi-
culty observed was that it had virtually no solubility in the
reaction system, floating on top as nice crystals. The polar
derivatives have a chance to be solvated in these high ionic-
strength aqueous systems. Reactions proceed more rapidly in
the presence of seeds.

Use of heterocyclic compounds and templates: The reaction
was also carried out with other heterocycles with space-filling
comparable to piperidine. The series of two-component
systems is indicated in Table 2. Each reaction involving
template B and a heterocycle was run for 1-4 days with a
reactor dedicated to each time point. Typically, the crystal-
lization kinetics of a given reaction were analyzed by X-ray
diffraction measurements, where the progress, relative to a

1992
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100 % crystalline standard, can be proportionally measured.
But for crystallizing zeolite materials with X-ray diffraction
(XRD) patterns with broad lines (and recall that the MWW
crystal is not considered even completely formed at this
stage), the value of comparing amplitudes of certain peaks
within the patterns may not be the best measure of extent of
crystallization. Instead, we took the as-made samples, cal-
cined them, and then analyzed for the available nitrogen
micropore volumes, as reflected in the surface areas meas-
ured. Using this approach, we established that the system with
piperidine as the amine component gives superior product
crystallization over the other heterocycles (Table 4). The

Table 4. Micropore volumes for calcined SSZ-25 samples.

Code for route (Table 2)

Surface area [m?g~!]

B1 460
B2 296
B3 200
B4 274
B5 210
B6 500
B alone 500
C6 500

optimum value achieved is also the same as the SSZ-25
material made with template B as the only component. The
XRD data had indicated that the piperidine-based system
looked finished after two days at crystallization under these
conditions. The micropore experiments suggest that the
product was improved by heating for a third day. For the
isobutylamine route to SSZ-25, we find that the zeolite
produced by that method also gave a very high micropore
volume after calcination. This indicates that the amine
functionality may be more important in successful crystalli-
zation (and possibly pore-filling) than polarity based upon
oxygen or sulfur as in dioxane and thiomorpholine. The latter
two molecules gave the poorest SSZ-25 product based upon
micropore values at a certain time of crystallization. It is
surprising that the more basic compounds like piperazine and
morpholine were not as effective as piperidine.

Structural changes brought about by solvent treatment

An unusual feature of the synthesis of SSZ-25 is that a
relatively dramatic change in XRD scattering angles can be
observed in comparing the as-made and calcined SSZ-25.
Previous published work on the MWW structure discussed the
possibility that the zeolite structure was actually not complete
in the as-made form. Calcination was described as completing
some bond formation, and a contraction of the ¢ axis of the
unit cell was observed.'!] We were surprised to find that this
structural shift could be mimicked by solvent treatment of the
as-made material, at a temperature well below the decom-
position temperatures seen for the template during calcina-
tion (onset near 300°C from thermogravimetic analysis mass
spectrometric (TGA MS) studies). A good example of the
solvent treatment is to heat the as-made zeolite in an excess of
dimethylformamide near the boiling point (150°C). Figure 2
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Figure 2. Comparative XRD patterns for SSZ-25 samples. Patterns a), b), and c) are for as-made materials using only template, then the mixed system with
decreasing template (run code B6(a)—(c), respectively; see Tables 6 and 7 for more detail). Patterns d), e), and f) are the corresponding patterns for the

materials after they have been treated with DMF.

shows the XRD patterns before and after treatment for the
material in code slot B6 (see Table 2), where two different
ratios for B6 were used in the synthesis. The shift upon
treatment gives a pattern much like that of the calcined
material (Figure 2d —f). Organic material is removed from the
solid during the treatment. The C,H,N data for two different
SSZ-25 materials (B6 and C6; see Table 2), before and after
the treatment is given in Table 5. We also show the changes for

Table 5. Changes in organic content after DMF treatment.

System As made [wt %] After DMF [wt %]

C H N C H N
B alone 10.55 1.91 1.02 7.49 1.42 1.05
B6(a) 11.79 2.02 1.53 9.60 1.72 1.27
Co6(b) 7.48 1.52 1.20 7.24 1.35 1.27

the SSZ-25 made from just template B. While there is
substantial reduction in hydrocarbon content, we do not
believe that this comes from out of the zeolite pores alone.
The data for the SSZ-25, formed from B alone, indicates that
a) the treatment can reduce the organic content by a third and

Chem. Eur. J. 2001, 7, No. 9
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that b) the adamantyl component, which is B, is too large to
remove from the pores and shows no propensity to decom-
pose at a temperature as low as 150°C. A possible interpre-
tation is that there is also organic material between sheets of
the SSZ-25 crystals. As has been much discussed in the recent
zeolite literature, the MWW material crystallizes with a
thickness of a relatively few unit cells.”’! A recent report from
the Corma Group described delamination approaches (as one
might use with a clay) resulting in nearly single-layer sheets of
MWW, this material, with differences in catalytic perform-
ance over the normal MWW, was termed ITQ-2.123!

The highest total organic content found in the crystalline
SSZ-25 products was 15 wt%. The available micropore
volume for this structure is about 0.18 ccg™! for nitrogen.
Based upon coking studies we have carried out, we estimate
that approximately two-thirds of the micropore volume
resides in the large cavities. At a micropore volume then of
roughly 0.12 ccg™!, this would be a value similar to the large
pore zeolite SSZ-24 also specified in its synthesis by a
quaternized adamantyl compound. There the organic/TO,
ratio needed to fill the pore system is about 0.04. This also
translates into about 12 wt % of the as-made product, and this
is observed for the crystallized product. Thus the large cavities
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of SSZ-25 should be filled at a adamantyl quaternary/TO,
ratio of about 0.027 (0.04 x 2/3). The question then remains as
to whether any of the adamantyl derivative also sits in the
incompletely formed cavities which make up the sheet
surfaces.”” This could explain the loss of organic material
when dimethylformamide treatment is carried out on materi-
als which were synthesized in the presence of only quater-
nized adamantyl component.

Experiments in the light of two independent channel systems

Adamantyl components: The point has been made that the
MWW structure contains two entirely different micropore
systems. Each is accessible by 10-ring openings; but in one
case, the 10-rings open into cavities bounded by 12-rings and
running 18 A in length.'!l We are interested in whether the
two organic components used in these new syntheses play
different roles in stabilizing the two independent channel
systems. It can be assumed that the adamantyl component
only fits into the larger cages; the other sinusoidal 10-ring
system does not appear to have a region large enough to
accommodate the polycyclic component with a “girth” of
greater than 6.2 A. The majority of the work considered will
deal with template B rather than A.

Figure 3 gives an indication that template B is much more
stable to decomposition under the basic pH of the reaction
medium. (Hofmann Degradation is the expected competing
reaction for the fate of the template.) To probe the fate (and
use) of organic molecules in this two-component system, a
comparison was made for the use of isobutylamine at constant
concentration, contrasted with variable amounts of adamantyl
component in the synthesis. The fixed amine quantity was
always in molar excess over the adamantyl component. The
systems with quaternized Me;N"-adamantammonium (B) and
the free 1-amine (C) were examined. The ratios employed and
the XRD data are given in Table 6. The runs are coded as
B6(a)—(c) and C6(a)—(c). One of the surprising results was
that at high 1-adamantanamine concentrations, the clathrasil,
Sigma-2, was formed.? Figure 4 shows that the round cage
can easily accommodate such a guest molecule. Each of the
materials recovered from the zeolite syntheses described in
Table 6 was split into two parts. The first was analyzed for C,
H, and N and then analyzed by *C MAS NMR spectroscopy.
The second portion of each run was treated with DMF, then
filtered , washed, and dried. The representative XRD data
was obtained. Then, these treated samples were analyzed for
C, H, and N, content, and also studied by “C MAS NMR
spectroscopy. The before-and-after treatment C, H, and N
data are given in Table 7.

The DMF treatment shows that material has been removed
from the as-made zeolites. The change is not uniform. As
expected, the clathrasil, Sigma-2, shows very little change. The
organic is trapped in the cages of the clathrasil, and this
solvent treatment doesn’t really remove these guest mole-
cules. The effects are more dramatic for the SSZ-25 samples.
Within this series, the most pronounced change is occurring
for the carbon content for the B6 series. As the amount of B
available in the synthesis is reduced, the SSZ-25 is still
crystallized; but there is a larger difference in the carbon
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Figure 3. Decomposition of organo-cations during the SSZ-25 synthesis at
175°C. We made two comparative GC runs of ether extracts of the zeolite
synthesis run for SSZ-25. The traces show that the adamantyl derivative
substituted at position 1 gives more Hofmann degradation product than the
structure-directing agent (SDA) with substitution at position2. The
decomposition is also seen to increase with time in the case of the first
isomer. The presence of the product adamantyl alcohol was determined by
chromatography.
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Table 6. Parameters for synthesis runs using isobutylamine and the larger
adamantyl component.

Run code iC,NH, [mm] B [mm]® C [mm]@ Product
B6(a) 3 1.5 0 SSZ-25
B6(b) 3 0.75 0 SSZ-25
B6(c) 3 0.38 0 $SZ-25
C6(a) 3 0 1.67 SIGMA-2
C6(b) 3 0 0.67 SSZ-25
C6(c) 3 0 0.33 SSZ-25
B alone 0 3.0 0 SSZ-25

[a] Relative to 15mwm of SiO, in the synthesis.

contents before and after this solvent reflux treatment. This
could suggest that it is mainly isobutylamine being removed at
this stage. With isobutylamine, unlike the discussion about
adamantyl components given above, it could be possible that
it is being removed from the pores by the treatment. A further
indication of the removal of isobutylamine from the pores is
also found from examining the shift in intensity for certain
low-angle peaks. A very general phenomenon in high silica
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zeolite chemistry is to have
XRD patterns experience large
intensity changes for low-angle
peaks after calcination. This
has been attributed to removal
of guest molecules from the
pores. Figure 5 shows compa-
rative XRD patterns for the
two-component SSZ-25 syn-
thesis but also from the B only
system. In the latter, the DMF
treatment does shift the dif-
fraction angles, as we have seen
for other systems. But, a com-
parison of peak intensity at
20=70 shows not much
change for the material made
from an adamantyl component

Figure 4. Model of the larger
and unsymmetric cage in Sig-
ma-2. The cage is composed of
5- and 6-rings and contains the
adamantamine molecule. A
comparison with Figure 1 sug-
gests that the large cavity in
SSZ-25 is more than twice as
large. One question that arises
is whether there are two ad-
mantamines per large cavity in
the synthesis with this template.

Table 7. Carbon, hydrogen, and nitrogen analyses [wt % ] for as-made
and DMF-treated zeolite samples.

Run code As-made DMF
C H N C H N

Cq(a) 9.79 1.45 1.12 10.05 1.48 1.26
Cy(b) 7.48 1.52 1.20 7.24 1.35 1.27
Bg(a) 11.79 2.02 1.53 9.60 1.72 1.27
Bg(b) 10.70 1.91 1.55 6.69 1.17 1.41
By(c) 9.35 1.78 1.40 5.66 1.19 1.17
B alone 10.55 1.91 1.02 7.49 1.42 1.05

only; it cannot be removed from the pores by solvent
treatment. Conversely, the sample with a high ratio of
isobutylamine to B shows no d-spacing shift, but a dramatic
change in intensity after DMF treatment. That isobutylamine
is removed from the zeolite by DMF treatment was also
verified by NMR studies (vide infra).

Magic angle spinning *C NMR analysis of solids: Figure 6
shows 3C MAS NMR spectra. Template B in the iodide form
and in the solid state is shown as a reference spectrum.
Likewise, the hydrochloride salts of isobutylamine and
adamantamine are given. Figure 7d shows the spectra for
template B alone as the organic system in the synthesis of
SSZ-25. With these spectra as reference points, one can begin
to analyze the *C MAS NMR spectra for the crystallized
materials in the series B6 and C6. Figure 7 shows a compar-
ison of the crystallization product, Sigma-2(Figure 7a), the
SSZ-25 product from a mix of isobutylamine and 1-adaman-
tanamine (template C; Figure 7b), and then the product in
Figure 7b after DMF treatment (Figure 7c). Nicely shown by
absences is the fact that the Sigma-2 can form without using
isobutylamine. The isobutylamine used in a successful syn-
thesis of SSZ-25 with C does remain in the product, but the
DMF treatment removes isobutylamine and C remains in the
product.

Chem. Eur. J. 2001, 7, No. 9
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Figure 5. Comparison of the XRD patterns for SSZ-25 a) made with B
alone and b) made in a mixed SDA system. ¢) XRD pattern for the DMF
treated material from a). d) XRD pattern for the DMF treated material
from a mixed SDA run. e) XRD pattern for the calcined material from a).
After DMF treatment of each, it can be seen that the intensity increases
much more dramatically in the mixed SDA system. For B alone, the peak
positions shift but without too much change in intensity (unless the organic
component is completely removed by calcination).
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Figure 6. Reference *C MAS NMR spectra. a) The quaternized isobutyl-
amine in the solid state. b) The quaternized adamantamine in the solid
state. ¢) The quaternized template B in the solid state. d) The MAS NMR
spectrum of SSZ-25 from template B alone.
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Figure 7. Comparative *C MAS NMR spectra for SSZ-25 samples.
a) Spectrum for the sigma-2 product formed; b) spectrum for the mixed
SDA system; c) spectrum for the DMF treated material in b). No change
occurs for the DMF treated material from a).
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Figure 8 shows a series of comparative spectra for three
zeolite runs producing SSZ-25 in the B series and then the
spectra after DMF treatment. Also shown in the figure are the
ratios of each pore-filling component as determined by NMR
spectroscopy. It can be seen in rather spectacular fashion, that

a)

Wt% C

Isobutylamine/
Template

b}

B6(c)DMF

0.37

10090 80 70 60 50 40 30 20 10 0
56—

Figure 8. 3C MAS NMR spectra for samples in the B6 series recorded for
various ratios of adamantamine to isobutylamine. Numbers in right margin
are for the NMR ratio of isobutylamine to template B. a)—c) Show the
increasing contribution of isobutylamine in the product. d)—f) Show how
DMF has removed isobutylamine from these samples, even though it is
recognized as being in the quaternized state.

isobutylamine, present in cationic form in the zeolite, is being
removed from the SSZ-25 by the treatment. This is also
reflected by the reversal of component ratios as measured by
NMR spectoscopy and shown in the margins. Notably, the
contribution by isobutylamine is greatest in the product in
which the least adamantyl derivative is supplied to the
synthesis. This secondary amine component appears in the
crystalline product but can also be removed to a sizable extent
by the solvent DMF treatment. The zeolite synthesis occurs in
a pH range of 11-12, above the pK, for these amines. But
even at these pH values the equilibrium expression K, would
show a minor amount of protonated amine. This latter
component may be preferentially sequestered into the grow-
ing zeolite.

There are two independent measurements of template use.
We can attempt to deconvolute the two organo-cation
contributions from the C, H, and N elemental analysis data
or we can attempt to directly quantify the situation from the
NMR spectra. In Figure 9 we have plotted the two measure-
ments against each other to see if there is a correlation even if
complete agreement is not found. Then the values are plotted
against the reactant ratios (Figure 10). In this latter instance, it
becomes easier to see that the adamantyl derivative is
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Figure 9. Plot of a comparison of the two components in the product from
either NMR analysis or deconvolution of the elemental analysis. While the
two methods are linearly correlated, they do not produce the same absolute
values.
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Figure 10. Plot of the results of the analyses from Figure 9 against the
reactant ratios in SSZ-25 synthesis experiments. This shows that the
adamantyl components are preferentially incorporated in the synthesis.

preferentially incorporated into the final, crystallized product.
This is sensible from the standpoint that the most important
necessity may be the stabilization of the large, open cavity.
This point is worth making given that the inorganic param-
eters being explored (most notably SAR, or silica-to-alumina
ratio, =35) lend themselves well to the crystallization of
either ZSM-5 (MFI) or ferrierite (FER) without the use of an
organo-cation guest at all.?>?2¢] The danger of this conse-
quence is that the MWW product has the most open void
regions of the three, and without stabilization, should
subsequently recrystallize to the more dense phases in accord
with the concept of Ostwald ripening.[*”!

Other templates: The formation of this phase does exhibit a
flexibility within the context of the synergism of polycyclic
guest molecules and a relatively narrow range of inorganic
reactant parameters. With isobutylamine in 5-10 fold excess
over the polycyclic component, we have found other success-
ful guests outside the boundaries of the adamantyl group
(Table 2) for inducing the nucleation and crystallization of
this zeolite phase. Scheme 1 depicts a range of structures,
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Scheme 1. Other organo-cations capable of crystallizing SSZ-25 when
used with isobutylamine.

many of which have been used successfully to make other
zeolites once set in different synthesis contexts. A number of
them have been found to produce the more recently
discovered, cage-based zeolites, SSZ-35 and 36.2% 21 Once
again we assume that these polycyclic templates stabilize the
large cavities.

Discussion of MWW growth formation

Stabilizing two different channel systems: The discovery,
development, and subsequent follow-up towards commercial
use of the MWW zeolite structure largely focused on
materials with SAR in the range of 20—40. In earlier synthesis
reports it appeared that a high silica version might be difficult
to obtain, the incorporation of aluminum atoms into parts of
the framework being possibly a critical parameter. In that
light, it was a remarkable achievement for the group of
Camblor, Corma, and co-workers to find a synthesis route
leading to the all-silica ITQ-1. They once again demonstrated
they had found a breakthrough route to crystallize relatively
low density zeolites as all-silica products.*! This went against
the known trends.

In their recent discussion concerning ITQ-1 crystallization,
they also described advantages for a two-organic-component
approach for zeolite synthesis. They made a point that both
types of channel system need stabilization in these essentially
all-silica syntheses—we agree. There is very little precedence
for high silica materials, with void regions that are not
stabilized by guest molecules. Even the notion that water
could fulfill such a role does not seem to be well supported in
the literature. There are reports of clathrasil cages being
stabilized by nonpolar adsorbates where the guest molecule
seems to have a less specific function.!

Thus, one of the difficulties encountered in the all-silica
synthesis using only adamantyl derivatives like template A
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was that the reactions required long periods of time. There
was speculation that the secondary channel system could be
filled by decomposition products from template A. We have
shown in Figure 3 that template A does give more decom-
position than template B, the latter showing very little
tendency; but our data shows a principal decomposition
product of the adamantanol coming from template A. This
suggests that a by-product would likely be trimethylamine.
Thus, the introduction of second amine components like
hexamethyleneimine and dipropylamine made the synthesis
of the all-silica ITQ-1 both faster and more reproducible.

In the aluminosilicate case, the issues may be different. In
our early discovery of SSZ-25, only template B was used. The
elemental analyses (see also Table 5 here) indicated that the
trapped organic material was compositionally fairly close to
template B. If there was decomposition leading to stabiliza-
tion of the secondary pore system it was not in proportion to
the void volume of this latter system. Crystallizing in a range
of SAR =25-40, the inorganic chemistry is also very much in
the range of conditions for the synthesis of ZSM-5 (MFI)
without any organic guest component.’? In fact, it has been
shown that even this range can be extended in the case of
using sodium cations in the crystallization of ZSM-5.133 Lowe
and co-workers observed the same success for ZSM-5 in the
potassium-based inorganic synthesis.? It is possible that
hydrated alkali cations, counterbalancing aluminate centers
present with some frequency in the structure, may be carrying
out such a void stabilization role. In the crystallization of SSZ-
25 from template B, it may also be the case that inorganic
cations stabilize the smaller, secondary system. We have
brought forth good evidence that the adamantyl components
should not be found in this second channel system. The fact
that the synthesis progresses much more rapidly (over
template B alone) when the amount of template is reduced
and a second component is introduced into the gel may
indicate that an organic guest molecule may stabilize the
second channel system much more effectively through
nucleation and initial crystal growth.

Template selectivity: While the discovery of this two-compo-
nent system comes with many benefits, like faster crystalliza-
tion rate, greater template flexibility, and better economics
based upon using much lower amounts of the more expensive
template, there is evidence that the structure-direction
function is not as exacting. In a paper by Davis and Lobo,
the authors stipulated that to obtain a true templating effect,
the organic guest component must only be capable of
producing that single zeolite structure. At that time, the only
example they cited was ZSM-18.%1 Because the zeolite
crystallization reaction is often considered an example of
Ostwald ripening and the products isolated by the researcher
are generally metastable relative to other phases which could
be formed from the same components, the “true” template
effect has some advantages. To generate only a single, given
structure, the fit in the zeolite void regions must be very tight
and energetically favorable.**! This will mean that the rate of
dissolution will be very slow. It also means that if some
template is available in solution, it is not very likely to
nucleate yet another zeolite phase. That the latter could grow
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at the expense of the former over time is a good example of
kinetic versus thermodynamic product selectivity where a
given organo-cation is less selective. Because our combined
molecule approach, even if each occupies a different spatial
niche, does not seem to show as much selectivity, there will be
less product stability through time. In fact, we find that after
10-12 days at a temperature of 170°C, for the combined
piperidine —template B system, the SSZ-25 disappears and
ferrierite (FER) is now the product. We were actually able to
sample over time from an 0.6-liter reactor and watch the SSZ-
25 set of peaks early in the reaction and then see them decay
as FER grew. The change in product over time is shown in
Figure 11. One can also see the appearance of some quartz. In

& SS7-25
O FER
A Quartz

100

50

% of Zeolite Product by XRD

0

0 15 20

10
Days (170°C, 70 rpm)

Figure 11. Plot of the crystallization versus time indicates Ostwald
ripening. SSZ-25 is formed first, to eventually be replaced by the denser
products, ferrierite and quartz. It may well be that a disproportionate use of
T-atom components occurs in this subsequent transformation, with
ferrierite becoming Al-rich over SSZ-25 and quartz constituted as mostly
silicate.

the Ostwald ripening process here, there may be some
disproportionation of the T-atom components. The ferrierite,
whose form may be more Al-rich than the parent SSZ-25,
grows, leaving additional silicate to subsequently crystallize as
the dense product, quartz. We were also able to mimic this
result at constant synthesis time by running a series of
reactions, each with increasing KOH concentration. As OH/
SiO, is raised in the syntheses, the product increasingly is
ferrierite with eventually, no SSZ-25 seen.

This result is consistent with an observation made for the
MCM-22 crystallization system that uses hexamethylene-
imine. Mochida and colleagues showed that FER had already
formed at the end of one week of crystallization and was even
more favorable in syntheses that were started near the more
Al-rich boundary for MCM-22 formation.’”? Here was a case
where the same organic amine could stabilize either structure.
The more open framework formed first and then was replaced
by the denser zeolite product.

Our experiments with different adamantyl derivatives
(Table 2) have already demonstrated that the molecules used
in filling the large cavities or cages in MWW materials do not
have to do so with great specificity. The assumption here is
that none of the adamantyl derivatives is found in the other
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10-ring system. Further verification for the flexibility of this
feature comes from the fact that a variety of polycyclic
molecules, used in conjunction with isobutylamine, produce
SSZ-25 even when that was not the intent. The reactions were
carried out without seeding but using the ratios given in
Table 1. Often, crystallization took much longer than the few
days shown in the optimal reactions with adamantyl deriva-
tives. The product was often found after 1-2 weeks of
heating. From the recrystallization sequence discussed above
involving piperidine and FER formation, it is also clear that
running a reaction for one week or more, in the presence of
isobutylamine, is clearly much less risky in terms of Ostwald
ripening. Scheme 1 depicts a number of other polycyclic
structures that successfully crystallized SSZ-25. Again, what
they have in common is a molecular width preventing them
from fitting into a 10-ring channel and the presence of a
charged, quaternary ammonium compound. All are polycyclic
hydrocarbon skeletons. It is quite possible that for some of
these molecules, even the basic amine functionality, prior to
quaternization, may have successfully worked given our
experience with adamantanamine.

Relative micropore contributions for two-channel systems: In
preparation for determining the guest chemistry in the
formation of SSZ-25 (because the microporous systems have
been described as independent), it might be possible to assess
how much of the void space resides in the larger cavities and
then in the sinusoidal channel system. We can see the
influence of both systems in the argon uptake data. Even
though both windows of access to the two systems are 10-ring,
one can guess that they are not equivalent. Molecules like
cyclohexane are not adsorbed to the same extent as n-hexane
or the gas molecules nitrogen and argon.’¥! Presumably,
cyclohexane is only working its way into the larger cavities.
There will be more room for molecules to “turn the corner” in
going through the 10-rings which access the large cavities that
have internal 12-ring diameters. Because we have carried out
SSZ-25 syntheses with different relative contributions of
adamantane derivatives, these compounds might show differ-
ential uptake in the as-made, zeolite product. An analysis was
carried out on the samples in the B6 series (see Table 6) and
the template B alone. After performing the DMF treatment
on the samples (NMR data had shown that some amount of
isobutylamine is removed in this treatment) the samples were
next evacuated to 7 millitorr for 24 h, while being heated to
about 80°C. Next, the samples were dried to 150°C before
being evaluated for argon uptake. We found no trend related
to the amount of template B used in the synthesis, and the
uptakes were remarkably low compared to those for the
calcined material. Values were typically 0.02—0.03 ccg™! and
instead of observing a bimodal uptake at two different filling
pressures, there was simply a broad, intermediate filling point.
These experiments suggest that there was not a simple
demarcation of pores of one type being blocked and pores
of another type being open in the DMF-treated SSZ-25. The
data must also still give a little pause concerning the concept
that the adamantyl derivatives are not at all to be found in the
sinusoidal pore system. Clearly there seems to be at least a
little partial blockage of this system from the argon data. It
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remains undetermined whether this blockage is due to
adamantyl components, to some remaining isobutylamine
cations, or due to even residual potassium cations.

Conclusion

We have shown that a two-component organic additive system
has a great flexibility in crystallizing the aluminosilicate, SSZ-
25. Large polycyclic hydrocarbon quaternary ammonium
cations most likely occupy the larger cages in the structure.
In our work the two-component system shows faster crystal-
lization rates over use of the polycyclic component alone. For
secondary organic additives, amines worked better than
heterocycles containing other polar atoms. The enhanced
crystallization rate result was also seen in the work by
Camblor and co-workers concerning the synthesis of the all-
silica ITQ-1 having the same MWW topology as the SSZ-25.

As the amount of polycyclic quaternary ammonium com-
pound is reduced in the synthesis mixture, a larger amount of
the secondary amine component (isobutylamine in many of
our studies described here) was found in the crystallized
product. This was seen by NMR studies on the as-made
products. NMR spectroscopy also showed the secondary
amine to be present in a quaternized state. Yet reflux of as-
made product in dimethylformamide seemed to indicate that
isobutylamine could be removed; the site left behind must be
balanced by a proton at this stage.

The XRD patterns of the as-made SSZ-25 products are also
altered by the reflux treatment with dimethylformamide
solvent. The patterns begin to look like those materials which
have been calcined. But in fact the materials have been only
treated to 150°C. The fact that a sample with much lower
polycyclic quaternary ammonium content (sample B6c) shows
less shift in low angle, 26 peaks in the XRD pattern, indicates
that the polycyclic quaternary ammonium compound nor-
mally has a role in crystallizing a product with material
possibly residing in incomplete cavities between sheet layers
of the crystalline product. This arrangement has been
described by Corma etal.,”® and the overall crystalline
structure is incompletely bonded at this stage. On the other
hand, samples with the lowest initial polycyclic quaternary
ammonium compound available in the synthesis mixture also
gave crystalline products, which after dimethylformamide
reflux gave the greatest peak intensity changes at low angles
of 26. This means a greater amount of material could be
removed from the pore system, chiefly being isobutylamine.

Comparative studies by NMR spectroscopy and then by
elemental analyses show that the adamantyl compounds (as
examples of polycyclic quaternary ammonium components)
are preferentially taken up in the synthesis of the growing
crystalline product. This occurs even when the other organic
component, isobutylamine, is present in much larger concen-
tration. The adamantyl compound is needed to specify which
zeolite will crystallize. On the other hand, the specification is
loose enough that Ostwald ripening can eventually transform
the crystallized SSZ-25 to other products. In a study using an
adamantyl compound and piperidine, SSZ-25 was the initial
product, eventually giving way to the production of ferrierite
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and quartz as the heating was continued past the point of the
initial SSZ-25 production.

The aluminosilicate SSZ-25 can probably grow without the
secondary pore system being filled with an organic compo-
nent. This is likely to be the case when only a quaternized
adamantyl derivative is used. Hydrated alkali cations, asso-
ciated with aluminate framework sites, may fulfill this
function. In the all-silica regime of crystallizing ITQ-1, this
is less likely to be the case. The longer synthesis times may
provide opportunities for the degradation products from the
initial quaternized, adamantyl component to supply the
smaller components to fill the secondary pore system. There
is not much precedence in the literature of water performing
this function in all-silica products.

Experimental Section

Synthesis: The synthesis of the N,N,N-trimethyl-2 adamantyl ammonium
hydroxide template has been described in the original patent. In general
terms, this organo-cation is made in two steps. Starting with commercial
2-adamantanone, this molecule is heated in a closed system to near 175°C
with formic acid and dimethylformamide (Leuckhart Reaction), trans-
forming the keto functionality to a dimethylamino derivative. Upon
extraction (into diethyl ether) of this component from a basic aqueous
solution during the reaction work-up, the product dimethylamino oil was
isolated from diethyl ether, which had been dried with sodium sulfate. One
equivalent of methyl iodide was used to quaternize this product (a variety
of moderately polar solvents work), and the organo-cation was prepared as
the hydroxide compound by exchanging the iodide form of the cation over
an AG 1-X8 (BioRad) resin.

Zeolite syntheses were carried out using a combination of organo-cation
hydroxide and a second amine component. In some instances, the
quaternary ammonium compound was replaced by neutral adamantyl
derivatives. Aluminate was supplied as Reheis F-2000, a dried aluminum
hydroxide gel (53-56 wt % Al,O;). KOH was used as an alkali source, and
Cabosil M 5 was used as the silica source. The secondary component amines
were isobutylamine, piperidine, morpholine, piperazine, thiomorpholine,
and dioxane. The latter two are not actually amines but are polar
heterocycles, isostructural with morpholine and piperazine. These secon-
dary organic compounds were purchased in their highest purity from
Aldrich Chemical. The ratios of the various components run are shown in
Table 1. The reactions were carried out in near 11.5 mL volumes using Parr
4745 stainless steel reactors loaded onto a home-built spit rotating at
43 rpm in a Blue M convection oven. The reactors use a Teflon cup to hold
the reactants. Reactions were carried out at 170 °C. This particular zeolite
product crystallized as aggregates of thin sheets and as such the particles
do not always nicely settle to the bottom of the reactor. This makes
crystallization more difficult to assess by visual inspection alone. By
sampling and using SEM analysis, the reaction can be considered complete
when a preponderance of wavy, layerlike material is observed. An example
is given in Figure 12. The solid contents of the reactor were then washed on
glass frits with about a liter of water. The dried solids were then ready for
characterization. In some instances, the recovered materials were subjected
to an additional treatment to remove organic material located between the
sheet layers, but possibly not in the pores themselves. In these instances, the
dried solid was placed back in the same type of Parr reactor, immersed in
DMF (10 mL), and this mixture heated for two days at 150°C without
stirring. The recovered material can be washed in a filter, as above.

Characterization: Solids, after washing and drying, were analyzed on a
Siemens D-500 X-ray diffractometer. The electron microscopy was carried
out on a Philips scanning electron microscope. TGA/MS analyses on the
contents of organic material and water within the pores was carried out
using a programmed ramp and heating to 700 °C. The instrumentation has
been described previously by us.[*! Nitrogen micropore measurements
were performed on a Micromiretics Model 2400 using calcined samples.
Studies on the pore-filling by argon, using both static and dynamic methods,

2000 ——
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s

Figure 12. Scanning electron microscope (SEM) images of crystallized
SSZ-25. a) The wavy surface is representative of our products in this study
where two organic components are used and reactions are tumbled.
b) Much longer range order for the placement of the layers is seen in the
product from a static synthesis, using only the quaternary ammonium
adamantane.

were performed by methods recently described by us.*!l 3C MAS NMR
spectroscopy was carried out on the samples as follows: *C MAS (magic
angle spinning) NMR experiments were performed using a Bruker DSX
200 spectrometer. The probe was doubly tuned for 'H and *C observation
at frequencies of 200 and 50 MHz, respectively. A prepared sample was
packed in a 7mm ZrO, rotor and was spun at 4.0 kHz during the Bloch
decay measurement. Delay time was adjusted to be long enough (=10 s) to
get a fully relaxed *C NMR spectrum so that NMR quantitation should be
valid. The number of transients was typically around 15000. The GC work
to characterize decomposition products for the N,N,N-2-adamantammo-
nium cations used in the SSZ-25 synthesis at 175°C was performed by
extracting neutral components into diethyl ether from the filtrate at the end
of the zeolite synthesis reaction. These diethyl ether extracts were then
injected (through a system with a splitter) onto a special column containing
4 wt% KOH and developed specifically for amine separation (Supelco).
The adamantanol decomposition fragment was determined by co-elution of
the pure compound to the same retention time.
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A New Family of Chelating Diphosphines with a Transition Metal
Stereocenter in the Backbone: Novel Applications of ‘“Chiral-at-Rhenium”
Complexes in Rhodium-Catalyzed Enantioselective Alkene Hydrogenations

Klemenz Kromm,'*! Bill D. Zwick," Oliver Meyer,” Frank Hampel,*! and

John A. Gladysz*!?!

Abstract: The title compounds are ac-
cessed by sequences starting with race-
mic and enantiomerically pure [(7’-
CsH5)Re(NO)(PPh;)(CH;)]. Reactions
with chlorobenzene/HBF,, PPh,H, and
BuOK give the phosphido complex
[(°-CsH;)Re(NO)(PPh)(PPh,)]  (3).
Reactions with Ph;C"BF,~, PPh,H, and
tBuOK give the methylene homologue
[(7°-CsHs)Re(NO)(PPh;)(CH,PPh,)] (9).

of 5 and 11 with [Rh(NBD)CI],/AgPF,
(NBD = norbornadiene) give the rheni-
um/rhodium chelate complexes [(;7>-CsH,-
PPh,)Re(NO)(PPh,)((1-CH,),PPh,)Rh-
(NBD)]* PF, (n=0/1, 612+ PFy;
30-32% overall from commercial
Re,(CO),,). The crystal structures of
6" PF4~ and 12" PF4~ are compared to

Keywords: asymmetric hydrogena-

those of 3 and 9, and other rhodium
complexes of chelating bis(diphenyl-
phosphines). The chiral pockets defined
by the PPh, groups show unusual fea-
tures. Four alkenes of the type (Z)-
RCH=C(NHCOCH;)CO,R’ are treated
with H, (1 atm) and (R)-6" PF,~ or (S)-
12+ PF,~ (0.5 mol%) in THF at room
temperature. Protected amino acids are
obtained in 70-98% yields and

Treatment of 3 or 9 with nBuLi or tBuLi
and then PPh,Cl gives the diphosphido
systems [(7°-CsH,PPh,)Re(NO)(PPh;)-
((CH,),PPh,)] (n=0/1, 5/11). Reactions

tallic

Introduction

The design of new enantioselective catalysts is both an art and
a science. For inspiration, chemists have considered virtually
every type of chiral building block available in non-racemic
form.[~ 2 For example, the use of metal catalysts featuring
ferrocene-based chelating ligands with “planar chirality” has
grown rapidly over the last decade.”# Many have proved
spectacularly successful, and two representative ligand classes
are illustrated in Scheme 1 (A, A’). This led us to speculate
that chelating ligands that incorporate a chiral metal center—
for example, a non-planar spectator moiety of general formula
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Institut fiir Organische Chemie
Universitdt Erlangen-Niirnberg
Henkestrasse 42, 91054 Erlangen (Germany)
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[b] Dr. B. D. Zwick, Dr. O. Meyer
Department of Chemistry, University of Utah
Salt Lake City, Utah 84112 (USA)
Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author.
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93-82% ee [(R)-6" PF,"] or 72-60%
ee [(S)-12* PF47]. Pressure and temper-
ature effects are defined, and turnover
numbers of > 1600 are realized.

M(A)(B)(C)(D)—might also provide efficient and perhaps
superior stereogenesis. We thought that the chelate backbone
would be a particularly favorable position for such a group, as
represented schematically by B in Scheme 1.

Such ligands can be viewed as relatives of classical chiral
chelates such as DIOP and chiraphos,® with the carbon
stereocenters replaced by a metal stereocenter. They offer a
number of potential advantages. First, metal-based stereo-
centers constitute extremely flexible diversity elements.
Second, steric properties can be fine-tuned in numerous ways.
Third, electronic effects of metals are often transmitted over
considerable distances,® and could be employed to either
stabilize or (hemi)labilize a chelate. One concern might be
whether metal-containing ligands will be as robust as carbon
analogues. However, ferrocenes are sensitive towards electro-
philes and oxidizing agents, but chelating ligands of the types
A/A’ yield metal catalysts that give very high turnover
numbers and are applied in industrial processes.*<!

The field of “chiral-at-metal” complexes has been pioneered
by H. Brunner.[l Several enantioselective catalysts bearing a
M(A)(B)(C)(D) substructure or active site have been re-
ported, but all examples to date contain additional carbon
stereocenters.> 81 We have conducted extensive studies of
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Scheme 1. Chiral organometallic scaffolds for chelating ligands.

chiral rhenium complexes of the formula [(7°-CsHs)Re-
(NO)(PPh;)(X)] (see C—E in Scheme 1). These are easily
obtained in enantiomerically pure form®l and with only a few
exceptions (X=OR, NR,) are configurationally robust at
ambient temperature.'’) However, most of the enantioselec-
tive organic transformations developed to date have been
stoichiometric in rhenium." In view of the flexibility with
which this template can be elaborated—virtually any type of
X group is possible, other phosphorus donor ligands can be
employed, and substituted cyclopentadienyl ligands can be
introduced—we set out to incorporate it into chelate ligands
of the type B (Scheme 1).

Some key properties of these compounds deserve emphasis
at the outset. First, the sixteen-valence-electron fragment [(#°-
CsH;s)Re(NO)(PPh;)]* is both a Lewis acid and a strong 7
base, with the d-orbital HOMO shown in C. This is a key
determinant of conformation in adducts of unsaturated
ligands (attractive interactions)['?l and saturated ligands with
lone pairs on the ligating atom (repulsive interactions).!'’!
Second, such complexes are formally octahedral, with the
cyclopentadienyl ligand occupying three coordination sites as
shown in D. Thus, there are small but sometimes important
differences in bond and torsion angle relationships as
compared to carbon stereocenters, some of which are evident
in E. Third, the basicity and nucleophilicity of any lone pair on
the ligating atom X is enhanced relative to organic ana-
logues.['* ¥ This has been most clearly documented with
phosphido complexes [(7°-CsH;)Re(NO)(PPh;)(PR,)], which
are alkylated by CH,Cl, at room temperature,™ and has its
main origin in the rhenium/lone pair repulsive interactions
noted above. Fourth, this effect persists with ligands of the
type -CH,X', as most clearly demonstrated for sulfur-contain-
ing species.['’]

2016 ——
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There is an extensive literature of enantioselective catalysts
bearing chelating diphosphine ligands.'> ' In view of the
many benchmarks available, coupled with numerous unsolved
problems relating to enantiomeric excesses, rates, and yields,
we began our efforts in this area. In the narrative below, we
describe new enantioselective alkene hydrogenation catalysts
that provide a convincing proof-of-concept. Additional appli-
cations of our ligand systems will reported elsewhere.'’l A
small portion of this work has been communicated.!"*!

Results

Non-racemic five-membered chelates: The non-racemic
methyl complex (S)-[(73-CsH5)Re(NO)(PPh;)(CH3)], [(S)-
1], 20 was prepared from commercial Re,(CO),,in a routine
series of steps as previously described.”) An enantiomeric
purity of >99% ee was verified by HPLC.?! As shown in
Scheme 2, (S)-1 and etheral HBF, were combined in chlor-
obenzene at —41°C. This generates a substitution-labile,

=

+

Re 3 Fa
N | PPy b ON™" | "PPhy
CH3 PPh,H
(91 (R)-2*BFy
0)
Re. - 9 Re.
ON™ ‘ " PPhg ON™ l “ PPhy
Pphz PPhZ
(R-4 (R-3
e
+
iy e
f 4 .
Fie —)> “Rh R!e PFG
ON l " PPhs < Np l "uNO
PPhy Phy, PPhs
(R-5 (9-6" PFs

Scheme 2. Synthesis of the non-racemic five-membered chelating diphos-
phine.'”l a) Chlorobenzene, HBF,, —41°C; b) PPh,H; c) rBuOK, THF,
25°C; d) nBuLi, THF, —78°C; e) PPh,Cl, THF, —78°C; f) [Rh(NBD)Cl],,
AgPF,, THF, 20°C.

cationic chlorobenzene adduct that serves as a functional
equivalent of the chiral Lewis acid [(1°-CsHs5)Re(NO)-
(PPh;)]*.2 Addition of PPh,H gave the diphenylphosphine
complex (R)-[(*-CsH;)Re(NO)(PPh,)(PPh,H)]* BF,", [(R)-
2+ BF,7],in 89 % yield after workup. The racemic tosylate salt
2+ OTs™ has been prepared by a related route.[3* 2] Reaction
of (R)-2"BF,” and fBuOK as previously described for
2+ OTs~ gave the diphenylphosphido complex (R)-[(#%’-
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CsH;5)Re(NO)(PPh;)(PPh,)], [(R)-3], in 99% yield after
workup.

Complexes (R)-2* BF,~ and (R)-3 exhibited good thermal
stabilities. However, the latter was very air sensitive in
solution and the solid state, analogous to the racemate, which
gives a ReP(=0O)Ph, species.*3] The rhenium configurations,
both corresponding to retention, were assigned by analogy to
many closely related reactions.' 122224 Standard methods
for assaying enantiomeric purities were not successful. How-
ever, complete retention is normally observed. The hydro-
genation enantioselectivities described below also require
very high enantiomer ratios. The 3'P{!H} NMR spectra of all
new complexes are summarized in Table 1. The PPh; signals of

Table 1. Summary of *'P{'"H} NMR data.l!

Complex RePPh, Re(CH,),PPh,X  CsH,PPh,X’

2¢BF, e 133 (d) —5.5(d) -
2J(PP)=13Hz *J(PP)=13 Hz

3 19.5 (d) — 483 (d) -
2J(PP)=15Hz %J(PP)=15Hz

4laeil 21.6 (d) — 412 (d) -
2J(PP)=16Hz *J(PP)=16 Hz

sl 202 (d) — 452 (d) —16.2 (s)
2J(PP)=15Hz %J(PP)=15Hz

6" PR, 9.8 (dd) — 492 (ddd) 50.4 (ddd)
2J(PP)=14Hz, 'J(PRh)=127Hz, 'J(PRh)=183Hz,
3I(PP)=5Hz  *J(PP)=19 Hz, 2J(PP) =19 Hz,

2J(PP) =14 Hz 3](PP)=5Hz

1404 26.1 (s) - —14.9 (s)

8+ BF, 2 217 (d) 30.2 (d) -
3/(PP)=12Hz J(PP)=12Hz

glenl 25.8 (d) 8.1 (d) -
3J(PP)=8Hz  *J(PP)=8Hz

101ni 283 (d) 10.0 (d) -
2J(PP)=16Hz *J(PP)=16 Hz

116eh 263 (d) 6.9 (dd) —17.7 ()
3/(PP)=8Hz  *J(PP)=3Hz, 3J(PP)=3 Hz

3J(PP)=8 Hz

12+ PR, 0 202 (dd) 50.5 (ddd) 23.9 (ddd)
3J(PP)=18Hz, J(PRh)=148Hz, 'J(PRh)=166Hz,
3J(PP)=4Hz  *J(PP)=34 Hz, 2J(PP) =34 Hz,

3J(PP) =18 Hz 3J/(PP)=4 Hz

[a] At room temperature unless noted. [b] In CD,Cl,. [c] In C;Dy. [d] In
THE. [e] In CDCl;. [f] PF,~ —144.0 (sep, 'J(PF) =708 Hz). [g] 121 MHz.
[h] 162 MHz. [i] At —80°C.

(R)-2" BF,~ and (R)-3 were in normal ranges for this series of
compounds, and coupled to the other ligating phosphorus with
2J(P,P) values of 13-15 Hz. Other NMR ('H, 1BC), as well as
IR, microanalytical, and polarimetric data are given in the
Experimental Section.

The cyclopentadienyl ligand of methyl complex 1 can be
lithiated and then alkylated.” As shown in Scheme 2, a
similar sequence was investigated for elaborating (R)-3 to a
chelating diphosphine. Reaction with nBuLi (1.1 equiv,
—78°C) in THF gave a deep red solution, and a *P{'H}
NMR spectrum of an aliquot (Table 1) showed the clean
formation of a species that was assigned as the lithiocyclo-
pentadienyl complex (R)-[(1°-CsH,Li)Re(NO)(PPh;)(PPh,)],
(R)-4. It persisted, in separate experiments, for several days in
solution at room temperature. Addition of PPh,CI (1.0 equiv)

Chem. Eur. J. 2001, 7, No. 9
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and workup gave the target diphenylphosphidocyclopenta-
dienyl complex (R)-[(%>-CsH,PPh,)Re(NO)(PPh;)(PPh,)],
[(R)-5], in 89% yield as a spectroscopically pure red foam.

Crystallization of (R)-5 from benzene/hexane gave red
prisms of a benzene hemisolvate. Racemic § was prepared by
a separate route described below. The 'H and “C{'"H} NMR
spectra showed patterns characteristic of 7°-CsH,X ligands.?]
The ¥P{'H} spectrum showed three signals (Table 1), with the
CsH,PPh, resonance not detectably coupled to the rhenium-
bound phosphorus atoms. When this synthesis was conducted
with an excess of PPh,Cl, a by-product formed. The 3P{'H}
NMR data suggested a species with a RePPh,PPh, linkage.

In a standard protocol for the synthesis of rhodium
complexes of chelating diphosphines,?”! (R)-5, the rhodium
norbornadiene complex [Rh(NBD)Cl],,?*! and AgPF, were
combined in THF at room temperature. As shown in
Scheme 2, workup gave the heterobimetallic rhenium/rhodi-
um complex (S)-[(5°-CsH,PPh,)Re(NO)(PPh;)(u-PPh,)Rh-
(NBD)]* PF,, [(S)-6" PF¢7], as a dark orange powder and
THF hemisolvate in 92% yield. The structure followed
readily from the spectroscopic properties. Most diagnostic
was the richly featured *'P{'"H} NMR spectrum summarized in
Table 1 (and illustrated elsewhere).'®! Both diphenylphos-
phido signals exhibited large J(P,Rh) values (127, 183 Hz).
The CsH,PPh, signal shifted downfield from that of precursor
(R)-5 (0 =50.4 vs —16.2), and was coupled to both rhenium-
bound phosphorus atoms. All crystallization attempts gave
oils, but the crystal structure of the racemate is described
below.

Six-membered chelates: We sought to compare a family of
catalysts. Hence, a second, homologous, series of complexes
was desired. One possibility was to retain the methyl carbon
that was removed by protonation in the first step of Scheme 2.
As shown in Scheme 3, either racemic or (S)-1 and Ph;C*BF,~
were reacted in CH,Cl, at —60°C to generate the electrophilic
methylidene complexes, racemic or (S)-[(°-CsHs)Re(NO)-
(PPh;)(=CH,)]* BF,", (7* BF, ).l Then PPh,H was added.
Workups gave the new phosphonium salts, racemic or (S)-
[(17°-CsH5)Re(NO)(PPh,)(CH,PPh,H)|* BF,~, (8* BF,"), as
orange to red prisms in 95-98 % yields. Similar syntheses of
related cationic species with ReCH,PXj; linkages have been
described.®! Deprotonations with fBuOK gave the trivalent
phosphines, racemic or (S)-[(1°-CsHs)Re(NO)(PPhs)-
(CH,PPh,)], (9), as orange to red needles in 91 -89 % yields.

Racemic or (5)-8" BF,~ could be stored as solids in air for
extended periods. Racemic or (§5)-9 were much less air
sensitive than racemic or (R)-3, and solutions survived
exposures of several hours. Thus, the additional methylene
group attenuates the phosphorus lone pair reactivity. The
SIP{'H} NMR spectra of 8 BF,~ and 9 showed *J(P,P) values
that were 90-60% of the 2/(PP) values of 2* BF,~ and 3
(Table 1). The structures and configurations in Scheme 3
correspond to retention at rhenium. The addition of a carbon
nucleophile to 7t BF,~ has been shown to proceed with
retention.”® The absolute configuration of (S)-9 is verified by
a crystal structure below.

The conversion of racemic and (S)-9 to diphenylphosphi-
docyclopentadienyl complexes was attempted next. Reactions
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Scheme 3. Syntheses of the racemic and non-racemic six-membered
chelating diphosphines. a) Ph,C*BF,~, CH,Cl,, —60°C; b) PPh,H, —60
to 25°C; ¢) tBuOK, THF, 25°C; d) tBuLi, THF, — 60 to —10°C; e) PPh,Cl,
THF, —78 to 25°C; f) [Rh(NBD)Cl],, AgPF,, THF, 20°C.

with BuLi (1.2 equiv, < —30°C, then warming) in THF gave
deep red solutions. The 3'P{'H} NMR spectra of aliquots
showed the clean formation of new signals (Table 1) that were
attributed to the lithiocyclopentadienyl complexes, racemic
and (R)-[(°-CsH,Li)Re(NO)(PPh;)(CH,PPh,)] (10, Sche-
me 3). Additions of PPh,Cl (1.0 equiv) and workups gave the
target complexes, racemic and (S)-[(%>-CsH,PPh,)Re(NO)-
(PPh;)(CH,PPh,)], (11), as orange-red solids in 70-68 %
yields. These could be exposed to air for brief periods, but
were much more sensitive than the precursors, racemic and
(5)-9. The 3'P{'H} NMR spectrum of 11 (Table 1) was better
resolved than that of lower homologue 5, and only the RePPh;
and C;H,PPh, signals were not detectably coupled.

Syntheses of rhodium chelate complexes were investigated.
As shown in Scheme 3, racemic and (S)-11 were treated with
[Rh(NBD)CI], and AgPF,. Workups gave the heterobimetal-
lic rhenium/rhodium complexes, racemic and (S)-[(%’-
CsH,PPh,)Re(NO)(PPh,)(u-CH,PPh,)Rh(NBD)]* PF,",
(12 PF4™), as brown or brownish red solids in 95-82 % yields.
These showed good air and thermal stabilities. The structures
followed readily from the spectroscopic properties, the most
diagnostic of which were the *'P{'H} NMR data (Table 1).
Figure 1 compares the highly informative coupling patterns
with those of precursor 11. Both PPh,Rh signals exhibit large
IJ(PRh) values, and are markedly downfield from their
counterparts in 11. Deep red prisms of a CH,Cl, monosolvate
of the racemate were obtained, and the crystal structure is
described below.

2018
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Figure 1. 3'P{'"H} NMR spectra of 11 (left) and 12+ PF6 (right).

Racemic five-membered chelates: The synthesis of (S)-
6" PF,~ in Scheme 2 represents a second-generation ap-
proach. The first generation approach, shown in Scheme 4,
was initiated at a time when syntheses of adducts of [(#’-
CsH5)Re(NO)(PPh;)]*" and phosphorus-donor ligands were
still being optimized.['®! It is described here because of certain

a) ]
RE_'. B —— Re_..
ON™ l oy PPhs ON™ l oy PPhs
OTs H
(R)-13 or (9-140r
racemate racemate
b)
<y <y
| |
RE\ <L RE\
ON™" | PP ON~" = PPhy
PPhy Li*
5 15
racemate

PhyP,
e
I
Re—\
ON™" | > PPhg
OTs
F
Scheme 4. Synthesis of the racemic five-membered chelating diphosphine
5.1 a) LiPPh,, THF, 20°C, partial retention; b) nBuLi, THF, —15°C;
c) PPh,Cl, THF, —78°C.
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novel features, and to accurately represent how some key data
were obtained.

The tosylate complexes, racemic and (R)-[(7°-CsHs)Re-
(NO)(PPh;)(OTs)], (13),*% were treated with LiPPh, in
THF. The formation of diphenylphosphido complexes, race-
mic and (R)-3, was anticipated. Workups gave homogeneous
products in high yields. However, the 'H and C NMR
spectra showed patterns characteristic of #°-CsH,X li-
gands.”> 2 The 3'P{'H} NMR spectra (Table 1) exhibited
two uncoupled signals, with chemical shifts close to those of
the PPh; and C;H,PPh, ligands in 5§ and 11. The IR and
'"H NMR spectra showed plausible signals for hydride ligands
(Vren =1950cm™!; 0 = —9.56) that closely matched those of
the parent complex [(7°-CsHs5)Re(NO)(PPh;)(H)].B' Ac-
cordingly, the products were assigned to the structure [(#’-
CsH,PPh,)Re(NO)(PPh;)(H)] (14; 85-79%). The triflate
complex [(17°-CsHs)Re(NO)(PPh,)(OTH)]?* ¥ reacted under
similar conditions to give a mixture of 3 and 14.

Thus, the first step of Scheme 4 unexpectedly gave a
diphenylphosphidocyclopentadienyl ligand that was, howev-
er, ultimately desired. Similar nucleophile-initiated sequences
that lead to substituted cyclopentadienyl ligands and displace-
ment of coordinated ligands by cyclopentadienyl-derived
hydride have been reported.’> %! From the limited data
available, we presume that addition to the cyclopentadienyl
ligand precedes hydride migra-
tion, as shown in structure F in

Scheme 4. However, there is no Table 2. Crystallographic data.

deep red solution that was believed to contain [(#’-
CsH,PPh,)Re(NO)(PPh;)]~ Li* (15). Addition of PPh,Cl
gave the diphenylphosphido complex 5 in 68% yield
after workup. A sequence starting with the (R)-14 of un-
known enantiomeric purity also gave racemic 5. This is
in accord with earlier precedent,*] and shows that the
diphenylphosphido moiety does not impart any special
configurational stability to 15. Racemic 5 was converted
toracemic 6" PF4 as described for the non-racemic analogues
in Scheme 2. Workup gave a THF monosolvate in 83 %
yield. Dark red prisms of a CHCI; disolvate were also
obtained.

Catalyst structure: The crystal structures of (5)-9-C¢Hy and
the racemic rhenium-rhodium chelates 6 PF¢~« (CHCI;), and
12+ PF,~ - CH,Cl, were determined as outlined in Table 2 and
the Experimental Section. The first is shown in Figure 2
(bottom), together with that previously found for the diphe-
nylphosphido complex 3 (top).'3! The structure confirms the
absolute configuration, and the overall stereochemistry
(retention) for the first two steps in Scheme 3. It also exhibits
a LRe—CH,X conformation similar to those of several related
complexes.I'> 234 Ag illustrated by Newman-type projection
H in Figure 3 (and quantified by the P1/N1-Re-C1-P2 torsion

precedent for the stereochem-

istry at the metal. The sample
derived from (R)-13 kept some
optical activity ([a]ZB,=89°).
The ORD spectrum was posi-
tive at 650-375 nm and nega-
tive at 375-250 nm, and the
CD spectrum was positive at
650-450 nm and 425-275 nm
and negative at  450-
425 nm.["$* 1 This suggested
dominant retention of confi-
guration [(S)-14].2°> ] Howev-
er, the magnitude of the rota-
tion is low for chiral rhenium
compounds, and the enantio-
meric purity could not be as-
sayed.

The elaboration of the hy-
dride ligand in 14 was attempt-
ed. The addition of nBuLi to
the parent complex [(1°-CsHs)-
Re(NO)(PPh;)(H)] (THEF,
—15°C) generates the red, rhe-
nium-centered  anion  [(’-
CsH;)Re(NO)(PPhy)]~ Li*.PY
This in turn reacts with a variety
of electrophiles to give new
o complexes. An analogous
reaction of racemic 14 and
nBuLi (Scheme 4) gave a

Chem. Eur. J. 2001, 7, No. 9

(5)-9-C¢Hg 6" PF¢~ - (CHCL), 12 PF,~ - CH,Cl,
molecular formula C,H3;NOP,Re CssH4ClFgNOP,ReRh CsHs,CLLF,NOP,ReRh
molecular weight 820.87 1461.65 1387.32
T[°C] —100(2) 15 —100(2)
diffractometer Nonius MACH3 Syntex P1-bar Nonius MACH3
radiation [A] Mok, Mok, Mok,
crystal system monoclinic monoclinic monoclinic
space group P2, P2,/c P2/c
unit cell dimensions:

a[A] 12.086(2) 12.980(4) 13.392(3)
b [A] 8.559(2) 15.832(4) 11.155(2)
c[A] 17.785(4) 29.117(7) 34.445(7)
B 1] 105.87(3) 91.70(3) 98.46(3)

v [A3] 1769.6(6) 5980.9(2) 5089.7(18)
Z 2 4 4

P [gem ™3] 1.54 1.66 1.81

u [mm™1] 3.56 4.40 3.05

data collection method O scans O scans O scans
crystal dimensions [mm] 02x02x0.2 0.3x03x%x0.3 04x04x%x03
O range [°] <25 <25 <25
range/indices (h,k,/) —14,14; 0,15; —15,15;

—10,10; 0,16; —13,13;

—21,21 0,27 —40,40
reflections measured 5988 10957 18892
unique reflections 5290 10957 8951
reflections observed 4715 [1>20(1)] 7201 [1>30(1)] 6405 [1>20(1)]
refined parameters 424 1269 649

refinement

Rim

R indices
[1>20(1)]

R indices (all data)

goodness of fit

largest diff. peak, hole [e A=%]

least-squares on F?
0.0392

least-squares on F

least-squares on F?
0.0840

R,=0.0355 R=0.0740 R, =0.0404
WR, =0.0842 [R,] =0.0830 wR, = 0.0807
R, =0.0448 - R, =0.0801
WwR, =0.0934 wR, =0.1036
1.003 - 1.041
2.184/—1.653 5380/ — 1.838/ — 1.632

[a] 1.03 A from Re.
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Figure 3. Selected conformational features in crystal structures.

angles in Table 3), the larger X group occupies the interstice
between the cyclopentadienyl and nitrosyl ligands. Numerous
NMR and computational data have shown this region to be
the least congested.Bs 30l

In the crystal structure of 3 (Figure 2, top), the smallest
group on the diphenylphosphido ligand, the lone pair, is
directed into the interstice between the nitrosyl and triphe-
nylphosphine ligands (see G, Figure 3). This is known to be
the most congested region.* However, there is an additional
electronic driving force. In this conformation, the torsion
angle between the lone pair and rhenium fragment HOMO
shown in C (Scheme 1) is about 60°. The high degree of
orthogonality lessens repulsive interactions.'*!] Key metrical
parameters of 3 and (§)-9 are compared in Table 3. The effect
of thodium chelate formation upon these core structures is of
obvious interest.

2020
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Table 3. Key distances [A] and angles [°] in 3 and (S)-9 - C;H.

3 (5)-9-CsHy
Re—N1 1.738(10) 1.773(7)
Re—P1 2.358(3) 2.352(2)
Re—P2 2.461(3) -
Re—Cl1 - 2.170(8)
C1-P2 - 1.845(8)
Re—Cp(centroid) 1.944 1.949
Re—C13 2.287(16) 2.324(8)
N1-Re-P1 91.5(4) 92.5(2)
Re-N1-O1 177.9(10) 174.5(6)
C1-Re-Cl13 - 84.0(4)
P2-Re-C13 91.4(3) -
N1-Re-C1 - 97.2(3)
N1-Re-P2 92.5(4) -
P1-Re-C1 - 87.6(2)
P2-Re-P1 92.5(1) -
Re-C1-P2 - 112.1(4)
P1-Re-C1-P2 - —159.9
N1-Re-C1-P2 - —67.6
Re-C1-P2-LP - —-49.1
Re-C1-P2-C50 - —176.9
Re-C1-P2-C60 - 78.8
P1-Re-P2-LP 60.7 -
N1-Re-P2-LP 30.9 -
P1-Re-P2-C50 62.6 -
P1-Re-P2-C60 175.9 -
N1-Re-P2-C50 154.3 -
N1-Re-P2-C60 -925 -

The structures of the cations of chelates 6" PF,~ and
127 PF,~ are shown in Figure 4. Selected distances and
angles are compared in Table 4. With one exception (below),
the bond lengths or angles common to both chelate rings are
similar. For example, both PRhP angles are close to that
expected for an idealized square planar rhodium geometry
(91.35(12), 95.41(7) A). However, the rhodium-rhenium
distance is 10% greater in the larger six-membered ring
(4.505 vs 4.068 A). Protonation or alkylation of the phos-
phorus lone pair in 3 would relieve repulsive interactions and
give a much shorter rhenium-phosphorus bond.['** How-
ever, the introduction of rhodium in 6" PF;~ leads to a
slightly longer rhenium-phosphorus bond (2.487(3) vs
2.461(3) A).

Newman-type projections of 6" PF,~ and 12* PF,~ are
illustrated in Figure 3 (I, J). Due to the geometrical constraint
of the chelate, the LRePPh, conformations of 3 and 6" PF~
(G, 1) differ significantly. However, since rhodium is now the
largest group on phosphorus, that in I would be favored even
in the absence of a chelate. In contrast, the LReCH,P
conformations in (§)-9 and 12+ PF,~ (H, J) must change only
slightly, as reflected by the torsion angles (L =Ph;P/ON:
—159.9°/ —676° vs —1573°/—68.3°). The situation with
the adjacent ReCH,—PPh, linkage is similar. Geometrical
constraints require the rhodium in J to assume the phos-
phorus lone pair position in H (see also Figure 2, bottom).B!
Accordingly, the ReC-PPh torsion angles in (S)-9 and
127 PF¢~ are very close (78.8°/—176.9° vs 73.1°/179.4° or
—180.6°). However, the ReCH,-PRh conformation is
opposite to what would be expected in the absence of a
chelate. 3]
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Figure 4. Structures of the cations of 6" PF, -(CHCl;), (top) and
12" PF, - CH,Cl, (bottom).

Figure 4 illustrates the overall conformation of the chelate
rings in 6" PFs~ and 127 PF4~. A close inspection reveals an
uncanny resemblance to the classical envelope and chair
conformations of cyclopentane and cyclohexane, respectively.
The similarities are highlighted in K and L in Figure 3. The
latter features a striking array of three syn-axial phenyl and
nitrosyl groups. We speculate that the essentially unrestricted
rotation about the rhenium - cyclopentadienyl axis allows the
Re(CH,),PRhP linkage to attain conformational energy
minima similar to those of the corresponding carbocycles.
Accordingly, the C24-Re-P2 and C24-Re-C1 angles, which
reflect this degree of freedom, are quite different in the two
chelates (87.4(3)° vs 99.4(3)°).

Views of 6 PF,~ and 12" PF,~ without the norbornadiene
ligand are collected in Figure 5. An overlay (top) in which the
chiral rhenium moieties are superimposed as closely as
possible highlights the different chiral environments at
rhodium. The chiral environments are then shown from the
perspective of the ligands on rhodium (middle and bottom
structures). Brunner has carefully analyzed such chiral pock-
ets in complexes of chiral chelating bis(diphenylphosphine-
s).’2 He has classified the phenyl ring orientations into four
types based upon torsion angle relationships: face — P, edge —
P, edge - M, and face — M, where P and M are helical chirality
descriptors.

Complexes 6" PF,~ and 12* PF¢~ both feature two phenyl
rings with face-orientations with respect to rhodium (upper

Chem. Eur. J. 2001, 7, No. 9

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

Table 4. Key distances [A] and angles [] in 6* PF,~-(CHCL), and
12+ PF,~- CH,Cl,.

6* PFy~ - (CHCLy), 12+ PF,~ - CH,Cl,

Re—N1 1.731(13) 1.760(7)
Re—P1 2.392(3) 2.365(2)
Re—P2 2.487(3) -
Re—C1 - 2.183(7)
C1-P2 - 1.825(7)
Re—Cp(centroid) 1.925 1.939
Re—C24 2.217(12) 2.253(7)
P3—C24 1.805(12) 1.798(7)
Rh—P3 2.276(4) 2.295(2)
Rh-P2 2.380(3) 2.360(2)
Re—Rh 4.068 4.505
N1-Re-P1 90.8(3) 89.1(2)
N1-Re-C1 - 100.5(3)
N1-Re-P2 99.8(4) -
C1-Re-P1 - 89.8(2)
P2-Re-P1 99.55(12) -
Re-C1-P2 - 117.4(3)
Re-P2-Rh 113.4(3) -
C24-Re-C1 - 99.4(3)
C24-Re-P2 87.4(3) -
Rh-P2-C1 121.9(4) -
Re-C24-P3 117.1(4) 123.3(3)
Rh-P3-C24 110.6(4) 113.9(3)
P2-Rh-P3 91.35(12) 95.41(7)
Rh-P2-C50 102.4(4) 113.3(2)
Rh-P2-C60 108.7(4) 108.5(2)
Rh-P3-C70 113.3(5) 111.0(2)
Rh-P3-C80 114.8(4) 115.1(2)
Re-C24-P3-C70 —69.4 —61.8
Re-C24-P3-C80 179.5 -170.9
P1-Re-C1-P2 - -1573
N1-Re-C1-P2 - —68.3
N1-Re-P2-C50 17.6 -
N1-Re-P2-C60 136.7 -
P1-Re-P2-C50 —74.9 -
P1-Re-P2-C60 442 -
P1-Re-P2-Rh 167.2 -
Re-C1-P2-Rh - 58.1
Re-C1-P2-C50 - 73.1
Re-C1-P2-C60 - 179.4

quadrants in Figure 4). The phenyl rings in 6* PF,~ define a
P3M pattern, which is found in only 10% of the five
membered-chelates with envelope conformations of the same
configuration (most are M* or M?P).’2l Furthermore, the
phenyl ring containing C50 adopts a normally forbidden
orientation, apparently to minimize interactions with the
pseudoaxial nitrosyl group. In contrast, the phenyl rings in
12+ PF,~ adopt a P?M? configuration. Derivations of these
relationships are given as Supporting Information (Table 1-S).
The most important point is that they validate our hypothesis
that chelates of the type B (Scheme 1) should provide unique
and heretofore inaccessible types of steric environments for
enantioselective catalysts.

Catalytic enantioselective hydrogenations: Many chiral cati-
onic rhodium diphosphine complexes have been evaluated as
catalyst precursors for enantioselective hydrogenations of
alkenes.[l 4.c-¢ 16,272l Some are very effective with a,3-unsatu-
rated carboxylic acids and esters that bear oa-acetamido
substituents. These afford products of obvious interest,
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Figure 5. Top: Superposition of the cations of 6° PF,~-(CHCl;), and
12+ PF, - CH,Cl,, omitting the norbornadiene and PPh; phenyl rings.
Middle and bottom: View of the chiral pockets of 6© and 12* from the
perspective of ligands on rhodium, omitting the norbornadiene and one
PPh; phenyl ring.

protected a-amino acids. As summarized in entries 1-8
of Table 5, four such substrates (16a—d) were treated with
latm of hydrogen in the presence of 0.5mol% of the
rhenium —rhodium chelates (S)-6* PF; (] and (S)-12+ PF,~
in THF at ambient temperature. Workups gave the amino
acid derivatives 17a—d in 70—-98 % yields. All spectroscopic
and chromatographic probes indicated quantitative reac-
tions.

The absolute configurations of 17a—d were assigned
polarimetrically. The enantiomeric purities were determined
by chiral chromatographic methods as described in the
Experimental Section. The samples derived from (S)-6" PF¢~
(entries 1-4) were first analyzed by GLC, and then stored for
fourteen years and analyzed by GLC or HPLC. Compound
17a in entry 1, originally reported as 98% ee from a non-
baseline enantiomer separation,!'¥! was found to be 92% ee.
The other values were in agreement. In all cases, the five-
membered chelate, (S)-6" PF,~, gave higher ee values than the
six-membered chelate, (S)-12* PF¢~ (entries 1-4 vs 5-8).

2022
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Table 5. Catalytic enantioselective hydrogenation of dehydroamino
acids.!

¢ 1
H gOR' H COR'
: : H,, THF
— H H
0.5 mol%
R NH- %CH3 catalyst R NH-ﬁCH3
(e}
16 a-d a2 R=H, R'=H ($)-17 a-d
b: R=Ph,R'=H
¢: R=Ph,R'=CH;
d: R =Ph,R'=CH,CH;j
Entry Educt Catalyst T Pressure Yield ee
[°C] [bar] [%] [%]
1 16a (5)-6* PF,~ 20-23 1 82 92
2 16b (5)-6" PF, 20-23 1 70 93
3 16¢ (5)-6" PF,~ 20-23 1 94 88
4 16d (5)-6* PF,~ 20-23 1 86 82
5 16a (S)-12+ PF, 20-23 1 93 62
6 16b (8)-12* PF¢~ 20-23 1 86 72
7 16¢ (8)-12+ PF,~ 20-23 1 98 65
8 16d (S)-12+ PF,~ 20-23 1 96 60
9 16b (S)-12+ PF,~ 20-23 0.3 - 76
10 16b (S)-12+ PF,~ 20-23 10 - 60
11 16b (S)-12+ PF,~ 20-23 30 - 46
12 16b (S)-12+ PF,~ 20-23 90 - 40
14 16b (S)-12+ PF,~ -5 1 75 40
15 16b (S)-12+ PF,~ 45 1 82 72

[a] Conditions and analytical methods are detailed in the Experimental
Section.

This follows intuitively from the closer proximity of the chiral
rhenium to one diphenylphosphido group and in turn the
rhodium.

The effect of hydrogen pressure upon enantioselectivity
was examined with 16b and (§5)-12* PF,~ (entries 9, 6, 10, 11,
12). An inverse dependence was observed, in other words
lower ee values of 17b at higher pressures. This has been
found for many other rhodium catalysts with chiral chelating
diphosphines.'®¢ ¢l The ee values also decreased at lower
temperature (entries 6, 14, 15). The mechanistic basis for
these phenomena has been analyzed in detail.l'*<l They
strongly suggest that our new catalysts exhibit analogous C=C
enantioface binding equilibria and reactivity patterns. Turn-
over frequencies were measured by monitoring hydrogen
uptake with a gas burette. Values ranged from 0.028 to
0.083s! (100-300 h~') for (S)-6* PF¢~, and 0.43-0.83 s™!
(1550-2970 h=') for (S)-12+ PF¢~. Thus, the less selective
catalyst is more reactive. Complex (S)-6" PF¢~ gave similar
yields and turnover frequencies in CH,Cl, and methanol, but
enantioselectivities were not assayed.

The yields and catalyst loadings (0.5 mol%) in Table 5
translate to turnover numbers of 140-195. We sought to
probe the efficacy of lower loadings. Accordingly, the reaction
in entry 6 was repeated in a more concentrated solution with
0.05 mol % catalyst. Hydrogen was taken up over the course
of 1.5 h (TOF 0.50 s~! or 1800 h~'). Workup gave 17b in 81 %
yield (70 % ee), corresponding to a turnover number of 1620.
However, considering the spectroscopically quantitative na-
ture of these reactions, we believe that the true value is closer
to 2000. Regardless, (S)-6* PF,~ and (S)-12* PF,~ may be used
at very low loadings.

0947-6539/01/0709-2022 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 9





“Chiral-at-Rhenium” Complexes

2015-2027

Discussion

Schemes 2 and 3 document the ready availability of a novel
new class of chiral chelating diphosphines [(R)-5, (S)-11],
which, due to the presence of a chiral transition metal in the
backbone, present heretofore inaccessible types of steric and
electronic environments. These give rhodium adducts that are
enantioselective hydrogenation catalyst precursors and show
very promising first-generation effectiveness, approaching
some the best performance benchmarks in the literature.
There is no reason to doubt that optimization of this catalyst
class would not match or exceed these benchmarks. There-
fore, we focus the first part of this discussion on comparisons
with ferrocene-based chiral chelating diphosphines (A, A’;
Scheme 1). A logical starting question is “how easily can each
type of chelating diphosphine be synthesized ?”

The conversion of commercially available Re,(CO);, to the
non-racemic methyl complex (S)-1 and then diphosphines
(R)-5 or (S)-11 requires eleven steps (including two tandem
steps, such as the BuLi/PPh,Cl sequences). The overall yields
are 30% and 32%, respectively. Scheme 5 summarizes
analogous statistics for three representative ferrocene-based
phosphines, 18-20.1>3] These require seven-fifteen steps
from ferrocene, with 15-40% overall yields. Thus, our
chelates compare favorably from a preparative standpoint.
Our starting material is more expensive than ferrocene, but
this becomes less of a factor over a multistep sequence.
Furthermore, both enantiomeric series of rhenium complexes
are equally available.['’]

Another important comparison involves hydrogenation
enantioselectivities. The best of the dozens of rhodium
catalysts derived from ligand types A/A’ deliver 17a—c in
97-99% ee,F™ 3 as compared to 88-93% ee with (S)-
6" PF,~. Of course, other types of chiral chelating diphos-
phines give similar or still higher values. From this extensive
literature, we emphasize the DuPHOS ligand family.l'%®]
Here, care was also taken to document TON values, which
for preparative reactions (>10 g) were routinely 10000. This
is larger than the maximum we have demonstrated (1620), but
we are confident our catalysts would match it on similar time
and mass scales. Thus, although an about 10% improvement
in ee values is needed to render our catalyst family compet-
itive, there are no identifiable drawbacks or disadvantages
associated with the rhenium in the chelate backbone.

In addition, the rhenium-containing chelating diphosphines
have many intrinsic diversity elements. All three phosphorus

R Ph,P

g

centers are easily modified.” The corresponding penta-
methylcyclopentadienyl complexes are also available in
enantiomerically pure form,[*! and tetra- or trisubstituted
homologues should be similarly accessible. It would be easy to
replace the methylene group in the larger chelating ligand 11
by either configuration of a CHR stereocenter.?” There are
also many ways by which 1 could be elaborated on a solid
support, or that mixed phosphorus/nitrogen or phosphorus/
sulfur donors could be accessed.

Some related heterobimetallic complexes that have been
prepared by other groups deserve emphasis. Brunner has
reported the chiral molybdenum —rhodium complex 21, which
is shown in Scheme 6 and features molybdenum, carbon, and
nitrogen stereocenters. It catalyzed the hydrosilylation of
ketones, but only modest ee values were obtained.[® Moise
has synthesized novel chiral tantalum complexes with diphe-
nylphosphido and diphenylphosphidocyclopentadienyl li-
gands.*l He has shown that these can chelate to other metals,
as illustrated by 22 in Scheme 6. However, only racemic

H ]
o NapwMo.,, P, O
RGN0 @ CrCoN D
[N /N L=zp \Ta/Pth lﬁ_‘,_\o Mn(CO);
Ay W wh
71 PR
21 22 23

Scheme 6. Other relevant literature compounds.

complexes have been described to date. Finally, the mixed
phosphorus/nitrogen donor ligand 23 has been reported by
Helmchen.*? It features a cyclopentadienyl Mn(CO); moiety
with planar chirality, and other stereogenic elements. Many
would have feared that the manganese would be too labile for
most types of catalytic reactions. Nonetheless, this ligand is
extremely effective for palladium-catalyzed enantioselective
allylic substitutions.

In conclusion, this study has established the ready avail-
ability and efficacy of a new and architecturally novel type of
chiral chelating diphosphines for metal-catalyzed enantiose-
lective organic reactions. The general strategy, exemplified by
B in Scheme 1, can easily be extended to a broad new family
of chelates. By every criterion, these appear capable of
impacting catalysis analogously to ferrocene-based chiral
chelates of the types A and A’. Additional types of catalyst

precursors and applications will
be reported in the near fu-
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Scheme 5. Comparison of syntheses of representative “metal-containing” chelating diphosphines.
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under vacuum. New compounds were
characterized as follows: IR and NMR
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spectra, standard FT instruments; optical rotations, Perkin—Elmer 241
spectropolarimeter; ORD/CD spectra, JASCO J-20C spectrophotometer;
mass spectra, VG 770 or Micromass Zabspec instruments; microanalyses,
Schwarzkopf Laboratories or in-house service (Carlo Erba EA 1110).
Chromatography was conducted with standard instruments under condi-
tions detailed below.

Solvents were treated as follows and stored under N,: CH,Cl, and CHCl;,
distilled from Sicapent (Fluka); benzene, distilled from CaH,; THF, diethyl
ether, and toluene, distilled from Na/O=CPh,; pentane and hexane,
distilled from Na; methanol and ethanol, distilled from Mg; chlorobenzene
(Fluka, >99.5%), stored over molecular sieves; CD,Cl, and CDCl;, trap-
to-trap distilled from molecular sieves; CsDs and Dg[THF], trap-to-trap
distilled from Na/Pb alloy. Reagents were treated as follows:
[Rh(NBD)CI], (Strem, >99 %), used as received; PPh,H (>95 %), AgPF;
(>99%), and Ph;C*BF,~ (Fluka), used as received; PPh,Cl (Fluka,
~97 %), freshly vacuum distilled; nBuLi (Fluka, ~1.6M in hexanes) and
BuLi (Fluka, ~1.5M in pentane), standardized;*! hydrogenation sub-
strates, used as received (16a,b; Fluka) or prepared by standard procedures
(16¢,d);* others, used as received from common commercial sources.

(5)-[(73-CsH;5)Re(NO)(PPh;) (PPh,H)]* BF,~ [(S)-2* BF, ]:l'¥] A Schlenk
flask was charged with (R)-[(5°-CsHs)Re(NO)(PPh;)(CH;)], [(R)-1],”
(0.833 g, 1.49 mmol) and chlorobenzene (150 mL), and cooled to —41°C
(CH;CN/CQO,). Then HBF, (5.5M in diethyl ether; 0.271 mL, 1.5 mmol) was
added with stirring. After 10 min, PPh,H (0.416 g, 2.24 mmol) was added to
the dark red solution. The cold bath was allowed to warm. After 12 h, the
mixture was slowly added to diethyl ether (400 mL). The tan powder was
isolated by filtration, washed with pentane (300 mL) and dried by oil pump
vacuum to give (S)-2* BF,~ (1.078 g, 1.320 mmol, 89 % ). M.p. 210-215°C
decomp; elemental analysis calcd (%) for C;sH; BF,NOP,Re (816.6) for:
C 51.48, H 3.83; found: C 51.59, H 3.96; [¢]%, = —87° (c=0.11 mgmL"",
CH,CL); 'H NMR (300 MHz, CD,Cl,, 25°C, TMS): 6=7.60-7.04 (m,
5CHs), 7.34 (dd, 'J(H,P) =392 Hz, 3J(H,P) = 5.4 Hz, PH), 5.33 (s, C;Hs);
SIP(H} NMR (121 MHz, CD,Cl,, 25°C, H;PO,): 6=13.3 (d, Y(PP)=
13 Hz, PPh;), —5.5 (d, 2/(P,P) =13 Hz, PPh,H). The '*C NMR spectrum
was similar to that of (§)-2* OTs.[%]

(S)-[(175-CsH5)Re(NO) (PPhy)(PPh,)] [(S)-3]:!") This compound was pre-
pared from (S)-2* BF,~ in 89—-96 % yields by a deprotonation analogous to
that used to synthesize racemic 3 from 2+ OTs~.["* M.p. 220-230°C
decomp; [a]%, =205° (¢ =1.05 mgmL-!, THF).

[(57°-CsH,PPh,)Re(NO)(PPh;)(H)] (14)

A) A Schlenk flask was charged with PPh,H (0.13 mL, 0.14 g, 0.75 mmol)
and THF (5 mL), and fitted with a septum. Then nBuLi (1.40M in hexane;
0.580 mL, 0.790 mmol) was added with stirring. The colorless solution
turned orange. A 3P NMR spectrum of an aliquot showed the clean
formation of LiPPh, (6 =-29.90, s). The solution was transferred by
cannula with stirring to a septum-capped Schlenk tube that had been
charged with [(17>-CsHs)Re(NO)(PPh;)(OTs)] (13;5% 0.50 g, 0.70 mmol)
and THF (20 mL). The red solution was stirred and gradually turned
yellow. A 3'P NMR spectrum of an aliquot showed complete product
formation. After 4 h, the volatiles were removed by oil-pump vacuum. The
yellow residue was extracted with benzene. The extract was filtered
through a Celite plug. The bright yellow filtrate was concentrated, and
hexanes added by vapor diffusion. Yellow needles slowly formed, which
were collected by filtration and dried by oil pump vacuum to give 14 (0.43 g,
0.60 mmol, 85 % ). M.p. 198—200°C decomp; elemental analysis calcd (%)
for C;sH;)NOP,Re for: C 57.68, H 4.15, P 8.50; found: C 57.62, H 4.35, P
8.34; IR (KBr,cm™'): #=1950 (s, ReH), 1633 (s, NO); '"H NMR (300 MHz,
CD,(Cl,, 28°C, TMS): 6=750-731 (brm, 5C.Hs), 4.91, 4.87, 4.65, 4.58
(4brm, CsH,), —9.56 (dd, %J(H,P)=29.7 Hz, *J(H,P)=1.8 Hz, ReH);
BC{'H} NMR (75MHz, CD,Cl,, 28°C, TMS): PPh; at 6=138.2 (d,
1J(C,P) =53 Hz, i), 134.0 (d, 2/(C,P) =11 Hz, 0), 129.0 (s, p); PPh, at 138.7
(d, 'J(C,P)=57 Hz, i), 1385 (d, 'J(C,P)=56 Hz, 1), 133.7 (d, 2/(C,P) =
9 Hz, 0), 130.4 (s, p); other PPh;, PPh, at 128.7-128.5 (m); CsH, at 94.9 (d,
1J(C,P) =14 Hz, CP), 93.3 (s), 89.9 (d, 2J(C,P) =10 Hz), 88.9 (s), 88.7 (s);
SIP{'H} NMR (121 MHz, CD,Cl,, 25°C, H;PO,): 6 =26.1 (s, PPh;), —14.9
(s, CsH,PPh,).

B)!"] An analogous synthesis was conducted with (S5)-13 (0.200 g,
0.280 mmol).’ A similar workup gave yellow needles of (R)-14 (0.160 g,
0.220 mmol, 79 % ). The IR and NMR ('H, C, 3'P) spectra were similar to
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those of the racemate. [a]%, =—89° (c=1.0 mgmL~!, THF). See text for
comments on the enantiomeric purity and configurational assignment.

[(#>-CsH,PPh,)Re(NO)(PPh;)(PPh,)] (5)

A) A Schlenk tube was charged with 14 (0.100 g, 0.140 mmol)!'**) and THF
(10 mL), capped with a septum, and cooled to —15°C (ethylene glycol/
CO,). Then nBuLi (1.4 M in hexane; 0.011 mL, 0.15 mmol) was added with
stirring. The light yellow solution turned deep red. After 20 min, the tube
was transferred to a —78°C bath (acetone/N,). Then PPh,Cl (0.027 mL,
0.033 g, 0.15 mmol) was added dropwise with stirring, giving an orange
solution. The cold bath was allowed to warm. After 4—6 h, the volatiles
were removed by oil-pump vacuum. The residue was extracted with
benzene. The extract was filtered through a Celite plug. The filtrate was
concentrated, and hexanes were added by vapor diffusion. Red flower-like
crystals slowly formed, which were collected by filtration and dried
(1073 Torr, 56°C, 12 h) to give 5+ (C¢Hy),5 (0.089 g, 0.093 mmol, 68 % ). M.p.
196-197°C decomp; elemental analysis caled (%) for: C;;H;)NOP;Re-
(C¢Hg)o5 (952.0): C 63.08, H 4.45, P 9.76; found: C 63.52, H 4.58, P 9.02; IR
(KBr, cm™): #=1656 (s, NO); "H NMR (300 MHz, [Dg]THF, 28°C, TMS):
0="747-727,716-6.92 (2m, 7 C¢Hs), 7.26 (brs, 0.5 C4Hy), 5.34, 5.12, 4.59,
3.02 (4brs, CsH,); *C{'H} NMR (75 MHz, [Dg]THF, 28 °C, TMS): PPh; and
PPh, at 6=139.2 (d, 2J(C,P)=11 Hz, o), 136.7 (d, 2J(C,P)=11 Hz, 0o'),
136.1 (d, 'J(C,P) =54 Hz, i), 135.2-133.9, 130.8—-126.0 (2brm, Ph); 129.0
(s, CsHg); CsH, at 101.4 (d, 'J(C,P) =18 Hz, CP), 93.8 (d, J(C,P) =2 Hz),
91.2 (d, J(C,P) =3 Hz), 91.2 (s), 90.9 (s); *'P{'"H} NMR (121 MHz, [D4]THF,
28°C, H;PO,): 6=20.2 (d, */(P,P) =15 Hz, PPh;), —16.2 (s, CsH,PPh,),
—45.2 (d, 2J(PP) =15 Hz, RePPh,).

B)!Y) A Schlenk tube was charged with (S)-3 (0.500 g, 0.620 mmol) and
THF (30 mL), capped with a septum, and cooled to —78°C. Then nBuLi
(1.6 M in hexanes, 0.43 mL, 0.69 mmol) was slowly added with stirring. After
15 min, an aliquot was assayed by 3P NMR (Table 1; complete formation
of (S)-4). Then PPh,Cl was added (0.110 mL, 0.140 g, 0.620 mmol; caution:
any excess can react with the product). The mixture was stirred for 30 min
at —78°C, and the cold bath was allowed to warm. After 4—6h, the
volatiles were removed by rotary evaporation. The red foam was dried
(1073 Torr, 6 h) to give (5)-5 (0.520 g, 0.550 mmol, 89 % ), which was pure by
NMR. A portion (0.035 g, 0.037 mmol) was dissolved in benzene, and
hexanes were added by vapor diffusion. Red prisms slowly formed, which
were collected by filtration and dried as above to give (S5)-5-(C¢Hg)os
(0.020 g, 0.021 mmol, 60 % ).l The IR and NMR ('H, *C, *'P) spectra were
similar to those of the racemate. [a]%, =216° (c =1.0 mgmL~!, THF).

[(nS-C5H4lI’th)Re(NO)(PPh:,)(,u-Pth)lllh(NBD)]* PF, [(67 PF¢)]

A) A Schlenk flask was charged with 5+ (C¢Hg), 5 (0.505 g, 0.533 mmol) and
THF (25 mL), and [Rh(NBD)CI], (0.12 g, 0.26 mmol) was added with
stirring. The orange solution turned deep red, and AgPF, (0.155¢,
0.582 mmol) was added. The sample became heterogeneous and red-
brown. After 30 min, the volatiles were removed in vacuo. The residue was
extracted with benzene. The extract was filtered through a Celite plug. The
deep red filtrate was concentrated, and hexanes were added. The dark
orange solid was dissolved in a minimum of THF, and pentane was added
by vapor diffusion at —20°C. Orange-red, plate-like crystals slowly formed,
which were collected by filtration and dried (1073 Torr, 24 h) to give
6+ PF,~ - THF (0.605 g, 0.445 mmol, 83%). M.p. 180-183°C decomp;
elemental analysis (%) calcd for C5,H,,F.NOP,ReRh-C,H;O (1325.1): C
52.57, H 4.48, P 9.35; found: C 52.53, H 4.52, P 9.34; IR (KBr, cm™!): 7=
1670 (s, NO); MS (FAB, 3-NBA): m/z (%): 1108 (58) [M]*, 600 (50), 183
(74), 154 (100); '"H NMR (300 MHz, CD,Cl,, 28°C, TMS): 6 =8.10-8.04,
7.70-7.65, 751-743, 736-731, 729-723, 723-708, 6.71-6.64 (7m,
7C¢Hs), 5.69, 5.51, 5.45, 4.66, 4.52, 4.45, 4.01, 4.00, 3.79, 3.69 (10brs,
CsH,, NBD CH), 3.69-3.65, 1.84-1.79 (2m, THF), 1.56 (dd, 2/(H,H') =
89 Hz, 3J(HH")=1.6Hz, NBD-CHH'), 144 (dd, */(H,H)=8.5 Hz,
3J(H ,H")=1.5 Hz, NBD-CHH'); “C{'H} NMR (75 MHz, CD,Cl,, 28°C,
TMS): PPh;, PPh, at 6 =142.0 (d, 'J(C,P) =20 Hz, i), 134.2 (d, J(C,P) =
54 Hz, 1'), 137.3 (d, 'J(C,P) =20 Hz, i"), 136.2 (d, J(C,P) = 14 Hz), 134.8 (d,
J(C,P)=13 Hz), 133.6 (s), 133.6 (d, J(C,P)=11Hz), 131.8 (d, J(C,P)=
11 Hz), 131.2-130.9 (m), 130.1-128.8 (m); C;H,, NBD at 114.6 (s), 114.5
(s), 110.8 (s), 110.2 (s), 102.5 (d, 'J(C,P) =18 Hz, CP), 98 (s), 96.1 (brm),
89.1 (brm), 83.2 (s), 81.7 (brm), 71.8 (br m), 69.9 (s); 68.2, 26.0 (2s, THF);
3P{'H} NMR (121 MHz, CD,Cl,, 28°C, H;PO,): 6 =50.4 (ddd, 'J(P,Rh) =
183 Hz, 2J(P,P) =19 Hz, 3J(P,P) =5 Hz, CsH,PPh,), 9.8 (dd, 2J(P,P) =14 Hz,
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3J(PP)=5Hz, PPh;), —492 (ddd, YJ(PRh)=127Hz, 2/(PP)=19 Hz,
2J(PP) =14 Hz, RePPh,), —144.0 (sep, J(P,F) =708 Hz, PF).
B) A sample was dissolved in CHCl; and layered with hexanes. Dark red

prisms of 6" PF,~-(CHCL;), formed, and were used for crystallography
(below). The solvate was verified by 3C NMR.

C)"1 The compounds (5)-5 - (C¢Hy)o 5 (0.185 g. 0.192 mmol), THF (15 mL),
[Rh(NBD)Cl], (0.046 g,0.096 mmol), and AgPF; (0.50 g, 0.200 mmol) were
combined as in procedure A. After 2 h, the volatiles were removed in
vacuo. The residue was extracted with benzene. The extract was filtered
through a Celite plug. The solvent was removed from the filtrate by rotary
evaporation. The residue was dried (1073 Torr, 6 h) to give (R)-6" PF,~-
THEF (0.24 g, 0.18 mmol, 92 % )"/l as a dark orange powder that was pure by
NMR ('H, BC, ¥'P; data similar to racemate). Crystallization attempts gave
oils. [a]%, =48° (¢=1.0 mgmL-!, THF).
[(37°-CsHs)Re(NO)(PPh;)(CH,PPh,H)|* BF,” [8* BF,"]

A) A Schlenk flask was charged with 1 (1.000 g, 1.790 mmol) and CH,Cl,
(50 mL), and was cooled to —60°C (acetone/N, slurry). Then Ph;C'BF,~
(0.650 g, 1.97 mmol, 1.1 equiv) was added with stirring. Within 30 min, the
orange suspension turned to a light green-yellow solution. Then PPh,H
(0.0168 mL, 0.180 g, 0.967 mmol, 1.2 equiv) was added dropwise with
stirring. After 10 min, the cold bath was removed. The solution turned
orange and then red. After 1.5 h, the mixture was concentrated to about
15 mL by a brief exposure to oil pump vacuum. Some product crystallized.
The sample was layered with hexanes (40 mL). After 24 h, the orange-red
prisms were collected by filtration, washed with hexanes (2 x 5 mL), and
dried (1073 Torr, 1 h) to give 8 BF,~+ CH,Cl, (1.560 g, 1.704 mmol, 95 % ).
M.p. 202-206°C; elemental analysis (%) calcd for C;Hs;BF,NOP,Re-
CH,Cl, (915.6): C 48.54, H 3.85, N 1.53; found: C 48.65, H 3.87, N 1.54; IR
(KBr,cm™): 7=1662 (s, NO); MS (FAB, 3-NBA): m/z (%): 744 (87) [M]*,
558 (100) [M —HPPh,]*, 481 (24) [M —PPh;]*; 'H NMR (400 MHz,
CD,Cl,, 28°C, TMS): 6=786-725 (m, 5CH;), 718 (ddd, J(H,P)=
489 Hz, *J(H,H) =11.0 Hz, 3/(H,H') =5.1 Hz, HP), 5.32 (s, CH,Cl,), 4.95
(s, CsHs), 2.58-2.44 (m, CHH'); *C{'H} NMR (100.5 MHz, CD,Cl,, 28°C,
TMS): PPh; at 0 =134.3 (d, 'J(C,P) =55 Hz, i), 133.9 (d, 2/(C,P) =11 Hz,
0),131.4 (s, p), 129.3 (d, *J(C,P) =9 Hz, m); PPhPh’ at 134.5 (s, p), 132.5 (d,
2J(C,P) =9 Hz, o), 132.0 (d, 2/(C,P) =9 Hz, 0'), 130.3 (d, 3/(C,P) =11 Hz,
m), 130.1 (d, 3/(C,P) =11 Hz, m’), 124.7 (d, J(C,P) =72 Hz, i), 123.3 (d,
LJ(C,P)=85Hz,1);91.0 (s, CsHs), —35.4 (d, }J(C,P) =29 Hz, CH,); *'P{'H}
and 3P NMR (161.7 MHz, CD,Cl,, 28°C, H;PO,): 6 =21.7 (d, 3/(PP) =
12 Hz) or 21.7 (brs, w,,, = 38 Hz) (PPh;), 30.2 (d, *J(P,P) =12 Hz) or 30.2 (d,
1J(H,P) =487 Hz, each line with v, =42 Hz) (PPh,).

B) An analogous synthesis was conducted with (S)-1 (1.000g,
1.790 mmol).”! The CH,CI, solution (15 mL) was layered with pentane
(40 mL). After 1d, red prisms were collected by filtration, washed with
pentane (2 x 5mL), and dried by oil pump vacuum to give (S)-8" BF,~
(1.460 g, 1.758 mmol, 98 % ). M.p. 192 -196 °C; elemental analysis (% ) calcd
for C3H3;BF,NOP,Re (830.6): C 52.06, H, 4.00, N 1.69; found: C 52.02, H
4.08, N 1.55; [a]% =175° (c=1.68 mgmL~!, CHCl;). The NMR spectra
("H, BC, 3'P) were similar to those of the racemate.

[(37*-CsHs)Re(NO)(PPh;)(CH,PPh,) ] (9)

A) A Schlenk tube was charged with 8" BF, -CH,Cl, (1.554¢,
1.697 mmol) and THF (60 mL). A solution of tBuOK (1.0M in THF;
2.43 mL, 2.43 mmol) was added with stirring. After 1 h, the solvent was
removed by oil pump vacuum. Benzene (20 mL) was added, and the sample
was filtered through a Celite plug (4 x 2 cm). The filtrate was concentrated
(to ca. 10mL) and layered with pentane (30 mL). After 24 h, the
supernatant was decanted from orange-red needles, which were dried by
oil pump vacuum to give 9 (1.250 g, 1.548 mmol, 90 %). M.p. 178-179°C
decomp; elemental analysis (%) calcd for C;H;,NOP,Re (742.8): C 58.21,
H 4.34,N 1.89; found: C 58.32, H 4.25, N 1.68; IR (KBr, cm™!): #=3051 (m,
CH), 1638 (s, NO); MS (FAB, 3-NBA): m/z (%): 742 (40) [M]*, 558 (100)
[MH — PPh,]*, 481 (66) [M — PPhs]*; '"H NMR (400 MHz, CDCl;, 28°C,
TMS): 6 =7.62-7.16 (m, 5 C¢Hjs), 4.86 (s, CsHs), 2.49 (dd, J(H,P) =9.9 Hz,
2J(H,H') =12.1 Hz, CHH’), 1.84 (dd, J(H',P) =2.0 Hz, 2J(H',H) = 12.1 Hz,
CHH'); BC{'H} NMR (100.4 MHz, CDCl;, 28°C, TMS): PPh; at 6 =135.8
(d, J(C,P)=53 Hz, 1), 133.6 (d, 2J(C,P) =11 Hz, o), 130.1 (s, p), 128.4 (d,
3J(C,P)=9 Hz, m); PPhPh’ at 146.6 (d, 'J(C,P)=20Hz, i), 145.3 (d,
1J(C,P) =18 Hz, 1), 133.0 (d, 2J(C,P) =18 Hz, 0), 132.7 (d, 2J(C,P) =17 Hz,
o), 1277 (d, 3J(C,P) =7 Hz, m), 127.6 (d, 3J(C,P) =6 Hz, m’), 1274 (s, p),
127.0 (s, p’); 89.8 (s, CsHs), —19.5 (d, 'J(C,P) =35 Hz, CH,); 3'P{'H} and *'P
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NMR (1617 MHZ, CDCI;, 28 \’C’ H3P04) 0=81 (d, BJ(RP) -8 HZ) or 8.1
(dd, 3J(PP)=6Hz, 2J(HP)=12.1Hz) (PPh,), 258 (d, J(PP)=8 Hz,
PPh;) or 25.7 (brs, PPh;).

B) An analogous synthesis was conducted with (S)-8 BF,~ (1.420 g,
1.710 mmol). Workup gave (S)-9:-C¢Hy; as orange needles (1.246¢g,
1.518 mmol, 89%). M.p. 172°C decomp; [a]% =220° (¢ =2.70 mgmL~,
THF); elemental analysis (%) caled for C;H;,NOP,Re - CHy (820.9): C
61.45, H 4.67,N 1.71; found: C 61.15, H 4.68, N 1.71. The NMR spectra ('H,
BC, 3'P) were similar to those of the racemate. The crystallization
supernatant was kept at room temperature for several hours. Clear orange
cubes (0.2—1.0 mm edges) of (5)-9-CsH formed. One was removed for a
crystal structure (below). The supernatant was decanted. The remaining
cubes were dried under a N, stream (0.065 g, 0.079 mmol, 5% ). Elemental
analysis (%) found: C 61.86, H 4.66, N 1.75 (calcd, see above).

[(7*-CsH,PPh,)Re(NO)(PPh;)(CH,PPh,)] (11)

A) A Schlenk tube was charged with 9 (1.210 g, 1.629 mmol) and THF
(60 mL), and was cooled to — 60 °C (acetone/N, slurry). A solution of rBuLi
(1.5m in pentane; 1.30 mL, 1.96 mmol, 1.2 equiv) was slowly added against
a N, flow with stirring. The cold bath was replaced by a 0°C ice bath. The
orange mixture turned orange-red. An aliquot was assayed by 3P NMR
(Table 1; complete formation of 10). After 30 min, PPh,Cl (0.331 mL,
0.395 g, 1.792 mmol) was added. The bath was allowed to warm to room
temperature over the course of 1 h. The solvent was removed by oil-pump
vacuum. Benzene (20 mL) was added. The mixture was filtered through a
Celite plug (2 x 6 cm; with benzene rinses). The filtrate was concentrated
to 10mL. A pentane layer (30 mL) was gently added. After 2d, the
supernatant was decanted from a mixture of bright red crystals and yellow
powder to give 11 (1.024 g, 1.105 mmol, 68 %). M.p. 115-118°C decomp;
elemental analysis (%) calcd for C,sH, NOP;Re (927.0): C 62.19, H 4.46, N
1.51; found: C 62.02, H 4.81,N 1.14; IR (KBr, cm™'): # = 3051, 2907, 2868 (w,
CH), 1637 (s, NO); MS (FAB, 3-NBA): m/z (%): 926 (38) [M]*, 742 (90)
[M —PPh,]*", 727 (35) [M — CH,PPh,]", 681 (100) [M — OPPh;]*, 665 (50)
[M —PPh;]*; 'TH NMR (400 MHz, [Dg]THF, 28 °C, TMS): 6 =7.56-7.02 (m,
7CsHs), 5.22, 4.82, 470, 3.39 (4brs, CsH,), 2.41 (dd, 2/(H,H') =11.8 Hz,
J(H,P)=9.6 Hz, CHH'), 1.88 (dd, */(H'H)=11.8 Hz, J(H,P)=19 Hz,
CHH'); *C{'"H}NMR (100.6 MHz, [Dg]THF, 28 °C, TMS): PPh; at 6 = 136.6
(d, J(C,P)=52 Hz, i), 134.7 (d, 2J(C,P) =11 Hz, o), 130.6 (s, p), 129.0 (d,
3J(C,P)=13 Hz, m); 2PPhPh’ at 148.0 (d, 'J(C,P) =22 Hz, i), 146.7 (d,
1J(C,P)=20Hz, i), 139.4 (d, 'J(C,P) =13 Hz, i"), 137.7 (d, 'J(C,P) =11 Hz,
i), 134.8 (s, p), 128.0 (s, p), 1342 (d, 2J(C,P)=20Hz, o), 133.6 (d,
2J(C,P)=18 Hz, 0'), 133.5 (d, 2J(C,P)=15Hz, 0”), 129.5 (d, 2/(C,P)=
15 Hz, o), 129.1 (d, 3J(C,P)=4Hz, m), 128.1 (d, *J(C,P)=4 Hz, m’),
127.4 (d, 3J(C,P)=7 Hz, m"); CsH, at 105.5 (brs), 98 (d, J(C,P) =17 Hz),
91.8 (d, J(C,P)=4Hz), 91.2 (s), 89.1 (d, J(C,P)=18 Hz, CP); —18.2 (d,
1J(C,P)=37 Hz, CH,); *P{'"HJNMR (161.7 MHz, [Dg|THF/C(D;, 28°C,
H,PO,): 6=26.3/26.3 (d, *J(PP) =5/8 Hz, PPh;), 7.3/6.9 (dd, *J(PP) =5/3,
5/8 Hz, CsH,PPh,), —17.3/ —17.7 (d, 3J(P,P) = 5/3 Hz, PPh,).

B) A Schlenk flask was charged with (5)-9 - C;H (0.780 g, 1.050 mmol) and
THF (30 mL), and cooled to —30°C (acetone/N, slurry). Then rBuLi
(1.50M™ in pentane, 1.05 mL, 1.58 mmol, 1.5 equiv) and PPh,Cl (0.272 mL,
0.324 g, 1.47 mmol, 1.4 equiv) were added as in procedure A. After 1 h, the
solvent was removed by oil pump vacuum. Benzene was added (10 mL).
The mixture was filtered through a Celite plug. The filtrate was
concentrated to 5 mL. A pentane layer (10 mL) was gently added. After
2 d, the supernatant was decanted. The residue was washed with pentane
and dried by oil pump vacuum. The supernatant was evaporated to dryness
and the precipitation repeated. The two crops were combined to give (5)-11
as a orange powder (0.677 g, 0.730 mmol, 70 % ). Elemental analysis (%)
calcd for C,sHy NOP;Re (927.0): C 62.19, H 4.46, N 1.51; found: C 61.73, H
4.60, N 1.41; [a]% = 130° (¢ =2.80 mg mL~!, THF). The NMR spectra ('H,
13C, 3'P) were similar to those of the racemate.

[(1]5-C5H4ll’Ph2)Re(NO)(PPh3)(u-CHZPth)lllh(NBD)]‘ PF,- (12* PF¢)

A) A Schlenk tube was charged with 11 (1.024 g, 1.105 mmol) and THF
(100 mL), and [Rh(NBD)CI], (0.255g, 0.552 mmol) was added with
stirring. After 30 min, AgPF, (0.279 g, 1.105 mmol) was added. The sample
became heterogeneous and deep brown. After 2 h, the volatiles were
removed by oil pump vacuum. Benzene (60 mL) was added, and the
mixture was filtered through a Celite plug (3 x5 cm). The solvent was
removed from the filtrate by rotary evaporation. The residue was dried by
oil pump vacuum to give crude 12* PF¢~ (1.330 g, 1.050 mmol, 95%) as a
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reddish brown solid. A sample (0.110 g, 0.087 mmol) was dissolved in THF
(10 mL). The solution was concentrated to ca. 5 mL, and pentane (15 mL)
was added. The solid was collected on a frit, washed with small amounts of
pentane, and dried by oil pump vacuum to give 12* PF,~ as a light brown
powder that was pure by NMR (0.065 g, 0.051 mmol, 59%). M.p. 180—
185°C decomp; elemental analysis (%) calcd for CssHyF,NOP,ReRh
(1267.0): C 52.14, H 3.90, N 1.11; found: C 51.72, H 4.31, N 0.83; IR (KBr,
em™!): #=3056, 2924 (w, CH), 1663 (s, NO), 1481 (m), 1435 (m), 1309 (w),
1261 (w), 1186 (w), 1160 (w), 1094 (m), 1027 (w), 999 (w), 839 (s, PF), 744
(m), 696 (m); MS (FAB, 3-NBA): miz (%): 1122 (100) [M]*, 1030 (40)
[M —NBDJ*; 'H NMR (400 MHz, CDCl;, 28°C, TMS): 6 =7.59-7.01 (m,
7CsHs), 5.60, 5.42, 4.86, 4.00 (4brs, CsH,), 4.90, 4.53, 4.43, 4.00, 3.95, 3.72
(6brs, NBD-CH), 1.42 (brs, NBD-CH,), 2.25 (m, CHH'), 2.07 (m, CHH');
BC{'H} NMR (100.6 MHz, CDCl,, 28°C, TMS): 6 =PPh, at 133.1 (d,
1J(C,P) =53 Hz, i), 132.5 (d, 2J(C,P) =10 Hz, o), 129.8 (d, 4/(C,P) =2 Hz,
p), 1278 (d, 3J(C,P) = 11 Hz, m); 2 RhPPhPh' at 138.2 (d, 'J(C,P) =29 Hz,
i), 134.1 (d, 'J(C,P)=47 Hz, i), 134.1 (d, 2J(C,P)=11 Hz, o), 133.4 (d,
2J(CP)=13Hz, 0'), 131.7 (d, 2(CP)=11Hz, 0”), 1312 (d, 2/(C,P)=
10 Hz, o), 130.1 (d, 3/(C,P)=8 Hz, m), 128.4 (d, 3J(C,P) =10 Hz, m),
1280 (d, 3(CP)=11Hz, m"), 1276 (d, *J(C,P)=7 Hz, m"") 130.8 (d,
4J(C,P)=2Hz, p), 129.9 (d, */(C,P)=3 Hz, p'), 129.7 (d, “/(C,P)=2 Hz,
P, 1283 (d, “/(C,P)=2Hz, p"); CsH, and NBD at 976 (s), 94.8 (d,
1J(C,P) =16 Hz, CP), 93.8 (s), 90.5 (m), 87.9 (m), 85.2 (s), 84.3 (s), 80.2 (s),
69.1 (s), 67.9 (s), 53.7 (s), 52.5 (s); —14.2 (brs, ReCH,); *'P{'"H} NMR
(161.7MHz, CDCl,;, 28°C, H,PO,): 6=50.5 (ddd, J(PRh)=148 Hz,
2J(P,P) = 34 Hz, 3J(P.P) = 18 Hz, C;H,PPh,), 23.9 (ddd, 'J(Rh,P) = 166 Hz,
2J(PP)=34 Hz, J(PP)=4Hz, CH,PPh,), 202 (dd, J(PP)=18 Hz,
3J(PP) =4 Hz, PPh,), — 156.5 (sep, 'J(PF) = 708 Hz, PF).

B) A solution of crude 12+ PF¢~ (0.070 g) in CH,Cl, (5 mL) was layered
with hexane (30 mL). After three weeks, deep red prisms of 12" PF¢~«
CH,Cl, formed. One was removed for a crystal structure (below). The
supernatant was decanted, and the remaining prisms were dried under a N,
stream. Elemental analysis (%) calcd for CssHs; CLLFgqNOP,ReRh (1351.9):
C 49.75, H 3.80, N 1.04; found: C 49.72, H 3.97, N 0.97.

C) A Schlenk tube was charged with (S)-11 (0.609 g, 0.657 mmol) and THF
(50 mL), and [Rh(NBD)Cl], (0.151 g, 0.328 mmol) was added with stirring.
After 1 h, AgPF (0.166 g, 0.657 mmol) was added. After 1 h, the volatiles
were removed by oil pump vacuum. Benzene (30 mL) was added. The
mixture was filtered through a Celite plug. The solvent was removed from
the filtrate by oil pump vacuum. The brown semisolid was dissolved in a
minimum of benzene, and pentane was added. The precipitate was
collected by filtration, washed with pentane (10 mL) and dried by oil
pump vacuum to give (S5)-12* PF,~ as a deep brown powder (0.680 g,
0.537 mmol, 82 % ). This was reprecipitated from benzene/pentane to give a
red-brown powder. M.p. 180-185°C decomp; [a]dy=-65° (c=
0.80 mgmL-!, THF). Both samples showed small amounts of impurities
by NMR (<2%), and microanalyses were slightly off. The *C NMR
spectra were similar to that of the racemate, but the 'H and *'P NMR
spectra showed minor differences. Hence, these data are given below.
'H NMR (see racemate): 0 =7.62-7.05 (m, 7 CHs), 5.46, 5.42, 4.80, 4.43
(4brs, CsH,), 4.84, 4.58, 4.50, 4.05, 3.96, 3.81 (6brs, NBD-CH), 1.47 (brs,
NBD-CH,), 2.30 (m, CHH’), 2.17 (m, CHH'); *'P{'H} NMR (see racemate):
6 =>50.7 (ddd, J =148, 34, 18 Hz, CsH,PPh,), 22.6 (ddd, J =166, 34, 4 Hz,
CH,PPh,), 19.7 (dd, J =18, 4 Hz, PPh;), —158.0 (sep, / =708 Hz, PF).
Hydrogenations (Table 5): A 50 mL flask was charged with 16 (3.00 mmol;
typical was entry 6, 0.388 g 16b), catalyst (0.50 mol %; entry 6: 0.019 g (S)-
12+ PF,7), and THF (ca. 25 mL), and attached to a gas burette. The light
orange solution was freeze-pump-thaw degassed (4 x ). A H, atmosphere
was introduced, and the solution vigorously stirred. Within 1 min, H,
uptake began. After H, uptake ceased (entry 6: 58 mL, 2.6 mmol, theory:
67 mL), 17 was isolated by a standard workup (entry 6: 0.338 g per
2.58 mmol 17b).l27

Product configurations were assigned from the signs of optical rota-
tions.’’» 4! Enantiomeric purities were assayed chromatographically. In
one series of determinations,*! 17a,b,d were first treated with methanol/
HCI. The resulting methyl esters, and 17 ¢, were treated with trifluoroacetic
anhydride to give N-trifluoroacetyl-N-acetyl amino esters, which were
analyzed by GLC (130°C, N, carrier flow 20 mLmin~!, 2 m x 2 mm glass
column packed with 5% lauroyl-L-valine-tert-butylamide (Supelco SP300)
on 100/120 Supelcoport) to give the data communicated earlier!'®! and in
entries 2—4, Table 5.
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In another series of determinations, 17a,b (ca. 0.010 g in 2 mL methanol)
were treated with diazomethane/diethyl ether (yellow endpoint) to give
methyl esters (solvent was removed under vacuum, the residue was
extracted with HPLC grade isopropanol, and the extract filtered through
glass wool). The ester from 17a was analyzed by GLC (100°C, N, carrier
flow 20 mLmin~!, 25 m x 0.4 mm glass capillary column packed with a
modified B-cyclodextrin on silica)*”! to give the data in entries 1 and 5. The
ester from 17b, and esters 17 ¢,d, were analyzed by HPLC (typically 98:2 v/v
isohexane/isopropanol (isocratic), Chiralcel OD with cellulose-carbamate
on silica gel) to give the data in entries 6-15.

Crystallography: Data were collected as summarized in Table 2. Cell
parameters for 6" PF, - (CHCL), were determined from 15 reflections
(16° <26 < 29°). Lorentz-polarization corrections were applied. The struc-
ture was solved by standard heavy atom techniques (all data by full-matrix-
least-squares on F) using the UCLA crystallographic package.4 Carbon
atoms were refined isotropically, and hydrogen atom positions were
calculated. Other atoms were refined anisotropically (A/0 (max) =2.40).
Cell parameters for (S5)-9:C4Hy and 12 PF,~ - CH,Cl, were determined
from 15 reflections (5.0° <26 < 50.0°). Lorentz-polarization and empirical
absorption (¥ scans) corrections were applied. Space groups were
determined from systematic absences and subsequent least-squares refine-
ment. The structures were solved by direct methods. The data were refined
(all data by full-matrix-least-squares on F?) using SHELXL-93.1" Non-
hydrogen atoms were refined with anisotropic thermal parameters. Hydro-
gen atoms were fixed in idealized positions using a riding model. Scattering
factors were taken from literature.*”) The rhenium configuration in (S)-9-
C¢H, was established by Flack’s x parameter (found: —0.006(12); theory
for correct and inverted structures: 0 and 1).5%

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. refcode FOWNIO
[6* PFs~ - (CHCL,),], CCDC-147776 [(S)-9-C¢H] and -147777 [12+ PF, -
CH,Cl,]. 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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Nitronyl and Imino Nitroxides: Improvement of Ullman’s Procedure
and Report on a New Efficient Synthetic Route

Catherine Hirel,'*! Kira E. Vostrikova,'?! Jacques Pécaut,!?! Victor I. Ovcharenko,”!

and Paul Rey*[?!

Abstract: The synthesis of nitronyl and
imino nitroxides has been reexamined
with the aim of both increasing yields
and of offering opportunities for new
structures. The conditions for the for-
mation of 2,3-bis(hydroxyamino)-2,3-di-
methylbutane, the key intermediate of

ate including an X-ray crystal structure
is presented. An alternative synthetic
route through 2,3-diamino-2,3-dimethyl-
butane and the corresponding imida-
zolidines which bypasses the delicate
synthesis of the bis(hydroxyamino) com-
pound is described. It is shown that

3-chloroperbenzoic acid is an effective
oxidant for the transformation of ade-
quately substituted imidazolidines into
nitronyl nitroxides, which are obtained
in high yield. An illustration of the
potentialities of this new route, a new
nitronyl nitroxide with two ethyl sub-

Ullman’s route, have been -carefully
studied, and a new procedure is pro-
posed, which affords the free base in a
very pure form and up to 60% yield.
Full characterization of this intermedi-

imidazolidines
nitroxides

Introduction

Nitronyl and imino nitroxide free radicals were described in
the seventies by Ullman in his pioneering work,!'=*! and since
then they have not attracted much attention until the last
decade of the century. This recent renewal of interest mainly
stems from the use of these paramagnetic species as building
blocks for designing molecular magnetic materials.*! Success-
ful achievements in this field, such as purely organic
ferromagnetically ordered solids® ! and metal-organic ex-
change-coupled complexes that exhibit versatile magnetic
properties,” 81 have triggered the synthesis of hundreds of
these free radicals.

The synthesis of nitronyl and imino nitroxides relies almost
exclusively!” on the condensation of 2,3-bis(hydroxyamino)-
2,3-dimethylbutane (2) with an aldehyde and oxidation of the
condensation product (Scheme 1).2l While the condensation
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stituents in positions4 and 5 of the
imidazoline ring, is reported. The scope
and limitations of the two routes are
discussed.

and oxidation stages proceed with acceptable yields and are
reproducible, preparation of the bis(hydroxyamino) inter-
mediate is poorly reproducible and often leads to frustrating
results. Its formation in moderate yield and questionable
purity was published over thirty years ago;!'% it is obtained
using the classical reduction process with zinc in ammonium
chloride buffered solution of the dinitro analogue, 1.'Yl This
synthetic procedure has recently received attention, and the
understanding of important features of the redox process has
led to a new procedure, which affords the sulfate salt of 2 in a
fairly good yield; the synthesis of the pure free base however,
is still a challenge.['? Thus, the overall yield of nitroxide from 1
is often less than 50 % and mainly reflects the difficulties in
preparing the bis(hydroxyamino) compound. However, since
the dinitro precursor is readily available in most cases, yield
and purity of the bis(hydroxyamino) (2) intermediate are not
a matter of great concern, and all nitronyl nitroxides reported
so far were prepared using this procedure.

However, problems associated with the preparation of this
key intermediate are probably the cause of the limited
number of developments reported so far that concern
structural variations in nitronyl nitroxides. Indeed, while any
aldehyde may give a nitronyl nitroxide, uncertainty about
purity of the bis(hydroxyamine) may lead to delay or
abandonment of attempts to synthesize specific nitroxides
that require aldehydes, which are difficult to prepare.
Accordingly, we performed a thorough study of the formation
of compound 2 and produced a new workup, which affords the
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Scheme 1. The bis(hydroxyamino) and diamino routes to nitronyl and
imino nitroxides. a) Zn/NH,Cl, THF/H,O; b) Sn, HCI, reflux; c) and
d) RCHO, methanol, CHCI,; or diethyl ether; e) NalO, or MnO,, CH,Cl,/
H,0; f)m-chloroperbenzoic acid (2 equivalents)/CH,Cl,; g)Na,WO,/
H,0,; h)see ref. [9]; i) NaNO,/HCl, H,O/CH,Cl,. R=phenyl (a),
p-nitrophenyl (b), 3-pyridyl (c), H (d), methyl (e), and tert-butyl (f).

pure free base 2 in a highly pure form and a yield of up to
60%; we report its full characterization including a X-ray
diffraction study.

Although tetramethylated nitronyl nitroxides (Scheme 1, 7)
are thus satisfactorily obtained for most purposes, the Ullman
route suffers from major drawbacks: i) the delicate synthesis
of the bis(hydroxyamino) compound could hardly be trans-
posed to differently substituted dinitro precursors; ii) ade-
quately substituted vic-diamines are precursors of nitronyl
nitroxides, which, according to this synthetic scheme, would
have to be oxidized to dinitro compounds and then reduced to
bis(hydroxyamino) compounds with increasing uncertainties
about the yield. Accordingly, there are synthetic problems
that would be solved only with great difficulty following
Ullman’s synthetic scheme. For example, the yield is not high
enough to trigger the synthesis of perdeuterated nitronyl
nitroxides, which would have utility in neutron diffraction
studies. More importantly, structural variations that involve

2008
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enantiotopic methyl groups in positions 4 and 5 (Scheme 1,
compound 7) of the imidazoline ring that would be involved
in the preparation of all series of chiral nitronyl nitroxides
cannot be envisioned because it would require a tedious study
for establishing a reliable synthetic procedure for the corre-
sponding bis(hydroxyamino) intermediate.

Considering that flexible syntheses of new nitronyl ni-
troxides are central to continued progress in the field of
molecular magnetism, we decided to explore other synthetic
routes toward these important open-shell intermediates.
There are two general methods for obtaining nitroxide free
radicals: the first, related to Ullman’s procedure, involves
oxidation of hydroxyamines by mild oxidizing reagents,['>15]
the second converts amines directly to free radicals by use of
strong oxidants.'> 14 16181 Conversion of adequately substitut-
ed imidazolines into nitronyl nitroxides by sodium tungstate
catalyzed hydrogen peroxide oxidation in a rather low yield
has been reported which is a possibility for a new synthetic
route.

In addition to a more efficient synthesis of the bis(hydroxy-
amino) intermediate, we describe in this paper an alternative
new synthetic route through 2,3-diamino-2,3-dimethylbutane,
3, which bypasses the usual bis(hydroxyamino) precursor.
Potentialities of this new synthetic route are illustrated by the
synthesis of already known free radicals in high yield and by
the straightforward preparation of a newly substituted
nitronyl nitroxide (Scheme 2). The scope and limitations of
this new synthetic route are discussed and compared with
those of Ullman’s procedure.

/ 8
S}NH: _d> g})}lp + QN/ H
-NH, N- N-
7 T

Scheme 2. Illustration of the synthetic potentialities of the diamino route:
meso-4,5-diethyl-4,5-dimethyl-2-phenyl-4,5-dihydro-1H-imidazolyl-3-ox-
ide-1-oxy. a) benzaldehyde/diethyl ether; b) m-chloroperbenzoic acid/
CH,Cl,, NalO,.

Results and Discussion

The bis(hydroxyamino) route: As stated before, the only
delicate step of Ullman’s route is the synthesis of compound 2.
Its preparation was performed more than one hundred times
in our laboratories using the Lamchem — Mittag procedure,!'’]
which was progressively modified. These studies ascertained
the redox mechanism, established the stability of the bis(hy-
droxyamino) derivative when pure, and explained the for-
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mation of side products such as 2-methyl-substituted nitronyl
nitroxide.['?l Concerning this point, it is worth mentioning that
alcohols should not be used as solvent. They are oxidized by
the bis(hydroxyamine) into aldehydes, which condense in situ
and are air oxidized into nitroxides. Since this process is
probably catalyzed by impurities and is unpredictable,” use
of nonpurified methylene chloride or chloroform, which are
usually stabilized with 0.2-0.4 % of ethanol may also give the
undesirable free radical, when compound 2 is extracted in the
presence of a base. The pink color (low concentration of
nitroxide) disappears during extraction, but decomposition
products contaminate the bis(hydroxyamine), which is far less
stable. These observations open questions about catalytic
redox reactions that involve hydroxyamines, which are out of
the scope of this study.

Use of THF instead of ethanol in the modified Lamchem —
Mittag procedure (Procedure A) not only avoids formation of
undesired nitroxides but also has a strong influence on the
course of the reduction. While in ethanol/water (1:1) ammo-
nium chloride is soluble and the dinitro compound sparingly
soluble, the reverse situation is observed when THF/water
(2:1) is used. Actually, the kinetics of the reduction are
strongly dependent on the concentration of NH,CI in the
solution. The course of the reaction is thus strongly affected
since in the first case there is a rather weak concentration of
dinitro compound and a large concentration of NH,Cl, while
in the second case the concentration of dinitro compound is at
a maximum, and that of NH,Cl is monitored by the quantity of
water. Formation of side products is thus minimized; in
particular, provided that the temperature is kept below 12°C,
formation of the diamine is almost negligible using a 2:1 ratio
of THF/water.

Another improvement to the Lamchem — Mittag procedure
comes from using eight equivalents of NH,CI. This quantity
brings just the right number of anions required for four atom
grams of Zn. Examination of the literature shows that the
quantity of NH,Cl used (2-4 equivalents) does not rely on
any experimental finding except that it is in line with the
incorrect belief that NH,Cl had only the role of buffering the
solution. Actually, use of eight equivalents does result in a
well-defined Zn complex, [Zn(NH;),Cl,] .2

However, although the synthesis does afford the pure free
base 2, the yield is spread over a large range, and the synthesis
is not well reproducible. This is likely to be the consequence of
adding Zn portionwise, which is a hardly reproducible process
and this probably results in a great deal of local heating of the
solution. This drawback is overcome in Procedure B, in which
the dropwise addition of NH,CI in solution allows one to
monitor the temperature and the reaction rate by means of a
constant and weak concentration of the salt. One observes
that the role of NH,Cl is dramatic: compound 2 appeared at
the same time as a few drops of the salt were added.?!
Therefore, since these parameters are well controlled, repro-
ducibility is enhanced, and one obtains a reproducible yield,
which was not possible using Procedure A.

Finally, we addressed the problem of the true nature of the
solution of 2 in THF/H,O. One notes that the precipitate of
[Zn(NH;),Cl,] is recovered in only 85-88 % yield, and that %
of the added Zn metal should be in solution. This is verified by

Chem. Eur. J. 2001, 7, No. 9
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analyzing the solution content that corresponds to
[Zn(2),Cl,]. Mass spectrometry analysis of the recovered
solid exhibits the expected mass and the characteristic
isotopic pattern of Zn complexes, which, with the results of
elemental analyses, demonstrate unambiguously that com-
pound 2 is filtered as its Zn" complex.

Accordingly, the reaction should be written as follows

[Eq. (1)].

2C4H,,(NO,), +8Zn + 16 NH,Cl
—7[Zn(NH,),CL] + [CsHp,(NHOH),],ZnCl, + 4H,0 + 2NH, (1)

Hydroxyamino derivatives are known to be unstable and
particularly subject to oxidation even on exposure to air. This
seemed also true for compound 2, which, when prepared
according to the Lamchen —Mittag procedure, often decom-
posed at room temperature in a few days. At lower temper-
ature (4-6°C) decomposition occurs slowly with the produc-
tion of acetoxime, which sublimes in the flask. Therefore, it
clearly appeared that the Lamchen—Mittag workup, mainly
the acidification of the crude reaction filtrate before evapo-
ration, was based on the incorrect belief that the desired
bis(hydroxyamino) derivative is volatile. This fact gave
support to the new workup, which avoids acidification of the
crude product and increases the yield.

Although this procedure affords 2,3-bis(hydroxyamino)-
2,3-dimethylbutane in pure form and acceptable yield, one
should be aware that the use of Zn from another source
(different particle size distribution) may result in a different
yield and purity. As well, in Procedure B, the use of less or
more water than usual may also have the same consequence.

Even when pure, in solution the compound is rather
unstable at room temperature and transforms slowly into
acetoxime and other nonidentified products.'” In contrast, in
the solid state it seems to be indefinitely stable (up to two
years at room temperature without change). Full character-
ization by X-ray diffraction was performed without precau-
tion, and the data did not show any sign of crystal destruction
during data collection at room temperature. The structure
(Figure 1) is unexceptional. The molecule adopts a staggered
conformation with a NCCN dihedral angle of 71.6(4)°. One of
the hydroxyamino groups is statistically disordered on two
positions with respective occupancies of 0.1 and 0.9, which

Figure 1. View of the molecular structure of 2. Relevant bond lengths [A]
and angles [°] are as follows: O(1)—-N(1) =1.451(1), O(2)—N(2) =1.507(9),

C(1)—-C(4) = 1.568(1); N(1)~C(1)~C(4)~N(2) = 71.6(4).
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each share the hydrogen atom (not disordered) of their
hydroxyl group with a neighboring molecule. Therefore, the
molecules are arranged into dimers as shown in Figure 1. In
addition, the second hydroxyamino group is also engaged in
hydrogen bonding with another dimer so that the compound
should be viewed as zig-zag chains that run along the ¢ axis.
All distances and angles are within the expected range and
need no further comments.

The production of compound 2 in pure form is important.
Indeed, the presence of impurities has dramatic effects on the
following steps of the synthesis of nitronyl nitroxides and, in
particular, it partly accounts for the presence of imino
nitroxides in variable amount in almost all nitronyl nitroxide
preparations. Dehydration of the 1,3-dihydroxy-imidazolidine
compound 3 (Scheme 1) seems to be promoted not only by
sodium periodate during the oxidation stage and SiO, if the
oxidation is not complete, but also by the presence of
impurities during the condensation process.

In conclusion, since the dinitro precursor 1 is a readily
available product, and that this new workup brings pure
intermediate 2 in acceptable yield, the synthesis of nitronyl
nitroxides proceeds with higher yields. In particular, this new
method opens up new possibilities when the aldehyde is a rare
compound.

The diamino route: In contrast to the bis(hydroxyamino)
derivative 2, the diamino compound 3 is easily prepared.
Corresponding to the full reduction of the dinitro precursor, it
is obtained pure and in high yield by using drastic reducing
conditions.'"- 22l Condensation with aldehydes is quantitative,
and the resulting imidazolidines are easily oxidized by
3-chloroperbenzoic acid. We have investigated this new route
for a few representatives of aromatic- (7a—c) and aliphatic-
(7d-f) substituted nitronyl nitroxides.

Although the condensation of aldehydes with a-diamines is
a well-known preparation of imidazolidines (5),[3-2! surpris-
ingly, no investigations have been reported that involve
tetramethyl-substituted fragments suitable for the prepara-
tion of stable nitronyl nitroxides. Despite the steric crowding
of the gem-dimethyl groups, the condensation is fast in diethyl
ether or chloroform; it is likely that steric hindrance is
overcompensated for by the basicity of the amino groups,
which is magnified by the presence of these methyl groups.
However, electronic or steric effects of the substituent are
reflected in the formation of Sb (p-nitrophenyl) and 5 f (tert-
butyl), which required boiling in chloroform to reach com-
pletion. These effects are also probably the cause of the low
yields reported by Ullman (bis(hydroxyamino) route)!l for
the corresponding two nitroxides 7b and 7f (24 and 47 %,
respectively, from the corresponding aldehydes), and one can
note the efficiency of the new route, which produces these
radicals in 66 and 64 % yield from 1.

Being aminals, imidazolidines (cyclic form) are also ex-
pected to exist as amino-imines (open form).”l At room
temperature however, 'H and *C NMR spectra performed in
D,O0 in the pH range 1-10 are consistent only with the cyclic
form. Moreover, imidazolidines that are described as being
hydrolyzed in acidic medium®! are formed in good yield when
acetals are used instead of aldehydes and hydrolyzed in situ

2010
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(see Experimental Section). This extension of the new route
has been investigated for both an aromatic (5a) and an alkyl
(5€)? dimethyl acetal with equal success. These heterocycles
are oils or solids that have a low melting point; there are a few
exceptions like Sb, which crystallizes from methanol and
whose structure was determined by X-ray diffraction, which
gave us the opportunity of fully characterizing these new
compounds.%

While hydroxyamines are oxidized into nitroxides by several
mild oxidants such as PbO,, NalO,, or Ag,0,!*"5] conversion
of amines into nitroxides requires more powerful oxidizing
agents.'"'8] As mentioned before, a few reports describe
attempts for synthesizing tetramethylated imidazolines (6),
which were converted to nitroxides through phosphotungstic
acid or NaWO, catalyzed oxidation with hydrogen peroxide in
a rather low yield.”) In our laboratory, these oxidizing systems
converted imidazolidines (5) into imino nitroxides (8) with a
similar low yield. Nevertheless, we have found that 3-chloro-
perbenzoic acid, introduced in the seventies for converting
substituted amines into the corresponding aliphatic ni-
troxides, ' 18 was effective also for efficiently transforming
imidazolidines into nitronyl nitroxides. This reaction is carried
out at low temperature (6—8°C) in the presence of a base
(NaHCOs;), which removes m-chlorobenzoic acid from the
organic phase. However, we have observed that in this basic
medium compound 7d (R=H) is not stable. As described
previously by Ullman,P" 32l NaHCO; is a strong enough base
to convert the nitronyl nitroxide into the corresponding
carbanion, which disproportionates into diamagnetic com-
pounds. This compound is better prepared without the use of a
base and purified by chromatography on alumina.

Formally, oxidation of imidazolidines 5 into nitronyl ni-
troxides 7 requires 3.5 equivalents of peracid and should
involve several steps. Susceptibility of these heterocycles to
oxidizing agents is well-documented; they have even been
used as reducing agents for activated double bonds.*
Consistently, one observes the presence of a weak [M —2]
peak in the mass spectra of all compounds Sa-f, which
corresponds to imidazolines 6a—f. However, peracid oxida-
tion of amines is known to proceed by nucleophilic attack of
the amine on a hydroxy group of the peracid, which would
afford a mono- or dihydroxyimidazolidine as an intermedi-
ate.’¥ In order to ascertain the oxidation pathway (5 —6—7
or 5—4—17), we have reacted imidazolidines 5a,b (aromatic-
substituted) with two equivalents of 3-chloroperbenzoic acid
at low temperature (6°C). One does not observe the
appearance of the characteristic color of nitroxides nor the
formation of 6ab but the production of the corresponding
1,3-dihydroxyimidazolidine 4a,b. It is noteworthy that under
the same conditions aliphatic-substituted imidazolidines
(5d-f) are more rapidly converted into free radicals as are
aliphatic amines; in this case, the dihydroxy compounds could
not be characterized. Finally, neither PbO, nor NalO, were
able to perform these transformations.

As observed for compound 2, when pure in the solid state
these bis(hydroxyamines) are stable enough to be crystallized
in methanol and analyzed by X-ray diffraction at room
temperature. The structure of 4b (p-nitrophenyl) is displayed
in Figure 2. The imidazolidine ring is highly distorted (atoms
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Figure 2. View of the molecular structure of 4b. Relevant bond lengths [A]
and angles [°] are as follows: O(1)—N(1) =1.440(2), O(2)—N(2) = 1.454(2),
N(1)-C(1) =1.478(3), N(2)—C(2) = 1.454(3).

are distributed in a —0.27,
+0.30 A range from the mean onl.

severe limitation to this new route. Indeed, many functional
groups are sensitive to this reagent and would probably be
oxidized during the synthesis. This problem has not been
thoroughly investigated.

Examination of Table 1 shows that this new synthetic route,
which proceeds through well-established pathways and af-
fords nitronyl nitroxides in good yield. Moreover, it can be
extended in a straightforward way to other systems. As an
example, we performed the synthesis of nitroxide 9 (Scheme 2)
derived from meso-3,4-dimethyl-3,4-dinitrohexane, which
illustrates the synthetic potentialities of this new route.l
The structural (Figure 3) and magnetic properties (Curie
law) of this new nitroxide are unexceptional and will be
discussed in a forthcoming paper with those of chiral nitroxides
based on the closely related (R,R)- or (§,S)-precursors.

Table 1. NMR (CDCl;, 0) characteristics of imidazolidines and yield of corresponding nitronyl nitroxides based

plane), and the phenyl ring is  compound mp.[)C]  'HNMR 13C NMR yield
almost orthogonal to the mean He
plane (86°). The molecules are /
arranged in head-to-tail dimers ai‘ N) R
through hydrogen bonds be- -~ /N d
tween one hydroxyl group of I
one molecule and the nitro
group of the second molecule; He 51.13,1.04 (a,b) 24.1,24.9 (ab) 81
the dimers exhibit double hy- / 38-40 $2.38 (e), s 5.12 (d) 63.2, 73.6 (d)
drogen bonding between the ai‘ N} R m 7.2-7.6 (g,h,i) 126.8 (i), 127.7 (h)
second NOH group of each [ .% /N d 1283 (). 1445 ()
molecule (six-membered ring) i e
that leads to sheets parallel to
the ab plane. As ex icte d. the g h 138-139 s 1.12,1.23 (ab) 24.1,25.8 (ab) 73
. plane. p ’ £ i o $2.10 (e), s 5.28 (d) 63.6 (c), 73.1 (d)
mte”EOlecullar | arrangement g q777-7.82,q820-826 (gh) 1240, 1280 (fgh,i)
and the molecular structure as
: g h —-12 1.12,1.21 (a,b 24.1,259 (a,b 71
well are very different from the AN < Z ) 37’(6) 5(53*2 2) @ i 4’(0) 752 ()d)
imidazolidine 5b and nitroxide ’ oy T
analogues.lS] j =N m 7.9-8.9 (f,g,h,l,].). 123.6, 134.5, 140.1
Surprisingly, conversion of 149.3, 1494 (fg,h.ij)
the  bis(hydroxy)-imidazoli- g 98-100 s 1.06, 1.07 (a,b) 243 (a,b), 61.0 (c) 71
dines (4) into nitroxides by m- $2.09 (e), s 3.9 (H) 61.9 (d)
chloroperbenzoic acid is ex- oy s 1.06, 1.07 (a,b) 24.3,24.6 (ab) 82
ceedingly slow and almost in- d 124 (CH,), s 1.9 (e) 26.1 (CH,), 63.1 (c)
effective for aromatic-substitut- q 4.17 (d) 67.6 (d)
ed representatives in the ab- g oil 5 0.93 (tert-butyl) 246 (tert-butyl), 264,266 65

sence of air or heating. There
are two reasons for this behav-
ior: i) m-chloroperbenzoic acid
is a better oxidizing agent for

Afé

s 1.07, 1.13 (a,b)
$2.02 (e), s 3.83 (d)

(a,b), 62.2 (c), 80.1 (d)

strong nucleophilic substrates like amines;!'? 1 this is in line
with the fairly rapid oxidation of alkyl-substituted species;
il) in our oxidizing procedure, hydroxylated intermediates
such as 4 are likely to be very soluble in the aqueous phase, in
which m-chloroperbenzoic acid is almost absent. This draw-
back is easily overcome by using sodium periodate, which
insures completion of the last oxidation step (4 — 7).

Finally, it should be noted that oxidation of 5¢ (R=3-
pyridyl) proceeds with the formation of a small amount (8 %)
of pyridyl-N-oxide-substituted nitronyl nitroxide, which
shows that the use of m-chloroperbenzoic acid might be a

Chem. Eur. J. 2001, 7, No. 9
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Conclusion

During the last ten years Ullman’s route towards nitronyl
nitroxides has shown its broad scope through the diversity of
free radicals that have been prepared. As stated before, any
aldehyde may condense with compound 2 and give a nitronyl
nitroxide. The generality of the synthesis is illustrated by
several recent reports that show that protected aldehydes
(dialkyl acetals) are also suitable for the synthesis.**) More-
over, formation of the corresponding nitroxides requires only
mild oxidants that are expected to preserve the integrity of the
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Figure 3. View of the molecular structure of 9. Relevant bond lengths [A]
and angles [°] are as follows: N(1)—O(1) =1.287(1), N(2)—O(2) =1.283(2),
N(1)—C(1) =1.346(2), N(2)—C(1) = 1.344(2); phenyl-imidazoline = 33.8(4).

majority of functional groups that one would wish to
introduce in the free radical. In this respect, this route is of
general use.

In contrast, the diamino route might be considered as of less
general use because the use of 3-chloroperbenzoic acid could
be a severe disadvantage for the exclusion of oxidant sensitive
groups such as amino groups, double bonds, and thioether in
the final free radical. However, it proceeds with higher yields
and it opens new perspectives for the design of new nitronyl
nitroxides because it bypasses the delicate synthesis of 2,3-
bis(hydroxyamino)-2,3-dimethylbutane and can be easily
extended to any adequately substituted a-diamino compound
as shown for 3,4-diamino-3,4-dimethylhexane.

Experimental Section

Synthesis: Compound 2,3-dimethyl-2,3-dinitrobutane was prepared ac-
cording to the reported procedure and crystallized from methanol
(10 mL g!)."Y Compound 3-chloroperbenzoic acid and Zn (< 10 pm) were
purchased from Aldrich. The former was washed with a phosphate buffer
(pH 7.5), dissolved in CH,Cl,, the solution dried over sodium sulfate and
evaporated, and the resulting solid dried again by evaporation of pentane;
iodometric assay indicated 99% purity. The latter was activated by
successive washings with HCl (2%), H,O, ethanol, and diethyl ether.
Methylene chloride and chloroform were purified by filtration through
alumina (Activity 1). All other reagents were used as received.
2,3-Bis(hydroxyamino)-2,3-dimethylbutane

Procedure A: Compound 2,3-dimethyl-2,3-dinitrobutane (17.6 g, 0.1 mol)
was dissolved in tetrahydrofuran (THF, 300 mL). NH,Cl (43 g, 0.8 mole) in
water (150 mL) was added to this solution (precipitation of finely divided
NH,Cl occurred). The two-phase system was cooled in a ice bath (§—12°C),
and oxygen was excluded by Ar bubbling. Then, Zn powder (27 g,
4 atom grams) was added by portions over 100 min (~3 g/10 min), while
the temperature was kept below 12°C. Stirring was continued for 90 min,
and the flask placed for 15 hours (a night) in a refrigerator (4—6°C).¥"]
Then, the mixture was filtered, the precipitate carefully washed with THF
until compound 2 was not detected in the washings??!! (4 x 100 mL), and the
solution concentrated in vacuo until a waxy solid was obtained. Note that
this solid may be used directly in the synthesis of nitroxide free radicals,
particularly for condensation with commercially available and inexpensive
aldehydes. It contained ~30-50 % of the free base.

H,0 (20 mL), sodium carbonate (30g), sodium chloride (20g), and
anhydrous sodium sulfate (20 g) were added to this solid. The resulting
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powder was continuously extracted in a Soxlet apparatus protected from air
for 16 hours with methylene chloride (400 mL). Slow cooling of the organic
phase to room temperature afforded 5.6 g of white crystals (m.p. 181—
183°C), which were suitable for a X-ray diffraction study.

Elemental analysis calcd (% ) for C;H;,N,0,: C 48.63, H 10.88, N 18.90, O
21.59; found C 48.76, H 11.13, N 18.87, O 21.31. The rest of the solution was
concentrated in vacuo to 100 mL, and pentane (500 mL) was added; this
caused crystallization of a further 5.8 g crop (elemental analysis caled (% ):
C48.63,H 10.88,N 18.90, O 21.59; found C 42.28, H 9.35, N 15.23, O 17.85),
which was recrystallized from THF (100 mL) at 4°C to yield the pure
compound 2 (3.7 g, yield 63 %).

'H NMR (200 MHz, 20°C, D,0): 6 =125 (s); *C NMR (200 MHz, 20°C,
D,0): 6=21.5 (CHj;), 63.3 (CH;—C—CH,). Yields of five different runs
were as follows: 43, 35, 56, 63, and 68 %.

Procedure B: Compound 2,3-dimethyl-2,3-dinitrobutane (17.6 g, 0.1 mol)
was dissolved in a mixture of tetrahydrofuran (300 mL) and water (50 mL).
Zn powder (27 g) was added all at once to this solution cooled to 8—10°C in
an ice bath. A solution of NH,Cl (43 g, 0.8 mol) in H,O (150 mL) was added
dropwise to this slurry at such a rate (~two hours) that the temperature of
the reaction did not exceed 12 °C. Then stirring was continued at 10°C for
one hour, and the flask stored in a fridge (4-6°C) for 16 hours. As for
Procedure A, the slurry was filtered, and the precipitate carefully washed
with THF (4 x 100 mL). The precipitate was then dried by three washings
with diethyl ether and carefully collected (59 g, Zn content: 22.6 g,
0.346 atom grams). The solution was evaporated under vacuo until THF
ceased to distill off. Then the solution was protected from air, and sodium
carbonate (50 g) and sodium chloride (30 g) were added with cooling.
Continuous extraction with chloroform (400 mL) was performed over
18 hours. A white powder was obtained (9.4 g, 63 %, m.p. 182°C).

Elemental analysis calcd (%) for C;H;4N,O,: C 48.63, H 10.88, N 18.90, O
21.59; found 48.79, H 11.01, N 18.91, O 21.47.

Dichloro-bis[2,3-bis(hydroxyamino)-2,3-dimethylbutane]-zinc: The reduc-
tion was performed as described above except that the solution in THF/
water was evaporated under vacuum at room temperature to dryness. The
resulting solid was dissolved in hot CH,Cl, and filtered, and the solution
evaporated again to a solid phase, which was dried several times with
pentane. A white solid was obtained (yield 16.9 g, 76 % ).

Elemental analysis calcd (%) for C,,H;,N,0,Cl,Zn: C 33.48, H 7.50, N
13.02, C116.26, Zn 14.86; found C 33.60, H 7.81, N 12.91, C1 15.97, Zn 15.03;
MS: m/z (%): [Zn(2),Cl]*, 397, the isotopic pattern of Zn complexes was
successfully modeled.

2,3-Diamino-2,3-dimethylbutane (3): This was obtained by a slight
modification of reported procedures.'?2l Compound 2,3-dimethyl-2,3-
dinitrobutane 1 (17.6 g, 0.1 mole) was suspended in concentrated hydro-
chloric acid (37%, 150 mL). Then, granular Sn (100 g) was added by
portions, and the mixture refluxed for three hours. After cooling, the clear
solution was extracted with diethyl ether, and the aqueous phase made
strongly basic with sodium hydroxide pellets (60 g) and centrifuged to get
rid of a sticky precipitate. The solution was extracted with methylene
chloride (4 x 50 mL), the solvent distilled off, and the residual oil dried with
pentane. Compound 2,3-diamino-2,3-dimethylbutane (9.4 g, 81%) was
obtained as a colorless solid with a low melting point.

'"H NMR (200 MHz, 20°C, CDCl;): 6=1.07 (s, CH;), 1.26 (brs, NH,);
BC NMR (200 MHz, 20°C, CDCL): 6 =26.9 (CH;), 55.2 (CH;—C—CHj).
Dry HCI was bubbled through the methylene chloride distillate, and an
additional crop of the chlorhydrate (1.9 g, 10 % ) was obtained (overall yield
91%).

2-(R)-4,4,5,5-Tetramethylimidazolidines (5)

From benzaldehyde: General procedure was used as for 5a. Benzaldehyde
(1.85 g, 0.017 mole) in diethyl ether (10 mL) was added dropwise to a ice
cooled solution of 2,3-diamino-2,3-dimethylbutane 3 (2 g, 0.017 mol) in
diethyl ether (20 mL). Condensation was complete in a few minutes. The
solution was dried over Na,SO, and evaporated (5a: 3.5g, 99%; 5b:[*
92%;5¢:95%;5d:89%;5e:78%; 5 £:P195%). Single crystals of 5b were
obtained from solutions in methanol at 6°C.

From benzaldehyde dimethylacetal: General procedure was used as for Sa.
Benzaldehyde dimethylacetal (2.6 g) was added to a solution of diamine 3
(2 g) in methanol (20 mL). Then, the pH of the solution was adjusted to 3 -
4 by dropwise addition of sulfuric acid (1N). Stirring was continued for one
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hour at room temperature, the methanol evaporated, and the residue
dissolved with cooling in sodium hydroxide (6N, 50 mL). Extraction with
methylene chloride (4 x 50 mL), drying, and evaporation gave a thick oil
(2.76 g, 78 %), which crystallized in the refrigerator (5a: 78 %; S5e: 67 %).

Characteristics of imidazolidines Sa—f are reported in Table 1. NMR
spectra showed that the imidazolidines did not need to be purified for use in
the following synthetic steps.
1,3-Dihydroxy-2-(R)-4,4,5,5-tetramethylimidazolines (4): Saturated NaH-
CO; (30 mL) and, dropwise, 3-chloroperbenzoic acid (860 mg, 0.005 mole)
in methylene chloride (50 mL) were added to a ice cooled solution of
2-phenyl-4,4,5,5-tetramethylimidazolidine 5a (500 mg, 0.0025 mol) in
methylene chloride (50 mL). One did not observe any color change. The
mixture was stirred for half an hour at low temperature, filtered, and the
organic phase dried (Na,SO,) and evaporated under vacuum (406 mg,
70 %, m.p. 224-226°C).

Elemental analysis caled (%) for C;3H,N,0,: C 66.07, H 8.53, N 11.85, O
13.54; found C 66.25, H 8.56, N 11.95, O 13.84; 'H NMR (200 MHz, 20°C,
CDCly): 6 =1.18 (s, 6H; CHj3), 1.19 (s, 6H; CHj;), 1.62 (brs, 2H; OH), 4.82
(s, 1H; CH), 7.36-759 (m, 5H; phenyl).

Mass spectra showed the presence of traces of mono-hydroxylated
imidazolidines, which were not detected in NMR spectra. Crystallization
from methanol afforded colorless single crystals of 4b.

Nitronyl nitroxides: A solution of m-chloroperbenzoic acid (4.25g,
0.025 mol) in methylene chloride (50 mL) was added dropwise to a mixture
of 2-phenyl-4,4,5,5-tetramethylimidazolidine 5a (2 g, ~0.01 mol) in meth-
ylene chloride (100 mL) and saturated NaHCO; (60 mL) in an ice bath.
The typical nitronyl nitroxide purple (or red for aliphatic-substituted) color
slowly developed. Stirring was continued for one hour, and a solution of
NalO, (3.1g, ~0.015mol) in water (50 mL) was added dropwise.
Appearance of the nitronyl nitroxide was followed by TLC (SiO,, ethyl
acetate). Drying (Na,SO,), evaporation of the organic phase, and
chromatography (SiO,, ethyl acetate) led to pure nitronyl nitroxide
(1.8 g, 78%) and the corresponding imino nitroxide (278 mg, 12%). This
procedure did not work for preparing nitroxide 5d, for which oxidation
should be conducted in absence of NaHCO; (see preceding section). All
free radicals 7a—f were identical to authentic samples prepared according
to Ullman’s procedure.!'3!
meso-4,5-Diethyl-4,5-dimethyl-2-phenyl-4,5-dihydro-1H-imidazolyl-3-ox-
ide-1-oxy: Benzaldehyde (750 mg, 7 mmol) was added to meso-3,4-
diamino-3,4-dimethylhexane (1g, 7 mmol), obtained as described else-
where,®! in diethyl ether (50 mL), and the solution stirred at room
temperature for 15 hours. Drying (Na,SO,) and evaporation of the solvent
afforded the corresponding imidazolidine (1.5 g, 92 %) as a mixture of both
isomers. Since oxidation of both compounds resulted in the same nitroxide,
the crude product was dissolved in CH,Cl, (100 mL) and saturated aqueous
NaHCO; (50 mL). Then, a solution of m-chloroperbenzoic acid (3 g,
17 mmol) in CH,Cl, (30 mL) was added dropwise to the cooled mixture
(6°C), and after stirring for one hour a solution (H,O, 20 mL) of NalO,
(2.25 g, 10 mmol) was added. Stirring was continued for one hour at 6°C,
and the organic phase was dried (Na,SO,) and evaporated. The crude
product was purified by chromatography (SiO,, ethyl acetate). Nitroxide 9
(1.373 g, 83 %, m.p. 70-71°C) was crystallized from petroleum ether to
afford single crystals suitable for a X-ray diffraction study.

Elemental analysis caled (%) for C;sH,;N,O,: C 68.94, H 8.10, N 10.72;
found C 68.83, H 7.96, N 10.89.

Imino nitroxides: Na,WO, (100 mg) and 5a (500 mg) were dissolved in
water/methanol (1:1, 10 mL). Then, H,O, (1 mL, 30 %) was added, and the
solution was stirred at room temperature for 12 hours. Extraction with
CH,CI, followed by chromatography (SiO,, ethyl acetate) afforded the
corresponding imino nitroxide 8a (223 mg, 41 % ). Imino nitroxides were
obtained quantitatively from the nitronyl nitroxides (7) using the reported
procedures.¥ 401

Crystal structure determination: Selected crystals of 2, 4b, Sb, and 9 were
analyzed using a Siemens SMART CCD area detector three-circle diffrac-
tometer (Mo, radiation, graphite monochromator, A=0.71073 A). The
cell parameters were determined with intensities detected on three batches
of 15 frames with a 10 s exposure time for each. For three settings of @ and
20, 1200 narrow data frames were collected for successive increments of
0.3° in w. A full hemisphere of data was collected. At the end of collection,
the first 50 data frames were recollected in order to check eventual decay
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during collection. Unique intensities with /> 100(/) selected within all data
frames using the SAINT program were used to refine the cell parame-
ters.l!l The substantial redundancy in data allowed empirical absorption
corrections to be applied using multiple measurements of equivalent
reflections with the SADABS program. Space groups were derived from
systematic absences and were confirmed by the successful solution of the
structure determination. Complete information regarding crystal data and
data collection parameters is found in the CCDC data (see below).

Crystal structure determinations 2: System monoclinic, space group C2/c;
T=293K, a=23.6442)A, b=6134(1)A, c=13462(1)A, p=
121.868(2)°, V=1658.2(3) A3, 1992 unique reflections, 165 parameters
refined, R(F) =0.052, R, (F)=0.145.

Crystal structure determinations 4 b: System monoclinic, space group P2,/c;
T=293K, a=6.604(1) A, b=10.873(1) A, ¢=20.030(3), f=92.220(4)°,
V=14372(4) A3, 3473 unique reflections, 257 parameters refined, R(F) =
0.063, R, (F)=0.144, residual electron density 0.27, —0.30.

Crystal structure determinations 5 b: System monoclinic, space group P2,/n;
T=293K, a=7493(1) A, b=8.038(6) A, c=21.939(2) A, f=91.943(2)°,
V=1320.6(1) A3, 3203 unique reflections, (1020 with I>20(I)), 239 pa-
rameters refined, R(F)=0.040, R,(F)=0.089; residual electron density
0.33, —0.37.

Crystal structure determinations 9: System monoclinic, space group P2,/c,
T=293 K, a=10.060(1), b=8.761(1), c =16.554(3), f=102.116(3)°, V=
1426.5(4) A3, 3451 unique reflections, 256 parameters refined, R(F) = 0.05,
R, (F)=0.118, residual electron density 0.193, —0.242.

The data were processed by the SAINT data reduction software, and the
structures were solved by direct methods included in the SHELXTL 5.03
package.[?l All atoms were located on difference Fourier syntheses. Non-
hydrogen atoms were refined anisotropically on F? while hydrogen atoms,
located by calculations, were refined isotropically. Final results (R factors,
coefficients of the weighting scheme, and final residual electron densities)
are found in the CCDC data (see below).

Crystallographic data (excluding structure factors) have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication nos. CCDC-149144, CCDC-149195, CCDC-149196, and
CCDC-152832 for compounds 2, 4-5b, and 9, respectively. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit
@ccdc.cam.ac.uk).
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Phosphinofenchol or Metastable Phosphorane?
Phosphorus Derivatives of Fenchol

Bernd Goldfuss,* Thomas Loschmann, and Frank Rominger!?!*!

Dedicated to Prof. Dr. Manfred Regitz on the occasion of his 65th birthday

Abstract: Not the expected phosphino-
fenchol 1 but phosphorane 2 is obtained
after reaction of 2-lithio(diphenylphos-
phino)benzene with (—)-fenchone. Sur-
prisingly, ONIOM(B3LYP/6-31G*:UFF)
computations of 1 and 2 as well as
B3LYP analyses of smaller model sys-
tems point to a lower thermodynamic
stability of phosphoranes relative to

analogue inherent instability is comput-
ed for the methylphosphorane 10, which
is also synthesized and characterized by
X-ray analysis. Decreasing ring size in
cyclic phosphoranes, that is, from five- to

Keywords: chirality - density func-
tional calculations - phosphorus -
P ligands - thermochemistry

four-membered ring systems, destabiliz-
es cyclic phosphoranes even more. This
computational prediction is verified ex-
perimentally by reaction of lithiome-
thyl(diphenylphosphine) with (—)-fen-
chone and subsequent isolation of the
corresponding phosphinofenchol. Proto-
nation or alkylation of phosphoranide
intermediates can account for the for-

their isomeric alkoxyphosphines. An

Introduction

Enantiopure organophosphorus compounds!! are precious
components for the synthesis of chiral ligands and for the
design of enantioselective catalysts.?! Additions of donor-
functionalized organolithiums to fenchone provide efficient
one-step routes to chelating fenchylalcohols (Y = e.g. DMG,!
Scheme 1), which are useful, chiral bicyclo[2.2.1]heptane

L= AR

o Li Y OH

Scheme 1. Synthesis of modular fenchol ligands, Y =e.g. OMe, CH,NMe,;
X=e.g. H, SiR;.

scaffolds.!! These modular, fenchone-based ligands (e.g. Y =
OMe, CH,NMe,, X =H, SiMe;, Scheme 1) can be used as
probes to study origins of enantioselectivities in dialkylzinc
additions to benzaldehyde and they are also efficient catalyst
precursors in these reactions.’! Anisylfenchols (Y= OMe,

[a] Dr. B. Goldfuss, Dipl.-Chem. T. Loschmann, Dr. F. Rominger*
Organisch-Chemisches Institut der Universitdt Heidelberg
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)
Fax: (-+49) 6221-54-4205
E-mail: bernd.goldfuss@urz.uni-hd.de

[*] X-ray analyses
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mation of metastable phosphoranes.

X =H, SiMe;, Scheme 1) are especially versatile ligands,
which self-assemble to form modular chiral nBuLi traps.[® 7]
Efficient one-step routes to chelating fenchylalcohols prompt-
ed analogue syntheses of phosphorus derivatives with chiral
bicyclo[2.2.1]heptane skeletons.®! Like 2-(diphenylphosphi-
no)benzoic acid,”! enantiopure phosphinofenchols (e.g. Y=
PR,, Scheme 1) are promising building blocks for the design
of modular chiral ligand systems. Here we present new
phosphorus derivatives with fenchane fragments.

Results and Discussion

The synthesis of the chiral, chelating phosphinofenchol 1 is
attempted by addition of 2-lithio(diphenylphosphino)benzene
to (—)-fenchone (cf. Scheme 1, Y=PPh,, X =H). However,
X-ray crystal analysis reveals phosphorane 2 (Figure 1) as
reaction product rather than the expected formation of 1.

O O

P{.Ph P,H
1,

Ph A 'Ph

OH (O

1 2
The X-ray crystal structure of 2 shows that the ligands at the

phosphorus center are arranged trigonal-bipyramidal with
oxygen and hydrogen atoms in apical positions (Figure 1).01%
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Figure 1. X-ray crystal structure of phosphorane 2. Hydrogen atoms
(except for P—H) are omitted. Bond distances are given in Angstrom, the
probability of the thermal ellipsoides is 30 %.

The apical P—H unit in 2 is also apparent from IR (Vpy=
1969 cm~') and 3P NMR (/p,; =267 Hz) spectroscopy.['!! The
formation of 2 with the electron-rich fencholate unit is
surprising, as the electron-poor bis(trifluormethyl)benzylalco-
holate moiety (“Martin’s ligand”)['? is known to be especially
suitable to stabilize “hypervalent”!¥] phosphoranes.['* 5] P-N
phosphoranes with P—H['! and P—Fell moieties are also
known.

Energetic assessments likewise reflect the unusual nature of
phosphorane 2. ONIOMU(B3LYP/6-31G*:UFF)!*- 20 com-
putations,?!] which consider both steric and electronic effects,
show that phosphinofenchol 1 is > 19 kcal mol~! more stable
than phosphorane 2 (Figure 2, Table 1).?2 The metastable
nature of phosphorane 2 is also apparent for the smaller
model systems 3-Ph versus 4-Ph (Figure 3) and 3-H versus

Abstract in German: Nicht das erwartete Phosphinofenchol 1,
sondern das Phosphoran 2 bildet sich nach Reaktion von
2-Lithio(diphenylphosphino)benzol mit (—)-Fenchon. Sowohl
ONIOM(B3LYP/6-31G*:UFF) Berechnungen von 1 und 2
als auch B3LYP Analysen kleinerer Modellsysteme deuten auf
die niedrigere thermodynamische Stabilitit der Phosphorane
relativ zu isomeren Phosphinoalkoholen hin. Eine analoge
inhdrente Instabilitit wird auch fiir das Methylphosphoran 10
berechnet, das aus 2 synthetisch zuginglich und rontgenstruk-
turanalytisch charakterisierbar ist. Eine Verringerung der
Ringgrofle in zyklischen Phosphoranen von fiinf- auf vier-
gliedrige Ringsysteme, fiihrt zur weiteren Destabilisierung der
zyklischen Phosphorane und zur Bevorzugung der isomeren
Phosphinoalkohole. Diese theoretische Vorhersage wird durch
Synthese eines Phosphinofenchols durch Reaktion von Lithio-
methyl(diphenylphosphin) mit (—)-Fenchon verifiziert. Die
Protonierung oder Alkylierung von Phosphoranid-Interme-
diaten kann die Bildung der metastabilen Phosphorane
erkldren.

Chem. Eur. J. 2001, 7, No. 9
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Figure 2. ONIOM (B3LYP/6-31G*:UFF) optimized structure of phos-
phorane 2, bond distances are given in Angstrom.

Table 1. Total [a.u.] and relative [kcalmol™!] ONIOM(B3LYP/
6-31G*:UFF) energies of phosphines and phosphoranes.[?]

Extrapol. energies (E.,), Er, + ZPE, and Gibbs free energies

1 2

—688.5478, —687.9979, —688.0485  —688.5148, —687.9672, —688.0173
0.0 20.7,19.3,19.6

7 8

—496.8261, —496.3292, —496.3778  —496.7583, —496.2641, —496. 3106
0.0 425,409, 42.2

9 10

—727.8406, —727.2620, —727.3149  —727.8121, —727.2347, —727.2850

0.0 17.9,17.1, 18.8

[a] Extrapolated energies (E.,), E., including unscaled zero point energies
(ZPE) and Gibbs free energies at 298.15 K and 1 atm with unscaled ZPE.
All fully optimized structures were characterized as minima by frequency
computations. The ONIOM layer assignment is shown in Scheme 2.

Figure 3. B3LYP/6-31G* optimized structure of phosphorane 4-Ph, bond
distances are given in Angstrom.

4-H from higher stabilities of the open phosphines relative to
cyclic phosphoranes (10.5 and 19.1 kcalmol~!, respectively,
Table 2).12%1

Smaller ring size further increases cyclic phosphorane
destabilization: The phosphines 5-Ph and 5-H are more stable
by 15.1 and 28.5 kcalmol ! relative to phosphoranes 6-Ph
(Figure 4) and 6-H (Table?2) with four-membered ring
structures.? Similarly, an increased stabilization of the
phosphinofenchol 7 relative to the fencholate-based phos-
phorane 8 is apparent from ONIOM(B3LYP/6-31G*:UFF)
computations (>40 kcalmol~!, Table 1).

Experimental verification of these predictions prompts the
reaction of lithiomethyl(diphenyl)phosphine with (—)-fen-
chone. Indeed, phosphinofenchol 7 rather than phosphorane 8
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Table 2. Total [a.u.] and relative [kcalmol~'] B3LYP energies of phos-
phines and phosphoranes.?!

B3LYP/6-311 + G*IYl

B3LYP/6-31G*[

3-H 4-H 3-Ph 4-Ph

—536.2503 —536.2198 —998.1137 —998.0970
0.0 19.1 0.0 10.5

5-H 6-H 5-Ph 6-Ph

—496.9575 —496.9121 —958.8274 —958.8033
0.0 28.5 0.0 15.1

11-H 12-H 11-Ph 12-Ph

—575.5354 —575.5250 —1037.3898 —1037.3734
0.0 6.5 0.0 10.3

[a] The fully optimized structures were characterized as minima by
frequency computations. [b] Unscaled zero point energies (ZPE) are
included, ref. [32].

Figure 4. B3LYP/6-31G* optimized structure of phosphorane 6-Ph, bond
distances are given in Angstrom.

is obtained.” Both exo (7) and endo (7endo) addition
products are formed in a 2:1 ratio.?* 21 Oxidation of 7 by H,0,
yields the crystalline phosphinoxides 7-O (Figure 5) and
7 endo-O (Figure 6), which both form intra-molecular hydro-
gen bonds.

H
CpePh ~ <
A8 «Ph p-H
OH Ph R 0" "¢
» 4 “ph
Ph Ph
7 7-endo 8

Figure 5. X-ray crystal structure of phosphinoxide 7-O. Hydrogen atoms
are omitted. Bond distances are given in Angstrom, the probability of the
thermal ellipsoides is 30 %.

Lithiation of the P—H function in 2 with nBuLi and
subsequent reaction with methyliodide does not yield the
O-methylated phosphine 9 but generates the P-methylated
phosphorane 10.2%281 X-ray crystal analysis of 10 reveals a
P—Me arrangement in the equatorial and a P—Ph unit in an
apical position (Figure 7). The relative energies of 9 versus 10

2030
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Figure 6. X-ray crystal structure of phosphinoxide 7endo-O. Hydrogen
atoms are omitted. Bond distances are given in Angstrom, the probability
of the thermal ellipsoides is 30 %.

Figure 7. X-ray crystal structure of methylphosphorane 10. Hydrogen
atoms are omitted. Bond distances are given in Angstrom, the probability
of the thermal ellipsoides is 25 %.

(>17 kcalmol~!, Table 1) and of the smaller model systems
11-Ph versus 12-Ph (Figure 8, 10.3 kcal mol !, Table 2) and 11-
H versus 12-H (6.5 kcalmol ™!, Table 2) again point to higher
thermodynamic stabilities of the open phosphines relative to
cyclic phosphoranes.

R
PiR
S
0" “Me
=H 12-H
=Ph 12-Ph

Figure 8. B3LYP/6-31G* optimized structure of methylphosphorane 12-
Ph, bond distances are given in Angstrom.
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A rationalization for the formation of the metastable
phosphoranes is revealed by analyses of the computational
model systems in Equations (1) and (2). The formation of
phosphorane 15 from methanol 13 and methylphosphine 14 is
disfavored by 19.4 kcalmol~! [Eq. (1), Table 3] and again
demonstrates the instability of the alkoxyphosphoranes
relative to corresponding alkanols and phosphines. In con-
trast, addition of methanolate (13a) to 14 yields phosphor-
anide 15a,*] which is now stable relative to 13a and 14 (AE =
—9.9 kcalmol!, Eq. (2), Table 3). This higher stability of 15a
can be rationalized by a better accommodation of negative
charge due to polarization.B!

H,COH + H;CPH, = H,COPH,CH, +19.4 keal mol ™! )
13 14 15

H,CO(-) + H,CPH, == H,COPH,(~)CH; — 9.9 kcal mol"! ©)
13a 14 15a

Table 3. Total [a.u.] and relative (AE, kcalmol~!) B3LYP/6-31+G* ener-
gies for Equations (1) and (2).[

13 14 15 AE
—115.6739 —382.4062 —498.0492 +19.4
13a 14 15a AE
—115.0764 —382.4062 —497.4984 -9.9

[a] The fully optimized structures (C, symmetry) were characterized as
minima by frequency computations, unscaled zero point energies are
included, see ref. [32].

Protonation and alkylation at the phosphorous center con-
verts stable phosphoranides to metastable phosphoranes,
which are found experimentally as 2 and 10. The propensity
for electrophilic attack at phosphorus is apparent from the
large HOMO coefficient at phosphorus in 15a (Figure 9).

~ e

Figure 9. Contour plot of the highest occupied molecular orbital (HOMO)
of phosphoranide 15a.

Conclusion

Although the open phosphinofenchols 1 and 9 are, according
to computational analyses, more stable than the isomeric
cyclic phosphoranes 2 and 10, the latter species are obtained
experimentally by reaction of 2-lithio(diphenylphosphino)-
benzene with (—)-fenchone. Computational analyses and
successful synthesis of phosphinofenchols via addition of
lithiomethyl(diphenylphosphine) to (—)-fenchone demon-
strate that destabilization by increasing ring strain can suppress
the formation of fenchol-based phosphoranes. The formation
of metastable alkoxyphosphoranes can be rationalized by
protonation or alkylation of phosphoranide intermediates.

Chem. Eur. J. 2001, 7, No. 9
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Experimental Section

General: The reactions were carried out under argon atmosphere (Schlenk
and needle/septum techniques) with dried and degassed solvents. X-ray
crystal analyses were performed on a Bruker Smart CCD diffractometer
with Moy, radiation, NMR spectra were recorded on a Bruker AMX300,
IR spectra on a Bruker Equinox 55 FT-IR spectrometer and optical
rotations on a Perkin — Elmer P241 spectrometer. GC analyses were carried
out on a Chrompack (CP9001).

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-148242 —
148245. 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).

Synthesis of 2: (—)-Fenchone (1.8 g, 12 mmol) was slowly added to 2-lithio-
(diphenylphosphino)benzene (3.2 g, 12 mmol)*! in diethyl ether (70 mL),
at room temperature. The reaction mixture was stirred overnight and was
subsequently hydrolyzed with aqueous NH,CI solution. After separation
and extraction with diethyl ether, the organic phases were dried (MgSO,)
and evaporated in vacuo. Column chromatorgraphic separation (petrol
ether/diethylether 10:1) of the yellow oil and recrystallization from
methanol yielded 2 as a colorless solid (2.1 g, 42%).

Analytic and spectroscopic data of 2: m.p. 101°C; 'H NMR (CDCl,,
300 MHz): 6 =8.10 (m, 1H), 7.97 (dd, 1H), 7.79 (dd, 1H), 7.56-7.48 (m,
1H), 7.48-732 (m, 2H), 7.32-7.15 (m, 8H), 2.48 (m, 1H), 2.13 (m, 1H),
1.84 (m, 1H), 1.75-1.60 (m, 3H), 1.55-1.40 (m, 2H), 0.53 (s, 3H), 0.39 (s,
3H), 0.20 (s, 3H); *C NMR (CDCl;, 75.5 MHz): 6 =134.7, 132.6, 132.4,
132.3,131.5, 131.3, 128.9, 128.4, 128.2, 128.1, 127.9, 1277, 127.6, 127.4, 92.0,
55.0, 49.4, 474, 427, 32.1, 30.2, 264, 26.2, 18.2; 3'P NMR (CDCl,,
121.5 MHz): 6=-62.4 (dd, Jpy=266.9 Hz, 3Jp;=15.3 Hz); elemental
analysis calcd (%) for C,xH; OP (414.50): C 81.12, H 7.54, P 7.48; found: C
80.98, H 7.46, P 7.31; EI-MS: 4132 [M — H] ", 399.2 [M* — CH;]"; IR (KBr,
cm™'): 7 =3072-3055 (aryl, w), 2998 — 2865 (alkyl, m), 1969 (P—H, s); X-ray
crystal data of 2: CxH;,OP; M =414.50; space group P2,; monoclinic; a =
9.8222(1) A, b=16.6113(1) A, c=142297(1) A, p=958551 (1); V=
2309.60(3) A3; Z=4; T=2002)K; u=0.14mm™; reflections total:
23835, unique: 10591, observed: 8877 (I>20(l)); R1=0.046, wR2 =
0.115; GOF =1.02.

Synthesis and characterization of 7 and 7endo: (—)-Fenchone (7.3 g,
48 mmol) was slowly added to lithiomethyl(diphenyl)phosphinel (6.4 g,
32 mmol) in diethyl ether (100 mL) at 0°C. The reaction mixture was
stirred for 48 h at room temperature and was subsequently hydrolyzed with
aqueous NH,CI solution. After separation and extraction with diethyl
ether, the organic phases were dried (MgSO,) and evaporated in vacuo.
Column chromatorgraphy yielded a mixture of 7:7endo (2:1, GC), which
could not be further purified (5.4 g, 49 %). 3'P NMR (CDCl;, 121.5 MHz):
0=-22.6(s, 7), —24.1 (s, Tendo); FAB-MS: 353.3 [M — H]", 3353 [M —
OH]*; IR (neat, cm™'): 7= 3485 (OH), 3053 (aryl, w), 2958 (alkyl, s).
Synthesis of 7-O and 7endo-O: The mixture of 7 and 7endo (1.0 g,
2.7 mmol) was dissolved in toluene (10 mL) and aqueous H,0, (5 mL,
30 % ) was added at room temperature. The reaction mixture was stirred for
1 h and evaporated in vacuo. Column chromatographic separation (petro-
leum ether/diethylether 15:1) yielded 7-O (0.5 g, 70 %) and 7 endo-O (0.2 g,
70%).

Characterization of 7-O: m.p. 139°C; 'H NMR (CDCl;, 300 MHz): 6 =
7.80-7.55 (m, 4H), 7.44-737 (m, 6H), 4.10 (s, 1H), 2.95-2.55 (m, 2H),
2.20-2.11 (m, 1H), 2.07-2.04 (m, 1H), 1.75-1.65 (m, 1H), 1.55-1.19 (m,
2H), 1.15-1.07 (m, 7H), 1.01-0.97 (m, 1H), 0.90 (s, 3H); “C NMR
(CDCl,, 75.5 MHz): 6 =131.4, 131.3, 131.0, 130.5, 130.2, 128.4, 128.3, 128 2,
83.4,54.0,53.3,49.6,40.4,34.5,29.5,29.1,25.5,21.0, 18.8; 3P NMR (CDCl,,
121.5 MHz): 6 =33.9 (7endo-O: 33.5); elemental analysis calcd (%) for
Cy3H,0,P (368.43): C 74.96, H 7.94, P 8.41; found: C 75.06, H 8.03, P 8.27;
CI-MS: 369.3 [M — H]*, 351.3 [M — OH]J*; IR (KBr, cm™'): #=3317 (OH,
s), 3054 (aryl, w), 2935 (alkyl, s).

X-ray crystal data of 7: C,;H»O,P; M =368.43; space group P2;; mono-
clinic; a=12.7152(3) A, b=8.7140(2) A, c=18.6813(1) A, f=98.576(2);
V=2046.75(7) A3; Z=4; T=200(2) K; u=0.15 mm'; reflections total:
21293, unique: 9302, observed: 3726 (I >20([)); R1=0.089, wR2=0.198;
GOF =0.92.
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X-ray crystal data of 7endo-O: C,;HO,P; M =368.43; space group P2;;
monoclinic; a=12.4849(1) A, b=8.6628(2) A, ¢=19.19733) A, p=
96.15°; V=2064.33(6) A3 Z=4; T=200(2) K; u=0.15 mm™; reflections
total: 21264, unique: 9309, observed: 5581 (I>20(1)); R1=0.061, wR2 =
0.145; GOF =0.97.

Synthesis of 10: Compound 2 (0.15 g, 0.36 mmol) was dissolved in diethyl
ether (10 mL) and nbutyllithium (1.6M, 0.22 mL, 0.36 mmol) was added at
room temperature. After the reaction mixture was stirred for 15 min a
colorless solid precipitated, and after an additional 30 min of stirring,
iodomethane (0.05 g, 0.36 mmol) was added to the suspension, which was
stirred thereafter for 24 h. Filtration of the white lithium iodide precipitate
and cooling of the solution to —25°C yielded colorless crystals of 10.

Analytic and spectroscopic data of 10: m.p. 161°C; 'H NMR (CDCl;,
300 MHz): 6 =7.7-6.8 (m, 14H), 2.29 (dd, 3H), 2.18 (dd, 1H), 2.05 (m,
1H), 1.76 (m, 1 H), 1.69 (dd, 1 H), 1.40 (m, 1 H), 1.22 (dd, 1 H), 0.90 (m, 1 H),
0.76 (s, 3H), 0.49 (s, 3H), 0.40 (s, 3H); *C NMR (CDCl;, 75.5 MHz): 6 =
135.9, 132.9, 131.1, 130.0, 129.7, 128.9, 127.6, 127.5, 1274, 127.3, 1272, 1271,
126.8, 125.8, 95.0, 54.2, 48.7, 46.8, 42.0, 31.6, 29.6, 28.4, 25.2, 24.2, 18.1;
SIP{'H} NMR (CDCl;, 121.5 MHz): 6 = —61.8; elemental analysis calcd
(%) for C,H3;OP (428.52): C 81.28, H 7.76; found: C 81.08, H 7.70; X-ray
crystal data of 10: C,0H3;OP; M =428.52; space group P1; triclinic, a =
9.0144(2) A, b=11.6446(1) A, c=12.6052(3) A, «=79.734(1), B=
71.231(1), y=73.715(1), V=1196.88(4) A%, Z=2; T=200Q2)K; u=

0.13 mm™!'; reflections total: 12397,

unique: 10249, observed: 5819 (I >

20(1)); R1=0.065, wR2=0.154;
_Ph GOF = 1.00.
P\Ph Computational details: All computed
OX structures were fully optimized using
Scheme 2. ONIOM(B3LYP/ GAUSSIAN 98.2!1 For ONIOM com-
6-31G*:UFF) layers. Bold putations, hydrogen atoms were used

atoms (X=H, Me) and bold as linkers between two layers
bonds represent the B3LYP/6- (Scheme 2). The structures were ana-
31G* layer, which also applies lyzed by frequency computations and
to analogous phosphorane showed no imaginary frequencies.
structures.
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Diastereoselective Formation of Host — Guest Complexes between a Series of
Phosphate-Bridged Cavitands and Alkyl- and Arylammonium Ions Studied by
Liquid Secondary-Ion Mass Spectrometry

Alessandra Irico,/®! Marco Vincenti,*®! and Enrico Dalcanale!®

Abstract: The reactions occurring be-
tween a new class of cavitands that carry
up to four dioxaphosphocin binding
units and alkyl- and arylammonium ions
was investigated by liquid secondary-ion
mass spectrometry (LSIMS). As the
cavitands existed as distinct diastereo-
mers with different spatial orientation of
their binding groups, these geometrical
differences proved to have a dramatic
influence on their chemical properties,
including their ability to form host—
guest complexes. In practice, only the
cavitands that carry at least three P=O
groups oriented toward the inside of the
cavity were demonstrated to be strong
ligands toward organic ammonium ions,

sites proved to be more effective in
interacting with organic ammonium ions
than those lying in opposite positions.
The isomers with no converging P=0O
groups did not act as molecular recep-
tors. Even the isomer with one group
oriented toward the inside of the cavity
did not form host—guest complexes, as
the absence of synergistic hydrogen
bonding made the interaction from in-
side the cavity energetically equivalent
(or even less favorable) to the outside
binding. The presence in the cavitand
structure of substituents with an elec-
tron-donating character proved to in-
crease the proton affinity of the P=O
binding groups and, consequently, their

binding energy. The strong proton affin-
ity of the cavitands led to the formation
of stable host—guest complexes, as con-
firmed by the collisionally activated
dissociation experiments. Effects of ster-
ic hindrance were weak, at least for the
cavitands with three converging P=O
groups. This confirmed that the cavity
has a wide and readily accessible open-
ing. The relative complexation constants
were measured for the various guests,
yielding scales of relative affinity toward
each cavitand. These relative constants
may represent thermodynamic values
referred to the matrix used in LSIMS
experiments, namely 3-nitrobenzyl alco-
hol (NBA), provided that kinetically

whereas those with only two converging
binding groups (either adjacent or op-
posite in the cavitand structure) still
formed host —guest complexes, but they
were much weaker. Adjacent binding

mers

Introduction

The synthesis and characterization of new preorganized
molecular receptors, capable of multiple noncovalent inter-
actions with target organic molecules and ions, has been a
subject of research and conveys the continuously increasing
interest in recent years.! Among the techniques most
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controlled selvedge processes are negli-
gible. Absolute complexation constants
could not be obtained on account of the
unknown pH and the protonation con-
stant in the NBA matrix.

diastereo-
systems

frequently used for the characterization of noncovalent
complexes formed by these interactions, nuclear magnetic
resonance and mass spectrometry have played the major role
as they provide clear evidence of both complex formation and
arrangement, and a reasonable estimation of the interaction
energetics.

The use of mass spectrometry to study host—guest and
other noncovalent complexes has been recently reviewed.> 3!
These studies can be roughly divided into two categories,
namely i) those devoted to the characterization of the species
formed in the condensed phase and ii) the investigations of
the noncovalent interactions that may take place in the gas
phase between appropriate hosts and guests.’] While electro-
spray (ESI),™ laser desorption (MALDI),! fast atom bom-
bardment (FAB), and liquid secondary-ion mass spectrometry
(LSIMS)[®l are the techniques most frequently utilized to
isolate the noncovalent complexes from the condensed phase,
ion—molecule reactions between species that are initially
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1 R=H R'=H 5 R
2 R=H R'=CH
3 R=H R'=fertButyl

4 R=Br R'=CH,

Possible isomers: a, b, ¢, d, e f
Figure 1. Cavitands investigated in the present work.

Abstract in Italian: Si riporta lo studio effettuato mediante
LSIMS delle reazioni che hanno luogo fra ioni alchil- e
arilammonio e una nuova classe di cavitandi che contengono
da uno a quattro gruppi fosfato a ponte. I gruppi P=0 sono in
grado di formare legami idrogeno con gli ioni ammonio.
Poiche tali cavitandi esistono come diastereoisomeri distinti,
con differente orientazione spaziale dei gruppi fosfato, si
dimostra come queste differenze strutturali abbiano un’in-
fluenza spiccata sulle proprieta chimiche dei diversi diaste-
reoisomeri, compresa la loro capacita di formare complessi di
inclusione. In pratica, soltanto i cavitandi che posseggono
almeno tre gruppi P=0 convergenti verso 'interno della cavita
manifestano forte capacita legante nei confronti degli ioni
alchilammonio, mentre quelli che contengono due gruppi
leganti convergenti (adiacenti o alternati) formano complessi
di inclusione assai piu deboli. I gruppi P=0 adiacenti mostrano
migliore capacita legante dei gruppi alternati. Gli isomeri con
un solo gruppo P=0 rivolto verso linterno della cavita non
sono in grado di agire come recettori molecolari, in quanto
lassenza di sinergismo fra due o piu legami idrogeno rende
linterazione cavitando-ione ammonio da dentro la cavita pii
sfavorevole di quella esterna. La presenza di sostituenti
elettron-donatori nella struttura del cavitando aumenta I’affi-
nita protonica del gruppo P=0 e di conseguenza la sua
capacita legante. L’elevata affinita protonica dei cavitandi
recanti tre gruppi leganti convergenti € confermata da espe-
rimenti di attivazione collisionale dei corrispondenti complessi.
Tali cavitandi mostrano inoltre di possedere una cavita ampia e
accessibile, in cui gli impedimenti sterici hanno scarsa rilevan-
za. Si sono determinate le costanti relative di complessazione
per molte coppie di ioni ammonio, che nell’insieme hanno
fornito delle scale di affinita relativa nei confronti di ciascun
cavitando. Tali costanti relative rappresentano grandezze
termodinamiche riferite a reazioni che avvengono nella matrice
usata negli esperimenti LSIMS (3-nitrobenzil alcol). Il con-
tributo di reazioni che avvengano in fase gas o nel “selvedge”
appaiono trascurabili.

Chem. Eur. J. 2001, 7, No. 9
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R"=CH, 6 R=8Br

R'=CH,

Possible isomers: i, o

separated are commonly performed in chemical ionization
(CI) chambers,” ion traps,”® and Fourier-transform ion-cyclo-
tron resonance (FTICR) mass spectrometers.]

Our former research? ' was mainly devoted to the study of
the gas-phase reactions that occur within a CI source between
large preorganized hosts (such as cavitands and bridged
calixarenes) and molecular organic guests whose chemical
structure prevented a preferential charging in the CI process.
In other words, the poor proton affinity and electron affinity
of the guests made them react as neutral species, either with
neutral or charged hosts.

A novel class of cavitands that carry multiple dioxaphos-
phocin bridging moieties, which are capable of forming strong
hydrogen bonds, has been recently synthesized.[''] The strong
polar character of such substituents and their geometrical
orientation make these cavitands optimal ligands for highly
polar guests with which a positive charge can be partitioned.
The general structure of these cavitands is provided in
Figure 1. The flexible resorcin[4]arene backbone was locked
into a rigid conformation by a second system of four bridges,
formed by arylphosphate or O-CH,-O units. Because of the
spatial orientation of each phosphate bridge (with the P=O
unit directed either inwards (i) or outwards (o) with respect to
the cavity),l'?l up to six different diastereomers (Figure 2)
were formed with different spectroscopic and chromato-
graphic properties which allowed their separation. The set of
compounds utilized in the present work and their abbrevia-
tions are reported in Figure 1 and Table 1.

An extensive study of the spectroscopic and chemical
properties of the new class of cavitands was undertaken in
order to determine their selectivity toward target guests and
to correlate the host—guest complex stability with the
structural and configurational features of the different
cavitands. The gas-phase reactivity and the interaction
kinetics between these cavitands and organic amines were
studied in an electrospray ionization (ESI)-FTICR mass
spectrometer; the results are reported elsewhere.l'¥] In the
present study, LSIMS was employed to investigate how the
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Figure 2. The six different diastereomers of cavitands 1-4 that arise from
the spatial orientation of each phosphate bridge (with the P=O unit
directed either inwards (i) or outwards (o) with respect to the cavity).

geometry of the cavitand structures and their substituents
affected the chance of forming stable host —guest complexes
with alkyl- and arylammonium ions.

Another objective of the present study was to compare the
results obtained in LSIMS with those arising from NMR
spectrsocopy!'! 1 and ESI-MS! in order to verify whether or
not the LSIMS (or FAB) results reflected the product
distribution that exists in the condensed phase. The distribu-
tion of charged host—guest complexes has been extensively
used in the past to discover whether the species detected by
the mass analyzer upon FAB sputtering were the result of gas-
phase or condensed-phase chemistry.l'”] While in most cases
the scientists agreed that FAB sputters the species already
present in solution (i.e., in crown ether/alkali metal ion
complexes), remarkable exceptions were found for calixar-
enes interacting with quaternary ammonium ions,'” a system
that shares several similarities with the species studied in the
present work.

Results And Discussion

Comparison of diastereomeric cavitands: The analytical
characterization of various cavitands started by recording
the LSI mass spectra of their positive and negative ions in
different matrices. These matrices included glycerol, trietha-

nolamine, and 3-nitrobenzyl alcohol (NBA). Although it was
possible to obtain the molecular ion from all matrices and
both ion polarities, it was evident that NBA provided the
cleanest signal, and that ion intensities in the positive-ion
mode largely exceeded those obtained in the negative-ion
mode. This confirmed previous experimental findings which
showed that the cavitands under study undergo efficient
interaction with positively charged species. From this finding,
the subsequent experiments were carried out to investigate
the noncovalent interactions that occur between the cavitands
and alkylammonium (and arylammonium) ions within the
NBA matrix.

The first series of experiments was executed by mixing the
cavitand (host, Ho) and the ammonium ion (guest, G) at a
constant 1:200 molar ratio. These conditions proved optimal
to favor the formation of host—guest complexes and to
emphasize the different binding properties among the dia-
stereomers. In the high-mass range, the positive-ion LSI mass
spectrum of various NBA solutions exhibited the protonated
cavitand [HoH]' and the adduct [HoGH]', formed by
cavitand and alkylammonium ion, in widely variable relative
abundance depending on the chemical structure of both
species. The abundance ratio R = [HoGH]'/[HoH]" between
these two peaks is reported in Table 1 for several pairs of
interacting species. It is reasonable that these abundance
ratios reflect the relative ability of each cavitand and isomer
to interact with the selected alkylammonium ion, even if,
more precisely, for each cavitand R represents the interaction
efficiency with the ammonium ion relative to that with the
proton corrected by their relative concentrations and sputter-
ing efficiencies. It should be noted, however, that the proton
concentration is not known, nor are the sputtering efficien-
cies; however, these should not be too different from one
another owing to the similar masses and structures of the
protonated cavitand and its alkylammonium adduct. The R
values reported in Table 1, which range from <0.1 to <100,
delineate chemical systems in which either the complex is
virtually absent or it is the predominant species.

Major variations of the R value occur along the diastereo-
meric cavitand series. A striking example of change in the
distribution of the chemical species as a function of the
cavitand structure is represented in Figure 3 which gives the
positive-ion LSI mass spectra of diastereoisomers 2b (iiio),
2c¢(iioo), 2d(ioio) and 2e(i000) interacting with the cyclo-

Table 1. Abundance ratio values (R) between the ions corresponding to the host—guest adduct ((HoGH]*) and the protonated cavitand (([HoH]") in LSI
mass spectra: R =[HoGH]*/[HoH]*. The cavitand concentration was 1.4 x 10-3m; the alkyl- and arylammonium ion concentration was 0.28 M.

1b 1d 2b 2¢ 2d 2e 3b 3¢ 3e 4b 5 5 5 6 6

(ilio) (ioio) (iiio) (iloo) (ioio) (iooo) (oooo) (ilio)  (iioo) (iocoo) (ilio) @ D) (i) (oo)ll (D)l (o)l
mlz [HoH]* 1097 1097 1153 1153 1153 1153 1153 1321 1321 1321 146501 11850 11851 11851 10451 1045M]
methylammonium 9.5 4.4 12 0.68 0.54 >100 99 1.1 12
dimethylammonium 12 1.8 20 8.9 2.0 130 081 >100 >100 1.87 30 4.6 1.1 1.1 0.52 0.47
trimethylammonium 2.8 0.98 1.3 0.56 0.73 40 54 1.5
2-hydroxyethylammonium 5.5 0.25 7.1 1.2 0.57 0.49 0.62 65 16 0.71
cyclohexylammonium 7.1 1.1 11 2.8 098  0.67 0.83 >100 13 2.8 16 2.8 1.4 1.1 0.46 0.43
benzylammonium 6.1 0.82 9.0 22 1.1 0.53 091 >100 26 1.1
p-toluidinium 2.7 0.58 0.25 0.21 0.32 8.0 4.7 0.14
o-toluidinium 1.8 0.18 0.21 0.17 40 7.4 0.10

[a] LSI mass spectra were recorded from glycerol solutions. [b] m/z values refer to the structure carrying four isotopic ’Br atoms.

2036 ——

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

0947-6539/01/0709-2036 $ 17.50+.50/0

Chem. Eur. J. 2001, 7, No. 9





Phosphate-Bridged Cavitands

2034-2042

1252 [HoGH]" 1252 [HoGH]*
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[HoH]" 1153 1252 [HoGH]* 1153 [HoH]
c) d)
[HoGH]*
1252
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Figure 3. Positive-ion LSI mass spectra of mixtures of a cavitand (MW
1152 Da) and the cyclohexylammonium ion for various diastereomeric
cavitands: a) cavitand 2b, b) cavitand 2¢, c) cavitand 2d, and d) cavitand
2e.

hexylammonium ion. The protonated molecular ion of all
cavitand isomers appears at m/z 1153, while the adduct
formed by the cavitands and cyclohexylammonium ion gives a
peak at m/z 1252. While m/z 1252 dominates the mass
spectrum of Figure 3a, the relative abundance of m/z 1153 is
only 10%. In Figure 3c and Figure 3d the adduct no longer
represents the base peak. The same trend applies to all the
other alkyl- and arylammonium ions for all series of cavitand
isomers: the more P=O groups are directed inwards into the
cavity, the more abundantly the adduct ion is formed. The
interaction between the basic P=O groups and the ammonium
ions is clearly hydrogen bonding.

There is a strong correlation between the orientation of the
P=0 binding groups and the formation of abundant adducts;
this has been observed in ESI-MS[ and NMR experi-
ments.'¥] These results are readily interpreted in view of the
fact that three P=O groups are oriented toward the inside of
the cavity in isomer b, while all of them are oriented outwards
(P=0,,,) in isomer f. The consequence is that the alkylammo-
nium ion must be located inside the cavity of isomer b and
outside it in isomer f. Thus, the adducts formed by isomer b
are host —guest complexes, but not those formed by isomer f.
For the intermediate isomers, other aspects should be taken
into consideration including i) the size and accessibility of the
cavity and ii) the occurrence of multiple and cooperative
binding.

Chem. Eur. J. 2001, 7, No. 9
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The size of the cavity varies for the different isomers as a
function of the position of the aryloxy substituents on the
phosphate groups. When the P=O groups are oriented toward
the outside of the cavity, the corresponding aryloxy substitu-
ents project over it, reducing the cavity size (as schematically
depicted in Figure 2), and partly hinder its entrance. For
isomer e, with three aryloxy groups protruding inwards, it is
unlikely that the cavity remains accessible for bulky alkylam-
monium ions. This is particularly true for 3e, carrying a tert-
butyl group on the aromatic ring. From this steric hindrance
combined with the absence of converging P=0O,, groups
capable of forming cooperative hydrogen bonds, we conclud-
ed that for isomer e the adduct is outside the cavity, with the
ammonium ion interacting with one of the three diverging
P=0,,, groups. This interpretation is confirmed by R values
(Table 1) obtained for isomer 2 e interacting with the bulkier
ammonium ions, which are lower than those recorded for
isomer 2f (which carries four readily accessible binding
groups instead of three). Isomer 2e produces higher R values
than 2f only for methyl- and dimethylammonium ions,
possibly as an effect of additional interactions inside the
cavity.

The presence in the cavitand structure of two or more P=0;,
groups offers the chance of forming multiple bonds with
alkylammonium ions. In this case, more than one hydrogen is
shared between the nitrogen atom of the guest and the
unsaturated oxygen of the phosphate groups. Strong support
for this interpretation is provided by the results obtained with
the trimethylammonium ion, which has only one acidic
hydrogen capable of forming hydrogen bonds: the R values
(Table 1) obtained for this ion and cavitands 2b, 2¢, 3b, and
3¢ are considerably lower than those observed for the same
cavitands interacting with methyl-, dimethyl-, and cyclohex-
ylammonium ions. In contrast, the R values obtained by
cavitands 2e and 3e are very close to one another for all
alkylammonium ions, including the trimethylammonium ion,
since the isomer e can form only one hydrogen bond at a time,
in any case.

Cavitands 2¢ and 3¢ exhibit R values compatible with
multiple hydrogen bonding and strong interaction with all
alkylammonium ions, although not as strong as for cavitands
2b and 3b. Therefore, this difference in behavior from
isomers e is likely to be the result of cooperative binding,
which can only occur inside the cavity. Thus, cavitands 2 ¢ and
3¢ form host—guest complexes and not simple adducts with
alkylammonium ions. The case of cavitand 2d is unclear: the
crystal structure of 2d (ioio) showed that the distance
between the oxygens in the two opposite P=0O;, groups is
quite large (6.29 A).7! Ab initio calculations for the pro-
tonated cavitand 1b indicated that the proton is coordinated
by two adjacent P=0,, groups.['¥l CPK models and molecular
mechanics calculations also support the hypothesis that
multiple hydrogen bonding is more effectively established
by two adjacent P=0;, groups (as in isomer ¢ with iioo) than
by two opposite P=0;, groups (as in isomer d with ioio).
LSIMS results confirm this interpretation, as the R values
(Table 1) recorded for 2d are significantly lower than those
obtained for 2¢. However, partial formation of host-—guest
complexes by the formation of multiple bonds is confirmed by
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the comparison of R values for 2d and 2 e, the latter providing
significantly lower abundance of the adduct ion than 2d.
More selective interactions were established when the guest
concentration was progressively decreased from a large excess
(200-fold) to the stoichiometric amount. R values decreased
proportionally with the guest concentration, as expected from
solutions at thermodynamic equilibrium. At stoichiometric
concentrations of cavitand and alkylammonium ion (1.4 x
10—3Mm), only the isomers 2b, 3b, and 4b still exhibited
extensive host —guest complexation (3 < R < 33), whereas for
the other diastereoisomers the formation of adducts with
methyl-, dimethyl- cyclohexyl-, and benzylammonium ions
proved negligible, with R values ranging from O to 1.6. The
complete set of results is provided in Table 2. This data is in
agreement with 'H and *'P NMR experiments, and indicates

Table 2. Abundance ratio values (R) between the ions corresponding to the host —guest adduct ((HoGH]*) and
the protonated cavitand ([HoH]*) in LSI mass spectra: R =[HoGH]*/[HoH]*.l*l

character of the tert-butyl substituents that make the P=O
groups more basic and stronger hydrogen-bond acceptors.

The substitution of hydrogen atoms with bromines at the
upper rim of the cavity (substituent R’ in Figure 1) does not
appear to have a major influence on the complexation
properties of cavitands. In fact, similar R values were found
for 4b and 2b (Table 1).

In order to study the interaction between P=O groups and
ammonium ions in the absence of possible steric effects, LSI
mass spectra were obtained from the cavitands of classes 5 and
6 (Figure 1) which carry two and one phosphate bridges,
respectively, in the structure with methylene bridges in the
remaining positions. This reduces the number of possible
isomers to three for 5 [5(ii), 5(io), 5(00)] and two for 6 [6 (i),
6(0)]. Brominated cavitands and their adducts yielded much
weaker signals in the LSI mass
spectra; however the presence
of bromine substituents at the
upper rim is necessary for syn-

zb 2c 3b 5 3e 4b thetic reasons.'’l Direct com-

(iiio) (iioo) (iiio) (iioo) (i000) (iiio) parison with tetraphosphate
mlz [HoH]* 1153 1153 1321 1321 1321 1465 cavitands is not possible, not
methylammonium 8.0 0.10 33 0.25 0 8.1 Only for the structural differ-
dimethylammonium 13 0.15 23 1.5 1.6 20 ences, but also because glycerol
cyclohexylammonium 33 0 17 0 0 8.7 had ‘[’ b d instead of NBA
benzylammonium 1.1 0 57 0 0 0.9 ad 1o be used mstead o

as the LSIMS matrix to solubi-

[a] The cavitand concentration was 1.4 x 1073M; the alkyl- and arylammonium ion concentration was also

1.4 x 103m.

that only the isomer 2b (iiio) is a strong receptor for
alkylammonium ions.'Y Evidently, high guest concentrations
tend to equalize the binding abilities of diastereomeric
cavitands to result in comparably high R values. Thus, the
presence of a pattern of three P=0O,, groups inside the cavity
produces a strong increment in the host —guest complexation
constants. This effect can be ascribed to the occurrence of a
three-point H-bonding motif and/or the presence of two
energetically equivalent two-point H-bonding interactions.

Comparison of cavitands with different chemical structures:
Cavitands 1b, 2b, and 3b differ from one another in their R”
groups in the para position of the aryloxy substituents (see
Figure 1), which correspond to hydrogen, methyl, and zerz-
butyl, respectively. The effect of these substituents is signifi-
cant and results in R values that increase in the order 1b <
2b < 3b for all four alkylammonium ions considered. The
major differences are observed for 3b.['2 The same trend was
found in ion—molecule reactions conducted in an FTICR
mass spectrometer between protonated 1b, 2b, and 3b with
neutral amines. Here, R values and reaction efficiencies were
considerably higher for 3b.I'? It is unlikely that the increased
stability of the host — guest complexes formed by 3b arise from
the steric effect of the bulky fert-butyl groups, as the same
hindrance should be present for both the exit and the entrance
of the guest. Moreover, in isomer b three aryloxy groups
protrude from the cavity and thus leave its access quite free.
Therefore, the higher reactivity of 3b with respect to 1b and
2b is likely to be the result of the strong electron-donating
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lize them. The isomer 5(ii)
interacts with both dimethyl-
and cyclohexylammonium ions
with significantly better efficiency than 5(io) and 5(0o0),
yielding R values 2 -4 times higher (Table 1). This difference
in R values is larger than that between cavitands 2d (ioio) and
2e (i000), 2f (0000), and confirms the synergistic action of
two converging (yet opposite) P=0;, binding groups. The
substantial equivalence of R values for 5(i0) and 5(00) shows
that the orientation has no effect when only one hydrogen
bond can be established and no steric hindrance is present.
This also excludes significant effect from additional CH;—x
interactions. However, 5(io) and 5(oo) form adducts more
extensively than 6(i) and 6(0), emphasizing the positive
influence of multiple binding sites, even when the interaction
with alkylammonium ions does not occur with both simulta-
neously.

Relative complexation constants: From R values in Table 1 it
is possible to assume which alkyl- and arylammonium ion
forms more stable complexes with each of the cavitands under
study. A more precise comparison between two alkyl ammo-
nium ions can be achieved under competitive conditions,
namely by mixing the cavitand with an excess of two different
candidate guests in equivalent concentrations. Under such
conditions, the relative abundance of the peaks, correspond-
ing to the two adducts in the LSI mass spectrum (S=
[HoG,H]t/[HoG,H]"), approximates their relative complex-
ation constants (the ratio of their complexation constants),
provided that the sputtering efficiency in LSIMS is the same
for both species. This assumption is reasonable as long as the
guest is located inside the host cavity; this minimizes their
different effects on both the electronic properties and the
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hydrophobic character of the host—guest complexes. Two
examples of these LSI mass spectra are provided in Figure 4.

By repeating these competitive complexations with differ-
ent couples of alkyl- and arylammonium ions, all of them
could be ordered to define a relative scale of affinity toward

[HOHI* 1153 1184 [HOG,H] [HoG,H* 1366

2d
a) b)
[HoG, H]*
1214 " [HoG 1"
[HoH]* 1382
1321
1100 1200 m/z 1300 1400 m/z

Figure 4. Positive-ion LSI mass spectra of mixtures of one cavitand and
two alkylammonium ions: a) cavitand 2d (MW 1152 Da), methylammo-
nium ion, and 2-hydroxyethylammonium ion, b)cavitand 3b (MW
1320 Da), dimethylammonium ion, and 2-hydroxyethylammonium ion.

the same cavitand. The numerical values we obtained varied
slightly, depending on which candidate guest was selected as a
common reference; however, the affinity order was main-
tained. These scales are reported in Table 3. Although a
different affinity scale was defined for each cavitand (we
tested 2b, 2¢, 2d, and 3b), the order was similar. With respect
to the scales that could be obtained from Table 1, there are
two significant differences: from competitive complexation, it
appears that i) the methylammonium ion forms more stable
complexes than the dimethylammonium ion, at least with
cavitands 2b and 3b and ii) the trimethylammonium ion
forms the least stable complexes of the series. In general, the
following affinity order can be established: methylammoni-
um > dimethylammonium > cyclohexylammonium > benzyl-
ammonium > 2-hydroxyethylammonium > p-toluidinium > o-
toluidinium > trimethylammonium.

Table 3. Abundance ratio values (S) between the ions corresponding to two different host—guest complexes:

S = [HoG,H]"/[HoG,H]*.1!

Owing to the results of competitive complexations, it is
clear that the most important structural feature for the
formation of stable host — guest complexes is the convergence
of three P=0,, groups to generate a multipoint hydrogen-
bonding pattern. In fact, the methylammonium ion has the
highest affinity and is likely to form three hydrogen bonds
with cavitands 2b and 3b, while the trimethylammonium ion,
with only one hydrogen atom available, has the lowest affinity.
The second criterion that appears to determine the affinity
order is the acidity of the guest. In fact, aromatic ammonium
ions form less stable complexes than the aliphatic ones, and
the 2-hydroxyethylammonium ion has a lower affinity than
the methylammonium ion.

The analytical expressions for host protonation [Eq. (1)]
and host—guest complexation [Eq. (2)] refer to the thermo-
dynamic equilibrium established in the LSIMS matrix, namely
NBA. If it is supposed that i) LSIMS data represent the
equilibria occurring in the condensed phase, ii) R values
represent a reasonable estimation of the concentration ratio
between the host—guest complexes and the protonated host,
and iii) the alkylammonium ion is in large excess with respect
to the cavitand, then it is possible to derive Equation (3)
which correlates experimental R values with the thermody-
namic constants.

K, =[HoH*]/[Ho][H] (€]
Koo = [HoG*)/[Ho][G*] @
R = Ky1o6Co/Ky[H*] 3

In Equations (1)—(3) Ho =Host, G = Guest, and Cg is the
concentration of the guest in the LSIMS matrix. By plotting
the R values as a function of Cg, it should be possible to obtain
a straight line, whose angular coefficient “a” represents the
ratio of the thermodynamic constants, corrected by the proton
concentration [Eq. (4)]:

a= Ky K [H*] 4

Assumption i) above, which states that LSIMS data repre-
sents the equilibria occurring in the liquid LSIMS matrix has
been the subject of a long-term
debate.> If processes occur-
ring in the gas phase (actually
in the selvedge) were important

G, G, 2b
(iiio)
2-hydroxyethylammonium methylammonium 6.1
2-hydroxyethylammonium dimethylammonium 45
2-hydroxyethylammonium cyclohexylammonium 2.1
2-hydroxyethylammonium benzylammonium 0.55
2-hydroxyethylammonium 2-hydroxyethylammonium 1.0
2-hydroxyethylammonium p-toluidinium 0.75
2-hydroxyethylammonium o-toluidinium 0.40
2-hydroxyethylammonium trimethylammonium 0.29
dimethylammonium methylammonium 2.1
cyclohexylammonium methylammonium 8.1
cyclohexylammonium dimethylammonium 7.3
cyclohexylammonium trimethylammonium 0.21
benzylammonium trimethylammonium 0.48

2¢ 2d 3b in our study, then they should
(iioo) (ioio) ({iiX) " take place on a short timescale,
17 3.4 8.3 that is, they should be kineti-
7 30 >3 cally controlled. Gas-phase in-
gg ;f ;3 teractions between protonated
1.0 1.0 1.0 cavitand 2f (0ooo0) and alkyl-
0.64 0.71 15 amines proved to occur much
0.69 0.39 050 faster than the corresponding
0.89 15 12 host —guest complexa_tion in-
53 12 35 volving cavitand 2b (iiio), as a
7.7 0.53 2.7 consequence of the geometrical
0.25 0.56 0.17 constraints associated with the
0.48 0.54 0.54

entrance of the guest inside the

[a] The cavitand concentration was 1.4 x 1073m; the alkyl- and arylammonium ion concentrations were 0.28M.
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cavity.'’l The same would apply
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to our case, for kinetically controlled selvedge processes. As
the opposite was observed (2b reacts much more extensively
than 2 f), we deduce that the complexation is under thermo-
dynamic control and that the LSIMS results are likely to
represent the equilibria occurring in the liquid phase.

Equation (3) was tested for the reaction of cavitand 2¢
(iioo) with the dimethylammonium ion. A straight line was
actually obtained with angular coefficient of 78 mol~'L. At-
tempts were subsequently made to change this angular coef-
ficient by adding nitric acid at various concentrations to the
NBA matrix, without success. Upon addition of acid, the abso-
lute intensity of the [HoG"] and [HoH*] peaks in the LSI
mass spectra changed significantly; however, their ratio R
remained constant at constant guest concentration. The angular
coefficient did not vary substantially (68 < a <82 mol~'L).

Furthermore, in the absence of the guest, the absolute
intensity of the [HoH"] peak was virtually unaffected by the
presence of a relatively high concentration of nitric acid. It is
deduced that the molar fraction of the protonated host in the
NBA matrix must be out of the pH range where it can vary
substantially, that is, it is either close to unity or close to zero.
Several factors make the first hypothesis more likely: i) the
dielectric constant of NBA is not known; however, it should
be higher than those of benzyl alcohol (13) and nitrobenzene
(35), the latter has a relatively high value;!'¥! ii) the autopro-
tolysis constant for NBA is not known either, but it should not
be far from 101, as for any other LSIMS matrix;"" iii) the
hydroxyl group of NBA has acidic character, imparted by the
electron-withdrawing effect of the nitro group, which enhan-
ces the proton affinity of the substances solubilized in it;
iv) the proton affinity of the cavitands that carry at least two
converging P=0;, groups is likely to be high because of the
synergistic effect of the basic sites.

Collision-induced dissociation: A confirmation of the large
proton affinity of cavitand 2b was gained from measurements
in the gas-phase by means of Cooks’ “kinetic method”.?% This
method requires that proton-bound dimers are formed
between two different bases in the ion source of a tandem
mass spectrometer. The dimeric cation is subsequently mass-
selected and dissociated by collisional activation. The relative
abundance of the two protonated bases in the product-ion
spectrum defines their relative proton affinity.

We conducted preliminary tests of the gas-phase proton
affinity of a reference compound, namely triphenylphosphate,
in which the P=0 group is linked to three aryloxy substituents.
Triphenylphosphate represents a model, since the binding
group is practically the same as in the cavitands under study;
however, no inclusion complexes can be formed. Triphenyl-
phosphate was vaporized into the ion source and treated with
an amine under chemical ionization conditions. Upon colli-
sional activation of their proton-bound dimer, the resulting
product-ion spectra contained three peaks: the residual dimer
and the two protonated species. The peak ratio between
protonated triphenylphosphate and protonated amine were
the following: ethylamine (0.26), 2-chloropyridine (0.82), and
p-anisidine (1.25). By bracketing the gas-phase proton affinity
of 2-chloropyridine (900.9 kJmol )Y and p-anisidine
(900.3 kI mol 1)U the proton affinity of triphenylphosphate
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was calculated to be 900.6 kJ mol~. This value is considerably
lower than those of ethylamine (912.0 kJmol ') and any
other alkylamine.

The proton-bound dimer between cavitand 2b and an
amine coincides with their protonated host—guest complex
[HoGHT]. It was generated by two methods: the usual LSIMS
experiment with alkylammonium ions and by vaporizing the
cavitand from a desorption chemical-ionization probe in the
presence of the corresponding amine under CI conditions.
The collisional spectra were identical, no matter which
method was used to generate the dimer. The fragment ion
MS/MS spectrum for the complex between 2b and the
cyclohexylammonium ion is depicted in Figure 5. From the

[HoH]* .
1153 [HoGH]
100 1252

80 1
60 1
40 1

100 [GH]*
20 -

ol b
200 400 600 800 1000 1200 m/z

GH*
100 7+ (1]
b) [HOGH]+
1226
80
60
[HoH]*
407 1153
201
0 T T ¥ T v Y T T T | — T T
200 400 600 800 1000 1200 m/z

Figure 5. LSIMS/MS fragment-ion spectra of host—guest complexes
formed by a) cavitand 2b and cyclohexylammonium ion, and b) cavitand
2b and the diethylammonium ion.

much larger abundance of the peak at m/z 1153 with respect to
that at m/z 100 (peak ratio 4.15), it is evident that the cavitand
2b retains most of the protons. On the other hand, the
fragment ion spectrum of the complex between 2b and
diethylammonium exhibits a larger peak for the protonated
amine than for the protonated cavitand (peak ratio 0.37). This
data is provides evidence that the proton affinity of 2b largely
exceeds that of cyclohexylamine (934.4 kImol~)2! but is
lower than that of diethylamine (952.4 kJmol "), and is
~945 kI mol~!. However, it is worth noting that the kinetic
method applies only to those systems that have similar
transition states and similar activation energies for the two
competing dissociation reactions. This is certainly not the case
for the proton-bound host—guest complexes considered, as
the release of the neutral cavitand implies the dissociation of
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multiple hydrogen bonds, and the geometrical rearrange-
ments for the two processes are considerably different.
Despite these limitations, CID experiments definitely support
the hypothesis that the occurrence of multiple hydrogen
bonding inside the cavity strongly enhances the proton affinity
of the single phosphate groups and allows the cavitands (at
least the b isomers) to favorably compete with alkylamines for
protonation. The strong proton affinity of isomers b make
their interaction with alkylammonium ions highly favorable
and exothermic, as it determines extensive delocalization and
sharing of the charge involved in the hydrogen bonds.

Conclusions

LSIMS experiments allowed a clear characterization of the
phosphate-bridged cavitands described in the present study, in
terms of their general reactivity and correlation between their
structural features and their ability to form host-guest
complexes with organic cations.

It was determined that: i) the binding properties of the
cavitands can be almost entirely attributed to hydrogen-
bonding interactions between the P=O units and alkyl- and
arylammonium ions; ii) the interaction strength markedly
depends on the number and pattern (adjacent—opposite) of
cooperative hydrogen bonds that the two counterparts can
establish, which in turn depends on the specific diastereo-
meric cavitand considered; iii) the interaction strength is also
directly correlated with the proton affinity of both interacting
species (the cavitand and the conjugated amine of alkylam-
monium ions were considered). Further structural aspects
appear to have an influence on the stability of the complexes.
The most important general feature is the rigidity of the
cavitand structure. As for other systems, whose host—guest
complexes could be observed in the gas phase,®3 1% the
cavitands considered here also have an extremely rigid
structure, which locks the binding groups into fixed positions
and confers selectivity to their interactions. Moreover, the
disadvantage of flexible cavitands is likely to be associated
with the large entropy loss connected with the formation of
host —guest complexes that reduces this flexibility, while
complexations involving already rigid cavitand conformations
do not have this negative entropic change.

Although obtained for different scopes, the LSIMS results
were perfectly consistent with NMRU!! 4l and ESI-MS[! data.
This does not represent a definite demonstration that LSIMS
results reflect the equilibria occurring in the liquid matrix;
however, they are nevertheless in agreement with this
hypothesis. ESI-MS, NMR, and LSIMS data support each
other in defining the chemical properties of this class of
cavitands and the remarkable reactivity differences occurring
among diastereomeric species.

Another important outcome of the LSIMS complexation
experiments is their actual value in predicting the behavior of
phosphate-bridged cavitands as molecular receptors in ana-
lytical applications.??! In this respect, the exploitation of the
molecular recognition properties of this class of cavitands as
supramolecular sensors®! for the detection of ammonium
ions in water is currently under study.

Chem. Eur. J. 2001, 7, No. 9

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

Experimental Section

General: All syntheses were carried out in an argon atmosphere. THF was
distilled from Na/benzophenone. All chemicals were of reagent grade and
used without further purification. '"H and 3'P NMR spectra were recorded
on a Bruker AMX400 spectrometer at 400 and 161.9 MHz, respectively.
Residual solvent protons were used as internal standard and chemical shifts
are given relative to tetramethylsilane (TMS). Chromatography was
performed on silica gel (SiO,, Merck, 0.063-0.2 mm). Preparative TLC
employed 2 mm-thick glass-backed silica-gel plates. Melting points were
detected with a electrothermal melting point apparatus and are uncorrect-
ed. Elemental analyses were performed by the service of the University of
Parma (Italy). The syntheses and characterization of cavitands 2, 3, 4,'11 5,
and 6!'" have been described elsewhere.

Cavitands 1b-1d: Phenyl dichlorophosphate (6.6 mL, 44 mmol) diluted in
dry THF (50 mL) was added dropwise over 1 h to a stirred solution of rccc-
tetramethylresorcin[4]arene (3 g, 5.5 mmol) and triethylamine (12 mL,
88 mmol) in dry THF (150 mL). The reaction mixture was stirred for 8 h at
room temperature. The solid triethylammonium chloride formed was
filtered off and washed with THF (50 mL). The solvent was removed under
vacuum, and the residue was purified by column chromatography (silica
gel, CH,Cl,/acetone 94:6) to give four isomeric products in 60 % overall
yield. 1d (ioio) white solid, TLC: R;=0.70; 1b (iiio) white solid, TLC: R;=
0.60. Isomers 1¢(iioo) and 1e(iooo) were eluted together (R;=0.50) and
were not purified further.

Cavitand 1b (isomer iiio): M.p. >300°C; "H NMR (400 MHz, CDCL,): 6 =
1.85 (pseudot, 3/ (H,H) =7.4 Hz, 12H; CHs;), 4.85 (dq, *J (H,H) =74 Hz,°J
(H,P)=2.3 Hz, 2H; CH-CH,), 4.93 (m, 2H; CH-CHj;), 6.55 (t, “J (H,P) =
1.4 Hz,2H; ArH), 6.88 (t,°J (HH) =77 Hz, 1H; PhH,), 6.90 (t,*J (H,P) =
1.6 Hz,2H; ArH), 6.98 (t,°J (H,H) =7.7 Hz, 1 H; PhH,), 7.15 (t,*J (HH) =
7.7Hz,2H; PhH,), 723-742 (m, 20H; ArH, PhH,,, PhH,); *'P NMR (161.9
MHz, CDCl,): 6 = —18.50 (s, 2P, PO,,), —18.55 (s, 1P, PO;,), —26.26 (s, 1 P,
PO,,); MS (NBA, FAB): m/z (%): 1097 (100) [M+H]*; elemental analysis
caled (%) for CsHyO 6P, (1096.8): C 61.32, H 4.04; found C 61.12, H 4.35.

Cavitand 1d (isomer ioio): M.p. >300°C; 'H NMR (400 MHz, CDCl;): 6 =
1.82 (d, *J (H,H) =73 Hz, 6 H; CH,), 1.88 (d, 7 (H,H) =73 Hz, 6 H; CH,),
4.84 (dq, 3 (H,H) =73 Hz, 5 (H,P)=2.5 Hz, 2H; CH-CH,), 5.00 (dq, °J
(H,H) =73 Hz, 5] (H,P) =3.0 Hz, 2H; CH-CHS,), 6.60 (t, 7 (H,P) = 1.7 Hz,
4H; ArH), 6.93 (m, 6H; PhH,, PhH, in), 705 (m, 4H; PhH,, in), 7.19 (m,
6H; PhH,, PhH, out), 7.34 (m, 4H; PhH,, out), 7.40 (s, 4H; ArH); *'P NMR
(161.9 MHz, CDCly): 6 =—17.66 (s, 2P, PO,,), —26.28 (s, 2P, PO,,); MS
(NBA, FAB): m/z (%): 1097 (100) [M+H]"; elemental analysis calcd (%)
for CsH,,04P, (1096.8): C 61.32, H 4.04; found C 61.06, H 4.37.

LSIMS: Experiments were performed with a Finnigan-MAT95Q hybrid
tandem mass spectrometer, with magnetic, electrostatic, and quadrupole
analyzers mounted in series (BEQ geometry). An octapole collision cell
was mounted between the electrostatic and the quadrupole analyzers and it
was preceded by a series of focusing and deceleration lenses. Two detection
systems, including a 30 keV conversion dynode and a multistage Philips
electron-multiplier, were located after the electrostatic sector and after the
quadrupole to perform MS and MS/MS experiments, respectively.

Each cavitand was dissolved in 3-NBA to give 2.8 x 10 ™ solutions. The
five cavitands of series 5 and 6 were scarcely soluble in 3-NBA and were
dissolved in glycerol at the same concentration. Solutions for all alkyl- and
arylammonium ions were prepared from the corresponding chlorides, which
were dissolved in 3-NBA at a concentration of 0.56 M. The samples subjected
to LSIMS analysis were 1:1 mixtures of a cavitand and an alkylammonium
chloride solutions that were shaken and then allowed to equilibrate for
10 min. The final concentrations of cavitands and candidate guests were
1.4 x 10~*m and 0.28 M, respectively, except for the experiments in which the
guest concentration was progressively varied to reach the final stoichiometric
concentration. A droplet from these mixtures of cavitand and candidate
guest was loaded onto the LSIMS probe tip, which was inserted into the
ionization chamber and subjected to bombardment with Cs* ions.

The Cs*-ion gun was operated at 30 keV collisional energy and 5 pA
current. Sputtered ions were extracted from the ionization chamber and
mass-analyzed by the magnetic sector under scanning. The scanned mass
range started at least 200 Da below the mass of the protonated cavitand and
ended 200 Da above the mass of the host —guest adduct. Ten mass spectra
were averaged to produce the final data.

0947-6539/01/0709-2041 $ 17.50+.50/0 2041





FULL PAPER

M. Vincenti et al.

MS/MS: Proton affinities were determined by the “kinetic method”. The
ion corresponding to the proton-bound dimer was mass-selected by the
magnet and subsequently decelerated to 70 eV. At this laboratory energy,
the selected ions experienced multiple collisions with argon inside the
octapole collision cell, which was maintained at a pressure of 0.15 Pa (1.5 x
103 mbar). The collision-induced decomposition products were deter-
mined by scanning the quadrupole mass analyzer over both large and
narrow mass ranges. All the voltages of the lenses used in the MS/MS
section of the instrument were optimized and scanned over the mass range
under analysis. Lens adjustment at both low and high masses was executed
just before the experiments in order to avoid any mass discrimination effect
in the experiments where the decomposition products to be compared had
widely separated masses (i.e., m/z 1153 for the protonated cavitand and
m/z 74 for the diethylammonium ion).

Proton-bound dimers were produced both by LSIMS, by means of identical
procedures to those cited above, or by chemical ionization. In the latter
experiments, the alkylammonium ions were generated from the corre-
sponding amines, whose vapors were transported in a small percentage
from a vial by a flow of isobutane, used as the chemical ionization reagent
gas. The pressure of the latter inside the ion source was 50 Pa (0.5 mbar).
Triphenylphosphate was desorbed from an heated probe; cavitand 2b was
vaporized by a desorption chemical-ionization probe, by means of a fast
heating ramp and cold ion-source to avoid thermal decomposition.
Identical results were generated in the preparation of the proton-bound
dimers by the two different methods.
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